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Abstract

Mutations in mitochondrial DNA cause a number of neurological diseases with defined neuropathology; however,
mutations in this genome have also been found to be important in a number of more common neurodegenerative
diseases. In this review, the authors discuss the importance of mitochondrial DNA mutations in a number of different
diseases and speculate how such mutations could lead to cell loss. Increasing our understanding of how mitochondrial
DNA mutations affect mitochondrial metabolism and subsequently result in neurodegenerative disease will prove vital

to the development of targeted therapies and treatments.
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Understanding the molecular basis of neurodegenerative
diseases is a major challenge yet critically important due
to the prevalence of these disorders in the aging popula-
tion. Neurodegenerative disorders are diverse, encompass-
ing Alzheimer’s disease (AD), Parkinson’s disease (PD),
Huntington’s disease, multiple sclerosis (MS), and amy-
lotrophic lateral sclerosis (ALS), with each disease dis-
playing a selective involvement of different brain regions
and abnormalities involving distinct proteins.

One unifying aspect of all of these neurodegenerative
disorders is the detection of mitochondrial abnormalities
in brain tissue. The underlying question in this area of
research, however, is whether the mitochondrial defect is
the primary cause of the cell loss or whether this occurs
secondary to other disease processes. This review will exp-
lore the role that mitochondrial DNA (mtDNA) defects
play in neural dysfunction and degeneration. We high-
light the evidence of severe neurodegeneration in patients
harboring primary defects of mtDNA and then examine
the role mtDNA defects play in other neurodegenerative
diseases.

Mitochondrial Biology

and Genetics

Mitochondria are double-membraned organelles that were
originally primitive, autonomous bacteria-like organisms.
During evolution, they were engulfed by a eukaryotic cell,
which provided protection in exchange for a supply of energy.

The relationship was so successful that we now rely on
these organelles for 80% to 90% of our cellular energy in
the form of ATP. This endosymbiotic relationship resulted
in the origin of the mitochondrial genome, which has been
maintained throughout evolution (Margulis 1971).

Among the many functions of mitochondria, genera-
tion of ATP is arguably the most important. These organ-
elles are highly efficient in their ability to utilize molecular
oxygen and metabolic substrates to generate cellular ATP.
Mitochondria consist of 2 membranes: an intermembrane
space and an inner matrix. The molecular machinery nec-
essary for the generation of ATP resides within the inner
mitochondrial membrane and consists of 5 protein multi-
subunit complexes, termed the electron transport chain.
This chain of complexes functions to transfer electrons
across the membrane, driven by the extrusion of protons,
creating a proton-motive force for ATP generation at the
final complex, ATP synthase. This process is known as
oxidative phosphorylation.
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Figure 1. Mitochondrial dynamics. Mitochondria are
dynamic organelles that constantly fuse and divide. This
figure highlights the molecular machinery necessary for these
processes to occur.

Mitochondria are very dynamic organelles that form a
reticulum within the cell. There is constant fission and
fusion of mitochondria (Fig. 1). Mitochondria have other
important cellular functions; among these are regulation
of calcium homeostasis and programmed cell death.
Mitochondria are also the main site of reactive oxygen
species (ROS) generation as a by-product of oxidative
phosphorylation. Electrons leaked from complexes I and
IIT react with molecular oxygen to form hydrogen perox-
ide, superoxide, and hydroxyl radicals. Generation of these
radicals has been shown to be harmful to the cell with
damage to proteins, lipids, and DNA (Camello-Almaraz
and others 2006).

The mitochondrion is especially complex as it is the
only organelle under the dual control of both the nuclear
genome and its own mtDNA. MtDNA is a double-stranded,
circular genome of 16,569 bp (Fig. 2; Anderson and
others 1981). It is a highly compact genome that lacks
introns and only one major noncoding region (the displace-
ment or D-loop). The 37 genes code for 22 transfer RNAs
(tRNAs), 2 ribosomal RNAs, and 13 polypeptide sub-
units that help form the oxidative phosphorylation sys-
tem. Due to a combined lack of protective histones, ROS
generation in the inner membrane, and limited repair
mechanisms, mtDNA is particularly susceptible to dam-
age and has a mutation rate estimated to be 10 to 20 times
higher than that of nuclear DNA (Brown and others 1979).

The unique features of mitochondrial genetics are
crucial to our understanding of disorders resulting from
mitochondrial dysfunction. The first feature of mtDNA is
maternal inheritance, which means that mtDNA may be
passed on only from the mother to the offspring (Giles
and others 1980). The paternal mitochondria are destroyed
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Figure 2. Mitochondrial genome. The mitochondrial genome
exists as a closed, double-stranded circular genome of 16,569
base-pairs in length. This encodes for 37 genes, including |3
polypeptide components of the electron transport system.
This figure highlights some of the mutations associated with
mitochondrial disease including m.3243A>G, m.8344A>G, and
the site of the common mtDNA deletion.

after entry of the sperm into the oocyte at time of fertil-
ization (Sutovsky and others 1999). MtDNA exists in
multiple copies within a cell, which can range from hun-
dreds to several thousands of copies. Mutations residing
within the mtDNA can exist in a homoplasmic state,
where all the mtDNA molecules are either wild type or
mutated, or in a heteroplasmic state, where varying levels
of mutated and wild-type mtDNA can coexist in a single
cell. The vast majority of mtDNA mutations are function-
ally recessive, and therefore, high levels of mutated
mtDNA are necessary before a phenotype is observed in
cells. The threshold effect is likely to result from a loss of
wild-type mtDNA molecules, and below a critical level,
a functional defect within a cell is likely to result.
MtDNA replicates independently of the cell cycle, and
this has important consequences when considering the
effects of mtDNA mutations in neurological diseases. The
independent replication of mtDNA even in postmitotic
cells results in adjacent cells having very different muta-
tion loads. This results in the observation of mosaic defi-
ciency of respiratory function in tissues. This segregation
is thought to be random, but the respiratory drive can lead
to high copy number of mtDNA molecules (characterized
in muscle as ragged red muscle fibers). The replication of
mtDNA in neurons and other postmitotic cells also leads
to the observation of clonal expansion of somatic mtDNA
mutations. MtDNA mutations, which may be generated by
oxidative stress, can clonally expand to high levels within
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individual cells. The mechanism of clonal expansion is
still under debate, but the most likely explanation is
that this occurs by random intracellular drift (Elson and
others 2001).

Neurodegeneration Caused
by Primary Mitochondrial
DNA Abnormalities

MtDNA disorders were originally thought to be rare causes
of neurological disease. However, recent studies have
shown that as many as 1 in 200 individuals carry potentially
pathogenic mtDNA mutations, although the number clin-
ically affected is much lower. It is difficult to estimate the
true prevalence of mtDNA disease because of the clinical
and genetic heterogeneity, as well as the likely underdi-
agnosis in clinical practice. Current prevalence figures for
the northeast of England are a minimum of 9.2 per 100,000
of the population (Schaefer and others 2008).

MtDNA defects take the form of large-scale rearrange-
ments (usually deletions) or point mutations. Hundreds of
different mutations have been described, and new defects
are constantly being identified. Some of these defects
are inherited maternally and can lead to a large number of
affected individuals within a family. Because the CNS has
intense metabolic requirements and is particularly ATP
dependent, any deficit in energy generation can have cat-
astrophic effects on neural functioning. Patients harbor-
ing mutations in mtDNA are often severely neurologically
impaired due to neurodegeneration in the CNS. Gener-
ally, the degree and pattern of neurodegeneration within
patients with mitochondrial disease can vary quite dra-
matically depending on the type of mutation and addition-
ally the segregation of mutation load throughout brain
regions and, indeed, individual neurons. Identification of
the selective involvement of particular groups of neurons
in patients harboring specific mutations has allowed us to
explore mechanisms underlying some of the pathological
changes. The insight we can gain from studying postmor-
tem tissues from patients harboring these defects is impor-
tant in our understanding of the mechanisms occurring in
other neurodegenerative diseases and aging.

Specific Mitochondrial Defects

There are a number of mtDNA defects that have been
extensively characterized from a neuropathological per-
spective. These either take the form of mtDNA point mut-
ations or large-scale single deletions. It is of considerable
interest that each genetic defect can present with not only
different clinical features but also different degrees of neuro-
degeneration affecting different brain regions.

Point Mutations

m.3243A>G MTTL. This is the most common mtDNA
point mutation and can present with a variety of different
phenotypes depending in part on the level of heteroplasmy
(Goto and others 1990). The best characterized neurologi-
cal phenotype is the syndrome called MELAS (mito-
chondrial encephalopathy lactic acidosis with stroke-like
episodes). Patients harboring this mutation generally man-
ifest with a multisystem disorder, with symptoms such as
stroke-like episodes, deafness, diabetes, migraines, gut
immobility, myopathy, and seizures. Neuropathological
examination of postmortem brain tissues from these patients
often reveals the presence of multiple infarcts in gray
matter cortex, which are often observed in posterior brain
regions such as the temporal, parietal, and occipital lobes.
These changes are thought to underlie the stroke-like epi-
sodes; however, they are generally not restricted to a par-
ticular vascular territory and are often accompanied by
profound neuronal cell loss, neuronal eosinophilia, and
astrogliosis (Tanji and others 2001). In addition, there is
evidence of calcification of the basal ganglia, which is
particularly prominent in the vasculature and can be det-
ected during brain imaging scans (Sue and others 1998).
There is evidence of cerebellar degeneration, which typi-
cally shows abnormalities and loss of Purkinje cells with
the formation of abnormally thickened dendrites contain-
ing an accumulation of mitochondria.

m.8344A>G MTTK. Another common point mutation
is m.8344A>G in the tRNAMS, which is responsible for a
collection of mitochondrial diseases known as myoclonic
epilepsy ragged red fibers (MERRF). Although additional
mutations have been described to cause MERRF, the
m.8344A>G mutation is responsible for more than 90%
of cases (Shoffner and others 1990). The main presenting
feature is often the myoclonus; however, other symptoms,
such as epilepsy, seizures, ataxia, neuropathy, and cardiac
abnormalities, develop. The main neuropathological find-
ings describe degenerative features within the olivocere-
bellar pathway, with severe neuron loss from the inferior
olivary nucleus (Fig. 3), Purkinje cells, and dentate nucleus.
There are often high levels of respiratory chain deficiency
in surviving neurons (Fig. 3) and a strong proliferation of
astrocytes. Studies have described the presence of enlarged
mitochondria containing inclusions within surviving neu-
rons within the cerebellum (Fukuhara 1991). There is addi-
tional evidence of neurodegeneration in the gracile and
cuneate nuclei and evidence of demyelination of the spinal
column (Sparaco and others 1993). A study examining
the mutant mtDNA heteroplasmy levels in neurons resid-
ing within the cerebellum failed to show a clear correlation
between mutation load and the extent of neurodegenera-
tion (Zhou and others 1997). This suggests that other factors
may be important for determining neuronal cell dysfunction.
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Figure 3. Inferior olivary degeneration in a patient harboring the m.8344A>G mutation. (A) Severe neuronal cell loss from the
inferior olivary nucleus (hematoxylin and eosin stain). (B) High mitochondrial density within remaining inferior olivary neurons
(antiporin immunohistochemistry). (C) Complex |-deficient neuron (arrow) evident in the inferior olivary nucleus (anti—complex
| subunit 20 kDa immunohistochemistry). (D) Absence of complex IV subunit | expression in the inferior olivary neurons (anti-

COXI immunohistochemistry). Scale bar represents 100 um.

Leber’s hereditary optic neuropathy. Leber’s hereditary
optic neuropathy (LHON) was first described by Theo-
dore Leber in 1871 (Leber 1871). The salient clinical fea-
ture of LHON is the almost exclusive involvement of the
optic nerve. Patients typically present with a subacute or
acute, painless loss of central vision usually between the
ages of 20 and 40 years, with a strong predilection for
males. The first mtDNA point mutation recognized as
being pathogenic in LHON was m.11778G>A (Wallace
and others 1988); however, additional point mutations
m.3460G>A and m.14484T>C have subsequently been
identified. It has been shown that more than 95% of
LHON pedigrees are known to harbor one of these
mtDNA point mutations, and these mutations all involve
genes encoding for complex I subunits of the electron
transport chain (Mackey 1996).

Given the cell-specific nature of ocular pathology in
LHON, the neurodegeneration appears to be limited to
the retinal ganglion cell (RGC) layer, with sparing of the
retinal pigment epithelium and photoreceptors. Within
the RGC layer, there is pronounced cell body and axonal
degeneration, with associated demyelination and atrophy
observed from the optic nerves to the lateral geniculate
bodies. Previous studies provide evidence of impaired
glutamate transport, increased mitochondrial ROS, and
evidence of apoptotic cell death in the RGCs (Carelli and
others 2004).

Single large-scale mtDNA deletions. Large-scale deletions
or rearrangements of the mtDNA are responsible for the
clinical phenotype Kearns Sayre syndrome (KSS),
which usually has an onset before 20 years of age, with clin-
ical symptoms consisting of opthalmoplegia, retinopathy
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pigmentosa, complete heart block, cerebellar ataxia, and
an elevated cerebrospinal fluid protein level. As this mul-
tisystem disorder has an early onset of disease, life span is
quite often reduced (Zeviani and others 1988).

The neuropathological hallmark of KSS is severe spon-
giform degeneration of the white matter regions of the
brain, including the cerebrum, cerebellum, thalamus, basal
ganglia, brain stem, and spinal cord. The severity of these
lesions can vary from slight myelin pallor to mild spongy
change to striking vacuolation of the white matter (Sparaco
and others 1993). Ultrastructural analysis of affected white
matter has revealed the presence of myelin splits at the
level of intraperiod line. This has been attributed to a
specific vulnerability of the myelin-producing glial cells,
oligodendrocytes, to the single mtDNA deletion remov-
ing important genes encoding for OXPHOS components
(Oldfors and others 1990).

Mutations in Nuclear Encodes
Genes Involved in mtDNA
Maintenance and Expression

As the mitochondrial genome is under dual genetic con-
trol, there have been an increasing number of mutations
described in nuclear genes involved in mtDNA mainte-
nance and expression. The most important of these is the
mitochondrial polymerase gamma (POLG), which is the
sole polymerase responsible for the synthesis and repair
of the mitochondrial genome. Mutations within POLG!
result in secondary damage to mtDNA, including mtDNA
deletions and depletion. This genetic defect therefore pro-
vides a useful model for the damage to mtDNA observed
in aging and other neurodegenerative diseases. Patients
harboring mutations within POLG present with a diverse
spectrum of clinical symptoms, such as autosomal domi-
nant and autosomal recessive familial external ophthal-
moplegia (Lamantea and others 2002; Van Goethem and
others 2001, 2003b), autosomal recessive sensory ataxia
neuropathy with dysarthria and ophthalmoplegia (Van
Goethem and others 2003a), adult-onset mitochondrial
spinocerebellar ataxia and epilepsy, parkinsonism, and
Alpers’ hepatocerebral syndrome (Huttenlocher and oth-
ers 1976). Although the clinical symptoms do vary, muta-
tions in POLG1 generally result in the development of a
severe encephalopathy, with several common features
including the selective involvement of the CNS and liver
with rapidly progressive disturbances of consciousness,
severe epilepsy, and the development of acute cerebral
lesions with a propensity toward greater posterior brain
involvement.

Neuropathologically, patients harboring mutations within
the POLG1 gene show evidence of severe degeneration

of the olivopontocerebellar pathways, with profound neu-
ronal cell loss in the inferior medullary olives and cerebel-
lum. It is likely that the degeneration of these structures is
likely to be responsible for the clinical manifestation of
ataxia. In addition, degeneration of the posterior spinal
cord columns is often described (as seen in Fig. 4A;
Cottrell and others 2000). Recently, postmortem evalua-
tion of a patient harboring multiple deletions due to two
heterozygous mutations in POLG revealed a loss of pig-
mented neurons within the substantia nigra with forma-
tion of a-synuclein—positive Lewy bodies. Furthermore,
neuronal cell loss from the cerebellar Purkinje cells
(Fig. 4B), dentate nucleus, and gracile nucleus is similar
to the degenerative features observed in other patients
harboring POLG defects. High levels of neuronal respi-
ratory chain deficiency, particularly complex I, are fre-
quently observed (Fig. 4C). High levels of mtDNA deletion
(>65%) were detected in remaining substantia nigra neu-
rons in association with COX deficiency (Betts-Henderson
and others 2009). In addition, neurodegeneration due to
mitochondrial inherited recessive ataxia syndrome
mainly occurs in the spinal cord, brain stem, and cerebel-
lum with severe deficiencies of complex I in surviving
neuronal populations (Hakonen and others 2008).

Mitochondrial DNA
Mutations in Other
Neurodegenerative Diseases

Mutations within the mitochondrial genome have been
implicated as playing a role in a number of neurodegen-
erative disorders including PD, MS, and AD (Bender and
others 2006; Horton and others 1995; Lin and others
2002). The mitochondrial dysfunction that may be caused
by high levels of these mutations has also been suggested
to have an important role in the pathogenesis of these dis-
orders. However, mtDNA mutations are also thought to
play an important part in normal human aging. MtDNA
mutations increase with advancing age in a number of
tissues, including muscle, colon, and brain (Bender and
others 2006; Kraytsberg and others 2006; Taylor and oth-
ers 2003). At high levels, these mutations cause mito-
chondrial dysfunction, which can be detected within the
laboratory as a reduction in activity of complex IV (cyto-
chrome ¢ oxidase) of the electron transport chain. Both
mtDNA point mutations and large-scale deletions have
been shown to occur with aging, although the type of
mutation that occurs seems to be tissue specific; for
example, in the substantia nigra, mitochondrial dysfunc-
tion is caused by deletions, whereas in the colon, it is
point mutations that are responsible (Bender and others
2006; Taylor and others 2003). Recent studies have
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Figure 4. Neurodegeneration in a patient harboring two heterozygous, p.A467T and p.W748S, mutations in POLG/ and
secondary multiple mtDNA deletions (A) Prominent demyelination of the spinal posterior columns (Loyez stain). (B) Atrophy
of the cerebellum with severe Purkinje cell and granular cell loss in the cerebellar cortex (Cresyl fast violet stain). (C) Profound
complex | deficiency in remaining Purkinje cell population (anti—complex | subunit 30 kDa immunohistochemistry). Scale bar

represents 100 um.

examined these mtDNA defects in substantia nigra neu-
rons in both aging and PD. These studies have shown a
remarkably high level of mtDNA deletions with normal
aging (about 50% of all mtDNA molecules) and a slight,
nonsignificant increase in patients with PD (Bender and
others 2006). mtDNA point mutations are thought not to
be important in these neurons (Reeve and others 2009).
The significance of these high levels of mtDNA deletions
in the pathogenesis of PD is still under investigation, but
it is of interest that patients with POLGI mutations and
secondary mtDNA defects also develop symptoms of
Parkinsonism.

Mitochondria have recently been brought to the fore-
front of research into the pathogenesis of PD. Studies inves-
tigating early-onset, familial forms of this disease have
shown that the mutations responsible for some of these
cases occur within genes that have been shown to associ-
ate with mitochondria and that may have a role in mito-
chondrial function. Pink1 and Parkin, for example, have
been shown to associate with each other and with mito-
chondria to affect mitochondrial dynamics and degrada-
tion (Matsuda and others 2010). DJ-1 has also recently
been shown to be important for mitochondrial dynamics
as well as protecting cells from oxidative stress—induced
cell death (Irrcher and others 2010). A deficiency in activ-
ity and protein levels of complex I of the respiratory chain
has also been reported in PD. This deficiency has been
reported to occur not only in the substantia nigra of patients
but also in their platelets and muscle (Schapira and others
1989, 1990).

Respiratory chain deficiency caused by mutations in
mtDNA has been shown to also occur in AD and recently
in MS (Cottrell and others 2001). Other mitochondrial
changes such as redistribution of axonal mitochondria in
MS and alterations in morphology and biochemistry in

AD have also been reported (Andrews and others 2005;
Mancuso and others 2010). Mitochondrial dysfunction
has also been reported in ALS; 20% of familial ALS cases
are caused by mutations in the SOD1 gene, and mutant
SODI1 has been shown to associate with mitochondria,
affecting morphology and bioenergetics. It has also recently
been reported that mutant SOD1 can also affect mitochon-
drial axonal transport, which subsequently affects mito-
chondrial dynamics (Shi and others 2010).

Mouse and Cell Culture Models

Mouse models. It is difficult to pinpoint in many dis-
eases whether mitochondrial dysfunction is causal for the
development of a neurodegenerative phenotype. How-
ever, the recent development of transgenic animal models
and cell culture systems has proven to be invaluable in
exploring some of the challenging questions posed by
research in this area. In 2004, a mutator mouse was devel-
oped that accumulates high levels of mtDNA point muta-
tions and deletions due to a proofreading deficiency of
the polymerase ¥ (POLG1) gene (Trifunovic and others
2004). This mouse displays a phenotype consistent with
premature aging (at about 25 weeks), kyphosis (curvature
of the spine), weight loss, alopecia, and reduced life span
(they die at about 48 weeks). Subsequently, another group
produced a similar mouse model that possessed very sim-
ilar phenotypes (Kujoth and others 2005). To date, no
detailed neuropathological study has been carried out on
this model, but neurological changes would be interest-
ing to investigate.

By disrupting TFAM, a high-mobility group box pro-
tein that binds to mtDNA and packages it into nucleoids,
in dopaminergic neurons, Ekstrand and others (2007) cre-
ated a mouse with a primary mitochondrial defect, as shown
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by decreased mtDNA copy number as well as increased
numbers of respiratory deficient neurons, that displays
some of the characteristic features of PD. These mice
exhibit progressive motor function impairment, with an
adult onset and a loss of dopaminergic neurons with the
formation of protein inclusions. These inclusions were
negative for alpha synuclein staining and were associated
with mitochondria. The same group has also created a
mouse model in which defects in TFAM primarily affect
neocortex and hippocampal neurons. This mouse (the
MILON mouse) shows an age-related increase in respira-
tory deficiency in large forebrain neurons and neurode-
generation. By creating chimeras between these MILON
and wild-type mice, it is possible to create mice with
varying degrees of respiratory deficiency in forebrain
neurons. Results from these studies have shown that
respiratory deficiencies greater than 20% can cause clini-
cal symptoms, whereas levels greater than 60% to 80%
result in the death of these animals (Dufour and others
2008). Most interestingly, this model also shows trans-
neuronal degeneration whereby neurons with a deficiency
negatively affect neighboring neurons (Dufour and others
2008). Studies such as this highlight that mitochondrial
deficiencies are an important cause of neurodegenera-
tion, both in terms of the cells harboring the deficiencies
and also their neighbors, and this degeneration may then
ultimately lead to death.

Cell culture models. Although cells from patients with
primary mitochondrial defects, including fibroblasts and
myoblasts, are grown regularly, growing neurons from
patients with neurodegenerative diseases is virtually imp-
ossible. Finding ways to model mitochondrial defects in
neuronal cells is therefore a challenge. Recent studies
have used mouse embryonic stem (ES) cell lines, which
contain varying levels of mitochondrial deficiencies. These
cell lines were created as transmitochondrial cybrids. This
involves treating parental ES cells with thodamine 6G to
remove all mtDNA and then fusing these cells with enu-
cleated fibroblasts containing differing levels of mito-
chondrial DNA defects. The resulting cells then have
defects of mitochondrial complex I and complex IV defi-
ciency. Because of the pluripotent nature of these cells,
they can then be differentiated into neuronal cells. These
cell lines were used for several of the studies described
below, particularly those of Trevelyan and others (2010)
and Abramov and others (2010).

Mechanism of Neuronal Degeneration
in Relation to mtDNA Mutations
As previously mentioned, it is well documented that high

levels of mtDNA mutation cause respiratory dysfunction
in mitochondria and that primary and secondary defects

of mtDNA can lead to profound neurodegeneration.
What is not understood is what the effect of this mito-
chondrial dysfunction has on neurons and their survival.
We review some potential mechanisms for the degenera-
tion of neurons in disease based on mitochondrial dys-
function caused by mtDNA mutations (Fig. 6).

Mitochondria are abundant at regions of neurons with
high energy demand. Mitochondria are vital for neuronal
function. The majority of the ATP generated in neurons is
consumed through maintenance of the Na*/K* gradients
required for impulse transmission. There are regions of
the neuron, however, that require large amounts of
energy; these include the nodes of Ranvier and synapses
(Berthold and others 1993; Bristow and others 2002;
Kageyama and Wong-Riley 1982; Fig. 5). Mitochondria
cluster at these regions to provide ATP to meet the energy
demand. One example of where degenerative disease can
lead to changes in this organization of mitochondria is in
MS (Andrews and others 2005). The demyelination seen
in this disease is associated with changes in the localiza-
tion of the mitochondria. The mitochondria proliferate
and redistribute along the length of the axon. Despite
these changes, free radical damage accumulates, which
will affect mitochondrial function and may lead to axonal
loss. The presence of mtDNA mutations in the mitochon-
dria of these axons will compound these effects and may
accelerate the damage to these axons. Recent evidence
has suggested that mtDNA mutations, and in particular
deletions, are important in MS with significant respira-
tory deficiency caused by mtDNA deletions in patient
gray matter (Campbell and others 2010).

Mitochondrial oxidative metabolism and calcium handling.
Recently, the effects of mtDNA mutations in neurons dif-
ferentiated from embryonic stem cells have been exam-
ined, and two important discoveries have come to light.
First, the calcium handling within neurons that harbor
mitochondrial DNA mutations is altered, and in particu-
lar it is the response to repeated stimuli, which seems to be
particularly affected (Trevelyan and others 2010). Sec-
ond, in neurons containing a complex I defect, mitochon-
drial membrane is affected and in fact is increased due to
reversal of the F,F ATPase. Thus, impaired respiratory
chain function and membrane potential changes cause
oxidative stress, which may then lead to cell death. These
studies give direct evidence that a primary mitochondrial
defect can affect two very important processes required
for the normal functioning of neurons (Abramov and oth-
ers 2010).

Mitochondrial dynamics. The fission and fusion of
mitochondria in cells serve important functions to main-
tain mitochondrial network integrity (an overview of this
process is shown in Fig. 2). The fusion of mitochondria
via their inner and outer membranes leads to a mixing of
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Neurons have a high energy demand
and the human brain consumes 20% of
resting metabolic energy. Neurons
therefore require large numbers of
mitochondria and as such defects in
these organelles are likely to have a
prominent effect. Mitochondria are also
essential for calcium buffering.

Evidence suggests a large amt;unt of
mitochondrial transport along the axon
to regions of high energy demand. The
transport of mitochondria along axons
relies on interactions with microtubules.

A significant amount of ATP is also
required for the large number of
processes involved in neurotransmitter
release and recycling at the synapse.

Mitochondria accumulate at the nodes
of Ranvier to facilitate conduction of
impulses. A significant amount of the
ATP within neurons is consumed
maintaining Na*/K* gradients.

Figure 5. Mitochondria and neuronal function. Mitochondria are essential for neuronal function and supply the majority
of the energy required for cellular processes. There are a number of regions of the cell where mitochondria accumulate,
where a number of energy-demanding processes take place. This figure reviews some of the important cellular regions where

mitochondria may be important.

the organelle contents, and this may be beneficial if one
of the fusion partners carries a high level of mitochon-
drial DNA mutation and hence is respiratory deficient.
By fusing with a wild-type mitochondrion, the level of
mutation can be reduced. These dynamic processes require
a number of proteins, several of which have been found
to be important in human degenerative disease, for exam-
ple, mfn2 in Charcot-Marie-Tooth type A and OPAI in
dominant optic atrophy (Delettre and others 2002; Zuchner
and others 2004). Changes in this process can have impli-
cations for mitochondria themselves but also for the whole
neuron. A loss of mitochondrial membrane potential has
been proposed to cause a fission event; if the membrane
potential cannot be restored, then the mitochondria loses
OPA1, an essential fusion protein, and is targeted for
degradation through the autophagy pathway (Twig and
others 2008). Fission and fusion have been recently shown

to be important in a number of other neurodegenerative
diseases such as PD, and changes in these processes have
been reported in relation to AD and ALS.

Mutations in genes such as PINK1, parkin, and DJ-1,
which cause familial forms of PD, have been shown to
cause changes in mitochondrial dynamics. Mutations in
parkin and PINK1 in drosophila lead to enlarged and swol-
len mitochondria, suggesting a defect in mitochondrial
fission (Clark and others 2006; Greene and others 2003).
Studies investigating this effect on mitochondrial dynam-
ics in more detail have shown through either overexpres-
sion of DRP]I (a fission protein) or by loss of function
mutations in OPAI and mfn2 that it seems likely that
mutations in these genes may even inhibit mitochondrial
fusion (Park and others 2009). More recently, mutations
in DJ-1 have also been shown to affect mitochondrial
dynamics, although in this case, it was shown that a DJ-1
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Mutations in other
mitochondrial proteins
affect normal mitochondrial
function

Mitochondrial membrane
potential affected leading to
oxidative stress

Demyelination in MS.
Changes in localisation of
mitochondria.

ROS affects mitochondrial
dynamics, and transport

mtDNA mutation;
Deletion or point
mutation

mtDNA mutation level
exceeds threshold causing
mitochondrial deficiency

Proteins such as amyloid
beta may interact with
mitochondria causing their
dysfunction

\

Changes in protein
turnover, may lead to
protein accumulation

ATP level changes affect
autophagy and hence
mitochondrial turnover

e

Cell death

Figure 6. Mitochondrial DNA mutations and neuronal cell death. Mitochondrial DNA mutations at high levels cause
mitochondrial dysfunction, which will have consequences on ATP levels and other cellular processes. This mitochondrial
dysfunction may then be the cause of neuronal loss in a number of diseases. This figure postulates how this might occur.

deficiency led to a fragmented mitochondrial network,
suggesting a role in fusion (Irrcher and others 2010). In
AD, is has been shown that amyloid-3 (AB) can fragment
mitochondrial networks by inducing fission (Wang and
others 2008). It has also been shown that increased levels
of ROS can lead to mitochondrial fission (Andres-Mateos
and others 2007); therefore, the increase in ROS levels
associated with normal aging as well as with neurode-
generative diseases may lead to the fragmentation of the
mitochondrial network and hence neuronal dysfunction
leading to cell death. Increased levels of ROS may also
be associated with high levels of mitochondrial DNA
mutations leading to respiratory dysfunction.

Taken together, these studies inform us that mitochon-
drial dynamics are important for neuronal function and
that alterations in mitochondrial dynamics may have

detrimental consequences. Although the effect of high
levels of mtDNA mutations on the mitochondrial mem-
brane potential is still debated, it seems likely that
changes in these processes would occur, perhaps leading
to increased fission of the mitochondrial network.

mtDNA Mutations and Cell Death

There are at least two distinct pathways by which neurons
might undergo cell death: apoptosis and necrosis. Each of
these processes is morphologically and functionally dis-
tinct. In terms of mitochondria, however, apoptosis is the
most important. Apoptosis is an evolutionarily conserved
mechanism that exists to modulate tissue development
and homeostasis throughout life and can be bought about
by two distinct pathways: the mitochondrial pathway and
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the death receptor pathway. Initiation of the apoptotic path-
ways is thought to occur in a diverse range of neurode-
generative diseases. It is a highly regulated process that is
morphologically defined by cell shrinkage, membrane
blebbing, formation of apoptotic bodies, and condensa-
tion and fragmentation of nuclear DNA (Saraste 1999).
Mitochondria are known to play a key role in triggering
or increasing the process of apoptosis. The mitochondrial
pathway is characterized by a release of SMAC, AIF, and
cytochrome ¢ from the mitochondria into the cytosol.
Cytochrome c¢ interacts with apoptotic protease activat-
ing factor-1 and pro—caspase 9 to form the apoptosome
(Li and others 1997). This triggers a downstream cascade
of events, which ultimately ends in the demise of a cell.
Apoptosis has previously been explored in patients har-
boring mtDNA mutations with some variation in find-
ings. ROS-induced apoptosis is also thought to be important.
A study using the mutator mouse has recently shown in
muscle that mitochondrial DNA mutations can lead to a
reduction in mitochondrial complex protein levels, impaired
mitochondrial bioenergetics, and a reduction in mito-
chondrial membrane potential. Interestingly, despite all
these changes within the mitochondria, these data did not
show an increase in oxidative damage or ROS but did
show evidence of increased apoptosis (Hiona and others
2010). Thus, it seems that mitochondrial dysfunction due
to mtDNA mutations can lead to cell death in postmitotic
cells without involving oxidative stress.

Autophagy is the main pathway through which intact
mitochondria can be degraded within the cell. It is a com-
plicated and tightly regulated process. Essentially, autoph-
agy involves the sequestering of proteins and organelles
to be degraded within a double membrane termed the
autophagosome; this structure then fuses with a lyso-
some, the lysosomal hydrolases degrade the contents of
the autophagosomes, and the products of this degradation
are then returned to the cytosol. The components of this
pathway are then recycled. An accumulation of autopha-
gosomes within a cell may be associated with cell death
(Mehrpour and others 2010; Ravikumar and others 2009).
Central to the control of this pathway is mTOR. This pro-
tein negatively regulates autophagy; inhibition stimulates
autophagy while its activation inhibits the pathway. mTOR
can respond to a number of different cellular stimuli,
including amino acid levels (starvation), changes in ATP
and calcium levels, and ROS. This would seem an ideal
garbage disposal system for the cell, removing dysfunc-
tional organelles and proteins to prevent the damage of
other components (Dennis and others 2001; Mehrpour
and others 2010). Recent evidence has shown that the tar-
geting of mitochondria to autophagy depends on a loss of
membrane potential and the association of parkin with
pink1 on the outer mitochondrial membrane (Narendra and

others 2010). It is clear, however, from the data showing
that mitochondrial dysfunction accumulates with age
and in disease that mitochondria harboring high levels of
mutation are not degraded and may persist within the cell.
Therefore, mtDNA mutations may not lead to cell death
through an autophagy-related pathway.

Research investigating the role of autophagy in AD
pathogenesis is more limited than for PD, but this field is
expanding. Autophagy is a prominent process within AD
neurons, and previous studies have shown that the
mtDNA copy number is increased in neurons undergoing
oxidative stress in both neuronal cytoplasm and also in
vacuoles associated with lipofuscin. Increased levels of
cytochrome ¢ oxidase subunit-I (COXI) were also
reported, and this increased expression was associated
with mitochondria undergoing phagocytosis (Moreira
and others 2007). These data suggested that neurons in
AD showed upregulated mitochondrial degradation and
turnover. Autophagic vacuoles, also found to be common
in neurons in AD, have been shown to accumulate AP
protein precursor, suggesting that these vacuoles may
play a central role in the formation of the protein inclu-
sions associated with this disease (Moreira and others
2007).

Links between mtDNA Mutations
and Protein Accumulation

The accumulation of damaged protein into intracellular
inclusions as well as extracellular structures is common
in many neurodegenerative disorders. Mitochondrial dys-
function has been suggested to be important in the pro-
cesses leading to this aggregation by a number of studies.
As mentioned previously, mitochondria are the primary
source of ROS within the cell. These damaging species
are generated during the generation of ATP, in particular
through electron transfer in complexes I and III of the
respiratory chain. These molecules are known to be dam-
aging to cellular components including DNA, protein,
and lipids. Interestingly, a number of these proteins, for
example, AP and o-synuclein, have been shown to directly
interact with mitochondria and/or mitochondrial proteins
(Cole and others 2008; Devi and Anandatheerthavarada
2010; Hashimoto and others 2003; Muirhead and others
2010; Shavali and others 2008). The interaction of these
proteins with mitochondria has been proposed to contrib-
ute not only to their accumulation, particularly due to the
damaging nature of ROS, primarily produced in the mito-
chondria, but also to the mitochondrial dysfunction seen
in this disease.

Alpha-synuclein, for example, has the potential to bind
to lipids and so may interact with mitochondrial mem-
branes. It is also thought that o-synuclein fibrils have the
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potential to form pores in membranes, which may then
affect mitochondrial membrane potential. The release of
proteins such as cytochrome ¢ and BAD is involved in the
signaling pathways involved in apoptosis, and there is
evidence to suggest that o-synuclein may also interact
with these molecules (Hashimoto and others 2003; Spill-
antini and others 1997; Waxman and Giasson 2009). The
unfolded nature of a-synuclein means that it may also be
taken up by the TOM/TIM protein transporters within the
mitochondrial membranes. Alpha-synuclein may then
affect mitochondrial function from within. Similar poten-
tial effects are also reported for ApB; for example, AP
might enter mitochondria through the protein translo-
cases TOM/TIM, and once inside, they may lead to mito-
chondrial dysfunction. AP has also been shown to interact
with o-synuclein, which may then cause mitochondrial
dysfunction. AP has also been reported to produce free
radicals in vitro. This would enhance oxidative stress and
may disrupt calcium homeostasis (Devi and Anandatheer-
thavarada 2010; Devi and others 2006; Reddy 2009). All
the effects mentioned above may be compounded if mito-
chondrial dysfunction, caused by mtDNA mutations, is
already present.

It is important to note, however, that protein accumu-
lation into inclusions are not typically seen in mitochon-
drial disease, suggesting therefore that the mtDNA mutations
and the mitochondrial dysfunction they cause are not suf-
ficient to cause the accumulation of proteins within neurons.
Although the accumulation of protein in neurodegenerative
diseases is the primary pathological hallmark, it is still
debated whether the protein accumulation is damaging to
the cell or protective. For example, in the case of a-synu-
clein accumulation into Lewy bodies, we are yet unable
to decide whether it is beneficial for the cell to accumu-
late toxic forms of damaged o-synuclein into Lewy bod-
ies or if by doing so the cell becomes damaged and
undergoes apoptosis.

Conclusions

MtDNA mutations are indeed important new players in
neuronal degeneration. Understanding their role is
complex due to the complicated mitochondrial genetics
and the numerous roles mitochondria play within neu-
rons. Important insights are given by studying patients
with primary mtDNA defects both from a clinical and
neuropathological perspective. These patients often
have marked neurodegeneration with progressive fea-
tures leading to severe disability and death. However,
studies in these patients are inevitably limited by tissue
availability. Studies in mouse models and cell culture
have also given important insights into the relationship
of the mtDNA defect and cell dysfunction and loss.

The major unanswered question remains the poten-
tial importance of mtDNA defects in the common neu-
rodegenerative diseases such as AD and PD. In these
patients, there can be high levels of mtDNA mutations
and the presence of respiratory deficient cells, indicat-
ing a potential role. However, in these diseases, patho-
genic mechanisms are still uncertain, and interactions
between mitochondrial function and other neuropatho-
logical features require much more research. It would
be naive, in our view, to think that mtDNA abnormalities
play a primary role, but the accumulation of respiratory-
deficient cells is likely to have a detrimental effect, con-
tributing to disease progression.
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