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Abstract: The etiology of multiple sclerosis (MS), a demyelinating disease affecting the central nervous
system (CNS), remains obscure. Although apoptosis of oligodendrocytes and neurons has been
observed in MS lesions, the contribution of this cell death process to disease pathogenesis remains
controversial. It is usually considered that MS-associated demyelination and axonal degeneration
result from neuroinflammation and an autoimmune process targeting myelin proteins. However,
experimental data indicate that oligodendrocyte and/or neuronal cell death may indeed precede the
development of inflammation and autoimmunity. These findings raise the question as to whether
neural cell apoptosis is the key event initiating and/or driving the pathological cascade, leading to
clinical functional deficits in MS. Similarly, regarding axonal damage, a key pathological feature of
MS lesions, the roles of inflammation-independent and cell autonomous neuronal processes need to
be further explored. While oligodendrocyte and neuronal loss in MS may not necessarily be mutually
exclusive, particular attention should be given to the role of neuronal apoptosis in the development
of axonal loss. If proven, MS could be viewed primarily as a neurodegenerative disease accompanied
by a secondary neuroinflammatory and autoimmune process.

Keywords: multiple sclerosis; neurodegeneration; oligodendrocyte; astrocyte; microglia; neuron;
axonal loss; apoptosis; demyelination

1. Introduction

Multiple sclerosis (MS) is an inflammatory, demyelinating, and neurodegenerative
disease of the CNS. Concomitant genetic and environmental factors are important in disease
pathogenesis. Genome-wide association studies indicate that common variation in the
regulatory regions of immune genes drives susceptibility to MS [1]. Recently, environmental
risk factors, especially EBV, have been reported as a trigger for the development of MS [2,3].
The pathologic hallmark of MS consists of focal demyelinated plaques within the CNS, with
variable degrees of inflammation, gliosis, and neurodegeneration [4]. Axonal loss, a well-
demonstrated pathological feature of MS [5], is often regarded as one of the pathological
substrates of permanent neurological disability, as well as the presence of white matter scar
formation following demyelination. Neuron vulnerability is relevant to neurodegeneration
and lesion progression [6], and acute axonal damage is prominent at the earliest stages
of the disease [5,7,8]. It is usually considered that inflammation and autoimmunity in the
CNS result in demyelination, axonal loss, and neurodegeneration. However, apoptosis
of neural cells (oligodendrocytes and neurons) has been observed in MS lesions, and the
contribution of this cell death process to disease pathogenesis remains to be determined
(Figure 1).
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Figure 1. Current view of disease mechanisms of MS. It is usually considered that inflammation and 
autoimmunity in the CNS result in demyelination, axonal loss, and neurodegeneration. However, 
apoptosis of neural cells (oligodendrocytes and neurons) has been observed in MS lesions, and the 
contribution of this cell death process to disease pathogenesis remains to be determined. 

A body of literature supports the notion that apoptosis in both glia and neurons in 
the CNS may play a critical role in MS disease pathogenesis. In this review, we present 
evidence supporting apoptosis in oligodendrocytes, astrocytes, and neurons, the role of 
active microglia in engulfing apoptotic cells, and the relationship between apoptosis and 
demyelination. 

2. In MS, Demyelination and Neuron Loss may Possibly Occur Simultaneously 
Demyelination of cerebral white matter is the pathological hallmark of MS. The clas-

sical notion of demyelination is that the disease process in MS causes destruction of oli-
godendrocytes, which make myelin in the CNS, and this leads to demyelination [9]. The 
actual pathological sequence of events that lead to oligodendrocyte damage or loss is cur-
rently unclear, but it seems very likely that there is a form of immune-mediated attack on 
these cells. A range of toxic and/or immunological insults can damage oligodendrocytes 
and ensure cell death. The oligodendrocyte death causes destruction of the myelin sheath, 
which covers the axon, with secondary axonal degeneration. 

Demyelination is thought to drive neuronal degeneration and permanent neurologi-
cal disability in individuals with multiple sclerosis [10]. However, it is theoretically pos-
sible that the process of oligodendrocyte loss and axonal damage may take place simulta-
neously, with the latter occurring pathologically as an early event in the disease. It may 
be argued that axonal damage is the pivotal pathological event in MS, one that may lead 
to secondary rather than primary demyelination. Recent studies suggest that cerebral 
white matter demyelination and cortical neuronal degeneration can be independent 
events in the disease [10]. It is fully recognized that acute axonal damage and neuronal 
loss are very different pathological hallmarks that are not necessarily related to each other. 
However, acute axonal damage is an important feature of human demyelination, and it is 
still possible that actual neuronal loss may occur concomitantly with axonal loss. Multiple 
studies have demonstrated that at disease onset, there is already widespread neuronal 
and axonal dysfunction seen in MS patients [11–14]. Therefore, it is important to ascertain 
whether significant neuronal loss as opposed to acute axonal damage occurs in early MS 
lesion/disease stages. However, neuronal death at the early stage of MS does not neces-
sarily mean that neuronal loss occurs concurrently with demyelination since it is possible 
that the neuronal death may occur only when neurons are within or spatially close to 
inflammatory regions. Utilizing post-mortem brains of patients with MS, Trapp et al. con-
cluded that demyelination and neuronal degeneration can be independent events [10]; 
thus, it is conceivable to say that there is neuronal loss outside of demyelinated lesions in 
MS, but this may still be due to the demyelinating process in other locations. Loss of 

Figure 1. Current view of disease mechanisms of MS. It is usually considered that inflammation and
autoimmunity in the CNS result in demyelination, axonal loss, and neurodegeneration. However,
apoptosis of neural cells (oligodendrocytes and neurons) has been observed in MS lesions, and the
contribution of this cell death process to disease pathogenesis remains to be determined.

A body of literature supports the notion that apoptosis in both glia and neurons in
the CNS may play a critical role in MS disease pathogenesis. In this review, we present
evidence supporting apoptosis in oligodendrocytes, astrocytes, and neurons, the role
of active microglia in engulfing apoptotic cells, and the relationship between apoptosis
and demyelination.

2. In MS, Demyelination and Neuron Loss May Possibly Occur Simultaneously

Demyelination of cerebral white matter is the pathological hallmark of MS. The clas-
sical notion of demyelination is that the disease process in MS causes destruction of
oligodendrocytes, which make myelin in the CNS, and this leads to demyelination [9].
The actual pathological sequence of events that lead to oligodendrocyte damage or loss is
currently unclear, but it seems very likely that there is a form of immune-mediated attack
on these cells. A range of toxic and/or immunological insults can damage oligodendrocytes
and ensure cell death. The oligodendrocyte death causes destruction of the myelin sheath,
which covers the axon, with secondary axonal degeneration.

Demyelination is thought to drive neuronal degeneration and permanent neurological
disability in individuals with multiple sclerosis [10]. However, it is theoretically possible
that the process of oligodendrocyte loss and axonal damage may take place simultane-
ously, with the latter occurring pathologically as an early event in the disease. It may be
argued that axonal damage is the pivotal pathological event in MS, one that may lead to
secondary rather than primary demyelination. Recent studies suggest that cerebral white
matter demyelination and cortical neuronal degeneration can be independent events in
the disease [10]. It is fully recognized that acute axonal damage and neuronal loss are
very different pathological hallmarks that are not necessarily related to each other. How-
ever, acute axonal damage is an important feature of human demyelination, and it is still
possible that actual neuronal loss may occur concomitantly with axonal loss. Multiple
studies have demonstrated that at disease onset, there is already widespread neuronal
and axonal dysfunction seen in MS patients [11–14]. Therefore, it is important to ascertain
whether significant neuronal loss as opposed to acute axonal damage occurs in early MS le-
sion/disease stages. However, neuronal death at the early stage of MS does not necessarily
mean that neuronal loss occurs concurrently with demyelination since it is possible that the
neuronal death may occur only when neurons are within or spatially close to inflammatory
regions. Utilizing post-mortem brains of patients with MS, Trapp et al. concluded that
demyelination and neuronal degeneration can be independent events [10]; thus, it is con-
ceivable to say that there is neuronal loss outside of demyelinated lesions in MS, but this
may still be due to the demyelinating process in other locations. Loss of axonal function
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with myelin damage has the neurophysiological consequences of nerve conduction block,
failure to propagate a train of nervous impulses, and conduction sensitivity to temperature
alterations [15], which explain, at least in part, the multifocal functional deficits in MS
patients. Functional deficits reflect the widespread distribution of myelinated neurons in
the white matter of the CNS.

3. Apoptosis/Programmed Cell Death

Apoptosis is the process of programmed cell death, a ubiquitous process which can
be triggered by a variety of factors, including removal of unwanted cells and tissues dur-
ing normal development, viral infections [16], and other disruptors of normal cellular
functions [17,18]. Apoptosis can be recognized histologically by the presence of charac-
teristic abnormalities such as membrane blebbing and fragmentation of DNA [18], and
by identifying caspase activity that results in DNA cleavage, leading to cell death [19], as
opposed to cellular necrosis. Applications of fluorescently labeled Annexin V, which binds
to phosphatidylserine that is exposed on the outside of apoptotic cells in the early stage,
are popular assays [20].

Apoptosis may occur via an extrinsic or an intrinsic pathway. In the former case, the
apoptotic pathway occurs via a ‘death receptor’ (related to tumor necrosis factor (TNF)),
the Fas ligand (FasL). FasL signaling leads to the formation of a Fas-associated domain with
FasL, resulting in the activation of caspase-3 through cleavage of procaspase-8 [19,21,22].
In contrast, the intrinsic apoptotic pathway occurs in the cell’s mitochondrion. This process
is initiated by intracellular signals, following which cytochrome c is released from the
mitochondrial membrane into the cell’s cytoplasm. Once in the cytoplasm, cytochrome
c forms a complex that recruits and activates caspase-9, which in turn activates caspase-
3 and subsequent DNA cleavage [22,23]. A detailed review of recent concepts in other
programmed cell death pathways, such as necroptosis, can be found elsewhere [24]. In brief,
necroptosis is an alternative cellular death pathway that has features of both apoptosis and
necrosis that is activated in conditions where the capasase-8-dependent apoptotic pathway
is unable to be activated [25]. In MS, there is an upregulation of tumor neurosis factor α
(TNFα) in active lesions and CSF of MS patients [26,27]. Ofengeim et al. provide evidence
that TNFα can induce necroptosis in MS [28].

4. Oligodendrocyte Apoptosis and Demyelination
4.1. Myelin-Directed Autoimmunity Triggers Oligodendrocyte Apoptosis in Animal Models of MS

In experimental autoimmune encephalomyelitis (EAE), an animal model for multiple
sclerosis, immunization with myelin antigens leads to demyelination and paralysis. Most
studies of oligodendrocyte apoptosis during the process of demyelination have been in
EAE. Hisahara et al. demonstrated that caspase-11 mediates oligodendrocyte cell death
as well as the pathogenesis of autoimmune-mediated demyelination in knockout mice.
Murine caspase-11, a member of the caspase-1 subfamily, is required for caspase-1-induced
apoptosis and IL-1β secretion. They show that both caspase-11 and activated caspase-3
were expressed in oligodendrocytes in spinal cord EAE lesions. Considering this, they
concluded that oligodendrocyte death is mediated by an apoptotic pathway that involves
caspases-11 and 3. The ramification of this pathway is the demyelination observed in
EAE [29]. Hövelmeyer et al. have shown that apoptosis of oligodendrocytes via Fas and
TNF-R1 is a key event in the induction of EAE [30]. Another group demonstrated that
in C57 BL/6 EAE mice, apoptosis in the spinal cord occurred as early as three days post-
immunization (p.i), and the phytochemical curcumin significantly reduced the number of
apoptotic cells and inhibited the upregulation of cyt-c, caspase-9, and caspase-3 at seven
days p.i. in the EAE mice [31].
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4.2. Theiler’s Murine Encephalomyelitis Virus-Induced Demyelinating Disease and Other
Virus-Induced Animal Models

Oligodendrocyte apoptosis has also been studied in animal models other than EAE.
For example, oligodendrocyte apoptosis has been produced in an adult rat brain model
using a lentivirus. The latter virus was used to express experimentally inducible caspase-9
(iCP9) cDNA under transcriptional control of the promoter for myelin basic protein, which
was specific to oligodendrocytes [32]. This induced oligodendrocyte apoptosis culminated
in both rapid demyelination and localized microglial activation in the absence of peripheral
immune cell infiltration. Furthermore, the MBP-iCP9-induced oligodendrocyte apoptosis
compromised the rate and extent of adult remyelination, and the failure of remyelination
correlated with a truncated proliferative response of oligodendrocyte progenitor cells. The
significance of this finding was that oligodendrocyte apoptosis clearly and directly resulted
in rapid demyelination. Caprariello et al. later reported that apoptosis of oligodendro-
cytes during early development delays myelination and impairs subsequent responses
to demyelination [33], providing direct evidence that in animal models, oligodendrocyte
apoptosis leads to demyelination. Using MBP-iCP9 transgenic mice to examine demyeli-
nation and remyelination in the optic nerve, Pajoohesh-Ganji et al. showed that targeted
oligodendrocyte apoptosis in the optic nerve leads to persistent demyelination [34]. In the
study, oligodendrocyte death was seen within 2–3 days and demyelination was detectable
along the nerve in discrete patches one week later.

Astrocyte apoptosis has also been reported in animal models of virus-induced de-
myelination. Using Theiler’s murine encephalomyelitis virus (TMEV) animal model of MS,
a chronic, immune-mediated demyelination, Palma et al. demonstrated the presence of
apoptotic glial fibrillary acidic protein (GFAP)-positive cells in the white matter of TMEV-
infected mice. Apoptosis of activated astrocytes was found to be mediated by virus-specific
T helper cells via a Fas–FasL interaction [35]. This study showed apoptosis in a different
glial cell, so possibly the apoptotic cell type may be different in virally induced demyelina-
tion. Apoptosis accompanied by demyelination in CNS white matter was also detected in
another virus infection, experimental Usutu virus infection of suckling mice [36], although
inflammatory infiltrates were scarce in this model.

4.3. Oligodendrocyte Apoptosis in Patients with MS

Oligodendrocyte apoptosis was reported to be the earliest pathological change ob-
served in new white matter lesions [37]. The authors examined the brains of 12 patients
with relapsing and remitting MS. Using conventional histology and immunohistochemical
methods, they reported that the earliest change observed in the lesions was widespread
oligodendrocyte apoptosis in tissue with normal appearing T cells, macrophages, acti-
vated microglia, reactive astrocytes, and neurons. Extensive oligodendrocyte apoptosis,
along with microglial activation, was detected in myelinated tissue containing few or no
lymphocytes or myelin phagocytes. No direct evidence of the underlying cause of the
oligodendrocyte apoptosis was determined, but the findings did suggest that there could
be some form of novel process which underlies new lesion formation in MS [37]. It would
be important, however, to convincingly show that oligodendrocytes expressing activated
caspase-3 occur in MS lesions which, to our knowledge, has not yet been achieved. Fur-
thermore, early loss of oligodendrocytes was found to be a prominent feature in tissues
bordering rapidly expanding MS lesions [38]. Another intriguing question that needs to
be addressed is whether, and how, oligodendrocyte apoptosis differs in lesional versus
‘normal appearing’ areas. The neuropathological work of Lucchinetti [39] is relevant to
the current discussion. Lucchinetti et al. identified four fundamentally different patterns
of demyelination in MS brains. The patterns of types III and IV were very suggestive of
a primary oligodendrocyte dystrophy, reminiscent of virus- or toxin-induced demyelina-
tion. Interestingly, in the current context, 14–37% of pattern III brains showed evidence of
oligodendrocyte apoptosis based on histological analysis [39].
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An additional indication that apoptotic mechanisms may operate in MS came from
Hagman et al.’s work, in which blood levels of sFas were found to be increased in patients
with MS. The MS patients had deteriorating disability scores and increasing hypointense
lesions on magnetic resonance imaging (MRI) [40]. Rinta et al. reported that the Fas-
ligand was increased in the sera of RRMS patients during relapse [41]. In addition, the
extrinsic pathway adaptor, FADD, was shown to be upregulated in RRMS individuals [42].
The switch from clinically isolated syndrome (CIS) to MS, in a cohort consisting of a
limited number of patients, was associated with a different profile of apoptosis-related
gene transcription in comparison with no converting CIS patients [43].

In a detailed review by Guire et al., the authors considered the process of apoptosis to
be present within MS lesions, and death receptor signaling, a process capable of triggering
a pathway leading to apoptosis, was noted to be important in CNS demyelination [27].
In another review of this subject, Artemiadis et al. noted that apoptosis of oligodendro-
cytes is an early event in MS that precedes the formation of the demyelinated plaque
and post-translational modifications of myelin basic protein, characteristic processes of
normal-appearing white matter, in MS [44]. They emphasized the importance of studying
such events at a very early stage of the disease as well as at sequential points. Whether
oligodendrocyte apoptosis occurs as an early feature in new MS lesions, or if this occurs in a
subgroup of MS patients, is still a matter of debate. The classical notion of MS pathology is
that myelin and oligodendrocyte loss may happen simultaneously, or that oligodendrocyte
loss may be secondary to myelin destruction.

5. Apoptosis in Neurons in Demyelinating Diseases
5.1. In MS, Neuronal Death Is Prominent and Correlates with Disease Progression

Axonal loss is a key pathological feature of MS demyelinating lesions, and axonal
transection is seen in active and chronic active lesions from patients with durations of
clinical disease ranging from 2 weeks to 27 years [5]. In addition, immunological attack
with the membrane attack complex (MAC) of complement causes severe demyelination
that is associated with acute axonal injury [45] and grey matter pathology that correlates
with physical disabilities and cognitive impairment [46–49]. Furthermore, it has been
recently demonstrated at the molecular levels that neuron vulnerability is relevant to
neurodegeneration and lesion progression [6]. Evidence that axonal loss is prominent
at the earliest stages of the disease [5,7] indicates that this loss may be an early feature
of the demyelinating process. Activation of necroptosis signaling in cortical neurons of
secondary progressive MS patients supports that neuron loss plays a significant role in
disease pathogenesis [50]

5.2. Neuron Apoptosis in MS

Apoptosis mediates the precise and programmed death of neurons. It is a physi-
ologically important process in neurogenesis during maturation of the CNS. However,
premature apoptosis and/or an aberration in apoptosis regulation is implicated in the
pathogenesis of neurodegeneration. This is a multifaceted process that leads to various
chronic disease states, such as Alzheimer’s, Parkinson’s, and Huntington’s diseases, amy-
otrophic lateral sclerosis, spinal muscular atrophy, and diabetic encephalopathy [51]. While
the mechanisms of demyelination and axonal loss/neuron death are yet to be established,
a body of literature supports that apoptosis in glia and neurons in the CNS may play
critical roles in MS disease pathogenesis. While MS clearly differs in several respects from
classic neurodegenerative diseases, because it has such an important neuroinflammatory
component, nevertheless, because of the clinical results of MS on the CNS, we do think it
can be conceptualized as a type of neurodegenerative disease, especially in its final stages.
Furthermore, it is possible that oligodendrocyte precursor cells (OPC) actively contribute
to the inflammation, which further contributes, directly and indirectly, to neurodegener-
ation [52]. Many other CNS resident cells can also contribute to this neuroinflammation,
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and this in turn promotes neurodegeneration. As such, it is reasonable to characterize MS
as both a neuroinflammatory and neurodegenerative disease.

A study by Alcázar et al. investigated the effects of cerebrospinal fluid (CSF)-soluble
factors from MS patients on neurons in tissue culture [53]. They found that CSF from pro-
gressive MS patients termed as “aggressive”, meaning those with poor recovery following
acute relapses, induced axonal damage and neuronal apoptosis. The induced neuronal
damage was not related to either blood–brain barrier (BBB) dysfunction or the IgG index.
In contrast, when the CSF from MS patients deemed “non-aggressive”, meaning those
with a relapsing–remitting course with a good recovery after relapses, was similarly tested,
they did not induce neuronal damage. The authors, therefore, speculated that it was the
neuronal damage that might account for the various types of functional deficit seen in MS
patients. An early study of an EAE rat model of MS demonstrated the presence of acute
neuronal apoptosis [54]. Furthermore, caspase inhibitors are shown to be protective against
neuronal apoptosis induced by MS CSF [55].

Lisak et al. reported somewhat similar findings in which B cells, obtained from the
blood of MS patients with relapsing–remitting disease, but not normal controls, secreted a
factor or factors that induced apoptosis in cultured rat neurons [56]. However, the authors
concluded that neuronal cytotoxicity was not mediated by complement and was also
independent of either immunoglobulin or multiple cytokines. Clearly, there is an intriguing
link between the serum, CSF of MS patients, and neuronal apoptosis.

5.3. Other Clinical Evidence for the Possible Role of Neuronal Damage in MS

Other lines of clinical evidence provide indirect support for a process other than
oligodendrocytes being a critical determinant of demyelination in MS. For example, neu-
ropathological studies indicate that in MS, grey matter pathology, due primarily to neuronal
loss, can be observed in the absence of inflammation [37]. Further, retinal cells, though they
do not contain myelin, have nevertheless been shown to atrophy in MS [57]. This latter
observation strongly suggests that neural cell loss in MS does not necessarily require the
presence of a demyelinating process.

6. Neuronal Apoptosis and Microglia

Microglia are the resident phagocytic cells of the CNS and are functionally and mor-
phologically similar to the monocyte-derived macrophages [58]. Microglia have various
active states with marked diversity [59] in functions, which include phagocytosis, antigen
presentation, cytokine production, and oxidative bursts [58]. In active MS, most of the
lesions are composed of microglia/macrophages with a microglia predominance [60,61].
While inactive lesions have substantially fewer microglia, active demyelination in MS
is associated with aggregation of activated microglia. As noted above, Caprariello et al.
found that demyelination triggered an expeditious and potent activation of microglia [32].
These activated microglia can release various cytotoxic molecules, including TNFα, reactive
oxygen species (ROS), and various interleukins, including 1β and 6, that can mobilize and
induce apoptotic cascades within neurons [62].

TNFα expression patterns are high in active MS lesions [26,27], and CSF TNF was
found to be increased in MS patients at the time of diagnosis [63]. TNFα is an intriguing
cytokine in that depending on the receptor it uses for signaling (TNF receptors 1 and
2), it either can promote neuronal death or survival [64]. Guadagno et al. showed that
activated microglia-derived TNFα induced apoptosis in neuronal precursor cells (NPC) [65].
This group also found that soluble factors from these microglia induced apoptosis in
NPCs. Other activated microglia products such as ROS and NOS may lead to oxidative
damage [66], and eventually neuronal death. Cserep et al. demonstrate that microglial and
neuronal function are intimately intertwined [67,68]. Anderson et al. show that interactions
between apoptotic neurons remodel microglia to states that are less homeostatic [69]. In
active MS lesions, expression of P2RY12, a homeostatic marker on microglia [66], on
activated microglia is reduced compared to normal controls which had intermediate pro-
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inflammatory and P2RY12 phenotypes [61]. Zrzavy et al. concluded that microglia in
active MS lesions tended to have a loss of P2RY12 homeostatic expression [61]. This view
is consistent with the work of Butovsky et al., which showed the same pattern in other
neurodegenerative diseases [66]. Anderson et al. describe the heterogeneity of microglia
in postnatal retina, and one of the many conclusions that they made was that neuronal
apoptosis drives remodeling states of microglia to less homeostatic states [69]. Anderson
et al. bring forth an interesting notion, the notion of neuronal apoptosis and microglial states
being interlinked, and thus it is plausible to speculate that neuronal apoptosis potentially
reinforces and amplifies microglia destruction. It is, therefore, also conceivable that perhaps
it is the neuronal apoptosis itself that is critical in the pathogenesis of MS.

7. Implications of Apoptosis in Demyelination and MS Disease Pathogenesis
7.1. Possible Roles of Apoptosis in Demyelination and Disease Activities

It has been clearly demonstrated that oligodendrocyte apoptosis occurs early in the
demyelinating process in both MS lesions and animal models. Although axonal injury
correlates with immune-mediated demyelination in MS [45], it is yet to be established
whether neuronal apoptosis occurs independently of demyelination. Identification of the
underlying pathological process in MS is important because it enhances our understanding
of the disease pathogenesis. The presence of apoptosis provides indirect evidence of a viral
etiology, as virus infection can induce apoptosis, or other unknown mechanisms yet to be
uncovered. The possible viral etiology of MS has been discussed in detail elsewhere [70]
and is outside the scope of the present discussion, but a strong contender for the viral
hypothesis of MS pathogenesis is Epstein-Barr virus (EBV). There are several direct and
indirect lines of evidence of EBV’s involvement in the pathogenesis of MS [71,72].

The significance of glial cell apoptosis in demyelination is still unclear, and the inter-
pretation of such data is speculative. In the case of oligodendrocyte apoptosis, however, it
is not difficult to assume that this will inevitably lead to oligodendrocyte loss, resulting
in primary demyelination of the disease. Following myelin loss, axonal injury would
then surely follow. While this interpretation follows classical lines, it is also important
to consider the possible role of neuronal apoptosis in this disease. It has already been
noted that axonal loss is an early event in the development of both active and chronic
active MS lesions [5]. Therefore, it is conceivable that a potential pathological process in
MS could begin with neuronal apoptosis, leading to primary axonal injury and secondary
demyelination. Indeed, neuronal apoptosis has been implicated in the pathogenesis of
neurodegenerative diseases [51].

This latter concept has been articulated in detail by Tsunoda and Fujinami, and in our
view, it is a credible viewpoint. In this so-called ‘Inside-Out model’ of demyelination, a
different pathogenetic scenario is envisaged in which the initial event in MS demyelination
is neuronal apoptosis. This process leads to axonal injury, the process of which causes
oligodendrocyte-axon disruption, and this in turn induces microglial activation, which
could result in further oligodendrocyte apoptosis as well as secondary demyelination [73].

Based on the cumulative evidence generated in the last two decades, it is possible
that both oligodendrocyte and neuronal apoptosis take place simultaneously, and the
two processes need not be mutually exclusive. It is plausible that the key pathological
process is neuronal apoptosis and that the observed demyelination may be a consequence
of this rather than the cause. A practical issue is that conceivably, the apoptotic cells in
MS lesions are constantly being removed by microglia, a process that might explain why
pathological studies of MS lesions rarely reveal them. While it is generally assumed that
the acute inflammatory white matter lesions provide the pathological substrate of the
acute clinical features of relapsing–remitting MS, and the axonal loss accounts for the
irreversible neurological deficits, this is not the only possible explanation of the functional
deficits in MS. Under this view, at least some of the demyelination and neurological
symptoms might be a consequence of neuronal apoptosis, and further, the functional CNS
deficits may be due to neuronal death rather than demyelination per se. If the apoptotic
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oligodendrocytes and neurons are engulfed by phagocytic microglia, then this itself may
be anti-inflammatory, since it has been demonstrated that phagocytosis of apoptotic cells
has anti-inflammatory effects [16,74]. The consequences of this are unclear because if the
inflammation is ‘beneficial’, then inhibiting it would be deleterious, but if the inflammation
is ‘harmful’, then inhibiting it would be advantageous [16].

There are at least four different potential avenues for future investigations to unravel
the issues of apoptosis and demyelination in MS disease mechanisms. The first is compre-
hensive studies of mouse knockouts lacking key apoptosis genes, and/or transgenic mice
that express anti-apoptotic genes, that should result in reduced or absent demyelination
in different experimental models of demyelination, including but not confined to EAE.
Secondly, whole exome sequencing of MS patients could be screened for non-functioning
mutations of key apoptotic genes. Thirdly, advanced MRI scans of MS patients carried
out very early in the disease, as well as sequentially, could be scrutinized in detail for
evidence of early neuronal loss. Lastly, brain specimens from deceased MS patients could
be examined in detail for evidence of apoptotic staining in all glial cell types using double
staining methodology with both cellular and apoptotic markers.

7.2. Failure of Remyelination

There is evidence that early in the disease, demyelinated plaques can remyelinate,
but this event is often incomplete, variable among patients, and not sufficient to overcome
disease progression [75–77]. Although it is still unknown why spontaneous remyelination
fails over time in MS, the cause probably involves a depletion of oligodendrocyte precursor
cells (OPCs) as well as their decreased ability to migrate to sites of injury and differentiate
into myelinating oligodendrocytes [76,78]. Perhaps, the key player in this process is the
oligodendrocyte, and apoptosis in OPCs may prevent remyelination.

8. Conclusions

Our hypothesis is that in MS infections in genetically susceptible individuals trigger
responses in CNS cells, resulting in activation of astrocytes/microglia and apoptosis in
oligodendrocytes/neurons. The activated glia can be protective or detrimental and can
produce anti/proinflammatory cytokines in the CNS. The damaged oligodendrocytes and
neurons result in demyelination and neurodegeneration, contributing to disease pathogene-
sis (Figure 2). While there is abundant evidence for the existence of neuronal cell apoptosis
in MS, the relative pathogenic importance of oligodendrocyte and axonal damage/neuronal
apoptosis in MS remains unclear. Damage to both axons and oligodendrocytes are the early
neuropathological features of the disease. The conventional view is to equate apoptosis
in the myelin-forming oligodendrocyte with the classical demyelinating lesions, but there
is also increasing evidence from neuropathological, clinical epidemiological, and experi-
mental studies for the pathogenic importance of neuronal apoptosis as being a key initial
event which may lead to secondary demyelination and functional deficits. Axonal damage
correlates with the degree of neuroinflammation in MS and is a prominent feature of the
disease. If this proves to be the case in most, if not all, MS disease phenotypes, this will
have considerable significance for both understanding the underlying pathogenesis of MS
and potential therapies that could be directed primarily at restoring neuronal function,
including fast axonal transport.
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