
193© Springer International Publishing 2016 
A.K. Reeve et al. (eds.), Mitochondrial Dysfunction in Neurodegenerative 
Disorders, DOI 10.1007/978-3-319-28637-2_8

    Chapter 8   
 Mitochondrial Dysfunction and Transport 
in Demyelinating Disease with Infl ammation                     

       Marija     Sajic     

    Abstract     Demyelinating diseases with infl ammation affect both the central and 
peripheral nervous systems. The histopathological hallmark of these devastating, 
and sometimes life-threatening, diseases is segmental demyelination of long axonal 
tracts and varying degrees of infl ammation, with important long-term consequences 
for the function and survival of axons and neurons. Mitochondria are essential for 
the function of all cells, but maybe more so for neurons, in both physiological and 
pathological conditions. Healthy neurons utilise a sensitive, responsive and dynamic 
mitochondrial population for their varied basal metabolism. It is not surprising, 
then, that mitochondria also play a fundamental role in adaptive mechanisms which 
enable neurons to survive pathological events such as loss of myelin sheath and 
exposure to infl ammatory mediators. Indeed, it is believed that the survival of axons 
in such an environment, and perhaps recovery to full functionality, critically depends 
on the adaptive capacity of its mitochondrial population. This chapter will present 
and interpret currently available, published knowledge relating to the role of neuro-
nal mitochondria in neuroprotection and neurodegeneration during demyelinating 
infl ammatory diseases of the central and peripheral nervous systems.  

  Keywords     Multiple sclerosis   •   Guillain-Barré syndrome   •   Mitochondria   
  Mitochondrial dynamics   •   Demyelination   •   Infl ammation  

8.1       Multiple Sclerosis 

 Multiple sclerosis (MS) is the most common demyelinating infl ammatory disease 
of the central nervous system (CNS) and the leading cause of non-traumatic dis-
ability in young adults in the developed world [ 1 ,  2 ]. As a distinct neurological 
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entity, MS was based on clinical criteria established by the French physician Jean-
Martin Charcot more than 150 years ago [ 3 ]. The disease typically follows a relaps-
ing-remitting course, whereby periods of loss of neurological function called 
relapses or attacks are followed by periods of complete or incomplete recovery 
(remissions). Over time, complete remissions become rare and neurological dys-
function gradually accumulates, leading to permanent, and often severe, 
disability. 

 Over 100 years ago, Otto Marburg described the pathology of what we now rec-
ognise as a partially remyelinated MS ‘plaque’. Since then, a large number of 
descriptive histopathological studies of post-mortem tissue have provided a detailed 
picture of MS lesions. These and, in more recent years, MRI-based imaging studies 
in patients together revealed unique, and to date unexplained, characteristics of 
MS – frequently appearing and disappearing infl ammatory-demyelinating lesions 
that are well demarcated from the normal-appearing surrounding tissue and scat-
tered throughout the CNS in a seemingly random fashion. Widespread neurodegen-
eration is a more recently recognised major feature of MS and often suspected as the 
likely cause of permanent disability. 

 The ubiquitous presence of infi ltrating immune cells in the examined lesions has 
led to the often stated but as yet unproven hypothesis that multiple sclerosis is an 
autoimmune disease. Great efforts have been dedicated to identifying a common, 
specifi c autoimmune target antigen in MS, with particular focus on components of 
the myelin sheath. However, to date, all attempts to identify an autoantigen have 
failed [ 4 ]. 

 The main pathological characteristics of MS lesions are (1) presence of scat-
tered infl ammatory foci in the brain and spinal cord parenchyma, mainly consist-
ing of macrophages and lymphocytes and often centred on a blood vessel, (2) 
segmental demyelination, (3) neuronal and axonal degeneration and (4) focal 
gliosis [ 5 ]. Although a major feature, infl ammation is not pathognomonic of 
MS. Other neurological diseases with progressive loss of neurons, such as 
Alzheimer’s [ 6 ] and Parkinson’s disease [ 7 ], also show a degree of infl ammation 
[ 8 ,  9 ]. Although a varying degree of white matter loss has been reported in both 
of these neurodegenerative conditions [ 10 – 12 ], the feature that distinguishes MS 
from all other CNS diseases is the type of demyelination. Namely, MS is the only 
CNS disease characterised by the so-called segmental (i.e. spreading from one 
node to the next one) demyelination. Indeed, recent histopathological evidence 
from exceptionally early MS lesions suggests that primary demyelination is the 
earliest event in the lesion formation [ 13 – 15 ]. The loss of the myelin sheath along 
a section of an axon has considerable consequences for its function, most obvi-
ously for impulse conduction. This early event sets off a series of adaptive mecha-
nisms aimed at preserving the axon structure, restoring its primary function in 
impulse conduction and restoring myelin. Mitochondria play a central role in a 
number of these adaptive, survival mechanisms. This chapter will review cur-
rently available, published knowledge on the role of mitochondria in axonal and 
neuronal protection against degeneration during infl ammatory-demyelinating 
disease. 
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8.1.1     The Role of Myelin in Axonal Energy Homeostasis 

 The main role of myelin is generally believed to be in enabling saltatory impulse 
conduction in myelinated axons. This is separate from any metabolic support for the 
axon which may be provided by the myelinating glial cell. As in all cells, the neuron 
maintains ionic disequilibrium across its plasma membrane via the activity of ATP 
utilising pumps. The maintained ionic concentration gradient is measurable as a 
resting potential. A feature more specifi c to neurons however is the presence in the 
membrane of voltage-dependent Na +  and K +  gates. These gates open transiently in 
response to a critical level of depolarisation, particularly the Na +  gates, allowing 
ions to fl ow along the concentration gradient and producing a transient reversal of 
potential – the action potential – before closing and allowing restoration of the rest-
ing potential. The opening of the channels, and hence the action potential, is an 
all-or-nothing phenomenon. The depolarisation and accompanying ionic fl ow last 
long enough to open adjacent gates. However, gates once opened and closed require 
a fi nite time to achieve the initial confi guration and cannot be immediately reopened; 
consequently, the action potential progresses along the axon in one direction, giving 
impulse conduction. The immediate free energy required for the action potential is 
derived from the local change in entropy. The resting potential relies on the continu-
ous activity of the Na + /K +  ATPase, which is distributed evenly along the axolemma 
(axonal membrane) in both myelinated and nonmyelinated axons. This would estab-
lish a requirement for an even distribution of mitochondria. 

 In contrast to unmyelinated axons, the distribution of sodium channels in myelin-
ated axons (Fig.  8.1 ) is restricted to narrow gaps between the segments of the myelin 
sheath called nodes of Ranvier (~1 μm) where there may be 1,000–2,000 channels 
per μm 2 . Neighbouring nodes, for example, in human sural nerve, a sensory nerve 
which descends down the posterior lateral side of the calf and lateral side of foot 
dorsum, may be separated by up to 1.4 mm of continuous myelin, called internodal 
segments [ 16 ]. Such clustering of channels at regular, but distant, intervals means 
that the fl ux of sodium and potassium ‘jumps’ from node to node skipping long 
internodal stretches, thus vastly increasing the speed of conduction. Furthermore, 
myelin acts as an electrical insulator, reducing the overall capacitance of the axo-
lemma and thereby maximising the effect of potential change brought about by the 
inward sodium current at the node [ 17 – 19 ]. In other words, in the absence of myelin, 
the depolarising current quickly dissipates as it fl ows along the axons rather than 
staying ‘focused’ to the narrow nodal gap, resulting in insuffi cient current available 
to depolarise the next node and saltatory conduction fails. Having such an effect on 
preventing the loss of current, it follows that myelin reduces the net amount of ions 
required for successful membrane depolarisation across the axolemma. In this way, 
myelin also minimises axonal energy consumption, as far fewer sodium and potas-
sium ions are required to be actively transported by Na + /K + ATPase in order to re- 
establish resting potential than in unmyelinated axons.

   As mitochondrial oxidative phosphorylation is the main source of ATP in neu-
rons, both neuronal cell bodies, dendrites and axons are highly dependent on correct 
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 functioning  of these organelles for reliable and constant ATP supply. Furthermore, 
neurons are morphologically the most complex cells in the body, many having thou-
sands of dendrites and axons of considerable length; thus, their function is critically 
dependent not only on the correct function but also on the precise and correct  loca-
tion  of mitochondria. For example, neurons exhibit great variations in impulse 
activity over time, thus the relative energy demands of different neuronal sub- 
compartments are often rapidly changing. Although mitochondrial DNA synthesis 
has been reported to occur within some vertebrate peripheral axons [ 20 ], given that 

  Fig. 8.1    Impulse conduction in unmyelinated and myelinated axons. In  unmyelinated axons  ( top 
panel ), sodium channels are distributed along the whole surface of axonal membrane. During 
impulse conduction, sodium ions enter intra-axonal space from extracellular compartment along 
its entire length, sequentially changing membrane potential and thus creating small, continuous 
depolarising currents which spread slowly from one end of the axon to another. In  myelinated 
axons  ( bottom panel ), channel distribution is highly organised within specifi c subregions. Sodium 
channels are restricted to narrow gaps between the segments of the myelin sheath, called nodes of 
Ranvier. Myelin is attached to axolemma at paranodal regions by a number of anchoring proteins 
such as Caspr. Voltage-gated potassium channels and sodium/potassium pump are located in the 
juxtaparanodal regions. During impulse conduction, ion fl uxes are limited to these narrow regions, 
thus greatly increasing speed of conduction       
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the majority of mitochondrial proteins are encoded in the nuclear genome [ 21 ], the 
bulk of mitochondrial biogenesis is thought to occur in the vicinity of the cell body. 
Therefore, any increase in metabolic demand at a distance from the soma would 
require increased mitochondrial transport via the long-distance, axonal transport 
system. This complex transport machinery provides optimal mitochondrial supply 
to all neuronal areas simultaneously, including sites remote from the cell body. 
Indeed, axonal impulse activity and mitochondrial axonal transport rate are posi-
tively correlated in both myelinated and unmyelinated peripheral nerve fi bres [ 22 ]. 
Clearly, delivering mitochondria to areas of high metabolic demand (the right place) 
at the right time is essential. One such area appears to be the unmyelinated or demy-
elinated segment. This difference in axonal energy requirements depending on the 
presence of myelin is shown clearly by the example of optic nerve fi bres crossing 
 lamina cribrosa , a mesh-like structure at the posterior part of the sclera. Namely, the 
axons of the optic nerve are in many mammals unmyelinated on the intraocular side, 
but the same axons are myelinated on the extraocular side of  lamina cribrosa . 
Interestingly, both the total amount and the activity of mitochondrial complex IV 
(cytochrome  c  oxidase) have been found to be signifi cantly greater in the unmyelin-
ated part of these axons than in their myelinated segments [ 23 ,  24 ]. As complex IV 
is the major consumer of cellular oxygen, this increase in complex IV activity sug-
gests that the demand for the oxygen, and by inference the ATP, is higher in the 
unmyelinated than in the myelinated segment of the axon. Furthermore, given that 
the diameter of the optic nerve axons on either side of the  lamina cribrosa  is the 
same [ 25 ], the increase in the level of the complex IV subunit II [ 23 ] suggests a 
greater density of mitochondria in the unmyelinated segment of optic nerve axons. 
A similar high relative density of mitochondria in unmyelinated, compared with 
myelinated, axons has been observed in peripheral nerve axons (Fig.  8.2 ). This 
inverse correlation between myelination and mitochondrial density is entirely con-
sistent with the energy-saving effect of the myelin sheath on axonal metabolic 
demand arising directly from impulse conduction, i.e. if conduction increases axo-
nal transport, then this is an additional demand for energy consequential to 
conduction.

8.1.2        Energy Metabolism of Demyelinated Axon 

 Having in mind the above, it is not surprising that the loss of myelin sheath (i.e. 
demyelination during multiple sclerosis) renders axons vulnerable to a range of 
insults, including relative energy insuffi ciency. One of the earliest, and the most 
obvious, consequences of myelin loss is the impairment of impulse conduction 
propagation across the demyelinated segment. The effect of demyelination on 
impulse conduction has been studied in a range of focal, experimentally induced 
demyelinating lesions, typically using Schwann cell and oligodendrocyte toxins 
which inhibit protein synthesis such as diphtheria toxin and ethidium bromide or 
agents that cause destruction of myelin without affecting the myelin-forming cells, 
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  Fig. 8.2    In vivo confocal image of mitochondria in myelinated and unmyelinated fi bres in Thy1- 
CFP- S positive (mito-S) mouse peripheral nerve. Exposed saphenous nerve axons are labelled in 
situ with Alexa Fluor 488 conjugated Griffonia isolectin IB4 ( green ) and tetramethylrhodamine 
methyl ester (TMRM,  red ). Isolectin IB4 is a glycoprotein isolated from the seeds of the African 
legume,  Griffonia simplicifolia , known to specifi cally bind to a subgroup of unmyelinated fi bres, 
hence named IB4 +  C fi bres. TMRM is a potentiometric dye which preferentially accumulates 
within polarised (healthy) mitochondria. This combination of unmyelinated fi bre labelling, func-
tional mitochondrial labelling and constitutively expressed mitochondrial CFP enables visualisa-
tion of polarised mitochondria ( c ,  d ) within unmyelinated fi bres ( a ,  d ). In CFP-S mice, the cyan 
fl uorescent protein is constitutively expressed only in mitochondria within 40–60 % of myelinated 
axons (not expressed in unmyelinated fi bres), thus enabling distinction between mitochondria in 
myelinated fi bres and mitochondria in Schwann (and other) cells (Note that the density of mito-
chondria within unmyelinated fi bres ( green arrows  in  a ) is noticeably greater ( red arrows  in  c  and 
in merged image in  d ) than in larger diameter, myelinated fi bres ( white arrows ). Scale bar = 10 μm)       
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such as lysolecithin [ 26 ]. In such lesions, demyelination begins at the paranodal 
regions and spreads in both directions along the juxtaparanode and internode, as 
myelin loses its compact structure and detaches from axons [ 18 ]. This structural 
change affects the electrical properties of the axolemma in such a way that the over-
all membrane capacitance increases [ 17 ]. Owing to this increase in capacitance of a 
demyelinating axon, greater inward current is necessary in order to depolarise the 
next node, which means that more sodium moves into the axon and it takes a longer 
time to reach the excitation threshold than in myelinated axons. It has been shown 
in experimentally induced demyelinated lesions that internodal conduction may be 
30 times slower than in normal, myelinated internodes [ 17 ]. Furthermore, repetitive 
impulse activity along such demyelinated segments leads to a gradual build-up of 
intracellular sodium, eventually overwhelming the sodium pump, and subsequently 
completely blocking the conduction [ 17 ]. Nonetheless, as the loss of myelin pro-
gresses and axons become completely denuded, impulse conduction is established 
again, albeit with different characteristics. Instead of being saltatory conduction, 
over the 2 or 3 weeks of persistent demyelination, the conduction re-establishes as 
slow and continuous, reminiscent of conduction in unmyelinated axons [ 27 ]. 
Furthermore, the demyelinated axons may exhibit spontaneous, ectopic impulse 
activity [ 28 ]. 

 These elegant studies of axonal conduction along demyelinated segments, per-
formed over 30 years ago, predicted that profound changes in distribution of ion 
channels along the axonal membrane must underlie the re-establishment, and the 
change in the nature, of impulse conduction. Indeed, it was later reported in animal 
models of multiple sclerosis [ 29 ,  30 ] and in MS lesions [ 31 ,  32 ] that the pattern of 
distribution of voltage-gated sodium channels changes dramatically following 
demyelination. Specifi cally, a subgroup of sodium channels called persistent cur-
rent Na V 1.6 channels, and other Na channels such as Nav1.2, become diffusely 
distributed along the demyelinated axolemma, instead of highly concentrated in a 
narrow area of the node [ 31 ]. Similarly, it has been shown that the distribution of 
potassium channels changes from their strict paranodal location in myelinated 
axons to diffuse localisation along demyelinated or dysmyelinated internodes [ 33 –
 36 ]. As in healthy unmyelinated fi bres, the widespread distribution of these changes 
allow for greater amounts of ion movements across the axolemma during impulse 
conduction, thereby necessitating greater activity of Na + /K +  ATPase, which accord-
ingly increases ATP demand. It has been shown in models of ischemia [ 37 ,  38 ] and 
neurotrauma [ 39 ] that when such increased energy demand cannot be met due to 
insuffi cient ATP, the ensuing energy imbalance leads to accumulation of sodium 
ions in the axoplasm. Although harder to prove, high impulse conduction load is 
presumed to have a similar effect on intra-axonal sodium concentration, as the 
repetitive fi ring may lead to fast depletion of ATP. The high intra-axonal concentra-
tion of sodium, in turn, activates another pump called the sodium/calcium exchanger 
(Na + /Ca 2+  exchanger) to work in reverse [ 39 ], importing calcium ions from the 
extracellular space in exchange for intracellular sodium, whereas it normally exports 
calcium from the axoplasm. These changes lead to pathologically high intracellular 
concentrations of calcium within demyelinated axons [ 38 ,  39 ] and activation of 
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dangerous Ca-mediated cascades which, in experimental models of infl ammatory- 
demyelination, result in axonal degeneration [ 30 ,  32 ]. 

 From all the above, it is clear that two critical factors that determine the future of 
demyelinated axons are (1) the availability of ATP for the increased demand in the 
demyelinated segment and (2) the capacity of that segment to buffer excess calcium 
load. Both of these functions are performed by mitochondria; hence, unsurprisingly, 
mitochondria play a major role in determining the long-term outcome of demyelin-
ation. Importantly, however, following demyelination, the increased demand for 
mitochondria arises within an area that may be a long way away from the cell body. 
Therefore, other aspects of axonal function, such as those regulating mitochondrial 
transport from cell body along the axon, are essential for delivering mitochondria to 
the vulnerable site and thus at least equally important for long-term axonal 
survival.  

8.1.3     The Role of Mitochondria in Survival 
of Demyelinated Axon 

 How long demyelinated axons survive in vivo is unclear. Answering this question is 
particularly diffi cult due to extremely limited availability of human tissue from 
demyelinated lesions. Even so, it has been apparent from the earliest descriptions of 
MS lesions, such as those described by Otto Marburg in 1906 [ 40 ], as well as from 
the more recent ones [ 41 ,  42 ] that some demyelinated axons can persist within the 
lesions long enough to become remyelinated. Autopsy material from patients who 
died early in the course of MS revealed crucial information about natural evolution 
of demyelinated axons in human brains during early stages of the disease. These 
studies showed that demyelinated axons that had newly arisen within previously 
unaffected white matter often become remyelinated, forming so-called shadow 
plaques [ 43 ,  44 ]. Furthermore, in one study of 98 lesions, approximately 15 % of 
old shadow plaques showed evidence that axons within this area had been recently 
demyelinated for the second time [ 42 ]. Similar focal recurrence of new and chronic 
lesions has been reported in longitudinal MRI examinations [ 45 – 47 ]. 

 Experimental models of demyelination and dysmyelination further elucidated 
the role of myelin in axonal survival. A number of signifi cant differences between 
these, typically genetically modifi ed, rodent models of myelin loss and multiple 
sclerosis, a disease that is yet to be faithfully reproduced in experimental animals, 
preclude us from drawing parallels between human and rodent demyelinated axons. 
Nonetheless, studies in which one myelin component has been replaced by another 
provided an important insight into the role of myelin as trophic support for axons. 
For example, a study in which the CNS myelin protein called proteolipid protein has 
been replaced by a peripheral nervous system (PNS) myelin protein called P0 in the 
CNS of mice showed that despite appropriate myelination and apparently intact 
compact myelin, these mice show increased rate of axonal degeneration and 
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 subsequent neurological defi cit in comparison with wild-type mice [ 48 ]. This and 
other studies [ 49 ,  50 ] have emphasised the role of myelin-forming cells in axonal 
health and survival independently of the role of myelin itself. 

 Given that myelin-forming cells provide trophic support [ 51 ] and the role of 
myelin in energy saving, successful remyelination of demyelinated axons, enables 
better and more long-lasting functionality and overall protection to axons than 
would be the case for the chronically demyelinated axons, as experimentally con-
fi rmed in mice [ 52 ]. Indeed, axonal degeneration represents a major feature of mul-
tiple sclerosis, as reported originally by Charcot [ 3 ]. Furthermore, axonal loss 
increases progressively over the duration of the disease [ 53 ,  54 ] and has been identi-
fi ed as a major determinant in the irreversible loss of neurological function [ 55 ]. 
Changes in mitochondrial activity and in organisation of the mitochondrial network 
help to promote axonal survival and thus play an important role in determining the 
overall disease progression rate. 

8.1.3.1     Changes in Mitochondrial Distribution Associated 
with Demyelination 

 As mitochondria are the main source of ATP in neurons, the increased demand for 
ATP brought about by myelin loss and subsequent changes in the nature of impulse 
conduction and the expression pattern of ion channels are closely accompanied by 
changes in the pattern and distribution of axonal mitochondria. More specifi cally, 
axonal mitochondria aggregate within demyelinated regions. For example, in exper-
imentally induced segmental demyelination of cat optic nerve, the number of mito-
chondria per unit area, as assessed by the number of mitochondrial profi les on the 
cross-section of electron micrograph, was found to be up to 2.5 times greater in 
demyelinated than in control optic nerve axons [ 56 ]. Interestingly, the greatest mito-
chondrial density within these demyelinated segments coincided with periods of 
impulse conduction re-establishment (i.e. the transition from conduction block to 
slow, continuous conduction) [ 57 ] when the energy demand is predicted to be the 
highest (as long as the frequency of conduction is not greatly reduced) and then 
decreased in parallel with advancing remyelination and thus the decrease in axonal 
energy demand. Furthermore, the peak density of mitochondria in the demyelinated 
segments of the same optic nerve axons was nearly identical to the density of mito-
chondria in their unmyelinated, intraocular, counterparts which were not affected by 
this experimental demyelination [ 57 ]. Such closely comparable mitochondrial den-
sities suggest that the levels of energy demand in demyelinated and unmyelinated 
axons of similar calibres are similar. 

 In vitro, the effect of demyelination on mitochondrial distribution within axons 
has been examined in organotypic cerebellar slice cultures and myelinating dorsal 
root ganglion (DRG) cultures [ 58 ]. Although being examined at postnatal day 8 or 
9, axons in organotypic cerebellar slice cultures do not possess all the characteris-
tics of adult myelinated axons. Nonetheless, like in the adult cat axons described 
above, their exposure to demyelinating agent lysolecithin resulted in signifi cant 

8 Mitochondrial Dysfunction and Transport in Demyelinating Disease



202

increase in mitochondrial content in comparison with axons from control cultures, 
as assessed by electron microscopy [ 59 ]. A similar effect has been reported in cul-
tures of rat embryonic peripheral nerve axons. Namely, mixed cultures of DRG and 
Schwann cells, isolated from embryonic day 16, can be maintained in culture for up 
to 9 weeks during which time Schwann cells can be induced to myelinate the grow-
ing DRG axons by addition of ascorbic acid to the culture medium [ 60 ]. When 
lysolecithin is added to these cultures, axons become demyelinated. Electron 
microscopy assessment has shown that following exposure to lysolecithin, the size 
of stationary mitochondrial sites within demyelinated axons signifi cantly increases 
compared with myelinated axons [ 58 ]. Also, larger mitochondria become signifi -
cantly more abundant in demyelinated than in myelinated axons. However, in this 
model system unlike in adult mice, despite this increase in size, the number of sta-
tionary mitochondrial sites per unit of axonal length remained identical in myelin-
ated and demyelinated axons, suggesting that some smaller, newly aggregated, 
mitochondria may have fused in order to form large mitochondria. This difference 
between axons demyelinated in culture and demyelinated in situ likely refl ects the 
fact that axonal growth is continuing in vitro and other differences in the axon matu-
rity and type of myelination between these model systems. In another words, devel-
oping axons and adult axons may employ different mechanisms to increase 
mitochondrial mass within demyelinated region. 

 A signifi cant increase in axonal mitochondrial content has also been observed in 
the corpus callosum of mice fed cuprizone [ 59 ], a toxin which causes demyelination 
by selectively killing oligodendrocytes [ 61 ], in comparison with control fed mice. 
In this elegant study, authors used a serial block scanning electron microscope to 
precisely reconstruct individual mitochondria within both demyelinated and myelin-
ated axons and quantify mitochondrial number, length and volume. Using this tech-
nique, the study found that the number, length and volume of individual mitochondria 
were signifi cantly greater in demyelinated than in myelinated axons. Overall mito-
chondrial volume per axonal volume of demyelinated axons was found to be double 
that of myelinated axons [ 59 ]. Another experimental model of demyelination also 
showed the increase in mitochondrial content in demyelinated axons. Targeted 
demyelination induced by stereotactic injection of ethidium bromide (EB) to the 
caudal cerebellar peduncle was also associated with increased axonal mitochondrial 
content, reaching the peak levels during demyelination and early remyelination, but 
staying high even in fully remyelinated axons [ 62 ]. The difference between remye-
linated and myelinated axons was attributed to a signifi cant increase in mitochon-
drial number rather than their size [ 62 ]. It is worth noting that the glial trophic 
support to the axons is removed in the above models, thus the increased myelin 
content may represent a response to the combination of increased ATP and trophic 
demand. In vivo, real-time confocal imaging data from our laboratory showed that 
in demyelination of the peripheral nerve induced with lysolecithin, the increase in 
mitochondrial density in the demyelinated segment faithfully coincides with the 
period of re-establishment of continuous conduction and thus the greatest energy 
demand, in such axons. 

M. Sajic



203

 Finally, the change in mitochondrial density has also been reported in axons in 
multiple sclerosis lesions. Immunohistochemical labelling for a mitochondrial 
marker called endoplasmic reticulum-associated binding protein (ERAB) showed a 
signifi cant increase in the level of this protein in axons within active demyelinating 
lesions in comparison with normal-appearing white matter [ 63 ]. Similarly, a signifi -
cant increase in mitochondrial density judged by the level of voltage-gated anion 
channel (VDAC), a protein specifi c for the outer membrane of all mitochondria 
[ 64 ], has been found in axons within chronically demyelinated lesions compared 
with control and normal-appearing white matter [ 65 ]. The increase in density of 
mitochondria in some human lesions seems to persist beyond the duration of demy-
elination, remaining signifi cantly greater in remyelinated than in normally myelin-
ated axons [ 62 ]. Although the stage and the length of human lesions are diffi cult to 
assign and immunohistochemical studies are less powerful in determining the pre-
cise number and volume of mitochondria per axon area than serial electron micros-
copy, these studies nonetheless suggest that an increase in mitochondrial mass is an 
important mechanism for matching increased energy and metabolic demand in 
human, as well as in experimental, axonal demyelination.   

8.1.4     Mechanisms Underlying Mitochondrial Redistribution 
Along Demyelinated Axons 

 Mitochondria are remarkably dynamic organelles. In excised, intercostal nerve 
axons, about 15 % of all axonal mitochondria appear mobile [ 66 ]. In electrically 
active PNS axons conducting within physiological range, the number, the size and 
the velocity of mobile mitochondria increase proportionally to increase in conduc-
tion frequency. Remarkably, this increased mobilisation of mitochondria within 
conducting axons preferentially affects anterogradely moving mitochondria, thus 
resulting in accumulation of mitochondria in peripheral nerve terminals [ 22 ]. Thus, 
expectedly, the mechanism underlying the redistribution of mitochondria to ener-
getically demanding regions of axons following demyelination is closely coupled 
with axonal transport of these organelles. 

8.1.4.1     Axonal Transport of Mitochondria 

 Mitochondrial axonal transport is complex and highly regulated process which 
involves specialised molecular machinery (Fig.  8.3 ). The two major components of 
this machinery are (1) microtubules, which serve as tracks, and (2) molecular 
motors, which carry mitochondria along the tracks.

   Microtubules are long, cylindrical structures spanning the length of axon, formed 
by polymerisation of α- and β-tubulin heterodimers. The heterodimers are assem-
bled in such a way that α-tubulin is always exposed at one end of the microtubule 
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and β-tubulin is exposed on the opposite end, thus giving intrinsic polarity to micro-
tubules. By convention, the cell body-anchored end is called the ‘minus end’, and 
the growing end (with exposed α-tubulin) is called the ‘plus end’. Such orientation 
whereby the ‘plus end’ points towards the axon terminal is nearly uniform in all 
axons [ 67 ] and plays an important part in axonal transport as molecular motors 
move preferentially in one direction. The major molecular motors for axonal trans-
port are kinesin 1 and dynein [ 68 ]. These motors comprise of a number of special-
ised domains assembled into large, multiunit complexes (see Fig.  8.3 ). Two of the 
domains associate with microtubules and are thus called microtubule-binding 
domains. They are linked by a hinge region, resembling two feet (microtubule- 
binding domains), legs (light chains) and the hip (hinge region). The microtubule- 
binding domains exert ATP-hydrolysing activity [ 69 ]. Using the energy released by 
ATP hydrolysis, the ‘legs’ alternate in attaching and detaching from microtubules in 

  Fig. 8.3    Mitochondrial axonal transport machinery. ( a ) The canonical structure of kinesin 1, the 
main anterograde motor. Kinesin 1 consists of motor domains, heavy and light chains. The motor 
domains contain ATPase-hydrolysing moiety and bind to microtubules (shown in part  c ). Adaptor 
proteins Milton and Miro1, which also contain Ca 2+ -binding domain, bind kinesin to mitochondria 
(shown in part  c ) and play a part in regulation of mitochondrial arrest at sites of high Ca 2+  concen-
tration. Using energy from ATP hydrolysis, kinesin makes step-like movements along microtu-
bules towards its positive end ( c ), carrying mitochondria along the microtubule track. ( b ) Dynein 
is a multi-protein complex which acts as the major retrograde motor. Dynein also uses ATP for 
movement along the microtubules. For detailed structure of dynein see reference [ 76 ]. ( c ) 
Mitochondrial traffi cking. Mitochondria are transported along microtubules by molecular motors 
kinesin 1 and dynein. Kinesin 1 moves towards the ‘plus end’ of the microtubule, which is typi-
cally furthest from the cell body. In contrast, dynein predominantly moves towards the ‘minus end’ 
of the microtubule, typically nearest the cell body. Stationary mitochondria appear to be bound to 
cytoskeletal proteins neurofi lament medium ( NF-M ) and neurofi lament heavy ( NF-H ) chain side 
arm bound to neurofi lament light ( NF-L ) chain       
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a stepwise motion, thus pulling along the cargo [ 70 ,  71 ]. One ATP molecule is 
hydrolysed for every 8 nm step of kinesin [ 72 ]. The kinesin family of molecular 
motors predominantly moves towards the ‘plus end’ of microtubules, thus enabling 
anterograde (from cell body towards the terminal) transport of cargoes [ 74 ,  75 ]. 

 Other domains of molecular motors, often called adaptor domains, have func-
tions such as binding cargoes and sensing changes in the local environment. In the 
kinesin family, major adaptor proteins are cargo-binding Milton and Miro1. Other 
adaptor proteins connecting kinesin and mitochondria include syntabulin, fascicula-
tion and elongation protein zeta 1 (FEZ1) and RAN binding protein 2 (RANBP2). 
Miro1 contains a Ca 2+ -sensing and Ca 2+ -binding domain which plays a critical part 
in mitochondrial arrest at sites of high Ca 2+  concentration. Namely, the linkage 
between Miro1 and mitochondria is disrupted by Ca 2+  binding to Miro1, e.g. at sites 
of high (micromolar) intra-axonal concentrations of Ca 2+  [ 73 ]. In this way, the Ca 2+ -
dependent binding of Miro1 to mitochondria regulates mitochondrial retention at 
sites of high Ca 2+  concentrations. 

 Dynein is a particularly complex multi-protein motor (for detailed structure, see 
review by Hirokawa et al. [ 76 ]), which also uses ATP for movement along the 
microtubules. The dynein family, and a related large complex called dynactin, can 
move in both directions, but favour movement towards the ‘minus end’ of microtu-
bules, enabling retrograde (towards the cell body) transport [ 77 – 79 ]. 

 A number of studies have (reviewed in [ 34 ]) proposed that the purpose of mobili-
sation of axonal mitochondria by means of axonal transport is a physiological 
response which enables delivery of suffi cient number of mitochondria to sites of 
high-energy demand or high Ca 2+  concentration, such as peripheral nerve terminals, 
active growth cones and synapses. Data from our lab has shown that mitochondria 
are preferentially mobilised from the areas proximal to the segment depleted of ATP 
(i.e. from the side of the cell body or through the anterograde axonal transport). 
Also, it has been shown in cultured rat cortical and cerebellar neurons that mito-
chondrial motility affects other aspects of mitochondrial dynamics, such as fi ssion 
and fusion [ 80 ]. For example, it has been shown that the probability that a mobile 
mitochondrion will get engaged in fusion with a stationary mitochondrion increases 
proportionally to the velocity of the moving partner, whereby the higher the speed 
at impact, the higher the chance that the colliding mitochondria will fuse [ 80 ]. 

 Studies of mitochondrial transport in myelinating DRG cultures showed that the 
velocity of mitochondrial transported along the axons increases by almost 50 % fol-
lowing demyelination, returning to the same level as prior to demyelination once 
axons become remyelinated. On the other hand, data from our lab shows that, in 
contrast to myelinating DRG cultures, axonal mitochondrial transport within demy-
elinated peripheral nerve axons in vivo becomes signifi cantly reduced just prior to 
demyelination. It is unclear what accounts for this difference, as the same agent, 
lysolecithin, is used in both systems. It seems likely that in cultured DRGs, which 
are unlikely to be conducting, and which are still growing while being examined, 
mitochondria need to be transported towards the growing cone [ 81 ] to populate the 
growing axons, whereas in adult axons imaged in vivo mitochondria had already 
been positioned along axons prior to demyelination [ 22 ]. 
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 Once recruited from other parts of the axon and transported towards the demye-
linated segments, a specifi c mechanism for mitochondrial anchoring is activated to 
ensure that mitochondria remain within the demyelinated area. The protein which 
tethers mitochondria to microtubules and thus immobilises them is called syn-
taphilin [ 82 ]. Immunoreactivity for this protein has been shown to signifi cantly 
increase in experimentally demyelinated  corpus callosum  in mice, when compared 
with controls [ 59 ]. Indeed, deletion of syntaphilin prevented mitochondrial accumu-
lation within demyelinated axons in mice [ 59 ]. Furthermore, demyelinated axons in 
these syntaphilin-defi cient mice show signifi cantly higher susceptibility to degen-
eration than those in wild-type controls [ 59 ]. Also, the study showed that the degen-
eration of demyelinated axons in syntaphilin-defi cient mice could be minimised 
when mice were treated with sodium channel blocker fl ecainide, thus supporting the 
hypothesis that impulse load-induced sodium/calcium cascade initiates axonal 
degeneration in such axons. In human axons obtained from post-mortem brains 
from patients with multiple sclerosis, increased immunohistological labelling for 
syntaphilin associated with mitochondrial labelling has also been reported [ 65 ]. 
Therefore, focal mitochondrial immobilisation mediated by the anchoring protein 
syntaphilin appears to represent a common and important adaptation mechanism for 
providing energy, and/or a local calcium buffer to areas where ion fl uxes of sodium 
and Ca 2+  into denuded axon segments may become augmented.  

8.1.4.2     Changes in Mitochondrial Function Associated 
with Demyelination 

 Apart from the mitochondrial mass, changes in mitochondrial function have also 
been reported within demyelinated axons. In experimental demyelination, induced 
in mice fed a cuprizone diet, mitochondrial complex IV activity was signifi cantly 
increased in comparison with the control diet-fed mice [ 83 ]. However, in this study, 
the increase in complex IV activity was found only in the early stages of the treat-
ment, i.e. prior to immunohistochemically detectible demyelination, the level of this 
complex activity being similar between the groups during the overt demyelination 
[ 83 ]. In another study, using ethidium bromide injection to induce focal demyelin-
ation, the activity of mitochondrial complex IV has been found to be signifi cantly 
increased in remyelinated axons in comparison with myelinated axons [ 62 ]. 
However, the study does not report the complex IV activity in demyelinated axons. 

 In human axons, an increase in activity of complex IV has been reported within 
MS lesions negative for proteolipid protein (PLP), one of the major components of 
myelin, using immunohistochemistry, histochemistry and biochemical assays [ 84 ]. 
Also, the increase in activity of complex IV was found in a subset of axons within 
inactive lesions [ 65 ]. Importantly, the axons showing increased complex IV activity 
appeared structurally intact and had no pathological accumulation of amyloid pre-
cursor protein or dephosphorylated neurofi lament. It is possible, therefore, that the 
greater mitochondrial activity in these axons refl ects the successful adaptation 
to conditions in such lesions, in the form of high local ATP production to enable 
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survival. However, only direct measurements of produced ATP, a methodology that 
is currently not available for human tissue, could directly address this hypothesis. 
Furthermore, studies that have examined lesions at different stages have described 
the opposite effect, i.e. the decrease of activity of mitochondrial complexes, as dis-
cussed below.   

8.1.5     Effects of Infl ammation on Mitochondrial Function 
and Transport in Infl ammatory-Demyelinating Lesions 

 Infl ammation is a major characteristic of MS. Importantly, a haematogenous infl am-
matory reaction develops within the CNS rapidly following initiation of lesions [ 85 , 
 86 ]. The relative abundance of infl ammatory cells has led to one of the most widely 
used classifi cations of MS lesions into active or inactive lesions. Typically, active 
MS lesions are characterised by the abundant presence of infi ltrating infl ammatory 
cells, mainly phagocytic macrophages fi lled with the initial degradation products of 
myelin, interspersed between segmentally demyelinated, relatively spared axons 
[ 87 ]. On the other hand, inactive (or chronic) lesions are typically characterised by 
fewer infl ammatory cells scattered between demyelinated, thinly myelinated and 
damaged axons and intense glial scar [ 87 ]. Importantly, the extent of infl ammation 
strongly and positively correlates with the magnitude of axonal degeneration [ 88 , 
 89 ]. The mechanism underlying this high rate of axonal degeneration is partly 
attributed to infl ammatory damage to mitochondria. Infl ammatory cells produce a 
wide range of mediators [ 90 – 94 ], of which reactive nitrogen [ 95 ] and oxygen [ 96 ] 
species have been shown to be particularly toxic to mitochondria [ 97 – 102 ]. Indeed, 
while the increase in the activity of complex IV has been found in a subset of 
chronic, inactive white matter lesions [ 65 ,  84 ], at the active edge of these lesions 
where the infl ammation is prominent, the complex IV activity has been found to be 
signifi cantly decreased [ 65 ]. This pattern of complex IV activity is consistent with 
fi ndings that reactive nitrogen and oxygen species produced by activated microglia 
and macrophages are potent inhibitors of complexes I and IV [ 103 ]. In the motor 
cortex of patients with MS, activity of complexes I, III and V (ATP synthase) has 
been found to be signifi cantly decreased in comparison with non-neurological con-
trols, even in the areas that had been classifi ed as ‘not lesioned’ by conventional 
ultra- and immunohistochemical methods [ 48 ]. Interestingly, the activity of com-
plex IV in patient tissue was comparable to that of controls, raising the possibility 
that the increase in activity of complex IV is a compensatory mechanism to main-
tain mitochondrial membrane potential. Nonetheless, the decrease in activity of 
complex V in this study suggests that neurons in the cortex of MS patients were 
deprived of ATP even before they become demyelinated. The decrease in the activ-
ity of the complexes in this study may be explained by the low expression of nuclear 
genes encoding for mitochondrial respiratory chain proteins [ 48 ]. However, it is 
unclear what caused the low expression pattern of these genes. Another study that 
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reported a decrease in activity of complex I in chronic active lesions suggested that 
the cause may be the oxidative damage to mitochondrial DNA [ 104 ]. Experimental 
studies in acute, lipopolysaccharide (LPS)-induced model of systemic infl ammation 
(sepsis) in rats showed that, compared with controls, systemic infl ammation reduces 
activity of all mitochondrial complexes and oxygen consumption and signifi cantly 
lowers production of ATP in mitochondria isolated from the liver [ 105 ] or heart 
muscle [ 106 ] and that this effect is prevented with antioxidant therapy. Also, injec-
tion of LPS in mouse brain has been shown to increase lipid peroxidation and 
decrease glutathione content at the site of injection, causing loss of mitochondrial 
membrane potential and mitochondrial integrity [ 107 ]. 

 Experimental studies have further elucidated mechanisms by which mitochon-
dria participate in axonal damage within active MS lesions. For example, in vivo 
confocal imaging of spinal cord axons of mice with experimental autoimmune 
encephalomyelitis (EAE), a widely used model of MS, demonstrated changes in the 
shape of intra-axonal mitochondria consistent with mitochondrial fragmentation 
[ 108 ]. Similar morphological changes in axonal mitochondria could be reproduced 
by external addition of reactive oxygen species, implicating this mediator in mito-
chondrial damage in EAE [ 108 ]. Functional status of such fragmented mitochondria 
is diffi cult to assess, although the fragmentation occurred preferentially within the 
axonal ovoids, the formations often preceding axonal transection. Studies from our 
lab suggest that fragmentation of axonal mitochondria occurs at the onset of neuro-
logical defi cit in EAE and that it is associated with loss of mitochondrial membrane 
potential. Further in vivo confocal imaging studies showed that axonal transport of 
mitochondria and other cargoes is signifi cantly reduced in EAE in comparison with 
axons from control mice, leading to loss of mitochondria in distal segments of 
affected axons [ 109 ]. Similarly to mitochondrial fragmentation, this axonal trans-
port defi cit preceded structural defi cits and could be rescued by redox scavengers 
[ 109 ]. 

 Inducible nitric oxide synthase that synthesises nitric oxide (NO) production in 
macrophages, another potent mitochondrial toxin, is often found in infl ammatory 
foci in MS [ 95 ,  110 ]. Apart from possibly inhibiting mitochondrial respiration and 
thus ATP depletion, NO has another detrimental effect. Specifi cally, NO [ 111 ], as 
well as ROS [ 112 ], has been shown to play a role in the induction of the so-called 
mitochondrial permeability transition pore (mPTP), an inner mitochondrial mem-
brane channel permeable for small molecules and solutes [ 113 ]. Abrupt opening of 
mPTP leads to loss of mitochondrial membrane potential, uncoupling of oxidative 
phosphorylation and rapid mitochondrial swelling. Perhaps most dangerously for 
the axon, the opening of mPTP releases intra-mitochondrial Ca 2+  into the axoplasm, 
raising its concentration to pathologically high levels. Bearing in mind the capacity 
of mitochondria to store large amount of Ca 2+  [ 114 ], the opening of mPTP is 
expected to be particularly detrimental within demyelinated segments of axons 
which already exhibit high mitochondrial density. Furthermore, mitochondria in 
such segments are likely to contain high Ca 2+  concentration, given the altered ionic 
balance of demyelinated axon, including the described reversal of Na + /Ca 2+  
exchanger. 
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 Taken together, the strong association between infl ammation and impairment of 
mitochondrial function demonstrated in studies above suggests that infl ammatory 
environment may be the deciding factor with regard to mitochondrial involvement 
in axonal survival vs. axonal degeneration (summarised in Fig.  8.4 ). More specifi -
cally, in the absence of infl ammation, intrinsic capacity of axonal mitochondrial 
network to match the increase of the local demand for energy production and Ca 2+  
handling appears suffi cient to enable long-term axonal survival in adverse conditions 

  Fig. 8.4    Schematic representation of main axonal and mitochondrial changes following demye-
lination.  Top panel :  In myelinated axon , sodium channels are concentrated within narrow nodes of 
Ranvier. Sodium/potassium ATPase pumps sodium ions out of the axons following action potential 
propagation, thus re-establishing resting membrane potential. Mitochondria are distributed along 
the internode to provide ATP for the action of sodium pump.  Middle panel :  Following demyelin-
ation , sodium channels become distributed along the whole denuded surface of axolemma, thus 
facilitating continuous conduction of action potentials. The increased axoplasmic concentration of 
sodium ions brought about by continuous conduction necessitates greater activity of sodium pump. 
In addition, Na + /Ca 2+  exchanger operates in reverse, i.e. exports Na +  in exchange for Ca 2+ . Increased 
ATP demand and Ca 2+  concentration induce increase in the number and size of mitochondria 
within the demyelinated segment, thus enabling its function and survival.  Bottom panel : 
 Infl ammation  disturbs the balance between the energy demand and supply established within 
demyelinated axons. Infl ammatory mediators inhibit mitochondrial respiration, thus depleting 
ATP, and open mitochondrial permeability transition pore, releasing small solutes from mitochon-
drial matrix, including Ca 2+ , which triggers a number of pathological processes leading to rapid 
axonal degeneration       
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such as demyelination. However, the presence of focal infl ammation may disturb this 
balance by damaging mitochondria. This effect of infl ammation on mitochondria 
may be particularly harmful in areas of axons in which mitochondrial mass had previ-
ously increased in order to buffer excess Ca 2+ .

8.2         Guillain-Barré Syndrome and Infl ammatory 
Neuropathies 

 Guillain-Barré syndrome (GBS) is a life-threatening, postinfectious, immune- 
mediated disease of the peripheral nervous system characterised by ascending mus-
cle weakness. It is believed that the disease arises when the subject’s immune 
response generates pathogen-specifi c antibodies that are cross-reactive with compo-
nents of the peripheral nerve myelin or axolemma, resulting in myelin and/or axonal 
damage. Most patients recover; however, about a half retain residual neurological 
defi cits [ 115 ]; and a proportion develop a chronic form of the disease known as 
chronic infl ammatory-demyelinating polyradiculoneuropathy (CIDP) [ 116 ]. 
Although the triggers of GBS and CIDP have not been identifi ed, and may be dif-
ferent, both of these diseases are characterised by infl ammatory infi ltration of the 
peripheral nerves, predominantly by lymphocytes and activated macrophages [ 117 –
 121 ]. It has been shown that these cells produce the usual pro-infl ammatory media-
tors, such as nitric oxide, ROS, proteases and pro-infl ammatory cytokines [ 122 ]. 
However, little is known about the effect(s) of infl ammation on mitochondria within 
the affected nerves. Also, it is not known whether mitochondrial dysfunction, either 
pre-existing (perhaps hidden by compensatory mechanisms active in noninfl amed 
nerves) or secondary (caused by the infl ammation), contributes to the pathogenesis 
of immune-mediated peripheral neuropathies. As mentioned above, some of these 
pro-infl ammatory factors interfere with mitochondrial function and dynamics. For 
example, nitric oxide, produced by inducible nitric oxide synthase (iNOS) in acti-
vated macrophages, has been shown to reversibly inhibit mitochondrial respiration 
[ 97 ,  98 ]. It is likely that such NO-induced damage to mitochondria occurs in 
infl amed peripheral nerve axons, as the presence of nitrotyrosine, a marker of nitric 
oxide-mediated peroxynitrite formation, has been identifi ed in nerve biopsies from 
patients with CIDP [ 122 ]. In neuron and Schwann cell cocultures, neurons seem 
intrinsically more susceptible than Schwann cells to detrimental effects of patho-
logical concentrations of NO [ 122 ]. Furthermore, nitric oxide has been shown to 
lead to excessive mitochondrial fi ssion in cultured cortical neurons via S-nitrosylation 
of dynamin-related protein 1 [ 123 ,  124 ]. It is possible that NO produced by iNOS- 
positive infl ammatory cells may result in excessive mitochondrial fi ssion in periph-
eral nerve axons during the course of infl ammatory neuropathies. However, whether 
and how infl ammation alters mitochondrial function and transport in axons in vivo, 
it is entirely unknown. It could be speculated that, as in the CNS [ 109 ] and other 
cells [ 125 ], certain infl ammatory signals may impair mitochondrial transport in 
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peripheral nerve axons. For example, in cultured fi broblasts, tumour necrosis factor 
alpha (TNFα) has been shown to inhibit mitochondrial transport by function of 
hyperphosphorylation of motor protein kinesin 1 [ 125 ]. Disruption of microtubule 
networks, as shown to occur during experimental autoimmune encephalomyelitis in 
mice [ 126 ], may further contribute to impairment of mitochondrial transport in 
peripheral nerve axons.  

8.3     Conclusion 

 Impulse conduction, myelination status and effects of infl ammatory insult to the 
axons are closely interconnected and interdependent. Highly dynamic axonal mito-
chondria represent a major adaptive mechanism for maintaining functionality and 
structural integrity of axons under pathological conditions. To this effect, mitochon-
dria act as a network rather than as individual organelles. Utilising upregulation in 
mitochondrial complex activity, changes in fusion/fi ssion balance and redistribution 
of mitochondrial mass, mitochondrial network can be effectively reorganised to 
achieve optimal Ca 2+  storage and supply of ATP to vulnerable regions of long axo-
nal tracts. Such reorganisation and functional adaptation enables both short- and 
long-term protection against neurodegeneration. These adaptive modifi cations may, 
however, become exhausted under sustained or aggressive infl ammatory attack. 
Furthermore, toxic effects of infl ammatory mediators on Ca 2+ -laden axonal mito-
chondria may result in destructive rise in intra-axonal Ca 2+  levels and subsequent 
rapid axonal degeneration. Further evidence is hence needed to fully establish the 
role of mitochondria in the pathogenesis and/or progression of the infl ammatory 
diseases of central and peripheral nervous systems.     
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