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1. Introduction

Degeneration of dopaminergic neurons projecting from the
substantia nigra to the striatum is a key pathological feature of
Parkinson’s disease (PD). It may also be triggered by a variety of
chemicals such as the pesticides rotenone and paraquat, the
occupational hazardous agent manganese, or 1-methyl-4-phenyl-
tetrahydropyridine (MPTP) (Bezard and Przedborski, 2011; Di
Monte, 2003). The latter agent has been discovered to trigger a PD-
like state in users of illicit drugs containing such contaminations
(Langston et al., 1983). MPTP has been used since then to trigger
dopaminergic degeneration in primates, rodents, fish, and
invertebrates in vivo. Its active metabolite 1-methyl-4-phenylpyr-
idinium (MPP+) has been used for related experiments in vitro
(Braungart et al., 2004; Nicotra and Parvez, 2002; von Bohlen und
Halbach, 2005). MPP+ is transported into dopaminergic neurons by

the dopamine transporter (DAT), and further accumulates in
mitochondria, where it inhibits mitochondrial complex I (Bezard
and Przedborski, 2011; Lotharius and Brundin, 2002).

Different lines of evidence point to a role of mitochondria in PD.
For instance, mutations in genes coding for six mitochondria-
associated proteins, namely parkin, PINK1 (PTEN-induced putative
kinase 1), DJ-1, alpha-synuclein, LRRK2 and Omi/HTRA2, cause
familial forms of PD. Furthermore, complex I activity is decreased
also in non-familial forms of the disease (DiMauro and Schon,
2008; Schapira, 2010). It is widely accepted that MPP+ mimics
some of the effects observed in PD by inhibiting mitochondrial
complex I (Greenamyre et al., 2001), and that the reduced ATP
levels parallel cytotoxicity (Chan et al., 1991; Richardson et al.,
2007; Stephans et al., 2002).

However, mitochondria may induce or accelerate, or even
protect from cell death. For instance, mitochondrial inhibition by
MPP+ can be well tolerated by some types of neurons, and may
even increase their resistance to apoptotic insults (Volbracht et al.,
1999). At the same time, it may highly increase their sensitivity to a
second, excitotoxic insult (Leist et al., 1998). The complex role of
mitochondria may be explained by their involvement in acting
both as a trigger and as a target of multiple death signaling loops,
such as caspase activation, generation of oxygen radicals, and
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A B S T R A C T

The mitochondrial inhibitor 1-methyl-4-phenylpyridinium (MPP+) is the toxicologically relevant

metabolite of 1-methyl-4-phenyltetrahydropyridine (MPTP), which causes relatively selective

degeneration of dopaminergic neurons in the substantia nigra. Dopaminergic LUHMES cells were used

to investigate whether ATP-depletion can be uncoupled from cell death as a downstream event in these

fully post-mitotic human neurons. Biochemical assays indicated that in the homogeneously

differentiated cell cultures, MPP+ was taken up by the dopamine transporter (DAT). MPP+ then

triggered oxidative stress and caspase activation, as well as ATP-depletion followed by cell death.

Enhanced survival of the neurons in the presence of agents interfering with mitochondrial pathology,

such as the fission inhibitor Mdivi-1 or a Bax channel blocker suggested a pivotal role of mitochondria in

this model. However, these compounds did not prevent cellular ATP-depletion. To further investigate

whether cells could be rescued despite respiratory chain inhibition by MPP+, we have chosen a diverse

set of pharmacological inhibitors well-known to interfere with MPP+ toxicity. The antioxidant ascorbate,

the iron chelator desferoxamine, the stress kinase inhibitor CEP1347, and different caspase inhibitors

reduced cell death, but allowed ATP-depletion in protected cells. None of these compounds interfered

with MPP+ accumulation in the cells. These findings suggest that ATP-depletion, as the initial

mitochondrial effect of MPP+, requires further downstream processes to result in neuronal death. These

processes may form self-enhancing signaling loops, that aggravate an initial energetic impairment and

eventually determine cell fate.
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stress kinase signaling (Huber et al., 2011; Orrenius et al., 2011;
Schon and Przedborski, 2011). Thus, the relationship of mitochon-
drial respiratory inhibition and cell death may be dependent on the
type of cell investigated, and also on several specific conditions.
Indeed, MPP+ affects rat dopaminergic neurons less than their
murine counterparts, and it has been speculated that the difference
is related to a different ability to cope with impaired energy
metabolism (Sundstrom and Samuelsson, 1997). Furthermore,
MPP+ has virtually no toxic effect on the tuberoinfundibular
dopaminergic system (Behrouz et al., 2007), and shows pro-
nounced selectivity for nigrostriatal neurons over mesolimbic
dopaminergic neurons, despite similar uptake (Hung et al., 1995).
Differential expression of protective factors such as BDNF (Hung
and Lee, 1996) or other signaling proteins such as GIRK2, PACAP,
and IGF-1 (Chung et al., 2005) has been suggested as a potential
cause for the differences in sensitivity.

The above findings suggest that various dopaminergic cell
populations may survive exposure to MPP+ to a different extent,
despite a similar initial ATP-depletion. To test this in a simplified
experimental model situation, we addressed the question, whether
dopaminergic neuron degeneration and ATP-depletion could be
dissociated in the presence of pharmacological inhibitors of cell
death. The literature data on the correlation of ATP-depletion and
cell death under conditions of pharmacological intervention are
relatively scarce, as the measurement of ATP is difficult in primary
dopaminergic neurons or in vivo. Therefore, we made use of
LUHMES neurons (Lotharius et al., 2005; Scholz et al., 2011), which
form homogeneous cultures and thus allow biochemical assays.
Moreover, they express the machinery for dopamine synthesis and
transport, which is required for the susceptibility to low concentra-
tions of MPP+. In this model, we used a broad set of well-established
pharmacological inhibitors to block dopaminergic cell death, and to
examine the role of cellular ATP in cell survival.

2. Materials and methods

2.1. Materials

LUHMES cells were cultured in Nunclon (Nunc, Roskilde,
Denmark) plastic cell culture flasks and multi-well plates, pre-
coated with 50 mg/ml poly-L-ornithine and 1 mg/ml fibronectin
(Sigma–Aldrich, St. Louis, MO, USA) in H2O for 3 h. Proliferation
medium consisted of Advanced Dulbecco’s modified Eagle’s
medium/F12, 1� N-2 supplement (Invitrogen, Karlsruhe, Germany),
2 mM L-glutamine (Gibco, Rockville, MD, USA) and 40 ng/ml
recombinant basic fibroblast growth factor (R&D Systems, Minnea-
polis, MN, USA). Differentiation medium consisted of Advanced
Dulbecco’s modified Eagle’s medium/F12, 1� N-2 supplement,
2 mM L-glutamine, 1 mM dibutyryl cAMP (Sigma–Aldrich), 1 mg/ml
tetracycline (Sigma–Aldrich) and 2 ng/ml recombinant human
GDNF (R&D Systems).

Mdivi-1 (3-(2,4-dichloro-5-methoxyphenyl)-2,3-dihydro-2-
thioxo-4(1H)-quinazolinone) was obtained from Sigma–Aldrich,
Bax channel inhibitor (3,6-dibromo-a-(1-piperazinylmethyl)-9H-
carbazole-9-ethanol dihydrochloride) from Tocris Bioscience (Ellis-
ville, MO, USA), zVAD-OMe-fmk and Q-VD-OPh from Calbiochem (San
Diego, CA, USA). Ascorbic acid, desferoxamine mesylate and MPP+

were obtained from Sigma–Aldrich. CEP1347 (3,9-bis[(ethylthio)-
methyl]-K-252a) was obtained by chemical modification of K-252a
(Calbiochem) according to standard methods (Kaneko et al., 1997).

2.2. LUHMES differentiation

LUHMES are conditionally immortalized neurons with dopa-
minergic characteristics (Lotharius et al., 2005). The cells were
derived by conditional immortalization of female human embry-

onic ventral mesencephalic cells and subsequent clonal selection.
LUHMES cells were grown at 37 8C in a humidified 95% air/5% CO2

atmosphere. Proliferating cells were enzymatically dissociated
with trypsin (138 mM NaCl, 5.4 mM KCl, 6.9 mM NaHCO3, 5.6 mM
D-glucose, 0.54 mM EDTA, 0.5 g/l trypsin from bovine pancreas
type-II-S; Sigma–Aldrich) and passaged 1:10 at 80% confluency.
For differentiation, 8 � 106 LUHMES were seeded into a T175 flask
in proliferation medium and differentiation was started after 24 h,
i.e. on day 0 (d0), by changing to differentiation medium. After 2
days of cultivation in culture flasks, cells were trypsinized and
seeded into PLO/fibronectin pre-coated multi-well plates.

2.3. Cell viability

2.3.1. Resazurin metabolization assay

Cell viability was assessed after 72 h with the resazurin assay
(Schildknecht et al., 2009) using 5 mg/ml resazurin sodium salt
(Sigma–Aldrich).

2.3.2. Lactate dehydrogenase (LDH) release assay

LDH activity was detected separately in the supernatant and cell
homogenate (Latta et al., 2000). LDH release was expressed in
percent as ratio of LDHsupernatant/LDHtotal. Cells were lysed in PBS/
0.5% Triton X-100 for 20 min. Then, 10 ml of sample was added to
200 ml of reaction buffer containing NADH (100 mM) and sodium
pyruvate (600 mM) in sodium phosphate buffer adjusted to pH 7.4
by 40.24 mM K2HPO4 and 9.7 mM KH2PO4 buffer. Absorption at
340 nm was detected at 37 8C in 1 min intervals over a period of
20 min.

2.3.3. Staining with vital dyes

Cells were stained for 5 min with 0.5 mM SYTOX (membrane-
impermeable green fluorescent dye) and 0.5 mg/ml H-33342
(membrane-permeable blue-fluorescent dye). Images from ran-
domly selected fields were taken, and the number of nuclei, that
were SYTOX-positive or that showed condensed chromatin, were
scored by three observers blinded to the experimental conditions
(Hirt and Leist, 2003). Data were from >400 cells from at least 3
different wells.

2.4. ATP assay

Cells grown in 24-well plates were lysed in PBS-buffer
containing 0.5% phosphatase inhibitor cocktail 2 (Sigma) and
boiled at 95 8C for 10 min. Following centrifugation at 10,000 � g

for 5 min for the removal of cell debris, protein content in the
supernatant was determined and adjusted to equal amounts,
samples were then diluted 1:10 in PBS/0.5% phosphatase-inhibitor
buffer. For the detection of ATP levels, a commercially available
ATP assay reaction mixture (Sigma–Aldrich), containing luciferin
and luciferase, was used (Volbracht et al., 1999). Fifty microliters of
adjusted sample and 100 ml of assay-mix were added to a white
half-area 96-well plate. Standards were prepared by serial
dilutions of ATP disodium salt hydrate (Sigma–Aldrich) to obtain
concentrations ranging from 1000 nM to 7.8 nM.

2.5. Western-blot analysis

Cells were lysed in RIPA-buffer (50 mM Tris-base, 150 mM
NaCl, 1 mM EDTA, 0.25% sodium deoxycholate, 1% NP40, 1 mM
Na3VO4, 50 mM NaF, pH 7.5). Determination of protein concentra-
tion was performed by using a BCA protein assay kit (Pierce/
Thermo Fisher Scientific, Rockford, IL, USA). Twenty-five micro-
grams of total protein were loaded onto 12% SDS gels. Proteins
were transferred onto nitrocellulose membranes (Amersham,
Buckinghamshire, UK). Loading and transfer were checked by
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brief Ponceau staining. Washed membranes were blocked with 5%
milk in PBS–Tween (0.1%) for 1 h (Falsig et al., 2004). Primary
antibodies were incubated at 4 8C over night. Following washing
steps with PBS–Tween (0.1%), horseradish peroxidase-conjugated
secondary antibodies were incubated for 1 h at RT. For visualiza-
tion, ECL Western blotting substrate (Pierce/Thermo Fisher
Scientific) was used. The anti-TH antibody was obtained from
Chemicon/Millipore (mouse, 1:5000), and anti GAPDH antibody
was obtained from Sigma–Aldrich (mouse, 1:5000). The secondary
anti-mouse HRP antibody (1:5000) was obtained from Jackson
Immuno Research (Suffolk, UK).

2.6. Immunocytochemistry

Cells were grown on 10 mm glass cover slips (Menzel,
Braunschweig, Germany) in 24-well plastic cell culture plates
(NunclonTM). Following treatment, cells were fixed with 4%
paraformaldehyde for 20 min at 37 8C and washed with PBS. After
blocking with 1% BSA (Calbiochem) for 1 h, primary antibodies
were incubated in PBS–Tween (0.1%) at 4 8C over night. Secondary
antibodies were incubated for 45 min at RT. Hoechst (1 mg/ml) was
added for 15 min prior to the final washing step. For visualization,
an Olympus IX81 microscope (Hamburg, Germany) equipped with
a F-view CCD camera was used. For image processing, Cell P
software (Olympus) was used. The antibody against neuronal class
b-III-tubulin (TUJ1) was from Convance (mouse, 1:1000). As
secondary antibody, anti-mouse IgG-Alexa 488 (1:1000) (Molecu-
lar Probes, Invitrogen) was used.

2.7. Measurement of dopamine content

For determination of endogenous intracellular dopamine, cells
were differentiated for various time intervals in 24-well plates,
lysed in 100 ml 0.1 M perchloric acid/100 mM ascorbic acid and
subjected to one cycle of freeze-thawing. A small aliquot was used
to determine the protein content by BCA protein assay kit (Pierce,
Thermo Fisher Scientific). Samples were adjusted to equal protein
contents and cell debris was removed by brief centrifugation at
15,000 � g. The supernatant was used for dopamine detection by a
commercially available enzyme-linked immunoassay (IBL, Ham-
burg, Germany), according to the manufacturer’s instructions. For
an assessment of the unspecific background signal, homogenates
of undifferentiated LUHMES (day 0; collected 12 h after seeding)
were compared to rat primary glial cells or an equivalent protein
amount of albumin that resulted in the same low basic signal.

2.8. [3H]-MPP+ uptake assay

Cells (300,000/well) grown in 24-well plates were washed 1�
with Hank’s Balanced Salt Solution (HBSS), containing Ca2+, pH 7.4.
LUHMES were treated with ascorbic acid, desferoxamine, zVAD-
OMe-fmk, or Q-VD-OPh for 20 min. Then 4625 Bq/well (=15 nM)
[3H]-MPP+ (3.1635 TBq/mmol stock solution; Perkin Elmer, Boston
MA) and 5 mM [1H]-MPP+ was added. The supernatants were
collected after 20 min, cells were gently washed 5� with warm
HBSS and then lysed with PBS/0.1% Triton X-100. Radioactivity in
cell lysates and the respective supernatants was measured using a
Beckman LS-6500 scintillation counter.

2.9. Caspase activity detection

Intracellular caspase activity was determined by lysis of cells in
a hypotonic buffer (25 mM Hepes, 5 mM MgCl2, 1 mM EGTA, 0.1%
Triton X-100, 1 mM PEFA block). Samples were added to substrate
buffer (50 mM Hepes pH 7.4, 1% sucrose, 0.1% Chaps, 10 mM DTT)
including 50 mM of the substrate Ac-DEVD-afc (Biotrend, Köln,

Germany). Generation of free afc was followed by fluorescence
measurement (lex 385 nm; lem 505 nm) in intervals of 6 min for
1 h (Latta et al., 2000). Protein concentrations of the samples were
determined by the BCA assay and samples were adjusted to equal
total protein contents.

2.10. ROS/radical detection assays

Reactive oxygen species (ROS) were measured using DCF-H2-
DA (dichlorodihydrofluorescein-diacetate). Cells were incubated
for 1 h with 1 mM DCF-H2-DA before fluorescence was measured
(lex 485 nm; lem 538 nm).

The antioxidative potential of the compounds to be tested was
monitored by their impact on the oxidation of dihydrorhodamine
123 (DHR 123; 1 mM) in combination with the peroxynitrite-
generating compound Sin-1 (50 mM) in 10 mM K-phosphate
buffer, pH 7.4. The test compounds and Sin-1 were pre-incubated
for 3 min, DHR 123 was added for 20 min at 37 8C and the
fluorescence (lex 485 nm; lem 538 nm) was determined in 96-well
plates. The superoxide (�O2

�) scavenging capacity was investigated
by a �O2

� generating system composed of xanthine oxidase (2 mU/
ml) plus its substrate hypoxanthine (500 mM) in 10 mM K-
phosphate buffer, pH 7.4. Following a pre-incubation phase of
3 min, DHE (2.5 mM) was added for 20 min at 37 8C. To identify the
�O2

� dependent oxidation of DHE, all samples were incubated in
the absence or presence of SOD (100 U/ml), the difference of both
fluorescence measurements (lex 480 nm; lem 590 nm) represents
the �O2

� dependent DHE oxidation (Schildknecht et al., 2011).

2.11. Determination of mitochondrial shape in LUHMES using a

mitochondrial fluorescent reporter cell line

For the generation of mitochondria-targeted turbo Red Fluores-
cent Protein (tRFP), the mitochondrial targeting sequence from the
cytochrome c oxidase subunit 8A (Accession NP_004065) and the
tRFP gene from the plasmid pTripZ (purchased from Open
Biosystems [Thermo Fisher Scientific, Inc.]) were cloned in frame.
This fusion was inserted into the lentiviral vector pHsCXW (Leander
Johansen et al., 2005) giving rise to phsCtRW. The gene is under
control of the cytomegalovirus (CMV) immediate early promoter.
Lentivirus production was carried out as previously described
(Scholz et al., 2011). Subsequently, 20,000 proliferating LUHMES
cells were seeded into a well of a 96-well plate, and were infected
with 20 ml of 500-fold concentrated (PEG-itTM, System Biosciences)
virus supernatant from HEK293FT producer cells for 12 h, before
they were passaged. A proliferating pool of stably transduced cells
(93% Mito-tRFP positive) was obtained and used for differentiations
and imaging of differentiated cells. The cells were grown on glass
cover slips (Menzel, Braunschweig, Germany), treated with com-
pound or solvent control, and imaged with a CCD camera on an
Olympus IX81 inverted epifluorescence microscope with a 100�, 1.4
NA lens. Cell images from randomly selected fields were used for
scoring of mitochondrial morphology by three observers blinded to
the experimental conditions. At least 100 cells on three different
cover slips per condition were classified according to mitochondrial
shape. The percentage of cells with spread mitochondria allowing
the distinction of individual thin longish mitochondrial parts (see
example images in figures) was scored. Negative cells did not allow a
clear distinction of individual mitochondria, as all mitochondria
were clustered on one pole of the cell.

2.12. Statistics

All data were confirmed in at least three different experiments.
Values are expressed as the mean � SD (n � 3). Data were analyzed
by one-way ANOVA or Student’s t-test as appropriate. Differences
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between treatment groups in multiple comparisons were determined
by Dunnet’s post hoc test (Graph Pad Prism software, San Diego, CA,
USA). Means were considered statistically significant at p < 0.05.

3. Results

3.1. Basic characterization of the MPP+ cell death model in LUHMES

neurons

The conditionally immortalized human dopaminergic cell
line LUHMES, that has been recently characterized in detail

(Scholz et al., 2011) was used for all experiments. In this model,
the differentiation of proliferating cells (d0) to a homogeneous
population of post-mitotic neurons (d6) takes 6 days. Within
this period, the cells acquire the functional machinery for
dopamine synthesis. We found that the intracellular dopamine
content increased in parallel with the expression of the rate
limiting enzyme of dopamine synthesis, tyrosine hydroxylase
(TH) (Fig. 1A). The differentiated cells usually form a dense
network of neurites that can easily exceed the length of the cell
body by a factor of 10. When d6 LUHMES were treated with
MPP+ (5 mM) for 48 h, staining for anti-b-III-tubulin indicated

Fig. 1. Basic characteristics of the LUHMES/MPP+ model. (A) Measurement of the intracellular dopamine content and quantification of tyrosine hydroxylase (TH) expression

by Western blot on days 0, 4 and 6 (d0, d4, and d6) of differentiation. (B) Differentiated cells (d6) were incubated with 5 mM MPP+ or solvent (control) for 48 h, fixed and

stained with an anti-b-III-tubulin antibody. (C) LUHMES were treated with 5 mM MPP+ for the time intervals indicated and caspase-3-like activity (DEVD-afc cleavage) was

detected. Solvent-treated cells were used as control. (D) Intracellular ATP levels under MPP+-treatment (5 mM) were measured in parallel. Data are means � SD for triplicate

determinations.
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that the degeneration mostly involved neurite structures
(Fig. 1B). After 72 h, all cells were dead, and data obtained by
the resazurin reduction assay always correlated with the
measurement of LDH-release and with the number of dead
cells. Untreated LUHMES survived for at least 6 additional days
(d12) (data not shown; Schildknecht et al., 2009; Scholz et al.,
2011). Studies on further parameters indicated that MPP+

(5 mM) increased caspase activity before the intracellular ATP
levels started to drop. Caspase-3 activity was maximally
increased after 24 h (Fig. 1C), while general cell viability or
ATP levels were not affected at this early time point. ATP
dropped steeply and continuously between 24 h and 72 h
(Fig. 1D).

3.2. Inhibition of cell death signaling on mitochondrial level

After the initial characterization of the cell death model, we
used pharmacological agents interfering with cell death cascades
at the level of mitochondria, and studied the effects on survival and
cellular ATP levels. When we used a Bax channel blocker, we
observed a concentration-dependent prevention of cell death
triggered by MPP+ (Fig. 2A). The ATP-depletion, triggered by MPP+,
was not prevented by the inhibitor, and cells survived with
significantly reduced ATP levels. There was even a trend (although
not significant) to a further decrease of ATP levels in LUHMES
exposed to MPP+ plus the Bax channel blocker (Fig. 2B). The data
are consistent with a continued block of mitochondrial respiration
by MPP+, and a prevention of subsequent cell death events.

In a second approach, affecting cell death at the level of
mitochondria in the LUHMES/MPP+ model, the mitochondrial
division inhibitor Mdivi-1 was used. A tightly controlled equilibri-
um of mitochondrial fission and fusion is required to maintain
mitochondrial integrity, and excessive mitochondrial fragmenta-
tion is often harmful to neurons. We found here, that Mdivi-1
affected the mitochondrial morphology in LUHMES cells. Treat-
ment with the compound resulted in a higher proportion of cells

with prolonged, spread mitochondria. In non-treated cells 30% of
mitochondria were spread, whereas Mdivi-1 treatment led to a
significant increase to around 60% (Fig. 3A). Such cells were also
protected from MPP+-induced cell death (Fig. 3B). ATP-depletion
was not changed by this treatment, i.e. the cells protected by
Mdivi-1 showed a similar, or even higher ATP-depletion than
parallel cultures treated with MPP+ only (Fig. 3C). So, treatment
with Mdivi-1 did not interfere with the primary biochemical action
of MPP+, although it prevented subsequent cell death.

3.3. Protection by various pharmacological agents in the LUHMES/

MPP+ model

We continued this study by examining whether uncoupling of
cell death from ATP-depletion by MPP+ was observed more
generally. Therefore, a set of well-characterized and mechanisti-
cally diverse compounds likely to block MPP+-induced cell death in
LUHMES was selected, to study their effect on ATP levels.

As one class of well-known (neuro)-protective compounds,
caspase inhibitors were evaluated. LUHMES were treated with
MPP+ plus various concentrations of the caspase inhibitors zVAD-
OMe-fmk and Q-VD-OPh, respectively. Then, the impact of the
inhibitors on caspase activity (determined after 48 h) and on cell
death (determined after 72 h) was compared. Concentrations (e.g.
1 mM) of inhibitors completely blocking caspase-3-like DEVDase-
activity did not improve cell viability. However, higher inhibitor
concentrations (20–100 mM) allowed protection against MPP+

toxicity (Fig. 4A and B). In order to gain information on the effect of
caspase inhibitors on chromatin condensation in MPP+-treated
LUHMES, nuclei were stained with Hoechst H-33342 and scored for
their shape. The two caspase inhibitors zVAD-OMe-fmk and Q-VD-
OPh both prevented chromatin condensation at high, but not at
low concentrations (Fig. 4C). Notably, also the degeneration of
neurites was completely prevented in MPP+-exposed LUHMES in
the presence of 100 mM zVAD-OMe-fmk or 25 mM Q-VD-OPh (data
not shown). These data suggest that proteases, which are sensitive
to caspase inhibitors, strongly contribute to MPP+-induced cell
death, neurite degeneration and chromatin condensation in
LUHMES cultures.

As another class of neuroprotective compounds, we explored
direct and indirect antioxidants. Since dichlorodihydrofluorescein-
diacetate (DCF-H2-DA) was oxidized in the LUHMES/MPP+ model,
these data indicated an increased generation of reactive oxygen
species (ROS) (Fig. 5A). Treatment with the antioxidant ascorbic
acid improved the viability of LUHMES exposed to MPP+ in a
concentration dependent manner (Fig. 5B). Iron plays an important
role in oxidative stress and dopamine toxicity. In line with this, we
observed here that iron-trapping by desferoxamine effectively and
potently reduced the toxicity of MPP+ (Fig. 5C). As a further
approach, we used the mixed lineage kinase (MLK) inhibitor
CEP1347, and confirmed here the protection of LUHMES cells
(Lotharius et al., 2005; Schildknecht et al., 2009) by this drug
(Fig. 5D). To test the positive effect of the above drugs on cell
viability by an independent approach, LDH-release was measured.
Cells treated with MPP+ (5 mM) alone released most of their
intracellular LDH. In contrast, LUHMES incubated in the presence
of ascorbic acid (100 mM), desferoxamine (100 mM), or CEP1347
(250 nM) displayed LDH release comparable to untreated control
cells (Fig. 5E).

3.4. Characterization of drugs preventing cell death of LUHMES

Before the effects on ATP levels were characterized, we
ascertained, that the chosen drugs showed the expected pharma-
cological profile, had widely different modes of action, and did not
prevent the primary interaction of MPP+ with mitochondria.

Fig. 2. Inhibition of cell death cascades at the level of mitochondria: Bax channel

blockage. Differentiated LUHMES cells (d6) were exposed to 5 mM MPP+ in the

presence of various concentrations of a Bax channel blocker for 72 h. (A) Viability

was assessed by the resazurin reduction assay and by determination of LDH-

release. Solvent-treated cells were used as control. (B) Intracellular ATP levels were

measured in parallel and normalized to cells treated with solvent only (control).

Data are means � SD of quadruplicates of one experiment representative of three.
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First, we investigated a potential influence of the compounds on
MPP+-uptake. Fully differentiated LUHMES were pre-treated with
different concentrations of desferoxamine, ascorbic acid and
CEP1347 for 20 min. Also one of the caspase inhibitors, zVAD-
OMe-fmk, was included in this characterization. After the drug
equilibration phase, 3H-MPP+ was added for 20 min, and uptake of
the radiolabel was measured. None of the compounds affected
MPP+-uptake, and they had no effect on the intracellular

accumulation of the mitochondrial inhibitor (Fig. 6A). We also
used two assays to characterize the ROS (peroxynitrite and
superoxide) scavenging capacity of our drug panel, to confirm
that we are dealing with distinct modes of action. As expected,
ascorbic acid was found to be active in both assays. As all other
drugs were completely inactive, they seem to affect MPP+-toxicity
by other modes of action, not related to a potentially unspecific
ROS scavenging (Fig. 6B and C).

Fig. 3. Inhibition of cell death cascades at the level of mitochondria: inhibition of mitochondrial division. (A) LUHMES cells stably expressing mitochondria-targeted turboRFP

were incubated with 100 mM Mdivi-1 to study effects on the mitochondrial morphology. Cells were categorized as containing spread mitochondria or not (see example

images for definition). p < 0.05 for Mdivi-1-treated vs. solvent-treated cells. (B) Mdivi-1 was applied in various concentrations in d6 LUHMES cells treated with MPP+ and

viability was assessed by the resazurin reduction assay and by determination of LDH-release. Solvent-treated cells were used as control. (C) Intracellular ATP levels were

measured in parallel and normalized to cells treated with solvent only (control). Data are means � SD of quadruplicates.
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3.5. Uncoupling of cell death and ATP-depletion by pharmacologically

distinct mechanisms

The set of previously characterized inhibitors was now used to
test whether uncoupling of ATP-depletion and cell death is a more
general feature of the LUHMES/MPP+model. As it has been claimed
recently in a consensus review on cell death measurements,
different endpoints need to be measured to arrive at clear
conclusions (Galluzzi et al., 2009). In addition to measurements
of LDH-release and resazurin reduction, a further unrelated
method was used. Staining with the membrane-impermeable
dye SYTOX was performed to obtain results on cytoprotection on
single cell level. This approach confirmed that zVAD-OMe-fmk
(Fig. 7A) as well as ascorbic acid, desferoxamine and CEP1347 (data
not shown) completely prevented cell death triggered by MPP+,
and that the protected cells were still alive 48 h after the control
cultures had died. ATP levels were measured in a time-resolved
manner for MPP+-challenged cultures treated with zVAD-OMe-

fmk or ascorbic acid. Also in the protected cells a strong drop of the
ATP levels was observed. The initial drop was relatively similar in
treated and untreated cultures. However, while the levels of ATP
dropped by 90% and more in the LUHMES treated with MPP+ for
72 h, the levels in protected cells remained at about 30–40% of the
original ATP content in healthy control cells (Fig. 7B). Thus, the two
mechanistically diverse compounds rescued the cells without
preventing primary ATP-depletion, but they blocked a secondary
lethal drop in ATP levels. In a follow-up experiment, it was tested
whether other protective drugs behaved similarly. Also Q-VD-OPh,
CEP1347 and desferoxamine protected significantly from MPP+-
toxicity, but allowed a strong (>50%) drop in ATP levels, as primary
action of MPP+. Again, the final complete loss was prevented, and
the ATP levels at 72 h after the onset of incubation were
significantly higher than in the non-protected cells (Fig. 7C). In
summary, the data suggest that MPP+ leads to an ATP-depletion
also in pharmacologically protected cells. Thus, the primary mode
of action on mitochondrial energy generation appears to be
unaffected by the drugs. However, since secondary cell death
events that lead to a further drop in ATP are inhibited by the drugs,
a complete loss of ATP is prevented, and a residual level of 30–40%
is well compatible with cell survival (Latta et al., 2000).

3.6. Uncoupling of cell death and ATP-depletion triggered by rotenone

In a final experiment, we tested whether uncoupling of cell
death and ATP-depletion was also observed when cells were
exposed to rotenone (500 nM), another inhibitor of complex I of
the mitochondrial respiratory chain. Rotenone induced cell death
faster than MPP+, and after 48 h, a majority of cells had died as
indicated by a decreased reduction of resazurin, and the release of
LDH into the extracellular space. Co-treatment with CEP1347
attenuated this cell death concentration-dependently, and signifi-
cant protection was observed at �250 mM of the kinase inhibitor
(Fig. 8A and B). Parallel measurements of the cellular ATP content
showed that ATP levels were reduced by more than 65% also in the
protected cultures (Fig. 8C). Thus, uncoupling of primary ATP-
depletion and cell death was also observed in this alternative
model of mitochondrial inhibition.

4. Discussion

Parkinson’s disease pathology has been related to defects in
mitochondrial complex I for more than 20 years (Schapira et al.,
1992). For instance, the highly selective inhibitor of mitochondrial
complex I function, rotenone, can trigger key features of PD in rats
(Betarbet et al., 2000). More recent findings show that MEF2, a key
transcription factor affected in PD, controls the biosynthesis of
complex I (She et al., 2011). An obligatory role of complex I
inhibition for dopaminergic neuron degeneration has been claimed
also after MPTP/MPP+ intoxication. For instance, damage triggered
by MPTP was abolished by expression of a variant of complex I that
does not bind MPP+ (Barber-Singh et al., 2010; Richardson et al.,
2007). Inhibition of mitochondrial respiration inhibits ATP
production, and therefore energetic failure has been considered
as cause of cell death triggered by MPP+. However, also other
mechanisms have been suggested, based on the protection by
intervening treatments or the modification of protein levels. These
include the generation of reactive oxygen species (resulting in
oxidative stress), the activation of stress kinases (including MLKs
and c-jun N-terminal kinase (JNK)), and the triggering of apoptotic
mechanisms (comprising the induction of mitochondrial perme-
ability transition, and the activation of caspases and other
proteases). These events may occur downstream of ATP-depletion.
A recent study suggested that such processes may also be triggered
by rotenone and MPP+ independent of ATP-depletion (Choi et al.,

Fig. 4. Protection from MPP+-toxicity by caspase inhibitors. LUHMES (d6) were

treated with 5 mM MPP+ in the presence of the caspase inhibitors zVAD-OMe-fmk

(A) or Q-VD-OPh (B). After 48 h, intracellular DEVD-afc cleavage activity was

detected. Cell viability (resazurin reduction) was determined after 72 h in parallel

cultures. Solvent-treated cells were used as control. (C) Cells (d6) were treated with

5 mM MPP+ and different concentrations of caspase inhibitors for 48 h, fixed,

permeabilized and stained with the nuclear DNA marker Hoechst H-33342 (1 mM)

for 20 min. Chromatin condensation, as measure of apoptosis, was assessed by

manual counting and expressed as % condensed nuclei of all nuclei in a given field.

Data are means � SD for triplicate determinations.
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2008). In this artificial model, using primary murine mesence-
phalic cell cultures lacking functionally assembled complex I, ATP-
depletion could not be triggered by complex I inhibitors. In our
study we addressed therefore the reverse situation, by allowing
ATP-depletion in human dopaminergic neurons, but blocking other
processes that have been associated with MPP+-induced cell death.
This allowed us to clarify, whether ATP-depletion and cell death
can be uncoupled. We found, that inhibition of complex I by MPP+

is compatible with cell survival in certain situations.

Fig. 5. Protection from MPP+-induced cell death. (A) Time-dependent ROS

formation in d6 LUHMES, treated with 5 mM MPP+ was assessed by the

oxidation of dichlorodihydrofluorescein-diacetate (DCF-H2-DA). Fluorescence of

the oxidation product DCF in untreated cells (0 h, control) was defined as 100%. (B–

D) Differentiated LUHMES cells (d6) were exposed to 5 mM MPP+ in the presence of

various concentrations of ascorbic acid (B), desferoxamine (C), or the mixed lineage

kinase inhibitor CEP1347 (D) for 72 h. Viability was assessed by the resazurin

reduction assay and solvent-treated cells served as control. (E) For a direct

comparison of the impact of MPP+, LUHMES were either left untreated (untr.),

treated with MPP+ (5 mM) for 72 h alone (solvent) or in combination with ascorbic

acid (AA; 100 mM), desferoxamine (Desf.; 100 mM), or CEP1347 (CEP; 250 nM). LDH

release was detected as marker for cell viability. Data are means � SD of

quadruplicates of one experiment representative of four.

Fig. 6. Pharmacological characterization of various cell death inhibitors. (A) To

investigate interference with MPP+-uptake, fully differentiated LUHMES (d6) were

pre-treated with ascorbic acid, desferoxamine, zVAD-OMe-fmk or CEP1347 in the

concentrations indicated for 20 min. Then, 0.125 mCi 3H-MPP+ in 5 mM1H-MPP+was

added for 20 min, cells were gently washed four times and radioactivity was detected

in the cell pellets. Solvent-treated cells were used as control. (B) To study direct

peroxynitrite-scavenging capacities, zVAD-OMe-fmk, CEP1347, desferoxamine or

ascorbic acid in the concentrations indicated, were pre-incubated with the

peroxynitrite-donor Sin-1 (50 mM) in a cell-free system for 3 min, followed by the

addition of dihydrorhodamine (DHR 123; 1 mM). The oxidation of rhodamine was

measured fluorometrically after 20 min. (C) For studies on the superoxide (�O2
�)

scavenging capacity, the test compounds were incubated with xanthine oxidase

(2 mU/ml) and its substrate hypoxanthine (500 mM). Dihydroethidium (DHE)

(2.5 mM) served as indicator for �O2
�. Fluorescence of ethidium was detected after

an incubation period of 20 min. Data are means � SD for triplicate determinations.
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Our data show that, although complex I activity of the
mitochondrial respiratory chain may be the primary target of
MPP+, death is only executed when pathways downstream of
mitochondria are triggered. When such pathways, involving stress
kinase signaling, protease activation, mitochondrial changes, and
ROS formation were blocked, cells survived, although MPP+ led to a
strong ATP-depletion. This suggests, that neurons with an
impairment of mitochondria may continue to function, if the
generation of ROS or the activation of more downstream
degenerative processes are blocked. In a complex tissue environ-
ment, growth factor signaling (Chung et al., 2005) or activation of
survival signals such as protein kinase D1 (PKD1) activity
(Asaithambi et al., 2011) may contribute to such resistance. This
implies that pharmacological inhibition of neuronal death may still
be possible in human disease, even when the initial etiological
factors cannot be addressed.

In order to discriminate between ATP-dependent and -
independent pathways of MPP+ toxicity, a set of well-established
and functionally characterized neuroprotective compounds with
different sites of action was applied in this study.

First, compounds known to preserve mitochondrial integrity in
other settings were tested for uncoupling of ATP-depletion and cell
death. Pharmacological inhibition of Bax channel formation
prevented cell death, while the MPP+-dependent decline in ATP
levels was not affected. For further investigations, the dynamin-
related GTPase (DRP) inhibitor Mdivi-1 was used (Cassidy-Stone
et al., 2008). This compound is expected to prevent mitochondrial
fission, an event often associated with neurodegeneration. For
instance, reduced activities of the parkinsonism-related proteins
Parkin (PARK2) and PINK1 (PARK6) are known to increase fission
processes, leading to mitochondrial fragmentation (Cui et al., 2010;

Fig. 7. Uncoupling of cell death and ATP loss. (A) LUHMES cells were incubated with

5 mM MPP+ in the presence of zVAD-OMe-fmk (100 mM) and cell viability was

assessed by SYTOX/Hoechst staining at different time points. SYTOX positive nuclei

are given as percentage of all nuclei. (B) Intracellular ATP levels were measured in

cell pellets after treatment with 5 mM MPP+ plus solvent, 100 mM zVAD-OMe-fmk

or 1 mM ascorbic acid for the time intervals indicated. (C) For the measurement of

cell viability and corresponding ATP levels in untreated cells, cells were treated with

5 mM MPP+ in the absence (solv.) or presence of Q-VD-OPh (Q-VD; 100 mM),

desferoxamine (Desf.; 100 mM) or CEP1347 (250 nM) for 72 h. Data are means � SD

of triplicates. *p < 0.05 for compound (zVAD-OMe-fmk or ascorbic acid) against

solvent in (A and B) and p < 0.05 for ATP levels of compound (Q-VD-OPh,

desferoxamine, CEP1347)-treated against solvent-treated cells.

Fig. 8. Cell death and ATP-depletion in rotenone-toxicity. LUHMES (d6) were

treated with 500 nM rotenone and various concentrations of CEP1347 for 48 h. (A)

Resazurin reduction was measured and normalized to untreated control cells.

Extracellular LDH activity (B) and intracellular ATP levels (C) were measured in

parallel. Data are means � SD of quadruplicates. p < 0.05 for rotenone plus 250 or

500 nM CEP1347 vs. rotenone only.
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Dagda et al., 2009; Lutz et al., 2009). Treatment of LUHMES with
Mdivi-1 led to a spread and prolongation of the mitochondrial
network. The compound protected from MPP+-induced cell death.
Similar to the situation with the Bax channel inhibitor, the MPP+-
dependent drop in ATP levels was not prevented. These findings
suggested that ATP-depletion per se is not sufficient for the
execution of cell death.

As next type of intervention strategy, we addressed caspases
and related proteases. In the LUHMES model, we observed full
caspase activation after 24 h of MPP+ treatment and condensed
chromatin was detected in nuclei after 48 h. High concentrations of
the pan-caspase inhibitors zVAD-OMe-fmk and Q-VD-OPh led to a
full protection from MPP+. Also after this intervention, ATP was still
strongly depleted by >50%. Thus, initial complex I inhibition by
MPP+ may lead to cellular malfunctions that induce Bax channel
formation in the mitochondrial outer membrane. Released
cytochrome c may then initiate caspase activation (Leist et al.,
1999), and other processes may be triggered by oxygen radicals.
Although, zVAD-OMe-fmk and Q-VD-OPh were useful in this study
to provide further evidence that energy depletion and cell death
can be uncoupled, their potential targets require some further
discussion: low micromolar concentration of the compounds have
been shown to block all residual caspase activity (Foghsgaard et al.,
2001; Volbracht et al., 2001), and they also fully blocked the
activity of caspase-3 in MPP+ treated LUHMES cells here. However,
the concentrations required to prevent cell death were signifi-
cantly higher than those required for full caspase inhibition. This
correlates with earlier studies demonstrating that caspase
inhibitors used at high concentrations inhibit other processes
and proteases involved in programmed cell death, such as calpains
and cathepsins (Berliocchi et al., 2005; Blomgren et al., 2007;
Foghsgaard et al., 2001; Leist and Jäättelä, 2001; Schotte et al.,
1999). In dopaminergic neurons, combined inhibition of caspases
and oxidative stress has proven beneficial (Hansson et al., 2000),
but direct anti-oxidative properties of the caspase inhibitors in
high concentrations have been shown to be unlikely here. Also, the
impact of zVAD-OMe-fmk on MPP+ uptake into the cells was
excluded. A more reasonable explanation for the protective effect
in high concentrations is an unspecific inhibition of other proteases
involved in caspase-independent mechanisms of programmed cell
death.

Another downstream process we addressed for a role in
uncoupling of ATP and cell death was oxidative stress. Inhibition
of complex I by MPP+ or rotenone can lead to the generation of free
radicals by transfer of electrons directly to oxygen. The effects of
dopamine autoxidation and complex I-dependent radical forma-
tion are made particularly detrimental to cells by the iron-
catalyzed Fenton reaction. This has been thoroughly discussed in
the literature as cause for selective dopaminergic neurodegenera-
tion (Zhou et al., 2008). We therefore used the direct antioxidant
ascorbic acid, or the iron chelator desferoxamine in the MPP+/
LUHMES model. Pronounced protection was observed although
ATP levels still dropped by >50%. We conclude from these findings
that free radicals generated by MPP+ treatment induce cell death of
LUHMES similar to other models in the literature (Lotharius and
O’Malley, 2000). Most importantly, block of these processes
uncoupled cell death and ATP-depletion.

In a final approach, we used the MLK inhibitor CEP1347. This
drug has been shown earlier to be protective in various models of
general neuronal and dopaminergic degeneration (Boll et al., 2004;
Lotharius et al., 2005; Müller et al., 2006; Schildknecht et al., 2009).
It is generally assumed that this drug does not affect the energetic
status of cells, but blocks its downstream detrimental conse-
quences. Accordingly, we confirmed here the uncoupling of ATP-
depletion and cell death by this independent approach. CEP1347
was also used to test whether similar effects were observed with

rotenone. Also when this alternative complex I inhibitor was used,
cell death was blocked while ATP-depletion occurred. This points
to a possibly more general implication of our findings in the MPP+

model.
The possibility that cells may survive severe energy depletion

may have implications for therapy and the understanding of
disease pathogenesis, but also poses several questions to be
addressed in the future. For instance, it is unclear yet whether the
reduced, but still significant ATP production results from increased
glycolysis or from residual mitochondrial function, and whether
any of these may be further enhanced. Moreover, we did not
address the question, whether ATP-depletion is associated with a
change in energy charge (ratio of different adenosine nucleoside
phosphates) of the cells, and whether there is a threshold of ATP
levels not compatible anymore with cell survival. In the experi-
ments shown here, ATP was depleted by 50–70%. This would be
consistent with findings in lymphocytes, hepatocytes, and
neurons, that a reduction of intracellular ATP to about 30% still
allows survival and function (Latta et al., 2000; Leist et al., 1997;
Volbracht et al., 1999). This is also supported by a large body of
evidence from the field of hypoxia research, that suggests that
neurons can survive under conditions of impaired mitochondrial
respiration, provided that secondary events are blocked or
counteracted, e.g. by preconditioning (Iadecola and Anrather,
2011). A further question would address the time period for which
ATP-depletion may be tolerated. This may be interesting for
discovery of mechanisms and pathways that expand this time
span, similar to the block of TRPM7 channels in hypoxic neurons
(Tymianski, 2011). Such research might eventually lead to
explanations of the differential susceptibilities of different types
of dopaminergic neurons to MPP+ and ATP-depletion, and it would
allow for the exploration and testing of new pharmacological
intervention strategies.
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