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Parkinson's disease (PD) is characterized by widespread degeneration of monoaminergic (especially dopaminergic) networks, manifesting with a number of both motor and non-motor symptoms. Regional alterations to
dopamine D2/3 receptors in PD patients are documented in striatal and some extrastriatal areas, and medications
that target D2/3 receptors can improve motor and non-motor symptoms. However, data regarding the combined
pattern of D2/3 receptor binding in both striatal and extrastriatal regions in PD are limited. We studied 35 PD
patients oﬀ-medication and 31 age- and sex-matched healthy controls (HCs) using PET imaging with [18F]
fallypride, a high aﬃnity D2/3 receptor ligand, to measure striatal and extrastriatal D2/3 nondisplaceable binding
potential (BPND). PD patients completed PET imaging in the oﬀ medication state, and motor severity was concurrently assessed. Voxel-wise evaluation between groups revealed signiﬁcant BPND reductions in PD patients in
striatal and several extrastriatal regions, including the locus coeruleus and mesotemporal cortex. A region-ofinterest (ROI) based approach quantiﬁed diﬀerences in dopamine D2/3 receptors, where reduced BPND was noted
in the globus pallidus, caudate, amygdala, hippocampus, ventral midbrain, and thalamus of PD patients relative
to HC subjects. Motor severity positively correlated with D2/3 receptor density in the putamen and globus
pallidus. These ﬁndings support the hypothesis that abnormal D2/3 expression occurs in regions related to both
the motor and non-motor symptoms of PD, including areas richly invested with noradrenergic neurons.

1.1. Introduction
D2 and D3 receptors are expressed in high abundance in the striatum
and ventral midbrain, and in lower levels in certain limbic and cortical
regions (Gurevich and Joyce, 1999). Dopamine agonists that preferentially target these D2/3 receptors improve motor symptoms in
Parkinson's disease (PD) (Shannon et al., 1997), and have been suggested to also reduce certain non-motor symptoms, such as depression
(Barone et al., 2006). Early in the course of PD, striatal D2/3 binding
potential (BPND) increases (Rinne et al., 1993; Rinne et al., 1995), potentially due to reduced receptor occupancy by endogenous dopamine,

or post-synaptic sensitization induced increases in receptor expression
(Knudsen et al., 2004). This upregulation of D2/3 receptors is more
extensive in the putamen than the caudate nucleus, consistent with the
earlier and more prominent dopaminergic denervation of the putamen
in PD (Gibb and Lees, 1991). With longer disease duration, D2/3 expression diminishes throughout the striatum (Antonini et al., 1997).
Less attention has been devoted to the eﬀects of PD on extrastriatal D2/3
expression. Some studies have reported a decrease in D2/3 BPND later in
the course of PD, including in the medial thalamus as well as anterior
cingulate, inferior temporal, and ventromedial/dorsolateral prefrontal
cortices (Kaasinen et al., 2003; Kaasinen et al., 2000; Ko et al., 2013).

Abbreviations: BPND, Binding potential (nondisplaceable); CES-D, Center for Epidemiologic Studies Depression Scale; LEDD, Levodopa Daily Dose; MDS-UPDRS, Movement Disorders
Society-United Parkinson's disease Rating Scale; MoCA, Montreal Cognitive Assessment; HC, Healthy controls; PD, Parkinson's disease; PET, Positron emission tomography; ROI, Region of
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Due to intrinsic diﬀerences in properties of SPECT and PET radioligands, few studies have been capable of concurrently examining
striatal and extrastriatal D2/3 binding in PD patients. The fact that most
radioligands are best suited towards quantitation of binding in striatal
or extrastriatal sites, but not both at the same time, makes a comprehensive understanding of the relative magnitude of PD-induced D2/3
BPND changes across areas compared to healthy subjects diﬃcult to
capture. [11C]raclopride is eﬀective at measuring striatal (and to an
extent thalamic) D2/3 levels but cannot provide reliable estimates in
most extrastriatal areas, while [11C]FLB-457 can assess extrastriatal
regions but is not able to quantify binding in the striatum (as it does not
reach equilibrium in a reasonable timeframe) (Farde et al., 1997; Hall
et al., 1989). The D3 preferring ligand [11C]-(+)-PHNO has infrequently been used to estimate dopamine receptor binding in PD
(Boileau et al., 2009; Payer et al., 2015), but cannot provide full
characterization of limbic and cortical regions (Egerton et al., 2010).
[18F]fallypride ((S)-N-[(1 allyl-2-pyrrolidinyl)methyl]-5-(3[18F]ﬂuoropropyl)-2,3-dimethoxybenzamide) is a high-aﬃnity D2/3 radioligand that can provide accurate estimates of binding in both striatal
and extrastriatal regions, allowing for concurrent estimation of dopamine D2/3 receptor levels (i.e. nondisplaceable binding potential, BPND)
throughout the brain (Kessler et al., 2000; Mukherjee et al., 2002).
Furthermore, [18F]fallypride has been successfully applied in a PD cohort (Deutschlander et al., 2016). We examined regional [18F]fallypride
binding in a large cohort of PD patients and age-matched healthy
control (HC) subjects in order to simultaneously determine diﬀerences
in striatal and extrastriatal D2/3 BPND, with the goal of providing cortical and subcortical binding potentials that can be directly compared.
As a secondary objective, we assessed if D2/3 BPND reﬂected motor severity in PD patients.

Table 1
Demographic and clinical evaluation from the two participant groups.
Variables

PD

HC

p-Value

N
Sex (M/F)
Age (years)
Disease duration (years)
CES-D
Laterality score (− = left worse,
+ = right worse)
Left worse/right worse (individual)
MDS-UPDRS
Part II
Part III (OFF)
Dopamine replacement therapy
Total LEDD (mg/day)
Agonist single dose equivalent (mg/
day)

35
24/11
61.8 ± 8.5
5.9 ± 3.9
15.7 ± 8.7
−2.45 ± 10.7

31
21/10
58.1 ± 11.3
n/a
n/a
n/a

0.94
0.17
–
–
–

21.8 ± 7.7
30.0 ± 11.1

n/a
n/a

–
–

632.7 ± 418.7
103.9 ± 71.6

n/a
n/a

–
–

22/13

Data are shown as mean ± standard deviation.
MDS-UPDRS Part III conducted oﬀ medication (36 h for DAgonist and 16 for LDOPA).
PD: Parkinson's Disease.
AMNART: American version of the National Adult Reading Test.
CES-D: Center for Epidemiologic Studies Depression Scale.
MDS-UPDRS: Movement Disorders Society-United Parkinsons Disease Rating Scale.
BIS: Barratt Impulsivity Scale.
LEDD: Levodopa Daily Dose.

Montreal Cognitive Assessment (MoCA) to rule out patients with frank
dementia (Nasreddine et al., 2005), requiring a score of at least 22. In
PD patients, depression was screened using the Center for Epidemiologic Studies Depression Scale Revised (CESD-R) (Radloﬀ, 1977). The
presence of medication-induced impulsive compulsive behaviors (ICBs)
as a potential confounding factor was also assessed using a semistructured interview with patient and partner.
Demographic and clinical features for PD patients (n = 35), as well
as HC subjects (n = 31) are presented in Table 1. Both groups had a
similar average age and sex distribution. The side of symptom severity
(both onset and based on motor testing) was more prominent in the left
hemi-body of PD patients, who expressed moderate PD progression
with an average disease duration of 5.9 ± 3.9 years. Of this cohort, 17
had symptoms of Impulsive Compulsive Behaviors.
Written informed consent was obtained from all subjects, and the
study was performed in accordance with the Institutional Review Board
at Vanderbilt University, adhering to the ethical standards stipulated by
the Declaration of Helsinki and its amendments.

1.2. Methods
1.2.1. Participants
PD participants were recruited from the Movement Disorders Clinic
at Vanderbilt University Medical Center. All met UK Brain Bank criteria
for a diagnosis of PD and were prescribed levodopa and DA agonist
medications (including pramipexole, ropinirole, and rotigotine) for relief of motor symptoms. Daily doses of dopamine replacement therapy
were converted to levodopa equivalent dose (Tomlinson et al., 2010).
Patients were excluded if they had an implanted deep brain stimulator,
received antipsychotic treatments, suﬀered from comorbid neuropsychiatric, cerebrovascular, or cardiovascular disease, could not
tolerate a brain MRI/PET study, or dopaminergic medication withdrawal. HC subjects (Dang et al., 2017; Dang et al., 2016) did not have a
history of psychiatric illness, head trauma, substance abuse, diabetes, or
medical condition that precluded MRI collection, nor could they use
tobacco. No participants took psychostimulant or psychotropic medications (with an exception for occasional use of benzodiazepines as
sleep medication) over the preceding 6 months, and did not consume
excessive alcohol. Urine drug tests were administered to all participants
to ensure the absence of amphetamine, barbiturates, cocaine, marijuana, or opiates.
A neurologic exam was performed on all participants, in order to
exclude parkinsonism in HC subjects. PD patients completed part II of
the Movement Disorders Society-United Parkinson's disease Rating
Scale (MDS-UPDRS) (a self-reported assessment of the impact of PD on
activities of daily living), and part III (an assessment of motor function
in PD) in the Oﬀ-medication condition (Goetz et al., 2008; Weintraub
et al., 2012). Dopamine medications were withheld for > 40 h prior to
PET imaging for DA agonists and > 16 h for levodopa prior to PET
imaging (the half-life of levodopa, ropinirole, and pramipexole are
approximately 1.5, 6, and 8–12 h respectively (Bennett Jr and Piercey,
1999; Fabbrini et al., 1987; Tompson and Oliver-Willwong, 2009;
Wright et al., 1997). Cognitive screening was performed using the

1.2.2. Magnetic resonance imaging
MRI scans were completed prior to PET scans in order to provide
high-resolution structural delineation. Both PD and HC subjects were
scanned at 3.0T (Philips, Best, The Netherlands) using body coil
transmission and 8-channel SENSE reception. All underwent a T1weighted high-resolution anatomical scan (MPRAGE; spatial resolution = 1 × 1 × 1 mm3; TR/TE = 8.9/4.6 ms).
1.2.3. Fallypride PET data acquisition
[18F]fallypride was synthesized in the radiochemistry laboratory
consistent with the synthesis and quality control procedures outlined by
US Food and Drug Administration INDs 47,245 and 120,035. Data were
collected on a GE Discovery STE PET/CT scanner. Serial scan acquisition began simultaneously with a 5.0 mCi slow bolus injection of [18F]
fallypride (speciﬁc activity > 3000 Ci/mmol). CT scans were collected
prior to each of the three emissions scans for the purpose of attenuation
correction. Together, the scans lasted approximately 3.5 h with two
breaks of 15–20 min (beginning approximately 70 min and 135 min
after the beginning of the scan, respectively) included for patient
434
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was deﬁned using a previously published automatic subject space segmentation method (Asman et al., 2015). All ROIs were deﬁned bilaterally. In order to account for potentially divergent structure size between groups, ROI volumes were collected and preserved for statistical
analysis.

comfort. During breaks, patients remained at rest but were permitted to
stretch. Data for PD and HC subjects were acquired using identical MRI
and PET technical parameters, with the single exception of a slightly
diﬀerent PET acquisition time protocol for the second and third dynamic runs, although total scan duration was similar (Supplementary
Table 1; see Dang et al. (2017); Dang et al. (2016)). In past PET studies,
diﬀerences in acquisition time protocol were not found to be a signiﬁcant confound (Buckholtz et al., 2010; Smith et al., 2016).

1.2.5. Hypothesis testing and statistical analysis
Group diﬀerences in demographic and clinical parameters, as well
as ROI volume, were evaluated using Mann Whitney U tests. Sex differences were evaluated with a chi-square test. A voxel-wise analysis
investigated PD-related group diﬀerences in D2/3 BPND across cortical
and subcortical regions. Age and sex were included as covariates, due to
previous evidence that these factors inﬂuence D2/3 receptor status
(Mukherjee et al., 2002; Pohjalainen et al., 1998), and signiﬁcance
criteria consisted of an uncorrected p < 0.005. Multiple comparisons
correction was accomplished by controlling cluster-level FDR at 0.05.
This analysis was completed using SPM8. In a secondary, exploratory
voxel-wise analysis utilizing identical statistical parameters, BPND maps
for subjects expressing more severe PD symptoms on the right side of
the body were ﬂipped across the rostral-caudal axis of the axial plane.
This step was completed in order to ensure that the more degenerated
side of the dopaminergic system (contralateral to more severe motor
deﬁcits) was aligned for all subjects (Antonini et al., 1997).
To test the hypothesis that PD patients have diﬀerent dopamine D2/3
receptor expression in speciﬁc striatal and subcortical extrastriatal
areas, mean group regional [18F]fallypride BPND was analyzed via a
general linear regression model (GLM), where within-ROI BPND was the
dependent variable and PD status was the primary independent variable. Age and sex were included as covariates. ROI volume was also
speciﬁed as a covariate, to ensure that any diﬀerences were not due to
overall structural atrophy. False discovery rate (FDR) was controlled at
0.1 to correct for multiple comparisons, in concordance with the
threshold recommended in the ﬁrst description of the method
(Benjamini and Hochberg, 1995). All analyses were performed using
SPSS Statistics 24 (IBM, Armonk, NY, USA) and R (R Foundation for
Statistical Computing, Vienna, 2016). In addition to the ROI analysis,
we performed a post-hoc evaluation to quantify the magnitude of BPND
diﬀerences in regions where voxel-wise distinctions were present, but
were not captured by the hand-drawn ROI analysis. Mean group BPND
values were extracted from standard space (MNI) in areas where voxelwise clusters were manifested using the Automated Anatomical Labeling (AAL) atlas or manual segmentation methods. This served as a
post-hoc method of evaluating the extent of regional diﬀerences identiﬁed by the voxel-wise analysis.
The relationship between regional [18F]fallypride BPND and PD severity was also examined using a partial Pearson's correlation covarying
for age, sex, ROI volume, disease duration, and levodopa equivalent
daily dose (LEDD). This process was repeated for both MDS-UPDRS Part
II (a measure of activities of daily living) and MDS-UPDRS Part III-Oﬀ (a
measure of motor symptom severity), and the results were controlled at
FDR of 0.1 to correct for multiple comparisons. A secondary voxel-wise
analysis was also completed for MDS-UPDRS Parts II and III using
SPM8, specifying age, sex, disease duration, and LEDD as covariates, an
uncorrected threshold of p < 0.005, and cluster-level FDR controlled
at 0.05. This voxel-wise analysis was also repeated using images ﬂipped
across the y-axis of the axial plane to align the side of the brain contralateral to the side of greater PD motor symptom severity in all subjects.

1.2.4. Fallypride PET data processing
Following attenuation correction and decay correction, serial PET
scans were co-registered using Statistical Parametric Mapping software
(SPM8, Wellcome Trust Centre for Neuroimaging, London, UK, http://
www.ﬁl.ion.ucl.ac.uk/spm/software/) to correct for motion across
scanning periods with the last dynamic image of the ﬁrst series serving
as the reference image. The mean PET image produced by realignment
was then co-registered to the subject's corresponding high-resolution T1
MRI image using FSL's FLIRT with 6 degrees of freedom (FSL v5.0.2.1,
FMRIB, Oxford, UK).
D2/3 receptor levels were estimated using the simpliﬁed reference
tissue model (SRTM) (Lammertsma et al., 1996), performed in PMOD
software (PMOD Technologies, Zurich Switzerland) to measure [18F]
fallypride binding potential(BPND; the ratio of speciﬁcally bound [18F]
fallypride to its nondisplaceable concentration as deﬁned under equilibrium conditions). Voxel-wise estimates were generated using a
published basis function ﬁtting approach (Gunn et al., 1997) conducted
in the PXMOD module of PMOD. The rate constants were speciﬁed as
k2a minimum = 0.006 min−1 and k2a maximum = 0.6 min−1. Due to
the very limited expression of D2/3 receptors in the cerebellum (Camps
et al., 1989), it was selected as the reference region (Kessler et al., 2000;
Kessler et al., 2005). Subject-space analyses were conducted by warping
baseline BPND images to T1 space with the saved FSL FLIRT transform
matrices. For voxel-wise analyses, subject-space BPND images were registered to Montreal Neurological Institute (MNI) space using FSL's
FNIRT (FSL v5.0.2.1, FMRIB, Oxford, UK).
Voxel-wise analysis was ﬁrst applied to assess putative subcortical
and cortical diﬀerences between groups, with speciﬁc attention towards
potential sub-regional distinctions in the broader mesiotemporal and
prefrontal cortices. Next, subcortical regions of interest (ROIs), including the caudate (head), putamen (whole body), globus pallidus,
ventral striatum, amygdala, hippocampus, ventral midbrain, thalamus,
and cerebellum, were manually segmented on the T1-weighted MRI
scans by a neuroradiologist (RMK) and neurologist (DOC) experienced
in PET and MRI data analysis, and transferred to the co-registered PET
studies through the FLIRT FSL transformation matrix. Manual segmentation methods followed established anatomical criteria, capturing
the central portion of the selected region to gather the most representative sample. This method was selected in order to best avoid
partial volume eﬀects in densely arranged subcortical nuclei, and were
applied so as to avoid the potential confound of inter-subject structural
variability (Kessler et al., 2009). The caudate, putamen, and globus
pallidus were manually drawn on axial slices approximately 2–12 mm
above the ACPC line. The ventral striatum was segmented on coronal
slices with the criteria of Mawlawi et al. (2001). The amygdala can be
identiﬁed on axial slices 6–20 mm below the ACPC line, 12–28 mm
lateral to the midline, and 2–12 mm behind the plane of the anterior
commissure (Schaltenbrand and Wahren, 1998). To minimize partial
voluming of the striatum, amygdala ROIs were deﬁned 10–16 mm beneath the ACPC plane. The ventral midbrain was drawn on axial slices
in 9–14 mm below the ACPC line, and the thalamus was segmented
2–12 mm above the ACPC line (Schaltenbrand and Wahren, 1998). The
cerebellar ROI was drawn centrally within the structure to avoid partial
voluming of ventral midbrain or cortical signal, and contained an approximately equal distribution of grey and white matter. Due to diﬃculty capturing the extent of the hippocampus using manual methods, it

1.3. Results
1.3.1. Voxel-wise fallypride binding potential diﬀerences
Using the voxel-wise method covarying for age and sex, signiﬁcant
reductions of [18F]fallypride BPND in PD patients localized to
435
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Fig. 2. Voxel-wise [18F]fallypride binding potential analysis. Map of signiﬁcant clusters
where [18F]-fallypride BPND was reduced in PD, overlaid on axial slices of an MNI template brain. All survived cluster-level FDR correction at p < 0.05, and localize to areas
including (A) the temporal cortex, (B) the amygdala, hippocampus, ventral midbrain, and
locus coeruleus, and (C) the thalamus, striatum, and globus pallidus.

To quantify the extent of BPND diﬀerences in regions where voxelwise distinctions were present, but that were not captured by the handdrawn ROI analysis, we applied the AAL atlas to deﬁne the bilateral
combined entorhinal and parahippocampal cortices, the inferior and
middle temporal gyri, and the temporal pole. The locus coeruleus (LC)
was deﬁned by uniting six contiguous 2 mm boxes bilaterally, centered
in standard space (MNI) according to the mean values on the x and y
axis as discussed by Isaias et al. (2011) and Keren et al. (2009). This
approach revealed PD-induced BPND decreases of a similar magnitude
to those observed in other extrastriatal areas: LC (27% decrease), entorhinal and parahippocampal cortices (19% decrease), inferior (25%
decrease) and middle (23% decrease) temporal gyri, and temporal pole
(24% decrease). (See Supplementary Table 5 for full description of
mean regional binding potentials, and Supplementary Figs. 1 and 2 for
depiction of the segmentation protocol as well as group and individual
regional means).

Fig. 1. Voxel-wise [18F]fallypride binding potential analysis. Map of signiﬁcant clusters
where [18F]-fallypride BPND was reduced in PD, overlaid on coronal slices of an MNI
template brain. All survived cluster-level FDR correction at p < 0.05, and localize to
areas including (A) the striatum, globus pallidus, and temporal cortex, (B) the amygdala
and hippocampus, (C) the ventral midbrain and thalamus, and (D) the locus coeruleus.

subcortical clusters in the amygdala and hippocampus, ventral midbrain, LC, caudate nucleus, and globus pallidus. Cortical diﬀerences
localized to the anterior and medial temporal cortical regions (temporal
pole, parahippocampal, and entorhinal cortices). In no region was D2/3
BPND increased in patients with PD compared to HC participants. Figs. 1
and 2 display a map of signiﬁcant clusters overlaid on a standard-space
brain, in an array of coronal and axial slices respectively. A similar
cluster pattern was evident when images were aligned so that the right
side of the brain was contralateral to the side of greater PD motor
symptom severity in all subjects; although largely symmetrical, cluster
size was slightly more extensive in the right-sided midbrain and leftsided temporal cortex (Supplementary Figs. 3 & 4).

1.3.3. Relationships between fallypride binding potential and PD motor
severity

1.3.2. Quantitative [18F]fallypride BPND diﬀerences in PD
The relationship of BPND to MDS-UPDRS Parts II and III-Oﬀ scores
was assessed using a voxel-wise analysis while covarying for age. We
observed a positive relationship between [18F]fallypride BPND and
UPDRS Part III-Oﬀ in a right hemisphere cluster localized to the globus
pallidus and anterior putamen, and a left hemisphere cluster localized
to the posterior putamen. No signiﬁcant clusters were observed when
BPND was tested for association with UPDRS Part II scores.
Supplemental Fig. 4 displays a map of signiﬁcant clusters overlaid on a
standard-space map. When images were aligned so that the right side of
the brain was contralateral to the side of increased PD motor symptom
severity in all subjects, a signiﬁcant cluster was evident only in the leftsided putamen and globus pallidus (Supplementary Fig. 6).

To quantitate group diﬀerences in mean subcortical regional [18F]
fallypride BPND we applied a GLM analytic approach, including group
as an independent variable, and age, sex, and volume as covariates. In
order of the magnitude of percent diﬀerence, signiﬁcant BPND reductions in PD patients were evident in the ventral midbrain (p < 0.001;
39% decrease), amygdala (p < 0.001; 33% decrease), thalamus
(p < 0.001; 30% decrease), hippocampus (p < 0.001; 22% decrease),
globus pallidus (p = 0.002; 16% decrease), and caudate (p = 0.005;
11% decrease). No signiﬁcant diﬀerences were evident in the putamen
(p = 0.56; 2% diﬀerence), or ventral striatum (p = 0.66; 2% diﬀerence). (See Supplementary Table 3 for full description of mean regional
binding potentials). Fig. 3 presents the individual and group mean regional BPND values for the ROIs, alongside segmentation visualization.
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Fig. 3. Mean regional [18F]fallypride binding potential analysis. (A–O) Representative coronal and axial slices for a single subject show an example of the manual segmentation routine
for eight diﬀerent subcortical structures, including (A) caudate, (C) putamen, (E) globus pallidus, (G) ventral striatum, (I) amygdala, (K) hippocampus, (M) thalamus, and (O) midbrain.
(B–P) Bar graphs of the mean [18F]fallypride BPND in each corresponding region, with error bars representing the standard deviation of the mean, and scatterplots representing individual
regional means. There were signiﬁcant diﬀerences in mean regional BPND between the PD and HC group in the caudate (A–B), globus pallidus (E–F), amygdala (I–J), hippocampus (K–L),
thalamus (M–N), and midbrain (O–P). No group diﬀerences were observed in the putamen (C–D) or ventral striatum (G–H).

1.4. Discussion

1.3.4. Regional relationships between fallypride binding potential and PD
severity

We observed widespread reductions in D2/3 receptor binding in PD
patients, indicating changes to D2/3 receptor availability in regions that
relate to both the motor and nonmotor aspects of PD. The sites in which
D2/3 BPND decreases were observed include basal ganglia, limbic, thalamic, and cortical regions, as well as the LC. Our discussion focuses on
these D2/3 BPND group diﬀerences in the basal ganglia (and relationships with the severity of oﬀ-motor symptoms in PD), norepinephrinerelated extrastriatal areas, and limbic and thalamocortical regions.
Broadly, the pattern of BPND reduction in the basal ganglia is of a lower
magnitude, indicative of a complex relationship between presynaptic
receptor loss and postsynaptic receptor upregulation, while extrastriatal
areas show larger diﬀerences between the PD and HC groups.

To further evaluate the association between D2/3 BPND and motor severity, we assessed the relationship between [18F]fallypride BPND and
UPDRS Part III-Oﬀ scores in the hand-deﬁned bilateral putamen and
globus pallidus, while covarying for factors that may inﬂuence motor severity. This included age, sex, ROI volume, disease duration, and LEDD.
We observed a signiﬁcant positive correlation between BPND and scores on
the MDS-UPDRS Part III in the putamen (r = 0.488, p = 0.006) and globus
pallidus (r = 0.449, p = 0.013). No signiﬁcant association was present
between MDS-UPDRS Part III and BPND in any other ROI. Again, we did
not see a signiﬁcant relationship between [18F]fallypride BPND and MDSUPDRS Part II. Fig. 4 displays the graphs of MDS-UPDRS Part III score with
BPND in the putamen and globus pallidus.
437
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Fig. 4. MDS-UPDRS Part III vs. [18F]-fallypride
binding potential. Scatterplots of BPND (y-axis)
vs. scores on the MDS-UPDRS Part III oﬀ-medication (x-axis) ﬁt with a linear regression for the
PD group. Age, sex, ROI volume, disease duration, and LEDD were included as covariates in
this analysis. A signiﬁcant positive correlation
between BPND and MDS-UPDRS Part III score was
observed for the (A) putamen and (B) globus
pallidus. No signiﬁcant correlations were observed between BPND and MDS-UPDRS Part II for
any ROI. This indicates that there is a positive
relationship between D2/3 expression in the putamen and globus pallidus, and severity of PD
motor symptoms.

2005) a concept further emphasized by past evidence of putaminal
atrophy (Tanner et al., 2017). In our hands, the combined inﬂuence of
these factors on D2/3 in the putamen sums to no signiﬁcant change. This
may explain equivalent putaminal BPND results between patients and
controls, but divergent values in the caudate. Because ventral midbrain
dopaminergic cell death occurs in the ventrolateral substantia nigra
(containing cell bodies from which the dopaminergic projection to the
more dorsolateral and posterior putamen emanates), the greatest DA
reductions more heavily aﬀect the putamen than the caudate; these
losses likely exceed a critical threshold and produce notable receptor
upregulation in the region (Gibb and Lees, 1991; Haber et al., 2000;
Rinne et al., 1993; Rinne et al., 1995). By contrast, either this threshold
is not reached in other brain regions, or those areas lack the same
compensatory upregulation that occurs in the putamen.
In addition to diﬀerences in long-term receptor expression, the lack
of an observed BPND diﬀerence in the putamen could also be aﬀected by
acute reductions in synaptic dopamine, which may contribute to the
positive correlation between motor symptoms and D2/3 binding in the
region, which is likely weighted on the former factor. Patients with
more severe motor symptoms after standardized dopamine withdrawal
presumably have less endogenous synaptic dopamine levels after
medication washout, resulting in less competition with [18F]fallypride
binding. This concept could be further emphasized by the ﬁnding that
this positive association was present only on the left hemisphere of the
brain, following alignment of all BPND images so that more severe
motor symptoms were expressed in the right hemi-body. The fact that
the correlation is present on the side of the dopaminergic system less
aﬀected by denervation, where DA levels are likely more dynamic and
sensitive to the presence of medication, could strengthen the association between observed striatal BPND and synaptic DA. Future studies
employing pharmacological methods of manipulating dopamine levels
may clarify this relationship between endogenous dopamine, regional
diﬀerences in D2/3 receptor binding, and motor severity.
Our ﬁndings of D2/3 reductions in the globus pallidus are similar to
previous observations in a [11C]-(+)-PHNO study of PD reporting signiﬁcantly reduced binding in comparison to control subjects (Boileau
et al., 2009). However, this is the ﬁrst study to indicate a relationship
between motor symptoms and pallidal D2/3 expression after medication
washout. This association is in agreement with a recent study linking
external globus pallidus function to motor severity in dopaminergic
denervation mouse models (Mastro et al., 2017).

1.4.1. Technical considerations
The interpretation of data presented in this report requires the
consideration of several technical parameters relevant to determining
the neurobiological origin of PD-related changes reﬂected in [18F]fallypride BPND values. D2/3 receptors are expressed on dopaminergic
neurons, where they can operate presynaptically as autoreceptors
(Khan et al., 1998; Mercuri et al., 1992), or as postsynaptic receptors
present on striatal medium spiny neurons and cortical pyramidal cells
(Albin et al., 1989; Gaspar et al., 1995). Thus, a decrease in [18F]fallypride BPND values could potentially convey a loss of autoreceptors
secondary to degeneration of mesotelencephalic dopaminergic neurons,
or a decrease in postsynaptic D2/3 expression. However, the latter
possibility appears unlikely to be a primary source of decline in receptor availability, as nigrostriatal dopaminergic denervation elicits a
compensatory upregulation of postsynaptic receptors early in the
course of PD (Falardeau et al., 1988). Considering that our subjects
were relatively early in the course of motor parkinsonism, it is likely
that the present report of decreased [18F]fallypride BPND is a measure of
presynaptic D2/3 autoreceptor density, inﬂuenced by ongoing degeneration of dopaminergic neurons. Finally, interpretation of [18F]fallypride BPND must also account for the combined inﬂuence of long-term
receptor expression and the level of dopamine in the synaptic cleft
which competes with [18F]fallypride binding leading to an underestimation of the long-term D2/3 expression level.

1.4.2. Nigrostriatal and pallidal D2/3 expression: dopaminergic
denervation and motor severity
Reduced D2/3 levels were observed in the ventral midbrain, caudate
nucleus, and globus pallidus of PD patients. The initial and greatest loss
of midbrain dopaminergic neurons in PD occurs in the ventrolateral
substantia nigra (Gibb and Lees, 1991). It is therefore likely that the
ventral midbrain reduction in BPND reﬂects nigral dopaminergic cell
loss (Gibb and Lees, 1991), and the consequent loss of somatodendritic
D2/3 autoreceptors. In contrast, D2/3 BPND did not diﬀer in the putamen
and ventral striatum between PD and HC subjects. While the loss of
presynaptic terminal autoreceptors due to dopaminergic cell death
likely accounts for the decrease in BPND observed in several regions
(caudate and globus pallidus), D2/3 BPND is unchanged in certain other
areas (putamen and ventral striatum), although these regions also suﬀer
dopaminergic denervation. This is particularly striking in the putamen
where dopaminergic denervation is typically greatest. The lack of signiﬁcant diﬀerences between subjects with PD and control subjects
presumably reﬂects a combination of postsynaptic receptor upregulation (Falardeau et al., 1988), combined with a decrease in terminal
autoreceptors and extracellular DA levels. Post-synaptically, long-term
binding decrements over the course of PD likely involve the loss of D2/3
expressing dendritic spines (Stephens et al., 2005; Zaja-Milatovic et al.,

1.4.3. D2/3 receptor expression in regions receiving dense noradrenergic
innervation
We also found D2/3 BPND changes in a number of regions that are
classically known as noradrenergic sites, and receive less dense dopaminergic inputs. In PD patients, D2/3 BPND was decreased in the LC, a
structure containing a large population of noradrenergic neurons that
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et al., 2004). Due to the selection of an ROI in the middle of the superior-inferior thalamic axis, BPND in this ROI is heavily weighted towards D2/3 expression in the medial thalamus. Although the function of
thalamic D2/3 receptors is largely unexplored, the role of altered thalamocortical networks in the manifestation of motor symptoms of PD is
well established (Sarnthein and Jeanmonod, 2007). Anatomically, D2/3
populations in the thalamus integrate information from mesocortical
and limbic regions and project to frontal cortical areas (Goldman-Rakic
and Porrino, 1985). Previous [11C]FLB-457 PET studies that show reductions in thalamic D2/3 binding also restrict these regional reductions
to advanced, but not early, PD populations (Kaasinen et al., 2003;
Kaasinen et al., 2000; Ko et al., 2013). In contrast, however, the degeneration of neurons in the centromedian-parafascicular complex occurs in both Hoehn and Yahr stage I/II and stage III/IV (Henderson
et al., 2000), suggesting that the loss of [11C]FLB-457 binding may
preferentially reﬂect the loss of certain aﬀerents to these intralaminar
nuclei. In a similar manner to regions already described, losses of
presynaptic autoreceptors could also play a role.
We do not observe diﬀerences in frontal cortical areas. Previous
[11C]FLB-457 studies have indicated reductions that localize to these
regions (Kaasinen et al., 2003; Kaasinen et al., 2000; Ko et al., 2013);
however, previous preclinical experiments utilizing MPTP models have
not always proved consistent with this evidence (Gnanalingham et al.,
1993). Our result could be a product of the pharmacodynamic distinctions between [11C]FLB-457 and [18F]fallypride (Narendran et al.,
2009). However, this also may be due to our cohort of moderately affected patients, in whom previously described frontal cortical D2/3 reductions are not manifest until later in the course of the illness. We did,
however, uncover diﬀerences in D2/3 receptors in the perirhinal and
parahippocampal areas. These regions are critically involved in
memory and learning processes (Zola-Morgan et al., 1989), which are
often impaired in PD patients (Nagano-Saito et al., 2005). Future investigations on the clinical relevance of these ﬁndings may improve the
characterization of cognitive changes early in PD.

provide most norepinephrine in the forebrain. This eﬀect was also
present in the hippocampus, as well as several cortical sites in which
norepinephrine concentrations are greater than those of dopamine
(entorhinal/parahippocampal cortices, and temporal pole). While nigrostriatal denervation bears a clear link with the motor symptoms of
PD, the association between the progressive loss of the noradrenergic
system and many non-motor features has been amply described
(Cumming and Borghammer, 2012). The degeneration of noradrenergic
LC neurons in PD has long been known (German et al., 1992) and more
recently the presence of α-synuclein inclusions in the LC has been reported (Braak et al., 2001). Moreover, noradrenergic loss in several
cortical areas, including the prefrontal cortex, is comparable to or
greater than the corresponding decrease in dopamine content in these
structures in MPTP-induced parkinsonism (Elsworth et al., 1990) and in
idiopathic PD (Scatton et al., 1983). D2 receptors are expressed on LC
neurons (Mansour et al., 1990), suggesting that the degeneration of LC
neurons may underlie the decrease in BPND due to postsynaptic D2/3
loss in subjects with PD. However, dopamine also positively regulates
LC noradrenergic activity via reciprocal projections between ventral
midbrain dopaminergic neurons and the LC (Deutch et al., 1986; Guiard
et al., 2008). As such, the loss of presynaptic D2/3 expressed on dopaminergic midbrain projections to the LC may also contribute to the
decrease in D2/3 binding in the region.
In the hippocampus, the density of dopaminergic innervation from
the midbrain is sparse (Otmakhova et al., 2013), meaning that decreased BPND there is less likely due to presynaptic D2/3. Recent evidence has indicated that noradrenergic projections to the hippocampus
and associated cortical regions may account for a large proportion of
dopamine release in these structures (Devoto et al., 2005; Smith and
Greene, 2012). Combined with the ﬁnding that norepinephrine may act
as a D2/3 receptor agonist (Sanchez-Soto et al., 2016), the D2/3 BPND
reductions in the LC, hippocampus, and medial temporal cortex could
instead indicate widespread dysfunction of the noradrenergic system
and its terminal ﬁelds, a well-described. Degeneration of this system,
centering on the LC, is suggested as a major contributor to cognitive and
other behavioral non-motor symptoms of PD (Benarroch, 2017;
Rommelfanger and Weinshenker, 2007; Weiss et al., 1986).

1.5. Conclusions
Although a decided advantage of our investigation was the number
of patients with PD recruited to the study, our PD cohort included a
larger proportion (~50%) of individuals with compulsive reward-based
behaviors than would be expected in a typical PD population (GarciaRuiz et al., 2014). We noted diﬀerences between PD patients with and
without compulsive behaviors only in the ventral striatum and putamen, which were not signiﬁcantly diﬀerent between the HC and
overall PD group; the lack of signiﬁcant diﬀerences in these areas were
preserved even when the subgroups were compared with the HC group
separately (see Supplementary Table 7). Thus, we believe this is not a
signiﬁcant limitation to the interpretation of changes in PD. Also, the
generalizability of the sample is aﬀected by the relatively speciﬁc
subject selection criteria, including patients with mild to moderate PD,
who could tolerate an extensive dopamine washout, and were without
depression, dementia, or psychosis.
In light of the close proximity of basal ganglia structures, there is
potential for partial volume errors. We especially considered this given
the signiﬁcant association between D2/3 BPND and UPDRS Part III in the
putamen and globus pallidus, two adjacent structures. However, the
presence of a mean D2/3 BPND diﬀerence between groups in the globus
pallidus but not in the putamen, in addition to the broad localization of
the cluster observed in the voxel-wise correlation analysis, gives us
conﬁdence that our results in both regions are largely distinct.
Additionally, all native subject space analyses included ROI volume as a
covariate, which likely decreases the confounding eﬀect of divergent
patterns of atrophy in adjacent areas.
As a cross-sectional study, the present work can only tentatively
point to possible changes in D2/3 BPND changes that occur over the
course of disease progression. Additionally, the use of D2/3 agonists by

1.4.4. Limbic and thalamocortical D2/3 expression in PD
The dopaminergic innervation of the amygdala arises from ventral
midbrain neurons largely targeting the basolateral complex (GarciaAmado and Prensa, 2013), where D2/3 receptors regulate reward
learning processes (Berglind et al., 2006; Di Ciano and Everitt, 2004).
The amygdala is known to be vulnerable to PD pathology, given the
presence of Lewy body inclusions and susceptibility to atrophy (Braak
et al., 1994; Junque et al., 2005). This pattern of degeneration is linked
to the manifestation of depression in PD, where symptom severity
correlates with reduced amygdalar volume (van Mierlo et al., 2015),
and apparent hypofunction (Diederich et al., 2016; Sheng et al., 2014).
Deﬁcits in emotional processing constitute another non-motor symptom
commonly attributed to dopaminergic innervation of the amygdala
(Bowers et al., 2006), supported by the apparent inﬂuence of DA
medication state on both behavioral and amygdalar hemodynamic response to emotional stimuli (Tessitore et al., 2002). D2/3 agonist medications show eﬃcacy in ameliorating depression in PD (Barone et al.,
2006), an eﬀect that could potentially be induced by targeting D2/3 in
the amygdala, where D2/3 agonists signiﬁcantly displace receptorbound [11C]FLB-457 (Ishibashi et al., 2011). Therefore, altered D2/3
BPND in the amygdala may account for some of the non-motor symptoms related to PD-depression. The extent of D2/3 receptor reductions to
this region in our cohort of non-depressed patients suggests that this is
an early area of vulnerability in PD which may contribute to subsequent
depression risk.
The thalamus expresses notable D2/3 populations in the midline
intralaminar and mediodorsal nuclei (Garcia-Cabezas et al., 2007; Rieck
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all those enrolled makes it diﬃcult to disentangle the eﬀects of chronic
long-term medication exposure from those purely induced by PD.
Although past studies have assessed changes to extrastriatal D2/3
binding and dopaminergic biomarkers over time (Kaasinen et al., 2003;
Nandhagopal et al., 2009), future studies should longitudinally assess
extrastriatal D2/3 expression in a de novo PD population. Relating nonmotor symptoms (e.g. mood and cognitive impairment), to receptorlevel changes in these regions will be necessary to deﬁne a causal relationship to non-motor symptoms in PD. Overall, our ﬁndings emphasize that PD is associated with widespread changes in the expression
of D2/3 receptors, and point to increased scrutiny of the contribution of
noradrenergic alterations as contributing to changes in dopaminergic
systems in PD. These changes appear to aﬀect regions implicated in the
development of both motor and nonmotor features of the disease,
where D2/3 losses proceed diﬀerently in the basal ganglia and extrastriatal areas.

Parkinson's disease. Curr. Top. Behav. Neurosci. 11, 117–148. http://dx.doi.org/10.
1007/7854_2011_165.
Dang, L.C., Samanez-Larkin, G.R., Castrellon, J.J., Perkins, S.F., Cowan, R.L., Zald, D.H.,
2016. Associations between dopamine D2 receptor availability and BMI depend on
age. NeuroImage 138, 176–183. http://dx.doi.org/10.1016/j.neuroimage.2016.05.
044.
Dang, L.C., Castrellon, J.J., Perkins, S.F., Le, N.T., Cowan, R.L., Zald, D.H., et al., 2017.
Reduced eﬀects of age on dopamine D2 receptor levels in physically active adults.
NeuroImage 148, 123–129. http://dx.doi.org/10.1016/j.neuroimage.2017.01.018.
Deutch, A.Y., Goldstein, M., Roth, R.H., 1986. Activation of the locus coeruleus induced
by selective stimulation of the ventral tegmental area. Brain Res. 363 (2), 307–314.
Deutschlander, A., la Fougere, C., Boetzel, K., Albert, N.L., Gildehaus, F.J., Bartenstein, P.,
et al., 2016. Occupancy of pramipexole (Sifrol) at cerebral dopamine D2/3 receptors
in Parkinson's disease patients. Neuroimage Clin. 12, 41–46. http://dx.doi.org/10.
1016/j.nicl.2016.06.007.
Devoto, P., Flore, G., Saba, P., Fa, M., Gessa, G.L., 2005. Stimulation of the locus coeruleus elicits noradrenaline and dopamine release in the medial prefrontal and parietal cortex. J. Neurochem. 92 (2), 368–374. http://dx.doi.org/10.1111/j.14714159.2004.02866.x.
Di Ciano, P., Everitt, B.J., 2004. Direct interactions between the basolateral amygdala and
nucleus accumbens core underlie cocaine-seeking behavior by rats. J. Neurosci. 24
(32), 7167–7173. http://dx.doi.org/10.1523/JNEUROSCI.1581-04.2004.
Diederich, N.J., Goldman, J.G., Stebbins, G.T., Goetz, C.G., 2016. Failing as doorman and
disc jockey at the same time: Amygdalar dysfunction in Parkinson's disease. Mov.
Disord. 31 (1), 11–22. http://dx.doi.org/10.1002/mds.26460.
Egerton, A., Hirani, E., Ahmad, R., Turton, D.R., Brickute, D., Rosso, L., et al., 2010.
Further evaluation of the carbon11-labeled D(2/3) agonist PET radiotracer PHNO:
reproducibility in tracer characteristics and characterization of extrastriatal binding.
Synapse 64 (4), 301–312. http://dx.doi.org/10.1002/syn.20718.
Elsworth, J.D., Deutch, A.Y., Redmond Jr., D.E., Sladek Jr., J.R., Roth, R.H., 1990. MPTP
reduces dopamine and norepinephrine concentrations in the supplementary motor
area and cingulate cortex of the primate. Neurosci. Lett. 114 (3), 316–322.
Fabbrini, G., Juncos, J., Mouradian, M.M., Serrati, C., Chase, T.N., 1987. Levodopa
pharmacokinetic mechanisms and motor ﬂuctuations in Parkinson's disease. Ann.
Neurol. 21 (4), 370–376. http://dx.doi.org/10.1002/ana.410210409.
Falardeau, P., Bedard, P.J., Di Paolo, T., 1988. Relation between brain dopamine loss and
D2 dopamine receptor density in MPTP monkeys. Neurosci. Lett. 86 (2), 225–229.
Farde, L., Suhara, T., Nyberg, S., Karlsson, P., Nakashima, Y., Hietala, J., et al., 1997. A
PET-study of [11C]FLB 457 binding to extrastriatal D2-dopamine receptors in healthy
subjects and antipsychotic drug-treated patients. Psychopharmacology 133 (4),
396–404.
Garcia-Amado, M., Prensa, L., 2013. Distribution of dopamine transporter immunoreactive ﬁbers in the human amygdaloid complex. Eur. J. Neurosci. 38 (11),
3589–3601. http://dx.doi.org/10.1111/ejn.12358.
Garcia-Cabezas, M.A., Rico, B., Sanchez-Gonzalez, M.A., Cavada, C., 2007. Distribution of
the dopamine innervation in the macaque and human thalamus. NeuroImage 34 (3),
965–984. http://dx.doi.org/10.1016/j.neuroimage.2006.07.032.
Garcia-Ruiz, P.J., Martinez Castrillo, J.C., Alonso-Canovas, A., Herranz Barcenas, A., Vela,
L., Sanchez Alonso, P., et al., 2014. Impulse control disorder in patients with
Parkinson's disease under dopamine agonist therapy: a multicentre study. J. Neurol.
Neurosurg. Psychiatry 85 (8), 840–844. http://dx.doi.org/10.1136/jnnp-2013306787.
Gaspar, P., Bloch, B., Le Moine, C., 1995. D1 and D2 receptor gene expression in the rat
frontal cortex: cellular localization in diﬀerent classes of eﬀerent neurons. Eur. J.
Neurosci. 7 (5), 1050–1063.
German, D.C., Manaye, K.F., White 3rd, C.L., Woodward, D.J., McIntire, D.D., Smith,
W.K., et al., 1992. Disease-speciﬁc patterns of locus coeruleus cell loss. Ann. Neurol.
32 (5), 667–676. http://dx.doi.org/10.1002/ana.410320510.
Gibb, W.R., Lees, A.J., 1991. Anatomy, pigmentation, ventral and dorsal subpopulations
of the substantia nigra, and diﬀerential cell death in Parkinson's disease. J. Neurol.
Neurosurg. Psychiatry 54 (5), 388–396.
Gnanalingham, K.K., Smith, L.A., Hunter, A.J., Jenner, P., Marsden, C.D., 1993.
Alterations in striatal and extrastriatal D-1 and D-2 dopamine receptors in the MPTPtreated common marmoset: an autoradiographic study. Synapse 14 (2), 184–194.
http://dx.doi.org/10.1002/syn.890140212.
Goetz, C.G., Tilley, B.C., Shaftman, S.R., Stebbins, G.T., Fahn, S., Martinez-Martin, P.,
et al., 2008. Movement Disorder Society-sponsored revision of the Uniﬁed
Parkinson's Disease Rating Scale (MDS-UPDRS): scale presentation and clinimetric
testing results. Mov. Disord. 23 (15), 2129–2170. http://dx.doi.org/10.1002/mds.
22340.
Goldman-Rakic, P.S., Porrino, L.J., 1985. The primate mediodorsal (MD) nucleus and its
projection to the frontal lobe. J. Comp. Neurol. 242 (4), 535–560. http://dx.doi.org/
10.1002/cne.902420406.
Guiard, B.P., El Mansari, M., Merali, Z., Blier, P., 2008. Functional interactions between
dopamine, serotonin and norepinephrine neurons: an in-vivo electrophysiological
study in rats with monoaminergic lesions. Int. J. Neuropsychopharmacol. 11 (5),
625–639. http://dx.doi.org/10.1017/S1461145707008383.
Gunn, R.N., Lammertsma, A.A., Hume, S.P., Cunningham, V.J., 1997. Parametric imaging
of ligand-receptor binding in PET using a simpliﬁed reference region model.
NeuroImage 6 (4), 279–287. http://dx.doi.org/10.1006/nimg.1997.0303.
Gurevich, E.V., Joyce, J.N., 1999. Distribution of dopamine D3 receptor expressing
neurons in the human forebrain: comparison with D2 receptor expressing neurons.
Neuropsychopharmacology 20 (1), 60–80. http://dx.doi.org/10.1016/S0893-133X
(98)00066-9.
Haber, S.N., Fudge, J.L., McFarland, N.R., 2000. Striatonigrostriatal pathways in primates
form an ascending spiral from the shell to the dorsolateral striatum. J. Neurosci. 20

Funding and disclosure
This was supported by the National Institutes of Health/National
Institute of Neurological Disorders and Stroke (R01NS097783,
K23NS080988) and National Institute of Aging (R01AG044838); and
CTSA award No. UL1TR000445 from the National Center for Advancing
Translational Sciences. The authors declare no conﬂict of interest.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nicl.2018.02.010.
References
Albin, R.L., Young, A.B., Penney, J.B., 1989. The functional anatomy of basal ganglia
disorders. Trends Neurosci. 12 (10), 366–375.
Antonini, A., Schwarz, J., Oertel, W.H., Pogarell, O., Leenders, K.L., 1997. Long-term
changes of striatal dopamine D2 receptors in patients with Parkinson's disease: a
study with positron emission tomography and [11C]raclopride. Mov. Disord. 12 (1),
33–38. http://dx.doi.org/10.1002/mds.870120107.
Asman, A.J., Huo, Y., Plassard, A.J., Landman, B.A., 2015. Multi-atlas learner fusion: an
eﬃcient segmentation approach for large-scale data. Med. Image Anal. 26 (1), 82–91.
http://dx.doi.org/10.1016/j.media.2015.08.010.
Barone, P., Scarzella, L., Marconi, R., Antonini, A., Morgante, L., Bracco, F., et al., 2006.
Pramipexole versus sertraline in the treatment of depression in Parkinson's disease: a
national multicenter parallel-group randomized study. J. Neurol. 253 (5), 601–607.
http://dx.doi.org/10.1007/s00415-006-0067-5.
Benarroch, E.E., 2017. Locus coeruleus. Cell Tissue Res. http://dx.doi.org/10.1007/
s00441-017-2649-1.
Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate - a practical and
powerful approach to multiple testing. J. R. Stat. Soc. B. Methodol. 57 (1), 289–300.
Bennett Jr., J.P., Piercey, M.F., 1999. Pramipexole–a new dopamine agonist for the
treatment of Parkinson's disease. J. Neurol. Sci. 163 (1), 25–31.
Berglind, W.J., Case, J.M., Parker, M.P., Fuchs, R.A., See, R.E., 2006. Dopamine D1 or D2
receptor antagonism within the basolateral amygdala diﬀerentially alters the acquisition of cocaine-cue associations necessary for cue-induced reinstatement of cocaineseeking. Neuroscience 137 (2), 699–706. http://dx.doi.org/10.1016/j.neuroscience.
2005.08.064.
Boileau, I., Guttman, M., Rusjan, P., Adams, J.R., Houle, S., Tong, J., et al., 2009.
Decreased binding of the D3 dopamine receptor-preferring ligand [11C]-(+)-PHNO
in drug-naive Parkinson's disease. Brain 132 (Pt 5), 1366–1375. http://dx.doi.org/10.
1093/brain/awn337.
Bowers, D., Miller, K., Mikos, A., Kirsch-Darrow, L., Springer, U., Fernandez, H., et al.,
2006. Startling facts about emotion in Parkinson's disease: blunted reactivity to
aversive stimuli. Brain 129 (Pt 12), 3356–3365. http://dx.doi.org/10.1093/brain/
awl301.
Braak, H., Braak, E., Yilmazer, D., de Vos, R.A., Jansen, E.N., Bohl, J., et al., 1994.
Amygdala pathology in Parkinson's disease. Acta Neuropathol. 88 (6), 493–500.
Braak, E., Sandmann-Keil, D., Rub, U., Gai, W.P., de Vos, R.A., Steur, E.N., et al., 2001.
Alpha-synuclein immunopositive Parkinson's disease-related inclusion bodies in
lower brain stem nuclei. Acta Neuropathol. 101 (3), 195–201.
Buckholtz, J.W., Treadway, M.T., Cowan, R.L., Woodward, N.D., Li, R., Ansari, M.S.,
et al., 2010. Dopaminergic network diﬀerences in human impulsivity. Science 329
(5991), 532. http://dx.doi.org/10.1126/science.1185778.
Camps, M., Cortes, R., Gueye, B., Probst, A., Palacios, J.M., 1989. Dopamine receptors in
human brain: autoradiographic distribution of D2 sites. Neuroscience 28 (2),
275–290.
Cumming, P., Borghammer, P., 2012. Molecular imaging and the neuropathologies of

440

NeuroImage: Clinical 18 (2018) 433–442

A.J. Stark et al.

mild cognitive impairment. J. Am. Geriatr. Soc. 53 (4), 695–699. http://dx.doi.org/
10.1111/j.1532-5415.2005.53221.x.
Otmakhova, N., Duzel, E., Deutch, A.Y., Lisman, J., 2013. The hippocampal-VTA loop: the
role of novelty and motivation in controlling the entry of information into long-term
memory. In: Intrinsically Motivated Learning in Natural and Artiﬁcial Systems.
Springer, pp. 235–254.
Payer, D.E., Guttman, M., Kish, S.J., Tong, J., Strafella, A., Zack, M., et al., 2015. [(1)
(1)C]-(+)-PHNO PET imaging of dopamine D(2/3) receptors in Parkinson's disease
with impulse control disorders. Mov. Disord. 30 (2), 160–166. http://dx.doi.org/10.
1002/mds.26135.
Pohjalainen, T., Rinne, J.O., Nagren, K., Syvalahti, E., Hietala, J., 1998. Sex diﬀerences in
the striatal dopamine D2 receptor binding characteristics in vivo. Am. J. Psychiatry
155 (6), 768–773. http://dx.doi.org/10.1176/ajp.155.6.768.
Radloﬀ, L.S., 1977. The CES-D scale a self-report depression scale for research in the
general population. Appl. Psychol. Meas. 1 (3), 385–401.
Rieck, R.W., Ansari, M.S., Whetsell Jr., W.O., Deutch, A.Y., Kessler, R.M., 2004.
Distribution of dopamine D2-like receptors in the human thalamus: autoradiographic
and PET studies. Neuropsychopharmacology 29 (2), 362–372. http://dx.doi.org/10.
1038/sj.npp.1300336.
Rinne, J.O., Laihinen, A., Rinne, U.K., Nagren, K., Bergman, J., Ruotsalainen, U., 1993.
PET study on striatal dopamine D2 receptor changes during the progression of early
Parkinson's disease. Mov. Disord. 8 (2), 134–138. http://dx.doi.org/10.1002/mds.
870080203.
Rinne, J.O., Laihinen, A., Ruottinen, H., Ruotsalainen, U., Nagren, K., Lehikoinen, P.,
et al., 1995. Increased density of dopamine D2 receptors in the putamen, but not in
the caudate nucleus in early Parkinson's disease: a PET study with [11C]raclopride. J.
Neurol. Sci. 132 (2), 156–161.
Rommelfanger, K.S., Weinshenker, D., 2007. Norepinephrine: the redheaded stepchild of
Parkinson's disease. Biochem. Pharmacol. 74 (2), 177–190. http://dx.doi.org/10.
1016/j.bcp.2007.01.036.
Sanchez-Soto, M., Bonifazi, A., Cai, N.S., Ellenberger, M.P., Newman, A.H., Ferre, S.,
et al., 2016. Evidence for noncanonical neurotransmitter activation: norepinephrine
as a dopamine D2-like receptor agonist. Mol. Pharmacol. 89 (4), 457–466. http://dx.
doi.org/10.1124/mol.115.101808.
Sarnthein, J., Jeanmonod, D., 2007. High thalamocortical theta coherence in patients
with Parkinson's disease. J. Neurosci. 27 (1), 124–131. http://dx.doi.org/10.1523/
JNEUROSCI.2411-06.2007.
Scatton, B., Javoy-Agid, F., Rouquier, L., Dubois, B., Agid, Y., 1983. Reduction of cortical
dopamine, noradrenaline, serotonin and their metabolites in Parkinson's disease.
Brain Res. 275 (2), 321–328.
Schaltenbrand, G., Wahren, W., 1998. Atlas for Stereotaxy of the Human Brain: With an
Accompanying Guide. Thieme.
Shannon, K.M., Bennett Jr., J.P., Friedman, J.H., 1997. Eﬃcacy of pramipexole, a novel
dopamine agonist, as monotherapy in mild to moderate Parkinson's disease. The
pramipexole study group. Neurology 49 (3), 724–728.
Sheng, K., Fang, W., Su, M., Li, R., Zou, D., Han, Y., et al., 2014. Altered spontaneous
brain activity in patients with Parkinson's disease accompanied by depressive
symptoms, as revealed by regional homogeneity and functional connectivity in the
prefrontal-limbic system. PLoS One 9 (1), e84705. http://dx.doi.org/10.1371/
journal.pone.0084705.
Smith, C.C., Greene, R.W., 2012. CNS dopamine transmission mediated by noradrenergic
innervation. J. Neurosci. 32 (18), 6072–6080. http://dx.doi.org/10.1523/
JNEUROSCI.6486-11.2012.
Smith, C.T., Dang, L.C., Cowan, R.L., Kessler, R.M., Zald, D.H., 2016. Variability in
paralimbic dopamine signaling correlates with subjective responses to d-amphetamine. Neuropharmacology 108, 394–402. http://dx.doi.org/10.1016/j.neuropharm.
2016.05.004.
Stephens, B., Mueller, A.J., Shering, A.F., Hood, S.H., Taggart, P., Arbuthnott, G.W., et al.,
2005. Evidence of a breakdown of corticostriatal connections in Parkinson's disease.
Neuroscience 132 (3), 741–754. http://dx.doi.org/10.1016/j.neuroscience.2005.01.
007.
Tanner, J.J., McFarland, N.R., Price, C.C., 2017. Striatal and hippocampal atrophy in
idiopathic Parkinson's disease patients without dementia: a morphometric analysis.
Front. Neurol. 8, 139. http://dx.doi.org/10.3389/fneur.2017.00139.
Tessitore, A., Hariri, A.R., Fera, F., Smith, W.G., Chase, T.N., Hyde, T.M., et al., 2002.
Dopamine modulates the response of the human amygdala: a study in Parkinson's
disease. J. Neurosci. 22 (20), 9099–9103.
Tomlinson, C.L., Stowe, R., Patel, S., Rick, C., Gray, R., Clarke, C.E., 2010. Systematic
review of levodopa dose equivalency reporting in Parkinson's disease. Mov. Disord.
25 (15), 2649–2653. http://dx.doi.org/10.1002/mds.23429.
Tompson, D., Oliver-Willwong, R., 2009. Pharmacokinetic and pharmacodynamic comparison of ropinirole 24-hour prolonged release and ropinirole immediate release in
patients with Parkinson's disease. Clin. Neuropharmacol. 32 (3), 140–148. http://dx.
doi.org/10.1097/WNF.0B013E318176C505.
van Mierlo, T.J., Chung, C., Foncke, E.M., Berendse, H.W., van den Heuvel, O.A., 2015.
Depressive symptoms in Parkinson's disease are related to decreased hippocampus
and amygdala volume. Mov. Disord. 30 (2), 245–252. http://dx.doi.org/10.1002/
mds.26112.
Weintraub, D., Mamikonyan, E., Papay, K., Shea, J.A., Xie, S.X., Siderowf, A., 2012.
Questionnaire for impulsive-compulsive disorders in Parkinson's disease-rating scale.
Mov. Disord. 27 (2), 242–247. http://dx.doi.org/10.1002/mds.24023.
Weiss, J.M., Simson, P.G., Hoﬀman, L.J., Ambrose, M.J., Cooper, S., Webster, A., 1986.
Infusion of adrenergic receptor agonists and antagonists into the locus coeruleus and
ventricular system of the brain. Eﬀects on swim-motivated and spontaneous motor
activity. Neuropharmacology 25 (4), 367–384.
Wright, C.E., Sisson, T.L., Ichhpurani, A.K., Peters, G.R., 1997. Steady-state

(6), 2369–2382.
Hall, H., Ogren, S.O., Kohler, C., Magnusson, O., 1989. Animal pharmacology of raclopride, a selective dopamine D2 antagonist. Psychopharmacol. Ser. 7, 123–130.
Henderson, J.M., Carpenter, K., Cartwright, H., Halliday, G.M., 2000. Degeneration of the
centre median-parafascicular complex in Parkinson's disease. Ann. Neurol. 47 (3),
345–352.
Isaias, I.U., Marotta, G., Pezzoli, G., Sabri, O., Schwarz, J., Crenna, P., et al., 2011.
Enhanced catecholamine transporter binding in the locus coeruleus of patients with
early Parkinson disease. BMC Neurol. 11, 88. http://dx.doi.org/10.1186/1471-237711-88.
Ishibashi, K., Ishii, K., Oda, K., Mizusawa, H., Ishiwata, K., 2011. Binding of pramipexole
to extrastriatal dopamine D2/D3 receptors in the human brain: a positron emission
tomography study using 11C-FLB 457. PLoS One 6 (3), e17723. http://dx.doi.org/10.
1371/journal.pone.0017723.
Junque, C., Ramirez-Ruiz, B., Tolosa, E., Summerﬁeld, C., Marti, M.J., Pastor, P., et al.,
2005. Amygdalar and hippocampal MRI volumetric reductions in Parkinson's disease
with dementia. Mov. Disord. 20 (5), 540–544. http://dx.doi.org/10.1002/mds.
20371.
Kaasinen, V., Nagren, K., Hietala, J., Oikonen, V., Vilkman, H., Farde, L., et al., 2000.
Extrastriatal dopamine D2 and D3 receptors in early and advanced Parkinson's disease. Neurology 54 (7), 1482–1487.
Kaasinen, V., Aalto, S., NA, K., Hietala, J., Sonninen, P., Rinne, J.O., 2003. Extrastriatal
dopamine D(2) receptors in Parkinson's disease: a longitudinal study. J. Neural
Transm. 110 (6), 591–601. http://dx.doi.org/10.1007/s00702-003-0816-x.
Keren, N.I., Lozar, C.T., Harris, K.C., Morgan, P.S., Eckert, M.A., 2009. In vivo mapping of
the human locus coeruleus. NeuroImage 47 (4), 1261–1267. http://dx.doi.org/10.
1016/j.neuroimage.2009.06.012.
Kessler, R., Mason, N., Jones, C., Ansari, M., Manning, R., Price, R., 2000. N-allyl-5ﬂuoropropylepidepride (fallypride): radiation dosimetry, quantiﬁcation of striatal
and extrastriatal dopamine receptors in man. NeuroImage 11, S32.
Kessler, R.M., Ansari, M.S., Riccardi, P., Li, R., Jayathilake, K., Dawant, B., et al., 2005.
Occupancy of striatal and extrastriatal dopamine D2/D3 receptors by olanzapine and
haloperidol. Neuropsychopharmacology 30 (12), 2283–2289. http://dx.doi.org/10.
1038/sj.npp.1300836.
Kessler, R.M., Woodward, N.D., Riccardi, P., Li, R., Ansari, M.S., Anderson, S., et al.,
2009. Dopamine D2 receptor levels in striatum, thalamus, substantia nigra, limbic
regions, and cortex in schizophrenic subjects. Biol. Psychiatry 65 (12), 1024–1031.
http://dx.doi.org/10.1016/j.biopsych.2008.12.029.
Khan, Z.U., Mrzljak, L., Gutierrez, A., de la Calle, A., Goldman-Rakic, P.S., 1998.
Prominence of the dopamine D2 short isoform in dopaminergic pathways. Proc. Natl.
Acad. Sci. U. S. A. 95 (13), 7731–7736.
Knudsen, G.M., Karlsborg, M., Thomsen, G., Krabbe, K., Regeur, L., Nygaard, T., et al.,
2004. Imaging of dopamine transporters and D2 receptors in patients with
Parkinson's disease and multiple system atrophy. Eur. J. Nucl. Med. Mol. Imaging 31
(12), 1631–1638. http://dx.doi.org/10.1007/s00259-004-1578-x.
Ko, J.H., Antonelli, F., Monchi, O., Ray, N., Rusjan, P., Houle, S., et al., 2013. Prefrontal
dopaminergic receptor abnormalities and executive functions in Parkinson's disease.
Hum. Brain Mapp. 34 (7), 1591–1604. http://dx.doi.org/10.1002/hbm.22006.
Lammertsma, A., Bench, C., Hume, S., Osman, S., Gunn, K., Brooks, D., et al., 1996.
Comparison of methods for analysis of clinical [11C] raclopride studies. J. Cereb.
Blood Flow Metab. 16 (1), 42–52.
Mansour, A., Meador-Woodruﬀ, J.H., Bunzow, J.R., Civelli, O., Akil, H., Watson, S.J.,
1990. Localization of dopamine D2 receptor mRNA and D1 and D2 receptor binding
in the rat brain and pituitary: an in situ hybridization-receptor autoradiographic
analysis. J. Neurosci. 10 (8), 2587–2600.
Mastro, K.J., Zitelli, K.T., Willard, A.M., Leblanc, K.H., Kravitz, A.V., Gittis, A.H., 2017.
Cell-speciﬁc pallidal intervention induces long-lasting motor recovery in dopaminedepleted mice. Nat. Neurosci. 20 (6), 815–823. http://dx.doi.org/10.1038/nn.4559.
Mawlawi, O., Martinez, D., Slifstein, M., Broft, A., Chatterjee, R., Hwang, D.R., et al.,
2001. Imaging human mesolimbic dopamine transmission with positron emission
tomography: I. Accuracy and precision of D(2) receptor parameter measurements in
ventral striatum. J. Cereb. Blood Flow Metab. 21 (9), 1034–1057. http://dx.doi.org/
10.1097/00004647-200109000-00002.
Mercuri, N.B., Calabresi, P., Bernardi, G., 1992. The electrophysiological actions of dopamine and dopaminergic drugs on neurons of the substantia nigra pars compacta
and ventral tegmental area. Life Sci. 51 (10), 711–718.
Mukherjee, J., Christian, B.T., Dunigan, K.A., Shi, B., Narayanan, T.K., Satter, M., et al.,
2002. Brain imaging of 18F-fallypride in normal volunteers: blood analysis, distribution, test-retest studies, and preliminary assessment of sensitivity to aging eﬀects
on dopamine D-2/D-3 receptors. Synapse 46 (3), 170–188. http://dx.doi.org/10.
1002/syn.10128.
Nagano-Saito, A., Washimi, Y., Arahata, Y., Kachi, T., Lerch, J.P., Evans, A.C., et al., 2005.
Cerebral atrophy and its relation to cognitive impairment in Parkinson disease.
Neurology 64 (2), 224–229. http://dx.doi.org/10.1212/01.WNL.0000149510.
41793.50.
Nandhagopal, R., Kuramoto, L., Schulzer, M., Mak, E., Cragg, J., Lee, C.S., et al., 2009.
Longitudinal progression of sporadic Parkinson's disease: a multi-tracer positron
emission tomography study. Brain 132 (Pt 11), 2970–2979. http://dx.doi.org/10.
1093/brain/awp209.
Narendran, R., Frankle, W.G., Mason, N.S., Rabiner, E.A., Gunn, R.N., Searle, G.E., et al.,
2009. Positron emission tomography imaging of amphetamine-induced dopamine
release in the human cortex: a comparative evaluation of the high aﬃnity dopamine
D2/3 radiotracers [11C]FLB 457 and [11C]fallypride. Synapse 63 (6), 447–461.
http://dx.doi.org/10.1002/syn.20628.
Nasreddine, Z.S., Phillips, N.A., Bedirian, V., Charbonneau, S., Whitehead, V., Collin, I.,
et al., 2005. The Montreal Cognitive Assessment, MoCA: a brief screening tool for

441

NeuroImage: Clinical 18 (2018) 433–442

A.J. Stark et al.

0000150591.33787.A4.
Zola-Morgan, S., Squire, L.R., Amaral, D.G., Suzuki, W.A., 1989. Lesions of perirhinal and
parahippocampal cortex that spare the amygdala and hippocampal formation produce severe memory impairment. J. Neurosci. 9 (12), 4355–4370.

pharmacokinetic properties of pramipexole in healthy volunteers. J. Clin. Pharmacol.
37 (6), 520–525.
Zaja-Milatovic, S., Milatovic, D., Schantz, A.M., Zhang, J., Montine, K.S., Samii, A., et al.,
2005. Dendritic degeneration in neostriatal medium spiny neurons in Parkinson
disease. Neurology 64 (3), 545–547. http://dx.doi.org/10.1212/01.WNL.

442

