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Amélie Bichon,3,4,5 Pierre Pelissier,3,4,5 Valérie Fraix,3,4,5 Anna Castrioto,3,4,5
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Apathy, which can occur separately or in combination with depression and anxiety, is one of the most frequently encountered

neuropsychiatric symptoms in Parkinson’s disease. Pathophysiological evidence suggests that parkinsonian apathy is primarily due to

a mesolimbic dopaminergic denervation, but the role of the serotonergic alteration has never been examined, despite its well-known

involvement in the pathogenesis of depression and anxiety. To fill this gap, we address here the pure model of de novo Parkinson’s

disease, without the confounding effects of antiparkinsonian treatment. Fifteen apathetic (Lille Apathy Rating Scale scores 5 �21)

and 15 non-apathetic (�364Lille Apathy Rating Scale scores4�22) drug-naı̈ve de novo parkinsonian patients were enrolled in the

present study and underwent detailed clinical assessment and positron emission tomography imaging, using both dopaminergic [11C-

N-(3-iodoprop-2E-enyl)-2-beta-carbomethoxy-3-beta-(4-methylphenyl)-nortropane (PE2I)] (n = 29) and serotonergic [11C-N,N-dime-

thyl-2-(-2-amino-4-cyanophenylthio)-benzylamine (DASB)] (n = 27) presynaptic transporter radioligands. Apathetic parkinsonian pa-

tients presented higher depression (P = 0.0004) and anxiety (P = 0.004) scores – as assessed using the Beck Depression Inventory and

the part B of the State-Trait Anxiety Inventory, respectively – compared to the non-apathetic ones – who were not different from the

age-matched healthy subjects (n = 15). Relative to the controls, the non-apathetic parkinsonian patients mainly showed dopaminergic

denervation (n = 14) within the right caudate nucleus, bilateral putamen, thalamus and pallidum, while serotonergic innervation

(n = 15) was fairly preserved. Apathetic parkinsonian patients exhibited, compared to controls, combined and widespread dopamin-

ergic (n = 15) and serotonergic (n = 12) degeneration within the bilateral caudate nuclei, putamen, ventral striatum, pallidum and

thalamus, but also a specific bilateral dopaminergic disruption within the substantia nigra–ventral tegmental area complex, as well as

a specific serotonergic alteration within the insula, the orbitofrontal and the subgenual anterior cingulate cortices. When comparing

the two parkinsonian groups, the apathetic patients mainly displayed greater serotonergic alteration in the ventral striatum, the dorsal

and the subgenual parts of the anterior cingulate cortices, bilaterally, as well as in the right-sided caudate nucleus and the right-sided

orbitofrontal cortex. Regression analyses also revealed that the severity of apathy was moreover mainly related to specific serotonergic

lesions within the right-sided anterior caudate nucleus and the orbitofrontal cortex, while the degree of both depression and anxiety

was primarily linked to serotonergic disruption within the bilateral subgenual parts and/or the right dorsal part of the anterior

cingulate cortex, without prominent role of the dopaminergic degeneration in the pathogenesis of these three non-motor signs.

Altogether, these findings highlight a prominent role of the serotonergic degeneration in the expression of the neuropsychiatric

symptoms occurring at the onset of Parkinson’s disease.
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Introduction
Parkinson’s disease is traditionally characterized by levo-

dopa-responsive motor symptoms that are mainly due to

nigrostriatal dopamine depletion. In addition, a wide

range of disabling non-motor signs is also present through-

out the course of the disease. These non-motor features

include more particularly fatigue, pain, but also autonomic

and neuropsychiatric manifestations, such as apathy, anx-

iety and depression. These neuropsychiatric signs, which

are inherent to the disease, and not a consequence or a

side-effect to long-term dopaminergic medication, indeed

constitute a triad of symptoms traditionally grouped

under the umbrella of ‘hypodopaminergic’ symptoms

(Ardouin et al., 2009). Such comorbidities are frequent

and can be encountered at every stage of Parkinson’s dis-

ease, from the premotor and the early untreated phases of

the disease, to the advanced stages of Parkinson’s disease,

and can notably appear after the reduction of antiparkin-

sonian drugs (Aarsland et al., 2009; Barone et al., 2009;

Chaudhuri et al., 2009; Thobois et al., 2010; de la Riva

et al., 2014; Dujardin et al., 2014; Pagonabarraga et al.,

2015; Schrag et al., 2015). Recent clinical reports have

more specifically revealed that apathy is encountered in

16–36% of recently diagnosed patients with Parkinson’s

disease (Barone et al., 2009; de la Riva et al., 2014;

Dujardin et al., 2014; Pagonabarraga et al., 2015), whereas

depression and anxiety are detected in 9 to 61% of cases

(Barone et al., 2009; de la Riva et al., 2014; Dujardin et al.,

2014; Schrag et al., 2015). Although apathy can occur sep-

arately, this manifestation is frequently associated with anx-

iety and/or depression, as previously reported in patients

with advanced Parkinson’s disease after dopaminergic med-

ication withdrawal (Thobois et al., 2010; Pagonabarraga

et al., 2015). Apathy is twice as frequent in this latter

case, and the patients suffering from depressive symptoms

always also display apathy. Thus, apathy, which is less

likely to be reactive to the handicap and stigma of the dis-

ease than anxiety or depression, seems to be the core

neuropsychiatric symptom of Parkinson’s disease. These

three neuropsychiatric features most often respond to dopa-

minergic treatments (Remy et al., 2005; Barone et al.,

2010; Thobois et al., 2013).

Beyond the well-known role of nigrostriatal dopa-

minergic dysfunction in the pathophysiology of

Parkinson’s disease motor symptoms (Brooks et al.,

1990; Boileau et al., 2009), dopaminergic disruption of

the mesolimbic and mesostriatal pathways is involved in

the occurrence of several non-motor manifestations, such

as apathy, depression, anxiety, fatigue, or impulse control
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disorders (Remy et al., 2005; Weintraub et al., 2005,

2015a; Aarsland et al., 2009; Boileau et al., 2009;

Chaudhuri et al., 2009; Pavese et al., 2010; Thobois

et al., 2010; Pagonabarraga et al., 2015; Castrioto

et al., 2016). In addition, increasing lines of evidence

support a specific causal role of serotonergic dysfunction

in the pathogenesis of several parkinsonian signs, such as

tremor and dyskinesia, but also depression, fatigue, cog-

nitive decline and hallucinations, at moderate-to-

advanced stages of the disease (Doder et al., 2003;

Boileau et al., 2008; Pavese et al., 2010; Politis et al.,
2010b; Ballanger et al., 2012).

The neurochemical mechanisms underpinning

Parkinson’s disease-related disorders therefore appear

multifactorial and remain incompletely elucidated to date.

This may be because most of the neuroimaging studies per-

formed so far have included patients with Parkinson’s dis-

ease who have been treated chronically with dopaminergic

medication or have been exposed to serotonergic drugs,

which may consequently hinder the pathophysiological in-

terpretation of the associated results (Brooks et al., 1990;

Doder et al., 2003; Kerenyi et al., 2003; Remy et al., 2005;

Weintraub et al., 2005; Albin et al., 2008; Boileau et al.,

2008; Pavese et al., 2010; Politis et al., 2010a, b; Thobois

et al., 2010; Strecker et al., 2011; Ballanger et al., 2012;

Joutsa et al., 2015). In addition, the delineation of non-

motor signs is not always detailed, which limits the clinical

interpretation of these investigations (Qamhawi et al.,

2015). Furthermore, post-mortem and neuroimaging stu-

dies performed in early-stage patients have sometimes re-

ported conflicting results, either showing serotonergic

disruption at Parkinson’s disease onset (Albin et al.,

2008; Politis et al., 2010a; Joutsa et al., 2015; Qamhawi

et al., 2015) or not (Beucke et al., 2011; Strecker et al.,

2011). Finally, most of these previous works have explored

the dopaminergic or the serotonergic systems separately,

but not simultaneously in the same patients suffering

from Parkinson’s disease.

The present work therefore aims to fill this gap, by pro-

viding a further understanding of the respective contribu-

tion of dopaminergic and serotonergic degeneration in the

pathogenesis of the most prominent neuropsychiatric signs

that can be encountered in early Parkinson’s disease. For all

the reasons previously mentioned, we have chosen to focus

our study on patients with de novo Parkinson’s disease,

before any exposure to antiparkinsonian drugs and to

their related potential psychotropic effects, to dispose of a

relatively pure model of the disease, but also to avoid con-

founding effects related to the dopaminergic and/or seroto-

nergic ongoing medications on the exploration of the

underlying pathophysiology.

We have thus investigated apathetic and non-apathetic

patients with de novo Parkinson’s disease, whether or not

accompanied by depression and/or anxiety, through both

detailed clinical evaluation and PET imaging, using spe-

cific presynaptic dopaminergic [N-(3-iodoprop-2E-enyl)-2-

beta-carbomethoxy-3-beta-(4-methylphenyl)-nortropane

(11C-PE2I)] and serotonergic [N,N-dimethyl-2-(-2-amino-4-

cyanophenylthio)-benzylamine (11C-DASB)] transporter

radioligands.

Subjects and methods

Participants

Fifteen apathetic and 15 non-apathetic recently diagnosed, un-
treated patients with Parkinson’s disease, and 15 age-matched
healthy controls were enrolled at the Lyon and Grenoble
University Hospitals (Table 1). Apathetic behaviour was
defined by the score obtained on the Lille Apathy Rating
Scale (LARS) (Sockeel et al., 2006). Apathetic patients had a
score on the LARS scale of 5�21, while the LARS score of
the non-apathetic patients ranged between �36 and �22. The
other inclusion criteria were as follows: (i) patients under 70
years of age; (ii) diagnosis of a parkinsonian syndrome with
onset less than 2 years prior to the start of the investigation;
and (iii) absence of any atypical symptoms incompatible with a
diagnosis of Parkinson’s disease according to the United
Kingdom Parkinson Disease Society Brain Bank Diagnostic
Criteria for idiopathic Parkinson’s disease (Gibb and Lees,
1988). Exclusion criteria included: (i) cognitive impairment
[i.e. a Mattis Dementia Rating Scale (MDRS) score of
5130/144 (Schmidt et al., 1994), and a Frontal Assessment
Battery (FAB) score of 515/18 (Dubois et al., 2000)]; (ii) pre-
sent or past therapy with (pro-) dopaminergic agents; (iii) a
marked resting tremor (to avoid movement artefacts during
neuroimaging acquisitions); (iv) severe concomitant illnesses
and/or psychiatric disturbances other than apathetic, depres-
sive, and anxious disorders; and (v) current use of serotonergic
drugs altering 11C-DASB binding. The healthy subjects had to
be free of psychiatric or neurological disorders and did not
receive any serotonergic drugs. The present study (project
#2012.722) was approved by the local Ethics Committee
(Grenoble University Hospital) and conducted in accordance
with the Declaration of Helsinki. All participants provided
written informed consent.

Clinical and neuropsychological
assessment

Part III of the Movement Disorders Society Unified Parkinson
Disease Rating Scale (MDS-UPDRS; Goetz et al., 2008)
was used to rate motor signs. Akinesia–rigidity and rest
tremor (excluding consequently the action tremor item) sub-
scores were also computed for Parkinson’s disease group
comparisons (by adding the scores related to the items 3.3
to 3.8, and the item 3.14, for the first one, and the scores
related to the items 3.15, 3.17 and 3.18 for the second one)
(Table 1).

Detailed neuropsychological assessment was performed to
measure: (i) apathy, using the LARS scale (Sockeel et al.,
2006); (ii) trait-anxiety, using the part B of the State-Trait
Anxiety Inventory (STAI-YB; Spielberger et al., 1980); (iii) de-
pression, using the Beck Depression Inventory (BDI-2; Beck
et al., 1988); (iv) fatigue, using the Parkinson’s Disease
Fatigue Scale (PFS-16; Brown et al., 2005); (v) pain, using
the Neuropathic Pain Symptoms Inventory (NPSI; Bouhassira
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et al., 2004); and (vi) global cognition, using the MDRS scale
(Schmidt et al., 1994), and executive functions, using the FAB
scale (Dubois et al., 2000) (Table 1).

Statistical analysis of the clinical
manifestations

Suitable statistical tests were used for between-group compari-
sons, after assessing for normal distribution (using Shapiro-
Wilk tests) and variance homogeneity (using the Fisher-
Snedecor F-test) within the data. For continuous data, one-
way ANOVAs (with three levels of groups, for the main
neuropsychological scales, and two levels of groups, for the
fatigue, pain, and motor scales) were performed using appro-
priate co-variates (i.e. age and gender, except for the analysis
related to age). Within each analysis showing a significant
main effect, a post hoc examination was conducted, using
the Bonferroni test. Pearson correlations were also conducted
to explore the covariations between the severity of the main
Parkinson’s disease non-motor and motor signs, using the
dedicated ordinal scores. Corrections for multiple comparisons
(n = 10 items) were also applied, and only �-values4 0.005
were considered statistically significant. Statistical analyses
were performed using Statistica

�
(Statistica 8, Statsoft, Tulsa,

USA).

Neuroimaging and data processing

Scanning procedure and data collection

A maximum of 8 weeks separated the two (behavioural and
imaging) sessions. Forty-one subjects underwent one anatom-
ical MRI and two PET scans to specifically study dopamine
transporter (DAT) binding using 11C-PE2I, and serotonin
transporter (SERT) binding using 11C-DASB. Three apathetic
patients did not undergo the SERT PET scan as they were on
serotonergic antidepressant medication. One non-apathetic pa-
tient did not undergo the DAT PET scan due to an episode of
claustrophobia.

Neuroimaging was performed at the CERMEP Cyclotron
Center (Lyon, France). The subjects were positioned supine
on the scanner beds, with their head held in place. A camera
monitored the head’s position during scanning. Anatomical
MRI acquisition consisted of two 8-min 3D sagittal T1-
weighted sequences obtained on a 1.5 T Magnetom scanner
(Siemens) equipped with an emitting/receiving head coil. The
anatomical volume covered the entire brain using 176 adjacent
slices of 1-mm thickness (repetition time = 1970 ms; echo
time = 3.93 ms; flip angle = 15�; field of view = 256 mm; voxel
size = 1 � 1 � 1 mm3). PET scans were performed using a
PET/CT tomograph (Siemens Biograph mCT/S 64, with a spa-
tial transverse resolution of 4.4 mm; Jakoby et al., 2011) in 3D
mode over a 90-min period. Dynamic acquisition began with
the bolus injection of the radiotracers, i.e. 11C-DASB for SERT
binding and 11C-PE2I for DAT binding, through an intraven-
ous forearm catheter. Mean 11C-DASB injected activity [�
standard error of the mean (SEM)] ranged between 274 and
292 MBq (for controls: 274.9 � 10.3 MBq; for non-apathetic
patients: 280.2 � 14.9 MBq; and for apathetic patients:
291.8 � 18.8 MBq) whereas mean 11C-PE2I injected activity
(�SEM) was between 156 and 196 MBq (for controls:
195.3 � 11.7 MBq; for non-apathetic patients: 156.6 � 8.3

MBq; for apathetic patients: 188.7 � 7.7 MBq). A 1-min
low-dose CT scan (50.2 mSv) acquired prior to emission
was used to correct tissue attenuation during PET data recon-
struction. Biograph mCT/S64 emission images were recon-
structed using the Siemens ultra-HD PET algorithm with 12
iterations, 21 subsets and a zoom factor of 3, then sampled
into 30 sequential-frame series for the 11C-DASB tracer, and
28 sequential-frame series for the 11C-PE2I tracer. The recon-
structed images displayed a transaxial resolution of 4 mm full-
width at half-maximum in a 128 � 128 matrix-size, resulting
in 109 slices of 2.03-mm thickness generating a voxel size of
approximately 2.12 � 2.12 mm2. The order of the PET-scans
(using 11C-DASB or 11C-PE2I tracers) was counterbalanced
between subjects and groups. The interval between the two
PET-scan sessions was 52 months.

Kinetic modelling

PET images were analysed using suitable tracer kinetic model-
ling at the voxel-based level. A representative value of the non-
displaceable binding potential (BP-ND) of 11C-DASB and
11C-PE2I tracers was computed for each voxel of the images
by applying the Simplified Tissue Reference Model (SRTM)
(Lammertsma and Hume, 1996; Gunn et al., 1997).
The white matter of the cerebellum, as defined in the
Hammers atlas (Hammers et al., 2003; Gousias et al., 2008),
was transformed into PET native space and used as the
reference area, as this region is assumed to be devoid of
SERT (Kish et al., 2005) and DAT (Hall et al., 1999)
transporters.

Voxel-based analyses for between-group

comparisons and symptom correlations

Binding potential images were spatially normalized onto the
common Montreal Neurological Institute (MNI) template
space using the following procedure: (i) the binding potential
images were first co-registered on the corresponding individual
structural MRI; (ii) the parameters for transforming individual
structural MRI native space to the standard grey matter stereo-
tactic template (MNI/ICBM152) (Ashburner and Friston,
1997) were calculated using the ‘new segment’ algorithm of
the SPM8 software (Statistical Parametric Mapping, Wellcome
Department for Cognitive Neuroscience, London, UK) imple-
mented in Matlab� 2012b 8.0 (MathWorks Inc., Natick,
Massachusetts, USA); and (iii) the binding potential images
were normalized using these transformation parameters. The
normalized binding potential images were then smoothed using
an isotropic Gaussian kernel filter (8 mm full-width at half-
maximum) to reduce variance due to interindividual anatom-
ical variability and to improve the signal-to-noise ratio.

Voxel-based analysis was conducted using SPM8 within an
appropriate mask of interest composed of the following areas,
delineated from those of the Hammers atlas (Hammers et al.,
2003; Gousias et al., 2008): the inferior frontal cortices (IFC),
the orbitofrontal cortices (OFC, including the anterior, medial,
lateral, posterior orbital and straight gyri), the dorsal anterior
cingulate cortices (dorsal ACC), the subgenual anterior cingu-
late cortices [subgenual ACC, including the (pre-) subgenual
frontal cortices and subcallosal areas], the posterior cingulate
cortices, the insula, the caudate nuclei, the putamen, the palli-
dum, the substantia nigra-ventral tegmental area (SN-VTA),
the amygdala, the hippocampus, the parahippocampal/ambient
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gyri and the brainstem. Only the ligand-dependent voxels pre-
senting mean binding potential values of 50.1 in controls
were used in the mask of interest.

Between-group comparisons (i.e. non-apathetic versus apath-
etic patients; controls versus non-apathetic patients; and con-
trols versus apathetic patients) were performed using two-
sample Student’s t-tests. In addition, multiple regression ana-
lyses were conducted to explore the covariations between the
binding of each tracer and the severity of both non-motor and
motor Parkinson’s disease symptoms, from the dedicated ordi-
nal scores using appropriately weighted categorical contrasts
to generate statistical parametric maps representing both in-
crease and decrease in 11C-DASB and 11C-PE2I BP-ND in
each considered voxel. In all these analyses, age and gender
are implemented as covariates of non-interest. For the main
analyses related to apathy (that is, the Parkinson’s disease
group comparison, and the associated regression analysis),
the effect of depression was also controlled by adding the pa-
tients’ scores as covariate of non-interest.

Regional analyses

Because the voxel-based analyses are very conservative, a re-
gional approach was also performed. Regional analysis
focused on the following eight bilateral subcortical regions of
interest: the anterior and posterior caudate nuclei, the anterior
and posterior putamen, the ventral striatum (VS), the palli-
dum, the thalamus, and the SN-VTA complex. These areas
were delineated using the Hammers atlas (Hammers et al.,
2003; Gousias et al., 2008). Because this atlas does not
allow the anterior and posterior parts of the caudate nuclei
and of the putamen to be differentiated, manual parcellation
of these territories was conducted on individual normalized
MRIs, after extracting the homologous regions of the atlas.
The anterior commissure was used as a benchmark to separate
these boundaries along a postero-anterior axis, on 28 conse-
cutive axial sections. In addition to this segmentation, the ven-
tral (i.e. limbic) part of the striatum (corresponding
anatomically to the anterior parts of the caudate nuclei and
of the putamen) was manually drawn on 11 consecutive indi-
vidual coronal MRI sections (Levitt et al., 2013). Regional
11C-DASB and 11C-PE2I BP-ND values were calculated by aver-
aging the values from all of the voxels constituting each of
these regions of interest. For each group, these values are
represented as the mean and the SEM (Table 2). The regions
whose BP-ND values were below 0.1 were not considered for
the analyses. As the mean 11C-DASB BP-ND value for the pos-
terior caudate nuclei, and the mean 11C-PE2I BP-ND value for
the thalamus, were 50.1, we have only studied the 11C-PE2I
BP-ND value within the posterior caudate nuclei, and the 11C-
DASB BP-ND value within the thalamus. In total, seven bilat-
eral subcortical regions of interest were defined for each tracer
(i.e. the anterior and posterior caudate nuclei, the anterior and
posterior putamen, the ventral striatum, the pallidum, and the
SN-VTA complex, for the dopaminergic tracer; and the ante-
rior caudate nuclei, the anterior and posterior putamen, the
ventral striatum, the pallidum, the thalamus and the SN-
VTA complex, for the serotonergic tracer).

Between-group comparisons (i.e. non-apathetic versus apath-
etic patients; controls versus non-apathetic patients; and con-
trols versus apathetic patients) were performed by means
of appropriate statistical tests, that is, one-way ANOVAs
with three levels of groups, using age and gender as co-

variates, followed by post hoc analyses (Bonferroni tests)
when applicable. Pearson correlations were also conducted
on the complete de novo cohort in order to explore the co-
variations between the binding of each tracer in each bilateral
region of interest and the severity of both Parkinson’s disease
non-motor and motor signs, using the dedicated ordinal scores.
Also, Pearson correlations between the 11C-DASB and 11C-
PE2I binding values collected within each of the subcortical
regions of interest were also carried out, for all the patients
with Parkinson’s disease having undergone the two PET scans
(n = 26). These statistical analyses were performed under
Statistica

�
(Statistica 8, Statsoft, Tulsa, USA).

Reported statistics

For all of the voxel-based analyses, overall changes in PET
signal were covaried out for all voxels and comparisons
across conditions were performed using t-statistics and then
converted into Z-scores. For the voxel-based between-group
comparison analyses, multiple comparisons were applied at
the cluster-level with a family wise error (FWE) corrected sig-
nificance threshold (PFWE-corrected50.05). Because the asso-
ciated results were subsequently employed as a priori
hypotheses regarding the cortical and subcortical dysfunction
in the complete Parkinson’s disease de novo cohort, a non-
corrected statistical threshold of P-value-uncorrected4 0.001
was then applied at the voxel-level (Z-scores4 3.10) for the
main regression analyses. For all these analyses, only clusters
of a minimum extent k of 10 contiguous voxels were con-
sidered. Reported x, y, and z coordinates were consistent
with the MNI space. For the regional analyses, P-value signifi-
cance (40.05) was corrected for multiple comparisons (n = 7
for each tracer used), and �-values 40.007 were considered
statistically significant.

Results

Demographic, clinical and
neuropsychological characteristics
of the subjects

There were no significant statistical differences between

groups regarding age [F(2,42) = 2.20; P = 0.123] and cog-

nition (MDRS scores) [F(2,40) = 2.98; P = 0.062]. The

apathetic patients did not differ from the non-apathetic pa-

tients with regard to the severity of motor signs [total

MDS-UPDRS score: F(1,26) = 0.89; P = 0.35; akinesia-ri-

gidity subscore: F(1,26) = 0.76; P = 0.39; and tremor sub-

score: F(1,26) = 0.29; P = 0.60] (Table 1).

As concerns the non-motor features, group effects were

found regarding the depression [F(2,40) = 10.48;

P = 0.0002] and trait-anxiety [F(2,40) = 10.84; P = 0.0001]

scores, respectively. Post hoc analyses revealed that these

scores were significantly higher in the apathetic group, rela-

tive both to the control group (depression scores:

P = 0.0003; trait-anxiety scores: P = 0.0001), and to the

non-apathetic group (depression scores: P = 0.0004; trait-

anxiety scores: P = 0.004). The scores obtained in apathetic

patients more particularly indicated mild depression (mean
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BDI-2 score: 15.1 � 6.3) and a trend towards pathological

anxiety (mean STAI-YB score: 50.5 � 9.0). No significant

differences appeared between the healthy subjects and the

non-apathetic group. If a significant difference was also

found between the two Parkinson’s disease groups regard-

ing the fatigue scores [F(1,26) = 9.19; P = 0.005], the effect

observed for the pain scores [F(1,26) = 7.17; P = 0.013]

did not survive to correction for multiple comparisons

(Table 1).

Correlation between the clinical and
neuropsychological scales

Correlation analyses between the scores related to the main

neuropsychological scales demonstrated a positive covariation

between the severity of apathy scores with those of depression

(r = 0.66; P = 0.00007) and anxiety (r = 0.64; P = 0.0001). A

positive covariation was also found between the degree of

depressive and anxious symptoms (r = 0.81; P5 0.00001).

However, no significant covariations were found between

the severity of non-motor signs and the motor impairment

in the complete de novo Parkinson’s disease cohort.

PET imaging data

Differences in dopaminergic and serotonergic

transporter binding between groups

The voxel-based analysis revealed that non-apathetic pa-

tients, compared to controls, expressed a significant and

bilateral reduction in 11C-PE2I binding within the putamen,

the external part of the pallidum (GPe), the thalamus, as

well as a significant decrease of 11C-PE2I binding within

the right anterior caudate nucleus [Table 3 (controls versus

non-apathetic patients) and Fig. 1A]. Serotonergic innerv-

ation moreover appeared to be well preserved in these pa-

tients (Table 4). The regional approach overall confirmed

these findings, with a significant decrease in 11C-PE2I bind-

ing within the anterior putamen (post hoc P5 0.0001), the

posterior putamen (post hoc P50.0001), the pallidum

[including both its internal (Gpi) and external (Gpe) seg-

ments] (post hoc P = 0.0002), and the SN-VTA complex

(post hoc P = 0.027), bilaterally, in apathetic patients, rela-

tive to controls. No significant effect was found for the

anterior caudate nuclei. Again, no significant alteration ap-

peared regarding the 11C-DASB binding (Table 2).

Relative to the controls, the apathetic patients showed,

when considering first the voxel-based level, a significant

combined, widespread and bilateral decrease in 11C-PE2I

and 11C-DASB binding within the caudate nuclei, putamen,

ventral striatum, GPe, and thalamus. Significant voxel-wise

reductions in 11C-PE2I binding were specifically highlighted

within the bilateral SN-VTA complex, whereas a significant

decrease in 11C-DASB binding was also specifically noticed

within the medial part of the OFC, the subgenual ACC and

the insula, bilaterally, as well as in the right-sided hippocam-

pus [Tables 3, 4 controls versus apathetic patients and Fig.

1B and C]. The analyses performed at the regional level also

attested, after applying post hoc analyses, a significant reduc-

tion in 11C-PE2I binding within the anterior putamen

(P50.0001), the posterior putamen (P5 0.0001), the palli-

dum (P5 0.0001), and the SN-VTA complex (P50.0001),

bilaterally, in the apathetic group relative to the control

group. No significant disruption in 11C-PE2I and 11C-DASB

binding was found within the bilateral anterior caudate

nuclei, although trends toward a group effect were observed

for both the dopaminergic tracer [F(2,39) = 3.13; P = 0.054],

and the serotonergic tracer [F(2,37) = 2.95; P = 0.064], with a

decrease in binding in apathetic patients compared to con-

trols, as revealed by post hoc examination (P = 0.009 and

P = 0.008, respectively). A trend toward a group effect was

also found in 11C-DASB binding within the bilateral ventral

striatum [F(2,37) = 2.74; P = 0.08], with a reduction in bind-

ing in apathetic patients compared to controls (post hoc

P = 0.014). An effect of group regarding the 11C-PE2I bind-

ing also appeared within the bilateral ventral striatum

[F(2,39) = 4.58; P = 0.016], suggesting a decrease of this

binding in apathetic patients (post hoc analysis: P = 0.006),

but such effect did not survive to correction for multiple

comparisons. No alteration in 11C-DASB binding was

observed within the bilateral putamen, the pallidum, the thal-

amus, and the SN-VTA complex, in apathetic patients rela-

tive to controls, with the regional approach (Table 2).

When comparing apathetic and non-apathetic patients, at

the voxel-wise level no significant reduction in 11C-PE2I

binding was found, except a trend toward significance re-

garding the bilateral SN-VTA complex (PFWE-corrected at the

cluster level = 0.07) [Table 3 (non-apathetic versus apathetic

patients)]. Greater and significant reductions in 11C-DASB

binding were however observed within the ventral striatum,

the subgenual ACC and the dorsal ACC, bilaterally, as well

as in the right anterior and posterior parts of caudate nu-

cleus, and the right OFC in the apathetic group, compared

to the non-apathetic group, using the voxel-based approach

[Table 4 (non-apathetic versus apathetic patients) and Fig.

1D]. After having controlled for the specific effects of the

depression, Parkinson’s disease group differences in 11C-

DASB binding were found within the bilateral OFC (left

part: x = �6; y = 33; z = �9; k = 1486; Z-score = 4.869;

right part: x = 3; y = 33; z = �9; k = 1486; Z-

score = 5.042), the bilateral subgenual ACC (left part:

x = �8; y = 27; z = �9; k = 1486; Z-score = 4.583; right

part: x = 11; y = 24; z = �8; k = 1486; Z-score = 3.456)

and the bilateral dorsal ACC (left part: x = �5; y = 41;

z = 1; k = 1486; Z-score = 4.352; right part: x = 8; y = 38;

z = �9; k = 1486; Z-score = 3.315) (PFWE-corrected-clus-

ter5 0.001 for all these areas), while the effects previously

observed within the bilateral ventral striatum and the right

caudate nucleus disappeared. The region of interest analysis

also indicated trends toward a decrease in 11C-DASB bind-

ing within the bilateral anterior caudate nuclei

[F(2,37) = 2.95; P = 0.064] and the bilateral ventral striatum

[F(2,37) = 2.74; P = 0.08], confirmed by post hoc examin-

ations (P = 0.02, and P = 0.046, respectively), in the
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apathetic group, relative to the non-apathetic one. An effect

of group regarding the 11C-PE2I binding was finally

observed within the bilateral ventral striatum

[F(2,39) = 4.58; P = 0.016], suggesting a reduction of such

binding in apathetic patients (post hoc analysis: P = 0.008),

but this effect did not survive to correction for multiple

comparisons (Table 2).

Correlations between the severity of motor

manifestations and dopaminergic and serotonergic

degeneration

The regional correlation analyses highlighted covariations

between the severity of motor signs (reflected both by the

MDS-UPDRS III total scores, as well as the akinesia-rigidity

and rest tremor subscores, computed from the MDS-UPDRS

III scores) and the reduction in 11C-PE2I binding within sev-

eral subcortical areas, especially within the bilateral posterior

putamen (r = �0.47; P = 0.009), the bilateral pallidum

(r = �0.45; P = 0.013), and the bilateral SN-VTA

(r = �0.48; P = 0.008), regarding the MDS-UPDRS III total

scores, and within the bilateral anterior putamen (r = �0.41,

P = 0.025), the bilateral posterior putamen (r = �0.52;

P = 0.003), the bilateral pallidum (r = �0.49; P = 0.007)

and the bilateral SN-VTA (r = �0.44; P = 0.017), for the

akinesia-rigidity subscores, at uncorrected thresholds. No

link was found between the alteration of 11C-PE2I binding

and the degree of tremor (not shown).

Moreover, no relationship between the alteration in
11C-DASB binding and the severity of motor signs was

noticed (not shown).

Correlations between the severity of non-motor

manifestations and dopaminergic and serotonergic

degeneration

The voxel-based analysis revealed that the severity of

apathy was correlated with a reduction in 11C-DASB

Figure 1 Between-group differences in dopaminergic and serotonergic innervation. The maps illustrate the brain areas with a higher

dopaminergic binding (upper panels, in green) in the control group, relative to the non-apathetic Parkinson’s disease group (A), and to the

apathetic Parkinson’s disease group (B), and with a higher serotonergic binding (lower panels, in red) in the control group, compared with the

apathetic Parkinson’s disease group (C), as well as in the non-apathetic Parkinson’s disease group compared to the apathetic Parkinson’s disease

group (D). L = left; R = right; x = medio-lateral; y = rostro-caudal; z = dorso-ventral coordinates according to the MNI space. The lentiform

nucleus was defined as the association of the putamen and of the pallidum.
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binding within the right-sided anterior caudate nucleus

and OFC (Table 5 and Fig. 2). These results were pre-

served after controlling for the effects of depression (for

the right anterior caudate nucleus: x = 12; y = 23; z = �5;

k = 39; Z-score = 3.311; Puncorrected-voxel5 0.001; for the

right OFC: x = 32; y = 59; z = �8; k = 20; Z-score =

3.894; Puncorrected-voxel5 0.001). The regression analysis

performed at the regional level also highlighted a link be-

tween the severity of apathy and a significant decrease in
11C-DASB binding within the bilateral anterior caudate

nuclei (r = �0.56; P = 0.002), the bilateral posterior caud-

ate nuclei (r = �0.54; P = 0.004), the bilateral ventral stri-

atum (r = �0.64; P = 0.0003), the bilateral anterior

putamen (r = �0.51; P = 0.007), and the bilateral posterior

putamen (r = �0.56; P = 0.002).

The voxel-wise analysis has, moreover, reported that the

degree of depression was exclusively related to the reduc-

tion in 11C-DASB binding within the bilateral subgenual

ACC (Table 5 and Fig. 3A), whereas the severity of trait-

anxiety was linked to the decrease in 11C-DASB binding

within the bilateral subgenual ACC and the right dorsal

ACC (Table 5 and Fig. 3B). The correlation analysis per-

formed from the manually-drawn regions of interest has not

revealed significant link between the severity of both depres-

sion and anxiety and the reduction in 11C-DASB binding.

No significant alteration in 11C-PE2I binding was high-

lighted for each of these three signs. As well, no significant

link was found between 11C-PE2I and 11C-DASB binding

and the degrees of fatigue and pain.

Correlation between dopaminergic and serotoner-

gic degeneration

Region of interest analysis demonstrated significant posi-

tive covariations between 11C-PE2I and 11C-DASB binding

values within the bilateral anterior (r = 0.60; P = 0.001)

and posterior (r = 0.64; P = 0.0004) caudate nuclei, the

thalamus (r = 0.58; P = 0.002) and the SN-VTA complex

(r = 0.68; P = 0.0001), in the studied de novo Parkinson’s

disease cohort.

Discussion
To our knowledge, the present PET study is the first to

simultaneously explore the presynaptic dopaminergic and

serotonergic changes occurring in de novo drug-naı̈ve pa-

tients with Parkinson’s disease, using combined DAT (11C-

PE2I) and SERT (11C-DASB) tracers. This work confirms

the well-known, exclusive role of the dopaminergic degen-

eration in the pathophysiology of motor symptoms in non-

tremulous patients with Parkinson’s disease, which, conse-

quently, will not be discussed here. More interestingly, this

study highlights that, at Parkinson’s disease onset, the

pathogenesis of apathy, anxiety and depressive manifest-

ations is clearly related to widespread serotonergic alter-

ation, and to a much more limited dopaminergic disruption.T
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Before discussing these pathophysiological results, it has to

be acknowledged that only a long term follow-up of the de

novo population included in the present study, and present-

ing with good responsiveness to levodopa therapy, will de-

finitively confirm the diagnosis of Parkinson’s disease.

The serotonergic system is altered
from the early stages of Parkinson’s
disease

A growing body of evidence, provided by neuroimaging

studies, points towards global serotonergic disruption in

Parkinson’s disease (Doder et al., 2003; Boileau et al.,

2008; Pavese et al., 2010; Politis et al., 2010b; Ballanger

et al., 2012; Qamhawi et al., 2015).

It has been shown that such serotonergic alteration pro-

gresses slowly during the course of the disease (Kerenyi

et al., 2003; Politis et al., 2010a). Some studies have re-

ported serotonergic degeneration at Parkinson’s disease

onset (Albin et al., 2008; Politis et al., 2010a; Joutsa

et al., 2015; Qamhawi et al., 2015), while others have

not (Beucke et al., 2011; Strecker et al., 2011). Here, we

demonstrate not only that the serotonergic innervation is

altered from the inaugural stages of Parkinson’s disease,

Figure 3 Correlation between the reduction in serotonergic innervation and the severity of depression and anxiety. The maps

illustrate the relationships between both the severity of depression (based on the BDI-2 scores, A) and the severity of anxiety (based on the STAI-

YB scores, B), and the reduced binding of serotonin (SERT) tracer within cortical limbic areas (that is, the subgenual and/or the dorsal parts of the

anterior cingulate cortex), in the complete de novo Parkinson’s disease cohort. L = left; R = right; x = medio-lateral; y = rostro-caudal; z = dorso-

ventral coordinates according to the MNI space.

Figure 2 Correlation between the reduction in serotonergic innervation and the severity of apathy. The map illustrates the

relationships between the severity of apathy (based on the LARS scores) and the reduced binding of serotonin (SERT) tracer within cortico-

subcortical areas (namely, the right-sided orbitofrontal cortex and the ventral part of the right-sided anterior caudate nucleus), in the complete de

novo Parkinson’s disease cohort. L = left; R = right; x = medio-lateral; y = rostro-caudal; z = dorso-ventral coordinates according to the MNI space.
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compared to controls, but also that this serotonergic dis-

ruption is clearly more pronounced in patients suffering

from a combination of apathetic, anxious, and depressive

manifestations.

Respective topographical differences
in dopaminergic versus serotonergic
degeneration within the striatum

Previous studies have demonstrated that dopaminergic le-

sions predominated in the putamen, whereas serotonergic

lesions were more marked in the caudate nuclei (Kerenyi

et al., 2003; Kish et al., 2008). Such predominance of

dopaminergic degeneration in the putamen compared to

the caudate nuclei is confirmed in our non-apathetic pa-

tients, whereas such a distinction is less clear in apathetic

patients, as serotonergic and dopaminergic innervation

appear affected throughout the entire striatum.

Dopamine, serotonin and non-motor
manifestations in early Parkinson’s
disease

Among the wide range of non-motor features, apathy, anx-

iety and depression, which can also occur separately, are

frequently combined at the early, or the premotor stages, of

Parkinson’s disease (Aarsland et al., 2009; Barone et al.,

2009; Boileau et al., 2009; Chaudhuri et al., 2009; de la

Riva et al., 2014; Dujardin et al., 2014; Pagonabarraga

et al., 2015; Santangelo et al., 2015; Schrag et al., 2015;

Weintraub et al., 2015b). Our findings corroborate such

observation. Indeed, we had separated our two populations

of patients with Parkinson’s disease based on the presence

or absence of apathy, assuming a simultaneous expression

of apathy with both anxiety and depression. Our clinical

results have indeed confirmed the large overlap between

these three manifestations, showing more particularly a

positive covariation between the severity of apathy with

those of anxiety and depression. This result is thus in

favour of the clinical notion of a behavioural ‘non-motor’

triad in Parkinson’s disease, with apathy as the core feature

(Ardouin et al., 2009; Thobois et al., 2010; Pagonabarraga

et al., 2015).

In addition, our present PET findings demonstrate the

dysfunction of the limbic cortico-basal ganglia circuit—

including namely the OFC, ACC, and limbic part of

basal ganglia—in the pathophysiology of apathy, depres-

sion and anxiety, independently of the underlying neuro-

transmitter dysfunction. This is consistent with the results

of previous studies supporting functional, structural and

metabolic abnormalities within this network in apathetic

(Thobois et al., 2010; Skidmore et al., 2013) and depressed

(Weintraub et al., 2005; Skidmore et al., 2013) patients

with Parkinson’s disease.

Although the present study did not reveal any correlation

between the serotonergic and dopaminergic alteration and

either fatigue or pain severity, the absence of such results

does not rule out a possible role of serotonergic and

dopamine disruption in their pathogenesis. Indeed,

these two symptoms were more pronounced in the apath-

etic patients, who exhibited clearly more severe serotoner-

gic degeneration, and a more limited dopaminergic

disruption. Such assertion is consistent with previous

works, having suggested a role of these alterations in the

pathophysiology of these two manifestations (Pavese et al.,

2010; Attal et al., 2015).

More importantly, one of the most striking results of this

work is that, despite a trend for greater dopaminergic de-

generation within both the bilateral ventral striatum and

the right SN-VTA complex in apathetic versus non-apath-

etic patients with Parkinson’s disease, the present study did

not highlight, in this specific Parkinson’s disease popula-

tion, any significant role of dopaminergic alteration in the

pathogenesis of the non-motor triad (thus comprising

apathy, depression and anxiety). However, it is likely that

increasing the number of subjects included in this study

would have permitted us to reach statistical significance

for the dopaminergic denervation within the ventral stri-

atum, which is of interest regarding the importance of

this brain area in emotional processes. Some methodo-

logical issues could also partly explain such results.

Indeed, the dopaminergic tracer used here (11C-PE2I) has

a low and mainly non-specific binding outside the basal

ganglia, which could have contributed to difficulties in as-

sessing for differences in dopaminergic innervation in meso-

limbic cortical areas, in comparison to what had been

observed in our previous work using, for example, 11C-

raclopride (a dopaminergic D2 receptor ligand) (Thobois

et al., 2010). Nevertheless, the present results clearly

differ from those obtained in previous studies, having

shown a pronounced role of dopamine in the pathogenesis

of apathy, in accordance with its well-known implication in

mood regulation and reward, goal-directed and motiv-

ational behaviours (Weintraub et al., 2005; Boileau et al.,

2009; Thobois et al., 2010; Santangelo et al., 2015). Such

dopaminergic involvement in the underlying mechanisms of

apathy was further supported by the improvement of this

symptom after administrating dopaminergic drugs

(Chaudhuri et al., 2009; Thobois et al., 2013; de la Riva

et al., 2014; Pagonabarraga et al., 2015).

Thus, the present results clearly challenge the dopa-

minergic nature of apathy, anxiety and depression at

Parkinson’s disease onset, and rather underline the crucial

involvement of the serotonergic degeneration. This consti-

tutes the major and most important finding of the present

study. Indeed, the more apathetic, but also more anxious

and more depressed patients display greater serotonergic

lesions within the meso-cortico-limbic and meso-striatal

pathways, as well as in the pallidum and thalamus. When

controlling for the specific effect of depression, it appears

that the serotonergic alteration observed within the bilat-

eral ventral striatum and the right caudate nucleus could in

fact contribute, altogether, to apathetic and depressive
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manifestations while the serotonergic degeneration

observed within both the OFC and the ACC could be

more specifically associated with apathy. Interestingly, the

severity of apathy seems also to be especially related to

serotonergic denervation within the limbic cortical and sub-

cortical circuits, more particularly within the right-sided

OFC and the anterior part of caudate nucleus, while the

degree of both depression and anxiety was mainly asso-

ciated with serotonergic lesions in the cortical limbic

areas, namely the subgenual ACC.

These observations are consistent with the well-docu-

mented role of the serotonergic alteration in the pathogen-

esis of depression and anxiety in non-Parkinson’s disease

subjects (Spies et al., 2015), as well as with previous find-

ings showing that brain stimulation of the subgenual cin-

gulate cortex improves pharmaco-resistant depression

(Holtzheimer et al., 2012). In more advanced Parkinson’s

disease, the link between the serotonergic disruption and

the expression of both anxiety and depression has already

been established (Boileau et al., 2008; Politis et al., 2010b;

Ballanger et al., 2012) and is supported by pharmacological

studies (Ohno et al., 2015). Indeed, previous works have

reported at least a partial improvement of the Parkinson’s

disease depression and anxiety following the administration

of serotonergic antidepressant drugs (Richard et al., 2012).

However, the major role of the serotonergic dysfunction in

early Parkinson’s disease, and its particular involvement in

apathy, had never been addressed to date. In the present

study, it is striking to note that the severity of both apathy,

depression and anxiety seems almost exclusively linked to

the serotonergic degeneration, although such disruption is

obviously not isolated, as the dopaminergic denervation is,

by definition, inherent to Parkinson’s disease.

The discrepancy between the present work, which clearly

highlights the role of the serotonergic denervation in the

pathophysiology of both apathy, depression and anxiety,

and those underlying the involvement of the dopaminergic

degeneration for the same non-motor manifestations,

argues for the complexity of the pathogenesis of these

Parkinson’s disease non-motor signs. Indeed, for the same

neuropsychiatric clinical presentation (i.e. apathy, depres-

sion and anxiety), the underlying mechanisms may vary

according to the Parkinson’s disease stage, with, for in-

stance, a greater serotonergic involvement at disease

onset, and a greater dopaminergic disruption with the dis-

ease progression (Remy et al., 2005; Thobois et al., 2010).

More particularly, the worsening of the dopaminergic

mesolimbic degeneration with the disease evolution, while

these territories are relatively spared at Parkinson’s disease

onset, might explain why apathy could become more levo-

dopa-responsive when disease progresses.

Overall, the present findings suggest that, beyond the stage

of Parkinson’s disease, there are in fact not one, but several

‘types’ of apathy—such as emotional-affective, auto-activa-

tion and cognitive apathy—which could be underpinned by

different functional, metabolic and neurotransmission

abnormalities, as described by Pagonabarraga et al. (2015).

Thus, one might assume that the extent of both serotonergic

and dopaminergic damages is probably a key factor explain-

ing different types of apathy. Neuropsychological and neu-

roimaging evidence collected in our patients rather suggest

an emotional-affective or auto-activation apathy, which is

more closely related to depression and anxiety, instead of

the cognitive one (Pagonabarraga et al., 2015). This fits well

with the underlying widespread serotonergic disruption

observed here. A longitudinal follow-up of our de novo

Parkinson’s disease cohort, using both clinical, and dopa-

minergic and serotonergic PET imaging, will allow valid-

ation of our dual serotonin/dopamine hypothesis by

drawing correlations, at different stages of the disease, be-

tween the neurotransmission abnormalities and the severity

of the non-motor presentation.

Finally, it must be kept in mind that the situation may be

even more complex, considering other neurotransmission

abnormalities, beyond the serotonergic and the dopa-

minergic ones. Indeed, we did not analyse here the contri-

bution of other neurotransmission systems, such as the

noradrenergic or the cholinergic ones that are also involved

in the pathogenesis of the Parkinson’s disease-related

neuropsychiatric symptoms. Some neuroimaging studies

have, for instance, reported the involvement of norepineph-

rine in the pathogenesis of several non-motor signs, such as

depression or anxiety (Remy et al., 2005). Similarly, the

role of the cholinergic system dysfunction as a possible

pathophysiological mechanism in apathy has been sug-

gested, notably by some pharmacological studies having

demonstrated an improvement of apathy following antic-

holinesterasic drug intake (Devos et al., 2014). Moreover,

and not surprisingly, several anatomical, biochemical and

electrophysiological studies also point toward interactions

between different neurotransmitters in the behavioural con-

trol (Flik et al., 2015; De Deurwaerdère and Giovanni,

2016). Further exploration of the respective roles of these

other neurotransmission systems in the emergence of

Parkinson’s disease neuropsychiatric signs, and their poten-

tial interactions with the serotonergic and dopaminergic

alterations, will be of major interest.

Conclusion
Beyond the dopaminergic depletion, the present findings

stress the importance of the serotonergic degeneration in

Parkinson’s disease, and show that this serotonergic alter-

ation is primarily associated with the expression of apathy,

anxiety and depression, at the beginning of the disease.

These three neuropsychiatric manifestations, which clearly

constitute a ‘non-motor’ triad, and which were traditionally

grouped until now under the aegis of ‘hypodopaminergic’

Parkinson’s disease features, can no longer be considered as

hypodopaminergic signs, despite their association with both

dopaminergic disruption and good response to dopather-

apy, in particular for apathy, in more advanced stages of

Parkinson’s disease. Thus, the present results rather suggest
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that the diversity of phenotypes at Parkinson’s disease onset

appears closely related to the heterogeneity of the under-

lying dopaminergic and serotonergic degeneration, without

excluding the role of other neurotransmitters. Moreover, it

remains to be seen whether the PET neuroimaging might be

an adapted tool to use in routine to guide the choice of the

pharmacological arsenal in order to alleviate for the

Parkinson’s disease-related neuropsychiatric symptoms.
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Lille apathy rating scale (LARS), a new instrument for detecting and

quantifying apathy: validation in Parkinson’s disease. J Neurol

Neurosurg Psychiatry 2006; 77: 579–84.

Spielberger CD, Vagg PR, Barker LR, et al. The factor structure of the

State-Trait Anxiety Inventory. In Sarason IG, Spielberger CD, edi-

tors. Stress and anxiety. (Vol. 7). New York: Hemisphere/Wiley;

1980.

Spies M, Knudsen GM, Lanzenberger R, Kasper S. The serotonin

transporter in psychiatric disorders: insights from PET imaging.

Lancet Psy 2015; 2: 743–55.

Strecker K, Wegner F, Hesse S, Becker GA, Patt M, Meyer PM, et al.

Preserved serotonin transporter binding in de novo Parkinson’s dis-

ease: negative correlation with the dopamine transporter. J Neurol

2011; 258: 19–26.

Thobois S, Ardouin C, Lhommee E, Klinger H, Lagrange C, Xie J,

et al. Non-motor dopamine withdrawal syndrome after surgery for

Parkinson’s disease: predictors and underlying mesolimbic denerv-

ation. Brain 2010; 133: 1111–27.

Thobois S, Lhommee E, Klinger H, Ardouin C, Schmitt E, Bichon A,

et al. Parkinsonian apathy responds to dopaminergic stimulation of

D2/D3 receptors with piribedil. Brain 2013; 136 (Pt 5): 1568–77.

Weintraub D, David AS, Evans AH, Grant JE, Stacy M. Clinical spec-

trum of impulse control disorders in Parkinson ‘s disease. Mov

Disord 2015a; 30: 121–7.
Weintraub D, Newberg AB, Cary MS, Siderowf A, Moberg PJ,

Kliener-Fisman G, et al. Striatal dopamine transporter imaging cor-

relates with anxiety and depression symptoms in Parkinson’s dis-

ease. J Nucl Med 2005; 46: 227–32.

Weintraub D, Simuni T, Caspell-Garcia C, Coffey C, Lasch S,

Siderowf A, et al. Cognitive performance and neuropsychiatric

symptoms in early, untreated Parkinson’s disease. Mov Disord

2015b; 30: 919–27.

2502 | BRAIN 2016: 139; 2486–2502 A. Maillet et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article/139/9/2486/1744724 by guest on 16 August 2022


