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Abstract

Huntington's disease (HD) is a fatal inherited neurodegenerative disorder that gradually robs affected
individuals of memory, cognitive skills, and normal movements. While research has identified a
single faulty gene, the huntingtin gene, as the cause of the disease, a cure remains elusive. Strong
evidence indicates that mitochondrial impairment plays a key role in HD pathogenesis. Here, we
highlight how mtHtt might cause mitochondrial dysfunction by either perturbing transcription of
nuclear-encoded mitochondrial proteins or by direct interaction with the organelle and modulation
of respiration, membrane potential and Ca2* buffering. In addition, we propose that mtHtt might
convey its neurotoxicity by evoking defects in mitochondrial dynamics, organelle trafficking and
fission and fusion, which in turn might result in bioenergetic failure and HD-linked neuronal
dysfunction and cell death. Finally, we speculate how mitochondria may dictate selective
vulnerability of long projection neurons, such as medium spiny neurons, which are particularly
affected in HD.

INTRODUCTION

The discovery of the gene that causes Huntington's disease (HD) in 1993 sparked tremendous
hope that a cure was just around the corner.1s 2 However, this initial enthusiasm was soon
diminished and a cure remains elusive as current treatments reduce the symptoms, but do not
prevent neuronal loss. Unexpectedly, the faulty gene product, mtHtt, is an extremely large
protein of 350 kiloDalton and might act as a scaffold protein regulating vesicle and organelle
trafficking and signaling pathways. Although the protein is mostly cytoplasmic, it is also
present in smaller amounts in multiple subcellular compartments including the plasma
membrane, nucleus, endoplasmic reticulum, endocytic vesicles, the Golgi and mitochondria,
and interferes with multiple cellular pathways.3'8 Thus, these properties have made it difficult
to pin down Htt's normal and neurotoxic function(s). Now, new evidence has emerged that
implicates malfunctioning mitochondria in HD pathogenesis. This article focuses on these new
observations because they might bring us closer to effective treatments that can either slow or
stall the relentless neuronal loss in HD. Specifically, we will focus on the potential pathways
by which mtHtt could cause mitochondrial dysfunction.

HD is an autosomal dominant neurodegenerative disorder that affects approximately 30,000
patients in the United States alone. Clinical symptoms of HD include progressive chorea
(involuntary dance-like movements), rigidity, weight loss, dementia, seizures and psychiatric
disturbances such as depression, withdrawal and irritability. Symptoms result from the
selective loss of long projection neurons, known as medium spiny neurons, which are GABA-
releasing neurons in the striatal brain regions that control movement, memory and emaotions.
In addition, early neuronal loss and dysfunction occurs not only in the striatum, but also in the
cortex in HD patients.9 HD is slowly progressive and patients succumb to the disease within
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15 to 20 years of symptom onset. Thus, HD takes a tremendous toll on patients and their
families.

HD is one of nine neurodegenerative disorders caused by an abnormal expansion of CAG
repeats that encode a poly-glutamine stretch. A poly-glutamine expansion of less than 35 in
the amino-terminus of Htt is normal and does not cause disease. However, Htt with an abnormal
stretch of 36 or more glutamines causes the neurodegenerative condition. Clinical symptoms
start in most cases between the ages of 30 and 40, but the disease can strike, in some rare cases,
young patients whose Htt molecule has 60 or more glutamine residues.10 11 Thus, there is an
inverse relationship between the length of the poly-glutamine stretch and age of disease onset,
with longer glutamine stretches resulting in earlier disease onset and increased severity.

A puzzle that has long occupied neurologists is why disease onset is so late despite the presence
of the mutation at birth. In addition to the inherited CAG expansion, new observations indicate
that somatic CAG expansions occur during aging in the striatum, the brain region which is
most affected in HD, modulating the disease onset and progression.12 The underlying
mechanism responsible for the somatic expansion of CAG is activation of the error-prone base
pair repair enzyme, 7,8-dihydro-8-oxoguanine-DNA glycolylase 1 (OGG1) that is induced by
oxidative stress.12 As oxidative damage accumulates with age, a somatic expansion of the
CAG repeat might trigger the delayed onset of the disorder.

Mechanism of mtHtt action: gain of function or loss of function?

How mtHtt elicits neurodegeneration remains a mystery, but wild-type Htt exhibits anti-
apoptotic properties.13! 4 httisa remarkably large molecule with ubiquitous expression. Its
domain model does not suggest any particular functions aside from three HEAT domains that
may mediate protein interactions. 1> 16 Indeed, numerous reports indicate that Htt interacts
with over 200 proteins and abnormal protein interactions might in part mediate its toxicity.

7,18 For example, Htt interacts with nuclear transcription factors in the nucleus.19
Specifically, Htt interacts with CAMP response element binding-protein (CREB)-binding
protein and siz)ecificity protein 1 (Spl).17' 18 Furthermore, mtHtt reduces the binding of Sp1
to DNA.20: 21 | addition, Htt interacts with the tumor suppressor and transcription factor,
p53.22 Finally, a new study found that many Htt-interacting proteins are genetic modifiers of
HD neurodegeneration.23

Because HD inheritance is autosomal dominant, caused by a single copy of the mutant gene,
the prevailing view is that mtHtt-mediated neuronal dysfunction results from a toxic gain of
function. There is ample evidence supporting this view. For example, a common characteristic
of HD pathology in both mice and humans is formation of protein aggregates and inclusion
bodies.24-26 While the mechanism of toxicity (if any) of these aggregates is unclear, there
presence hints at a toxic gain of function in HD. Transgenic mouse models expressing full-
length or exon 1 of mtHtt, produce neuropathology resembling the human disorder and provide
additional support for the toxic gain-of-function hypothesis. 7

The proposed mechanisms of mtHtt gain-of-function neurotoxicity include transcriptional
modull';1tion,28'3o protein aggregation,31 and excitotoxicity.32' 33 NMDAR currents and
Ca?* are increased in medium spiny neurons of mtHtt transgenic mice.34-36 In addition,
caspase 6 cleavage of mtHtt is a required event for mtHtt-mediated toxicity, with the
fragmented mtHtt confering greater neurotoxicity.37

Although the majority of the findings are consistent with a toxic gain of function for mtHtt,

there is also evidence that mtHtt conveys neurodegeneration by a loss-of-function mechanism.
For example, expression and transport of brain-derived neurotrophic factor %BDNF) requires
Htt and mtHtt impairs BDNF gene expression and BDNF vesicle trafficking. 0,38 Thys gain-
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of-function and loss-of-function mechanisms may co-exist and are not mutually exclusive,
thereby adding to the complexity of the potential molecular pathways underlying HD.

Mitochondrial dysfunction

A critical function of mitochondria is the conversion of food into energy or heat by a process
known as oxidative phosphorylation. Neurons have intense energy demands that mitochondria
must largely fill. Mitochondria in neurons support ATP-dependent processes such as plasma
membrane potential maintenance, synaptic neurotransmitter release and re-uptake, and build-
up of a reserve pool of vesicles for prolonged or high frequency firing and axonal and dendritic
transport of cargo and organelles. 9-41 Mitochondria also serve as important Ca2* buffers,
controlling cytoplasmic Ca2* concentrations after neurotransmission.#2 Studies have
implicated persistent high cytoplasmic Ca2* levels in neuronal cell death.43 44 |n sum,
mitochondria are crucial for normal neuronal function.4>

Despite the critical role of mitochondria to neuronal health, some aspects of mitochondrial
function can damage neurons. For example, mitochondria are the main source of free radicals,
by-products of respiration that research suggests cause aging and neurodegeneration.42 In
addition, mitochondria also play an active role in the execution of cell death by the spill of
apoptogenic factors from mitochondria.#6-93

Strong evidence indicates that mitochondrial malfunction plays a critical role in HD
pathogenesis. First, HD patients exhibit profound weight loss despite a normal diet. 5% 95
Furthermore, there is a marked decrease in glucose metabolism and a corresponding increase
in lactate in affected brain regions of HD patients, suggesting a bioenergetic defect. 6 Indeed,
postmortem brain samples of HD patients exhibit decreased activity of mitochondrial
respiratory complexes 1, Il and IV.27 Now, there is new evidence that indicates mitochondrial
impairment occurs even in asymptomatic HD carriers; thus, mitochondrial defects may initiate
disease onset. 98 Moreover, mitochondria isolated from lymphocytes of HD patients have
lowered Ca?* buffering capacity and their mitochondrial membrane potential depolarizes
earlier at lower Ca2* concentrations, possibly due to a direct interaction between the poly-
glutamine stretch in mtHtt and the mitochondria.®® Striatal cells from mtHtt mice exhibit
impairment of mitochondrial respiration and ATP synthesis.e‘0 Interestingly, expression of
complex Il subunits in striatal neurons expressing mtHtt exon 1 restores complex I respiratory
activity and protects against cell death.®6 In addition, recent studies have reported ultrastructral
changes in mitochondria in HD.61 Finally, mtDNA deletions occur in HD patients during the
progression of the disease.62, 63

Additional support for the notion that mitochondrial respiratory chain inhibition plays a key
role in HD pathogenesis stems from experiments with 3-nitropropionic acid (3-NP), a selective
inhibitor of succinate dehydrogenase and complex Il. 3-NP recapitulates the loss of medium
spiny neurons in the substantia nigra and HD-like symptoms in several vertebrate models.2’:
4 In addition, humans exposed to 3-NP exhibit motor dysfunction similar to HD patients.27’
65, 66 Finally, cultured cells expressing mtHtt exhibit increased susceptibility to 3-Np.67

In sum, although there is clear evidence that profound mitochondrial impairment is an early
and important event in HD pathogenesis, the molecular basis of this deficit remains unclear.

Link between transcriptional deregulation and mitochondrial dysfunction

Aberrant transcriptional regulation is one possible mechanism of mtHtt toxicity because
cleaved mtHtt binds to several transcriptional regulators such as p53, Sp1, TAFI1130 and
CREB-binding protein and interferes with their function 17,23, 68,69 For instance, the tumor
suppressor p53 regulates genes involved in mitochondrial function. mtHtt binds p53 and
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increases p53 levels, which in turn results in increased Bax and Puma expressmn and
mitochondrial damage. 22 |nhibition of p53 prevents mltochondrlal damage Slmllarly p53
loss prevents mtHtt-mediated neurodegeneration in Drosophlla 2 Thus, altered mtHit-
induced p53 transcriptional activity results in mitochondrial dysfunction and neuronal loss.

Studies with PGC-1a further SLg)gort a mtHtt-mediated transcriptional block resulting in HD-
linked mitochondrial deficits.” PGC-1a (peroxisome proliferator-activated receptor-y
coactivator la) is a key transcriptional co-regulator and induces the transcription of cellular
programs regulating mitochondrial respiration, oxidative stress defense and adaptive
thermogenesis. 370 regulate these programs, PGC-1a, binds to transcription factors such as
nuclear respiration factors — 1 and —2 (NRF-1, 2) and nuclear hormone peroxisome proliferator-
activated receptor (PPAR) NRF-1 and NRF-2 regulate nuclear-encoded mitochondrial
genes such as cytochrome ¢, mitochondrial transcription factor A (Tfam) and components of
the respiratory chain complexes 1-V. PGC-1a knockout mice exhibit nervous system and
striatal lesions, defective thermore%ulation hyperactivity and limb clasping, a behavioral
indicator of neurodegeneratlon 6 Three reports suggest that PGC-1la is a gotent suppressor
of free radical production and becomes impaired during HD pathogene5|s

St. Pierre and colleagues found that oxidative stress evoked bf/ hydrogen peroxide triggers
increased expression of PGC-1o.and PGC-1, arelated gene.7 Concomitant with this increase
in PGC-1a is an increase in ROS scavenging enzymes such as Zn/Cu SOD1, SOD2, catalase
and glutathione peroxidase. Conversely, PGC-1a knockdown cells exhibit lower SOD1, SOD2
and glutathione peroxidase expression in response to hydrogen peroxide. Furthermore,
PGC-1a knockout mice have lower SOD1 and SOD?2 levels and are more sensitive to MPTP-,
kainic acid- and glutamate receptor agonist-induced neurotoxicity. In sum, these findings
suggest that PGC-1a loss may sensitize neurons to neurodegeneration in response to several
neurotoxins.

Cui and colleagues tested the role of PGC-1a in HD pathogenesis.70 They observed that
PGC-1a was markedly decreased in medium spiny neurons, but not in interneurons, of HD
transgenic mice, providing a potential explanation for the selective neuronal loss characteristic
of HD. PGC-1a expression reduced neuronal loss in R6/2 HD mice. In contrast, PGC-1a
reduction worsened the behavioral and neuropathological abnormalities of R6/2 mice. On the
molecular level, mtHtt interferes with the PGC-1a promoter and the formation of CREB/TAF4
complexes, resulting in reduced PGC-1a transcription.

Further support for the idea that PGC-1afunction is impaired in HD stems from findings made
by Weydt and colleagues. 72 They noticed that HD transgenic mice develop hypothermia.
Uncoupling proteins (UCP) promote mitochondrial heat production by stimulating the
production of heat energy at the ex ?ense of chemical energy. Recent reports suggest a
neuroprotective function of UCPs. Weydt et al. found that mtHtt suppresses the UCP1
promoter.72 Furthermore, HD mice had reduced food intake but increased energy expenditure,
which may account for their low weight. Importantly, HD patients and mice exhibited reduced
expression of PGC-1a target genes. Finally, striatal neuronal cells expressing PGC-1a were
less vulnerable to 3-NP, a complex Il inhibitor. Collectively, these data suggest an inhibition
of PGC-1a function by mtHtt and establish a link between transcriptional inhibition and
mitochondrial dysfunction in HD.

Although the findings of transcriptional dysregulation by mtHtt are of high significance, they
cannot entirely explain all the mitochondrial defects observed in HD. For example, mtHtt binds
directly to the mitochondrial outer membrane, forming large clusters. 79,80 Furthermore, mtHtt
exon 1 directly impairs mitochondrial function, Ca2* homeostasis and mitochondrial

membrane potential in isolated mitochondria / 79,81, 82 and mitochondria in HD have altered
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ultrastructure and exhibit mtDNA deletions.®2: 63 Thus, transcriptional inhibition of nuclear
encoded mitochondrial proteins and direct inhibition of mitochondrial function by mtHtt might
act in parallel to initiate metabolic defects and a neurodegenerative cascade in HD (Fig. 1).

Mitochondrial trafficking deficits in HD

While the bioenergetic deficits in HD are well known, recent studies suggest that impaired
mitochondrial trafficking along axons and dendrites may also play a role in disease pathology.
Mitochondria in healthy neurons form filaments of variable length (~2 to 25 um), which move
anterograde, away from the cell body, or retrograde, toward the cell body, along microtubule
tracks (Fig. 2). ATP-dependent motor proteins regulate mitochondrial movement. Kinesins
mediate anterograde transport and dynein/dynactin regulate retrograde transport (Fig.2).83

Defects in proper positioning of mitochondria may profoundly affect normal neuronal function.
While mitochondrial distribution throughout the long neuronal processes (which extend up to
one meter in motor neuron axons) is important, sites of high energy demands, such as synapses
and Nodes of Ranvier, possess densely packed mitochondrial populations. Medium spiny
neurons, the primary cell type affected by mtHtt, have long projections. Thus, one can speculate
that polarized neurons with long axons might be more vulnerable than other cell types to
trafficking defects.

Normal Htt protein regulates anterograde and retrograde transport of endocytic vesicles by
interacting with several trafficking mediators: adaptin, Hip1, Hip14, HAP1, HAP 40, SH3GL3
(endophilin 3), clathrin and dynamin.17' 23,84, 85 Wild-type Htt stimulates trafficking by
binding to HAP1, which in turn leads to interaction with the molecular motor dynein/dynactin
and kinesin and regulates microtubule-mediated BDNF vesicle transport and mitochondrial
transport(Fig. 2).8 , 87 Phosphorylation of Htt serves as a molecular decision maker for
anterograde versus retrograde direction of vesicle transport.88 While wild-type Htt promotes
axonal BDNF vesicle trafficking, mtHtt interacts more tightly with HAP1 and dynactin, thereby
leading to de-railing of the molecular motors from microtubule tracks and cessation of
tramsport.86 Additionally, either loss of Htt or over-expression of mtHtt in Drosophila causes
vesicle and mitochondrial movement defects.89

While abnormal protein interaction of mtHtt with motor proteins plays a role in trafficking
defects in HD, mtHtt aggregates may also act as physical roadblocks. Reynolds and colleagues
reported that mtHtt induces a change in mitochondrial morphology from elongated to round
phenotype which correlates with a blockage in mitochondrial movement.90: 91 Thus,
aggregates in the narrow neuronal projections seem to prevent passage and fragmented
mitochondria accumulate around mtHtt aggregates. Besides blocking mitochondrial
movement, it is also possible that mtHtt elicits an imbalance in mitochondrial fission and
fusion, which may cause the mitochondrial defects underlying HD pathogenesis.

Defects in mitochondrial fission and fusion balance in neurodegeneration

In addition to migration and movement, mitochondria undergo cycles of fusion, combination
of two mitochondria, and fission, splitting of a mitochondrial filament into two or more new
organelles. An evolutionarily conserved engine consisting of large GTPases of the dynamin
family of proteins regulates these processes."’ol 92,93 The key mitochondrial fission regulator
is dynamin-related protein 1 (DRP1), which is localized in the cytoplasm and cycles on and
off mitochondria to mediate fission events. DRP1 forms large clusters on mitochondria at
fission sites. Recent findings indicate that motor proteins such as dynein regulate mitochondrial
fission by recruitment of DRP1 to mitochondria. 94 Disruption of dynein/dynactin results in
loss of DRP1 from mitochondria.94 Thus, there seems to be a link between mitochondrial
motors and fission regulators. Recombinant DRP1 protein oligomerizes into large ring
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structures in vitror 99 96 and its yeast ortholog Dnm1 oligomerizes into spirals which have
the diameter of mitochondria.9” Thus, it has been proposed that DRP1 may function similar
to dynamin by acting as a mechano-enzyme to constrict and divide mitochondria. Fission is
important for mitochondrial renewal, redistribution and proliferation into synapses.

Mitofusins (MFN1 and MFN2) located on the mitochondrial outer membrane and optic atrophy
1 (OPAL1) located on the inner membrane mediate mitochondrial fusion 98-100 Fysion is
important for mitochondrial interaction and communication, which facilitate mitochondrial
movement and distribution across long distances.

An emerging concept in studies of neurodegeneration is that an imbalance of mitochondrial
fission and fusion can initiate a neurodegenerative cascade.40 The strongest support for this
notion originates from studies of hereditary neurodegenerative disease in humans. Mutations
in MFN2 cause Charcot-Marie-Tooth syndrome, a pro%resswe peripheral neuropathy linked
with axonal sensory and motor neuron degeneratlon In addition, hereditary mutations
in OPA1 cause autosomal dominant o ftlc atrophy (ADOA) characterized by retinal ganglion
and optic nerve degeneration. 101,10 S While most mutations lead to vision loss, some
mutations in OPA1 cause an ‘ADOA-plus’ phenotype, which is characterized by additional
deafness, sensory-motor neuropathy, and muscle weakness. Because of the similarity of the
phenotypes caused by MFN2 and OPAL mutations, these two gene products might be
functionally linked. Mutations in MFN2 and OPA1 have an impact on mitochondrial fusion,
trafficking and bioenergetic functlonallty

Expression of mtHtt causes abnormal mitochondrial ultrastructure, 81 impaired Ca2* buffering,
bioenergetic defects, 108 and mtDNA deletions.53 In principle, all of these effects are
consistent with a defect in maintaining mitochondrial fission and fusion balance, although this

hypothesis has not been adequately explored. 40 Thus, we hypothesize malfunctions of the
mitochondrial fission and fusion machinery might cause the HD-linked mitochondrial defects.
The following observations support this hypothesis. First, mtHtt in transgenic mice forms large
aggregates on the tips or opposing sides of mitochondria in immuno EM.5® This distribution
pattern has striking similarities to DRP1.109 Thus, mtHitt might be part of a DRP1 complex.
Second, Htt interacts with dynamin.23 It is therefore conceivable that DRP1, in analogy to
dynamin, may form a complex with Htt. Last, Htt interacts with endophilins.110 Endophilins
play a role in endocytosis and membrane scission. 111, 112 gayx 3 pro-apoptotic member of
the Bcl-2 family, co-localizes at sites of mitochondrial division during apoptosis that also
contain DRP1 and MFN2.109 Bax also binds Endophilin B1 and might regulate apoptotic
fission.109, 113-115 Thys one can speculate that Htt might regulate fission events by
interaction with Endophilin family members. In sum, normal Htt may regulate mitochondrial
fission and fusion complexes and mtHtt may alter the assembly and function of these
complexes. New investigations are needed to test this idea.

Selective neuronal loss

Why do long projection neurons selectively degenerate in HD when mtHtt is present in all
cells? Several cell-type specific characteristics might be responsible. For example, the loss of
PGC-1a in medium spiny neurons and not other neurons (e.g., interneurons) might explain
their selective loss.”Q Another possibility is that impaired mitochondrial Ca2* buffering affects
medium spiny neurons more severely because of the lack of compensatory mechanisms.116
Alternatively, there may be increased expression of cell death mediators in medium spiny
neurons as compared to other cell types. Moreover, these neurons might be more sensitive to
oxidative stress. Furthermore, because medium spiny neurons have long projections, it may
render them more vulnerable to trafficking and mitochondrial fission/fusion defects. Flnally,
the8re is increasing evidence that the mitochondrial proteome differs based on cell type. 117,
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Treatment regimes for HD relieve merely the symptoms, but can neither restore neuronal
function nor stop the insidious loss of neurons. Clearly, although a single gene mutation causes
HD, the outcome is highly complex and it is unlikely that a single drug will undo the damage.
Current treatments are nonspecific and include anti-depressants, anti-psychotics and levodopa
to ameliorate some of the movement defects. Because HD is an autosomal dominant hereditary
disorder with late onset, physicians can start potential treatment regimes prior to the
symptomatic stage and follow treatment efficacy over time. New insights towards the cellular
and molecular mechanisms underlying HD in the past years have provided important clues for
therapeutic intervention. Potential targets include restoring metabolism and mitochondrial
function, blocking excitotoxicity, modulating transcription, diminishing aggregate formation
and now, increasing axonal organelle dynamics. Because of the complexity of the disease and
its long duration, combinatorial treatments might hold the greatest promise.
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Figure 1.

mtHtt impairs mitochondrial function by transcriptional dysregulation of nuclear encoded
mitochondrial proteins and by direct effects on the organelle. (1) mtHtt blocks the PGC-1a
promoter via inhibition of the CREB transcriptional activator, resulting in decreased
PGC-1a expression. (2) Lowered PGC-1a will decrease PPARy-mediated expression of
nuclear encoded mitochondrial proteins that are necessary for respiration and oxidative damage
defense. (3) mtHtt can have direct effects on mitochondria, blocking the respiratory complex
11, just as 3-NP does. Respiratory inhibition, in turn, leads to decreased energy production and
AW¥n, as well as increased ROS generation. The bioenergetic decline caused by transcriptional
deregulation and direct effects of mtHtt on mitochondria can cause increased vulnerability to
excitotoxic stimuli amplification of the mitochondrial damage by Ca?*-mediated
mitochondrial permeability transition pore (mPTP) opening.
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Figure 2.
ATP-dependent motor proteins, dynein and kinesin, regulate anterograde and retrograde
transport of mitochondria in neurons. Htt binds to HAP1, regulating dynein and kinesin
function.
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Hypothesis that mtHtt impinges on the mitochondrial fission/fusion engine by recruitment into
the DRP1/MFN complexes. Mitochondrial fusion allows mixing of metabolites and mtDNA
molecules. This process may prevent manifestation of mtDNA mutations by complementation
with wild-type mtDNA. mtHtt may abnormally interact with the mitochondrial fission and
fusion GTPases, DRP1 or MFN, thereby preventing further mitochondrial fusion or continuous
fission. This may have a profound impact on mitochondrial mobility, Ca2* handling,
respiration, ATP production, free radical production and mitochondrial membrane potential.
It may also lead to the manifestation of mitochondrial DNA mutations and may sensitize
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neurons to Ca2*-mediated opening of the mitochondrial permeability transition pore (mMPTP)
and release of apoptogenic factors like cytochrome c.
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