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Background: The neurotoxin 1-methyl-4-phenylpyridinium (MPP!) kills dopaminergic neurons by a variety of
mechanisms.
Results: MPP! affects dopamine (DA) vesicular storage, plasma membrane transport, and catabolic breakdown, leading to
accumulation of cytosolic DA and neurotoxicity.
Conclusion: Alterations in DA homeostasis account for "30% of MPP!-mediated toxicity.
Significance: Comprehensive analysis of the effects of MPP! helps to understand the mechanisms underlying the development
of Parkinson disease.

1-Methyl-4-phenylpyridinium (MPP!), the active metabolite
of the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine, selectively kills dopaminergic neurons in vivo and in vitro
via a variety of toxic mechanisms, including mitochondrial dys-
function, generation of peroxynitrite, induction of apoptosis,
and oxidative stress due to disruption of vesicular dopamine
(DA) storage. To investigate the effects of acute MPP! exposure
on neuronal DA homeostasis, we measured stimulation-depen-
dent DA release and non-exocytotic DA efflux from mouse stri-
atal slices and extracellular, intracellular, and cytosolic DA
(DAcyt) levels in cultured mouse ventral midbrain neurons. In
acute striatal slices, MPP! exposure gradually decreased stimu-
lation-dependent DA release, followed by massive DA efflux
that was dependent on MPP! concentration, temperature, and
DA uptake transporter activity. Similarly, in mouse midbrain
neuronal cultures, MPP! depleted vesicular DA storage accom-
panied by an elevation of cytosolic and extracellular DA levels.
In neuronal cell bodies, increased DAcyt was not due to trans-
mitter leakage from synaptic vesicles but rather to competitive
MPP!-dependent inhibition of monoamine oxidase activity.
Accordingly, monoamine oxidase blockers pargyline and L-de-
prenyl had no effect on DAcyt levels in MPP!-treated cells and
produced only a moderate effect on the survival of dopaminergic
neurons treated with the toxin. In contrast, depletion of intra-
cellular DA by blocking neurotransmitter synthesis resulted in
"30% reduction of MPP!-mediated toxicity, whereas overex-
pression of VMAT2 completely rescued dopaminergic neurons.
These results demonstrate the utility of comprehensive analysis

of DA metabolism using various electrochemical methods and
reveal the complexity of the effects of MPP! on neuronal DA
homeostasis and neurotoxicity.

The neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP)4 was first identified to induce parkinsonism in
humans (1, 2) and has since been widely used to produce Par-
kinson disease-like degeneration in animal models (3, 4). Fol-
lowing systemic administration, MPTP crosses the blood-brain
barrier by lipophilic diffusion and is metabolized by astroglial
monoamine oxidase (MAO) B to 1-methyl-4-phenyl-2,3-dihy-
dropyridinium, which undergoes spontaneous oxidation to
the active toxin 1-methyl-4-phenylpyridinium (MPP!) (5, 6).
MPP! has been shown to exit astroglia via OCT3 (organic cat-
ion transporter 3) (7) or the extraneuronal monoamine trans-
porter (8) and to accumulate in dopaminergic neurons via dop-
amine uptake transporter (DAT)-mediated uptake (9, 10). In
the neuronal cytosol, the inside-negative mitochondrial mem-
brane potential drives the uptake of MPP! into these organ-
elles, where the toxin inhibits complex I of the electron trans-
port chain, leading to ATP depletion and generation of reactive
oxygen species (11–14). With additional mechanisms, includ-
ing generation of peroxynitrite (15), inhibition of peroxidase
Prx2 (16), and destabilization of microtubules (17–19), cumu-
lative stress induced by MPP! leads to neuronal apoptosis
(4, 20, 21).

Several theories address the highly selective pattern of neu-
rodegeneration observed in animals exposed to MPTP. The
ability of the toxin to accumulate specifically in dopamine (DA)
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mediated toxicity. Alternatively, dopaminergic cells may be
more sensitive to MPP! due to intrinsic factors, including
poorly myelinated long and highly branched axons (22), cell-
selective expression of the Cav1.3 (23) and GirK2 (24, 25) chan-
nels, or activation of KATP channels (26) or DLP1 (dynamin-like
protein 1) (27). DA itself may be a risk factor that renders cells
vulnerable to stress (28, 29), although the contribution of DA
homeostasis in MPP!-induced toxicity remains controversial
(30). Following DAT-mediated uptake, VMAT2 (vesicular
monoamine transporter 2) accumulates MPP! in synaptic ves-
icles (31, 32), leading to a redistribution of stored DA to the
cytosol. This is followed by DAT-mediated reverse transport of
DA (11), which is thought to be responsible for massive release
of DA into the extracellular space after administration of MPTP
in vivo (33–35). However, many of the proposed effects of
MPP! have never been demonstrated experimentally.

We studied the time and concentration dependences of the
alterations in DA metabolic pools in MPP!-treated acute stri-
atal slices and primary cultures of midbrain dopaminergic neu-
rons. Our findings indicate that MPP! affects DA vesicular
storage, DAT-mediated transport, and catabolic breakdown,
leading to the accumulation of DAcyt and neurotoxicity.

EXPERIMENTAL PROCEDURES

Animals—C57BL/6 mice (The Jackson Laboratory, Bar Har-
bor, ME) were used for slice preparations, and ventral midbrain
primary cultures were used for neurotoxicity and HPLC exper-
iments. For intracellular patch electrochemistry (IPE), cultures
were generated from transgenic mice that express GFP under
the control of the rat tyrosine hydroxylase (TH) promoter (TH-
GFP!/#) (36). VMAT2 overexpression experiments were per-
formed on ventral midbrain neurons from Sprague-Dawley
rats. All animals were used in accordance with the National
Institutes of Health guidelines for the use of live animals, and
the animal protocols were approved by the Institutional Animal
Care and Use Committee of Columbia University.

Acute Striatal Slice Preparation and Measurement of DA
Release by Fast-scan Cyclic Voltammetry—7–9-week-old mice
were decapitated, and 300-!m coronal slices that contained
cortex and striatum were cut on a Leica VT1200 vibratome
(Leica Biosystems Nussloch GmbH, Nussloch, Germany) in
ice-cold cutting saline containing 125 mM NaCl, 2.5 mM KCl, 26
mM NaHCO3, 0.3 mM KH2PO4, 3.3 mM MgSO4, 0.8 mM
NaH2PO4, and 10 mM glucose (pH 7.2–7.4, 292–296 mosmol/
liter). Slices were allowed to recover for 1–2 h at 37 °C in oxy-
genated (95% O2, 5% CO2) recording saline containing 125 mM
NaCl, 2.5 mM KCl, 26 mM NaHCO3, 0.3 mM KH2PO4, 2.4 mM
CaCl2, 1.3 mM MgSO4, 0.8 mM NaH2PO4, and 10 mM glucose
(pH 7.2–7.4, 292–296 mosmol/liter). Fast-scan cyclic voltam-
metry recordings were performed with 5-!m cylinder carbon
fiber electrodes (CFEs) positioned at the dorsolateral striatum
"50 !m below the exposed surface. Striatal slices were electri-
cally stimulated using a bipolar stainless steel electrode placed
at a distance of "100 !m from the recording electrode. Square
pulses of 0.4-ms duration were produced by an ISO-Flex stim-
ulus isolator triggered by a Master-8 pulse generator (A.M.P.I.,
Jerusalem, Israel). Stimulus magnitude was selected by plotting

a current-response curve and selecting the minimum value that
produced the maximum response.

Triangular voltage ramps from a holding potential of #450
mV to !800 mV over 8.5 ms (scan rate of 295 mV/ms) were
applied to the CFEs at 100-ms intervals. Current was recorded
with an Axopatch 200B amplifier (Molecular Devices, Foster
City, CA) filtered with a 10-kHz low-pass Bessel filter and dig-
itized at 25 kHz (ITC-18 board, InstruTECH, Great Neck, NY).
Triangular wave generation and data acquisition were con-
trolled by a locally written computer routine in IGOR Pro
(WaveMetrics, Lake Oswego, OR). Background-subtracted
cyclic voltammograms obtained in DA solutions of known con-
centration served to calibrate the electrodes and to identify
released DA.

Cell Cultures—Ventral midbrain dopaminergic neurons
from postnatal day 0 –2 mice were dissected, dissociated, and
plated on a monolayer of cortical astrocytes at a plating density
of "100,000 cells/cm2 as described (37, 38). Experiments were
conducted 7–14 days post-plating.

Adenoviral Vector Construction and Transfection—HA-
tagged VMAT2 cDNA was first subcloned into the shuttle vec-
tor pTet-EF and then co-infected with donor virus DNA ("5)
into HEK293 cells expressing Cre recombinase, and the result-
ant VMAT2-HA-harboring adenovirus was purified and stored
at "8000 pfu/!l as described previously (39). Rat primary ven-
tral midbrain cultures were incubated with 1 !l of VMAT2
adenovirus diluted in 100 !l of medium for 5 h, and 2 ml of
medium was added to each dish; "5 alone was used as a negative
(empty virus) control. As described previously (39), overexpres-
sion of VMAT2 was confirmed by immunostaining for both
VMAT2 and the HA epitope placed in the luminal loop
between transmembrane domains 1 and 2, which does not
interfere with transporter activity or subcellular localization.
Transfection efficiency reached 80 –90% with expression of
VMAT2 protein observed in both dopaminergic and non-dop-
aminergic neurons (40). Overexpression of VMAT2 in mid-
brain neurons increased the overall transporter levels measured
by Western blotting and enhanced the depolarization-evoked
release of DA and the total intracellular DA by "2-fold relative
to control cells as assessed by HPLC (41).

HPLC Measurements of DA and 3,4-Dihydroxyphenylacetic
Acid (DOPAC) Concentrations—Whole-cell (cytosolic ! vesic-
ular) DA and DOPAC levels were determined by HPLC with
electrochemical detection as described (42, 43). Molar amounts
of metabolites were calculated from areas under HPLC peaks
using calibration curves and normalized to protein concentra-
tions in each sample. Incubations with MPP! were performed
at room temperature.

Measurements of DAcyt by IPE—Measurements of neuronal
DAcyt were performed as described previously (40). Briefly, a
specially designed electrode holder allowed us to house a 5-!m
polyethylene-coated CFE inside the glass patch pipette. Voltage
ramps from a holding potential of #450 mV to !800 mV over
8.5 ms (scan rate of 295 mV/ms) were applied to the CFE at
100-ms intervals using a subroutine locally written in IGOR
Pro. Subtraction voltammograms were generated, and DA con-
centration at the maximum of the oxidation wave was calcu-
lated using calibration curves generated for CFEs with different
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detection surface areas (44). The initial DA concentration in the
cellular cytosol was calculated using the cell body volume and
the volume of the pipette tip estimated from photographs taken
before each recording. Glass patch pipettes were back-filled
with the same extracellular saline as the bath solutions, which
reduced the background current drifts because of the exchange
of ions between the patch pipette and the bath. The saline con-
tained 118.6 mM NaCl, 3 mM KCl, 2.7 mM Na-HEPES, 3.3 mM
HEPES, 1.2 mM MgCl2!6H2O, 2 mM CaCl2, and 10 mM glucose
(pH 7.2–7.4, 250 –255 mosmol/liter). All drugs and inhibitors
were present in the bath and in the patch pipette.

The sensitivity of IPE to DA depends on multiple factors,
including the signal-to-noise ratio, the exposed area of the CFE,
the geometry of the cell, and the proximity of the cell to the CFE
(44). Because the concentration of DAcyt was below the detec-
tion limits in untreated dopaminergic neurons, cultures were
preincubated with 100 !M L-3,4-dihydroxyphenylalanine
(L-DOPA) before and during the recordings. The presence of
L-DOPA increased the baseline oxidation current but did not
otherwise interfere with IPE measurements. Within each
experiment, the same CFE was used for measurements from
experimental and control groups of cells. Incubations with all
drugs were done at 37 °C, and L-DOPA was always added 30
min before the start of the recordings. IPE measurements were
performed at room temperature.

Neurotoxicity Assays—Cells were preincubated with
VMAT2-HA-harboring adenovirus for 1 day and with various
DA metabolism inhibitors for the times indicated before the
application of MPP!. Following a 2-day incubation with the
toxin, immunostaining of 4% paraformaldehyde-fixed cultures
was performed using mouse anti-TH antibodies (1:1000;
Chemicon, Temecula, CA), followed by secondary antibodies
conjugated with Alexa Fluor 488 (1:200; Molecular Probes,
Eugene, OR). Images were acquired on a conventional fluores-
cence microscopy setup (Axiovert 100 microscope, Carl Zeiss
MicroImaging, Inc. Thornwood, NY) equipped with Zeiss
AxioCam MRm camera and FITC and rhodamine filter sets
(Chroma Technology, Bellows Falls, VT). The total number of
immunoreactive neurons in a culture dish was tallied and ana-
lyzed by counting the number of immunoreactive cells in 20
fields of view at $200 magnification (Plan-Neofluar $20 objec-
tive, "0.8-mm2 viewing field) and taking the average as a rep-
resentative for each dish (40). The counts were performed by an
observer blinded to the experimental treatments.

In Vitro MAO Activity Assay—Measurements of the activity
of recombinant MAO-A in the presence of various competitive
and non-competitive inhibitors were performed using a lumi-
nescent MAO-Glo assay kit (Promega, Madison, WI) according
to the manufacturer’s instructions.

Data Analysis—Statistical analysis was performed with
Prism 4 (GraphPad Software, La Jolla, CA) using one-way anal-
ysis of variance (ANOVA), followed by Tukey’s post-hoc test
for comparisons across multiple groups or two-way ANOVA
with the Bonferroni post-test for the paired data. In some cases,
data in each experiment performed on sister cultures were nor-
malized to values in control samples and pooled for statistical
analysis.

RESULTS

Effects of MPP! on DA Release from Mouse Striatal Slices—
MPP! is a substrate for both DAT and VMAT2, leading to its
accumulation inside dopaminergic synaptic vesicles and leak-
age of stored transmitter (9, 11, 45). To investigate the effects of
MPP! on vesicular DA homeostasis, we measured changes in
stimulation-dependent and stimulation-independent DA
release from acute dorsal striatal slices treated with 10 and 50
!M MPP! (Fig. 1). Every 2 min, the slices were stimulated by an
electrical pulse that elicited exocytotic DA release from striatal
terminals. Evoked release of DA can be maintained for several
hours in control slices (data not shown); however, MPP!

decreased the amplitude (Imax) of DA spikes within 20 – 40 min
after the start of the perfusion in a concentration-dependent
manner (Fig. 1, A, B, and F), consistent with the depletion of
vesicular neurotransmitter storage. The release signals also
became wider (Fig. 1, E and H, and Table 1), confirming that
MPP! inhibited DAT-mediated reuptake of released DA.

MPP!-mediated effects on evoked DA release demonstrated
a steep temperature dependence. First, both the Imax and t1⁄2 of
stimulation-dependent release signals were "2-fold smaller at
37 °C than at 24 °C (1.7 % 0.4 !M and 340 % 25 ms (n & 10)
versus 3.0 % 0.6 !M and 690 % 120 ms (n & 10), respectively;
p ' 0.05 by t test for both pairs of values). Second, in slices
incubated with MPP! at 24 °C, evoked DA release decreased at
a slower rate than at 37 °C (Fig. 1, F and G). Third, at 24 °C, there
was an increase in the Imax of DA release spikes over the first 10
min of drug exposure (Fig. 1G and Table 1). These data indicate
that, consistent with other findings (46), DAT-mediated uptake
of both DA and MPP! was decreased at lower temperature,
thus leading to a substantially delayed effect of MPP! on vesic-
ular DA depletion.

Once the depletion of evoked DA release had reached its
maximum, a far greater stimulation-independent peak of DA
overflow appeared. This peak was larger and occurred earlier
when a higher concentration of MPP! was used (Fig. 1, A and B,
and Table 2). Surprisingly, DA efflux was never observed in
slices incubated with MPP! at 24 °C, but began shortly after the
temperature was increased to 37 °C (Fig. 1B). Because the
effects of MPP! were similar to those reported for ampheta-
mine exposure (Ref. 47; also see “Discussion”), we investigated
the possibility that the delayed stimulation-independent peak
of DA overflow was caused by reverse transport via DAT (48 –
50). We exploited the temperature dependence of MPP!-me-
diated DA overflow to confirm its reliance on reverse transport
by applying the DAT inhibitor nomifensine (10 !M) immedi-
ately prior to changing the temperature from 24 to 37 °C. This
protocol ensured that MPP! entered dopaminergic terminals,
as evident from the toxin-induced decrease in stimulation-de-
pendent DA release (Fig. 1C). In agreement with the DAT-de-
pendent mechanism of DA efflux, nomifensine prevented DA
overflow from MPP!-treated slices (Fig. 1C and Table 2).

Effects of MPP! on DA Homeostasis in Mouse Primary Dop-
aminergic Neuronal Cultures—We next employed cultured
mouse neurons, which, in contrast to striatal slices, have both
the terminals and the cell bodies exposed to MPP! during
treatment. First, we verified the effects of the toxin on total
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intracellular (cytosolic ! vesicular) and extracellular DA and
DOPAC levels measured by HPLC. Consistent with previous
reports (11), MPP! caused a time-dependent decrease in intra-
cellular DA levels while increasing the extracellular DA con-
centration (Fig. 2). Because (90% of the intracellular DA is
stored inside the vesicles (40, 44, 51), these data further confirm
that MPP! redistributes DA from vesicles to the cytosol, fol-
lowed by DA extrusion from neurons via reverse transport by
DAT. In contrast to the slice data, however, MPP!-mediated
efflux of DA was observed at room temperature.

We then measured the concentration of DAcyt in neuronal
cell bodies using IPE (44). To differentiate DA from other intra-
cellular metabolites, we used a cyclic voltammetric mode of
detection (52) that generates a signature current-voltage
dependence for oxidizable compounds (Fig. 3A). As ventral

midbrain cultures contain different neuronal populations,
including dopaminergic, GABAergic, and glutamatergic cells,
we employed cultures from transgenic mice that overexpress
enhanced GFP under the control of the TH promoter (36). As
we have shown previously, DAcyt in untreated cultured mouse
neurons is below the detection limits of IPE, which is "50 nM
(40). However, in midbrain neurons treated with 50 !M MPP!

for 2 h, we could detect DAcyt at an average level of 100 % 30 nM
(n & 14 cells).

Pretreatment of cultures with the DA precursor L-DOPA
(100 !M, 30 min; the same treatment was used in all other IPE
experiments) elevated DAcyt to "25 !M. Addition of MPP! (10
!M, added 30 min before L-DOPA) to these cells further
increased DAcyt, a response that could be completely prevented
by nomifensine, which inhibited DAT-mediated uptake of

FIGURE 1. Cyclic voltammetry recordings of DA release from striatal slices exposed to MPP!. A–C, representative traces from slices exposed to 10 !M
MPP! (A) or 50 !M MPP! (B and C) at the indicated temperatures. Perfusion of MPP! was started at time 0. Stimulation-dependent DA release evoked by
electrical stimulation every 2 min is visible as sharp spikes, whereas a much taller and wider stimulation-independent DA overflow is observed later. C, the DAT
blocker nomifensine (10 !M) was perfused at the indicated times when the depletion of evoked DA release had reached its maximum. D, representative peaks
of DA release in slices treated with 10 or 50 !M MPP! for 20 min at 37 °C. E, same signals as in D normalized to their maximum current to more clearly indicate
the differences in t1⁄2 (dotted line). F and G, exposure to MPP! resulted in a time-dependent reduction of the amplitude (Imax) of evoked DA release. This effect
reached its maximum faster in slices treated with higher MPP! doses and exhibited different kinetics at 37 °C (F) and 24 °C (G). H, changes in the half-width (t1⁄2,
where t1⁄2 indicates width of a peak at half of its height of evoked DA release events at 6 and 20 min after the start of 10 !M (green) or 50 !M (magenta) MPP!

treatment at 24 or 37 °C. See Table 1 for statistical analysis.
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MPP! into the cells (Fig. 3B). A time course of changes induced
by MPP! showed that DAcyt increased sharply during the first
2 h of treatment, followed by a plateau and a slow decrease in
DA levels over the next 24 h (Fig. 3C).

Several mechanisms could account for the increased DAcyt,
including activation of DA synthesis via TH or aromatic
L-amino acid decarboxylase, inhibition of DA degradation by
MAO, or redistribution of DA from vesicles to the cytosol. In a
previous study of midbrain neurons, we reported that inhibi-
tion of VMAT2 does not significantly affect DAcyt in neuronal
somas (40). We speculated that there are too few vesicles in
neuronal cell bodies to cause any significant impact on DAcyt by
VMAT2-mediated uptake of the transmitter, although the
influence of disrupted DA storage could be different in neuro-
nal terminals, where the ratio of vesicular to cytosolic DA is
much larger (53). Consistent with this, the VMAT2 uptake
blocker reserpine did not affect DAcyt in neurons treated with

MPP! (Fig. 3D), ruling out the leakage of vesicular DA as a
cause of increased DAcyt. We noted, however, that in MPP!-
treated cells, intracellular DOPAC levels measured by HPLC
did not increase, as would be expected with elevated DAcyt (Fig.
2). It is therefore possible that MPP! is a MAO inhibitor.
Indeed, measurements of DAcyt in MPP!-treated neurons in
the presence of pargyline demonstrated that whereas the MAO
blocker significantly increased DAcyt levels when applied alone,
the effect was not additive to that produced by MPP! (Fig. 3D).
We then directly assessed the ability of MPP! to inhibit MAO
using an in vitro bioluminescence assay kit. MPP! inhibited
MAO-A activity with an IC50 of "1 !M, which was more potent
than either the non-competitive inhibitor pargyline or the com-
petitive inhibitor/substrate DA (Fig. 3E). Analysis of the kinetic
parameters of MAO-A inhibition indicated that neurotoxin is a
competitive inhibitor of the enzyme (Fig. 3F). Thus, the data
point to MAO inhibition as the main cause of increased DAcyt
in MPP!-treated cells.

Role of DA in MPP!-induced Toxicity—Mesencephalic dop-
aminergic neurons treated with MPP! for 2 h showed morpho-
logical abnormalities, including a disrupted nuclear envelope
and swollen neurites (Fig. 4, A and B), followed by MPP! con-
centration-dependent cell death after 2 days of exposure (Fig.
4C). As disruption of DA homeostasis is one of several insults by
which the toxin is suggested to compromise neuronal survival,
we explored whether protection could be achieved by prevent-
ing the up-regulation of DAcyt. Pretreatment of cultures with
the TH inhibitor #-methyltyrosine for 48 h depleted total intra-
cellular DA content by "70% (from 280 % 33 to 67 % 27
pmol/mg of protein (n & 3), p ' 0.05 by t test) as assessed by
HPLC measurements. DA depletion also provided partial pro-
tection of midbrain neurons from MPP!-mediated toxicity,
increasing cell survival from 40 % 2 to 62 % 1% (Fig. 4E). We
previously demonstrated that overexpression of VMAT2
effectively protects DA midbrain neurons from L-DOPA-in-
duced toxicity (40). Similarly, virus-mediated overexpres-
sion of VMAT2 completely rescued dopaminergic neurons
from MPP! (Fig. 4F).

TABLE 1
Changes in parameters of stimulation-dependent DA release from
striatal slices treated with 10 or 50 "M MPP! at 37 or 24 °C
Values are normalized to parameters of release events before MPP! application and
represent mean % S.E. The number of independent recordings is given in parenthe-
ses. Average Imax and t1⁄2 from untreated slices were 1.7 % 0.4 !M and 340 % 25 ms at
37 °C (n & 10) and 3.0 % 0.6 !M and 690 % 120 ms at 24 °C (n & 10), respectively.

Imax t1⁄2
% %

37 °C
10 !M MPP! (n & 6)

6 min 82 % 9a 102 % 3
20 min 49 % 7a 129 % 11a

50 !M MPP! (n & 4)
6 min 80 % 5a 118 % 6a

20 min 11 % 4a 137 % 10a

24 °C
10 !M MPP! (n & 4)

6 min 110 % 2a,b 110 % 2a

20 min 77 % 10a,b 145 % 14a

50 !M MPP! (n & 6)
6 min 112 % 8a,b 134 % 6a

20 min 28 % 8a 166 % 11a,b

a p ' 0.05 from corresponding untreated controls by two-way ANOVA.
b p ' 0.05 from the corresponding time point at 37 °C by two-way ANOVA.

TABLE 2
Parameters of stimulation-independent DA efflux from striatal slices
treated with 10 or 50 "M MPP! at 37 or 24 °C
Nomifensine was added at 10 !M 30 min after the start of MPP! incubation when
slices were still at 24 °C. Values represent mean % S.E. The number of independent
recordings is given in parentheses. NA, not applicable.

Imax

Rise
timea

Time with
MPP!b

!M min min
37 °C

10 !M MPP! (n & 10) 8.5 % 2.8 5.8 % 0.5 48 % 7
50 !M MPP! (n & 15) 13.5 % 1.7c 5.5 % 0.5 29 % 3c

24 °C for 60–120 min,
then 37 °Cd

10 !M MPP! (n & 8) 27.2 % 5.0e 6.4 % 0.7 18 % 3e

50 !M MPP! (n & 8) 29.8 % 3.3e 7.7 % 0.6 14 % 2e

50 !M MPP! with
Nomifensine (n & 3)

6.2 % 1.1f NAg 19 % 1g

a Rise time was calculated as duration from the first detectable DA overflow signal
to its maximum.

b Time from the start of MPP! perfusion to the maximum of DA efflux.
c p ' 0.05 from 10 !M MPP! at 37 °C by one-way ANOVA.
d Efflux was never observed in slices incubated with MPP! at 24 °C (Fig. 1B).
e p ' 0.05 with both 10 and 50 !M MPP! at 37 °C by one-way ANOVA.
f p ' 0.05 with 50 !M MPP! at both 37 and 24 °C by one-way ANOVA.
g There was no well defined peak of DA efflux in the presence of nomifensine

(Fig. 1C).

FIGURE 2. Changes in total cellular DA and DOPAC levels. HPLC measure-
ments of intracellular (A) and extracellular (B) DA and DOPAC concentrations
in cultured midbrain neurons exposed to 50 !M MPP! at room temperature.
Note the similarity of the time course of changes in DA pools in cultured cells
and in the striatal slice (see Fig. 1).
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It has been hypothesized that blockade of neuronal MAO
decreases DA-mediated toxicity by reducing the production of
its reactive catabolic products, 3,4-dihydroxyphenylacetalde-
hyde and H2O2. We therefore investigated whether the MAO
blockers pargyline (IC50 & 5.5 !M) (Fig. 3E) and L-deprenyl

(IC50 & 0.8 !M) (54) can protect cells from MPP!. Although
these inhibitors slightly increased cell survival in neurotoxin-
treated cultures (Fig. 4G), the effect was comparable with that
produced by N-propargylamine, their structural analog, which
is a much less potent MAO inhibitor (IC50 & 28 !M) (55).

FIGURE 3. Effect of MPP! on DAcyt homeostasis. A, oxidation profile of MPP! shows that the presence of the toxin did not interfere with cyclic voltammetry
measurements of DA. B, MPP! (10 !M, 1 h) induced a large increase in DAcyt, which was prevented by the DAT inhibitor nomifensine (Nmf; 5 !M, 15-min
pretreatment). *, p ' 0.01 compared with all other groups by one-way ANOVA. Ctrl, control. C, time course of changes in DAcyt following cell treatment with 10
or 50 !M MPP!. The curves are statistically different by two-way ANOVA (p ' 0.01). D, DAcyt in neurons exposed to 10 !M MPP! for 1 h in the presence and
absence of the VMAT2 inhibitor reserpine (Res; 2 !M, 60-min pretreatment) or the MAO inhibitor pargyline (PGL; 10 !M, 15-min pretreatment). In B–D, cells were
pretreated with 100 !M L-DOPA for 1 h before the recordings to elevate DAcyt to levels detectable by IPE. Incubations with all drugs were done at 37 °C, whereas
recordings were performed at room temperature. E, an in vitro assay of MAO-A activity performed at room temperature using a chemiluminescent substrate
shows that MPP! (IC50 & 1 !M) is a more potent enzyme inhibitor than pargyline (IC50 & 5.5 !M) or DA (IC50 & 150 !M). F, the Lineweaver-Burk plot
demonstrates that MPP! is a competitive inhibitor of MAO.
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DISCUSSION

Although MPTP provides a model of Parkinson disease-like
degeneration that selectively targets substantia nigra dopamin-
ergic neurons, the contribution of different toxicity pathways in
achieving the specificity of MPP! for the subset of neurons has
been a subject of discussion (17, 30, 56 –58). Our study provides
a detailed analysis of DA homeostasis in MPP!-treated neu-
rons, demonstrating the complexity of the mechanisms of
MPP! action and the utility of comprehensive analysis of DA
metabolism using various electrochemical techniques. MPP!

induced major alterations in vesicular, cytosolic, and extracel-
lular DA pools, which accounted for up to 30% of its toxicity.

Effects of MPP! on Stimulation-dependent and Stimulation-
independent Release of DA—To our knowledge, this is the first
study of the effects of MPP! on stimulation-dependent and
stimulation-independent DA release in striatal slices. The data
demonstrate that MPP! induced three consecutive effects:
inhibition of DAT activity, followed by depletion of vesicular
DA, followed by reverse transport of DA via DAT. Inhibition of
DAT-mediated DA reuptake was noticeable almost immedi-
ately after the start of MPP! perfusion, as evident from the
increased t1⁄2 of evoked DA release events (Table 1), in agree-
ment with previous reports (59, 60). Next, MPP! completely
inhibited evoked DA releases within 20 – 40 min of exposure,

FIGURE 4. MPP!-induced toxicity in cultured midbrain dopaminergic neurons. A and B, representative images of cultured midbrain neuronal somas with
proximal dendrites (left panels) and axons (right panels) of control neurons (A) and those exposed to 10 !M MPP! (B). After 2 h at 37 °C (same conditions for
experiments in E–G), cells were fixed and immunostained for TH. Note the disruption of the nuclear envelope and the abnormal morphology of neuronal
processes in MPP!-treated cultures. C, exposure to MPP! resulted in dose-dependent death of TH-positive ventral midbrain neurons. D, correlation between
DAcyt dose, calculated as areas under the curves in Fig. 3C, and neurotoxicity. The dashed line represents the linear fit of the data. E, rescue of neurons from 10
!M MPP!-mediated toxicity by the TH inhibitor #-methyltyrosine (#MT; 500 !M, added 48 h before MPP!). *, p ' 0.05 by one-way ANOVA against MPP! only.
F, neuroprotection of TH! neurons in rat midbrain cultures infected with adenovirus carrying VMAT2 or empty vector for 1 day and then exposed to varying
concentrations of MPP! for 2 days. *, p ' 0.05 versus other groups by two-way ANOVA. G, effect of pargyline (PGL), L-deprenyl (DPN), and propargylamine
(PPGA) (all at 10 !M, added 1 h before MPP!) on the survival of dopaminergic neurons exposed to 10 !M MPP!. None of the compounds were neurotoxic when
applied alone. *, p ' 0.05 compared with control (Ctrl) and MPP! alone by one-way ANOVA.
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depending on the concentration of the toxin and temperature
(Fig. 1). This is consistent with the depletion of vesicular DA
storage that results from competitive inhibition of DA uptake
by VMAT2 and the disruption of the electrochemical gradient
inside synaptic vesicles (61). At 24 °C, the differences between
the effects of MPP! on DAT function and vesicular DA storage
were particularly pronounced, as there was a larger increase in
the t1⁄2 of release events (Fig. 1H), and the decrease in Imax was
preceded by its temporal increase (Fig. 1G), similar to the
effects of the DAT inhibitor nomifensine (47). This time course
confirms that MPP! has an immediate effect on the plasma
transporter, whereas vesicular DA depletion only occurs fol-
lowing DAT- and VMAT2-mediated transport of the toxin,
both of which are temperature-sensitive (46, 62).

Surprisingly, the magnitude of DAT inhibition by MPP! was
very small compared with the effect of another DAT competi-
tive inhibitor, amphetamine. A modest "50% increase in the t1⁄2
of evoked DA spikes was observed in the presence of MPP!,
whereas amphetamine produces a 5–7-fold increase in t1⁄2
within 5 min of exposure (47). This difference is puzzling con-
sidering that both drugs inhibit evoked DA release with similar
kinetics, thus apparently accumulating at comparable intracel-
lular concentrations.

Often coinciding with complete vesicular DA depletion, a
large stimulation-independent DA overflow was observed. The
presence of this peak depended on DAT activity, confirming
that it results from DA reverse transport via DAT, similar to DA
overflow described for amphetamine (47). Another similarity to
amphetamine exposure5 was that MPP!-induced DA efflux
was undetectable at 24 °C, arguing against the idea that this
peak occurs as a result of cytotoxicity and demonstrating that
both normal DAT activity and reversal are temperature-depen-
dent. In contrast to slice data, DA efflux occurred at room tem-
perature when dopaminergic neuronal cultures were exposed
to MPP! (Fig. 2), in agreement with previous reports (11).

DA efflux was larger and occurred earlier when slices were
incubated with higher MPP! concentrations at 37 °C. When,
however, DA efflux was induced by a temperature switch fol-
lowing a 1–2-h preincubation at 24 °C, the parameters of DA
overflow in slices exposed to 10 and 50 !M MPP! were no
longer different (Table 2). Evidently, the effect of MPP! on
intracellular DA pools had reached its maximum at both MPP!

concentrations during the preincubation, and the switch to
37 °C was only required to initiate DA efflux.

As discussed above, the effects of MPP! were similar to those
caused by amphetamine; both compounds inhibit DAT,
deplete vesicular DA, and induce DAT-mediated efflux of the
transmitter, albeit with different potencies and time kinetics.
However, these similarities are at odds with the differences in
neurotoxicity caused by these drugs; whereas MPP! produces
severe nigrostriatal neurodegeneration within several days of
exposure, amphetamine, even when chronically abused at high
doses, affects only dopaminergic terminals, with little effect on
the survival of neurons (63, 64). Additional studies will be
needed to address the difference in MPP! and amphetamine
effects.

Effects of MPP! on DAcyt and Neurotoxicity—A long-stand-
ing hypothesis of neurodegeneration in Parkinson disease pos-
tulates that the buildup of DAcyt and associated oxyradical
stress make dopaminergic neurons more susceptible (11, 29,
65– 69). L-DOPA and exogenously added DA can be toxic to
dopaminergic neurons in vitro (28, 40, 70 –75), and several
reports confirm that a buildup of DAcyt is sufficient to induce
progressive neurodegeneration in rodents (67, 76, 77).

MPP! has been suspected to increase DAcyt based on indi-
rect evidence, such as HPLC measurements of cellular DA con-
tents (11) and an increase in 5-cysteinyl-DA in animals treated
with MPTP (78). Using IPE, a technique that can directly mea-
sure DAcyt, we confirmed that MPP! exposure increased DAcyt
in both the absence and presence of the DA precursor L-DOPA.
DAcyt increased sharply during the first 2 h of exposure and
then decreased slowly over the next 24 h. A higher concentra-
tion of MPP! produced a larger elevation of DAcyt, leading to
an "25% difference in DAcyt exposure dose as calculated from
the area under the curves shown in Fig. 3C (1500 % 103 and
1870 % 150 !M DA per h for 10 and 50 !M MPP!, respectively).
We have shown previously that the DAcyt dose is proportional
to neurodegeneration induced by L-DOPA in the same culture
system (40). This seems to also be the case for MPP!-induced
degeneration, as there was a linear correlation between DAcyt
dose and neurotoxicity (Fig. 4D), suggesting an explanation for
the difference in cell death caused by increasing MPP! levels. It
should be noted that DAcyt measurements were performed in
the presence of L-DOPA to overcome the detection limitations
of cyclic voltammetry and therefore might not represent DA
concentrations found in MPP!-treated cells. However,
L-DOPA treatment would only augment differences in
untreated cells, provided that these differences are down-
stream from the conversion of L-DOPA to DA.

Although the kinetics of MPP!-induced DAcyt increase and
vesicular DA depletion were similar, in neuronal somas, the
blockade of MAO rather than redistribution of stored DA was
the main reason for the DAcyt increase. Consistent with MPP!

being a potent MAO blocker, the commonly used MAO inhib-
itor pargyline, which increased neuronal cytosolic transmitter
levels when applied alone, had no additional effect on DAcyt in
the presence of MPP! (Fig. 3D). It is therefore unlikely that
MAO inhibitors can provide neuroprotection from MPP!-me-
diated toxicity by further affecting MAO activity. Although we
indeed observed that pargyline and L-deprenyl had small but
significant effects on the survival of primary dopaminergic neu-
rons exposed to MPP!, their structural analog N-propargyl-
amine provided similar protection (Fig. 4G). This suggests that
the presence of the propargylamine moiety on pargyline and
L-deprenyl may rescue cells by other mechanisms, including
preservation of the mitochondrial membrane and attenuation
of pro-apoptotic molecular markers (79 – 83). It is also possible
that other MAO inhibitors, such as rasagiline, have a different
mechanism of action.

In agreement with a previous report (11), pharmacological
depletion of DA levels by "70% provided partial protection
against MPP!-mediated toxicity, although it is impossible to
know to what extent DAcyt levels were affected by the TH
blockade. In contrast, overexpression of VMAT2, which has5 S. J. Choi, unpublished data.
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been shown to increase vesicular DA uptake (41) and decrease
DAcyt (40), completely rescued dopaminergic neurons from
MPP!, similar to neuroprotection from L-DOPA toxicity in the
same culture system (40). This is in agreement with the detox-
ifying nature of the transporter, which was cloned for its ability
to protect cells from MPP!-mediated toxicity by removing it
from the cytosol into the vesicles (45, 77).

The role for DA in genuine Parkinson disease pathogenesis is
likely to differ in important ways from that in the MPTP toxin
model, but because this neurotoxin is widely used in studies of
possible therapeutic interventions, it is important to under-
stand its toxicity mechanisms. In agreement with previous find-
ings (30), our data show that the presence of DA by itself does
not fully explain the selective vulnerability of catecholaminer-
gic neurons to MPP! exposure, implicating the involvement of
other mechanisms, including inhibition of complex I, genera-
tion of reactive oxygen species and peroxynitrite, destabiliza-
tion of microtubules, and cell-selective expression of some pro-
teins and channels. However, as an additional stress factor that
becomes more important in substantia nigra and locus coer-
uleus neurons, which rely on Ca2!-driven pacemaking activity
(23, 40, 84), DA may shift the balance from cell survival to cell
death.
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PARKINSON’S DISEASE

Dopamine oxidation mediates
mitochondrial and lysosomal
dysfunction in Parkinson’s disease
Lena F. Burbulla,1,2 Pingping Song,1 Joseph R. Mazzulli,1,2 Enrico Zampese,3

Yvette C. Wong,1 Sohee Jeon,1 David P. Santos,1 Judith Blanz,1

Carolin D. Obermaier,4,5,6 Chelsee Strojny,1 Jeffrey N. Savas,1 Evangelos Kiskinis,1

Xiaoxi Zhuang,7 Rejko Krüger,4,6,8 D. James Surmeier,3 Dimitri Krainc1,2*

Mitochondrial and lysosomal dysfunction have been implicated in substantia nigra
dopaminergic neurodegeneration in Parkinson’s disease (PD), but how these pathways are
linked in human neurons remains unclear. Here we studied dopaminergic neurons derived
from patients with idiopathic and familial PD. We identified a time-dependent pathological
cascade beginning with mitochondrial oxidant stress leading to oxidized dopamine
accumulation and ultimately resulting in reduced glucocerebrosidase enzymatic activity,
lysosomal dysfunction, and a-synuclein accumulation. This toxic cascade was observed in
human, but not in mouse, PD neurons at least in part because of species-specific
differences in dopamine metabolism. Increasing dopamine synthesis or a-synuclein
amounts in mouse midbrain neurons recapitulated pathological phenotypes observed in
human neurons. Thus, dopamine oxidation represents an important link between
mitochondrial and lysosomal dysfunction in PD pathogenesis.

P
arkinson’s disease (PD) is the second most
commonneurodegenerative disorder (1). Al-
though several neuronal populations are
affected in PD, substantia nigra pars com-
pacta (SNc) dopaminergic neurons are

among the first neurons to degenerate, leading
to motor symptoms of PD (2). Familial genes in
PD point to both mitochondrial and lysosomal
mechanisms as contributors to pathology (1).
However, how mutations in components of two
distinct essential cellular pathways both result in
indistinguishable clinical and pathological pheno-
types and finally cause the death of dopaminergic
neurons in patients remains unclear. Moreover,
becausemost PDmousemodels do notmanifest
nigral degeneration (3), it is unclear whether this
interaction is specific to human neurons.
Loss-of-function mutations in DJ-1 cause early-

onset autosomal recessive PD (4), and DJ-1 is

known to orchestrate oxidant defenses because
its deletion leads to elevated mitochondrial oxi-
dant stress (5). To examine whether elevated
mitochondrial oxidant stress triggers downstream
pathological phenotypes, fibroblasts from PD
patients with a homozygous loss-of-function
mutation inDJ-1 c.192G>C (6)were reprogrammed
into induced pluripotent stem cells (iPSCs). These
were then differentiated into dopaminergic neu-
rons, which were grown in long-term cultures
(fig. S1, A to D, and fig. S2, A and B). For com-
parison purposes, dopaminergic neurons were
also generated from a healthy individual with a
single copy ofmutatedDJ-1, idiopathic PDpatients
without DJ-1 mutations, and healthy individuals
without PD. These neurons had anatomical and
electrophysiological characteristics of SNc neu-
rons (7), including robust, low-frequency auton-
omous pacemaking (fig. S2C) and prominent
voltage sag upon brief injection of strong hyper-
polarizing currents (fig. S2D). DJ-1 protein amounts
were decreased by ~50% in heterozygous and un-
detectable in homozygous DJ-1 mutant neurons
(fig. S2E).

Neuromelanin and oxidized dopamine
accumulate in dopaminergic neurons
from genetic and sporadic PD patients

By day 50 (d50) in culture, mitochondrial oxi-
dant stress was elevated in human homozygous
DJ-1 mutant dopaminergic neurons (Fig. 1A). This
increase was seen by using both a genetically en-
coded, mitochondrial matrix redox sensor (mito-
roGFP) (5) and by fluorescence measurements

using 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCFDA) at d50 and d70 (Fig. 1B). Increased
mitochondrial oxidant stress was accompanied
by a drop in basal respiration in mutant neurons
at d50 (Fig. 1C), suggesting that the observed
stress damaged mitochondria.
Homozygous DJ-1 mutant neurons also accu-

mulated membrane-bound, dense pigmented
aggregates consistent with the appearance of
neuromelanin (Fig. 1D and fig. S2F). Biochemical
properties of these pigments, such as their in-
solubility to strong detergents, further indicated
their similarity to neuromelanin extracted from
human brain (8). Neuromelanin is a complex
aggregate, including oxidized dopamine, pro-
teins, and lipids (9). To quantify the amount of
oxidized dopamine in these neurons, a near
infrared fluorescence (nIRF) assay was used (10).
Oxidized dopamine progressively increased from
d70 to d150 in homozygous DJ-1 mutant neu-
rons, but not in controls (Fig. 1E). To determine
whether the absence of DJ-1 protein was suffi-
cient to induce this pathological phenotype, clus-
tered regularly interspaced short palindromic
repeats (CRISPR)–Cas9 was used to generate
homozygous DJ-1 knock out (KO) iPSC-derived
neurons (DJ-1 KO) from controls (fig. S3). These
neurons recapitulated the phenotype of DJ-1 pa-
tient neurons, resulting in the progressive accu-
mulation of oxidized dopamine from d70 to d90
(Fig. 1F), as well as decreased basal mitochon-
drial respiration (Fig. 1G).
Dopaminergic neurons from idiopathic PD

patients [iPD1, (11); iPD2, fig. S1, E and F] also
manifested a similar phenotype, including de-
creased basal respiration and oxidized dopamine
accumulation, but at later time points (d150,
d180) (Fig. 1H and fig. S4A). We observed partial
inactivation of DJ-1 in iPD neurons (fig. S4B),
suggesting that decreased DJ-1 function may
contribute to these delayed pathological alter-
ations in iPD neurons (12).

Dopamine-mediated modification of
glucocerebrosidase (GCase) contributes
to downstream lysosomal dysfunction

Because neuromelanin granules have been found
in lysosomes (13), theaccumulationofneuromelanin-
like aggregates in mutant dopaminergic neurons
suggested that lysosomal function might be im-
paired. Although there was no detectable impair-
ment in lysosomal proteolysis in homozygous
DJ-1mutant neurons at d70 (Fig. 2A), the activity
of the lysosomal enzyme glucocerebrosidase,
an important PD risk factor implicated in lyso-
somal dysfunction in PD (14), was decreased in
lysosomal fractions (Fig. 2B). By contrast, there
was no drop in the activity of another lyso-
somal enzyme, a-iduronate-2-sulfatase (a-i-2-
sulf). However, lysosomal proteolysis was sig-
nificantly diminished at a later time point (d180)
(Fig. 2A and fig. S5), suggesting that accumulated
oxidized dopamine contributed to lysosomal
dysfunction in homozygous DJ-1 mutant neu-
rons. Idiopathic PD neurons exhibited a delayed
decrease in GCase activity (d180) compared to
DJ-1mutant neurons (d70) (Fig. 2C). To determine
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if other forms of genetic PDmight show similar
alterations, we generated iPSC-derived neurons
from PD patients with homozygous mutations
in the parkin, PINK1, and LRRK2 (15, 16) genes
and neurons carrying triplication of wild-type
(WT) a-synuclein (17). We observed a similar in-
crease in oxidized dopamine across all genotypes
(fig. S4, C and E to G) as well as decreased GCase
activity in parkinmutant neurons (fig. S4D), fur-
ther suggesting the presence of common pheno-
types across both sporadic and familial forms
of PD.
Because elevated oxidant stress and oxidized

dopamine were detected concomitantly with
decreased GCase activity (Figs. 1 and 2, A to C),
we next sought to determine if reduced GCase

function could have resulted from oxidation of
the protein. Indeed, the activity of recombinant
GCase, but not a-i-2-sulf, was reduced by incuba-
tion with dopamine (Fig. 2D). Using in-gel nIRF,
dopamine incubation was found to modify GCase
compared to a-i-2-sulf, and these changes were
blocked upon antioxidant treatment with N-
acetylcysteine (NAC) (Fig. 2, E and F). Using
tandem mass spectrometry (MS/MS), we iden-
tified cysteine residues in the catalytic site of
GCase that weremodified by dopamine quinones,
reactive oxidized forms of dopamine (Fig. 2G).
These results suggested that oxidant stress di-
rectly modifies and disrupts GCase enzymatic
activity and contributes to lysosomal dysfunction
in PD neurons.

Mitochondrial antioxidants and calcium
modulators attenuate the toxic cascade
in DJ-1 mutant dopaminergic neurons
We found that long-term treatment with either
the mitochondrial-targeted antioxidant mito-
TEMPO or NAC blunted the accumulation of
oxidized dopamine and improved lysosomal GCase
activity and proteolysis (Fig. 3, A to D). Fur-
thermore, because increased Ca2+ entry through
Cav1 voltage-gated calcium channels enhances
mitochondrial oxidant stress and dopamine syn-
thesis (5, 18), we tested whether the Cav1 channel
antagonist isradipine (19) or the calcium-dependent
serine-threonine phosphatase calcineurin inhib-
itor FK506 (20) could also regulate dopamine
oxidation. Both isradipine and FK506 significantly
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Fig. 1. Neuromelanin
and oxidized dopa-
mine accumulate in
PD patient dopa-
minergic neurons.
(A) Neuronal expres-
sion of mito-roGFP
and quantification of
relative oxidation in
control (ctrl) and
homozygous DJ-1
mutant (hom) neu-
rons at d50 (n = 3).
Scale bar, 10 mm.
(B) H2DCFDA fluores-
cence in neurons at
d50 and d70 (n = 3).
(C) Oxygen con-
sumption rate (OCR)
in neurons under
basal conditions at
d50 (n = 3). (D) Elec-
tron microscopy (EM)
image of neuromela-
nin deposition (arrow)
in homozygous
DJ-1 mutant neuron
at d90. Scale bar,
200 nm. (E and F) Oxi-
dized dopamine
(DA) by nIRF at d90 in
(E) homozygous
DJ-1 mutant [hom(1)
and hom(2)]
neurons and controls,
quantification at
d70, d90, and d150
(n = 3), het for
heterozygous, or
(F) DJ-1 KO and iso-
genic control neurons
and quantification
at d70 and d90 (n = 3
or 4). (G) OCR in
DJ-1 KO neurons and
isogenic controls under
basal conditions at d50 (n = 12). (H) Oxidized dopamine in control and two
idiopathic PD (iPD1, iPD2) neurons at d70,d150, andd180 (n=3).Quantification
for each iPD line is normalized to control for each time point. Equal protein

concentrations were used for nIRFassays. Error bars,means ± SEM. *P <0.05;
**P < 0.01; ***P < 0.001; Student’s t test (A), (B), and (F) to (H) or one-way
analysis of variance (ANOVA) with Tukey post hoc test (C) and (E).
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diminished the accumulation of oxidized dopa-
mine (Fig. 3E), highlighting the importance of
Ca2+ in regulating dopamine oxidation in DJ-
1 mutant neurons.
Oxidant stress has also been found to drive

a-synuclein aggregation, the primary structural
component of Lewy bodies and a pathological
hallmark of PD (21). Furthermore, dopamine
adducts can modify a-synuclein and promote its
aggregation, and a recent study reports that loss
of DJ-1 function is associated with Lewy body
pathology (22). Soluble a-synuclein was elevated
at d70 in both homozygous DJ-1 mutant and
CRISPR-Cas9–generated DJ-1 KO neurons (Fig. 3,
F and G). We observed a time-dependent in-
crease in oxidized, insoluble a-synuclein from
d70 to d100 in mutant neurons (fig. S6, A and B),
but not in heterozygous DJ-1 neurons or controls.
NAC treatment also decreased a-synuclein accu-
mulation in DJ-1 mutant neurons (Fig. 3H and
fig. S6, C and D). To determine whether dopa-
mine contributed to this phenotype, neurons were
treated with a-methyl-p-tyrosine (AMPT), which
competitively inhibits tyrosine hydroxylase and
prevents dopamine synthesis. AMPT treatment
diminished mitochondrial oxidant stress, as well
as oxidized dopamine (Fig. 3, I and J), and re-
duced soluble a-synuclein amounts in DJ-1mutant
neurons (Fig. 3K), suggesting that mitochondrial

oxidant stress and oxidized dopamine contrib-
ute to a-synuclein accumulation in PD neurons.

Increasing dopamine or a-synuclein in
mouse neurons recapitulates pathology
in human neurons

We next examined whether this toxic cascade
observed in human PD neurons also occurred
in SNc dopaminergic neurons from PD mouse
models. In contrast to human neurons, SNc
from DJ-1 KO mice showed negligible amounts
of oxidized dopamine at 3 and 12 months of age
(Fig. 4, A and B). In addition, soluble and in-
soluble a-synuclein amounts were normal in SNc
from DJ-1 KO mice (Fig. 4C and fig. S7, A and B),
and lysosomal GCase activity was not altered
(Fig. 4G) compared toWTmice. Moreover, tyrosine
hydroxylase (TH) immunoreactivity in the SNc
(Fig. 4I) was not decreased in DJ-1 KO mice,
indicating a lack of nigral pathology.
Because mutations in a-synuclein that result

in its accumulation lead to familial PD, we then
asked whether increasing amounts of mutant
a-synuclein in vivomight drive this toxic cascade
in DJ-1 KO mice. We generated mice with both
dopamineneuron-specific overexpressionofhuman
a-synuclein A53T (23) and constitutive DJ-1 defi-
ciency (DASYN53 × DJ-1 KO) (fig. S8A). These mice
showed elevated amounts of oxidized dopamine in

nigral neurons (Fig. 4D) and decreased lysosomal
GCase activity (Fig. 4E) compared to DJ-1 KOmice.
Heterozygous expression of DJ-1 in DASYN53 mice
was sufficient to ameliorate pathological pheno-
types observed inDASYN53×DJ-1KOmice (fig. S8, B
to D) suggesting that a combination of a-synuclein
accumulation and loss of DJ-1 contributes to nigral
degeneration in mice.
We next investigated whether increasing do-

pamine amounts in vivomight also trigger pathol-
ogy in mice. Chronic feeding of WT or DJ-1 KO
micewith levodopa (L-dopa)–supplemented chow
led to oxidized dopamine accumulation in the
nigra (Fig. 4F and fig. S7C). Treatment with L-
dopa in DJ-1 KOmice, but not in WT mice, was
sufficient to disrupt SNc GCase enzymatic ac-
tivity (Fig. 4G), increase a-synuclein accumu-
lation (Fig. 4H and fig. S7D), and trigger the loss
of dopaminergic neurons (Fig. 4I and fig. S7E).
Treatment with L-dopa had no effect on homo-
cysteine amounts (fig. S7F).

Altered calcium and dopamine
metabolism contribute to differences
between human and mouse neurons

To directly compare human neurons withmouse
neurons, we extended these experiments tomouse
iPSC-derived dopaminergic neurons generated
from DJ-1 KO and WT fibroblasts (fig. S9A).
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Fig. 2. Dopamine-mediated modification of GCase and lysosomal dys-
function in PD patient neurons. (A) Lysosomal proteolysis in control
(ctrl) and homozygous DJ-1 mutant (hom) neurons at d70 and d180 (n =
3). (B) GCase and a-i-2-sulf activity in lysosomal fractions from control
and homozygous DJ-1 mutant neurons at d70 (n = 3). (C) GCase activity
in lysosomal fractions from control and idiopathic PD (iPD) neurons at
d70 and d180 (n = 3). (D) Recombinant GCase and a-i-2-sulf activity
after incubation with DA or phosphate-buffered saline (PBS) (n = 5).

(E and F) Oxidized DA by in-gel nIRF of (E) recombinant GCase or (F)
a-i-2-sulf after incubation with DA, DA+NAC, or PBS. Coomassie brilliant
blue (CBB) was used to visualize total protein. (G) MS/MS spectrum of
GCase treated with DA. Modified cysteine is indicated with mass adduct in
parentheses. Prominent b (blue) and y (red) ions and fragments containing
the additional mass (bold) are indicated. Error bars, means ± SEM. *P <
0.05; ***P < 0.001; one-way ANOVA with Tukey post hoc test (A) or
Student’s t test (B) to (D).
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Fig. 3. Mitochondrial antioxidants and calcium modulators attenuate
the toxic cascade in DJ-1 mutant dopaminergic neurons. (A and
B) Oxidized DA in homozygous DJ-1 mutant (hom) neurons treated with
(A) mito-TEMPO or (B) NAC compared to vehicle (veh) at d70 (n = 3).
(C) GCase and a-i-2-sulf activity in lysosomal fractions from homozygous
DJ-1 mutant neurons treated with mito-TEMPO or vehicle at d70 (n = 3).
(D) Lysosomal proteolysis in homozygous DJ-1 mutant neurons treated
with NAC or vehicle at d180 (n = 3). a.u., arbitrary units. (E) Oxidized DA in
homozygous DJ-1 mutant, heterozygous DJ-1 carrier (het), and control
neurons treated with isradipine, FK506, or vehicle (DMSO, dimethyl sulfoxide)
at d90 (n = 3 to 6). (F and G) Immunoblot analysis of a-synuclein (syn211
antibody) at d70 in Triton X–100 (T)–soluble neuronal lysates from (F) control,

heterozygous DJ-1 carrier, and two homozygous DJ-1mutant lines (n = 4) or (G)
a gene-edited DJ-1 KO line (n = 3 or 4). b-III-tubulin, synapsin, and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) were used as loading controls.
(H) T-insoluble a-synuclein (C20 antibody) at d70 in homozygous DJ-1 mutant
neurons treated with NAC or vehicle. CBB was used as a loading control (n = 4).
(I) Homozygous DJ-1 mutant neurons expressing mito-roGFP treated with AMPT
at d50 (n = 3). (J and K) Homozygous DJ-1 mutant neurons treated with AMPT
and analyzed at d70 for (J) oxidized DA by nIRF (n = 3) or (K) T-soluble a-synuclein
(syn211 antibody). GAPDH and b-III-tubulin were used as loading controls (n = 3).
Treatment was applied for 30 days (A) to (C), (E), and (H) to (K) or 140 days
(D). Error bars, means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; Student’s t test
(A) to (D) and (G) to (K) or one-way ANOVA with Tukey post hoc test (E) and (F).
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Consistentwith the in vivo results,DJ-1KOmouse
neurons did not manifest increased amounts of
oxidized dopamine at d40, d70, or d90 (Fig. 5A).
However, treatment of these neurons with L-dopa
resulted in increased oxidized dopamine (Fig. 5B),
disrupted lysosomal GCase activity (Fig. 5C), and
decreased neuronal survival (fig. S9B). There were
no pathological changes observed in L-dopa–treated
mouse WT neurons (Fig. 5, B and C), further
suggesting that both mitochondrial oxidant stress
and increased oxidized dopamine contribute to
neurotoxicity of dopaminergic neurons.
Using high-performance liquid chromatog-

raphy (HPLC) for detection of dopamine and

its metabolites, we found that human control
neurons showed elevated amounts of dopamine
compared to mouse WT neurons (Fig. 5F), sug-
gesting a difference in dopaminemetabolism be-
tween species. Consistent with this notion is the
observation that L-dopa treatment was sufficient
to increase oxidized dopamine in human control
(fig. S10), but not mouse WT, neurons (Fig. 5B).
Dopamine can either be converted into non-
toxic downstream metabolites, including 3,4-
dihydroxyphenylacetic acid (DOPAC), or form
toxic dopamine quinones and aminochrome,
which are normally sequestered in neuromelanin
(9). We hypothesized that increased oxidative

stress in DJ-1 KO mouse neurons may preferen-
tially result in oxidized dopamine and neuro-
melanin upon treatment with L-dopa. Although
the baseline amounts of total dopamine were
comparable between mouse WT and DJ-1 mu-
tant neurons (Fig. 5G), mutant neurons showed
a dramatically decreased DOPAC/dopamine
ratio when treated with L-dopa compared to
WT neurons (Fig. 5H). Thus, decreased dopa-
mine degradation into nontoxic metabolites may
be responsible for the accumulation of oxidized
dopamine.
Because the calcineurin inhibitor FK506 di-

minished the accumulation of oxidized dopamine
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Fig. 4. Increasing dopamine synthesis
or amounts of a-synuclein in mouse
midbrain neurons recapitulates
pathological phenotypes observed in
human neurons. (A and B) Oxidized
DA in substantia nigra (SNc) from
DJ-1 KO and WTmice at 3 and 12 months
compared to human control neurons at
d70. (C) T-soluble a-synuclein (C20
antibody) in SNc of WT and DJ-1 KO
mice. GAPDH and NSE (neural-specific
enolase) loading controls (n = 3 per
group). (D and E) SN from DJ-1 KO and
DASYN53 × DJ-1 KO mice analyzed at
8 months of age for (D) oxidized DA and
(E) GCase activity (n = 5 per group).
(F to I) WT and DJ-1 KO mice were fed
L-dopa–supplemented or vehicle-treated
chow for 6 months and substantia nigra
analyzed at 14 months for (F) oxidized DA
(n = 3 or 4 per group), (G) GCase activity
(n = 3 or 4 per group), (H) T-insoluble
a-synuclein (C20 and syn202 antibodies)
with CBB loading control (n = 3 or 4
per group), and (I) number of DAB
(3,3′-diaminobenzidine)–stained
TH-positive neurons (n = 3 per group).
Equal protein concentrations were used
for nIRF assays. Error bars, means ± SEM.
*P < 0.05; **P < 0.01; ***P < 0.001;
Student’s t test (C) to (E), and (H), or
one-way ANOVA with Tukey post hoc test
(B), (F), (G), and (I). n.s., not significant.
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(Fig. 3E), we examined if calcineurin might be
altered between mice and humans. Control hu-
man neurons showed both increased protein
amounts and activity of calcineurin (Fig. 5, D
and E) compared to mouse WT neurons, further
suggesting that alterations in calcium homeosta-
sis may also contribute to interspecies differences
in dopamine metabolism.

Discussion

Here we have found that elevated mitochon-
drial oxidant stress in human SNc dopaminergic
neurons triggers a dopamine-dependent toxic

cascade leading to lysosomal dysfunction and
a-synuclein accumulation—causally linking three
major pathological features of PD. This discovery
complements previous work demonstrating that
lysosomal dysfunction leads to deficits in mito-
phagy and the buildup of dysfunctional mito-
chondria (24) and raises the possibility of a
pathogenic positive feedback between these
two organelles. The pathogenic cascade from
mitochondria to lysosomes was only evident in
human—notmouse—dopaminergic neurons. This
species difference was inferred to be a conse-
quence of higher amounts of dopamine in hu-

man neurons on the basis of several lines of
evidence, including the selective accumulation of
neuromelanin in human neurons and the ability
of L-dopa, the synthetic precursor of dopamine,
to induce the pathological cascade in mouse do-
paminergic neurons modeling PD. In addition,
our data also suggest that increased cytosolic
dopamine contributes to elevated mitochondrial
oxidant stress, indicating a vicious cycle of do-
pamine and mitochondrial oxidation in human
midbrain neurons.
Although increased a-synuclein inhibits GCase

trafficking and lysosomal function in various cell
types (19), our data suggest that increased oxi-
dant stress and dopamine adduct formation
modified the catalytic site of GCase and lowered
its activity preferentially in midbrain dopamin-
ergic neurons. Because similar alterations in
oxidized dopamine and GCase were seen in neu-
rons obtained frompatients with idiopathic and
familial PD, we propose that this mechanism ap-
plies across various forms of PD. In support of this
notion, we showed that elevation of a-synuclein
in the substantia nigra of DJ-1 KO mice also re-
sulted in increasedoxidizeddopamine, diminished
activity of GCase, and neurodegeneration.
Our long-termmidbrain cultures demonstrated

that early treatment with mitochondrial anti-
oxidants reduced downstream accumulation of
oxidized dopamine and a-synuclein and rescued
lysosomal dysfunction, highlighting the impor-
tance of early therapeutic intervention in the
pathogenic cascade. The inherent differences
between human andmouse dopaminergic neu-
ronal vulnerability emphasize the value of studies
in human neurons to identify pathways and tar-
gets for therapeutic development in PD and re-
lated synucleinopathies.
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Fig. 5. Alterations in calcium homeostasis and dopamine metabolism contribute to intrinsic
differences between human and mouse dopaminergic neurons. (A to C) WT and DJ-1 KO mouse
iPSC-derived dopaminergic neurons were analyzed for (A) oxidized DA at d40, d70, and d90 (50 mM
and 500 mM standards shown) or treated with L-dopa or vehicle and analyzed at d55 for (B)
oxidized DA (n = 3) and (C) lysosomal GCase activity (n = 3). (D to F) Control human and WTmouse
iPSC-derived dopaminergic neurons analyzed for (D) T-soluble calcineurin (n = 5 or 6), (E)
calcineurin activity (n = 5), and (F) DA amounts by HPLC [n = 5 (mouse); n = 10 (human)]. HPLC
chromatogram in a 4 mM standard sample is shown. Dihydroxybenzylamine (DHBA) was used as
an internal standard. (G) WTand DJ-1 KO mouse iPSC-derived dopaminergic neurons were analyzed
for total DA content at d55 (n = 5). (H) The ratio of DOPAC/DA for WT and DJ-1 KO mouse
iPSC-derived dopaminergic neurons treated with L-dopa (n = 8). Equal protein concentration was
used in nIRF assays. Error bars, means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; Student’s t test
(D) to (H) or one-way ANOVA with Tukey post hoc test (B) and (C). n.s., not significant.
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