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ABSTRACT

Objective: The goal of the current investigation was to examine a cohort of symptomatic and
asymptomatic LRRK2 mutation carriers, in order to address whether the reported alterations in
amyloid � (A�) and tau species in the CSF of patients with sporadic Parkinson disease (PD) are a
part of PD pathogenesis, the aging process, or a comorbid disease in patients with PD, and to
explore the possibility of A� and tau as markers of early or presymptomatic PD.

Methods: CSF A�42, total tau, and phosphorylated tau were measured with Luminex assays in 26
LRRK2 mutation carriers, who were either asymptomatic (n � 18) or had a phenotype resembling
sporadic PD (n � 8). All patients also underwent PET scans with 18F-6-fluoro-L-dopa (FD), 11C-
(�)-�-dihydrotetrabenazine (DTBZ), and 11C-d-threo-methylphenidate (MP) to measure dopami-
nergic function in the striatum. The levels of CSF markers were then compared to each PET
measurement.

Results: Reduced CSF A�42 and tau levels correlated with lower striatal dopaminergic function
as determined by all 3 PET tracers, with a significant association between A�42 and FD uptake.
When cases were restricted to carriers of the G2019S mutation, the most common LRRK2 vari-
ant in our cohort, significant correlations were also observed for tau.

Conclusions: The disposition of A� and tau is likely important in both LRRK2-related and sporadic
PD, even during early phases of the disease. A better understanding of their production, aggrega-
tion, and degradation, including changes in their CSF levels, may provide insights into the patho-
genesis of PD and the potential utility of these proteins as biomarkers. Neurology® 2012;78:55–61

GLOSSARY
A� � amyloid �; AD � Alzheimer disease; DTBZ � 11C-(�)-�-dihydrotetrabenazine; FD � 18F-6-fluoro-L-dopa; MP � 11C-d-
threo-methylphenidate; p-tau � phosphorylated tau; PD � Parkinson disease; t-tau � total tau.

Recent studies, particularly those with large cohorts of subjects, have reported altered CSF
levels of amyloid � (A�) and tau species in patients with sporadic Parkinson disease (PD).1–6

However, it is unclear whether these alterations are mechanistically important to PD pathogenesis,
or represent a comorbidity or aging process. To address this question, A� and tau species need to be
measured in patients with early (ideally preclinical) PD. Moreover, unique protein alterations in
early/preclinical cases, alongside with other early (nonmotor) symptoms,7 could assist in identifying
PD at premotor stages.

Studying sporadic PD prior to the onset of clinical symptoms has been impractical, making
early intervention exceedingly challenging. Autosomal dominant mutations in the leucine-rich re-
peat kinase (LRRK2) gene, the most common known genetic cause of parkinsonism, result in a
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clinical phenotype similar to sporadic PD.8,9

LRRK2 mutation carriers have been extensively
characterized by PET studies, demonstrating
neurochemical changes similar to sporadic PD
cases, as well as detectable dopaminergic dys-
function in asymptomatic carriers.10,11 Thus,
subjects with LRRK2 mutations constitute an
excellent cohort for studying preclinical and
early PD.

In the present study, we examined CSF
A�1–42 (A�42) peptide, total tau (t-tau), and
phosphorylated tau (p-tau) in symptomatic and
asymptomatic LRRK2 mutation carriers. CSF
protein levels were correlated with dopamine de-

nervation (assessed by PET measurements), to
determine whether A�42 and tau species are al-
tered during early PD processes, and to explore
the utility of these proteins as early or presymp-
tomatic PD diagnostic or progression markers.

METHODS Subjects. This study focused on preclinical and

asymptomatic LRRK2 mutation carriers: 18 of the 26 carriers

included in the study were asymptomatic at the time of evalua-

tion. The remaining 8 subjects had clinically confirmed PD;

most of them were at early disease stages that permitted long-

range travel and limited confounding due to complicated CNS

changes associated with advanced PD. Details on subject recruit-

ment can be found in the e-Methods on the Neurology® Web site

at www.neurology.org. Demographic and clinical information is

listed in table 1 for all subjects.

Table 1 Summary of demographics and PET values of subjects

Subject Source Age, y Sex
Mutation
status

Clinical
status UPDRS IIIa FD (kocc)b DTBZ (BPND)b MP (BPND)b

1,451 Norway 74 F G2019S PD 41 0.3831 0.1662 0.2051

1,454 Norway 69 F G2019S U 6 1.0824 0.8420 0.7905

1,457 Norway 60 M G2019S U 8 — 0.9504 0.9653

1,464 Norway 60 M G2019S U 7 0.9491 1.0489 0.9913

1,465 Norway 57 M G2019S U 4 0.9725 0.8173 0.7843

1,474 Norway 51 F G2019S U 5 0.8061 0.6640 0.6422

1,515 Norway 40 M G2019S U 7 1.0561 0.9743 0.7584

1,521 Norway 29 M N1437H U 2 1.0585 1.1693 0.8132

1,522 Norway 51 F N1437H PD 31 0.3854 0.2746 0.2264

1,523 Norway 50 F N1437H U 11 0.5273 0.3620 0.3035

1,526 Norway 26 M N1437H U 2 1.0094 0.9345 0.6876

1,529 Norway 30 M N1437H U 2 0.7339 1.0166 0.7537

1,539 US 80 M G2019Sc PD 13 0.4759 0.4088 0.5153

1,540 US 77 M G2019Sc PD 25 0.4113 0.2216 0.2442

1,541 US 56 F R1441H U 0 1.0138 1.0873 0.9621

1,542 US 55 M R1441C U 0 0.7791 0.8508 0.6589

1,543 US 61 F R1441C U 11 0.8858 0.8479 0.7901

1,544 US 57 M R1441C PD 7 0.9704 0.8878 0.9806

1,546 US 57 F R1441C U 0 0.8215 0.8584 0.7140

1,547 US 67 F R1441C PD 10 0.3771 0.3159 0.3188

2,241 Norway 55 F G2019S U 8 0.7326 0.6026 0.4629

2,246 Norway 47 F G2019S U 7 0.9997 1.0639 0.8189

2,250d Japan 65 M I2020T PD 9 0.2328 0.2005 0.1914

2,251d Japan 66 F I2020T PD 4 0.2579 0.1829 0.1536

2,252 Japan 62 M I2020T U NA 0.9490 0.8032 0.6567

2,253d Japan 59 M I2020T U NA 0.9741 0.9950 0.8013

Abbreviations: DTBZ � 11C-(�)-�-dihydrotetrabenazine; FD � 18F-6-fluoro-L-dopa; MP � 11C-d-threo-methylphenidate;
PD � Parkinson disease; U � unaffected/asymptomatic; UPDRS � Unified Parkinson’s Disease Rating Scale.
a Subject 1,523 had mainly mild left-sided bradykinesia and rigidity, as well as mild axial symptoms, but no tremor. She had
no other signs or complaints consistent with Parkinson disease during the follow-up assessments. Subject 1,543’s high
UPDRS score might be due to a locomotion problem caused by other previous disease, rather than reflecting the parkinso-
nian phenotype. Some symptomatic subjects had low UPDRS scores, likely due to the medication (levodopa).
b Values shown are averages of left and right putamen expressed as a fraction of age-matched control values.
c Homozygote.
d Excluded from A�42 analyses due to high blood contamination in the CSF sample.
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Standard protocol approvals, registrations, and patient
consents. This study was approved by the institutional review
boards of all participating institutions. All individuals provided
written informed consent to participate.

PET, CSF samples, and Luminex assays. Within 1 year of
CSF sample collection, each subject was scanned with 3 tracers,
18F-6-fluoro-L-dopa (FD, a marker for the uptake and decarbox-
ylation of levodopa as well as the trapping of dopamine in synaptic
vesicles), 11C-(�)-�-dihydrotetrabenazine (DTBZ, a vesicular
monoamine transporter 2 [VMAT2] ligand), and 11C-d-threo-
methylphenidate (MP, a dopamine transporter [DAT] ligand).
CSF A�42, t-tau, and p-tau levels of all cases were measured as
previously described.2 To minimize any age effects, PET data
were normalized to age-matched control values. Details can be
found in the e-Methods.

Statistical analysis. All analyses were performed with PASW
Statistics 18.0 (SPSS Inc., Chicago, IL). Nonparametric correla-
tion methods (Kendall rank correlation) were used to assess the
relationship between the skewed PET measurements and the
CSF biomarkers and to minimize the effects of outliers. See more
details in the e-Methods.

RESULTS PET measurements. Subjects were scanned
for putaminal tracer binding/uptake, and the average
values of left and right putamen, expressed as a fraction
of age-matched control values, are shown in table 1.
Representative PET images from LRRK2 PD patients,
asymptomatic mutation carriers, and healthy controls
are shown in figure e-1.

Except for subject 1,544, all LRRK2 PD subjects
had significantly reduced PET values for all 3 tracers
(figure 1 and table 1). Among asymptomatic muta-

tion carriers, 4 subjects had significantly reduced val-
ues for all 3 tracers; in subject 1,523, PET
abnormalities demonstrated asymmetry, typical of
sporadic PD. Subject 1,542 had significantly reduced
MP (DAT) binding and FD uptake values only. In
subject 1,526, DAT binding was significantly re-
duced; reduced DTBZ (VMAT2) binding was ob-
served only in the right putamen. Subjects 1,454 and
2,246 showed borderline decrease in right putaminal
FD uptake and DAT binding, respectively. All other
asymptomatic mutation carriers demonstrated nor-
mal uptake/binding of all 3 tracers in the putamen.
Subjects 1,465 and 1,543 showed abnormal VMAT2
and DAT binding in the caudate, but not the puta-
men. Subject 1,457 could not complete the FD scan.

Correlation of CSF biomarkers with PET data. Blood
contamination of CSF, which occasionally occurs
during lumbar puncture collection, can significantly
affect CSF levels of A�42 (but not t-tau or p-tau).2

To control for this variable, 3 subjects (1 LRRK2 PD
and 2 asymptomatic) whose CSF hemoglobin levels
were �250 ng/mL were excluded from further anal-
ysis of A�42.

Similar to our previous report in patients with
sporadic PD,2 CSF levels of all analytes were lower in
symptomatic LRRK2 mutation carriers compared to
asymptomatic carriers (symptomatic [mean � SD]:
A�42, 504.1 � 128.5 pg/mL, t-tau, 24.4 � 22.6
pg/mL, p-tau, 16.7 � 3.8 pg/mL; asymptomatic:
A�42, 601.5 � 234.1 pg/mL, t-tau, 36.4 � 32.0
pg/mL, p-tau, 21.1 � 9.0 pg/mL; individual values
can be found in table e-1); but this trend did not
reach significance, likely due to the limited number
of subjects included. Additionally, because symp-
tomatic subjects were older than asymptomatic carri-
ers (mean 67.1 � 9.8 vs 51.3 � 12.3 years), the
extent of decrease in CSF tau levels in LRRK2 PD
may have also been reduced by the known age-
dependent increase in CSF tau levels (A�42 is stable
as a function of age in healthy controls).2 Nonethe-
less, the correlations between CSF analyte levels and
PET measurements are unlikely to be substantially
affected by age because all the PET data were stan-
dardized to age-matched control values.

CSF levels of A�42 in the entire LRRK2 cohort
decreased with decreasing uptake of FD (Kendall
tau � 0.316, p � 0.040), indicating that decreasing
protein levels correspond with progressive loss of do-
pamine function (figure 2A). Decreased levels of
A�42 also corresponded to lower values of the other
PET tracers, as did decreased levels of t-tau or p-tau
with all PET tracers, but these relationships did not
reach significance (figure 2).

Because LRRK2 mutations are heterogeneous,
this analysis was repeated using the subset of patients

Figure 1 Putaminal tracer binding/uptake in LRRK2 mutation carriers

The average left and right putaminal tracer binding/uptake values in LRRK2 mutation carri-
ers are given as a fraction of age-matched healthy control values. The means with 95%
confidence intervals for asymptomatic (unaffected) subjects and subjects with clinically
confirmed LRRK2–Parkinson disease (PD) are also shown. Circles indicate 18F-fluoro-L-
dopa (FD) uptake, triangles indicate 11C-dihydrotetrabenazine (DTBZ) binding, and squares
indicate 11C-d-threo-methylphenidate (MP) binding.
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with the G2019S mutation (n � 11), the most com-
mon variant in our cohort. Remarkably, there was a
clear reduction in the levels of all proteins with de-
creasing PET measurements in the striatum, regard-
less of the tracer used (figure 3). CSF levels of A�42

and p-tau were both reduced with greater degrees of
reduced FD uptake (i.e., diminished dopamine func-
tion; A�42: Kendall tau � 0.556, p � 0.025; p-tau:
Kendall tau � 0.597, p � 0.020). In addition, reduced
CSF p-tau significantly correlated with reduced DTBZ
binding (Kendall tau � 0.597, p � 0.013) and MP
binding (Kendall tau � 0.559, p � 0.020), but t-tau

only significantly correlated with MP binding (Kendall
tau � 0.506, p � 0.037).

One symptomatic LRRK2 PD subject (1,544)
with normal PET measurements demonstrated rela-
tively lowered t-tau and p-tau levels, i.e., behaved
more like a patient with PD than a normal control,
suggesting that CSF tau might be a more sensitive
indicator than the PET measurements.

DISCUSSION Several independent investigations
reported that CSF A� levels decreased (but not as
substantially as in Alzheimer disease [AD]) in pa-

Figure 2 Correlation of CSF biomarkers with PET measurements in the entire LRRK2 cohort

The correlations of protein levels in CSF with putaminal PET values expressed as fractions of age-matched healthy control values are shown. For A�42

(A–C), FD: Kendall tau � 0.316, p � 0.040; DTBZ: Kendall tau � 0.223, p � 0.119; MP: Kendall tau � 0.217, p � 0.146. For total tau (t-tau) (D–F), FD:
Kendall tau � 0.065, p � 0.656; DTBZ: Kendall tau � 0.182, p � 0.200; MP: Kendall tau � 0.119, p � 0.401. For phosphorylated tau (p-tau) (G–I), FD:
Kendall tau � 0.226, p � 0.117; DTBZ: Kendall tau � 0.203, p � 0.151; MP: Kendall tau � 0.190, p � 0.178. A�42 values restricted to 23 out of 26 cases
due to high blood contamination in CSF, which does not influence t-tau or p-tau values. Note that regression lines were generated from linear regression for
visualization only. DTBZ � 11C-dihydrotetrabenazine; FD � 18F-fluoro-L-dopa; MP � 11C-d-threo-methylphenidate.
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tients with sporadic PD, particularly in those with
cognitive impairment.2,5,6,12,13 Additionally, studies
with large cohorts (�50 subjects in either sporadic
PD or control group) suggest that, unlike what is
typically described for AD, tau levels tend to decrease
in PD compared to controls.2–4,6 The obvious trend
of decreasing CSF levels of A�42 and tau in LRRK2
PD and asymptomatic carriers (figure 2 and 3, table
e-1) is in line with these observations. This raises
the question of whether decreased concentrations
of CSF tau and A� might be mechanistically in-
volved in PD pathology. Tau pathology and amy-
loid plaques, though increasingly reported,14,15 are
not typically seen in the brains of patients with

PD. Therefore, it is possible that the decrease in
CSF tau and A� levels occurs as soluble tau/p-tau
and A� oligomers, often considered more toxic,16

deposit in the brains of patients with PD without
formation of amyloid plaques and neurofibrillary
(tau) tangles.

Regardless of the cause of decreased CSF A�42,
t-tau, and p-tau in asymptomatic and symptomatic
mutation carriers, our data suggest that metabolism
of A� and tau in brain is likely dysfunctional in
LRRK2-related PD, even before motor symptoms ap-
pear. If the same is true of sporadic PD, then tau and
amyloid pathology in patients with PD, rather than
just indicating comorbidity or general aging pro-

Figure 3 Correlation of CSF biomarkers with PET measurements in LRRK2 G2019S mutation carriers

The correlations of protein levels in CSF with putaminal PET values expressed as fractions of age-matched healthy control values are shown (n � 11). For
A�42 (A–C), FD: Kendall tau � 0.556, p � 0.025; DTBZ: Kendall tau � 0.455, p � 0.052; MP: Kendall tau � 0.382, p � 0.102. For total tau (t-tau) (D–F), FD:
Kendall tau � 0.339, p � 0.192; DTBZ: Kendall tau � 0.331, p � 0.199; MP: Kendall tau � 0.506, p � 0.037. For phosphorylated tau (p-tau) (G–I), FD:
Kendall tau � 0.597, p � 0.020; DTBZ: Kendall tau � 0.597, p � 0.013; MP: Kendall tau � 0.559, p � 0.020. Note that the regression lines were generated
from linear regression for visualization only. DTBZ � 11C-dihydrotetrabenazine; FD � 18F-fluoro-L-dopa; MP � 11C-d-threo-methylphenidate.
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cesses, might interact with synucleinopathy as a
pathologic network that contributes to PD develop-
ment and progression, even at premotor stages. In
addition to experiments showing that both tau and
A� might directly interact with �-synuclein, facili-
tating its aggregation,17,18 this argument is further
supported by recent independent genome-wide asso-
ciation studies indicating that the SNCA and MAPT
genes/regions (encoding �-synuclein and tau, respec-
tively) are consistently associated with an increased
risk of developing PD.19,20

Our results, if applicable to sporadic PD, also sug-
gest that A�42 and tau could potentially be used as
biomarkers for early PD diagnosis. However, since
they are not particularly strong predictors of the dis-
ease condition, it is likely that a combination of A�42

and tau with other markers will be necessary for ef-
fective preclinical diagnosis or monitoring disease
progression. A major limitation in focusing on
LRRK2 mutation carriers is that this approach is lo-
gistically difficult in that it requires recruitment from
a very limited pool of subjects, lengthy and poten-
tially uncomfortable procedures (PET imaging and
lumbar puncture), and in many instances, interna-
tional travel. Thus, we were only able to study a
modest number of participants, and because this was
an exploratory study we did not perform statistical
correction for multiple comparisons. Therefore, the
data need to be interpreted with caution and the
results should be replicated, ideally using a longi-
tudinal design with serial PET scans and CSF
measurements.
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