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Chapter 1
1. Multiple sclerosis

1.1 Demographics and disease course
Multiple sclerosis (MS) is the most common cause of neurologic disability in young
adults, affecting over 2.5 million people worldwide. In North-Western Europe MS has a
prevalence of ~1:1000,1 and women are affected approximately three times as often as
men.2 Prevalence of MS in both males and females seems to have risen steadily during
the 20th century.3 MS is a global disease with lowest prevalence around the equator which
increases when moving towards both poles, however many exceptions exist to this rule
of thumb.4 First symptoms generally appear in early adulthood (20-40 years of age),
and 50% of patients will need help walking within 15 years.5 Initial symptoms are often
sensory disturbances, optic neuritis, diplopia and limb weakness. As disease progresses,
symptoms also include fatigue, bladder dysfunction and cognitive impairment.1
Depending on progression of clinical symptoms, 3 distinct MS subtypes can be
distinguished. In relapsing-remitting (RR) MS, present in 80% of cases, patients suffer from
clearly defined periods of neurologic deficits followed by complete recovery.6 In 65% of
patients suffering from RRMS, disease course gradually evolves into secondary progressive
(SP) MS, characterised by progressive permanent neurological deficits.6,7 20% of all MS
patients have a progressive disease course from onset, known as primary progressive (PP)
MS. The age of onset of PPMS is ~40; remarkably similar to the mean age of conversion
from RR to SPMS.7 For all subtypes combined, median time to death from onset of disease
is ~30 years.8
1.2 Aetiology
Despite extensive research over the last 100 years, the cause(s) and initial triggers
of MS are still largely enigmatic. We do know that both genetic and environmental
factors contribute substantially to disease susceptibility. Genotype makes up ~30% of
susceptibility, as shown by studies in monozygotic twins.9-11 Moreover, the risk of developing
disease in first-degree relatives is 20-40% higher than in the general population.12-14 This
increased risk is solely attributable to genetics, as the families of adopted children and
step-siblings with MS have equal susceptibility as the general population.15,16 In addition
to susceptibility, genetics also influence disease severity and age of onset.17-19 Thus far,
only a few genes have been consistently shown to influence disease susceptibility, which
together still only account for a small proportion of the aforementioned 30%. Genes with
the strongest link to MS, although still modest, are located on chromosome 6 and are
part of the major histocompatibility complex class II (MHC II), namely HLA-DR15 and HLADQ6.3,20 More recently, certain alleles of interleukin-2 & interleukin-7 receptor α chains
have been linked to MS susceptibility, albeit with only a weak association.21,22 So, up to
know, all the genes linked to MS are involved in immunological processes.
Over the years many environmental factors have been linked to the occurrence of MS,
clear-cut proof for any of these factors, however, is lacking. One of the strongest indications
for environmental triggers is the global distribution of MS, which, with many exceptions,
has the lowest prevalence around the equator and increases when moving towards both
poles.4 Firm support for the importance of the environment in MS susceptibility comes
from studies correlating risk of MS with place of residence in the earlier years of life.2325
These studies showed that the risk of MS decreases when people migrate from highrisk regions to lower-risk regions during childhood, and increases after migration in the
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opposite direction. On these premises, several environmental factors have been proposed
to attribute to or cause MS: low exposure to sunlight, vitamin D deficiency and a wide
variety of bacterial and viral infections.26 Currently, much emphasis is put on Epstein-Barr
virus (EBV) as a possible contributor to MS. Infection with EBV, one of the most widespread
viruses with infection rates in adults over 90%, in the first two decades of life seems to
increase the risk of developing MS later.27,28 Moreover, EBV seropositivity in MS patients is
99-100%, significantly higher than the 90-95% found in controls.29 These epidemiological
studies, however, are certainly no proof of a causal relation between EBV infection and
MS.
1.3 Pathogenesis
MS is a chronic inflammatory disease of the central nervous system (CNS), characterised
by focal demyelinated lesions scattered throughout brain and spinal cord. It is not a
pure white matter (WM) disease as there is also significant cortical and deep grey matter
involvement, especially in later stage of the disease.30,31 The course of the disease is generally
episodic, with frequent intervals of exacerbations followed by periods of remission.
The relapsing-remitting phase is characterized by immune-mediated responses, such
as widespread microglial activation and massive cellular infiltrates in the CNS. In time,
patients gradually develop secondary progressive MS, which is mainly characterized by
neuronal and axonal degeneration and extensive cortical demyelination.30,32,33
Histopathologically, our group distinguishes, based on the stage of lesion development,
the following WM areas in MS brains.34 Normal-appearing white matter (NAWM) is
characterized as normal myelinated white matter with no signs of leukocyte infiltration.
Within the NAWM we identified clusters of activated microglia without evident signs of
demyelination, the so-called preactive lesion. However, though likely, it still has to be
proven that preactive lesions actually develop into demyelinating lesions. Lesions with
ongoing demyelination are termed active lesions and contain abundant activated myelinladen microglia and macrophages throughout the lesion area. Several groups divide this
category in early and late active; the former containing macrophages with myelin proteinpositive inclusions and the latter macrophages containing neutral lipids.34,35 In time,
active lesions gradually convert into chronic active lesions, which are characterized by
a hypocellular demyelinated gliotic center with a hypercellular rim containing activated
macrophages and microglia. In the chronic lesion stage, when inflammation has subsided,
hypertrophic astrocytes form a dense network, the so-called astroglial scar. Lesions in
grey matter generally lack most of the WM lesion characteristics, e.g. there is no significant
infiltration of leukocytes, no astrogliosis and microglial activation is less prominent than in
most WM lesions.36,37 Due to the lack of infiltration of blood-derived leukocytes in virtually
all GM lesions, we discriminate GM lesions on the basis of location. Type 1 GM lesions
are leukocortical lesions; all other types are purely cortical with type 2 being lesions not
touching the WM/GM border and pial surface, type 3 lesions are located subpially and
type 4 lesions encompass the whole width of the cortex.33,37
The trigger for disease initiation is arguably the largest enigma in MS pathogenesis.
Over the years, several triggers have been proposed, including primary oligodendrocyte
apoptosis and primary axonal damage/alterations.38-40 However, the prevailing hypothesis
is that self-tolerance is breached in the periphery, possibly virus-mediated, leading to
activation of autoreactive CD4+ T-cells directed against myelin. Subsequently, activated
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Figure 1. Infiltrated immune cells mediate demyelination and axonal degeneration in multiple sclerosis.
1) peripherally activated T-cells (blue) infiltrate the central nervous system (CNS). 2) There, they are reactivated
and produce chemokines (yellow dots), which attract circulating monocytes (brown) and other T-cells to migrate
across the blood-brain barrier into the CNS . 3) In the CNS, blood-borne macrophages and resident microglia
(green) are triggered by cytokines (red dots) released by T-cells to become phagocytic macrophages (pink). 4)
These phagocytes then destroy and phagocytose the axon-enwrapping myelin sheats. In this process, axons and
intra-axonal structures like mitochondria are also damaged.

T-cells cross the brain endothelium into the perivascular compartments where they
are reactivated (fig 1).41,42 Reactivated T-cells then attract and stimulate monocytes
and lymphocytes to cross the local blood-brain barrier into the brain parenchyma.
There, macrophages and activated microglia destroy the axon-encapsulating myelin
sheaths by secreting several toxic mediators, such as matrix metalloproteinases, reactive
oxygen species (ROS) and nitric oxide, and subsequently phagocytise myelin remnants.
Unfortunately, myelin is not the only victim of the relentless attack by macrophages, as
evidenced by massive loss of oligodendrocytes, the myelin producing cell, and axonal
destruction (fig 1).43,44 Similar pathogenetic mechanisms underlie the symptoms and
pathology that are present in the experimental autoimmune encephalomyelitis (EAE)
model, a validated animal model of MS developed in the 1930’s.45-47 In this model, disease
is generally induced by injecting animals with myelin proteins together with Freud’s
adjuvant or adopted transfer of autoreactive T-cells. The widespread use of EAE in the last
decades explains the historic focus of MS research on understanding and targeting T-cell
driven neuroinflammation. As a result, current therapies are mainly immunomodulatory
(IFN-β, natalizumab), which are effective in reducing the number of relapses. Disease
progression, however, remains largely unchanged by these therapies as they do not
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reduce axonal/neuronal degeneration in later stages of the disease,48,49 demonstrating
the need for novel therapeutic strategies oriented towards neuroprotection. For that
reason, research interest in the last decade has shifted more towards mechanisms
leading to axonal degeneration, which is now considered the best correlate of disease
progression in MS.50,51 Axonal degeneration is most prominent in inflammatory MS lesions,
although axonal injury continues at a ‘slow-burning’ rate in chronic MS lesions, where
inflammation has largely subsided.44,52 However, there is some evidence that suggests
that upon complete disappearance of inflammation axonal degeneration returns to
levels similar to age-matched controls.53 In inflammatory lesions, axonal damage is likely
to be a bystander effect of myelin destruction by macrophages. In chronic MS lesions,
however, intra-axonal mechanisms are most likely responsible for axonal degeneration
and evidence is accumulating that mitochondrial dysfunction is an important feature of
axonal degeneration in the chronic stage of the disease.54-56

2. Mitochondria

2.1 Mitochondria, powerhouses of the cell
Mitochondria are double-membraned organelles present in all eukaryotic cells and
are the sole carriers of non-nuclear DNA. Their main function is to provide the cell with
adenosine triphosphate (ATP), the cellular energy currency, by oxidation of metabolic fuels.
In addition, mitochondria are involved in various processes vital to the cell, such as fatty
acid oxidation,57 apoptosis,58 and Ca2+ homeostasis.59 Production of ATP in mitochondria
is essentially a two step process: first, energy stored in fats and carbohydrates is released
and used to form the high energy bonds in nicotinamide adenine dinucleotide (NADH)
and 1,5-dihydro-flavin adenine dinucleotide (FADH2). These molecules, together with
oxygen, are then used to produce the bulk of ATP through a process called oxidative
phosphorylation (OxPhos) (fig 2). The OxPhos chain consists of 5 multi-subunit complexes
located on the inner mitochondrial membrane; the first 4 complexes, collectively
called the electron transfer chain (ETC), are committed to oxidizing NADH and FADH2,
transferring electrons to molecular oxygen and pumping protons from the mitochondrial
matrix to the intermembrane space, thus creating an electrochemical gradient called the
mitochondrial membrane potential (MMP). The MMP is used by complex V, also known as
ATP synthase, to phosphorylate ADP into the energy-rich ATP (fig 2).60,61
2.2 Mitochondrial generation of reactive oxygen species
Besides producing ATP, mitochondria are also a constant source of reactive oxygen
species (ROS): small highly reactive molecules that can cause damage to virtually all
cellular macromolecules.62 However, ROS also function as important signalling molecules
in many physiologic cellular processes.63 Therefore, it is important for each cell (and
each mitochondrion) to tightly control ROS production and detoxification. When ROS
production exceeds the antioxidant capacity oxidative stress occurs, a state implicated
in a wide range of pathologies, including neurodegenerative diseases and autoimmune
disorders.64-66
ROS production in mitochondria is almost exclusively the result of electrons leaking out
of the electron chain at complex I and III (fig 2).67 As a consequence, molecular oxygen is
reduced to superoxide (O2.-), which serves as the main precursor for other ROS. Studies
in isolated mitochondria have shown that 1%-2% of the consumed molecular oxygen
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Figure 2. Oxidative phosphorylation at the inner membrane of mammalian mitochondria produces the
bulk of cellular ATP. In short, electrons are donated by NADH and FADH2 to complex I and II, respectively. These
electrons are then transported by coenzyme Q to complex III, and subsequently carried by cytochrome C to
complex IV. There, oxygen serves as the final electron acceptor. In this process, complex I, III and IV use the energy
created by electron transport to pump protons from the mitochondrial matrix into the intermembrane space,
thereby creating the mitochondrial membrane potential. This membrane potential is then used by complex V
tot drive ATP synthesis. At complex I and III, electrons can leak out and react with oxygen to form superoxide.
Superoxide in the mitochondrial matrix is then rapidly converted by superoxide dismutase 2 to H2O2, which can
be subsequently reduced to water by the peroxiredoxin 3 – thioredoxin 2 system.

is converted to superoxide.68 Locations of superoxide production are the mitochondrial
matrix site of complex I & III and the intermembrane site of complex III.67 In the mitochondrial
matrix superoxide is very rapidly dismutated into hydrogen peroxide (H2O2) by superoxide
dismutases 2 (SOD2).69 Hydrogen peroxide itself is relatively stable and can easily pass the
mitochondrial membranes. However, hydrogen peroxide also serves as the substrate for
the iron- or copper-driven Fenton reaction, which generates the very toxic and harmful
hydroxyl radical (OH.).70
In addition, peroxynitrite (ONOO-), the result of the reaction between nitric oxide (NO)
and superoxide,71 and nitric oxide itself are important ROS in mitochondrial biology, as
they can directly inhibit electron transfer. Nitric oxide, which can be locally produced
by mitochondrial nitric oxide synthase (mtNOS), can reversibly inhibit complex IV and
thus regulate ATP synthesis.72 Furthermore, nitric oxide and peroxynitrite can irreversibly
inhibit complex I leading to a marked increase in superoxide generation.73,74
2.3 Mitochondrial ROS defence
To cope with the continuous production of superoxide and its various metabolites,
mitochondria are equipped with an organelle-specific pool of antioxidants. As stated
previously, SOD2, an iron/manganese superoxide dismutase, resides in the mitochondrial
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matrix where it catalyzes the reaction of superoxide into hydrogen peroxide. In addition to
SOD2, mitochondria contain specific enzyme systems capable of detoxifying superoxide
metabolites: the thioredoxin and glutathione/glutaredoxin system.68,75 These antioxidant
systems are widely expressed in various cellular compartments, with specific family
members within mitochondria. The mitochondrial thioredoxin system is composed
of peroxiredoxin 3 (Prx3), peroxiredoxin (Prx5), thioredoxin 2 (Trx2) and thioredoxin
reductase 2 (TrxR2).76 Prx3 is the mitochondrial-localized member of a family of antioxidant
enzymes which catalyze the reduction of various peroxides, including hydrogen peroxide
and peroxynitrite.77 It possesses a redox-active cysteine residue that can be oxidized by
peroxides to cysteine sulfenic acid (-SOH). To regain antioxidant function Prx3-SOH must
be reduced by Trx2, which in turn becomes oxidized. Trx2 is a mitochondrial-specific
member of the thioredoxin family which are capable of reducing disulfide bonds in
proteins.76 The end of this redox cascade is the reduction of Trx2 by TrxR2 at the expense
of NADPH (fig 2). The mitochondrial glutathione/glutaredoxin system works in a similar
fashion, although with different players: glutathione peroxidase 4 (Gpx4), glutaredoxin
(Grx2) and glutathione.78,79
Besides having its own ROS detoxifying apparatus, mitochondria also contain a family
of proteins known for their ability to reduce ROS production, the uncoupling proteins
(UCPs). In 1978, UCP1 was the first to be described and found to be specifically expressed
in mitochondria in brown adipose tissue (BAT).80 There, UCP1 regulates proton leak from
the intermembrane space into the mitochondrial matrix, and in doing so it bypasses ATP
synthase and induces non-shivering thermogenesis.81 More recently, 4 proteins with
significant sequence homology to UCP1 have been described and numbered according to
order of discovery.82 UCP2 and UCP3 are remarkably similar, but have completely different
expression patterns. UCP2 is ubiquitously expressed, including in the CNS, whereas UCP3
is only present in skeletal muscle and BAT.83,84 UCP4 and UCP5 (or brain mitochondrial
carrier protein 1(BMCP1)) are exclusively expressed in the CNS.85,86 There is heavy debate
on how UCP2-5 exactly function and some claim they are not true “uncouplers” like UCP1.
Nonetheless, it has been extensively shown that all UCPs reduce ROS production in
mitochondria and protect cells from oxidative insults.87-89
2.4 Transcriptional regulation of mitochondrial proteins
Mitochondria are unique organelles, not in the least because they are the sole carriers of
non-nuclear DNA in mammalian cells. This circular DNA, present in each mitochondrion,
encodes 13 proteins, 22 tRNAs and 2 ribosomal RNAs.90,91 The RNAs are necessary for
intra-mitochondrial synthesis of the 13 proteins, which are all essential subunits of
OxPhos complexes I, III, IV and V. All other proteins expressed in the mitochondrial matrix
or membranes, estimated to be between 1000-1500 proteins, including 77 subunits of
the OxPhos complexes, are encoded in the nucleus.92 Such a vast amount of proteins, of
which the majority is involved in the same process, namely energy metabolism, requires
responsive and coordinated transcriptional regulation.
In mammalian cells, transcription of genes coding for proteins expressed in
mitochondria is under the regulation of only a handful of transcription factors and
coregulators. The most important (or at least best studied) DNA-binding transcription
factors are nuclear respiratory factors (NRF1 and -2),93,94 estrogen-related receptors (ERRα,
-β and -γ) and peroxisome proliferator-activated receptors (PPARα, -γ and –δ).95-97 These
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Figure 3. PGC-1α, a transcriptional coregulator, induces transcription of a plethora of genes involved
in many mitochondrial processes. PGC-1α can be activated by sirtuin1-mediated deacetylation or by
AMPK-mediated phosphorylation which are responsive to altered cellular energy demand and redox status,
respectively. Activated PGC-1α then binds to several DNA-bound transcription factors and induces transcription
of genes involved in many mitochondrial processes, including those involved in mtDNA transcription, oxidative
phosphorylation and mitochondrial ROS defence.

transcription factors can induce transcription of overlapping but specific sets of genes
involved in mitochondrial and non-mitochondrial processes (fig 3).96 Other, less wellstudied, transcription factors involved in transcription of nuclear-encoded mitochondrial
genes are CRE-associated binding protein (CREB), c-MYC and YY1.96 Expression levels of
all these transcription factors is highly cell-type specific. Transcription and replication
of mitochondrial DNA is under control of nuclear-encoded proteins Tfam, TFB1M and
TFB2M,98-100 which in turn are under control of both NRFs.101 In this way, the cell is able to
simultaneously induce expression of nuclear- and mitochondrial- encoded proteins.
Activity of the NRFs, ERRs and PPARs is regulated by a family of transcriptional
coregulators, the so-called PPARγ–coactivator (PGC) family. The best known member of
this family is PGC-1α (fig 3), which was first discovered by Spiegelman and colleagues to
bind to PPARγ in response to cold in BAT.102 The other two family members, PGC-1β and
PGC-1α-related coactivator (PRC), were discovered on the basis of sequence homology and
were found to exert similar effects as PGC-1α.66,103 All three PGC-1s regulate the activity of
transcription factors in a similar fashion: they bind to their DNA-bound target transcription
factors and subsequently attract histone acetyltransferases and the Mediator complex to
enhance transcriptional activity.96 The ability of PGC-1s to bind to NRFs, ERRs and PPARs
is regulated by various posttranslational modifications such as (de-)phosphorylation and
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(de-)acetylation.96 Unsurprisingly, proteins that modify PGC-1 activity, such as sirtuin1
and AMP-activated protein kinase (AMPK),104,105 are responsive to changes in metabolic
demands and oxidative stress.90,96,106 Taken together, PGC-1s (especially PGC-1α) are
activated in response to an increased cellular energy demand and enhance transcription
of a vast array of mitochondrial proteins by interacting with different transcription factors
(fig 3). Furthermore, PGC-1α and PGC-1β were shown to exert strong neuroprotective
effects by increasing mitochondrial ROS-detoxifying enzymes.107
2.5 Mitochondrial dynamics
Mitochondria are not generated de novo; instead mitochondria continuously fuse and
divide through processes called mitochondrial fusion and fission, respectively. Moreover,
severely damaged mitochondria are removed by mitochondrial autophagy, termed
mitophagy.108 Together, these three processes guard mitochondrial function and shape
the cells mitochondrial content to meet its metabolic needs.109 In healthy cells, fission and
fusion are balanced processes with different points of equilibrium. Metabolically active
cells generally have elaborate mitochondrial networks caused by extensive fusion of
mitochondria, whereas fission is more prominent in quiescent cells where mitochondria
are often observed as small distinct spherical organelles.110,111 Thus far, several proteins
have been identified that mediate fission and fusion. Mitofusin 1 & 2 (MFN1&2) mediate
fusion of the outer mitochondrial membrane and OPA1 is essential for inner mitochondrial
membrane fusion, whereas fission is executed by Fis1 and DRP1.109
Besides shaping mitochondrial content to different physiological demands, fission and
fusion are also essential in several other biological processes. Before cell division, fission is
increased to equip the daughter cells with enough functional mitochondria. In addition,
evidence is accumulating that increased fission and reduced fusion of mitochondria is an
essential step in apoptosis.112 Together, fusion and fission are essential for maintaining
a healthy mitochondrial population. As stated previously, mitochondria are a constant
source of ROS which renders mtDNA particularly vulnerable to ROS mediated damage.
As a result, many cells contain a mixture of mitochondria containing damaged or mutant
mtDNA and mitochondria with healthy mtDNA, a state termed heteroplasmy. Fusion
of these healthy and damaged mitochondria, or two damaged mitochondria with
mutations in different mtDNA alleles, leads to a full restoration of respiratory activity.113
Thus, intermixing of mitochondrial contents of different mitochondria by fusion serves
as a mechanism to safeguard mitochondrial functioning.114 The result of this process is
fully functional mitochondria harbouring damaged or dysfunctional components (e.g.
mutated mtDNA). Currently, it is believed that fission of these mitochondria can lead to
functional and non-functional mitochondria, of which the non-functional mitochondria
are subsequently targeted for degradation by mitophagy.109,115 Interestingly, mitochondrial
fission, fusion and mitophagy seem particularly important in neuronal cells, as mutations
in OPA1 lead to autosomal dominant optic atrophy,116,117 mutations in MFN2 to CharcotMarie-Tooth disease 2a118 and mutations in Pink1 and Parkin, which are essential proteins
in mitophagy, cause hereditary early onset Parkinson’s disease. 119-122

3. Mitochondria in multiple sclerosis: the story so far

Interest in mitochondrial involvement in MS was ignited by the finding of an MS-like
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disease in a subset of patients with Leber’s hereditary optic neuritis, a disease caused by
mutations in mitochondrial (mt)DNA.123,124 Although large genetic screening studies did
not reveal an association between mtDNA mutations and the occurrence of MS, distinct
mtDNA haplotypes were actually shown to be significantly associated with MS, however
the unknown biological relevance of these haplotypes warrants further investigation.125,126
Later, it was hypothesized that mitochondria might also contribute to axonal
degeneration in chronically demyelinated axons. In the chronic phase of MS, when
inflammation has abated, axonal degeneration is still ongoing albeit more subtle than
in inflammatory MS lesions.127 In acutely demyelinated axons conduction is blocked,
which can be restored in chronic demyelinated axons by upregulation and redistribution
of Na+ channels along the entire demyelinated axon.128 Concurrently, Na+/K+ ATPase is
upregulated to restore intra-axonal Na+ concentration. Hence, more ATP is needed in the
chronic demyelinated axon; which leads to the hypothesis that more mitochondria are
needed to provide the demyelinated axon with sufficient energy. Proteomics analyses of
MS lesions indeed revealed enhanced expression of various mitochondrial proteins.129
As mitochondria are a constant source of ROS, the increase in mitochondria is likely to
increase oxidative stress in these demyelinated axons. Moreover, mitochondria in neuronal
cell bodies in non-demyelinated MS grey matter were found to have decreased activity
of complex I and III, and, as neurons partly provide their axon with mitochondria, this
might lead to impaired mitochondrial function in chronically demyelinated axons.130 As
mitochondrial ROS production and decreased activity of complex I and III strengthen each
other, this will lead to a self-perpetuating cycle where mitochondrial function becomes
progressively compromised as oxidative damage accumulates, eventually leading to
axonal degeneration. Thus, although mitochondria are initially needed to preserve
demyelinated axons, they might ultimately seal the axon’s faith.
However, it is also conceivable that mitochondria contribute to axonal degeneration in
the inflammatory stage of the disease. ROS and NO production by infiltrated macrophages
and activated microglia is believed to significantly contribute to demyelination and
axonal damage in inflammatory MS lesions.52,131 Accordingly, there is ample evidence of
oxidative damage to lipids, proteins and DNA in these inflammatory MS lesions.132,133 Not
surprisingly, most oxidative damage to DNA was found in mtDNA,134 as mtDNA is ~10
times more susceptible to DNA damage than nuclear DNA, due to the absence of histones
and repair mechanisms.135 The same study also described decreased activity of complex I
of the OxPhos chain in MS lesions, which is likely to be the result of ROS-induced mutations
in mtDNA-encoded complex I genes.134 Thus, ROS produced by infiltrated macrophages
and activated microglia in inflammatory MS lesions might damage mtDNA and decrease
oxidative phosphorylation, which, in analogy to several other neurodegenerative diseases,
leads to decreased ATP production and increased ROS production by the OxPhos chain
itself, thereby contributing to axonal degeneration in inflammatory MS lesions.136-138
Mechanisms underlying axonal degeneration in EAE are believed to be similar to those
seen in MS. Consequently, several studies addressing mitochondrial dysfunction in EAE
have been performed. Thus far, microarray studies revealed altered expression of several
genes encoding mitochondrial proteins. In spinal cords of EAE animals at advanced
disease stages, several complex IV subunits were significantly upregulated.139 In contrast,
decreased expression of mitochondrial genes has been found in non-affected gray matter
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of EAE brain tissue.140 These results are in line with previous findings, where decreased
expression of genes encoding mitochondrial proteins, particularly OxPhos genes, in
non-affected MS gray matter has been observed.130 In addition, it has been elegantly
shown that mitochondrial proteins are heavily nitrated in EAE.141 Proteomics revealed
OxPhos, glycolytic and chaperone proteins to be nitrated, indicating alterations in energy
metabolism in EAE. Interestingly, increased mitochondrial protein nitration appeared as
early as 3 days after sensitisation, suggesting that mitochondrial dysfunction precedes
leukocyte infiltration and the occurrence of the first clinical symptoms.141 Based upon these
results, it is tempting to speculate that experimentally evoked autoimmunity to myelin
swiftly leads to mitochondrial dysfunction in axons, independently of inflammation.
However, microglial activation, representing mild CNS inflammation and occurring early in
EAE pathogenesis, was not assessed and therefore remains a likely reason for causing early
mitochondrial dysfunction. Thereafter, Qi and co-workers assessed the effect of adenoviral
injection of SOD2, a mitochondrial superoxide scavenger, on optic nerve integrity of EAE
animals.142 They observed a striking reduction in optic nerve atrophy, demonstrating the
important role of mitochondria-derived ROS in axonal degeneration in EAE. Moreover,
these results allude to a causal relation between the observed mitochondrial changes
and increased mitochondrial ROS production in EAE. Further evidence for mitochondrial
involvement in EAE pathogenesis was obtained in mice lacking cyclophilin D, a key
regulator of the mitochondrial permeability transition pore (MPTP).143 The induction of
MPTP can lead to depolarization of mitochondria, decreased ATP production and increased
ROS production, eventually leading to cell death. In cyclophilin D knock-out mice an
attenuated disease course and a remarkable sparing of axons was observed compared
to wild type animals, whereas the extent of inflammation was similar. Notably, neurons
derived from these knockout mice were less sensitive to oxidative and nitrosative stress,
indicating that their axonal mitochondria are more resistant to inflammation-derived ROS
and subsequent mitochondrial dysfunction, resulting in less axonal degeneration.
Taken together, several studies have observed mitochondrial changes in MS and its
animal model, EAE. However, many questions regarding the role of mitochondria in MS
pathogenesis remain unanswered. In this thesis, several of these remaining questions will
be addressed.

4. Aims and outline of this thesis

The realization that for successful treatment of MS not only the immune system should
be targeted but also the CNS itself, led to renewed interest in mechanisms underlying
neurodegeneration in MS. As discussed above, there is substantial circumstantial evidence
suggesting that mitochondria mediate degeneration of axons. Moreover, a handful
of studies already described mitochondrial changes in MS lesions and MS grey matter,
warranting further investigation.130,134 The aim of this thesis is therefore to further
explore mitochondrial changes in the CNS of MS patients as well as unravelling the
underlying mechanisms, hopefully this might eventually lead to new therapeutic targets
to combat neurodegeneration in MS.
In chapter 2, we quantify the mitochondrial content of astrocytes and axons in NAWM
and WM MS lesions. Also, we look at the expression of several OxPhos proteins and
mtHSP70, which is upregulated upon increased mitochondrial oxidative stress. Lastly, we
study complex IV activity in WM MS lesions and compared it with NAWM and control WM.
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Chapter 3 will be dedicated to the expression of Parkin in MS and Alzheimer’s disease
CNS tissue. Parkin is an essential protein for mitophagy, and is therefore important in
mitochondrial quality control. In chapter 4, we explore altered expression of mitochondrial
antioxidants in MS WM and use in vitro techniques to study the consequences of these
alterations. Chapter 5 describes an elaborate study on the distorted mitochondrial
transcription machinery in the cortex of MS patients and its effects on mitochondrial ROS
defence mechanisms. In chapter 6, we investigate the expression of proteins involved in
mitochondrial fission and fusion in MS cortex. Finally, the results of the previous chapters
will be discussed and put into perspective in chapter 7.
Reference List
1

Compston A. McAlpine’s Multiple Sclerosis. London: Churchill Livingstone; 2005.

2

Orton SM, Herrera BM, Yee IM, Valdar W, Ramagopalan SV, Sadovnick AD et al. Sex ratio of multiple
sclerosis in Canada: a longitudinal study. Lancet Neurol 2006 November;5(11):932-6.

3

Hauser SL, Oksenberg JR. The neurobiology of multiple sclerosis: genes, inflammation, and
neurodegeneration. Neuron 2006 October 5;52(1):61-76.

4

Kurtzke JF. A reassessment of the distribution of multiple sclerosis. Part one. Acta Neurol Scand 1975
February;51(2):110-36.

5

Weinshenker BG, Bass B, Rice GP, Noseworthy J, Carriere W, Baskerville J et al. The natural history of
multiple sclerosis: a geographically based study. I. Clinical course and disability. Brain 1989 February;112
( Pt 1):133-46.

6

Compston A, Coles A. Multiple sclerosis. Lancet 2008 October 25;372(9648):1502-17.

7

Confavreux C, Vukusic S. Age at disability milestones in multiple sclerosis. Brain 2006 March;129(Pt
3):595-605.

8

Bronnum-Hansen H, Koch-Henriksen N, Stenager E. Trends in survival and cause of death in Danish
patients with multiple sclerosis. Brain 2004 April;127(Pt 4):844-50.

9

Mumford CJ, Wood NW, Kellar-Wood H, Thorpe JW, Miller DH, Compston DA. The British Isles survey of
multiple sclerosis in twins. Neurology 1994 January;44(1):11-5.

10

Sadovnick AD, Armstrong H, Rice GP, Bulman D, Hashimoto L, Paty DW et al. A population-based study of
multiple sclerosis in twins: update. Ann Neurol 1993 March;33(3):281-5.

11

Willer CJ, Dyment DA, Risch NJ, Sadovnick AD, Ebers GC. Twin concordance and sibling recurrence rates
in multiple sclerosis. Proc Natl Acad Sci U S A 2003 October 28;100(22):12877-82.

12

Robertson NP, Clayton D, Fraser M, Deans J, Compston DA. Clinical concordance in sibling pairs with
multiple sclerosis. Neurology 1996 August;47(2):347-52.

13

Robertson NP, Fraser M, Deans J, Clayton D, Walker N, Compston DA. Age-adjusted recurrence risks for
relatives of patients with multiple sclerosis. Brain 1996 April;119 ( Pt 2):449-55.

14

Sadovnick AD, Baird PA, Ward RH. Multiple sclerosis: updated risks for relatives. Am J Med Genet 1988
March;29(3):533-41.

15

Dyment DA, Yee IM, Ebers GC, Sadovnick AD. Multiple sclerosis in stepsiblings: recurrence risk and
ascertainment. J Neurol Neurosurg Psychiatry 2006 February;77(2):258-9.

16

Ebers GC, Sadovnick AD, Risch NJ. A genetic basis for familial aggregation in multiple sclerosis. Canadian
Collaborative Study Group. Nature 1995 September 14;377(6545):150-1.

17

Barcellos LF, Oksenberg JR, Green AJ, Bucher P, Rimmler JB, Schmidt S et al. Genetic basis for clinical
expression in multiple sclerosis. Brain 2002 January;125(Pt 1):150-8.

18

General introduction
18

Brassat D, zais-Vuillemin C, Yaouanq J, Semana G, Reboul J, Cournu I et al. Familial factors influence
disability in MS multiplex families. French Multiple Sclerosis Genetics Group. Neurology 1999 May
12;52(8):1632-6.

19

Kantarci OH, de AM, Weinshenker BG. Identifying disease modifying genes in multiple sclerosis. J
Neuroimmunol 2002 February;123(1-2):144-59.

20

Oksenberg JR, Barcellos LF. Multiple sclerosis genetics: leaving no stone unturned. Genes Immun 2005
August;6(5):375-87.

21

Gregory SG, Schmidt S, Seth P, Oksenberg JR, Hart J, Prokop A et al. Interleukin 7 receptor alpha
chain (IL7R) shows allelic and functional association with multiple sclerosis. Nat Genet 2007
September;39(9):1083-91.

22

Zuvich RL, McCauley JL, Oksenberg JR, Sawcer SJ, De Jager PL, Aubin C et al. Genetic variation in the
IL7RA/IL7 pathway increases multiple sclerosis susceptibility. Hum Genet 2010 March;127(5):525-35.

23

Dean G, Kurtzke JF. On the risk of multiple sclerosis according to age at immigration to South Africa. Br
Med J 1971 September 25;3(5777):725-9.

24

Elian M, Nightingale S, Dean G. Multiple sclerosis among United Kingdom-born children of immigrants
from the Indian subcontinent, Africa and the West Indies. J Neurol Neurosurg Psychiatry 1990
October;53(10):906-11.

25

Hammond SR, English DR, McLeod JG. The age-range of risk of developing multiple sclerosis: evidence
from a migrant population in Australia. Brain 2000 May;123 ( Pt 5):968-74.

26

Marrie RA. Environmental risk factors in multiple sclerosis aetiology. Lancet Neurol 2004
December;3(12):709-18.

27

DeLorenze GN, Munger KL, Lennette ET, Orentreich N, Vogelman JH, Ascherio A. Epstein-Barr virus and
multiple sclerosis: evidence of association from a prospective study with long-term follow-up. Arch
Neurol 2006 June;63(6):839-44.

28

Munger K, Levin L, O’Reilly E, Falk K, Ascherio A. Anti-Epstein-Barr virus antibodies as serological markers
of multiple sclerosis: a prospective study among United States military personnel. Mult Scler 2011 June
17.

29

Pohl D. Epstein-Barr virus and multiple sclerosis. J Neurol Sci 2009 November 15;286(1-2):62-4.

30

Bo L, Geurts JJ, Mork SJ, van d, V. Grey matter pathology in multiple sclerosis. Acta Neurol Scand Suppl
2006;183:48-50.

31

Hafler DA. Multiple sclerosis. J Clin Invest 2004 March;113(6):788-94.

32

Frohman EM, Racke MK, Raine CS. Multiple sclerosis--the plaque and its pathogenesis. N Engl J Med 2006
March 2;354(9):942-55.

33

Bo L, Vedeler CA, Nyland HI, Trapp BD, Mork SJ. Subpial demyelination in the cerebral cortex of multiple
sclerosis patients. J Neuropathol Exp Neurol 2003 July;62(7):723-32.

34

Van der Valk P, De Groot CJ. Staging of multiple sclerosis (MS) lesions: pathology of the time frame of MS.
Neuropathol Appl Neurobiol 2000 February;26(1):2-10.

35

Bruck W, Porada P, Poser S, Rieckmann P, Hanefeld F, Kretzschmar HA et al. Monocyte/macrophage
differentiation in early multiple sclerosis lesions. Ann Neurol 1995 November;38(5):788-96.

36

Bo L, Vedeler CA, Nyland H, Trapp BD, Mork SJ. Intracortical multiple sclerosis lesions are not associated
with increased lymphocyte infiltration. Mult Scler 2003 August;9(4):323-31.

37

Peterson JW, Bo L, Mork S, Chang A, Trapp BD. Transected neurites, apoptotic neurons, and reduced
inflammation in cortical multiple sclerosis lesions. Ann Neurol 2001 September;50(3):389-400.

38

Barnett MH, Prineas JW. Relapsing and remitting multiple sclerosis: pathology of the newly forming
lesion. Ann Neurol 2004 April;55(4):458-68.

39

Geurts JJ, Kooi EJ, Witte ME, van d, V. Multiple sclerosis as an „inside-out“ disease. Ann Neurol 2010
November;68(5):767-8.

19

1

Chapter 1
40

Lucchinetti C, Bruck W, Parisi J, Scheithauer B, Rodriguez M, Lassmann H. Heterogeneity of multiple
sclerosis lesions: implications for the pathogenesis of demyelination. Ann Neurol 2000 June;47(6):70717.

41

Platten M, Steinman L. Multiple sclerosis: trapped in deadly glue. Nat Med 2005 March;11(3):252-3.

42

Steinman L, Martin R, Bernard C, Conlon P, Oksenberg JR. Multiple sclerosis: deeper understanding of its
pathogenesis reveals new targets for therapy. Annu Rev Neurosci 2002;25:491-505.

43

Bruck W, Schmied M, Suchanek G, Bruck Y, Breitschopf H, Poser S et al. Oligodendrocytes in the early
course of multiple sclerosis. Ann Neurol 1994 January;35(1):65-73.

44

Trapp BD, Peterson J, Ransohoff RM, Rudick R, Mork S, Bo L. Axonal transection in the lesions of multiple
sclerosis. N Engl J Med 1998 January 29;338(5):278-85.

45

Goverman J. Autoimmune T cell responses in the central nervous system. Nat Rev Immunol 2009
June;9(6):393-407.

46

Mix E, Meyer-Rienecker H, Hartung HP, Zettl UK. Animal models of multiple sclerosis--potentials and
limitations. Prog Neurobiol 2010 November;92(3):386-404.

47

Rivers TM, Sprunt DH, Berry GP. Observations on attempts to produce acute disseminated
ecephalomyelitis in monkeys. J Exp Med 1933 June 30;58(1):39-53.

48

Filippini G, Munari L, Incorvaia B, Ebers GC, Polman C, D‘Amico R et al. Interferons in relapsing remitting
multiple sclerosis: a systematic review. Lancet 2003 February 15;361(9357):545-52.

49

Molyneux PD, Kappos L, Polman C, Pozzilli C, Barkhof F, Filippi M et al. The effect of interferon beta-1b
treatment on MRI measures of cerebral atrophy in secondary progressive multiple sclerosis. European
Study Group on Interferon beta-1b in secondary progressive multiple sclerosis. Brain 2000 November;123
( Pt 11):2256-63.

50

Bjartmar C, Kidd G, Mork S, Rudick R, Trapp BD. Neurological disability correlates with spinal cord
axonal loss and reduced N-acetyl aspartate in chronic multiple sclerosis patients. Ann Neurol 2000
December;48(6):893-901.

51

Dutta R, Trapp BD. Pathogenesis of axonal and neuronal damage in multiple sclerosis. Neurology 2007
May 29;68(22 Suppl 3):S22-S31.

52

Ferguson B, Matyszak MK, Esiri MM, Perry VH. Axonal damage in acute multiple sclerosis lesions. Brain
1997 March;120 ( Pt 3):393-9.

53

Frischer JM, Bramow S, Dal-Bianco A, Lucchinetti CF, Rauschka H, Schmidbauer M et al. The relation
between inflammation and neurodegeneration in multiple sclerosis brains. Brain 2009 May;132(Pt
5):1175-89.

54

Mahad DJ, Ziabreva I, Campbell G, Lax N, White K, Hanson PS et al. Mitochondrial changes within axons
in multiple sclerosis. Brain 2009 May;132(Pt 5):1161-74.

55

Regenold WT, Phatak P, Makley MJ, Stone RD, Kling MA. Cerebrospinal fluid evidence of increased extramitochondrial glucose metabolism implicates mitochondrial dysfunction in multiple sclerosis disease
progression. J Neurol Sci 2008 December 15;275(1-2):106-12.

56

Trapp BD, Stys PK. Virtual hypoxia and chronic necrosis of demyelinated axons in multiple sclerosis.
Lancet Neurol 2009 March;8(3):280-91.

57

Houten SM, Wanders RJ. A general introduction to the biochemistry of mitochondrial fatty acid betaoxidation. J Inherit Metab Dis 2010 October;33(5):469-77.

58

Wang C, Youle RJ. The role of mitochondria in apoptosis*. Annu Rev Genet 2009;43:95-118.

59

Nicholls DG. Mitochondria and calcium signaling. Cell Calcium 2005 September;38(3-4):311-7.

60

Balaban RS. Regulation of oxidative phosphorylation in the mammalian cell. Am J Physiol 1990
March;258(3 Pt 1):C377-C389.

61

Hatefi Y. The mitochondrial electron transport and oxidative phosphorylation system. Annu Rev Biochem
1985;54:1015-69.

20

General introduction
62

Orrenius S, Gogvadze V, Zhivotovsky B. Mitochondrial oxidative stress: implications for cell death. Annu
Rev Pharmacol Toxicol 2007;47:143-83.

63

Droge W. Free radicals in the physiological control of cell function. Physiol Rev 2002 January;82(1):47-95.

64

Ahmad R, Rasheed Z, Ahsan H. Biochemical and cellular toxicology of peroxynitrite: implications in cell
death and autoimmune phenomenon. Immunopharmacol Immunotoxicol 2009;31(3):388-96.

65

Filippin LI, Vercelino R, Marroni NP, Xavier RM. Redox signalling and the inflammatory response in
rheumatoid arthritis. Clin Exp Immunol 2008 June;152(3):415-22.

66

Lin MT, Beal MF. Mitochondrial dysfunction and oxidative stress in neurodegenerative diseases. Nature
2006 October 19;443(7113):787-95.

67

Cadenas E, Boveris A, Ragan CI, Stoppani AO. Production of superoxide radicals and hydrogen peroxide
by NADH-ubiquinone reductase and ubiquinol-cytochrome c reductase from beef-heart mitochondria.
Arch Biochem Biophys 1977 April 30;180(2):248-57.

68

Boveris A, Chance B. The mitochondrial generation of hydrogen peroxide. General properties and effect
of hyperbaric oxygen. Biochem J 1973 July;134(3):707-16.

69

Deby C, Goutier R. New perspectives on the biochemistry of superoxide anion and the efficiency of
superoxide dismutases. Biochem Pharmacol 1990 February 1;39(3):399-405.

70

Motohashi N, Mori I. Superoxide-dependent formation of hydroxyl radical catalyzed by transferrin. FEBS
Lett 1983 June 27;157(1):197-9.

71

Beckman JS. The double-edged role of nitric oxide in brain function and superoxide-mediated injury. J
Dev Physiol 1991 January;15(1):53-9.

72

Brown GC. Nitric oxide regulates mitochondrial respiration and cell functions by inhibiting cytochrome
oxidase. FEBS Lett 1995 August 7;369(2-3):136-9.

73

Brown GC, Borutaite V. Inhibition of mitochondrial respiratory complex I by nitric oxide, peroxynitrite
and S-nitrosothiols. Biochim Biophys Acta 2004 July 23;1658(1-2):44-9.

74

Poderoso JJ, Carreras MC, Lisdero C, Riobo N, Schopfer F, Boveris A. Nitric oxide inhibits electron transfer
and increases superoxide radical production in rat heart mitochondria and submitochondrial particles.
Arch Biochem Biophys 1996 April 1;328(1):85-92.

75

Mari M, Morales A, Colell A, Garcia-Ruiz C, Fernandez-Checa JC. Mitochondrial glutathione, a key survival
antioxidant. Antioxid Redox Signal 2009 June 26.

76

Patenaude A, Murthy MR, Mirault ME. Emerging roles of thioredoxin cycle enzymes in the central
nervous system. Cell Mol Life Sci 2005 May;62(10):1063-80.

77

Bell KF, Hardingham GE. CNS peroxiredoxins and their regulation in health and disease. Antioxid Redox
Signal 2010 September 25.

78

Lundberg M, Johansson C, Chandra J, Enoksson M, Jacobsson G, Ljung J et al. Cloning and expression
of a novel human glutaredoxin (Grx2) with mitochondrial and nuclear isoforms. J Biol Chem 2001 July
13;276(28):26269-75.

79

Pushpa-Rekha TR, Burdsall AL, Oleksa LM, Chisolm GM, Driscoll DM. Rat phospholipid-hydroperoxide
glutathione peroxidase. cDNA cloning and identification of multiple transcription and translation start
sites. J Biol Chem 1995 November 10;270(45):26993-9.

80

Heaton GM, Wagenvoord RJ, Kemp A, Jr., Nicholls DG. Brown-adipose-tissue mitochondria: photoaffinity
labelling of the regulatory site of energy dissipation. Eur J Biochem 1978 January 16;82(2):515-21.

81

Cannon B, Nedergaard J. Brown adipose tissue: function and physiological significance. Physiol Rev 2004
January;84(1):277-359.

82

Bouillaud F, Couplan E, Pecqueur C, Ricquier D. Homologues of the uncoupling protein from brown
adipose tissue (UCP1): UCP2, UCP3, BMCP1 and UCP4. Biochim Biophys Acta 2001 March 1;1504(1):10719.

83

Boss O, Samec S, Paoloni-Giacobino A, Rossier C, Dulloo A, Seydoux J et al. Uncoupling protein-3: a

21

1

Chapter 1
new member of the mitochondrial carrier family with tissue-specific expression. FEBS Lett 1997 May
12;408(1):39-42.
84

Boss O, Hagen T, Lowell BB. Uncoupling proteins 2 and 3: potential regulators of mitochondrial energy
metabolism. Diabetes 2000 February;49(2):143-56.

85

Mao W, Yu XX, Zhong A, Li W, Brush J, Sherwood SW et al. UCP4, a novel brain-specific mitochondrial
protein that reduces membrane potential in mammalian cells. FEBS Lett 1999 January 29;443(3):326-30.

86

Sanchis D, Fleury C, Chomiki N, Goubern M, Huang Q, Neverova M et al. BMCP1, a novel mitochondrial
carrier with high expression in the central nervous system of humans and rodents, and respiration
uncoupling activity in recombinant yeast. J Biol Chem 1998 December 18;273(51):34611-5.

87

Andrews ZB, Diano S, Horvath TL. Mitochondrial uncoupling proteins in the CNS: in support of function
and survival. Nat Rev Neurosci 2005 November;6(11):829-40.

88

Echtay KS. Mitochondrial uncoupling proteins--what is their physiological role? Free Radic Biol Med 2007
November 15;43(10):1351-71.

89

Mailloux RJ, Harper ME. Uncoupling proteins and the control of mitochondrial reactive oxygen species
production. Free Radic Biol Med 2011 June 24.

90

Scarpulla RC. Transcriptional paradigms in mammalian mitochondrial biogenesis and function. Physiol
Rev 2008 April;88(2):611-38.

91

Wallace DC. Diseases of the mitochondrial DNA. Annu Rev Biochem 1992;61:1175-212.

92

Pagliarini DJ, Calvo SE, Chang B, Sheth SA, Vafai SB, Ong SE et al. A mitochondrial protein compendium
elucidates complex I disease biology. Cell 2008 July 11;134(1):112-23.

93

Virbasius CA, Virbasius JV, Scarpulla RC. NRF-1, an activator involved in nuclear-mitochondrial
interactions, utilizes a new DNA-binding domain conserved in a family of developmental regulators.
Genes Dev 1993 December;7(12A):2431-45.

94

Virbasius JV, Virbasius CA, Scarpulla RC. Identity of GABP with NRF-2, a multisubunit activator of
cytochrome oxidase expression, reveals a cellular role for an ETS domain activator of viral promoters.
Genes Dev 1993 March;7(3):380-92.

95

Burkart EM, Sambandam N, Han X, Gross RW, Courtois M, Gierasch CM et al. Nuclear receptors PPARbeta/
delta and PPARalpha direct distinct metabolic regulatory programs in the mouse heart. J Clin Invest
2007 December;117(12):3930-9.

96

Hock MB, Kralli A. Transcriptional control of mitochondrial biogenesis and function. Annu Rev Physiol
2009;71:177-203.

97

Schreiber SN, Emter R, Hock MB, Knutti D, Cardenas J, Podvinec M et al. The estrogen-related receptor
alpha (ERRalpha) functions in PPARgamma coactivator 1alpha (PGC-1alpha)-induced mitochondrial
biogenesis. Proc Natl Acad Sci U S A 2004 April 27;101(17):6472-7.

98

Ekstrand MI, Falkenberg M, Rantanen A, Park CB, Gaspari M, Hultenby K et al. Mitochondrial transcription
factor A regulates mtDNA copy number in mammals. Hum Mol Genet 2004 May 1;13(9):935-44.

99

Falkenberg M, Gaspari M, Rantanen A, Trifunovic A, Larsson NG, Gustafsson CM. Mitochondrial
transcription factors B1 and B2 activate transcription of human mtDNA. Nat Genet 2002 July;31(3):28994.

100

Fisher RP, Clayton DA. Purification and characterization of human mitochondrial transcription factor 1.
Mol Cell Biol 1988 August;8(8):3496-509.

101

Gleyzer N, Vercauteren K, Scarpulla RC. Control of mitochondrial transcription specificity factors (TFB1M
and TFB2M) by nuclear respiratory factors (NRF-1 and NRF-2) and PGC-1 family coactivators. Mol Cell Biol
2005 February;25(4):1354-66.

102

Puigserver P, Wu Z, Park CW, Graves R, Wright M, Spiegelman BM. A cold-inducible coactivator of nuclear
receptors linked to adaptive thermogenesis. Cell 1998 March 20;92(6):829-39.

103

Andersson U, Scarpulla RC. Pgc-1-related coactivator, a novel, serum-inducible coactivator of nuclear
respiratory factor 1-dependent transcription in mammalian cells. Mol Cell Biol 2001 June;21(11):3738-

22

General introduction
49.
104

Jager S, Handschin C, St-Pierre J, Spiegelman BM. AMP-activated protein kinase (AMPK) action in skeletal
muscle via direct phosphorylation of PGC-1alpha. Proc Natl Acad Sci U S A 2007 July 17;104(29):1201722.

105

Nemoto S, Fergusson MM, Finkel T. SIRT1 functionally interacts with the metabolic regulator and
transcriptional coactivator PGC-1{alpha}. J Biol Chem 2005 April 22;280(16):16456-60.

106

Rodgers JT, Lerin C, Gerhart-Hines Z, Puigserver P. Metabolic adaptations through the PGC-1 alpha and
SIRT1 pathways. FEBS Lett 2008 January 9;582(1):46-53.

107

St-Pierre J, Drori S, Uldry M, Silvaggi JM, Rhee J, Jager S et al. Suppression of reactive oxygen species and
neurodegeneration by the PGC-1 transcriptional coactivators. Cell 2006 October 20;127(2):397-408.

108

Youle RJ, Narendra DP. Mechanisms of mitophagy. Nat Rev Mol Cell Biol 2011 January;12(1):9-14.

109

Westermann B. Mitochondrial fusion and fission in cell life and death. Nat Rev Mol Cell Biol 2010
December;11(12):872-84.

110

Collins TJ, Berridge MJ, Lipp P, Bootman MD. Mitochondria are morphologically and functionally
heterogeneous within cells. EMBO J 2002 April 2;21(7):1616-27.

111

Skulachev VP. Mitochondrial filaments and clusters as intracellular power-transmitting cables. Trends
Biochem Sci 2001 January;26(1):23-9.

112

Lee YJ, Jeong SY, Karbowski M, Smith CL, Youle RJ. Roles of the mammalian mitochondrial fission and
fusion mediators Fis1, Drp1, and Opa1 in apoptosis. Mol Biol Cell 2004 November;15(11):5001-11.

113

Ono T, Isobe K, Nakada K, Hayashi JI. Human cells are protected from mitochondrial dysfunction by
complementation of DNA products in fused mitochondria. Nat Genet 2001 July;28(3):272-5.

114

Chen H, Vermulst M, Wang YE, Chomyn A, Prolla TA, McCaffery JM et al. Mitochondrial fusion is required
for mtDNA stability in skeletal muscle and tolerance of mtDNA mutations. Cell 2010 April 16;141(2):2809.

115

Twig G, Elorza A, Molina AJ, Mohamed H, Wikstrom JD, Walzer G et al. Fission and selective fusion govern
mitochondrial segregation and elimination by autophagy. EMBO J 2008 January 23;27(2):433-46.

116

Alexander C, Votruba M, Pesch UE, Thiselton DL, Mayer S, Moore A et al. OPA1, encoding a dynaminrelated GTPase, is mutated in autosomal dominant optic atrophy linked to chromosome 3q28. Nat
Genet 2000 October;26(2):211-5.

117

Delettre C, Lenaers G, Griffoin JM, Gigarel N, Lorenzo C, Belenguer P et al. Nuclear gene OPA1, encoding
a mitochondrial dynamin-related protein, is mutated in dominant optic atrophy. Nat Genet 2000
October;26(2):207-10.

118

Zuchner S, Mersiyanova IV, Muglia M, Bissar-Tadmouri N, Rochelle J, Dadali EL et al. Mutations in the
mitochondrial GTPase mitofusin 2 cause Charcot-Marie-Tooth neuropathy type 2A. Nat Genet 2004
May;36(5):449-51.

119

Kitada T, Asakawa S, Hattori N, Matsumine H, Yamamura Y, Minoshima S et al. Mutations in the parkin
gene cause autosomal recessive juvenile parkinsonism. Nature 1998 April 9;392(6676):605-8.

120

Matsuda N, Sato S, Shiba K, Okatsu K, Saisho K, Gautier CA et al. PINK1 stabilized by mitochondrial
depolarization recruits Parkin to damaged mitochondria and activates latent Parkin for mitophagy. J
Cell Biol 2010 April 19;189(2):211-21.

121

Narendra DP, Jin SM, Tanaka A, Suen DF, Gautier CA, Shen J et al. PINK1 is selectively stabilized on
impaired mitochondria to activate Parkin. PLoS Biol 2010 January;8(1):e1000298.

122

Valente EM, bou-Sleiman PM, Caputo V, Muqit MM, Harvey K, Gispert S et al. Hereditary early-onset
Parkinson’s disease caused by mutations in PINK1. Science 2004 May 21;304(5674):1158-60.

123

Olsen NK, Hansen AW, Norby S, Edal AL, Jorgensen JR, Rosenberg T. Leber’s hereditary optic neuropathy
associated with a disorder indistinguishable from multiple sclerosis in a male harbouring the
mitochondrial DNA 11778 mutation. Acta Neurol Scand 1995 May;91(5):326-9.

23

1

Chapter 1
124

Wallace DC, Singh G, Lott MT, Hodge JA, Schurr TG, Lezza AM et al. Mitochondrial DNA mutation
associated with Leber’s hereditary optic neuropathy. Science 1988 December 9;242(4884):1427-30.

125

Kalman B, Li S, Chatterjee D, O’Connor J, Voehl MR, Brown MD et al. Large scale screening of the
mitochondrial DNA reveals no pathogenic mutations but a haplotype associated with multiple sclerosis
in Caucasians. Acta Neurol Scand 1999 January;99(1):16-25.

126

Penisson-Besnier I, Moreau C, Jacques C, Roger JC, Dubas F, Reynier P. [Multiple sclerosis and Leber’s
hereditary optic neuropathy mitochondrial DNA mutations]. Rev Neurol (Paris) 2001 May;157(5):537-41.

127

Bjartmar C, Kidd G, Mork S, Rudick R, Trapp BD. Neurological disability correlates with spinal cord
axonal loss and reduced N-acetyl aspartate in chronic multiple sclerosis patients. Ann Neurol 2000
December;48(6):893-901.

128

Craner MJ, Newcombe J, Black JA, Hartle C, Cuzner ML, Waxman SG. Molecular changes in neurons in
multiple sclerosis: altered axonal expression of Nav1.2 and Nav1.6 sodium channels and Na+/Ca2+
exchanger. Proc Natl Acad Sci U S A 2004 May 25;101(21):8168-73.

129

Han MH, Hwang SI, Roy DB, Lundgren DH, Price JV, Ousman SS et al. Proteomic analysis of active multiple
sclerosis lesions reveals therapeutic targets. Nature 2008 February 28;451(7182):1076-81.

130

Dutta R, McDonough J, Yin X, Peterson J, Chang A, Torres T et al. Mitochondrial dysfunction as a cause of
axonal degeneration in multiple sclerosis patients. Ann Neurol 2006 March;59(3):478-89.

131

Smith KJ, Kapoor R, Felts PA. Demyelination: the role of reactive oxygen and nitrogen species. Brain
Pathol 1999 January;9(1):69-92.

132

van Horssen J., Schreibelt G, Drexhage J, Hazes T, Dijkstra CD, van d, V et al. Severe oxidative damage in
multiple sclerosis lesions coincides with enhanced antioxidant enzyme expression. Free Radic Biol Med
2008 December 15;45(12):1729-37.

133

Vladimirova O, O’Connor J, Cahill A, Alder H, Butunoi C, Kalman B. Oxidative damage to DNA in plaques
of MS brains. Mult Scler 1998 October;4(5):413-8.

134

Lu F, Selak M, O’Connor J, Croul S, Lorenzana C, Butunoi C et al. Oxidative damage to mitochondrial DNA
and activity of mitochondrial enzymes in chronic active lesions of multiple sclerosis. J Neurol Sci 2000
August 15;177(2):95-103.

135

Mecocci P, MacGarvey U, Kaufman AE, Koontz D, Shoffner JM, Wallace DC et al. Oxidative damage
to mitochondrial DNA shows marked age-dependent increases in human brain. Ann Neurol 1993
October;34(4):609-16.

136

Beal MF. Aging, energy, and oxidative stress in neurodegenerative diseases. Ann Neurol 1995
September;38(3):357-66.

137

Browne SE, Bowling AC, MacGarvey U, Baik MJ, Berger SC, Muqit MM et al. Oxidative damage and
metabolic dysfunction in Huntington’s disease: selective vulnerability of the basal ganglia. Ann Neurol
1997 May;41(5):646-53.

138

Schapira AH, Cooper JM, Dexter D, Clark JB, Jenner P, Marsden CD. Mitochondrial complex I deficiency in
Parkinson’s disease. J Neurochem 1990 March;54(3):823-7.

139

Nicot A, Ratnakar PV, Ron Y, Chen CC, Elkabes S. Regulation of gene expression in experimental
autoimmune encephalomyelitis indicates early neuronal dysfunction. Brain 2003 February;126(Pt
2):398-412.

140

Zeis T, Kinter J, Herrero-Herranz E, Weissert R, Schaeren-Wiemers N. Gene expression analysis of normal
appearing brain tissue in an animal model for multiple sclerosis revealed grey matter alterations, but
only minor white matter changes. J Neuroimmunol 2008 December 15;205(1-2):10-9.

141

Qi X, Lewin AS, Sun L, Hauswirth WW, Guy J. Mitochondrial protein nitration primes neurodegeneration
in experimental autoimmune encephalomyelitis. J Biol Chem 2006 October 20;281(42):31950-62.

142

Qi X, Lewin AS, Sun L, Hauswirth WW, Guy J. Suppression of mitochondrial oxidative stress
provides long-term neuroprotection in experimental optic neuritis. Invest Ophthalmol Vis Sci 2007
February;48(2):681-91.

143

Forte M, Gold BG, Marracci G, Chaudhary P, Basso E, Johnsen D et al. Cyclophilin D inactivation protects

24

General introduction
axons in experimental autoimmune encephalomyelitis, an animal model of multiple sclerosis. Proc Natl
Acad Sci U S A 2007 May 1;104(18):7558-63.

25

1

