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SUMMARY
Selective degeneration of nigrostriatal dopaminergic neurons in Parkinson disease (PD) can be
modeled by the administration of the neurotoxin 1-methyl-4-phenylpyridinium (MPP+). Since
abnormal mitochondrial dynamics are increasingly implicated in the pathogenesis of PD, in this
study, we investigated the effect of MPP+ on mitochondrial dynamics and assessed temporal and
causal relationship with other toxic effects induced by MPP+ in neuronal cells. In SH-SY5Y cells,
MPP+ causes a rapid increase in mitochondrial fragmentation followed by a second wave of
increase in mitochondrial fragmentation, along with increased DLP1 expression and mitochondrial
translocation. Genetic inactivation of DLP1 completely blocks MPP+-induced mitochondrial
fragmentation. Notably, this approach partially rescues MPP+-induced decline in ATP levels and
ATP/ADP ratio and increased [Ca2+]i and almost completely prevents increased reactive oxygen
species production, loss of mitochondrial membrane potential, enhanced autophagy and cell death,
suggesting that mitochondria fragmentation is an upstream event that mediates MPP+-induced
toxicity. On the other hand, thiol antioxidant NAC or glutamate receptor antagonist D-AP5 also
partially alleviate MPP+-induced mitochondrial fragmentation, suggesting a vicious spiral of
events contributes to MPP+-induced toxicity. We further validated our findings in primary rat
midbrain dopaminergic neurons that 0.5 μM MPP+ induced mitochondrial fragmentation only in
TH-positive dopaminergic neurons in a similar pattern to that in SH-SY5Y cells but had no effects
on these mitochondrial parameters in TH-negative neurons. Overall, these findings suggest that
DLP1-dependent mitochondrial fragmentation plays a crucial role in mediating MPP+-induced
mitochondria abnormalities and cellular dysfunction and may represent a novel therapeutic target
for PD.
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INTRODUCTION
Parkinson's disease (PD) is a progressive neurodegenerative movement disorder
characterized by loss of nigrostriatal dopaminergic neurons. Familial genetically-based PD
accounts for less than 10% of all cases, with the majority of PD cases being sporadic. While
the etiology of sporadic PD has not been completely elucidated, there is growing concerns
that environmental factors, such as exposure to neurotoxins increase risk to develop PD1. In
this regard, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), via its active metabolite
1-methyl-4-phenylpyridinium ion (MPP+), may be a contributing issue in the
etiopathogenesis of the disease. MPTP causes parkinsonism in humans and non-human
primates by decreasing dopamine levels and tyrosine hydroxylase activity, impairing
dopamine uptake, and eliciting dopaminergic neuronal loss. As such, both MPTP and MPP+

have been extensively used in a variety of in vivo mammalian species and in vitro paradigms
as experimental models of PD, respectively2. Given the parallels with PD, further
understanding the mechanisms by which MPTP/MPP+ lead to dopaminergic neuronal death
could provide insights into therapeutic targets for PD.

Although the molecular events leading to the loss of dopaminergic neurons in PD remain
elusive, there is compelling evidence that mitochondrial dysfunction represent a critical
event3. In sporadic PD, consistent and significant deficits in both subunits and activity of
mitochondrial respiratory chain complex 1 are found in the substantia nigra and blood
platelets of PD patients as well as in cytoplasmic hybrid cell line (cybrids)4–6. MPP+ is
generally thought to induce cell death by targeting mitochondria7, specifically blocking
NADH-dehydrogenase-linked oxidation and leading to a loss in ATP and increased
production of reactive oxygen species (ROS). MPP+ also elicits increased mitochondrial
degradation through enhanced autophagy8.

Mitochondria are dynamic organelles that constantly divide by a fission process and also
fuse with each other—processes regulated by machinery involving large dynamin-related
GTPases that exert opposing effects; e.g., dynamin-like protein 1 (DLP1) for fission, and
optic atrophy 1 (OPA1) for fusion9–11. Recent evidence suggests that mitochondrial
dynamics are critical for the maintenance of a variety of mitochondrial functions including
ATP production, calcium homeostasis, ROS production and the regulation of apoptosis12.
Given this, it is perhaps not surprising that abnormal mitochondrial dynamics are implicated
in various neurodegenerative diseases including PD13–16. However, to date, the impact of
MPP+ on mitochondrial dynamics remains unknown. To address this, in this study, we
determined whether MPP+ induced abnormal changes in mitochondrial dynamics and
determined the temporal and causal relationship between changes in mitochondrial
dynamics and MPP+-induced mitochondrial abnormalities and neuronal death.

RESULTS
MPP+ Induced Dose-Dependent Mitochondrial Fragmentation in SH-SY5Y Cells

To investigate the effect of MPP+ on mitochondrial morphology, SH-SY5Y cells were
transfected with mito-DsRed2, a red fluorescent protein that specifically targets the
mitochondrial matrix. Two days after transfection, cells were treated with a range of
concentrations (0.1 μM to 10 mM) of MPP+ for 24 h. Cells were fixed, labeled with a
specific antibody against tubulin, and immunolocalization visualized by laser confocal
microscopy (Figure 1A). As reported previously17, mitochondria demonstrate a tubular and
filamentous morphology in the majority (>95%) of control SH-SY5Y cells. On the other
hand, MPP+ treatment at concentrations greater than 10 μM induced a significant dose-
dependent increase in the percentage of cells with fragmented mitochondria as evidenced by
the appearance of small round structures (Figure 1 B). No changes in cytoskeleton structure
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were noted as evidenced by the near identical immunostaining pattern of tubulin between
MPP+-treated and untreated cells (Figure 1A). Of note, MPP+-induced mitochondrial fission
is unlikely due to MPP+-induced cell death since MPP+-induced cell death only occurred at
concentrations greater than 1 mM (Figure 1C). To delineate the temporal relationship
between MPP+-induced mitochondrial fission and other mitochondrial deficits and cell
death, in the following experiments, we chose to use 2.5 mM MPP+, a concentration that
induced a modest degree of cell death (i.e., 17.8±3.1% and 42.9±4.5% cell death at 24 and
48 h respectively).

MPP+ Induced A Time-Dependent Biphasic Increase in Mitochondrial Fragmentation in SH-
SY5Y Cells

We next performed a time course study to determine the effect of MPP+ on mitochondrial
morphology (Figure 1D–F). Two days after transfection with mito-DsRed2, SH-SY5Y cells
were treated with 2.5mM MPP+ and fixed at different time points. Typical filamentous and
tubular mitochondria were noted in the majority (>95%) of non-treated cells during the
course of the experiments. In contrast, MPP+ exposure led to rapid mitochondrial
fragmentation as evidenced by the appearance of small round mitochondria in 23.9±2.7% of
cells within 1 h (Figure 1D). Interestingly, while the percentage of cells with fragmented
mitochondria gradually increased after 1 h of treatment, there was a second wave of increase
in the percentage of cells with fragmented mitochondria after 4 h of treatment which led to
approximately 65.4±2.2% of cells demonstrating fragmented mitochondria at 12 h and
thereafter.

To track the effects of MPP+ on mitochondrial morphology in single cells in real time, SH-
SY5Y cells were seeded on glass-bottomed dishes and transfected with mito-DsRed2. Two
days after transfection, cells were placed in a well-equipped live imaging station with
controlled CO2 content, humidity and temperature. Live cell imaging by fluorescence time-
lapse microscopy was performed (Figure 1E). Positively-transfected cells with normal cell
shape were chosen and imaged at one frame per 5 min for 24 h. No phototoxicity was noted
during recording (not shown). Consistent with our time course study on fixed cells (Figure
1D), we observed a pronounced fragmentation of single tubular mitochondria into small
round organelles as early as 1 h (Figure 1E). Interestingly, by following more than 100 cells
treated with MPP+, we also observed a biphasic pattern in mitochondrial length: aspect ratio
(ratio of length/width as an index of mitochondria morphology), which significantly
decreased from 2.91±0.04 to 2.72±0.04 during the first hour (Figure 1F). This initial
decrease persisted for several hours and was followed by a second wave of decrease that
resulted in mitochondria with an average aspect ratio of 1.93±0.03 at 16 h and thereafter.

MPP+ Induced Changes in DLP1 Expression and Mitochondria Recruitment
In mammalian cells, DLP1 plays a critical role in mitochondrial fission10. To determine
whether DLP1 is involved in MPP+-induced mitochondrial fragmentation in SH-SY5Y cells,
we first measured the total expression level of DLP1 in SH-SY5Y cells treated with 2.5 mM
MPP+ up to 48 h by western blot. Consistent with the fragmentation phenotype, DLP1 levels
began to increase as early as 30 min after MPP+ treatment, and continued to increase until 8
h after treatment and decreased gradually thereafter. DLP1 levels diminished significantly
48 h after treatment (Figure 2A and B).

The majority of DLP1 resides in the cytoplasm, and is recruited to punctate spots on the
mitochondrial surface during fission18. Therefore, we also determined whether there was
increase in mitochondrial recruitment of DLP1 during MPP+ treatment by measuring levels
of mitochondrial DLP1 (mito-DLP1) in MPP+-treated SH-SY5Y cells in two ways. First, we
performed immunofluorescent analysis of the levels of DLP1 colocalizing with
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mitochondria in SH-SY5Y cells. Two days after transfection with mito-DsRed2, SHSY5Y
cells were treated with 2.5 mM MPP+ for various periods of time, and then fixed, and
stained by a specific antibody against DLP1. Compared with control cells, in which DLP1
only sparsely colocalized with mitochondria, MPP+ significantly increased DLP1
colocalziation with mitochondria (Figure 2C). Quantification analysis revealed that the
levels of mito-DLP1 (intensity of green signal that co-localizes with red signal/red signal)
was rapidly increased and peaked within 1 h of treatment of MPP+, began to plateau at 2 h
and was maintained thereafter until 48 h of treatment (Figure 2D). Second, we conducted
subcellular fractionation experiments and the levels of mito-DLP1 were determined by
immunoblot using anti-DLP1 antibody in mitochondrial fractions (Figure 2E and F). As
internal controls, levels of mitochondrial protein COX-IV were determined and the purity of
the mitochondrial fraction preparation was confirmed by a lack of GAPDH or Calnexin
immunoreactivity (Figure 2E). Consistent with the immunofluoresent analysis, the levels of
mito-DLP1 rapidly increased, peaked within 1 h of treatment of MPP+, began to plateau at 2
h and maintained thereafter until 24 h and then increased again at 48 h of treatment (Figure
2F).

MPP+-Induced Mitochondrial Fission Was Completely Abolished by Silencing of DLP1
To causally corroborate the role of DLP1 in MPP+–induced mitochondrial fragmentation,
SH-SY5Y cells were transiently transfected with either GFP-tagged DLP1 RNAi constructs
or GFP-tagged dominant-negative mutant DLP1(K38A) together with mito-DsRed2.
Immunoblots of cell lysates from cells transiently transfected with DLP1 RNAi constructs
(transfection efficiency is around 80%) confirmed that DLP1 protein levels were reduced to
40% of control levels whereas no changes in DLP1 levels were noted in cells transfected
with control RNAi constructs (Figure 3C). 2 days after transfection, cells were treated with
2.5 mM MPP+ for various periods of time, fixed, stained and imaged. Not surprisingly, in
contrast to the short tubular or filamentous mitochondrial morphology of control cells, both
DLP1 knockdown or overexpression of dominant negative DLP1(K38A) mutant caused
mitochondrial elongation as indicated by an elongated mitochondrial tubular network.
Quantification revealed that both DLP1 knockdown or overexpression of DLP1(K38A)
almost completely abolished MPP+–induced mitochondrial fragmentation at 24 h (Figure 3A
and B). In fact, following treatment of 2.5 mM MPP+, cells lacking DLP1 or with
DLP1(K38A) maintained an elongated tubular mitochondrial network throughout the 48 h
incubation period (Figure 3D).

MPP+ Caused Decreases in ATP levels Concurrent with Enhanced Mitochondrial
Fragmentation

Since MPP+ is an inhibitor of complex I and blocks respiration, we determined the effect of
MPP+ on intracellular ATP concentrations and ATP/ADP ratio as functional parameters of
mitochondrial respiratory chain. SH-SY5Y cells were exposed to 2.5 mM MPP+ and ATP
levels and ATP/ADP ratio were measured after various incubation times. Treated cells
demonstrated a rapid decrease in ATP (25.3%) within 1 h which persisted for 2–3 h and was
followed by a second wave of decrease with a maximal drop of 44.8% at 12 h which was
maintained until 24 h (Figure 4B). A similar rapid decrease in ATP/ADP ratio occurred
within 1 hr, followed by a more gradual decrease until 12 hr and a plateau until 24 h (Figure
4C).

To explore the relationship between MPP+-induced bioenergetic changes and mitochondrial
fragmentation, we established three independent clones of SH-SY5Y cells stably transfected
with GFP-tagged DLP1 RNAi constructs (DLP1 RNAi cells). DLP1 expression was
decreased by 87% in DLP1 RNAi cells and expression of RNAi resistant DLP1 restored
DLP1 levels in these cell lines as confirmed by western blot (Figure 4A). Similar to the
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transient transfection experiments, mitochondrial fragmentation was completely abolished in
these cell lines despite treatment with 2.5 mM MPP+ for up to 48 h (data not shown). We
measured intracellular ATP levels and ATP/ADP ratio in these DLP1 RNAi cells and found
that basal levels of ATP and ATP/ADP ratio were similar in non-treated DLP1 RNAi cells
compared to control cells (not shown). Interestingly, although DLP1 knockdown did not
completely prevent the MPP+-induced initial decline in ATP, it did significantly attenuate
such decline to 12.6% at 1 h followed by a much more gradual loss with the maximal
decline of 16.9% at 24 h (Figure 4B). Similarly, although DLP1 knockdown did not
completely prevent the initial decline in ATP/ADP ratio, it did prevent the subsequent
gradual decline (Figure 4C). In contrast, in cells transfected with negative-control RNAi
(negative control cells), MPP+-induced decline in ATP and ATP/ADP ratio were
indistinguishable from MPP+-treated non-transfected controls (control cells) (Figure 4B and
C).

As ATP reduction could be due to impaired glycolysis or impaired mitochondrial
respiration, we performed additional experiments with 2-deoxyglucose (2-DG), an inhibitor
of glycolysis, or antimycin A, a complex III inhibitor to assess the contribution of glycolysis
or mitochondrial respiration. In SH-SY5Y or DLP1 knockdown cells, 5 μM antimycin A
caused ATP decrease by 77% within 2 hours followed by a slight and more gradual decrease
until 24 h (Figure 4D) while 2-DG resulted in a mild decrease of 21% in ATP levels within
2 h followed by a slight and more gradual decrease until 24 h (Figure 4E). Based on these
observations, SH-SY5Y cells were first pre-incubated with 5 μM antimycin A or 1 mM2-
DG for 2 hr to have ATP decline stabilized, and then treated with 2.5 mM MPP+ for various
period of time. MPP+ treatment of SH-SY5Y cells pre-incubated with antimycin A did not
result in further reduction of ATP, compared with cells treated with antimycin A only
(Figure 4D). On the contrary, MPP+ treatment of cells pre-incubated with 2-DG caused a
rapid decrease in ATP levels within 1 hour followed by significant but more gradual decline
until 24 hr (Figure 4E). Interestingly, in 2-DG pretreated DLP1 knockdown cells, although
MPP+ still induced a rapid decrease in ATP levels within 1 hr, the second phase of more
gradual ATP decline was blocked (Figure 4E). Overall, these data suggest that 2-DG
pretreatment did not affect MPP-induced ATP decline pattern (neither the first wave nor the
second wave). Therefore, it is unlikely that impaired glycolysis contributes to MPP+-induced
ATP decline. Antimycin pretreatment abolishes both waves of MPP-induced ATP decline.
However, since antimycin is so potent in ATP depletion, the possibility of floor effect that
mask any changes that may be induced by MPP+ treatment could not be ruled out.
Nevertheless, given that MPP+ was shown to be a specific inhibitor of complex I, we
concluded that MPP+ likely reduces ATP level primarily through mitochondrial respiration
inhibition but not through glycolysis inhibition.

MPP+-Induced Mitochondrial Fragmentation and ROS Production
Mitochondria are the primary source for endogenous ROS and significant increases in ROS
levels could be detected in SH-SY5Y cells after 1 h treatment with 2.5 mM MPP+ (Figure
5A). Interestingly, this initial increase persisted and was followed by a second wave of
increase in ROS levels after 12 h of 2.5 mM MPP+ treatment. There was a slight decrease of
ROS at 48 h of treatment, probably due to loss of cell numbers at this time.

To explore the relationship between MPP+-induced mitochondrial fragmentation and ROS
production, we also measured ROS levels in stable DLP1 RNAi cells treated with 2.5mM
MPP+ for various period of time. Basal level of ROS were similar in non-treated DLP1
RNAi cells compared to control cells. Interestingly, MPP+-induced ROS production was
completely prevented in DLP1 RNAi cells up to 24 h. A slight but significant increased in
ROS production in DLP1 RNAi cells was detected only after 48 h treatment with MPP+
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(Figure. 5B). These findings indicate that prevention of MPP+-induced fragmentation
prevents ROS production.

To further explore whether increased ROS production contributes to MPP+-induced
mitochondrial fragmentation, we pretreated SH-SY5Y cells with the thiol antioxidant N-
acetylcysteine (NAC), which almost completely prevented MPP+-induced ROS production
(Figure 5B). No fragmentation was observed in SH-SY5Y cells treated with NAC alone for
up to 48 h. We also studied the effect of NAC on MPP+ -induced mitochondria
fragmentation in cells fixed after treatment (Figure 5C). Consistent with our prior
experiments, 87.6±1.3% of cells demonstrated fragmented mitochondria after 48 h treatment
with 2.5 mM MPP+, which was significantly reduced to 62.3±2.1% following NAC
pretreatment. These data suggest that oxidative stress partially contributes to MPP+-induced
mitochondrial fragmentation (Figure 5C). We next determined the effect of MPP+ on
mitochondrial morphology in single cells in real time and found that NAC had no effect on
the initial decline in mitochondria aspect ratio induced by MPP+ within the first hour, but
attenuated the second wave of decline in mitochondria aspect ratio to 2.03±0.033 at 24 h,
compared with 1.81±0.029 in cells treated with MPP+ alone (Figure 5D).

MPP+-induced mitochondrial fragmentation and decreased mitochondrial membrane
potential

Mitochondrial membrane potential (MMP) is a very important marker of the function of
mitochondria and, here, we measured MMP using the fluorescence dye TMRM in SHSY5Y
cells treated with 2.5mM MPP+ for various periods of time (Figure 6A). Because changes in
plasma membrane potential (PMP) could affect MMP measurement by TMRM, we also
measured PMP by DiBAC4(5) during the course of MPP+ treatment (Figure 6B). While
MPP+ treatment had no effect on PMP, it induced a rapid decrease in MMP within the first
hour followed by a more gradual decline during the entire incubation period.

To explore the relationship between MPP+-induced mitochondrial fragmentation and MMP
decline, we also measured the PMP and MMP in stable DLP1 RNAi cells during the course
of MPP+ treatment (Figure 6A and B). Basal MMP was significantly increased in non-
treated DLP1 RNAi cells compared to control cells (Figure. 6A). Importantly, MPP+-treated
DLP1 RNAi cells demonstrated no changes in MMP for 16 h and only a slight, but
significant, decline in MMP was detected after 24 h of treatment (Figure 6A). No changes in
PMP were noted in either negative control or DLP1 RNAi cells at basal level or during
MPP+ treatment (Figure 6B).

MPP+-induced mitochondrial fragmentation was prerequisite for MPP+-induced
Autophagy/mitophagy

Since previous studies demonstrated that MPP+ significantly increased autophagy in
SHSY5Y cells8, we explored the relationship between MPP+-induced mitochondrial
fragmentation and mitophagy in SH-SY5Y cells. The conversion of the cellular protein LC3
to LC3-II, which can bind to autophagic membranes, is an early hallmark of autophagy
activation19. Levels of LC3 were measured by immunoblot in SH-SY5Y cells treated with
2.5mM MPP+ for various periods of time (Figure 7A). Two bands of LC3 were noted, with
the upper 18-kDa band corresponding to unmodified LC3-I and the lower band
corresponding to LC3-II19. As expected, the level of LC3-II and the ratio of LC3-II/ LC3-I
increased significantly in SH-SY5Y cells after 48 h treatment with 2.5 mM MPP (Figure
7A). To rule out the possibility that increased LC3-II was caused by deficits in LC3-II
degradation due to impaired lysosmal turnover, we measured LC3 levels in the presence of
10 μg/ml E64 and pepstatin A, lysosomal protease inhibitors, which, as expected, led to
increased levels of LC3II which were not further increased by 48 h (Figure 7B). More
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importantly, the fact that E64/pepstatin A treatment markedly increased LC3-II levels in
MPP+-treated cells (Figure 7B, lane 3) compared to MPP+ treatment alone (Figure 7B, lane
2), suggested that LC3-II degradation is intact after 48 h treatment of MPP+. Collectively,
these data confirmed an induction of autophagy in SHSY5Y cells by MPP+ (Figure 7A, B).
However, since there was no significant increase in LC3-II levels or in the ratio of LC3-II/
LC3-I during the first 24 h treatment of 2.5 mM MPP+, MPP+-induced autophagy is a
relatively late event.

To directly visualize autophagosome (APs) formation, we transiently transfected SHSY5Y
cells with GFP-LC3 together with mito-DsRed2 constructs. Two days after transfection,
cells were treated with 2.5 mM MPP+ and imaged at different time points. To quantify
differences between control and MPP+-treated cells, we defined GFP-LC3 dots with a size
larger than 0.3 μm as APs and GFP-LC3 (>0.3 μm) co-localizing with mitochondria as
mitochondria containing APs as previously described20. Consistent with the LC-3
immunoblot study, a significant increase in the formation of APs or mitochondria containing
APs in SH-SY5Y cells were noted only after 48 h of MPP+ treatment, but not during the
first 24 h (Figure 7C and D). We also assessed the effect of MPP+ on autophagy and
mitophagy by directly staining cells with a specific antibody against LC3 as previously
described21 after cells were fixed after various period of 2.5 mM MPP+ treatment.
Consistent with experiments using GFP-LC3, a significant increase in the formation of APs
or mitochondria containing APs in SH-SY5Y cells were noted only after 48 h of MPP+

treatment (Figure 7E and F). These imaging data confirm that MPP+-induced autophagy is a
relatively late event.

Since MPP+-induced mitochondrial fragmentation occurs much earlier than autophagosome
formation, we next asked whether MPP+-induced mitochondrial fragmentation is required
for MPP+-induced increases in autophagy and mitophagy. SHSY5Y cells were transiently
co-transfected with GFP-tagged DLP1 RNAi and mito-DsRed2 constructs and, 2 days after
transfection, cells were treated with 2.5 mM MPP for 48 h and the number of APs or
mitochondria-containing APs determined by image analysis. As expected, mitochondria
demonstrated a tubular morphology in cells positively transfected by GFP-tagged DLP1
RNAi even in the presence of MPP+ for 48 h (Figure 7G). Importantly, no increase in the
number of APs or mitochondria-containing APs was found in these cells (Figure 7H). This
finding was in contrast to the vector-control cells exposed to MPP+ which demonstrated
highly fragmented mitochondria along with increased number of APs or mitochondria-
containing APs (Figure 7G and H). These findings suggest that DLP1 knockdown
effectively blocks mitochondrial autophagy and this was further confirmed by immunoblot
analysis demonstrating that LC3-II levels and the ratio of LC3-II/LC3-I was significantly
reduced in DLP1 RNAi cells compared to negative control cells exposed to 2.5mM MPP+

for 48 h (Figure 7I).

Activation of NMDA Receptor Activity Contributes to MPP+-Induced Mitochondrial
Fragmentation

Given that perturbations of intracellular Ca2+ ([Ca2+]i) homeostasis have been implicated in
MPP+-induced neuronal toxicity22, we also explored the relationship between MPP+-
induced changes in [Ca2+]i and mitochondrial fragmentation. We monitored [Ca2+]i in living
cells using Case12, a pH-stable circularly permuted fluorescent protein-based Ca2+ sensor
sensitive to changes of calcium concentration in a physiological range from a hundred
nanomoles to micromoles with a high signal-to-noise ratio. SH-SY5Y cells, seeded on glass-
bottomed dishes, were transfected with Case12 plasmid. Two days after transfection, cells
were imaged at one frame per 5 min for 24 h by fluorescence time-lapse microscopy. No
phototoxicity was noted during the recording (not shown). Ca2+-dependent Case12
fluorescence increased with a mean value of around 10% above baseline during the first 1 h
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treatment with 2.5 mM MPP+ (Figure 8C). This initial increase persisted for several hours
and was followed by another wave of increase in [Ca2+]i around 6–8 h after treatment.
Because the green signal of GFP-tagged DLP1 RNAi interferes with the Case12
fluorescence signal, we established three stable SH-SY5Y cell lines overexpressing
dominant-negative mutant DLP1 (i.e., DLP1 K38A) in which MPP+-induced mitochondrial
fragmentation was completely blocked (not shown). No changes in basal [Ca2+]i levels were
noted in these cell lines and while DLP1 K38A overexpression had no effect on the initial
rapid increase in [Ca2+]i, it completely prevented the secondary increase of [Ca2+]i (Figure
8E).

Activation of NMDA receptors can also contribute to MPP+-induced excitotoxicity and
perturbations in intracellular Ca2+ homeostasis23. We found that a NMDA receptor
antagonist, D-AP5, had no effect on MPP-induced initial Ca2+ influx within the first several
hours, but almost completely blocked the second wave of [Ca2+]i increase (Figure 8D). To
determine whether calcium influx has any effects on mitochondrial morphology, we
examined the effect of D-AP5 on MPP+-induced mitochondria fragmentation in cells fixed
after 48 h treatment (Figure 8F). No fragmentation was observed in SH-SY5Y cells treated
with D-AP5 only, however, consistent with prior experiments, approximately 90.3±1.7 % of
cells demonstrated fragmented mitochondria after 48 h treatment with 2.5 mM MPP+ which,
following D-AP5 pretreatment, significantly reduced to 68.1±2.0% suggesting that NMDA
receptor activation and perturbation of [Ca2+]i homeostasis partially contributes to MPP+-
induced mitochondrial fragmentation (Figure 8F). We also investigated the effect of NMDA
receptor activation on the MPP+ induced biphasic increases in ROS (Figure 8G). Cells
treated with D-AP5 alone did not cause any significant changes in ROS and while D-AP5
had no effect on the MPP+-induced initial rapid ROS increase within 1 h, it completely
blocked the second wave of ROS increase (Figure 8G), suggesting that NMDA receptor
activation contributes to the second wave of ROS production.

MPP+-Induced Mitochondrial Fragmentation Preceded and Was Prerequisite for Cell Death
Since MPP+ can induce neuronal death, we investigated the temporal sequence between cell
death and mitochondrial fragmentation induced by MPP+ in SH-SY5Y cells. Cell viability
after treatment of 2.5mM MPP+ for various periods of time was determined by MTT and
LDH release assays. Both assays revealed significant cell death in less than 20% cells after
24 h of treatment, increasing to approximately 40% and 90% at 48 h and 72 h, respectively
(Figure 9A). These findings were supported by biochemical analysis of cleaved caspase-3 in
SH-SY5Y cells treated with 2.5mM MPP+. Increased levels of cleaved caspase 3 were first
detected at 24 h and further increased at 48 h of MPP+ treatment (Figure 9B). These data
suggest that cell death occurs relatively late compared to mitochondrial fragmentation,
supporting the notion that MPP+-induced mitochondrial fragmentation is not simply a
consequence of cell death. Consistent with this, treatment of cells with a pan-caspase
inhibitor (e.g., Z-VAD-FMK) had no effect on mitochondrial fragmentation induced by
MPP treatment (not shown). To determine a causal relationship, we further determined cell
death in stable DLP1 RNAi cells exposed to 2.5 mM MPP+. There were no changes in basal
level of cell death in DLP1 RNAi or negative-control cell lines compared to non-transfected
control cells. Supporting a causal role, no significant cell death was detected up to 48 h and
only slight increases in cell death were detected in DLP1 RNAi cells at 72 h of 2.5mM
MPP+ treatment, in striking contrast to the 90% cell death in control cell lines. Overall, these
data indicate that inhibition of mitochondrial fragmentation almost completely prevents
MPP+-induced cell death (Figure 9 C).
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MPP+ Induced Mitochondrial Fragmentation and Abnormal Distribution in Primary Rat
Midbrain TH-Positive Dopaminergic Neurons

To determine whether MPP+ exerts similar effects on mitochondria in differentiated primary
dopaminergic neuronal cells, primary rat E18 midbrain neurons (DIV=6) were treated with
0.5 μM or 5 μM MPP+. 24 hours after MPP+ treatment, cells were fixed and stained.
Interestingly, double-label immunofluoresence for tyrosine hydroxylase (TH) and COX-IV
(marker of mitochondria) revealed that although 5 μM MPP+ caused mitochondrial
fragmentation in both TH-positive and TH-negative neurons (Figure 10B), 0.5 μM MPP+

only elicited the appearance of small round mitochondria in both soma and neurites in TH-
positive neurons, indicative of mitochondrial fragmentation, whereas 0.5 μM MPP+-treated
TH-negative neurons retained a tubular and filamentous morphology similar to non-treated
control cultures (Figure 10A and B). Because 0.5 μM MPP+ induced specific changes in
mitochondrial morphology in TH-positive dopaminergic neurons, we used this concentration
in subsequent time course studies. Because of the high density of mitochondria in the soma
and proximal segment of axon, we focused on mitochondria in the distal segments of axons
and axonal branches where mitochondria are separated from each other and easier to study
in time course studies of mitochondrial length in primary midbrain dopaminergic neurons
fixed at different time points after 0.5 μM MPP+ treatment. Similar to SH-SY5Y cells,
MPP+ treatment caused a rapid mitochondrial fragmentation as early as 1 hour and a
biphasic decrease in mitochondrial length in neuronal processes (Figure 10C): mitochondrial
length rapidly decreased from 1.60 ± 0.06 μm in non-treated cells to 1.13 ± 0.04 μm within 4
h of MPP+ treatment, persisted for around 8 h, followed by a further decrease to 0.62 ± 0.03
μm after 24 h of treatment. Despite an initial increased number of mitochondria in the
neurite due to enhanced fission, the neurite mitochondria index (total mitochondrial length/
neurite length in neuronal process 400 μm in length beginning from the cell body), a marker
of mitochondrial coverage in neurites, decreased significantly from 0.22 ± 0.004/μm in
control neurons to 0.19 ± 0.005/μm after 4 h of treatment, reaching a plateau at around 8 h
and then further decreasing (Figure 10D).

DISCUSSION
In this study, we found that MPP+ induces a DLP1-dependent biphasic increase in
mitochondrial fragmentation in both SH-SY5Y neuroblastoma cells and primary rat
dopaminergic midbrain neurons. As a specific inhibitor for complex I, MPP+ induces a very
rapid decrease in ATP and ATP/ADP ratio within 1 hr followed by a second wave of
decrease after several hours and we found that MPP+-induced mitochondrial fragmentation
is also a temporally early event that occurs at a similar biphasic pattern. While it remains to
be determined whether and how MPP+-induced changes in bioenergetic function causes
mitochondrial fragmentation, we demonstrated that excessive mitochondrial fragmentation
exacerbates MPP+-induced bioenergetic impairments and mediates the toxic effects of
MPP+ on mitochondrial membrane potential, calcium handling, ROS generation and
mitophagy as well as eventual cell death. Indeed, attenuation of mitochondrial fragmentation
by DLP1 knockdown reduces these downstream events induced by MPP+. Given this,
prevention of mitochondrial fragmentation is not only an attractive target to prevent MPP+-
induced deficits but may also have significant relevance to the treatment of PD.
Mechanistically, we also show that increases in ROS and elevations in intracellular calcium
contribute to MPP+-induced mitochondrial fragmentation, suggesting the presence of a
complex crosstalk between mitochondrial fragmentation, ROS production and calcium
disturbances. To our knowledge, this is the first detailed study investigating the effect of
MPP+ on mitochondrial dynamics and its temporal and causal relationship with other toxic
effects induced by MPP+.
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MPP+ induces rapid mitochondrial fragmentation within 1 h of treatment and, while
mitochondrial fragmentation can occur during cell death, MPP+-induced mitochondrial
fragmentation is unlikely an epiphenomenon due to neuronal death since at concentrations
of MPP+ that do not induce any cell death (i.e., 10–500 μM), a significant percentage of SH-
SY5Y cells demonstrate increased mitochondrial fragmentation. Moreover, even at higher
concentrations of MPP+, significant cell death occurs only at very late time points (i.e., 48 or
72 h), much later than MPP+-induced mitochondrial fragmentation. Consistent with this
notion, preventing mitochondrial fragmentation completely blocks MPP+-induced cell death
whereas a pan-caspase inhibitor that operates upstream has no effects on MPP+-induced
fragmentation. Therefore, MPP+-induced mitochondrial fragmentation not only precedes but
is also a prerequisite for MPP+-induced cell death.

Detailed time-lapse studies indicate that 2.5 mM MPP+ induces a biphasic increase in the
percentage of cells containing fragmented mitochondria with a very rapid initial increase
within 1 h followed by a second wave of increase around 4 h after MPP+ treatment. A
similar biphasic decrease in mitochondrial length in single cells, as evidenced by decreased
aspect ratio, was also observed in individual cells with fragmented mitochondria. At this
time, it remains to be determined what directly causes mitochondrial fragmentation.
Bioenergetic status and NAD+ levels affect mitochondrial dynamics24, 25 and it is possible
that MPP+-induced initial ATP reduction and/or changed NADH/NAD+ ratio due to
inhibition of complex I contributes to the early mitochondrial fragmentation. Nevertheless,
other factors independent of complex-I function may also contribute26. Notably, MPP+-
induced mitochondrial fragmentation is accompanied by a rapid increase in mitochondrial
recruitment of DLP1 and a more prolonged increase in total levels of DLP1, suggesting the
involvement of DLP1. Supporting this, DLP1 knockdown or overexpression of dominant
negative DLP1 could almost completely block MPP+-induced mitochondrial fragmentation
in SH-SY5Y cells, confirming the critical role of DLP1 in MPP+-induced mitochondrial
fragmentation. At this time, it is not clear how MPP+ leads to increased DLP1 expression.
Since the ubiquitin-proteasome system plays a critical role in DLP1degradation 27, it is
possible that MPP+-induced dysfunction of proteasomal activities contributes to increased
DLP1 levels28–30. Nevertheless, despite the relative stable levels of mitochondrial DLP1
throughout 48 h treatment, total levels of DLP1 decreased at 48 h, which could be due to
cleavage by activated caspases31.

Consistent with previous studies, we found that MPP+ induces a decline in intracellular ATP
levels and ATP/ADP ratio7. In fact, our detailed time course studies revealed that MPP+

induces ATP decline also in a biphasic manner: an immediate drop in ATP levels within 1 h
followed by a second wave of decline around 4 h after MPP+ treatment. A similar rapid drop
in ATP/ADP ratio followed by more gradual but significant decline in ATP/ADP ratio was
also noted. Interestingly, these two waves are temporally coincident with the two waves of
mitochondrial fragmentation induced by MPP+ treatment, suggesting a potential cause-effect
relationship between mitochondrial fragmentation and bioenergetic impairment. To explore
this causal relationship, we determined ATP levels and ATP/ADP ratio in DLP1 RNAi cells
where MPP+-induced mitochondrial fragmentation was blocked and found that the MPP+-
induced initial wave of rapid ATP or ATP/ADP ratio decline within the first hour was
reduced and the second wave of decline was completely abolished in these cells. These
results suggest that the initial drop in ATP levels is likely a direct effect of MPP+ since
MPP+ is a selective inhibitor of complex I but that MPP+-induced excessive mitochondrial
fragmentation leads to further ATP decline, especially the second wave of ATP decline. This
notion is consistent with prior studies demonstrating that excessive mitochondrial
fragmentation leads to decreased ATP production mediated by increased ROS production
and structural damage32.
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In our studies, we also found a biphasic pattern in ROS production and [Ca2+]i induced by
MPP+ treatment. However, compared to MPP+-induced mitochondrial fragmentation and
ATP decline, a longer interval between the two waves of ROS production were noted,
suggesting that they may be downstream events. Indeed, MPP+-induced ROS production is
completely abolished in DLP1 RNAi cells, suggesting that MPP+-induced mitochondrial
fragmentation mediates ROS production. This is consistent with recent studies
demonstrating that mitochondrial fragmentation mediated by the fission process is a
necessary component to ROS overproduction, and that cells with fragmented mitochondria
demonstrate enhanced ROS production13, 32–35. Although it is unclear how enhanced
mitochondrial fragmentation induces increased ROS production, it is possible that large-
scale changes in the mitochondrial membranes during mitochondrial fragmentation causes
structural derangement of electron transport chain (ETC) components residing on the inner
mitochondrial membrane and leads to a perturbation of ETC activity and increased ROS
production. Indeed, cells with fragmented mitochondria due to a deficiency in Mfn1/2 or
OPA1 have greatly reduced endogenous and uncoupled respiratory rates caused by
compromised electron transport in respiration complexes I, III, and IV36, 37. This said, it is
also known that ROS can also lead to enhanced mitochondrial fragmentation35, 38. Indeed,
in our studies, we found that NAC, a free radical scavenger which could almost completely
prevent MPP+-induced ROS production, also reduces MPP+-induced mitochondrial
fragmentation at later time points (i.e., second wave), confirming a crosstalk between
mitochondrial fragmentation and ROS production induced by MPP+ treatment. Such a
crosstalk likely leads to a vicious downward spiral that augments the adverse effects of
MPP+. Because a fragmented mitochondrial network is less efficient in buffering changes in
[Ca2+]i due to the reduced overall volume and reduced connectivity of mitochondria39 and
because Ca2+ is functionally important in the control of mitochondrial dynamics through
regulation of DLP1 phosphorylation and mitochondrial recruitment40, 41, a similar crosstalk
and vicious spiral may also be present between MPP+-induced mitochondrial fragmentation
and increased [Ca2+]i. This idea is supported by our findings showing that blocking
mitochondrial fragmentation dampens the increase in [Ca2+]i. Additionally, D-AP5, a
NMDA-receptor antagonist, blocks the second wave of [Ca2+]i increase and alleviates
MPP+-induced mitochondrial fragmentation. It remains unclear what causes MPP+-induced
initial increases in [Ca2+]i within the first hour.

We also measured MPP+-induced changes in MMP and explored the temporal and
functional relationship between MMP and mitochondrial fragmentation. While MPP+

induces MMP decreases as early as 1 h, an effect that lasts for a prolonged period of time,
this could be completely prevented by DLP1 knockdown suggesting that mitochondrial
fragmentation is upstream of the MMP deficits and mediates MMP decline. This scheme is
consistent with prior studies showing that excessive mitochondrial fission leads to reduced
MMP while enhancing mitochondrial fusion can restore MMP32. Of note, prolonged and
irreversible mitochondrial depolarization represents a critical step during excitotoxic cell
death42 such that decreasing MMP exacerbates MPP+-induced apoptosis while enhancing
MMP protects cells exposed to MPP+. As such, while it is clear that MMP decline
contributes to MPP+-induced toxicity43, our more detailed studies here also reveal that
MPP+ exposure causes acute mitochondrial effect (i.e., MMP reduction) within 1 h followed
by more chronic toxicological effects (i.e., apoptosis) after 2–3 days44, suggesting that the
immediate mitochondrial effects are an accurate predictor of subsequent cell death.
Therefore, although caspase 3 activation occurs after 24 h of MPP+ treatment, much later
than the initial MPP+–induced MMP decline, it is still possible that decline in MMP
contributes to MPP+-induced apoptosis in our study because prolonged depolarization, even
at a modest degree, would be sufficient to have substantial effects on the ability of
mitochondria to accumulate calcium and sensitize neurons to increased ROS formation and
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other excitotoxic insults45. In this regard, it is notable that MPP+-induced ROS generation
peaks around 24 hr of treatment when caspase 3 activation was first observed.

Consistent with prior studies8, we found MPP+ induced increases in autophagy/mitophagy.
While changes in mitophagy could affect mitochondrial morphology46, MPP+ induced
mitophagy occurs much later than MPP+ induced mitochondrial fragmentation and could
also be completely prevented by DLP1 knockdown, thus placing mitophagy downstream of
mitochondrial fragmentation. This is consistent with the findings that excessive
mitochondrial fission, caused by overexpression of fission protein Fis1, also induces
mitophagy47. Although a temporally late event, it is perhaps not co-incident that MPP+

induced autophagy/mitophagy was observed when significant cell death and caspase 3
cleavage occurred because it is not uncommon that multiple parallel cellular suicide
mechanisms participate in neuronal death48 and increased autophagy could promote cell
death by regulating the mitochondria-mediated apoptotic pathway49. Moreover, neuronal
lysosomes contain cathepsins B and L50, which can activate caspase-3 during apoptosis in
liver cells51. Indeed, inhibition of MPP+ induced increased mitophagy could partially block
MPP+ induced cell death (not shown)8, and hypoxic preconditioning inhibits MPP+ induced
cell death and caspase-3 activation by attenuating MPP+ induced autophagy52, suggesting
that over-stimulated autophagy/mitophagy contributes to MPP+ induced caspase activation
and cell death. Although it is thought that MPP+ induced autophagy/mitophagy is due to
increased damage to organelles and mitochondrial-derived ROS are likely involved53, the
detailed mechanisms remain unclear. We found that a pan-caspase inhibitor, z-VAD-fmk,
could partially reduce MPP+ induced increases in the LC3-II/LC3-I ratio (not shown),
indicating that caspase activation might play a role in MPP+ induced mitophagy
overactivation which is consistent with our finding that initial caspase activation occurs
earlier than the induction of mitophagy. However, since some studies show that z-VAD-fmk
can also inhibit a lysosomal protease and may directly interfere with the autophagic
pathway54, this finding should be cautiously interpreted.

In primary rat midbrain dopaminergic neurons, we found that 0.5 μM MPP+ only induced
mitochondrial fragmentation in TH-positive neurons but not in TH-negative neurons. This
finding not only confirms that dopaminergic neurons are more sensitive to the effect of
MPP+, but also suggests that alterations of mitochondrial morphology are specific
intracellular effects of MPP+ in TH-positive neurons. Our time course study confirmed that,
similar to SH-SY5Y cells, mitochondrial fragmentation is a very early event which suggests
that it likely also mediates toxic effects induced by MPP+ in primary TH-positive neurons.
Interestingly, in addition to the rapid mitochondrial fragmentation, we also found that MPP+

induces a biphasic decrease in mitochondrial coverage in neurites (i.e., decreased neurite
mitochondrial index), which is likely due to a combined effect of reduced mitochondrial size
and changes in mitochondrial numbers in neurites. One potential consequence of reduced
mitochondrial coverage in neurites is synaptic dysfunction13. In this regard, it is of interest
to note that loss of synaptic terminals in the striatum precedes loss of dopaminergic neurons
in PD patients and in MPTP-treated mice55, 56. Our findings suggest that it is likely
abnormal mitochondrial distribution, in addition to excessive mitochondrial fragmentation,
that contributes to mitochondrial, synaptic, and neuronal dysfunction in MPP+ models.

Overall, our findings indicate that MPP+-induced DLP1-dependent mitochondrial
fragmentation is an early event that works downstream or in parallel to MPP+-induced
bioenergetic dysfunction to mediate many adverse effects such as increased ROS
production, decreased MMP, calcium disturbance, increased mitophagy and cell death in
neuronal cells. A crosstalk between ROS and calcium disturbance and mitochondrial
fragmentation form a mitochondrial fission-initiated downward spiral that augments these
adverse effects.
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Emerging evidence suggest that abnormal mitochondrial dynamics are involved in
mitochondrial dysfunction critical for PD pathogenesis in PD patients and genetic models of
PD. For example, mitochondrial morphology and function are impaired in fibroblasts or
lymphocytes from PD patients carrying PINK1, Parkin or DJ-1 mutations57–59. DJ-1 knock-
out mouse embryonic fibroblasts demonstrate reduced mitochondrial connectivity due to
fragmentation which can be rescued by overexpression of wild type human DJ-1 PINK1 or
Parkin60. Indeed, the PINK1/Parkin pathway promotes mitochondrial fission and/or inhibits
mitochondrial fusion in Drosophila likely by mediating the ubiquitination of the profusion
factor Mfn14, 61–65. In contrast, in mammalian cells, siRNA knockdown of PINK1 or Parkin
leads to mitochondrial fragmentation58, 64, 66 which is coordinated with enhanced
mitochondrial turnover by autophagy46. DLP1 overexpression exacerbates the PINK1-
deficiency phenotype while DLP1 knockdown or expression of dominant-negative DLP1
mutant rescues it16. Despite these discrepancies, it is apparent that PD-associated genes do
play an essential role in the regulation of mitochondrial dynamics and quality control. Our
findings presented here support the involvement of abnormal mitochondrial dynamics in a
toxin model of PD. Therefore, alterations in mitochondrial dynamics are likely a common
pathogenic pathway of PD and, as such, may represent a novel therapeutic target.

EXPERIMENTAL PROCEDURES
Cell culture and transfection

Human SH-SY5Y neuroblastoma cell lines were grown in Opti-MEM I medium
(Invitrogen) supplemented with 10% (v/v) fetal bovine serum and 1% penicillin-
streptomycin, in 5% CO2 in a humid incubator at 37°C. Cells were transfected using
Effectene (QIAGEN) according to the manufacturer's instructions. For co-transfection, a 3:1
ratio of indicated plasmid: mito-DsRed2 was used. Culture medium containing 20 μg/ml
Blasticidin (Invitrogen) was used for the selection of stable cell lines. The selection medium
was replaced every 3 days until the appearance of foci, each apparently derived from a
single stably transfected cell. Stable cell lines were then picked and maintained with 5 μg/ml
Blasticidin. Some cultures received treatment of E64 (10 μg/ml) (Sigma) and pepstatin A
(10 μg/ml) (Sigma) for 48 h to inhibit lysosomal degradation.

Primary neurons from E18 rat ventral midbrain tissue (BrainBits) were seeded at 50,000–
60,000 cells per well on 8-well chamber slides coated with Poly-D-Lysine/Laminin (BD) in
neurobasal medium supplemented with 2% B27 (Invitrogen) and 0.5 mM glutamine. Half
the culture medium was changed after 3 days with neurobasal medium supplemented with
2% B27 (Invitrogen), 0.5 mM glutamine and 2 uM cytosine arabinoside to inhibit glial
proliferation. At 6 days in vitro (DIV), cells were treated with 0.5 μM MPP+ for various
periods of time up to 24 hr. All cultures were kept at 37°C in a humidified 5% CO2
containing atmosphere.

Plasmids, antibodies and chemicals
Mito-DsRed2 construct (Clontech), GFP tagged wild type DLP1/mutant DLP1 K38A/Fis1
constructs (gifts from Dr. Yisang Yoon, University of Rochester), GFP tagged LC3 (gift
from Dr. Noboru Mizushima, Tokyo Medical and Dental University, Japan) and Case12
construct (Evrogen) were used. The miR RNAi vector was generated with the pcDNA 6.2-
GW/EmGFP-miR construct (Invitrogen). The miR RNAi sequence targeting the open
reading frame region of human DLP1 was described previously35. The negative control
RNAi plasmid contains a scrambled sequence that did not target any known vertebrate gene.
Primary antibodies used included mouse anti-DLP1 (BD Biosciences), mouse anti-GAPDH
and Actin and rabbit anti-calnexin (Chemicon), rabbit anti-α-tubulin (Epitomics), rabbit anti-
LC3 (MBL International) and rabbit anti- COX IV and LC3 (Cell Signaling), rabbit anti-
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tyrosine hydroxylase (Calbiochem). 1-methyl-4-phenylpyridinium,N-Acetyl-L-cysteine
(Sigma) and D-AP5 (Tocris) were also used.

Western blot analysis
Cells were lysed with Cell Lysis Buffer (Cell Signaling) containing 1 mM PMSF (Sigma)
and Protease Inhibitor Cocktail (Sigma). Equal amounts of total protein extract were
resolved by SDS-PAGE and transferred to Immobilon-P (Millipore). Following blocking
with 10% nonfat dry milk, primary and secondary antibodies were applied as previously
described35 and the blots developed with Immobilon Western Chemiluminescent HRP
Substrate (Millipore).

Cell measurements
Cell death and viability was measured by Cytotoxicity Detection Kit (LDH; Roche) and Cell
Proliferation Kit (MTT; Roche) respectively. ATP levels were measured by the ATP
Determination Kit according to manufacturer's instructions (Invitrogen), ATP/ADP ratio by
ApoSENSOR™ ADP/ATP Ratio Assay Kit (Biovision) according to manufacturer's
instructions. All measurements were normalized to protein content measured by BCA
protein assay (Pierce).

The ROS level and mitochondrial membrane potential was measured as previously
described32. ROS level was measured by H2DCFDA (Invitrogen), Plasma membrane
potential (PMP) by bis-(1,3-dibutylbarbituric acid) pentamethine oxonol (DiBAC4(5),
Invitrogen), mitochondria membrane potential (MMP) by TMRM (Invitrogen) according to
manufacturer's instructions. All these measurements were normalized to cell number
counted by hemocytometer. Mitochondria were isolated from cells using a mitochondrial
isolation kit (Pierce) following the manufacturer's protocol.

Immunofluorescence and quantification of mitochondrial morphology
Cells were seeded on 4 well chamber slides. After treatment, cells were fixed and stained as
described previously35. All fluorescence images were captured with a Zeiss LSM 510
inverted fluorescence microscope or a Zeiss LSM 510 inverted laser-scanning confocal
fluorescence microscope as described before35. Image analysis was performed with open-
source image-analysis programs WCIF ImageJ (developed by W. Rasband). For SH-SY5Y
cells, mitochondria morphology were quantified as described before67. Taken briefly, raw
images were background corrected, linearly contrast optimized, applied with a 7×7 “top hat”
filter, subjected to a 3×3 median filter and then thresholded to generate binary images. Most
mitochondria were well separately in binary images and thus big clustering of mitochondria
were excluded automatically. All binary images were analyzed by Image J to provide
information of mitochondria aspect ratio (ratio between major and minor axes of an ellipse
equivalent to the mitochondrion), which was a relative measure of mitochondrial length.
Because the automatic manipulation of the raw image may slightly change both the length
and width of individual mitochondrion, the aspect ratio is a better index for mitochondrial
morphology. For primary neurons, mitochondria are well separated from each other, making
it possible to measure mitochondria length directly from raw pictures. Raw confocal or
fluorescent images were background corrected and then directly analyzed by Image J to
provide the absolute measurement of mitochondria length.

Time-lapse imaging
Cells were seeded in glass-bottomed dishes (MatTek) and then transfected with mito-
DsRed2 or Case12. Forty-eight (48) h after transfection, cells were put in a well-equipped
environmental chamber with controlled CO2 content, humidity and temperature and imaged
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by an inverted Leica DMI6000 fluorescence microscope (Leica) as previously described18.
Images were acquired every 5 or 10 min. Image analysis was also performed with WCIF
ImageJ (developed by W. Rasband) and MetaMorph Software (Version 7.04, Molecular
Devices).
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Figure 1. MPP+ Induced Mitochondrial Fragmentation in SH-SY5Y Cells
SH-SY5Y cells were transfected with mito-DsRed2 to label mitochondria. Two days after
transfection, cells were treated with different concentrations of MPP+ (0.1 μM~10 mM) for
24 h or with 2.5 mM MPP+ for different time points, fixed, immunostained with tubulin and
evaluated. Representative pictures (A) of positively transfected cells treated with or without
2.5 mM MPP+ for 24 h are shown. Green: Tubulin, Red: mito-DsRed2, Blue: DAPi. (B)
Quantification of mitochondria morphology in SH-SY5Y cells treated with different
concentrations of MPP+ treatment for 24 h. (C) The LDH release assay was performed to
evaluate cell death induced by MPP+ treatment for 24 h. (D) Quantification of mitochondria
morphology in fixed SH-SY5Y cells treated with 2.5 mM MPP+ at different time points. (E)
Representative time lapse pictures of mitochondria in live SH-SY5Y cells treated with 2.5
mM MPP+. (F) Quantification of mitochondria morphology in live individual cells with
fragmented mitochondria at different time points after 2.5 mM MPP+ treatment (the aspect
ratio of a mitochondrion is a ratio between the major and the minor axes of the ellipse
equivalent to the mitochondria). At least 500 fixed cells or 20 live cells were analyzed in
each experiment and experiments were repeated three times. (*p<0.05, when compared with
the control cells without MPP+ treatment; student-t-test.).
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Figure 2. MPP+ Induced Increased DLP1 Expression and Mitochondria Recruitment
Representative immunoblot (A) and quantification analysis (B) of the expression levels of
DLP1 in SH-SY5Y cells treated with 2.5 mM MPP+ up to 48 h. Equal protein amounts (10
μg) were loaded and confirmed with actin staining. (C) Representative immunofluorescence
pictures demonstrate increased mitochondrial localization of DLP1 after treatment with 2.5
mM MPP+. Green: DLP1, Red: mito-DsRed, Blue: DAPi. (D) Quantification of the
immunoreactivity of DLP1 localized to mitochondria. The relative mito-DLP1 level was
defined as the relative ratio (control is set as 1) between the intensity of green signal that co-
localizes with red signal and the intensity of total red signal. At least 20 cells were analyzed
in each experiment. (E) and (F) are representative immunoblot and quantification of the
relative level of DLP1 in the mitochondria fraction from SH-SY5Y cells treated with 2.5
mM MPP+ at different time points. All samples were also immunoblotted with antibodies to
detect mitochondrial (COX IV), cytoplasmic (GAPDH) and endoplasmic reticulum
(Calnexin) markers. The absence of GAPDH and Calnexin confirms the purity of the
mitochondrial fraction preparations. All experiments were repeated three times. (*p<0.05,
when compared with the control cells without MPP+ treatment; student-t-test.).
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Figure 3. MPP+-Induced Mitochondrial Fission Was Completely Abolished by Genetic
Inactivation of DLP1
SH-SY5Y cells were co-transfected with GFP-tagged DLP1 RNAi constructs (DLP1 RNAi)
or GFP-tagged dominant-negative mutant DLP1(DLP1 K38A) together with mito-DsRed2.
Two days after transfection, cells were treated with 2.5 mM MPP+ for 24 h, fixed, stained
and analyzed. Representative pictures (A) and quantification analysis (B) show that both
DLP1 knockdown or overexpression of DLP1 K38A mutant prevents mitochondrial
fragmentation induced by 24 h treatment of 2.5 mM MPP+. At least 500 cells were analyzed
in each experiment. Red: mito-DsRed, Green: GFP, Blue: tubulin. (C) Representative
immunoblot demonstrates recued DLP1 expression in SH-SY5Y cells transfected with GFP-
tagged DLP1 RNAi. Equal protein amounts (10 μg) were loaded. Actin immunoblotting was
used as an internal loading control. (D) Representative time lapse pictures of live SH-SY5Y
cells positively transfected with DLP1 RNAi in the presence of 2.5 mM MPP+ demonstrates
no mitochondrial fragmentation up to 24 h. All experiments were repeated three times.
(*p<0.05, when compared with the control cells without MPP+ treatment; #p<0.05, when
compared with control cells with MPP+ treatment; student-t-test).
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Figure 4. MPP+ caused a rapid decrease in intracellular ATP levels and ATP/ADP ratio
concurrent with enhanced mitochondrial fragmentation
(A) Representative immunoblot of DLP1 demonstrates reduced DLP1 expression in SH-
SY5Y stable cell line transfected with GFP-tagged DLP1 RNAi constructs. Expression of
RNAi resistant DLP1 restores DLP1 levels in these cell lines. Equal protein amounts (10 μg)
were loaded and actin was used as an internal loading control. (B–C) SH-SY5Y cells
(control: wild type cells; Negative control: cell lines expressing scrambled RNAi negative-
control vector; DLP1 RNAi: cell lines expressing DLP1 RNAi vector) seeded on 96 well
plates were treated with 2.5 mM MPP+ and intracellular ATP levels (B) and ATP/ADP ratio
(C) were measured after various incubation times. All experiments were repeated three times
(*p<0.05, when compared with each cell line without MPP+ treatment; student-t-test). (D–E)
SH-SY5Y cells (control: wild type cells; Negative control: cell lines expressing scrambled
RNAi negative-control vector; DLP1 RNAi: cell lines expressing DLP1 RNAi vector)
seeded on 96 well plates were pre-incubated with 5 μM antimycin A (D) or 1 mM 2-
deoxyglucose (E) for 2 hrs, and then treated with 2.5 mM MPP+ and intracellular ATP levels
were measured after various periods of time.
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Figure 5. MPP+-induced mitochondrial fragmentation and ROS production
SH-SY5Y cells seeded on 96 well plates were treated with 2.5 mM MPP+ and ROS levels
were measured after various periods of incubation time (A). (*p<0.05, when compared with
the control cells without MPP+ treatment; student-t-test.). (B) ROS levels in SH-SY5Y
DLP1 RNAi cell lines or cell lines expressing RNAi negative-control vector treated with 2.5
mM MPP+ for various periods of time. ROS level in SH-SY5Y cells co-incubated with 10
mM NAC and 2.5 mM MPP+ was also measured. Experiments were repeated three times.
(*p<0.05, when compared non-treated cells; student-t-test.). (C) Quantification of
mitochondria morphology in control or DLP1 RNAi SH-SY5Y cells fixed after being
treated with 2.5 mM MPP+ for 48 h. The effect of NAC (10 mM) on MPP+ induced-
mitochondria fragmentation was also analyzed. (*p<0.05, when compared with the control
cells without MPP+ treatment; #p<0.05, when compared with control cells with MPP+

treatment; student-t-test). (D) Quantification of aspect ratio as an index for mitochondrial
morphology in live SH-SY5Y cells treated with 2.5 mM MPP+ in the presence of 10 mM
NAC. (*p<0.05, when compared with the control cells with MPP+ treatment; student-t-test).
At least 500 fixed cells or 20 live cells were analyzed in each experiment and experiments
were repeated three times.
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Figure 6. MPP+-induced mitochondrial fragmentation and decreased mitochondrial membrane
potential
SH-SY5Y cells seeded on 96 well plates were treated with 2.5 mM MPP+ and the
fluorescence intensities of TMRM for mitochondrial membrane potential (A) and
DiBAC4(5) for plasma membrane potential (B) were measured after various incubation
times. Experiments were repeated three times. (*p<0.05, when compared with the non-
treated cells; student-t-test).
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Figure 7. MPP+-induced mitochondrial fragmentation was prerequisite for MPP+-induced
Autophagy/mitophagy
(A) Representative immunoblot of LC3 and quantification of LC3-II/LC3-I ratio in SH-
SY5Y cells treated with 2.5 mM MPP+ for various periods of time. (B) SH-SY5Y cells were
treated with 2.5mM MPP+ in the absence or presence of E64 (10μg/ml) and pepstatin A
(10μg/ml) to inhibit lysosomal degradation. After 48 h, cell lysates were analyzed for LC3
by immunoblot. (C,D) To visualize autophagosome formation, SH-SY5Y cells were
transiently co-transfected with GFP-LC3 and mito-DsRed2. Two days after transfection,
cells were treated with 2.5 mM MPP+ for 24 or 48 h. (C) and (D) are representative
immunofluorescence pictures and quantification of autophagosome (AP) in cells transfected
with GFP-LC3 and treated with 2.5 mM MPP+ for 24 or 48 h. At least 50 cells were
analyzed in each experiment. (E,F) Autophagosome formation was also assayed by direct
immunostaining of LC3 in SH-SY5Y cells fixed after treatment of 2.5 mM MPP+ for 24 or
48 h (E) and number of APs was quantified (F). At least 50 cells were analyzed in each
experiment. (G,H) To study the effect of DLP1 reduction on MPP+ induced autophagy/
mitophagy, SH-SY5Y cells were co-transfected with empty/negative control vectors or
DLP1 RNAi constructs and mito-DsRed2. Two days after transfection, cells were treated
with MPP+ for 48 h, fixed and stained by LC3 (G) and the number of APs was quantified
(H). At least 50 cells were analyzed in each experiment. (I) Representative immunoblot and
quantification analysis of LC3 in DLP1 RNAi SH-SY5Y cells after treatment of 2.5 mM
MPP+ for various periods of time. Equal protein amounts (10 μg) were loaded and actin was
used as an internal loading control. All experiments were repeated three times. (*p<0.05,
when compared with non-treated cells; student-t-test).
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Figure 8. Activation of NMDA receptor activity contributes to MPP+-induced mitochondrial
fragmentation
SH-SY5Y cells seeded on dishes were transfected with Case12. Two days after transfection,
cells were treated with 2.5 mM MPP+ and imaged by fluorescence time-lapse microscopy.
(A) Representative time lapse pictures of control or stable DLP1 K38A cells positively
transfected with Case 12 in the presence of 2.5 mM MPP+. (B–E) Record of intracellular
Ca2+ levels ([Ca2+]i) from control cells, cells treated with 2.5 mM MPP+, cells co-incubated
with 2.5 mM MPP+ and 50 μM D-AP5, or stable DLP1 K38A cells respectively. Case12
fluorescence values are presented as ΔF/F in % (ΔF/F = 100 · (F − F0)/F0. F is the
fluorescence measured at different time points, while F0 is the baseline fluorescence). The
oscillations of 10 representative cells are represented by black solid lines and the mean value
of 50 cells are represented by red solid lines. (F) Quantification of mitochondria morphology
in SH-SY5Y cells fixed after being treated with 2.5 mM MPP+ and D-AP5 for 48 h. At least
500 cells were analyzed in each experiment. (*p<0.05, when compared with the control cells
without MPP+ treatment; #p<0.05, when compared with control cells with MPP+ treatment;
student-t-test). (G) Measurement of ROS level in SH-SY5Y cells co-incubated with 2.5 mM
MPP+ and 50 μM D-AP5 at different time. (*p<0.05, when compared with the control cells
with MPP+ treatment; student-t-test). All experiments were repeated three times.
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Figure 9. MPP+-induced mitochondrial fragmentation preceded and was prerequisite for cell
death
SH-SY5Y cells seeded on 96 well plates were treated with 2.5 mM MPP+ and cell death/
viability was determined by LDH release and MTT assays after various periods of
incubation time (A). (*p<0.05, when compared with the control cells without MPP+

treatment; student-t-test.) (B) Representative immunoblot pictures of cleaved caspase 3 and
full length caspase 3 in SH-SY5Y cells treated with 2.5 mM MPP+at different time points.
Equal protein amounts (10 μg) were loaded and actin was used as an internal loading
control. (C) Measurement of cell death by LDH assay in control, negative control and DLP1
RNAi SH-SY5Y cells treated with 2.5 mM MPP+ at different time points. (*p<0.05, when
compared with the control cells with MPP+ treatment; student-t-test). All experiments were
repeated three times.
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Figure 10. Effects of MPP+ on mitochondrial morphology and distribution in rat E18 primary
ventral midbrain TH-positive neurons
Midbrain neurons (DIV6) cultured on 8-well chamber slides coated with poly-D-lysine and
laminin were treated with 0.5 μM MPP+ for various periods of time, fixed and double
immunolabeled for TH (Green) and COX-IV (Red). (A) Representative confocal
microscopic pictures of primary midbrain neurons treated with or without 0.5 μM MPP+ for
24 hours. Pictures of mitochondria in the soma (inset I) and neurite (inset II) of a TH-
positive neuron and mitochondria in the neurite of a neighboring TH-negative neuron (inset
III) were enlarged. Blue: DAPi. (B) Quantification of mitochondrial length in TH-positive
and TH-negative neurons after 24 hr treatment of 0.5 or 5 μM MPP+. (C–D) Quantification
of mitochondrial length (B) and neurite mitochondria index (C) in the TH-positive neurons
after treatment of 0.5 µM MPP+ for various period of time. (B, C, D) Quantification was
done on mitochondria in neuronal processes 400 μm in length beginning from the cell body.
At least 20 TH-positive neurons were analyzed in three independent experiments (*
comparing to non-treated controls, p<0.05, #p<0.05).
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