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Abstract

Mitochondria are dynamic organelles that undergo continuous fission and fusion, which could
affect all aspects of mitochondrial function. Mitochondrial dysfunction has been well documented
in Alzheimer’s disease (AD). In the past few years, emerging evidence indicates that an imbalance
of mitochondrial dynamics is involved in the pathogenesis of AD. In this review, we discuss in
detail the abnormal mitochondrial dynamics in AD and how such abnormal dynamics may impact
mitochondrial and neuronal function and contribute to the course of disease. Based on this
discussion, we propose that mitochondrial dynamics could be a potential therapeutic target for
AD.
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Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative disorder of the elderly
that leads to progressive memory loss, impairments in behavior, language, visuospatial
skills, and ultimately death. The disease is characterized by a progressive neuronal and
synaptic loss and the presence of extracellular Ap deposits as senile plaque and intracellular
neurofibrillary tangles composed of aggregated tau proteins in brain. Most cases of AD
occur sporadically, yet genetic studies revealed that mutations in amyloid 3 precursor
protein (APP), presenilin 1 and 2 (PS1 and PS2), cause rare early-onset familial form AD. In
addition to these deterministic genetic mutations, the apolipoprotein E4 allele (ApoE4) was
identified to significantly increase susceptibility for late- and early-onset AD.

The currently prescribed drugs for treating AD include cholinesterase inhibitors (e.g.,
donepezil, rivastigmine, and galantamine) and the glutamatergic agent memantine, which
only provides symptomatic improvement with modest efficacy. There is an obvious urgent
need for new treatment, both symptomatic and disease modifying, for AD. However, our
search for a cure for this debilitating disease is hampered by our incomplete understanding
of this disease as evidenced by the fact that drugs targeting amyloid precursor protein
processing or AB lowering, based on the dominating amyloid cascade hypothesis, are
faltering in recent clinical trials. This suggests that we may need to also target other aspects
associated with the course of the disease.

Mitochondrial dysfunction in AD has been widely reported. A large number of studies
implicate metabolic defects in AD, such that a reduced rate of brain metabolism is one of the
best documented abnormalities in AD [1]. Most importantly, such cerebral metabolic rate
abnormalities precede rather than follow any evidence for functional impairment by
neuropsychological testing or of brain atrophy by neuroimaging [1]. Consistently, deficiency
in several key enzymes of oxidative metabolism in mitochondria (i.e., KGDHC, PDHC, and
COX) is well documented in AD brain [2]. Mitochondrial encoded genes were abnormally
expressed in AD postmortem brains [2]. As the center of reactive oxygen species (ROS)
production, damage to mitochondria may contribute to the widespread oxidative damage in
AD brain [3]. Calcium homeostasis is also altered in AD and animal models of AD, and it is
known that mitochondrial impairment enhances dysregulation of neuronal calcium
homeostasis [4]. Additionally, damaged mitochondrial DNA (mtDNA) was found present in
vulnerable neurons in AD [5], and mtDNA genetic markers have been linked to an increased
incidence of AD [6, 7]. Studies from cybrid cell lines with mitochondrial DNA from AD
patients also showed abnormal mitochondrial morphology, membrane potential, and ROS
production, confirming mutant mitochondrial DNA in AD contributing to the pathology [8—
10]. More recently, it is found that APP and/or A are associated with mitochondria [11,
12]. Overall, these studies suggest that mitochondria may be a very promising therapeutic
target for AD.

Although it has long been appreciated that mitochondria are very dynamic organelles, recent
studies revealed that they constantly divide and fuse with each other [13], which represents
one of the most exciting findings in the field in recent years. Detailed studies revealed that
mitochondrial fission and fusion is a tightly regulated delicate balance that not only controls
mitochondrial morphology and number but also impacts every aspect of mitochondrial
function and distribution [13]. The fact that mutations in genes that are essential for
mitochondrial dynamics directly led to degeneration of specific nerves and caused several
human neurological diseases underscored the notion that neurons are particularly prone to
defects in mitochondrial dynamics [13]. Not surprisingly, abnormal mitochondrial dynamics
has therefore emerged as an important mechanism for the development of neurodegenerative
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diseases including Alzheimer’s disease and may prove to be a novel therapeutic target for
AD.

Mitochondrial Dynamics

Mitochondria are dynamic organelles that are engaged in a delicate balance of fission and
fusion within the cell [13]. Until now, several proteins have been identified to control fission
and fusion; however, their precise mechanisms of operation remain to be fully elucidated.
Mitochondrial fission involves at least two proteins in mammalians: a large GTPase,
dynamin-like protein 1 (DLP1), and a small molecule, Fisl. The former is a primarily
cytosolic protein, and during fission, DLP1 is recruited to punctuate spots on the
mitochondrial surface. Like dynamin, DLP1 can also oligomerize and form large complexes.
It is believed that once a ring-like complex structure is formed along the mitochondrial
surface, DLP1 uses GTP hydrolysis to constrict and twist tubule to initiate fission [14].
Similarly, Fisl assists in mitochondrial fission but is evenly distributed along the surface of
the mitochondrial outer membrane [15]; although it is suggested to act as receptor to recruit
DLP1 to mitochondria during fission [16], controversy remains since DLP1 can assemble on
mitochondria in the absence of Fis1.

On the other hand, mitochondrial fusion is regulated by three large GTPases: mitofusin 1
(Mfn1), mitofusin 2 (Mfn2), and optic atrophy protein 1 (OPA1) [17, 18]. Both Mfn1 and
Mfn2 are mitochondrial transmembrane proteins localized to the outer membrane and appear
to play similar roles in mitochondrial fusion [19, 20]. During mitochondrial fusion, through
interactions of their coiled-coil domains, Mfn1 and Mfn2 could form homo-oligomeric and
hetero-oligomeric complexes and tether neighboring mitochondria together [20, 21]. OPA1
is localized to the inner membrane and is primarily involved in inner membrane fusion [19,
22, 23].

In mammalian cells, mitochondrial dynamics are influenced by various regulatory pathways
and stimuli, the mechanisms of which are incompletely understood [17, 18]. Most notably,
posttranslational modifications to the mitochondrial fission protein DLP1 have been
associated with fission regulation. That is, phosphorylation, sumoylation, ubiquitylation, and
nitrosylation of DLP1 influence its ability to orchestrate the fission process in various ways
[24-29]. Specifically, it is suggested that phosphorylation of DLP1 at Ser616 (e.g., Ser585
in rat) by mitosis-promoting factor facilitates mitochondrial fission [24, 25, 29], while
ubiquitination of DLP1 is believed to facilitate its degradation [30]. On the other hand,
sumoylation of DLP1 by SUMO-1 protects DLP1 from degradation, enlarges the stability
DLP1, and facilitates the translocation of DLP1 from cytosol to the mitochondria [26]. Most
recently, it has been reported that S-nitrosylation of DLP1 activates GTPase activity and
mitochondrial fission [31]. Although OPAL1 is encoded by one single gene, eight splice
variants are identified, and multiple proteases have been identified in OPA1 processing [32],
providing multiple points of regulation. However, the detailed mechanisms remain elusive.

Growing evidence suggests that the delicate equilibrium between mitochondria fission and
fusion is vital for mitochondrial functions including metabolism, energy production, Ca2*
signaling, ROS production, apoptosis, cell cycle, and senescence [19, 33-38]. It is accepted
that the intracellular distribution of mitochondria is adapted to and critical for cellular
physiology so that mitochondria concentrate in subcellular regions with high metabolic
requirement [39]. Importantly, mitochondrial dynamics can also impact cellular function by
influencing mitochondrial distribution since both fission mutants (i.e., DLP1) with elongated
mitochondria [40] and fusion mutants (i.e., OPA1) with short, rounded mitochondria [41]
caused mitochondrial distribution changes, although the mechanisms involved are not clear.
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Abnormal Mitochondrial Dynamics in AD

Initial implication of an abnormal mitochondrial dynamics in AD neurons comes from an
ultrastructural morphometric study suggesting that mitochondria size and number are
significantly altered in vulnerable neurons in AD [5]. This same study also confirmed lower
percentages of normal mitochondria and significantly higher percentages of impaired
mitochondria with broken cristae in these neurons, implicating that an abnormal
mitochondrial dynamics may contribute to ultrastructural deficit of mitochondria. Indeed, in
hippocampal tissues of AD patients, mitochondrial fusion/fission protein expression levels
were also altered (compared to age-matched controls) [42]. That is, the expression levels of
DLP1, OPA1, Mfnl, and Mfn2 were shown to be significantly reduced in AD, while those
of Fis1 were seen increased in AD compared with control, thus confirming a tipped balance
of mitochondrial fission and fusion in pyramidal neurons of AD. As a supplemental analysis
of this naotion, fibroblasts from AD patients were scrutinized to reveal profound alterations
in mitochondrial dynamics in these cells [43]. More recently, it is demonstrated that over-
expression of mutant APP in neuronal cells leads to increased mitochondrial fission and a
defect in mitochondrial function and neuronal differentiation, due to altered expression of
mitochondrial fission/fusion proteins [44]. Overexpression of DLP1 or OPA1 partially
rescues different aspects of these mitochondrial defects, confirming the critical role of
mitochondrial dynamics in causing these deficits. In addition, exposure of neuronal cells to
AP also leads to increased mitochondrial fission and loss of dendritic spines and synapse
which can be partially rescued by overexpression of OPAL or DLP1 [44, 45]. Increased
levels of S-nitrosylated DLP1 are found in neurons treated with Ap and also in brain
samples from AD patients and AD mouse models [31, 42], which, along with reduced OPA1
expression, is believed to contribute to enhanced mitochondrial fission observed in these
models.

In addition to morphological abnormalities, altered distribution of mitochondria in neurons
was observed in AD patients, where more mitochondria are accumulated in cell body rather
than throughout the neuronal processes [42]. In fact, such an abnormal mitochondrial
distribution is also found in AD-related in vitro models: For example, fibroblasts from
sporadic AD cases and M17 cells over-expressing APP mutation cause clustering of
mitochondria around the perinuclear area and mitochondria at more remote regions
becoming sparse [43]. Primary neurons overexpressing APP mutation or exposed to AB
demonstrated significantly reduced mitochondrial coverage in neuronal processes correlated
with reduced spine density and synapses [42]. It appears that at least two mechanisms likely
contribute to such an abnormal mitochondrial distribution: (1) Earlier studies showed that
exposure of primary neurons to preaggregated AB25-35 induces acute impairment in
mitochondrial axonal transport [46], and more recent studies demonstrated that soluble AB
oligomers lead to significantly reduced mitochondrial axonal transport in both anterograde
and retrograde direction. It is known that defects in both kinesin-based anterograde and
dynein-based retrograde axonal transport can lead to reduced mitochondrial density in
neuronal processes [47]; (2) It is known that alterations in the expression of mitochondrial
fission or fusion proteins can alter the distribution of mitochondria [48]. The causal role of
mitochondrial fission/fusion proteins in Ap-induced abnormal mitochondrial distribution is
reinforced by the finding that DLP1 overexpression can partially rescue such defects [42].
However, the relationship between mitochondrial fission/fusion regulation and
mitochondrial transport/retention remains to be determined.

Effect of Tau, ApoE4, and Presenilin on Mitochondrial Dynamics

Tau is a major component of the neurofibrillary tangles (NFTs) in AD patients, and it has
been proposed to play a key role in the pathogenesis of AD [49]. Tau is a microtubule-
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binding protein expressed in neurons, and the normal function of tau relates to the
modulation of the assembly, dynamic behavior, and spatial organization of microtubules in
neurons [50]. Tau protein has more than 30 known phosphorylation sites and becomes
hyperphosphorylated in NFTs in AD neurons with some sites being only phosphorylated in
the AD-specific, soluble form of tau, termed PHF-tau [51]. Phospho-tau not only has
impaired microtubule binding activity with phosphorylation at certain sites (e.g., Ser262),
but it also sequesters normal tau and microtubule-associated proteins (MAP1 and 2) and
causes inhibition of assembly and disruption of preformed microtubules [52]. In this regard,
it is not surprising that some studies showed that overexpression tau protein led to
mitochondrial perinuclear distribution [53-55]. Indeed, the mechanisms associated with
regulation of mitochondrial distribution are through regulation of motor protein kinesin and
dynein [55, 56].

On the other hand, in addition to hyperphosphorylation, tau proteins are cleaved by caspase
3 at Asp-421 [57, 58]. In cell culture models, truncated tau is toxic to neurons [59-61], and
fragmented mitochondria are observed with decreased calcium buffering ability and
increased ROS production [62]. However, the detailed mechanisms about the regulation of
mitochondrial dynamics have not been investigated.

ApoE4 is a known risk factor for late onset of AD, and its genetic presence increases the risk
and lowers the age of onset in a gene dose-dependent manner [63, 64]. Like tau protein,
ApoE4 is cleaved into C-terminal-truncated fragments, and in AD brains, more cleaved
ApoE4 fragments are observed as compared to age-matched controls [65]. In mouse models,
truncated ApoE4 interacts with mitochondria and impairs mitochondrial functions and
integrity [66], and recently, it has been shown to impair mitochondrial dynamics in neurons
(ICAD, 2008, Chicago).

Presenilin mutations are associated with most of early onset of familial Alzheimer’s disease
[67, 68]. Presenilins are integral membrane protein: In neurons, they localize in the
endoplasmic reticulum, intermediate compartment, nuclear membranes, and growth cones
[69-71], and recent evidence also shows their presence in mitochondria [72—74]. The effects
of presenilins on mitochondrial function have been reported. In a PS1 mice models, mutant
PS1 led to abnormal mitochondrial function [75, 76]. In mouse embryonic fibroblasts,
deficiency of PS2 resulted in abnormal lower mitochondrial membrane potential and lower
respiratory rate, implicating the important role of PS2 in keeping mitochondrial functional
state [73]. Mutant PS1 also affects axonal transport of mitochondria presumably by affecting
phosphorylation of kinesin light chain through effects on GSK3p [77].

Mitochondrial Dynamics—A Potential Therapeutic Target for AD?

In neurons, synaptic function and maintenance are critical for neuronal function and
survival. Synaptic dysfunction is thought to be the earliest event in most neurodegenerative
diseases, resulting in clinical symptoms such as memory loss, cognitive decline, and motor
dysfunction. Depletion of mitochondria from the synapse via altered mitochondrial
trafficking is likely to play a role. Our studies demonstrate that Ap-derived diffusible ligands
(ADDLs) induce loss of dendritic spines and PSD95-positive puncta, which correlates with
reduced dendritic density of mitochondria, and DLP1 but not OPA1 overexpression can
restore normal dendritic mitochondrial density, dendritic spine, and PSD puncta number
[42], suggesting that DLP1-regulated mitochondrial distribution played an important role in
ADDL-induced change of dendritic spine and synapse plasticity. Therefore, deficit in axonal
transport, particularly transport of mitochondria, is a common theme in neurodegenerative
disease, and mitochondrial dynamics proteins are likely to play a role as both fission (i.e.,
DLP1) and fusion mutants (i.e., OPA1) cause mitochondrial distribution changes [40, 41].
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Recently, multiple studies have demonstrated alterations of mitochondrial dynamics through
manipulations of the five fission/fusion proteins. Mfn1 and Mfn2 dull cells and OPA1
deficient cells with excessively fragmented mitochondria demonstrated attenuated electron
transport rates in respiratory complex I, 111, and 1V, leading to greatly reduced endogenous
and uncoupled respiratory rates [19, 78]. Genetic inhibition of DLP1 caused excessive
fusion and reduced rate of ATP synthesis [79]; Fis1 knocking down also associated with
decreased mitochondrial membrane potential [34]. Mitochondrial Ca2* uptake and
intramitochondrial Ca2* diffusion is impaired in cells with fragmented mitochondria,
suggesting that an imbalanced fusion and fission can disrupt normal Ca2* ion homeostasis
[80, 81].

A similar effect was observed in mtDNA alteration by disturbed fusion—fission balance. As
the mtDNA genome encodes 24 genes that are involved in local mitochondrial protein
synthesis and 13 essential protein subunits of the OXPHQOS complex I, I1I, IV, and V, the
integrity of mtDNA is critical to maintain mitochondrial function. Mitochondrial fusion
allows exchange of mitochondrial contents, including mtDNA and its encoding proteins.
Inhibition of mitochondrial fusion by Mfn2 knock out resulted in a majority of mitochondria
lacking mtDNA [82]. However, mitochondrial fusion may also result in exacerbation of
mtDNA deletion mutants because of their survival advantage of rapid replication, as fusion
enables intercontent sharing [83]. Indeed, fission inhibition by Fisl or DLP1 knock down
favors accumulation of mutant mtDNA and leads to a loss of mtDNA and a decrease of
mitochondrial respiration coupled to an increase in the level of cellular ROS [34, 84, 85].
Likewise, autophagy, followed by fission and fusion, allows sequestration and elimination
of damaged mitochondria, thus maintaining the integrity and homogeneity of mitochondrial
population [86]. Therefore, an altered mitochondrial fusion and fission balance may affect
the removal of damaged mitochondria and, thus, contribute to the accumulation of
mitochondria with damaged or mutant mtDNA. In this regard, it is notable that accumulation
of damaged or mutant mtDNA is almost an invariant feature of all neurodegenerative
diseases [5, 6, 87-92].

Furthermore, these proteins are associated with regulation of apoptosis and development. It
is suggested that an inhibition of fission or an increase of fusion have protective effects
against cell death. For example, upon apoptotic induction, more DLP1 was recruited to
mitochondria, resulting in increased mitochondrial fission [93]. Decreasing of mitochondrial
fission by inhibition of DLP1 by RNAI reduced mitochondrial fragmentation, cytochrome c
release, caspase activation, and cell death [33]. Similarly, the DLP1 inhibitor, mitochondrial
division inhibitor-1 (mdivi-1), inhibits DLP1 translocation to mitochondria and
mitochondrial fission and cell death [94]. Mitochondrial fusion was found to be blocked
during apoptosis [95]. Knockdown of Mfn1, Mfn2, or OPAL increases the cellular
vulnerability to apoptotic stimuli while overexpression of these fusion proteins renders
resistance [96]. OPA1 also controls apoptotic cristae remodeling during apoptosis
independent of fusion [97, 98]. Bcl-2 family members including Bax, Bak, Bcl-2, and Bcl-
xL were found to affect mitochondrial dynamics and specifically interact with Mfn1 or
Mfn2, which further links mitochondrial dynamics and regulation of apoptosis [99].
However, apoptosis can occur in the absence of mitochondrial fission, and excessive
mitochondrial fission may not necessarily cause apoptosis [61]. Moreover, it was also
reported that DLP1-dependent mitochondrial fission blocks intraorganellar Ca2* waves,
thereby protecting cells against Ca2*-mediated forms of apoptosis [81]. Neuron-specific
DLP1-deficient mice die shortly after birth due to brain hypoplasia with apoptosis [100].
Consequently, further studies are needed to elucidate the role of mitochondrial fission and
fusion in the regulation of apoptosis and other types of cell death and its potential
contribution to neurodegeneration.
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Overall, it is clear that by targeting mitochondrial dynamics, one can effectively impact
mitochondrial structure, alter mitochondrial distribution, improve mitochondrial function,
and influence the regulation of apoptosis. With an abnormal mitochondrial dynamics being
increasingly implicated in mediating or amplifying mitochondrial dysfunction and neuronal
dysfunction in Alzheimer’s disease, it represents a novel therapeutic target.

Mitochondrial Targeting Drugs for Alzheimer’s Disease

Metabolic Antioxidants

Since overproduction of ROS by mitochondria is one of the major factors that contribute to
the course of AD, many drugs targeting mitochondria tested or in development belong to
metabolic antioxidants including lipoic acid (LA) and coenzyme Q10 (CoQ10). It is known
that oxidative stress induces mitochondrial fragmentation and altered mitochondrial
distribution in vitro which can be prevented by antioxidants [43]; it would be of interest to
determine whether improved mitochondrial dynamics is involved in the beneficial effect of
these metabolic antioxidants in vivo and in AD patients.

Lipoic Acid—LA, as the coenzyme of mitochondrial pyruvate dehydrogenase and a-
ketoglutarate dehydrogenase, is a powerful antioxidant and can recycle other antioxidants
such as vitamin C and E and glutathione. Supplement of LA significantly reduced
hippocampal memory loss in aged Tg2576 mice [101]. The cognitive improvement was also
observed in ApoE4 mice fed with LA and acetyl-L-carnitine (ALCAR) [102]. The beneficial
effects of LA is at least by restoring mitochondrial integrity and function because damaged
mitochondria are reduced with LA and ALCAR supplementation [103]. In addition to the
improvement in mice and rat, in AD patients, supplement of LA stabilizes cognitive
functions [104, 105], suggesting it to be a promising drug candidate. A meta-analysis of
double-blind placebo-controlled prospective, parallel group comparison studies of at least 3-
month duration revealed beneficial effects on both the clinical scales and the psychometric
tests in MCI and mild AD patients.

CoQ10 and Mito Q—CoQ10 is an important cofactor of the electron transport chain
where it accepts electrons from complex | and 11; CoQ10 is a potent antioxidant. It preserves
mitochondrial membrane potential during oxidative stress and protects neuronal cells against
AR toxicity through inhibition of PTP opening. Aged PS1 transgenic mice fed with CoQ10
for 60 days partially attenuates AP overproduction and intracellular Ap deposits. However, it
must be mentioned that idebenone, a synthetic analog of CoQ10, failed to slow cognitive
decline in AD patients during clinical trial. Since one limitation to antioxidant therapy is the
inability to enhance the antioxidant levels within mitochondria, to enhance mitochondrial
accessibility, Mito Q is produced by conjugation of the lipophilic triphenylphosphonium
(TPP+) cation to coenzyme Q [106]. With help of TPP+, coenzyme Q penetrates into the
membrane core, where it is reduced to its active form (the antioxidant ubiquinol) by
complex Il to decrease lipid peroxidation, resulting reduced oxidative damage [107]. In
several cell models, Mito Q has demonstrated protective effects by reducing free radicals,
decreasing oxidative damage and maintaining mitochondrial functions [108-110]. It showed
good pharmacokinetic behavioral in phase I clinical trial in AD patients.

Dimebon: A Serendipitously Discovered Drug with Potential Mitochondria-Targeting

Activity

Dimebon was originally approved in Russia as a nonselective antihistamine for the treatment
of skin allergy and allergic rhinitis and was retired from the market when more selective
treatments became available. Prior studies suggested that Dimebon is neuroprotective
against AB25-35 in primary neuronal cultures [111] and preserves learning and memory in
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an active avoidance conditioned learning tasks in a preclinical AF64A cholinergic lesion
model [112, 113]. During the recent successful trial held in Russia, Doody and colleagues
compared 20 mg Dimebon, three times a day, with placebo over 6 months. At 3 and 6
months, Dimebon was significantly superior to placebo on five out of five endpoints
measuring cognition, global function, activity of daily living, and behavior, and the effects
were still measurable at 12 months [114]. Despite being a very promising treatment for AD,
there is no known mechanism of action for Dimebon. Based on the literatures and data
released by Medivation Inc., the company that sponsored the Russian trial [115, 116]
(http://www.alzforum.org/new/detailprint.asp?id=2257), Dimebon is a very weak
cholinesterase inhibitor (>3,000-fold less potent comparing to donepezil) and NMDA
receptor antagonist. Differences in the side-effect profile of Dimebon during trial from
current antidementia drugs suggest that Dimebon has another mode of action. Indeed,
Dimebon modulates mitochondrial function in cells with nanomolar potency and stabilizes
mitochondria membrane potential and improves neuron survival in the setting of cell stress
(http://www.alzforum.org/new/detailprint.asp?id=2257), suggesting that mitochondria are a
likely target of this promising drug. Such a notion was supported by studies reported at
recent scientific conference [117]. It is demonstrated that Dimebon causes neurite
outgrowth, comparable to that of BDNF, presumably through improved mitochondrial
distribution and function in neurites, implicating that improved mitochondrial dynamics may
be involved. Obviously, it is of critical importance to decipher the underlying mechanisms
of Dimebon which will not only improve our understanding of the pathogenesis of the
disease but also will have the potential to help to design and develop new drugs for AD.

Potential Drugs Targeting Mitochondrial Dynamics

Mdivi-1—To search for small molecules that inhibit mitochondrial division, Cassidy-Stone
and colleagues used yeast screens of chemical libraries and identified an inhibitor called
mdivi-1 [94]. Mdivi-1 selectively inhibits GTPase activity of Dnm1 by blocking the self-
assembly of Dnm1. It also inhibits mitochondrial fission in mammalian cells by inhibiting
DLP1 assembly. It is demonstrated that cells treated with mdivi-1 are resistant to apoptosis
upon apoptotic challenges, presumably by inhibiting mitochondrial membrane
permeabilization. Since excessive mitochondrial fragmentation due to unbalanced ongoing
fission is a feature of various diseases including Alzheimer’s disease [118], it is suggested
that mdivi-1 may be of therapeutic benefit in these conditions. Such a notion is supported by
the finding that mitochondrial fragmentation occurred in proximal tubular cells in mice
during renal ischemia/reperfusion and cisplatin-induced nephrotoxicity and mdivi-1
treatment attenuate both tubular cell apoptosis and acute kidney injury in vivo [119].
Nevertheless, its negative effect on mitochondrial distribution may be a concern in treating
neurodegenerative diseases [94]. In this regard, more studies are needed to determine its
usefulness in these diseases.

Peroxisome Proliferator-Activated Receptor-y-Coactivator 1a Activation—
Peroxisome proliferator-activated receptor-y-coactivator 1o (PGC-1a) is a master
transcriptional coactivator that regulates mitochondrial biogenesis and respiration [120-
123]. PGC-1a null mice display a reduced basal expression of many mitochondria genes in
liver, heart, skeletal muscle, and brain compared with wild-type mice [124-126] and are
more sensitive to oxidative stress [127]. Notably, overexpression of PGC-1a protects
neurons from degeneration induced by oxidative stress or mutant huntingtin [127, 128], and
recently, a study demonstrated that overexpression of PGC-1a or PGC-1f leads to increased
mitochondrial intensity in neurites, suggesting that targeting PGC-1a or PGC-1p may restore
the distribution of mitochondria in neurites [129]. Given the abnormal mitochondrial
distribution and decreased PGC-1a expression level in the AD brain [130], promotion of
PGC-1a activity or expression may be a promising therapeutic strategy for AD.
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Conclusion

Recently, in addition to AD, emerging evidence has suggested that mitochondrial abnormal
dynamics are also a character in other neurodegenerative diseases including Parkinson’s
disease (PD), amyotrophic lateral sclerosis (ALS), and Huntington’s disease (HD). In
Parkinson’s disease PINKZ1, Parkin (two genetic factor leading to Parkingson disease) have
been demonstrated to play a role in mitochondrial dynamics in vivo and in vitro [131-136];
environmental toxin 6-OHDA, an environmental toxin that results in PD, also led to
mitochondrial fragmentation [137]. Some reports also demonstrated abnormal mitochondrial
dynamics in ALS and HD models, suggesting abnormal mitochondrial dynamics in these
diseases [138-146]. Actually, some of the mutations in fusion and fission proteins cause
some neuronal disorder. For example, Mfn2 mutations results in Charcot—-Marie-Tooth
neuropathy type 2A [21, 147], and OPA1 mutation causes inherited optic neuropathy [148,
149]. Therefore, abnormal mitochondrial dynamics most likely represents a common
pathway that mediates neuronal dysfunction in the course of neurodegenerative diseases.
Given that mitochondrial dynamics not only affects mitochondrial morphology but also the
mitochondria trafficking, function, and cell death, and manipulation of fission/fusion
proteins has showed some beneficial effect in some disease-related models in vivo and in
vitro; the strategies that modify abnormal mitochondrial dynamics may be an attractive
therapeutic intervention target for the treatment of AD and other neurodegenerative diseases.

Acknowledgments

This study is supported by the NIH (AG031852) and Alzheimer’s Association (IIRG-07-60196).

References

1. Blass JP. The mitochondrial spiral. An adequate cause of dementia in the Alzheimer’s syndrome.
Ann N'Y Acad Sci. 2000; 924:170-183. [PubMed: 11193795]

2. Reddy PH, Beal MF. Amyloid beta, mitochondrial dysfunction and synaptic damage: implications
for cognitive decline in aging and Alzheimer’s disease. Trends Mol Med. 2008; 14:45-53.
[PubMed: 18218341]

3. Zhu X, Perry G, Moreira PI, Aliev G, Cash AD, Hirai K, Smith MA. Mitochondrial abnormalities
and oxidative imbalance in Alzheimer disease. J Alzheimer’s Dis. 2006; 9:147-153.

4. Keller JN, Guo Q, Holtsberg FW, Bruce-Keller AJ, Mattson MP. Increased sensitivity to
mitochondrial toxin-induced apoptosis in neural cells expressing mutant presenilin-1 is linked to
perturbed calcium homeostasis and enhanced oxyradical production. J Neurosci. 1998; 18:4439—
4450. [PubMed: 9614221]

5. Hirai K, Aliev G, Nunomura A, et al. Mitochondrial abnormalities in Alzheimer’s disease. J
Neurosci. 2001; 21:3017-3023. [PubMed: 11312286]

6. Coskun PE, Beal MF, Wallace DC. Alzheimer’s brains harbor somatic mtDNA control-region
mutations that suppress mitochondrial transcription and replication. Proc Natl Acad Sci USA. 2004;
101:10726-10731. [PubMed: 15247418]

7. Wallace DC, Stugard C, Murdock D, Schurr T, Brown MD. Ancient mtDNA sequences in the
human nuclear genome: a potential source of errors in identifying pathogenic mutations. Proc Natl
Acad Sci USA. 1997; 94:14900-14905. [PubMed: 9405711]

8. Sheehan JP, Swerdlow RH, Miller SW, Davis RE, Parks JK, Parker WD, Tuttle JB. Calcium
homeostasis and reactive oxygen species production in cells transformed by mitochondria from
individuals with sporadic Alzheimer’s disease. J Neurosci. 1997; 17:4612-4622. [PubMed:
9169522]

9. Trimmer PA, Keeney PM, Borland MK, Simon FA, Almeida J, Swerdlow RH, Parks JP, Parker WD
Jr, Bennett JP Jr. Mitochondrial abnormalities in cybrid cell models of sporadic Alzheimer’s disease
worsen with passage in culture. Neurobiol Dis. 2004; 15:29-39. [PubMed: 14751768]

Mol Neurobiol. Author manuscript; available in PMC 2011 July 5.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suetal.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Page 10

Trimmer PA, Swerdlow RH, Parks JK, Keeney P, Bennett JP Jr, Miller SW, Davis RE, Parker WD
Jr. Abnormal mitochondrial morphology in sporadic Parkinson’s and Alzheimer’s disease cybrid
cell lines. Exp Neurol. 2000; 162:37-50. [PubMed: 10716887]

Lustbader JW, Cirilli M, Lin C, et al. ABAD directly links Abeta to mitochondrial toxicity in
Alzheimer’s disease. Science. 2004; 304:448-452. [PubMed: 15087549]

Manczak M, Anekonda TS, Henson E, Park BS, Quinn J, Reddy PH. Mitochondria are a direct site
of A beta accumulation in Alzheimer’s disease neurons: implications for free radical generation
and oxidative damage in disease progression. Hum Mol Genet. 2006; 15:1437-1449. [PubMed:
16551656]

Chan DC. Mitochondrial fusion and fission in mammals. Annu Rev Cell Dev Biol. 2006; 22:79—
99. [PubMed: 16704336]

Smirnova E, Griparic L, Shurland DL, van der Bliek AM. Dynamin-related protein Drpl is
required for mitochondrial division in mammalian cells. Mol Biol Cell. 2001; 12:2245-2256.
[PubMed: 11514614]

James DI, Parone PA, Mattenberger Y, Martinou JC. hFis1, a novel component of the mammalian
mitochondrial fission machinery. J Biol Chem. 2003; 278:36373-36379. [PubMed: 12783892]

Wells RC, Picton LK, Williams SC, Tan FJ, Hill RB. Direct binding of the dynamin-like GTPase,
Dnm1, to mitochondrial dynamics protein Fisl is negatively regulated by the Fis1 N-terminal arm.
J Biol Chem. 2007; 282:33769-33775. [PubMed: 17884824]

Chan DC. Mitochondria: dynamic organelles in disease, aging, and development. Cell. 2006;
125:1241-1252. [PubMed: 16814712]

Knott AB, Perkins G, Schwarzenbacher R, Bossy-Wetzel E. Mitochondrial fragmentation in
neurodegeneration. Nat Rev Neurosci. 2008; 9:505-518. [PubMed: 18568013]

Chen H, Chomyn A, Chan DC. Disruption of fusion results in mitochondrial heterogeneity and
dysfunction. J Biol Chem. 2005; 280:26185-26192. [PubMed: 15899901]

Ishihara N, Eura Y, Mihara K. Mitofusin 1 and 2 play distinct roles in mitochondrial fusion
reactions via GTPase activity. J Cell Sci. 2004; 117:6535-6546. [PubMed: 15572413]

Zuchner S, Mersiyanova IV, Muglia M, et al. Mutations in the mitochondrial GTPase mitofusin 2
cause Charcot-Marie-Tooth neuropathy type 2A. Nat Genet. 2004; 36:449-451. [PubMed:
15064763]

Cipolat S, Martins de Brito O, Dal Zilio B, Scorrano L. OPA1 requires mitofusin 1 to promote
mitochondrial fusion. Proc Natl Acad Sci USA. 2004; 101:15927-15932. [PubMed: 15509649]

Song Z, Ghochani M, McCaffery JM, Frey TG, Chan DC. Mitofusins and OPA1 mediate
sequential steps in mitochondrial membrane fusion. Mol Biol Cell. 2009; 20:3525-3532.
[PubMed: 19477917]

Chang CR, Blackstone C. Cyclic AMP-dependent protein kinase phosphorylation of Drpl
regulates its GTPase activity and mitochondrial morphology. J Biol Chem. 2007; 282:21583-
21587. [PubMed: 17553808]

Cribbs JT, Strack S. Reversible phosphorylation of Drpl by cyclic AMP-dependent protein kinase
and calcineurin regulates mitochondrial fission and cell death. EMBO Rep. 2007; 8:939-944.
[PubMed: 17721437]

Harder Z, Zunino R, McBride H. Sumol conjugates mitochondrial substrates and participates in
mitochondrial fission. Curr Biol. 2004; 14:340-345. [PubMed: 14972687]

Karbowski M, Neutzner A, Youle RJ. The mitochondrial E3 ubiquitin ligase MARCHS5 is required
for Drpl dependent mitochondrial division. J Cell Biol. 2007; 178:71-84. [PubMed: 17606867]
Meuer K, Suppanz IE, Lingor P, et al. Cyclin-dependent kinase 5 is an upstream regulator of
mitochondrial fission during neuronal apoptosis. Cell Death Differ. 2007; 14:651-661. [PubMed:
17218957]

Taguchi N, Ishihara N, Jofuku A, Oka T, Mihara K. Mitotic phosphorylation of dynamin-related
GTPase Drpl participates in mitochondrial fission. J Biol Chem. 2007; 282:11521-11529.
[PubMed: 17301055]

Nakamura N, Kimura Y, Tokuda M, Honda S, Hirose S. MARCH-V is a novel mitofusin 2- and
Drp1-binding protein able to change mitochondrial morphology. EMBO Rep. 2006; 7:1019-1022.
[PubMed: 16936636]

Mol Neurobiol. Author manuscript; available in PMC 2011 July 5.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suetal.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 11

Cho DH, Nakamura T, Fang J, Cieplak P, Godzik A, Gu Z, Lipton SA. S-nitrosylation of Drpl
mediates beta-amyloid-related mitochondrial fission and neuronal injury. Science. 2009; 324:102—
105. [PubMed: 19342591]

Griparic L, Kanazawa T, van der Bliek AM. Regulation of the mitochondrial dynamin-like protein
Opal by proteolytic cleavage. J Cell Biol. 2007; 178:757-764. [PubMed: 17709430]

Frank S, Gaume B, Bergmann-Leitner ES, Leitner WW, Robert EG, Catez F, Smith CL, Youle RJ.
The role of dynamin-related protein 1, a mediator of mitochondrial fission, in apoptosis. Dev Cell.
2001; 1:515-525. [PubMed: 11703942]

Lee S, Jeong SY, Lim WC, Kim S, Park Y'Y, Sun X, Youle RJ, Cho H. Mitochondrial fission and
fusion mediators, hFisl and OPA1, modulate cellular senescence. J Biol Chem. 2007; 282:22977-
22983. [PubMed: 17545159]

Lee YJ, Jeong SY, Karbowski M, Smith CL, Youle RJ. Roles of the mammalian mitochondrial
fission and fusion mediators Fis1, Drpl, and Opal in apoptosis. Mol Biol Cell. 2004; 15:5001—
5011. [PubMed: 15356267]

McBride HM, Neuspiel M, Wasiak S. Mitochondria: more than just a powerhouse. Curr Biol.
2006; 16:R551-R560. [PubMed: 16860735]

Parone PA, James DI, Da Cruz S, Mattenberger Y, Donze O, Barja F, Martinou JC. Inhibiting the
mitochondrial fission machinery does not prevent Bax/Bak-dependent apoptosis. Mol Cell Biol.
2006; 26:7397-7408. [PubMed: 17015472]

Yu T, Robotham JL, Yoon Y. Increased production of reactive oxygen species in hyperglycemic
conditions requires dynamic change of mitochondrial morphology. Proc Natl Acad Sci USA.
2006; 103:2653-2658. [PubMed: 16477035]

Frazier AE, Kiu C, Stojanovski D, Hoogenraad NJ, Ryan MT. Mitochondrial morphology and
distribution in mammalian cells. Biol Chem. 2006; 387:1551-1558. [PubMed: 17132100]

Smirnova E, Shurland DL, Ryazantsev SN, van der Bliek AM. A human dynamin-related protein
controls the distribution of mitochondria. J Cell Biol. 1998; 143:351-358. [PubMed: 9786947]

Griparic L, van der Wel NN, Orozco 1J, Peters PJ, van der Bliek AM. Loss of the intermembrane
space protein Mgm1/OPA1 induces swelling and localized constrictions along the lengths of
mitochondria. J Biol Chem. 2004; 279:18792-18798. [PubMed: 14970223]

Wang X, Su B, Lee HG, Li X, Perry G, Smith MA, Zhu X. Impaired balance of mitochondrial
fission and fusion in Alzheimer’s disease. J Neurosci. 2009; 29:9090-9103. [PubMed: 19605646]
Wang X, Su B, Fujioka H, Zhu X. Dynamin-like protein 1 reduction underlies mitochondrial
morphology and distribution abnormalities in fibroblasts from sporadic Alzheimer’s disease
patients. Am J Pathol. 2008; 173:470-482. [PubMed: 18599615]

Wang X, Su B, Siedlak SL, Moreira PI, Fujioka H, Wang Y, Casadesus G, Zhu X. Amyloid-beta
overproduction causes abnormal mitochondrial dynamics via differential modulation of
mitochondrial fission/fusion proteins. Proc Natl Acad Sci USA. 2008; 105:19318-19323.
[PubMed: 19050078]

Barsoum MJ, Yuan H, Gerencser AA, et al. Nitric oxide-induced mitochondrial fission is regulated
by dynamin-related GTPases in neurons. EMBO J. 2006; 25:3900-3911. [PubMed: 16874299]
Rui Y, Tiwari P, Xie Z, Zheng JQ. Acute impairment of mitochondrial trafficking by beta-amyloid
peptides in hippocampal neurons. J Neurosci. 2006; 26:10480-10487. [PubMed: 17035532]
Tanaka Y, Kanai Y, Okada Y, Nonaka S, Takeda S, Harada A, Hirokawa N. Targeted disruption of
mouse conventional kinesin heavy chain, kif5B, results in abnormal perinuclear clustering of
mitochondria. Cell. 1998; 93:1147-1158. [PubMed: 9657148]

Li Z, Okamoto K, Hayashi Y, Sheng M. The importance of dendritic mitochondria in the
morphogenesis and plasticity of spines and synapses. Cell. 2004; 119:873-887. [PubMed:
15607982]

Grundke-Igbal I, Igbal K, Quinlan M, Tung YC, Zaidi MS, Wisniewski HM. Microtubule-
associated protein tau. A component of Alzheimer paired helical filaments. J Biol Chem. 1986;
261:6084-6089. [PubMed: 3084478]

Matsuo ES, Shin RW, Billingsley ML, Van deVoorde A, O’Connor M, Trojanowski JQ, Lee VM.
Biopsy-derived adult human brain tau is phosphorylated at many of the same sites as Alzheimer’s
disease paired helical filament tau. Neuron. 1994; 13:989-1002. [PubMed: 7946342]

Mol Neurobiol. Author manuscript; available in PMC 2011 July 5.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suetal.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67

68.

69.

Page 12

Gong CX, Liu F, Grundke-Igbal I, Igbal K. Dysregulation of protein phosphorylation/
dephosphorylation in Alzheimer’s disease: a therapeutic target. J Biomed Biotechnol. 2006;
2006:31825. [PubMed: 17047304]

Igbal K, Grundke-Igbal I. Developing pharmacological therapies for Alzheimer disease. Cell Mol
Life Sci. 2007; 64:2234-2244. [PubMed: 17604997]

Ebneth A, Godemann R, Stamer K, lllenberger S, Trinczek B, Mandelkow E. Overexpression of
tau protein inhibits kinesin-dependent trafficking of vesicles, mitochondria, and endoplasmic
reticulum: implications for Alzheimer’s disease. J Cell Biol. 1998; 143:777-794. [PubMed:
9813097]

Stamer K, Vogel R, Thies E, Mandelkow E, Mandelkow EM. Tau blocks traffic of organelles,
neurofilaments, and APP vesicles in neurons and enhances oxidative stress. J Cell Biol. 2002;
156:1051-1063. [PubMed: 11901170]

Trinczek B, Ebneth A, Mandelkow EM, Mandelkow E. Tau regulates the attachment/detachment
but not the speed of motors in microtubule-dependent transport of single vesicles and organelles. J
Cell Sci. 1999; 112(Pt 14):2355-2367. [PubMed: 10381391]

Dixit R, Ross JL, Goldman YE, Holzbaur EL. Differential regulation of dynein and kinesin motor
proteins by tau. Science. 2008; 319:1086-1089. [PubMed: 18202255]

Gamblin TC, Chen F, Zambrano A, et al. Caspase cleavage of tau: linking amyloid and
neurofibrillary tangles in Alzheimer’s disease. Proc Natl Acad Sci USA. 2003; 100:10032-10037.
[PubMed: 12888622]

Rissman RA, Poon WW, Blurton-Jones M, Oddo S, Torp R, Vitek MP, LaFerla FM, Rohn TT,
Cotman CW. Caspase-cleavage of tau is an early event in Alzheimer disease tangle pathology. J
Clin Invest. 2004; 114:121-130. [PubMed: 15232619]

Chung CW, Song YH, Kim IK, et al. Proapoptotic effects of tau cleavage product generated by
caspase-3. Neurobiol Dis. 2001; 8:162-172. [PubMed: 11162250]

Fasulo L, Ugolini G, Cattaneo A. Apoptotic effect of caspase-3 cleaved tau in hippocampal
neurons and its potentiation by tau FTDP-mutation N279K. J Alzheimer’s Dis. 2005; 7:3-13.
Matthews-Roberson TA, Quintanilla RA, Ding H, Johnson GV. Immortalized cortical neurons
expressing caspase-cleaved tau are sensitized to endoplasmic reticulum stress induced cell death.
Brain Res. 2008; 1234:206-212. [PubMed: 18718455]

Quintanilla RA, Matthews-Roberson TA, Dolan PJ, Johnson GV. Caspase-cleaved tau expression
induces mitochondrial dysfunction in immortalized cortical neurons: implications for the
pathogenesis of Alzheimer disease. J Biol Chem. 2009; 284:18754-18766. [PubMed: 19389700]
Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC, Small GW, Roses AD,
Haines JL, Pericak-Vance MA. Gene dose of apolipoprotein E type 4 allele and the risk of
Alzheimer’s disease in late onset families. Science. 1993; 261:921-923. [PubMed: 8346443]

Saunders AM, Strittmatter WJ, Schmechel D, et al. Association of apolipoprotein E allele epsilon 4
with late-onset familial and sporadic Alzheimer’s disease. Neurology. 1993; 43:1467-1472.
[PubMed: 8350998]

Harris FM, Brecht WJ, Xu Q, et al. Carboxyl-terminal-truncated apolipoprotein E4 causes
Alzheimer’s disease-like neurodegeneration and behavioral deficits in transgenic mice. Proc Natl
Acad Sci USA. 2003; 100:10966-10971. [PubMed: 12939405]

Chang S, ran Ma T, Miranda RD, Balestra ME, Mahley RW, Huang Y. Lipid- and receptor-
binding regions of apolipoprotein E4 fragments act in concert to cause mitochondrial dysfunction
and neurotoxicity. Proc Natl Acad Sci U S A. 2005; 102:18694-18699. [PubMed: 16344479]

. Levy-Lahad E, Wasco W, Poorkaj P, et al. Candidate gene for the chromosome 1 familial

Alzheimer’s disease locus. Science. 1995; 269:973-977. [PubMed: 7638622]

Sherrington R, Rogaev El, Liang Y, et al. Cloning of a gene bearing missense mutations in early-
onset familial Alzheimer’s disease. Nature. 1995; 375:754-760. [PubMed: 7596406]

Annaert WG, Levesque L, Craessaerts K, et al. Presenilin 1 controls gamma-secretase processing
of amyloid precursor protein in pre-golgi compartments of hippocampal neurons. J Cell Biol.
1999; 147:277-294. [PubMed: 10525535]

Mol Neurobiol. Author manuscript; available in PMC 2011 July 5.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suetal.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Page 13

Lah JJ, Heilman CJ, Nash NR, Rees HD, Yi H, Counts SE, Levey Al. Light and electron
microscopic localization of presenilin-1 in primate brain. J Neurosci. 1997; 17:1971-1980.
[PubMed: 9045726]

Pigino G, Pelsman A, Mori H, Busciglio J. Presenilin-1 mutations reduce cytoskeletal association,
deregulate neurite growth, and potentiate neuronal dystrophy and tau phosphorylation. J Neurosci.
2001; 21:834-842. [PubMed: 11157069]

Area-Gomez E, de Groof AJ, Boldogh 1, et al. Presenilins are enriched in endoplasmic reticulum
membranes associated with mitochondria. Am J Pathol. 2009; 175:1810-1816. [PubMed:
19834068]

Behbahani H, Shabalina 1G, Wiehager B, et al. Differential role of presenilin-1 and -2 on
mitochondrial membrane potential and oxygen consumption in mouse embryonic fibroblasts. J
Neurosci Res. 2006; 84:891-902. [PubMed: 16883555]

Hansson CA, Frykman S, Farmery MR, et al. Nicastrin, presenilin, APH-1, and PEN-2 form active
gamma-secretase complexes in mitochondria. J Biol Chem. 2004; 279:51654-51660. [PubMed:
15456764]

Begley JG, Duan W, Chan S, Duff K, Mattson MP. Altered calcium homeostasis and
mitochondrial dysfunction in cortical synaptic compartments of presenilin-1 mutant mice. J
Neurochem. 1999; 72:1030-1039. [PubMed: 10037474]

Morgan GA, Guo Q, Chan SL, Gary DS, Osbhorne BA, Mattson MP. Defects of immune regulation
in the presenilin-1 mutant knockin mouse. Neuromolecular Med. 2007; 9:35-45. [PubMed:
17114823]

Pigino G, Morfini G, Pelsman A, Mattson MP, Brady ST, Busciglio J. Alzheimer’s presenilin 1
mutations impair kinesin-based axonal transport. J Neurosci. 2003; 23:4499-4508. [PubMed:
12805290]

Chen H, Detmer SA, Ewald AJ, Griffin EE, Fraser SE, Chan DC. Mitofusins Mfn1 and Mfn2
coordinately regulate mitochondrial fusion and are essential for embryonic development. J Cell
Biol. 2003; 160:189-200. [PubMed: 12527753]

Benard G, Bellance N, James D, Parrone P, Fernandez H, Letellier T, Rossignol R. Mitochondrial
bioenergetics and structural network organization. J Cell Sci. 2007; 120:838-848. [PubMed:
17298981]

Frieden M, James D, Castelbou C, Danckaert A, Martinou JC, Demaurex N. Ca(2+) homeostasis
during mitochondrial fragmentation and perinuclear clustering induced by hFisl. J Biol Chem.
2004; 279:22704-22714. [PubMed: 15024001]

Szabadkai G, Simoni AM, Chami M, Wieckowski MR, Youle RJ, Rizzuto R. Drp-1-dependent
division of the mitochondrial network blocks intraorganellar Ca2+ waves and protects against
Ca2+-mediated apoptosis. Mol Cell. 2004; 16:59-68. [PubMed: 15469822]

Chen H, McCaffery JM, Chan DC. Mitochondrial fusion protects against neurodegeneration in the
cerebellum. Cell. 2007; 130:548-562. [PubMed: 17693261]

Diaz F, Bayona-Bafaluy MP, Rana M, Mora M, Hao H, Moraes CT. Human mitochondrial DNA
with large deletions repopulates organelles faster than full-length genomes under relaxed copy
number control. Nucleic Acids Res. 2002; 30:4626-4633. [PubMed: 12409452]

Malena A, Loro E, Di Re M, Holt IJ, Vergani L. Inhibition of mitochondrial fission favours mutant
over wild-type mitochondrial DNA. Hum Mol Genet. 2009; 18:3407-3416. [PubMed: 19561330]
Parone PA, Da Cruz S, Tondera D, Mattenberger Y, James DI, Maechler P, Barja F, Martinou JC.
Preventing mitochondrial fission impairs mitochondrial function and leads to loss of mitochondrial
DNA. PLoS ONE. 2008; 3:e3257. [PubMed: 18806874]

Twig G, Elorza A, Molina AJ, et al. Fission and selective fusion govern mitochondrial segregation
and elimination by autophagy. EMBO J. 2008; 27:433-446. [PubMed: 18200046]
Acevedo-Torres K, Berrios L, Rosario N, Dufault V, Skatchkov S, Eaton MJ, Torres-Ramos CA,
Ayala-Torres S. Mitochondrial DNA damage is a hallmark of chemically induced and the R6/2
transgenic model of Huntington’s disease. DNA Repair (Amst). 2009; 8:126-136. [PubMed:
18935984]

Banoei MM, Houshmand M, Panahi MS, Shariati P, Rostami M, Manshadi MD, Majidizadeh T.
Huntington’s disease and mitochondrial DNA deletions: event or regular mechanism for mutant

Mol Neurobiol. Author manuscript; available in PMC 2011 July 5.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suetal.

89.

90.

9L

92.

93.

94.

95.

96.

97.

98.

99.

100

101.

102.

103.

104.

Page 14

huntingtin protein and CAG repeats expansion? Cell Mol Neurobiol. 2007; 27:867-875. [PubMed:
17952586]

Bender A, Krishnan KJ, Morris CM, et al. High levels of mitochondrial DNA deletions in
substantia nigra neurons in aging and Parkinson disease. Nat Genet. 2006; 38:515-517. [PubMed:
16604074]

Corral-Debrinski M, Horton T, Lott MT, Shoffner JM, McKee AC, Beal MF, Graham BH,
Wallace DC. Marked changes in mitochondrial DNA deletion levels in Alzheimer brains.
Genomics. 1994; 23:471-476. [PubMed: 7835898]

Dhaliwal GK, Grewal RP. Mitochondrial DNA deletion mutation levels are elevated in ALS
brains. NeuroReport. 2000; 11:2507-2509. [PubMed: 10943712]

Vielhaber S, Kunz D, Winkler K, et al. Mitochondrial DNA abnormalities in skeletal muscle of
patients with sporadic amyotrophic lateral sclerosis. Brain. 2000; 123(Pt 7):1339-1348. [PubMed:
10869047]

Wasiak S, Zunino R, McBride HM. Bax/Bak promote sumoylation of DRP1 and its stable
association with mitochondria during apoptotic cell death. J Cell Biol. 2007; 177:439-450.
[PubMed: 17470634]

Cassidy-Stone A, Chipuk JE, Ingerman E, et al. Chemical inhibition of the mitochondrial division
dynamin reveals its role in Bax/Bak-dependent mitochondrial outer membrane permeabilization.
Dev Cell. 2008; 14:193-204. [PubMed: 18267088]

Karbowski M, Arnoult D, Chen H, Chan DC, Smith CL, Youle RJ. Quantitation of mitochondrial
dynamics by photo-labeling of individual organelles shows that mitochondrial fusion is blocked
during the Bax activation phase of apoptosis. J Cell Biol. 2004; 164:493-499. [PubMed:
14769861]

Suen DF, Norris KL, Youle RJ. Mitochondrial dynamics and apoptosis. Genes Dev. 2008;
22:1577-1590. [PubMed: 18559474]

Cipolat S, Rudka T, Hartmann D, et al. Mitochondrial rhomboid PARL regulates cytochrome ¢
release during apoptosis via OPAL-dependent cristae remodeling. Cell. 2006; 126:163-175.
[PubMed: 16839884]

Frezza C, Cipolat S, Martins de Brito O, et al. OPA1 controls apoptotic cristae remodeling

independently from mitochondrial fusion. Cell. 2006; 126:177-189. [PubMed: 16839885]

Brooks C, Wei Q, Feng L, Dong G, Tao Y, Mei L, Xie ZJ, Dong Z. Bak regulates mitochondrial

morphology and pathology during apoptosis by interacting with mitofusins. Proc Natl Acad Sci

USA. 2007; 104:11649-11654. [PubMed: 17606912]

. Ishihara N, Nomura M, Jofuku A, et al. Mitochondrial fission factor Drpl is essential for
embryonic development and synapse formation in mice. Nat Cell Biol. 2009; 11:958-966.
[PubMed: 19578372]

Quinn JF, Bussiere JR, Hammond RS, Montine TJ, Henson E, Jones RE, Stackman RW Jr.
Chronic dietary alpha-lipoic acid reduces deficits in hippocampal memory of aged Tg2576 mice.
Neurobiol Aging. 2007; 28:213-225. [PubMed: 16448723]

Shenk JC, Liu J, Fischbach K, et al. The effect of acetyl-L-carnitine and R-alpha-lipoic acid
treatment in ApoE4 mouse as a model of human Alzheimer’s disease. J Neurol Sci. 2009;
283:199-206. [PubMed: 19342064]

Aliev G, Liu J, Shenk JC, et al. Neuronal mitochondrial amelioration by feeding acetyl-L-
carnitine and lipoic acid to aged rats. J Cell Mol Med. 2009; 13:320-333. [PubMed: 18373733]
Hager K, Kenklies M, McAfoose J, Engel J, Munch G. Alpha-lipoic acid as a new treatment
option for Alzheimer’s disease—a 48 months follow-up analysis. J Neural Transm Suppl. 2007,
72:189-193. [PubMed: 17982894]

105. Hager K, Marahrens A, Kenklies M, Riederer P, Munch G. Alpha-lipoic acid as a new treatment

option for Alzheimer type dementia. Arch Gerontol Geriatr. 2001; 32:275-282. [PubMed:
11395173]

106. Murphy MP, Smith RA. Drug delivery to mitochondria: the key to mitochondrial medicine. Adv

Drug Deliv Rev. 2000; 41:235-250. [PubMed: 10699318]

Mol Neurobiol. Author manuscript; available in PMC 2011 July 5.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suetal.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Page 15

James AM, Sharpley MS, Manas AR, Frerman FE, Hirst J, Smith RA, Murphy MP. Interaction of
the mitochondria-targeted antioxidant MitoQ with phospholipid bilayers and ubiquinone
oxidoreductases. J Biol Chem. 2007; 282:14708-14718. [PubMed: 17369262]

Dhanasekaran A, Kotamraju S, Kalivendi SV, Matsunaga T, Shang T, Keszler A, Joseph J,
Kalyanaraman B. Supplementation of endothelial cells with mitochondria-targeted antioxidants
inhibit peroxide-induced mitochondrial iron uptake, oxidative damage, and apoptosis. J Biol
Chem. 2004; 279:37575-37587. [PubMed: 15220329]

Jauslin ML, Meier T, Smith RA, Murphy MP. Mitochondria-targeted antioxidants protect
Friedreich Ataxia fibroblasts from endogenous oxidative stress more effectively than untargeted
antioxidants. FASEB J. 2003; 17:1972-1974. [PubMed: 12923074]

Lu C, Zhang D, Whiteman M, Armstrong JS. Is antioxidant potential of the mitochondrial
targeted ubiquinone derivative MitoQ conserved in cells lacking mtDNA? Antioxid Redox
Signal. 2008; 10:651-660. [PubMed: 17999633]

Lermontova NN, Redkozubov AE, Shevtsova EF, Serkova TP, Kireeva EG, Bachurin SO.
Dimebon and tacrine inhibit neurotoxic action of beta-amyloid in culture and block L-type Ca
(2+) channels. Bull Exp Biol Med. 2001; 132:1079-1083. [PubMed: 11865327]

Bachurin S, Bukatina E, Lermontova N, et al. Antihistamine agent Dimebon as a novel
neuroprotector and a cognition enhancer. Ann N 'Y Acad Sci. 2001; 939:425-435. [PubMed:
11462798]

Bachurin SO, Shevtsova EP, Kireeva EG, Oxenkrug GF, Sablin SO. Mitochondria as a target for
neurotoxins and neuroprotective agents. Ann N 'Y Acad Sci. 2003; 993:334-344. discussion 345—
339. [PubMed: 12853325]

Doody RS, Gavrilova Sl, Sano M, Thomas RG, Aisen PS, Bachurin SO, Seely L, Hung D. Effect
of Dimebon on cognition, activities of daily living, behaviour, and global function in patients
with mild-to-moderate Alzheimer’s disease: a randomised, double-blind, placebo-controlled
study. Lancet. 2008; 372:207-215. [PubMed: 18640457]

Gura T. Hope in Alzheimer’s fight emerges from unexpected places. Nat Med. 2008; 14:894.
[PubMed: 18776868]

Reddy PH. Amyloid beta, mitochondrial structural and functional dynamics in Alzheimer’s
disease. Exp Neurol. 2009; 218:286—292. [PubMed: 19358844]

Elder, GA.; Wang, J.; Fivecoat, HC.; Pasinetti, GM. The effect of Dimebon on energy
metabolism and mitochondria function: experimental approaches and therapeutic implications in
the prevention of neurodegenerative disorders. Neuroscience Meeting; Chicago. 2009. p. 116.111

Su B, Wang X, Zheng L, Perry G, Smith MA, Zhu X. Abnormal mitochondrial dynamics and
neurodegenerative diseases. Biochim Biophys Acta. 2009; 1802(1):135-42. [PubMed:
19799998]

Brooks C, Wei Q, Cho SG, Dong Z. Regulation of mitochondrial dynamics in acute kidney injury
in cell culture and rodent models. J Clin Invest. 2009; 119:1275-1285. [PubMed: 19349686]

Kelly DP, Scarpulla RC. Transcriptional regulatory circuits controlling mitochondrial biogenesis
and function. Genes Dev. 2004; 18:357-368. [PubMed: 15004004]

Lehman JJ, Barger PM, Kovacs A, Saffitz JE, Medeiros DM, Kelly DP. Peroxisome proliferator-
activated receptor gamma coactivator-1 promotes cardiac mitochondrial biogenesis. J Clin Invest.
2000; 106:847-856. [PubMed: 11018072]

Lin J, Wu H, Tarr PT, et al. Transcriptional co-activator PGC-1 alpha drives the formation of
slow-twitch muscle fibres. Nature. 2002; 418:797-801. [PubMed: 12181572]

Wu Z, Puigserver P, Andersson U, et al. Mechanisms controlling mitochondrial biogenesis and
respiration through the thermogenic coactivator PGC-1. Cell. 1999; 98:115-124. [PubMed:
10412986]

Arany Z, He H, Lin J, et al. Transcriptional coactivator PGC-1 alpha controls the energy state and
contractile function of cardiac muscle. Cell Metab. 2005; 1:259-271. [PubMed: 16054070]
Leone TC, Lehman JJ, Finck BN, et al. PGC-1alpha deficiency causes multi-system energy
metabolic derangements: muscle dysfunction, abnormal weight control and hepatic steatosis.
PLoS Biol. 2005; 3:€101. [PubMed: 15760270]

Mol Neurobiol. Author manuscript; available in PMC 2011 July 5.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suetal.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Page 16

Lin J, Wu PH, Tarr PT, et al. Defects in adaptive energy metabolism with CNS-linked
hyperactivity in PGC-1alpha null mice. Cell. 2004; 119:121-135. [PubMed: 15454086]

St-Pierre J, Drori S, Uldry M, et al. Suppression of reactive oxygen species and
neurodegeneration by the PGC-1 transcriptional coactivators. Cell. 2006; 127:397-408.
[PubMed: 17055439]

Cui L, Jeong H, Borovecki F, Parkhurst CN, Tanese N, Krainc D. Transcriptional repression of
PGC-1alpha by mutant huntingtin leads to mitochondrial dysfunction and neurodegeneration.
Cell. 2006; 127:59-69. [PubMed: 17018277]

Wareski P, Vaarmann A, Choubey V, Safiulina D, Liiv J, Kuum M, Kaasik A. PGC-1{alpha} and
PGC-1{beta} regulate mitochondrial density in neurons. J Biol Chem. 2009; 284:21379-21385.
[PubMed: 19542216]

Qin W, Haroutunian V, Katsel P, Cardozo CP, Ho L, Buxbaum JD, Pasinetti GM. PGC-1alpha
expression decreases in the Alzheimer disease brain as a function of dementia. Arch Neurol.
2009; 66:352-361. [PubMed: 19273754]

Deng H, Dodson MW, Huang H, Guo M. The Parkinson’s disease genes pink1 and parkin
promote mitochondrial fission and/or inhibit fusion in Drosophila. Proc Natl Acad Sci USA.
2008; 105:14503-14508. [PubMed: 18799731]

Exner N, Treske B, Paquet D, et al. Loss-of-function of human PINK1 results in mitochondrial
pathology and can be rescued by parkin. J Neurosci. 2007; 27:12413-12418. [PubMed:
17989306]

Grunewald A, Gegg ME, Taanman JW, King RH, Kock N, Klein C, Schapira AH. Differential
effects of PINK1 nonsense and missense mutations on mitochondrial function and morphology.
Exp Neurol. 2009; 219:266-273. [PubMed: 19500570]

Park J, Lee G, Chung J. The PINK1-Parkin pathway is involved in the regulation of
mitochondrial remodeling process. Biochem Biophys Res Commun. 2009; 378:518-523.
[PubMed: 19056353]

Poole AC, Thomas RE, Andrews LA, McBride HM, Whitworth AJ, Pallanck LJ. The PINK1/
Parkin pathway regulates mitochondrial morphology. Proc Natl Acad Sci USA. 2008; 105:1638—
1643. [PubMed: 18230723]

Yang Y, Ouyang Y, Yang L, Beal MF, McQuibban A, Vogel H, Lu B. Pink1 regulates
mitochondrial dynamics through interaction with the fission/fusion machinery. Proc Natl Acad
Sci USA. 2008; 105:7070-7075. [PubMed: 18443288]

Gomez-Lazaro M, Bonekamp NA, Galindo MF, Jordan J, Schrader M. 6-Hydroxydopamine (6-
OHDA) induces Drpl-dependent mitochondrial fragmentation in SH-SY5Y cells. Free Radic
Biol Med. 2008; 44:1960-1969. [PubMed: 18395527]

Afifi AK, Aleu FP, Goodgold J, MacKay B. Ultrastructure of atrophic muscle in amyotrophic
lateral sclerosis. Neurology. 1966; 16:475-481. [PubMed: 5949060]

Atsumi T. The ultrastructure of intramuscular nerves in amyotrophic lateral sclerosis. Acta
Neuropathol. 1981; 55:193-198. [PubMed: 7349578]

Chang DT, Rintoul GL, Pandipati S, Reynolds 1J. Mutant huntingtin aggregates impair
mitochondrial movement and trafficking in cortical neurons. Neurobiol Dis. 2006; 22:388-400.
[PubMed: 16473015]

Hirano A, Nakano I, Kurland LT, Mulder DW, Holley PW, Saccomanno G. Fine structural study
of neurofibrillary changes in a family with amyotrophic lateral sclerosis. J Neuropathol Exp
Neurol. 1984; 43:471-480. [PubMed: 6540800]

Orr AL, Li S, Wang CE, et al. N-terminal mutant huntingtin associates with mitochondria and
impairs mitochondrial trafficking. J Neurosci. 2008; 28:2783-2792. [PubMed: 18337408]
Raimondi A, Mangolini A, Rizzardini M, et al. Cell culture models to investigate the selective
vulnerability of motoneuronal mitochondria to familial ALS-linked G93ASOD1. Eur J Neuro-
Sci. 2006; 24:387-399.

Sasaki S, Iwata M. Impairment of fast axonal transport in the proximal axons of anterior horn
neurons in amyotrophic lateral sclerosis. Neurology. 1996; 47:535-540. [PubMed: 8757033]

Mol Neurobiol. Author manuscript; available in PMC 2011 July 5.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suetal.

Page 17

145. Siklos L, Engelhardt J, Harati Y, Smith RG, Joo F, Appel SH. Ultrastructural evidence for altered
calcium in motor nerve terminals in amyotropic lateral sclerosis. Ann Neurol. 1996; 39:203-216.
[PubMed: 8967752]

146. Wang H, Lim PJ, Karbowski M, Monteiro MJ. Effects of overexpression of huntingtin proteins
on mitochondrial integrity. Hum Mol Genet. 2009; 18:737-752. [PubMed: 19039036]

147. Kijima K, Numakura C, Izumino H, et al. Mitochondrial GTPase mitofusin 2 mutation in
Charcot-Marie-Tooth neuropathy type 2A. Hum Genet. 2005; 116:23-27. [PubMed: 15549395]

148. Alexander C, Votruba M, Pesch UE, et al. OPAL, encoding a dynamin-related GTPase, is mutated
in autosomal dominant optic atrophy linked to chromosome 3g28. Nat Genet. 2000; 26:211-215.
[PubMed: 11017080]

149. Delettre C, Lenaers G, Griffoin JM, et al. Nuclear gene OPA1, encoding a mitochondrial
dynamin-related protein, is mutated in dominant optic atrophy. Nat Genet. 2000; 26:207-210.
[PubMed: 11017079]

Mol Neurobiol. Author manuscript; available in PMC 2011 July 5.



