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Oligodendrocytes are key neural cells that are responsible for producing myelin sheaths that wrap around neuronal axons in the central
nervous system. Myelin is essential to insulate neurons and maintain a fast and saltatory propagation of action potentials along the axon.
However, oligodendrocytes are very susceptible to damage, and thus demyelination may arise from a brain lesion or a neurodegenerative
disorder. Consequently, demyelination produces a loss of axonal insulation leading to sensory or motor neuron failure. During adulthood,
there are two main sources of oligodendrocytes: parenchymal oligodendrocyte precursor cells (OPCs) and subventricular zone derived
OPCs. In this review, we will discuss oligodendrogenesis derived from these two sources, and also highlight their main extrinsic and
intrinsic modulators. In addition, the neuroinflammatory mediators of oligodendrogenesis will also be assessed.
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INTRODUCTION

Oligodendrocytes are the myelin-forming cells of the
central nervous system (CNS). They are the last brain
cells to be generated during development, making
myelination a late event in brain maturation.!"! Their
cholesterol-rich membrane loops around neuronal
axons creating a myelin sheath, which is a multilamellar
spiral structure that protects neurons, ensures their
survivall and provides electrical insulation that
enables faster transmission of action potentials along
axons.”” Oligodendrocytes are essential for proper
brain functioning and are easily affected by oxidative
stress, so that demyelination is often a secondary
event to brain lesions or pathologies.!! However, new
oligodendrocytes are continuously generated during
adulthood, which restore insulation of demyelinated
axons and/or remodel existing myelin, an important
role for functional plasticity, learning, and memory
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formation. This process is called remyelination, one
of the few spontaneous processes of regeneration that
take place in the adult CNS.P! New oligodendrocyte
production is therefore enhanced in response to a
pathological insult such as demyelination. During the
progression of a demyelinating disease, such as multiple
sclerosis (MS), several inflammatory modulators
are released by a variety of brain cells impacting
the determination, proliferation, differentiation,
migration, and maturation of oligodendrocyte precursor
cells (OPCs), ultimately resulting in remyelination.
New myelinating oligodendrocytes are derived from
two main cell sources: early postnatal-derived OPCs
that are present all over the brain parenchyma;®* and
new OPCs that are continuously originated from a
distinct group of transit-amplifying progenitors in the
subventricular zone (SVZ) of the lateral walls of the
lateral ventricles.*% In response to demyelination, both
parenchymal OPCs and SVZ-derived OPCs produce
new oligodendrocytes to recover from myelin loss.!

Oligodendrogenesis is a process that is regulated by
extrinsic and intrinsic factors. The main external stimuli
are morphogens, growth factors, and extracellular
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matrix elements while the internal stimuli important for
oligodendrocyte formation are transcription factors and
epigenetic regulators. Therefore, studying modulators
capable of stimulating OPCs are of paramount
importance and fundamental for future therapies
concerning inflammatory and neurodegenerative
disorders in which myelin sheaths are affected.

OLIGODENDROGENESIS FROM OPCs DURING
DEVELOPMENT AND IN THE ADULT BRAIN
PARENCHYMA

During CNS development, and also throughout
adulthood, oligodendrogenesis is derived from OPCs.
OPCs are a subtype of glial cell, characterized by the
expression of the platelet-derived growth factor receptor
o. (PDGFRa), and the neuron-glial antigen 2 (NG2)
proteoglycan [Figure 1].1? Other known markers for these
cells are the O4 antigen and the transcription factors
Olig1, Olig2, and Nkx 2.2.[7 Tt should be noted that, these
markers can be expressed in other cells, a combination
of markers should be used to unambiguously identify
OPCs."! In the adult brain, OPCs comprise 3-8% of
the total number of cells® and are prevalent in the
hippocampus and in all layers of the neocortex."!

In the developing forebrain of mice, the entire
oligodendrocyte population is generated from three
phases of OPC proliferation and migration. The first
phase occurs at embryonic day 12.5 (E12.5) and
consists of a “wave” of OPC production, originated
from ventral ganglionic eminences.'*'"! At E15.5, the
second phase takes place, emerging from the lateral
and caudal ganglionic eminences.*?! Finally, the third
phase happens after birth, with origin in the cortex.!'?
These three phases are responsible for the generation
of most adult oligodendrocytes in mice, which will
migrate and populate most of the future brain.™

In human CNS development, oligodendrocyte
differentiation and maturation follow similar paths
to rodents.*®! This process has its beginning in the

second trimester of gestation and spans into birth
and adulthood." ' Specifically, at 9 gestation weeks,
early OPCs (NG2 and PDGFRa positive) arise from
the ganglionic eminence and migrate to the cortex
in the following weeks. Late OPCs, which show
04 immunoreactivity, are first detected in a small
percentage at 15 gestation weeks, gaining more density
in midgestation (c. 20-22 gestation weeks), especially
in the subplate layer directly under the cortical plate.
Finally, myelin basic protein-positive oligodendrocytes
are rare at midgestation but show a steady population
growth from that point on. Indeed, the first myelin
sheaths can be found around 18 gestation weeks in
the thalamus, spreading to the internal capsule at
21 gestation weeks.!”!

Given the nature of oligodendrocyte production,
one question arises: are the OPCs involved in these
different phases functionally equivalent? There is
evidence that each phase of OPC production can
lead to the myelination of distinct brain regions,™®
suggesting the existence of functionally different
subpopulations of OPCs that serve separate functions.
In fact, a study conducted in mice targeted differentially
ventrally-derived OPCs (vOPCs) and dorsally-derived
OPCs (dOPCs), as well as the oligodendrocytes generated
by each class of OPCs (vOLs and dOLs respectively).
This study shows that while vOPCs and dOPCs appear
to have the same electrical properties, their migration
and settling patterns are significantly different, to the
point that vOLs and dOLs populate different forebrain
and spinal cord regions at different timepoints during
development (for example, while in adulthood the
corticospinal and rubrospinal tracts are myelinated
by dOLs; during early postnatal life, these regions are
actually myelinated by vOLs).!"®! On the other hand, it
has been shown that, if one of these subpopulations
is eliminated, neighboring OPCs of different origins
rapidly migrate and proliferate to generate the regular
number of oligodendrocytes in the mature brain,!?
which could imply that the subpopulations of OPCs
are functionally equivalent.
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Figure 1: Diagram of the oligodendrocytic lineage progression: from early oligodendrocyte precursor cell to functioning mature myelinating oligodendrocyte
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After CNS development, a small fraction of OPCs
remains undifferentiated, in an immature slowly
proliferative or quiescent state.'”? These adult OPCs
are morphologically equivalent and express the same
markers as the OPCs present during development.!*®!
However, they differ from the developing OPCs in
growth factor responsiveness, migration capacity, and
cell cycle length.l'*21 Their cell density, although
stable throughout adult life, is higher in white matter
than in gray matter.*??%! Indeed, it has been shown
that adult OPCs present a higher rate of proliferation
in white matter, which is a possible explanation
for the difference in cell density.*” It is possible to
further divide white matter OPCs and gray matter
OPCs by their characteristics. While white matter
OPCs are proliferative and eventually lead to adult
oligodendrogenesis, gray matter OPCs remain quiescent
and immature.?

Given these findings, could adult OPCs be a
heterogeneous population, possibly with several
distinct functions? Some studies show that the different
characteristics observed in adult OPCs can be the
result of environmental signals. Specifically, gray
matter environment is described as an inhibitor of OPC
proliferation and differentiation while white matter
environment seems to favor OPC maturation.”:2223
These differences may be linked to intrinsic cell
mechanisms or to environmental cues. While there
seem to be differences in the local microenvironment
surrounding OPCs in white and gray matter, the
different characteristics of white matter and gray
matter OPCs can also be explained by intrinsic
mechanisms, such as receptor desensitization. For
instance, it is known that, in the developing spinal
cord, PDGF-A mRNA has higher expression in the
gray matter,?¥ which can lead to desensitization of
the receptor (PDGFRo) and prolonged impairment of
gray matter OPCs maturation.?” However, there are
indeed molecular differences between white matter
OPCs and gray matter OPCs, namely in the resting
membrane potential and ion channels expression. 2%’
Concerning the ion channels, two subpopulations
of adult OPCs have been described: one completely
devoid of voltage-gated Na* channels, and another with
functional channels, able to react to action potentials.
Consequently, this second subtype can sense neuronal
activity through axonal input and is more sensitive to
ischemia.”®! Another study corroborating the existence
of functionally different subtypes shows that white
matter OPCs can generate myelinating oligodendrocytes
even if they are transplanted into other brain regions.
Gray matter OPCs, in contrast, remain less efficient
even if transplanted into white matter.?® Therefore,
it seems that white matter OPCs are more prepared to
generate new myelinating oligodendrocytes than gray

matter OPCs. What is the role of OPCs in gray matter
remains a question to be explored.

In response to a demyelinating insult, the remyelitation
process is activated. New myelinating oligodendrocytes
are mainly generated from early postnatal-derived OPCs
that are present in the brain parenchyma. In a first
phase, quiescent or slow-dividing OPCs are recruited
to the damaged areas OPCs start to proliferate, migrate,
and populate the demyelinated area. In a second phase,
the recruited OPCs start to differentiate into mature
oligodendrocytes as they form myelin sheaths around
demyelinated axons.!?®! Oligodendrocytes derived
from parenchymal OPCs are only able to migrate
short distances, just populating damaged areas in the
proximity of their progenitor cells.”!

OLIGODENDROGENESIS DERIVED FROM
ADULT SUBVENTRICULAR ZONE NEURAL STEM
CELLS

After birth, OPCs can be produced by adult neural stem
cells (NSC), which are self-renewing, multipotent cells
that generate most of the cells of the nervous system, such
as neurons, astrocytes, and oligodendrocytes.®” These
NSCs can divide in three different ways: symmetrically,
originating in two new NSCs (expansion, symmetrical
self-renewal); asymmetrically, originating one NSC and
one differentiated cell (maintenance, asymmetrical
self-renewal); or symmetrically, originating two
differentiated cells (extinction, symmetrical commitment).
Depending on the activation of specific signaling
pathways and the presence of differentiation-inducing
molecules, NSCs are capable of differentiating into cells of
neuronal (neurogenesis) and glial (gliogenesis) lineages,
particularly oligodendrocytes (oligodendrogenesis).®"

Neural stem cells exist in discrete regions of the
adult mammalian brain where neurogenesis and
oligodendrogenesis are highly regulated.** The brain
regions where these processes take place, that is
where the NSC pools can be encountered, are called
neurogenic niches. In adulthood, there are two main
neurogenic niches in the brain: the SVZ of the lateral
ventricles, and the subgranular zone of the dentate
gyrus (DG) of the hippocampus.r?

In the SVZ, the NSC pool comprises type B cells, which
are quiescent NSCs that originate type C cells, which are
fast dividing transient amplifying cells.* Most of these
C cells will then differentiate into neuroblasts (type A
cells), migrate along the rostral migratory stream®! to
the olfactory bulb, and terminally differentiate into
interneurons.®%3”1 SVZ-derived oligodendrogenesis
originates from a minority of C cells that do not follow
the previously explained cellular fate. Instead, they
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produce OPCs, which migrate radially out of the SVZ into
the surrounding cortex and white matter [Figure 2].15:3839

It should be noted that one NSC can generate either
oligodendrocytes or neurons exclusively® and that
the number of oligodendrocytes produced by the
SVZ NSC pool is significantly inferior to the number
of olfactory interneurons.”’ The relative quantity of
oligodendrocytes and neurons is area dependent:
while in the posterior zone of the SVZ, the ratio is one
oligodendrocyte to three neurons; in the rostral zone,
this ratio is 1:30.5! The ratio also changes dorsoventrally,
due to environmental cues. The dorsal part of the SVZ
is Wnt enriched, which favors OPC commitment.?
On the other hand, the ventral part is more exposed
to bone morphogenic proteins (BMP), which inhibits
OPC specification.! "

Contrary to the parenchymal OPCs, SVZ-derived
OPCs, although a minority in the brain, can
migrate long distances into the corpus callosum,
striatum, and fimbria fornix, where they continue
to divide or differentiate into mature myelinating
and nonmyelinating oligodendrocytes.’! Adult SVZ
progenitor cells mostly generate neuronal lineage
cells and only a few oligodendrocytes; however,
progenitor cells show some lineage plasticity in
pathological conditions. In a demyelination context,
OPC production in SVZ is favored to the detriment of
neuronal precursor cells. These OPCs then migrate
to the affected areas, where they differentiate into
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Figure 2: Schematic representation of the adult subventricular zone (SVZ)
neurogenic niche. SVZ lines the lateral ventricles and is comprised of three main
cell types: the multipotent type B cells that give rise to type C cells (fast dividing
transient amplifying cells) that generate type A neuroblasts. Type B cells interact
basally with blood vessels and apically with the cerebrospinal fluid (CSF). The
composition of the CSF is modified by the choroid plexus, a thin vascularized
membrane mainly composed by epithelial cells, which secretes several cytokines
and trophic factors to the CSF

oligodendrocytes, contributing to the remyelination
process [Figure 3].14541:42]

The generation of new oligodendrocytes from the
SVZ is possible because adult NSCs, from which
OPCs are derived, are embedded in the specialized
and diverse microenvironments of the SVZ niche,
which is responsible for regulating NSCs and
their progenies’ self-renewal and differentiation
by receiving information from the brain and other
tissues.[#3-45]

The first specialized microenvironment is the apical
ependymal compartment where slow-dividing type B
cells are in direct contact with the cerebrospinal
fluid (CSF) present in the space of the lateral
ventricles, through a specialized apical process
surrounded by ependymal cells.[*34446] The adult
choroid plexus (CP) expresses and secretes to the
CSF not only numerous trophic factors but also
cytokines, which can influence the behavior of SVZ
progenitor cells, modulating the self-renewal capacity,
proliferation, and differentiation [Figure 2].[4344]
Interleukin-1f (IL-1f) is one of the cytokines that
are secreted and regulated by CP, which acts on
type B cells through binding to IL-1 receptors to
up-regulate vascular cell adhesion molecule 1
expression, modulating type B cells adherence to
the SVZ niche. Insulin-like growth factor 2 (IGF-2)
is also present in the adult CSF and regulates SVZ
progenitor proliferation.** Moreover, CP also secretes
guidance molecules, such as chemorepulsive factors
and chemoattractants, which regulate SVZ NSCs
and their progenies’ migration.!*?’ CP changes its
secretome under pathological conditions, leading to
a different CSF cellular and molecular composition
that will then influence the SVZ niche population.
For example, during peripheral tissue inflammation,
inflammatory information from the blood can have
an impact in the CNS.#7#% Peripheral inflammation
elicits the up-regulation of cytokines, adhesion
factors, and signaling pathway genes, such as tumor
necrosis factor-o (TNF-a), IL-1p, and small inducible
cytokine A2 transcripts that are under the regulation
of the NF-xB cascade, in the CP.*”! Then the CP,
through changes in CSF composition, will affect the
SVZ niche population.

The second SVZ niche component is the basal
vasculature, composed of blood vessels and a basal
lamina rich in laminin.?! Here, type B cells have a long
specialized basal process through which they interact
with blood vessels, and fast-dividing/transit-amplifying
type C cells are also in very close proximity to blood
vessels.*4 Endothelial cells secrete several diffusible
signals, such as fibroblast growth factor-2 (FGF2),
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Figure 3: Schematic representation of the demyelination and remyelination processes. (a) in a basal condition, type A neuroblasts and oligodendrocyte precursor
cells (OPCs) are continuously generated from neural stem cells, with neuroblasts being the great majority progeny; (b) after a demyelinating episode, nearby
astrocytes and microglia are activated and release inflammatory mediators, increasing the permeability of the blood-brain barrier (BBB). By releasing chemokines,
astrocytes recruit more microglial cells to the demyelinated area; (c) which phagocyte dead cells and myelin debris, as do macrophages that have crossed the BBB.
Astrocytes and macrophages act as antigen-presenting cells to T lymphocytes that are then activated and attack the myelin sheath and dying cells. B lymphocytes
produce autoantigens against myelin antigens functioning as opsonins; (d) microglia, macrophages, and astrocytes release mediators that mobilize parenchymal
OPCs to proliferate, migrate, and differentiate into new myelinating oligodendrocytes in the demyelinated area. After a demyelinating episode, OPC production in the
subventricular zone (SVZ) is favored in detriment of neuronal precursor cells. These SVZ-derived OPCs migrate to the demyelinated areas where they differentiate
into mature myelinating oligodendrocytes; (e) new myelinating oligodendrocytes form a thinner myelin sheath around the demyelinated axon

IGF-1, brain-derived neurotrophic factor (BDNF),
chemokines, among others, which also influence stem
cell self-renewal, proliferation, and fate determination
in the SVZ [Figure 2].#44649 [n addition, cerebral
endothelial cells promote differentiation of SVZ
NSCs into oligodendrocytes, being important for the
proliferation and migration of OPCs.#?!

The extracellular matrix composition of the vascular
basal lamina makes the basal lamina an important
integration site for the exchange of signals between
the SVZ progenitors and the main compartments of
the SVZ niche, the vasculature and the CSF, because it
provides, stores, and compartmentalizes growth factors
and cytokines.[424%!
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By changing the composition of CSF or the blood stream,
it would be possible to modulate proliferation and or
differentiation of SVZ progenitors with an impact on
demyelinating diseases; however, these modifications
should be tightly regulated to maintain brain homeostasis.

MODULATORS OF OLIGODENDROGENESIS

Extrinsic factors

The extrinsic factors include morphogens, growth
factors, and signaling molecules delivered through
blood vessels or associated with the extracellular
matrix. For instance, during the development of both
the brain and spinal cord, the relative levels of Sonic
hedgehog (Shh), BMP, and Wnt/B-catenin have been
shown to play roles in oligodendrocyte determination.™
The motoneuron domain (pMN) is a restricted domain
of the ventral ventricular zone of the embryonic
spinal cord, and in mice, cells in this domain express
the transcription factors Oligl and Olig2.% In this
zone, Olig2 expression is crucial for the production
of motoneurons and oligodendrocytes. In order for
this transcription factor to induce oligodendrogenic
cell fate instead of neuronal differentiation, a switch
must occur.! As seen in both mice and zebrafish, this
switch is highly dependent on the level of Shh in the
environment® and on the Notch/delta pathway, which
restricts the production of motoneurons, thus allowing
oligodendrocyte determination.? On the other hand,
this switch is repressed if high level of BMPs and Wnt
are locally present.”® It has also been shown that, during
brain development, Shh promotes the generation of
ventrally derived OPCs,!""! while Wnt/B-catenin and
BMPs inhibit it. Curiously, in the adult brain, there is an
apparent contradiction since Wnt3 (from the Wnt family)
promotes oligodendrocyte specification in the SVZ.13

Other extrinsic factors modulate oligodendrogenesis
in the adult SVZ. Evidence shows that both factors
secreted by blood vessels and factors connected to
the extracellular matrix are capable of favoring OPC
commitment.!"*%*%! One of these factors is laminin, an
element of the extracellular matrix. A study in mice
shows that the elimination of laminin o2-subunit
leads to a reduction of the OPC population in the
SVZ.55¢ Other trophic factors, such as PDGF7:58
and epidermal growth factor (EGF),%% contribute
indirectly to oligodendrocyte lineage determination,
through promoting OPC proliferation and
maturation. Additionally, IGF-1 also contributes to
oligodendrogenesis by blocking BMP signaling, both
in vivo and in vitro [Table 1].65Y

Intrinsic factors
The intrinsic factors that modulate oligodendrogenesis
include transcription factors and epigenetic

Signal Effect
Extrinsic
Morphogens
Wnitt62] Stimulates NSC proliferation/self-renewal
Notch(©364 Required for NSC proliferation,
maintenance
Shhie®! Required for NSC maintenance and
OPC production
SIRT 10581 Inhibits oligodendrogenesis
BMP!es! Inhibits oligodendrogenesis
Growth factors
EGF®" Stimulates OPC proliferation and
migration
FGF-21e] Induces progenitor cell proliferation
IGF-1061 Stimulates oligodendrocyte differentiation
PDGFS8! Induces OPC proliferation and
differentiation
Extracellular matrix
elements
Laminin(se] Promotes OPC generation
Intrinsic
Transcription factors
ASCL11®% Favors oligodendrocyte fate

Nkx6.1/6.2170.711 Required for oligodendrocyte and

motoneuron production in the pMN

Sox8/91"2! Promotes glial specification
Epigenetic markers
miRNA-7al™! Promotes OPC commitment

Histone methylation Favors OPC production

Histone acetylation” Inhibits OPC differentiation
NSC: neural stem cell; OPC: oligodendrocyte precursor cell; pMN: progenitors
of motor neurons; Shh: sonic hedgehog; BMP: bone morphogenic protein;
EGF: epidermal growth factor; FGF-2: fibroblast growth factor-2; IGF-1: insulin-like
growth factor-1; PDGF: platelet-derived growth factor; ASCL1: achaete-scute
homolog 1

regulators. The main transcription factor involved in
oligodendrocyte determination is Olig2. This basic
helix-loop-helix (bHLH) factor is induced by Shh!”® and
expressed in every stage of oligodendrocyte maturation,
from OPC to myelinating oligodendrocyte.!' In the
majority of the CNS, inactivation of Olig2 during
development leads to a reduction in OPCs.%78 In
contrast, overexpression of Olig2 in neuroepithelium
leads to enhanced OPC production in the CNS.["
Furthermore, the presence of Olig2 is sufficient to
reprogram rat and mouse fibroblasts into induced
OPCs.#2811 Although this factor is crucial to
oligodendrocyte differentiation, Olig2 knockout mice
are still able to produce some OPCs in the hindbrain,
possibly through Olig1l compensation.!”®!

Another important transcription factor is Achaete-scute
homolog 1 (Ascll or Mash1), which is also a bHLH
factor.! During development, absence of Ascl1 leads
to a reduction of OPC production in the brain and
spinal cord.!®?#! However, this reduction can be
compensated to normal values by Ascl2 and 3.1% After
birth, Ascl1 is only expressed in C cells and OPCs in
the SVZI®! and similarly to what happens during CNS
development, elimination of this transcription factor
leads to decreased OPC generation.’®”
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The Nkx and Sox families also play roles in
oligodendrogenesis, even though they are not critical./*!
Ablation of Nkx6.1/Nkx6.2 blocks the production
of both oligodendrocytes and motoneurons in the
pMN.7071 Additionally, Sox9 knockout mice show
deficits in glial specification, presenting a reduced
number of oligodendrocytes and astrocytes.!”?
Furthermore, if there is a Sox8/Sox9 double inactivation,
no oligodendrocytes are produced, which suggest that
Sox8 and Sox9 serve redundant functions in relation
to oligodendrogenesis.”

In the last few years, epigenetic modulation of
oligodendrogenesis has been gaining some importance,
namely regarding the modulation by microRNA and
histone modifications. One of the most described
microRNA in oligodendrogenesis is miRNA-7a. This
miRNA is highly enriched in OPCs and overexpressing
it in neuronal progenitors during brain development
promotes OPC commitment, both in vivo and in vitro.”®!
In contrast, blocking miRNA-7a function inhibits OPC
generation and favors neuronal progenitors.”*

Histone modifications can also be important for
oligodendrogenesis. For instance, it has been
shown that oligodendrocyte production from NSCs,
instead of other cellular fates, depends on histone
deacetylases (Hdac) activity.[*® Similarly, a study using
Enhancer of zeste homolog 2 (Ezh2), a polycomb group
protein involved in gene silencing through histone
methylation, provided evidence that a higher rate of
histone methylation (via Ezh2 overexpression) leads to
an increase in oligodendrocyte production [Table 1].74

IMMUNE MEDIATORS OF OLIGODENDROGENESIS

When white matter is damaged as a result of an
infection, a trauma or a neurodegenerative disease
such as MS or vascular dementia, microglia, the
brain’s innate immune cells, are activated. Microglia
removes infectious agents and apoptotic cells, through
phagocytosis and by producing reactive oxygen
species (ROS), TNF-a, nitric oxide (NO), IL-1p, and
prostaglandin E2.%8 When microglia are chronically
activated, sustained release of inflammatory
factors, cytokines, and chemokines compromises
the blood-brain barrier (BBB), resulting in vascular
permeability to blood and circulating immune cells,
such as T and B lymphocytes and macrophages, as
well as recruitment of these peripheral immune cells
to the lesion site.*”! By recognizing their specific
autoantigen presented by MHC class II molecules on
the surface of antigen presenting cells, CD4" T cells
are activated and attack the myelin sheath.®! Antigens
on MHC class I molecules also activate CD8* T cells

to attack myelin, demyelinated axons, and dying
motoneurons through the activation of the perforin
pathway, the delivery of granzymes into the cells,
or by Fas-Fas ligand interactions.®® Additionally, B
lymphocytes produce autoantibodies against myelin
antigens, degrading myelin sheath. Because infiltrating
effector T cells, microglia and macrophages release
cytokines and chemokines, inflammation will be
exacerbated and consequently more T cells, B cells,
and innate immune cells will be recruited to the lesion
site, contributing to chronic neuroinflammation, and
neurodegeneration [Figure 3].157

Neuroinflammatory responses can be deleterious
for cell survival, resulting in irreversible extensive
damage to the brain, especially if they are prolonged
in time.[®® However, they have also been described
as having beneficial effects and as being critical for
the activation of the brain repair process, such as
for the remyelination program. As a result of white
matter damage, there is an accumulation of apoptotic
cells and myelin debris in the lesion site, which
have been demonstrated to be inhibitory to axonal
regeneration, as well as affecting OPC differentiation
into mature myelinating oligodendrocytes. However,
through phagocytosis of cellular debris and apoptotic
cells, microglia and brain infiltrating macrophages
function toward repairing the damaged tissue, by
promoting a pro-regenerative environment, promoting
OPC recruitment and differentiation, thus favoring
remyelinaton and axonal regeneration.!?%%-9 For
instance, ROS hydrogen peroxide (H,O,), released by
macrophages and microglia, destroys damaged cells,
affecting not only healthy surrounding cells, but also
promoting proliferation and differentiation of NSCs
into oligodendrocytes.®? Astrocytes have also been
described to have an important, yet controversial, role
in demyelinating diseases. Astrocytes have been shown
to have an important role in both demyelination and
remyelination.* ! On the one hand, because astrocytes
are antigen-presenting cells and release cytokines and
chemokines, they contribute to myelin damage through
an immune-mediated demyelination by recruiting
inflammatory cells, such as T lymphocytes, microglia,
and macrophages to the lesion site.”! On the other
hand, astrocytes are described as being responsible for
a successful remyelination through the regulation of the
clearance of myelin debris® and oligodendrogenesis
in the lesion site [Table 2].! Astrocytes promote
OPC migration, proliferation, and differentiation after
demyelination by secreting several factors, which
have an impact on myelin repair.”! In fact, several
cytokines and chemokines produced by microglia,
macrophages, and astrocytes in response to brain
injury have been described as having an essential
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Function

Signal Cells

CXCL10 Produced by astrocytes!®

CXCL12 Produced by microglia and astrocytes!*®!
Binds to CXCR4 on the surface of OPCs!®”)

CXCLA1 Produced by astrocytes!®®
Binds to CXCR2 on the surface of proliferating
OPCs and reactive astrocytes!®®

CXCR2

blockade

CNTF-IL-6 Produced by astrocytes!'©"

family

IL-1B Mainly produced by microglia, macrophages,
astrocytes, and oligodendrocytes!'®!

IL-4 Produced by T celll"®®

TNF-a Produced by microglia and astrocytes!''”

Binds to TNFR2 present on the surface of OPCsl''"
TNF-a depletion

Promotes the migration of microglia and macrophages to the
demyelinated areas to phagocytose the damaged myelin sheaths®
Mobilizes and stimulates OPC differentiation into
oligodendrocytes!®®

Prevents apoptosis of oligodendrocytes in demyelinated white
matter areas!®®

Enhances OPC differentiation!'°

Reduces the extent of microglia activation and the number of
infiltrating inflammatory cells!"®

Protects axons and OPCs!'02103]

Controls SVZ-derived progenitor cells and OPC mobilization and
migration toward demyelinated areas!'*

Promotes oligodendrocyte maturation!®®!

Promotes OPC protection and differentiation by stimulating
microglia, macrophages, and astrocytes to produce
growth-promoting factors, such as IGF-1, and also TNF-a and nitric
Oxide[106-108]

Promotes microglia activation which produces IGF-1!1%!
Promotes proliferation and accumulation of OPCs!'!"

Decreases proliferation of NG2+immature oligodendrocytes!''"!

OPC: oligodendrocyte precursor cell; SVZ: subventricular zone; IGF-1: insulin-like growth factor-1; TNF-a: tumor necrosis factor-a; NG2: neuron-glial antigen 2;
IL-1B: interleukin-1beta; IL-4: interleukin-4; TNFR2: tumor necrosis factor receptor 2; CNTF: ciliary neurotrophic factor; IL-6: interleukin-6

SIRT1
Wnt BMP
Notch \u\
l, - IGF-1
/ )
i | — —_—
Histone/\
FGF-2 acetylation Proliferation
Laminin Migration
Asclt
Nkx6.1/6.2 EGF
Sox8/9 PDGF
miRNA-7a
Histone methylation

Figure 4: Schematic representation of modulators of oligodendrogenesis in the
adult brain. Wnt and Notch positively regulate neural stem cells self-renewal.
Fibroblast growth factor-2, laminin, Ascl1, Nkx6.1/6.2, Sox 8/9, miRNA-7a
and histone methylation positively modulate oligodendrocyte fate. Histone
acetylation inhibits while epidermal growth factor and platelet-derived growth
factor receptor o. promotes oligodendrocyte precursor cell differentiation. Sirt1
and bone morphogenic proteins block while Insulin-like growth factor-1 stimulates
oligodendrocyte differentiation

role in the repair process, such as regulating OPC
proliferation, migration, and differentiation into new
myelinating oligodendrocytes [Table 2]. In other words,
the inflammatory response seems not merely a cause for
demyelination but rather a prerequisite for a successful
remyelination.

With the progression of the demyelinating disease,
or even with ageing, there is an impairment of
the remyelination process due to a decrease of
pro-oligodendrogenic signals and an increase of
anti-oligodendrogenic signals from immune cells
that compromises oligodendrocyte maturation and
myelination, leading to high inflammation and cell
death‘[42,106,112]

There are still contradictory actions of immune
mediators that need to be clarified. The use of limited
models of demyelination can be a cause for some of
those differences. Thus, it is necessary to develop
combined models that will help us to better understand
the mechanisms of demyelination and remyelination.
How cell immune mediators can be either beneficial or
detrimental to the remyelination process and how these
responses can change with aging are key questions to
successfully develop remyelinating or neuroprotective
therapeutic strategies.

CONCLUSION

In the CNS, myelin is produced and maintained by
oligodendrocytes. Therefore, new treatments to overcome
demyelinating disorders could be primed by targeting
this type of cell. In fact, in a demyelinating disorder,
parenchymal OPCs spontaneously remyelinate newly
nude axons in damaged areas. Moreover, NSCs can be a
source of new oligodendrocytes for use in regenerative
medicine concerning myelin pathologies. In this
review, we have highlighted some of the key players of
oligodendrogenesis and that may be used in the future for
therapies concerning demyelinating disorders [Figure 4].
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