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Abstract

The mechanisms whereby 1-methyl-4-phenylpyridinium (MPPþ) mediates cell death and Parkinsonism are still unclear. We have

shown that dopamine transporter (DAT) is required for MPPþ-mediated cytotoxicity in HEK-293 cells stably transfected with

human DAT. Furthermore, MPPþ produced a concentration- and time-dependent reduction in the uptake of [3H]dopamine. We

observed a significant decrease in [3H]WIN 35428 binding in the intact cells with MPPþ. The saturation analysis of the [3H]WIN

35428 binding obtained from total membrane fractions revealed a decrease in the transporter density (Bmax) with an increase in the

dissociation equilibrium constant (Kd) after MPPþ treatment. Furthermore, biotinylation assays confirmed that MPPþ reduced both

plasma membrane and intracellular DAT immunoreactivity. Taken together, these findings suggest that the reduction in cell surface

DAT protein expression in response to MPPþ may be a contributory factor in the down-regulation of DAT function while enhanced

lysosomal degradation of DAT may signal events leading to cellular toxicity.

� 2003 Elsevier Inc. All rights reserved.
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Parkinson’s disease
Methyl-4-phenylpyridinium (MPPþ), the active me-

tabolite of the neurotoxin 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP), mediates selective damage

to dopaminergic neurons and has been widely used to

generate a model of Parkinson’s disease. However, the

mechanisms of the neurotoxic action of MPPþ are not
fully understood. MPPþ is transported into cells via the

dopamine transporter (DAT) where it mediates cellular

toxicity [1–3]. DAT is a presynaptic plasma membrane

protein responsible for the regulation of extracellular

dopamine levels and termination of its action by medi-

ating the reuptake of dopamine [4,5]. Functional im-

pairment of DAT alters many physiological and
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behavioral processes that are mediated by dopamine. A

dysfunction of dopamine transmission could conse-

quentially interrupt motor neural circuits which control

movement as seen in Parkinson’s disease (PD).

Recently it has been shown that cellular mRNAs

encoding DAT and vesicular monoamine transporters
are decreased in PD [6,7]. Indeed, an alteration of do-

paminergic neurotransmission by the modulation of

DAT activity could have an important implication in

the cellular events which lead to PD and could be a

target for potential therapeutic intervention.

When MPPþ enters into the cells, it causes the release

of dopamine from secretory vesicles and subsequently

generates free radicals [8–11]. Inside the cell, MPPþ

disrupts cellular respiration by inhibiting mitochondrial

complex I system [12,13], reducing the level of ATP, and
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hence contributing to degeneration of dopaminergic
neurons.

Several studies have shown that MPPþ causes a sig-

nificant decrease in the activity of DAT [14–17]. How-

ever, it remained unclear whether the decrease in DAT

activity resulted from the selective uptake of MPPþ

through DAT, reduced dopaminergic neurons mediated

by the toxin, or changes in the trafficking of the trans-

porter molecules. In the present study, we have hy-
pothesized that a reduction in cell surface expression of

DAT may be an underlying mechanism for the down-

regulation of DAT function by MPPþ and subsequent

neurotoxicity. To test this hypothesis, we selected HEK-

293 cells, which stably express human DAT in order to

monitor specially the effects of MPPþ on DAT function.

The data indicate that MPPþ significantly reduced cell

viability, dopamine uptake, and cell surface expression
of DAT, thus correlating directly the neurotoxic effects

of MPPþ with alterations in the kinetic parameters of

dopamine transporters.
Materials and methods

Cell line and culture. HEK-293 cells stably transfected with cDNA

for the human dopamine transporter (hDAT) were maintained in

Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supplemented

with 10% fetal bovine serum at 37 �C and 5% CO2. Cells were grown in

monolayer cultures for 24–48h until confluent. Before all assays, cells

were thoroughly washed to remove residual MPPþ after the completed

incubation times.

Cell viability assay. The treated cells were plated in a 96-well plate

and processed with the 3-(4,5-dimethylthizol-2-yl)-2,5-diphenyltet-

razolium bromide reagent (MTT; Sigma) to measure the activity of

mitochondrial dehydrogenase enzymes which cleave the tetrazolium

ring to produce formazan [18]. MTT prepared in phosphate-buffered

saline (PBS) at 5mg/ml was diluted 10-fold in the culture medium and

incubated at 37 �C for 4 h. After incubation, the MTT medium was

removed; 100ll of 0.04N HCl in isopropanol was added to each well

for 15min in a dark area. The amount of solubilized MTT formazan

product was determined by spectrophotometry at 540 nm.

[3H]Dopamine uptake assay. The treated cells were suspended in

Krebs bicarbonate buffer (20mM NaHCO3, 122mM NaCl, 0.5mM

Na2HPO4, 4.8mM KCl, 1.2mM MgSO4, 0.2lg/ml ascorbic acid,

2mg/ml glucose, and 100lM pargyline, pH 7.4) and allowed to

equilibrate (approximately 75lg protein was added to each assay

tube). The aliquoted cells were then incubated with 20 nM [3H]dopa-

mine (68Ci/mmol; Amersham, Piscataway, NJ, USA) for 10min at

37 �C. Non-specific uptake was determined by adding 10lM nomi-

fensine to the incubation solution before adding radioactive dopamine.

The uptake was terminated by rapid vacuum filtration over Whatman

GF/C. The cells were washed on the filter rapidly three times with 3ml

of Krebs bicarbonate buffer. Accumulate radioactivity was determined

by liquid scintillation counting.

Radioligand binding assay. To assess changes in the density of hDAT

in HEK-293 cells, binding assays were carried out on intact cells and

membrane fractions using [3H]WIN 35428 (85Ci/mmol; Dupont-NEN,

Boston, MA) as radioligand. Radioligand binding for total cell mem-

brane was carried out as described previously [19]. After treatment,

culture medium was removed, washing twice with 5ml phosphate-

buffered saline (PBS), followed by adding 4ml lysis buffer (2mM

Hepes, 1mM EDTA) for 10min at 0 �C. The lysed cells were scraped,
centrifuged at 31,000g for 20min, resuspended in 500ll of Krebs

bicarbonate buffer followed by sonication for 5 s, and used immedi-

ately. The treated cells were resuspended in Krebs bicarbonate buffer

containing 3 nM [3H]WIN 35428 as final concentration and a concen-

tration range of 1–12 nM for saturation assays. Non-specific binding

was determined by adding 10lM nomifensine to the incubation solu-

tion before adding the radioactive labeled dopamine. Tubes were

incubated for 2 h at 4 �C and the incubations were terminated by rapid

vacuum filtration over Whatman GF/C. The filters were rinsed three

times with 3ml of ice-cold buffer. Accumulated radioactivity was

determined by liquid scintillation counting. Estimated dissociation

equilibrium constant (Kd) and a transporter density (Bmax) were

determined from non-linear plots of the binding data and Scatchard

linear transformation plots using Prism 3.0 from Graph Solfware, San

Diego, CA.

Cell surface biotinylation and immunoblotting. Confluent cells after

treatment were washed three times with 1ml of ice-cold calcium- and

magnesium-supplemented PBS (Ca/Mg-PBS, 138mM NaCl, 2.7mM

KCl, 1.5mM KH2PO4, 9.6mM Na2HPO4, 1mM MgCl2, and 0.1mM

CaCl2, pH 7.3). They were then incubated with Sulfo-NHS-biotin

solution (1.5mg/ml, Pierce Chemical, Rockford, IL) in Ca/Mg-PBS for

1 h at 4 �C with agitation. Free sulfo-NHS-biotin was removed by

washing with ice-cold 0.1M glycine in 1ml Ca/Mg-PBS twice. The

reaction was further quenched by incubation with 100mM glycine for

30min after which the cells were washed with Ca/Mg-PBS three times.

Biotinylated cells were lysed in 0.5ml radioimmunoprecipitation assay

buffer, (10mM Tris, pH 7.4, 150mM NaCl, 1mM EDTA, 0.1% SDS,

1% Triton X-100, and 1% sodium deoxycholate), supplemented with a

protease inhibitor mixture tablet (Roche Diagnostics) for 1 h at room

temperature with gentle shaking. The lysed samples were then clarified

at 20,000g for 30min at 4 �C. Supernates were incubated with immo-

bilized neutravidin beads (3mg of protein/ml of beads, Pierce) for 1 h

at room temperature to separate biotinylated from non-biotinylated

protein. The beads were washed three times with 1ml radioimmuno-

precipitation assay buffer and the biotinylated proteins were eluted

with 50ll of 2� Laemmli sample buffer (100mM Tris–HCl, pH 6.8,

20% glycerol, 10% SDS, 0.1M dithiothreitol, and 0.2% bromphenol

blue) for 30min at room temperature. Aliquots of total cell lysates

representing equal amounts of protein and non-biotinylated proteins

were precipitated with TCA (5% final concentration) and the pH was

neutralized with 5.0M Tris-base before being resuspended in Laemmli

sample buffer. Biotinylated and non-biotinylated proteins were re-

solved by SDS–PAGE (10% acrylamide). Western blots were per-

formed. Blots were probed with a rat anti-dopamine transporter

monoclonal antibody diluted 1:1000 (Chemicon, Tamecula, CA). Im-

munoreactive bands were visualized by ECL on Hypersensitive ECL

film (Amersham, Arlington Heights, IL) and analyzed with Quantity

One software (Bio-Rad Laboratories, Hercules, CA).

Statistical analysis. Indicated data are reported as percentages of

control values. Statistical evaluation was performed using Student’s

paired t test and values of p < 0:01 were considered statistically sig-

nificant for all analyses.
Results

Effect of MPPþ on cell viability of HEK-293 and

transfected HEK-hDAT cells

To define MPPþ-mediated cytotoxicity selectively via
the dopamine transporter, we assessed the viability of

HEK-293 and HEK-hDAT cells following incubation

with different concentrations of MPPþ using the MTT

assay. As shown in Fig. 1A, treatment of HEK-hDAT



Fig. 1. Toxicity of MPPþ on viability of HEK-293 cells expressing the

hDAT measured by MTT reduction. (A) HEK-293 and (B) hDAT

stably expressing HEK-293 cells were treated with MPPþ (100lM and

1mM) for 24 h and cell viability was assessed by the MTT assay.

Results are presented as means� SEM of eight independent experi-

ments. *P < 0:001, compared to control within the group by Student’s

paired t test.

Fig. 2. Effect of MPPþ on [3H]DA uptake in hDAT-HEK cells. Results

are presented as means�SEM of at least four independent experi-

ments. *P < 0:01 and **P < 0:001 compared to control within the

group by Student’s paired t test.

Fig. 3. Time course of MPPþ decreased [3H]DA uptake in hDAT-

HEK cells. Results are presented as means� SEM of six independent

experiments. *P < 0:01 and **P < 0:001 compared to control within

the group by Student’s paired t test.
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cells for 24 h at 37 �C with MPPþ produced a significant

reduction in cell viability (100 lM: 66� 8% of control,

1mM: 60� 4% of control). MPPþ at 1mM produced

mild toxic effects on HEK-293 cells with a notable de-

crease in cell viability, but no significant changes in cell
viability at 100 lM.

Effect of MPPþ on hDAT function

Results presented in Figs. 2 and 3 indicate that ex-
posure of HEK-hDAT to MPPþ for 24 h caused a

concentration- and time-dependent decrease in [3H]do-

pamine uptake. MPPþ at concentrations as low as 1 lM
significantly reduced [3H]dopamine uptake (58� 13% of

control) and maximal inhibition was observed at 1mM

concentration (25� 5% of control). As shown in Fig. 3,

after incubation with MPPþ (100 lM) for 30min

[3H]dopamine uptake was reduced. After 3 and 4 h
incubations, the reduction in [3H]dopamine uptake re-

mained the same (38� 8% of control and 30� 13% of

control, respectively). An incubation time of 3 h was
chosen for subsequent experiments since viability of the

HEK-hDAT cells was compromised with the longer

periods of incubation.

Effects of MPPþ on [3H]WIN 35428 binding in

HEK-hDAT cells

The effect of MPPþ on [3H]WIN 35428 binding re-

lated to the reduction of DAT function was investigated

in HEK-hDAT cells. As shown in Fig. 4, after 3 h of

incubation with increasing concentrations of MPPþ,

there was a concentration-dependent reduction in

[3H]WIN 35428 binding sites in the intact cells with a
maximal reduction of 100 lM (39� 0.8% of control) and

1mM (32� 7% of control). Apparently, there was no



Fig. 4. MPPþ selective reduced density of [3H]WIN 35,428 binding

sites in intact hDAT-HEK cells. Results are presented as means�
SEM of three independent experiments. **P < 0:001 compared to

control within the group by Student’s paired t test.

Fig. 5. Saturation curve of [3H]WIN 35428 binding to hDAT-HEK cell

membrane. The experiment shown is representative of four identical

experiments. The shown Bmax and Kd of [3H]WIN 35,428 binding are

presented as means�SEM of four independent experiments. *P < 0:01

compared to control within the group by Student’s paired t test.
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significant difference in the reduction of [3H]WIN 35428

binding between 100 lM and 1mMMPPþ. Importantly,

MPPþ treatment reduced the density (Bmax) of [
3H]WIN

35428 binding sites (5.7� 1.1 and 2.7� 1.4 fmol/mg in

control and treated groups, respectively), whereas a

higher Kd value (1.0� 0.6 and 1.4� 0.1 nM in control

and treated groups, respectively) in the membrane
fraction was found by Scatchard analysis (Fig. 5).

Effect of MPPþ on DAT cell surface expression

We investigated whether the negative effect of MPPþ

on dopamine uptake and [3H]WIN 35428 binding cor-

relates with DAT protein expression. An extensive study

using biotinylation assays showed for the first time that

MPPþ significantly reduced the levels of biotinylated

and non-biotinylated DAT proteins (52.8� 7.4 and

77.2� 1.4% of control, respectively; Fig. 6A). This
parallels closely the reduction in [3H]dopamine uptake
(Fig. 3) and the level of cell surface [3H]WIN 35428

binding after MPPþ treatment (Fig. 4).
Discussion

In the present study, we investigated the mechanism

by which MPPþ lowers the level of dopamine trans-
porter activity and asserts the role of DAT in MPPþ-

mediated cytotoxicity. We have shown that cultured

HEK-hDAT cells exposed to MPPþ exhibit a significant

decrease in cell survival. This is consistent with recent

reports [17,20,21] which suggest that the dopamine

transporter is required for MPPþ-mediated cytotoxicity.

For instance, MPPþ-treated HEK-293 cells show mini-

mal cytotoxicity compared to HEK-hDAT cells at a
corresponding concentration of MPPþ. HEK-293 cell

death occurred at very high MPPþ concentrations

(1mM), which most likely was caused by changes in pH

or osmolarity of the culture medium.

Several studies have demonstrated that MPPþ elicits

a marked decrease in hDAT transport activity, but the

mechanisms involved largely remain hypothetical and

equivocal. Consistent with earlier studies [7,14–16], we
have shown that the down-regulation of hDAT ob-

served in response to MPPþ (Fig. 2) occurred in a

concentration- and time-dependent fashion. MPPþ at a

concentration of 100 lM was used to investigate the

time course of dopamine uptake because this concen-

tration produced the highest reduction in dopamine

uptake without affecting the cell culture conditions.

Since MPPþ has been shown to impair cell energy me-
tabolism over time [11,16,17,22–24], a 3 h incubation

period was chosen to preclude any possible effects of

energy deficit and cell death on DAT function and the

underlying mechanisms involved.

We used [3H]WIN 35428, which is a specific ligand for

DAT, to evaluate the effects of MPPþ on the expression

of DAT proteins. The [3H]WIN 35428 binding assay in

intact cells was conducted at low temperature to limit
endocytosis of the ligand. A significant reduction in the

binding of [3H]WIN 35428 was observed after 3 h incu-

bation with MPPþ at each of the concentration ranges

used (1, 10, 100 lM, and 1mM) and this was consistent

with a decline in DAT activity. Moreover, a notable

decrease in Bmax value for [
3H]WIN 35428 binding (Fig. 5)

in the total membrane fractions isolated from lysed cells

after treatment with 100 lMMPPþ was observed (Fig. 5),
and this indicates that the MPPþ-induced decrease in

DAT is correlated with the reduction in the number of

available [3H]WIN 35428 binding sites at the cell surface

and also in the cytoplasm.

The cell-impermeable biotinylated sulfo-NHS-biotin

reagent and Western blot analysis were used to

demonstrate that MPPþ decreased both the biotinylated



Fig. 6. MPPþ decreases cell surface expression of hDAT. (A) A representative immunoblot showing total cell extracts, biotinylated extracts, and non-

biotinylated extracts after treatment with MPPþ. (B) Immunoblot with anti-a-tubulin antibody. After detection of hDAT, the blot was stripped and

probed to identify the cytoskeletal membrane protein a-tubulin. Intensity of a-tubulin-specific band was used to normalize hDAT-specific immu-

noreactivity in control and MPPþ-treated cell. Quantification of immunoblots obtained from four independent experiments. Results are presented as

means�SEM. *P < 0:01 and *P < 0:001 compared to control within the group by Student’s paired t test.
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and non-biotinylated DAT protein levels (Fig. 6), and

this is consistent with the data obtained from the Scat-

chard analysis (Fig. 5). The data further indicate a smaller

percentage change for the intracellular DAT, compared

with that of the plasma membrane (72% of control and

53% of control, respectively). This probably reflects the
greater absolute amounts of measurable intracellular

DAT which also includes cell surface membrane DAT.

Taken together, these findings suggest that MPPþ-medi-

ated down-regulation of DAT activity correlates with an

overall lowering of DAT protein expression.
Fig. 7. Schematic representation of how MPPþ may mediate cellular toxicit

taken up into the cell via DAT, triggering internalization and degradation of

cytoplasm lowers DAT activity, related to PD, while MPPþ promotes the d
Another mechanism whereby MPPþ may cause a

reduction in DAT activity is phosphorylation. In recent

observations it was proposed that dopamine transporter

activity was regulated by phosphorylation of DAT [25–

27]. A consequence of phosphorylation is the possible

sequestration of the transporter proteins [28–30] and
lower activity. Our data however provide evidence that

MPPþ may reduce the activity of DAT by lowering

the level of DAT on both plasma membrane and the

cytoplasm. It is also possible that MPPþ mediates

neurotoxicity by increasing the sensitivity of DAT to
y by involvement with DAT in HEK-hDAT cells. MPPþ is selectively

DAT. A consequential reduction in DAT at the cell surface and in the

evelopment of cytotoxic neurological sequelae.
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lysosomal degradation, resulting in a shorter half-life
(Fig. 7). The data presented here form the basis for

further studies towards understanding the neurotoxic

processes that occur in PD. The decrease in DAT

function could involve (i) DAT phosphorylation; (ii)

enhanced internalization and degradation of DAT, and

(iii) reduction in DAT protein expression, or a combi-

nation of all three (see Fig. 7). However, these avenues

remain to be explored further.
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