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We discuss the participation of mitochondrial dynamics and autophagy in the 6-hydroxidopamine-induced Parkinson’s disease
model. The regulation of dynamic mitochondrial processes such as fusion, fission, and mitophagy has been shown to be an
important mechanism controlling cellular fate. An imbalance in mitochondrial dynamics may contribute to both familial and
sporadic neurodegenerative diseases including Parkinson’s disease. With special attention we address the role of second messengers
as the role of reactive oxygen species and the mitochondria as the headquarters of cell death. The role of molecular signaling
pathways, for instance, the participation of Dynamin-related protein 1(Drpl), will also be addressed. Furthermore evidence
demonstrates the therapeutic potential of small-molecule inhibitors of mitochondrial division in Parkinson’s disease. For instance,
pharmacological inhibition of Drpl, through treatment with the mitochondrial division inhibitor-1, results in the abrogation
of mitochondrial fission and in a decrease of the number of autophagic cells. Deciphering the signaling cascades that underlie
mitophagy triggered by 6-OHDA, as well as the mechanisms that determine the selectivity of this response, will help to better

understand this process and may have impact on human treatment strategies of Parkinson’s disease.

1. Introduction

Parkinson’s disease (PD) is progressive neurodegenerative
condition that is characterized by the presence of motor
and nonmotor symptoms, of which the etiology remains
poorly understood. Nevertheless, a broad range of studies
conducted over the past few decades have collectively
identified a number of molecular/cellular events that might
underlie PD pathogenesis. In particular, the participation of
mitochondrial-mediated pathways has provided tremendous
insights into the molecular pathways underlying dopamin-
ergic neurodegeneration. Mitochondria can be considered
as headquarters where the cell controls signaling pathways
that under some circumstances can lead to cell death [1, 2].
Mitochondrial membrane permeabilization is a critical event
during apoptosis and represents the point of no return of

this lethal process [3]. For instance, the permeabilization of
the mitochondrial outer membrane (MOMP), which allows
the release of mitochondrial death factors, facilitates or
triggers different signaling cascades that ultimately cause the
execution of cell death. In many PD experimental models,
including the addition of parkinsonian neurotoxins to cell
cultures, the participation of MOMP has been described,
resulting in the release of cytochrome ¢ from mitochondria
[4].

In the past, mitochondria have been suggested to be
filamentous, rigid, and static organelles incrusted into the
cytosol with the only function of being the main source or
energy to the cell in the form of ATP. In fact, mitochondria
are dynamic and mobile organelles that constantly undergo
membrane remodeling through repeated cycles of fusion
and fission. In addition, regulated turnover occurs via a



specialized lysosome-mediated degradation pathway known
as “mitophagy,” a term originally coined by Lemasters [5].

6-Hydroxydopamine (6-OHDA), also known as oxi-
dopamine or 2,4,5-trihydroxyphenethylamine (CsH;NO3),
is a toxic oxidative metabolite of dopamine and is detected in
the brains and urine of Parkinson’s disease (PD) patients. It
has been applied broadly to generate experimental models of
Parkinson’s disease. There is accumulating evidence from in
vitro and in vivo studies, implicating cell death in the etiology
of the 6-OHDA model of PD [6-9].

2. 6-OHDA and Mitochondrial Dynamics

The regulation of mitochondrial dynamics processes such as
fusion, fission, and mitophagy, signifies an important mech-
anism controlling cellular fate [10]. Mitochondrial fission
and fusion are antagonistic activities. Their fundamental
roles are to create a compartment that is a connected con-
ductor, which is able to mix its contents. Also, they function
to have access to mtDNA and its products in order to be
distributed to distant cellular destinations through transport
via actin or microtubule networks. The importance of
mitochondrial dynamics to cellular function is perhaps best
appreciated in neurons. These postmitotic cells, particularly
those with vast axonal field, require high energy to support
their operations, which include the active transportation of
components (including mitochondria) toward metabolically
demanding synaptic terminals that are distally located.

An imbalance in mitochondrial dynamics may con-
tribute to both familial and sporadic neurodegenerative
diseases including PD [11-14]. Evidence exists suggesting
that an amplification of fission events can cause pathogenesis
of human PD. Stress stimuli that are used to study PD,
such as rotenone [15], annonacin [16], and 6-OHDA
[17], are capable of inducing mitochondrial fission. Also,
human fibroblasts from PD patients exhibit elevated levels
of fragmented mitochondria [18].

Evidence has been presented showing that tipping
the equilibrium toward continuous mitochondrial fission
can evoke a neurodegenerative cascade [19]. Intriguingly,
inherited loss-of-function mutations of MFN2 or OPA1l
cause progressive neuropathies in humans. MEN2 mutations
cause Charcot-Marie-Tooth type 2A (CMT-2A), a peripheral
neuropathy characterized by motor and sensory neuron
loss [20]. OPA1 mutations cause autosomal dominant optic
atrophy, which is characterized by retinal ganglion cell and
optic nerve degeneration [21].

In the dopaminergic cell line SH-SY5Y, using immun-
ofluorescence studies with antibodies raised against the
mitochondrial matrix protein MnSOD, we have shown that
in untreated cells mitochondria exhibited a predominantly
elongated and filamentous morphology. Strikingly, after
addition of 50 yM 6-OHDA mitochondria formed short
and spherical structures, due to the fragmentation of single
filamentous mitochondria into multiple isolated organelles
[17]. Furthermore, time-lapse fluorescence microscopy
revealed that 6-OHDA-induced mitochondrial fragmenta-
tion occurred rapidly and synchronous within 15 min after
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6-OHDA addition and was visible in approximately 80%
of the cells after 3h. Thus, mitochondrial fragmentation
appears to be an early event in 6-OHDA-induced cell
death. Nevertheless, significant changes in the chromatin
structure were not detected early on. 6-OHDA (50 yM) had
to be present more than 9h to initiate significant changes
in mitochondrial membrane potential in SH-SY5Y cells,
placing mitochondrial alterations in an early stage of 6-
OHDA-activated pathways.

Mitochondrial fission is highly regulated process and is
mediated by a defined set of proteins [22-25]. One of these
proteins, Dynamin-related protein 1 (Drpl), is a member of
the dynamin family of large GTPases and mediates the scis-
sion of mitochondrial membranes through GTP hydrolysis.
Drpl predominantly is a cytoplasmic protein and associates
with mitochondrial fission sites upon oligomerization [26,
27]. How Drp1 mediates outer membrane scission is unclear
but it has been proposed that, similar to Dynamin, it
may act as a mechanoenzyme [28]. Upon activation by an
unknown mechanism, Drpl assembles via Fisl [29] into
large complexes at future scission sites (cut sites) on the
inner mitochondrial membrane [30]. Overexpression of Fisl
can induce directly both mitochondrial fragmentation and
apoptosis [29]. However, Fisl or mitochondrial fission is
not requisites for apoptosis since cytochrome c release is
prevented in cells overexpressing Fisl when proapoptotic
Bax/Bak are inactivated [31, 32].

Indicating that mitochondrial fission process may be
important for apoptosis, dominant-negative forms of Drpl
that antagonize mitochondrial division delay the release of
cytochrome ¢ and the onset of cell death [33], although,
not as potently as some antiapoptotic Bcl-2 family mem-
bers, such as Bcl-xL. Moreover, ectopic Mfn2, Opal, and
mutant forms of Opal can also confer protection against
programmed cell death [34-36].

We have revealed that 6-OHDA requires the dynamin-
like GTPase Drp1 to induce mitochondrial division. We have
also observed that Drpl translocated to mitochondria 3 h
after addition of 50 uM 6-OHDA, although the levels of
total Drpl were unchanged in cellular extracts [37]. When
SH-SY5Y cells were transfected with Drpl siRNA duplexes
to silence Drpl, 6-OHDA-induced mitochondrial fragmen-
tation was inhibited. Furthermore, 6-OHDA-induced cell
death was reduced after silencing of Drpl. In line with these
findings, inhibition of Drpl function in other experimental
models has also been shown to prevent mitochondrial fission
and cell death [33, 38, 39]. In a recent report, a block in mito-
chondrial fission by the expression of dominant-negative
Drpl or wild-type Mfnl prevented mitochondrial frag-
mentation and rescued neurons from nitric- oxide- (NO-)
induced degeneration and cell death.

Nowadays we have the pharmacological possibility of
inhibiting Drpl activity. For instance, Cassidy-Stone and
colleagues [40] have identified an inhibitor of mitochondrial
division, called mitochondrial division inhibitor-1 (mdivi-
1), using yeast screens of chemical libraries. Mdivi-1 reduces
mitochondrial fission after several insults [40, 41]. Mdivi-
1 inhibits Dnml assembly and GTPase activity in vitro.
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Examining the activity of a series of mdivi-1 analogs shows
a correlation between the degree of inhibition of GTPase
activity and the extent of inhibition of yeast mitochondrial
fission. Recently, another group identified an inhibitor of
Dynamin-1, Dynamin-2, and DRPI, called Dynasore, which
binds the GTPase domain and inhibits GTPase activity [42].
Mdivi-1 appears to be more selective than Dynasore, as it
affects neither the activity of the Dynamin-1 GTPase in vitro
nor that of the two mitochondrial dynamin family members
mediating yeast mitochondrial fusion, Fzol or Mgm1. This
is because mdivi-1 does not inhibit mitochondrial fusion
in vivo. This specificity has been proposed to stem from
mdivi-1 binding outside the GTPase domain to a surface
that is involved in oligomeric assembly, thereby inhibiting
Dnm1/DRP1 GTPase activation. Mechanistically, mdivi-1
acts as a mixed-type inhibitor to attenuate the early stages
of division DRP assembly by preventing the polymerization
of higher-order structures. Mdivi-1 selectively targets the
unassembled pool of the mitochondrial division dynamin,
and its binding creates and/or stabilizes an assembly-
deficient conformation [43]. Furthermore, inhibiting mito-
chondrial division with mdivi-1 in Parkinson’s disease cell
culture models or a dominant negative form of Drpl in
Alzheimer’s and Huntington’s disease cell culture models
attenuates disease-associated phenotypes [44]. For a review
see [43].

Alternatively, mitochondrial dynamics may be initiated
by insertion of the protooncogene Bcl-2 family into the
MOM. The Bcl-2 family is composed of about 25 key reg-
ulators of apoptotic processes. These proteins are structural
and functional homologs of the nematode protein CED-
9 and are localized in the mitochondrial membrane. They
contain up to four regions with a high homology to Bcl-2
(regions BH 1 to 4) [45]. Members containing only the BH3
region are proapoptotic proteins, and among them are Bax
(X Bcl-2-associated protein), Bak (Bcl-2-antagonist/killer),
BIM, and BID. Inactive Bax resides in the cytosol or is
anchored to the laxly face of the membranes of various
organelles [46]. Recently, several members of Bcl-2 family,
including both, pro- and antiapoptotic proteins, have been
shown to play a role in mitochondrial morphogenesis in
healthy cells [37, 47]. Finding that Bax and Bak promote
mitochondrial fusion in healthy cells [47] was unanticipated,
as Bax and Bak form foci that colocalize with ectopic Mfn2
and Drp1 at the sites of mitochondrial division to promote
mitochondrial fission during apoptosis [47]. After a cell
death signal, the Bax protein acquires a homooligomeric
shape and is incorporated into the outer mitochondrial
membrane. Postmortem studies indicated that the presence
of Bax and its translocation to the outer mitochondrial
membrane may contribute to the death of dopaminergic
neurons in PD [48]. In addition, the proapoptotic Bax pro-
tein colocalized to scission sites on mitochondria, suggesting
that the mitochondrial fission machinery cooperates with the
cell death machinery [49]. We have shown that Bax actively
participates in the 6-OHDA preclinical model of PD [4, 17].
Furthermore, in our experimental model, mitochondrial Bax
translocation took place after mitochondrial fragmentation
and Drpl1 translocation. SH-SY5Y cells consistently showed

mitochondrial Bax localization 6 h after 6-OHDA addition.
We were unable to find mitochondrial Bax-aggregation
loci at the very early time points where mitochondrial
fragmentation was already evident (<3h of treatment).
On the other hand, 6-OHDA-induced mitochondrial Bax
translocation was independent of Drpl and mitochondrial
fission. Thus, Mdivi-1 failed to abrogate the translocation
of Bax to the mitochondria upon 6-OHDA additions. In
agreement with this, in Drp1~/~ cells [50] or in cells that were
transfected with a dominant negative allele, DrpK38A, that is
defective in GTP binding [33, 39, 49, 51], Bax translocates to
the mitochondria with kinetics similar to those observed in
wild-type cells.

In addition, several studies have reported that preventing
mitochondrial fission during apoptosis leads to a partial
inhibition of cytochrome c release [33, 35, 36, 38, 51]. Mito-
chondrial fission is not required for cell death. However, this
does not exclude that fragmentation of the mitochondrial
network might potentiate cell death.

Mitochondrial dynamics has also been proposed to play a
role in the quality control of the organelle. During a division
event, functionally asymmetric daughter mitochondria with
different membrane potentials can be produced. The func-
tional daughter, which retains a high membrane potential,
can refuse with the mitochondrial network, whereas the
dysfunctional daughter cannot refuse due to the low mem-
brane potential and is subsequently flagged for autophagic
degradation [52, 53].

3. 6-OHDA Inductors of Autophagy

The mitochondrial quality control hypothesis postulates that
dysfunctional mitochondria are susceptible to degradation
[53]. Autophagy is a stress-induced catabolic process involv-
ing the lysosome (or, in yeast, the analogous vacuole),
which is conserved in all eukaryotes [54, 55]. According to
the different pathways by which cargo is delivered to the
lysosome or vacuole, autophagy is divided into three main
types: chaperone-mediated autophagy, microautophagy, and
macroautophagy [56]. Among the three main forms of
autophagy, macroautophagy is the most widely studied
and best characterized process. Macroautophagy, hereafter
referred to as autophagy, is characterized by the formation
of a cytosolic double-membrane vesicle, the autophagosome.
During autophagy, cytoplasmic proteins, organelles or other
materials are surrounded by phagophores, which expand
and close to form autophagosomes. These autophagosomes
fuse with lysosomes (or vacuoles) to form autolysosomes,
in which the cytoplasmic cargos are degraded by resident
hydrolases. The resulting degradation products are then
transported back into the cytosol through the activity of
membrane permeases for reuse [57]. Although autophagy
is generally considered to be nonspecific, there are many
examples of selective autophagy, including mitophagy (for
mitochondria), ribophagy (for ribosomes), pexophagy (for
peroxisomes), and reticulophagy (for the endoplasmic retic-
ulum, ER) [58].
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FIGURE 1: Mitochondrial fission and autophagy events are activated after 6-OHDA addition. Drpl and Bax translocate from the cytosol to
mitochondria. Drp1 has been proposed to encircle mitochondria to mediate constriction and this is followed by scission, which results in the
formation of two separate mitochondria. Mitochondrial fission may play a role in the removal of dysfunctional mitochondria with reduced
mitochondrial membrane potential, through an autophagy-lysosomal pathway named “mitophagy.”

The primary role of autophagy is to protect cells under
stress conditions such as starvation. During periods of star-
vation, autophagy degrades cytoplasmic materials to produce
amino acids and fatty acids that can be used to synthesize
new proteins or are oxidized by mitochondria to produce
ATP for cell survival [59]. However, when autophagy is
excessively induced, it can result in autophagic cell death, so-
called type II programmed cell death [60, 61] (Figure 1). In
addition to stress management, autophagy is involved in nor-
mal development [60], senescence [62], lifespan extension
[63], immunity, and defense against microbial invasion [64].
In particular, autophagy has been observed to be deregulated
in PD brains [65]. Consistent with these observations,
suppression of basal autophagy causes neurodegeneration in
mice [66]. Moreover, rapamycin, a well-known autophagic
inducer, protects from PD toxins [67].

Unfortunately, to date it remains unknown what the
underlying mechanisms of autophagy are in terms of procell
survival versus procell death effects. Therefore, mechanisms
that underlie these dual functions of autophagy (cell survival
and cell death) need to be explored in the future. There are
several hypotheses. The procell death effect of autophagy
could be related to the activation of apoptosis, which would
imply that autophagy is an upstream event of apoptosis

[68]. For the cytoprotective effect of autophagy against stress,
one possible mechanism for autophagic cell death could
involve the autophagic degradation of a negative effector
of apoptosis. This is supported by a recent demonstration
that autophagic degradation of the Drosophila inhibitor of
apoptosis (IAP) dBruce controls apoptotic cell death in nurse
cells during late Drosophila melanogaster oogenesis [68].
Alternatively, autophagic degradation of active caspase-8, a
positive effector of apoptosis, may also be responsible for the
inhibition of apoptotic cell death in mammalian cells [69].
Autophagy is induced by 6-OHDA treatment. The 6-
OHDA-induced autophagy correlated with an increase in the
LC3-1II protein level and with the accumulation of autophagic
vacuoles in the cytoplasm and the activation of lysosomes
[70]. It remains to be determined whether the induction of
autophagy by 6-OHDA is related to cell death or to a cyto-
protective response, which is activated by dying cells in order
to cope with stress. In a previous study, tyrosine hydrolase-
positive neurons in substantia nigra were protected from 6-
OHDA-induced cell death when they were pretreated with
the autophagy inhibitor 3-methyladenine [70]. On the other
hand, experiments using neuron-specific knockout mouse
models have demonstrated that autophagy deficiency leads
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to protein aggregation and neurodegeneration, even in the
absence of disease-related aggregate-prone proteins [58].

4. ROS as Second Messengers in
6-OHDA-Induced Pathways

Reactive oxygen species (ROS) are important for execution
of physiological functions. However, excessive production of
ROS is detrimental to the cell. Following an increase in ROS
production, the cell’s redox equilibrium is shifted to a more
oxidized state, affecting both the structure and the function
of different molecules. This may lead to specific toxic
processes, which compromise the redox status of the cell and
can cause cell death. Due to high levels of polyunsaturated
fatty acids in their membranes and the relatively low activity
of endogenous antioxidant enzymes, cells in the brain are
particularly susceptible to oxidative damage.

On the other hand, ROS are able to induce pore opening
[71]. Exposure of mitochondria to these species causes a
decrease in the content of thiol residues in the membrane.
It also leads to a collapse of the mitochondrial electrical
transmembrane potential [72], which is prevented by the
presence of antioxidant drugs like vitamin E and glutathione.

Under physiological conditions, 6-OHDA is rapidly and
nonenzymatically oxidized by molecular oxygen to form
1,4-para-quinone and its degradation products (73], along
with production of ROS such as hydrogen peroxide (H,O;),
superoxide radical (O,”) and hydroxyl radical (*OH").
Quinones react with nucleotic groups of macromolecules,
leading to inactive or destroyed quinoproteins, which do not
seem to contribute significantly to the observed cytotoxic
effects of 6-OHDA. H,O, can enter the cells and reacts with
trace metals to form highly reactive “OH™ [74]. This can
oxidatively damage proteins, lipids, and DNA [75]. We have
shown that 6-OHDA concentrations that were nontoxic to
cell cultures did not significantly increase H,O, production
[76]. Moreover, H,O, addition to cultures produced a
pattern of cell death similar to 6-OHDA.

In addition to the non-enzymatic self-auto-oxidation
process, microinjection of 6-OHDA into the striatum may
lead to the generation of H,O, via a mitochondrial en-
zymatic oxidation process. Inhibition of complex I of
the electron transport chain also stimulated mitochondrial
production of superoxide radicals. These superoxide radicals
were then catalyzed to H,O, by superoxide dismutase
and, subsequently, *OH™ may arise from the breakdown
of H,O,. This may be associated with the mitochondrial
dysfunction seen in our experiments, because *OH™ rapidly
attacks other biological molecules. The radicals produced in
molecules such as lipids and proteins may also interact with
mitochondrial enzymes to cause degradation.

In the signaling pathways that are involved in 6-OHDA-
induced mitochondrial fission and autophagy, evidence
revealed a key role for ROS. Our data demonstrated a rela-
tionship between ROS and 6-OHDA-induced mitochondrial
fission and, subsequently, mitophagy. Intriguingly, 6-OHDA
increases H,O, between the cells. We made this observation
using the dye CM-H,DCFDA to measure peroxide-like

formation. This specific tool allows us to ascertain the role
of ROS in the mitochondrial dynamics process. Given that
the inhibition of this dynamic process, using mdivi-1, did
no block mitochondrial H,O, production upon 6-OHDA
treatments, H,O, production is upstream of mitochondrial
fission. In addition, TEMPOL and MnTBAP, two well-
known antioxidant drugs, abolished translocation of Drpl
to mitochondria and, consequently, 6-OHDA-induced mito-
chondrial fission. In keeping with this interpretation, oxida-
tive stress might be responsible for induced mitochondrial
fission in several processes, including PD, perhaps due to a
posttranslational redox change in the Drpl protein [77, 78].

In addition, nitric oxide induces profound mitochondrial
fission [44]. Cultured cerebrocortical neurons exposed to the
physiological NO donor, S-nitrosocysteine, induced SNO-
Drpl formation and led to the accumulation of exces-
sively fragmented mitochondria. SNO-Drpl-induced mito-
chondrial fragmentation caused synaptic damage, an early
characteristic feature of AD and, subsequently, apoptotic
neuronal cell death. Importantly, blockade of Drpl nitro-
sylation (using the Drpl (C644A) mutant) prevented A-f3-
mediated mitochondrial fission, synaptic loss, and neuronal
cell death, suggesting that the posttranslational modification
(S-nitrosylation) of Drpl contributes to the pathogenesis
of AD. Thus, SNO-Drpl may represent a potential new
therapeutic target for protecting neurons and their synapses
in sporadic AD. Multiple groups have now reported on S-
nitrosylation and subsequent activation of dynamin family
members, including Drpl [79-82].

In conclusion, although we await further clarifications
on the role of mitochondrial fission and mitophagy in PD,
we consider this pathway as a promising new and attractive
pharmacological target. Interestingly, recent evidence has
identified new molecules involved in PD such as Parkin and
PINK1, key regulators of mitophagy.
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