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Abstract
Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central nervous system.
Recent evidence suggests that dysfunction of surviving demyelinated axons and axonal
degeneration contribute to the progression of MS. We review the evidence for and potential
mechanisms of degeneration as well as dysfunction of chronically demyelinated axons in MS with
particular reference to mitochondria, the main source of adenosine-5′-triphosphate in axons.
Besides adenosine-5′-triphosphate production, mitochondria play an important role in calcium
handling and produce reactive oxygen species. The mitochondrial changes in axons lacking
healthy myelin sheaths as well as redistribution of sodium channels suggest that demyelinated
axons would be more vulnerable to energy deficit than myelinated axons. A dysfunction of
mitochondria in lesions as well as in the normal-appearing white and grey matter is increasingly
recognized in MS and could be an important determinant of axonal dysfunction and degeneration.
Mitochondria are a potential therapeutic target in MS.
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Multiple sclerosis
Multiple sclerosis (MS) is the most common nontraumatic neurological disease of young
adults, with over two million individuals affected worldwide [1]. In the majority of patients,
the neurological function starts to gradually deteriorate either from the clinical onset of the
disease (primary progressive) or following a relapsing remitting course (secondary
progressive) [1]. Currently available therapeutic agents are not effective in preventing or
reducing the relentless accumulation of neurological deficits during the progressive phase of
MS [2]. Inflammation, demyelination and axonal degeneration are the key neuropathological
features. Although the pathological substrate of disease progression is regarded as axonal
degeneration, recent evidence identifies axonal dysfunction as an additional and possibly
important contributor to the neurological disability during the progressive phase of MS
[3-5]. We review the mechanisms of axonal degeneration and dysfunction, with particular
reference to a possible role of mitochondrial dysfunction in MS.

Axonal loss and progression of MS
Axonal loss is extensive in the brain and spinal cord of MS patients at the progressive stage
of the disease [6-13]. Within chronic established lesions, the reduction of axonal density is
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highly variable between lesions and patients [14], but on average is in the range of 60–70%
compared with unaffected white matter [6,8,9,15,16]. Axonal destruction within focal white
matter plaques result in distant (Wallerian) tract degeneration, which in part is responsible
for tissue atrophy in the normal-appearing white matter (NAWM) [17-19]. In addition,
however, there is a progressive axonal injury and loss, which affects the NAWM
independently from focal white mater lesions [20].

There is good agreement that acute axonal injury, as determined by the focal intra-axonal
accumulation of proteins, moved within the axonal compartment by fast axonal transport, is
most extensive in actively demyelinating lesions and its extent correlates with extent of
inflammation (density of T cells, microglia and macrophages) and lesional activity
[7,10,12]. Thus axonal injury in MS lesions occurs in two stages. When new focal white
matter lesions are formed, massive acute axonal injury is seen at the time and immediately
after myelin sheath destruction [7,12]. In addition, however, there is a slow-burning but
long-lasting axonal injury in the majority of inactive demyelinated lesions as well as a slow
diffuse and progressive axonal injury in the NAWM [12,20]. As in acute lesions, axonal
injury in chronic (and even inactive) lesions is associated with chronic persistent
inflammation, which is present predominantly in the form of activated microglia [12,20].

The direct correlation between clinical state and axonal loss is limited by the fact that MS
cases, from which post mortem tissue is derived, have had severe neurological disability. In
animal models with progressive neurological disability, neuropathological assessment of
axonal loss correlates closely with clinical disability [21-23]. The clinical manifestation of
axonal loss appears to have a threshold effect as evident in animal models, where the extent
of axonal loss necessary to compromise neurological function is over 30%, reflecting
plasticity and redundancy in the central nervous system (CNS) [22,24]. In single crush
injury lesions, axonal loss required for permanent clinical deficits may be as high as 85–95%
[25]. Whether the extent of axonal loss seen in chronic MS lesions, which are multifocal and
located in clinically eloquent as well as silent regions, sufficiently accounts for the entire
clinical disability in MS is unresolved. Magnetic resonance imaging studies provide
supportive evidence for the association between neurological disability and
neurodegeneration in MS [26]. A number of investigators have assessed atrophy of brain
and spinal cord in vivo using magnetic resonance imaging and identified a significant
correlation with neurological disability as well as disease duration while others have not
[26]. The inconsistency in the correlation between in vivo assessment of axonal
degeneration and clinical disability may be due to the lack of pathological specificity of
imaging modalities, reflecting also the space occupied by inflammatory infiltrate or
astrogliosis. In addition, it may also be due to the presence of dysfunctional axons.

Axonal dysfunction and progression of MS
Although the recent identification of extensive axonal loss in MS has changed the emphasis
of ‘relative’ preservation of axons in MS lesions, the observation originally made by
Charcot remains valid as far as large diameter axons are concerned [27]. The small axons,
defined as less than 2.5 (cross-sectional area of 5 μm2) – 3.3 μm in diameter, appear to be
preferentially lost in spinal cord and optic nerve MS lesions [6,8,9,28]. There is a greater,
although not statistically significant, density of large axons evident in the medulla and
thoracic spinal cord in MS cases compared with control white matter, raising the possibility
that the apparent preservation of large axons is in part due to an increase in diameter of
surviving axons following demyelination [6,8]. Indeed, increased diameter axons that are
morphologically distinct from the focal swelling [29], terminal ovoids or Wallerian
degeneration have been noted in MS lesions, possibly indicating chronic axonal dystrophy
not necessarily leading to axonal transection [30-32]. This view is supported by several
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findings: (i) increased-diameter axons are abundant in MS lesions in particular in inactive
chronic lesions [8,29,32]; (ii) increased diameter axons and inflammation appear in part to
be dissociated [8,12,29,32]; (iii) ‘swollen’ axons in MS lesions are strongly reactive for
phosphorylated neurofilaments and neurofilament spacing is increased, suggesting a role for
the phosphorylation of neurofilaments rather than osmotic swelling in this type of axonal
change [29,31]; and (iv) focally accumulated neurofilaments are absent in the long segments
of ‘swollen’ demyelinated axons, in contrast to the findings in axonal spheroids [29].

The facts that thick axons are better preserved than thin ones in MS patients and that
correlation between axonal loss and neurological disability is sometimes poor raise the
possibility that conduction defects in chronically demyelinated axons may in part underline
the progression of neurological disability [4,9,33]. The conduction block is well recognized
as the main basis of reversible functional decline during relapses in MS [34]. Demyelination
has been elegantly shown as the primary cause of conduction block in the CNS [35]. The
main reason for conduction block secondary to demyelination is the lack of sodium
channels, which are abundant at nodes of Ranvier in myelinated axons, in the immediately
demyelinated segments. Following demyelination the sodium channels redistribute and new
channels are inserted along the acutely demyelinated segments of axons, which can lead to
restoration of nerve impulse conduction [34,36]. A number of mediators downstream of
inflammation, including nitric oxide (NO), has been implicated in the reversible dysfunction
of demyelinated axons in MS [37,38]. Although the exact mechanism of NO-induced
conduction block is not known, direct impairment of Na channels, nitrosation of ion channel
thiols and metabolic disturbance leading to an energy-deficient state have been suggested.
The defects of the electrogenic machinery, likely to interfere with nerve impulse conduction
in chronically demyelinated axons, have been the subject of recent studies. Approximately
two-thirds of chronically demyelinated axons in MS lack sodium channel immunoreactivity
indicating the presence of conduction block [39]. The redistribution of sodium channels in
the remaining chronically demyelinated axons may enable transmission of nerve impulses,
as seen by the pseudosaltatory conduction following acute demyelination [40,41]. The
clinical deterioration following sodium channel blockers in a number of MS patients
highlights the functional importance of such adaptive changes [42]. The demyelinated axons
bearing sodium channels have to deal with the persistent entry of sodium by actively
removing intra-axonal sodium into the extracellular space against a concentration gradient
by Na+/K+ ATPase. The axons with dysfunctional Na+/K+ ATPase or without Na+/K+

ATPase will no longer be able to efflux sodium, maintain resting membrane potential or
conduct nerve impulses [4]. Indeed, a recent study identified the lack of Na+/K+ ATPase in
approximately half of chronically demyelinated axons in MS [33]. The activity of Na+/K+

ATPase and sodium efflux are dependent on the hydrolysis of adenosine-5′-triphosphate
(ATP), the common currency of cellular energy, and makes the maintenance of intra-axonal
sodium balance vulnerable to energy defects [43,44]. Na+/K+ ATPase is said to be the major
consumer of energy in the CNS [43].

Mitochondria
Mitochondria are the most efficient produces of ATP and play an important role in calcium
homeostasis as well as in apoptosis [45]. Mitochondria are the sole containers of nonnuclear
DNA, which encodes functionally important subunits of the mitochondrial respiratory chain
complexes [46]. The mitochondrial respiratory chain, located in the inner mitochondrial
membrane, consists of four complexes (complexes I–IV) and complex V or ATP synthase
(Figure 1) [45,46]. The terminal complex (cytochrome c oxidase or complex IV) is where
over 90% of oxygen is consumed [45]. Complex IV is a target of NO, which is present in
active MS lesions and is implicated in conduction block as well as axonal degeneration, and
cyanide, a specific complex IV inhibitor, impairs nerve conduction [47-50]. In the case of
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severe oxidative phosphorylation defects, the ability of mitochondria to handle calcium is
impaired [51,52]. Mitochondria are also a major source of reactive oxygen species (ROS)
and contain defence mechanisms against ROS-mediated damage, including superoxide
dismutase (SOD) [53]. Mitochondria and oxidative stress are implicated in a number of
neurodegenerative disorders [54]. Hence, mitochondrial defects within axons in MS may
cause conduction block as well as contribute to calcium-mediated cytoskeletal changes.

Mitochondrial changes in axons without a healthy myelin sheath
The energy required to maintain intra-axonal ionic balance is likely to be greater in axons
lacking healthy myelin sheaths, where the distribution of sodium channels differs from
myelinated axons [55]. The mitochondrial response to increased sodium channels and
energy demand is apparent in dysmyelinated and unmyelinated axons in noninflammatory
environments (Figure 2) [56-58]. The mitochondrial density and complex IV activity are
increased, compared with control myelinated spinal cord axons, and sodium (Nav 1.2)
channels are redistributed in dysmyelinated axons in shiverer mice with a deletion in myelin
basic protein gene [56,59]. The unmyelinated segment of axons in the optic nerve head or
lamina cribrosa contains redistributed sodium channels as well as increased mitochondrial
mass and complex IV activity [57,58]. Mitochondria with morphological abnormalities,
when assessed by electron microscopy, were not reported in dysmyelinated axons [56]. The
rarity of paralysis and focal axonal swelling in shiverer mice, the infrequent degeneration of
demyelinated axons bearing increased mitochondrial density, the recovery of nerve impulse
conduction associated with the increase in mitochondrial density and the lack of functional
and structural compromise in control lamina cribrosa provide clear evidence for an adaptive
rather than a pathogenic process [30,60]. In the anti-galactocerebroside antiserum-induced
acute demyelinating model, an increase in mitochondrial density in axons (>1 μm in
diameter) was noted within 6–7 days in the demyelinated, but not in the proximal or distal
myelinated, segments in cat optic nerve [61]. Furthermore, mitochondria are prevalent
during axonal growth in development and regeneration following injury. Thus,
mitochondrial proliferation is a physiological response to the greater energy demand in
demyelinated or dysmyelinated axons, which makes them more vulnerable to energy defects
compared with myelinated axons, particularly in the presence of inflammation. The
mitochondrial defects, alteration of mitochondrial proteins through nitration and structural
changes at electron microscopy level are recognized in inflammatory demyelinating models
of MS, experimental autoimmune encephalomyelitis (EAE) and Theilers encephalomyelitis
virus-induced lesions [62-64], suggesting an important role for mitochondria in the
pathogenesis of MS.

Mitochondrial defects in MS
A number of studies have reported mitochondrial defects in MS and implied a pathogenic
role for mitochondria in axonal degeneration [65-68]. Mitochondrial respiratory chain
complex I activity is reduced in homogenized tissue derived from chronic active MS lesions
while complex I and complex III activities are reduced in nonlesional motor cortex
compared with controls [65,66]. In the nonlesional motor cortex of MS cases, transcripts of
a number (26) of nuclear encoded subunits of mitochondrial respiratory chain complex I,
complex III, complex IV and ATP synthase were reduced [65]. There was a notable
difference between motor cortex and white matter lesions, with transcripts encoding only six
mitochondrial respiratory chain subunits being affected in white matter lesions [65].
Interestingly, the decrease in transcripts of complex IV subunits was not associated with a
reduction in activity, suggesting an important compensatory role for the complex IV
catalytic subunits encoded by mtDNA. Indeed, a recent study identified an increase in
mtDNA copy number in normal grey matter (NGM) neurones in MS brains compared with
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age-matched controls [69]. In chronic active MS lesions, there is evidence of oxidative
damage to mtDNA [66]. However, an attempt to explore mtDNA defects at single-cell levels
failed to identify induced mtDNA deletions, similar to those reported in Parkinson’s disease
and Alzheimer’s disease, in neurones or glia from white matter lesions, NAWM and NGM
compared with age-matched controls [70]. The mitochondrial dysfunction in MS may be the
direct result of inflammation or in part may occur independent from inflammation.

We recently identified a defect in the main catalytic subunit of complex IV (COX-I), which
is encoded by mtDNA, within axons in a subset (pattern III) of acute MS lesions derived
from cases with fulminant disease and Balo’s like concentric sclerosis (Figure 3) [68]. The
absence of COX-I defects in all acute MS lesions, in particular pattern II, implicates the
innate immune system in the acquired energy defects present within pattern III acute MS
lesions [71]. Alternatively, similar mitochondrial defects may be more widespread in active
MS lesions, but reaching the threshold for immunohistochemical detection only in pattern III
lesions, which shows a hypoxia-like tissue injury [72]. The loss of catalytic subunit of
complex IV in acute MS tissue is more likely due to a free radical-related posttranscriptional
event than a mtDNA defect [72]. On a historical note, Hurst and co-workers produced
progressive demyelination and loss of ‘axis cylinders’ in the white matter, including optic
tracts without cortical pathology in monkeys by using sublethal intermittent doses of
intramuscular potassium cyanide, with neuropathological similarities to hypoxic injury [73].
The complex IV defects, which prevent the utilization of oxygen by cytochrome c oxidase,
offer an explanation to the hypoxia-like injury seen in acute MS lesions [72]. The energy
defects within demyelinated axons in MS have implications for maintaining ionic balance,
handling calcium and nerve impulse transmission. As far as chronically demyelinated axons
are concerned, the mitochondrial defects reported in chronic MS lesions and NGM so far
have not been directly localized.

A number of MS cases bearing pathogenic mtDNA defects, with Leber’s hereditary optic
neuropathy (LHON) and MS (Harding’s disease) being the most well recognized, has been
reported [74]. The facts that most Harding’s cases occur in women, despite the
predominance of LHON in men, and that mitochondrial encoded peptides may be
immunogenic argue for a pathogenic rather than a chance association between mtDNA
defects and MS [75]. The Leber’s homoplasmic mutation (3460) was also reported in a
small number of cases with neuromyelitis optica, where optic nerves and spinal cord are
predominantly involved [76-78]. A case with S646L mutation of OPA-1 gene, seen in
patients with autosomal dominant optic atrophy, and MS was recently reported [79]. The
above observations led to the hypothesis that pathogenic mtDNA defects are associated with
MS [1]. Furthermore, a potential role for inherited mtDNA defects in MS is suggested by the
tendency towards maternal inheritance, a hallmark of primary mitochondrial disorders, in a
parent of origin half sibling study [80]. However, a number of studies exploring pathogenic
LHON mutations (at nucleotide positions 3460, 11778 and 14484) in unselected MS patients
as well as patients with neuromyelitis optica failed to identify a significant association
[1,81]. The MS patients harbouring the pathogenic LHON mutations tend to develop severe
optic nerve involvement [1]. Potentially pathogenic mtDNA changes were noted in MS
patients with a marked residual deficit following optic neuritis and nonpathogenic mtDNA
mutations appeared not to influence the severity of visual impairment in MS [82,83]. The
neuropathological analysis of Harding’s cases indicates a severe destructive change relative
to MS and highlights the contribution of pathogenic mtDNA defects to CNS tissue damage
[74,84]. Although primary mtDNA defects may not play a major role in MS susceptibility,
the potential role of induced or somatic mtDNA defects in the pathogenesis of MS warrants
further investigation.
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Mitochondria and axonal degeneration
The mechanisms leading to the loss of chronically demyelinated axons in MS are less well-
understood compared with acute axonal transection, where cytotoxic T cells, matrix
metalloproteases, NO, cytokines (IFN-gamma and IL-1 beta), antibodies and glutamate-
mediated excitotoxicity are implicated [47,85-90]. The lack of trophic support following the
loss of myelin is thought to contribute to the slow burning axonal loss [5]. In addition, as
discussed above, active axonal injury in progressive MS lesions and in the NAWM is
invariably associated with residual inflammation and microglial activation [12,20]. At very
late stages of the disease, inflammation may cease in a subgroup of MS patients. When this
is the case, axonal injury is seen in an amount identical to age-matched controls (H.
Lassmann, unpublished). This suggests that MS-related axonal degeneration depends upon
inflammation, in the form of T cells, microglia/macrophages and their downstream products.

Anoxia and NO, both of which impair activity of mitochondrial respiratory chain, cause
axonal dysfunction and degeneration [48,49,87,91]. The dysfunction or lack of Na+/K+

ATPase, evident in chronic MS lesions, would lead to the accumulation of sodium in axons
with redistributed sodium channels (Figure 1) [33,55]. In acutely demyelinated axons, the
build-up of intra-axonal sodium reverses of Na+–Ca2+ exchanger, together with the
ectopically distributed N-type voltage-gated calcium channels, allows influx of extracellular
calcium [92]. The rise in intra-axonal calcium activates calcium-dependent cysteine
proteases (calpains), leading to cytoskeletal disruption [55,92]. In chronically demyelinated
axons, the lack of membrane Na+–Ca2+ exchanger implicate intracellular sources of
calcium, such as mitochondria and endoplasmic reticulum in their demise [39,93].
Furthermore, the lack of membrane Na+–Ca2+ exchanger, which may be due to Calpain-
mediated cleavage, would prevent the extrusion of intra-axonal calcium and exacerbate the
calcium imbalance in chronically demyelinated axons [94]. The rescue of axons by calpain
inhibitors, independent of the initial trigger (immune mediated, traumatic as well as anoxia
and ischaemia), identify the calcium-mediated process as a ‘common pathway’ of axonal
injury (Figure 1) [95-98]. Furthermore, the calcium-mediated degeneration of axons,
presumed to be due to mitochondrial impairment, has been suggested as the basis of axonal
injury following physiological frequencies of impulse activity in the presence of nitric oxide
[87]. Hence, a mitochondrial defect may impair its calcium-handling capacity, increase
intra-axonal sodium through dysfunction of Na+/K+ ATPase and exacerbate the calcium
imbalance through cleavage of axonal membrane Na+–Ca2+ exchanger.

An increase in ROS production following inhibition of mitochondrial respiratory chain
complexes is also implicated in axonal degeneration [99]. The mitochondrial ROS may
cause oxidative damage to the respiratory chain complexes, leading to a self-perpetuating
cycle of events. The axons with redistributed sodium channels are particularly vulnerable to
oxidative stress and subsequent energy deficiency and calcium imbalance [100]. It is
important to note that not all mitochondrial defects lead to increased ROS production [101].
The mechanistic insight from the primary mitochondrial cases is limited because of the
predominance of neuronal loss and dysfunction, with axonal degeneration in part being a
secondary phenomenon [102,103]. In addition to the mitochondrial dysfunction identified in
neurones in MS, there is a local effect on demyelinated axons in MS, probably orchestrated
by activated microglia [55,65,104].

The mitochondrial defects may explain the differential susceptibility of axons based on size.
To support a given density of sodium channels, there is proportionately less volume in small
axons for mitochondria to occupy compared with large axons. The surface area to volume
ratio, proposed as a basis for the increased susceptibility of small demyelinated axons, can
be considered as ‘ions to energy ratio’ [28]. The lack of ATP, impaired calcium handling
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and increased ROS production due to mitochondrial defects are likely to play a major role in
axonal dysfunction and degeneration in relapsing remitting as well as progressive stage of
MS.

Mitochondria and axonal dysfunction
A disturbance in CNS metabolisms in MS is suggested by the magnetic resonance
spectroscopic measurement of N-Acetyl-L-Aspartate (NAA), an amino acid synthesized in
brain mitochondria [105]. NAA, the synthesis of which is coupled to oxygen consumption
and mitochondrial respiratory chain activity [106,107], is decreased in acute MS lesions as
well as NAWM. The changes in NAA reflect not only tissue (axonal) loss, but also a
metabolic dysfunction [15,108]. In pattern III MS and Balo’s type lesions, where NAA is
reduced and lactate is increased, we have identified functionally impaired mitochondria
[68,109]. The fact that radiological evidence of metabolic disturbance is not limited to a
subset of acute MS lesions is consistent with more widespread mitochondrial defects in MS.
The decrease in NAA in acute MS lesions is partially reversible and may reflect the tissue
repair, resolution of oedema and recovery of metabolic disturbance [110]. The later is
reflected in a recent observation, showing restoration of NAA loss in the global white matter
in chronic MS patients treated with β-interferon over a period of 2 years [111]. As it is
unlikely that in such patients axons truly regenerate, the data suggest that anti-inflammatory
treatment may at least in part correct the functional mitochondrial defects. Furthermore, the
temporal association of clinical relapse with the reversible NAA changes indicates
mitochondrial dysfunction as a potential cause of conduction block in MS. Studies done
over half a century ago by Hodgkin et al. identify mitochondrial respiratory chain complex
IV as an essential component for efflux of intra-axonal sodium [112]. Cyanide, an inhibitor
of complex IV, leads to marked reduction in sodium efflux and a delayed effect on nerve
conduction [44]. By applying cyanide to sciatic nerves, Beck et al. showed a decrease in
compound action potential and conduction velocity, which was partially reversible, as well
as a time- and concentration-dependent effect on conduction block [50]. The likely
functional consequences of complex IV defects are also shown by the conduction block
induced by NO [87]. The calcium imbalance due to mitochondrial defects may also lead to
the conduction block by modulating the expression of sodium channels [113]. The lack of
sodium channels may in turn lead to reduced axonal Na+/K+ ATPase [4].

Mitochondria as a potential therapeutic target in MS
The facts that mitochondrial defects occur early in EAE and that mitochondria are the target
of studies successfully protecting axons in vivo identify this organelle as a potential
therapeutic target in MS [63,64,114]. A number of proof of principle studies in animal
models indicate the therapeutic potential of antioxidants in MS [64,115,116]. The
detoxification of mitochondrial superoxide by transfecting adeno-associated virus containing
Manganese-SOD led to a reduction in the loss of retinal ganglion cells, degeneration of optic
nerve axons and disruption of mitochondrial structure in EAE [64]. Similar neuroprotective
effects were found using adeno-associated virus containing extracellular-SOD and catalase
to remove extracellular superoxide and hydrogen peroxide [64]. A major limitation of
antioxidants as therapeutic agents in neurodegenerative disorders is the difficulty in
preferentially accumulating the agent to an adequate concentration in mitochondrial matrix
relatively to the cytoplasm and extracellular fluid [117,118]. A number of attempts have
been made to selectively target mitochondria [117,118]. Antioxidants have been conjugated
to lipophilic cations such as triphenyl phosphonium and such agents have entered clinical
trials as potential therapeutic agents for patients with neurodegenerative disorders [117]. A
class of cell-permeable peptide antioxidants (Szeto–Schiller peptides) have also been shown
to target mitochondria, reduce ROS production and prevent neuronal loss in animal models
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of neurodegeneration [118]. Fullerenes are novel carbon allotropes that are capable of
scavenging free radicals [119]. Carboxyfullerene, a fullerene compound that increased
survival of mice lacking mitochondrial MnSOD (SOD −/−), localized to mitochondria and
reduced superoxide production [120-122]. When combined with NMDA receptor antagonist,
a fullerene derivative (ABS-75) reduced axonal degeneration, disease progression,
production of a monocyte chemoattactractant protein (CCL2) and infiltration of
inflammatory (CD11b-positive) cells in NOD mice with EAE [116,123]. The role played by
mitochondria in tissue preconditioning, a natural defence mechanism against a variety of
tissue insults, further highlights their therapeutic potential [124]. Hypoxic preconditioning
protects the cerebral white matter from inflammatory demyelination as evident in the
concentric rings of Balo’s type lesions as well as in the predemyelinating stage of acute
pattern III MS and LPS-mediated lesions [71,125]. HIF-1α, a transcription factor involved
in hypoxic preconditioning influences the composition of mitochondrial respiratory chain
subunits enabling efficient electron transfer [126]. HSP-70, a chaperone protein involved in
the import of cytoplasmic proteins into the mitochondrial matrix, is upregulated in the white
matter where demyelination is absent or limited [71,125]. The mitochondrial permeability
transition pore, which allows calcium efflux from mitochondria, when opened, and is
modulated during hypoxic preconditioning, has also been identified as a potential
therapeutic target in MS [114].

Conclusion
Recent evidence suggests that a proportion of surviving chronically demyelinated axons
have a conduction block based on defects of sodium channels and Na+/K+ ATPase. Such
functional defects identify the surviving demyelinated axons as a potential therapeutic target
in progressive MS, where the large diameter axons appear to be relatively preserved. The
increased energy demand and pattern of sodium channel distribution in dysmyelinated and
unmyelinated axons highlight the potential importance of mitochondria for structural and
functional integrity of axons lacking healthy myelin sheaths. There is a gathering body of
evidence implicating mitochondria in the pathogenesis of MS. Mitochondrial defects may
lead to axonal dysfunction and degeneration through lack of ATP, impaired calcium
handling, increased ROS production and by modulating the sodium channels, Na+/K+

ATPase and Na+–Ca2+ exchanger. In this context, it becomes important to fully understand
the exact function of the surviving large axons as well as the contribution of mitochondria to
the axonal dysfunction and degeneration in the progressive stage of MS. Mitochondria are
potential therapeutic targets in MS, particularly with respect to prevention of disease
progression.
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Figure 1.
Schematic diagram of the mitochondrial respiratory chain located in the inner mitochondrial
membrane. The electrons (e−) donated to complex I and complex II flow through to complex
IV where they are donated to oxygen to form water. The protons (H+) are pumped into the
intermembrane space from mitochondrial matrix to generate mitochondrial membrane
potential that drives ATP synthase to generate ATP. Cyanide is an inhibitor of complex IV.
Nitric oxide (NO) competes with oxygen for the oxygen binding sites and may irreversibly
inhibit complex IV. Complex I and complex III are recognized sites of reactive oxygen
species (ROS) production.
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Figure 2.
Mitochondrial respiratory chain complex IV activity in dysmyelinated and unmyelinated
axons. The Luxol Fast Blue staining is decreased in the spinal cord white matter of shiverer
mice containing dysmyelinated axons (A) compared with controls (B). The histochemical
analysis of complex IV activity in serial sections shows increased complex IV activity in the
white matter including the dorsal columns in shiverer mice (C) compared with controls (D)
[54]. In the lamina cribrosa where axons are unmyelinated (E), the complex IV activity (F)
is notably increased compared with the myelinated segments identified by Luxol Fast Blue
staining (E) [55].
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Figure 3.
The mitochondrial respiratory chain complex IV subunit-I (COX-I), a catalytic subunit of
complex IV, immunoreactive elements (A, green) and mitochondrial mass, judged by porin
(B, green) immunoreactive elements, in acute pattern III MS lesions. The COX-I reactive
elements are sparse within axons (red) in pattern III MS lesions compared with
mitochondrial elements, when identified using confocal microscopy. The insert shows a x–z
section through an axon containing mitochondria [66]. In myelinated axons, COX-I
immunoreactivity is comparable with porin (not shown). The axons are identified by
neurofilament immunoreactivity (A and B, red).
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