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Abstract: Multiple system atrophy (MSA) is a debilitating movement disorder with unknown etiology.
Patients present characteristic parkinsonism and/or cerebellar dysfunction in the clinical phase,
resulting from progressive deterioration in the nigrostriatal and olivopontocerebellar regions. MSA
patients have a prodromal phase subsequent to the insidious onset of neuropathology. Therefore,
understanding the early pathological events is important in determining the pathogenesis, which
will assist with developing disease-modifying therapy. Although the definite diagnosis of MSA relies
on the positive post-mortem finding of oligodendroglial inclusions composed of α-synuclein, only
recently has MSA been verified as an oligodendrogliopathy with secondary neuronal degeneration.
We review up-to-date knowledge of human oligodendrocyte lineage cells and their association
with α-synuclein, and discuss the postulated mechanisms of how oligodendrogliopathy develops,
oligodendrocyte progenitor cells as the potential origins of the toxic seeds of α-synuclein, and the
possible networks through which oligodendrogliopathy induces neuronal loss. Our insights will
shed new light on the research directions for future MSA studies.

Keywords: alpha-synuclein; multiple system atrophy; neurodegeneration; oligodendrocyte;
oligodendrocyte progenitor cell

1. Background

Multiple system atrophy (MSA) is a rare and aggressive neurodegenerative disease.
Its symptomology includes parkinsonism, autonomic dysfunction, and ataxia, progressing
rapidly during the disease duration, with an average of ten years [1]. Approximately
50% of patients with MSA will need aids to walk by the third year of motor symptoms,
suggesting the necessity of developing early disease modification to enhance the quality of
life [2]. The typical neuropathological findings in the post-mortem brains of MSA patients
are the glial cytoplasmic inclusions (GCI) positive for α-synuclein and the loss of neurons.
The brain regions impacted by these neuropathological changes determine the clinical
phenotypes of parkinsonism (MSA-P) and/or cerebellar dysfunction (MSA-C) [3,4]. MSA
is primarily a sporadic disease, with limited evidence for a genetic basis and risk genes.
However, the prevalence of MSA-P and MSA-C appears to vary in global populations,
which shows it to be associated with environments in different ethnic backgrounds [5–7].
Clinically probable and possible diagnoses of MSA depend on the manifestation of motor
symptoms, levodopa response, and imaging changes [8]. Non-motor symptoms and
physical signs indicative of autonomic dysfunction and REM-sleep behavior disorder are
often observed in the prodromal stage of the disease [9]. However, currently, there are no
reliable biomarkers for a definite diagnosis of MSA. Novel peripheral biomarkers to reflect
the accumulation and spread of GCIs in the brain will be promising to assist with disease
diagnosis and monitoring.
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2. Clinical Features of MSA

MSA is typically categorized into clinical subtypes depending on the motor pheno-
types (Table 1), i.e., MSA-P, MSA-C, and a mixed subtype of MSA composing features of
both MSA-P and MSA-C [4,10]. Patients with olivopontocerebellar atrophy display cerebel-
lar symptoms, including limb and gait ataxia, whereas patients with nigrostriatal atrophy
exhibit parkinsonism characterized by bradykinesia, hypokinesia, and rigidity [1,10,11].
Due to the significant overlap in clinical presentation with other parkinsonian diseases,
such as Parkinson’s disease (PD), the definite clinical diagnosis of MSA remains a challenge.
MSA patients generally respond poorly to levodopa treatment, which is in contrast to
patients with PD and is currently one criterion to differentiate the two diseases [12].

Table 1. Clinical variants of multiple system atrophy.

Clinical Subtype Main Motor Feature Pathological Distribution

MSA-P Parkinsonism Nigrostriatal atrophy
MSA-C Limb and gait ataxia Olivopontocerebellar atrophy
Mixed subtype Both motor features Combined atrophy
MSA-autonomic failure No motor features Central autonomic brain regions
MSA-dementia No motor features Frontotemporal plus combined atrophy

There are also MSA variants that do not fulfill these well-known categories. As such,
the benign variant of MSA-P (Table 1) has a long disease duration of more than 15 years [13],
whereas incidental MSA with GCIs limited to the pons and olivary nuclei [14,15] may be a
preclinical phase of MSA similar to incidental Lewy body disease. The non-motor variant
of MSA has a predominant autonomic failure (Table 1) and no typical motor symptoms [16],
indicating the nigrostriatal regions are spared from GCIs. In contrast, the restricted variant
of MSA-P has neuropathology strictly in the nigrostriatal regions [17]. Different from all
these variants, the dementia variant of MSA (Table 1) has frontotemporal lobar degeneration
and GCIs in the nigrostriatal and olivopontocerebellar regions [18]. The oligodendrocyte
pathology is the dominant feature of all these subtypes and variants of MSA, highlighting
the underpinning mechanisms these glia contribute to disease pathogenesis.

3. Neuropathological Features of MSA

Although different subtypes and variants of MSA vary in the anatomical regions
affected by synucleinopathy and accompanied copathology, GCI is the general pathological
hallmark [1,3,10,19]. GCIs are primarily composed of misfolded α-synuclein, a protein
known to be located in the synaptic terminals of neurons [20]. Due to this neuropathological
feature, MSA falls under the umbrella of primary synucleinopathy, a collective name
including PD and dementia with Lewy bodies (DLB), both characterized by neuronal
α-synuclein aggregations [4,20]. As MSA progresses, the pathological spread of GCIs
across the broad brain regions and the increased local density of GCIs highly correlate with
the severity of the neuronal loss [4]. Besides the salient GCIs in the MSA brain, α-synuclein
aggregation is also observed in the oligodendrocyte nuclei (GNI), neuronal cytoplasm
(NCI), and neuronal nuclei (NNI) [1,4]. Interestingly, the distribution of NCIs and NNIs
throughout the brain in relation to neurodegeneration is much less striking than that of
GCIs and GNIs [21]. This suggests oligodendrocytes play a critical role in neurotoxicity.
Hence, oligodendrogliopathy is a primary pathological cause of MSA. The underpinning
mechanisms of oligodendrocytes in the pathogenesis of MSA remain elusive. It is also
unknown why nuclear aggregation of α-synuclein is specific to MSA but much less often
observed in PD and DLB. Oligodendrocyte progenitor cells (OPCs) have been observed
close to GCIs in the MSA brain; however, little is known about the role of OPCs in MSA.
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4. The Implication of Oligodendrocyte Cell Lineage in the Pathogenesis of MSA

Despite their presence in a shared microenvironment, insoluble α-synuclein aggre-
gation has not been observed in OPCs, which has led to the conclusion that GCIs only
impact and develop in mature oligodendrocytes [3]. However, the density of OPCs appears
to be highly correlated with the number of GCIs, suggesting an association between the
presence of GCIs and the capacity to generate OPCs [3]. Parallel to the formation of GCIs,
oligodendrocytes also undergo significant morphological changes, where cell enlargement
can occur up to sixfold, alongside increased numbers of OPCs in affected brain regions [20].
While this may imply that oligodendrocyte dysfunction locally induces the generation
of OPCs, the processes underlying the formation of α-synuclein accumulation in mature
oligodendrocytes are still not understood. There has been evidence of endogenous sources
of α-synuclein in rodent and human oligodendrocyte lineage cells, with the expression
level of α-synuclein significantly decreasing during oligodendrocyte maturation [3,22].
Similarly, the mRNA level of SNCA (the encoding gene of α-synuclein) in the adult mouse
cortex is 12:5:1 for neurons, OPCs, and oligodendrocytes, compared with 3:1 for neurons
and oligodendrocytes in the adult human cortex, according to Barres Lab’s brain transcrip-
tome database [23]. Since the endogenous cellular level of α-synuclein that contributes
to its aggregation is lower in oligodendrocytes compared with neurons, the mechanism
leading to enriched α-synuclein being the main component of GCIs is mysterious. This may
indicate that delayed or impaired maturation of OPCs into myelinating oligodendrocytes
plays a role in forming α-synuclein inclusions within GCIs [3,24]. This has also raised the
hypothesis that OPCs contain an earlier pathologic species of α-synuclein, which is soluble
but potentially more toxic and prone to transmission.

Although there has been limited information on OPCs in human neurodegenerative
disorders and there may be questions about the proliferative potential of these brain cells
in the aged human brain, the mean age of MSA onset can be as early as 30 years in MSA-P
and 40 years in MSA-C [25]. Accounting for the preclinical phase of MSA when GCIs
initiate, the pathological events can start even earlier in life, which is younger than most
aging-related neurodegenerative disorders. In addition, abundant OPCs have also been
identified in human demyelinating diseases, such as multiple sclerosis, which has an
average onset between 20 and 40 years, with some late onset in the 50s [26]. The earlier
onset of these conditions, at a time when the proliferative potential of OPCs is perhaps
greater, may therefore suggest a key role for OPCs in initiating pathology. This perhaps also
explains the biological preference of forming GCIs in MSA rather than neuronal inclusions
as observed in PD and DLB if more immature OPCs are indeed the origin of pathologic
seeds of α-synuclein.

Our earlier study has shown that MSA brains feature demyelination [20]. Alterna-
tively, α-synuclein inclusions may delay and alter the maturation process of OPCs [3,27],
impacting remyelination through downregulation of myelin-associated proteins [24,27].
Failure of OPCs to readily proliferate, migrate, or differentiate will consequently impair
remyelination [28], which may further enhance the cellular level of α-synuclein at this
stage and continue to signal the brain to generate more OPCs and recruit OPCs to the
early-formed loci. Indeed, the impairment of OPC maturation has been suggested as a
significant underlying mechanism contributing to the pathogenesis of MSA [27,29].

Although synucleinopathy is the predominant pathological hallmark of MSA, it is not
the only neuropathological feature observed in MSA. Other pathological findings include
inflammation, dysregulation of iron, and deficient neurotrophic support [30]. The role
of inflammation and its timing in disease progression as a causative initiating event or a
subsequent resultant reaction needs to be better understood within the context of MSA [31].
OPCs have been found to play a role in antigen presentation and are the cytotoxic targets in
inflammatory demyelination [32]. Aberrant oligodendroglial-vascular interactions disrupt
the blood-brain barrier (BBB), which can also facilitate central nervous system (CNS)
inflammation [33]. In addition, oligodendrocytes are responsible for maintaining iron
homeostasis and require iron for the myelination of axons [34]. The total concentration
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of iron is significantly elevated in areas of the brain affected by MSA, highlighting the
impairment of oligodendrocyte function in MSA [21]. As there is a scarcity of knowledge
on how OPCs are involved in MSA pathogenesis, it is important to review their biological
functions and assess aspects relevant to disease conditions.

5. Mammalian Oligodendrocyte Lineage Cells

In the CNS, oligodendrocytes are responsible for myelination, which allows signal
transmission and provides neurotrophic support to axons [24,27]. During development,
OPCs expressing proteoglycan nerve glial antigen (NG2) differentiate into myelinating
oligodendrocytes [28]. However, a pool of OPCs, comprising 5–8% of total glial cells,
remain undifferentiated in the adult CNS and retain the ability to generate mature oligoden-
drocytes [35–38]. Although myelination and remyelination by mature oligodendrocytes are
efficient in young adults, the efficiency of myelination declines dramatically with aging [39].

Demyelination can arise as a primary or secondary pathology. While primary de-
myelination infers the loss of myelin from an intact axon, secondary demyelination results
from the initial axonal loss [28]. Demyelination often occurs in the presence of traumatic
or antibody-induced lesions but is also a common neuropathological hallmark found in
several degenerative diseases impacting broad brain regions [28]. When demyelination
occurs, whether during development, injury, or disease, OPCs readily respond by mi-
grating, proliferating, and differentiating into mature oligodendrocytes to support the
remyelination of those exposed axons [3,28,35]. It is worth noting that the remyelination of
exposed axons is critical to the survival of the axon, as the exposed axons are otherwise
more susceptible to damage, even when neuroinflammation is not present [28].

Several recent studies have conducted comprehensive quantitative proteomic analyses
comparing OPCs at different ages [39–42]. Proteins shown to be markedly downregulated
in aged OPCs include the non-erythroid alpha chain of spectrin (SPTAN1, involved in
actin stabilization), aldehyde dehydrogenase 1 family member A1 (ALDH1A1, known to
promote OPC differentiation during CNS remyelination), alkaline phosphatase (ALPL),
folate receptor alpha (FOLR1, a gene mutation known to cause myelination deficits), and
transcription factor 4 (TCF4, involved in stage-specific regulation of OPC differentiation).
In contrast, aged OPCs upregulate enzymes involved in sphingolipid synthesis, proteins
and proteases associated with lysosomal functions, and citrullination protein functions in
insulating neurons.

Although oligodendrocytes are mature OPCs, OPCs (also known as NG2+ glia) and
oligodendrocytes have been considered independent populations of cells due to the addi-
tional characteristics and functions OPCs possess [43,44].

5.1. Morphology and Subtypes of OPCs

OPCs arise from the ventricular germinal zones within the embryonic neural tubes [45].
They are evenly distributed in the gray and white matter of the developing and adult
brains [46]. OPCs are the most proliferative cell type during homeostasis and pathological
conditions [36–38].

Morphologically, OPCs have small cell bodies that have filopodia and lamellipodia
on the multiple-branched processes [47]. The filopodia allow these cells to survey the
local environment and guide their migration [48–50]. These dynamic filopods also allow
OPCs to achieve a state of homeostasis by detecting nearby OPC density, oligodendrocyte
viability, and neuronal axon myelination status [49,50]. When they contact neighboring
OPCs, the process with the filopodia retracts [49]. Using embryonic human brain tissue
samples, Huang et al. (2020) highlighted that this self-repulsive feature allows OPCs to
disperse across the brain [51].

OPCs can be categorized based on their location in the brain. The gray matter OPCs
tend to have radial processes, and the white matter OPCs have processes that align with
the nerve fibers [45,47]. As the location and morphology of OPCs vary, the function of OPC
subtypes may also differ. The current literature on the subtypes of OPCs is minimal. Future
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studies will be needed to examine the roles of different subtypes of OPCs in brain regions
with different disease vulnerabilities.

5.2. Biological Functions of OPCs

The main role of OPCs is to produce mature myelinating oligodendrocytes throughout
one’s lifetime to be able to remyelinate upon injury [44,49]. OPCs form surveillance net-
works for CNS injuries and tissue repair [49]. Recently, many other functions were revealed
to be independent of myelination. For instance, fine-tune neural circuits and axon arbor size
perhaps by engulfing and pruning axons [52,53]. OPCs also have an immunomodulatory
capacity as they express cytokine receptors and can cross-present antigens to cytotoxic
CD8+ T cells [54]. Furthermore, OPCs have synaptic signaling properties due to their
connections to neurons. OPCs also synapse with glutamatergic neurons in the gray and
white matter. A transgenic mouse model highlighted that the pattern of neuronal activity in
the brain region influences glutamate release and the differentiation of OPCs [55]. This may
elucidate the differences in the cell cycle of OPCs between white matter and gray matter,
with a higher rate of proliferation and differentiation in the white matter compared with
the gray matter [46].

Recent studies have revealed that different OPCs respond to neurons differently [56].
OPCs possess heterogeneous functions between brain regions, and the OPC-expressed ion
channel density predicts the functional state of the OPC [57]. McKenzie and colleagues
found that blocking OPC differentiation into oligodendrocytes impairs motor skill learning
in mouse models [58]. Consistent with this, Lewis and colleagues showed an association
between OPC differentiation and motor learning [59]. In addition, OPCs in multiple
sclerosis patients have impaired differential ability to mature oligodendrocytes [60]. These
findings suggest that OPC pathology could be associated with motor symptoms.

In addition, ischemic stroke models in mice have revealed that OPCs play a role in
maintaining BBB integrity [61]. Wang and colleagues found that OPC transplantation can
be a potential treatment intervention for ischemic stroke. This is because OPCs can activate
the Wnt/β-catenin pathway, which increases BBB tight junction proteins to help prevent
BBB leakage [61].

5.3. Morphology and Subtypes of Oligodendrocytes

Most of the literature categorizes oligodendrocytes based on their maturation stage [62]
(Figure 1). Following proliferation, NG2+ OPCs will turn into pre-oligodendrocytes
(A2B5+), immature oligodendrocytes (O4+), and, finally, mature myelinating oligoden-
drocytes that express myelin basic protein (MBP) [62–64]. The mature myelinating oligo-
dendrocytes can be categorized differently based on their morphological characteristics,
locations in the CNS, and functional differences.

Based on morphological characteristics, del Río-Hortega classified oligodendrocytes
into four types (Figure 1). Small and rounded Types I and II oligodendrocytes compose
the main population in the white and gray matter [65]. Type I oligodendrocytes form
myelin segments on small-diameter axons in different orientations, whereas Type II oligo-
dendrocytes are exclusively in white matter, forming parallel myelin segments [66,67].
Type III oligodendrocytes have one or more processes that do not usually branch. These
cells myelinate fewer large-diameter axons [65,67]. Type IV oligodendrocytes do not have
processes and form a single long myelin sheath to myelinate only one axon with a large
diameter [67]. Similar to OPCs, the location and function of these subtypes of oligodendro-
cytes have not been extensively studied. Future studies investigating different subtypes
of oligodendrocytes would further elucidate the pathomechanism of oligodendrocyte
dysfunction-related diseases.
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Figure 1. Morphology and maturation of oligodendrocyte lineage cells (OLCs). At least three stages
of oligodendrocyte differentiation have been described: oligodendrocyte progenitor cells (OPCs), pre-
myelinating oligodendrocytes, and mature myelinating oligodendrocytes. Each stage is characterized
by the expression of certain protein markers, which may be useful in identifying these cell types in
the brain tissue. OLCs also vary in morphology depending on their location. OPCs in gray matter
tend to have radial processes. In contrast, OPCs in white matter tend to have processes parallel to
axonal fibers. Accordingly, four different types of oligodendrocytes have been described, with Type
I oligodendrocytes being the most dominant in the gray matter and Type II oligodendrocytes in
the white matter [67,68]. While the location of Type III and IV oligodendrocytes has not been well
characterized, we hypothesize that given their morphology and longitudinal processes, they too
are most commonly seen in the white matter. GM, gray matter; WM, white matter. This figure was
created with BioRender.com.

Location-based categories include white matter and gray matter oligodendrocytes
(Figure 1). Oligodendrocytes are the dominant cell type in the white matter [69]. The
lipid-rich myelin produced by oligodendrocytes contributes to the pale appearance of the
white matter. The oligodendrocytes in the gray matter are mainly responsible for regulating
the neuronal microenvironment rather than myelination [70].

Moreover, oligodendrocytes can be categorized based on their functions and ability
to produce myelin. Myelin-forming oligodendrocytes produce myelin sheaths, whereas
OPCs and non-myelinating ‘perineuronal’ or ‘satellite’ oligodendrocytes generate myelin-
producing oligodendrocytes upon injury, development, or plasticity during one’s lifetime [65].

5.4. Oligodendrocyte Functions

The main function of mature white matter oligodendrocytes is myelination, while
gray matter oligodendrocytes wrap cells and their processes locally [71,72]. By generating
plasma membranes with a large lipid content and wrapping them around the targeted
parts of neurons, oligodendrocytes produce a myelin interface for optimal function of the
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entire neuron [54,71,72]. The myelin sheath is an extended membrane of the oligodendro-
cytes that provides electrical insulation and thereby allows rapid signal transduction [54].
Oligodendrocytes have also been shown to play a role in metabolic support [73], uptake of
fatty acids and lipid metabolism [68], and production of neurotrophic factors [74].

6. Oligodendrocyte Lineage Cells in Other Diseases

In healthy individuals, new oligodendrocytes must be produced from the OPC pool in
the CNS to remyelinate neurons, prevent axonal degeneration, and preserve normal func-
tions [54]. Upon CNS injury, there will be an increase in local OPC proliferation [45] and
recruitment of OPCs to the injury site [37]. The recruited cells do not exhibit self-repulsive
characteristics in an attempt to restore normal oligodendrocyte density [49]. When the
adjacent OPC is removed due to death or differentiation, the nearby OPC proliferates
to replace the lost cell and achieve homeostasis [49]. This proliferation of OPCs occurs
in the presence of CNS demyelination, traumatic injuries, and chronic neurodegenera-
tive diseases. This has been demonstrated by in vivo studies in an amyotrophic lateral
sclerosis mouse model, which revealed enhanced OPC proliferation and accelerated dif-
ferentiation to oligodendrocytes at the injury site [75]. Demyelinating diseases, such as
multiple sclerosis, schizophrenia, and Alzheimer’s disease, are all closely associated with
reduced/dysfunctional OPCs and oligodendrocytes [54]. Chang and colleagues proposed
a possible disease cause in multiple sclerosis, highlighting the reduced number of OPCs
in lesions [76].

7. Methylation Effects on Oligodendrocyte Lineage Cells

The maturation process of OPCs is a prerequisite for remyelination in demyelinating
disorders, which is coordinated by complex intracellular transcription factors, extracellular
signals, and epigenetic mechanisms [77,78]. MSA is a disease without a renowned genetic
preference. OPCs’ proliferation and myelination of axons by mature oligodendrocytes
are highly receptive and adaptive to environmental stimuli affecting neuronal activities.
Epigenetic changes are known to be very important, through which environmental stimuli
are carried out [77,78]. Here, we summarize the potential risk factors revealed by recent
methylation studies.

Recent studies have focused on the importance of epigenetic mechanisms and their
non-genetic regulation of gene expression at the cellular level [77,79,80]. These studies
revealed epigenetic regulators during development and regeneration in response to envi-
ronmental changes, including covalent modifiers of DNA methylation, histone-modifying
enzymes, chromatin modifiers, and non-coding RNA (ncRNA) regulators. However, it
remains elusive about the epigenetic mechanism in terms of how environmental changes
trigger OPC differentiation and oligodendrocyte myelination.

DNA methylation has been the hub of human epidemiological epigenetic research.
The first study linking DNA methylation to oligodendrocyte development was conducted
in a neonatal rat model, showing hypomyelination and disrupted oligodendrocyte gene-
sis [81]. In this model, the inhibitor of DNA methyltransferases (DNMT), 5-azacytidine,
was applied, suggesting oligodendrocyte lineage cells are vulnerable to DNA methylation.
Dnmt1 and Dnmt3a/b are the most distinct forms of DNMTs, which are responsible for
maintaining DNA methylation by adding a methyl group to cytosine (5mC). Transgenic
mice lacking Dnmt3a showed impaired oligodendrocyte differentiation and dysfunction in
remyelination after injury [82]. In contrast, the ablation of Dnmt1 showed altered splicing
events such as intron retention and exon skipping in genes involved in myelination, cell
cycle, and lipid metabolism, indicating the crucial role of DNA methylation during neonatal
oligodendrocyte development [83].

Histone modification includes post-translational changes of histone tails by deacety-
lation, ubiquitination, phosphorylation, and methylation. Histone deacetylation of the
lysine residue is the most prevalent type of histone modification [82–84]. The process of
acetylation is established by histone acetyltransferases (HATs), whereas deacetylation is
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maintained by histone deacetylases (HDACs). HDACs have been shown to be involved in
oligodendrocyte development, as their inhibition can potentially decrease oligodendrocyte
maturation and differentiation [85]. Treatment with HDAC inhibitors in vitro can suppress
inhibitory transcription factors, preserving OPCs in a proliferative and undifferentiated
state during the early onset of oligodendrocyte lineage progression [86].

A recent study has shown that N6-methyladenosin (m6A) modification on mRNA has
regulated OPC differentiation, whereas the deletion of Prrc2a (m6A reader) and Mettl14
(m6A writer) decreased mature oligodendrocytes and induced hypomyelination by reg-
ulating oligodendrocyte transcription factor 2 (Olig2) expression in an m6A-dependent
manner in vitro and in vivo [87].

8. Alpha-Synuclein and Oligodendrogliopathy

The pathological hallmark of MSA includes GCIs [88], which feature α-synuclein
aggregates. With little evidence of α-synuclein expression in the human OPCs, it is unclear
how the toxic form of α-synuclein initiated in the oligodendrocyte milieu propagates to
form insoluble GCIs and then broadly spreads to other brain cells. Previously, knowl-
edge that the endogenous α-synuclein expression is exclusively in neurons has facilitated
the neuron-centric dogma that pathologic α-synuclein released from surrounding neu-
rons is taken up by oligodendrocytes as the source of GCIs [22,89]. A recent finding in a
mouse model revealed the other potential route for oligodendrocytes to succeed neuronal
α-synuclein by pruning α-synuclein-containing neurites [90]. However, there are also
proofs supporting GCI’s oligodendrocyte lineage origin. For instance, mature oligodendro-
cytes normally do not take up extracellular α-synuclein preformed fibrils (PFF) as neurons
do. Instead, OPCs can take up PFFs, leading to inclusion formation [24]. These inclusions
remain even after the maturation of these OPCs, providing a potential origin of pathologic
α-synuclein seeding in MSA [91].

Recent studies have shown that OPCs treated with PFFs had an upsurge and mul-
timerization of their endogenous α-synuclein, which interfered with the expression of
proteins associated with neuromodulation and myelination [21,24,92]. PFF-treated OPCs
have shown reduced autophagic proteolysis, deficient differentiation efficiency, and newly
differentiated mature oligodendrocytes containing α-synuclein accumulation but reduced
myelin-associated proteins, such as MBP and tubulin polymerization promoting protein
(TPPP/P25) [24,80]. Immunoelectron microscopy confirmed that PFF treatment induced
α-synuclein expression on the cell membranes and upregulated endogenous levels in
the cytosolic matrix of OPCs but not in mature oligodendrocytes, whereas exposure to
monomers did not induce enhanced α-synuclein immunoreactivity in OPCs [24]. Despite
the accumulation of α-synuclein in OPCs being confirmed to contribute to the formation
of GCIs, immunoblotting and immunostaining showed that these aggregations were not
composed of phosphorylated α-synuclein as typically seen in post-mortem brains of MSA
patients [24]. This may suggest that both α-synuclein monomers and PFFs are incapable of
initiating the phosphorylation. Other pathologic or microenvironmental factors might be
required to coexist to propagate the pathologic modification.

9. Oligodendrocyte Lineage Cell MSA Models

To date, in vitro and in vivo MSA models mainly focus on investigating the effects of
modifying α-synuclein (either wild type or SNCA mutations) by targeted expression in
oligodendrocytes and OPCs [22]. The (Plp)-α-Syn transgenic mouse has specific oligoden-
droglial overexpression of human α-synuclein under the control of the proteolipid promoter.
The mouse line has proven useful in studying MSA-related pathogenic mechanisms and is
the most extensively characterized preclinical/prodromal MSA model. The representative
MSA features in this model include GCI-like pathology, microglial activation, loss of trophic
support, nigrostriatal degeneration, a progressive motor phenotype, and early autonomic
dysfunction [3,93]. Although overexpression of α-synuclein in oligodendrocytes may be
a simplified model that cannot fully mimic the actual pathogenesis of MSA, the presence
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of α-synuclein aggregates forming GCIs is the critical event in MSA pathology linked to
the presented central cardiovascular autonomic failure [22,94]. The model proves that
oligodendrogliopathy is sufficient to induce MSA-like prodromal symptoms and that MSA
is a primary oligodendrogliopathy disorder.

Induced pluripotent stem cells (iPSCs) from MSA patients have shown great cell
modeling potential via the application of four transcription factors: Oct3/4, Sox2, Klf4, and
C-Myc. Subsequent differentiation of the iPSCs into OPCs after 60 days was performed
on fibroblast cells from MSA familial patients and characterized by immunocytochem-
istry with OPC markers and the bipolar morphology of these immature cells [95]. The
transcript level of SNCA was subsequently downregulated with the maturation of the
oligodendrocytes [95,96].

MSA pathogenesis is also known to be associated with mitochondrial dysfunction
and a reduction in respiratory chain complex I activity, as shown in the skeletal muscle of
MSA patients [97]. Rat models targeting nigrostriatal mitochondria by striatal injection
of succinate dehydrogenase inhibitor 3-nitropropionic acid or mitochondrial complex I
inhibitor (MPP+) induce extensive neuronal loss in the substantia nigra and striatum as
well as a motor deficit resembling MSA-P [98]. The iPSCs-derived neurons from the patient
with a variant of COQ2 MSA have shown mitochondrial dysfunction [99,100]. In this
study, Nakamoto and colleagues reprogrammed peripheral blood mononuclear cells into
iPSCs, followed by differentiation into different midbrain and hindbrain neurons, including
glutamatergic, GABAergic, dopaminergic, and glycinergic neurons. The COQ2 variant
patient-derived neurons were shown to have reduced mitochondrial mass, COQ10, and
oxygen consumption rate and presented an extracellular acidification [101]. Unfortunately,
the mitochondrial model has not been applied to oligodendrocyte lineage cells; therefore,
there is currently missing proof of whether mitochondrial deficiency or dysfunction is one
of the underpinning mechanisms of oligodendrogliopathy involved in MSA.

10. The Factors Involved in the Process of OPC Maturation

Much of the literature on gliogenesis in MSA comes from murine models. These
studies have established at least three stages of oligodendrocyte lineage differentiation
(Figure 1). OPCs are characterized by markers such as NG2, A2B5, PDGFRα, Olig1, Olig2,
and Sox10. Pre-myelinating oligodendrocytes can be identified using BCAS1, O4, Olig2,
Sox10, and Sox17. Mature myelinating oligodendrocytes express O1, MAG, MBP, MOG,
PLP1, CNP, Olig2, and Sox17 [7,102]. Indeed, at least 12 clusters of oligodendrocytes have
been described through transcriptomic analysis, though the morphology and function of
each remain poorly understood [103–106].

In mice, OPC formation occurs in three waves through asymmetric division of radial
glia. Interestingly, Li et al. recently found a common progenitor for astrocytes, oligodendro-
cytes, and olfactory bulb interneurons [107,108]. The development of the oligodendrocyte
lineage has recently been reviewed by Kuhn, Gritti, Crooks, and Dombrowski [54]. Briefly,
newborn OPCs express DM-20 mRNA, an isoform of PLP. Commitment to the oligoden-
drocyte lineage is characterized by the induction of Sox10 by Olig1 and Olig2. Sox10
subsequently induces Cspg4, which encodes NG2. PDGFRα is a receptor for PDGF-A, an
OPC survival marker produced by neurons and astrocytes [109,110]. Olig1 and Olig2 are
abundant transcription factors throughout the oligodendrocyte lineage. While the role of
Olig1 is less known, Olig2 is essential for OPC differentiation and inducing functional gain
to promote remyelination in mice [111].

A recent transcriptomic analysis of embryonic human OPCs found that in addition
to a cluster of cells expressing the conventional OPC genes OLIG1, OLIG2, PDGFRA,
NKX2-2, SOX10, S100B, and APOD, there was an additional cluster of pre-OPC cells
expressing OLIG1, OLIG2, PDGFRA, in addition to EGFR [51]. These pre-OPC cells
are also expressed in the outer radial glial cells (oRGs), suggesting that oRGs, which
are rarely found in rodents and are thought to contribute to gray matter expansion in
primates, may provide an additional source of oligodendrocytes in addition to the outer
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subventricular zone [51]. Other OPC differentiation factors that have been identified
include triiodothyronine (T3) [112], adenosine receptor ligands [113–115], and AMPA
receptors [102].

The involvement of OPCs in MSA has long been suspected [21]. In fact, a recent
CSF analysis in 50 patients with MSA revealed higher levels of NG2 and neurofilament-L
(NF-L) than controls [116]. While NF-L as a marker of axonal injury is well established,
increased detection of NG2 may be due to increased OPCs in MSA. Certainly, increased
numbers of OPCs in the brains of MSA patients have been reported [27]. Such evidence of
the potentially increased activity of OPCs in MSA, along with the much higher α-synuclein
expression in OPCs compared with oligodendrocytes, points to a contribution of OPCs in
MSA pathogenesis. This overexpression of α-synuclein has been shown to delay OPC matu-
ration by downregulating the myelin-gene regulatory factor and MBP [27,29]. Interestingly,
a recent analysis of O4+ pre-myelinating oligodendrocytes generated from patient-derived
iPSCs demonstrated that overexpression of α-synuclein induced the upregulation of several
genes important for OPC maturation into O4+ oligodendrocytes, including MBP, MOG,
MAG, CNPase, and NKX2.2, and downregulated astrocyte genes [117]. This suggests that
α-synuclein may play a physiological role early in the maturation of OPCs, where increased
levels of α-synuclein may be necessary for the commitment of cells to the oligodendro-
cyte lineage, whereas later lower levels are necessary for their complete maturation into
myelinating oligodendrocytes. The same study also demonstrated that instead of maturing
into myelinating oligodendrocytes, O4+ pre-myelinating oligodendrocytes treated with
α-synuclein fibrils transformed into an antigen-presenting phenotype. Early immunore-
activity of OPCs may therefore be crucial in the pathogenesis of MSA. However, this
also demonstrates the need to consider the heterogeneity of OPCs in MSA, as it is be-
coming increasingly recognized in multiple sclerosis [104,118]. Another consideration is
the differences in the transcriptomic profile of embryonic and adult OPCs, with Lin et al.
demonstrating that neonatal primate O4+ cells preferentially expressed genes involved in
differentiation and proliferation, whereas adult O4+ cells had higher expression of genes
involved in cell death and survival [119].

11. MSA Risk Genes Associated with Oligodendrocyte Lineage

In order to gain further insight into the oligodendrocyte lineage-related pathways
involved in MSA pathogenesis, gene-based pathway prediction was performed. Risk genes
were extracted from the literature, DisGeNet [120] and the Harmonizome database [121],
and subsequently used Brain RNA-Seq [23] to determine the oligodendrocyte-specific
expression of these genes in humans, though data for OPCs were not available. All
genes with an FPKM greater than one were used for pathway prediction with QIAGEN
IPA (QIAGEN Inc., Hilden Germany, http://digitalinsights.qiagen.com/IPA (accessed
on 5 December 2022) [122]). This process yielded seven distinct networks, broadly falling
into protein aggregation, DNA methylation, iron homeostasis, neuroinflammation, myelin
formation, cell maturation, and glutaminergic excitotoxicity (Table 2 and Figure 2).

Table 2. Oligodendrocyte lineage genes with predicted pathways involved in MSA.

MSA Associated Genes Networks Pathway Prediction Genes with Known Target Drugs

ATXN3, CRYAB, HDAC6, MDM2,
NEDD8, RAB29, SNCA,

STRN, TPPP

Protein Degradation, Cellular Assembly and
Organization, Cellular Function and Maintenance, Protein Aggregation HDAC6, MDM2

CDK13, CDKN2A, FMR1, MBP,
NDUFB11, STAT3

Cell Cycle, Cellular Assembly and Organization,
Hematological System,

Development and Function

Iron homeostasis,
Cell maturation CDK13, STAT3

CXCL8, QKI, SLC1A4, TXNIP
Cardiovascular System, Development and

Function, Organismal Development,
Tissue Morphology

Neuroinflammation,
Glutaminergic excitotoxicity CXCL8, QKI, SLC1A4

ATG4C, COQ2, SMUG1
DNA Methylation, Dermatological Diseases and

Conditions, Developmental Disorder,
Recombination, and Repair

DNA Methylation

ABCA8 Lipid Metabolism, Molecular Transport, Small
Molecule Biochemistry Myelin formation

http://digitalinsights.qiagen.com/IPA
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Figure 2. The role of oligodendrocyte lineage cells (OLCs) in MSA pathogenesis. While OPCs may
not be able to uptake insoluble α-synuclein, they may play a role in pathogenesis by uptaking
and generating toxic soluble α-synuclein. This may in turn result in pathological maturation of
oligodendrocytes, with consequent glial cytoplasmic inclusions, or possible direct neuronal spread of
α-synuclein. We identified seven key clusters of pathways through IPA [122], which may be disrupted
due to OLC dysfunction (highlighted in yellow circles), consequently manifesting in interruption
of key physiological processes and, finally, neuronal loss. IPA analysis also identified seven genes
that may be possibly targeted using pharmacotherapy. OLG, oligodendrocyte; OPC, oligodendrocyte
progenitor cell; Glu, glutamate; BDNF, brain-derived neurotrophic factor. This figure was created
with BioRender.com.

Apart from MBP, only a few OPC-associated MSA risk genes we identified have
been discussed in the literature. Most recently, Piras and colleagues demonstrated the
downregulation of QKI in MSA-C following RNA expression profiling of cerebellar white
matter [123]. QKI is known to regulate oligodendrocyte differentiation and myelination,
though it may also have a potential role in regulating RNA metabolism in these cells.
It may also be a potential therapeutic target in MSA, as Zhou et al. found that PPARβ
and RXR agonists were able to alleviate QKI deficiency-induced demyelination in QKI
knockout mice [124]. ATXN2 gain-of-function mutations are observed in spinocerebellar
ataxia and amyotrophic lateral sclerosis, though they have also been identified in MSA [125].
Functionally, ataxin-2 has been associated with lipid metabolism and may inhibit myelin
formation by repressing mTORC1 signaling [126]. Fyn kinase has been implicated as
an effector in Aβ-induced remyelination and OPC proliferation and differentiation [127].
While this may be important in Alzheimer’s disease pathology, Aβ can be an observed
copathology in MSA cases surviving to older ages.
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In addition to these genes, a recent unpublished study performed single-nuclei se-
quencing of putamen oligodendrocytes in MSA, PD, and controls [128]. Their results
demonstrated the downregulation of genes associated with regulating apoptosis and senes-
cence in MSA OPCs, including EGFR, NFKB, STAT3, FOXO1, MDM2, CDKN2A, TNIK,
TXNIP, and BCL9. This points to either an impact of α-synuclein or another disease factor
dysregulating the OPCs, or the accumulation of α-synuclein may be a consequence of cell
senescence. Mature oligodendrocytes show increased expression of proteins associated
with neurogenesis, oligodendrocyte differentiation, and myelination, which may reflect
compensatory processes to counteract pathology.

12. Targeting the Oligodendrocyte Lineage in MSA Treatment

Oligodendrocytes impacted by MSA are well established, but there have been limited
attempts to enhance oligodendroglial differentiation and remyelination in MSA. In the
context of multiple sclerosis, however, multiple studies have identified molecules that may
be able to promote oligodendrocyte differentiation, and there are also several ongoing
animal and human trials (recently reviewed by [129]). Some of these include anti-muscarinic
agents, such as benztropine and clemastine, which have been shown to increase MBP
expression and promote OPC differentiation in rats; and Opicinumab (BIIB033), a blocker
of LINGO-1, which is normally expressed by oligodendrocytes as a negative regulator
of their differentiation and myelination; and histamine H3 receptor antagonists. So far,
none of these agents has demonstrated sufficient efficacy in multiple sclerosis, and none
has reached clinical use. Indeed, this reflects the ubiquitous struggle to identify disease-
modifying therapies for all neurodegenerative disorders in general. It is likely that this
stems from an incomplete understanding of such complex disorders, an attempt to distill
the several pathogenic processes associated with them into a single target, and the inability
to identify patients amenable to therapy early in the disease course. In the context of MSA,
future studies should establish the relationship between the genetic influences implicated
in MSA and OPC differentiation in association with α-synuclein aggregation (Figure 2).

Aside from pharmacotherapy, stem cell transplantation may be another therapeutic
avenue for MSA. Previously, intra-arterial administration of autologous mesenchymal
stem cells demonstrated some benefit in MSA [130], and an evaluation of its intrathecal
administration is underway. The therapeutic success of stem cell implantation may, how-
ever, be improved by the direct implantation of OPCs, given the advances that have been
made in differentiating human pluripotent stem cells into OPCs. While this has shown
remyelination potential in mice [61], it has not yet been undertaken in humans and requires
further refinement to ensure efficacy.

In conclusion, oligodendrocyte lineage cells are key players in the pathogenesis of
MSA. The knowledge of the oligodendrocyte pathways and mechanisms involved in the
development of synucleinopathy is extremely limited. Future studies revealing the role of
the oligodendrocyte lineage in MSA pathogenesis will provide insights into developing
novel pharmacological targets and early biomarkers for the disease.

Author Contributions: Conceptualization, Y.F.; writing—original draft preparation, J.-H.T.H., O.T.,
A.A.L., A.Y.G.S. and Y.F.; writing—review and editing, Y.F., W.S.K. and G.M.H.; visualization, Y.F.
and O.T.; supervision, W.S.K. and G.M.H.; funding acquisition, J.-H.T.H., Y.F., W.S.K. and G.M.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Defeat MSA Canada and Defeat MSA Australia-New Zealand
grant number [#:2021-45] and from the Defeat MSA Alliance [#:2021-43]. G.M.H holds an NHMRC
senior leadership fellowship [#1176607]. The publication was supported by the Faculty of Medicine
and Health Early and Mid-Career Researchers Boost Award from the University of Sydney, Australia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Cells 2023, 12, 739 13 of 18

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Poewe, W.; Stankovic, I.; Halliday, G.; Meissner, W.G.; Wenning, G.K.; Pellecchia, M.T.; Seppi, K.; Palma, J.A.; Kaufmann, H.

Multiple system atrophy. Nat. Rev. Dis. Primers 2022, 8, 56. [CrossRef]
2. Giannini, G.; Mastrangelo, V.; Provini, F.; Droghini, A.; Cecere, A.; Barletta, G.; Mignani, F.; Guaraldi, P.; Cortelli, P.; Calandra-Buonaura, G.

Progression and prognosis in multiple system atrophy presenting with REM behavior disorder. Neurology 2020, 94, e1828–e1834.
[CrossRef] [PubMed]

3. Ahmed, Z.; Asi, Y.T.; Lees, A.J.; Revesz, T.; Holton, J.L. Identification and quantification of oligodendrocyte precursor cells in
multiple system atrophy, progressive supranuclear palsy and Parkinson’s disease. Brain Pathol. 2013, 23, 263–273. [CrossRef]
[PubMed]

4. Jellinger, K.A. Multiple System Atrophy: An Oligodendroglioneural Synucleinopathy1. J. Alzheimers Dis. 2018, 62, 1141–1179.
[CrossRef] [PubMed]

5. Wenning, G.K.; Geser, F.; Krismer, F.; Seppi, K.; Duerr, S.; Boesch, S.; Kollensperger, M.; Goebel, G.; Pfeiffer, K.P.; Barone, P.; et al.
The natural history of multiple system atrophy: A prospective European cohort study. Lancet Neurol. 2013, 12, 264–274. [CrossRef]
[PubMed]

6. Low, P.A.; Reich, S.G.; Jankovic, J.; Shults, C.W.; Stern, M.B.; Novak, P.; Tanner, C.M.; Gilman, S.; Marshall, F.J.; Wooten, F.; et al.
Natural history of multiple system atrophy in the USA: A prospective cohort study. Lancet Neurol. 2015, 14, 710–719. [CrossRef]
[PubMed]

7. Goldman, S.A.; Kuypers, N.J. How to make an oligodendrocyte. Development 2015, 142, 3983–3995. [CrossRef] [PubMed]
8. Fanciulli, A.; Wenning, G.K. Multiple-system atrophy. N. Engl. J. Med. 2015, 372, 1375–1376. [CrossRef]
9. Fanciulli, A.; Goebel, G.; Lazzeri, G.; Granata, R.; Kiss, G.; Strano, S.; Colosimo, C.; Pontieri, F.E.; Kaufmann, H.; Seppi, K.; et al.

Urinary retention discriminates multiple system atrophy from Parkinson’s disease. Mov. Disord. 2019, 34, 1926–1928. [CrossRef]
10. Krismer, F.; Wenning, G.K. Multiple system atrophy: Insights into a rare and debilitating movement disorder. Nat. Rev. Neurol.

2017, 13, 232–243. [CrossRef]
11. Jain, S.; Dawson, J.; Quinn, N.P.; Playford, E.D. Occupational therapy in multiple system atrophy: A pilot randomized controlled

trial. Mov. Disord. 2004, 19, 1360–1364. [CrossRef] [PubMed]
12. Rizzo, G.; Copetti, M.; Arcuti, S.; Martino, D.; Fontana, A.; Logroscino, G. Accuracy of clinical diagnosis of Parkinson disease: A

systematic review and meta-analysis. Neurology 2016, 86, 566–576. [CrossRef]
13. McCann, H.; McGeachie, A.B.; Silberstein, P.; Lewis, S.J.; Halliday, G.M. Restricted disease propagation in multiple system

atrophy with prolonged survival. Neuropathol. Appl. Neurobiol. 2015, 41, 681–685. [CrossRef] [PubMed]
14. Fujishiro, H.; Ahn, T.B.; Frigerio, R.; DelleDonne, A.; Josephs, K.A.; Parisi, J.E.; Eric Ahlskog, J.; Dickson, D.W. Glial cytoplasmic

inclusions in neurologically normal elderly: Prodromal multiple system atrophy? Acta Neuropathol. 2008, 116, 269–275. [CrossRef]
[PubMed]

15. Parkkinen, L.; Hartikainen, P.; Alafuzoff, I. Abundant glial alpha-synuclein pathology in a case without overt clinical symptoms.
Clin. Neuropathol. 2007, 26, 276–283. [CrossRef] [PubMed]

16. Gaig, C.; Iranzo, A.; Tolosa, E.; Vilaseca, I.; Rey, M.J.; Santamaria, J. Pathological description of a non-motor variant of multiple
system atrophy. J. Neurol. Neurosurg. Psychiatry 2008, 79, 1399–1400. [CrossRef]

17. Ling, H.; Asi, Y.T.; Petrovic, I.N.; Ahmed, Z.; Prashanth, L.K.; Hazrati, L.N.; Nishizawa, M.; Ozawa, T.; Lang, A.; Lees, A.J.; et al.
Minimal change multiple system atrophy: An aggressive variant? Mov. Disord. 2015, 30, 960–967. [CrossRef]

18. Aoki, N.; Boyer, P.J.; Lund, C.; Lin, W.L.; Koga, S.; Ross, O.A.; Weiner, M.; Lipton, A.; Powers, J.M.; White, C.L., 3rd; et al. Atypical
multiple system atrophy is a new subtype of frontotemporal lobar degeneration: Frontotemporal lobar degeneration associated
with alpha-synuclein. Acta Neuropathol. 2015, 130, 93–105. [CrossRef]

19. Domingues, H.S.; Portugal, C.C.; Socodato, R.; Relvas, J.B. Oligodendrocyte, Astrocyte, and Microglia Crosstalk in Myelin
Development, Damage, and Repair. Front. Cell Dev. Biol. 2016, 4, 71. [CrossRef]

20. Song, Y.J.; Lundvig, D.M.; Huang, Y.; Gai, W.P.; Blumbergs, P.C.; Højrup, P.; Otzen, D.; Halliday, G.M.; Jensen, P.H. p25alpha
relocalizes in oligodendroglia from myelin to cytoplasmic inclusions in multiple system atrophy. Am. J. Pathol. 2007, 171,
1291–1303. [CrossRef]

21. Kaji, S.; Maki, T.; Ishimoto, T.; Yamakado, H.; Takahashi, R. Insights into the pathogenesis of multiple system atrophy: Focus on
glial cytoplasmic inclusions. Transl. Neurodegener. 2020, 9, 7. [CrossRef] [PubMed]

22. Djelloul, M.; Holmqvist, S.; Boza-Serrano, A.; Azevedo, C.; Yeung, M.S.; Goldwurm, S.; Frisen, J.; Deierborg, T.; Roybon, L.
Alpha-Synuclein Expression in the Oligodendrocyte Lineage: An In Vitro and In Vivo Study Using Rodent and Human Models.
Stem Cell Rep. 2015, 5, 174–184. [CrossRef] [PubMed]

23. Zhang, Y.; Chen, K.; Sloan, S.A.; Bennett, M.L.; Scholze, A.R.; O’Keeffe, S.; Phatnani, H.P.; Guarnieri, P.; Caneda, C.;
Ruderisch, N.; et al. An RNA-sequencing transcriptome and splicing database of glia, neurons, and vascular cells of the cerebral
cortex. J. Neurosci. 2014, 34, 11929–11947. [CrossRef] [PubMed]

http://doi.org/10.1038/s41572-022-00382-6
http://doi.org/10.1212/WNL.0000000000009372
http://www.ncbi.nlm.nih.gov/pubmed/32234825
http://doi.org/10.1111/j.1750-3639.2012.00637.x
http://www.ncbi.nlm.nih.gov/pubmed/22994884
http://doi.org/10.3233/JAD-170397
http://www.ncbi.nlm.nih.gov/pubmed/28984582
http://doi.org/10.1016/S1474-4422(12)70327-7
http://www.ncbi.nlm.nih.gov/pubmed/23391524
http://doi.org/10.1016/S1474-4422(15)00058-7
http://www.ncbi.nlm.nih.gov/pubmed/26025783
http://doi.org/10.1242/dev.126409
http://www.ncbi.nlm.nih.gov/pubmed/26628089
http://doi.org/10.1056/NEJMra1311488
http://doi.org/10.1002/mds.27917
http://doi.org/10.1038/nrneurol.2017.26
http://doi.org/10.1002/mds.20211
http://www.ncbi.nlm.nih.gov/pubmed/15389983
http://doi.org/10.1212/WNL.0000000000002350
http://doi.org/10.1111/nan.12195
http://www.ncbi.nlm.nih.gov/pubmed/25388985
http://doi.org/10.1007/s00401-008-0398-7
http://www.ncbi.nlm.nih.gov/pubmed/18553090
http://doi.org/10.5414/NPP26276
http://www.ncbi.nlm.nih.gov/pubmed/18232593
http://doi.org/10.1136/jnnp.2008.145276
http://doi.org/10.1002/mds.26220
http://doi.org/10.1007/s00401-015-1442-z
http://doi.org/10.3389/fcell.2016.00071
http://doi.org/10.2353/ajpath.2007.070201
http://doi.org/10.1186/s40035-020-0185-5
http://www.ncbi.nlm.nih.gov/pubmed/32095235
http://doi.org/10.1016/j.stemcr.2015.07.002
http://www.ncbi.nlm.nih.gov/pubmed/26235891
http://doi.org/10.1523/JNEUROSCI.1860-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25186741


Cells 2023, 12, 739 14 of 18

24. Kaji, S.; Maki, T.; Kinoshita, H.; Uemura, N.; Ayaki, T.; Kawamoto, Y.; Furuta, T.; Urushitani, M.; Hasegawa, M.; Kinoshita, Y.; et al.
Pathological Endogenous α-Synuclein Accumulation in Oligodendrocyte Precursor Cells Potentially Induces Inclusions in
Multiple System Atrophy. Stem Cell Rep. 2018, 10. [CrossRef] [PubMed]

25. Lee, Y.H.; Ando, T.; Lee, J.J.; Baek, M.S.; Lyoo, C.H.; Kim, S.J.; Kim, M.; Cho, J.W.; Sohn, Y.H.; Katsuno, M.; et al. Later-Onset
Multiple System Atrophy: A Multicenter Asian Study. Mov. Disord. 2020, 35, 1692–1693. [CrossRef]

26. Bribian, A.; Medina-Rodriguez, E.M.; Josa-Prado, F.; Garcia-Alvarez, I.; Machin-Diaz, I.; Esteban, P.F.; Murcia-Belmonte, V.;
Vega-Zelaya, L.; Pastor, J.; Garrido, L.; et al. Functional Heterogeneity of Mouse and Human Brain OPCs: Relevance for Preclinical
Studies in Multiple Sclerosis. J. Clin. Med. 2020, 9, 1681. [CrossRef] [PubMed]

27. May, V.E.; Ettle, B.; Poehler, A.M.; Nuber, S.; Ubhi, K.; Rockenstein, E.; Winner, B.; Wegner, M.; Masliah, E.; Winkler, J. α-Synuclein
impairs oligodendrocyte progenitor maturation in multiple system atrophy. Neurobiol. Aging 2014, 35, 2357–2368. [CrossRef]
[PubMed]

28. Franklin, R.J.; Goldman, S.A. Glia Disease and Repair-Remyelination. Cold Spring Harb. Perspect. Biol. 2015, 7, a020594. [CrossRef]
29. Ettle, B.; Reiprich, S.; Deusser, J.; Schlachetzki, J.C.; Xiang, W.; Prots, I.; Masliah, E.; Winner, B.; Wegner, M.; Winkler, J. Intracellular

alpha-synuclein affects early maturation of primary oligodendrocyte progenitor cells. Mol. Cell Neurosci. 2014, 62, 68–78.
[CrossRef]

30. Krismer, F.; Seppi, K.; Stefanova, N.; Wenning, G.K. Toward disease modification in multiple system atrophy: Pitfalls, bottlenecks,
and possible remedies. Mov. Disord. 2016, 31, 235–240. [CrossRef]

31. Lemos, M.; Wenning, G.K.; Stefanova, N. Current experimental disease-modifying therapeutics for multiple system atrophy.
J. Neural Transm. 2021, 128, 1529–1543. [CrossRef]

32. Kirby, L.; Jin, J.; Cardona, J.G.; Smith, M.D.; Martin, K.A.; Wang, J.; Strasburger, H.; Herbst, L.; Alexis, M.; Karnell, J.; et al.
Oligodendrocyte precursor cells present antigen and are cytotoxic targets in inflammatory demyelination. Nat. Commun. 2019,
10, 3887. [CrossRef]

33. Niu, J.; Tsai, H.H.; Hoi, K.K.; Huang, N.; Yu, G.; Kim, K.; Baranzini, S.E.; Xiao, L.; Chan, J.R.; Fancy, S.P.J. Aberrant oligodendroglial-
vascular interactions disrupt the blood-brain barrier, triggering CNS inflammation. Nat. Neurosci. 2019, 22, 709–718. [CrossRef]

34. Visanji, N.P.; Collingwood, J.F.; Finnegan, M.E.; Tandon, A.; House, E.; Hazrati, L.N. Iron deficiency in parkinsonism: Region-
specific iron dysregulation in Parkinson’s disease and multiple system atrophy. J. Parkinsons Dis. 2013, 3, 523–537. [CrossRef]

35. Domingues, H.S.; Cruz, A.; Chan, J.R.; Relvas, J.B.; Rubinstein, B.; Pinto, I.M. Mechanical plasticity during oligodendrocyte
differentiation and myelination. Glia 2018, 66, 5–14. [CrossRef]

36. Dawson, M.R.L.; Polito, A.; Levine, J.M.; Reynolds, R. NG2-expressing glial progenitor cells: An abundant and widespread
population of cycling cells in the adult rat CNS. Mol. Cell. Neurosci. 2003, 24, 476–488. [CrossRef] [PubMed]

37. Fernandez-Castaneda, A.; Gaultier, A. Adult oligodendrocyte progenitor cells – Multifaceted regulators of the CNS in health and
disease. Brain Behav. Immun. 2016, 57, 1–7. [CrossRef] [PubMed]

38. Galichet, C.; Clayton, R.W.; Lovell-Badge, R. Novel Tools and Investigative Approaches for the Study of Oligodendrocyte
Precursor Cells (NG2-Glia) in CNS Development and Disease. Front. Cell. Neurosci. 2021, 15, 673132. [CrossRef] [PubMed]

39. De la Fuente, A.G.; Queiroz, R.M.L.; Ghosh, T.; McMurran, C.E.; Cubillos, J.F.; Bergles, D.E.; Fitzgerald, D.C.; Jones, C.A.;
Lilley, K.S.; Glover, C.P.; et al. Changes in the Oligodendrocyte Progenitor Cell Proteome with Ageing. Mol. Cell Proteom. 2020, 19,
1281–1302. [CrossRef]

40. Moyon, S.; Dubessy, A.L.; Aigrot, M.S.; Trotter, M.; Huang, J.K.; Dauphinot, L.; Potier, M.C.; Kerninon, C.; Melik Parsadaniantz, S.;
Franklin, R.J.; et al. Demyelination causes adult CNS progenitors to revert to an immature state and express immune cues that
support their migration. J. Neurosci. 2015, 35, 4–20. [CrossRef]

41. Soreq, L.; Consortium, U.K.B.E.; North American Brain Expression, C.; Rose, J.; Soreq, E.; Hardy, J.; Trabzuni, D.; Cookson, M.R.;
Smith, C.; Ryten, M.; et al. Major Shifts in Glial Regional Identity Are a Transcriptional Hallmark of Human Brain Aging. Cell Rep.
2017, 18, 557–570. [CrossRef] [PubMed]

42. Galatro, T.F.; Holtman, I.R.; Lerario, A.M.; Vainchtein, I.D.; Brouwer, N.; Sola, P.R.; Veras, M.M.; Pereira, T.F.; Leite, R.E.P.;
Moller, T.; et al. Transcriptomic analysis of purified human cortical microglia reveals age-associated changes. Nat. Neurosci. 2017,
20, 1162–1171. [CrossRef] [PubMed]

43. Dimou, L.; Gallo, V. NG2-glia and their functions in the central nervous system. Glia 2015, 63, 1429–1451. [CrossRef] [PubMed]
44. Jäkel, S.; Dimou, L. Glial Cells and Their Function in the Adult Brain: A Journey through the History of Their Ablation. Front.

Cell. Neurosci. 2017, 11. [CrossRef] [PubMed]
45. Bergles, D.E.; Richardson, W.D. Oligodendrocyte Development and Plasticity. Cold Spring Harb. Perspect. Biol. 2015, 8, a020453.

[CrossRef] [PubMed]
46. Sherafat, A.; Pfeiffer, F.; Nishiyama, A. Shaping of Regional Differences in Oligodendrocyte Dynamics by Regional Heterogeneity

of the Pericellular Microenvironment. Front. Cell. Neurosci. 2021, 15. [CrossRef] [PubMed]
47. Levine, J.M.; Reynolds, R.; Fawcett, J.W. The oligodendrocyte precursor cell in health and disease. Trends Neurosci. 2001, 24, 39–47.

[CrossRef]
48. Mattila, P.K.; Lappalainen, P. Filopodia: Molecular architecture and cellular functions. Nat. Rev. Mol. Cell Biol. 2008, 9, 446–454.

[CrossRef]
49. Hughes, E.G.; Kang, S.H.; Fukaya, M.; Bergles, D.E. Oligodendrocyte progenitors balance growth with self-repulsion to achieve

homeostasis in the adult brain. Nat. Neurosci. 2013, 16, 668–676. [CrossRef]

http://doi.org/10.1016/j.stemcr.2017.12.001
http://www.ncbi.nlm.nih.gov/pubmed/29337114
http://doi.org/10.1002/mds.28177
http://doi.org/10.3390/jcm9061681
http://www.ncbi.nlm.nih.gov/pubmed/32498223
http://doi.org/10.1016/j.neurobiolaging.2014.02.028
http://www.ncbi.nlm.nih.gov/pubmed/24698767
http://doi.org/10.1101/cshperspect.a020594
http://doi.org/10.1016/j.mcn.2014.06.012
http://doi.org/10.1002/mds.26517
http://doi.org/10.1007/s00702-021-02406-z
http://doi.org/10.1038/s41467-019-11638-3
http://doi.org/10.1038/s41593-019-0369-4
http://doi.org/10.3233/JPD-130197
http://doi.org/10.1002/glia.23206
http://doi.org/10.1016/S1044-7431(03)00210-0
http://www.ncbi.nlm.nih.gov/pubmed/14572468
http://doi.org/10.1016/j.bbi.2016.01.005
http://www.ncbi.nlm.nih.gov/pubmed/26796621
http://doi.org/10.3389/fncel.2021.673132
http://www.ncbi.nlm.nih.gov/pubmed/33994951
http://doi.org/10.1074/mcp.RA120.002102
http://doi.org/10.1523/JNEUROSCI.0849-14.2015
http://doi.org/10.1016/j.celrep.2016.12.011
http://www.ncbi.nlm.nih.gov/pubmed/28076797
http://doi.org/10.1038/nn.4597
http://www.ncbi.nlm.nih.gov/pubmed/28671693
http://doi.org/10.1002/glia.22859
http://www.ncbi.nlm.nih.gov/pubmed/26010717
http://doi.org/10.3389/fncel.2017.00024
http://www.ncbi.nlm.nih.gov/pubmed/28243193
http://doi.org/10.1101/cshperspect.a020453
http://www.ncbi.nlm.nih.gov/pubmed/26492571
http://doi.org/10.3389/fncel.2021.721376
http://www.ncbi.nlm.nih.gov/pubmed/34690700
http://doi.org/10.1016/S0166-2236(00)01691-X
http://doi.org/10.1038/nrm2406
http://doi.org/10.1038/nn.3390


Cells 2023, 12, 739 15 of 18

50. Franklin, R.J.M.; Gilson, J.M.; Blakemore, W.F. Local recruitment of remyelinating cells in the repair of demyelination in the
central nervous system. J. Neurosci. Res. 1997, 50, 337–344. [CrossRef]

51. Huang, W.; Bhaduri, A.; Velmeshev, D.; Wang, S.; Wang, L.; Rottkamp, C.A.; Alvarez-Buylla, A.; Rowitch, D.H.; Kriegstein, A.R.
Origins and Proliferative States of Human Oligodendrocyte Precursor Cells. Cell 2020, 182, 594–608.e511. [CrossRef] [PubMed]

52. Xiao, Y.; Petrucco, L.; Hoodless, L.J.; Portugues, R.; Czopka, T. Oligodendrocyte precursor cells sculpt the visual system by
regulating axonal remodeling. Nat. Neurosci. 2022, 25, 280–284. [CrossRef] [PubMed]

53. Buchanan, J.; Elabbady, L.; Collman, F.; Jorstad, N.L.; Bakken, T.E.; Ott, C.; Glatzer, J.; Bleckert, A.A.; Bodor, A.L.; Brittain, D.; et al.
Oligodendrocyte precursor cells ingest axons in the mouse neocortex. Proc. Natl. Acad. Sci. USA 2022, 119, e2202580119.
[CrossRef] [PubMed]

54. Kuhn, S.; Gritti, L.; Crooks, D.; Dombrowski, Y. Oligodendrocytes in Development, Myelin Generation and Beyond. Cells 2019,
8, 1424. [CrossRef] [PubMed]

55. Nagy, B.; Hovhannisyan, A.; Barzan, R.; Chen, T.-J.; Kukley, M. Different patterns of neuronal activity trigger distinct responses of
oligodendrocyte precursor cells in the corpus callosum. PLoS Biol. 2017, 15, e2001993. [CrossRef]

56. Marisca, R.; Hoche, T.; Agirre, E.; Hoodless, L.J.; Barkey, W.; Auer, F.; Castelo-Branco, G.; Czopka, T. Functionally distinct
subgroups of oligodendrocyte precursor cells integrate neural activity and execute myelin formation. Nat. Neurosci. 2020, 23,
363–374. [CrossRef]

57. Spitzer, S.O.; Sitnikov, S.; Kamen, Y.; Evans, K.A.; Kronenberg-Versteeg, D.; Dietmann, S.; de Faria, O., Jr.; Agathou, S.;
Káradóttir, R.T. Oligodendrocyte Progenitor Cells Become Regionally Diverse and Heterogeneous with Age. Neuron 2019, 101,
459–471.e455. [CrossRef]

58. McKenzie, I.A.; Ohayon, D.; Li, H.; Paes de Faria, J.; Emery, B.; Tohyama, K.; Richardson, W.D. Motor skill learning requires active
central myelination. Science 2014, 346, 318–322. [CrossRef]

59. Lewis, S. Motor learning with oligodendrocytes. Nat. Rev. Neurosci. 2016, 17, 604. [CrossRef]
60. Zveik, O.; Fainstein, N.; Rechtman, A.; Haham, N.; Ganz, T.; Lavon, I.; Brill, L.; Vaknin-Dembinsky, A. Cerebrospinal fluid of

progressive multiple sclerosis patients reduces differentiation and immune functions of oligodendrocyte progenitor cells. Glia
2022, 70, 1191–1209. [CrossRef]

61. Yun, W.; Choi, K.-A.; Hwang, I.; Zheng, J.; Park, M.; Hong, W.; Jang, A.-Y.; Kim, J.H.; Choi, W.; Kim, D.-S.; et al. OCT4-induced
oligodendrocyte progenitor cells promote remyelination and ameliorate disease. NPJ Regen. Med. 2022, 7, 4. [CrossRef] [PubMed]

62. Barateiro, A.; Fernandes, A. Temporal oligodendrocyte lineage progression: In vitro models of proliferation, differentiation and
myelination. Biochim. Biophys. Acta Mol. Cell Res. 2014, 1843, 1917–1929. [CrossRef] [PubMed]

63. Lytle, J.M.; Chittajallu, R.; Wrathall, J.R.; Gallo, V. NG2 cell response in the CNP-EGFP mouse after contusive spinal cord injury.
Glia 2009, 57, 270–285. [CrossRef] [PubMed]

64. Boyd, A.; Zhang, H.; Williams, A. Insufficient OPC migration into demyelinated lesions is a cause of poor remyelination in MS
and mouse models. Acta Neuropathol. 2013, 125, 841–859. [CrossRef]

65. Kettenmann, H.; Ransom, B.R. Neuroglia, 3rd ed.; Oxford University Press: New York, NY, USA, 2013.
66. Brown, A.M.; Ransom, B.R. Neuroglia, Overview. In Encyclopedia of the Human Brain; Ramachandran, V.S., Ed.; Academic Press:

New York, NY, USA, 2002; pp. 479–491.
67. Simons, M.; Nave, K.-A. Oligodendrocytes: Myelination and Axonal Support. Cold Spring Harb. Perspect. Biol. 2015, 8, a020479.

[CrossRef]
68. Del Río-Hortega, P. La glía de escasa radiaciones (oligodendroglia) [Glia with many processes (oligoden-droglia)]. Bol. Real Soc.

Esp. Hist. Nat. 1921, 21, 63–92.
69. Hofmann, K.; Rodriguez-Rodriguez, R.; Gaebler, A.; Casals, N.; Scheller, A.; Kuerschner, L. Astrocytes and oligodendrocytes in

grey and white matter regions of the brain metabolize fatty acids. Sci. Rep. 2017, 7, 10779. [CrossRef]
70. Newell, K.L.; Tessa Hedley-Whyte, E. Glia. In Encyclopedia of the Neurological Sciences; Aminoff, M.J., Daroff, R.B., Eds.; Academic

Press: New York, NY, USA, 2003; pp. 452–455.
71. Snaidero, N.; Möbius, W.; Czopka, T.; Hekking, L.H.; Mathisen, C.; Verkleij, D.; Goebbels, S.; Edgar, J.; Merkler, D.;

David, A.L.; et al. Myelin Membrane Wrapping of CNS Axons by PI(3,4,5)P3-Dependent Polarized Growth at the Inner Tongue.
Cell 2014, 156, 277–290. [CrossRef]

72. Montani, L. Lipids in regulating oligodendrocyte structure and function. Semin. Cell Dev. Biol. 2021, 112, 114–122. [CrossRef]
73. Philips, T.; Rothstein, J.D. Oligodendroglia: Metabolic supporters of neurons. J. Clin. Investig. 2017, 127, 3271–3280. [CrossRef]
74. Baekelandt, V.; Lobbestael, E. Disease-Modifying Targets in Neurodegenerative Disorders: Paving the Way for Disease-Modifying

Therapies; Elsevier Science & Technology: San Diego, CA, USA, 2017.
75. Kang, S.H.; Fukaya, M.; Yang, J.K.; Rothstein, J.D.; Bergles, D.E. NG2+ CNS Glial Progenitors Remain Committed to the

Oligodendrocyte Lineage in Postnatal Life and following Neurodegeneration. Neuron 2010, 68, 668–681. [CrossRef] [PubMed]
76. Chang, A.; Nishiyama, A.; Peterson, J.; Prineas, J.; Trapp, B.D. NG2-Positive Oligodendrocyte Progenitor Cells in Adult Human

Brain and Multiple Sclerosis Lesions. J. Neurosci. 2000, 20, 6404–6412. [CrossRef] [PubMed]
77. Tiane, A.; Schepers, M.; Rombaut, B.; Hupperts, R.; Prickaerts, J.; Hellings, N.; van den Hove, D.; Vanmierlo, T. From OPC to

Oligodendrocyte: An Epigenetic Journey. Cells 2019, 8, 1236. [CrossRef] [PubMed]
78. Clayton, B.L.L.; Tesar, P.J. Oligodendrocyte progenitor cell fate and function in development and disease. Curr. Opin. Cell Biol.

2021, 73, 35–40. [CrossRef] [PubMed]

http://doi.org/10.1002/(SICI)1097-4547(19971015)50:2&lt;337::AID-JNR21&gt;3.0.CO;2-3
http://doi.org/10.1016/j.cell.2020.06.027
http://www.ncbi.nlm.nih.gov/pubmed/32679030
http://doi.org/10.1038/s41593-022-01023-7
http://www.ncbi.nlm.nih.gov/pubmed/35241802
http://doi.org/10.1073/pnas.2202580119
http://www.ncbi.nlm.nih.gov/pubmed/36417438
http://doi.org/10.3390/cells8111424
http://www.ncbi.nlm.nih.gov/pubmed/31726662
http://doi.org/10.1371/journal.pbio.2001993
http://doi.org/10.1038/s41593-019-0581-2
http://doi.org/10.1016/j.neuron.2018.12.020
http://doi.org/10.1126/science.1254960
http://doi.org/10.1038/nrn.2016.122
http://doi.org/10.1002/glia.24165
http://doi.org/10.1038/s41536-021-00199-z
http://www.ncbi.nlm.nih.gov/pubmed/35027563
http://doi.org/10.1016/j.bbamcr.2014.04.018
http://www.ncbi.nlm.nih.gov/pubmed/24768715
http://doi.org/10.1002/glia.20755
http://www.ncbi.nlm.nih.gov/pubmed/18756526
http://doi.org/10.1007/s00401-013-1112-y
http://doi.org/10.1101/cshperspect.a020479
http://doi.org/10.1038/s41598-017-11103-5
http://doi.org/10.1016/j.cell.2013.11.044
http://doi.org/10.1016/j.semcdb.2020.07.016
http://doi.org/10.1172/JCI90610
http://doi.org/10.1016/j.neuron.2010.09.009
http://www.ncbi.nlm.nih.gov/pubmed/21092857
http://doi.org/10.1523/JNEUROSCI.20-17-06404.2000
http://www.ncbi.nlm.nih.gov/pubmed/10964946
http://doi.org/10.3390/cells8101236
http://www.ncbi.nlm.nih.gov/pubmed/31614602
http://doi.org/10.1016/j.ceb.2021.05.003
http://www.ncbi.nlm.nih.gov/pubmed/34153742


Cells 2023, 12, 739 16 of 18

79. Rydbirk, R.; Folke, J.; Busato, F.; Roche, E.; Chauhan, A.S.; Lokkegaard, A.; Hejl, A.M.; Bode, M.; Blaabjerg, M.; Moller, M.; et al.
Epigenetic modulation of AREL1 and increased HLA expression in brains of multiple system atrophy patients. Acta Neuropathol.
Commun. 2020, 8, 29. [CrossRef] [PubMed]

80. Fang, N.; Cheng, J.; Zhang, C.; Chen, K.; Zhang, C.; Hu, Z.; Bi, R.; Furber, K.L.; Thangaraj, M.; Nazarali, A.J.; et al. Sirt2
epigenetically down-regulates PDGFRalpha expression and promotes CG4 cell differentiation. Cell Cycle 2019, 18, 1095–1109.
[CrossRef] [PubMed]

81. Ransom, B.R.; Yamate, C.L.; Black, J.A.; Waxman, S.G. Rat optic nerve: Disruption of gliogenesis with 5-azacytidine during early
postnatal development. Brain Res. 1985, 337, 41–49. [CrossRef]

82. Moyon, S.; Ma, D.; Huynh, J.L.; Coutts, D.J.C.; Zhao, C.; Casaccia, P.; Franklin, R.J.M. Efficient Remyelination Requires DNA
Methylation. eNeuro 2017, 4. [CrossRef]

83. Moyon, S.; Huynh, J.L.; Dutta, D.; Zhang, F.; Ma, D.; Yoo, S.; Lawrence, R.; Wegner, M.; John, G.R.; Emery, B.; et al. Functional
Characterization of DNA Methylation in the Oligodendrocyte Lineage. Cell Rep. 2016, 15, 748–760. [CrossRef]

84. Bannister, A.J.; Kouzarides, T. Regulation of chromatin by histone modifications. Cell Res. 2011, 21, 381–395. [CrossRef]
85. Shen, S.; Li, J.; Casaccia-Bonnefil, P. Histone modifications affect timing of oligodendrocyte progenitor differentiation in the

developing rat brain. J. Cell Biol. 2005, 169, 577–589. [CrossRef] [PubMed]
86. Conway, G.D.; O’Bara, M.A.; Vedia, B.H.; Pol, S.U.; Sim, F.J. Histone deacetylase activity is required for human oligodendrocyte

progenitor differentiation. Glia 2012, 60, 1944–1953. [CrossRef] [PubMed]
87. Wu, R.; Li, A.; Sun, B.; Sun, J.G.; Zhang, J.; Zhang, T.; Chen, Y.; Xiao, Y.; Gao, Y.; Zhang, Q.; et al. A novel m(6)A reader Prrc2a

controls oligodendroglial specification and myelination. Cell Res. 2019, 29, 23–41. [CrossRef] [PubMed]
88. Papp, M.I.; Kahn, J.E.; Lantos, P.L. Glial cytoplasmic inclusions in the CNS of patients with multiple system atrophy (striatonigral

degeneration, olivopontocerebellar atrophy and Shy-Drager syndrome). J. Neurol. Sci. 1989, 94, 79–100. [CrossRef] [PubMed]
89. Kisos, H.; Pukass, K.; Ben-Hur, T.; Richter-Landsberg, C.; Sharon, R. Increased neuronal alpha-synuclein pathology associates

with its accumulation in oligodendrocytes in mice modeling alpha-synucleinopathies. PLoS ONE 2012, 7, e46817. [CrossRef]
[PubMed]

90. De Nuccio, F.; Kashyrina, M.; Serinelli, F.; Laferrière, F.; Lofrumento, D.D.; De Giorgi, F.; Ichas, F. Oligodendrocytes Prune Axons
Containing α-Synuclein Aggregates In Vivo: Lewy Neurites as Precursors of Glial Cytoplasmic Inclusions in Multiple System
Atrophy? Biomolecules 2023, 13, 269. [CrossRef]

91. Kaji, S.; Maki, T.; Ueda, J.; Ishimoto, T.; Inoue, Y.; Yasuda, K.; Sawamura, M.; Hikawa, R.; Ayaki, T.; Yamakado, H.; et al.
BCAS1-positive immature oligodendrocytes are affected by the α-synuclein-induced pathology of multiple system atrophy. Acta
Neuropathol. Commun. 2020, 8, 120. [CrossRef]

92. Peng, C.; Gathagan, R.J.; Covell, D.J.; Medellin, C.; Stieber, A.; Robinson, J.L.; Zhang, B.; Pitkin, R.M.; Olufemi, M.F.;
Luk, K.C.; et al. Cellular milieu imparts distinct pathological alpha-synuclein strains in alpha-synucleinopathies. Nature 2018,
557, 558–563. [CrossRef]

93. Shukla, J.J.; Stefanova, N.; Bush, A.I.; McColl, G.; Finkelstein, D.I.; McAllum, E.J. Therapeutic potential of iron modulating drugs
in a mouse model of multiple system atrophy. Neurobiol. Dis. 2021, 159, 105509. [CrossRef]

94. Kuzdas, D.; Stemberger, S.; Gaburro, S.; Stefanova, N.; Singewald, N.; Wenning, G.K. Oligodendroglial alpha-synucleinopathy
and MSA-like cardiovascular autonomic failure: Experimental evidence. Exp. Neurol. 2013, 247, 531–536. [CrossRef]

95. Stacpoole, S.R.; Spitzer, S.; Bilican, B.; Compston, A.; Karadottir, R.; Chandran, S.; Franklin, R.J. High yields of oligodendrocyte
lineage cells from human embryonic stem cells at physiological oxygen tensions for evaluation of translational biology. Stem Cell
Rep. 2013, 1, 437–450. [CrossRef] [PubMed]

96. Richter-Landsberg, C.; Gorath, M.; Trojanowski, J.Q.; Lee, V.M. alpha-synuclein is developmentally expressed in cultured rat
brain oligodendrocytes. J. Neurosci. Res. 2000, 62, 9–14. [CrossRef] [PubMed]

97. Blin, O.; Desnuelle, C.; Rascol, O.; Borg, M.; Peyro Saint Paul, H.; Azulay, J.P.; Bille, F.; Figarella, D.; Coulom, F.; Pellissier, J.F.; et al.
Mitochondrial respiratory failure in skeletal muscle from patients with Parkinson’s disease and multiple system atrophy. J. Neurol.
Sci. 1994, 125, 95–101. [CrossRef] [PubMed]

98. Waldner, R.; Puschban, Z.; Scherfler, C.; Seppi, K.; Jellinger, K.; Poewe, W.; Wenning, G.K. No functional effects of embryonic
neuronal grafts on motor deficits in a 3-nitropropionic acid rat model of advanced striatonigral degeneration (multiple system
atrophy). Neuroscience 2001, 102, 581–592. [CrossRef] [PubMed]

99. Imaizumi, K.; Sone, T.; Ibata, K.; Fujimori, K.; Yuzaki, M.; Akamatsu, W.; Okano, H. Controlling the Regional Identity of
hPSC-Derived Neurons to Uncover Neuronal Subtype Specificity of Neurological Disease Phenotypes. Stem Cell Rep. 2015, 5,
1010–1022. [CrossRef] [PubMed]

100. Multiple-System Atrophy Research Collaboration. Mutations in COQ2 in familial and sporadic multiple-system atrophy. N. Engl.
J. Med. 2013, 369, 233–244. [CrossRef]

101. Nakamoto, F.K.; Okamoto, S.; Mitsui, J.; Sone, T.; Ishikawa, M.; Yamamoto, Y.; Kanegae, Y.; Nakatake, Y.; Imaizumi, K.;
Ishiura, H.; et al. The pathogenesis linked to coenzyme Q10 insufficiency in iPSC-derived neurons from patients with multiple-
system atrophy. Sci. Rep. 2018, 8, 14215. [CrossRef]

102. Nishiyama, A.; Serwanski, D.R.; Pfeiffer, F. Many roles for oligodendrocyte precursor cells in physiology and pathology.
Neuropathology 2021, 41, 161–173. [CrossRef]

http://doi.org/10.1186/s40478-020-00908-7
http://www.ncbi.nlm.nih.gov/pubmed/32151281
http://doi.org/10.1080/15384101.2019.1609818
http://www.ncbi.nlm.nih.gov/pubmed/31020898
http://doi.org/10.1016/0006-8993(85)91607-5
http://doi.org/10.1523/ENEURO.0336-16.2017
http://doi.org/10.1016/j.celrep.2016.03.060
http://doi.org/10.1038/cr.2011.22
http://doi.org/10.1083/jcb.200412101
http://www.ncbi.nlm.nih.gov/pubmed/15897262
http://doi.org/10.1002/glia.22410
http://www.ncbi.nlm.nih.gov/pubmed/22927334
http://doi.org/10.1038/s41422-018-0113-8
http://www.ncbi.nlm.nih.gov/pubmed/30514900
http://doi.org/10.1016/0022-510X(89)90219-0
http://www.ncbi.nlm.nih.gov/pubmed/2559165
http://doi.org/10.1371/journal.pone.0046817
http://www.ncbi.nlm.nih.gov/pubmed/23077527
http://doi.org/10.3390/biom13020269
http://doi.org/10.1186/s40478-020-00997-4
http://doi.org/10.1038/s41586-018-0104-4
http://doi.org/10.1016/j.nbd.2021.105509
http://doi.org/10.1016/j.expneurol.2013.02.002
http://doi.org/10.1016/j.stemcr.2013.09.006
http://www.ncbi.nlm.nih.gov/pubmed/24286031
http://doi.org/10.1002/1097-4547(20001001)62:1&lt;9::AID-JNR2&gt;3.0.CO;2-U
http://www.ncbi.nlm.nih.gov/pubmed/11002283
http://doi.org/10.1016/0022-510X(94)90248-8
http://www.ncbi.nlm.nih.gov/pubmed/7964895
http://doi.org/10.1016/S0306-4522(00)00500-5
http://www.ncbi.nlm.nih.gov/pubmed/11226695
http://doi.org/10.1016/j.stemcr.2015.10.005
http://www.ncbi.nlm.nih.gov/pubmed/26549851
http://doi.org/10.1056/NEJMoa1212115
http://doi.org/10.1038/s41598-018-32573-1
http://doi.org/10.1111/neup.12732


Cells 2023, 12, 739 17 of 18

103. Van Bruggen, D.; Agirre, E.; Castelo-Branco, G. Single-cell transcriptomic analysis of oligodendrocyte lineage cells. Curr. Opin.
Neurobiol. 2017, 47, 168–175. [CrossRef]

104. Jäkel, S.; Agirre, E.; Mendanha Falcão, A.; van Bruggen, D.; Lee, K.W.; Knuesel, I.; Malhotra, D.; Ffrench-Constant, C.; Williams, A.;
Castelo-Branco, G. Altered human oligodendrocyte heterogeneity in multiple sclerosis. Nature 2019, 566, 543–547. [CrossRef]

105. Chamling, X.; Kallman, A.; Fang, W.; Berlinicke, C.A.; Mertz, J.L.; Devkota, P.; Pantoja, I.E.M.; Smith, M.D.; Ji, Z.; Chang, C.; et al.
Single-cell transcriptomic reveals molecular diversity and developmental heterogeneity of human stem cell-derived oligodendro-
cyte lineage cells. Nat. Commun. 2021, 12, 652. [CrossRef] [PubMed]

106. Ulloa-Navas, M.J.; Pérez-Borredá, P.; Morales-Gallel, R.; Saurí-Tamarit, A.; García-Tárraga, P.; Gutiérrez-Martín, A.J.;
Herranz-Pérez, V.; García-Verdugo, J.M. Ultrastructural Characterization of Human Oligodendrocytes and Their Progenitor Cells
by Pre-embedding Immunogold. Front. Neuroanat. 2021, 15. [CrossRef] [PubMed]

107. Huang, H.; Rubenstein, J.L.; Qiu, M. Cracking the Codes of Cortical Glial Progenitors: Evidence for the Common Lineage of
Astrocytes and Oligodendrocytes. Neurosci. Bull. 2021, 37, 437–439. [CrossRef] [PubMed]

108. Li, X.; Liu, G.; Yang, L.; Li, Z.; Zhang, Z.; Xu, Z.; Cai, Y.; Du, H.; Su, Z.; Wang, Z.; et al. Decoding Cortical Glial Cell Development.
Neurosci. Bull. 2021, 37, 440–460. [CrossRef] [PubMed]

109. Pringle, N.P.; Richardson, W.D. A singularity of PDGF alpha-receptor expression in the dorsoventral axis of the neural tube may
define the origin of the oligodendrocyte lineage. Development 1993, 117, 525–533. [CrossRef]

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

111. Wegener, A.; Deboux, C.; Bachelin, C.; Frah, M.; Kerninon, C.; Seilhean, D.; Weider, M.; Wegner, M.; Nait-Oumesmar, B. Gain of
Olig2 function in oligodendrocyte progenitors promotes remyelination. Brain 2015, 138, 120–135. [CrossRef]

112. Baas, D.; Bourbeau, D.; Sarliève, L.L.; Ittel, M.E.; Dussault, J.H.; Puymirat, J. Oligodendrocyte maturation and progenitor cell
proliferation are independently regulated by thyroid hormone. Glia 1997, 19, 324–332. [CrossRef]

113. Stevens, B.; Porta, S.; Haak, L.L.; Gallo, V.; Fields, R.D. Adenosine: A neuron-glial transmitter promoting myelination in the CNS
in response to action potentials. Neuron 2002, 36, 855–868. [CrossRef]

114. Cherchi, F.; Pugliese, A.M.; Coppi, E. Oligodendrocyte precursor cell maturation: Role of adenosine receptors. Neural Regen. Res.
2021, 16, 1686–1692. [CrossRef]

115. Coppi, E.; Cellai, L.; Maraula, G.; Dettori, I.; Melani, A.; Pugliese, A.M.; Pedata, F. Role of adenosine in oligodendrocyte precursor
maturation. Front. Cell. Neurosci. 2015, 9. [CrossRef] [PubMed]

116. Tokutake, T.; Kasuga, K.; Tsukie, T.; Ishiguro, T.; Shimohata, T.; Onodera, O.; Ikeuchi, T. Clinical correlations of cerebrospinal fluid
biomarkers including neuron-glia 2 and neurofilament light chain in patients with multiple system atrophy. Parkinsonism Relat.
Disord. 2022, 102, 30–35. [CrossRef] [PubMed]

117. Azevedo, C.; Teku, G.; Pomeshchik, Y.; Reyes, J.F.; Chumarina, M.; Russ, K.; Savchenko, E.; Hammarberg, A.; Lamas, N.J.;
Collin, A.; et al. Parkinson’s disease and multiple system atrophy patient iPSC-derived oligodendrocytes exhibit alpha-synuclein-
induced changes in maturation and immune reactive properties. Proc. Natl. Acad. Sci. USA 2022, 119, e2111405119. [CrossRef]
[PubMed]

118. Falcão, A.M.; van Bruggen, D.; Marques, S.; Meijer, M.; Jäkel, S.; Agirre, E.; Samudyata; Floriddia, E.M.; Vanichkina, D.P.;
Ffrench-Constant, C.; et al. Disease-specific oligodendrocyte lineage cells arise in multiple sclerosis. Nat. Med. 2018, 24, 1837–1844.
[CrossRef]

119. Lin, G.; Mela, A.; Guilfoyle, E.M.; Goldman, J.E. Neonatal and adult O4(+) oligodendrocyte lineage cells display different growth
factor responses and different gene expression patterns. J. Neurosci. Res. 2009, 87, 3390–3402. [CrossRef]

120. Pinero, J.; Queralt-Rosinach, N.; Bravo, A.; Deu-Pons, J.; Bauer-Mehren, A.; Baron, M.; Sanz, F.; Furlong, L.I. DisGeNET: A
discovery platform for the dynamical exploration of human diseases and their genes. Database 2015, 2015, bav028. [CrossRef]

121. Rouillard, A.D.; Gundersen, G.W.; Fernandez, N.F.; Wang, Z.; Monteiro, C.D.; McDermott, M.G.; Ma’ayan, A. The harmonizome:
A collection of processed datasets gathered to serve and mine knowledge about genes and proteins. Database 2016, 2016.
[CrossRef]

122. Kramer, A.; Green, J.; Pollard, J., Jr.; Tugendreich, S. Causal analysis approaches in Ingenuity Pathway Analysis. Bioinformatics
2014, 30, 523–530. [CrossRef]

123. Piras, I.S.; Bleul, C.; Schrauwen, I.; Talboom, J.; Llaci, L.; De Both, M.D.; Naymik, M.A.; Halliday, G.; Bettencourt, C.;
Holton, J.L.; et al. Transcriptional profiling of multiple system atrophy cerebellar tissue highlights differences between the
parkinsonian and cerebellar sub-types of the disease. Acta Neuropathol. Commun. 2020, 8, 76. [CrossRef]

124. Zhou, X.; He, C.; Ren, J.; Dai, C.; Stevens, S.R.; Wang, Q.; Zamler, D.; Shingu, T.; Yuan, L.; Chandregowda, C.R.; et al. Mature
myelin maintenance requires Qki to coactivate PPARβ-RXRα-mediated lipid metabolism. J. Clin. Investig. 2020, 130, 2220–2236.
[CrossRef]

125. Zhou, X.; Wang, C.; Ding, D.; Chen, Z.; Peng, Y.; Peng, H.; Hou, X.; Wang, P.; Hou, X.; Ye, W.; et al. Analysis of (CAG)(n) expansion
in ATXN1, ATXN2 and ATXN3 in Chinese patients with multiple system atrophy. Sci. Rep. 2018, 8, 3889. [CrossRef] [PubMed]

126. Sen, N.E.; Arsovic, A.; Meierhofer, D.; Brodesser, S.; Oberschmidt, C.; Canet-Pons, J.; Kaya, Z.E.; Halbach, M.V.; Gispert, S.;
Sandhoff, K.; et al. In Human and Mouse Spino-Cerebellar Tissue, Ataxin-2 Expansion Affects Ceramide-Sphingomyelin
Metabolism. Int. J. Mol. Sci. 2019, 20, 5854. [CrossRef] [PubMed]

http://doi.org/10.1016/j.conb.2017.10.005
http://doi.org/10.1038/s41586-019-0903-2
http://doi.org/10.1038/s41467-021-20892-3
http://www.ncbi.nlm.nih.gov/pubmed/33510160
http://doi.org/10.3389/fnana.2021.696376
http://www.ncbi.nlm.nih.gov/pubmed/34248510
http://doi.org/10.1007/s12264-021-00675-y
http://www.ncbi.nlm.nih.gov/pubmed/33847916
http://doi.org/10.1007/s12264-021-00640-9
http://www.ncbi.nlm.nih.gov/pubmed/33606177
http://doi.org/10.1242/dev.117.2.525
http://doi.org/10.1038/333560a0
http://doi.org/10.1093/brain/awu375
http://doi.org/10.1002/(SICI)1098-1136(199704)19:4&lt;324::AID-GLIA5&gt;3.0.CO;2-X
http://doi.org/10.1016/S0896-6273(02)01067-X
http://doi.org/10.4103/1673-5374.306058
http://doi.org/10.3389/fncel.2015.00155
http://www.ncbi.nlm.nih.gov/pubmed/25964740
http://doi.org/10.1016/j.parkreldis.2022.07.007
http://www.ncbi.nlm.nih.gov/pubmed/35933820
http://doi.org/10.1073/pnas.2111405119
http://www.ncbi.nlm.nih.gov/pubmed/35294277
http://doi.org/10.1038/s41591-018-0236-y
http://doi.org/10.1002/jnr.22065
http://doi.org/10.1093/database/bav028
http://doi.org/10.1093/database/baw100
http://doi.org/10.1093/bioinformatics/btt703
http://doi.org/10.1186/s40478-020-00950-5
http://doi.org/10.1172/JCI131800
http://doi.org/10.1038/s41598-018-22290-0
http://www.ncbi.nlm.nih.gov/pubmed/29497168
http://doi.org/10.3390/ijms20235854
http://www.ncbi.nlm.nih.gov/pubmed/31766565


Cells 2023, 12, 739 18 of 18

127. Quintela-López, T.; Ortiz-Sanz, C.; Serrano-Regal, M.P.; Gaminde-Blasco, A.; Valero, J.; Baleriola, J.; Sánchez-Gómez, M.V.;
Matute, C.; Alberdi, E. Aβ oligomers promote oligodendrocyte differentiation and maturation via integrin β1 and Fyn kinase
signaling. Cell Death Dis. 2019, 10, 445. [CrossRef] [PubMed]

128. Teeple, E.; Joshi, P.; Pande, R.; Huang, Y.; Karambe, A.; Latta-Mahieu, M.; Sardi, S.P.; Cedazo-Minguez, A.; Klinger, K.W.;
Flores-Morales, A.; et al. Single Nuclei Sequencing of Human Putamen Oligodendrocytes Reveals Altered Heterogeneity and
Disease-Associated Changes in Parkinson’s Disease and Multiple System Atrophy. BioRxiv 2021. [CrossRef]

129. Gacem, N.; Nait-Oumesmar, B. Oligodendrocyte Development and Regenerative Therapeutics in Multiple Sclerosis. Life 2021,
11, 327. [CrossRef]

130. Moretti, D.V. Available and future treatments for atypical parkinsonism. A systematic review. Cns Neurosci. 2019, 25, 159–174.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1038/s41419-019-1636-8
http://www.ncbi.nlm.nih.gov/pubmed/31171765
http://doi.org/10.1101/2021.05.06.442967
http://doi.org/10.3390/life11040327
http://doi.org/10.1111/cns.13068

	Background 
	Clinical Features of MSA 
	Neuropathological Features of MSA 
	The Implication of Oligodendrocyte Cell Lineage in the Pathogenesis of MSA 
	Mammalian Oligodendrocyte Lineage Cells 
	Morphology and Subtypes of OPCs 
	Biological Functions of OPCs 
	Morphology and Subtypes of Oligodendrocytes 
	Oligodendrocyte Functions 

	Oligodendrocyte Lineage Cells in Other Diseases 
	Methylation Effects on Oligodendrocyte Lineage Cells 
	Alpha-Synuclein and Oligodendrogliopathy 
	Oligodendrocyte Lineage Cell MSA Models 
	The Factors Involved in the Process of OPC Maturation 
	MSA Risk Genes Associated with Oligodendrocyte Lineage 
	Targeting the Oligodendrocyte Lineage in MSA Treatment 
	References

