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Abstract

Introduction—There is intense interest in identifying cerebrospinal fluid (CSF) biomarkers of
Parkinson's disease (PD), both for early diagnosis and to track effects of putative treatments.
Nigrostriatal dopamine depletion characterizes PD. Predictably, CSF levels of 3,4-
dihydroxyphenylacetic acid (DOPAC), the main neuronal metabolite of dopamine, are decreased
in PD, even in patients with recent onset of the movement disorder. Whether low CSF DOPAC is
associated specifically with parkinsonism has been unclear. In the neuronal cytoplasm dopamine
undergoes not only enzymatic oxidation to form DOPAC but also spontaneous oxidation to form
5-S-cysteinyl-dopamine (Cys-DA). Theoretically, oxidative stress or decreased activity of
aldehyde dehydrogenase (ALDH) in the residual nigrostriatal dopaminergic neurons would
increase CSF Cys-DA levels with respect to DOPAC levels. PD, parkinsonian multiple system
atrophy (MSA-P), and pure autonomic failure (PAF) are synucleinopathies; however, PAF does not
entail parkinsonism. We examined whether an elevated Cys-DA/DOPAC ratio provides a specific
biomarker of parkinsonism in synucleinopathy patients.

Methods—CSF catechols were assayed in PD (n = 24), MSA-P (n = 32), PAF (n = 18), and
control subjects (n = 32).
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Results—Compared to controls, CSF DOPAC was decreased in PD and MSA-P (p < 0.0001
each). In both diseases Cys-DA/DOPAC ratios averaged more than twice control (0.14 + 0.02 and
0.13 £ 0.02 vs. 0.05 + 0.01, p < 0.0001 each), whereas in PAF the mean Cys-DA/DOPAC ratio
was normal (0.05 + 0.01).

Conclusions—CSF Cys-DA/DOPAC ratios are substantially increased in PD and MSA-P and
are normal in PAF. Thus, in synucleinopathies an elevated CSF Cys-DA/DOPAC ratio seems to
provide a specific biomarker of parkinsonism.
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Parkinson disease; Multiple system atrophy; Aldehyde dehydrogenase

Parkinson disease (PD), the most common neurodegenerative movement disorder, is a
member of a family of disorders called synucleinopathies in which the protein, alpha-
synuclein, is deposited in cytoplasmic inclusions [1]. The synucleinopathy family also
includes multiple system atrophy [2] and pure autonomic failure (PAF) [3]. PD and the
parkinsonian form of multiple system atrophy (MSA-P), referred to here as parkinsonian
synucleinopathies, are characterized by dopaminergic neuronal loss in the nigrostriatal
system [4] and severe putamen dopamine depletion [5,6]. In PAF, the patients do not have
parkinsonism or neuroimaging evidence for loss of putamen dopaminergic terminals [7].

PD and MSA-P involve low cerebrospinal fluid (CSF) concentrations of 3,4-
dihydroxyphenylacetic acid (DOPAC) [8]. One might expect this, since DOPAC is the main
neuronal metabolite of dopamine [9]. Accumulating evidence supports the view that in
synucleinopathies putamen dopamine depletion reflects not only denervation but also a
variety of functional abnormalities in the residual terminals. These abnormalities include
decreased activity of aldehyde dehydrogenase (ALDH) [10,11] or L-aromatic-amino-acid
decarboxylase [12,13], decreased vesicular storage of cytoplasmic dopamine [14-16], and
oxidative stress related to dopamine-based free radicals [17].

5-S-Cysteinyl-dopamine (Cys-DA) is produced from the spontaneous oxidation of dopamine
to dopamine-quinone, followed by covalent bonding to glutathione or cysteine (glutathionyl-
dopamine is converted to Cys-DA by cleavage of a peptide linkage). About 30 years ago
Fornstedt, Carlsson, and colleagues described the occurrence of Cys-DA in several brain
regions in mammalian species including humans [18]. These investigators proposed that
measuring Cys-DA in CSF might provide a biomarker of early PD [19], based on the
concept that the disease process in PD reflects a failure of anti-oxidative mechanisms to
prevent spontaneous oxidation of dopamine. Consistent with their suggestion, CSF levels of
Cys-DA are increased with respect to those of homovanillic acid (HVA), the main end-
product of dopamine metabolism, in PD [20].

In this study we exploited the ability to measure CSF Cys-DA and DOPAC simultaneously
to explore other determinants of low CSF DOPAC levels besides dopaminergic denervation.
As reported here, we were able to measure Cys-DA and DOPAC simultaneously in human
CSF. We then applied this CSF neurochemical approach to examine enzymatic and
spontaneous oxidation of central dopamine /n vivo in the three forms of synucleinopathy. We
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reasoned that central dopaminergic denervation alone should produce equivalent decreases
in CSF levels of Cys-DA and DOPACS, because they have a shared source—cytoplasmic
dopamine. On the other hand, if there were denervation-independent determinants of low
DOPAC levels, such as a shift in the fate of cytoplasmic dopamine toward spontaneous
oxidation or low ALDH activity, then the CSF ratio of Cys-DA/DOPAC would be increased.

Theoretically, Cys-DA might be derived from enzymatic decarboxylation of Cys-DOPA by
L-aromatic-amino-acid decarboxylase (LAAAD), analogous to dopamine being derived
from enzymatic decarboxylation of DOPA. If this were the case, then Cys-DA levels would
not validly indicate spontaneous oxidation of cytoplasmic dopamine. Therefore, as part of
this study we carried out experiments in test tubes and in cultured rat pheochromocytoma
PC12 cells to show that Cys-DOPA is not a substrate for LAAAD.

To assess relationships between CSF Cys-DA/DOPAC ratios and putamen dopamine
turnover, we also analyzed data from 18F-fluorodopa positron emission tomographic (PET)
scanning of the brain in the same subjects. After 18F injection, the fractional loss (“washout
fraction”) of 18F is related to dopamine turnover [21], and washout fractions of putamen 18F
are increased in both PD and MSA [14]. By including the 18F-fluorodopa data from patients
with PD, MSA-P, PAF, and controls, we could test whether in synucleinopathies elevated
CSF fluid Cys-DA/DOPAC ratios are associated specifically with clinical parkinsonism and
with increased dopamine turnover.

In summary, in this study we measured CSF levels of cysteinyl and parent catechols
simultaneously in synucleinopathies with (PD, MSA-P) or without (PAF) parkinsonism, in
order to assess whether in this family of diseases elevated Cys-DA/DOPAC ratios are
associated specifically with parkinsonism.

1. Methods

1.1. DA and Cys-DOPA as sources of intracellular Cys-DA

The use of DOPAC/Cys-DA ratios to indicate spontaneous oxidation of cytoplasmic DA
requires excluding enzymatic decarboxylation of Cys-DOPA as the source of Cys-DA (Fig.
1). In test tubes, incubation of Cys-DOPA with LAAAD and pyridoxal phosphate did not
yield Cys-DA, whereas incubation of DOPA with LAAAD and pyridoxal phosphate yielded
abundant dopamine (data not shown). To examine whether Cys-DA is produced
intracellularly by the enzymatic action of LAAAD on Cys-DOPA, PC12 cells were
incubated with Cys-DOPA or DOPA (0, 10, and 100 uM, 4 replicates at each concentration)
at 37 °C for 3 h, and the cell contents of Cys-DOPA and Cys-DA were assayed. Under these
conditions incubation with DOPA is known to produce substantial amounts of DA and its
deaminated metabolites [22]; however, whether Cys-DOPA produces Cys-DA has not been
reported.

PC12 cells were from the American Type Culture Collection (ATCC, Manassas, VA; PC12
cells catalog no. CRL-1721). The cell culture medium, F12K, was from Gibco Life
Technologies (Grand Islands, NY); tolcapone (to block catechol- O-methyltransferase) from
Orion Pharma (Espoo, Finland). The cells were kept frozen in liquid nitrogen until passaged
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for experiments. The experiments reported here involved non-adherent, non-differentiated
cells. Non-adherent PC12 cells were grown in F12K medium with 15% horse serum and
2.5% fetal bovine serum. The cells were incubated at 37 °C in an atmosphere of 5% carbon
dioxide. Media were changed several times per week and cells passaged once per week.

Since PC12 cells express catechol- O-methyltransferase, the cells in this study were pre-
incubated for 24 h in medium containing the catechol- O-methyltransferase inhibitor,
tolcapone. After the 24 h, the cells were collected, suspended in the same medium, and
counted using a Cellometer device (Nexcelom Bioscience, Lawrence, MA). About 500,000
cells/well were plated in 12 well plates. The experiments began after 24 h of incubation with
tolcapone-containing medium.

1.2. Subjects

Patients with PD, MSA-P, or PAF were referred to the Clinical Neurocardiology Section for
evaluation of autonomic function at the Clinical Center of the National Institutes of Health.
All the patients participated in Institutional Review Board-approved protocols of the
National Institute of Neurological Disorders and Stroke after giving written informed
consent.

1.3. Diagnostic assignments

For each patient a diagnosis was assigned based on the medical and neurological history and
physical examination and by a set of tests conducted at the National Institutes of Health
Clinical Center.

A diagnosis of PD was assigned based on at least 3 of the following 4 clinical criteria:
bradykinesia, resting “pill roll” tremor, “cogwheel” rigidity, and excellent response of the
movement disorder to levodopa treatment. Supportive clinical laboratory findings included
cardiac sympathetic denervation as indicated by low interventricular septal myocardial 18F-
dopamine-derived radioactivity [23] and anosmia [24].

According to consensus criteria, MSA is divided into two groups, parkinsonian (MSA-P)
and cerebellar (MSA-C), with MSA-P involving parkinsonian features and autonomic
dysfunction and MSA-C involving signs of cerebellar failure and autonomic dysfunction
[25]. The present study included MSA-P patients as defined by these criteria. Among
patients with parkinsonism, the findings of normal myocardial 18F-dopamine-derived
radioactivity (>5000 nCi-kg/cc-mCi) and normal or mildly decreased olfactory function
were used to help identify MSA-P [24] as opposed to PD.

A diagnosis of PAF was assigned based on chronic, persistent, consistent orthostatic
hypotension, identified as neurogenic by clinical laboratory testing [26], without a known
cause (e.g., diabetic autonomic neuropathy, autoimmune autonomic ganglionopathy) and by
clinical laboratory evidence of loss of sympathetic noradrenergic innervation (low
myocardial 18F-dopamine-derived radioactivity, low plasma levels of 3,4-
dihydroxyphenylglycol (DHPG), or both [27].
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The control group comprised 10 healthy volunteers, 10 patients referred for autonomic
testing who did not have autonomic failure or parkinsonism, and 12 people who were tested
because of risk factors for PD, had insufficient clinical evidence to diagnose PD, and were
followed for at least 3 years without developing PD.

1.4. Data selection and exclusions

All the patients in this study were off levodopa, as documented by a CSF DOPA
concentration less than 1000 pg/mL, and none was taking a monoamine oxidase (MAQO)
inhibitor.

1.5. CSF sampling conditions, storage, and assay

To obtain CSF for neurochemical assays, subjects underwent lumbar puncture under
fluoroscopic guidance at the National Institutes of Health Clinical Center. Aliquots of 1 mL
of fluid were collected into chilled 1.5 mL plastic sample tubes, which were frozen
immediately in dry ice and then stored at or below —70 °C until the samples were assayed.
All the assays were by the same person (C.H.), who was blinded as to clinical diagnosis,
using batch alumina extraction followed by liquid chromatography with electrochemical
detection [8]. Limits of detection for catechols were about 10 pmol/L, or 10 fmol per
assayed mL of CSF.

Dopamine, norepinephrine, DOPAC, and DHPG were purchased from Sigma. In order to
have standards for quantifying Cys-DA and Cys-DOPA levels, 10 mg of each were obtained
from the Chemical Synthesis and Drug Supply Program of the National Institute of Mental
Health (catalog numbers C-805 and C-702). The identity of the standards was confirmed by
liquid chromatography with electrochemical detection in our laboratory.

CSF DOPAC data from most of the subjects have already been reported [8]. For this study
previously unthawed aliquots were used that had been frozen continuously at or below

—70 °C, often for several years. Comparison of CSF DOPAC levels in the present study with
those previously obtained in different aliquots from the same subjects demonstrated
excellent reproducibility of the assay results (r = 0.92, p < 0.0001, n = 125).

1.6. Putamen dopaminergic neuroimaging

After i.v. administration of 18F-fluorodopa, peak putamen 18F-fluorodopa-derived
radioactivity is attained at about 30 min after intravenous injection of the tracer.
Subsequently, radioactivity in the putamen normally declines more slowly than does
radioactivity in the occipital cortex, a control region virtually lacking dopaminergic
innervation. The PUT/OCC ratio of 18F-fluorodopa-derived radioactivity therefore increases
over time. By about 2 h after 18F-fluorodopa administration the mean PUT/OCC ratio
normally averages about 3.0 [24].

Increased dopamine turnover, whether from a vesicular storage defect [14] or
compensatorily increased exocytosis and decreased reuptake of released dopamine [28] in
the residual terminals would increase the rate of decline in 18F-fluorodopa-derived
radioactivity. The fractional loss of putamen radioactivity (washout fraction) was measured
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between the midpoint of the 15-min static image beginning at 30’ (mean about 38”) and the
midpoint of the last 15-min static image ending at 120’ (mean about 113"). All the imaging
analyses were done by personnel who were blinded as to the assigned clinical diagnosis.

In essentially all subjects the same 18F-fluorodopa scanning protocol was used. Dynamic
scanning was done in a conventional scanner for 30 min followed by a 15-min static scan;
the patient was transferred to a high resolution research tomograph for a 15-min static scan;
and the patient was then transferred back to the conventional scanner for a final 15-min
static scan timed to end at about 120 min from the time of initiation of the 3-min injection
of 18F-fluorodopa injection. For analyzing the images, regions of interest were placed on the
MRI of each patient. No carbidopa pre-treatment was used. The patients received 7 mCi

of 18F-fluorodopa; the control subjects received 7 or 10 mCi, depending on the particular
protocol.

1.7. Statistics

Data for PC12 cell contents of catechols after incubation with DOPA or Cys-DOPA were
compared by factorial analyses of variance, with post-hoc comparisons vs. no added DOPA
or Cys-DOPA by Dunnett's post-hoc test, using KaleidaGraph 4.5 (Synergy Software,
Reading, PA).

Because of skewed distributions for CSF levels of catechols (higher concentrations
associated with greater inter-individual variability), all the clinical neurochemical data were
log-transformed before statistical testing was done. Data for CSF neurochemical and
putamen neuroimaging data across the 4 diagnostic groups were compared by factorial
analyses of variance followed by Fisher's Least Significant Difference test. Post-hoc
comparisons with the control group used Dunnett's post-hoc test. Associations between
individual values for neurochemical and neuroimaging data were analyzed by calculation of
Pearson correlation coefficients. Frequencies of findings in compared groups were analyzed
by calculation of XZ, with the Yates correction. Mean values were expressed +1 SEM, and a
p value < 0.05 defined statistical significance.

2. Results

2.1. Cytoplasmic dopamine as the source of Cys-DA

The neurochemical assay method enabled simultaneous measurement of 10 endogenous
catechols of interest—the catecholamines dopamine, norepinephrine, and epinephrine, the
deaminated metabolites of dopamine (DOPAL, DOPAC, and DOPET) and of norepinephrine
(DHPG), the catecholamine precursor DOPA, and the spontaneous oxidation products of
DOPA and dopamine, Cys-DOPA and Cys-DA (Fig. 2A). In untreated PC12 cells dopamine,
norepinephrine, DOPAC, DOPET, DOPA, Cys-DOPA and Cys-DA were consistently
detected (Fig. 2B).

Incubation of PC12 cells with Cys-DOPA resulted in concentration-dependent increases in
cell Cys-DOPA contents but no changes in cell Cys-DA contents (Fig. 2C). In contrast,
incubation with DOPA resulted in concentration-dependent increases in cell contents of Cys-
DA (Fig. 2D).
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2.2. Characteristics of subject groups

The subject groups had similar ages and sex makeups (Table 1), and the clinical movement
and autonomic findings were consistent with the diagnostic assignments. Among the PD
patients, 12 of 17 were anosmic by the University of Pennsylvania Smell Identification Test,
whereas among the MSA-P patients, 2 of 16 were anosmic (X2 =10.9, p = 0.001). Eighteen
of 24 PD patients had low interventricular septal 18F-dopamine-derived radioactivity,
whereas only 1 of 31 MSA-P patients had low septal 18F-dopamine-derived radioactivity (X2
=39, p < 0.0001).

2.3. Simultaneous measurement of CSF DOPAC, Cys-DA, and other catechols

Normal CSF levels of catechols varied widely, with DHPG having the highest concentration
(about 11 pmol/mL) and epinephrine not detected (Table 2). DOPAC and Cys-DA were
detected in all the samples.

2.4. CSF catechols

Mean CSF DOPAC was decreased in the PD and MSA-P groups compared to the PAF and
control groups (Fig. 3A). Mean Cys-DA did not differ between the controls and any of the
synucleinopathy groups (Fig. 3B); however, in the PD and MSA-P groups, CSF Cys-DA was
markedly higher than expected for CSF DOPAC (Fig. 4). CSF Cys-DA/DOPAC ratios in the
PD and MSA-P groups averaged more than twice those in the PAF and control groups (p =
0.0004 each; Figs. 3C and 4B,C).

In the synucleinopathy groups, mean CSF levels of NE and DHPG were less than in the
controls (Table 2). CSF DOPA was low in MSA-P and PAF and tended to be decreased in
PD. Mean Cys-DOPA/DOPA ratios were increased similarly in all 3 synucleinopathy groups
(Fig. 3D).

2.5. PUT/OCC ratios and putamen washout fractions of 18F-DOPA-derived radioactivity

A total of 81 subjects (39 parkinsonian synucleinopathy,14 PAF, 28 controls) had data for
both CSF Cys-DA/DOPAC ratios and PUT/OCC ratios and putamen washout fractions

of 18F-DOPA-derived radioactivity. The parkinsonian groups had lower mean PUT/OCC
ratios of 18F-DOPA-derived radioactivity (1.97 + 0.09 in PD, 2.06 + 0.10 in MSA-P) than
did the PAF (2.92 £ 0.12) and control (3.17 = 0.14) groups (p < 0.0001 each; Fig. 4B).
Putamen washout fractions of 18F-DOPA-derived radioactivity were higher in the
parkinsonian synucleinopathies (0.329 + 0.023 in PD, 0.386 + 0.031 in MSA-P) than in the
PAF group (0.169 + 0.024) and the control group (0.126 + 0.017, p < 0.0001 each; Fig. 4C).
Across synucleinopathy patients, Cys-DA/DOPAC ratios were correlated negatively with
PUT/OCC ratios (r = —0.40, p = 0.003) and positively with washout fractions of 18F-
fluorodopa-derived radioactivity (r = 0.41, p = 0.002).

3. Discussion

It is widely presumed that profound striatal dopamine depletion in PD and related disorders
directly reflects loss of substantia nigra dopaminergic neurons. Since DOPAC is the main
intra-neuronal metabolite of dopamine [9], nigrostriatal denervation can explain low CSF
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DOPAC levels in PD and MSA-P [8]. As explained below, the present results indicate that
low CSF DOPAC levels in these diseases have other determinants in addition to denervation.

Cys-DA and DOPAC have a shared source—cytoplasmic dopamine. Because of this shared
source, denervation would be expected to produce proportionately equal decreases in Cys-
DA and DOPAC levels, and the Cys-DA/DOPAC ratio would be unchanged. Instead, CSF
Cys-DA/DOPAC ratios were increased in the parkinsonian synucleinopathies. From these
results we infer that denervation-independent factors decrease DOPAC levels without
decreasing Cys-DA levels. There are multiple possible causes of elevated CSF Cys-DA/
DOPAC ratios, and the present data do not identify those factors; however, from previous
post-mortem studies, decreased anti-oxidant capacity and decreased ALDH are reasonable
possibilities, as discussed below.

MAO inhibition would be expected to build up cytoplasmic dopamine and consequently
increase spontaneous oxidation of dopamine. Consistent with this view, MAO inhibition
increases striatal Cys-DA content in guinea pigs [29] and endogenous Cys-DA production in
PC12 cells [30]. None of the patients in this study was on an MAO inhibitor. This did not
rule out the possibility of decreased MAQ activity as part of the disease process; however, in
PD striatal MAO activity has been reported to be normal [31].

Elevated Cys-DA/DOPAC ratios in parkinsonian synucleinopathies might reflect decreased
anti-oxidant capacity in central dopaminergic neurons, as suggested originally by Fornstedt,
Carlsson, and co-workers [19,32]. Decreased anti-oxidant capacity would shift the balance
from the native catechols to catecholquinones and consequently to cysteinyl-catechols.
There is substantial interest in oxidative stress in the pathogenesis of synucleinopathies [33—
35]. Since Cys-DOPA is a product of spontaneous oxidation of cytoplasmic DOPA, just as
Cys-DA is a product of spontaneous oxidation of cytoplasmic dopamine, the finding of
increased CSF Cys-DOPA/DOPA ratios in the synucleinopathies fits with the oxidative
stress concept.

Third, increased CSF Cys-DA/DOPAC ratios would be consistent with decreased ALDH
activity. We previously reported postmortem neurochemical evidence for decreased putamen
ALDH activity in PD [36] and MSA [10]. Moreover, decreased ALDH activity could be
pathophysiologic, because animals with genetic ALDH deficiency have aging-related
nigrostriatal neurodegeneration and PD-like locomotor abnormalities [37], and ALDH over-
expression is neuroprotective in cellular and animal models of parkinsonism induced by the
pesticide rotenone [38]. Cellular and epidemiologic/studies have implicated an interplay
between pesticide exposure and decreased ALDH activity in predisposing to PD [39,40].

Oxidative stress and decreased ALDH activity may be linked, in that lipid peroxidation
products generated from reactions of free radicals with membranes inhibit ALDH and
consequently build up the toxic dopamine metabolite, 3,4-dihydroxyphenylacetaldehyde
(DOPAL) [41-43]. DOPAL in turn can react with hydrogen peroxide (produced on an
equimolar basis with DOPAL upon enzymatic oxidation of dopamine) to generate hydroxyl
radicals [44]. DOPAL also potently oligomerizes alpha-synuclein [44], especially in the
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setting of divalent metal cations [45], and alpha-synuclein oligomers are also thought to be
pathogenic [46].

It was reported previously that PD patients have increased CSF Cys-DA/HVA ratios [20].
Cys-DA/DOPAC has advantages over Cys-DA/HVA as a biomarker of parkinsonism,
because CSF DOPAC is a more sensitive and specific biomarker of central dopamine
deficiency than is CSF HVA. CSF DOPAC is derived from intra-neuronal metabolism of
cytoplasmic dopamine, whereas CSF HVA is determined complexly by both extra-neuronal
metabolism of released dopamine and by extra-neuronal metabolism of released DOPAC.
Regarding DOPAC, virtually all of intra-neuronal dopamine is within vesicles, vesicular
dopamine leaks continuously into the cytoplasm as a first order process, and cytoplasmic
dopamine is subject to enzymatic oxidation to form DOPAC. This sequence explains why in
PD putamen DOPAC content is as severely decreased as is putamen dopamine content [47].
DOPAC is actively extruded from dopaminergic cells into the extracellular fluid [48], and
CSF DOPAC is directly related to brain DOPAC content [49]. Central dopamine deficiency
therefore would be expected to result in low CSF DOPAC levels. Regarding HVA, as
dopamine stores become depleted, traffic to the residual terminals increases compensatorily,
and there is decreased reuptake of the released dopamine [50]. In this setting CSF HVA
could be at least partly maintained despite decreased dopamine stores [51]. Thus, in PD
striatal HVA content is not as decreased as is dopamine content [52], and investigators have
questioned whether CSF HVA provides an adequate biomarker for PD [53]. Since CSF
DOPAC is more sensitive and specific than CSF HVA as an index of central dopamine
depletion, CSF Cys-DA/DOPAC is more sensitive and specific than CSF Cys-DA/HVA as an
index of spontaneous oxidation of cytoplasmic dopamine for a given amount of central
dopamine depletion.

Patients with PD or MSA-P also had evidence for increased dopamine turnover in the
residual nigrostriatal terminals, based on increased washout fractions of putamen 18F-
DOPA-derived radioactivity [10]. Denervation alone also cannot explain increased dopamine
turnover. Potential functional explanations for increased turnover of vesicular dopamine
include decreased vesicular storage and increased exocytotic release combined with escape
of neuronal reuptake via the cell membrane dopamine transporter [21].

Since CSF Cys-DA/DOPAC ratios were correlated with washout fractions of 18F-DOPA-
derived radioactivity, across subject groups and individual patients, the denervation-
independent abnormalities of dopamine metabolism seem to be related to each other.
Importantly, patients with the non-parkinsonian synucleinopathy, PAF, had normal
PUT/OCC ratios, washout fractions, and CSF Cys-DA/DOPAC ratios. Thus, in
synucleinopathies elevated Cys-DA/DOPAC ratios are linked specifically with
parkinsonism, loss of putamen dopaminergic terminals, and increased dopamine turnover in
the residual terminals.

In conclusion, based on measurements of CSF levels of cysteinyl and parent catechols and
on 18F-DOPA brain scanning data in the same patients, we report that in synucleinopathies
elevated CSF Cys-DA/DOPAC ratios are associated specifically with parkinsonism and with
increased dopamine turnover in residual dopaminergic terminals. These /n vivo
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abnormalities may reflect a combination of decreased vesicular storage, decreased ALDH
activity, and oxidative stress. Because of the patient groups studied, the present data do not
apply to the issue of whether elevated CSF Cys-DA/DOPAC ratios characterize other
diseases manifesting with parkinsonism.
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Abbreviations

ALDH aldehyde dehydrogenase

Cys-DA 5-S-cysteinyl-dopamine
Cys-fluorodopa 5-S-cysteinyl-fluorodopa

DHPG 3,4-dihydroxyphenylglycol

DOPAC 3,4-dihydroxyphenylacetic acid
DOPAL 3,4-dihydroxyphenylacetaldehyde
HVA homovanillic acid

LAAAD L-aromatic-amino-acid decarboxylase
MAO monoamine oxidase

MSA-P parkinsonian form of multiple system atrophy
PAF pure autonomic failure

PD Parkinson's disease

PUT/OCC putamen/occipital cortex
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Fig. 1. Parent and Cys-catechols
Cytoplasmic dopamine (DA) synthesis depends on conversion of tyrosine to 3,4-

dihydroxyphenylalanine (DOPA) via tyrosine hydroxylase (TH) and decarboxylation of
DOPA via L-aromatic-amino-acid decarboxylases. Cytoplasmic DA is taken up into vesicles
via the vesicular monoamine transporter (VMAT), is metabolized by monoamine oxidase
(MAOQ), or oxidizes spontaneously to form cysteinyl-dopamine (Cys-DA). MAO converts
DA to toxic 3,4-dihydroxyphenylacetaldehyde (DOPAL), which is detoxified by aldehyde
dehydrogenase (ALDH) to form 3,4-dihydroxyphenylacetic acid (DOPAC). DOPA oxidizes
spontaneously to cysteinyl-DOPA (Cys-DOPA) and DA to Cys-DA. Red ovals indicate CSF
analytes assayed in this study. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 2. Cell and medium contents of catechols in rat pheochromocytoma (PC12) cells
The upper panel (A) shows a chromatograph of standards for DHPG = 3,4-

dihydroxyphenylglycol, 1000 pg; NE = norepinephrine, 250 pg; DOPA = 3,4-
dihydroxyphenylalanine, 1000 pg; EPI = epinephrine, 250 pg; DOPAL, 1000 pg; Cys-
fluorodopa, 812 pg; DOPET = 3,4-dihydroxyphenylethanol, 1000 pg; DA, 250 pg; DOPAC,
1000 pg; Cys-DA, 787 pg; I.S. = internal standard (isoproterenol). The 10 catechols were
baseline-resolved. The middle panel (B) shows a chromatograph corresponding to 400 uL of
medium at 3 h of incubation. Note detection of endogenous DOPAL, DOPAC, and Cys-DA.
The lower left panel (C) shows cell contents of Cys-DA after incubation with various
concentrations of DOPA in the medium. Brown represents Cys-DOPA and blue Cys-DA,;
there are large increases in cell contents of Cys-DA but no change in Cys-DOPA. The lower
right panel (D) shows cells contents of Cys-DOPA and Cys-DA after incubation with various
concentrations of Cys-DOPA in the medium. There is no change in Cys-DA content despite
large increases in Cys-DOPA content, indicating little if any conversion of Cys-DOPA to
Cys-DA in the cells. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 3. Mean (xSEM) CSF levels of parent and cysteinyl catechols in parkinsonian and non-
parkinsonian synucleinopathies

(A) DOPAC,; (B) Cys-DA,; (C) Cys-DA/DOPAC; (D) Cys-DOPA/DOPA. Shown are data
from groups with Parkinson disease (PD, red), parkinsonian multiple system atrophy (MSA-
P, blue), pure autonomic failure (PAF, green), and controls (CON, gray). Numbers in white
boxes are the numbers of subjects. Numbers in italics indicate p values for comparison with
CON. The parkinsonian synucleinopathies (PD, MSA-P) are associated with decreased
DOPAC levels and increased Cys-DA/DOPAC ratios; PAF is not. The data in (D) show that
all three synucleinopathies are associated with increased Cys-DOPA/DOPA ratios. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 4. Mean (+SEM) CSF Cys-DA as a function of DOPAC (A) and Cys-DA/DOPAC ratios as
functions of putamen/occipital cortex (PUT/OCC) ratios (B) and of washout fractions of
putamen 18F_pOPA-derived radioactivity (C)

Grouped data are shown for patients with MSA-P (blue), PD (red), PAF (green), and
controls (gray). In the parkinsonian synucleinopathies elevated CSF Cys-DA/DOPAC ratios
are associated with decreased PUT/OCC ratios and elevated 18F-DOPA washout fractions, in
contrast with normal values in the non-parkinsonian synucleinopathy PAF. (For
interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Clinical characteristics of patient groups with synucleinopathy and control subjects.

Table 1

Parameter MSA-P PD PAF Control
Age 59.7+17 61423 632+31 526+19
Sex (M/F) 21/11 14/10 12/6 17/15
Motor Onset Age, years 53.8+19 582+23 N/A N/A
Anosmia 13% 71% 22% 20%
Dec. myocardial 18F-DA  6.5% 5% 94% 3%
Bradykinesia 90% 92% 20% 28%
Cogwheel Rigidity 56% 78% 0% 18%
Constipation 68% 70% 83% 50%
Decreased Sweating 33% 38% 67% 33%
Dementia 12% 44% 0% 28%
Depression 43% 58% 33% 50%
Erectile Failure in Men 91% 62% 75% 56%
Levodopa Responsive 50% 64% N/A 33%
Resting Tremor 19% 58% 0% 28%
Slurred Speech 63% 24% 0% 17%
Urinary Symptoms 92% 91% 67% 83%
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Mean (£SEM) cerebrospinal fluid concentrations (pmol/mL) of Catechols in patient groups with

synucleinopathy and control subjects.

Table 2

Catechol MSA-P PD PAF Control

DOPA 297+013 320+0.20 2.82%0.19 349x0.11
(32 (24) (18) (32)
0.006 n.s. 0.0019

Cys-DOPA  1.03+0.08 1.14+0.10 1.02+0.08 0.92=+0.06
(32 (24) (18) (32)
ns. ns. ns.

DA 0.06+0.01 0.07+0.02 0.12+0.05 0.08+0.02
(32 (24) (18) (32)
ns. ns. ns.

Cys-DA 0.11+0.02 0.09+0.01 0.06+0.01 0.08+0.01
(32 (24) (18) (32)
ns. ns. ns.

DOPAC 0.89+0.08 094+0.09 143%£0.10 1.60+0.12
(32 (24) (18) (32)
<0.0001 <0.0001 n.s.

NE 0.47+0.05 0.64+0.07 0.65%0.13 0.87+0.08
(32 (24) (18) (32)
<0.0001 0.0562 0.0023

DHPG 757+036 8.88x+054 7.40x0.73 10.92+0.56
(32 (24) (18) (32)
0.0001 0.0286 <0.0001

EPI N.D. N.D. N.D. N.D.

Notes:

Page 19

Numbers in italics are p values for the difference from Control (Fisher's Least Significant Difference post-hoc test applied to log-transformed data).

Numbers in parentheses are numbers of data points.

Abbreviations: Cys-DA = cysteinyl-dopamine; Cys-DOPA = cysteinyl-DOPA; DA = dopamine; DHPG = 3,4-dihydroxyphenylglycol; DOPAC =
3,4-dihydroxyphenylacetic acid; EPI = epinephrine; MSA-P = parkinsonian multiple system atrophy; NE = norepinephrine; N.D. = not detected;

n.s. = not statistically significant; PAF = pure autonomic failure; PD=Parkinson.
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