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Abstract

Parkinson disease is a specific form of neurodegeneration characterized by a loss of nigra-striatal
dopaminergic neurons in the midbrain of humans. The disease is also characterized by an increase
in oxidative stress and a loss of glutathione in the midbrain region. A potential link between all these
factors is the oxidation of dopamine to dopaminochrome (DAC). Using the murine mesencephalic
cell line MN9D, we have shown that DAC [50 — 250 uM] leads to cell death in a concentration-
dependent manner, whereas oxidized L-dopa, dopachrome [50-250 puM], is only toxic at the highest
concentration used. Furthermore, chronic exposure of MN9D cells to low concentrations of DAC
[50 — 100 uM] is cytotoxic between 48 and 96 h. DAC also increases superoxide production within
MNO9D cells as indicated by dihydroethidium fluorescence, that can be prevented by co-
administration with the antioxidant, N-acetylcysteine [5 mM]. Moreover, the cytotoxicity induced
by DAC can also be prevented by administration of N-acetylcysteine [1 — 5 mM]. Finally, depletion
of reduced glutathione in MN9D cells by buthionine sulfoximine [50 — 100 uM] administration
significantly enhances the cytotoxic effect of low concentrations of DAC [50 — 100 uM] and DAC
[175 puM] itself reduces the proportion of oxidized glutathione in total glutathione within 30 min of
administration in MN9D cells. Overall, we have shown that DAC causes MN9D cell death in an
oxidatively-dependent manner that appears closely linked with a rapid loss of reduced glutathione.
These findings have implications for understanding the pathogenesis of neurodegenerative pathways
in Parkinson disease.
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Introduction

The mechanism(s) by which neurodegeneration occurs in the midbrain of patients suffering
from Parkinson disease (PD) is not fully understood, but oxidative stress appears to play an
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important role (Ebadi et al., 1996; Halliwell, 1992; Koutsilieri et al., 2002). This disorder
becomes evident after dopaminergic neurons projecting from the substantia nigra pars
compacta (SNpc) to the striatum degenerate, with up to 70% of striatal dopamine being lost
before symptoms appear. A variety of genetic markers have been identified that can lead to
Parkinsonian syndromes, but evidence as to their involvement in idiopathic PD cases is unclear
(Foley and Riederer, 2000).

Effective PD mimetics are limited, but many of the models used in animal studies, including
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and rotenone, are known to increase
oxidative stress to a significant degree (Tipton and Singer, 1993). Indeed, when these
neurotoxins are administered, they ablate dopaminergic cells of the SNpc before others
throughout the midbrain, indicating that these neurons are particularly susceptible to oxidative
stress (Heikkila et al., 1985; Thiffault et al., 2000).

The dopaminergic cells of the SNpc contain the pigment neuromelanin that results from
polymerization of oxidized dopamine. Dopamine is readily oxidized at physiological pH first
to transient quinone species, and then to the relatively stable dopaminochrome (DAC). The
conversion from dopamine to DAC can be accelerated with the addition of various oxidants,
including peroxynitrite and superoxide. Polymerization of DAC results in the production of
neuromelanin in the SNpc (Graham, 1978; Sulzer et al., 2000).

Post-mortem studies have shown that neuromelanin is lost in the progression of PD, signifying
a loss of dopaminergic neurons (Zecca et al., 2006). Along with a loss of neuromelanin in the
SNpc, Parkinson patients have also been observed in post-mortem studies to lack the levels of
reduced glutathione observed in normal individuals (Ebadi et al., 1996; Perry et al., 1982).
Reduced glutathione (GSH) is produced in the cytosol and utilized by glutathione peroxidases
located in the mitochondria and at the phospholipid membrane to reduce levels of
hydroperoxides on lipids and proteins. Action by glutathione peroxidase yields oxidized
glutathione (GSSG) that must be converted back to GSH in the cytosol before it can be re-used.
The ratio of GSH to GSSG is important for maintaining the effectiveness of glutathione
peroxidase and, thus, protection against oxidative insult within neuronal cells (Chinta et al.,
2007).

DAC, the oxidized form of dopamine, is likely present in these midbrain cells as it is a necessary
step in the course to neuromelanin production. DAC is potentially detrimental, therefore we
evaluated the effects of this molecule on cell viability using the mesencephalic cell line, MN9D
(Choi et al., 1992). We found that DAC is indeed toxic to MN9D cells, while its precursor
counterpart, dopachrome, is much weaker in this capacity. Furthermore, the toxicity observed
is dependent upon oxidative stress in that N-acetylcysteine is effective at improving survival,
and the endogenous pool of glutathione is rapidly depleted upon DAC incubation with MN9D
cells. From these data, we believe that DAC is not only toxic to MN9D cells, but it may act by
depleting glutathione stores that would otherwise protect cells against oxidative stress.

Materials and Methods

Cell Culture

MNOD cells were grown in high-glucose (4500 mg/L) Dulbecco’s modified Eagle’s Medium
(DMEM, Sigma-Aldrich, St. Louis, MO) with L-glutamine and 10% fetal bovine serum
(Hyclone, Logan, UT) in a humidified 5% CO, atmosphere at 37 °C. For cell viability studies,
cells were differentiated for 5 days with 1 mM sodium butyrate (Sigma-Aldrich, St. Louis,
MO) and seeded onto collagen-coated 96-well plates. For dihydroethidium (DHE) studies, cells
were differentiated as before, but seeded to 35 mm petri dishes with a glass bottom for
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fluorescence visualization. For glutathione assays, cells were differentiated as before and
seeded on collagen-coated 6-well plates.

Aminochrome Production

Catecholamines were oxidized by reacting NalO4 with either dopamine or L-dopa ata 2:1 ratio
in ddH,0 as described previously (Graham, 1978). L-dopa was reacted with NalO,4 for 15 min.
at room temperature (22 °C — 25 °C), and dopamine was reacted with NalO,4 for 45 min. at 37
°C as optimized in earlier studies by our laboratory (Ochs et al., 2005). All compounds were
obtained from Sigma-Aldrich (St. Louis, MO). After the reaction was complete, all samples
were tested using high pressure liquid chromatography with electrochemical detection to verify
the purity of our samples, and that the conversion to dopaminochrome from dopamine yielded
no remaining intermediates.

Cell Viability Assay

All cell viability measurements were carried out using the MTS assay (CellTiter96 AQ,
Promega, Madison, WI). In brief, 20 pL of reagent was added to each well in the 96-well plate
at the specified time points for 3 hours at 37 °C. The wells were then evaluated for colorometric
absorption on a Powerwave x plate reader (Biotek instruments; Winooski, VT) and the
calculation of sample value was analyzed by KC Junior Software (Biotek instruments).

Dihydroethidium Fluorescence

Dihydroethidium (DHE; Sigma-Aldrich, St. Louis, MO) is oxidized to oxyethidium in the
presence of superoxide radicals, which can be visualized via fluorescence microscopy using a
GFP filter (emission = 488 nm, excitation = 595 nm) (Zhao et al., 2003). In brief, cells were
cultured in 35 mm petri dishes, then administered DAC. After 2 h, cells were incubated with
DHE (10 pg/mL) for 20 min at 37 °C, followed by fixing with 4% paraformaldehyde for 30
min. Cells were then visualized under a fluorescent microscope and analyzed with Metamorph
image analysis software.

Glutathione Assay Experiments

MNOD cells were treated with DAC for a limited time before being harvested, lysed, and treated
according to the Glutathione Assay Kit (Cayman, Ann Arbor, MI). Briefly, cells were scraped
from 6-well collagen-coated plates and sonicated in 50 mM 2-(N-morpholino) ethanesulphonic
acid (MES) buffer. After centrifugation, the supernatant was removed and stored on ice. The
assay cocktail was prepared according to the kit instructions and added to samples in a 96-well
plate. The absorbance was read on a Powerwave x plate reader (Biotek instruments; Winooski,
V/T) at 405 nm. The absorbance values were compared with a set of standards provided by the
manufacturer.

Statistical Analysis

esults are expressed as mean + s.e.m. for (n) wells. Statistical differences between treatments
were determined by Student’s t-test; by one-way analysis of variance followed by Student-

Newman-Keuls test; or by two-way analysis of variance followed by Bonferroni Post-Hoc test,
depending on the experimental conditions. Statistical differences were accepted when P<0.05.

Results

Dopaminochrome is toxic to MN9D cells in a concentration-dependent manner

MNQ9D cells incubated with DAC [50-250 uM] in DMEM for 24 h exhibited a concentration-
dependent decrease in cell viability when compared with untreated cells (Figure 1A). In
contrast, dopachrome [DPC; 50-250 pM], the oxidation product of L—-dopa, caused
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cytotoxicity in MN9ID cells after 24 h only at the highest concentration tested (Figure 1B). In
the above experiments, ethanol (10%) was used as a positive control of cell death. Production
of DAC by reacting dopamine with NalO4 results in the byproduct, NalO3. When NalO3 was
incubated alone with MN9D cells, no detrimental effect was observed (not shown).

In order to establish the minimum length of cytotoxic exposure time to DAC, MN9D cells were
incubated with DAC [175 uM] for 1, 3 or 6 h and, after replacement of DAC-treated media
with DAC-free media, evaluated at 24 h for viability. Incubation with DAC for as littleas 1 h
is enough to induce significant cytotoxicity when observed at 24 h, and this toxicity is
maximized by exposure for 3 h (Figure 2).

MN9D cells were incubated with concentrations of DAC [50-100 uM] that were either
moderately toxic or nontoxic at 24 h, and cell viability was assessed at the end of 48, 72 or 96
h. In all experiments, MN9D cells were given fresh DMEM containing the appropriate
concentration of DAC every 24 h, thereby allowing the cells to be exposed to DAC in a chronic
fashion. MN9D cells exposed to 50 uM DAC exhibited no toxicity at 48 h, however by 96 h
they had decreased in viability by 14%. MN9D cells given 100 uM DAC exhibited a decrease
in viability of over 60% at 96 h (Figure 3).

Taken together, these data demonstrate that exposure to DAC leads to cell death in a
concentration-dependent manner in MN9D cell cultures. Furthermore, the initiation of
cytotoxicity occurs rapidly since replacement of DAC-treated media with fresh media after a
relatively short exposure time is ineffective at rescuing MN9D cells from progression to cell
death. Finally, chronic exposure of MN9D cells to low concentrations of DAC decreases
viability over a period of 96 h.

Cytotoxicity by dopaminochrome is dependent upon oxidative stress

Given the correlation between neurodegeneration and oxidative stress, we wanted to evaluate
whether DAC exposure increased oxidative stress in MN9D cells. To investigate this, MN9D
cells were incubated for 2 h with DAC [175 pM] and then exposed to dihydroethidium (DHE;
the fluorescent redox indicator for O,™) for 30 min, after which they were fixed with 4%
paraformaldehyde and visualized by fluorescence microscopy. MN9D cells exposed to DAC
exhibited enhanced fluorescence when compared with control cells (Figure 4). The increase
in DHE fluorescence in response to DAC was prevented by co-administration of the general
antioxidant, N-acetylcysteine [5 mM].

In parallel experiments, MN9D cells were pre-treated for 1 h with N-acetylcysteine [1-5 mM]
and then treated for an additional 24 h with DAC [175 uM]. DAC-induced cytotoxicity in
MNQ9D cells was attenuated in the presence of N-acetylcysteine, indicating that the observed
cell death was related to an increase in oxidative stress (Figure 5). N-acetylcysteine was chosen
not only because it is a potent general antioxidant, but also because it is thiol-based in its action
and thus likely mimics the actions of the endogenous thiol antioxidant, glutathione. In separate
experiments, we confirmed that N-acetylcysteine does not react with DAC directly, as
incubation of equimolar concentrations of N-acetylcysteine and DAC does not reduce the
concentration of DAC when verified by high-pressure liquid chromatography with
electrochemical detection (not shown).

These data indicate that DAC leads to an increase in superoxide, the appearance of which can
be reduced with a thiol-based antioxidant, N-acetylcysteine. Furthermore, the addition of N-
acetylcysteine to MN9D cells also prevents the toxicity that DAC would normally have,
demonstrating that the death observed is linked to production of superoxide in the cells.
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Cytotoxicity by dopaminochrome is dependent upon glutathione system integrity

The choice of N-acetylcysteine as an antioxidant was intended as an appropriate analog of the
endogenous thiol-based antioxidant of neurons, glutathione. Reduced glutathione is necessary
for protecting against damage induced by superoxide, hydrogen peroxide, and other reactive
oxygen species. As N-acetylcysteine was very effective in protecting against DAC-induced
cell death, we investigated the role of glutathione in the actions of DAC.

Intracellular stores of reduced glutathione (GSH) were depleted by incubating MN9D cells
with buthionine sulfoximine [BSO; 50 and 100 uM] for 24 h. Thereafter, the cells were exposed
to DAC [50 and 100 uM; concentrations that previously showed moderate or no toxicity at 24
h] for an additional 24 h, at which time cell viability was assessed. Pre-treatment of the MN9D
cells with either concentration of BSO led to a significant decrease in cell viability in the
presence of DAC compared with control cells (no DAC), or cells given DAC without BSO
(Figure 6A). BSO alone yielded no significant effect on the viability of MN9D cells (Figure
6B).

The ability to affect cellular glutathione levels was then assessed as the proportion of oxidized
glutathione (GSSG) in total cellular glutathione. MN9D cells were treated with DAC [175 uM]
for 0.5, 1 or 2 h and then harvested for analysis. After 0.5 h, DAC induced a decrease in total
glutathione [83.82 + 10.96 to 58.89 + 11.42 nmol/mg protein] within MN9D cells and an
increase in GSSG [14.77 £ 0.714 to 40.09 £ 5.251 nmol/mg protein]. Overall, the percentage
of GSSG in total cellular glutathione increased from 13% to 50% over a period of two hours
(Figure 7).

These data implicate the glutathione system as being integral to the survival of MN9D cells
when exposed to DAC. Not only are low concentrations of DAC capable of causing cell death
after depletion of the reduced glutathione pool, but DAC itself causes a rapid loss of reduced
glutathione. Taken together from these data, DAC administration results in the compromise of
the endogenous glutathione system.

Discussion

The causes of idiopathic Parkinson disease (PD) have remained elusive, but there is strong
evidence available as to the presence and potential pathogenesis of oxidized catecholamine
products within the mesencephalic neurons that degenerate during the course of the disease.
Although the toxicity of DAC and similar compounds (e.g. adrenochrome in myocardium) has
been demonstrated in other cell types (Singal et al., 1982; Taam et al., 1986), here we present
data showing that DAC reduces the levels of glutathione within a mesencephalic cell culture
model, MN9D, indicating that DAC may play a role in neurodegeneration.

The presence of neuromelanin in dopaminergic neurons is evidence for DAC formation. The
question remains as to whether DAC is cytotoxic if left unpolymerized. Indeed, it has been
suggested that neuromelanin formation is protective to neuronal populations in the
mesencephalon (Zecca et al., 2006). Our results show that DAC is indeed cytotoxic to MN9D
cells, whereas dopachrome, the oxidation product of dopamine’s precursor, I-dopa, is only
toxic at the highest concentration evaluated. It has been estimated that nearly 90% of dopamine
is stored within the vesicles of dopaminergic neurons, protecting the neurotransmitter from
oxidation (Caudle etal., 2007). The remaining dopamine, accumulating over time in the cytosol
of these neurons, is mostly polymerized and stored as neuromelanin, but there is a possibility
that these products could cause cellular damage in their unpolymerized form.

The initiator for oxidation of dopamine to DAC is of some debate. In our experience, DAC left
in ddH,0 polymerizes at room temperature to form a neuromelanin-like product; the reaction
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speed is increased when carried out in phosphate buffered saline. In the physiological setting,
dopamine can be oxidized by a variety of mediators found within the cytosol, including
superoxide, peroxynitrite, hydrogen peroxide, and heavy metal ions like iron and manganese.
Indeed, it is possible that the oxidative stress resulting from exposure to MPTP or rotenone in
cell culture or in vivo is not only due to disruption of mitochondrial electron transport, but may
also be in part caused by DAC formation (Kweon et al., 2004; Zoccarato et al., 2005).

Our results show that MN9D cells incubated with DAC exhibit increases in the production of
superoxide, as visualized by DHE fluorescence. Superoxide is a well-known oxidant that is
associated with oxidative stress in most cell types (Halliwell, 1992). Co-administration of DAC
with the general antioxidant, N-acetylcysteine, yielded improved viability in MN9D cells
indicating that the observed cytotoxicity in presence of DAC was directly related to the increase
in superoxide levels within the cell.

Parkinson disease has been associated with a decrease in glutathione levels in the SNpc, as
observed in post-mortem studies (Perry et al., 1982). Our results support the idea that DAC
could be a candidate for the depletion of glutathione levels within mesencephalic cells. MN9D
cells were incubated with a concentration of DAC that caused 50% cell death and then tested
for internal total glutathione and oxidized glutathione (GSSG) levels, the ratio of which is used
as a measure of oxidative stress (Chinta et al., 2007). Typically, a neuron requires more GSH
than GSSG, leaving an available pool from which GSH can be drawn to protect against
oxidative insults should they arise. A rapid decrease in GSH levels must be followed by
replenishment of the pool, otherwise the cell risks irreversible damage. The data presented here
implicate the glutathione system in the neurodegeneration caused by DAC. First, pre-treatment
of MN9D cells with buthionine sulfoximine (BSO), a glutathione synthase inhibitor,
potentiates the effects of DAC where concentrations of the toxin that were previously nontoxic
are rendered harmful. Treatment of MN9D cells with BSO alone was nontoxic, indicating that
the depletion of GSH in of itself was not enough to cause cytotoxicity, yet co-treatment with
BSO and DAC was greatly effective. Second, DAC rapidly depletes GSH in MN9D cells in
as little as 30 min. The results from our dihydroethidium experiments suggest that superoxide
may play a role in this depletion, as both are occurring simultaneously and GSH and other
thiol-based antioxidants are important to its removal. Other toxins used in neurodegeneration
studies, including rotenone, have also been shown to decrease GSH levels as a part of their
toxic effects (Sherer et al., 2003). From these observations, it appears that DAC, by increasing
intracellular superoxide, can deplete the available GSH pool, thus rendering the cell vulnerable
against further DAC insult.

The data presented here reveal a direct relationship between DAC and glutathione depletion
in vitro. Parkinson disease patients frequently exhibit depleted levels of reduced glutathione,
and our results show that DAC could be a possible cause of this pathology. Glutathione has
been implicated in removal of the 0-quinone precursor to DAC, dopamine-o-quinone, by action
of glutathione-S-transferase, effectively detoxifying the compound before it causes oxidative
damage (Baez et al., 1997). Our work here clearly shows that the product of further dopamine
oxidation, DAC, also depletes glutathione, but through an as yet unidentified mechanism,
although superoxide production appears to be involved. While the o-quinone form readily binds
to the sulfur group of glutathione, the aminochrome form is incapable (Zoccarato et al.,
2005). Once cyclized, the aminochrome form is also unable to return to its precursor, the o-
quinone (Graham, 1978).

The presence of DAC in MN9D cells causes an increase in oxidative stress that requires the
presence of a readily available pool of GSH. If this pool is depleted, either rapidly or steadily
decreased over time, the cells become less capable of handling even the low concentrations of
DAC that cells would otherwise be able to counteract. Indeed, the chronic administration of
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DAC to MN9D cells, even at relatively low concentrations, still leads to cell death, perhaps
because reduced glutathione is constantly being depleted (Figure 3). The protective benefits
of co-administration of N-acetylcysteine with DAC (Figure 5) illustrate that replacement of
the GSH pool with a thiol-based analog is effective at protecting against cytotoxicity.

The site of action for DAC remains unknown. The experiments outlined here utilized DAC
that is applied extracellularly to MN9D cells. Experiments from our lab suggests that 3H-
dopamine that has been oxidized to form 3H-dopaminochrome is able to pass through the
dopamine transporter on the cell membrane, yet in separate experiments pharmacological
blockade of this transporter with GBR-12935 is unable to prevent cytotoxicity (unpublished
observations), suggesting an alternative site of action for DAC in this process.

The oxidation of dopamine to DAC has been well-characterized in vitro by a variety of methods
(Bisaglia et al., 2007; Segura-Aguilar et al., 2001). In addition, we, in collaboration with Dr.
Julie Andersen’s laboratory, have measured DAC formation in vivo (Mallajosyula et al.,
2008) in an oxidatively stressed mouse model of neurodegeneration. Many groups have
suggested that the oxidation products of catecholamines, in general, may be detrimental to cells
in vivo, but direct analysis of the role of each oxidized species remains elusive. In this study,
we sought to further establish the potential role for DAC and the mechanisms by which it may
be causing neurodegeneration. Our data demonstrate that exposure of MN9D cells to DAC
leads to cytotoxicity in a manner consistent with increased oxidative stress and depletion of
glutathione stores raising the possibility that oxidized dopamine itself has a role in the
neurodegeneration observed in Parkinsonian patients.

Abbreviations

DAC, Dopaminochrome; SNpc, Substantia Nigra pars compacta; PD, Parkinson disease; GSH,
Reduced Glutathione; GSSG, Oxidized Glutathione; DHE, dihydroethidium; DMEM,
Dulbecco’s Modified Eagle’s Medium..
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Figure 1. Viability of MN9D cells in presence of dopaminochrome and dopachrome

MNB9D cells were incubated with DAC or dopachrome and cell viability measured at 24 h by
the MTS assay. DAC caused a concentration-dependent decrease in cell viability in MN9D
cells (A). Dopachrome was only cytotoxic at the highest concentration tested (B). (n = 30 wells
from 3 individual experiments) **P<0.01, ***P<0.001 compared to control.
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Figure 2. Time-dependent cytotoxicity of MN9D cells exposed to dopaminochrome

Exposure of MN9D cells to DAC [175 uM] for 1, 3 or 6 h reduces cell viability at 24 h as
measured by the MTS assay. (n = 40 wells from 4 individual experiments) *P<0.05 compared
to control.
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Figure 3. Cytotoxic effects of chronic exposure of MN9D cells to low concentrations of

dopaminochrome

MNB9D cells were treated for 48, 72 or 96 h (dotted, diagonal or hatched bars, respectively)
with low concentrations of DAC [50, 75 or 100 uM]. Experimental media was replaced on
each day with fresh media containing fresh DAC at the appropriate concentrations and
evaluated at the end of the trial period for cell viability by the MTS assay. All three treatments
of DAC resulted in decreasing viability of MN9D cells over 96 h. (n = 36 wells from 4
individual experiments) *P<0.05 compared with control cells; **P<0.01 compared with
control cells; ***P<0.001 compared with control cells.
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Figure 4. Dopaminochrome induces superoxide production in MN9D cells

DAC [175 pM] caused an increase in superoxide in MN9D cells after 2 h as visualized by
dihydroethidium [DHE; 10 pg/mL] fluorescence (B) compared with control (A). Images shown
are representative of 3 individual experiments. The increase in DHE fluorescence can be
prevented by co-administration with the antioxidant, N-acetylcysteine [5 mM] (C).
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Figure 5. N-acetylcysteine prevents dopaminochrome cytotoxicity in MN9D cells
N-acetylcysteine [1 — 5 mM; solid bars] was administered to MN9D cell cultures 1 h prior to
DAC [175 pM] and incubated for 24 h. The presence of N-acetylcysteine prevented the
decrease in cell viability observed by DAC alone [open bar]. (n=84 wells from 4 individual
experiments). *P<0.05 compared with control cells.
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Figure 6. Depletion of intracellular glutathione potentiates the cytotoxic effect of dopaminochrome
on MN9D cells

(A) Pre-treatment of MN9D cells with buthionine sulfoximine [BSO; 50 or 100 uM]
potentiated the cytotoxic effects of DAC [50 or 100 uM, open or solid bars respectively] at 24
h. (B) Treatment of MN9D cells with BSO alone [50 or 100 uM, hatched bars] had no effect
on cell viability. (n=28 wells from 4 individual experiments) ***P<0.001 compared with 50
UM DAC and no BSO; 1 P<0.001 compared with 100 uM DAC and no BSO.
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Figure 7. Dopaminochrome increases oxidized glutathione in MN9D cells

The proportion of oxidized glutathione (GSSG) in total cellular glutathione within MN9D cells
increased over control cells (open bars) after incubation with DAC [175 UM, closed bars] for
0.5, 1 or 2 h. (n=3) *P<0.05 compared to control cells.
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