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Mitochondria are highly dynamic organelles with complex structural features which
play several important cellular functions, such as the production of energy by oxidative
phosphorylation, the regulation of calcium homeostasis, or the control of programmed
cell death (PCD). Given its essential role in neuronal viability, alterations in mitochondrial
biology can lead to neuron dysfunction and cell death. Defects in mitochondrial respiration
have long been implicated in the etiology and pathogenesis of Parkinson’s disease (PD).
However, the role of mitochondria in PD extends well beyond defective respiration and
also involves perturbations in mitochondrial dynamics, leading to alterations in mitochon-
drial morphology, intracellular trafficking, or quality control. Whether a primary or secon-
dary event, mitochondrial dysfunction holds promise as a potential therapeutic target
to halt the progression of dopaminergic neurodegeneration in PD.

itochondria are intracellular membrane-
Menclosed organelles found by the hun-
dreds in most eukaryotic cells, in which they
perform a number of crucial functions such as
pyruvate oxidation, the Krebs cycle, the metab-
olism of amino acids, fatty acids, steroids, and,
most importantly, the generation of energy
as adenosine triphosphate (ATP). The latter
function is exerted by means of the mitochon-
drial electron-transport chain and the oxida-
tive-phosphorylation system (Fig. 1). From an
evolutionary point of view, mitochondria are
believed to originate from a symbiotic relation-
ship established more than a billion years ago
between primordial eukaryotic cells lacking
the ability to use oxygen metabolically and

primitive aerobic bacteria capable of oxidative
phosphorylation. Through this symbiotic rela-
tionship, which became permanent, bacteria
evolved into mitochondria and the host cell
acquired the ability to metabolically use oxygen,
a much more efficient way to produce energy
than anaerobic glycolysis (DiMauro and Schon
2003).

Structurally, mitochondria contain four com-
partments: the outer mitochondrial membrane
(OMM), the inner mitochondrial membrane
(IMM), the intermembrane space (IMS), and
the matrix (i.e., the region inside the inner
membrane) (Fig. 1). The IMM, in which the
electron transport chain (ETC) is located, is
highly folded and protrudes into the matrix
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Figure 1. Schematic representation of mitochondrial compartmentalization. Mitochondria are divided in four
compartments: the outer mitochondrial membrane (OMM), the intermembrane space (IMS), the inner mito-
chondrial membrane (IMM), and the matrix. The respiratory chain is localized at the IMM whereas the mito-
chondrial DNA (mtDNA) is located in the matrix. The citric acid cycle (or Krebs cycle or TCA cycle) takes place
within the mitochondrial matrix. Asterisk indicates mitochondrial cristae. The respiratory chain, also known as
the electron transport chain (ETC) or oxidative phosphorylation system (OXPHOS), is composed of approxi-
mately 100 proteins, 13 of which are encoded by the mtDNA. The remaining components are encoded by the
nuclear DNA and imported into the mitochondria. It consists of five protein complexes; complex I (NADH
dehydrogenase) and complex II (succinate dehydrogenase) receive electrons (e—) from intermediary metabo-
lism, which are then transferred to coenzyme Q and subsequently delivered to complex IIT (cytochrome ¢ reduc-
tase). The electron shuttling protein cytochrome ¢ then transfers the electrons to complex IV (cytochrome ¢
oxidase), which constitutes the final step in the ETC in which molecular oxygen is reduced to water. The electron
transport is coupled to proton (H™) pumping across the IMM by complexes I, I, and IV. The resulting proton
gradient drives ATP synthesis through complex V (ATP synthase). Reactive oxygen species (ROS), in the form of
superoxide (O,), can be generated by the exit of electrons at the level of complex I and III. C, cytochrome ¢; Q,
coenzyme Q. (Images based on Larsson 2010.)
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which greatly increase the surface area of the
IMM and thus the efficiency of the ETC. Mito-
chondria are the only organelles of the cell
besides the nucleus that contain their own
DNA (i.e., mitochondrial DNA, mtDNA), and
their own machinery for synthesizing RNA
and proteins. Each mitochondrion contains
several copies of the small circular mitochon-
drial genome in its matrix, which encodes for
13 mitochondrial proteins that are all compo-
nents of the oxidative phosphorylation system.
The majority of proteins required to build and
maintain functional mitochondria are therefore
encoded by nuclear DNA, synthesized in the
cytosol, and imported into mitochondria, where

drial compartments.

In addition to their function in supplying
cellular energy, mitochondria play a vital role
in calcium homeostasis and contain several
molecules involved in PCD. Furthermore, mito-
chondria are dynamic organelles which actively
divide, fuse with one another, and undergo
regulated turnover, all of which is important
for the maintenance of mitochondrial function
and quality control. In neurons, mitochondria
are actively transported throughout axons and
dendrites to facilitate their recruitment to crit-
ical subcellular compartments distant from
the cell body. Alterations in any of these mito-
chondrial features can potentially cause disease

2 Cite this article as Cold Spring Harb Perspect Med 2012;4:a009332


http://perspectivesinmedicine.cshlp.org/

Downloaded from http://perspectivesinmedicine.cshlp.org/ on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press

fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

and have been linked to the pathogenesis of Par-
kinson’s disease (PD).

THE MITOCHONDRIAL OXIDATIVE
PHOSPHORYLATION SYSTEM

Mitochondria are usually considered the “power-
houses of the cell” because of the production
of ATP via the combined efforts of the tricar-
boxylic acid cycle and the respiratory chain/oxi-
dative phosphorylation system. The respiratory
chain, located in the IMM, consists of five
multimeric protein complexes: reduced nicoti-
namide adenine dinucleotide (NADH) dehydro-
genase-ubiquinone oxidoreductase (complex I,
approximately 46 subunits), succinate dehy-
drogenase-ubiquinone oxidoreductase (complex
II, four subunits), ubiquinone-cytochrome ¢
oxidoreductase (complex III, 11 subunits), cy-
tochrome ¢ oxidase (complex IV, 13 subunits),
and ATP synthase (complex V, approximately
16 subunits) (Fig. 1). The respiratory chain
also requires two small electron carriers, ubi-
quinone/coenzyme Q and cytochrome c. ATP
synthesis involves two coordinated processes:
electrons derived from energy substrates (such
as NADH and FADH?2) are transported through
the different mitochondrial complexes to mo-
lecular oxygen, thereby producing water; at
the same time, protons are pumped across the
mitochondrial inner membrane (i.e., from the
matrix to the IMS) by complexes I, III, and IV,
generating an electrochemical gradient (termed
mitochondrial membrane potential, A{s). ATP
is produced by the influx of these protons back
into the mitochondrial matrix through complex
V (ATP synthase). ATP is the main form of
energy used by the cell and, once produced in
the mitochondrion, it is exported to the cytosol
by the adenine nucleotide translocator (ANT)
in exchange for cytosolic ADP.

Defective mitochondrial respiration, in par-
ticular at the level of complex I, has long been
associated with the pathogenesis of PD. Evi-
dence of this involvement first emerged follow-
ing the observation that accidental exposure of
drug abusers to 1-methyl-4-phenyl-1,2,3,4-tet-
rahydropyridine (MPTP), an inhibitor of mito-
chondrial complex I, resulted in an acute and

Mitochondria and PD

irreversible parkinsonian syndrome almost
indistinguishable from PD (Langston et al.
1983). It was subsequently shown that MPTP
selectively kills dopaminergic neurons of the
substantia nigra pars compacta (SNpc), the
type of cells that preferentially degenerate in
PD, when injected into nonhuman primates
and mice (Dauer and Przedborski 2003). Simi-
larly, chronic infusion of the potent complex I
inhibitor rotenone to rats has been reported
to produce nigrostriatal dopaminergic neuro-
degeneration (Betarbet et al. 2000). A link
between complex I dysfunction and PD was fur-
ther established when several groups reported
reduced complex I activity in the brain,
platelets, and skeletal muscle of patients with
sporadic PD (Parker et al. 1989; Schapira et al.
1990). In addition, cell lines engineered to
contain mitochondria derived from platelets
of PD patients (cybrids) were also shown to
exhibit reduced complex I activity (Swerdlow
et al. 1996). Supporting an instrumental
role for complex I dysfunction in PD-related
dopaminergic neurodegeneration, the feeding
of the mitochondrial ETC directly at complex
II by means of the ketone body D-B-hy-
droxybutyrate was shown to bypass complex I
blockade, enhance oxidative phosphorylation,
and attenuate dopaminergic neurodegenera-
tion in MPTP-intoxicated mice (Tieu et al.
2003). Also, virally mediated expression of
yeast’s single-unit NADH-quinone oxidoreduc-
tase, which is insensitive to complex I inhibi-
tors, into the substantia nigra of rats has been
shown to protect against rotenone-induced
dopaminergic nigrostriatal impairment (Mar-
ella et al. 2008). Finally, methylene blue, an
alternative electron carrier able to deliver
electrons directly from NADH to cytochrome
¢, thus bypassing complex I blockade, attenu-
ates mitochondrial dysfunction, behavioral
alterations, and dopaminergic neurodegenera-
tion in rotenone-intoxicated rats (Wen et al.
2011). Reinforcing a potential role for complex
I defects in PD, most of the pesticides that have
been epidemiologically linked to an increased
risk of PD cause complex I dysfunction (Sherer
et al. 2002; Schuh et al. 2005, 2009; Richardson
et al. 2009).
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Consequences of Complex | Blockade

One of the expected consequences of impaired
mitochondrial respiration is a reduction in
ATP production and subsequent bioenergetic
failure. Supporting this view, MPP* (MPTP’s
active metabolite) causes a rapid and profound
depletion of cellular ATP levels in isolated
hepatocytes (Di Monte et al. 1986), in brain
synaptosomal preparations (Scotcher et al.
1990) and in whole mouse brain tissues (Chan
et al. 1991). In mice, however, MPTP causes
only a mild (~20%) and transient reduction
in striatal and midbrain ATP levels (Chan
et al. 1991). It appears that complex I activity
should be reduced by more than 50% to cause
significant ATP depletion in nonsynaptic brain
mitochondria (Davey and Clark 1996). Because
complex I activity is only reduced by 25-30%
in PD patients (Parker et al. 1989; Schapira
et al. 1990), this argues against a major role
for ATP depletion in PD-related dopaminergic
neurodegeneration.

Another consequence of impaired mito-
chondrial respiration is an increased produc-
tion of reactive oxygen species (ROS). In a
normal situation, small amounts of molecular
oxygen in the mitochondria, rather than being
converted to water, are reduced to ROS such
as superoxide radicals (Zhou et al. 2008). How-
ever, thanks to the arsenal of antioxidants inside
the mitochondria, including the mitochondrial
isoform of the ROS-scavenging enzyme super-
oxide dismutase (SOD2), the basal levels of
ROS byproducts of mitochondrial respiration
are minimal (Zhou et al. 2008). Following com-
plex I blockade, however, the amount of ROS
generated by the ETC increases dramatically,
likely because of a higher rate of molecular
oxygen reduction into superoxide radical in
response to the hampered terminal step of
electron transfer from the highest potential
iron—sulfur cluster of complex I to ubiquinone
(Ramsay et al. 1987). In agreement with this,
MPP™" and rotenone increase ROS production
in isolated brain mitochondria in proportion
to the degree of complex I inhibition (Perier
et al 2005). Increased ROS can oxidatively dam-
age virtually all biological macromolecules,

including proteins, lipids, and DNA. For in-
stance, complex I inhibition results in the inac-
tivation of the mitochondrial enzyme aconitase,
which is essential to maintain normal metabolic
function, by oxidation of the iron—sulfur clus-
ters contained in this enzyme (Liang and Patel
2004). Also, oxidative damage to catalytic sub-
units of complex I, which correlates with a mis-
assembly and dysfunction of this complex, has
been observed in frontal cortex postmortem
samples from PD patients (Keeney et al. 2006).
Furthermore, MPTP intoxication to mice leads
to the peroxidation of the IMM phospholipid
cardiolipin, thereby disrupting the normal
binding of cytochrome ¢ to the mitochondrial
inner membrane and thus facilitating the pro-
apoptotic release of cytochrome ¢ to the cytosol
(Perier et al. 2005). Mitochondria-derived ROS
have also been shown to damage lysosomal
membranes in MPTP-intoxicated mice, leading
to an impairment of lysosomal function and
defective autophagic degradation in these ani-
mals (Dehay et al. 2010). In addition to proteins
and lipids, MPTP-intoxicated mice also exhibit
oxidative damage to nuclear and mitochondrial
DNA (Hoang et al. 2009). Relevant to PD, oxi-
dative damage to proteins, lipids, and DNA
have been observed in postmortem brain sam-
ples from PD patients (Dauer and Przedborski
2003). In addition, PD-linked protein DJ-1,
mutations of which cause an autosomal reces-
sive form of PD (Bonifati et al. 2003), has
been identified as a mitochondrial peroxi-
redoxin-like peroxidase, able to scavenge mito-
chondrial ROS; its deficiency in mutant mice
results in increased mitochondrial ROS produc-
tion (Andres-Mateos et al. 2007). Supporting
a pathogenic role for mitochondria-derived
ROS in the context of PD, transgenic mice over-
expressing human catalase (an antioxidant
enzyme normally localized in the peroxisome)
specifically targeted to the mitochondria exhibit
an attenuation of MPTP-induced mitochon-
drial ROS and reduced dopaminergic cell death
(Perier et al. 2010). It is important to note, how-
ever, that increased ROS levels in the context of
PD may also emanate from sources other than
mitochondria, including neighboring glial cells
(Zhou et al. 2008).
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MITOCHONDRIAL DNA

The human mitochondrial genome (mtDNA)
consists of a 16.6 kb multicopy, double-stranded,
circular molecule containing 37 genes of which
13 encode subunits of the respiratory chain and
24 are required for mtDNA translation within
the organelle (two ribosomal RNAs and 22 trans-
fer RNAs) (Fig. 2). Mitochondrial genetics dif-
fers from mendelian genetics in several aspects
(DiMauro and Schon 2003). For instance, mt-
DNA is transmitted through the maternal line,
which implies that a mother carrying an mtDNA
mutation will pass it on to all her children, but
only her daughters will transmit it to their pro-
geny. Also, each mitochondrion contains several
copies of mtDNA, resulting in thousands of
mtDNA molecules per cell. In normal subjects,
all mtDNAs are identical (homoplasmy). In
contrast, pathogenic mtDNA mutations are
usually present in some, but not all, of these

Mammalian mtDNA
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genomes. In the latter situation, cells and tissues,
and even individual mitochondria, can harbor
both normal and mutant mtDNA (hetero-
plasmy). In the case of heteroplasmy, a minimal
number of mutant mtDNAs is required to cause
mitochondrial dysfunction and clinical signs,
a phenomenon known as the threshold effect
(Fig. 2). The threshold for disease is lower in
tissues that are highly dependent on oxidative
metabolism, such as brain, heart, or skeletal
muscle, rendering these tissues especially vul-
nerable to the effects of pathogenic mtDNA
mutations.

Transfer of mtDNA from platelets of PD
patients into cells depleted of their own
mtDNA recapitulates complex I deficiency and
other pathogenic features of PD (Swerdlow
et al. 1996; Gu et al. 1998; Trimmer et al.
2004). This observation indicates that PD-derived
mtDNA encodes pathogenic information, raising
the possibility that mitochondrial alterations in

o Normal mitochondria
o Mutated mitochondria

Figure 2. Mitochondrial DNA (mtDNA). (A) Mammalian mtDNA is a double-stranded circular molecule con-
taining 37 genes: two ribosomal RNAs (125 and 16S rRNA), 22 transfer RNAs (tRNAs: E V, L1, I, M, W, D, K, G,
R,H,S1,L2, T, BE,S2,Y,C N, A, Q), and 13 encoding subunits of the respiratory chain, including seven sub-
units of complex I (ND1, 2, 3, 4, 4L, 5, and 6), one subunit of complex III (cytochrome b), three subunits of
cytochrome c oxidase (COX I, II, and III) and two subunits of ATP synthase (ATP6 and ATP8). (B) In a normal
situation, all mtDNAs within a cell are identical (homoplasmy). In a pathological situation linked to pathogenic
mtDNA mutations, cells can harbor both normal and mutant mtDNA (heteroplasmy). In the latter case, a min-
imal number of mutated mtDNAs is required to cause mitochondrial dysfunction and clinical signs (threshold

effect). (Images based on Larsson 2010.)
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PD may be inherited from the mitochondrial
genome or related to somatic mtDNA altera-
tions acquired during aging. Whereas mater-
nally inherited parkinsonism associated with
mtDNA mutations is rare (Thyagarajan et al.
2000), several studies suggest that acquired
mtDNA abnormalities may contribute to PD
pathogenesis. In humans, mutations in mtDNA
polymerase y (POLG), the enzyme responsible
for the synthesis and proofreading of mtDNA,
are associated with levodopa-responsive par-
kinsonism, usually as part of a more complex
syndrome (Luoma et al. 2004; Davidzon et al.
2006). In these families, affected individuals
exhibit reduced striatal dopamine uptake on
positron emission tomography (PET) analysis
and severe loss of pigmented neurons in the
substantia nigra at postmortem examination,
although no Lewy bodies are observed (Luoma
et al. 2004). In all these patients, POLG muta-
tions result in the accumulation of multiple
mtDNA deletions in muscle (Luoma et al.
2004; Davidzon et al. 2006). Remarkably,
mtDNA deletions have been observed in indi-
vidual dopaminergic neurons microdissected
from the substantia nigra of postmortem
human brains from aged individuals and
idiopathic PD patients (Bender et al. 2006;
Kraytsberg et al. 2006). Different SNpc dopami-
nergic neurons from the same individual con-
tained unique mtDNA deletions, indicating
that these deletions were acquired throughout
life (Bender et al. 2006). Furthermore, high lev-
els of mtDNA deletions in these neurons were
associated with decreased histochemical activ-
ity of mitochondrial complex IV, suggesting
that the accumulation of mtDNA deletions
over a certain threshold in SNpc dopaminergic
neurons may cause mitochondrial functional
defects (Bender et al. 2006; Kraytsberg et al.
2006). Mitochondrial ROS may be responsible
for the high level of somatic mtDNA alterations
occurring in SNpc dopaminergic neurons.
Because of its proximity to the site of ROS pro-
duction within the mitochondria, mtDNA can
be oxidatively damaged during aging or follow-
ing increased mitochondrial ROS production
linked to complex I defects. Consistent with
this view, mutant mice overexpressing the anti-

oxidant enzyme catalase specifically in the mi-
tochondria exhibit reduced accumulation of
mtDNA mutations during aging (Vermulst
et al. 2007). In addition, increased ROS pro-
duction following MPTP intoxication to mice
results in oxidative damage to striatal mtDNA
(Hoang et al. 2009). Although it remains to
be determined whether mtDNA alterations rep-
resent a primary or secondary event in PD, mice
with a conditional disruption in dopaminergic
neurons of mitochondrial transcription factor
A (TFAM), which regulates mtDNA transcrip-
tion, exhibit reduced mtDNA expression, res-
piratory chain defects, and slowly progressive
levodopa-responsive motor deficits associated
with progressive nigrostriatal denervation (Eks-
trand et al. 2007), suggesting that impaired
mtDNA expression may primarily contribute
to the pathogenesis of PD.

MITOCHONDRIAL DYNAMICS

Mitochondria are not autonomous, rigidly struc-
tured organelles, but highly dynamic structures,
which continually fuse and divide, move along
the cell, and undergo regulated turnover, all of
which ensure an adequate mitochondrial func-
tion at the appropriate time and subcellular loca-
tion in order to adapt to changes in cellular
requirements. Stressing the importance of these
processes, defects in mitochondrial dynamics
lead to neurological diseases and may contribute
to PD.

Mitochondrial Fusion and Fission

The hundreds of mitochondria within a cell
undergo continual cycles of fusion (the com-
bination of two mitochondria into a single
organelle) and fission (the separation of long,
tubular mitochondria into two or more smaller
parts), resulting in a wide range of mito-
chondrial morphologies (Fig. 3A; Detmer and
Chan 2007; Knott et al. 2008). The adequate
balance between fusion and fission is crucial
for the maintenance of mitochondrial func-
tion. For instance, mitochondrial fusion is re-
quired for the proper respiratory activity of
the mitochondria and has been associated with
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cell survival (Chen et al. 2007). In addition,
the functionality of damaged mitochondria
can be restored by exchanging mitochondrial
genomes and gene products by fusion with
neighboring, intact mitochondria, thereby at-
tenuating the potential deleterious effects of
misfolded proteins or mutated mtDNAs (Det-
mer and Chan 2007; Schon and Przedborski
2011). The proper localization of mitochondria
to nerve terminals also depends on the correct
balance between mitochondrial fusion and
fission, as fragmentation of the mitochondrial
network by fission appears to facilitate the
recruitment of mitochondria to nerve terminals
(Brown et al. 2006).

At the molecular level, mitochondrial fu-
sion and fission are regulated by a series of
GTPases: mitofusins 1 and 2 (Mfnl, Mfn2) for
outer membrane fusion, optic atrophy 1 (OPA1)
for inner membrane fusion, and dynamin-
related protein 1 (Drp1) for mitochondrial fis-

Mitochondria and PD

sion (Fig. 3A; Chen and Chan 2009). Altera-
tions in this molecular machinery lead to
defects in mitochondrial function and can
cause cell death and disease. For instance, muta-
tions in Mfn2 and OPALI result in defective
mitochondrial fusion and cause inherited neu-
rodegenerative disorders such as Charcot—
Marie—Tooth disease type 2A or dominant op-
tic atrophy, respectively (Delettre et al. 2000;
Zuchner et al. 2004). Also, defective mito-
chondrial fission linked to mutations in Drpl
results in neurons with elongated mitochondria
largely absent from synapses and unable to
maintain normal neurotransmission during
intense stimulation (Verstreken et al. 2005).
On the other hand, excessive Drpl-mediated
mitochondrial fission is associated with apop-
tosis, probably resulting from the enhanced
release of mitochondrial pro-apoptotic mole-
cules, such as cytochrome ¢, to the cytosol
(Frank et al. 2001).

B Anterograde transport
|
Fission @
P —
Retrograde transport
Cell body g P Synapse
Pink1
Cc Lysosome : Parkin
Autophagosome
W Mnf 1/2 o
e OPA1 Fusion @ @ E @ W

_/

Figure 3. Mitochondrial dynamics. (A) Mitochondrial fusion and fission control mitochondrial number and
size. Fission is mediated by dynamin-related protein 1 (Drp1) and mitochondrial fission-1 protein (Fis1). Mito-
fusins (Mnf) 1 and 2 are involved in the fusion of the OMM, whereas protein optic atrophy type 1 (OPA1) reg-
ulates the fusion of the IMM. (B) In neurons, mitochondria are recruited to subcellular compartments distant
from the cell body, such axons and dendrites, by active transport along microtubules and actin filaments. Distinct
molecular motors transport the mitochondria in anterograde or retrograde directions. (C) Selective autophagic
degradation of mitochondria (i.e., mitophagy) involves the recruitment of damaged mitochondria into a pre-
autophagosome structure via a PINK1/Parkin-dependent process. Targeted mitochondria are then sequestered
into double-membrane-bounded autophagosomes and subsequently delivered to lysosomes for degradation.
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In the context of PD, cell death induced by
parkinsonian neurotoxins 6-OHDA, rotenone,
and MPP™ in cultured neurons is associated
with mitochondrial fragmentation (Barsoum
et al. 2006; Meuer et al. 2007; Gomez-Lazaro
et al. 2008). Supporting a pathogenic role for
the latter, genetic inhibition of pro-fission
Drpl or overexpression of pro-fusion Mfnl
prevent cell death induced by these neurotoxins
(Barsoum et al. 2006; Meuer et al. 2007; Gomez-
Lazaro et al. 2008). Furthermore, pathogenic
mutations in Parkin (an E3 ubiquitin ligase)
and PINK1 (PTEN-induced putative kinase-1,
a mitochondrially targeted kinase), which cause
autosomal recessive forms of PD (Vila and
Przedborski 2004), are associated with an in-
crease in dysfunctional, fragmented mitochon-
dria that can be rescued by pharmacological or
genetic inactivation of Drpl (Lutz et al. 2009;
Cui et al. 2010). Also, DJ-1 deficiency in cul-
tured cells results in ROS-dependent mitochon-
drial fragmentation, which can be prevented by
PINK1 and Parkin overexpression (Irrcher et al.
2010). In addition, a-synuclein binding to mito-
chondrial membranes causes a Drpl-indepen-
dent mitochondrial fragmentation that can be
prevented by PINK1, Parkin, or DJ-1 overexpres-
sion (Kamp et al. 2010; Nakamura et al. 2011).
However, alterations in mitochondrial fusion/
fission balance have not yet been directly shown
in PD.

Mitochondrial Motility and Regional
Distribution

In neurons, mitochondria are actively recruited
to subcellular sites distant from the cell body,
such as the axonal and dendritic processes,
reflecting the high levels of ATP required for
synaptic transmission and the need to regulate
Ca®" homeostasis during intense synaptic ac-
tivity (Keating 2008). Neuronal populations
selectively vulnerable to PD, such as SNpc do-
paminergic neurons, are characterized by having
long, thin axons with little or no myelination
(Braaketal. 2004). This feature may render these
neurons more susceptible to potential altera-
tions in mitochondrial motility, because of the
high metabolic demands for the transmission

of impulses along poorly myelinated axons
and the long distances that mitochondria have
to travel between cell bodies and axon terminals
in these neurons (Vives-Bauza et al. 2010a).
Indeed, compared to nondopaminergic neu-
rons, SNpc dopaminergic neurons exhibit: (i)
three times slower mitochondrial axonal trans-
port (Kim-Han et al. 2011), (ii) a reduced num-
ber of mitochondria in cell body and dendrites
(Liang et al. 2007), and (iii) smaller mitochon-
drial size (Kim-Han et al. 2011).

Mitochondria move along cytoskeletal
tracks, such as microtubules and actin filaments,
using distinct molecular motors (Fig. 3B).
Short-range mitochondrial transport along
actin filaments requires myosin motors whereas
long-range transport on microtubules requires
dynein/dynactin for retrograde transport and
kinesins for anterograde transport (Hollenbeck
1996; Jung et al. 2004; Schon and Przed-
borski 2011). Relevant to PD, MPP™" was shown
to impair kinesin-mediated anterograde fast
axonal transport in isolated squid axoplasm
(Morfini et al. 2007), and overall axonal mo-
tility of mitochondria, but not of other moving
particles, in murine mesencephalic cultures
(Kim-Han et al. 2011). In addition, proteins
linked to familial forms of PD, such as PINK1,
Parkin, a-synuclein, or LRRK2, have been re-
ported to interact with, and potentially impair,
microtubule-mediated trafficking (Schon and
Przedborski 2011). However, direct evidence
of mitochondrial trafficking alterations in PD
patients is still lacking, probably because of the
technical difficulties in analyzing mitochondrial
transport in human-derived material.

To reach nerve terminals, tubular mito-
chondria is disgregated by fission into smaller,
more motile fragments (Brown et al. 2006).
Accordingly, synaptic mitochondria appear
mostly punctate, rather than tubular (Brown et
al. 2006). However, punctate synaptic mito-
chondria have limited ability to buffer Ca*t,
compared to elongated nonsynaptic mitochon-
dria, and appear more susceptible to Ca*" over-
load (Brown et al. 2006). Synaptic mitochondria
are also more sensitive to complex I inhibition
than their nonsynaptic counterparts. In nonsyn-
aptic mitochondria, complex I can be inhibited

8 Cite this article as Cold Spring Harb Perspect Med 2012;4:a009332


http://perspectivesinmedicine.cshlp.org/

Downloaded from http://perspectivesinmedicine.cshlp.org/ on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press

fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

by 70% before major changes in mitochondrial
respiration and ATP production are detected
(Davey and Clark 1996). In contrast, in synaptic
mitochondria, this threshold is lowered to 25%,
which is within the range of complex I impair-
ment found in PD patients (Davey et al. 1998).
Synaptic mitochondria also exhibit lower levels
of cardiolipin than their nonsynaptic counter-
parts (Kiebish et al. 2008), which may lower
the threshold for the pro-apoptotic release of
cytochrome c. These observations may explain,
at least in part, the apparent increased suscepti-
bility of striatal dopaminergic terminals, com-
pared to dopaminergic nigral cell bodies, to the
degenerative process in PD (Cheng et al. 2010).

Mitochondrial Turnover

Selective autophagic degradation of mito-
chondria, termed mitophagy, is necessary for
the steady-state turnover of mitochondria, the
adjustment of mitochondrion numbers to
changing metabolic demands, or the removal
of damaged mitochondria (Kim et al. 2007;
Youle and Narendra 2011). Using the core
autophagic machinery, mitophagy involves the
sequestration of targeted mitochondria into
double-membrane-bounded structures known
as autophagosomes (Fig. 3C). Subsequently,
autophagosomes fuse with lysosomes (i.e., cy-
toplasmic membrane-enclosed organelles that
contain a wide variety of hydrolytic enzymes)
in which sequestered mitochondria are de-
graded. Functional mitochondrial alterations,
such as loss of Ays or permeabilization of the
OMM, trigger mitophagy, probably in an
attempt to limit potential deleterious effects
associated with damaged mitochondria such
as excessive ROS production or enhanced
release of mitochondrial pro-apoptotic factors
(Tait and Green 2010).

In PD, overall autophagic degradation,
including mitophagy, seems to be impaired.
Indeed, in experimental PD models and post-
mortem PD brain samples, abnormal mito-
chondria readily accumulate in the cytosol of
affected neurons (Dehay et al. 2010; Vila et al.
2011), indicating that it cannot be efficiently
degraded through mitophagy. Accumulation

Mitochondria and PD

of dysfunctional mitochondria may contribute
to dopaminergic cell death by an increased
production of ROS and an enhanced release of
mitochondrial apoptogenic factors (Vila et al.
2001; Vila and Przedborski 2003; Perier et al.
2005, 2007). Defective autophagy in PD origi-
nates, at least in part (Martinez-Vicente et al.
2008), from a pathogenic reduction in the
amount of functional lysosomes (Chu et al.
2009; Dehay et al. 2010). Lysosomal breakdown
in PD appears secondary to the abnormal per-
meabilization of lysosomal membranes by
mitochondrially driven oxidative attack (Dehay
et al. 2010), leading to a vicious cycle in which
increased ROS production from dysfunctional
mitochondria contributes to defective auto-
phagy by oxidatively damaging lysosomal
membranes, thereby resulting in a further accu-
mulation of altered mitochondria which cannot
be degraded through mitophagy. Supporting
a pathogenic role for decreased autophagy/
mitophagy in PD, pharmacological restoration
of lysosomal-mediated degradation by rapamy-
cin is able to reduce the cytosolic accumulation
of undegraded autophagosomes (which con-
tain abnormal mitochondria) and attenuate
dopaminergic neurodegeneration in MPTP-
intoxicated mice (Dehay et al. 2010; Bové et al.
2011). Besides a general impairment of auto-
phagic degradation, specific defects in mito-
phagy may also occur in PD. For instance,
PD-linked mutations in PINK1 and Parkin
have been shown to disrupt the coordinated
normal regulatory role of these molecules at
promoting autophagic degradation of dysfunc-
tional mitochondria, thereby leading to defec-
tive mitophagy (Geisler et al. 2010; Narendra
et al. 2010; Vives-Bauza et al. 2010b).

MITOCHONDRIA AND CALCIUM
HOMEOSTASIS

Intracellular calcium (Ca®") regulates an array
of cellular processes and is important for signal
transduction. In neurons, Ca2+ acts as the main
second messenger to transmit depolarization
status and synaptic activity to the biochemical
machinery of neurons (Gleichmann and Matt-
son 2011). The concentration of cytosolic free
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Ca’" in resting neurons (~100 nm) is 10,000-
fold lower than the concentration of Ca*" in
the extracellular space (~1.2 mwm) (Gleichmann
and Mattson 2011). This concentration gra-
dient leads to a significant increase in cytosolic
Ca®" after depolarization, rendering Ca*" regu-
lation a critical process in neurons. To maintain
Ca’" homeostasis, Ca’" entering neurons is
rapidly sequestered in intracellular organelles,
such as the mitochondria and the endoplasmic
reticulum (ER), or pumped back across the
plasma membrane concentration gradient, all
of which require high levels of energy in the
form of ATP. The ability to accumulate, retain,
and release Ca”*" is a fundamental property of
mitochondria. Accumulation of Ca** within
the mitochondrial matrix depends on both
Ca®" uptake into the mitochondria through
an electrogenic uniporter, as well as extrusion
of Ca®" from the mitochondria through Na*/
Ca”" and H" /Ca®" antiporters (Szabadkai et al.
2006; De Stefani et al. 2011). The most signifi-
cant intracellular storage site of Ca**, however,
is the ER, and there is a significant interplay
between mitochondria and ER in relation to
Ca®". These two organelles are linked, both bio-
chemically and physically (Csordas et al. 2006;
de Brito and Scorrano 2008), which facilitates
efficient Ca®" transmission from the ER to
the mitochondria. The accumulation of Ca**
in the mitochondria leads to the activation of
oxidative phosphorylation and subsequent
increase in ATP production (Gleichmann and
Mattson 2011), thus helping to meet the meta-
bolic demands associated with neuronal electri-
cal activity.

During normal synaptic activity, intracellu-
lar Ca®" concentrations increase only tran-
siently (seconds to a few minutes) and have no
adverse effects on neurons. However, unlike
most neurons in the brain, adult SNpc dopami-
nergic neurons are autonomously active, gener-
ating action potentials in a clock-like manner in
the absence of synaptic input (Chan et al. 2007).
The pacemaking activity of these neurons is
driven by voltage-dependent L-type Ca** chan-
nels, leading to sustained elevations in cytosolic
Ca®" concentrations in these cells (Chan et al.
2007). The large Ca**-buffering burden created

by pacemaking activity in SNpc dopaminergic
neurons ultimately compromises mitochon-
drial function, resulting in mitochondrial oxi-
dative stress and oscillations in mitochondrial
potential, the latter being associated with com-
promised ATP production (Guzman etal. 2010).
Supporting a pathogenic role for increased
Ca’" load linked to pacemaking activity, the
L-type Ca®" channel antagonist isradipine is
able to attenuate rotenone-induced dendritic
loss in adult ventral midbrain slices and to
reduce SNpc dopaminergic neurodegenera-
tion in MPTP-intoxicated mice (Chan et al.
2007). These observations suggest that sus-
tained mitochondrial Ca** overload in adult
SNpc dopaminergic neurons may render these
cells selectively vulnerable to PD. In agreement
with this, neighboring dopaminergic neurons
in the ventral tegmental area (VTA), which do
not rely on L-type Ca®" channels for pacemak-
ing, are relatively preserved in PD (Chan et al.
2010). In addition, expression of Ca*"-buffer-
ing protein calbindin in selected SNpc dopami-
nergic populations is negatively correlated with
PD-linked cell loss (German et al. 1992; Damier
et al. 1999).

Other studies further support a role for
alterations in mitochondrial Ca*" homeostasis
in PD. For instance, cybrid cells containing
mtDNA from PD patients exhibit lower mito-
chondrial Ca®' sequestration than control
cells following carbachol-stimulated Ca** entry
(Sheehan et al. 1997). Similarly, parkinsonian
neurotoxins MPP™ and rotenone cause dimin-
ished mitochondrial Ca®" uptake and increased
cytosolic free Ca®" in cultured cells (Frei and
Richter 1986; Sousa et al. 2003; Wang and Xu
2005). Also, exogenously applied oligomeric,
but not monomeric, a-synuclein to cultured
dopaminergic neurons was shown to increase
intracellular Ca** levels through a pore-medi-
ated influx of extracellular Ca®", leading to
increased mitochondrial Ca*"-buffering bur-
den and apoptotic cell death (Danzer et al.
2007). Furthermore, PD-related protein PINK1
appears to regulate the physiological release of
Ca®" from the mitochondria via the mitochon-
drial Na*/Ca*" exchanger (Gandhi et al. 2009).
Indeed, ablation of PINK1 in dopaminergic
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neurons leads to impaired Ca®" efflux from
mitochondria, accumulation of mitochondrial
Ca’", increased production of mitochondrial
ROS, decreased mitochondrial respiration, re-
duced Ays, and a lowered threshold for Ca?t-
dependent opening of the mitochondrial per-
meability transition pore complex, overall re-
sulting in increased apoptosis (Gandhi et al.
2009). Supporting a role for increased Ca*"
load in PD-related cell death in vivo, pharmaco-
logical or genetic inhibition of Ca®"-sensitive
proteases (i.e., calpains) has been shown to
attenuate dopaminergic neurodegeneration in
MPTP-intoxicated mice (Crocker et al. 2003).

MITOCHONDRIA AND PROGRAMMED
CELL DEATH

PCD, a physiologic process in which molecular
programs intrinsic to the cell are activated to
cause its own destruction, is a fundamental
property of all pluricellular organisms and is
crucial for their development, organ morpho-
genesis, tissue homeostasis, and defense against
infected or damaged cells. However, excessive
PCD or abnormal reactivation of PCD in adult-
hood can lead to neurodegeneration (Vila
and Przedborski 2003). Mitochondria play a
central role in the regulation of PCD, as they
contain several molecules which, when ab-
normally released into the cytosol following
mitochondrial outer membrane permeabiliza-
tion (MOMP), activate caspase-dependent or
caspase-independent PCD pathways (Fig. 4).
MOMP represents the point-of-no-return in
mitochondrial-dependent PCD and is highly
regulated by a series of proteins of the Bcl-2 fam-
ily that either prevent (e.g., Bcl-2 and Bcl-xL) or
promote (e.g., Bax and Bak) MOMP and sub-
sequent cell death (Vila and Przedborski
2003). Although the exact mechanism by which
pro-apoptotic proteins, such as Bax, induce
MOMP is still a matter of debate, it requires
the translocation and insertion of these proteins
into mitochondrial membranes, whence they
can elicit the release of mitochondrial apopto-
genic factors, such as cytochrome c, by at least
two distinct described mechanisms: one involv-
ing the opening of the so-called mitochondrial
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permeability transition pore complex, and
another dependent on the formation of channels
directly by these proteins into mitochondrial
membranes (Galluzzi et al. 2009).

In experimental PD models, dopaminergic
neurodegeneration appears to occur, at least in
part, through activation of mitochondria-de-
pendent PCD pathways (Vila and Przedborski
2003; Perier et al. 2011). In MPTP-intoxicated
mice, there is a time-dependent, region-specific
mitochondrial release of cytochrome ¢ followed
by activation of caspase-9, caspase-3, and apop-
totic nigral cell death (Perier et al. 2005). All
these MPTP-induced molecular events, includ-
ing dopaminergic neurodegeneration, are reg-
ulated by pro-apoptotic protein Bax, as they
coincide with Bax mitochondrial translocation
and are prevented by genetic ablation of Bax
(Vila et al. 2001; Perier et al. 2005, 2007). Fur-
ther supporting the involvement of mitochon-
dria-dependent PCD in PD, dopaminergic
neurodegeneration caused by MPTP in mice
can also be attenuated by targeting other mole-
cules of this pathway, such as caspase-9 or
Apaf-1 (Mochizuki et al. 2001; Viswanath et al.
2001) or by overexpressing Bcl-2 (Offen et al.
1998; Yang et al. 1998). Importantly, com-
plex I inhibition by either MPPT, rotenone, or
pathogenic complex I mutations does not di-
rectly trigger mitochondrial cytochrome ¢
release but instead increases the “releasable”
soluble pool of cytochrome ¢ in the mitochon-
drial IMS that can subsequently be released to
the cytosol by activated Bax (Perier et al.
2005). This effect is mediated by peroxidation
of the IMM phospholipid cardiolipin, which
disrupts the normal binding of cytochrome ¢
to the mitochondrial inner membrane (Perier
et al. 2005). In addition to its detachment
from the mitochondrial inner membrane, cyto-
chrome c release also requires, in other cellular
settings, a remodeling of mitochondrial cristae
mediated by OPA1 (Scorrano et al. 2002; Frezza
et al. 2006).

A role for mitochondria-dependent PCD
in PD is further reinforced by the finding that
many of the mutated nuclear genes associated
with familial forms of PD either directly or in-
directly affect mitochondria-dependent PCD
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Figure 4. Mitochondrial-dependent apoptosis. Apoptosis can result from the activation of two distinct molec-
ular cascades, known as the extrinsic (or death receptor) and the intrinsic (or mitochondrial) pathways. Both
pathways, which can converge at the level of mitochondria, involve the activation of initiator caspases (caspase-8
and -9, respectively) that catalyze the proteolytic maturation of downstream executioner caspases, such as
caspase-3, which are the final effectors of cell death. Mitochondrial outer membrane permeabilization
(MOMP) represents the point-of-no-return in the mitochondrial apoptotic pathway. Following MOMP, mito-
chondrial apoptogenic factors such as cytochrome ¢, Smac/Diablo, endonuclease G, or apoptosis-inducing fac-
tor (AIF) are released to the cytosol. Once into the cytosol, these factors can initiate cell death in a
caspase-dependent or a caspase-independent manner. Released cytochrome c interacts with two other cytosolic
protein factors, Apaf-1 and procaspase-9, to activate caspase-3. Smac/Diablo can interact with several inhibitors
of apoptosis (IAPs), thereby relieving the inhibitory effect of IAPs on initiator (e.g., caspase-9) and effector (e.g.,
caspase-3) caspases. AIF and endonuclease G can translocate to the nucleus and induce caspase-independent
DNA fragmentation. MOMP is highly regulated by anti-apoptotic (e.g., Bcl-2 and Bcl-xL) and pro-apoptotic
(e.g., Bax and Bak) protein members of the Bcl-2 family. Structurally, all these proteins share up to four
Bcl-2-homology domains (BH1-BH4). In addition to multidomain Bcl-2 family members, there are molecules
that share sequence homology only with the BH3 domain (such as Bid, Bim, Puma, and Noxa) which can induce
cell death either by activating multidomain pro-apoptotic proteins or by inactivating anti-apoptotic proteins.
Bid is activated following its cleavage by caspase-8, thus linking the extrinsic and intrinsic pathways at the level of
the mitochondria. Whereas several components of the mitochondrial apoptotic pathway have been implicated
in the pathogenesis of PD, the participation of the extrinsic pathway in PD has not been consistently shown
(Perier et al. 2011). AIE, apoptosis-inducing factor; Casp-9, caspase-9; CL, cardiolipin; OPA1, optic atrophy
type 1; Cyt. ¢, cytochrome ¢; EndoG, endonuclease G; IAP, inhibitor of apoptosis; tBid, truncated Bid.

pathways (Vila et al. 2008). For instance, overex-
pression of a-synuclein in vivo kills dopaminer-
gic neurons by apoptosis through activation of
caspase-9 and caspase-3 (Yamada et al. 2004).
Furthermore, aggregated, but not nonaggregated,

a-synuclein induces cytochrome ¢ release in iso-
lated rat brain mitochondria (Parihar et al.
2008). In cell lines, PD-linked mutations in
LRRK2 lead to mitochondria-dependent PCD
through the release of cytochrome ¢ (Iaccarino
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et al. 2007). Also, overexpression of wild-type
PINK]1, but not of PD-associated PINKI1 mu-
tants, is able to attenuate cytochrome c release,
caspase activation, and apoptosis induced by
parkinsonian neurotoxins or hydrogen peroxide
in cultured cells (Petit et al. 2005; Wang et al.
2007). Similarly, Parkin was shown to prevent
ceramide-induced cytochrome c release, caspase
activation, and apoptotic cell death in vitro
(Darios et al. 2003), an effect that was abolished
by PD-causing Parkin mutations (Darios et al.
2003). Overall, these results suggest that activa-
tion of mitochondria-dependent PCD pathways
contributes to dopaminergic neurodegenera-
tion in PD.

MITOCHONDRIA AND AGING

Increasing age is the most consistent risk factor
for PD and mitochondria have long been sus-
pected to play an essential role in aging. Indeed,
it has been postulated that mitochondrial ROS
accumulation in multiple tissues over the years
may result in mtDNA alterations, mitochon-
drial dysfunction, and cell death, leading to
the decline in tissue function associated with
aging (Wallace 2005). Consistent with this
view, genetic ablation of the pro-apoptotic
mitochondrial ROS-producing protein p66Shc
extends the lifespan of mutant mice (Migliaccio
et al. 1999; Pinton et al. 2007). In addition,
mutant mice overexpressing the antioxidant
enzyme catalase specifically in the mitochon-
dria exhibit reduced accumulation of mtDNA
mutations (Vermulst et al. 2007) and increased
lifespan (Schriner et al. 2005). Conversely, mu-
tant mice with proofreading-deficient forms
of POLG accumulate high levels of mtDNA
alterations in all tissues and exhibit decreased
mitochondrial respiration, increased apoptosis,
accelerated aging, and reduced lifespan (Trifu-
novic et al. 2004; Kujoth et al. 2005). Some of
these molecular events may underlie the link
between mitochondria, aging, and PD. For
instance, as mentioned earlier in this paper,
mutant mice overexpressing mitochondrial cat-
alase not only exhibit extended lifespan but are
also more resistant to MPTP-induced dopami-
nergic cell death (Perier et al. 2010). Also, high
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levels of mtDNA deletions, which are respon-
sible for the premature aging phenotype and
shortened lifespan observed in the POLG mu-
tant mice (Vermulst et al. 2007, 2008), have
also been detected in SNpc dopaminergic neu-
rons from postmortem human brains from
aged individuals and PD patients (Bender
etal. 2006; Kraytsberg et al. 2006). Furthermore,
mutations in POLG are associated with parkin-
sonism in humans (Luoma et al. 2004; David-
zon et al. 2006).

Other potential links between mitochon-
dria, aging, and PD are provided by members
of the sirtuin family of protein deacetylases,
which promote longevity in several organisms.
Three of the seven mammalian sirtuins (SIRT3,
4, and 5) are targeted to mitochondria, and
SIRT1 promotes mitochondrial biogenesis by
deacetylating and activating PGC-1a (peroxi-
some proliferator-activated receptor-y coac-
tivator lat), a transcriptional coactivator of nu-
clear genes encoding mitochondrial proteins
(Guarente 2008). Pharmacological activation
of SIRT1 protects dopaminergic neurons from
midbrain slice cultures against MPP™ intoxica-
tion (Okawara et al. 2007). Downstream from
SIRT1, genetic ablation of PGC-1a in mutant
mice increases the sensitivity of these animals
to MPTP-induced dopaminergic cell death
(St Pierre et al. 2006). Conversely, overexpres-
sion of PGC-1a results in increased expression
of nuclear-encoded subunits of the mitochon-
drial respiratory chain and blocks neuronal
loss induced by mutant a-synuclein, rotenone,
or paraquat in cellular disease models (St Pierre
et al. 2006; Zheng et al. 2010). Further linking
PGC-1a with PD, a newly identified partner
of PD-related protein Parkin, named PARIS
(Parkin-interacting substrate), was shown to be
a repressor of PGC-1a expression (Shin et al.
2011). Supporting a pathogenic role for PARIS-
induced PGC-1a repression, overexpression of
PARIS in the substantia nigra of mice leads to
dopaminergic cell death that can be reversed
by PGC-la co-expression (Shin et al. 2011).
Finally, indicating a link between mitochondria
quality control, aging, and PD, treatment with
rapamycin, a pharmacological compound able
to activate autophagy/mitophagy, has been
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shown to extend lifespan in several species,
including aged mice (Harrison et al. 2009; Ani-
simov et al. 2010), and to attenuate dopaminer-
gic neurodegeneration in MPTP-intoxicated
mice (Dehay et al. 2010; Bové et al. 2011).

CONCLUSIONS

Given the essential role of mitochondria in cell
viability, alterations in mitochondria biology
can lead to cell dysfunction and cell death. Neu-
rons are particularly vulnerable to mitochondrial

impairment because of their dependence
for energy on the mitochondrial metabolism
of pyruvate produced from glucose by the
glycolytic pathway or the need to recruit
mitochondria to axons and dendrites. Dopami-
nergic SNpc neurons, in particular, are espe-
cially susceptible to mitochondrial alterations
because of the increased mitochondrial Ca*"
buffering burden created by autonomous pace-
making activity in these cells and their long,
poorly myelinated axons. Defects in mitochon-
drial respiration have indeed been implicated
for a long time in the pathogenesis of PD.

Cell death
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Figure 5. Mitochondrial dysfunction in PD. Alterations in several aspects of mitochondria biology have been
linked to the pathogenesis of PD, such as: (a) reduced complex I activity, (b) increased production of
mitochondria-derived ROS, (¢) ROS-mediated mtDNA damage, (d) bioenergetic failure, (e) Bax-mediated
cytochrome ¢ release and activation of mitochondria-dependent apoptotic pathways, ( f ) defective mitophagy,
or (g) increased mitochondrial Ca*"-buffering burden. Many of the mutated nuclear genes linked to familial
forms of PD, including PINK1, Parkin, a-synuclein, DJ-1, or LRRK2, have been shown to affect many of these
mitochondrial features (see main text for details). CL, cardiolipin; Cyt. ¢, cytochrome ¢; HTRA2, high temper-
ature requirement A2; IMM, inner mitochondrial membrane; IMS, intermembrane space; LRRK2,
leucine-rich-repeat kinase 2; OMM, outer mitochondrial membrane PINKI, phosphatase, and tensin
homolog-induced kinase 1; ROS, reactive oxygen species; TRAP1, tumor necrosis factor receptor-associated
protein 1; a-syn, alpha-synuclein.
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However, the role of mitochondria in PD seems
to extend well beyond a sole deficit in respira-
tion (Fig. 5). Although it remains to be shown
whether mitochondrial alterations in PD con-
stitute a primary or a secondary event, or are
just part of a larger multifactorial pathogenic
process, the targeting of mitochondrial dys-
function holds promise for the development
of novel therapeutic strategies aimed at halting
or slowing down the progression of dopaminer-
gic neurodegeneration in this currently incur-
able neurodegenerative disorder.
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