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Summary:

Myelin is critical in maintaining electrical impuls®nduction in the central nervous system. The
oligodendrocyte is the cell type responsible for myphmduction within this compartment. The
mutual supply of trophic support between oligodengiex and the underlying axons may
indicate why demyelinated axons undergo degeneratae readily; the latter contributes to the
neural decline in multiple sclerosis (MS). Myelin agptermed remyelination, occurs in acute
inflammatory lesions in MS and is associated witkefiomal recovery and clinical remittances.
Animal models have demonstrated that remyelinationddiated by oligodendrocyte progenitor
cells (OPCs) which have responded to chemotactic cuigsated into the lesion, proliferated,
differentiated into mature oligodendrocytes, and easied demyelinated axons. The limited
remyelination observed in more chronic MS lesions neflgct intrinsic properties of neural
cells or extrinsic deterrents. Therapeutic strategiesently under development include
transplantation of exogenous OPCs and promoting riémagien by endogenous OPCs. All
currently approved MS therapies are aimed at damgéehe immune response and are not

directly targeting neural processes.



5.1 Myelin

The rapid transduction of electrical impulses, termed action potentials, is required for the
efficient function of the vertebrate nervous system. The conduction velocity of these impulses is
maximized by the presence of an insulating layer surrounding the axon referred to as the myelin
sheath [1-3]. In the central nervous system (CNS), the oligodendrocyte is the resident cell type
responsible for the production of myelin that consists of oligodendroglial plasma membrane
loops tightly wound concentrically around the axon. Oligodendrocyte progenitor cells (OPCs)
are generated in the ventral neuroepithelium of the neural tube in early embryonic life, more
specifically from the motor neuron progenitor (pMN) domain [4-5], and in the dorsal spinal cord
and hindbrain / telencephalon of the brain in late embryonic development and early post-natal
life [6-9]. These proliferative cells migrate into the developing white matter [10-12], exit the cell
cycle, undergo differentiation into mature oligodendrocytes, and begin to express a subset of
myelin-associated proteins [13-14]. Following the extension of flat oligodendroglial membrane
sheets, there is recognition and adhesion to axonal targets [15]. Myelin components are then
synthesized and transported to the appropriate location within the sheath, axons are wrapped, and
the myelin membrane is compacted such that the cytoplasmic myelin leaflets are practically
fused and almost devoid of cytoplasm [16-18]. In the CNS, one oligodendrocyte can produce up
to 40 myelin segments on multiple axons. Consequently, myelinating oligodendrocytes produce
as much as 5-50 x 1pm? of membrane a day [19]. Maintenance of this myelin membrane

occurs throughout adulthood and comprises of a continual turnover of myelin correlated with a
high level of expression of myelin genes long after the completion of the myelination process

[20-21].



Signals derived from electrically active neurons (such as growth facots, neurotrophic factors, and
electrical activity) regulate cellular events involved in myelination and myelin gene expression in
oligodendrocytes [22-25]. Oligodendrocytes also reciprocate signals for neurons, by producing
growth factors and by inducing the organization of the axon into specific sub-domains by
controlling the distribution of various axonal proteins [26-27]. Gaps of myelin cause the
formation of the ‘Nodes of Ranvier’, which are axonal segments where the sodium channels that
regulate electrical impulse conduction are aggregated (Figure 1A). Experimental models of
demyelination have indicated that the myelin sheath is crucial in maintaining these nodal
domains over the long term [28]. Myelin also forms the flanking membrane loops, termed the
paranodes, which serve to separate the nodal sodium channels from the potassium channels
concentrated in the adjacent juxtaparanodal regions (Figure 1A). Together, the paranodes and
juxtaparanodes form the myelin segments called the internodes. The importance of reciprocal
communication between axons and oligodendrocytes is apparent in neurological diseases where
oligodendrocyte loss and demyelination is associated with a considerable degeneration of axons.
For instance, in multiple sclerosis (MS), oligodendrocyte loss and demyelination are associated
with progressive axonal degeneration and neurological decline [29-31]. Recovery from relapses
in MS (remittances) can reflect a number of mechanisms, including the resolution of the
exaggerated inflammation response and consequent sparing of neural cells, the functional

reorganization of nodal components, and myelin repair (remyelination).

5.2 Role of Remyelination in Functional Neural Recovery

Remyelination is the default spontaneous process by which demyelinated axons undergo
ensheathment with new myelin sheaths leading to functional recovery [32-33]. Remyelination of

demyelinated lesions has been documented to occur in MS by neuropathologic criteria, where



completely remyelinated MS lesions are called shadow plaques due to the intermediate levels of
myelin staining intensity [34-35]. This likely reflects the relative decrease in myelin thickness
and internodal length in the new myelin sheaths relative to the original parameters of the sheath
[36]. Remyelination is not only found in inactive lesions but can also be observed in lesions with
ongoing demyelinating activity [35-37]. Remyelination in MS has also been evidenced by
magnetic resonance imaging-based criteria of changes in magnetization transfer ratio within
lesions [38]. The new myelin sheath may either act as a protective physical barrier to damaging
inflammatory molecules [39], or may restore trophic support to the axon [40-42]. However, some
patients demonstrate extensive remyelination and yet clinical deterioration proceeds [43],

suggesting that remyelination alone is not always sufficient in restoring function.

Demyelination in MS has been associated with a disruption of the paranodal region, resulting in
altered expression and distribution of proteins such as neurofascin 155, contactin-associated
protein (Caspr), and paranodin, as well as ion channels [44-46]. Consequently, nodal sodium
channels are then directly adjacent to juxtaparanodal potassium channels, leading to impaired
saltatory conduction of action potentials (Figure 1B). The remyelination process is associated
with a correct re-distribution of paranodal proteins comparable to the developmental sequence of
nodal assembly [28] (Figure 1C). Studies have demonstrated that sodium channel re-aggregation
at the nodes of Ranvier is an early event in remyelination that occurs prior to new myelin sheath
formation [45]. However, this aggregation of sodium channels on a demyelinated axon just prior

to remyelination may render it more susceptible to injury [33].

5.3 Role of oligodendrocyte progenitor cells in remyelination

Animal models of toxin-induced demyelination have designated the remyelination process as

being mediated by newly infiltrated proliferative OPCs that have differentiated into mature
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myelinating phenotypes, rather than previously myelinating post-mitotic mature
oligodendrocytes within the lesion. More specifically, retroviral tracing has indicated that
proliferative cells eventually give rise to remyelinating oligodendrocytes [47]. OPCs also
remyelinate efficiently upon transplantation into focal demyelinated lesions [48-50].

Additionally, lesions in which there is widespread oligodendrocyte death are characterized by a
repopulation of OPCs prior to new oligodendrocyte formation [51-53]. The role of OPCs in
protecting axonal integrity has also been highlighted in an animal model of demyelination where
depletion of these cells via X-ray irradiation results in increased axonal swellings and decreased

axonal numbers in white matter tracts that would normally undergo remyelination [54].

The OPCs with remyelinating potential are believed to be randomly distributed within the CNS.
However, areas that are distal from progenitor germinal zones, such as the optic nerves, are the
first to demonstrate impairments in the remyelination process [55]. OPCs have been termed as
stem cells of sort due to their multi-potentiality, self-renewal potential, and rapid proliferative
response to injury. OPCs are highly proliferative, motile, bipolar cells expressing high levels of
the GT3 ganglioside A2B5, PDGF receptor alpha (PBR-and the CSPG NG2 [19]. The
expression of these molecules and hence OPC specification are regulated by the basic helix-loop-
helix (bHLH) transcription factors Oligl, Olig2, Mammalian achate schute Homolog 1 (Mash1l),
and the zinc finger transcription factor Myelin transcription factor 1 (MyT1) [52, 56, 57]. OPCs
are also very responsive to agents that promote their differentiation along the oligodendroglial
lineage, such as insulin-like growth factor (IGF)-1, ciliary neurotrophic factor (CNTF), and
thyroid hormone (T3) [58, 59]. Differentiation requires the function of Oligl, Olig2, Nkx2.2,
Nkx2.6, MyT1, and sex determining region Y box (Sox)-10 [50, 56, 57, 60], likely due to

interaction of these transcription factors with the promoters of myelin genes [61-63] (Figure 1D).



The directed migration of these cells to presumptive white matter has been suggested to be
mediated by the chemo-attractant PDGF and semaphorin 3F, the chemo-repellents netrin-1,
semaphorin 3A, and the ephrins, as well as the stop-signals CXCL1 and tenascin C [64-68].
OPCs can be identified in the adult human brain, consisting of 5-8% of total glial cells [59].
Interestingly, adult OPCs demonstrate slower motility, a prolonged cell cycle, and poorer

survival relative to developmental OPCs [70-72]. The restriction of these cells to the
oligodendroglial lineagen vivo is unlikely: these cells were originally termed O-2A cells due to
their potential to generate both oligodendrocytes and astraoyeso. In addition, they can

develop into neurons within neurogenic domains of the CNS (i.e. hippocampus) and have the
capacity to generate Schwann cells following immune-mediated white matter injury [73]. The
generation of OPCs from differing developmental pathways likely contributes to the
heterogeneous population of OPCs observed in development [73-75]; whether this heterogeneity
exists in adulthood is unknown. Subsets of precursors expressing varying levels and
combinations of markers do exist in adult white matter [76]. Precursors with differential
responses to growth factors can also be isolated from the adult rat forebrain [77]. These precursor
subsets may differentially contribute to remyelination and may be under the control of distinct
regulatory mechanisms. OPCs can mature into pre-oligodendrocytes, expressing an unidentified
sulfatide recognized by the O4 antibody [78] . Although still proliferative, these cells are non-
motile likely due to the adoption of a multi-processed complex morphology. Once these cells
have then progressed to differentiation into immature oligodendrocytes, they have undergone cell
cycle-arrest. They can still be identified by the O4 antibody, yet expression of OPC markers such
as A2B5 and PDGER is repressed (Figure 1D). Arborizations are elaborated and maturity-

associated markers are acquired (galactocerebroside (GalC)) without the formation of myelin



(Figure 1D). The subsequent final stage of differentiation into mature oligodendrocytes
comprises of the acquisition of myelin proteins and axonal contact (Figure 1D). Interestingly,
factors that promote survival and differentiation, such as CNTF, are not necessarily sufficient in
causing myelin formation to occur vivo [79].

Whether mature oligodendrocytes can themselves contribute to remyelination has been a topic of
great debate. This has been negated by the findings that these cells are post-mitotic, non-
migratory, and unable to remyelinate upon transplantation into lesions [80, 81]. Mature
oligodendrocytes do re-extend processes following sub-lethal injury; however these processes

are intercalated between axons and do not ensheath them [82].

5.4 Requirements for remyelination: inflammation-dependent OPC activation

The ‘activation’ of OPCs is thought to be required for remyelination to occur. This involves the
adoption of a hypertrophic morphology, increased expression of genes associated with
oligodendroglial differentiation (such as the transcription factors Olig2 and NK2 transcription
factor related locus 2 (Nkx2.2)), and responsiveness to mitogens and chemoattractants that are
released from glia in the injured tissue [56, 83]. This activation process may be required to
prevent OPC differentiation in the normal intact white matter [84]. This activation response is
proportional to the inflammatory reaction that succeeds demyelination and is required for
successful remyelination to occur in animal model systems [85, 86]. Myelin debris has been
shown to be inhibitory to OPC differentiation and is phagocytosed by reactive macrophages that
have entered the lesion area [87]. Furthermore, chemokines and cytokines such as tumor necrosis
factor (TNF)a, interleukin (IL)-18, IL-11, and Chemokine C-X-C motif ligand (CXCL)-2 can
promote OPC proliferation, differentiation, and remyelination [88-91]. Inflammatory cells and

reactive astrocytes, which can both be found within MS lesions, can release growth factors that



can affect the remyelination process [92-95]. Accordingly, the migration and differentiation of
transplanted progenitors in the commonly used inflammatory model of MS, experimental
autoimmune encephalomyelitis (EAE) corresponds to the peak of inflammation [96]. The pro-

inflammatory cytokines IL-f and TNFe synergistically enhance OPC migration to FGF [97].

5.5 Animal models to study remyelination

Various animal model systems have been developed to study different aspects of remyelination.

5.4.1 Lysolecithin and Ethidium Bromide focal injections

A common model used to study the remyelination process in the absence of concomitant
demyelination and exaggerated inflammation involves focal injections of toxins such an

ethidium bromide or lysolecithin either into the spinal cord or white matter tracts of the brain.
This induces a reproducible demyelination in predefined areas of the central nervous system
(CNS) by inducing cell death of oligodendrocytes (using ethidium bromide) and myelin
membrane solubilization (using lysolecithin) at the site of injection [98-100]. These models are
attractive in their succinct temporal separation between de- and remyelination processes and the
spontaneous OPC-mediated remyelination that occurs within 4 weeks post-injection. There are,
however, confounding issues of toxin-induced axonal damage, BBB breakdown, and moderate

traumatic injury with consequent immune cell infiltration at the injection site [101-103].

5.4.2 Oral Cuprizone administration

Another commonly used model involves oral administration of the toxin cuprizone (oxalic acid
bis (cyclohexylidene hydrazide)) that induces oligodendrocyte cell death, myelin membrane
vacuolization, and demyelination in specific white matter tracts of the brain (i.e. cerebellar
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peduncles, corpus callosum, and anterior commissure) [104]. Although the mechanism of
demyelination of cuprizone is unknown, its copper chelation functions have implicated the
deregulation of copper-dependent mitochondrial functions and resultant impairment in energy
production in oligodendrocytes [105]. Interestingly, some areas of white matter are spared from
cuprizone toxicity (i.e. spinal cord, optic nerve) suggesting regional differences in
oligodendroglial / myelin energy requirements. Following cessation of cuprizone treatment,
demyelinated lesions demonstrate robust spontaneous remyelination [106]. OPC proliferation
and recruitment to lesion areas is initiated during the period of cuprizone-induced demyelination,
causing an overlap in demyelination and repair processes [107]. This model is characterized by a
significant lesional infiltration and reactivity of microglia and astrocytes that likely contribute to
the secretion of remyelination-promoting factors; there is no evidence of T lymphocyte

involvement or of BBB breakdown [108].

5.4.3 Inflammatory models

As previously mentioned, the inflammatory process is critical in inducing OPC activation and
subsequent remyelination. Several models of inflammation-induced demyelination show
spontaneous remyelination even in the presence of an exaggerated immune response. For
instance, the EAE model in which animals are immunized against the myelin-oligodendrocyte
glycoprotein (MOG) antigen is characterized by a relapse-remitting phenotype, however
remyelination is not very extensive perhaps due to the dense infiltration of macrophages and
microglia in the lesion over prolonged periods of time. The only indication of impressive levels
of remyelination in EAE is observed in focal models of cortical demyelination involving

immunization with subclinical doses of MOG and injection of pro-inflammatory mediators
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[109]. Another model, Theiler's murine encephalomyelitis (TME), consists of injection of a
single-stranded ribonucleic acid (RNA) picovirus into the CNS to induce immune-mediated
oligodendroglial cell death, axonal damage, and demyelination in the gray and white matter of
the CNS [110]. This model can be characterized by varying levels of remyelination which
renders it appropriate for testing of agents that can potentially inhibit or enhance the myelin
repair process [111]. Both these models have been used as standards for the development and

testing of therapeutic strategies for autoimmune diseases.

5.6 Postulates for failure of remyelination in MS

Although a limited number of MS patients have extensive spontaneous remyelination in up to
96% of lesions [112], most patients eventually demonstrate impaired or insufficient
remyelination as the disease progresses [112, 113]. OPCs are increased in numbers in actively
demyelinating MS plaques, yet are depleted over time [114-117]. Failure in remyelination would
imply that chronically demyelinated axons are rendered more susceptible to degeneration and
immune-attack. Indeed, chronically demyelinated plaques are comprised of severely injured
axons that are progressively cleared over time [118, 119]. Axons that have been chronically
demyelinated for long periods of time, however, can still be remyelinated under acute
inflammation [120]. There are a multitude of hypotheses as to why remyelination fails in MS,
which may reflect either changes in environmental inputs or intrinsic pathways regulating OPC

function [121, 122].
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5.6.1 Immune-mediated injury to OPCs and new myelin sheath

A postulate that supports that former hypothesis proposes that the new myelin sheath and OPCs
are subject to immune-mediated injury to the same degree as the initial insult to the
oligodendrocytes and myelin [122]. Post-mortem analysis of MS plaques indicates that
remyelination may be interrupted by inflammation [123]. In acute demyelinating animal models
with a single insult and no continuing injury to myelin, the ensuing remyelinating is complete
[124]. Antibodies recognizing progenitor cell-specific antigen (AN2) have been identified in the

CSF of relapse-remitting MS patients and could induce OPC lysis [125].

5.6.2 Exhaustion of OPC source

Another proposal is that repeated demyelinating insults, as observed in the relapse-remitting
form of MS, causes an exhaustion of the OPC source. Accordingly, recurrent demyelinating
insults to the corpus callosum with oral administration of the oligodendrocyte toxin, cuprizone,
resulted in accumulative failure in remyelination and progressive diminishment in repopulation

of mature oligodendrocytes [126]. However, successive demyelination of the brain stem with
ethidium-bromide does not affect the efficiency of remyelination nor progenitor numbers [127].
This suggests that remyelination failure may be regionally defined due to exhaustion of distinct
progenitor pools. Proliferating OPCs are rare in MS lesions suggesting that depletion of
progenitors is conceivable following repeated episodes or extended periods of demyelination and

recurrent episodes of remyelination [117, 127, 128, 129].
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5.6.3 Glial Scar in lesion

The glial scar formed within the lesion, comprised of hypertrophic reactive astrocytes and
meningeal fibroblasts, likely serves to form a barrier between inflamed damaged tissue and
normal brain but is also thought to secrete factors that may inhibit OPC migration into the scar
and subsequent differentiation. For example, some plagues with a reactive astrocytic core have
high levels of CXCL-1 and ephrins at their perimeter that may impede OPC migration into the
lesion [130, 131]. Also, the presence of myelin-associated debris in the glial scar, including
myelin associated glycoprotein (MAG), oligodendrocyte-myelin glycoprotein (OMgp), and

NogoA, can prevent axonal regeneration and inhibit OPC differentiation [134]. OPCs grown on
myelin substrates vitro show impairments in maturation [132]. Additionally, the injection of
myelin debris into a focal demyelinated lesion prevents the remyelination that normally succeeds
[87]. The scar is also hypothesized to have upregulated levels of other molecules inhibitory to
axonal regeneration and may render the axon unsuitable for remyelination, such as chondroitin
sulfate proteoglycans (CSPGs) and semaphorins [133]. The presence of astrocytes within the
lesion has been previously hypothesized to be sufficient to dampen the rate of remyelination via
inhibition of OPC process extension and migration [97]. Nonetheless, transplanted OPCs are able
to repopulate astrocytic lesions and endogenous remyelination does not occur in the adult when
astrocytes are depleted [134]. LIF released from astrocytes can indeed promote myelin formation
[25]. Some have argued that the glial scar is not a cause of failed remyelination but rather a

consequence of it [83].
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5.6.4 Upregulation of developmental regulators of myelination

An additional hypothesis for the failure in remyelination in MS proposes that re-expression of
developmental regulators of myelination, such as Leucine rich repeat and Ig domain-containing
(LINGO)-1 and polysialic acid-neural cell adhesion molecule (PSA-NCAM), may be re-
expressed on stressed axons within the lesion and repel OPCs [135]. This is supported by the
finding that non-differentiated and non-myelinating OPCs are closely associated to the axon in
some MS lesions [136]. In addition, reactivation of the Wnt signaling pathway in MS lesions
suggests that disregulation of this pathway may contribute to inefficient myelin repair; indeed,
disregulation of this pathway in an experimental model of demyelination interfered with

remyelination [137].

5.6.5 Aging-related deficits in inflammation and OPC differentiation

The remyelination process has also been shown to decline with age in experimental animal
models; this is relevant in the context of MS that runs over several decades of life [138, 139].
One explanation could relate to prolonged exposure to inflammatory mediators that induce an
accumulation of neural damage over time [108]. This age-related failure in remyelination has
also been attributed to delayed clearance of myelin debris by phagocytic macrophages,
consequently impairing OPC differentiation [124]. This is supported by studies of MS lesions in
which early lesions and periplaque white matter (PPWM) have an increased number of OPCs
(Olig2+) co-expressing a mature oligodendrocyte marker NogoA, thereby suggesting a
differentiation block as a potential cause for remyelination failure [117]. The aforementioned
importance of inflammation in inducing the activation of OPCs and resultant remyelination
would also suggest that OPCs in un-remyelinated MS lesions may still be functional yet are not
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immersed in the appropriate inflammatory environment that would induce differentiation [136,
140]. Furthermore, studies have demonstrated that remyelination efficiency is regulated by age-
dependent epigenetic control of gene expression, and disregulation of this process may

contribute to the decline in remyelination with age [141].

5.6.6 Temporal discordance of remyelination with inflammation

The slow rate of OPC repopulation of demyelinated lesions observed in animal systems has lead
to the hypothesis that remyelination may be unsuccessful in MS due to a temporal discordance
between OPC migration into the lesion and the inflammation required for OPC activation that is
generated from myelin breakdown [83]. Delaying OPC infiltration into lesions by their
transplantation at a site distal from the demyelinated area results in impaired remyelination
[122]. However, increasing progenitor recruitment to demyelinated lesions in aged animals via
PDGF upregulation in astrocytes is not sufficient in rescuing the failed remyelination process
[142]. This suggests that deficits in OPC migration cannot explain the deficiency in

remyelination with aging.

5.7 Therapeutic strategies to promote remyelination

Current studies using experimental animal models of demyelination are aimed at discovering
therapeutic strategies to overcome these obstacles and to replace myelin under circumstances in
which endogenous remyelination is unsuccessful. Remyelination efficiency may be improved
either by supplementing the CNS with an exogenous source of OPCs or promoting the

endogenous repair process.
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5.7.1 Transplantation of exogenous cells with myelinating potential

Exogenous cells (such as neural stem cells, schwann cells, olfactory ensheathing cells,
mesenchymal stem cells, and OPCs) have been transplanted into focal demyelinated lesions to
promote remyelination. Using this therapeutic approach in the demyelinated brain, however, is
confounded by the limited migration of transplanted cells in the adult CNS, the availability of
source material, potential tumorigenesis, immunological incompatibility/ immune-mediated
targeting of these cells, and the putative exhaustion of transplanted cells with recurrent
demyelination. The route of administration also represents an additional dilemma; for instance,
direct parenchymal injections would be complex given the presence of multi-focal randomly
distributed lesions in MS. Other methods of administration, such as intravenous and intra-arterial
injections, trigger functional improvement but raise the issue of tissue targeting and distribution

[143].

Nevertheless, transplantation of human OPCs has proven effective in initiating myelin formation
in dysmyelinated mutants [144, 145]. Interestingly, adult CNS-derived progenitors can myelinate
dysmyelinated CNS at a relatively quicker rate than their embryonic counterparts [146].
Transplantation of human OPCs into a leukodystrophy animal model has demonstrated the
capacity of these cells to integrate into white matter, contribute to myelination, and survive for
prolonged periods of time in the host. Additionally, transplantation of bone marrow cells and
embryonic neurospheres results in amelioration of EAE pathology and clinical symptoms [147,
148]. Moreover, transplanted neurospheres can promote remyelination mediated by cells of both

endogenous and exogenous origins in EAE-afflicted animals [149].

Transplantation may prove effective if the exogenous cells functionally substituted for or

stimulated endogenous remyelination by OPCs that have intrinsic defects in remyelination-
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associated processes, such as migration and differentiation. Accordingly, following an acute
demyelinating insult, transplanted cells remyelinate lesions at a faster rate than endogenous

progenitors [85, 150].

Notably, repopulation of a demyelinated lesion with OPCs is not sufficient to induce
remyelination [150]. Contrary to the ability of axonal signals to induce OPC differentiation
during developmental myelination, chronically demyelinated axons in adult CNS lesions do not
promote OPC differentiation and remyelination even under prolonged co-existence with these
OPCs [150, 151]. Interestingly, the cell transplantation approach may prove more effective as an
anti-inflammatory therapy given that systemic administration of CNS-derived progenitors
promotes endogenous repair via peripheral immuno-modulation rather than through new myelin
formation [152]. Systemically applied neural stem cells distribute to the lymphoid organs and
reduce pro-inflammatory cytokine production and auto-reactive cytotoxic T cell responses.

Transplanted cells also have neuroprotective properties via release of trophic factors [153].

5.7.2 Promoting endogenous remyelination

A parallel approach to enhance remyelination is to attempt to promote endogenous repair. One
area of interest involves the application of growth factors that stimulate OPC responses relevant
for remyelination, such as proliferation, migration, differentiation, and survival. In fact, the
upregulation of growth factors in many instances of trauma, including ischemia and spinal cord
injury, indicates the importance of these factors in initiating a repair process [154, 155].
Promoting oligodendroglial survival via treatment with neurotrophic factors such as CNTF, IGF-

1, and glia growth factor (GGF)-2 has been successful in attenuating EAE pathology [156-158].
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However, the repair-promoting characteristics of these factors are lost upon targeted delivery to
the CNS, suggesting peripheral mechanisms of action [159, 160]. In light of this, systemic
growth factor treatment raises the issue of non-specific effects on the immune system. Moreover,
the efficiency of growth factors in attenuating EAE does not necessarily translate into successful

treatment of MS patients, as evidenced by the failed clinical trial with IGF-1[161].

An initial counter-intuitive observation that immunization of animals with spinal cord
homogenates can induce extensive remyelination has revealed that myelin- and oligodendrocyte-
reactive Immunoglobulin M (IgM) autoantibodies can promote endogenous myelin repair in
models of viral- or toxin-based demyelination [162, 163]. Although these antibodies bind
oligodendrocytes and white matter tracts, the mechanism of action through which repair is
enhanced is unknown. Hypotheses include antibody-dependent cross-linking of molecules on the
surface of oligodendrocytes that initiate signaling cascades relevant for the remyelination

process.

Recent studies have focused on hormonal therapy as a means of enhancing endogenous repair
mechanisms in the CNS. The observations that MS is more prevalent in females, that remission
occurs during the course of pregnancy, and that relapses increase post-partum [164] have
highlighted the importance of sex-specific factors in regulating immune responses and repair.
Pregnant murine females have increased numbers of newly generated oligodendrocytes, OPCs,
and myelinated axons, and demonstrate enhanced remyelination following lysolecithin-induced
demyelination of the spinal cord [139, 165]. Endogenous hormone production occurs both in the
adrenal glands and in the CNS in a cholesterol-dependent manner [166], and is hypothesized to
not be sufficient enough in males to protect them from brain injury [167]. Hormones can readily
penetrate the blood-brain barrier and have neuroprotective properties. Additionally, hormones
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have been implicated in regulating the survival of oligodendrocytes and myelination [168-170].
Even though hormone receptor expression is modulated in a sex- and hormone status-dependent
manner, both males and female rats are responsive to the neuroprotective effects of hormonal
therapy [180]. Administration of the hormone prolactin to virgin mice is sufficient in

reproducing the superior remyelination observed in pregnant females [165]. Other hormonal
therapies such as the synthetic analogues estradiol and progestin bestow neuroprotection in
various CNS injury systems including EAE [170]. Clinical trials in which non-pregnant and post-
partum relapse-remitting MS patients were treated with these hormones demonstrated their
potential application for autoimmune disease therapy [171]. The use of hormonal therapies for
MS is confounded by their potential pro-inflammatory properties [172], the risk of development
of hormone-responsive cancers [167], and putative excitotoxicity due to their actions on

neurotransmitter receptors [173].

We are entering a new era of MS-directed immunomodulatory therapies that can not only
modulate peripheral immune responses, but can access the CNS by virtue of their lipophilicity
and may therefore directly impact cells of the oligodendroglial lineage and remyelination. A
newly emerging sphingosine-1-phosphate analogue, FTY720 (fingolimod), was initially
propelled into MS clinical trials due to observations of its anti-inflammatory properties in EAE
[174-176]. FTY720 can cross the BBB and enter the brain parenchyma [177]. Microarray
profiling has revealed that FTY720 treatment of EAE animals results in an increase in transcript
levels of myelin-related genes and normalization of electrophysiological responses [178,179].
The efficacy of FTY720 in relieving clinical disability in the later stages of EAE where
inflammation has subsided suggests a neuroprotective effect [174, 175, 179].

Audoradiographical and microscopic analysis of rodents that were orally administéred C
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labelled FTY720 (7.5mg/kg) for 1 week demonstrated that the drug is concentrated in myelin
sheaths [179]. Both rodent and human OPCs and mature oligodendrocytes have been shown to
express the sphingosine-1-phosphate (S1P) receptor isoforms that can bind the active
phosphorylated form of FTY720 [180-184]. Studies where FTY720 was directly applied to
dissociated cultures of human and rodent OPCs and mature oligodendrocytes demonstrate the
capacity of these cells to respond to this drug in a dose- and treatment duration-dependent
manner [183-186]. FTY720 was able to modulate process extension, differentiation, migration,
and survival in these cells. Application of physiological doses of the active form of the drug to
demyelinated organotypic cerebellar slice cultures resulted in enhanced remyelination with an
accompanying increase in OPC and mature oligodendrocyte process extension and
astrocytic/microglial response [187]. Fumaric acid esters (FAE), including BG12, are
intermediate products of the citric acid cycle that are currently being evaluated in MS clinical
trials due to their immunomodulatory properties [188]. Recent studies have suggested that FAEs
may have neuroprotective properties by affecting anti-oxidative pathways in oligodendrocytes
and other glia, which may conceivably protect neural cells from metabolic and inflammatory
stress [189]. FAEs have been shown to protect myelin from immunological damage in EAE
[190], yet not from cuprizone-induced demyelination [191]. FAEs have, however, been
associated with a slight enhancement in remyelinatietvo [191]. In addition, neuropoietic
cytokines (neurokines), such as leukemia inhibitory factor (LIF), CNTF, IL-6, oncostatin-M and
IL-11, are cytokines which can regulate neural cell function. CNTF, LIF, and oncostatin-M were
identified in a screen as being associated with enhanced myelin production [192].
Oligodendrocyte survival is enhanced by exposure to exogenous \ilFo [193] andin vivo in

both chronic and relapse-remitting forms of EAE [194]. Additionally, IL-11 is able to potentiate
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the survival, maturation, and myelination potential of oligodendrocytes [91]. The production of
neuropoietic cytokines within the CNS and their accessibility to this compartment when
exogenously applied [194] highlights them as candidates for multiple sclerosis therapy.
Neurokines such as CNTF have been detected in the cerebral spinal fluid of multiple sclerosis

patients [195]; however, CNTF therapy worsened clinical conditions of treated patients [196].

5.8 Conclusions

Experimental animal systems have revealed the importance of OPCs and remyelination in
reconstitution of the myelin sheath and subsequent recovery of neural function. Analyses of MS
lesions by neuropathologic and magnetic resonance based criteria have demonstrated that
remyelination does occur in acute inflammatory lesions yet is limited in more chronic lesions,
perhaps reflecting a plethora of biological indices. All currently approved therapies for MS are
aimed at dampening the exaggerated immune response, are only moderately effective at reducing
the frequency of clinical relapses, do not slow the progression of the disease, and do not directly
influence myelin and remyelination in the central nervous system. As such, the identification of
new therapeutic factors that can protect neural cells from injury, directly promote myelin repair,

and hinder disease progression has profound implications for the treatment of MS.

21



Acknowledgements:

Parts of this chapter were previously published in Veronique E. Miron’s doctoral thesis at

McGill University (Montreal, Quebec).

22



References

1. I. Griffiths, M. Klugmann, T. Anderson, D. Yool, C. Thomson, M.H. Schwab, A. Schneider,
F. Zimmermann, M. McCulloch, N. Nadon, and K.A. Nave, Axonal swellings and degeneration
in mice lacking the major proteolipid of myelin, Science 280 (1998) pp. 1610-1613.

2. C. Lappe-Siefke, S. Goebbels, M. Gravel, E. Nicksch, J. Lee, P.E. Braun, I.R. Griffiths, and
K.A. Nave, Disruption of Cnpl uncouples oligodendroglial functions in axonal support and
myelination, Nat. Genet. 33 (2003) pp. 366-374.

3. X.Yin, R.C. Baek, D.A. Kirschner, A. Peterson, Y. Fujii, K.A. Nave, W.B. Macklin, and B.D.
Trapp, Evolution of a neuroprotective function of central nervous system myelin, J. Cell Biol.
172 (2006) pp. 469-478.

4. E. Noll and R.H. Miller, Oligodendrocyte precursors originate at the ventral ventricular zone
dorsal to the ventral midline region in the embryonic rat spinal cord, Development 118 (1993)
pp. 563-573.

5. N.P. Pringle, S. Guthrie, A. Lumsden, W.D. Richardson, Dorsal spinal cord neuroepithelium
generates astrocytes but not oligodendrocytes, Neuron 20 (1998) pp. 883-893.

6. H. Fu, Y. Qi, M. Tan, J. Cai, H. Takebayashi, M. Nakafuku, W. Richardson, and M. Qiu, Dual
origin of spinal oligodendrocyte progenitors and evidence for the cooperative role of Olig2 and
Nkx2.2 in the control of oligodendrocyte differentiation, Development 129 (2002) pp. 681-693.

7.J.Cai, Y. Qi, X. Hu, M. Tan, Z. Liu, J. Zhang, Q. Li, M. Sander, and M. Qiu, Generation of
oligodendrocyte precursor cells from mouse dorsal spinal cord independent of Nkx6 regulation
and Shh signaling, Neuron 45 (2005) pp. 41-53.

8. A. Vallstedt, J.M. Klos, and J. Ericson, Multiple dorsoventral origins of oligodendrocyte
generation in the spinal cord and hindbrain, Neuron 45 (2005) pp. 55-67.

9. N. Kessaris, M. Fogarty, P. lannarelli, M. Grist, M. Wegner, and W.D. Richardson,
Competing waves of oligodendrocytes in the forebrain and postnatal elimination of an embryonic
lineage, Nat. Neurosci. 9 (2006) pp. 173-179.

10. M. Noble, J. Fok-Seang, G. Wolswijk, and D. Wren, Development and regeneration in the
central nervous system, Philos. Trans. R. Soc. Lond B Biol. Sci. 327 (1990) pp. 127-143.

11. J. Fok-Seang and R.H. Miller, Distribution and differentiation of A2B5+ glial precursors in
the developing rat spinal cord, J. Neurosci. Res. 37 (1994) pp. 219-235.

12. R.M. Richardson, K.L. Holloway, M.R. Bullock, W.C. Broaddus, and H.L. Fillmore,
Isolation of neuronal progenitor cells from the adult human neocortex, Acta Neurochir. (Wien. )
148 (2006) pp. 773-777.

23



13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

. N. Baumann and D. Pham-Dinh, Biology of oligodendrocyte and myelin in the mammalian
central nervous system, Physiol Rev. 81 (2001) pp. 871-927.

R.H. Miller, Regulation of oligodendrocyte development in the vertebrate CNS, Prog.
Neurobiol. 67 (2002) pp. 451-467.

C.S. Duchala, K. Asotra, and W.B. Macklin, Expression of cell surface markers and myelin
proteins in cultured oligodendrocytes from neonatal brain of rat and mouse: a
comparative study, Dev. Neurosci. 17 (1995) pp. 70-80.

L. Pedraza, J.K. Huang, and D.R. Colman, Organizing principles of the axoglial apparatus,
Neuron 30 (2001) pp. 335-344.

P. Kursula, Structural properties of proteins specific to the myelin sheath, Amino. Acids 34
(2008) pp. 175-185.

M. Simons and K. Trajkovic, Neuron-glia communication in the control of oligodendrocyte
function and myelin biogenesis, J. Cell Sci. 119 (2006) pp. 4381-4389.

S.E. Pfeiffer, A.E. Warrington, and R. Bansal, The oligodendrocyte and its many cellular
processes, Trends Cell Biol. 3 (1993) pp. 191-197.

A. Lajtha, J. Toth, K. Fujimoto, and H.C. Agrawal, Turnover of myelin proteins in mouse
brain in vivo, Biochem. J. 164 (1977) pp. 323-329.

F.N. LeBaron, S. Sanyal, and F.B. Jungalwala, Turnover rate of molecular species of
sphingomyelin in rat brain, Neurochem. Res. 6 (1981) pp. 1081-1089.

C. Demerens, B. Stankoff, M. Logak, P. Anglade, B. Allinquant, F. Couraud, B. Zalc, and C.
Lubetzki, Induction of myelination in the central nervous system by electrical activity,
Proc. Natl. Acad. Sci. U. S. A 93 (1996) pp. 9887-9892.

B.A. Barres and M.C. Raff, Axonal control of oligodendrocyte development, J. Cell Biol.
147 (1999) pp. 1123-1128.

W. Baron, L. Decker, H. Colognato, and C. ffrench-Constant, Regulation of integrin growth
factor interactions in oligodendrocytes by lipid raft microdomains, Curr. Biol. 13 (2003)
pp. 151-155.

T. Ishibashi, K.A. Dakin, B. Stevens, P.R. Lee, S.V. Kozlov, C.L. Stewart, and R.D. Fields,
Astrocytes promote myelination in response to electrical impulses, Neuron 49 (2006) pp.
823-832.

J.L. Salzer, Polarized domains of myelinated axons, Neuron 40 (2003) pp. 297-318.

B.D. Butts, C. Houde, and H. Mehmet, Maturation-dependent sensitivity of oligodendrocyte
lineage cells to apoptosis: implications for normal development and disease, Cell Death.
Differ. 15 (2008) pp. 1178-1186.

24



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40

J.L. Dupree, J.L. Mason, J.R. Marcus, M. Stull, R. Levinson, G.K. Matsushima, and B.
Popko, Oligodendrocytes assist in the maintenance of sodium channel clusters
independent of the myelin sheath, Neuron Glia Biol. 1 (2004) pp. 179-192.

B.D. Trapp, L. Bo, S. Mork, and A. Chang, Pathogenesis of tissue injury in MS lesions, J.
Neuroimmunol. 98 (1999) pp. 49-56.

D.L. Arnold, Magnetic resonance spectroscopy: imaging axonal damage in MS, J.
Neuroimmunol. 98 (1999) pp. 2-6.

J.H. Noseworthy, C. Lucchinetti, M. Rodriguez, and B.G. Weinshenker, Multiple sclerosis,
N. Engl. J. Med. 343 (2000) pp. 938-952.

D. Liebetanz and D. Merkler, Effects of commissural de- and remyelination on motor skill
behaviour in the cuprizone mouse model of multiple sclerosis, Exp. Neurol. 202 (2006)
pp. 217-224.

P.M. Smith and N.D. Jeffery, Histological and ultrastructural analysis of white matter
damage after naturally-occurring spinal cord injury, Brain Pathol. 16 (2006) pp. 99-109.

J.W. Prineas, E.E. Kwon, E.S. Cho, and L.R. Sharer, Continual breakdown and regeneration
of myelin in progressive multiple sclerosis plaques, Ann. N. Y. Acad. Sci. 436 (1984) pp.
11-32.

J.W. Prineas, R.O. Barnard, E.E. Kwon, L.R. Sharer, and E.S. Cho, Multiple sclerosis:
remyelination of nascent lesions, Ann. Neurol. 33 (1993) pp. 137-151.

R. Gupta, K. Rowshan, T. Chao, T. Mozaffar, and O. Steward, Chronic nerve compression
induces local demyelination and remyelination in a rat model of carpal tunnel syndrome,
Exp. Neurol. 187 (2004) pp. 500-508.

C.S. Raine and E. Wu, Multiple sclerosis: remyelination in acute lesions, J. Neuropathol.
Exp. Neurol. 52 (1993) pp. 199-204.

J.T. Chen, D.L. Collins, H.L. Atkins, M.S. Freedman, and D.L. Arnold, Magnetization
transfer ratio evolution with demyelination and remyelination in multiple sclerosis
lesions, Ann. Neurol. 63 (2008) pp. 254-262.

E.J. Redford, K.J. Smith, N.A. Gregson, M. Davies, P. Hughes, A.J. Gearing, K. Miller, and
R.A. Hughes, A combined inhibitor of matrix metalloproteinase activity and tumour
necrosis factor-alpha processing attenuates experimental autoimmune neuritis, Brain 120
(Pt 10) (1997) pp. 1895-1905.

. S. Byravan, L.M. Foster, T. Phan, A.N. Verity, and A.T. Campagnoni, Murine

oligodendroglial cells express nerve growth factor, Proc. Natl. Acad. Sci. U. S. A 91
(1994) pp. 8812-8816.

25



41

42

43

44,

45,

46.

47.

48.

49.

50.

51.

52.

J. Strelau and K. Unsicker, GDNF family members and their receptors: expression and
functions in two oligodendroglial cell lines representing distinct stages of
oligodendroglial development, Glia 26 (1999) pp. 291-301.

A. Wilkins, S. Chandran, and A. Compston, A role for oligodendrocyte-derived IGF-1 in
trophic support of cortical neurons, Glia 36 (2001) pp. 48-57.

P. Patrikios, C. Stadelmann, A. Kutzelnigg, H. Rauschka, M. Schmidbauer, H. Laursen, P.S.
Sorensen, W. Bruck, C. Lucchinetti, and H. Lassmann, Remyelination is extensive in a
subset of multiple sclerosis patients, Brain 129 (2006) pp. 3165-3172.

M.J. Craner, J. Newcombe, J.A. Black, C. Hartle, M.L. Cuzner, and S.G. Waxman,
Molecular changes in neurons in multiple sclerosis: altered axonal expression of Nav1.2
and Nav1.6 sodium channels and Na+/Ca2+ exchanger, Proc. Natl. Acad. Sci. U. S. A
101 (2004) pp. 8168-8173.

I. Coman, M.S. Aigrot, D. Seilhean, R. Reynolds, J.A. Girault, B. Zalc, and C. Lubetzki,
Nodal, paranodal and juxtaparanodal axonal proteins during demyelination and
remyelination in multiple sclerosis, Brain 129 (2006) pp. 3186-3195.

O.W. Howell, A. Palser, A. Polito, S. Melrose, B. Zonta, C. Scheiermann, A.J. Vora, P.J.
Brophy, and R. Reynolds, Disruption of neurofascin localization reveals early changes
preceding demyelination and remyelination in multiple sclerosis, Brain 129 (2006) pp.
3173-3185.

J.M. Gensert and J.E. Goldman, Endogenous progenitors remyelinate demyelinated axons in
the adult CNS, Neuron 19 (1997) pp. 197-203.

A.K. Groves, S.C. Barnett, R.J. Franklin, A.J. Crang, M. Mayer, W.F. Blakemore, and M.
Noble, Repair of demyelinated lesions by transplantation of purified O-2A progenitor
cells, Nature 362 (1993) pp. 453-455.

A.E. Warrington, E. Barbarese, and S.E. Pfeiffer, Differential myelinogenic capacity of
specific developmental stages of the oligodendrocyte lineage upon transplantation into
hypomyelinating hosts, J. Neurosci. Res. 34 (1993) pp. 1-13.

M.C. Nunes, N.S. Roy, H.M. Keyoung, R.R. Goodman, G. McKhann, L. Jiang, J. Kang, M.
Nedergaard, and S.A. Goldman, Identification and isolation of multipotential neural
progenitor cells from the subcortical white matter of the adult human brain, Nat. Med. 9
(2003) pp. 439-447.

J.M. Levine and R. Reynolds, Activation and proliferation of endogenous oligodendrocyte
precursor cells during ethidium bromide-induced demyelination, Exp. Neurol. 160 (1999)
pp. 333-347.

F.J. Sim, C. Zhao, J. Penderis, and R.J. Franklin, The age-related decrease in CNS
remyelination efficiency is attributable to an impairment of both oligodendrocyte
progenitor recruitment and differentiation, J. Neurosci. 22 (2002) pp. 2451-2459.

26



53

54

55

56

57

58

59

60

61

62

63

64

65

. M. Watanabe, Y. Toyama, and A. Nishiyama, Differentiation of proliferated NG2-positive
glial progenitor cells in a remyelinating lesion, J. Neurosci. Res. 69 (2002) pp. 826-836.

. K.A. Irvine and W.F. Blakemore, Remyelination protects axons from demyelination-
associated axon degeneration, Brain 131 (2008) pp. 1464-1477.

. Y. Ziv, H. Avidan, S. Pluchino, G. Martino, and M. Schwartz, Synergy between immune
cells and adult neural stem/progenitor cells promotes functional recovery from spinal
cord injury, Proc. Natl. Acad. Sci. U. S. A 103 (2006) pp. 13174-13179.

. S.P. Fancy, C. Zhao, and R.J. Franklin, Increased expression of Nkx2.2 and Olig2 identifies
reactive oligodendrocyte progenitor cells responding to demyelination in the adult CNS,
Mol. Cell Neurosci. 27 (2004) pp. 247-254.

. M. Watanabe, T. Hadzic, and A. Nishiyama, Transient upregulation of Nkx2.2 expression in
oligodendrocyte lineage cells during remyelination, Glia 46 (2004) pp. 311-322.

. M. Tosic, S. Torch, V. Comte, M. Dolivo, P. Honegger, and J.M. Matthieu, Triiodothyronine
has diverse and multiple stimulating effects on expression of the major myelin protein
genes, J. Neurochem. 59 (1992) pp. 1770-1777.

. S.A. Jones, D.M. Jolson, K.K. Cuta, C.N. Mariash, and G.W. Anderson, Triiodothyronine is
a survival factor for developing oligodendrocytes, Mol. Cell Endocrinol. 199 (2003) pp.
49-60.

. D.J. Nicolay, J.R. Doucette, and A.J. Nazarali, Transcriptional control of oligodendrogenesis,
Glia 55 (2007) pp. 1287-1299.

. Y. Qi, J.Cai, Y. Wu, R. Wu, J. Lee, H. Fu, M. Rao, L. Sussel, J. Rubenstein, and M. Qiu,
Control of oligodendrocyte differentiation by the Nkx2.2 homeodomain transcription
factor, Development 128 (2001) pp. 2723-2733.

. C.C. Stolt, S. Rehberg, M. Ader, P. Lommes, D. Riethmacher, M. Schachner, U. Bartsch, and
M. Wegner, Terminal differentiation of myelin-forming oligodendrocytes depends on the
transcription factor Sox10, Genes Dev. 16 (2002) pp. 165-170.

. J. Sohn, J. Natale, L.J. Chew, S. Belachew, Y. Cheng, A. Aguirre, J. Lytle, B. Nait-
Oumesmar, C. Kerninon, M. Kanai-Azuma, Y. Kanai, and V. Gallo, Identification of
Sox17 as a transcription factor that regulates oligodendrocyte development, J. Neurosci.
26 (2006) pp. 9722-9735.

. M. Noble, K. Murray, P. Stroobant, M.D. Waterfield, and P. Riddle, Platelet-derived growth
factor promotes division and motility and inhibits premature differentiation of the
oligodendrocyte/type-2 astrocyte progenitor cell, Nature 333 (1988) pp. 560-562.

. H.H. Tsai, E. Frost, V. To, S. Robinson, C. ffrench-Constant, R. Geertman, R.M. Ransohoff,
and R.H. Miller, The chemokine receptor CXCR2 controls positioning of

27



66

67

68

69

70

71

72.

73.

74.

75

76

77

oligodendrocyte precursors in developing spinal cord by arresting their migration, Cell
110 (2002) pp. 373-383.

. A.A. Jarjour, C. Manitt, S.W. Moore, K.M. Thompson, S.J. Yuh, and T.E. Kennedy, Netrin-1
is a chemorepellent for oligodendrocyte precursor cells in the embryonic spinal cord, J.
Neurosci. 23 (2003) pp. 3735-3744.

. R.I. Cohen, Exploring oligodendrocyte guidance: 'to boldly go where no cell has gone
before’, Cell Mol. Life Sci. 62 (2005) pp. 505-510.

. C.F. de and A. Bribian, The molecular orchestra of the migration of oligodendrocyte
precursors during development, Brain Res. Brain Res. Rev. 49 (2005) pp. 227-241.

. J.M. Levine, R. Reynolds, and J.W. Fawcett, The oligodendrocyte precursor cell in health
and disease, Trends Neurosci. 24 (2001) pp. 39-47.

. D. Wren, G. Wolswijk, and M. Noble, In vitro analysis of the origin and maintenance of O-
2Aadult progenitor cells, J. Cell Biol. 116 (1992) pp. 167-176.

. D.G. Tang, Y.M. Tokumoto, and M.C. Raff, Long-term culture of purified postnatal
oligodendrocyte precursor cells. Evidence for an intrinsic maturation program that plays
out over months, J. Cell Biol. 148 (2000) pp. 971-984.

F. Ruffini, N. Arbour, M. Blain, A. Olivier, and J.P. Antel, Distinctive properties of human
adult brain-derived myelin progenitor cells, Am. J. Pathol. 165 (2004) pp. 2167-2175.

T. Magnus, T. Coksaygan, T. Korn, H. Xue, T.V. Arumugam, M.R. Mughal, D.M. Eckley,
S.C. Tang, L. Detolla, M.S. Rao, R. Cassiani-Ingoni, and M.P. Mattson, Evidence that
nucleocytoplasmic Olig2 translocation mediates brain-injury-induced differentiation of
glial precursors to astrocytes, J. Neurosci. Res. 85 (2007) pp. 2126-2137.

N. Spassky, C. Olivier, E. Perez-Villegas, C. Goujet-Zalc, S. Martinez, J. Thomas, and B.
Zalc, Single or multiple oligodendroglial lineages: a controversy, Glia 29 (2000) pp. 143-
148.

. R.M. Richardson, K.L. Holloway, M.R. Bullock, W.C. Broaddus, and H.L. Fillmore,
Isolation of neuronal progenitor cells from the adult human neocortex, Acta Neurochir.
(Wien. ) 148 (2006) pp. 773-777.

. M. Kitada and D.H. Rowitch, Transcription factor co-expression patterns indicate
heterogeneity of oligodendroglial subpopulations in adult spinal cord, Glia 54 (2006) pp.
35-46.

. J.L. Mason and J.E. Goldman, A2B5+ and O4+ Cycling progenitors in the adult forebrain

white matter respond differentially to PDGF-AA, FGF-2, and IGF-1, Mol. Cell Neurosci.
20 (2002) pp. 30-42.

28



78

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

. R. Bansal, K. Stefansson, and S.E. Pfeiffer, Proligodendroblast antigen (POA), a
developmental antigen expressed by A007/O4-positive oligodendrocyte progenitors prior
to the appearance of sulfatide and galactocerebroside, J. Neurochem. 58 (1992) pp. 2221-
2229.

J.F. Talbott, Q. Cao, J. Bertram, M. Nkansah, R.L. Benton, E. Lavik, and S.R. Whittemore,
CNTF promotes the survival and differentiation of adult spinal cord-derived
oligodendrocyte precursor cells in vitro but fails to promote remyelination in vivo, Exp.
Neurol. 204 (2007) pp. 485-489.

M.P. Targett, J. Sussman, N. Scolding, M.T. O'Leary, D.A. Compston, and W.F. Blakemore,
Failure to achieve remyelination of demyelinated rat axons following transplantation of
glial cells obtained from the adult human brain, Neuropathol. Appl. Neurobiol. 22 (1996)
pp. 199-206.

C. Zhao, W.W. Li, and R.J. Franklin, Differences in the early inflammatory responses to
toxin-induced demyelination are associated with the age-related decline in CNS
remyelination, Neurobiol. Aging 27 (2006) pp. 1298-1307.

H.S. Keirstead and W.F. Blakemore, Identification of post-mitotic oligodendrocytes
incapable of remyelination within the demyelinated adult spinal cord, J. Neuropathol.
Exp. Neurol. 56 (1997) pp. 1191-1201.

R.J. Franklin and M.R. Kotter, The biology of CNS remyelination: the key to therapeutic
advances, J. Neurol. 255 Suppl 1 (2008) pp. 19-25.

M. Zawadzka and R.J. Franklin, Myelin regeneration in demyelinating disorders: new
developments in biology and clinical pathology, Curr. Opin. Neurol. 20 (2007) pp. 294-
298.

D.M. Chari, C. Zhao, M.R. Kotter, W.F. Blakemore, and R.J. Franklin, Corticosteroids delay
remyelination of experimental demyelination in the rodent central nervous system, J.
Neurosci. Res. 83 (2006) pp. 594-605.

l. Glezer, A. Lapointe, and S. Rivest, Innate immunity triggers oligodendrocyte progenitor
reactivity and confines damages to brain injuries, FASEB J. 20 (2006) pp. 750-752.

M.R. Kotter, W.W. Li, C. Zhao, and R.J. Franklin, Myelin impairs CNS remyelination by
inhibiting oligodendrocyte precursor cell differentiation, J. Neurosci. 26 (2006) pp. 328-
332.

H.A. Arnett, J. Mason, M. Marino, K. Suzuki, G.K. Matsushima, and J.P. Ting, TNF alpha
promotes proliferation of oligodendrocyte progenitors and remyelination, Nat. Neurosci.
4 (2001) pp. 1116-1122.

J.M. Vela, E. Molina-Holgado, A. Arevalo-Matrtin, G. Almazan, and C. Guaza, Interleukin-1
regulates proliferation and differentiation of oligodendrocyte progenitor cells, Mol. Cell
Neurosci. 20 (2002) pp. 489-502.

29



90. S. Maysami, D. Nguyen, F. Zobel, C. Pitz, S. Heine, M. Hopfner, and M. Stangel,
Modulation of rat oligodendrocyte precursor cells by the chemokine CXCL12,
Neuroreport 17 (2006) pp. 1187-1190.

91.Y. Zhang, C. Taveggia, C. Melendez-Vasquez, S. Einheber, C.S. Raine, J.L. Salzer, C.F.
Brosnan, and G.R. John, Interleukin-11 potentiates oligodendrocyte survival and
maturation, and myelin formation, J. Neurosci. 26 (2006) pp. 12174-12185.

92. O. Ikeda, M. Murakami, H. Ino, M. Yamazaki, T. Nemoto, M. Koda, C. Nakayama, and H.
Moriya, Acute up-regulation of brain-derived neurotrophic factor expression resulting
from experimentally induced injury in the rat spinal cord, Acta Neuropathol. 102 (2001)
pp. 239-245.

93. M. Besser and R. Wank, Cutting edge: clonally restricted production of the neurotrophins
brain-derived neurotrophic factor and neurotrophin-3 mRNA by human immune cells and
Th1/Th2-polarized expression of their receptors, J. Immunol. 162 (1999) pp. 6303-6306.

94. M. Kerschensteiner, E. Gallmeier, L. Behrens, V.V. Leal, T. Misgeld, W.E. Klinkert, R.
Kolbeck, E. Hoppe, R.L. Oropeza-Wekerle, I. Bartke, C. Stadelmann, H. Lassmann, H.
Wekerle, and R. Hohlfeld, Activated human T cells, B cells, and monocytes produce
brain-derived neurotrophic factor in vitro and in inflammatory brain lesions: a
neuroprotective role of inflammation?, J. Exp. Med. 189 (1999) pp. 865-870.

95. C. Stadelmann, M. Kerschensteiner, T. Misgeld, W. Bruck, R. Hohlfeld, and H. Lassmann,
BDNF and gp145trkB in multiple sclerosis brain lesions: neuroprotective interactions
between immune and neuronal cells?, Brain 125 (2002) pp. 75-85.

96. T. Ben-Hur, O. Ben-Menachem, V. Furer, O. Einstein, R. Mizrachi-Kol, and N. Grigoriadis,
Effects of proinflammatory cytokines on the growth, fate, and motility of multipotential
neural precursor cells, Mol. Cell Neurosci. 24 (2003) pp. 623-631.

97. J. Fok-Seang, N.A. DiProspero, S. Meiners, E. Muir, and J.W. Fawcett, Cytokine-induced
changes in the ability of astrocytes to support migration of oligodendrocyte precursors
and axon growth, Eur. J. Neurosci. 10 (1998) pp. 2400-2415.

98. W.F. Blakemore, R.A. Eames, K.J. Smith, and W.I. McDonald, Remyelination in the spinal
cord of the cat following intraspinal injections of lysolecithin, J. Neurol. Sci. 33 (1977)
pp. 31-43.

99. G. Riet-Correa, C.G. Fernandes, L.A. Pereira, and D.L. Graca, Ethidium bromide-induced
demyelination of the sciatic nerve of adult Wistar rats, Braz. J. Med. Biol. Res. 35 (2002)
pp. 99-104.

100. K. Magalon, C. Cantarella, G. Monti, M. Cayre, and P. Durbec, Enriched environment

promotes adult neural progenitor cell mobilization in mouse demyelination models, Eur.
J. Neurosci. 25 (2007) pp. 761-771.

30



101

102

103

104

105

106

107

108

109

110

111

. S.G. Waxman, J.D. Kocsis, and K.C. Nitta, Lysophosphatidyl choline-induced focal
demyelination in the rabbit corpus callosum. Light-microscopic observations, J. Neurol.
Sci. 44 (1979) pp. 45-53.

. J.W. Griffin, E.A. Stocks, K. Fahnestock, P.A. Van, and B.D. Trapp, Schwann cell
proliferation following lysolecithin-induced demyelination, J. Neurocytol. 19 (1990) pp.
367-384.

. V. Dousset, B. Brochet, A. Vital, C. Gross, A. Benazzouz, A. Boullerne, A.M. Bidabe,
A.M. Gin, and J.M. Calille, Lysolecithin-induced demyelination in primates: preliminary
in vivo study with MR and magnetization transfer, AJNR Am. J. Neuroradiol. 16 (1995)
pp. 225-231.

. S. Komoly, Experimental demyelination caused by primary oligodendrocyte dystrophy.
Regional distribution of the lesions in the nervous system of mice [corrected], Ideggyogy.
Sz 58 (2005) pp. 40-43.

. L.A. Pasquini, C.A. Calatayud, A.L. Bertone Una, V. Millet, J.M. Pasquini, and E.F. Soto,
The neurotoxic effect of cuprizone on oligodendrocytes depends on the presence of pro-
inflammatory cytokines secreted by microglia, Neurochem. Res. 32 (2007) pp. 279-292.

. G.K. Matsushima and P. Morell, The neurotoxicant, cuprizone, as a model to study
demyelination and remyelination in the central nervous system, Brain Pathol. 11 (2001)
pp. 107-116.

. K.A. Irvine and W.F. Blakemore, Age increases axon loss associated with primary
demyelination in cuprizone-induced demyelination in C57BL/6 mice, J. Neuroimmunol.
175 (2006) pp. 69-76.

. A. Kondo, T. Nakano, and K. Suzuki, Blood-brain barrier permeability to horseradish
peroxidase in twitcher and cuprizone-intoxicated mice, Brain Res. 425 (1987) pp. 186-
190.

. D. Merkler, T. Ernsting, M. Kerschensteiner, W. Bruck, and C. Stadelmann, A new focal
EAE model of cortical demyelination: multiple sclerosis-like lesions with rapid resolution
of inflammation and extensive remyelination, Brain 129 (2006) pp. 1972-1983.

. H.A. Arnett and J.L. Viney, Considerations for the sensible use of rodent models of
inflammatory disease in predicting efficacy of new biological therapeutics in the clinic,
Adv. Drug Deliv. Rev. 59 (2007) pp. 1084-1092.

. R. Ulrich, F. Seeliger, M. Kreutzer, P.G. Germann, and W. Baumgartner, Limited
remyelination in Theiler's murine encephalomyelitis due to insufficient oligodendroglial
differentiation of nerve/glial antigen 2 (NG2)-positive putative oligodendroglial
progenitor cells, Neuropathol. Appl. Neurobiol. 34 (2008) pp. 603-620.

31



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

J.W. Prineas, E.E. Kwon, E.S. Cho, L.R. Sharer, M.H. Barnett, E.L. Oleszak, B. Hoffman,
and B.P. Morgan, Immunopathology of secondary-progressive multiple sclerosis, Ann.
Neurol. 50 (2001) pp. 646-657.

R. Patani, M. Balaratnam, A. Vora, and R. Reynolds, Remyelination can be extensive in
multiple sclerosis despite a long disease course, Neuropathol. Appl. Neurobiol. 33 (2007)
pp. 277-287.

C. Lucchinetti, W. Bruck, J. Parisi, B. Scheithauer, M. Rodriguez, and H. Lassmann, A
guantitative analysis of oligodendrocytes in multiple sclerosis lesions. A study of 113
cases, Brain 122 ( Pt 12) (1999) pp. 2279-2295.

G. Wolswijk, Oligodendrocyte precursor cells in the demyelinated multiple sclerosis spinal
cord, Brain 125 (2002) pp. 338-349.

C.S. Raine, B. Cannella, S.L. Hauser, and C.P. Genain, Demyelination in primate
autoimmune encephalomyelitis and acute multiple sclerosis lesions: a case for antigen-
specific antibody mediation, Ann. Neurol. 46 (1999) pp. 144-160.

T. Kuhlmann, V. Miron, Q. Cui, C. Wegner, J. Antel, and W. Bruck, Differentiation block
of oligodendroglial progenitor cells as a cause for remyelination failure in chronic
multiple sclerosis, Brain 131 (2008) pp. 1749-1758.

J.W. Prineas and F. Connell, The fine structure of chronically active multiple sclerosis
plaques, Neurology 28 (1978) pp. 68-75.

D. Barnes, P.M. Munro, B.D. Youl, J.W. Prineas, and W.I. McDonald, The longstanding
MS lesion. A quantitative MRI and electron microscopic study, Brain 114 ( Pt 3) (1991)
pp. 1271-1280.

M.T. O'Leary, G.L. Hinks, H.M. Charlton, and R.J. Franklin, Increasing local levels of IGF-
I MRNA expression using adenoviral vectors does not alter oligodendrocyte
remyelination in the CNS of aged rats, Mol. Cell Neurosci. 19 (2002) pp. 32-42.

C. Zhao, W.W. Li, and R.J. Franklin, Differences in the early inflammatory responses to
toxin-induced demyelination are associated with the age-related decline in CNS
remyelination, Neurobiol. Aging 27 (2006) pp. 1298-1307.

W.F. Blakemore, D.M. Chari, J.M. Gilson, and A.J. Crang, Modelling large areas of
demyelination in the rat reveals the potential and possible limitations of transplanted glial
cells for remyelination in the CNS, Glia 38 (2002) pp. 155-168.

J.W. Prineas, R.O. Barnard, E.E. Kwon, L.R. Sharer, and E.S. Cho, Multiple sclerosis:
remyelination of nascent lesions, Ann. Neurol. 33 (1993) pp. 137-151.

W.F. Blakemore and R.J. Franklin, Remyelination in experimental models of toxin-induced
demyelination, Curr. Top. Microbiol. Immunol. 318 (2008) pp. 193-212.

32



125. A. Niehaus, J. Shi, M. Grzenkowski, M. Diers-Fenger, J. Archelos, H.P. Hartung, K. Toyka,
W. Bruck, and J. Trotter, Patients with active relapsing-remitting multiple sclerosis
synthesize antibodies recognizing oligodendrocyte progenitor cell surface protein:
implications for remyelination, Ann. Neurol. 48 (2000) pp. 362-371.

126. E.S. Johnson and S.K. Ludwin, The demonstration of recurrent demyelination and
remyelination of axons in the central nervous system, Acta Neuropathol. 53 (1981) pp.
93-98.

127. J. Penderis, S.A. Shields, and R.J. Franklin, Impaired remyelination and depletion of
oligodendrocyte progenitors does not occur following repeated episodes of focal
demyelination in the rat central nervous system, Brain 126 (2003) pp. 1382-1391.

128. S.K. Ludwin, Chronic demyelination inhibits remyelination in the central nervous system.
An analysis of contributing factors, Lab Invest 43 (1980) pp. 382-387.

129. J.L. Mason, C. Langaman, P. Morell, K. Suzuki, and G.K. Matsushima, Episodic
demyelination and subsequent remyelination within the murine central nervous system:
changes in axonal calibre, Neuropathol. Appl. Neurobiol. 27 (2001) pp. 50-58.

130. R.A. Sobel, Ephrin A receptors and ligands in lesions and normal-appearing white matter in
multiple sclerosis, Brain Pathol. 15 (2005) pp. 35-45.

131. K.M. Omari, G. John, R. Lango, and C.S. Raine, Role for CXCR2 and CXCL1 on glia in
multiple sclerosis, Glia 53 (2006) pp. 24-31.

132. J.K. Huang, G.R. Phillips, A.D. Roth, L. Pedraza, W. Shan, W. Belkaid, S. Mi, A. Fex-
Svenningsen, L. Florens, J.R. Yates, lll, and D.R. Colman, Glial membranes at the node
of Ranvier prevent neurite outgrowth, Science 310 (2005) pp. 1813-1817.

133. J.W. Fawcett and R.A. Asher, The glial scar and central nervous system repair, Brain Res.
Bull. 49 (1999) pp. 377-391.

134. J.F. Talbott, D.N. Loy, Y. Liu, M.S. Qiu, M.B. Bunge, M.S. Rao, and S.R. Whittemore,
Endogenous Nkx2.2+/0lig2+ oligodendrocyte precursor cells fail to remyelinate the
demyelinated adult rat spinal cord in the absence of astrocytes, Exp. Neurol. 192 (2005)
pp. 11-24.

135. R.H. Miller and S. Mi, Dissecting demyelination, Nat. Neurosci. 10 (2007) pp. 1351-1354.

136. A. Chang, W.W. Tourtellotte, R. Rudick, and B.D. Trapp, Premyelinating oligodendrocytes
in chronic lesions of multiple sclerosis, N. Engl. J. Med. 346 (2002) pp. 165-173.

137. S.P. Fancy, S.E. Baranzini, C. Zhao, D.I. Yuk, K.A. Irvine, S. Kaing, N. Sanai, R.J.
Franklin, and D.H. Rowitch, Dysregulation of the Wnt pathway inhibits timely
myelination and remyelination in the mammalian CNS, Genes Dev. 23 (2009) pp. 1571-
1585.

33



138. F.J. Sim, G.L. Hinks, and R.J. Franklin, The re-expression of the homeodomain
transcription factor Gtx during remyelination of experimentally induced demyelinating
lesions in young and old rat brain, Neuroscience 100 (2000) pp. 131-139.

139. W.W. Li, J. Penderis, C. Zhao, M. Schumacher, and R.J. Franklin, Females remyelinate
more efficiently than males following demyelination in the aged but not young adult
CNS, Exp. Neurol. 202 (2006) pp. 250-254.

140. G. Wolswijk, Oligodendrocyte precursor cells in the demyelinated multiple sclerosis spinal
cord, Brain 125 (2002) pp. 338-349.

141. S. Shen, J. Sandoval, V.A. Swiss, J. Li, J. Dupree, R.J. Franklin, and P. Casaccia-Bonnefil,
Age-dependent epigenetic control of differentiation inhibitors is critical for remyelination
efficiency, Nat. Neurosci. (2008).

142. R.H. Woodruff, M. Fruttiger, W.D. Richardson, and R.J. Franklin, Platelet-derived growth
factor regulates oligodendrocyte progenitor numbers in adult CNS and their response
following CNS demyelination, Mol. Cell Neurosci. 25 (2004) pp. 252-262.

143. K. Chu, M. Kim, S.H. Chae, S.W. Jeong, K.S. Kang, K.H. Jung, J. Kim, Y.J. Kim, L. Kang,
S.U. Kim, and B.W. Yoon, Distribution and in situ proliferation patterns of intravenously
injected immortalized human neural stem-like cells in rats with focal cerebral ischemia,
Neurosci. Res. 50 (2004) pp. 459-465.

144. M.S. Windrem, N.S. Roy, J. Wang, M. Nunes, A. Benraiss, R. Goodman, G.M. McKhann,
and S.A. Goldman, Progenitor cells derived from the adult human subcortical white
matter disperse and differentiate as oligodendrocytes within demyelinated lesions of the
rat brain, J. Neurosci. Res. 69 (2002) pp. 966-975.

145. M.S. Windrem, S.J. Schanz, M. Guo, G.F. Tian, V. Washco, N. Stanwood, M. Rasband,
N.S. Roy, M. Nedergaard, L.A. Havton, S. Wang, and S.A. Goldman, Neonatal
chimerization with human glial progenitor cells can both remyelinate and rescue the
otherwise lethally hypomyelinated shiverer mouse, Cell Stem Cell 2 (2008) pp. 553-565.

146. M.S. Windrem, M.C. Nunes, W.K. Rashbaum, T.H. Schwartz, R.A. Goodman, G.
McKhann, N.S. Roy, and S.A. Goldman, Fetal and adult human oligodendrocyte
progenitor cell isolates myelinate the congenitally dysmyelinated brain, Nat. Med. 10
(2004) pp. 93-97.

147. O. Einstein, D. Karussis, N. Grigoriadis, R. Mizrachi-Kol, E. Reinhartz, O. Abramsky, and
T. Ben-Hur, Intraventricular transplantation of neural precursor cell spheres attenuates
acute experimental allergic encephalomyelitis, Mol. Cell Neurosci. 24 (2003) pp. 1074-
1082.

148. S. Pluchino, A. Quattrini, E. Brambilla, A. Gritti, G. Salani, G. Dina, R. Galli, C.U. Del, S.
Amadio, A. Bergami, R. Furlan, G. Comi, A.L. Vescovi, and G. Martino, Injection of
adult neurospheres induces recovery in a chronic model of multiple sclerosis, Nature 422
(2003) pp. 688-694.

34



149

150

151

152

153

154

155

156

157

158

159

160

. B.A. Reynolds and R.L. Rietze, Neural stem cells and neurospheres--re-evaluating the
relationship, Nat. Methods 2 (2005) pp. 333-336.

. B.A. Barres and M.C. Raff, Axonal control of oligodendrocyte development, J. Cell Biol.
147 (1999) pp. 1123-1128.

. S. Pluchino, L. Zanotti, B. Rossi, E. Brambilla, L. Ottoboni, G. Salani, M. Martinello, A.
Cattalini, A. Bergami, R. Furlan, G. Comi, G. Constantin, and G. Martino, Neurosphere-
derived multipotent precursors promote neuroprotection by an immunomodulatory
mechanism, Nature 436 (2005) pp. 266-271.

. S. Pluchino, G. Martino, The therapeutic plasticity of neural stem/precursor cells in multiple
sclerosis, J. Neurol. Sci. 265 (2008) pp. 105-110.

. K.S. Hung, S.H. Tsai, T.C. Lee, J.W. Lin, C.K. Chang, and W.T. Chiu, Gene transfer of
insulin-like growth factor-I providing neuroprotection after spinal cord injury in rats, J.
Neurosurg. Spine 6 (2007) pp. 35-46.

. C. Seiwa, M. Yamamoto, K. Tanaka, M. Fukutake, T. Ueki, S. Takeda, R. Sakai, A. Ishige,
K. Watanabe, M. Akita, T. Yagi, K. Tanaka, and H. Asou, Restoration of FcRgamma/Fyn
signaling repairs central nervous system demyelination, J. Neurosci. Res. 85 (2007) pp.
954-966.

. F.A. McMorris, R.L. Mozell, M.J. Carson, Y. Shinar, R.D. Meyer, and N. Marchetti,
Regulation of oligodendrocyte development and central nervous system myelination by
insulin-like growth factors, Ann. N. Y. Acad. Sci. 692 (1993) pp. 321-334.

. F.A. McMorris and R.D. McKinnon, Regulation of oligodendrocyte development and CNS
myelination by growth factors: prospects for therapy of demyelinating disease, Brain
Pathol. 6 (1996) pp. 313-329.

. T. Kuhlmann, L. Remington, I. Cognet, L. Bourbonniere, S. Zehntner, F. Guilhot, A.
Herman, A. Guay-Giroux, J.P. Antel, T. Owens, and J.F. Gauchat, Continued
administration of ciliary neurotrophic factor protects mice from inflammatory pathology
in experimental autoimmune encephalomyelitis, Am. J. Pathol. 169 (2006) pp. 584-598.

. B. Cannella, D. Pitt, E. Capello, and C.S. Raine, Insulin-like growth factor-1 fails to
enhance central nervous system myelin repair during autoimmune demyelination, Am. J.
Pathol. 157 (2000) pp. 933-943.

. S. Genoud, I. Maricic, V. Kumar, and F.H. Gage, Targeted expression of IGF-1 in the
central nervous system fails to protect mice from experimental autoimmune
encephalomyelitis, J. Neuroimmunol. 168 (2005) pp. 40-45.

. N.J. Scolding and D.A. Compston, Growth factors fail to protect rat oligodendrocytes
against humoral injury in vitro, Neurosci. Lett. 183 (1995) pp. 75-78.

35



161

162

163

164

165

166

167

168

169

170

171

172

. J.A. Frank, N. Richert, B. Lewis, C. Bash, T. Howard, R. Civil, R. Stone, J. Eaton, H.
McFarland, and T. Leist, A pilot study of recombinant insulin-like growth factor-1 in
seven multiple sderosis patients, Mult. Scler. 8 (2002) pp. 24-29.

. D.J. Miller, M.K. Njenga, P.D. Murray, J. Leibowitz, and M. Rodriguez, A monoclonal
natural autoantibody that promotes remyelination suppresses central nervous system
inflammation and increases virus expression after Theiler's virus-induced demyelination,
Int. Immunol. 8 (1996) pp. 131-141.

. A.J. Bieber, A. Warrington, K. Asakura, B. Ciric, S.V. Kaveri, L.R. Pease, and M.
Rodriguez, Human antibodies accelerate the rate of remyelination following lysolecithin-
induced demyelination in mice, Glia 37 (2002) pp. 241-249.

. R.R. Voskuhl, Hormone-based therapies in MS, Int. MS J. 10 (2003) pp. 60-66.

. C. Gregg, V. Shikar, P. Larsen, G. Mak, A. Chojnacki, V.W. Yong, and S. Weiss, White
matter plasticity and enhanced remyelination in the maternal CNS, J. Neurosci. 27 (2007)
pp. 1812-1823.

. E.E. Baulieu, P. Robel, and M. Schumacher, Neurosteroids: beginning of the story, Int. Rev.
Neurobiol. 46 (2001) pp. 1-32.

. M. Schumacher, R. Guennoun, D.G. Stein, and A.F. De Nicola, Progesterone: therapeutic
opportunities for neuroprotection and myelin repair, Pharmacol. Ther. 116 (2007) pp. 77-
106.

. M. Schumacher, R. Guennoun, F. Robert, C. Carelli, N. Gago, A. Ghoumari, M.C.
Gonzalez Deniselle, S.L. Gonzalez, C. Ibanez, F. Labombarda, H. Coirini, E.E. Baulieu,
and A.F. De Nicola, Local synthesis and dual actions of progesterone in the nervous
system: neuroprotection and myelination, Growth Horm. IGF. Res. 14 Suppl A (2004) p.
S18-S33.

. A.M. Ghoumari, C. Ibanez, M. El-Etr, P. Leclerc, B. Eychenne, B.W. O'Malley, E.E.
Baulieu, and M. Schumacher, Progesterone and its metabolites increase myelin basic
protein expression in organotypic slice cultures of rat cerebellum, J. Neurochem. 86
(2003) pp. 848-859.

. P.M. Wise and D.B. Dubal, Estradiol protects against ischemic brain injury in middle-aged
rats, Biol. Reprod. 63 (2000) pp. 982-985.

. N.L. Sicotte, S.M. Liva, R. Klutch, P. Pfeiffer, S. Bouvier, S. Odesa, T.C. Wu, and R.R.
Voskuhl, Treatment of multiple sclerosis with the pregnancy hormone estriol, Ann.
Neurol. 52 (2002) pp. 421-428.

. 1.C. Chikanza, Prolactin and neuroimmunomodulation: in vitro and in vivo observations,
Ann. N. Y. Acad. Sci. 876 (1999) pp. 119-130.

36



173. S.S. Smith and C.S. Woolley, Cellular and molecular effects of steroid hormones on CNS
excitability, Cleve. Clin. J. Med. 71 Suppl 2 (2004) pp. S4-10.

174. M. Fujino, N. Funeshima, Y. Kitazawa, H. Kimura, H. Amemiya, S. Suzuki, and X.K. Li,
Amelioration of experimental autoimmune encephalomyelitis in Lewis rats by FTY720
treatment, J. Pharmacol. Exp. Ther. 305 (2003) pp. 70-77.

175. M. Webb, C.S. Tham, F.F. Lin, K. Lariosa-Willingham, N. Yu, J. Hale, S. Mandala, J.
Chun, and T.S. Rao, Sphingosine 1-phosphate receptor agonists attenuate relapsing-
remitting experimental autoimmune encephalitis in SJL mice, J. Neuroimmunol. 153
(2004) pp. 108-121.

176. H. Kataoka, M. Ohtsuki, K. Shimano, S. Mochizuki, K. Oshita, M. Murata, K. Sugahara, N.
Sato, Y. Hoshino, and K. Chiba, Immunosuppressive activity of FTY720, sphingosine 1-
phosphate receptor agonist: Il. Effect of FTY720 and FTY720-phosphate on host-versus-
graft and graft-versus-host reaction in mice, Transplant. Proc. 37 (2005) pp. 107-109.

177. T. Sanchez and T. Hla, Structural and functional characteristics of S1P receptors, J. Cell
Biochem. 92 (2004) pp. 913-922.

178. B. Balatoni, M.K. Storch, E.M. Swoboda, V. Schonborn, A. Koziel, G.N. Lambrou, P.C.
Hiestand, R. Weissert, and C.A. Foster, FTY720 sustains and restores neuronal function
in the DA rat model of MOG-induced experimental autoimmune encephalomyelitis,

Brain Res. Bull. 74 (2007) pp. 307-316.

179. C.A. Foster, L.M. Howard, A. Schweitzer, E. Persohn, P.C. Hiestand, B. Balatoni, R.
Reuschel, C. Beerli, M. Schwartz, and A. Billich, Brain penetration of the oral
immunomodulatory drug FTY720 and its phosphorylation in the central nervous system
during experimental autoimmune encephalomyelitis: consequences for mode of action in
multiple sclerosis, J. Pharmacol. Exp. Ther. 323 (2007) pp. 469-475.

180. N. Yu, K.D. Lariosa-Willingham, F.F. Lin, M. Webb, and T.S. Rao, Characterization of
lysophosphatidic acid and sphingosine-1-phosphate-mediated signal transduction in rat
cortical oligodendrocytes, Glia 45 (2004) pp. 17-27.

181. C. Jaillard, S. Harrison, B. Stankoff, M.S. Aigrot, A.R. Calver, G. Duddy, F.S. Walsh, M.N.
Pangalos, N. Arimura, K. Kaibuchi, B. Zalc, and C. Lubetzki, Edg8/S1P5: an
oligodendroglial receptor with dual function on process retraction and cell survival, J.
Neurosci. 25 (2005) pp. 1459-1469.

182. A.S. Novgorodov, M. El Alwani, J. Bielawski, L.M. Obeid, and T.l. Gudz, Activation of
sphingosine-1-phosphate receptor S1P5 inhibits oligodendrocyte progenitor migration,
FASEB J. (2007).

183. V.E. Miron, C.G. Jung, H.J. Kim, T.E. Kennedy, B. Soliven, and J.P. Antel, FTY720
modulates human oligodendrocyte progenitor process extension and survival, Ann.
Neurol. 63 (2008) pp. 61-71.

37



184. V.E. Miron, J.A. Hall, T.E. Kennedy, B. Soliven, and J.P. Antel, Cyclical and dose-
dependent responses of adult human mature oligodendrocytes to fingolimod, Am. J.
Pathol. 173 (2008) pp. 1143-1152.

185. R.P. Coelho, S.G. Payne, R. Bittman, S. Spiegel, and C. Sato-Bigbee, The
immunomodulator FTY720 has a direct cytoprotective effect in oligodendrocyte
progenitors, J. Pharmacol. Exp. Ther. 323 (2007) pp. 626-635.

186. C.G. Jung, H.J. Kim, V.E. Miron, S. Cook, T.E. Kennedy, C.A. Foster, J.P. Antel, and B.
Soliven, Functional consequences of S1P receptor modulation in rat oligodendroglial
lineage cells, Glia. 55 (2007) pp. 1656-1667.

187. V.E. Miron, S.K. Ludwin, P.J. Darlington, A.A. Jarjour, B. Soliven, T.E. Kennedy, and J.P.
Antel, Fingolimod (FTY720) enhances remyelination following demyelination of
organotypic cerebellar slices, Am. J. Pathol. 176 (2010) pp. 2682-2694.

188. L. Kappos, R. Gold, D.H. Miller, D.G. MacManus, E. Havrodova, V. Limmroth, C.H.
Polman, K. Schmierer, T.A. Yousry, M. Yang, M. Eraksoy, E. Meluzinova, I.R. Rektor,
K.T. Dawson, A.W. Sandrock, G.N. O’Neill, Lancet. 372 (2008) pp. 61619-61620.

189. A. Thiessen, M.M. Schmidt, R. Dringen, Fumaric acid dialkyl esters deprive cultured rat
oligodendroglial cells of glutathione and upregulate the expression of heme oxygenase 1,
Neurosci. Lett. 475 (2010) pp. 56-60.

190. S. Schilling, S. Goelz, R. Linker, F. Luehder, R. Gold, Fumaric acid esters are effective in
chronic experimental autoimmune encephalomyelitis and suppress macrophage infiltration, Clin.
Exp. Immunol. 145 (2006) pp. 101-107.

191. D. Moharregh-Khiabani, A. Blank , T. Skripuletz , E. Miller, A. Kotsiari , V. Gudi , M.
Stangel, Effects of fumaric acids on cuprizone induced central nervous system de- and
remyelination in the mouse, PLoS One. 23 (2010) pp. €11769.

192. B. Stankoff, M.-S. Aigrot, F. Noel, A. Wattilliaux, B. Zalc, C. Lubetzki, Ciliary
Neurotrophic Factor (CNTF) enhances myelin formation: A novel role for CNTF- and
CNTF-related molecules, J. Neurosci. 22 (2002) pp. 9221-9227.

193. T. Vartanian, Y. Li, M. Zhao, K. Stefansson, Interferon-gamma induced oligodendrocyte
cell death: Implications for the pathogenesis of multiple sclerosis, Mol. Med. 1 (1995) pp.
732-743.

194. H. Butzkueven, J.-G. Zhang, M. Soilu-Hanninen, H. Hochrein, F. Chionh, K.A. Shipham,
B. Emery, A.M. Turnley, S. Petratos, M. Ernst, P.F. Bartlett, T.J. Kilpatrick, LIF receptor
signalling limits immune-mediated demyelination by enhancing oligodendrocyte
survival, Nat. Med. 8 (2002) pp. 613-619.

195. A.R. Massaro, C. Soranzo, A. Carnevale, A cerebrospinal-fluid neurotrophic factor in
neurological patients, Eur. Neurol. 37 (1997) pp. 243-246.

38



196. R. Giess, M. Maurer, R. Linker, R. Gold, M. Warmuth-Metz, K.V. Toyka, M. Sendtner, P.
Rieckmann, Arch. Neurol. 59 (2002) pp. 407-409.

39



FigureLegend:

Figure 1. Myelin characteristics, Demyelination, and Remyelination.

A. Schematic of Node of Ranvier organization. Nodes of Ranvier are axonal regions of
concentrated sodium channels devoid of myelin, formed between two internodes of
myelin. The area adjacent to the node is termed the paranode, characterized by Caspr and
paranodin expression. The area adjacent to the paranode is termed the juxtaparanode,

where the potassium channels reside.

B. Upon demyelination, there is destruction of the paranode and lateral migration of sodium

channels from the nodal region.

C. Remyelination is initiated by activation of OPCs, likely by inflammation-associated
factors (i.e. IL-B, TNFu, LIF), and chemotactic migration towards the lesion (i.e. PDGF,
bFGF, CXCL1). Differentiation into mature oligodendrocytes and remyelination is
associated with an upregulation of Olig2 and Nkx2.2, and requires both removal of
myelin debris and inflammatory factors (i.e. IB;TNFo, CXCL-2). The new myelin
sheath has shorter internodes, thinner myelin loops, and may act as a physical barrier to
protect from injurious inflammatory molecules, or provide trophic support anew to the

axon.

D. Multi-potent neural stem cells (nestin+) are specified into oligodendrocyte progenitor
cells (OPCs; A2B5+, PDGIR+, NG2+) by exposure to sonic hedgehog (SHH) and
fibroblast growth factor (FGF), whereas bone morphogenic proteins (BMPs) inhibit this
specification. This specification involves the transcription factors Olig2, Nkx2.2, Mash1,

MyT1, Nkx2.6, Gli2, and Sox 8/9/10. OPCs can differentiate into multiple cell types
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including astrocytes, neurons, and Schwann cells. Differentiation along the
oligodendroglial lineage to pre-oligodendrocytes/ immature oligodendrocytes (O4+/
GalC+) is potentiated by the growth factor IGF-1, the cytokine CNTF, and the thyroid
hormone T3, and requires the transcription factors Olig1/2, Sox10, Nkx2.2/ 2.6.
Conversely, BMPs and transcription factors Sox5/6 prevent this differentiation.
Differentiation into mature oligodendrocytes is associated with acquisition of myelin-
related proteins, such as myelin basic protein (MBP), myelin associated glycoprotein
(MAG), myelin oligodendrocyte glycoprotein (MOG), oligodendrocyte myelin

glycoprotein (OMgp), and 2',3'-cyclic nucleotide 3'-phosphodiesterase (CNPase).
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