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Abstract

The concept of the oligodendrocyte lineage as simply a source of myelinating cells in the
vertebrate CNS is undergoing radical revision. Elucidation of the origins of oligodendrocytes in
the CNS has led to identification of important signaling pathways, the timing and mechanism of
lineage commitments and overlapping as well as redundant functionality among oligodendrocytes.
The realization that a significant proportion of the oligodendrocyte lineage cells remain in a
proliferative and immature state suggests they have roles other than as a reservoir of myelinating
cells. While early studies were focused on understanding the development of oligodendrocytes,
more recent work has begun to define the role of oligodendrocyte lineage cells in CNS
functionality and the identification of new avenues for neural repair. A relatively unexplored
aspect of the oligodendrocyte lineage is their contribution either directly or indirectly to the
pathology of neurodegenerative diseases such as ALS and Alzheimer’s disease. Here we briefly
consider the potential role of oligodendrocyte lineage cells as mediators of neural repair and
neurodegeneration in the vertebrate CNS.

This article is part of the Special Issue entitled ‘Oligodendrocytes in Health and Disease’.
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1. Introduction

Oligodendrocytes, the myelinating cells of the vertebrate CNS are generated from
oligodendrocyte precursor cells (OPCs) that arise in discrete locations of the early neural
tube (Rowitch and Kriegstein, 2010). The best understood role for oligodendrocytes is the
generation of myelin sheaths around target axons that results in enhanced rates of axonal
conduction through the establishment of saltatory conduction (Raine, 1984). The
commitment of OPCs from multipotent neural stem cells (NSCs) has been extensively
studied and several general themes have emerged. In caudal regions of the neural tube the
earliest OPCs arise in the ventral midline as a result of inductive cues from adjacent tissues
including the notochord and floor plate (Miller, 1996). Later in development a second source
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of OPCs arises in dorsal spinal cord that generates a second wave of myelinating
oligodendrocytes (Cai et al., 2005). Whether the two populations of oligodendrocytes have
similar properties or whether there is selective functionality between ventral and dorsal
derived spinal cord OPCs is not well defined.

In more rostral regions of the CNS Cre-lox fate mapping experiments have demonstrated
multiple waves of OPC generation beginning at an embryonic age in a ventral to dorsal
progression and populating the entire telencephalon. The earliest cortical oligodendrocytes
arise from Nkx2.1 expressing precursors in the ventricular zone of the medial ganglionic
eminence (MGE) and the anterior entopeduncular area (AEP) starting at E12.5, migrating to
the entire dorsal and ventral telencephalon to populate the cerebral cortex by E16. The
second and third waves of OPCs arise from Gsh2-expressing precursors in the lateral and
caudal ganglionic eminences (LGE and CGE) at E16 and Emx1-expressing precursors in the
postnatal dorsal cortex. Paradoxically, most of the early born OPCs disappear after birth,
such that majority of the oligodendrocytes in the adult dorsal cortex are derived from later
arising EmxZ1-expressing cells (Kessaris et al., 2006).

During development not all OPCs that are generated differentiate into myelinating
oligodendrocytes. Some OPCs that appear to commit to the myelination pathways but fail to
associate with a target axon undergo programed cell death or apoptosis (Trapp et al., 1997),
while other OPCs remain undifferentiated and form a significant population of adult OPCs,
whose functions are not well defined.

The generation of OPCs from NSCs continues into adulthood and, in some experimental
models, NSCs generate OPCs that contribute to neural repair. Two primary sources of NSCs
have been defined: the subventricular zone (SVZ) and the subgranular zone (SGZ) of the
hippocampus. In these regions anatomically distinct populations of stem cells retain the
capacity to generate neurons, astrocyte and oligodendrocytes. The discovery of the existence
of stem cells in animals and humans has led to speculation about the therapeutic potential of
these cells. Mammalian adult NSCs support neurogenesis and gliogenesis within restricted
areas of the CNS throughout adulthood. These cells or their progeny can undergo extensive
expansion upon isolation and appropriate stimulation, and possess the capacity to generate
all the major classes neural cells which can integrate into, and repair, the tissue of origin
(Nunes et al., 2003). Lineage plasticity can be modulated in-vitro by exposure to growth
factors that will direct them towards either neuronal or glial lineages suitable for
regenerative transplantation in selected CNS diseases. This potential has lead to the
utilization of NSCs or their progeny as cell replacement therapies in a number of diseases
such as Parkinson’s disease and more recently in CNS demyelinating disease including
multiple sclerosis.

2. Multiple sclerosis

Multiple sclerosis (MS) is one of the most commonly acquired neurological disease of
young adults, affecting nearly 2.5 million people worldwide. The initial trigger for disease
onset is not clearly characterized, however at diagnosis MS is characterized by an
autoimmune attack targeted largely at myelin and oligodendrocytes (Noseworthy et al.,
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2000). Both T and B cells contribute to the immunological response and the majority of
current therapies for MS are directed toward inhibiting the entry of lymphocytes and other
peripheral immune cells into the CNS (Hauser et al., 1986; McFarland and Martin, 2007).
The consequence of such an autoimmune insult is local demyelination and subsequent
axonal loss that is the pathological hallmark of MS (De Stefano et al., 1998). Early in the
disease, myelin loss is followed by remyelination- an endogenously regulated process
orchestrated by the generation of new mature oligodendrocytes where new myelin sheathes
are restored to demyelinated axons to recover saltatory conduction, axonal integrity and
functional deficits (Keirstead and Blakemore, 1999) (Franklin and Ffrench-Constant, 2008).
Although in experimental models, remyelination occurs with great efficiency, in MS, it is
insufficient to repair severe demyelination events such as the ones occurring in later
progressive phases of the disease, resulting in a worsening prognosis. An understanding of
the reasons for remyelination failure is key to devising effective therapeutic strategies to
enhance it. There are potentially two major sources of remyelinating cells in MS and
experimental animal models: first, the parenchymal or adult OPCs which can be recruited to
differentiate into mature oligodendrocytes and second, the endogenous NSCs which can be
stimulated to regenerate lesions.

2.1. Remyelination by adult OPCs

Adult OPCs were first characterized in rat optic nerve (Ffrench-Constant and Raff, 1986)
and have subsequently been shown to constitute 5-8% of the total cell population in the
adult CNS (Horner et al., 2000; Dawson et al., 2003) where they can be identified through
expression of markers such as PDGFR, NG2 etc. (Stallcup and Beasley, 1987; Nishiyama et
al., 1996). In the pathological/demyelinating brain several cellular factors (Olig1/2, retinoid
receptors, Nkx2.2, Sox17 etc.) are transiently upregulated in endogenous adult OPCs to give
them an “activated OPC” phenotype. The first evidence that adult OPCs are remyelinating
cells came from retroviral labeling of dividing cells in the adult white matter (Gensert and
Goldman, 1997). In addition, cells with transitional expression of OPC and oligodendroglial
markers were found at the onset of remyelination (Fancy et al., 2004); and transplanted
OPCs remyelinate lesions with great efficacy (Windrem et al., 2004). Subsequently a
number of fate mapping studies using transgenic animals have also demonstrated that adult
OPCs generate remyelinating oligodendrocytes (Tripathi et al., 2010; Zawadzka et al.,
2010). If adult OPCs are abundant, effective remyelinating cells present throughout the
CNS, it is surprising that remyelination fails. Remyelination may fail due to local
unavailability of precursor cells, failure in OPC recruitment or a failure in OPC
differentiation and maturation. One of the surprising features of a demyelinating lesion and
lack of myelin repair is that it is not simply caused by an exhaustion of the source of OPCs;
in fact repeated focal demyelination events do not appear to deplete local OPCs or prevent
subsequent remyelination (Wolswijk, 1998; Penderis et al., 2003). Instead, in more chronic
lesions remyelination may be impaired is the OPC recruitment phase, which involves
proliferation, migration and repopulation of lesions. Activated microglia and astrocytes in
the setting of demyelination are the source of mitogens/growth factors such as FGF-2 and
PDGF-2A that induce rapid proliferative responses in OPCs (Armstrong et al., 2002;
Woodruff et al., 2004) this OPC response is regulated by P27-Kipl (Crockett et al., 2005)
and Cdk (Caillava and Baron-Van Evercooren, 2012). In chronic MS lesions, changes in the
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extracellular matrix composition as well as the formation of an astroglial scar (Franklin and
Ffrench-Constant, 2008) might further contribute to the reduction in cell proliferation but
perhaps more importantly inhibit the migration and accumulation of OPCs in the lesion
(Franklin, 2002). The recruitment of OPCs into areas of demyelination is clearly an
important aspect of repair since manipulations in the expression profiles of FGF2, guidance
cues such as semaphorins 3A and 3F and signaling molecules such as CXCL12-CXCR4
(Williams et al., 2007; Carbajal et al., 2010; Clemente et al., 2011, 2013) all contribute to
regulating the migration of activated OPCs and repopulation of MS lesions.

Remyelination may also fail due to dysregulation of the signaling environment needed for
differentiation and maturation of newly recruited OPCs in the lesion. It has been proposed
that the differentiation of oligodendroglial lineage cells in demyelinated lesions may be
inhibited by the lack of clearance and accumulation of myelin debris and myelin fragments
(Kotter et al., 2006; Baer et al., 2009) since in vitro studies demonstrate that OPCs fail to
differentiate when grown on a myelin substrate (Robinson and Miller, 1999). Several
signaling pathways have been implicated in the inhibition of OPC differentiation. During
development the Notch-Jagged inhibits OPC differentiation (Blaschuk and ffrench-Constant,
1998) however, both Notch and Jagged are expressed in lesions that undergo complete
remyelination (Seifert et al., 2007) and targeted deletion of Notch1 following demyelination
does not specifically increase remyelination (Stidworthy et al., 2004). These observations
suggest that the canonical Notch pathway has a relatively minor role in remyelination and
that noncanonical Notch signaling in OPCs may be primarily involved in the induction of
OPC differentiation in development and MS lesions (Broshan and John, 2009). More
recently considerable evidence suggests that a dysregulation of the Wnt-B-catenin signaling
may be a major regulator of developmental myelination and myelin repair both in animal
models and in human MS lesions (Fancy et al., 2009). Signaling through the
glycosaminoglycan hyaluronan, an inhibitor of OPC differentiation that accumulates in MS
lesions may also contribute to remyelination failure (Back et al., 2005; Sloane et al., 2010).
Similarly, axonally-expressed neuregulin prevents the differentiation of immature
oligodendrocytes (Vartanian et al., 1999), however it is also needed for the terminal
differentiation of oligodendrocytes and the absence of neuregulin expression in active MS
lesions has been cited as a reason for the eventual failure of remyelination (Flores et al.,
2000). The identification of multiple molecular pathways that appear to inhibit or block the
differentiation of OPCs and myelination has led to the development of multiple interventions
to promote repair. For example, a NRG-controlled switch has been shown to enhance
myelination of axons and it has been suggested that therapeutic manipulations involving
enhancement of NRG and NMDA dependent remyelination may promote myelin repair
(Lundgaard et al., 2013). Demyelinated axons increase the expression of PSA-NCAM that
inhibits remyelination (Charles et al., 2002) and removal of PSA by endosialidases has been
shown to enhance remyelination (Charles et al., 2000). Similarly, pharmacological activation
of retinoid receptor signaling (Huang et al., 2011), Notch/Jagged signaling (Blanchard et al.,
2013), CdKk5 (Luo et al., 2014) and Protein kinase C (Baer et al., 2009) signaling may all be
advantageous for repair of MS lesions. Clearly, multiple environmental signals have an
impact on the outcome of remyelination working through different pathways. Why so many
different environmental stimuli influence myelination is not clear but it likely reflect the
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multiple different steps that are required to transition a proliferating OPC to a fully
myelinating oligodendrocyte. What is more surprising is that a single critical rate-limiting
step in this process has yet to be clearly identified.

2.2. Remyelination by endogenous NSCs

Besides activation of parenchymal OPCs, new remyelinating oligodendrocytes can be
generated by the stimulation of SVZ-derived stem cells. In neonatal animals, retroviral
lineage studies show that SVZ NSCs can give rise to neurons, astrocytes and
oligodendrocytes and NG2 cells in the corpus callosum and neocortex (Levison and
Goldman, 1993) while the adult SVZ continues to generate olfactory bulb neurons that
migrate through the RMS (Pencea et al., 2001). Neurospheres generated from adult SVZ
cells have been shown to give rise to oligodendrocytes (Morshead et al., 1994) and GFAP
expressing SVZ type-B cells generate transit-amplifying type-C cells that express NG2,
Olig2, Mash1, DIx2 and EGFR (Aguirre et al., 2004). In contrast to type-B cells, SVZ OPCs
are an actively dividing population and their proliferation is increased after demyelinating
insult in the corpus callosum (Menn et al., 2006; Aguirre et al., 2007; Nait-Oumesmar et al.,
2007). Electrophysiological studies demonstrate that OPCs express glutamate receptors
(Karadottir and Attwell, 2007) and form novel neuron-OPC synapses in the cerebellar cortex
and white matter (Lin et al., 2005) (Karadottir et al., 2005), cortex (Chittajallu et al., 2004),
corpus callosum (Kukley et al., 2007; Ziskin et al., 2007) and hippocampus (Bergles et al.,
2000; Jabs et al., 2005). The formation of such synapses potentially enables OPCs to
monitor and respond to the neuronal instruction and maybe even regulate neuronal activity
(Gallo et al., 2008). Conversely, synaptic input has been shown to regulate OPC proliferation
(Gallo et al., 1996), differentiation (Kukley et al., 2010) and myelination (Wake et al., 2011;
Lundgaard et al., 2013; Gibson et al., 2014). Recent studies have also demonstrated the
consequences of physical activity on myelination (Simon et al., 2011). For example,
physical exercise increases OPC production and oligodendrogliogenesis in the corpus
callosum of mice trained on a running wheel with irregularly spaced rungs (McKenzie et al.,
2014). One interpretation of these data is that the increased activity associated with this
learning paradigm stimulates the generation of new oligodendrocytes. In the context of
remyelination, it has also been proposed that after focal demyelination in the corpus
callosum adult born NG2+ OPCs migrating from the SVZ form functional glutamatergic
synapses onto demyelinated axons (Etxeberria et al., 2010). Furthermore, a study by Gautier
et al (Gautier et al., 2015). shows that demyelinated axons generate de-novo synapses with
OPCs, and neuronal activity regulates remyelination, by synaptic release of glutamate,
thereby decreasing the proliferation rate of OPCs and prompting their differentiation into
new remyelinating oligodendrocytes. Analysis of MS lesions showed enhanced numbers of
PSA-NCAM+ progenitors in the proximal SVZ, suggestive of increased
oligodendrogliogenesis (Nait-Oumesmar et al., 2007). In-vivo and in-vitro experiments
reveal a battery of factors acting on OPCs derived from the adult SVZ that influence their
proliferation, migration and differentiation properties (Michailidou et al., 2014). For
example it has been shown that in an acute model of demyelination, heparin-binding
epidermal growth factor (HB-EGF) and CNTF controls increased proliferation and
migration of SVZ neural progenitors towards the demyelinated corpus callosum (Cantarella
et al., 2008; Vernerey et al., 2013). Recently it has been shown that a distinct subset of
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mouse NSCs characterized by the expression of Glil- a transcriptional effector of the sonic
hedgehog (shh) pathway are recruited from the SVZ to populate demyelinated lesions.
Enhanced oligodendrocyte differentiation corresponded to a loss of Gli-1 expression,
suggesting that inhibition of Shh signaling may promote remyelination (Samanta et al.,
2015). In experimental models of demyelination, several molecules such as netrin-1,
Chondrin and Noggin have been identified as key modulators of progenitor cell migration,
proliferation and lineage commitment (Cate et al., 2010; Jablonska et al., 2010; Cayre et al.,
2013) and these can be therapeutically manipulated to aid regeneration and repair. Various
cytokines, growth factors, pro and anti-inflammatory molecules constitute the cellular
environment of the demyelinated lesion, where they most likely regulate progenitor cell fate
plasticity and lineage commitment during repair, thus the main focus of future studies will
be to define a fine balance of signaling pathways conducive to repair.

Both parenchymal and SVVZ-derived OPCs contribute to remyelination, however, their
relative contributions to the generation of remyelinating oligodendrocytes have not yet been
quantified. OPCs are a functionally heterogeneous cell pool with not all cells generating
extensive myelin sheaths (Leong et al., 2014). It is therefore tempting to speculate if tempo-
spatially distinct OPC populations are differentially responsive to demyelinating insults?

A primary goal in promoting the proliferation, migration and differentiation of OPCs into
oligodendrocytes is the formation of new myelin sheaths to reestablish saltatory conduction.
Oligodendrocytes, however, have a more complex relationship with axons than simple
myelination. For example, diseases thought to be primarily targeted to the oligodendrocyte
lineage such as MS and leukodystrophies are characterized by widespread axonal damage
indicating that oligodendrocytes play a critical role in maintaining axonal integrity (Nave
and Trapp, 2008; Nave, 2010a). A seminal study where 2, 3"-cyclic nucleotide 3’-
phosphodiesterase (CNP) expression was disrupted using cre-lox strategy demonstrated a
critical role for oligodendrocytes in the maintenance of axonal integrity (Lappe-Siefke et al.,
2003). In CNP-null mice the ultrastructure and periodicity of myelin or myelin assembly
remained relatively unaffected, but adult mice experienced severe neurodegeneration clearly
demonstrating that the role of oligodendrocytes in myelin sheath maintenance was
uncoupled from their role in supporting axonal integrity. These results imply that
oligodendrocyte dysfunction alone is sufficient to cause secondary axonal degeneration and
raises the possibility that oligodendrocytes may be a primary cellular target in
neurodegenerative diseases. In support of this concept studies in which diphtheria toxin was
used to disrupt MOG, PLP and MBP function also demonstrated severe myelin loss
followed by acute axonal damage (Ghosh et al., 2011; Pohl et al., 2011; Oluich et al., 2012)
consistent with the concept that in addition to promoting action potential propagation along
axons, myelination and oligodendrocytes are important mediators of axonal viability (Fig.
1). While oligodendrocyte dysfunction or demyelination are obvious candidates for
contributing to pathology in demyelinating diseases such as MS, increasing evidence
suggests that oligodendrocyte dysfunction may be important in a number of other
neurodegenerative diseases.
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Amyotrophic lateral sclerosis (ALS) is a debilitating neurodegenerative disease of
adulthood, characterized by death of upper and lower cortical and spinal motor neurons and
a progressive loss of motor function (Pasinelli and Brown, 2006). Within the affected cells,
disease pathology is characterized by abnormal accumulation of insoluble and misfolded
proteins in degenerating motor neurons and the loss of motor neurons results in progressive
paralysis that is typically fatal 3-5 years after disease onset. Among the most prevalent
disease symptoms in ALS are extensive muscle weakness, atrophy and spasticity. The causes
of sporadic ALS are not well understood, however 10% of cases are inherited, caused by
mutations in a number of different genes including superoxide dismutase 1 (SOD1) and
hexanucleotide repeats in C9orf72 (Chen et al., 2013). How mutations in these genes result
in neurodegeneration is unclear and likely involves multiple pathways. SOD1 is a
ubiquitously expressed enzyme that converts reactive superoxide to oxygen and hydrogen
peroxide. Different gain of function mutations in the SOD1 gene result in toxicity and
mutant SOD1 overexpression in mouse models recapitulates human ALS-like symptoms
(Gurney et al., 1994). While it was originally assumed that ALS was a disease intrinsic to
motor neurons, there is now compelling experimental evidence from animal models for a
contribution from non-neuronal cells to disease progression. Expression of mutant SOD1 by
microglia and astrocytes contributes to the loss of motor neurons (Boillee et al., 2006)
although the precise mechanisms responsible are not well defined. Recent studies also
suggest a contribution of oligodendrocyte lineage cells to ALS pathology. For example, the
impaired function of gray matter oligodendrocytes in SOD1G93A transgenic animals
increases the vulnerability of motor neurons to ALS-linked gene insults and accelerates
disease progression (Kang et al., 2013). Morphological studies revealed alterations in myelin
structure in mutant SOD1G93A transgenic animals that included abnormalities such as a
loss of compact myelin, lamellae detachment, and a decrease in lipid content. Such changes
are detectable in presymptomatic spinal cords and increasingly morphological and
biochemical myelin degeneration is seen in symptomatic stages (Niebroj-Dobosz et al.,
2007). The detection of myelin changes in presymptomatic spinal cord suggests they occur
early in disease progression, but whether they precede neuronal loss or are a consequence of
neuronal perturbation remains unclear.

Interactions between myelinating glia and axons are important for neuronal health. Post
myelination, mature oligodendrocytes that are incapable of using the electron transport chain
(ETC) to generate ATP, undergo a metabolic “developmental switch” and instead use aerobic
glycolysis to generate lactate and pyruvate (Funfschilling et al., 2012); this lactate is in-turn
rapidly utilized by myelinated axons in maintaining their structure and function. It has been
shown that the lactate is transported exclusively via the monocarboxylate transporter-1
(MCT1) (Lee et al., 2012). Notably, oligodendrocytes express high levels of MCT1
compared with its expression in other CNS cell types such as astrocytes and neurons. In
vitro disruption of MCT1 function suggested that it is important for neuronal survival while
the viability of oligodendrocytes was not affected by MCT1 knockdown. Animals with a
knockdown of endogenous MCT1 in all cells as well as oligodendrocyte-specific MCT1
knockouts developed axonal swellings and motor neuron loss in oligodendrocyte-associated
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axonal populations without any apparent disruptions in myelination or oligodendrocyte
morphology. Immunohistochemical studies suggested that MCT1 expression is reduced in
individuals with ALS and in animal models of ALS, consistent with the concept that
aberrant lactate transport by oligodendrocytes in the CNS is a key feature of the disorder
(Lee et al., 2012; Philips et al., 2013). The oligodendrocyte lineage responds to motor
neuron degeneration in mouse models of ALS with an increase in the proliferation of NG2+
oligodendroglial precursors, which are prominent contributors to the extensive gliosis
symptomatic of the disease. Fate mapping studies reveal that by the end-stage of the disease
the proliferation of OPCs is 20-fold higher than in normal animals and these
oligodendroglial precursors remain lineage restricted (Kang et al., 2010). It may be that
newly generated oligodendrocytes remain in a differentiated but non-myelinating state in the
disease and subsequently degenerate due to a disrupted signaling environment. This loss of
oligodendrocyte support may contribute to further motor neuron death as oligodendrocytes
are crucial for metabolic support of axons (Nave, 2010a). Astrocytes have also been
implicated in ALS pathology and although OPCs appear to remain fate restricted in ALS,
alterations in growth factor availability and inflammatory cytokines in degenerating regions
might promote greater lineage plasticity as has been reported in-vitro where increased
astrocyte differentiation of SOD1G93A glial restricted progenitors has been observed
(Lepore et al., 2008). Additional analyses into the behaviors of oligodendroglial progenitors
under different environmental contexts could yield further strategies to manipulate their
proliferation rates and fate commitment in order to design better therapeutics for repair or
disease progression in a number of different neurodegenerative diseases.

4. Alzheimer’s disease

Alzheimer’s disease (AD) is a progressive and irreversible neurodegenerative disorder
characterized by neuronal loss in the hippocampus, entorhinal cortex and associated cortex,
which leads to cognitive decline manifested as dementia (Schaeffer et al., 2009). A key
feature in AD pathogenesis is the accumulation and extracellular deposition of “senile
plaques” of amyloid-f peptide (Ap1-42) derived from amyloid precursor protein (APP)
(Geschwind, 2003). This is followed by formation of intraneuronal neurofibrillary tangles
(NFT’s) of hyperphosphorylated microtubule-associated protein tau (Hardy and Higgins,
1992). AD has been classified as primarily a neuronal disorder, however it is not only
neurons that are affected in AD, as many as 50% of all AD cases show loss of
oligodendroglia lineage cells and other white matter components potentially due to
glutamate excitotoxicity and oxidative stress (Brun and Englund, 1986; Mattson, 2008;
Higgins et al., 2010). In the white matter of AD patients, concomitant with the increase in
Bamyloid plaques, there is a significant decrease in the myelin proteins MBP, PLP and CNP,
indicative of white matter degeneration (Roher et al., 2002). It may be that AB1-42 is
directly toxic to cells of the oligodendrocyte lineage since stereotaxic injection of Ap1-42
into rat corpus callosum resulted in extensive white matter damage and oligodendrocyte
death (Jantaratnotai et al., 2003). Evidence for a direct effect of AB1-42 on OPCs and
oligodendrocytes comes from in vitro studies demonstrating apoptosis of undifferentiated
and differentiated mouse oligodendrocyte precursors, as well as reduced NG2 expression
(Desai et al., 2010; Nielsen et al., 2013). Furthermore, such toxic effects are not restricted to
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Ab1-42 since different Ap fragments such as AB1-40 (Xu et al., 2001) and AB25-35 (Takao
et al., 2004) have also been reported to be toxic. Such in vitro studies may reflect loss of
oligodendrocyte lineage cells in the AD brain. Analysis of oligodendrocyte lineage cells in a
mouse model with chronic plaque deposition (APPPS1 mice) and postmortem human AD
cortex samples reveals that OPCs specifically react in these two conditions albeit with
strikingly distinct outcomes: a higher number of Olig2+ were observed in APPPS1 mice,
whereas OLIG2+ cells were decreased in number in human AD pathology (Behrendt et al.,
2013). Interestingly, postmortem analysis of brain tissue from AD patients revealed
decreased NG2 immunoreactivity and AD derived NG2+ OPCs displayed fewer, less
branched, shorter processed with swollen cell bodies indicative of a reactive state. Likewise
decreased levels of soluble NG2 found in the CSF from AD patients correlated with AD
biomarkers such as AB1-42, T-tau and P-tau (Nielsen et al., 2013) suggesting that there is a
loss of oligodendrocyte lineage cells in the setting of AD. Oligodendrocyte dysfunction is
also a feature of brain aging and it has been hypothesized that AD pathology could
potentially be related to protracted oligodendrocyte development in frontal lobe and medial
temporal lobe- regions that are most vulnerable in AD. Indeed, late myelination in these
regions is correlated with early AD pathology (Bartzokis, 2004). Major alterations in
oligodendroglial populations in AD pathology suggest that targeting these cell types might
provide novel therapeutic means for the prevention and treatment of AD.

5. Oligodendroglial pathways contributing to neurodegenerative diseases

The contribution of oligodendrocyte loss to the pathology of MS is potentially relatively
easy to envision. In one commonly held concept immune mediate damage to myelin sheaths
and mature oligodendrocytes results in localized demyelination that in turn exposes
previously myelinated axons to a toxic environment resulting in axonal transection (Chang
et al., 2008) and ultimately neuronal death. Other models in which the initial disease trigger
is intrinsic to the oligodendrocyte lineage or primarily axonal may also account for some of
the diverse pathology of MS.

In other neurodegenerative diseases such as ALS and AD the contribution of
oligodendrocyte lineage cells to pathology is less well defined. It seems likely that
perturbation of oligodendrocyte lineage cell viability will impact neuron health and survival
in multiple ways. Clearly myelin sheaths themselves provide physical protection to long
projection axons. Several independent lines of evidence support the notion that
oligodendrocyte lineage cells provide metabolic support for adjacent axons (Nave, 2010a,
2010b) and in animal models of ALS, recent molecular studies implicate changes in the
oligodendrocyte expression of the lactate transporter MCT1 as a contributor to neuronal loss
(Lee et al., 2012). A more widespread mechanism of oligodendrocyte/OPC influence on
neurodegenerative diseases may be associated with iron maintenance in the CNS.
Oligodendrocytes are the major cellular source of iron in the CNS and express high levels of
ferritin (Connor et al., 1990, 1995). Damage to oligodendrocytes may then release iron into
the surrounding environment that can be taken up by macrophages and stimulate their
cytotoxicity. Alternatively, elevated levels of iron have been implicated in elevation of
reactive oxygen species and intracellular iron is capable of triggering a novel type of cell
death termed ferroptosis (Dixon et al., 2012; Dixon and Stockwell, 2014) that is distinct
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from apoptosis or necrosis. Stimulation of neuronal death through such pathways could
directly contribute to neurodegeneration secondary to oligodendrocyte loss. More
specifically in AD, iron released from dying oligodendrocytes may promote the formation of
AB oligomers and enhances Ab peptide toxicity as has been shown in other systems
(Schubert and Chevion, 1995; Huang et al., 2004; Liu et al., 2011).

The interactions between cells of the oligodendrocyte lineage and their target neurons are
complex and extend beyond the generation of myelin sheaths. Numerous insults can result in
the death of oligodendroglial lineage cells and neuro-axonal degeneration through myelin
breakdown, neuroinflammation, metabolic uncoupling, dysregulated signaling pathways and
altered mitogenic environment.

In non-pathological conditions oligodendrocytes generated from OPCs myelinate their target
axons and provide metabolic support to the axon mediated in part through lactate transport.

In Alzheimer’s disease (AD), amyloid B peptides derived from amyloid precursor protein
(APP) by sequential protein cleavage, are deposited around neurons and form amyloid
plaques, which contribute to disease pathogenesis. AP oligomers cause white matter damage
including a reduction in myelin proteins and oligodendrocyte death. Loss of
oligodendrocytes and their myelin leaves axons and neurons vulnerable to further insults.

Amyaotrophic lateral sclerosis (ALS) is characterized by metabolic uncoupling and disrupted
lactate transport between oligodendrocytes and neurons in the CNS, leading to
oligodendrocyte loss and neuronal death. Extensive gliosis results in increased proliferation
of OPCs but fails to provide support for motor neuron survival.

Demyelination in multiple sclerosis (MS) results from acute inflammation in which
oligodendrocytes and myelin sheaths are damaged. This results in the generation of myelin
debris that inhibit OPC differentiation. Absence of appropriate signaling environment further
prevents the differentiation of OPCs to mature oligodendrocytes resulting in remyelination
failure.

OL, oligodendrocyte; OPC, Oligodendrocyte precursor cell; N, Neuron; MCT1,
monocarboxylate transporter 1; MCT2, monocarboxylate transporter 2; ROS, reactive
oxygen species; NO, nitric oxide; GFs, growth factors.

In conclusion, our understanding of the role of oligodendrocyte lineage cells in
development, maintenance, function and pathology of the CNS has expanded significantly
over the last 3 decades. While many early studies focused on control of the development of
oligodendrocytes, more recent work has been focused on how oligodendrocytes and their
precursors contribute to CNS functionality including learning and memory as well as myelin
repair. These advance have generated new potential therapeutic targets for CNS targeted
myelin repair (Mi et al., 2007, 2009; Chong et al., 2012; Najm et al., 2015) that may prove
important in both developmental and adult de/dysmyelinating conditions. How such insights
will be translated for clinical benefit remains to be resolved. Two general approaches are the
utilization of directed pharmacological intervention to stimulate the development or function
of existing cells of the oligodendrocyte lineage to promote recovery (Deshmukh et al., 2013)
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or the generation of selectively engineered oligodendrocyte lineage cells for transplantation
to replace defective host cells (Wang et al., 2013). In both approaches success will depend
on a detailed understanding of the pathways controlling oligodendrocyte development and
myelination. Elucidation of the role of oligodendrocyte lineage cells in neurodegenerative
diseases has, with the exception of MS, moved more slowly in part because diseases such as
ALS, AD and Parkinson’s disease have been considered to be intrinsic to the affected
neuronal population. As the interdependency of oligodendrocytes and neurons becomes
better defined at the molecular level, the contribution of oligodendrocyte dysfunction and the
potential for oligodendrocyte-targeted therapies for neurodegenerative diseases will become
increasingly evident.
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Fig. 1.
Potential mechanisms mediating oligodendrocyte neuron interactions that contribute to
remyelination failure and neurodegeneration.
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