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Oligodendrocyte precursor cells (OPCs) are not merely a
transitory progenitor cell type, but rather a distinct and
heterogeneous population of glia with various functions
in the developing and adult central nervous system. In
this review, we discuss the fate and function of OPCs in
the brain beyond their contribution to myelination.
OPCs are electrically sensitive, form synapses with neu-
rons, support blood–brain barrier integrity, and mediate
neuroinflammation. We explore how sex and age may in-
fluence OPC activity, and we review how OPC dysfunc-
tion may play a primary role in numerous neurological
and neuropsychiatric diseases. Finally, we highlight areas
of future research.

Oligodendrocyte precursor cells (OPCs) are a heteroge-
neous, multipotent population that emerges during em-
bryogenesis and persists as resident cells of the adult
brain parenchyma. Although their role as progenitors of
oligodendrocytes is well understood (Nishiyama et al.
1999), their additional capacities remain relatively unex-
plored as compared with other brain cells. In this review,
we highlight the unique properties of OPCs (summarized
in Fig. 1). The biology of myelination and mature oligo-
dendrocytes lies beyond our scope and has been thorough-
ly reviewed by others (e.g., Bradl and Lassmann 2010;
Michalski and Kothary 2015; Philips and Rothstein 2017).

Over the past fewdecades, OPCs have emerged as active
participants in multiple aspects of brain structure and
function. OPCs receive synaptic input from neurons (Lin
and Bergles 2004) andmay generate action potentials (Kár-
adóttir et al. 2008). They can assume the role of immune
cells, monitoring the environment, presenting antigens,
and releasing immunomodulatory factors (Falcão et al.
2018; Kirby et al. 2019). OPCs associate closely with the

blood–brain barrier and help maintain its integrity (Seo
et al. 2014). Finally, biological sex influences OPC devel-
opment, resilience, and response to pathology. As recent
studies have implicated OPCs in CNS disorders ranging
from Alzheimer’s disease to major depressive disorder,
understanding the physiological roles of OPCs and how
they may become dysregulated, is imperative to more ful-
ly understanding the brain.

OPCs in the developing brain

In mice, OPC formation is thought to occur in three
waves, with OPCs first derived from Nkx2.1-expressing
precursors around embryonic days E11.5–E12.5 in the
ventricular zone of the medial ganglionic eminence and
anterior entopeduncular area (Kessaris et al. 2006). A sec-
ond wave of OPC generation has been described at E16.5
in the Gsh2-expressing ventricular zone of the lateral
and central ganglionic eminences (Kessaris et al. 2006).
However, recent single-cell transcriptomic analyses
have suggested that these embryonic cells may constitute
“primitive” or “preceding”OPCs; that is, OPC precursors
with a distinct transcriptional identity (Marques et al.
2016; Weng et al. 2019; Huang et al. 2020). Human prena-
tal OPC generation occurs around the embryonic-fetal
transition, approximately gestational weeks GW10–15
(Jakovcevski et al. 2009).

Like neuronal progenitors, OPCs are generated through
asymmetric division of radial glia, the neural stem cells
(NSCs) that line the ventricular zone of the developing
brain. Whereas the apical daughter cell maintains stem-
ness through contact with both apical and basal surfaces
of the neuroepithelium, the prospective OPC detaches
from the luminal surface and resides in the ventricular
zone as it begins to transform (Kriegstein and Alvarez-
Buylla 2009). Sonic hedgehog (Shh), which is also
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expressed in themedial ganglionic eminence, up-regulates
expression of the class II transcription factors Nkx6.1 and
Nkx6.2 in differentiating neuroepithelial stem cells.
Together, Shh and the Nkx6 family transcription factors
induce expression of the basic helix–loop–helix transcrip-
tion factors Olig1 and Olig2 (Nery et al. 2001; Wegner
2008). Olig2 is essential for normal OL lineage specifica-
tion and dimerizes with E2A proteins to induce Nkx2.2,
Sox9, and Sox10 expression (Zhou et al. 2001; Lu et al.
2002; Takebayashi et al. 2002; Wegner 2008). OPCs
develop a characteristic bipolar cellular morphology and
expressNG2 chondroitin sulphate proteoglycan and plate-
let-derived growth factor receptor α (PDGFRα), part of an
essential signaling axis for OPC survival, proliferation,
and migration (Hart et al. 1989; Polito and Reynolds
2005; Finzsch et al. 2008; Bergles and Richardson 2016).
Newly formed OPCs subsequently migrate radially and

tangentially throughout the developing forebrain and op-
tic nerve. Numerous secreted signals such as Shh, C-X-
Cmotif chemokine ligand 1 (CXCL1), PDGFRα, fibroblast
growth factors (FGFs), class 3 semaphorins, bone morpho-
genetic proteins (BMPs), and chemotactic netrins attract
or repel OPCs at different times and in different spatial
contexts (Simpson and Armstrong 1999; Tsai et al. 2002;
Merchán et al. 2007; Furusho et al. 2011; Piaton et al.
2011; Choe et al. 2014; Tsai et al. 2016). OPCs in the optic
nerve may express ephrin ligands for contact-dependent
migration along optic nerve axons expressing Eph recep-
tors (Prestoz et al. 2004). Although prenatal OPCs appear
to populate the brain indiscriminately, early and late
waves of prenatally generated OPCs may be differentially
sensitive to certain chemoattractants such as neuregu-

lin-1, which could fine-tune their final destination in
the brain (Ortega et al. 2012). As they migrate, OPCs con-
tinually adjust their trajectories to avoid other OPCs by
extending and retracting their processes, resulting in an
even, nonoverlapping distribution of cells (Kirby et al.
2006; Hughes et al. 2013).
Evidence suggests that the developing vasculature plays

a dual role in OPC migration. First, because the vascular
endotheliumhas substantially infiltrated the parenchyma
by E11.5 (Daneman et al. 2009), it serves as a physical scaf-
fold for migration. OPCs can be observed in close associa-
tion with blood vessels as early as E12 in mice and GW14
in humans (Tsai et al. 2016). Time-lapse and live imaging
suggest that OPCsmove along and between blood vessels.
Second, juxtacrine signaling between chemokine receptor
4 (CXCR4) on OPCs and SDF1 (CXCL12) on endothelial
cells promotes MEK/ERK- and PI3K/AKT-dependent mi-
gration (Tian et al. 2018), as well as maintainsWnt activa-
tion inOPCs to block premature differentiation (Tsai et al.
2016). Endothelial cells also secrete trophic factors such as
BDNF and FGF, which activate Src/Akt signaling and pro-
mote PDGFRα expression inOPCs to sustain proliferation
(McKinnon et al. 1990; Arai and Lo 2009). These results
suggest that OPCs develop an intimate relationship with
the vasculature at an early developmental stage, which
they exploit to travel throughout the growing brain.
In addition to early patterns of OPC generation and mi-

gration described above, a thirdwave of pre-OPCs emerges
late in embryonic development (E17.5 in mice) and
later constitutes the majority of oligodendrocytes in the
neocortex (Winkler et al. 2018). Unlike the first two popu-
lations, which emerge from the ventral forebrain, the third

Figure 1. Transcription factors, growth factors, signaling pathways, and markers of cell identity associated with different stages of oli-
godendrocyte precursor cell (OPC) maintenance and differentiation. OPC proliferation and self-renewal depend on PDGFα–PDGFRα sig-
naling, highWnt tone, and PKC activation. Insulin, T3, and cortisol disinhibit differentiation of OPCs intomature oligodendrocytes (OLs),
likely through counteracting PKC activation. OPCs can be induced to differentiate into Type 2 astrocytes by BMPs and IFNγ. Although
some evidence suggests that OPCs express proneural transcription factors such as Sox2 and Pax6, and neuronal precursormarkers such as
doublecortin (DCX), it is unknown whether OPCs give rise to appreciable numbers of neurons in vivo.
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wave of pre-OPCs is derived from Emx1-expressing corti-
cal progenitors of the dorsal ventricular zone (Kessaris
et al. 2006). These late-born OPCs were initially thought
to replace the early-bornOPCs, eliminatedbyanunknown
mechanism. However, more recent work has challenged
this hypothesis by showing a specified population of ear-
ly-born OPCs survives in the developing cortex, eventual-
ly transcriptionally convergingwith later-bornOPCs after
birth (Marques et al. 2016; Orduz et al. 2019).

The functional significance of neocortical OPC turn-
over is not well understood, but it may result from the
changing molecular environment of the developing brain.
For example, interneurons that infiltrate the neocortex
from E14.5–16.5 secrete Shh as part of interneuron sub-
type specification; in turn, Shh might stimulate prolifera-
tion of late-born dorsal OPCs (Winkler et al. 2018).

Though PDGFRɑ is commonly used as amarker of OPC
identity, it has been hypothesized that some late-born cor-
tical OPCs do not require PDGFRɑ for survival (Zheng
et al. 2018). PDGFRɑ-negative OPCs express other mark-
ers of OPC identity such as Olig1, Olig2, and Sox10, and
they give rise to mature myelin basic protein (MBP)-
expressing oligodendrocytes. However, these populations
are restricted in number, range, and ability to form
myelin (Zheng et al. 2018), underscoring PDGFRɑ’s im-
portance in OPC proliferation, migration, and potential
for differentiation.

The fate of OPCs

Oligodendrocytes and other glial cells have been described
since the early 1900s, but it was only in the 1980s that
OPCs were appreciated to form a distinct cell population
(Doering and Fedoroff 1984; Hirayama et al. 1984;
Ffrench-Constant andRaff 1986). Best known for their cru-
cial role in oligodendrocyte production, OPCs can also dif-
ferentiate into Schwann cells of the CNS, as well as “type
2” astrocytes, which express markers such as GFAP and
S100β while retaining some OPC markers such as A2B5

(Sawamura et al. 1995; Windrem et al. 2004; Zawadzka
et al. 2010; Tabata 2015; Assinck et al. 2017). Thus,
OPCs were dubbed “O-2A cells,” and this label was used
by some through the turn of the 21st century. Because
type 2 astrocytes were relatively rare and elusive in vivo,
OPC gradually superseded O-2A as the term of choice
(Richardson et al. 2011). Utility of the O-2A label remains
for emphasizing distinctions between completely uncom-
mitted glial progenitor cells, bipotent O-2A cells, and oli-
godendrocyte-committed OPCs (Baracskay et al. 2007).
The term “NG2-glia” has also been used to describe
OPCs, due to their surface expression of the chondroitin
sulfate proteoglycan; however, as pericytes also express
NG2, this nomenclature is potentially problematic. In
this review, we use the term “OPC” to refer to bipotent
progenitors of oligodendrocytes and astrocytes. We also
discuss possible contributions of OPCs to neurogenesis.
These cell fates, key regulatory factors, and common
markers are summarized in Figure 2.

Differentiation of OPCs into oligodendrocytes

The differentiation of OPCs into mature, myelinating ol-
igodendrocytes begins around E18.5 in mice and contin-
ues throughout adulthood in both mice and humans
(McCarthy and Leblond 1988; Dimou et al. 2008; Rivers
et al. 2008). Differentiation consists of at least two dis-
crete waves of gene expression (Dugas et al. 2006) and is
tightly regulated by a combination of transcriptional,
epigenetic, and extrinsic factors (Emery 2010). Many ex-
trinsic signals, such as astrocyte-derived cues in the extra-
cellular matrix (ECM), serve to block OPC differentiation
(Mayoral and Chan 2016). Other factors such as triiodo-
thyronine (T3), cortisol, and insulinmay be required to un-
block oligodendrocyte differentiation by counteracting
PKC activation and enhancing cholesterol synthesis,
which is required to support myelination (Baron et al.
1998; Cardona et al. 2019). OPCs committing to the oligo-
dendrocyte lineagewill exit the cell cycle, expressmyelin-

Figure 2. Transcription factors, growth factors,
signaling pathways, and markers of cell identity
associated with different stages of oligodendro-
cyte precursor cell (OPC) maintenance and differ-
entiation. OPC proliferation and self-renewal
depend on PDGFα–PDGFRα signaling, high Wnt
tone, and PKC activation. Insulin, T3, and cortisol
disinhibit differentiation of OPCs into mature ol-
igodendrocytes (OLs), likely through counteract-
ing PKC activation. OPCs can be induced to
differentiate into Type 2 astrocytes by BMPs
and IFNγ. Although some evidence suggests
that OPCs express proneural transcription factors
such as Sox2 and Pax6, and neuronal precursor
markers such as doublecortin (DCX), it is un-
known whether OPCs give rise to appreciable
numbers of neurons in vivo.
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associated genes, and associate intimately with axons.
Committed OPCs express surface proteins including
O4, galactocerebroside (GalC), and 2′,3′-cyclic nucleotide
3′ phosphodiesterase (CNP) (Wegner 2008). They also ex-
hibit branching of cell processes and increased lipid bio-
synthesis to support the creation of myelin membranes
(Pfeiffer et al. 1993; Dugas et al. 2006; Wegner 2008). Oli-
godendrocyte maturation and myelination is reviewed in
more depth by Bradl and Lassmann (2010) and Michalski
and Kothary (2015).
The sequential action of several key transcription

factors guide oligodendrocyte differentiation. Although
Sox9 is essential for early commitment to a glial fate
and OPC survival, its expression vanishes as OPCs ma-
ture and commit to oligodendrogenesis (Stolt et al.
2003). Olig1, which is important for early differentiation,
is acetylated and translocated to the cytoplasm as OPCs
progress toward more mature, myelinating states, where
it may continue to indirectly regulate gene expression
(Dai et al. 2015). Sox10 and Olig2 promote the expression
ofmyelin genes such asMBP,myelin-associated glycopro-
tein (MAG), and proteolipid protein (PLP) (Stolt et al.
2003). Other transcription factors and nuclear receptors
that participate in oligodendrocyte development are ex-
tensively reviewed by Emery and Lu (2015) and Elbaz
and Popko (2019).
Oligodendrocyte differentiation is also regulated on the

epigenetic level. Whole-genome wide chromatin immu-
noprecipitation sequencing (CHIP-seq) against RNA poly-
merase II (RNAPII) identified Smarca4 (encoding BRG1) as
the most prominent RNAPII binding target, indicating
that it is an actively transcribed gene at the onset of oligo-
dendrocyte differentiation (Yu et al. 2013). Made accessi-
ble by the chromatin remodeler CHD8, BRG1 forms
chromatin remodeling complexes that activate CHD7,
inducing a cascade of chromatin remodeling and gene
transcription that inhibits nonoligodendroglial fates (Liu
et al. 2007; Zhao et al. 2018). Complementing CHD activ-
ity, histone deacetylases HDAC1 andHDAC2 drive oligo-
dendrocyte differentiation by blocking stabilization and
nuclear translocation of the β-catenin/TCF7L2 complex,
thus lowering Wnt tone and enabling differentiation (Ye
et al. 2009). MicroRNAs (miR) 219 and 338 have also
been reported to repress negative regulators of oligoden-
drocyte differentiation (Zhao et al. 2010).
Finally, the transition from immature to myelinating

oligodendrocyte appears to be regulated both internally
and externally by proteins such as γ-secretase (Watkins
et al. 2008), G protein-coupled receptor Gpr17 (Chen
et al. 2009), and transforming growth factor β (TGFβ) sig-
naling (Palazuelos et al. 2014). Oligodendrocytes have
also been reported to preferentially myelinate specific
classes of neurons. These preferences may emerge during
differentiation, but the molecular mechanisms of neuron
class recognition in oligodendrocytes is unknown
(Zonouzi et al. 2019).
The complex regulation of oligodendrocyte production

underscores the challenge of (re)generating these cells.
Fully understanding the mechanisms of OPC to oligoden-
drocyte differentiation and myelination would lay the

groundwork for a new era of neuro-regenerative medicine,
frommobilizingOPCs to repair demyelination to prevent-
ing age-associated cognitive decline (Wang et al. 2020).

Differentiation of OPCs into astrocytes

The potential of OPCs to give rise to type 2 astrocytes
was initially discovered in the rat optic nerve when iso-
lated progenitors were demonstrated to generate either
cell type in vitro if cultured in appropriate media (Raff
et al. 1983). Subsequent studies confirmed that isolated
OPCs could differentiate into either cell type (Temple
and Raff 1985; Raff 1989; Bögler et al. 1990). OPC differ-
entiation into astrocytes appears to be regulated predom-
inantly by extrinsic cues. Early in vitro studies suggested
that whereas OPC differentiation into oligodendrocytes
followed an “intrinsic clock” that counted cell divisions,
type 2 astrocytes could be generated at any time by add-
ing fetal calf serum to OPC cultures (Raff et al. 1985).
Later in vitro experiments identified BMPs and IFNγ as
extrinsic factors that push OPCs toward the astrocyte
lineage (Tanner et al. 2011; Tabata 2015; Suzuki et al.
2017). These findings are reflected in vivo, as the chang-
ing microenvironment of the developing brain directs
OPCs to take on different fates over time. In one study,
OPCs transplanted into P7 mouse telencephalon differ-
entiated largely into MBP-expressing oligodendrocyte
lineage cells; the majority of OPCs transplanted into
6-mo-old mouse cortex generated GFAP-positive astro-
cytes (Sawamura et al. 1995).
At the level of transcriptional regulation, cytoplasmic

translocation of Olig2 corresponds to the adoption of an
astrocytic fate (Zhao et al. 2009). Sequential Sox protein
expression may also regulate which transcriptional pro-
gram is activated. Across neuronal and glial progenitors,
Sox3 binds to mature cell type-specific genes to prevent
premature activation. InOPCs thatmaintain Sox3 expres-
sion, Sox3 and Sox9 prebind to astrocyte-specific genes
that are enriched forNfimotifs. Sox9 then acts synergisti-
cally with the astrocyte-associated transcription factor
NFIA to drive their expression and promote an astrocytic
fate (Klum et al. 2018). In the absence of Sox3, Sox9 binds
to both classes of glial genes; Sox10 then targets oligoden-
drocyte-specific genes to drive an oligodendrocyte fate
(Klum et al. 2018). Presumably, expression of these tran-
scription factors can be influenced by extrinsic signals,
but direct evidence connecting growth factors or cyto-
kines to Sox proteins in the context of OPC fate remains
to be described.

Differentiation of OPCs into neurons

From its earliest identification in a retroviral labeling
study, the neuropotent OPC has garneredmixed evidence
for its existence (Price et al. 1992). One early study used
transgenic mice expressing GFP under the control of the
CNP promoter to mark oligodendrocyte lineage cells.
These CNP-GFP-expressing cells were positive for NG2;
when isolated in vitro, they could be observed to lose
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CNP-GFP expression and differentiate into NeuN-posi-
tive neurons (Belachew et al. 2003). In vivo, CNP-GFP
cells in the hippocampus endured into early adulthood
(P30) and gained markers of differentiation and functional
specialization such as TOAD-64 (DPYSL3) and GAD-67
(GAD1) (Belachew et al. 2003). Most promisingly, these
cells were electrically excitable and fired action potentials
in vitro and in situ. Later studies found that OPCs express
low levels of neuronal precursor markers such as Sox2,
Pax6, and doublecortin (DCX), suggesting they may be in-
trinsically competent for neuronal differentiation (Dayer
et al. 2005; Guo et al. 2010; Robins et al. 2013).

Using transgenic mice that allow for Cre-recombinase-
dependent fate mapping, various studies have identified
neurons presumably birthed from NG2-positive or
PDGFRɑ-positive OPCs in the piriform cortex and hypo-
thalamus (Rivers et al. 2008; Guo et al. 2010; Robins
et al. 2013). In contrast, other research groupsusing similar
Cre reporter systems found thatNG2-positive cells did not
give rise to neurons (Kang et al. 2010; Zhu et al. 2011;
Huang et al. 2014, 2019). Evaluation of these findings is
complicated by the presence of neural stem cells (NSCs),
which could exhibit ectopic Cre-lox recombination as
well as some electrophysiological similarities between
OPCs and neurons described later in this review. An alter-
native hypothesis based on in vitro findings suggests that
OPCs can appropriate an NSC-like state as a result of ex-
ternal signals (Kondo and Raff 2000). Taken together, the
degree to which true OPC-derived neurons exist remains
to be determined.

OPCs in the adult brain

Following their rapid expansion and diffusion in the de-
veloping brain, OPCs reduce their rate of proliferation
and migration significantly, though they remain one of
the most mitotically active cell types in the adult CNS
(Rao and Jacobson 2006). OPCs constitute ∼5% of total
cells and 70% of BrdU-positive dividing cells in the
brain, residing both in the neurogenic niche of the adult
subventricular zone as well as throughout the brain
and optic nerve (Dawson et al. 2003; Domingues et al.
2016).

As a cell population, OPCs possess a remarkable degree
of functional, transcriptional, and regional heterogeneity.
Differences in the degree of calcium signaling activity,
phagocytosis, and electrical activity have been document-
ed within OPCs (Falcão et al 2018; Kirby et al. 2019;
Marisca et al. 2020). This functional diversity may be de-
scribed at a transcriptional level, as single-cell RNA se-
quencing has revealed distinct clusters of OPCs, marked
by unique expression of genes related to migration, cell-
cycle, or astrocytic fate commitment (Marques et al.
2016). Transcriptional analysis of human postmortem
brain tissue from multiple sclerosis patients has revealed
diversity within oligodendrocytes, raising the intriguing
possibility that certain subpopulations of OPCs may be
more likely to survive or differentiate under disease states
(Jäkel et al. 2019). Whether all OPCs are equally able to

participate in different functions, how these roles are as-
sumed, and relevance to human disease are all certainly
interesting questions to pursue.

OPCs self-renew through asymmetric division and can
generate differentiating oligodendrocytes throughout the
CNS in support of myelin remodeling and repair (Young
et al. 2013). However, new oligodendrocyte generation
from adult OPCs is limited. In humans, themajority of ol-
igodendrocytes are generated by 5 yr of age, and only 0.3%
of the population is replaced annually (Yeung et al. 2014).
Oligodendrocytes in themousebrain possess a similar lon-
gevity; for example, 90% of oligodendrocytes at P60 were
found to persist 8 mo later (Tripathi et al. 2017). Although
acute disease processes as seen in aggressivemultiple scle-
rosis (MS) can trigger an increase in oligodendrocyte gener-
ation during adulthood, 14C analysis suggests that OPC
proliferation and differentiation into mature oligodendro-
cytes is rare in the majority of individuals (Yeung et al.
2019). The longevity of oligodendrocytes, and the relative-
ly large population of OPCs in the adult brain, raises the
possibility that most OPCs may hold responsibilities be-
yond replacing oligodendrocytes.

Electrophysiological properties of OPCs

The advent of patch-clamp technology enabled electro-
physiological recording from glial cells for the first time
in the 1980s and 1990s (Walz and MacVicar 1988; Berger
et al. 1991). Combined with immunohistochemical label-
ing of NG2 or O4, these recordings revealed that OPCs ex-
press a multitude of ion channels and respond to
neuroligands, listed in Table 1 (for reviews, see also Kára-
dóttir and Attwell 2007; Paez and Lyons 2020).

OPCs are heterogeneous in their electrophysiological
properties, which also changewith age. For example, adult
OPCs aremore sensitive to local increases in extracellular
potassium by expressing the inwardly rectifying potassi-
um channel Kir1.4 (Maldonado et al. 2013). OPCs that
are more committed to an oligodendrocyte fate reduce
their expression of receptor and ion channel genes (Fröh-
lich et al. 2011). Transcriptional profiling revealed in-
creased expression of particular ion channel subunits in
OPCs during developmental myelination, suggesting
that electrical and chemical signaling may regulate OPC
fate (Spitzer et al. 2019). Other reviews describe the role
of neurotransmitter signaling in OPC differentiation dur-
ing activity-dependent myelination, also referred to as
myelin plasticity (for reviews, see Fernández-Castañeda
and Gaultier 2016; de Faria et al. 2019; Bonetto et al.
2020).

In several model systems, two functional classes of
OPCs have been observed. Live-cell imaging, single-cell
transcriptomics, and calcium imaging in zebrafish spinal
cord identified one OPC population that engaged in high
rates of calcium signaling, and one that was more likely
to differentiate into myelinating oligodendrocytes, sug-
gesting that signaling in highly connected OPCs coordi-
nates the positioning and differentiation of more mature
OPCs (Marisca et al. 2020). Furthermore, some have
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shown that the electrically active subpopulation of OPCs
is capable of generating action potentials. Káradóttir et al.
(2008) found that 46% of rat OPCs recorded in situ ex-
pressed voltage-gated channels and generated both spon-
taneous and evoked action potentials, in contrast to
remaining OPCs that were electrically inactive and did
not express ion channels. In another study, 19% of record-
ed NG2-positive mouse OPCs fired all-or-nothing action
potentials when depolarized to −30 mV, and 76% fired
graded spikes proportional to stimulus magnitude (Ge
et al. 2009). Further study is required to interrogate the po-
tential relevance of OPC-initiated electrical activity to
neuronal signaling.

The neuron-OPC synapse

While OPCs were known to express ion channels, wheth-
er they formed bonafide synapses remained unclear until
the landmark discovery that, unlike other glia, OPCs
form functional excitatory synapses with neurons (Bergles
et al. 2000). Electrophysiological recordings demonstrated
that hippocampal OPCs experienced excitatory postsyn-
aptic currents in response to stimulation of CA1 neurons.
Ultrastructural imaging revealed neuronal presynaptic
junctions onto OPCs and close association between
OPC processes and neuronal postsynaptic densities (Ber-
gles et al. 2000).
Excitatory neuron-OPC synapses have since been found

in mice during development and adulthood, suggesting
that their function likely extends beyond the establish-
ment of developmental, activity-dependent myelination
cues (Ziskin et al. 2007). More recently, monosynaptic
tracing has revealed that OPCs in the corpus callosum re-
ceive synaptic inputs from many functionally connected
cortical and thalamic regions, suggesting that OPCs are
well positioned to integrate signals from brain-wide cir-
cuits (Mount et al. 2019). Finally, calcium-dependent
AMPA-receptor neuron-OPC synapses have been reported
to undergo long-term potentiation (Ge et al. 2006), invit-
ing speculation on the role of neuron-OPC synaptic plas-

ticity in learning and memory. Whether other forms of
synaptic plasticity exist at neuron-OPC synapses, and po-
tential functional consequences, remains unknown.
OPCs have also been shown to form inhibitory synapses

with GABAergic interneurons in the P14 rat hippocam-
pus. OPCs exhibited miniature inhibitory postsynaptic
currents (mIPSCs) consistent with quantal GABA release
at synapses, and increased their spontaneous activity
when interneurons were pharmacologically depolarized
in acute slices (Lin and Bergles 2004). GABAergic inter-
neurons have been shown to form a synaptic network
with OPCs most active at the onset of myelination in
the second postnatal week (Vélez-Fort et al. 2010; Orduz
et al. 2015). Both fast-spiking interneurons (FSIs) and
non-fast-spiking interneurons (NFSIs) synapse onto
OPCs, but FSIs are more extensively connected to OPCs
and target the soma and proximal processes (Orduz et al.
2015). As FSIs are responsible for establishing cortical γ os-
cillations (Cardin et al. 2009; Sohal et al. 2009), it could be
of interest to determine whether OPCs, through their in-
timate relationship with FSIs, help to coordinate cortical
oscillations and thus contribute to higher-order cognitive
function.
BeyondGABAand glutamate, OPCs are sensitive to gly-

cine, histamine, adenosine, andmanyother signalingmol-
ecules that can trigger a rise in intracellular calcium levels
(Kastritsis and McCarthy 1993; Belachew et al. 2000; Ste-
vens et al. 2002). How analogous the intracellular second
messenger signaling cascades are to those observed in neu-
rons remains incompletely known. Responsiveness to his-
tamine also suggests that OPCs could be monitoring the
immune environment, a topic explored later in this re-
view.OPCs have also been reported to possess dopaminer-
gic D3 receptors, potentially allowing them to respond to
changes in dopaminergic tone (Bongarzone et al. 1998).

Neuromodulation by OPCs

In addition to receiving synaptic input, OPCs engage with
neurons along multiple signaling axes to regulate

Table 1. Reported expression of ion channels and G protein-coupled receptors in OPCs

Channel/receptor class References

Inward rectifier ion
channels

Potassium (Maldonado et al. 2013)

Voltage-gated ion
channels

Sodium (Barres et al. 1990; Blankenfeld et al. 1992; Káradóttir et al. 2008); potassium (Barres et al. 1990;
Berger et al. 1991; Káradóttir et al. 2008); L- and T-type calcium (Blankenfeld et al. 1992; Kirischuk et al.
1995; Fulton et al. 2010; Haberlandt et al. 2011; Cheli et al. 2015)

Ligand-gated ion
channels

NMDA receptor, possibly containing GRIN1, GRIN2A, GRIN2B, and GRIN2C subunits (Káradóttir et al.
2005; Ge et al. 2006; Li et al. 2013); Ca2+-permeable AMPA receptor, possibly containing GRIA2,
GRIA3, and GRIA4 subunits (Barres et al. 1990; Bergles et al. 2000; Haberlandt et al. 2011); kainate
receptor, possibly containing GRIK2, GRIK3, GRIK4, and GRIK5 subunits (Patneau et al. 1994); GABAA

receptor, possibly containing GABRG2 subunits (Lin and Bergles 2004; Vélez-Fort et al. 2010; Orduz
et al. 2015); glycine receptor (GlyR) (Belachew et al. 2000); muscarinic acetylcholine receptors (Kastritsis
and McCarthy 1993)

G protein-coupled
receptors

Group I metabotropic glutamate receptors (Deng et al. 2004; Haberlandt et al. 2011); D3 dopamine receptor
(Bongarzone et al. 1998); P2X7 purine receptor (Hamilton et al. 2010); P2Y1 purine receptor (Kastritsis
and McCarthy 1993; Agresti et al. 2005; Hamilton et al. 2010); A1, A2A, A2B, A3 adenosine receptors
(Stevens et al. 2002); α2-adrenergic receptor (Kastritsis and McCarthy 1993)
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neuronal signaling. NG2, one of the hallmark OPC mem-
brane proteins, may directly modulate neuron-neuron
synapses when it is cleaved by α- and γ-secretases to re-
lease its ectodomain into the ECM. Either genetic abla-
tion of NG2 or pharmacological inhibition of the α-
secretase ADAM10 resulted in significantly impaired
NMDAR-dependent LTP and sensorimotor gating (Sakry
et al. 2014). However, because NG2 is also expressed by
mural cells such as pericytes and vascular smoothmuscle
cells, NG2 knockout mice cannot be used to exclude the
possibility that other NG2-expressing cells contribute to
this effect.

OPCs also secrete neuromodulatory factors such as
prostaglandin D2 synthase (PTGDS), neuronal pentraxin
2 (NP2), and FGF2 (Birey et al. 2015; Sakry et al. 2015). Par-
tial ablation of OPCs in stress-susceptiblemice and subse-
quent loss of OPC-secreted FGF2 has been shown to
dampen glutamatergic signaling in prefrontal cortex, sup-
press glutamate uptake by astrocytes, and induce MDD-
like behavioral deficits on open-field and micro-defeat
tests (Birey et al. 2015). A recent transcriptomic study of
male patients withmajor depressive disorder (MDD) iden-
tified OPCs and deep-layer excitatory neurons as themost
differentially regulated cell types, constituting almost
half of all gene expression changes (Nagy et al. 2020).
Analysis of receptor-ligand interactions between these
two cell types revealed disrupted FGF and neurexin-neu-
roligin signaling, suggesting that OPCs are required for
normal excitatory neurite outgrowth and synaptic main-
tenance (Nagy et al. 2020). In another example, loss of
NG2-positive OPCs in the arcuate nucleus of the median
eminence results in a striking loss of neuronal sensitivity
to leptin, leading to overeating behavior and weight gain
inmice (Djogo et al. 2016). Taken together, these data sug-
gest that OPCs are intertwined with neurons and other
glia at neuron-neuron synapses to enable normal signal
transmission and synaptic plasticity.

The highly communicative nature of OPCs raises many
interesting questions. Could spiking OPCs influence neu-
ronal properties and activity? Does electrical input to
OPCs influence nonmyelinating functions such as im-
mune surveillance? How does electrical activity in
OPCs affect cortical interneuron development? How do
neuron-OPC synapses change in response to disease or in-
jury, and could OPCs sense and respond to neural circuit
disruption via their synaptic connections with neurons?
These questions highlight a rich area of future study
that could lend unique insight into normal and patholog-
ical brain signaling.

OPCs at the blood–brain barrier

The blood–brain barrier (BBB) is responsible for regulating
nutrient uptake from peripheral blood, clearing toxic
waste products, and protecting the CNS from pathogenic
insult. Maintaining BBB integrity is therefore crucial for
ensuring brain health, and OPCs have been shown to
play a critical role in both development and maintenance
of the BBB. First, OPCsmay be required for normal embry-

onic brain vascularization, as genetic ablation of NG2-
positiveOPCs in embryonicmice leads to reduced density
and branching of the vascular network (Minocha et al.
2015). After birth, OPCs continue to promote angiogene-
sis in white matter through HIF signaling and paracrine
Wnt signaling, coupling postnatal myelination and angio-
genesis (Yuen et al. 2014). In addition to facilitating the
penetration of blood vessels into the brain, OPCs also pro-
mote endothelial cell junction tightness within the BBB
by secreting the cytokine TGFβ. Consequently, inhibiting
OPC-specific TGFβ secretion causes massive cerebrovas-
cular disruption and hemorrhage (Seo et al. 2014). Howev-
er, these results should be interpreted with some caution,
as NG2 is also expressed in pericytes, and therefore ex-
pressing Cre under the NG2 promoter may directly affect
pericytes, a critical cellular component of the BBB.

In both mice and humans, OPCs associate closely with
pericytes, another cell type of the BBB; they wrap process-
es around pericytes and attach to them via the abluminal
basal lamina (Maki et al. 2015). Media conditioned by one
cell type increases proliferation of the other in vitro, sug-
gesting that OPCs and pericytes support and regulate each
other’s growth (Maki et al. 2015). Pericytes also appear to
be essential for white matter maintenance. In a mouse
model of pericyte loss in adulthood, myelin sheaths be-
come thinner, white matter tracts become disorganized
and vacuolized, and oligodendrocytes undergo apoptosis
(Montagne et al. 2018). Interestingly, OPCs do not signifi-
cantly proliferate or facilitate remyelination in this mod-
el, despite loss of oligodendrocytes. In conjunction with
previous findings that pericytes stimulate OPC differenti-
ation after CNS demyelination (De La Fuente et al. 2017),
this suggests that pericyte loss can both initiate oligoden-
drocyte loss and affect subsequent regeneration by OPCs
in white matter diseases (Montagne et al. 2018).

Due to their close relationship with the vasculature,
OPCs are not only victims of BBB disruption, but may
also participate in BBB pathogenesis. OPCs proliferate
and up-regulate NG2 in response to macrophage, platelet,
or cytokine exposure, but not other lesions that do not vi-
olate BBB integrity, suggesting that OPCs are specifically
responsive to BBB opening (Rhodes et al. 2006). These ac-
tivated OPCs migrate to areas of injury using the vascula-
ture as a scaffold (Bonfanti et al. 2017). While this process
is essential for remyelination following ischaemic injury,
dysregulated OPCs can actually drive further BBB degra-
dation. OPCs exposed to fibrinogen, which activates
BMP signaling, are more likely to differentiate into astro-
cytes instead of oligodendrocytes, fueling gliosis and hin-
dering remyelination (Petersen et al. 2017). Wnt signaling
dysfunction in MS can cause OPCs to fail at migration
along blood vessels and instead cluster around the vascu-
lature (Niu et al. 2019). This dysfunctional clustering
leads OPCs to physically evict astrocyte endfeet from
the BBB, disrupt tight junctions between endothelial cells,
and increase BBB permeability (Niu et al. 2019).

In addition to physically disrupting the BBB, OPCs may
actively degrade the ECM. Following injury to the white
matter via cerebral hypoperfusion, OPCs were shown to
secrete MMP9, a matrix metalloproteinase that cleaves
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ECM proteins (Seo et al. 2013). In vitro treatment of OPC
cultures with IL1β also induced secretion of MMP9. Ex-
posing brain endothelial cell cultures to this OPC-condi-
tioned media resulted in degradation of ZO1, the tight
junction protein responsible formaintaining BBB integrity
(Seo et al. 2013). Further study is required to understand
the pathological influences of OPCs on the BBB and may
yield novel therapeutic strategies for neuroinflammatory
or neurovascular diseases.

OPCs as immunomodulatory cells

In concert with immune cells like microglia, OPCs may
playa significant role inmodulating the immune response.
Early observations found thatOPCs near inflammatory le-
sions in experimental autoimmune encephalitis (EAE) un-
dergo morphological changes, including shortening and
thickening of processes reminiscent ofmicroglial or astro-
cytic activation (Nishiyama et al. 1999). In a rat model of
contusive spinal cord injury, a small number of NG2-pos-
itive cells expressed CD11b, a canonical marker of macro-
phages and microglia, and assumed an unusual ameboid
morphology with short processes and endfeet (Lytle et al.
2006). Following cortical cryo-injury, NG2-positive
OPCs at the lesion site preferentially differentiated into
bushy GFAP-positive astrocytes, suggesting a role in glial
scar formation (Tatsumi et al. 2008). A study of spinal
cord injury in postmortem human samples revealed high
levels of NG2 around lesion sites up to 24 d after injury
(Buss et al. 2009). Notably, some cells were positive for
both NG2 and CD68, a protein typically expressed by
phagocytic immune cells. OPCs are also highly sensitive
to proinflammatory cytokines. IFNγ treatment decreases
OPC differentiation into myelinating oligodendrocytes
and prevents remyelination following cuprizone treat-
ment (Lin et al. 2006). Similarly, exposure to TNFɑ inhib-
ited differentiation and induced apoptosis (Su et al. 2011).
Concurrent IFNγ and TNFɑ exposure in cultures of differ-
entiatingOPCs resulted in lower levels ofMBPproduction
(Feldhaus et al. 2004). Immune-mediated OPC dysfunc-
tion and death is reviewed in more detail by Antel et al.
(2019). Although one clear effect of proinflammatory stim-
ulation is cell death, the failed differentiation of surviving
cells introduces the possibility that they are forsaking
their oligodendrocyte fate to assume an immune cell-
like phenotype.
Together, these earlier studies suggested that OPCs are

not only present at sites of brain inflammation but likely
also have unique roles as reactive and immunomodulato-
ry cells. This has since been observed acrossmany disease
contexts. OPCs increasemigratory speed and proliferation
rate after cuprizone-mediated demyelination, releasing
IL1β and CCL2 in the process (Moyon et al. 2015). OPCs
in both activeMSwhitematter lesions and tissue samples
from patients with schizophrenia exhibit clustering
behavior, unlike their typical nonoverlapping spatial ar-
rangement (Hughes et al. 2013; Kolomeets et al. 2013;
Niu et al. 2019). In human postmortem brain samples
from AD patients, proximity to amyloid-β plaques was as-

sociated with retracted processes in OPCs (Nielsen et al.
2013). These morphological changes could be recapitulat-
ed in vitro by the addition of amyloid-β oligomers, sug-
gesting that OPCs react directly to toxic protein
aggregates in a primary inflammatory response (Nielsen
et al. 2013). In models of synucleinopathies like multiple
system atrophy or Parkinson’s disease (PD), OPCs have
been shown to accumulate endogenous α-synuclein and
internalize exogenous α-synuclein, leading to impaired
differentiation to oligodendrocytes and reduced trophic
and metabolic support of neurons (Kaji et al. 2018).
OPCs have been shown to express numerous immuno-

modulatorymolecules, including chemokines, cytokines,
complement and complement receptors, and regulatory
ligands (Zeis et al. 2016). They may play a critical role in
amplifying peripheral immune cell recruitment in EAE
via IL17-Act1 signaling (Kang et al. 2013). Some activated
OPCs may even be phagocytes. Falcão et al. (2018) found
that half of OPCs in vitro could phagocytosemyelin parti-
cles, suggesting significant functional heterogeneity
among OPCs. Characterizing the difference between
phagocytic and nonphagocytic OPCs could yield insight
into mechanisms regulating the conversion of OPCs
into immune-responsive cells.
Stereotyped changes to OPC activity and morphology

in disease environments suggest the existence of a distinct
disease-associated cell state that can be identified tran-
scriptomically. Indeed, inducing EAE in mice led to the
generation of a transcriptionally distinct OPC population
absent from untreated animals (Falcão et al. 2018). These
OPCs expressed genes related to the innate immune re-
sponse, including the pattern recognition receptor Toll-
like receptor 3 (Tlr3) as well as members of the Serpina
gene family. OPCs expressing MHC class II proteins
have been found in both mouse models and human pa-
tients with MS, indicating that disease conditions can
drive OPCs to become antigen-processing and antigen-
presenting cells (Falcão et al. 2018; Kirby et al. 2019). Oth-
er human single-nucleus and single-cell RNA sequencing
datasets also suggest that OPCs skew toward proinflam-
matory fates in various neurological diseases. In multiple
sclerosis patients, OPCs are less abundant, and oligoden-
drocytes are enriched for a subcluster of intermediate oli-
godendrocytes expressing genes associated with antigen
presentation (Jäkel et al. 2019). In individuals with high
Alzheimer’s disease pathology, OPCs express more genes
related to granulocyte activation (Mathys et al. 2019).
How these gene expression patterns converge or diverge
across inflammatory CNS diseases remains unknown,
but they may serve as a framework for exploring how dis-
ease-associated OPCs arise and behave in vivo, similar to
disease-associated microglia (DAMs) in AD (Keren-Shaul
et al. 2017).
The decision to become a proinflammatory OPC may

depend on signal transduction via low-density lipoprotein
receptor-related protein 1 (LRP1). Mice with LRP1 con-
ditionally knocked out under control of the Olig1
promoter had a reduced transcriptional and phenotypic
inflammatory response to both EAE and cuprizone, ac-
companied by increased myelination and decreased
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CD8+ cell proliferation (Fernández-Castañeda et al. 2020).
Deletion of LRP1 under the Pdgfra promoter also reduced
cuprizone-induced pathology (Auderset et al. 2020, pre-
print), suggesting that LRP1 signaling pushes OPCs to-
ward a nonmyelinating, proinflammatory phenotype. As
LRP1 has been linked to clearance of the pathological pro-
tein amyloid-β in Alzheimer’s disease, understanding
which binding partner of LRP1mediates this effect would
be of high interest (Kanekiyo and Bu 2014).

In contrast to their detrimental effect on brain health in
some contexts, OPCs may play an important beneficial
role in immune homeostasis. Ablation of NG2-positive
cells in conjunction with lipopolysaccharide (LPS) treat-
ment led to microglia overactivation and neuronal death
from massive neuroinflammation (Nakano et al. 2017).
Intriguingly, while inhibition of microglia activation
attenuated neuronal death, treatment with an NG2-cell-
derived cytokine provided even more significant neuro-
protection (Nakano et al. 2017). These findings suggest
that OPCs not only regulate the activity of immune cells
but also mediate the sensitivity and vulnerability of neu-
rons to an inflammatory environment.

This relationship between OPCs and microglia may be
mediated in large part by TGFβ2 signaling (Zhang et al.
2019b). The cytokine TGFβ is well known for its essential
role in the induction andmaintenance of a homeostatic or
quiescent phenotype in microglia, which is characterized
by expression of the CX3C motif chemokine receptor 1
(CX3CR1) (Zujovic et al. 2000; Abutbul et al. 2012; Butov-
sky et al. 2014; Limatola and Ransohoff 2014). Culturing
primary ratmicroglia withOPCs or OPC-conditionedme-
dia not only up-regulated CX3CR1 in the microglia, but
also suppressed their response to LPS-induced inflamma-
tion. OPC-derived TGFβ2 was demonstrated to be respon-
sible for this homeostatic effect (Zhang et al. 2019b).
Whether OPCs release other cytokines to regulate other
aspects of microglia function or even peripheral immune
cells remains unknown.

Oxidative stress and OPC senescence

Under physiological conditions, OPCs play a critical role
in maintaining the homeostasis of neurons, endothelial
cells, and other glia, and are highly reactive to damage
or dysfunction in other brain cell types. However, OPCs
may be the primary targets of some pathologies, namely,
oxidative stressors. OPCs depend on high pentose phos-
phate pathway activity to produce the antioxidant gluta-
thione and are sensitive to NADPH depletion (Kilanczyk
et al. 2016). Compared with astrocytes, OPCs are under
higher baseline oxidative stress and have higher free intra-
cellular iron,meaning a poorer ability to scavenge reactive
oxidative species (ROS) and increased susceptibility to cell
death followinghypoxiaor blue light exposure (Husainand
Juurlink 1995; Thorburne and Juurlink 1996). When sub-
ject to oxidative stress, both rodent and human OPCs ex-
hibit increased degrees of free radicals, mitochondrial
swelling, and chromatin margination and condensation
compared with mature oligodendrocytes (Back et al.

1998). Because of their metabolic sensitivity, OPCs may
serve as sentinels and active participants in early disease
progression. This property may be of great relevance in
PD, which is characterized by oxidative stress and dis-
ease-causing genetic variants related to mitochondrial
impairment.

Deeply connected to oxidative stress andmetabolic dys-
function is senescence, a cellular state characterized by
permanent cell cycle cessation and apoptosis resistance
(Di Leonardo et al. 1994). It was first described by Leonard
Hayflick and Paul Moorhead, who noticed that cultured
human cells ceased proliferating after 40–60 cycles of
cell division due to progressive telomere shortening
(1961). Although arresting the proliferation of cells with
DNA damage is beneficial for tumor suppression, the re-
sulting senescent cells remain metabolically active and
can release inflammatory cytokines, reactive oxidative
species, and ECM-degrading enzymes. This senescence-
associated secretory phenotype (SASP) can drive inflam-
mation in the cellular milieu and induce senescence in
neighboring cells (Hubackova et al. 2012; Nelson et al.
2018). Evidence is rapidly accumulating that senescence
may be a primary event in many neurodegenerative dis-
eases (Golde and Miller 2009; Streit et al. 2009; Bussian
et al. 2018).

Early in vitro studies suggested that OPCs are a nonse-
nescent cell type, as OPCs derived from P7 rats did not un-
dergo replicative senescence even after 20 mo in culture
(Tang et al. 2000). The cells retained p53-dependent
checkpoint responses andwere able to assume a senescent
phenotype after treatment with known genotoxic agents,
indicating that these OPCs had the ability to undergo sen-
escence but simply did not do so under normal culture
conditions (Tang et al. 2001). However, subsequent stud-
ies found that OPCs cultured from aged rodents are
impaired in multiple ways compared with those from
young animals, including a diminished ability to dif-
ferentiate into mature oligodendrocytes in vitro (Neu-
mann et al. 2019). “Old” OPCs exhibited double-
stranded DNA breaks and up-regulation of senescence-
associated genes such as Cdkn2a (Neumann et al. 2019).
Conversely, experimental models of DNA damage also
generate OPCs with a senescent-like phenotype in vivo.
Following focal X-irradiation at T13 of the adult mouse
spinal cord, up to one-third of OPCs persisted in the irra-
diated zone for up to 6 wk. Surviving OPCs were mitoti-
cally inert, prevented infiltration of new OPCs into the
area, and were significantly less capable of remyelination
following a second demyelinating insult (Chari et al.
2003). Taken together, these findings indicate that dam-
aged OPCs may become senescent or senescent-like,
and stressors ranging from natural aging to acute injury
can induce these dysfunctional phenotypes.

Because aging in humans and rodents is associated with
reduced white matter volume and reduced remyelination
potential, it is appealing to speculate that conversion of
OPCs into a senescent state may contribute to these def-
icits through reduced proliferation and differentiation
intomyelinating oligodendrocytes (Gilson and Blakemore
1993; Sim et al. 2002; Cox et al. 2016; Farokhian et al.
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2017). These deficits may be exacerbated by age-associat-
ed neurodegenerative diseases such as AD. In the triple
transgenic mouse model of AD, which develops amyloid
plaques by 6 mo of age, OPCs exhibit a pattern of early
morphological atrophy but do not decrease significantly
in numbers, suggesting that rapid and early loss of MBP
in the hippocampus is due to OPC disruption rather
than exhaustion or depletion (Vanzulli et al. 2020).
Thus, OPC senescence may be responsible for some of
the earliest neuropathological changes that occur long be-
fore overt cell loss in AD.
Senescent OPCs also change in their capacity as im-

mune modulators. Recent work has provided evidence
for senescent OPCs associated with amyloid-β plaques
in human patientswithADandmousemodels, consistent
with a general hypothesis that OPCs may be primary re-
sponders to amyloid-β itself (Zhang et al. 2019a; Vanzulli
et al. 2020). Notably, pharmacologically ablating senes-
cent OPCs in a transgenic amyloid-β mouse model re-
duced microglial activation and decreased levels of IL6,
IL1β, and TNFɑ, which are molecular components of the
SASP, suggesting that senescent OPCs create an inflam-
matory environment that drives responses from other gli-
al cell types. However, ablation of senescent cells also
decreased the overall amyloid burden, so it is unclear
whether reduced inflammation is a primary or secondary
result of OPC senolysis (Zhang et al. 2019a).
One conservedmechanism of OPC senescence could be

pathological intracellular lipid droplet (LD) accumula-
tion, a hallmark of many diseases and risk factors such
as aging, AD, atherosclerosis, cancer, inflammation, and
mitochondrial dysfunction (Bozza and Viola 2010; Boren
and Brindle 2012; Yuan et al. 2012; Cantuti-Castelvetri
et al. 2018; Marschallinger et al. 2020). LD accumulation
has been characterized in the brain for microglia, which
develop LDs and suffers lysosomal damage when choles-
terol from phagocytosed myelin oversaturates the cell’s
lipid efflux capacity, leading to lysosomal damage and re-
lease of proinflammatory molecules via the NLRP3
inflammasome (Cantuti-Castelvetri et al. 2018). Con-
versely, chronic inflammation can induce microglial LD
accumulation, leading to reduced phagocytic activity
and lysosome dysfunction (Marschallinger et al. 2020).
Stressed astrocytes also form more LDs and exhibit dys-
functional phenotypes such as glucose hypometabolism
and impaired endocytosis (Farmer et al. 2019). Whether
OPCs accumulate LDs under stress and how they may re-
spond is unknown. Because a subset of OPCs may be able
to phagocytose myelin particles (Falcão et al. 2018), it is
possible that LD formation and inflammation analogous
to that in microglia could drive similar senescent-like,
proinflammatory phenotypes in OPCs.

Roles of biological sex in OPC pathology and resilience

Sex hormones are known to broadly modulate both glial
cell activity and immune responses (for review, see
Schwartz et al. 2012), and molecular evidence indicates
that OPCs are no exception. Estrogen ɑ and β-receptors

are expressed on the nucleus and in the cytosol of both
male and female OPCs (Takao et al. 2004). In culture,
OPCs respond to progesterone treatment by proliferating,
up-regulating key transcription factors, producing mye-
lin, and increasing cellular branching, suggesting that ste-
roid cues can influence OPC differentiation into
oligodendrocytes (Chan et al. 1998; Marin-Husstege
et al. 2004; Labombarda et al. 2009). While direct evi-
dence for progesterone receptor expression on OPCs has
not been reported, it is indirectly implicated through
the process of myelination. For example, progesterone
treatment in rats increases OPC proliferation and MBP
expression following spinal cord injury, and global abla-
tion of the progesterone receptor in mice abolishes pro-
gesterone-mediated OPC proliferation (Labombarda
et al. 2006, 2015). Blocking progesterone in the periphery
also inhibits remyelination of the mouse sciatic nerve
(Baulieu and Schumacher 2000).
As a result of their sensitivity to sex hormones, OPCs

may exhibit functional sex differences. OPC primary cul-
tures derived from female rats were reported to have in-
creased proliferation and migration compared with those
derived frommales, whereas male-derived OPCs differen-
tiated more readily and exhibited increased cytotoxicity
in response to cell stress (Yasuda et al. 2020). Single-cell
RNA sequencing revealed that OPCs from female mice
showed up-regulation of proliferation-associated genes in-
cludingOlig1,Olig2, Pdgfa, andNf1 as well as genes asso-
ciated with BBB regulation such as Tgfβ1 and Igf1 (Yasuda
et al. 2020). In a separate single-cell RNA sequencing
study, the proportions of OPC subtypes defined by the
study differed by sex (Beiter et al. 2020). Male OPCs
were overrepresented in a cluster enriched in genes associ-
atedwith cellular respiration, and femaleOPCswere over-
represented in a cluster enriched in genes associated with
neuronal differentiation and synapse organization, poten-
tially suggesting that a larger proportion of OPCs contrib-
ute to synaptic function in females. It remains to be
studied whether these differences functionally impact
neuron-OPC synapses.
Regional sex differences in OPCs have also been docu-

mented. OPCs in male mice were found to be enriched
in the septal wall of the SVZ compared with OPCs in fe-
male mice (Mizrak et al. 2019). Such a difference may re-
flect a bias in male animals toward generating OPCs or
oligodendrocyte lineage cells from neural stem cells in
the adult brain. Whether this may impact sex differences
in remyelination is certainly an interesting area for future
research.
Such differences in developing OPCs could be responsi-

ble for the differences in white matter structure and vol-
ume observed in both humans and animal models. Males
are reported to possess a higher overall volume of white
matter than females, but females appear to have larger cor-
pus callosum area (Holloway and de Lacoste 1986; Gur
et al. 1999). Females reach peak myelination earlier and
have more myelin immunoreactivity than males in the
first three decades of life, suggesting differences in the dy-
namics of OPC proliferation and differentiation (Benes
et al. 1994; Yurgelun-Todd et al. 2002). Interestingly,
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slowermyelination inmalesmay prolong awindowof vul-
nerability in OPCs, leading to the increased prevalence of
certain neurodevelopmental disorders such as autism
spectrum disorder and schizophrenia, which are addition-
ally characterized by white matter defects (Bartzokis
2004).

Together, sex differences and age also affect the efficien-
cy and extent of remyelination following injury to the
whitematter, as this process largely depends on the prolif-
eration, migration, and differentiation of OPCs into oligo-
dendrocytes. Although MS is more prevalent in women,
their overall prognosis is improved and may be due in
part to more extensive remyelination (Nicot 2009). In
mice, gonadectomy and supplementation of 17-β-estradi-
ol (estrogen) increased remyelination in both male and fe-
male mice that were 11–13 wk of age. Estrogen treatment
also increased the numbers of oligodendrocytes and OPCs
without affecting other glia types, suggesting that in-
creased OPC proliferation drives this sex difference in
remyelination (Patel et al. 2013). Other studies have
shown that though young animals do not differ signifi-
cantly in remyelination due to the rapid pace of repair,
aged female rats are able to remyelinate more efficiently
than males. This effect is not abolished through gonadec-
tomy in old animals, suggesting that this age-dependent
sex difference may depend on nongonadal sex differences
or epigenetic changes (Li et al. 2006).

By the seventh decade of life, both males and females
are reported to suffer a decline in white matter volume
of between 16%–20% (Meier-Ruge et al. 1992; Salat
et al. 1999). However, responses to age-associated disease
may diverge. Single-cell RNA sequencing from postmor-
tem human brain tissue has revealed that both OPCs
and oligodendrocytes exhibit sex-specific differences in
their transcriptional response to AD pathology (Mathys
et al. 2019). Male oligodendrocytes largely up-regulated
genes in response to pathology, and female oligodendro-
cytes did not.Moreover, femaleOPCs tended to down-reg-
ulate genes in response to pathology, whereas male OPCs
did not. A negative correlation between white matter le-
sions and cognition was reported in females but not
males, which may imply that OPCs and oligodendrocytes
in females do not produce as strong of a compensatory
transcriptional response to preserve cognition following
insult (Mathys et al. 2019). Understanding the mecha-
nisms of sexual dimorphism in OPCs and oligodendro-
cytes would improve our ability to disentangle the
complicated progression of this disease. Ultimately, the
functional significance of sex differences in glia is a now
flourishing research area (Hanamsagar et al. 2017;
Kodama and Gan 2019; VanRyzin et al. 2019). Given the
relevance of OPCs to many aspects of CNS function and
disease, extending this work to these cells would be of
high interest to the field.

Conclusions

Research over the last two decades has clearly established
OPCs as a distinct brain cell type that plays numerous

roles in the developing and mature CNS. Beyond serving
as a self-renewing oligodendrocyte progenitor population,
OPCs form an intricate and widespread network of neuro-
nal activity sensors, immune-responsive cells, and vascu-
lar regulators. Nevertheless, OPC function and regulation
remain relatively poorly understood. Transcriptomic and
epigenetic profiling and cluster analysis of OPCs across
different brain regions in mice could reveal how OPCs
functionally specialize based on the demands of their mi-
croenvironment. The interactions between OPCs and
neurons or other glia constitute another major area of fu-
ture research. For example, cell type-specific application
of optogenetic or chemogenetic tools in mice could pro-
vide an in vivomodel system to understand the flow of in-
formation between neurons and OPCs, and how OPCs
may influence neural circuit function.

OPCs are an understudied component of many neuro-
logical diseases. Because of their dynamic, multipotent
nature, they are poised to initiate or perpetuate disease pa-
thology in several contexts, including neuroinflammation
and neurodegeneration. Here, humanmodels are essential
to understand human-specific mechanisms that are most
likely to inform successful clinical advances. Human in-
duced pluripotent stem cell (iPSC)-derived models are
thus a powerful avenue for dissecting the roles that genet-
ic risk variants play in OPCs, as well as crosstalk between
OPCs and other brain cell types (Penney et al. 2020). Com-
bined with improved high-throughput methods, these
models have immense translational potential to identify
novel therapeutic strategies that target OPCs (Skaper
2019).

Furthermore, sex differences in OPCs may play signifi-
cant roles in susceptibility and response to neurological
disorders. Certain neurodevelopmental or neuropsychiat-
ric disorders with significant sex biases in incidence such
asASDmay be partly explained by differences inOPCpro-
liferation and differentiation caused by sex hormones or
biological sex. For complex disorders with significant en-
vironmental contributions, the study of OPC population
dynamics in mouse models of social stress or toxicant ex-
posure (Bolton et al. 2017) could delineate whether oligo-
dendrocyte lineage dysfunction is a primary mechanism
or secondary consequence of sex-specific resilience or vul-
nerability. Ultimately, a deeper understanding of the
many factors that influenceOPC biologywill prove essen-
tial to our understanding of the brain’s complexities in
health and disease.
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