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Abstract

Objective

Cerebrospinal fluid (CSF) biomarkers, such as α-synuclein (α-syn), amyloid beta peptide

1–42 (Aβ1–42), phosphorylated tau (181P) (p-tau), and total tau (t-tau), have long been

associated with the development of Parkinson disease (PD) and other neurodegenerative

diseases. In this investigation, we reported the assessment of CSF biomarkers and their

correlations with vesicular monoamine transporter 2 (VMAT2) bindings measured with
18F-9-fluoropropyl-(+)-dihydrotetrabenazine (18F-AV133) that is being developed as a bio-

marker for PD. We test the hypothesis that monoaminergic degeneration was correlated

with CSF biomarker levels in untreated PD patients.

Methods

The available online data from the Parkinson’s Progression Markers Initiative study (PPMI)

project were collected and analyzed, which include demographic information, clinical evalu-

ations, CSF biomarkers (α-syn, Aβ1–42, p-tau, and t-tau), 18F-AV133 brain PET, and T1

weighted MRIs. Region of interest (ROI) and voxel-wise Pearson correlation between stan-

dardized uptake value ratio (SUVR) and CSF biomarkers were calculated.

Results

Our major findings are: 1) Compared with controls, CSF α-syn and tau levels decreased

significantly in PD; 2) α-syn was closely correlated with Aβ1–42 and tau in PD, especially in

early-onset patients; and 3) hypothesis-driven ROI analysis found a significant negative

correlation between CSF Aβ1–42 levels and VMAT2 densities in post cingulate, left caudate,
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left anterior putamen, and left ventral striatum in PDs. CSF t-tau and p-tau levels were sig-

nificantly negatively related to VMAT2 SUVRs in substantia nigra and left ventral striatum,

respectively. Voxel-wise analysis showed that left caudate, parahippocampal gyrus, insula

and temporal lobe were negatively correlated with Aβ1–42. In addition, superior frontal gyrus

and transverse temporal gyrus were negatively correlated with CSF p-tau levels.

Conclusion

These results suggest that monoaminergic degeneration in PD is correlated with CSF biomark-

ers associated with cognitive impairment in neurodegenerative diseases including Alzheimer’s

disease. The association between loss of dopamine synaptic function and pathologic protein

accumulations in PD indicates an important role of CSF biomarkers in PD development.

Introduction

Cerebrospinal fluid (CSF) analyses, reflectingmetabolic and pathological states of the central
nervous system, are widely used for Parkinson disease (PD) biomarker discovery [1–3].
Although most studies in large cohorts report a panel of CSF markers, including α-synuclein
(α-syn), amyloid beta peptide 1–42 (Aβ1–42) and phosphorylated tau (181P) (p-tau), total tau
(t-tau), were useful in distinguishing PD from controls [1, 3], the data between studies are not
consistent due to variation in group sizes, pre-analytical confounding factors and assay charac-
teristics [4–7]. Furthermore, though some studies reported a relationship between the bio-
markers and PD clincial progression [5, 8–10], it remains unclear how these CSF markers
relate to striatal dopamine degeneration in PD [4, 11].

Vesicular monoamine transporter 2 (VMAT2) is the protein responsible for transporting
dopamine, serotonin, and norepinephrine into synaptic vesicles [12]. VMAT2 imaging has
been shown to be a biomarker for the monoaminergic neuron integrity in PD [13–15].
18F-AV133, a positron emission tomography (PET) tracer for VMAT2 imaging that is being
developed for commercial distribution, has been shown to be a promising tracer for detecting
and monitoring the VMAT2 reduction in PD [13]. Therefore, the 18F-AV133-PET data is likely
to allow us to directly assess the degeneration of monoaminergic neuron in the living PD brain.
In fact, a correlation between 18F-AV133 uptake and cognitive impairment has been reported
in Lewy body dementia patients [15].

The combination of CSF Aβ1–42, tau and molecular imaging has been widely studied as mea-
sures of diagnosis and disease progression in Alzheimer’s disease (AD) in recent years [16–18].
Combining molecular imaging that measures loss of synaptic functionwith CSF biomarkers
that reflect pathologic protein accumulation may provide further insights into the mechanisms
underlying neurodegenerative diseases [19]. Thus, in this study, we quantified the CSF levels of
proteins for PD and AD pathology in PD patients and correlated these data with cerebral
VMAT2 measured by 18F-AV133-PET. The ultimate goal is to improve the understanding of
the interactions between pathologic protein accumulation and the loss of synaptic dopamine
function in understanding motor and cognitive aspects of PD.

Materials and Methods

Data collection from PPMI

The anonymized and de-identified data from the Parkinson’s Progression Markers initiative
(PPMI) database (http://www.ppmi-info.org/data) were downloaded in December 2014. PPMI
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is sponsored by The Michael J. Fox Foundation and funded by the Foundation in partnership with
16 biotech and pharmaceutical companies. It is a landmark study launched in 2010 to find bio-
markers—disease indicators that are criticalmissing links in the search for better Parkinson’s dis-
ease (PD) treatments. The PPMI data were collected from over 33 clinical sites in 11 countries and
the PPMI study was approved by the local Institutional ReviewBoards (IRBs) of all participating
sites. Study subjects and if applicable, their legal representatives, gave written informed consent at
the time of enrollment for imaging data, genetic sample collection and clinical questionnaires.
Because PPMI is an observational study, research volunteers do not take any experimental drug or
placebo, but agree to contribute data and samples for up to five years. The detailed information
and complete list of PPMI sites’ IRBs could be found at http://www.ppmi-info.org/.

Four hundred and fifteen PD patients and 190 controls with CSF analysis from baseline
were included in the current study. In addition, six PD patients and two controls were excluded
due to missing p-tau or t-tau values, resulting in 409 PD and 188 controls for further analysis.
All participants in the study completed an extensive evaluation battery, including clinical
assessments, CSF biomarkers (α-syn, Aβ1–42, and tau), 18F-AV133 PET scans and T1 weighted
structuralMRI scans [20]. 10-min (2×5min) 18F-AV133 images acquired at 80.8 (± 2.8 SD)
min post tracer injection were used in the study. As described below in more detail, the down-
loaded 18F-AV133 PET images were then processed and analyzed at both regions of interest
and voxelwise levels. The relationships among 18F-AV133 brain uptake, CSF biomarkers, and
PD severity and/or progression, approximated by the UPDRS (Unified Parkinson Disease Rat-
ing Scale) motor scores and MoCA (Montreal Cognitive Assessment) scores were examined.
The study was approved by the medical ethical committees at the respective centers, and writ-
ten informed consent was obtained from all participants.

CSF Samples and Hemoglobin Tests

All CSF samples were obtained by lumbar puncture as describedpreviously [5]. More detailed
discussion of lumbar puncture procedure, CSF processing, patient acceptability and other
related issues can be found in the database [20] (see also http://www.ppmi-info.org/). Because
blood contamination might influence CSF α-syn concentrations, hemoglobin (Hgb) was mea-
sured in each CSF sample to monitor CSF contamination by red blood cell [1, 5]. For individu-
als with more than one CSF hemoglobin concentrations, the closest in date to the α-syn
analysis was included [21]. Based on data from previous studies, we selected 200 ng/ml Hgb in
CSF as the cut-off to exclude cases in which interpretation of α-syn might be confounded by
blood contamination of CSF samples [4, 22].

18F-AV133 PET and MRI image processing

All PET and MRI images were processed using Statistical Parametric Mapping software
(SPM8, Wellcome Department of Imaging Neuroscience, London, United Kingdom) and
MATLAB (The MathWorks Inc.). The MRI images were normalized to standard Montreal
Neurologic Institute (MNI) space using SPM8 with a high resolution MRI template provided
by VBM8 toolbox [23], and the transformation parameters determined by MRI spatial normal-
ization were then applied to the co-registered PET images for PET spatial normalization. To
study the spatial and temporal changes of 18F-AV133 VMAT2 binding in PD progression, the
PET and MRI images of the PD patients were reoriented so that the striatum contralateral to
the symptomatic side was always on the left of the brain [24, 25]. The 34 regions of interest
(ROIs) including cortex, striatum, and sub-striatum regions were manually drawn on the MRI
template using PMOD software (PMOD Technologies Ltd., Zürich, Switzerland) in standard
MNI space. The ROI of occipital cortex was used as reference tissue to calculate standardized
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uptake value ratio (SUVR) of 18F-AV133 [26, 27]. The detailedmethods could be found at
http://www.ppmi-info.org/: AV-133 PET Image Processing Methods for Calculation of Striatal
Binding Ratio (SBR). SUVR images were calculated as PET (images)/PET (occipital) in the
standard space (image volume: 121×145×121, voxel size: 1.5×1.5×15 mm in x, y, z). ROI
SUVRs were then obtained by applying ROIs to SUVR images. A 3D spatial Gaussian filter of 8
mm full width at half maximum in x, y, z directionwas applied to SUVR images for voxel-wise
statistical analysis using SPM8.

Statistical analysis

Analyses were performedwith Statistical Package for the Social Sciences (SPSS) statistics (ver-
sion 21; SPSS, Inc., Chicago, IL). Severity of motor signs in patients with Parkinson’s disease
was evaluated by using the Unified Parkinson’s Disease Rating Scale motor subscale III
(UPDRS-III) [8, 28]. The cognitive status was measured by Montreal CognitiveAssessment
(MoCA) test [29, 30]. Comparison of demographics, VMAT2 data and CSF biomarkers
between PD and healthy controls were tested with independent t tests. The relationships
between the CSF biomarker and ROI SUVRs were explored by Pearson’s correlations. Comple-
mentary to ROI-based analysis, voxel-wise statistical analysis was performed using SPM8 in
the study. Statistical parametric maps (SPM) were obtained for correlations between each CSF
biomarker and VMAT2 by calculating the linear regression betweenVMAT2 SUVR images
and CSF biomarker concentrations, A more stringent probability level was used to control for
multiple comparisons for the results of the linear regressions (at a p-value< 0.001 for
clusters> 50 voxels, corrected for cluster volume).

Results

CSF biomarkers at baseline

Four hundred and nine PD patients and 188 healthy controls with baseline CSF biomarkers
levels from PPMI were included in this study. The means and standard deviations of demo-
graphics and clinical assessments for the PD and control groups are listed in Table 1. There
were no demographic differences between groups of PD and healthy control. Consistent with
previous studies [4–8, 11], significantly lower levels of α-syn were seen in PD samples in com-
parison to controls (p<0.001), while Aβ1–42 was only slightly decreased in PDs (p = 0.475). In
contrast to the findings in AD [1, 5], levels of t-tau were significantly lower in PD groups than
those in controls (p<0.001). Alterations in p-tau, mirrored those of t-tau, also found to be sig-
nificantly decreased in the PD group when compared with controls (p = 0.014, Table 1).

Previous studies demonstrated that contamination of blood in CSF could have an influence
on the level of some proteins [1, 3, 5], so CSF hemoglobin (Hgb) levels were evaluated in all
CSF samples to control for this variable. Among the 409 PD subjects with CSF α-syn measure-
ments, 19.1% were shown to have high CSF Hgb levels (>200 ng/ml). A trend toward increas-
ing values of α-syn was observed at high CSF Hgb concentrations (r = 0.428, p<0.001) (S1
Fig). Therefore, 33 controls and 78 PD subjects with Hgb levels above the 200 ng/ml cutoff
value were excluded, resulting in a total of 331 PD and 155 control subjects who were available
for furtherα-syn analysis.

We analyzed the correlations among the CSF biomarkers within the PDs at baseline (BL).
There was a significant correlation betweenCSF α-syn and Aβ1–42 in PD participants
(r = 0.326, p<0.001). CSF α-syn and p-tau, t-tau levels also displayed strong positive correla-
tions (α-syn vs. p-tau: r = 0.255, p<0.001; α-syn vs. t-tau: r = 0.648, p<0.001) (Fig 1). However,
the correlations betweenCSF Aβ1–42 and tau did not showed significance in baseline analysis
(p>0.1). These results were not altered appreciably with or without controlling for baseline
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UPDRS motor scale and MoCA scores. As previously reported [5], no significant correlations
among these CSF indicators were found in healthy controls (S2 Fig).

As aging plays a role in PD pathogenesis [28], we divided the PD subjects into two groups as
early-onset PD (age at onset<50 yr) and late-onset PD (�50 yr) to investigate the effect of
aging on CSF biomarkers [31–34]. Ten PD patients and 13 controls were excluded due to miss-
ing age information, resulting 405 PD and 175 controls for analysis. No significant difference
of the CSF α-syn levels, accompanied by t-tau and Aβ1–42 levels, were found between the early-
and late-onset counterparts in the BL analysis (p = 0.206 and 0.175, 0.140, respectively,

Table 1. Demographic characteristics and clinical outcomes of HCs and Parkinson’s disease patients with CSF indicators at baseline.

Variable PDs(n = 409) HCs(n = 188) p

Demographics

Age at onset (yrs.) 61.61±9.60 61.00±11.42 0.540

M/F (n) 143:272 69:121 0.498

Clinical measurements

UPDRS-III score 22.58±9.10 / /

MoCA score 27.16±2.28 28.14±1.28 <0.001

UPSIT 22.42±8.18 33.82±5.35 <0.001

CSF markers (pg/mL)

α-syn 1845.72±785.83 2201.26±1084.14 <0.001

α-syn* 1808.56±717.39 2171.62±1043.65 <0.001

Aβ1–42 370.47±100.37 377.62±112.98 0.475

t-tau 44.67±18.27 52.48±27.03 <0.001

p-tau 15.65±10.04 18.22±11.65 0.014

Note: Data are presented as mean±SD. HC: elderly health control; PD: Parkinson disease; UPSIT: University of Pennsylvania Smell Identification Test;

UPDRS-III, unified Parkinson disease rating scale, part III; MoCA, Montreal cognitive assessment; Aβ1–42: β-amyloid 1–42; α-syn: α-synuclein; p-tau:

phosphorylated tau; t-tau: total tau. CSF markers were analyzed using a Luminex assay.

*: α-syn excluding subjects with Hgb>200ng/mL.

doi:10.1371/journal.pone.0164762.t001

Fig 1. Correlations of CSF α-syn, Aβ1–42, t-tau, and p-tau levels in patients of Parkinson’s disease.

Correlations among cerebrospinal fluid (CSF) α-syn (α-synuclein), amyloid beta 1–42 (Aβ1–42), total tau (t-tau) and

phosphorylated tau 181P (p-tau) in Parkinson disease (PD) participants evaluated at baseline (n = 409). A

significant positive correlation was found between CSF levels of α-syn and Aβ 1–42 (A), and tau (B). Because

interpretation of α-syn might be confounded by blood contamination of CSF samples, 78 subjects with Hgb levels

above the 200 ng/ml were excluded from α-syn analysis. Lines indicate trends within each group as determined by

linear regression.

doi:10.1371/journal.pone.0164762.g001
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Table 2). However, when comparing the CSF biomarker correlations between early- and late-
onset PD groups, we discovered that the correlations betweenCSF indicators were much stron-
ger in the early-onset PD group (S1 Table). Especially, a significant correlation was observed
betweenCSF Aβ1–42 and tau levels in early-onset patients (S1 Table), but as we mentioned
above, no relation was found in the analysis of the PD patients as a whole.

Correlations of CSF biomarkers with 18F-AV133 PET data

Among the PD patients with CSF biomarkers measurements, 22 of them had 18F-AV133 scans
(18 males and 4 females). The mean age of this groups of patients was 64.51 yr (range: 33.7–
77.3 yr) and the mean disease duration was 18.19 (range: 2–23) months. The median MoCA
score and motor scale of these patients were 25.50 (range: 17–30) and 22 (range: 10–46). One
limitation of the AV133-PET data in PPMI was that not all the AV133-PET was applied at the
same visit, i.e. the PET images might be collected at different visits. As the objective is to ana-
lyze the correlations betweenCSF biomarkers and VMAT2, so the CSF data collected at the
same visits as AV133-PET were used. Finally, 11 sets of data collected at baseline, 10 sets of
data collected at visit 04 (visits 12 months after BL), and 1 set of data collected at visit 06 (visits
24 months after BL) were used for further analysis.

The means and standard deviations of ROI SUVRs of 18F-AV133 binding in PD patients
were illustrated in Fig 2. There were remarkable reduced SUVRs in PD group (n = 22) in stria-
tum sub-regions as compared to healthy controls (n = 4). The SUVRs of the amygdala, cerebel-
lum, substantia nigra, midbrain and medial temporal lobe reduced by 5–12% from healthy
controls (to 67.7–92.5% SUVR of putamen, Fig 2).

As striatal VMAT2 binding is interpreted as reflecting integrity of the nigro-striatal dopa-
mine system in PD dopamine is deemed to manifest the neuron integrity in PD development,
we suppose that CSF biomarker levels, which reflecting pathologic protein accumulation in the
neurons, might be correlated with VMAT2 evaluated with 18F-AV133. Results of ROI analysis
showed significant negative correlations betweenAβ1–42 and 18F-AV133 SUVRs. Correlations

Table 2. Comparison of the clinical measurements and CSF biomarker levels between early-onset and late-onset PDs.

Age� 50 yrs Age < 50 yrs p

PDs(n = 356) HCs(n = 148) PDs(n = 49) HCs(n = 27) PDs HCs

Demographics

Age at onset (yrs.) 64.03±7.45 64.65±7.85 44.86±4.856 50.98±5.85 <0.001 <0.001

UPDRS-III score 22.85±9.09 / 20.71±8.91 / 0.124

MoCA 27.04 ±2.23 28.00±1.26 28.00±2.43 28.89±1.07 0.009 <0.001

CSF marker (pg/mL)

α-syn 1868.95±788.27 2177.70±998.43 1692.88±756.52 1961.21±770.94 0.130 0.215

α-syn* 1827.91±711.81 2170.54±1088.9 1668.91±741.63 2155.55±881.03 0.206 0.341

Aβ1–42 366.77±99.46 381.63±113.80 388.50±95.81 343.04±73.46 0.140 0.029

t-tau 45.27±18.41 51.09±23.96 41.73±16.93 53.31±21.62 0.175 0.694

p-tau 15.19±9.65 18.68±12.18 15.72±7.99 14.84±6.28 0.672 0.018

Note: Ten PD patients and 13 controls were excluded due to missing age information, resulting 405 PD and 175 controls for analysis. Data are presented as

mean±SD. HC: elderly health control; PD: Parkinson disease; UPDRS-III, unified Parkinson disease rating scale, part III; MoCA, Montreal cognitive

assessment; Aβ1–42: β-amyloid 1–42; α-syn: α-synuclein; p-tau: phosphorylated tau; t-tau: total tau. The clinical measurements and CSF biomarker levels

presented in this table were collected at baseline. Because interpretation of α-syn might be confounded by blood contamination of CSF samples, subjects

with Hgb levels above the 200 ng/ml were excluded from α-syn analysis. p value indicates the difference between cases belong to different age groups.

*: α-syn excluding subjects with Hgb>200ng/mL.

doi:10.1371/journal.pone.0164762.t002
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were -0.478 for posterior cingulate, -0.628 for left caudate, -0.513 for left anterior putamen, and
-0.612 for left ventral striatum (p<0.001, Fig 3A–3C). Similarly, t-tau and p-tau levels were sig-
nificantly negatively correlated with substantia nigra and left ventral striatum VMAT2, respec-
tively (r = -0.429 and -0.435, p = 0.046 and 0.043, Fig 3D). No significant relationships were
found between the CSF α-syn values and VMAT2. A representative SUVR image from a typical
PD patient with high CSF tau levels showed higher VMAT2 SUVRs and better UPDRS motor
scale/MoCA score as compared to patient of low CSF tau concentrations (Fig 4).

Results from voxelwise statistical analysis showed that a single large cluster of 107 voxels
(peak T = 4.46 at -12 mm, 14 mm, -3 mm in x, y, z) mainly involving the left caudate was nega-
tively correlated with CSF Aβ1–42 level (Fig 5A). SPM map of CSF Aβ1–42 levels correlations
also revealed three small clusters (105, 51, and 99 voxels) that included the parahippocampal
gyrus, insula and temporal lobe (Fig 5A). In addition, SPM8 analysis detected negative correla-
tions betweenCSF p-tau level and clusters of 118/66 voxels (peak T = 5.48 at -26 mm, 44 mm,
-18 mm in x, y, z; T = 4.30 at 57 mm, -12 mm, 13 mm in x, y, z) mainly including superior fron-
tal gyrus and transverse temporal gyrus (Fig 5B).

Comparison of CSF biomarkers in PDs with possible cognitive decline

As CSF biomarkers were mostly correlated with the 18F-AV133 SUVRs in brain regions known
for cognitive function, we speculated that these proteins might be related to the cognitive

Fig 2. The mean ± standard deviation of ROI SUVRs of 18F-AV133 in healthy controls (HC) (n = 4) and

Parkinson’s disease (PD) patients (n = 22). Regions of interest are numbered as: 1: orbito-frontal cortex; 2:

medial-temporal cortex; 3: amygdala; 4: left caudate; 5: right caudate; 6: left putamen; 7: right putamen; 8: left

ventral striatum; 9: right ventral striatum; 10: thalamus; 11: dorsal raphe nucleus; 12: substantia nigra; 13:

midbrain. The SUVR in striatum subregions in PD group (n = 22) were significant lower than ones in healthy

controls (n = 4) *: p<0.05 when comparing between PD and HC.

doi:10.1371/journal.pone.0164762.g002
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function in PD patients. Subsequently we analyzed the relationship of these proteins with cog-
nitive deficits that indexed by MoCA scores in PD [29, 30]. Ten PD patients were excluded due
to missing MoCA information, resulting 405 PD for analysis. These patients were divided into
cognitively normal (PD-ND, MoCA>25, n = 319) and cognitive impaired PDs (PD-D,
MoCA�25, n = 86). Thus, a tendency for an increased CSF Aβ1–42 level in PD-D when com-
paring with PD-ND, although not statistically significant, was noted (388.89±115.18 vs. 365.52
±95.40 pg/ml, p = 0.087). Analysis of tau levels also showed slightly increased tau levels in cog-
nitive deficit PDs (Fig 6). No obvious difference was shown when comparing the CSF α-syn
levels in PD-D (1823.87±819.30 pg/ml) and PD-ND (1851.59±776.49 pg/ml, p = 0.779).
Finally, no apparent linear correlation was found betweenCSF biomarkers and disease pro-
gression of PD patients in the sub-groups (data not shown).

Fig 3. Linear correlation between CSF biomarkers and 18F-AV133 VMAT2 densities in Parkinson disease patients (n = 22). Typical linear plots

showed that t-tau and p-tau levels were significantly correlated with 18F-AV133 SUVRs in the left caudate, left anterior putamen and left ventral striatum

(A-C). ROI based analysis also showed linear correlations between CSF Aβ1–42 levels and SUVRs in substantia nigra and left ventral striatum (D).

doi:10.1371/journal.pone.0164762.g003
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Discussion

Our main findings were that: (i) as expected, CSF α-syn were significantly lower in PD as com-
pared with controls. Aβ1–42 was also decreased in PDs, but the effect was not significant. In
contrast with elevated CSF t-tau and p-tau in Alzheimer disease, CSF tau were significantly
lower in PD; (ii) CSF α-syn positively correlated with Aβ1–42 and tau levels in PD participants,

Fig 4. Representative 18F-AV133 SUVR images of PD patients with different CSF tau levels. A: a 60.7-y-old

female with t-tau/p-tau of 23.8/6.5 pg/mL. B: a 58.9-y-old male with t-tau/p-tau of 29.8/13.9 pg/mL. The motor

scale/MoCA score for the patient A and B were 10/30 and 35/25, respectively. 18F-AV133 ROI SUVRs of patient A

and B were: caudate, 1.86 and 1.79; left putamen, 1.74 and 1.30; right putamen, 2.36 and 1.61; ventral striatum,

2.39 and 2.11; raphe nuclei, 1.50 and 1.73; and substantia nigra, 1.48 and 1.42, respectively.

doi:10.1371/journal.pone.0164762.g004

Fig 5. SPM map. Significant negative correlations between cerebral VMAT2 density and CSF Aβ1–42 (A) and p-tau

(B) levels normalized scores with adjustment for age and sex of the PD patients. Significant clusters are displayed

with slices of MRI templates in axial, coronal and sagittal orientations. p-value < 0.001 at the voxel level for

clusters>50 contiguous voxels (corrected for cluster volume).

doi:10.1371/journal.pone.0164762.g005
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and the correlation was more greater in the early-onset PDs; (iii) CSF Aβ1–42 and tau levels
were inversely correlated with VMAT2 SUVRs in cortical brain areas associated with cognitive
dysfunction.

Several studies, including the present one, have shown that CSF α-syn is significantly
decreased in patients with PD compared with controls [4–6, 8, 11]. The reduced α-syn levels in
CSF, most likely reflect the balance of the accumulation α-syn fibrillary aggregates in cortex
and α-syn tangles secondary to the neurodegeneration in PD [35]. This has been suggested as a
helpful biomarker for PD [4, 8, 36]. However, most studies indicated that CSF α-syn alone did
not provide relevant information for PD diagnosis [37], and cross-sectional studies failed to
find correlations betweenCSF α-syn levels and PD severity progression [11, 35], as we found
no linear correlations betweenα-syn and progression of motor/cognitive symptoms in our
study. We speculate that this phenomenon might be caused by the complication of the molecu-
lar pathogenesis of PD [38]. A growing number of studies support the hypothesis that the
severity of PD is associated with the interactions between tauopathies and synucleinopathies
[39, 40], so the altered α-syn levels alone may not stand for the synergistic effects of the “triple
brain amyloidosis” that leading to the neurodegeneration in PD [39, 40]. In support of this,
recent study found that a combination of measures of corticalα-syn, tau, and Aβ pathologies
in the regression model was more predictive of cognitive decline in PD than any single marker
alone [40].

In addition to significantly lowered α-syn level in PD patients, we also found levels of tau
decreased in PD than in controls. It is suggested that CSF Aβ, tau, and α-syn may interact syn-
ergistically to promote the accumulation of each other in the cortex, and thus contribute to the

Fig 6. Comparisons of the clinical outcomes and CSF tau levels in PDs with possible cognitive

deficit. There was a significant difference of the mean age among the patients of Parkinson’s disease with,

or without cognitive decline (PD-D, or PD-ND) (60.90±9.52 vs. 64.24±9.44 yr, p = 0.004), which further

proved the vital role aging plays in the cognitive decline in PD development. As we expected, the motor

severity increased with the cognitive decline in the patients (22.10±8.92 vs. 24.37±9.51, p = 0.05). The t-tau

and p-tau levels increased simultaneously with the cognitive deficit progression in PD. The p-tau and t-tau

levels increased from 15.43±10.11 and 44.05±17.62 pg/ml in PD-ND, to 16.47±9.74 and 46.96±20.30 pg/ml

in PD-D, though the difference did not reach significance (p>0.1).

doi:10.1371/journal.pone.0164762.g006
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pathological cascade of PD [40]. So the interpretation of the PD specific CSF tau decrease is
also attributed to the α-syn accelerated depositing of tau. Indeed, there is evidence that certain
α-syn fibrils might induce aggregation of tau by cross-seeding [41, 42]. Furthermore, α-syn has
been shown to contribute to the phosphorylation of tau in various mouse and human models
[42]. Our analysis of the correlations among CSF markers confirmed the strong correlation
betweenAβ, tau, and α-syn levels (Fig 1).

The direct interactions among CSF biomarkers in Parkinson’s disease have been repeatedly
reported [39, 40]. In the current study, we investigated the impact of age at onset of the disease
on the CSF marker interactions, as it is well known that patients with onset of Parkinson's dis-
ease fewer than 50 years of age may have a more favorable prognosis than those whose symp-
toms begin in a later age [34, 43]. Our results discovered that the correlations among the CSF
markers were much stronger in the early-onset PDs (age at onset<50 yr), when compared with
the late-onset subjects (�50 yr, S1 Table). When excluding the patients�50 yr, a significant
correlation betweenCSF Aβ1–42 and tau levels showed up, while no relation was found in the
analysis of the whole group. One potential testable hypothesis could be that the aggregations
and deposition secondary to cross-seeding of the pathologic proteins may be less toxic than the
oligomers composed of pure tauopathies, or synucleinopathies, as the amyloid oligomers have
emerged as the most toxic species of amyloid-β and tau oligomers may be more closely related
to tau neurotoxicity than the presence of the tangles themselves [44, 45].

A relationship between β-amyloidopathy and cognitive functions in PD has been reported
by in vivo imaging and postmortem studies [46]. The main finding of this study is that there
is an inverse correlation between CSF Aβ1–42 levels and VMAT2 SUVRs in brain areas
known for emotion and cognitive function (caudate, parahippocampal gyrus, insula and tem-
poral lobe), indicating that the cognitive status might be inversely correlated with CSF Aβ1–42

in PD patients. Although not statistically significant, our observation noted a tendency for an
increased CSF Aβ1–42 level with the worsening of the cognitive status in PD. This is counter-
intuitive because, as previously reported, the CSF levels of Aβ1–42 were lower in patients with
PD compared to healthy controls in most studies [2, 3]. The decrease of CSF Aβ1–42 in PD
may be caused by the progressive deposition of Aβ1–42 in the brain, or by a decreased produc-
tion of Aβ1–42 by neurons [47, 48]. Thus, one would expect PD progression to be associated
with a further decrease, rather than an increase, in Aβ1–42. However, our study showed an
inverse relationship between neuronal dysfunction and CSF Aβ1–42 levels. Actually, similar
findings had been reported by Bouwman et al. They discovered a significant increase in CSF
Aβ1–42 over baseline levels in patients with probable AD [49]. They concluded that, although
CSF Aβ1–42 is reduced compared to controls, this may represent a compensatory response
and levels might increase with greater cognitive impairment to suggest AD diagnosis [49,
50]. One interpretation of this increase could be that Aβ oligomers, more toxic and detectible
in CSF, were released from the damaged neurons with the progression of the disease [51].
Arlt et al also reported a negative correlation between cerebral glucose metabolisms in the
precuneus/posterior cingulate with CSF Aβ1–42 concentrations [50]. This CSF Aβ1–42

increase accompanied by a decrease of neuron glucose metabolism might be better explained
by the progressive loss of living neurons which causing constitutively producing and secret-
ing β-amyloid protein into CSF.

The levels of CSF tau showed an inverse correlation with VMAT2 SUVRs in substantia
nigra and left ventral striatum (r = -0.429 and -0.435, p = 0.046 and 0.043). This is quite simi-
lar to the results from the analysis of glucose metabolism and CSF markers [52, 53]. Ceravolo
et al. targeted the relationship between CSF t-tau and p-tau and glucose metabolism in a
cohort of 28 subjects with probable AD and showed a significant negative correlation
between both t-tau and p-tau and glucose metabolism bilaterally in the temporal lobe, the
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parietal lobe, and the entorhinal/hippocampal region [52]. As expected, our subsequent anal-
ysis of the CSF tau levels and cognitive status in PD patients showed that tau concentrations
increased with cognitive decline in PDs (Fig 6). This increase in CSF tau levels parallel PD
progression may be secondary to neuronal damage and cell death (i.e., tau being released
from damaged cells).

Conclusions

This pilot study provides imaging evidence that CSF Aβ1–42 and tau levels negatively correlated
with VMAT2 SUVRs in brain regions associated with cognitive dysfunction in PD, indicating a
relationship between these pathologic proteins and dopamine degeneration in PD. Considering
the high heterogeneity in PD development, we realized one main limitation of the study is that
the CSF biomarker and VMAT2 correlation study was based on only 22 patients. If supported
in larger studies the VMAT2 PET measures could relate to subsequent cognitive dysfunction
especially in those early onset PD subjects under 50 years. The role of this relationship in PD
progression, especially in patients with cognitive decline, can be studied longitudinally with the
ongoing PPMI project to identify the earliest neurobiological changes associated with cognitive
decline in PD.

Supporting Information

S1 Fig. Correlations betweenCSF α-syn and hemoglobin at high CSF Hgb concentrations.
CSF α-syn and CSF Hgb concentrations were significantly correlated in Parkinson’s disease
subjects with Hgb levels above the 200 ng/ml (r = 0.428, p = 0.000, n = 78).
(TIF)

S2 Fig. Correlations among CSF indicators in healthy controls. Correlations between cere-
brospinal fluid (CSF) α-syn (α-synuclein) and amyloid beta 1–42 (Aβ1–42) (A), α-syn and total
tau (t-tau), phosphorylated tau 181P (p-tau) (B) in healthy controls evaluated at baseline
(n = 188). No significant correlations were found among these indicators. Because interpreta-
tion of α-syn might be confounded by blood contamination of CSF samples, 33 subjects with
Hgb levels above the 200 ng/ml were excluded from α-syn analysis. Lines indicate trends within
each group as determined by linear regression.
(TIF)

S1 Table. The correlations among CSF biomarkers in early- and late-onset PD groups.
(DOCX)
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son’s disease severity levels and MDS-Unified Parkinson’s Disease Rating Scale. Parkinsonism Relat

Disord. 2015; 21(1): 50–54. doi: 10.1016/j.parkreldis.2014.10.026 PMID: 25466406

29. Hoops S, Nazem S, Siderowf AD, Duda JE, Xie SX, Stern MB, et al. Validity of the MoCA and MMSE in

the detection of MCI and dementia in Parkinson disease. Neurology 2009; 73(21): 1738–1745. doi:

10.1212/WNL.0b013e3181c34b47 PMID: 19933974

30. Kandiah N, Zhang A, Cenina AR, Au WL, Nadkarni N4, Tan LC. Montreal Cognitive Assessment for

the screening and prediction of cognitive decline in early Parkinson’s disease. Parkinsonism Relat Dis-

ord. 2014; 20(11): 1145–1148. doi: 10.1016/j.parkreldis.2014.08.002 PMID: 25176439

31. Tison F, Dartigues JF, Auriacombe S, Letenneur L, Boller F, Alperovitch A. Dementia in Parkinson’s

disease: a population-based study in ambulatory and institutionalized individuals. Neurology 1995; 45

(4): 705–708. PMID: 7723958

CSF Biomarkers with VMAT2 in Parkinson’s Disease

PLOS ONE | DOI:10.1371/journal.pone.0164762 October 20, 2016 14 / 16

http://dx.doi.org/10.1007/s12035-009-8059-y
http://www.ncbi.nlm.nih.gov/pubmed/19259829
http://dx.doi.org/10.1016/j.nucmedbio.2013.12.017
http://www.ncbi.nlm.nih.gov/pubmed/24503330
http://dx.doi.org/10.1002/syn.21572
http://www.ncbi.nlm.nih.gov/pubmed/22623146
http://dx.doi.org/10.1186/1471-2377-14-79
http://dx.doi.org/10.1186/1471-2377-14-79
http://www.ncbi.nlm.nih.gov/pubmed/24716655
http://dx.doi.org/10.1016/j.pscychresns.2006.12.002
http://dx.doi.org/10.1016/j.pscychresns.2006.12.002
http://www.ncbi.nlm.nih.gov/pubmed/17531450
http://dx.doi.org/10.1016/j.biopsych.2004.05.014
http://www.ncbi.nlm.nih.gov/pubmed/15312816
http://dx.doi.org/10.1093/brain/awu367
http://www.ncbi.nlm.nih.gov/pubmed/25541191
http://dx.doi.org/10.1016/j.pneurobio.2011.09.005
http://www.ncbi.nlm.nih.gov/pubmed/21930184
http://dx.doi.org/10.3233/JPD-150682
http://www.ncbi.nlm.nih.gov/pubmed/26599300
http://dx.doi.org/10.1007/s00401-013-1148-z
http://www.ncbi.nlm.nih.gov/pubmed/23812319
http://dbm.neuro.unijena.de/vbm/
http://dx.doi.org/10.1007/s00415-006-0322-9
http://www.ncbi.nlm.nih.gov/pubmed/17334953
http://www.ncbi.nlm.nih.gov/pubmed/12913189
http://dx.doi.org/10.1371/journal.pone.0075952
http://www.ncbi.nlm.nih.gov/pubmed/24098749
http://dx.doi.org/10.1016/j.parkreldis.2014.10.026
http://www.ncbi.nlm.nih.gov/pubmed/25466406
http://dx.doi.org/10.1212/WNL.0b013e3181c34b47
http://www.ncbi.nlm.nih.gov/pubmed/19933974
http://dx.doi.org/10.1016/j.parkreldis.2014.08.002
http://www.ncbi.nlm.nih.gov/pubmed/25176439
http://www.ncbi.nlm.nih.gov/pubmed/7723958


32. Cerasa A, Salsone M, Morelli M, Pugliese P, Arabia G, Gioia CM, et al. Age at onset influences neuro-

degenerative processes underlying PD with levodopa-induced dyskinesias. Parkinsonism Relat Dis-

ord. 2013; 19(10): 883–888. doi: 10.1016/j.parkreldis.2013.05.015 PMID: 23769805

33. Alcalay RN, Caccappolo E, Mejia-Santana H, Tang M, Rosado L, Orbe Reilly M, et al. Cognitive perfor-

mance of GBA mutation carriers with early-onset PD: the CORE-PD study. Neurology 2012; 78(18):

1434–1440. doi: 10.1212/WNL.0b013e318253d54b PMID: 22442429

34. Diamond SG, Markham CH, Hoehn MM, McDowell FH, Muenter MD. Effect of age at onset on progres-

sion and mortality in Parkinson’s disease. Neurology 1989; 39(9): 1187–1190. PMID: 2771070

35. Buddhala C, Campbell MC, Perlmutter JS, Kotzbauer PT. Correlation between decreased CSF α-

synuclein and Aβ1–42 in Parkinson disease. Neurobiol Aging 2015; 36(1): 476–484. doi: 10.1016/j.

neurobiolaging.2014.07.043 PMID: 25212463

36. Mollenhauer B, Trautmann E, Taylor P, Manninger P, Sixel-Doring F, Ebentheuer J, et al. Total CSF

alpha-synuclein is lower in de novo Parkinson patients than in healthy subjects. Neurosci Lett. 2013;

532: 44–48. doi: 10.1016/j.neulet.2012.11.004 PMID: 23149132

37. Parnetti L, Tiraboschi P, Lanari A, Peducci M, Padiglioni C, D’Amore C, et al. Cerebrospinal fluid bio-

markers in Parkinson’s disease with dementia and dementia with Lewy bodies. Biol Psychiatry 2008;

64(10): 850–855. doi: 10.1016/j.biopsych.2008.02.016 PMID: 18395699

38. Schapira AH. Etiology and pathogenesis of Parkinson disease. Neurol Clin. 2009; 27(3): 583–603.

doi: 10.1016/j.ncl.2009.04.004 PMID: 19555823

39. Mandal PK, Pettegrew JW, Masliah E, Hamilton RL, Mandal R. Interaction between Abeta peptide and

alpha synuclein: molecular mechanisms in overlapping pathology of Alzheimer’s and Parkinson’s in

dementia with Lewy body disease. Neurochem Res. 2006; 31(9): 1153–1162. doi: 10.1007/s11064-

006-9140-9 PMID: 16947080

40. Clinton LK, Blurton-Jones M, Myczek K, Trojanowski JQ, LaFerla FM. Synergistic Interactions

between Abeta, tau, and alpha-synuclein: acceleration of neuropathology and cognitive decline. J Neu-

rosci. 2010; 30(21): 7281–7289. doi: 10.1523/JNEUROSCI.0490-10.2010 PMID: 20505094

41. Giasson BI, Forman MS, Higuchi M, Golbe LI, Graves CL, Kotzbauer PT, et al. Initiation and synergis-

tic fibrillization of tau and alpha-synuclein. Science 2003; 300(5619): 636–640. doi: 10.1126/science.

1082324 PMID: 12714745

42. Badiola N, de Oliveira RM, Herrera F, Guardia-Laguarta C, Goncalves SA, Pera M, et al Tau enhances

alpha-synuclein aggregation and toxicity in cellular models of synucleinopathy. PLoS ONE 2011; 6

(10): e26609. doi: 10.1371/journal.pone.0026609 PMID: 22039514

43. Lohmann E, Thobois S, Lesage S, Broussolle E, du Montcel ST, Ribeiro MJ, et al. A multidisciplinary

study of patients with early-onset PD with and without parkin mutations. Neurology 2009; 72(2): 110–

116 doi: 10.1212/01.wnl.0000327098.86861.d4 PMID: 18987353

44. Gendreau KL and Hall GF. Tangles, Toxicity, and Tau Secretion in AD—New Approaches to a Vexing

Problem. Front Neurol. 2013; 4:160. doi: 10.3389/fneur.2013.00160 PMID: 24151487

45. Kayed R, Lasagna-Reeves CA. Molecular mechanisms of amyloid oligomers toxicity. J Alzheimers

Dis. 2013; 33 Suppl 1:S67–78. doi: 10.3233/JAD-2012-129001 PMID: 22531422

46. Shah N, Frey KA, L T M Müller M, Petrou M, Kotagal V, Koeppe RA, et al. Striatal and Cortical β-Amy-

loidopathy and Cognition in Parkinson’s Disease. Mov Disord. 2016; 31(1):111–117. doi: 10.1002/

mds.26369 PMID: 26380951

47. Siderowf A, Xie SX, Hurtig H, Weintraub D, Duda J, Chen-Plotkin A, et al. CSF amyloid β 1–42 predicts

cognitive decline in Parkinson disease. Neurology 2010; 75(12): 1055–1061. doi: 10.1212/WNL.

0b013e3181f39a78 PMID: 20720189

48. Alves G, Lange J, Blennow K, Zetterberg H, Andreasson U, Førland MG, et al. CSF Aβ42 predicts

early-onset dementia in Parkinson disease. Neurology 2014; 82(20): 1784–1790. doi: 10.1212/WNL.

0000000000000425 PMID: 24748671

49. Bouwman FH, van der Flier WM, Schoonenboom NS, van Elk EJ, Kok A, Rijmen F, et al. Longitudinal

changes of CSF biomarkers in memory clinic patients. Neurology 2007; 69(10): 1006–1011. doi: 10.

1212/01.wnl.0000271375.37131.04 PMID: 17785669

50. Arlt S, Brassen S, Jahn H, Wilke F, Eichenlaub M, Apostolova I, et al. Association between FDG

uptake, CSF biomarkers and cognitive performance in patients with probable Alzheimer’s disease. Eur

J Nucl Med Mol Imaging 2009; 36(7): 1090–1100. doi: 10.1007/s00259-009-1063-7 PMID: 19219430

51. Mollenhauer B, Bibl M, Esselmann H, Steinacker P, Trenkwalder C, Wiltfang J, et al. Tauopathies and

synucleinopathies: do cerebrospinal fluid beta-amyloid peptides reflect disease-specific pathogene-

sis? J Neural Transm. 2007; 114(7): 919–927. doi: 10.1007/s00702-007-0629-4 PMID: 17318305

CSF Biomarkers with VMAT2 in Parkinson’s Disease

PLOS ONE | DOI:10.1371/journal.pone.0164762 October 20, 2016 15 / 16

http://dx.doi.org/10.1016/j.parkreldis.2013.05.015
http://www.ncbi.nlm.nih.gov/pubmed/23769805
http://dx.doi.org/10.1212/WNL.0b013e318253d54b
http://www.ncbi.nlm.nih.gov/pubmed/22442429
http://www.ncbi.nlm.nih.gov/pubmed/2771070
http://dx.doi.org/10.1016/j.neurobiolaging.2014.07.043
http://dx.doi.org/10.1016/j.neurobiolaging.2014.07.043
http://www.ncbi.nlm.nih.gov/pubmed/25212463
http://dx.doi.org/10.1016/j.neulet.2012.11.004
http://www.ncbi.nlm.nih.gov/pubmed/23149132
http://dx.doi.org/10.1016/j.biopsych.2008.02.016
http://www.ncbi.nlm.nih.gov/pubmed/18395699
http://dx.doi.org/10.1016/j.ncl.2009.04.004
http://www.ncbi.nlm.nih.gov/pubmed/19555823
http://dx.doi.org/10.1007/s11064-006-9140-9
http://dx.doi.org/10.1007/s11064-006-9140-9
http://www.ncbi.nlm.nih.gov/pubmed/16947080
http://dx.doi.org/10.1523/JNEUROSCI.0490-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20505094
http://dx.doi.org/10.1126/science.1082324
http://dx.doi.org/10.1126/science.1082324
http://www.ncbi.nlm.nih.gov/pubmed/12714745
http://dx.doi.org/10.1371/journal.pone.0026609
http://www.ncbi.nlm.nih.gov/pubmed/22039514
http://dx.doi.org/10.1212/01.wnl.0000327098.86861.d4
http://www.ncbi.nlm.nih.gov/pubmed/18987353
http://dx.doi.org/10.3389/fneur.2013.00160
http://www.ncbi.nlm.nih.gov/pubmed/24151487
http://dx.doi.org/10.3233/JAD-2012-129001
http://www.ncbi.nlm.nih.gov/pubmed/22531422
http://dx.doi.org/10.1002/mds.26369
http://dx.doi.org/10.1002/mds.26369
http://www.ncbi.nlm.nih.gov/pubmed/26380951
http://dx.doi.org/10.1212/WNL.0b013e3181f39a78
http://dx.doi.org/10.1212/WNL.0b013e3181f39a78
http://www.ncbi.nlm.nih.gov/pubmed/20720189
http://dx.doi.org/10.1212/WNL.0000000000000425
http://dx.doi.org/10.1212/WNL.0000000000000425
http://www.ncbi.nlm.nih.gov/pubmed/24748671
http://dx.doi.org/10.1212/01.wnl.0000271375.37131.04
http://dx.doi.org/10.1212/01.wnl.0000271375.37131.04
http://www.ncbi.nlm.nih.gov/pubmed/17785669
http://dx.doi.org/10.1007/s00259-009-1063-7
http://www.ncbi.nlm.nih.gov/pubmed/19219430
http://dx.doi.org/10.1007/s00702-007-0629-4
http://www.ncbi.nlm.nih.gov/pubmed/17318305


52. Ceravolo R, Borghetti D, Kiferle L, Tognoni G, Giorgetti A, Neglia D, et al. CSF phosporylated TAU pro-

tein levels correlate with cerebral glucose metabolism assessed with PET in Alzheimer’s disease.

Brain Res Bull. 2008; 76(1–2): 80–84. doi: 10.1016/j.brainresbull.2008.01.010 PMID: 18395614

53. Compta Y, Ibarretxe-Bilbao N, Pereira JB, Junqué C, Bargalló N, Tolosa E, et al. Grey matter volume

correlates of cerebrospinal markers of Alzheimer-pathology in Parkinson’s disease and related demen-

tia. Parkinsonism Relat Disord. 2012; 18(8): 941–947 doi: 10.1016/j.parkreldis.2012.04.028 PMID:

22595621

CSF Biomarkers with VMAT2 in Parkinson’s Disease

PLOS ONE | DOI:10.1371/journal.pone.0164762 October 20, 2016 16 / 16

http://dx.doi.org/10.1016/j.brainresbull.2008.01.010
http://www.ncbi.nlm.nih.gov/pubmed/18395614
http://dx.doi.org/10.1016/j.parkreldis.2012.04.028
http://www.ncbi.nlm.nih.gov/pubmed/22595621

