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Abstract. Many have hypothesized that cell death in
Parkinson’s disease is via apoptosis and, specifically, by
the mitochondrial-mediated apoptotic pathway. We tested
this hypothesis using a mouse dopaminergic cell line of
mesencephalic origin, MNO9D, challenged with the
Parkinsonism-causing neurotoxin MPP* (1-methyl-4-
phenylpyridinium ion). Apoptosis was the main mode of
cell death when the cells were subjected to MPP* treat-
ment under serum-free conditions for 24 h. Caspase-3
and caspase-9, however, were not activated, thus indicat-

ing the existence of alternate or compensatory cell death
pathway(s) in dopaminergic neuronal cells. Using cas-
pase inhibitors, we demonstrated that these pathways
involve caspase-2, -8, -6 and -7. A time-course study in-
dicated that activation of caspase-2 and -8 occurred up-
stream of caspase-6 and caspase-7. Upon MPP* chal-
lenge, the apoptosis-inducing factor was translocated
from the mitochondria into the MN9D cytosol and nu-
cleus. These results suggest the existence of alternative
apoptotic pathways in dopaminergic neurons.
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Introduction

The recent findings of gene products responsible for fa-
milial forms of Parkinson’s disease (PD) have provided
significant insights into PD pathogenesis. These studies
point toward the dysfunction of the ubiquitin-proteasome
system (UPS) as an underlying mechanism responsible
for dopaminergic cell death in PD [1-3]. However, the
majority of PD cases are sporadic and their etiology re-
mains poorly understood. Major biochemical processes
such as oxidative stress and mitochondrial dysfunction
are implied. Of the several hypotheses proposed, many
share the central theme of stress-activated signaling and
apoptotic pathways [4-9].

* Corresponding author.

Apoptosis has been implicated as the main process re-
sponsible for the death of dopaminergic neurons in PD
since DNA fragmentation was observed, using the 3’-end
terminal staining of DNA (TUNEL method), in the sub-
stantia nigra of PD patients [10]. A similar approach was
also applied to demonstrate the possible involvement of
apoptosis in idiopathic PD cases [11]. Recent studies
have focused on identifying the main players involved in
the apoptotic process that selectively cause the loss of the
midbrain dopaminergic neurons [5, 12]. However, as a re-
sult of methodological limitations and the inappropriate
imposition of narrow criteria for the recognition of apop-
tosis, debate has surfaced as to whether apoptosis indeed
contributes to neuronal loss in PD [9].

Among the 12 caspases characterized in mammals, cas-
pase-3 has been associated with PD neuronal cell death
[4, 13, 14]. Caspase-3 is activated by upstream caspase-9,
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whose activation in turn is dependent on the release of
cytochrome ¢ from mitochondria and the formation of
the apoptosome [15, 16]. The release of cytochorme ¢
could be due to physical disruption of the mitochondrial
outer membrane through a phenomenon known as the
mitochondrial membrane permeability transition (MPT)
[7, 17]. Mitochondria also contain the apoptosis-induc-
ing factor (AIF) which, when released, leads to the acti-
vation of caspases [18], and when translocated into the
nucleus induces caspase-independent DNA fragmenta-
tion [19].

While the release of pro-apoptotic mitochondrial proteins
and their redistribution to the cytosol and nucleus during
cell death are well documented [7, 20], many studies have
shown that the activation and regulation of caspase activ-
ity is complicated, involving several feedback loops and
compensatory mechanisms [21, 22]. Additionally, the
phosphorylation of p38 MAPK induced by oxidative
stress was demonstrated to be linked to the activation of
both caspase-8- and -9-mediated apoptotic pathways in
dopaminergic neurons [23]. The unfolded protein re-
sponse (UPR) is also involved in cell death triggered by
the neurotoxins, 6-hydroxydopamine and MPP* [24].
Such observations highlight the need to further dissect the
neuronal death pathway to facilitate understanding of PD
and development of therapeutic strategies.

In this study, we employed the dopaminergic cell model,
MNOD [25, 26], to study cell death induced by the ad-
ministration of 1-methyl-4-phenylpyridinium (MPP*),
the active ion of the Parkinson-inducing neurotoxin 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyride (MPTP) [27].
The caspases involved were first identified and then their
sequence of activation mapped. Apoptosis was correlated
with the release of AIF and cytochrome c. Our results
agreed with recent reports which showed that caspase-3
was not involved in the process [12, 24]. Importantly, we
demonstrate the existence of compensatory mechanisms
involving AIF, caspase-2, -8, -6 and -7 to mediate cell
death when dopaminergic neurons were challenged with
MPP".

Materials and Methods

Routine cell culture and characterization

The MNO9D cell is a mouse dopaminergic neuronal cell
line derived from the fusion of rostral mesencephalic neu-
rons from embryonic C57BL/6J mice with N18TG2 neu-
roblastoma cells [25]. MN9D was deemed suitable in this
study because it is dopaminergic and neuronal in nature —
a fundamental feature for cell lines used as PD models. In
addition, it is of mesencephalic origin — a feature absent
in other cell models used currently. MN9D cells were
routinely cultured in Primaria-coated petri dishes (BD
Bioscience) or Corning petri dishes in Dulbecco’s MEM
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(DMEM) (NUMI) containing 10% fetal bovine serum
(Hyclone) and 1% v/v penicillin-streptomycin (Sigma).
The MN9D cells were from Dr J. Chen of the University
of Pittsburgh and were used with permission from Dr A.
Heller of the University of Chicago. The cells were char-
acterized to be dopaminergic using Western blot analysis
of the cell extract with antibodies against tyrosine
hydroxylase (TH) and dopamine transporter (DAT). Im-
munocytochemistry using TH antibodies conjugated with
HRP was also conducted to ascertain the cellular charac-
teristics. We also determined dopamine in the MN9D cell
lysate and in the cell culture medium using a multi-wall
carbon nanotube electrode [28] connected to a CHI 660A
electrochemical workstation (CH Instruments). Dop-
amine was extracted using the ion-pair extraction tech-
nique [29]. The detection was based on the oxidation of
dopamine to dopaminequinone that generates cyclic
voltammetry signals. The samples tested were compared
with a set of standard dopamine solutions and the nega-
tive controls were N2a and HeLa cell lysates and their re-
spective culture medium.

MPP* treatment

MNOD cells were seeded at 2x10° per well and cultured
in serum-supplemented medium to approximately 80%
confluence before any treatment. The optimum concen-
tration of MPP* required for inducing maximal cell death
under serum-free conditions was determined by treating
the MN9D cells with 25 pM, 50 pM, 100 pM, 500 pM or
1 mM MPP* in serum-free medium for 24 h. The experi-
ment was performed in quadruplicate. Cell viability was
assessed using a tetrazolium dye (MTT: dimethylthiazol-
diphenyltetrazolium bromide) assay. From the data, the
dosage of 500 pM was chosen for subsequent experi-
ments because higher dosage did not cause more cell
death.

Acridine orange/ethidium bromide staining

of MIN9D cells

MNOD cells were harvested and 2 pl dye mix [100 pg/ml
each of acridine orange and ethidium bromide in phos-
phate buffered saline (PBS)] was added to 50 pl cell sus-
pension. An aliquot (10 pl) of the cell suspension was
transferred to a microscope slide and observed under a
fluorescence microscope (Olympus BX60) with an ab-
sorption wavelength of 300-400 nm and emission wave-
length of 410-550 nm. Assessment of apoptotic versus
necrotic cells was determined by visualization of the
color and the state of the nucleus. The cells (at least 100
cells per sampling) were scored into four categories: live
non-apoptotic (green nuclei, normal distribution of chro-
matin), live apoptotic (green nuclei, condensed chro-
matin), dead non-apoptotic/necrotic (orange nuclei, nor-
mal distribution of chromatin) and dead apoptotic (or-
ange nuclei, condensed chromatin). Apoptotic cells were
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quantified as a percentage of the total number of cells
counted.

Cytotoxicity detection assay

Lactate dehydrogenase (LDH) activity was assayed using
a cytotoxicity detection kit (Roche). Briefly, culture
medium was harvested and centrifuged at 80 g for 5 min
before assaying according to the manufacturer’s instruc-
tion. The release of LDH reduced the tetrazolium salt to a
red-colored formazan salt. The amount of formazan,
which correlated directly with the amount of LDH activ-
ity, was quantified by absorbance at a wavelength of 490
nm. Data were expressed as a percentage of control cells
not treated with MPP".

Cell inhibition studies

MNOD cells were cultured to 80% confluence in serum-
supplemented medium and then exposed to inhibitors
of caspase-2 (Z-VDVAD-FMK), caspase-3 (Z-DEVD-
FMK), caspase-6 (Z-VEID-FMK), caspase-8 (Z-IETD-
FMK), caspase-9 (Z-LEHD-FMK) (all caspase inhibitors
were from Calbiochem), or wortmannin (Sigma), or
SN50 (Calbiochem) for 24 h in the presence of 500 pM
MPP" in serum-free medium. All chemicals used were
dissolved in DMSO. The experiments were performed in
triplicate and cell viability was assessed using the MTT
assay.

Protein extraction

MNOD cells subjected to the various experimental condi-
tions and the N2a cells (control) were washed with PBS
to remove residual medium prior to protein extraction.
Cell lysis buffer (100 mM HEPES pH 7.5, 5 mM MgCl,,
150 mM NaCl, | mM EDTA, 1% Triton + 1% protease in-
hibitor cocktail) was then added and the cell lysate was
extruded through a 27'/,-G needle. The supernatant was
collected after centrifuging the cell lysate at 13,000 rpm
for 1 min, and stored at —20°C. Protein concentrations of
cell lysates were determined using the Bradford assay
(BioRad).

Extraction of mitochondria and cytosolic protein
fractions

Cells were lysed with pre-chilled MSHE buffer (0.21 M
mannitol, 70 mM sucrose, 10 mM HEPES-KOH, pH 7.2,
I mM EDTA, 1 mM EGTA, 0.15 mM spermine, 0.75 mM
spermidine, 5 mM DTT, 1% protease inhibitor cocktail)
and homogenized on ice using a Dounce homogenizer.
After centrifugation at 500 g, 4°C for 12 min, the super-
natant was recentrifuged at 9500 g for 9 min at 4°C to
pellet the mitochondria. Supernatant containing the cy-
tosolic fractions was removed and stored at —20°C. Pro-
tein concentrations of lysates were determined using the
Bradford protein assay.
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Western blotting

The protein samples were first resolved in 12% SDS-
PAGE gel and then transferred to nitrocellulose mem-
branes. The blots for caspase-3 and -9 were blocked
overnight in a blocking buffer (TBS containing 0.1%
Tween-20 and 2% BSA) at 4°C and then incubated with
rabbit anti-mouse caspase-3 (1:1000) or caspase-9
(1:2000) for 1 h at room temperature (Cell Signaling).
Blots for caspase-2, -6, -7, -8 and AIF were blocked with
skim milk (TBS containing 0.1% Tween 20 and 5% low-
fat skim milk) for 1 h. The blots were subsequently incu-
bated with the respective primary antibodies [caspase-2
(1:1000) and caspase-8 (1:1000) (Santa Cruz); caspase-6
(1:1000) (Chemicon); caspase-7 (1:600) (Labvision);
mouse anit-AIF (1:500; Santa Cruz); rabbit anti-cyto-
chrome ¢ (1:200; Clontech), mouse anti-COX I (1:1000;
Molecular Probes) and mouse anti-actin (1:1000; Santa
Cruz Biotechnology)] overnight at 4°C. All the blots
were washed with TBS-Tween (TBS containing 0.1%
Tween-20) and then incubated with the secondary anti-
bodys, anti-rabbit-HRP (1:2000; Santa Cruz), for 2 h at
room temperature. Specific bands of interest were de-
tected by developing with the enhanced chemilumines-
cent (ECL) kit (Pierce) and the signals were detected on
Kodak CL-Xposure films.

Immunocytochemistry detection of AIF translocation
MNOD cells were cultured on poly-D-lysine-coated
chamber slides. The cells were exposed to the experi-
mental conditions followed by incubating in fresh serum-
free medium containing 250 nM MitoTracker Red dye
(Molecular Probes) at 37°C to stain the mitochondria.
The cells were first fixed with 3% paraformaldehyde dis-
solved in PBS, then blocked with blocking buffer (10%
horse serum and 0.4% TritonX-100 in PBS) and washed
once with a washing buffer (0.4% TritonX-100 in PBS)
before incubating with 1:1000 dilution of AIF primary
antibody (Santa Cruz Biotechnology) overnight at 4°C.
After washing and incubating with a probing buffer con-
taining 1:100 dilution of secondary antibody (FITC-con-
jugated anti-goat; Chemicon), the cells were washed and
observed using the Fluoview 500 Laser Scanning Confo-
cal microscope (Olympus). Mitochondria were detected
at an excitation and emission wavelength of 579 nm and
599 nm respectively, while AIF was detected at an excita-
tion wavelength of 492 nm and an emission wavelength
of 520 nm. The images were processed and edited using
the Zeiss Image Browser software.

Statistics

Data provided are the mean +SE. The one-way ANOVA
and post hoc Student’s t test were used to determine sta-
tistical significance between control and treated samples
and values of p <0.05 were considered statistically sig-
nificant.
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Results

Dopaminergic characteristics of MN9D cells

The dopaminergic characteristics of MN9D cells were
validated using immunoblots of MNO9D cell extracts
against DAT and TH. Both TH (fig. 1A) and DAT (fig.
1B) proteins were detected in unchallenged and chal-
lenged cells but not in N2a, a non-dopaminergic neurob-
lastoma cell line. The MN9D dopaminergic property was
also not affected by MPP* treatment. Most cells showed
positive staining with TH immunocytochemistry (fig.
1C). Using electrochemical determination of dopamine
with a multi-wall carbon nanotube electrode, we found
that the dopamine level in the MN9D cell lysate was
about three times that found in the MN9D cell medium.
No dopamine was detected in the N2a and HeLa cells
(data not shown). The dopaminergic characteristics of our
MNOD cells were consistent with early reports stating
that the parental cell line could synthesize, release and

A
Control ~ MNSD N2a
500uMPP+
Tyrosine
.ﬁ : &= Hydroxylase
- ) (62kDa)
B
MN9D Positive
Control 500uMPP+ N2a control
= Dopamine
, & &=—=Transportor
(55kDa)
C

-8

Figure 1. Dopaminergic characteristics of MNOD cells. Cells were
treated with 500 pM MPP* for 24 h. Cytosolic proteins were sepa-
rated by 12% SDS-PAGE and transferred to nitrocellulose mem-
brane. Blots were immunolabeled with anti-tyrosine hydroxylase
(4) and anti-dopamine transporter (B) antibodies. Detection of
specific bands was achieved using enhanced chemiluminescence.
(C) Immunocytochemistry showing MNO9D cells stained with
HRP-conjugated anti-tyrosine hydroxylase antibodies.
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take up dopamine [25, 30]. MN9D cells have been used
in several laboratories as a model for studying PD [12,
31-36] and are a useful system for investigating the spe-
cific roles of cell death pathways as well as to identify the
nuclear/cytoplasmic components which participate in
these pathways.

Apoptosis — the mode of cell death

in MPP*-challenged MN9D cells

The dosage response of MN9D cells to MPP* treatment
over 24 h is shown in figure 2A. The optimum concentra-
tion of MPP* required for inducing maximal cell death at
around 40% was found to be 500 pM. This was chosen as
a standard dosage for further experiments since higher
concentrations of MPP* did not increase cell death. This
seemed to be the saturation point of MPP* toxicity and
thus a good reference point to assess the cell death mech-
anisms involved under our experimental serum-free
condition.

An LDH assay was used to detect necrotic cell death
when MN9D cells were challenged with 500 pM MPP*
(fig. 2B). There was no significant increase in the per-
centage of necrotic cell death with increasing concentra-
tions of MPP* since the LDH production remained rela-
tively constant with various levels of MPP*. To further
test for the presence of apoptotic characteristics, chro-
matin condensation was observed using acridine or-
ange/ethidium bromide staining (fig. 2C). The results
showed that MPP*-challenged MN9D cells were mainly
dying via apoptosis (fig. 2D).

Caspase-3 and -9 were not induced by MPP* despite
cytochrome c release

MPP" is reported to induce mitochondria damage in cells
[37, 38] resulting in the release of proapoptotic protein
cytochrome ¢ [39], thereby leading to the activation of
caspases. The release of cytochrome ¢ from the MN9D
mitochondria was demonstrated in the subcellular frac-
tionation and immunoblot analysis using anti-cy-
tochrome ¢ antibody (fig. 3A). Although a basal level of
cytochrome ¢ was detected in the cytosolic fraction even
without MPP* treatment, this level increased signifi-
cantly within the first 2 h of MPP* treatment without fur-
ther changes thereafter. None of the cytosolic fractions
was positive for cytochrome oxidase subunit I (COXI), a
marker protein for the mitochondrial fraction, indicating
that cytochrome ¢ was indeed released into the cytosol af-
ter MPP" treatment and was not there due to membrane
leakage during sample preparation. The blots were also
probed with actin, an abundant cytosolic protein, to ver-
ify that each lane was loaded with equivalent amount of
protein (fig. 3A). The induction of mitochondrial release
of cytochrome ¢ by MPP* has also been demonstrated
[12].
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Figure 2. MPP*-induced cell death in MN9D cells. (4) Cells were
treated with various concentrations of MPP* to induce cell death.
Cell viability after 24-h exposure to MPP* was assessed using an
MTT assay. (B) LDH quantification determined if the cells were dy-
ing via necrosis or apoptosis. Medium from treated cell cultures
was harvested, and assayed as described. * denotes statistically sig-
nificant values at p <0.05. (C) Photomicrographs of MN9D cells
stained with acridine orange and ethidium bromide after MPP*
treatment for 24 h: i, unchallenged MN9D cells; ii, MN9D cells
challenged with 100 pM MPP*; iii, MN9D cells challenged with
500 pM MPP*. Long arrows indicate cells stained with ethidium
bromide implying late apoptotics or necrosis while short arrows
represent cells undergoing early apoptosis (X200 magnification).
(D) Percentage of cells undergoing apoptosis/necrosis. Error bar su-
perscripts that differ are statistically significant (p < 0.05).
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Figure 3. Detection of cytochrome ¢ and caspase-3 and -9 in
MPP*-treated MNOD cells. (4) Western blot analysis of AIF and cy-
tochrome c in cytosolic fractions of MN9D cells challenged with
500 uM MPP~. Actin and COXI were probed to verify that equal
amounts of protein were loaded in each lane, and to detect leakage
of mitochondria membranes, respectively. Activation of caspase-9
and -3 was detected using antibodies that recognize both the pro-
and cleaved forms. (B) Lane 1, MN9D cells unchallenged; lane 2,
MNO9D cells treated with MPP*and Lane 3, N2a cells unchallenged.
(C) Lane 1, unchallenged MNO9D cells; lanes 2—9, cells challenged
with MPP* for 1, 2, 4, 8, 16, 24, 48 and 72 h, respectively; lane 10,
N2a cell unchallenged; lane 11, MNOD cells treated with 3 pM
rotenone for 24 h and lane 12, positive control for caspase-3. (D, E)
Percentage cell survival of MPP*-treated MN9D cells in the pres-
ence of caspase-3 and -9 (£) inhibitors. Data represent the means
from three independent experiments and error bars are +1 SE
(* p <0.05).
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To test whether the caspases involved in the mitochondr-
ial-mediated apoptotic pathway were activated, extracts
of unchallenged cells and MN9D cells challenged with
MPP* were immunoblotted for the activation of both cas-
pase-9 and its downstream partner caspase-3. Figure 3A
shows the activation of caspase-9 and the presence of the
two cleavage products of about 32—35 kDa, which were
not detected in the negative control, N2a cells. Surpris-
ingly, despite the fact that caspase-9 was activated consti-
tutively there was no subsequent activation of the down-
stream caspase-3 during the course of MPP* treatment
(fig. 3C). We also tested the activation of caspase-3 in
MNO9D cells challenged with 3 pM rotenone and, again,
we did not detect caspase-3 activation (fig. 3C, lane 11).
Inhibition studies against caspase-9 and caspase-3 further
confirmed the results because the inhibition of these two
caspases did not rescue the MPP*-challenged cells from
cell death (Fig. 3D, E). These results present the possibil-
ity of alternate apoptotic pathway(s) in MN9D cells in-
duced by MPP", which may be either caspase indepen-
dent or involve some compensatory mechanisms with
other caspases.

Involvement of XIAP in the blockage

of the mitochondria-dependent apoptotic cell death
With the demonstration that the caspase-9/3 pathway in
the MNO9D cells had been blocked, a prime candidate to
such a phenomenon was X chromosome-linked inhibitor
of apoptosis protein (XIAP). Studies [40, 41] have shown
the ability of XIAP to bind to caspase-3 and activated cas-
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Figure 4. Percentage survival of MNOD cells challenged with
MPP* in response to NF-kB inhibitor (SN50). Cells were treated
with 500 pM MPP* for 24 h in the presence of SN50 at concentra-
tions of 0, 1, 3 and 9 nM, cell viability was assayed using an MTT
assay after treatment and was expressed as a percentage of control
cells. Data represent the mean =SE from three independent experi-
ments (* p <0.05).
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pase-9, hence blocking the caspase-9/3 apoptotic path-
way. The expression of XIAP has been demonstrated to
depend on the activation of NF-kB transcription factor
[42]. SN50, an inhibitor of NF-kB phosphorylation was
used to block the activation of NF-kB, and hence the ex-
pression of XIAP. The effect of SN50 on the viability of
unchallenged as well as MPP*-challenged MN9D cells
was tested and assessed via MTT assay. As shown in fig-
ure 4, the inhibition of NF-xB activation led to a decrease
in cell viability of almost 20%. Statistical calculations us-
ing Student’s t test demonstrated that the decrease in cell
viability was significant when the dosage of SN50 was 3
and 9 pM. The results were consistent with the proposed
hypothesis that XIAP is involved in the blockage of the
caspase-9/3 apoptotic pathway. The LDH assay done on
the same set of cells showed that there was no increase in
the amount of necrotic cell death. The results further sup-
ported the hypothesis that the death of MN9D cells due to
MPP" toxicity was via the apoptotic pathway.

AIF was released from the mitochondria upon MPP*
challenge

AIF exists in two forms — the pro-form with a molecular
size of 67 kDa and the cleaved and active form with a
molecular size of 57 kDa, with the newly synthesized
pro-form of the protein being the predominant cytosolic
form under normal conditions. The protein is translocated
into the mitochondria where the mitochondrial localiza-
tion signal is cleaved, producing the smaller active form
[19]. Our immunoblot analysis showed that the pro-form
was indeed present in the cytosol of unchallenged MN9D
cells, but also in the challenged cells. The cleaved form,
however, was present mainly in the mitochondria (fig.
5A). Upon MPP* challenge, there was a significant in-
crease in the cleaved form of AIF at the first 2 h of treat-
ment. The change in AIF level in the cytosol was not due
to an overall increase in protein synthesis since the in-
crease was specifically for the cleaved form but not the
pro-form. The increase in the cleaved form of AIF could
be attributed to the release of the active protein from the
mitochondria upon MPP* induction, since the formation
of the active form requires cleavage of the mitochondrial
localization signal in the mitochondria. As in the detec-
tion of cytochrome c release, none of the cytosolic frac-
tions was positive for COXI, indicating that the AIF re-
lease was not due to membrane leakage during sample
preparation (fig. 5A).

AIF has been reported to translocate to the nucleus to ex-
ecute pro-apoptotic functions [19]. To test if AIF was in-
deed released and translocated to the nucleus upon MPP*
challenge in this cell line, immunocytochemistry experi-
ments were performed. Figure 5B shows the mitochon-
dria staining and AIF localization in unchallenged MN9D
cells. Superimposition of the two images showed that flu-
orescence staining of both the mitochondria and AIF
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Figure 5. Localization of AIF in MNOD cells after neurotoxin treat-
ment. MN9D cells were treated with 500 pM MPP*. (4) At the time
point indicated, cytosolic and mitochondrial fractions were har-
vested from the cell using ultracentrifugation. Proteins from these
fractions were resolved using 12% SDS-PAGE, transferred to nitro-
cellulose and immunoblotted with AIF antibody. COXI was used to
determine if there was membrane leakage. (B) Photomicrographs
localizing AIF after MPP* treatment. MN9D cells were labeled with
250 nM Mitotracker red dye (Molecular Probes), AIF primary anti-
body (Santa Cruz) and FITC-conjugated anti-goat secondary anti-
body (Chemicon): i, mitochondria staining of unchallenged MN9D
cells; ii, AIF localization of unchallenged MNOD cells; iii, super-
imposed image of i and ii; iv, mitochondria staining of MPP*-chal-
lenged MN9D cells; v, AIF localization of MPP*-challenged MN9D
cells; vi, superimposed image of iv and v.

overlapped extensively with very little AIF staining out-
side the mitochondria. Figure 5 also shows the mitochon-
dria staining and AIF localization, in MPP*-challenged
MNO9D cells. AIF staining could be clearly seen outside
the mitochondria, as well as within the nucleus area (fig.
5B). Thus, the exposure of MN9D cells to MPP* may
have elicited the pro-apoptotic action of AIF by inducing
its release from the mitochondria and mediating its
translocation to the nucleus, causing chromatin conden-
sation or DNA fragmentation that lead to cell death. Our
finding is consistent with the in vivo observation of AIF
translocation to the nucleus of TH-positive neurons in
MPTP-treated mice [43].

Caspase-2, -8, -6 and -7 are activated

in MPP*-challenged MN9D cells

The lack of involvement of caspase-9 and caspase-3 led
us to explore the caspase-independent cell death pathway.
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Phosphotidyl-inositol 3 kinase (PI3K) is a kinase up-
stream of Akt, which in turn signals a pro-survival path-
way [44]. Wortmannin, an inhibitor of PI3K inhibits the
phosphorylation of AKT, which negatively regulates
apoptosis. Inhibition of AKT should thus lead to en-
hanced cell death. However, in MN9D cells, wortmannin
did not significantly increase cell death (fig. 6A), sug-
gesting that the caspase-independent pathway was not in-
volved in the MPP*-induced death mechanism of MN9D
cells. The cell death in these cells could therefore involve
the activation of other caspases which were investigated
using inhibitors against initiator caspases such as cas-
pase-2 and caspase-8. The application of caspase-2 in-
hibitor caused a partial rescue of the cells from MPP*
challenge (fig. 6B). Significantly, caspase-8 inhibitor
caused an almost complete rescue of the cells from
MPP*-induced cell death (fig. 6C). Thus, caspase-8 could
be the major alternative initiator caspase. Since the final
phase of apoptosis requires the action of effector cas-
pases, and since caspase-3 has been demonstrated not to
be activated in this model, the involvement of other ef-
fector caspases was subsequently tested. Our experiments
showed that the introduction of caspase-6 inhibitor was
able to rescue the cells from MPP* challenge (fig. 6D). In
summary, this study points to some alternate cell death
pathway(s) involving the initiator caspase-2, caspase-8,
and effector caspase-6.

The sequential activation of caspases

in MPP*-induced cell death

The activation of caspases usually occurs as a cascade
mechanism. For an insight into the sequence of caspase
activation that took place in the MN9D cells upon MPP*
challenge, a time-point study was conducted. MN9D
cells were challenged with MPP* over a period of 1-24 h
and immunoblots were first performed on these cell
lysates to obtain the time of activation of various cas-
pases. For the initiator caspases, such as caspase-2 and
caspase-8, the cleaved forms of both caspases were evi-
dent from the first hour of MPP* challenge (Fig. 7A, B).
The levels of cleaved forms of both caspases were
markedly increased above that in the constitutively ex-
pressed unchallenged state. The cleaved forms were pre-
sent at all the remaining time points, indicating that the
activation of these caspases was maintained throughout
MPP* challenge. Caspase-2 and caspase-8 were thus ac-
tivated very early in the apoptotic cascade upon MPP*
challenge. To test the activation of downstream effector
caspases, the same experiment was performed against
caspase-6 and caspase-7. The cleaved form of caspase-6
(15 kDa) only appeared from the second hour of MPP*
challenge (fig. 7C), while the cleaved band of caspase-7
(20 kDa) appeared only from the eight hour of MPP*
challenge (fig. 7D).
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Figure 6. Percentage cell survival of MPP*-treated MN9D cells in
the presence of PI3K and caspase inhibitors. Cells were treated with
500 pM MPP* for 24 h in the presence of wortmannin (PI3K in-
hibitor) (4), caspase-2 inhibitor (B); caspase-8 inhibitor (C) and a
caspase-6 inhibitor (D). Viability of cells was assayed using an
MTT assay after treatment and was expressed as a percentage of
control cells. Data represent the mean =SE from three independent
experiments (* p < 0.05).
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Figure 7. Caspase activation in MPP*-treated MN9D cells. Cell
lysates were harvested from MNO9D cells treated with 500 pM
MPP*. Cytosolic proteins were separated by 12% SDS-PAGE and
transferred to nitrocellulose membrane. (4—D) MNID cells were
treated with MPP* for the time period indicated before detection of
caspase-2, -8, -6 and -7 activation. (F~/) MN9D cells were treated
with 500 pM MPP* (lane 2) in the presence of inhibitors of caspase-
2 (50 pM) (lane 3), caspase-6 (20 pM) (lane 4) and caspase-8
(20 pM) (lane 5) prior to Western blotting for activated caspase-2,
-8, -6 and -7. (E, J) Actin probed to show equal loading of protein
lysates in the gel.

To further confirm the order of sequential activation of
caspases, inhibitors were used against the upstream cas-
pases and immunoblots were used to test if the proposed
downstream caspases could still be activated. Since the
activation of the caspases was maintained throughout
MPP* challenge, only lysates of cells challenged with
MPP" for 24 h were used in order to facilitate this series
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of experiments. Figure 7F shows that in the presence of
caspase-2, -6 and -8 inhibitors, cleaved bands of caspase-
2 were detected in all cell lysates of MPP*-treated MN9D
cells. When detection of cleaved caspase-8 was carried
out on the cell lysates, it was only detected in the presence
of both caspase-6 and -8 inhibitors but not when caspase-
2 inhibitors were present (fig. 7G). In the presence of cas-
pase-2 and -8 inhibitors, cleaved caspase-6 was not de-
tected in these cell lysates (fig. 7H). Intriguingly, cas-
pase-7 was detected in the presence of caspase-6 inhibitor
but not caspase-2 and -8 inhibitors (fig. 71), suggesting
that caspase-7 might be of a similar hierarchy as caspase-
6 in the MPP*-induced apoptotic signaling cascade in
MNOD cells. Taken together, the inhibition studies indi-
cate an early activation of caspase-2 and caspase-8 upon
MPP* challenge which is required for the subsequent ac-
tivation of caspase-6 and caspase-7.

Discussion

Apoptosis is involved in the death

of MPP*-challenged MIN9D cells

The mode of neuronal death in PD is still a subject of de-
bate. In contrast to previous studies [31, 32], our results
indicated the involvement of the apoptotic pathway in
MPP*-induced cell death in MN9D. We found no signifi-
cant increase in LDH liberation by MPP*-treated MN9D
cells in comparison to the untreated cells, hence ruling
out necrosis as a main mode of cell death that contributed
to the overall cell loss. The discrepancies between previ-
ous results and ours may be attributed to the difference in
dosage and duration of MPP* treatment used in the ex-
periments. Choi et al. [31, 32] treated the cells with
25-100 uM MPP* over 12-36 h, while we applied the
dosage of 500 uM MPP* under serum-free conditions
over 24 h. To substantiate our claims, MPP*-treated cells
were stained with acridine orange/ethidium bromide and
we detected a high percentage of chromatin condensation
indicative of apoptosis (fig. 2B).

Blockage of the caspase-9/-3 apoptotic pathway

Despite constitutive activation of caspase-9 under serum-
free conditions, the effector caspase-3 was not activated
(fig. 3B). The failure of both caspase-9 and caspase-3 in-
hibitors to rescue MN9D cells challenged with MPP* af-
firmed the lack of their involvement in the cell death
process (fig. 3 D, E). The caspase-9/3 pathway could have
been inhibited as a result of MPP* treatment. XIAP has
been shown to bind to activated caspase-9 and inhibit its
activity [40, 41, 45]. The involvement of XIAP in this in-
stance was tested by inhibiting its activation indirectly us-
ing the NF-xB inhibitor, SN50. SN50 blocks the activa-
tion of NF-xB by inhibiting its phosphorylation [42, 46].
As expected, the inhibition of NF-kB resulted in an in-
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crease in cell death (fig. 4). The depletion of ATP as a
consequence of MPP* treatment [38] could have also con-
tributed to such a phenomenon. The lack of caspase-3 ac-
tivation in MPP*-treated MN9D cells has also been re-
ported recently in two separate studies [12, 24].

The ability of caspase-2 or caspase-8 inhibitor to rescue
the cells implies the involvement of these caspases during
MPP* challenge. These caspases belong to the initiator
caspase group which is activated early during an apop-
totic event, and our data demonstrated the early activation
of caspase-2 and -8 in MN9D cells within the first hour
of exposure to MPP*. Here we speculate that MPP*, a
complex I inhibitor, caused the depletion of ATP in the
MNOD cells, and since caspase-3 activation is ATP de-
pendent, the cells then switched to activate alternate cas-
pase-2, and/or -8, to elicit the apoptotic cell death. When
ATP was added to the cytosolic fraction obtained from
MPP*-treated MNOD cells, caspase-3 was activated
[12].

In the absence of caspase-3, caspase-6 might be activated
as a compensatory mechanism for cells to proceed with
the apoptotic cell death pathway. The activation of alter-
nate compensatory caspases in cultured hepatocytes defi-
cient in caspase-9 and caspase-3 has been reported [22].
The lack of caspase-9 and caspase-3 was shown to lead to
the activation of other caspases such as caspase-2, -6 and
-7 when cell death was induced with the Fas agonistic an-
tibody, Jo2 [22]. The same compensatory activation of
caspase-6 in caspase-3-deficient MCF7 cell line has also
been demonstrated [47]. The MCF7 cell line was able to
undergo apoptosis, when induced with the apoptosis
stimulant Bax protein, despite the absence of caspase-3.
Based on such studies, a similar scenario might be occur-
ring in our cell model. Caspase-6 could indeed be the ef-
fector activated in MN9D cells as a compensation for the
inactive caspase-3 upon MPP* challenge.

Alternate apoptotic pathway(s) involving

caspase -2, -8, -6, and -7

Upon initiation of an apoptotic signal, hierarchical cas-
pases are activated via proteolytic cascades in the cell.
Our experiments revealed that when MN9D cells were
treated with 500 uM MPP* for 24 h under serum-free
conditions, both caspase-2 and -8 were activated in the
first hour of challenge, followed by the activation of cas-
pase-6 in the second hour and subsequently the activation
of caspase-7 in the eight hour. To further verify this order
of activation, specific inhibitors against the activated cas-
pases were used to reaffirm their hierarchy in the MPP*-
induced apoptotic pathway. The inhibition studies further
demonstrated that caspase-2 is the most upstream fol-
lowed by caspase-8, while caspase-6 and -7 are down-
stream. Studies have demonstrated that caspase-2 is
needed to induce the release of apoptotic factors from the
mitochondria [48, 49]. Caspase-8 can then be activated
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via apoptotic factors released from the mitochondria. The
activation of caspase-6 and caspase-7 in the absence of
caspase-3 activity comes as no surprise. These two down-
stream effector caspases are highly homologous to cas-
pase-3 in their structure and substrate specificity [50].
Without caspase-3, both caspase-6 and caspase-7 have
been demonstrated to bring about cell death via apopto-
sis. Caspase-6 can mediate nuclear shrinkage and nuclear
fragmentation, bringing about nuclear apoptosis [51].
Caspase-7 also seems to be able to compensate for the
lack of caspase-3 by bringing about extra-nuclear
changes [52, 53].

Caspase-12 is known to be a specific sensor of endoplas-
mic reticulum (ER) stress [50]. While calpain and cas-
pase-7 have been proposed to activate caspase-12 [54,
55], caspase-12 was proposed to mediate cytochrome c-
independent activation of caspase-9 [56, 57]. On the other
hand, mitochondria-released cytochrome ¢ has been
demonstrated to be able to translocate into the ER where
it binds inositol (1, 4, 5) triphosphate receptors, leading to
calcium release and amplifying the apoptotic signal [58].
In addition, a recent study showed that apoptosis induced
by ER stress depends on activation of caspase-3 via cas-
pase-12 [59]. In our experiments, caspase-3 was not acti-
vated by MPP" treatment. Akin to MPP*, rotenone is also
a neurotoxin that inhibits the mitochondrial complex 1. In
our separate experiments that investigated the activation
of caspases by rotenone treatment in MN9D cells, both
casapse-3 and caspase-12 were not activated (unpub-
lished data). A recent review on caspases involved in ER
stress-mediated cell death highlighted that the level of
caspase-12 expression is different in various mouse cells
[60]. Taking the above considerations together, we do not
think that caspase-12 is involved in the compensatory cell
death pathway in MN9D cells challenged with MPP".

AIF is also involved in MN9D apoptosis

A critical step for apoptotic triggers effectiveness is the
release of pro-apoptotic factors from the mitochondria. In
our experiments, MPP* was found to induce increased re-
lease of cytochrome ¢ and AIF from the mitochondria to
the cytosol in the challenged MN9D cells. AIF has been
demonstrated to activate both caspase-8 and caspase-3
[18], and cause chromatin condensation and large-scale
DNA fragmentation, independent of caspase activation,
upon release from the mitochondria [19]. Factors that
could induce the release of AIF from the mitochondria in-
clude ATP depletion [61]. Our experiments demonstrated
the migration of AIF from the mitochondria into the cy-
tosol and the nucleus (fig. 5B) where it can potentially ex-
ert its apoptotic effect [19, 43]. Its concentration in the
nucleus may cause apoptosis independent of Bax and cas-
pases by inducing nuclear DNA damage [61]. Recent ex-
periments in MPTP-treated animal models of PD have
shown that excitotoxicity-induced neuronal death in-
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volved the translocation of AIF and PARP-mediated
apoptosis [43]. We have also found an increase in PARP
level in the MN9D cells after MPP* treatment (unpub-
lished observation).

The activation of caspase-8 could also be due to the re-
lease of cytochrome c, although its actual mechanism is
not well defined [62]. Caspase-6 has been demonstrated
to be the direct activator of caspase-8 in cytochrome c-in-
duced apoptosis in the human leukemic T cell line, Jurkat
cells [21]. In our study, caspase-8 seems to be activated
before caspase-6 although both activations occurred in
the first 2 h after MPP* treatment. We cannot rule out the
possibility that caspase-6 would act subsequently to
cleave caspase-8, since complex feedback mechanisms of
caspase processing are known to occur in apoptosis [63].
On the other hand, activated caspase-8 can activate Bid
and then cause further cytochrome c release, thus rein-
forcing caspase activation [64, 65]. Apoptosis induction
by caspase-8 has also been shown to amplify through
cytochrome ¢ [62]. In our experiments, increased cyto-
chrome c release was observed within the first 2 h of
MPP" treatment together with caspase-8 and caspase-6
activation. They are likely to mutually enhance each other
to cause apoptosis. The involvement of caspase-8 in
MNOD cell death is consistent with the findings of cas-
pase-8 activation in a mouse PD model [14] and in human
postmortem tissue [66].

In a recent study, caspase-3, -7, and -8 activation in the
MNO9D cells were observed 6 h after treatment with
6-OHDA [23]. Our study showed early activation of cas-
pase-8 before caspase-7 in MPP*-treated cells. The dif-
ferent orders of caspase activation could be due to the dif-
ferent neurotoxins used. MN9D cells subjected to 6-
OHDA treatment have also been reported to die via a
caspase-dependent pathway while MPP* treatment in-
duced a caspase-independent pathway [12]. One of the
explanations put forward was that MPP* may activate cal-
pain in MN9D cells which may then prevent the entry
into a caspase-dependent cell death by inhibiting the pro-
cessing of procaspase-9 and procaspase-3 into their ac-
tive subunits [12]. Here we show that while caspase-9 and
-3 were not activated in the MN9D cells under 500 uM
MPP" treatment, the cells did, however, die via apoptosis
due to caspase-2, -8, -6, -7 and AIF.

Although our results may seem contradictory to others,
they support the paradigm that the various caspase cas-
cades induced by apoptotic stimuli are rather flexible in
nature, and that alternate compensatory caspase cascades
may be activated to mediate apoptotic cell death, as
demonstrated by Zheng et al. [22]. Degterev et al [50]
have also reviewed the paradox that none of the down-
stream effector capases acting as executioners seem to
fully control all the aspects of apoptosis. Redundancy and
compensatory networks in case ‘primary’ caspases are
missing may well be at work in most cells. Of interest will
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be to further investigate if such compensatory mecha-
nisms observed in MN9D cells are conserved across
other dopaminergic cells including those in the mouse
ventral midbrain or even in PD tissues.
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