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The evolutionary acquisition of myelin sheaths around large caliber axons in the
central nervous system (CNS) represented a milestone in the development of
vertebrate higher brain function. Myelin ensheathment of axons enabled salta-
tory conduction and thus accelerated information processing. However, a
number of CNS diseases harm or destroy myelin and oligodendrocytes (mye-
lin-producing cells), ultimately resulting in demyelination. In the adult CNS, new
oligodendrocytes can be generated from a quiescent pool of precursor cells,
which – upon differentiation – can replace lost myelin sheaths. The efficiency of
this spontaneous regeneration is limited, which leads to incomplete remyeli-
nation and residual clinical symptoms. Here, we discuss CNS pathologies
characterized by white matter degeneration and regeneration and highlight
drugs that could potentially serve as remyelination therapies.

Myelin: A Specialized Cellular Structure and a Prime Target in CNS Diseases
Myelin – together with axons and astrocytes – is a major component of the white matter of the
vertebrate brain and spinal cord. It is a lipid-rich structure organized in multilayered sheaths
around the conductive parts of neurons, the axons. Myelin sheaths represent an evolutionary
acquired product of nature formed by oligodendroglial cells of the central nervous system (CNS)
and by Schwann cells of the peripheral nervous system (PNS). These structures are a prereq-
uisite for higher brain function as axonal ensheathment assures long-term axonal integrity and
health by means of trophic and metabolic support. Furthermore, it allows for nerve conduction
under minimal energy and space consumption [1,2]. In recent years, the impact of myelin
dysfunction and white matter deficits has received more and more attention and is now thought
to be a major contributing factor for neurodegenerative diseases of the CNS [3]. Given that
approximately 40% of the human brain consists of white matter, of which besides compact
fibers, myelin constitutes the main component, it is not surprising that its structural integrity is of
vital importance for CNS function and restoration [4].

Myelin Composition and Developmental Oligodendrogenesis
Myelin sheaths, as extensions of the oligodendroglial plasma membrane, are separated into
distinct domains, that is, compact myelin, composed of specialized plasma membrane spirals,
and non-compacted myelin-forming loops that retain small amounts of cytoplasm near the
nodes. These structures are important for protection and electrical insulation of axons and
represent a key determinant for saltatory nerve conduction in which neuronal action potentials
are restricted to nodes of Ranvier increasing conduction speed 20–100-fold as compared with
non-myelinated axons [5] (Figure 1). While the early postnatal human brain is mostly non-
myelinated, CNS myelination progressively increases in a defined topographic and temporal

Trends
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sequence within the first two decades of life [6]. Oligodendroglial precursor cells (OPCs) are
considered the main source for generating mature oligodendrocytes and myelin during devel-
opment. They are generated in sequential waves within specific regions of the ventral and the
dorsal neuroepithelium of the spinal cord and brain before they migrate and disperse into the
CNS [7]. While the vast majority of OPCs differentiate into myelinating oligodendrocytes, a
proportion of OPCs characterized by the surface expression of neural/glial antigen 2 (NG2) and
platelet-derived growth factor receptor / (PDGFR/) remains undifferentiated and persists as
quiescent cells within the adult CNS (Figure 1). They comprise 5–8% of the total cell population
and are distributed throughout gray and white matter [8–10]. Adult OPCs also known as adult
NG2 cells, polydendrocytes, or synantocytes are primarily thought to contribute to myelin
restoration in the injured or diseased CNS, but an involvement in synaptic transmission has
also been demonstrated [11]. Both during development and under pathophysiological con-
ditions, differentiation into mature oligodendrocytes requires a complex and precisely timed
program including axonal selection and contact, cell cycle exit, expression of myelin-associated
regulatory and structural genes and proteins, and the subsequent wrapping process generating
internodes (Figure 1) [1].

Remyelination
Independent of underlying mechanisms and causes, neurodegenerative diseases generally result
in permanent damage, functional loss, and persisting disabilities, since the adult CNS has only a
limited capacity to repair damaged tissue. This restriction not only relates to neurons and their
axons but also to mature oligodendrocytes that are unable to compensate for myelin loss as they
usually degenerate [12,13]. Such demyelination, however, often triggers a spontaneous myelin
repair process, also knownas remyelination [14]. Remyelination results inmyelin reconstitution and
functional recovery via recruitment and activation of resident OPCs that can differentiate and
replace lost oligodendrocytes [15]. In many ways this process recapitulates developmental
myelination [16]; however, myelin sheaths generated in the adult brain exhibit decreased myelin
thickness and shorter internodes as compared with their developmental counterparts. In multiple
sclerosis (MS; see Glossary), the most frequent demyelinating disease of the adult CNS, so-called
shadow plaques, partly remyelinated lesions characterized by their intermediate levels of myelin,
can be observed as a neuropathological criterion for repair activity [17]. Remyelination-related
steps such as OPC activation, recruitment,[4_TD$DIFF] differentiation[11_TD$DIFF], and myelination [14,18] are tightly
regulated by a number of extrinsic and intrinsic factors that act either as inhibitors or activators
[19,20]. While remyelination can be very efficient in experimental in vivo models (Box 1), it varies
between MS patients, lesions, and disease stages [21], and the efficiency of this endogenous
repair process remains generally low, leading to permanent deficits and dysfunctions. To a certain
extent, this decline is due to failure of OPCs to successfully generate new myelinating cells.
Although the underlying reasons are not yet fully understood, several lines of evidence point to a
variety of factors suchasgender (sex), genetic background, age [22–24], aswell as thepresenceof
multiple differentiation inhibitors that specifically restrict the glial regeneration potential [20,25–27]
(see also Box 2 for further information).

Myelin Damage in Multiple Sclerosis and Beyond
Myelin sheaths and oligodendrocytes are destroyed by inflammatory attacks duringMS relapses
(Figure 2). As a result, saltatory signal conduction is impaired and axonal damage occurs that
manifests itself in clinical symptoms such as, for instance, optic neuritis, paraesthesias, motor
weakness, or cognitive impairment. Inflammatory lesions occur throughout the brain and spinal
cord and can be located in white as well as gray matter [28]. The enormous scientific effort
invested into the accurate description of these processes in the past 50 years and its high
prevalence of 1:1000 in Europe and North America have established MS as the lead disease
featuring demyelination. However, there is ever-increasing evidence that myelin and oligoden-
drocyte loss are also relevant for many other CNS pathologies that are classically viewed as

Glossary
Alzheimer's disease (AD): is the
most common form of dementia. AD
has predominantly been associated
with neuronal death due to the
accumulation of extracellular b-
amyloid (Ab) plaques and intracellular
tau-protein neurofibrillary tangles
[135]. Prior to the appearance of
typical Ab plaques and tangles,
myelin abnormalities occur in the AD
brain and Ab itself was reported to
lead to increased oligodendroglial
apoptosis [41,42]. In addition, myelin
breakdown releases toxic iron
promoting Ab formation [44].
Amyotrophic lateral sclerosis
(ALS): this neurodegenerative
disease features progressive loss of
bulbar and limb functions due to the
degeneration of both upper and
lower motor neurons [136]. The
underlying cause for
neurodegeneration is still largely
unknown but several lines of
evidence point to the importance of
oxidative stress [137]. Particularly, the
so-called Cu–Zn superoxide
dismutase (SOD1) has been the
focus of attention with approximately
20% of familial ALS cases being
associated with mutations in this
gene [138]. In early ALS, OPCs
proliferate but seem to be blocked in
their capacity to mature [38]. In
general, expression of lactate
transporters is decreased in ALS
brains affecting energy supply for
neurons and oligodendrocytes
themselves [29], which might explain
why spinal cord mature
oligodendrocytes degenerate in ALS
even prior to the development of
clinical symptoms.
Cerebral ischemia: or stroke is the
most common acute CNS disease
and a major cause of mortality and
morbidity throughout the world [139].
Besides hypoxic neuronal death as a
result of disrupted cerebral blood
flow, myelin loss seems to play a
decisive role in the long-term clinical
outcome [140]. Oligodendrocytes are
highly sensitive to ischemic injury due
to their high lipid content (myelin
sheaths) and high iron content (as
pointed out earlier in the context of
AD). Resident OPCs in ischemia
suffer from oxidative stress leading to
substantial cell death and mature
oligodendrocytes are harmed by
glutamate-mediated excitotoxicity
[57]. Increasing OPC numbers
initiating differentiation were observed
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in the ischemic penumbra of rats [58]
so that exogenous stimulation of
myelin repair could potentially
contribute to recovery from ischemia.
Specific blockade of proton-gated
Ca2+-permeable transient receptor
potential (TRP) channels could be an
alternative therapeutic approach as
they were recently shown to damage
myelin in white matter ischemia [141].
Multiple sclerosis (MS): based on
the clinical disease course, different
subtypes of MS can be distinguished
[142]. Relapsing remitting MS
(RRMS), the most common type (80–
90% of patients), is characterized by
acute disease exacerbations featuring
demyelination followed by total or
partial recovery of previously
worsened functions. RRMS may
transform into secondary progressive
MS (SPMS), a disease form with or
without eventual relapses and minor
remissions that ultimately occurs in
approximately 40% of all relapsing
remitting courses. Thirdly, primary
progressive MS (PPMS;
approximately 15% of all patients)
shows a steady worsening of
symptoms without relapses or
remissions and is most common
among patients with a late disease
onset. In both progressive disease
forms, neurodegeneration outweighs
inflammatory activity and damage
steadily accumulates, whereas during
early disease stages demyelinated
lesions can regenerate that translates
to transient functional improvement
and clinical remission. Regeneration
and remyelination in all MS types
depend on the recruitment of
resident OPCs that can replace lost
oligodendrocytes. The remyelination
process is tightly regulated by
numerous extrinsic and intrinsic
factors and its efficiency is overall
low, decreasing further as the
disease progresses.
Multiple system atrophy (MSA): is
one of the most intriguing CNS
diseases characterized by
oligodendroglial cell death – a
neurodegenerative disorder featuring
myelin and axonal loss and
subsequent gliosis [35]. Clinically,
MSA occurs in different subtypes
including a parkinsonian type (MSA-
P) presenting with rigidity,
bradykinesia, tremor, and postural
instability and a cerebellar type (MSA-
C) in which ataxia and dysarthria
predominate. Accumulation of
misfolded /-synuclein in MSA occurs
predominantly in oligodendrocytes

primarily neuronal diseases. While the overall clinical relevance of myelin loss in these diseases
remains to be elucidated in greater detail, white matter features should not be neglected – not
least because for most of these pathological entities causal treatments or effective symptomatic
therapies do not exist.

In recent years, a growing number of studies revealed that the function of oligodendroglial
cells exceeds the formation and maintenance of myelin sheaths and also involves trophic
support of axons [29]. Beyond demyelination – a result of oligodendroglial injury – it has
become evident that without sufficient energy supply with substrates such as pyruvate,
ketone bodies, and lactate via oligodendroglial monocarboxylate transporters (MCTs),
neurons degenerate and ultimately die [2]. It is therefore essential to re-evaluate the role
of oligodendroglia and their replacement in neurological diseases predominantly character-
ized by neuronal cell loss as it occurs, for instance, in multiple system atrophy (MSA),
amyotrophic lateral sclerosis (ALS), Alzheimer's diseases (AD), schizophrenia (SZ),
cerebral ischemia, and spinal cord injury (SCI) (Figure 2). Regeneration of functional
oligodendrocytes that can provide trophic support and protection for neuronal structures
might therefore also hold promise for the future treatment of such diseases. Of note, in this
review we have not included diseases in which myelin degeneration occurs due to metabolic
cell-intrinsic defects based on specific mutations as found in most of the so-called leuko-
dystrophies (e.g., Krabbe disease, metachromatic leukodystrophy, or X-linked adrenoleu-
kodystrophy). As opposed to these diseases in which myelin loss is intrinsically anticipated
and occurs relatively early in life, we decided to focus on pathomechanisms that lead to the
destruction of established mature myelin.

Although historically considered a relative of the /-synucleinopathy Parkinson's disease (PD),
accumulation of misfolded /-synuclein in MSA occurs predominantly in oligodendrocytes and
not in neurons. Recent studies unveiled a dysregulatedmyelin basic protein (MBP)metabolism in
affected tissue even before synuclein deposits are observed, which suggest that MSA could be a
primary oligodendrogliopathy [30]. Regarding the neurodegenerative feature of the disease,
there is evidence pointing to a neuron-to-oligodendrocyte transfer of /-synuclein similar to the
pathological processes observed in prion diseases [31]. Histopathologically, mature oligoden-
drocytes accumulate /-synuclein in the form of cytoplasmic inclusions, the so-called Papp–
Lantos bodies (glial cytoplasmic inclusions, GCI) [32], leading to cell death (Figure 2). Accord-
ingly, active immunization against /-synuclein was found to ameliorate degeneration and
demyelination in respective transgenic animal models [33]. With regard to the impact of
MSA on the resident OPC population, in vitro studies demonstrated that extracellular as well
as endogenously produced/-synuclein inhibits glial differentiation resulting in elevated numbers
of immature OPCs in MSA brain tissue [34]. However, in how far this observation is relevant for
MSA is currently debated as there are contradicting results regarding the accumulation of
/-synuclein in OPCs in postmortem patient tissue [35,36].

Growing evidence suggests that oligodendroglial cells might also play a relevant role in the
pathology of ALS as, for example, myelin abnormalities were reported in SOD1 rats even before
the onset of clinical signs [37]. Moreover, MCT1 expression levels were found to be substantially
decreased in ALS brains affecting lactate transport from oligodendrocytes to neurons as well as
energy supply for oligodendrocytes themselves [29]. Under such homeostatic disbalance,
oligodendrocytes are more likely to become vulnerable to additional SOD1-associated
increased oxidative stress by reactive oxygen species (ROS), which might explain why in the
ALS spinal cord mature oligodendrocytes degenerate even prior to the development of symp-
toms [38,39]. OPCs, by contrast, were shown to enhance their proliferation rate, possibly to
compensate for oligodendrocyte loss but were found to be inhibited in their capacity to
differentiate [38].
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There is also increasing evidence that oligodendrocytes and myelin might be relevant factors in
AD pathology. Besides neuronal loss, myelin disruption can be observed particularly in late-
onset AD brains [40] and it could be shown that even prior to the appearance of plaques and
tangles myelin abnormalities occur in the brain [41]. Furthermore, Ab stimulation of oligoden-
droglia was reported to lead to increased apoptosis [42]. Other lines of evidence suggest that
rather than being merely the target of pathological processes, oligodendroglia and myelin might
also actively participate in primary AD pathogenesis. It is hypothesized that age-related myelin
breakdown in late-myelinating brain regions – those regions that are first affected by AD [43] –
releases toxic iron that, in turn, promotes Ab formation in neuritic plaques [44]. Even though as of
now it remains unclear if myelin damage and oligodendroglial death are rather a cause or a
consequence of AD (or both), it becomes increasingly clear that future therapeutic approaches
should include strategies to protect and restore oligodendroglial functionality.

A number of studies suggested that oligodendrocytes and myelin dysfunction could also
contribute to the development of SZ [45,46], as diseased brains showed a downregulation
of key oligodendroglial andmyelination genes [47]. Moreover, MRI imaging revealed whitematter
changes [45] with a decreased myelin water fraction indicating disturbed myelin maturation [48].
All this falls in line with genetic linkage studies that have shown that among others one particular
gene, disrupted-in-Schizophrenia-1 (DISC1), is involved in the development of SZ. DISC1 and
the DISC1-binding zinc finger (DBZ) are of interest since they have been shown to inhibit
oligodendroglial differentiation [49–51]. It is therefore conceivable that DISC1 dysfunction
contributes to SZ pathophysiology by improper myelination leading to detrimental changes
in synapse formation and thus to a dysfunctional neurocircuitry. Finally, reported beneficial
effects of the antipsychotic drug quetiapine on oligodendroglial maturation provide additional
evidence for an oligodendroglial role in disease development [52–54].

Oligodendrocytes are extremely sensitive to ischemic injury due to their high lipid content (myelin
sheaths), high iron content (as pointed out earlier in the context of AD), and comparatively limited
reservoir of intracellular antioxidants such as glutathione [55]. These are the major mechanisms
that seem to account for demyelination and oligodendroglial injury in cerebral ischemia. Whereas
resident OPCs suffer from oxidative stress leading to substantial cell death [56], mature
oligodendrocytes are more resilient but are nonetheless harmed by glutamate-mediated exci-
totoxicity [57]. It is important to note that myelin repair activities seem to kick in early following
ischemia as increasing OPC numbers initiating differentiation were observed in the ischemic
penumbra of rats [58]. It is therefore tempting to speculate that therapeutic approaches
promoting myelin repair and protecting OPCs could also enhance recovery from ischemia.

Finally, research in the past decades focused on understanding the role of the so-called glial scar
formed by reactive astrocytes following SCI that prevents injured axons from regenerating
beyond lesions [59]. The question of oligodendroglial and myelin damage in SCI has recently
received increasing attention as it harms oligodendrocytes acutely viamechanical stress, oxygen
deprivation, and hemorrhage, but also entails protracted oligodendroglial apoptosis resulting in
demyelination and diminished axonal functionality (reviewed in [60]; Figure 2). In injured rodents,
oligodendroglial loss even continues for approximately 3 weeks in the lesion [61] until NG2-
positive cells partly replace lost oligodendrocytes [62] – a process that is, however, weakened by
the fact that NG2 cells may also generate astrocytes [63]. Reactivation of Notch signaling was
reported to occur in the harmed spinal cord [64] and may thus contribute to OPC differentiation
failure and the promotion of astrogliosis [65,66]. Furthermore, polysialylated neuronal cell
adhesion molecule (PSA-NCAM), known to exert a detrimental effect on remyelination when
expressed on the surface of demyelinated axons in MS, can also be found on reactive astrocytes
in SCI [67]. Finally, neutralization of LINGO-1, a component of the Nogo-66 receptor/p75
signaling complex, was found to lead to improved functional recovery and axonal sprouting

and myelin basic protein (MBP)
metabolism was found to be
dysregulated even prior to synuclein
deposition. There is evidence that
oligodendrocytes actively participate
in the disease process by transferring
toxic /-synuclein to neurons leading
to cell death (see also [31] for an
overview on this disease). In addition,
extracellular as well as endogenously
produced /-synuclein inhibits glial
differentiation resulting in elevated
numbers of immature OPCs in MSA
brain tissue [34,36].
Schizophrenia (SZ): a psychiatric
disorder of largely unknown etiology
manifesting itself with so-called
‘positive’ symptoms such as
delusions, hallucinations, thought
disorganization, and ‘negative’
symptoms such as depression and
social withdrawal [143]. Myelin-
forming oligodendrocytes are
currently thought to contribute to
psychiatric diseases in many ways,
via hypomyelination,
hypermyelination, as well as
metabolic support [144]. In the SZ
brain, key oligodendroglial and
myelination genes are downregulated
and white matter changes indicating
disturbed myelin maturation can be
detected [47]. Disrupted-in-
schizophrenia-1 (DISC1), one of the
most relevant genes for the
development of SZ, was shown to
inhibit oligodendroglial differentiation
[49].
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in SCI [68]. This is of significance as LINGO-1 inhibition has recently received considerable
attention in the context of MS with clinical trials assessing its efficacy to enhance remyelination
being currently underway (Table 1). These observations suggest that oligodendroglial inhibitory
factors identified in the context of remyelination in MS [20] might similarly act in the injured CNS.

In general, with regard to inhibitory processes involved in failing or inefficient CNS repair in many
diseases, the past years have seen mounting interest in the role of the so-called glial scar.
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Figure 1. Oligodendrogenesis, Cellular Stages, and Markers. During development, early (glial) progenitor cells give rise to oligodendroglial precursor cells (OPCs)
that eventually transform into premature and immature oligodendrocytes. Cellular differentiation is accompanied by morphological conversion from bipolar precursor to
mature cells with multiple processes forming a large network. These processes make contact with up to 40 segments of different axons to generate a multilayered myelin
sheath that spirally covers the axon. Such internodes are separated by regions of exposed axonal membrane, the so-called nodes of Ranvier. Cells at different stages of
maturation are characterized by specific combinations of marker proteins while their migratory activity and proliferation rates cease during the differentiation process. In
the adult central nervous system (CNS), a fraction of immature oligodendroglial precursor cells (adult OPCs) persists. These cells are also referred to as adult NG2 cells,
synantocytes, or polydendrocytes and are involved in synaptic signaling. Under pathophysiological conditions, they are recruited to generate new oligodendrocytes and
myelin sheaths. In myelinated axons, voltage-gated sodium channels (Nav) are concentrated within central aspects of nodes, whereas voltage-gated potassium channels
(Kv) are located in juxtaparanodes. Insulating properties of internodes can be attributed to compact myelin that consists of approximately 30% proteins and 70% lipids.
Structural proteins such as proteolipid protein (PLP) and myelin basic protein (MBP) are fundamental to the compaction process, resulting in the typical appearance of
alliterating concentric major dense lines (mdl) and light layers (intraperiod lines, ipl). Myelin-associated glycoprotein (MAG) is located in non-compacted periaxonal regions
mediating cell–cell interactions between glial and axonal membranes. Myelin oligodendrocyte glycoprotein (MOG) is important for the glial–axonal junction at the
paranode.
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Historically, the glial scar formed by reactive astrocytes invading lesion sites upon injury has been
viewed as a detrimental factor mainly for axonal regeneration. This is particularly the case in SCI
where, probably via integrin disruption, the accumulation of chondroitin sulfate proteoglycans
(CSPGs) inhibits axonal sprouting and growth (reviewed in [69]) or in MS where CSPGs interfere
with OPC differentiation creating an unfavorable environment for remyelination [70]. More recent
research, however, has led to a more balanced assessment of the role of the glial scar (reviewed
in [71]). In SCI, it was shown to ‘wall off’ the lesion area restricting infiltration of activated
inflammatory cells into surrounding tissue and it could be demonstrated that loss of reactive
astrocytes in lesions leads to enhanced intralesional cell death potentially via increased gluta-
mate levels [72]. However, one of the most relevant aspects when discussing neurorepair
remains whether or not the glial scar is permissive to cellular transmigration allowing intralesional
OPC recruitment and subsequent remyelination. In this regard, chemoattractive or repellent
molecules play a decisive role. Two of the most intriguing candidates in this context that can be
traced back to reactive astrocytes are the semaphorins 3A and 3F that can attract OPCs to
lesions (3F) or repel them (3A; [73–75]). Further examples are netrin-1, which is also upregulated
by reactive astrocytes in demyelinated lesions in MS and which has been shown to act as a
chemorepellent for OPCs [76], and ephrinB3, initially described among axonal growth inhibitors,
now revealed to be a potent blocker of oligodendrogenesis [77]. In summary, against the
backdrop of the earlier-discussed contrasting roles of the glial scar in neuroregeneration, a
definite assessment of its modulation as a future therapeutic tool remains, at present, difficult.

Therapeutic Approaches
Given the recent encouraging growth of the immunomodulatory treatment repertoire in MS, the
current therapeutic research focus in MS has shifted from the prevention of new damage to the

Box 1. Experimental Demyelination and Remyelination Models

Given that MS brain and spinal cord tissues are difficult to procure, a number of animal models were created to gain new
insights into disease mechanisms and to test putative therapeutic agents. However, animal models only partly mimic the
complex pathomechanisms of MS. For the induction of experimental demyelination, three general categories can be
distinguished: (i) toxin-induced demyelination that is typically used to investigate demyelination and remyelination; (ii)
autoimmune-induced models that have been used to study neuroinflammation and subsequent demyelination; and (iii)
viral models. Toxin-induced demyelination models make use of lysolecithin (LPC), ethidium bromide (EtBr), or cuprizone
to induce local oligodendroglial damage resulting in primary demyelination. In these models, demyelination is accom-
panied by a reproducibly timed spontaneous remyelination and both processes can be studied under non-inflammatory
conditions. EAE, by contrast, recapitulates many features of MS, including demyelination, inflammation (myelin-reactive T
cells), and neurodegeneration. This experimental disease is elicited by immunization of susceptible animals with CNS
antigens such as whole white matter, myelin proteins or immunodominant peptides, or via adoptive transfer using
activated, myelin antigen-specific T cells. Lastly, Theiler's murine encephalomyelitis virus (TMEV) and murine hepatitis
virus (MHV) are used as infectious models that closely mimic certain aspects of MS pathology. Intracerebral infection of
susceptible animals with certain TMEV or MHV strains results in a biphasic disease progression, comprising an early
acute disease, followed by a late chronic phase featuring demyelination and remyelination, as well as axonal damage.

Box 2. Remyelination

The adult mammalian CNS is generally regarded as a regeneration incompetent organ, as opposed to the PNS, where
axonal connections andmyelin sheaths can be restoredmore easily. Remyelination refers to the generation of newmyelin
sheaths around demyelinated axons as it occurs in a number of neurological conditions such as MS, peripheral
neuropathies, and upon traumatic injuries. The aim of this process is to restore saltatory signal transduction, axonal
stability, and trophic support. New myelin sheaths are shorter and thinner as the ones established during brain
development. Myelin repair in the adult CNS is dependent on activation and recruitment of either resident OPCs or
adult neural stem cells (aNSCs). Until recently, the contribution of aNSCs to myelin repair was considered to be minor, an
assumption that is currently re-evaluated based on new observations in rodent demyelination models. Nevertheless, as
one of the few regeneration processes that occur in the CNS, remyelination remains overall inefficient with an increasingly
diminished myelin repair capacity during disease progression. By contrast, in the more regenerative adult PNS,
remyelination is primarily dependent on Schwann cells. These peripheral myelinating glial cells can dedifferentiate
and redifferentiate in response to lesion and disease. By doing so, they adopt a repair-mediating cellular phenotype,
interact with immune cells, promote axonal regeneration, and finally myelinate regrown axons.
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repair of existing lesions. However, as outlined earlier, remyelination might also hold promise for
a multitude of other neurological diseases so that future therapeutic compounds could have
multiple clinical applications. In this context, MS may serve as a pioneering exemplary paradigm
providing insight into potential new treatments for other diseases including demyelinating
components. Even though the pathology and underlying molecular causes of remyelination
failure in these diseases may differ from what is observed in the inflamed CNS, it is conceivable
that knowledge about remyelination mechanisms in MS could, at least to a certain extent, be
translated to these pathological entities. This concept is supported by the fact that many of the
diseases discussed here share similar pathways and molecular cascades with MS such as, for
instance, reactivation of Notch signaling in SCI [64] or the still unclear OPC differentiation block in
ALSwhere, in early disease stages, OPCs have been observed to proliferate without subsequent
maturation [38].

In the case of MS, neurorepair, as it occurs naturally and spontaneously in the CNS, is an overall
inefficient process that fails to successfully counteract the accumulation of lasting axonal
damage [78], increasing brain atrophy [79] and resulting [5_TD$DIFF] motor and neuropsychological dis-
abilities. As OPCs have been detected in chronic MS lesions even after years of disease
progression [26], other determinants such as factors affecting migration and differentiation
must be responsible for repair failure. As summarized in a recent overview [20], a plethora of
inhibitory molecules ranging from transcription factors to extracellular matrix (ECM) proteins
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Figure 2. Roads to Demyelination. (A) Myelinated axons in the healthy central nervous system (CNS) can degenerate by various ways (B–D). (B) In multiple sclerosis
(MS), immune cells attack myelin sheaths and oligodendrocytes. Upon demyelination, resident oligodendroglial precursor cells (OPCs) can be recruited to form new
myelin sheaths around naked axons. Although this is one of the few possible spontaneous regeneration processes occurring in the CNS, the efficiency of myelin repair
remains limited and many lesions/axons remain demyelinated. (C) Pathogenic mechanisms underlying selective degeneration in MSA. Mature oligodendrocytes
accumulate cytoplasmic /-synuclein and intranuclear /-synuclein inclusions (red). /-Synuclein is transferred to neurons resulting in progressive neuronal dysfunction,
axonal degeneration, and ultimately loss of oligodendrocytes and neurons. Remyelination of spared axons is thought to be impaired as extracellular as well as
endogenously produced /-synuclein was found to interfere with oligodendroglial differentiation resulting in elevated numbers of immature OPCs in multiple system
atrophy (MSA) brains. (D) Traumatic lesions such as in spinal cord injury result in axonal degeneration and neuronal loss. Directly injured oligodendrocytes or cells upon
loss of axons also degenerate. Moreover, local inflammation, excitotoxic, and oxidative stress can affect spared axons and oligodendrocytes leading to secondary
demyelination. Regeneration of injured axons and neuronal cell survival are limited by glial scar formation. Spared, regenerating, or new axons (plasticity) can eventually be
myelinated by successfully recruited OPCs, given that they can access the lesion area through the surrounding glial scar.
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Table 1. Currently Evaluated Drugs Related to the Development of Myelin Repair Therapies

Drug General Mode of Action Relevance for Remyelination Clinical Status Current Trials Refs

Drugs in Use

Fingolimod Blocks lymphocytic egress from
lymph nodes by downregulation of
lymphocytic S1P1 receptors.

Modulates process outgrowth in immature
oligodendrocytes, enhances remyelination in
experimental MS models, and reduces brain
atrophy in RRMS patients.

Approved for the treatment of RRMS
by the FDA in 2010 and the EMA in
2011.

Failed to improve the neurodegenerative
processes in PPMS (INFORMS study).

[98–102]

Benztropine Anticholinergic molecule inhibiting
parasympathetic nerve activation.

Increases remyelination in toxic demyelination and
decreases the clinical severity of EAE via
muscarinic receptors; possibly also stimulates
OPC differentiation by blocking Notch signaling.

Approved for treatment of
Parkinson's disease and dystonia.

Currently the initiation of a clinical trial for
efficacy in MS is being considered.

[103]

Quetiapine
fumarate

Antagonist at the D2, 5-HT2A, H1,
alpha 1, and 5-HT1A receptors
exerting an antipsychotic effect.

May stimulate proliferation and maturation of
oligodendrocytes; increases antioxidant defense.

Approved for use in schizophrenia,
bipolar disorder, and as an add-on
antidepressant medication.

Phase I study to determine safety and
tolerability inMS patients (ClinicalTrials.gov:
NCT02087631).

[52–54]

Simvastatin 3-Hydroxy-3-methylglutaryl-CoA
(HMG-CoA) reductase inhibitor.

Reduces brain atrophy in SPMS via a so-far
unknown mechanism but has no significant effect
on relapse frequency or lesion load; was reported
to have a detrimental effect on remyelination in the
toxic cuprizone model.

Approved for the treatment of
hypercholesterolemia.

Phase II trial (NCT00647348) in SPMS
completed with a phase III trial currently in
preparation.

[95,106,
107]

Indomethacin Non-steroidal anti-inflammatory
drug (NSAID) inhibiting
cyclooxygenase.

Increases activation of the b-catenin destruction
complex that phosphorylates b-catenin leading to
its degradation. Loss of b-catenin promotes OPC
differentiation and remyelination upon cuprizone-
induced demyelination.

Approved as anOTC painmedication. So far no clinical studies investigating
efficacy in MS are underway.

[108]

Miconazole Antifungal agent that weakens the
formation of cell membranes by
interfering with ergosterol
synthesis.

Induces OPC differentiation probably via
phosphorylation and activation of ERK1/2.

Approved for local antifungal
treatment.

So far no clinical studies investigating
efficacy in MS are underway.

[109]

Clobetasol Derivate of the corticosteroid
betamethasone suppressing
inflammation.

Enhances OPC differentiation probably via an
activation of the glucocorticoid receptor signaling
axis.

Approved for local treatment of non-
bacterial skin infections

So far no clinical studies investigating
efficacy in MS are underway.

[109]
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Table 1. (continued)

Drug General Mode of Action Relevance for Remyelination Clinical Status Current Trials Refs

CDP-choline Relevant metabolite in the
synthesis of the membranous
phospholipid phosphatidylcholine.

Increases OPC proliferation and facilitates
remyelination by enhanced synthesis of
phosphatidylcholine as an integral part of myelin.

Available as a supplement. So far no clinical studies investigating
efficacy in MS are underway. Failed in
studies investigating cerebral ischemia.

[110]

Drugs in Trials

BIIB033 Antibody against LINGO-1
modulating RhoA signaling.

Neutralization of LINGO-1 enhances [1_TD$DIFF]
oligodendroglial maturation, myelin sheath
formation, and reduces severity of EAE.

Not approved yet. Phase II study for efficacy in MS as an add-
on[2_TD$DIFF] therapy for interferon b-1a
(NCT01864148). A study in optic neuritis
(NCT01721161) has not reached its
primary endpoint.

[111]

rHigM22 Recombinant human antibody
binding to vitronectin/fibronectin
receptor /vb3.

Promotes the synthesis of new myelin in animal
models by reduction of oligodendroglial
apoptosis.

Not approved yet. A phase I study in MS patients shows that
rHigM22 is well-tolerated and can be found
in the cerebrospinal fluid (CSF)
(NCT01803867).

[112]

GNbAC1 Humanized antibody GNbAC1,
directed against the
proinflammatory envelope protein
(ENV) of multiple sclerosis-
associated retrovirus (MSRV).

GNbAC1 targets ENV to protect OPC
differentiation by reduction of nitrosative stress.

Not approved yet. Phase IIa study was successfully
concluded (NCT01639300); a proof-of-
concept Phase IIb study is currently being
prepared.

[115,116]

Olesoxime Cholesterol-like small molecule
compound binding to two
components of the mitochondrial
permeability transition pore (PTP).

Increases the number of mature rodent
oligodendroglial cells in animal models.

Not approved yet. Phase I clinical trial evaluating olesoxime as
an add-on therapy for interferon-b in
patients with stable RRMS
(NCT01808885).

[118]

GSK239512 Histamine H3 receptor antagonist
so far studied in the context of
Alzheimer's disease and in the
hypomyelinated mouse model
where it boosts oligodendroglial
differentiation of transplanted [3_TD$DIFF]
OPCs.

H3 receptor antagonist enhances remyelination in
the cuprizone model and increases the
differentiation of human oligodendroglial
precursor cells transplanted into the
hypomyelinated mouse model.

Not approved yet. Phase II study assessing whether
GSK239512 can promote remyelination as
an add-on therapy in patients receiving
glatiramer acetate or interferon b-1a has
been completed, results are not yet
available (NCT01772199).

[119,120]
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Table 1. (continued)

Drug General Mode of Action Relevance for Remyelination Clinical Status Current Trials Refs

Clemastine Antihistamine/anticholinergic
compound blocking histamine H1
receptor.

Acts as an enhancer of OPC differentiation. Not approved yet. Phase II study investigating the potential of
clemastine as a remyelinating agent in
RRMS patients (NCT02040298).

[121]

VX15/2503 Humanized IgG4 anti-semaphorin
4D (SEMA4D) antibody interfering
with SEMA4D/plexin B1
interactions.

Blockade of this pathway ameliorates EAE,
increases OPC differentiation, and restores BBB
breakdown.

Not approved yet. Phase I study investigating the safety of
VX15/2503 demonstrated that it is well
tolerated by MS patients without major
adverse effects (NCT01764737).

[123–126]

Experimental Compounds

Quercetin Flavonoid molecule acting as:
(i) inhibitor of intramembranous g-
secretase and (ii) disruptor of b-
catenin binding to transcription
factor 4 (TCF4).

(i) g-Secretase inhibitors interfere with canonical
Notch signaling, which leads to enhanced
remyelination.
(ii) Binding of b-catenin to TCF4 was shown to
delay myelin repair.

Not approved yet. None of the g-secretase compounds have
yet been evaluated in CNS remyelination.

[128,129]

XAV939 Small molecule inhibiting the poly-
ADP-ribosylating enzymes
tankyrase 1 and 2.

Stabilizes Axin2 in OPCs, thereby improving
remyelination by inhibition of Wnt signaling.

Not approved yet. So far no clinical studies investigating
efficacy in MS are underway.

[131]

Indazole
chloride

Selective estrogen receptor–b
agonist.

Improves remyelination in the cuprizone model. Not approved yet. So far no clinical studies investigating
efficacy in MS are underway.

[133]

IRX4204 Small molecule IRX4204 activates
retinoic acid receptor g (RXR-g),
which is involved in remyelination.

Enhances oligodendroglial differentiation. Not approved yet. Clinical trials for MS are currently in the
planning stage.

[132]

GANT61 Small molecule blocking Gli1
transcription factor.

Promotes the generation of oligodendrocytes
from adult neural stem cells.

Not approved yet. So far no clinical studies investigating
efficacy in MS are underway.

[89]

Solifenacin Blocks CHRM3, an M3R
muscarinic acetylcholine receptor.

Increased differentiation of transplanted human
OPCs in hypomyelinated shiverer/rag2 mice.

FDA-approved for treating
contraction of overactive bladder.

So far no clinical studies investigating
efficacy in MS are underway.

[85]

BQ788 Endothelin (ET) receptor
antagonists.

Blocks endothelin-B receptor activation on
astrocytes and thereby rescues
oligodendrogenesis in remyelination.

Used in research but has not yet
reached the clinical trial stage.

So far no clinical studies investigating
efficacy in MS are underway.

[88]
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were observed to interfere with proper differentiation of OPCs. While it still remains to be shown
to what extent all these factors affect alone or in combination glial responses, additional negative
regulators emerged in the meantime such as death receptor 6 (DR6; [80]), GSK3b [81], NFIA
[82], galectin-4 [83], DISC1 [49], non-muscle myosin IIB [84], the CHRM3 muscarinic acetyl-
choline receptor [85], TROY [86], endothelin-1 (ET-1; [87,88]), Gli1 [89], the protease-activated
receptor 1 [90], and the transmembrane signaling protein ephrinB3 [77]. In light of the apparently
overwhelming negative input [1_TD$DIFF] immature oligodendroglial cells are confronted [12_TD$DIFF]with, there is a need
to address how we can target those factors to support and disinhibit the endogenous repair
capacity of the brain or whether among them master regulators can be identified. Among those
recently discovered negative regulators, extracellular or cell surface components such as DR6,
galectin-4, CHCRM3, TROY, and ephrinB3 are most likely the targets with the highest transla-
tional potential given their accessibility and some reports on successful neutralization using
specific antibodies or antagonists. But even for transcriptional regulators such as Gli1 or
secreted intercellular signaling molecules such as endothelin-1, suitable pharmacological com-
pounds can be identified, as exemplified by the small molecule inhibitor GANT61 [89] as well as
the ET receptor antagonists PD142,893 or BQ788 [87,88], and thus lead towards therapeutic
application.

However, stimulating remyelination will only be one part of future therapeutic strategies that
must, in a two-pronged approach, also provide neuroprotection for vulnerable axons in demye-
linated tissue. Prior to remyelination, demyelinated ‘naked’ axons are exposed to increased pH
and ionic disbalances leading to cell swelling, mitochondrial failure, oxidative stress (reviewed in
[91]), and ultimately axonal transection (reviewed in [92]). Supporting neuronal survival and
viability is therefore a vital prerequisite for successful remyelination. Several neuroprotective
substances have emerged in the past decade targeting the pathological features described
earlier. Sodium channel blockers clinically used as antiepileptic drugs, such as phenytoin [93] or
lamotrigine [94], seem to have a beneficial effect on neuronal integrity. Other medications that
might protect axons include the HMG-CoA reductase inhibitor simvastatin that was found to
reduce brain atrophy in MS patients [95] and erythropoietin that showed promising effects in
optic neuritis [96]. To provide an environment susceptible for repair such drugs will have to be
combined with agents specifically enhancing remyelination.

Fortunately, the past years have seen the emergence of multiple pharmacological agents and
compounds exerting beneficial effects on the remyelinating cell repertoire acting via a host of
different molecular pathways, thus representing potential candidates for the development of
novel therapies. These agents can be generally divided into three distinct subgroups: (i)
medications that are FDA- and EMA-approved for other diseases but have a proposed role
in regeneration; (ii) regenerative treatments under investigation in clinical trials; and (iii) promising
experimental compounds aiming specifically at facilitating endogenous repair (Table 1).

Currently Evaluated Drugs Related to the Development of Myelin Repair
Therapies
Fingolimod/Gilenya that was approved as the first oral immunomodulatory MS drug in 2010 is a
first-in-class sphingosine-1-phosphate (S1P) receptor modulator that controls lymphocyte
trafficking [97]. However, it was also found to modulate resident oligodendroglial cells and to
increase remyelination efficiency [98–100]. To what extent this holds true for demyelination in
inflammatory paradigms and whether Fingolimod acting on all S1P receptors expressed by
oligodendroglial cells (i.e., S1P1, S1P3, S1P5) is beneficial to the regeneration process has not
yet been completely clarified. It is therefore conceivable that the slowing of brain atrophy in
Relapsing remitting MS (RRMS) patients treated with Fingolimod as measured by MRI [101] is a
direct result of its regenerative potential. However, a recent Phase III trial in primary progressive
MS failed to show a therapeutic effect [102]. Benztropine, an anticholinergic drug used to treat
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PD was identified in a large-scale compound screening and was demonstrated to affect
remyelination [103] (Figure 3). Probably via muscarinic receptors it blocks Notch signaling, a
known inhibitory pathway for oligodendroglial differentiation [20]. Quetiapine fumarate, by
contrast, is a medication commonly used to treat psychosis (see paragraph on schizophrenia
earlier) and acts on several different receptors (Table 1). It was found to stimulate oligodendroglial
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Figure 3. Oligodendroglial Precursor Cell (OPC) Differentiation Promoting Processes. For an improved myelin
repair, OPC recruitment, survival, and differentiation were found to be promoted by a number of agents: antibodies such as
BIIB033, GNbAC1, VX15/2503, and rHigM22 can be applied to neutralize negative regulatory factors such as Lingo-1,
Herv-W envelope (ENV), and SEMA4D or to enhance cell survival and proliferation rates, respectively. Modulated nuclear
receptor signaling via clobetasol and IRX4204 acting on glucocorticoid and retinoic acid receptors, respectively, and
miconazole acting on ERK1/2 signaling could also contribute to improved OPC maturation. Moreover, histamine receptor
blockers such as GSK239512 and clemastine, molecules influencing Notch andWnt signaling cascades such as quercetin,
XAV939, indomethacin, and benztropine were also reported to stimulate oligodendroglial differentiation and thus represent
putative drugs suitable for the promotion of myelin repair activities. Some of these signaling pathways act on transcription
factors such as TCF4, Hes1/5, ATF, NFkB, or Notch receptor intracellular domain (NICD). Abbreviations: b-cat, b-catenin;
G, G protein; M1, M3, M1 and M3 muscarinic receptors; H1, H3, H1 and H3 histamine receptors; GR, glucocorticoid
receptor; RXR-g, retinoic acid receptor g.
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differentiation [52–54] and a Phase I clinical trial is currently recruiting patients (ClinicalTrials.gov:
NCT02087631). It is, however, conceivable that the pro-oligodendroglial effect could also be
attributed to its fumarate portion as dimethyl fumarate (DMF) was shown to exert neuro-
protective effects in the inflamed CNS and to directly protect oligodendroglial cells from oxidative
stress in culture [104,105]. Simvastatin, one of the most frequently used medications for
hypercholesterinemia, has been the subject of controversial scientific discussions regarding
its impact on neurorepair. While one study demonstrated that statins can induce peroxisome
proliferator-activated receptor (PPAR)g-mediated oligodendroglial differentiation [106], later
results suggested that it may even be counterproductive by inhibiting remyelination in an animal
model [107]. Of note, a clinical study demonstrated that statins reduce the development of brain
atrophy in secondary progressive MS (SPMS) while lacking an effect on relapse frequency or
lesion load [95]. Indomethacin, a widely used non-steroidal anti-inflammatory drug (NSAID) was
recently shown to diminish b-catenin activity that, in turn, promotes OPC differentiation and
remyelination in animal models [108] (Figure 3). Further drugs of interest in the context of myelin
restoration are miconazole, an approved antifungal agent, and clobetasol, a betamethasone
derivate approved for treating non-bacterial skin infections. Both substances were identified in a
large-scale screening and found to stimulate oligodendroglial differentiation via ERK1/2 signaling
and through glucocorticoid receptor activation, respectively [109] (Figure 3). CDP-choline, an
important metabolite for plasma membrane synthesis, notably available as an over-the-counter
(OTC) food supplement, was recently described to facilitate CNS remyelination [110]. Although
unproven, this effect is probably a consequence of enhanced phosphatidylcholine synthesis that
constitutes an integral part of myelin.

BIIB033, a monoclonal antibody, developed to neutralize LINGO-1, which is known to inhibit
remyelination via activation of Rho-A, is currently tested for its efficiency as a remyelinating drug.
Neutralization of LINGO-1 promoted remyelination in a number of animal paradigms (reviewed in
[111]; Figure 3) that fueled very high expectations regarding its potential effect in MS. While a
study investigating the effect of BIIB033 in optic neuritis (ClinicalTrials.gov: NCT01721161) has
unfortunately not reached its primary endpoint (retinal nerve fiber thickness preservation) while
improving nerve conduction velocity as measured by visually evoked potentials (VEPs; a
secondary outcome and fingerprint of functional remyelination), a Phase II study in RRMS is
still underway (ClinicalTrials.gov: NCT01864148). rHigM22, a recombinant human IgM antibody
targeting the oligodendroglial vitronectin/fibronectin receptor /vb3 (Figure 3), was shown to
decrease OPC apoptosis and to simultaneously elevate oligodendroglial proliferation rates by
lowering the threshold for PDGF stimulation [112]. A Phase I trial using this antibody has recently
been completed (ClinicalTrials.gov: NCT01803867). The IgG4 antibody GNbAC1 directed
against the envelope protein (ENV) of multiple sclerosis-associated retrovirus (MSRV), a member
of the HERV-W family of endogenous retroviruses, constitutes yet another compound that could
enhance remyelination (Figure 3). Reactivated MSRV particles and ENV protein can be detected
in the serum and the cerebrospinal fluid of MS patients [113]. The ENV protein was then found to
act as a proinflammatory factor [114] and recently it was shown that it also interferes with OPC
differentiation via nitrosative stress induction [115]. GNbAC1, by contrast, can neutralize this
effect and rescue myelin expression in OPCs [116]. Of note, in a recent Phase IIa study GNbAC1
was well tolerated by MS patients [117]. Olesoxime, a cholesterol-like small molecule, binds to
two components of the mitochondrial permeability transition pore (PTP) in oligodendrocytes and
thereby exerts a primarily glioprotective effect [118]. While a study in ALS investigating moto-
neuron survival under olesoxime treatment failed to show a clinical benefit, a Phase I study in
RRMS was conducted in 2014 with no results posted to date (ClinicalTrials.gov:
NCT01808885). Histamine receptor blockers represent another forthcoming group of pro-
oligodendroglial agents (Figure 3). GSK239512 was initially identified as a stimulator of oligo-
dendroglial differentiation in a compound screening based on MBP expression analysis [119].
Corresponding histamine receptors can be detected in MS lesions and their depletion increased
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rodent experimental autoimmune encephalomyelitis (EAE) resistance [120]. While a Phase II
study to assess whether GSK239512 can remyelinate lesions in RRMS patients has been
completed (ClinicalTrials.gov: NCT01772199), a phase II study on the role of clemastine
fumarate as a remyelinating agent [121] is currently recruiting patients [1_TD$DIFF] (ClinicalTrials.gov:
NCT02040298). This compound might even be of broader interest as it could recently be
demonstrated that clemastine boosts myelination in prefrontal cortex of socially isolated mice,
thereby rescuing behavioral changes [122]. Modulation of semaphorin signaling could also be a
functional base for future remyelination approaches. Semaphorin 4D (SEMA4D) was shown to
inhibit OPC differentiation [123], to induce oligodendroglial process collapse [124], and to
worsen EAE probably via blood–brain barrier (BBB) breakdown induction [125]. Accordingly,
the humanized IgG4 anti-SEMA4D antibody VX15/2503 that interferes with SEMA4D/plexin B1
interactions was shown to improve OPC differentiation and EAE ([126]; Figure 3). A Phase I study
investigating the safety of VX15/2503 demonstrated that the drug is well tolerated by MS
patients (ClinicalTrials.gov: NCT01764737). Of note, it was recently demonstrated that another
member of the semaphorin family, SEMA7A, can serve as a molecular parameter for disease
progression in MS as elevated titers of this molecule could be detected in worsening disease
courses. Functionally, SEMA7A is thought to modulate oligodendroglial migration into demyeli-
nated lesions [127].

Finally, there are several agents that have shown promising effects in vitro and/or in the animal
model but have so far not progressed to clinical trials. As described further above in the context
of benztropine, inhibiting oligodendroglial Notch signaling may exert beneficial effects on
oligodendroglial differentiation. Quercetin, a flavonoid molecule, acts as an inhibitor of intra-
membranous g-secretase, thereby reducing the cleavage of the Notch receptor intracellular
domain (NICD). This, in turn, was found to enhance remyelination in the demyelinated hypoxic
animal model [128,129] (Figure 3). Quercetin also modulates the Wnt signaling pathway by
disrupting b-catenin/transcription factor TCF4 interactions known to delaymyelin repair [130]. Of
note, XAV939, a small molecule inhibiting the poly-ADP-ribosylating enzymes tankyrase 1 and 2
exerts an inhibitory effect onWnt signaling [131] (Figure 3) and is therefore yet another agent with
remyelination potential. Further factors that could be beneficial in the context of white matter
repair are, for example, IRX4204, a small molecule that activates retinoic acid receptor g (RXR-g;
[132]) (Figure 3), and indazole chloride, a selective estrogen receptor–b agonist that has been
shown to be effective upon cuprizone-mediated demyelination and in EAE [133]. This might at
least partly reflect the clinical observation that pregnant MS patients are often free of relapses
during their third trimenon – a phenomenon still not entirely understood. Finally, high-dose biotin
might also be considered for the future treatment of myelin loss as it has been described to
activate myelin formation in oligodendrocytes through its role as a cofactor for acetyl-CoA
carboxylase and given that high-dose biotin treatments were recently shown to exert a thera-
peutic effect in patients with progressive MS [134].

Concluding Remarks
The main limitation of current treatments for most neurological diseases consists in the fact that
they do not reduce existing deficits but rather aim at preventing new damage. Long-term goals
such as averting neurodegeneration as it occurs in SPMS bymeans of restoring functional axon/
glia interactions can currently not be achieved. Nevertheless, in the past decade the process of
myelin repair in the adult CNS has received increasing attention, both among scientists as well as
clinicians. This has promoted the identification of regulatory processes and substances that
might pave the way towards the development of therapeutic agents. Since some drugs with a
putative regenerative potential are already approved for other diseases, translation to MS could
be accelerated. More specific compounds identified through basic and preclinical research will
most likely only emerge in a few years, upon successful completion of specific clinical studies.
Given the plethora of regulatory processes found to interfere with oligodendrogenesis as well as

Outstanding Questions
Can oligodendroglial precursor cells in
the CNS parenchyma be reached by
remyelination-mediating drugs? What
are the BBB penetration and diffusion
properties of antibodies versus small
molecules?

What are appropriate windows of
opportunity for the treatment of differ-
ent neurological diseases?

Can appropriate assessment tools be
defined to measure neuroregeneration
and myelin repair in patients? Can suit-
able biomarkers be identified? Are the
currently used clinical and paraclinical
readouts such as MRI imaging and
Expanded Disability Status Scale
(EDSS) scoring sensitive enough to
measure remyelination?

Can all neurological diseases with
white matter injuries be treated using
the same myelin repair drugs?

Can we identify master negative regu-
latory switches influencing OPC migra-
tion and/or differentiation?
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the significant number of different pathologies featuring white matter injury, it will most likely be
necessary to address myelin repair with the simultaneous use of different compounds. More-
over, limitations of currently used imaging techniques should be complemented by other
readouts such as newly identified biomarkers (see Outstanding Questions).
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