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Abstract

The major pathological feature of Parkinson ‘s disease (PD), the second most common
neurodegenerative disease and most common movement disorder, is the predominant
degeneration of dopaminergic neurons in the substantia nigra, a part of the midbrain.
Despite decades of research, the molecular mechanisms of the origin of the disease remain
unknown. While the disease was initially viewed as a purely neuronal disorder, results from
single-cell transcriptomics have suggested that oligodendrocytes may play an important
role in the early stages of Parkinson’s. Although these findings are of high relevance, partic-
ularly to the search for effective disease-modifying therapies, the actual functional role of oli-
godendrocytes in Parkinson’s disease remains highly speculative and requires a concerted
scientific effort to be better understood. This Unsolved Mystery discusses the limited under-
standing of oligodendrocytes in PD, highlighting unresolved questions regarding functional
changes in oligodendroglia, the role of myelin in nigral dopaminergic neurons, the impact of
the toxic environment, and the aggregation of alpha-synuclein within oligodendrocytes.

Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder with a largely unknown
etiology, with around 90% to 95% of cases being of sporadic origin. Estimated to affect 1% of
the population above age 65 and 4% of the population above 85, it is the second most prevalent
neurodegenerative disease and the most common movement disorder [1]. The two primary
pathological hallmarks are the selective degeneration of dopaminergic neurons in the substan-
tia nigra, and the accumulation and aggregation of the protein alpha-synuclein (o.-synuclein)
in Lewy bodies and Lewy neurites within neurons (Fig 1A and 1B) [1]. These features are inte-
gral to certain neurodegenerative processes, particularly in PD and Lewy body dementia. o.-
Synuclein is a small, soluble protein primarily found in the presynaptic terminals of neurons,
where it is involved in regulating neurotransmitter release. In neurodegenerative diseases, this
protein misfolds and aggregates, losing its normal function and becoming toxic to cells [2].
The neurodegeneration associated with a-synuclein, Lewy bodies, and Lewy neurites
involves multiple mechanisms, i.e., pathological a-synuclein interfering with proper protein
folding, mitochondrial function, neurotransmission, inflammation, and axonal transport of
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Human Parkinson's disease pathology
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Fig 1. Disease modeling in PD. PD is a complex neurodegenerative human pathology that on the tissue level (A) is
characterized by the loss of dopaminergic neurons in the substantia nigra in the human midbrain. On the cellular level
(B), the major hallmark of PD pathology is the intracellular accumulation of o-synuclein into Lewy bodies and Lewy
neurites in dopaminergic neurons and dopaminergic neuron degeneration. To model PD pathology, many genetic and
toxin-induced mouse models (reviewed in [5]) have been developed (C). However, neither of those fully recapitulates
human pathology, which is also likely due to species-specific differences between rodent and human biology [6]. Only
a few models have specifically examined oligodendrocytes [7]. Therefore, human iPSC-derived 2D [8] and 3D models
have been developed, including models with oligodendrocytes [9] with increasingly complex cellular compositions
(D). Created with BioRender.com. iPSC, induced pluripotent stem cell; PD, Parkinson’s disease.

https://doi.org/10.1371/journal.pbio.3002977.9001

molecules and organelles. These processes collectively enhance neuronal vulnerability, particu-
larly in regions like the substantia nigra, which results in the typical motor symptoms seen in
PD [2]. Despite numerous advances in technologies and platforms, such as single nucleus-
RNA sequencing [3], CRISPR gene editing, and induced pluripotent stem cell (iPSC)-derived
disease modeling [4], the etiology of the disease remains elusive.

Initially, PD was viewed as a purely neuronal disease, which until recent years, directed
research predominantly along a neurocentric path. However, with the rise of next-generation
sequencing technologies, oligodendrocytes are increasingly coming into focus. Oligodendro-
cytes are highly abundant glial cells in the central nervous system, responsible for myelinating
axons to facilitate fast saltatory nerve conduction and for providing support essential for neu-
ronal function and long-term survival [10]. Oligodendrocytes have recently been suggested to
play a significant role in the early stages of PD, as revealed by a strong link to PD risk genes
and early transcriptional changes [11], which is further supported by evidence of structural
changes in the white matter of patient brains [12,13]. As a significantly large volume of the
white matter is comprised of myelin, these structural changes are believed to result, at least to a
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significant extent, from pathological alterations to oligodendrocytes. The functional relevance
of these transcriptomic changes and their mechanistic effects are probably the most important
open questions in the field at present.

Dopaminergic neurons in the substantia nigra have always been considered to be poorly
myelinated [14]. Given the technological advances and the high abundance of oligodendro-
cytes in this area [15], this long-standing assumption may need to be re-evaluated, especially
in the context of PD pathogenesis. Studying the non-myelinating functions of oligodendro-
cytes and their progenitor cells may also be of utmost importance in the future.

In this Unsolved Mystery, we provide a summary of the current, albeit limited, knowledge
on oligodendrocytes in the pathogenesis of PD, discussing why they have remained such an
enigma, and outline the necessary steps for future research to fully understand their functional
implications. A better understanding of the non-cell-autonomous determinants of neuron vul-
nerability will be crucial for the development of novel approaches to disease-modifying
therapies.

Why has the role of oligodendrocytes in PD pathogenesis
remained so elusive?

While postmortem brain tissue has revealed many insights into pathological aspects of PD,
this approach is limited to a single snapshot of the late stage of the disease. The identifica-
tion of pathological mechanisms heavily relies on suitable animal models in which the prog-
ress of disease can be studied in various experimental setups and in a time-dependent
manner.

Rodent models for studying neurodegenerative diseases have become well established over
the past 20 years, particularly genetic and toxin-induced models that recapitulate various
aspects of the disease (reviewed in [5]) (Fig 1C). These models have indeed provided invalu-
able insights into the pathogenesis of PD, however with a strong focus on neurons. Animal
models focusing on oligodendrocytes and their potential contribution to neuronal death and
other pathological hallmarks of the disease are sparse. In a synthetic o-synuclein fibril-induced
mouse model, one study reported the involvement of oligodendrocytes in a-synuclein process-
ing and pathology progression in vivo, indicating that indeed oligodendrocytes may contribute
to disease progression [7]. However, the inability of these models to fully recapitulate patho-
logical hallmarks of the disease—especially in regard to oligodendrocytes—remains a major
obstacle to the discovery of translational therapies.

Alternatively, in vitro models using iPSCs have been advanced to uncover the pathogenic
mechanisms of PD (see Fig 1D and [4,8,16]), with a primary focus on neurons. However,
ongoing advancements in these technologies offer exciting opportunities to explore both cell-
autonomous and non-cell-autonomous effects of oligodendrocytes in PD (see Box 1).

Box 1: Advantages and disadvantages of using stem cell-derived
models for PD research

Human iPSCs have gained increasing attention in scientific research since their discovery
as this approach opened up an entirely new field of research for human disease modeling
without the ethical concerns associated with the use of human embryonic stem cells. Not
only does it allow modeling different aspects of the disease, including the generation of dif-
ferent cell types, but it has also paved the way for the development of more personalized
medicine approaches, as data can theoretically be obtained from each individual patient.
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Still, there are many critical views that iPSC-derived models retain a stem cell character
even during differentiation and scarcely show signs of aging, which is a key feature of
most neurodegenerative diseases, including PD. Unlike iPSC-derived neurons, oligo-
dendrocytes can currently only be cultured in vitro for a very limited time before they
begin to die, potentially making the problem of the lack of an aging signature in these
cells even more pronounced.

Nevertheless, techniques such as direct cellular reprogramming offer an alternative way
for producing lineage-specific terminal cells by transforming fully differentiated adult
cells directly into a specific cell type, bypassing the pluripotent stage. Unlike the iPSC
reprogramming technique, which resets the cell’s epigenetic information by reverting
them to pluripotency, direct conversion focuses on introducing the epigenetic character-
istics of the target cell. This allows the preservation of aging signatures [17,18] and their
further development will greatly benefit the field of neurodegeneration. However, proto-
cols to directly reprogram somatic cells into oligodendrocytes are yet to be established.

Protocols for the generation of iPSC-derived oligodendrocytes are still relatively rare in
comparison to that of other cell types and difficult to establish, especially in co-culture systems
with other cells. During development of the human brain, oligodendrocytes develop quite late
and myelination only starts after birth, when most other cell types and structures have already
been established [19]. Being made relatively late in the process of development is likely an
explanation for why original protocols for generating iPSC-derived oligodendrocytes are
lengthy [20,21]. Other, and significantly faster protocols that utilize overexpression of key oli-
godendroglial transcription factors [22,23] have already proven efficient, including in the con-
text of patient-derived cell lines [9]. However, the generation of these genetically modified, or
lentiviral-induced cell lines is laborious and difficult to reproduce due to variable virus integra-
tion site and transduction efficiency. Therefore, these protocols cannot be easily applied to dif-
ferent patient-derived cell lines that have not been modified. Oligodendrocytes are even more
difficult to obtain in more complex 3D platforms, such as spheroids and organoids (Fig 1D).
High numbers of oligodendrocytes are usually absent in these models, and although a few
studies have shown active myelination in their model system [24,25], this key physiological
property is generally lacking. Thus, generating more robust models that include physiological
numbers of myelinating oligodendrocytes to fully represent their function in the human brain
should be of highest priority in the future for oligodendrocyte-related research.

Oligodendrocytes in Parkinson’s disease pathology: What do we know?

Magnetic resonance imaging (MRI) studies have shown that PD patients with dementia have
significant structural changes in the majority of white matter tracts of the brain [12,13], often
interpreted as demyelination. Although this type of measurement cannot directly assess the
myelin content in patients, it may indicate cellular oligodendroglial changes or even a decline
in the number of oligodendrocytes. Examining the peripheral nervous system, one study
observed a significant loss of unmyelinated axons in the epicardial nerve of PD patients [26].
Even though this study does not strictly involve oligodendrocytes, as they only reside in the
central nervous system, it highlights the neuroprotective function of myelin in the peripheral
nervous system. In addition to the main pathological hallmarks, brain-wide oxidative stress is
also an important feature of PD, and oligodendrocytes and oligodendrocyte progenitors cells
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(OPCs) are known to be highly vulnerable to oxidative damage [27]. This is due to a combina-
tion of high metabolic rates with potentially dangerous by-products, high intracellular iron,
and low concentrations of antioxidants [28], further indicating that oligodendrocyte death
may occur and contribute to the exacerbation of neuronal pathology.

Perhaps surprising for the field was the discovery of a-synuclein inclusions in oligodendro-
cytes in samples from PD patient brains [29,30]. This protein is thought to be expressed pri-
marily in neurons, where it is known to regulate synaptic functions, and was therefore not
expected to be present in oligodendrocytes. The source of o.-synuclein remains under debate,
as single nucleus RNA-sequencing approaches revealed endogenous expression of SNCA, the
gene that encodes for a-synuclein, in oligodendrocytes in the human brain [31]. Oligodendro-
cytes from a rodent immortalized cell line are also capable of taking up monomeric and oligo-
meric forms of this protein in vitro [32]. Although this phenomenon is not very well defined
in the context of PD, oligodendroglial a-synuclein inclusions are the main hallmark of multi-
ple system atrophy, a rare neurodegenerative disease which also presents with parkinsonism
[33]. Given that these diseases share some clinical and histopathological features, the question
naturally arises as to how oligodendrocytes may be affected in PD and how they, in turn,
respond to the pathological progression of the disease.

Imaging- and histology-based techniques for assessing oligodendrocytes in the context of
PD are sparse, and interpretations of how these observations relate to the pathological develop-
ments are difficult. Due to technological advances in next-generation sequencing, studying oli-
godendroglial transcriptomic signatures in human patients has become easier. Indeed, recent
single-cell and single-nuclei transcriptomic studies on human samples of the whole midbrain,
the substantia nigra and other associated structures [11,15,34-39], have identified that oligo-
dendrocytes are, after neurons, likely the second most affected cell type in PD (a detailed sum-
mary of study results is given in Table 1). Although these datasets largely vary in size, ranging
from 17,000 to 316,000 analyzed nuclei, common findings were that oligodendrocytes always
comprise the largest cell population in these brain regions and that the transcriptional land-
scape of oligodendrocytes was always altered. Depending on the detail and focus of the analy-
sis, oligodendrocyte numbers are significantly depleted [39], or shifted in their proportional
composition of the subpopulations, with some being depleted, but some also enriched [38].
The identified transcriptional alterations that were identified in PD oligodendrocytes were
largely variable across studies, including an increase in stress response [34], inflammation
[36], or response to unfolded protein [39] alongside an apparent loss of their myelinating
capacity [36,39]. The differences in these findings affecting functional changes could likely be
derived from different samples sizes, with largely variable gene numbers and different bioin-
formatic methods being applied. Most of these studies have combined these data with
genome-wide association studies (GWAS) [9,11,35] or other means to include genetic risk-loci
[15] and found that the genetic risk in PD is associated not only with dopaminergic neurons,
as expected, but also with oligodendrocytes, and that oligodendrocytes can also be associated
with clinical outcome prediction [37]. Furthermore, simultaneous use of single-nucleus RNA-
and ATAC-sequencing of the human substantia nigra has also revealed that differential
changes present in oligodendrocyte transcriptomes can be particularly associated to pathology
progression [34].

Particularly surprising in this context is the apparent down regulation of genes involved in
myelination, possibly indicating that this particular cell type simply becomes dysfunctional, or
that oligodendrocytes need to take on other, as yet unknown, functions [34,36]. This finding is
puzzling because dopaminergic neurons in the substantia nigra, the primary cell type affected
in PD, are considered to be sparsely myelinated [14], at least according to common knowledge
(discussed in the next section). In addition, a stress responding and inflammatory
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Table 1. Summary of the major human single-cell transcriptomic studies applied on postmortem brain tissue in the context of PD.

Publication | Experimental design and brain region

[34]

[35]

[36]

[11]

[37]

[38]

[39]

[15]

snRNA-seq (58,000 nuclei)/snATAC-seq in young, aged, and diseased
substantia nigra nuclei. Data derived from sporadic PD patients.

snRNA-seq (17,000 nuclei) in cortex and substantia nigra in
combination with publicly available GWAS data. Data derived from
sporadic PD patients.

snRNA-seq (19,000 nuclei) in putamen. Data derived from sporadic PD
patients.

Large-scale reanalysis of publicly available bulk-RNA-seq and snRNA-
seq data from mouse and human central nervous system in
combination with GWAS data.

snRNA-seq (89,000 nuclei) in prefrontal cortex and anterior cingulate
regions in combination with publicly available GWAS data. Data
derived from familial PD patients (LRRK2 and GBA1 mutations).

snRNA-seq (84,000 nuclei) and spatial transcriptomics in human
substantia nigra. Data derived from sporadic PD patients.

snRNA-seq (41,000 nuclei) in the midbrain. Data derived from sporadic
PD patients.

snRNA-seq (316,000 nuclei) in the substantia nigra. Data derived from
sporadic PD patients.

Major findings

Oligodendrocytes undergo transcriptional changes during aging and even
further in PD, with little change in chromatin accessibility. Disease-associated
oligodendrocytes are characterized by loss of a myelination signature and
genes associated with neuroprotection, as well as an increase in stress response.

The substantia nigra has much higher proportions of oligodendrocytes than
the cortex, and oligodendrocytes are, alongside with neurons, associated with
PD risk loci, involving pathways that are (among others) associated with
metabolic processes and gene regulation.

PD-associated oligodendrocyte populations exhibit increased inflammation,
misfolded proteins, and reduced myelination capacity, which can be
recapitulated in an animal model of a-synuclein pathology.

Oligodendrocytes are, alongside neurons, highly associated with PD risk loci.
Oligodendrocytes in PD mostly react with up regulation of genes, suggesting
increased activity or proliferation. These transcriptional changes happen in
early Braak stages prior to onset of neurodegeneration.

Oligodendrocytes are associated with PD risk loci, and specific subclusters can
be linked to clinical outcome prediction for PD patients such as cognitive
assessment and depression. Dysregulated PD-associated gene pathways in
oligodendrocytes include regulation of tau-protein kinase activity, regulation
of inclusion body assembly and protein processing involved in protein
targeting to mitochondria.

Oligodendrocytes are the largest cell population in the substantia nigra and
their subpopulations show a shift in proportions in comparison to the controls,
with 2 subpopulations majorly depleted, of which one expresses tyrosine
hydroxylase and the other one is associated with iron storage and stress
response. Overrepresented clusters are associated with pathways such as RNA
polymerase complex function, lysosomal activity, MAP kinase activity, and
microtubule organization.

Oligodendrocyte numbers are significantly decreased in PD, as confirmed by
immunohistochemical analysis. The loss of oligodendrocytes is linked to
deficits in myelination, while the remaining oligodendrocytes appear to be
involved in the cellular response to unfolded proteins.

The PD-associated gene LRRK2 was strongly associated with oligodendrocytes
in healthy samples and SNCA was strongly upregulated in diseased
oligodendrocytes.

GWAS, genome-wide association studies; PD, Parkinson’s disease; snATAC-seq, single nucleus ATAC-sequencing; snRNA-seq, single nucleus RNA-sequencing.

https://doi.org/10.1371/journal.pbio.3002977.t001

transcriptomic profile has been brought to attention in oligodendrocytes from samples of the
striatum and the entire midbrain [34,35]. These results rather suggest a complex functional
influence of oligodendrocytes in the pathogenesis of PD that—if oligodendrocytes become

affected—goes beyond simple myelin loss and potential cell demise, although clear conclusions
are difficult to draw, as human single-cell transcriptomic data come from a single time point
of pathology.

In summary, the limited studies on oligodendrocytes in PD provide first evidence of non-
cell-autonomous changes associated with reduced functionality of oligodendrocytes that may
have widespread effects on the susceptibility of dopaminergic neurons, and therefore raise the
hypothesis that these changes may potentially play a role in contributing to disease pathogene-
sis. While valuable, these studies are largely descriptive and indicate a change in the transcrip-
tional profile of oligodendrocytes. Thus, further studies are needed to shed light on the
functional impact of these changes on oligodendrocyte dynamics, and potentially reveal
underlying molecular mechanisms contributing to pathology.
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Oligodendrocytes in Parkinson’s disease pathology: What remains
unknown?

How severely are oligodendrocytes functionally altered in Parkinson’s
disease?

Given the discoveries of transcriptional changes in oligodendrocytes in PD highlighted above,
several important questions for the field need to be raised. First, do oligodendrocytes play an
active role in the pathogenesis of the disease or are they merely secondary victims of the patho-
logical changes in affected neurons? Second, do these cells initiate and promote disease pro-
gression in early stages, or do they only respond to global damage from neighboring cells?
Literature indeed suggests the possibility of an early active pathogenic role of oligodendro-
cytes. For example, the transcriptomic studies from human samples reported a shift in their
gene expression profile as early as Braak stages 1 and 2 [11]. Nevertheless, these data only rep-
resent a single time point in the course of the disease. It is therefore impossible to say what
happens in earlier stages of the disease and whether these transcriptomic changes are preceded
by other physiological changes. We believe that appropriate human in vitro models could aid
address these pathologies and, in long term, could lead to the development of new research
strategies and potential therapies in the future.

The ability to combine single-cell transcriptomic and GWAS has enabled researchers to
better understand which cell types carry disease-associated single-nucleotide polymorphisms
(SNPs) and has contributed tremendously to bringing oligodendrocytes into focus [11]. How-
ever, how these SNPs influence the function of oligodendrocytes and in turn disease progres-
sion remains to be elucidated. As demonstrated in one study [34], the multi-omics approach
that combines single-cell RNA-sequencing with single-cell ATAC-sequenzing (to assess
genome-wide chromatin accessibility) on the very same cell, offers the possibility—albeit lim-
ited—of understanding which genes are affected by the SNP in a particular cell type. Further
development of these combined technologies will greatly improve our understanding of the
cell-specific pathological mechanisms in PD. Identifying and understanding these mechanisms
requires an enormous collaborative scientific effort, and longitudinal studies using animal
models and human patient material would be of great value to the field. This may also answer
the question of whether oligodendroglial changes progress linearly or whether the observed
pathological alterations also depend on different disease stages. This could open a whole new
set of biomarkers that would aid patient care and prognosis.

Does demyelination in the substantia nigra play a role in Parkinson’s
disease?

Myelination in patients with PD has been largely assessed by MRI, which, as previously men-
tioned [12,13], is only an indirect measurement of myelin content; therefore, the question of
whether demyelination is a common feature in PD remains largely speculative (Fig 2). There-
fore, a thorough examination of the myelin content in patients at different stages of the disease
will help us understand whether myelin changes precede and therefore could be causative of
neuronal loss, or whether sublethal damaged neurons cause oligodendroglial changes. The
general assumption in this field of research is that the degenerating dopaminergic neurons in
the substantia nigra are only sparsely myelinated [14], which is probably one reason why the
study of oligodendrocytes and myelin has not been the focus of research to date. However, it
seems that the low degree of myelination of human dopaminergic neurons has fallen into a
state of common knowledge, with actually little experimental evidence to support this
statement.
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Fig 2. Function and dysfunction of oligodendrocyte lineage cells in healthy and PD brains. (A) In the healthy brain, the primary role of oligodendrocytes is
the myelination of axons, though dopaminergic neurons are generally thought to have minimal myelination [14]. Moreover, both OPCs and non-myelinating
oligodendrocytes are recognized for their crucial roles in signaling and providing metabolic support [10], although the exact function of the non-myelinating
oligodendrocytes is even less clear. (B) In the PD brain, the particular consequences of damaged or non-functional oligodendrocytes is not well understood.
Although there are reports of demyelination in patient brains [12,13], it is still unclear to what extent this affects dopaminergic neuron health or whether
demyelination precedes neuronal damage. o-synuclein positive inclusions have been found in oligodendrocytes in PD patient brains [29,30]; however, it
remains unclear whether this is due to cell-autonomous build-up of o-synuclein or protein cell-to-cell transfer from neurons to oligodendrocytes. It is
hypothesized that diseased oligodendrocytes and OPCs may lose their direct signaling and metabolic support functions (indicated by dashed red lines) to
neurons due to pathological changes in their environment, such as the accumulation of ROS and iron (Fe) accumulation that could exacerbate neuronal
damage. Created with BioRender.com. OPC, oligodendrocyte progenitor cell; PD, Parkinson’s disease; ROS, reactive oxygen species.

https://doi.org/10.1371/journal.pbio.3002977.g002

On the contrary, newer studies, showing, for example, high proportions of oligodendro-
cytes [15,34,35,38] (summarized in Table 2) and high levels of myelination in the substantia
nigra [40], suggest a higher degree of myelination of dopaminergic neurons than previously
assumed. Additionally, improved technologies have shown that many neurons in regions of
gray matter are only intermittently myelinated [41], demonstrating that even small fragments
of myelin along axons are critical for complex neuronal functions [42]. Given this updated
information, the myelin content of dopaminergic neurons should be reassessed using state-of-
the-art technologies. Furthermore, it needs to be considered that PD is characterized by more
widespread pathology in other brain regions and involves non-dopaminergic neurons as well.
Hence, demyelination and malfunction of other neuronal populations may also contribute to
motor and non-motor symptoms associated with disease progression. Finally, the high num-
ber of oligodendrocytes in areas with little apparent myelination suggests that myelination is
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Table 2. Summary of the current state of the literature on the myelination state of the human substantia nigra.

Evidence for a sparse myelination in the substantia nigra
Publication Information provided

[43]; original research | Heavily myelinated areas are less immunoreactive to o-

article synuclein staining, less myelinated areas are strongly
immunoreactive to labeling with a-synuclein including the
substantia nigra

[14]; commentary Proposes that neurons with heavily myelinated axons resist
PD-related pathology, since myelinated neurons are more
resistant to pathology, while poorly myelinated neurons are

Evidence for a higher degree of myelination in the substantia nigra
Publication Information provided

[34]; original Oligodendrocytes are the most prominent cell type
research article | captured from human substantia nigra shown through
snRNA-seq and snATAC-seq

[35]; original snRNA-seq of human substantia nigra shows a higher
research article | proportion of nuclei from glia in the SN represented
mainly by oligodendrocytes than that obtained from the

more vulnerable to pathology cortex
[44]; review including | Description of the anatomy and functions of the limbic [38]; original Nearly 50% of all captured nuclei by snRNA-seq of human
some original research | system. Discusses predominance of thin, unmyelinated research article | substantia nigra were from oligodendrocytes or OPCs
data fibres of the overall system and shows examples of the
periaqueductal gray, a region close to the substantia nigra
[40]; original Electron microscopy shows nearly 40% myelinated axons
research article | in the human substantia nigra
[15]; original Oligodendrocytes are the most prominent cell type
research article | captured from human substantia nigra shown through
snRNA-seq

https://doi.org/10.1371/journal.pbio.3002977.t002

likely not the sole purpose of these cells, and that their contribution to normal brain physiol-
ogy may be far more pleiotropic than previously thought.

Do oligodendrocyte functions deteriorate due to oxidative stress?

There is strong evidence for an imbalance of brain iron in PD associated with pathology,
and the presence of elevated oxidative stress levels is an established pathological feature
[45]. Oligodendroglial iron has not yet received much scientific attention in the context of
PD, despite oligodendrocytes having the highest iron content in the central nervous system
[46], essential for their metabolism. Given the complicated and intimate nature of commu-
nication between neurons and oligodendrocytes (Fig 2) and their antioxidant function
related to iron metabolism [47], we raise the question whether oligodendrocytes exacerbate
or mitigate neuronal iron overload and its associated neurotoxicity. Oligodendrocytes have
been shown to be particularly vulnerable to oxidative damage [48], but there is still little
known about the sources of reactive oxygen and nitrogen species and the effects on specific
functions of oligodendrocytes, particularly with regard to direct coupling of neurons. We
speculate that these toxic agents in the environment lead to impaired oligodendrocyte
metabolism, rendering them incapable of providing their physiological protection to neu-
rons, or, alternatively, oligodendrocytes themselves could be the source of these toxic com-
ponents. Therefore, it should be considered that antioxidant support from oligodendrocytes
on neurons [47] may still be present, but disease conditions overwhelm the process as the
disease progresses.

What is known about the spread of a-synuclein pathology between
oligodendrocytes and neurons?

Evidence of oligodendroglial o-synuclein aggregates in PD has recently emerged [29,30]

(Fig 2), which was initially thought to be due to oligodendroglial uptake of monomeric and
oligomeric forms of a-synuclein [32]. However, more sensitive approaches have revealed that
oligodendrocytes do express a-synuclein mRNA and protein [49]; yet the functional and dis-
ease-associated implications of this finding remains to be studied. To this end, we propose that
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advanced disease modeling platforms may be beneficial, such as co-culture systems of neurons
with oligodendrocytes, to help assess whether oligodendrocytes are capable of taking up neu-
ronal a-synuclein, thereby reducing the pathological burden, and how this may affect progres-
sion of pathology. Or, as another possibility, whether an abnormal function or level of a-
synuclein in oligodendrocytes may account as a triggering determinant of pathology affecting
o-synuclein levels and accumulation in neighboring neurons. In-depth investigation of this
topic is critical to better understand possible risk factors and treatment strategies in PD, as
well as other synucleinopathies.

What role might oligodendrocyte progenitor cells play in the pathogenesis
of Parkinson’s disease?

Since OPCs were considered merely precursors of oligodendrocytes for a long time after their
discovery, many non-canonical functions of OPCs have been discovered, which have been
extensively discussed previously [50]. Although not much is known about the contribution of
OPCs to PD pathology yet, many of their functions could be of potential importance in disease
pathogenesis (Fig 2). Several publications have shown that OPCs are important for neuronal
function and their deficiency induces depression-like behavior [51] or obesity [52] in mice.
Due to their strong synaptic coupling with dopaminergic neurons [53] (Fig 2), malfunctioning
OPCs could disrupt cellular crosstalk, which could, in the long term, lead to functional
impairment of this vulnerable cell type. Moreover, OPCs are capable of synapse pruning [54],
which may be of pathological significance given the severe synapse loss in PD [55]. Lastly,
OPCs have also been shown to have immunomodulatory functions via direct cytokine signal-
ing [56] or through the acquisition of properties of antigen-presenting cells in multiple sclero-
sis [57,58], a chronic inflammatory condition resulting in oligodendrocyte death and
demyelination. With regard to PD, an immunomodulatory function of OPCs could potentially
exacerbate neuroinflammation.

Oligodendrocytes in Parkinson’s disease pathology: What are the major
challenges?

In recent years, studies using human brain tissue and next-generation transcriptomic
approaches have proven indispensable for describing previously unknown pathological
changes. However, the tissue is a limited resource and possible artefacts (due to non-standard-
ized handling protocols of the postmortem tissue) is a source of great variability in the data.
Furthermore, human brain tissue only provides a snapshot of the disease, and cellular and
molecular changes that occurred long before disease onset remain speculative, making addi-
tional approaches essential.

Based on the Alzforum database (www.alzforum.org), there are currently 33 genetic and
several other drug-induced rodent models of PD available. Although they span over a variety
of risk genes, pathological features, and several molecular mechanisms, they all aim at repro-
ducing well-known key pathological hallmarks of the disease and may therefore have limited
relevance to oligodendrocyte biology. Moreover, mouse oligodendroglia differ significantly
from human oligodendroglia at a fine transcriptomic level [59], which could potentially result
in unique species-specific responses to pathological stimuli, further complicating the use of
these animal models to study oligodendrocytes. This was indeed shown to be the case in a
comparative transcriptomic analysis of human and murine oligodendrocytes in Alzheimer’s
disease research [60]. In fact, this study confirmed that the oligodendrocyte activation signa-
ture observed in human Alzheimer’s disease is largely distinct from those observed in mice.
Possibilities to better understand the pathological mechanisms are, for example, the generation
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of novel animal modes based on identified molecular pathways that are critical for oligoden-
drocytes in PD, as well as the “humanization” of animal models through transplantation of
human oligodendrocytes.

Human iPSC models have made significant progress, and their use, particularly for study-
ing dopaminergic neurons, has increased significantly in the PD field [8,16]. However, obtain-
ing iPSC-derived oligodendrocytes remains a challenge (see section “Why has the role of
oligodendrocytes in PD pathogenesis remained so elusive?”). Although stem cell-derived mod-
els do not fully recapitulate the human brain in general, and a neurodegenerative disease due
to several limitations in particular, they are highly valuable for studying the underlying molec-
ular mechanisms of cells in isolation. Having robust oligodendrocyte models that can also be
kept for an extended amount of time and expanding these to more complex systems, such as
co-cultures and oligodendrocyte-harboring and myelinating 3D organoid models, will allow
the examination of cell-cell communication and network building. These models should
therefore—in parallel to advancing suitable in vivo models—be of highest priority.

Therefore, due to the limitations of all model systems, a concerted scientific approach com-
bining the use of human imaging data and postmortem material, together with human in vitro
iPSC platforms and rodent models, may provide some further insight to open scientific ques-
tions on this topic.

Conclusions

Oligodendrocytes are a highly abundant cell type in the central nervous system and are essen-
tial for brain health and its physiological functions. Therefore, it is not surprising that recent
transcriptomic studies have showcased that oligodendrocytes are linked with risk factors of
PD and may be involved in the pathogenesis of the disease. Although these studies are
extremely interesting and of great value, functional studies are needed to elucidate the role of
oligodendrocytes and OPCs in this disease. Studying the causal role of oligodendrocytes,
whether they are drivers or bystanders of pathology, the abundance and function of myelin on
dopaminergic neurons, the response of oligodendrocytes to oxidative stress, and o.-synuclein
aggregation appears to be of utmost priority. The full picture requires an orchestrated effort
combining the strengths of various in vivo and in vitro models, as well as the use of human
brain tissue. Due to their high plasticity, even during adulthood, pharmaceutical targeting of
oligodendrocytes in early disease stages could become a valuable therapeutic approach in PD
research, with the aim of advancing their neuroprotective potential to slow, stop, or even pre-
vent neurodegeneration in the first place.
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