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Abstract The evidence implicating a mode of cell death
that either favors or argues against caspase-dependent
apoptosis is available in studies that used experimental
models of Parkinson’s disease. We sought to investigate
the mechanisms by which release of cytochrome c¢ is not
linked to caspase activation during rotenone-induced
dopaminergic (DA) neurodegeneration. Unlike caspase
activation in 6-hydroxydopamine-treated cells, both MN9D
DA neuronal cells and primary cultures of mesencephalic
neurons showed no obvious signs of caspase activation
upon exposure to rotenone. We found that intracellular
levels of ATP significantly decreased at the early phase of
neurodegeneration (<~ 24 h) and therefore external addi-
tion of ATP to the lysates obtained at this stage reconsti-
tuted caspase-3 activity. At a later phase of cell death
(>~24 h), both decreased levels of ATP and procaspase-9
contributed to the lack of caspase-3 activation. Under this
condition, calpain and the proteasome system were
responsible for the degradation of procaspase-9. Conse-
quently, external addition of ATP and procaspase-9 to the
lysates harvested at the later phase was required for acti-
vation of caspase-3. Similarly, caspase-3 activity was also
reconstituted in the lysates harvested from cells co-treated
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with inhibitors of these proteases and incubated in the
presence of external ATP. Taken together, our findings
provided a sequential mechanism underlying how DA
neurons may undergo caspase-independent cell death, even
in the presence of cytoplasmic cytochrome c¢ following
inhibition of mitochondrial complex I.
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Introduction

Parkinson’s disease (PD) is a common neurodegenerative
disorder characterized by pathological hallmarks such as
the progressive loss of dopaminergic (DA) neurons in the
substantia nigra pars compacta and formation of Lewy
bodies [1]. Most PD cases are sporadic and its etiology is
incompletely understood; however, an increasing body of
evidence suggests that oxidative stress, mitochondrial
dysfunction, inflammation and abnormal protein aggrega-
tion may be involved in the pathogenesis of PD [1].
Interestingly, many of the familial PD genes have been also
linked to management of reactive oxygen species (ROS)
generation, mitochondrial function, and protein folding,
sharing common pathways underlying the pathogenesis of
sporadic forms of PD [2]. In any cases, several cell death
modes, including apoptosis, necrosis and autophagy, have
been demonstrated during DA neurodegeneration [3].
Neurotoxin-based experimental models have been
widely used to study biochemical changes reminiscent of
those occurring in patients with PD [1]. Among the neu-
rotoxins shown to cause neurodegeneration, 6-hydroxy-
dopamine (6-OHDA) was the first used to establish an
animal model of PD associated with DA neuronal death in
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the substantia nigra pars compacta [4]. Once accumulated
inside DA neurons, 6-OHDA is involved in the generation
of ROS including autooxidation, leading to cell death
typical of apoptosis. Systemic administration of the mito-
chondrial complex I toxin, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), into non-human primates and
mice has been also used to produce animal models of PD
[5]. Once in the brain, MPTP is oxidatively metabolized
into its active toxic molecule, 1-methyl-4-phenylpyridini-
um (MPP") via monoamine oxidase B present in glial
cells. Betarbet et al. [6] demonstrated that low-dose intra-
venous administration of rotenone to rats produces selec-
tive degeneration of nigrostriatal DA neurons, PD-like
locomotor behavior, and occurrence of cytoplasmic inclu-
sions. Recently, progression of disease pathology has been
also reproduced in mice after low dose of chronic and
intragastric administration of rotenone [7]. Similarly, it has
been demonstrated that sublethal, chronic exposure to
rotenone induces widespread loss of DA neurons and
severe locomotor deficits in Drosophila, mimicking several
key aspects of PD [8]. Subsequently, rotenone has been
proposed to produce apoptosis potentially via oxidative
damage, endoplasmic reticulum stress and abnormal pro-
tein aggregation in cellular models of PD [9, 10].

It has been widely accepted that ROS per se and ROS-
mediated apoptotic signaling underlie the major neuro-
toxic mechanism following 6-OHDA treatment and this
has been demonstrated both in a wide variety of cells and
in rat brain models [1]. In contrast, the evidence impli-
cating a mode of cell death that either favors or argues
against caspase-dependent apoptosis is available in studies
that used experimental models generated by the mito-
chondrial complex I toxins. For example, several studies
suggest that apoptosis may reflect the primary mecha-
nisms closely associated with mitochondrial complex I
toxin-induced DA neuronal death [11-13]. Several other
reports still including ones from our laboratory conflict
with regard to mitochondrial complex I toxin-induced cell
death and indicate non-apoptotic DA neuronal death
[14-18]. Although the exact nature of this controversy is
not clearly understood, the interpretation of whether the
mitochondrial complex I toxins elicit apoptosis should be
regarded with caution. Therefore, the specific aim of the
present study was to examine the molecular mechanism
underlying mitochondrial complex I inhibitor-induced DA
neuronal cell death using both the MN9D DA neuronal
cell line and primary cultures of DA neurons. Here, we
present evidence indicating that sequential depletion of
intracellular ATP, and protease-mediated degradation of
procaspase-9, may be responsible for the lack of caspase
activation following cytosolic release of cytochrome c in
mitochondrial complex I inhibitor-induced MN9D DA
neuronal death.
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Materials and methods
Cell cultures and drug treatments

MNOD cells [14] were seeded on 25 pg/ml poly-p-lysine-
coated culture dishes or plates (Corning Glass Works,
Corning, NY, USA), maintained in DMEM supplemented
with 10% FBS (Invitrogen, San Diego, CA, USA) in an
incubator with an atmosphere of 10% CO, at 37°C, and
switched to serum-free N2 medium [14] containing various
experimental reagents. Primary cultures of DA neurons
were prepared from the ventral mesencephalon of 14 d
gestation Sprague Dawley rat embryos and processed for
drug treatment as previously described [17]. Reagents used
included rotenone, MPP*, 6-OHDA (all from Sigma, St.
Louis, MO, USA), BAPTA-AM (Molecular Probes,
Eugene, OR, USA), calpeptin, clasto-lactacystin-f-lactone
(lactacystin), and MG132 (all from Calbiochem, La Jolla,
CA, USA).

Electron microscopy and propidium iodide staining

MNOD cells plated onto the poly-p-lysine-coated 35 mm
culture plate (SPL Life Sciences Inc., Korea) were treated
with 10 nM rotenone for the indicated time periods. Cells
were then washed with DMEM and fixed with a buffer
containing 2% paraformaldehyde and 0.5% glutaraldehyde
in 0.1 M cacodylate buffer, post-fixed with 1% osmium
tetroxide and en bloc stained with 0.2% uranyl acetate
solution. Subsequently, cells were dehydrated with an
ascending ethanol series and embedded with an Epon
mixture. Thin sections of 80 nm were obtained using a
Reichert-Jung Ultracut E microtome (Leica, Wetzlar,
Germany). Sections were mounted on a 200-mesh grid and
stained with uranyl acetate followed by lead citrate. Elec-
tron microscopic photomicrographs were taken with a
Hitachi H-7500 (Hitachi, Japan) TEM with 80 kV accel-
eration voltage. For propidium iodide (PI) staining, cells
were gently washed with warm DMEM and incubated with
3 pl of 2 mg/ml PI (Sigma) at room temperature for 3 min
in the dark, and rinsed with warm PBS. Stained cells were
examined under an Axio Observer Al microscope equip-
ped with epifluorescence and a digital image analyzer (Carl
Zeiss, Zena, Germany).

Immunoblot analysis

Following drug treatments, MNO9D cells washed with ice-
cold PBS were subjected to lysis on ice in a buffer con-
taining RIPA buffer (50 mM Tris-HCI, pH 7.4, 1 mM
EGTA, 1% NP-40, 0.25% sodium deoxycholate, 150 mM
NaCl, and 0.1% SDS) with the Complete mini-EDTA-free
protease inhibitor cocktail tablets (Roche Applied Science,



Apoptosis (2012) 17:449-462

451

Mannheim, Germany). Cells were homogenized in a Do-
uncer on ice, followed by centrifugation at 13,000xg for
10 min at 4°C. For detecting cytochrome c release, cellular
fractionation was performed as previously described [17]
with minor modifications. Protein contents were measured
using a Bio-Rad protein assay kit (Bio-Rad Laboratories,
Hercules, CA, USA). Fifty to seventy-five micrograms of
protein were separated on a 7-12.5% SDS-PAGE, blotted
onto pre-wetted PVDF-nitrocellulose filters, and processed
for immunoblot analysis. Primary antibodies used were a
rabbit polyclonal anti-procaspase-9, anti-cleaved caspase-
3, anti-cleaved caspase-9 (1:1,000; all from Cell Signaling,
Beverly, MA, USA), a rabbit polyclonal anti-calpain
cleaved fodrin (a generous gift from Dr. Saido at RIKEN,
Japan), a mouse monoclonal anti-cytochrome ¢ (1:3,000;
PharMingen, San Diego, CA, USA), anti-Apaf-1 (1:1,000;
Chemicon International, Temecula, CA, USA), and a
mouse monoclonal anti-ubiquitin (P4D1) (1:1,000; Santa
Cruz Biotechnology, Santa Cruz, CA, USA). A mouse
monoclonal anti-glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH; 1:3,000; Chemicon International) was used
as a loading control. Both a mouse monoclonal anti-cyto-
chrome oxidase subunit IV (COX-IV, 1:1,000; Molecular
Probes) and a rabbit polyclonal anti-superoxide dismutase
1 (SOD-1, 1:1,000; Santa Cruz Biotechnology) were used
as fraction markers for the mitochondria and the cytosol,
respectively. Specific bands were detected by enhanced
chemiluminescence (ECL; Amersham Pharmacia Biotech,
Piscataway, NJ, USA). The intensities of bands were ana-
lyzed using Image J. Values were normalized by the cor-
responding levels of GAPDH or SOD-1 (for Fig. 4b) and
expressed as the average fold difference in band intensity
of the corresponding proteins over the controls (1.00).

Quantification of tyrosine hydroxylase (TH)-
immunoreactive neurons and DA uptake assay

To determine the number of surviving DA neurons fol-
lowing drug treatment, primary cultures of DA neurons
were subjected to immunocytochemical localization of TH,
the rate-limiting enzyme of dopamine biosynthesis, and
cell counting as previously described [17]. Briefly, manual
counts by an individual blind to the treatment conditions
were carried out of all of the TH-positive cells having
neurites twice the length of the soma. For measuring the
rate of DA uptake, cells were incubated with 25 nM
[3H]DA (45 Ci/mmol; Amersham Biosciences, Bucking-
hamshire, UK) for 15 min in Krebs—Ringer solution after
treatment of DA neurons with the indicated concentrations
of rotenone. The resulting radioactivity was quantified by a
liquid scintillation counter (Beckman, Fullerton, CA,
USA), as previously described [17].

ATP measurement

Luminometric measurement of intracellular ATP levels
was determined using ATP Determination Kit and carried
out according to the protocol provided by the manufacturer
(Molecular Probes). Briefly, after drug treatments, MN9D
cells were dissociated with 0.25% trypsin, lysed in a buffer
containing 10 mM KH,PO,, 4 mM MgSO,, and then
boiled at 95°C for 5 min. Cellular lysates were incubated
on ice for 5 min, and transferred into luminometer vials.
Ten microliters of cellular lysates were mixed well with
100 pl of reaction solution provided by manufacturer. The
luminometric values were quantified by a TD-20/20 lumi-
nometer (Turner Designs Instrument, Sunnyvale, CA,
USA). Values from each treatment were expressed as a
percentage over the untreated control at each time point
(100%).

Immunocytochemistry for activated caspase-3
and fluorescent staining of intracellular free calcium

After drug treatments, MNOD cells were fixed with 4%
paraformaldehyde for 20 min at RT, and blocked for 1 h in
PBS containing 5% normal goat serum and 0.2% Triton
X-100. Cells were then incubated with the primary anti-
body in PBS containing 1% normal goat serum and 0.2%
Triton X-100 at 4°C overnight. A rabbit polyclonal anti-
body that recognizes the cleaved forms of activated cas-
pase-3 was used as the primary antibody (1:200; Cell
signaling). After washes with PBS, cells were incubated at
RT for 1 h with Alexa Fluor 488® goat anti-mouse IgG
(1:200; Molecular Probes). To visualize the nuclei, MN9D
cells were incubated with 1 pg/ml Hoest33258 (Molecular
Probes) in PBS for 5 min. For immunocytochemical
localization of the cleaved forms of activated caspase-3
among TH-positive neurons, primary cultures of DA neu-
rons were subjected to double immunofluorescent staining
using antibodies that recognize the cleaved form of cas-
pase-3 (1:200; Cell signaling) and TH (1:7,500; Pel-Freez,
Rogers, AR, USA) followed by incubation with Alexa
Fluor 488® goat anti-mouse IgG and Alexa Fluor 594%
goat anti-rabbit IgG. Cells were examined under an Axi-
olmager D1 microscope equipped with an epifluorescence
unit and Axiocam Digital Camera (Carl Zeiss). To label the
cytosolic free calcium, toxin-treated MN9D cells were
loaded with 3 uM Flou-3/AM dye (Molecular Probe) in N2
medium for 30 min at 37°C in an incubator with an
atmosphere of 10% CO,, and washed two times with N2
media according to the protocol provided by the manu-
facturer. Cells were then examined under an Axiovert 100
microscope equipped with an epifluorescence unit and
Axiocam Digital Camera (Carl Zeiss).
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In vitro and cell-based calpain cleavage assays

Metabolically labeled procaspase-9 was produced using an
in vitro transcription and translation kit according to the
instruction of the manufacturer (Promega, Madison, WI,
USA) using the plasmid containing HA-tagged human
procaspase-9 in pcDNA 3. The labeled products were
subjected to an in vitro calpain cleavage assay. Briefly, 5 pl
of [*°S]-labeled procaspase-9 was incubated with 0.134
unit of porcine p- or 0.343 unit of m-calpain (all from
Calbiochem) in the presence or the absence of 1 mM CaCl,
and 5 pM calpeptin (Calbiochem; a calpain inhibitor).
Basically, the reaction mixture was made up to a final
volume of 30 pl with calpain reaction buffer (25 mM Tris,
10 mM KCI, 10 mM CaCl,, and 0.1% Triton-X 100) and
incubated at 30°C for the indicated time periods. Six
microliters of 5x SDS-loading buffer was added and the
reaction mixture was subjected to 8% SDS-PAGE. For
autoradiography, gels were dried on 3 M paper, exposed to
X-ray film overnight, and developed. For cell-based cal-
pain cleavage assays, MN9D cells were washed with ice-
cold PBS and lysed in a buffer containing 50 mM Tris, pH
7.0, 2 mM EDTA, and 1% Triton X-100 without any
protease inhibitors. Cells were homogenized in a Douncer
on ice and centrifuged at 13,000x g for 10 min at 4°C. Fifty
micrograms of protein were incubated for 2 h at 37°C with
I mM CaCl, and 2 pl of p-calpain or m-calpain in the
presence or absence of various protease inhibitors includ-
ing 50 uM calpeptin, 2.5 uM MG132 or 2.5 uM lactacy-
stin. Reaction mixtures were subjected to immunoblot
analysis for procaspase-9.

In vitro and cell-based ubiquitination assays

Metabolically labeled procaspase-9 was incubated and
assayed for polyubiquitination using the Ubiquitin Protein
Conjugation Kit according to the manufacturer’s instruc-
tion (Calbiochem). Briefly, 5 pul of [*°S]-labeled procas-
pase-9 was incubated at 37°C for 1 h in a total volume of
30 pl reaction buffer with or without 25 pl ubiquitination
cocktail containing E1, E2, and E3 components, and 3 pl
ubiquitin aldehyde. Six microliters of 5x SDS-loading
buffer was added and the reaction mixture was subjected to
8% SDS-PAGE. For autoradiography, gels were dried on
3 M paper, exposed to X-ray film overnight, and devel-
oped. For cell-based ubiquitination assays, MNOD cells
were first transiently transfected with pEF/HA-ubiquitin,
and then treated with the indicated toxins in the presence of
a proteasome inhibitor, lactacystin. After several washes
with PBS, cells were lysed on ice for 30 min in a RIPA
buffer containing a protease inhibitor cocktail and without
SDS. After centrifugation at 13,000x g for 10 min at 4°C,
3 mg cell lysates in 1 ml was precleared with 40 pl of 50%
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Protein A agarose, which was washed five times with RIPA
buffer without SDS (Upstate, Temecula, CA, USA). After
centrifugation, the supernatant was incubated with 3 pg of
a mouse monoclonal anti-caspase-9 (Chemicon) at 4°C
overnight, incubated with 40 pl of 50% Protein A agarose
for 2 h, and washed three times with RIPA buffer without
SDS. The pellet was dissolved with 30 pl of 1x sample
buffer and half of each sample was separated on 8% SDS-
PAGE. Blots were probed with a mouse monoclonal anti-
ubiquitin (P4D1; 1:1,000; Santa Cruz Biotechnology) and a
rabbit polyclonal anti-procaspase-9 (1:1,000, Cell Signal-
ing), respectively.

In vitro reconstitution assay of caspase-3

After treatment with 10 nM rotenone in the presence or the
absence of the indicated protease inhibitors, cell lysates
were prepared as described and an in vitro reconstitution
assay of caspase activity was performed as previously
described [17] with some modifications. Briefly, cellular
lysates (50 pg) were incubated for 2 h at 30°C in a reaction
buffer containing 20 mM HEPES-KOH, pH 7.5, 10 mM
KCl, 1.5 mM MgCl,, 1 mM EDTA, 1 mM EGTA, and
1 mM dithiothreitol containing 1 mM ATP alone or in
combination with 31.25 ng procaspase-9. The reaction
mixtures were subjected to an immunoblot analysis for the
cleaved caspase-3.

Statistical analysis

All the data represent the mean £+ SEM from at least three
independent experiments. Statistical analysis was per-
formed by one-way ANOVA followed by Tukey’s multiple
comparison test.

Results

Lack of caspase activation in rotenone-treated MN9D
dopaminergic neuronal cells

Rotenone is a well-known inhibitor of mitochondrial
complex I and have been utilized to establish experimental
models of PD [1]. To determine a dose- and time-respon-
siveness, MN9D cells were treated with a wide concen-
tration range of rotenone (1-100 nM) for up to 48 h. At
10-100 nM rotenone, a great majority of MN9D cells were
positive for PI staining, indicating that cells were dead or
damaged. As shown in Fig. la, cells were not obviously
stained for PI following 10 nM rotenone treatment for
24 h, indicating that at this time point a great majority of
cells still have an intact membrane. In contrast, approxi-
mately 20% of cells were stained positive for PI at 36 h and
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Fig. 1 Morphological
characterization of rotenone- a
induced DA neurodegeneration.
MNO9D cells treated with 10 nM
rotenone were subjected to PI
analyses and electron
microscopy. a Cells were
incubated with PI to stain nuclei
of the cells with the disrupted
cytoplasmic membrane.
Photomicrographs demonstrate
a time-dependent increase of
PI-positive cells. Scale bar

100 pum. b Twenty-four or
thirty-six hours after drug
treatment, transmission electron
micrographs were taken. Single
arrow and double arrows
indicate the swollen
mitochondria and disrupted
membrane, respectively.

Scale bar 5 pm

Control

Rotenone, 24h

Rotenone, 36h

Rotenone, 48h

b Control

number of Pl-positive cells increased thereafter. As deter-
mined by morphological criteria, rotenone caused quite
distinct changes in morphology, with the apparent
appearance of vacuole-like structures within the cytoplasm
and no obvious signs of shrunken nuclei under a phase-
contrast microscope. This was in contrast to the shrunken
nuclei typically observed in MNOD cells treated with
100 uM 6-OHDA [14, 17]. To clearly confirm these mor-
phological changes at the ultrastructural level, MNOD cells
were treated with or without 10 nM rotenone and subjected
to transmission electron microscopy. As shown in Fig. 1b,
treatment of cells with rotenone for 24 h caused appear-
ance of many swollen mitochondria within the cell. At this
time point, cells still had a relatively intact membrane.
However, by 36 h cells showed not only this morphologi-
cal manifestation but also loss of their membrane integrity,
indicating that rotenone cause quite similar morphological

Propidium iodide

Phase-contrast

changes as observed in MPP " -treated MNOD cells [14].
We then attempted to examine whether activation of cas-
pase is involved in MNO9D cells during rotenone-induced
cell death. Immunofluorescent localization demonstrated
that virtually no cells were positive for the cleaved form of
caspase-3 in MNOD cells treated with 10 nM rotenone for
24 h or longer (Fig. 2a). This was true in MN9D cells
treated with another mitochondrial complex I inhibitor,
MPP". In contrast, treatment of cells with 100 pM
6-OHDA caused many cells positive for cleaved caspase-3
(Fig. 2a). Immunoblot analysis indicated that in MN9D
cells treated with 1-100 nM rotenone, neither the cleaved
caspase-9 nor the cleaved caspase-3 was detected for up to
42 h (Fig. 2b). As previously described by us [14, 17],
failure to activate caspase was also observed at all con-
centrations of MPP™ tested (1-100 pM, data not shown).
These results were quite contrary to the robust activation of
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Control 6-OHDA Rotenone
12h 100pM 12h  10nM 24h

Hoechst
33258
cleaved
casapse-3

Rotenone
1oM 10nM  100nM G-OHZD&
~C 24 42 24 42 24 42 12h

MPP*
S0pM 24h

cleaved .1
caspase-9 e
cleaved
caspase-3 .

GAPDH — F

Fig. 2 Lack of caspase activation in rotenone-induced DA neurode-
generation. a MN9D cells treated with the indicated drugs were
immunolabeled using anti-cleaved caspase-3, and then examined with
a fluorescent microscopy. Nuclei were labeled with Hoechst 33258.
Scale bar 50 pm. Photomicrographs show lack of rotenone-induced
immunofluorescence for the cleaved caspase-3. b Cellular lysates
(50 pg) were subjected to immunoblot analysis using antibodies that
recognize the cleaved forms of caspase-9 and caspase-3. Lysates
obtained from MNO9D cells treated with 100 uM 6-OHDA were used
as a positive control for caspase activation. Blots also show lack of
caspase activation in rotenone-treated cells. Anti-GAPDH was used to
confirm an equal amount of loading. All the data are the represen-
tative figure from at least three independent experiments

caspases found in 100 pM 6-OHDA-treated MN9D cells
(Fig. 2b).

Cytotoxicity and caspase activity in primary cultures
of DA neurons treated with rotenone

Using primary cultures of DA neurons derived from the
ventral mesencephalon of E14 rat embryos, we first char-
acterized the cytotoxic effect of rotenone on these primary
cultured DA neurons by determining the rate of [PHIDA
uptake and the number of TH-positive neurons. From the
study with concentrations ranging from 10 to 50 nM
rotenone, we found a dose- and time-dependent decrease in
the rate of [*H]DA (Fig. 3a). Typically, a 50% reduction of
DA uptake was detected at 50 nM rotenone at 48 h. After
48 h incubation with rotenone, the number of TH-positive
neurons decreased in a dose-dependent manner. For
example, only 30-40% of TH-positive neurons survived at
50 nM rotenone for 48 h (Fig. 3b). To determine whether
caspase activation is involved in primary cultures of DA
neurons following rotenone treatment, double-immunoflu-
orescent localization of activated caspase-3 and TH was
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performed (Fig. 3c). Subsequently, the number of cleaved
caspase-3-positive cells among TH-positive neurons was
manually counted (Fig. 3d). In untreated DA neurons,
virtually no TH-positive cells were shown to be positive for
activated caspase-3. Following treatment with 20 uM
6-OHDA for 12 h, ~6% of TH-positive neurons were
detected. In comparison with untreated DA neurons, none
of the three doses of rotenone treatment induced any sig-
nificant changes in the number of caspase-3-positive cells
among TH-positive neurons. This was in line with our
previous data demonstrating virtually no TH-positive
neurons displayed immunoreactivity for the active form of
caspase-3 in primary cultures of DA neurons treated with
3 uM MPP™ [14, 17].

Depletion of cellular ATP levels in rotenone-treated
cells

It was demonstrated that (d)ATP is indispensable for the
formation of the apoptosome complex and subsequent
activation of the caspase cascade [19]. Our previous study
using MNOD cells demonstrated that MPP* induced a
marked decrease in cellular levels of ATP while 6-OHDA
did not affect the intracellular level of ATP [20]. Since
rotenone is known to act on the mitochondrial electron
transport chain at complex I, inducing severe defects in
complex I activity and subsequent mitochondria depolar-
ization, leading to DA neurodegeneration [6, 7, 21], we
investigated whether the rotenone-induced decrease of
ATP may be responsible for the lack of caspase activity.
First, we determined by a luminometric measurement the
absolute levels of intracellular ATP in untreated control
MNOD cells. Its homeostatic levels were ranged from 8.2
to 12.6 uM as measured in four separate experiments. As
shown in Fig. 4a, intracellular ATP was depleted after
treatment with 10 nM rotenone in a time-dependent man-
ner. At 24 h after rotenone, intracellular ATP decreased by
up to 50% of the untreated control level, and continued to
drop thereafter. We then tested whether replenishment of
ATP into these cytosolic cellular lysates would restore
activation of caspase-3. As shown in Fig. 4b, the addition
of only 1 mM ATP to the cytosolic fraction obtained from
MNO9D cells treated with 10 nM rotenone for 24 h was
sufficient to activate caspase-3; at a time point at which
more than 50% of the intracellular ATP level was depleted.
Quite similar pattern was obtained in MN9D cells treated
with 50 uM MPP™. Intriguingly, there was no sign of
caspase-3 activation in the cytosolic cellular lysates har-
vested 36 h after drug treatment, even after the concen-
tration of ATP was increased up to 3 mM (data not shown),
indicating factor(s) other than intracellular ATP levels may
be involved in the lack of caspase activation at the later
phase of rotenone-induced cell death.
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Fig. 3 Lack of caspase activity a [FHIDA uptake b Surviving TH-positive neurons

in rotenone-treated primary s s

cultures of mesencephalic 100 - | a24h 120 A

neurons. a Primary cultures of | | '—'—1—1 ;

mesencephali = 048h = 100 wiSh
s phalic neurons treated s _} e

with rotenone (R) were = 80 1 =

processed for a [PH]DA uptake 8 —}- T 8 30

assay. Values from each = 601 = 60

treatment are expressed as a § §

percentage over the untreated & 40 & 40

control (CTRL, 100%). Data

represent the mean += SEM 20 20

from at least three independent

experiments (**p < 0.05). 0 . . . . 0

b After drug treatment, cultures CTRL RS50oM R25aM R10oM CTRL RS50oM R25nM R 10nM

were immunostained for TH,
and the number of surviving
TH-positive neurons was
counted manually. Values are
expressed as a percentage over
the untreated control (CTRL,
100%) and represent the TH
mean £+ SEM of three

independent experiments

(**p < 0.05). Results indicate a
dose-dependent loss of DA

uptake and TH-positive

neurons. ¢ Following drug

treatment, cultures were cleaved
subjected to double- caspase-3
immunofluorescent labeling

with anti-TH (green) and anti-

cleaved caspase-3 (red). Arrow

indicates neurons that were

typically positive for both

activated caspase-3 and TH.

Scale bar 50 pm. d Neurons

Control 6-OHDA 20puM 12h R 50nM 24h R 50nM 48h

-.
-.
.

that were positive for activated Merge
caspase-3 among TH-positive
neurons were counted. Data
represent the mean + SEM
fi three i dent g 4 s
rom Hree %ndép encen Activated caspase-3 in TH-positive neurons
experiments (*p < 0.01),
indicating lack of rotenone- d 024h  @48h
induced caspase activation 8¢
*
K1,
S 4t
S
22F
£ . ..
R5nM R25nM R 10nM 6-OHDA
12h
Degradation of procaspase-9 following rotenone therefore attempted to examine the protein levels of other
treatment apoptosome components in rotenone-induced DA neuronal

cell death to see if any of these critical components were
The apoptosome is a large quaternary protein structure  limited at the later stage of cell death (~36 h). We found
formed in response to an intrinsic or extrinsic apoptotic  that rotenone induced a time-dependent increase in cyto-
signal [22]. As such, Apaf-1 and cytosolically released  solic levels of cytochrome ¢ (Fig. 5a, left panel). Expres-
cytochrome ¢ assemble in the presence of (d)ATP to form  sion level of Apaf-1 was shown to be no different, but the
the apoptosome complex to activate caspase cascade. We  level of procaspase-9 dramatically decreased at the later
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Fig. 4 Depletion of cellular ATP levels induced by rotenone
treatment may be responsible for the lack of caspase activation.
a The cellular ATP level of MN9D cells was measured before and
after drug treatment and values from each treatment are expressed as a
percentage relative to the untreated control (CTRL, 100%). Data from
three independent cultures in triplicates are expressed as the
mean = SEM (**p < 0.05). b Following subcellular fractionation,
cytosolic fractions (50 pg) were incubated in a reaction buffer with or
without 1 mM ATP. Aliquots from the same reaction mixtures were
subjected to immunoblot analysis for activated caspase-3. Results
indicate that external addition of ATP reconstitutes the caspase-3
activity in lysates harvested 24 h after drug treatment. Cytosolic
fractions were confirmed by immunoblot analysis for the presence of
cytosolic marker, SOD-1 and for the absence of a mitochondrial
membrane marker, COX-IV. The intensities of bands were analyzed
using Image J. Numbers below the blot represent the average fold
difference in normalized band intensity of the cleaved caspase-3 over
the untreated control cells (1.00; n = 3)

stage of cell death, and almost completely disappeared
between 36 and 40 h after drug treatment. As shown in
Fig. 5b (left panel), the drug-induced decrease of procas-
pase-9 was attenuated when MNO9D cells were co-treated
with 50 pM calpeptin (a calpain inhibitor), 2.5 uM MG132
(a proteasome inhibitor), or 2.5 pM lactacystin (a protea-
some inhibitor), suggesting degradation of procaspase-9
may be mediated either via calpain or the proteasome.
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Fig. 5 Protein expression profiles of apoptosome complex following
drug treatment and regulation of procaspase-9 by various protease
inhibitors. a Following drug treatment, MNOD cells were processed to
obtain the cytosolic fractions. Fractions containing the cytosolic
proteins (50 pg) were analyzed by immunoblotting for cytochrome c,
procaspase-9, or Apaf-1. Blots show a time-dependent increase of
cytosolic cytochrome ¢ and decrease of procaspase-9 levels. Dupli-
cate blots were immunolabeled with anti-SOD-1 or anti-COX IV to
confirm the cytosolic fractions of applied samples. b MN9D cells
were treated with 10 nM rotenone or 50 uM MPP™ in the presence or
absence of various protease inhibitors. Levels of procaspase-9 from
the cellular lysates were evaluated by immunoblot analysis. Numbers
below the blot represent the average fold difference in normalized
band intensity of procaspase-9 over the untreated control cells (1.00;
n = 3). Results indicate that inhibition of calpain and proteasome
activity blocks drug-induced decrease of procaspase-9

Similar patterns were observed in MPP*-treated cells
(Fig. 5a, b, right panels).

Calpain-mediated degradation of procaspase-9
in rotenone-treated cells

To investigate the possibility that rotenone indeed leads to
calcium-mediated activation of calpain, we first estimated
levels of intracellular free calcium in MN9D cells using
Fluo-3 dye. As shown in Fig. 6a, treatment with 10 nM
rotenone triggered an increase of intracellular free calcium
above the control levels. With any incubation period
shorter than 24 h after rotenone, no discernible levels of
Fluo-3-positive cells were detected compared to that in
untreated control cells (data not shown). Using an anti-
fodrin antibody that only detects the ~ 145- or 150-kDa
fragment cleaved by calpain [23], we detected the calpain-
mediated cleaved fodrin in MN9D cells at all three doses of
rotenone tested, and found its generation seemed to be
time- and dose-dependent (Fig. 6b). Based on these data,
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Fig. 6 Calpain-mediated degradation of procaspase-9. a Following
drug treatment, MN9D were then stained with Fluo-3/AM dye and
examined under a fluorescence microscope. Scale bar 50 pm.
Fluorescence photomicrographs show drug-induced increase of the
intracellular free calcium. b MN9D cells were treated with one of the
varying doses of rotenone or 50 uM MPP" for the indicated time
periods. Cellular lysates (50 pg) were subjected to immunoblot
analysis using an antibody that specifically recognizes the calpain-
cleaved form of fodrin [23], indicating drug-induced appearance of
calpain-cleaved fodrin. ¢ MN9D cells were treated with 10 nM
rotenone or 50 uM MPP? in the presence or absence of 40 pM
BAPTA/AM. Cellular lysates (50 pg) were subjected to immunoblot
analysis using an antibody that specifically recognizes the procaspase-
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9. Numbers below the blot represent the average fold difference in
normalized band intensity of procaspase-9 over the untreated control
cells (1.00; n = 3), indicating that co-treatment with a calcium
chelator blocks drug-induced decrease of procaspase-9. d [*°S]-
labeled procaspase-9 was incubated with a reaction buffer containing
1 mM CaCl, and m-calpain in the presence or the absence of a
calpain inhibitor, 5 pM calpeptin. Mixtures were separated on 10%
SDS-PAGE and subjected to autoradiography. e Cellular lysates
(50 pg) from MNOD cells were incubated with 1 mM CaCl, and
u-calpain or m-calpain in the presence or absence of various protease
inhibitors. Following separation on 10% SDS-PAGE, blots were
subjected to an immunoblot analysis with anti-procaspase-9 antibody,
indicating a calpain-mediated cleavage of procaspase-9
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we specifically asked whether the drug-induced increase in
calcium levels and calpain activity was involved in the
degradation of procaspase-9. As shown in Fig. 6¢, drug-
induced degradation of procaspase-9 in MN9D cells was
largely blocked in the presence of 40 UM BAPTA-AM, an
intracellular calcium chelator. The similar patterns of cal-
cium surge and subsequent activation of calpain were also
detected in MPP"-treated samples (Fig. 6a—c; right pan-
els). Secondly, we directly examined whether activation of
calpain is responsible for the degradation of procaspase-9.
In vitro transcribed and translated procaspase-9 was incu-
bated with a purified m-calpain in the presence of 1 mM
CaCl, (Fig. 6d). Autoradiogram showed a decrease in the
labeled procaspase-9 that was significantly blocked in the
presence of 5 uM calpeptin. To further verify this result,
the cellular lysates of MN9D cells were incubated with a
purified calpain in the presence of 1 mM Ca”*". As shown
in Fig. 6e, both u- and m-calpain degraded procaspase-9 in
the cellular lysates. Calpain-mediated degradation of pro-
caspase-9 was largely blocked in the presence of 50 uM
calpeptin but not significantly by an addition of 2.5 uM
MG132 or 2.5 pM lactacystin, indicating that procaspase-9
is a substrate of the activated calpains.

Role of ubiquitin-proteasome systems
in the degradation of procaspase-9 following rotenone
treatment

Since MPP™- or rotenone-induced degradation of procas-
pase-9 was attenuated in the presence of proteasome
inhibitors (e.g., MG132 and lactacystin; see Fig. 5b), in
vitro transcribed and translated full-length procaspase-9
was incubated with a reaction cocktail containing premixed
E1/E2/E3 enzymes and ubiquitin-aldehyde. As shown in
Fig. 7a, smeared ladder-like bands appeared, suggesting a
poly-ubiquitination pattern of procaspase-9 in the reaction.
To investigate whether procaspase-9 is poly-ubiquitinated
during drug-induced cell death, MN9D cells transiently
transfected with HA-tagged Ub plasmids were treated with
10 nM rotenone or 50 uM MPP* for 30 h in the presence
of lactacystin. Immunoprecipitation followed by immuno-
blot analysis indicated that poly-ubiquitinated smear bands
were detected in drug-treated sample (Fig. 7b). Consider-
ing that the intracellular levels of ATP were reduced by
approximately 70% following drug treatment for 36 h, our
data indicate that a few micromolar (e.g., 3 uM) ATP
remained may be enough for E1 enzyme to activate ubig-
uitin while it is insufficient to activate caspase in drug-
treated MNOD cells. Taken together, our data suggest
that the ubiquitin-dependent proteasome system is also
involved in degradation of procaspase-9 during rotenone-
induced cell death.
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Fig. 7 In vitro and the cell-based ubiquitination assay for procas-
pase-9. a A full-length caspase-9 labeled with [>°S]-methionine was
incubated with a reaction cocktail for ubiquitination assay. Smearing
ladder-like bands with molecular weights higher than 50 kDa are
shown in a lane incubated with a reaction mixture for ubiquitination
assay. b MNOD cells transiently transfected with HA-tagged Ub
plasmids were treated with or without 10 nM rotenone (R) or 50 uM
MPP in the presence of 2.5 uM lactacystin for 30 h. Cellular lysates
were immunoprecipitated with an anti-procaspase-9 antibody and
then immunoblotted with anti-ubiquitin antibodies or anti-procaspase-
9 antibody, showing drug-induced appearance of smearing bands of
ubiquitinated procaspase-9. Whole cell lysates were also immuno-
blotted with anti-procaspase-9 antibody

Reconstitution of caspase activity by co-addition
of ATP and procaspase-9

To demonstrate that the lack of caspase-3 activation is due
to degradation of procaspase-9 at the later phase of drug-
induced cell death, we first attempted to add 1 mM ATP
into the total cellular lysates harvested from rotenone-
treated MNO9D cells in the presence or the absence of the
indicated protease inhibitors. As shown in Fig. 8a, the
activated form of caspase-3 appeared to be increased when
MNO9D cells were treated with rotenone in the presence of
either calpeptin or MG132 alone. However, simultaneous
addition of both calpeptin and MG132 further increased
levels of cleaved caspase-3 following drug treatment,
suggesting that activation of both protease systems is
responsible for the degradation of procaspase-9. To directly
demonstrate this phenomenon, we performed the in vitro
reconstitution assay in the presence or absence of ATP and
a full length procaspase-9 using the total cell lysate
obtained after rotenone treatment for 36 h. To determine
the concentration of procaspase-9 present in the cytosol of
MNOD cells, intracellular concentration of procaspase-9
was calculated by loading a predetermined amount of the
purified procaspase-9 and comparing it with the amount in
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the untreated control MN9D cells (Fig. 8b). Based on the
calculated value, addition of 1 mM ATP with or without
31.25 ng procaspase-9 was selected to evaluate caspase-3
activity. As shown in Fig. 8c, simultaneous addition of
ATP and procaspase-9 could reconstitute caspase-3 activity
in the cellular lysates obtained following treatment with
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Fig. 8 Reconstitution of caspase activity following external addition
of ATP and procaspase-9. a MNID cells were treated with 10 nM
rotenone in the presence or absence of 50 uM calpeptin (CPT),
2.5 uM MG132 (MG) or both for 36 h. Total cellular lysates (50 pg)
were subjected to in vitro reconstitution of caspase activity assay with
external addition of 1| mM ATP. Levels of the cleaved caspase-3 were
evaluated by an immunoblot analysis. Numbers below the blot
represent the average fold difference in normalized band intensity of
the cleaved caspase-3 over the control cells (1.00; » = 3). b For
quantification of endogenous level of procaspase-9 in MN9D cells,
50 pg of cellular lysates (control) and the indicated amounts of the
purified full-length procaspase-9 were subjected to an immunoblot
analysis with anti-procaspase-9 antibody. ¢ Following drug treatment,
cellular lysates (50 pg) were incubated with 1 mM ATP in the
presence or absence of procaspase-9 (31.25 ng). Aliquots from the
reaction mixtures were subjected to an immunoblot analysis for
activated caspase-3, indicating that a simultaneous addition of ATP
and procaspase-9 reconstitutes caspase activity in lysates harvested
36 h after rotenone treatment. Anti-GAPDH was used to confirm an
equal amount of loading

rotenone for 36 h. This indicates that simultaneous deple-
tion of intracellular ATP and degradation of procaspase-9
are responsible for the lack of caspase activation even after
cytosolic release of the mitochondrial cytochrome c at the
later stage of drug-induced cell death.

Discussion

Previously, we have demonstrated that ROS-mediated
apoptotic signaling increases after treatment with 6-OHDA
and triggers activation of caspases in the MN9D DA neu-
ronal cell line and primary cultures of cortical and mes-
encephalic neurons [14, 17]. Therefore, co-treatment with a
caspase inhibitor significantly inhibits 6-OHDA-induced
cell death in these culture models. This is largely in line
with other reports using both in vitro and in vivo systems
challenged with 6-OHDA. By contrast, evidence impli-
cating the mode of cell death induced by MPP" is quite
controversial as judged by the morphological and bio-
chemical criteria provided in the literature. Although sev-
eral previous studies provide evidence in favor of caspase-
dependent apoptosis following treatment with mitochon-
drial complex I toxins [11-13], other reports, including
some from our laboratory, have demonstrated that MPP™-
induced cell death is not typically accompanied by mor-
phological and biochemical features of apoptosis [14-18].
Our present data demonstrate that another widely used
mitochondrial complex I inhibitor, rotenone, also did not
induce any apparent signs of caspase activation in both
MNO9D cells and primary cultures of mesencephalic
neurons over a 48 h incubation period at various con-
centrations.

Many death-inducing stimuli often converge onto the
mitochondria, causing the mitochondrial release of cyto-
chrome c into the cytosol. This, in turn, leads to the for-
mation of the apoptosome via the sequential binding of
components such as Apaf-1, (d)ATP, and procaspase-9
[22]. The resulting activation of caspase-9 is typically
linked to activation of the execution phase of caspases such
as caspase-3, eventually leading to apoptotic cell death via
cleavage of endogenous substrate proteins with critical
cellular functions. In the present study, we specifically
identified a case in which mitochondrial complex I inhib-
itor-induced release of mitochondrial cytochrome c into the
cytosol is not linked to caspase activation in MN9D DA
neuronal cells. We further provide evidence in which two
critical factors are sequentially contributed to the lack of
caspase activation during rotenone- or MPP*-induced DA
neurodegeneration. More specifically, we found that drug-
induced depletion of intracellular ATP and the subsequent
protease-mediated cleavage of procaspase-9 were respon-
sible for the lack of caspase activation after mitochondrial
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Fig. 9 Scheme of DA neuronal
cell death induced by
mitochondrial complex
I-inhibitors. Schematic drawing
demonstrates the potential
mechanisms by which a time-
dependent release of the
mitochondrial cytochrome

¢ into the cytosol is not linked to
caspase activation during
mitochondrial complex 1
inhibitor-induced DA
neurodegeneration. We propose
a mechanism by which both
drug-induced ATP depletion
and protease-mediated
degradation of procaspase-9
may be responsible for
preventing the formation of the
apoptosome complex and
contribute to the lack of caspase

activation Formation of

Apoptosome Complex

/

Caspase- independent
cell death

release of cytochrome ¢ (Fig. 9). Activation of both calpain
and proteasome systems is critically involved in cleavage
of procaspase-9. Therefore, external addition of ATP alone
or in combination with procaspase-9 was necessary to
reconstitute caspase activity in cellular lysates obtained at
the early (<24 h) and late stage of cell death (>24 h),
respectively. Therefore, our data support previous findings
showing that redistribution of cytochrome c into the cyto-
sol is not sufficient for, and does not always lead to, cas-
pase activation [24-26]. We also provide an additional
evidence to support the notion that modifications such as
nitrosylation [27], phosphorylation [28], redox status of
procaspase-9 [29], or cleavage in this study are responsible
for the lack of caspase activity downstream of cytochrome
¢ release. To our knowledge, our data are the first to
demonstrate the mechanism by which caspase activation is
checked during rotenone-induced neurodegeneration.
Calpains are a family of calcium-activated, non-lyso-
somal cysteine proteases [30]. Among the up to 15 iden-
tified types of calpains, there are two major isoforms,
namely u-calpain (also called calpain I) and m-calpain
(calpain II), that are widely distributed in mammalian tis-
sues. In addition to the caspases that play an important role
in neuronal cell death, aberrant activation of calpains
in acute and chronic neurodegeneration has also been
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demonstrated to lead to the cleavage of a wide variety of
cellular substrates that are essential for normal physiology
and neuronal survival [31]. A pathophysiological role of
calcium and calcium-activated calpain in DA neurode-
generation in patients with PD has been suggested. For
example, it was postulated that decreased expression levels
of calbindin-D28K mRNA and protein detected in the
substantia nigra may result in a failure of calcium buffering
or calcium homeostasis, leading to calcium-mediated vul-
nerability of DA neuronal cells in this specific area of the
brain [32]. Indeed, increased expression of m-calpain was
localized in TH-positive nerve fibers and neuronal peri-
karya in the substantia nigra [33]. Crocker et al. [34] also
demonstrated increased intensity in calpain-related prote-
olytic activity in post-mortem PD brains, as determined by
immunohistochemical localization of calpain cleaved
a-spectrin. Consequently, administration of a pharmaco-
logical calpain inhibitor or adenovirus-mediated overex-
pression of the endogenous calpain inhibitory protein,
calpastatin, significantly abrogated the loss of TH-positive
cells in an MPTP mouse brain model of PD [34]. As we
previously demonstrated in MPP"-induced neurodegener-
ation [14, 17], our present study shows that rotenone-
induced cell death is also accompanied with both
morphological and biochemical characteristics typical of

Caspase- dependent
cell death
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necrosis. These changes are indistinguishable from MPP™-
induced death. As expected, we found that co-treatment
with a pan-caspase inhibitor does not block rotenone-
induced cell death (data not shown). Furthermore, our
preliminary data indicates that rotenone-induced neurode-
generation is significantly inhibited by the co-treatment
with a cell-permeable calcium chelator or overexpression
of Calbindin-D28K in MN9D cells, suggesting that cal-
cium-mediated signaling and/or calpain activation may be
critically involved in rotenone-induced neurodegeneration.

Although it remains unclear how activation of calpain
contributes to DA neurodegeneration, accumulating evi-
dence suggests that specific cleavage of the death-related
proteins (e.g., Bax, p53, AIF, and «-synuclein) and tran-
scription factors (e.g., c-Fos, c-Jun, and p35) may either
directly or indirectly induce cell death (for review [31]).
It is not clear whether protease-mediated cleavage of pro-
caspase-9 itself contributes rotenone- or MPP*-induced
cell death in our study. Since any discernible fragments of
procaspase-9 were not detected, and procaspase-9 seemed
to be completely degraded by the combination calpain and
proteasome systems, it is less likely that cleaved fragments
of procaspase-9, themselves, are directly involved in drug-
induced neurodegeneration in our experimental models. It
has been shown that active calpain cleaves caspase-3 or -7
and this cleavage leads not only to activation but magni-
fication of the caspase cascade in several cases, whereas
cleavage of caspases by calpain leads to inactivation of
caspases in other cases [35, 36]. Furthermore, a previous
report by Lankiewicz et al. [37] suggested that activation of
calpain converts NMDA-mediated excitotoxicity into a
caspase-independent death in hippocampal culture. Simi-
larly, inhibition of calpain activity shifts cell death from
necrosis to apoptosis in 3-nitropropionic acid- and stauro-
sporine-induced neurodegeneration [38, 39]. Along with
the line of recent report indicating a central role of calpain
in MPP*-induced neurotoxicity in cerebellar granule neu-
rons [40], our data seem to extend previous observations of
cross-talk among activated proteases as typified by the
result that protease-mediated degradation and inactivation
of procaspase-9 blocked formation of an adequate apop-
tosome complex and directly contributed to caspase-inde-
pendent necrotic phenomena after the mitochondrial
release of cytochrome c in rotenone- or MPP*-induced
neurodegeneration.

Dysregulation of apoptosis, necrosis, and autophagy
have been implicated in a variety of neurodegenerative
disease [41]. Consequently, activation of various proteases
including caspase, calpain and proteasome systems as well
as lysosomal activity have all been demonstrated to be
critically involved in neurodegeneration. Therefore, further
studies of relative contribution and definitive regulation of
these protease systems are expected to contribute to the

understanding of neurodegenerative disorders and possibly
lead to effective therapeutic strategies.
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