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Aging affects almost all the aspects of brain functions, but the mechanisms remain
largely undefined. Increasing number of literatures have manifested the important role
of glial cells in regulating the aging process. Oligodendroglial lineage cell is a major type
of glia in central nervous system (CNS), composed of mature oligodendrocytes (OLs),
and oligodendroglia precursor cells (OPCs). OLs produce myelin sheaths that insulate
axons and provide metabolic support to meet the energy demand. OPCs maintain the
population throughout lifetime with the abilities to proliferate and differentiate into OLs.
Increasing evidence has shown that oligodendroglial cells display active dynamics in
adult and aging CNS, which is extensively involved in age-related brain function decline
in the elderly. In this review, we summarized present knowledge about dynamic changes
of oligodendroglial lineage cells during normal aging and discussed their potential roles
in age-related functional decline. Especially, focused on declined myelinogenesis during
aging and underlying mechanisms. Clarifying those oligodendroglial changes and their
effects on neurofunctional decline may provide new insights in understanding aging
associated brain function declines.
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INTRODUCTION

Brain is sensitive to age with increasing neurofunction deficits including cognitive decline, motor
and sensory abnormalities during aging (Sousounis et al., 2014; Damoiseaux, 2017; Jeromin and
Bowser, 2017). Age-related impairments in cognition and memory lower the life quality of the
elderly population and burden the society economically (Gazzaley et al., 2005). The neuron-
loss hypothesis has been extensively tested; however, the neuron loss is obviously not the sole
contributor for the severity of age-related functional decline (Morrison and Hof, 1997; Pakkenberg
and Gundersen, 1997; Ihara et al., 2018). Noticeably, natural aging led to a reduction in white matter
volume by as much as 28% (Liu et al., 2017). In addition, white matter abnormalities were identified
and increased with age starting from middle age in humans (Kohama et al., 2012). White matter
is mainly composed of bundled myelinated (87%) and unmyelinated axons and glia cells (Wang
et al., 2008; Kohama et al., 2012). As the myelinating cells in the central nervous system (CNS),
oligodendrocytes (OLs) are the most abundant glial cell type in white matter and also in some gray
matter regions. For example, it was reported that OLs occupy about 75% of all glial cells in the
neocortex of human brain (von Bartheld et al., 2016). More importantly, oligodendroglia lineage
cells are undergoing dynamic changes during aging and that have been extensively reported recently
(Stadelmann et al., 2019; Chapman and Hill, 2020; Sams, 2021).

Frontiers in Aging Neuroscience | www.frontiersin.org 1 November 2021 | Volume 13 | Article 760200

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2021.760200
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnagi.2021.760200
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2021.760200&domain=pdf&date_stamp=2021-11-25
https://www.frontiersin.org/articles/10.3389/fnagi.2021.760200/full
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-760200 November 20, 2021 Time: 12:16 # 2

Zhang et al. Changes of Oligodendrocytes During Aging

Oligodendrocytes are exclusively derived from the
differentiation of oligodendroglia precursor cells (OPCs), so
does remyelination when demyelination occurs (Baumann and
Pham-Dinh, 2001; Emery, 2010). OPCs distribute ubiquitously
in the whole brain and have the capacities to proliferate and
differentiate throughout lifetime. Each OL projects multiple
processes to wrap the axons, forming the segmental, multiple-
layered myelin sheaths that insulate axons. The denuded axon
segment between two neighboring myelin sheaths is known as
node of Ranvier, enriched with a number of ion channels. Action
potential could travel along the axons quickly by jumping from
one node of Ranvier to next one, so myelin could accelerate
conduction velocity (Baumann and Pham-Dinh, 2001; Elbaz
and Popko, 2019; Stadelmann et al., 2019). In addition, it is not
hard to realize that through wrapping around the axon, myelin
could protect the axon from damage. OLs may provide energy
substance to axons via monocarboxylate transporter 1 (MCT1),
and support axon survival (Fünfschilling et al., 2012; Lee et al.,
2012; Morrison et al., 2013). Recent study suggested that myelin
formation could regulate synaptic development in neonatal
mouse brains (Wang et al., 2018).

Increasing evidence have demonstrated that myelinogenesis is
continuously occurring in adult CNS and required for a number
of neuro-functions in the adults, including memory function,
motor coordination and motor skill learning (Young et al.,
2013; McKenzie et al., 2014; Pan et al., 2020; Steadman et al.,
2020; Wang et al., 2020; Chen L. et al., 2021). Because of the
extremely high density of myelin sheaths in brains, dissecting the
changes of oligodendroglial lineage cells and associated myelin
during aging necessitates approaches to distinguish newly-
formed myelin and pre-existing myelin. Recent advances by
using cell-lineage labeling mouse lines and two-photon confocal
imaging, allowed scientists to track the fate of oligodendroglial
lineage cells and associated myelin during aging (Young et al.,
2013; Baxi et al., 2017; Tripathi et al., 2017; Hill et al., 2018; Wang
et al., 2020). This review aims to summarize recent evidence
of dynamic changes of oligodendroglia lineage cells during
aging and potential mechanisms of aging-related myelinogenesis
decline. To that purpose, we first cover the development of
oligodendroglia lineage cells and dynamic changes during aging.
Next, we dissected the underlying mechanisms of inhibited
myelination during aging. The pro-OPCs differentiation methods
were also discussed as a potential therapy to improve age-related
functional deficits.

OLIGODENDROCYTE MYELINATION IN
ADULT CENTRAL NERVOUS SYSTEM

Oligodendroglia precursor cells distribute into the whole
brain and have the capacities to proliferate and differentiate
throughout lifetime. Upon differentiation or apoptosis in either
physiological or pathological conditions, the neighboring OPCs
could proliferate rapidly and maintain the stable OPC density
(Chang et al., 2000; Hughes et al., 2013; Sun et al., 2018;
Bottes and Jessberger, 2021). Myelination is initiated after birth
in rodents and reaches to a peak from 2 weeks to a month

postnatally. The process is orchestrated by a large amount of
intrinsic and extrinsic factors (Baumann and Pham-Dinh, 2001;
Young et al., 2013; Elbaz and Popko, 2019). Notably, the time and
extent of myelin formation is variable in different brain regions,
which may be relative to the development of neuronal functions.
For example, the lateral olfactory tract is myelinated the earliest
in mouse brains, starting from postnatal day 4, while the axons
in optic nerve start to be myelinated about 8 days postnatally.
The superficial layer of cortex is the last region to be myelinated,
where new myelin sheaths are continuously added into adulthood
(Purger et al., 2016; Hill et al., 2018). Though it was proposed that
programmed cell death of a subset of pre-myelinating OLs and
excess myelin sheaths elimination by microglia are involved (Sun
et al., 2018; Hughes and Appel, 2020), the exact mechanisms that
regulate the temporal and spatial process are still unknown yet.

More and more evidence has demonstrated the generation of
new OLs in adult and aging brains. EdU or BrdU incorporation
assay showed that there were a number of EdU or BrdU positive
mature OLs in the adult brains (Lasiene et al., 2009; Young
et al., 2013; Gibson et al., 2014). Advances in cell-lineage labeling
mouse line and two-photon confocal imaging contribute to
observing new myelin generation in adults directly. Tau-mGFP
is a transgenic reporter mouse line to label newly-formed myelin.
After crossed with an OPC-specific Cre mouse line and tamoxifen
induction, the mGFP is only highly expressed in OLs and
associated myelin sheaths (Young et al., 2013; McKenzie et al.,
2014; Wang et al., 2018). Numerous mGFP positive new myelin
sheaths were observed in the motor cortex, corpus callosum,
sensory cortex, and hippocampus of 10-months old brains in
NG2-CreErt; Tau-mGFP mice after induction at the age of
7 months (Chen L. et al., 2021). New OLs and associated myelin
were also observed in superficial cortex of adult and aged brains
(Hill et al., 2018; Hughes and Orthmann-Murphy, 2018).

Several studies have demonstrated that active myelinogenesis
in adults plays an important role in neurological function,
including motor coordination, motor skill learning and memory
function, as a concrete form of neuro-function plasticity
(McKenzie et al., 2014; Xiao et al., 2016; Pan et al., 2020;
Steadman et al., 2020; Wang et al., 2020; Chen L. et al., 2021).
Inhibition of new myelin generation directly disrupts neuro-
functions in adults. Transcriptional factors Olig2 and myelin
regulating factor (Myrf) are known as positive factors to promote
OPCs differentiation (Emery et al., 2009; Mei et al., 2013; Yu
et al., 2013; Elbaz and Popko, 2019). Newly-formed myelin was
significantly decreased in Olig2 or Myrf conditionally knockout
mice (McKenzie et al., 2014; Xiao et al., 2016; Pan et al., 2020;
Steadman et al., 2020; Wang et al., 2020; Chen L. et al., 2021).
Importantly, neuro-function deficits were detected by different
types of behavioral tests. For instance, the Olig2 knockout mice
had more foot slips in a modified beam-walking test and less
crossings in the rehearsal phase of water maze test (Wang et al.,
2020; Chen L. et al., 2021). Water maze test and conditional
contextual fear test indicated that adult Myrf knockout mice
showed deficits in spatial memory consolidation and recalling
of remote fear memory (Pan et al., 2020; Steadman et al.,
2020). Conditionally deleting Myrf could impair motor skill
learning function in adults (McKenzie et al., 2014; Xiao et al.,
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2016). In addition, recent studies revealed there was a new
oligodendrogenic niche in the adult mouse median eminence,
where the OLs differentiation was crucial for perineuronal net
remodeling, which is also Myrf dependent (Zilkha-Falb et al.,
2020; Kohnke et al., 2021). We speculated that losing the ability
to accelerate action potential conduction along corresponding
neuronal circuit may play a crucial role, and the underlying
mechanisms of myelination in neuro-function plasticity needs
further exploration.

AGE-RELATED CHANGES IN WHITE
MATTER AND OLIGODENDROGLIAL
CELLS

It is widely recognized that white matter alteration in rodents,
monkeys and humans was greatly relevant to age-related neuro-
functional decline. Critically, myelin pathology even emerges
before neuronal change in normal aging animals (Pini et al., 2016;
Hase et al., 2018; Nasrabady et al., 2018). Presently, there are
large amount of imaging studies in both human and non-human
primates showing white matter loss during aging (Tang et al.,
1997; Kohama et al., 2012; Liu et al., 2017). Increasing histological
studies further revealed the ultra-structural changes of myelin,
while at the molecular level, the evidence about oligodendroglial
change during aging is still limited.

Age-Related White Matter Changes
Advances in neuroimaging contributes to explore macroscopical
and microstructural changes in white matter (Ding et al., 2021;
Kolb et al., 2021). Taking advantage of MRI imaging and diffusion
tensor imaging (DTI), a variety of age-related white matter
changes, including reduced white matter volume, white matter
lesions, disrupted white matter integrity, and subsequent cortical
disconnection have all been observed in normal aging brains
(Caligiuri et al., 2015). It is reported that in humans, white
matter volume gradually increases in the first 40 years of life,
peaks at around 50 years of age, and then decreases rapidly
from 60 years of age onward (Bennett and Madden, 2014; Liu
et al., 2016). Even with healthy aging, white matter lesions
(also known as leukoaraiosis) are evident as hyperintensities
in white matter, which increase with age. The location of
white matter lesions in different brain regions is in accordance
with distinct types of functional decline. For example, white
matter lesions in the frontal lobe, which is believed to be
especially vulnerable to age-related white matter changes, are
responsible for cognitive impairments. Subcortical white matter
lesions are mainly correlated with depression in the elderly
whereas periventricular white matter lesions are mainly related
to cognitive decline (Bartrés-Faz et al., 2001; Barrick et al.,
2010; Bennett and Madden, 2014). Moreover, the severity of
white matter hyperintensities is correlated with the cognitive
decline extent (Barrick et al., 2010; Cox et al., 2016; Bells
et al., 2019). Similarly, degradation of white matter integrity
and subsequent cortical disconnection revealed by DTI studies
were reported in aging brain and are significantly associated
with reduced cognitive function, including memory, executive

function and general cognition (Bennett and Madden, 2014;
Coelho et al., 2021).

Age-Related Changes of
Oligodendrocytes and Associated Myelin
As imaging results normally show a gross alteration of
white matter, more and more histological studies are carried
out to further confirm the underlying change of OLs and
associated myelin sheaths. Both longitudinal live imaging and
immunostaining give direct evidence that OL density, myelin
segment length and myelin density undergo a steady increase
but followed by a gradually obvious decrease (Young et al.,
2013; Tripathi et al., 2017; Hill et al., 2018). A recent
work in our lab also showed that in layers I–III of the
motor cortex, myelin basic protein (MBP) intensity and
OL number were significantly increased from 4 months to
13 months, though the pre-existing myelin was decreased
by 10%, detected by a transgenic mouse line (PLP-CreErt;
mT/mG). But the MBP intensity and OL number decreased
steeply at 18 months, while OPCs number was unaltered
(Wang et al., 2020). On the other hand, the number of myelin
internodes maintained by individual cortical OLs is stable for
at least 8 months but declines 12% in the following year
(Tripathi et al., 2017). The average length of internodes also
decreases with aging (Mukoyama, 1973; Lasiene et al., 2009;
Hill et al., 2018).

More importantly, besides the quantity alteration, the
structure of myelin also appears abnormal with aging. In
aged rats, there is increased splitting of the myelin sheath,
myelin balloon formation, and separation from the axon
(Sugiyama et al., 2002; Attia et al., 2019). Aged CNS exhibit
paranodal pilling that result in reorganization of the cluster
of ion channels at the nodes of Ranvier, which would be
detrimental to action potential conduction (Hinman et al.,
2006; Shepherd et al., 2012). Meanwhile, ultra-structure of
myelin also changes during aging. EM studies showed declined
myelin thickness, myelin density and myelin fraction in aged
marmosets (Phillips et al., 2019). In cingulate bundle and
corpus callosum of rhesus monkeys, it was demonstrated that
myelin sheath exhibited an increasing frequency of degenerative
changes such as dense sheaths, myelin balloons and redundant
sheaths during normal aging. Critically, the percentage of
degenerative myelin was negatively associated with cognitive
performance (Bowley et al., 2010). Although mature OLs
and myelin sheath they formed are supposed to be stable,
it is unavoidable that myelin debris will present in aging
mice (up to 24 months), as electron microscopy images of
white matter showed multilamellar myelin fragments in the
extracellular space or inside of cells, immunohistochemistry
further confirmed those myelin debris located in microglial
cells (Safaiyan et al., 2016; Cantuti-Castelvetri and Fitzner,
2018). In live aged mice (910-day-old), formation of myelin
spheroids, myelin debris and myelin loss were longitudinally
recorded. It turned out that myelin spheroids occurred slowly
over weeks, and once formed, some remained for at least a month
(Hill et al., 2018).
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The above morphological changes all lead to a fact that at
least some of the mature OLs in the aging brain is experiencing
degeneration. There should be extensive alteration in those OLs,
such as their functional protein expression, their metabolism
state and their interaction with other glial cells and neurons
(Sugiyama et al., 2002; Wang et al., 2014; Tse and Herrup,
2017). However, related evidence is limited. In agree with our
perspective, a recent work using transgenic mice revealed that
spinal cord myelin MCT1 protein expression had declined by
35% by the age of P360, when mice are considered middle age,
corresponding to about 42-year-old in humans (Philips et al.,
2021). It is accepted that in later stage of life, the ability of OLs to
supply energy to axon will drop intensely, which may participate
in broad neuronal functional deficits. As is reported that age-
related decreases in lactic acid emerges in the hippocampus
in the senescence-accelerated mouse, which might be linked
with cognitive impairments (Wang et al., 2014). Meanwhile, the
increase in oligodendroglial NMDA receptors and decrease in
glial glutamate uptake transporter GLAST1 is found in aging
white matter, which is believed to be detrimental to myelin
and OLs (Rivera et al., 2016). In addition, the expression
of several myelin proteins was shown to change with aging.
For example, the absence of the 21.5-kDa isoform of MBP
in aged mice or age-related dysregulation of cyclic nucleotide

phosphodiesterase (Sugiyama et al., 2002; Sloane et al., 2003;
Hinman et al., 2008). The two proteins are vital elements for
myelin maintenance. It should also be noted that myelin is
composed of ∼70% lipid and ∼30% protein. The decrease in lipid
component (especially cholesterol) rather than protein content
during aging was believed to be account for the loss of myelin
in old monkeys (Baumann and Pham-Dinh, 2001; Sloane et al.,
2003; Summarized in Figure 1).

Changes in OLs and associated myelin with aging will
undoubtedly affect the neuronal transmission efficiency, the
energy supply of axons and the vulnerability of axons.
Meanwhile, myelin dysfunction during aging will impact on
microglial functions and subsequently the micro-environment,
which has been recently proved to be an upstream AD
risk factor (Depp et al., 2021). Unfortunately, there was no
effective strategy to inhibit or delay age-related myelin loss or
degeneration up to now.

Age-Related Changes of Oligodendroglia
Precursor Cells
Increasing studies reveal that myelinogenesis decreases with
normative aging. In the NG2-CreErt; Tau-mGFP mouse line,
which could label newly formed myelin, there were abundant

FIGURE 1 | Schematic showing changes of OPCs and OLs during aging. Compared to adults, aged brains showed myelin degeneration and inhibited
myelinogenesis. The pre-existing myelin (gray) showed quantitative and qualitative changes during aging. Quantitative alterations include decreased OLs number and
internodes, thinner myelin sheaths and shortened internodes. Qualitative changes include myelin debris formation, microstructural changes like paranodal pilling
(zoomed area) and altered membrane protein expression (decreased MCT1, decreased GLAST1, and increased NMDA). Inhibited myelinogenesis (green) may be
due to the age-related intracellular and extracellular changes of OPCs. Intracellular changes include varied epigenetic regulation (light blue nucleus), decreased
cholesterol synthesis enzymes and decreased receptor expression (GPR17, APJ). Extracellular changes include stiffness of extracellular matrix (ECM) and
age-related activation of astrocytes and microglia cells. Proinflammatory factors (cytokines, chemokines) released by activated glial cells will inhibit differentiation of
adult OPCs. Activated microglia cells are associated with cholesterol crystal formation (see yellow circles) and reduced phagocytic ability, resulting in myelin debris
accumulation. Activated astrocytes show decreased cholesterol synthesis enzymes. Note that the inhibited differentiation of OPCs in aged brain could be
rejuvenated by drugs like clemastine.
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mGFP positive new OLs and myelin sheath in the cortex,
corpus callosum and hippocampus of 6 or 8-months old brains.
Correspondingly, new OLs and associated myelin was steeply
decreased in the 18- or 22-months old brains (Wang et al.,
2020). Considering functional importance of myelinogenesis in
adults, it was accepted that decreased myelinogenesis played
important role in age-related memory function deficit. For
instance, the above mentioned 13-months old mice showed
spatial learning and memory function decline. Inspiringly,
genetical and pharmaceutical interventions are proved to be
helpful. Muscarinic receptor 1 (M1R) was a negative regulator
for OPCs differentiation, and clemastine was proved to promote
myelin development and remyelination through M1R (Mei et al.,
2016; Wang et al., 2018). Specially deleting M1R in aging OPCs
or clemastine treatment could increase mGFP positive OLs and
associated myelin in cortex, corpus callosum and hippocampus in
the aged brains. Amazingly, aged M1R knockout and clemastine
treated mice showed improved spatial memory function. It
seemed that memory function recovery was associated with
reversed synaptic loss in hippocampus (Wang et al., 2020). These
indicated that promoting myelinogenesis may be a potential
strategy to recover age-related functional decline.

It is generally acknowledged that decreased myelinogenesis
distributes to inhibited OPCs differentiation or decreased
progenitor cells. Recent evidence showed that the total number
of OPCs remained stable in the aged brains. For instance, the
number of OPCs in 10-year-old human corpus callosum is
about 2∼3 × 108 and it remains stable even up to 90 years
(Yeung et al., 2014). Consistent with this, the number of OPCs
didn’t have significant change in 18-month-old mouse cortex,
comparing to the 4-month-old or 13-month-old mice (Wang
et al., 2020). EdU or BrdU incorporation assays showed that
NG2 or PDGFαR positive signal was co-expressed with EdU
or BrdU during aging, suggesting that OPCs have reserved
the ability to proliferate (Lasiene et al., 2009; Young et al.,
2013). However, gene expression profile analysis found down-
regulation of cell proliferation associated genes in OPCs during
aging, accompanied with increased cell cycle time. Results from
transgenic reporter mice showed proliferative OPCs in G2/M
phase were obviously decreased in the aged brains (Spitzer et al.,
2019). Though the proliferation ability of OPCs declined slightly
with aging, total number of OPCs were stable. In a word, declined
myelinogenesis is not likely caused by decreased OPCs.

Thus, it is widely accepted that decreased myelinogenesis
during aging is attributed to declined differentiation capacity
of the OPCs (Rivera et al., 2016; Hill et al., 2018; Wang
et al., 2020). For instance, OPCs from the aged brains
(18 months) differentiate slowly and have slower reaction to
pro-differentiation compounds, compared to adult OPCs (2–
3 months). Sequencing studies showed that aged OPCs have
reduced OPC-specific gene expression and more markers of
aging, including but not limited to mitochondrial dysfunction,
unfolded protein response (UPR) and autophagy (Neumann
et al., 2019a). Evidence from in vitro experiments also suggested
inhibited differentiation of old OPCs (Neumann et al., 2019a).
Moreover, the expression of several receptors which play essential
roles in OPC differentiation and myelination are shown to change

remarkably during aging, indicating the inhibited maturation
ability of adult OPCs (Young et al., 2013; Spitzer et al., 2019). This
will be further discussed later.

When demyelination occurred, remyelination contributed
to myelin and neuro-function recovery. It was accepted that
adult OPCs could migrate from adjacent or subventricular
zone, proliferate and differentiate into mature OLs to form
myelin (Smith et al., 1981; Deshmukh et al., 2013). Though
surviving OLs were found to have the ability for myelin
regeneration, it was demonstrated that newly-differentiated
OPCs exhibited a much greater capacity for myelin regeneration
after demyelination in zebrafish (Neely et al., 2020). In age
-related neurodegenerative disease mouse model, including
Alzheimer disease (AD) and Huntington’s disease, new OLs
and associated myelin were remarkably increased in early
stages likely to compensate myelin loss in lesions (Jin et al.,
2015; Chen J. F. et al., 2021). Intriguingly, newly-formed
myelin in AD mice was proven to increase progressively
and contributed to functional recovery (Chen J. F. et al.,
2021), suggesting that newly-formed myelin was quite stable in
neurodegenerative diseases. However, myelin repair is usually
not efficient in the site of injury. Especially, increasing evidence
showed declined remyelination ability during aging (Sim et al.,
2002; Goldschmidt et al., 2009). Multiple sclerosis (MS) is
known as a neuroinflammatory and demyelination disease
that is characterized by auto-immune mediated demyelination
in the CNS, accompanied with secondary axon injury and
neuro-function deficits (Franklin and Ffrench-Constant, 2008;
Reich et al., 2018). OPCs are present within and around the
demyelination lesions in the aged MS model mice, but fail to
differentiate and form new myelin, suggesting that in those
pathological context, age-related differentiation arrest of OPCs
may also be an important cause of remyelination failure (Gilson
and Blakemore, 1993; Sim et al., 2002; Goldschmidt et al.,
2009; Ruckh et al., 2012). Interestingly, Metformin or LY294002
treatment, or environmental modulation by replacing young
macrophages could recover the capacity of OPCs differentiation
and remyelination in the aged mice (Ruckh et al., 2012;
Neumann et al., 2019a; Rivera et al., 2021).

MECHANISMS OF INHIBITED
MYELINOGENESIS DURING AGING

It is reported that myelin showed remarkable homeostatic
resilience in adult mice. Recent works also pointed out that new
myelin generation is highly active in adult mice, reflecting the
strong differentiation ability of OPCs. Why the myelinogenesis
ability dropped during aging? Here we summarized possible
intrinsic and extrinsic mechanisms.

Intrinsic Factors
Epigenetic Regulation
Increasing evidence suggested that the epigenetic regulators,
including histone modifications and DNA methylation, played
important roles in myelin development (Shen et al., 2005; Egawa
et al., 2019). Histone deacetylases (HDACs) could remove acetyl
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groups from histone tails to regulate myelination associated
genes expression (Liu et al., 2009; Conway et al., 2012). It
was demonstrated that HDAC recruitment was inefficient in
old brains in a cuprizone induced demyelination mouse model,
compared to the adults, resulting in remyelination failure.
Age-dependent HDAC1 recruitment to repressive complexes
Hes5 and Sox2 promoters may be the main cause (Shen
et al., 2008). Besides, DNA methylation analysis showed that
OPCs from 16-months old brains were characterized by global
hypomethylation and declined DNA methyltransferases activity,
compared to adults (Zhou et al., 2019). These suggested decreased
myelinogenesis or failure of remyelination was relative to changes
of epigenetic regulation during aging.

Age-Related Protein Change in Oligodendroglia
Precursor Cells
A recent study using proteomic analysis of OPCs isolated from
the brains of neonatal, young and aged rat revealed that the
amount of proteins associated with oxidative phosphorylation,
inflammatory responses and actin cytoskeletal organization
increased with age, whereas cholesterol-biosynthesis,
transcription factors and cell cycle proteins decreased (de
la Fuente et al., 2020). Besides, the receptors or ion channel
alterations in OPCs in aged brains will directly affect the
function of OPCs and their differentiation ability. For instance,
genetic-fate mapping showed gradual decrease of GPR17
expression in OPCs in aging cerebrum. Moreover, in this study,
GPR17 was believed to be a major factor affected during OL
degeneration in the aging brain (Rivera et al., 2021). Apelin
receptor (APJ) is a newly identified G-protein-coupled receptor,
which could regulate OPCs differentiation through Myrf signal.
The expression of APJ was decreased during aging, and level
of apelin, the ligand of APJ, was also reduced significantly in
the plasma of aged mice. More importantly, APJ activation
could promote remyelination in aged mice (Ito et al., 2021).
NMDAR-mediated signal play essential roles in myelination.
Consistent with declined myelinogenesis, electrophysiological
recordings showed remarkable decrease in NMDAR density in
OPCs from 300-day old mice, compared to OPCs derived from
adults or neonates (Spitzer et al., 2019). Although recent genomic
analysis provided plenty of altered molecules in adult OPCs, the
associated functional changes during natural aging should be
further explored.

Extrinsic Factors
Extracellular Signals
The elements and characters of microenvironment where OPCs
lived changed with aging and the environmental changes may
played an important role in age-related declined myelinogenesis.
Firstly, the characters of microenvironment could regulate OPCs
function. Atomic force microscopy showed that the prefrontal
cortex progressively stiffened with aging. Seeding the adult
OPCs in the aged decellularized brain extracellular matrix led
to declined capacity of proliferate and differentiate, and the aged
OPCs seeding in the adult brains could partially differentiate into
mature OLs, suggesting that character of aged ECM impaired
the OPCs function. Piezo1 is known as mechanosensitive

ion channel, which could regulate cell density and stem cell
activity. Knockdown of Piezo1 could recover the impaired OPCs
differentiation in the aged brains (Neumann et al., 2019b; Segel
et al., 2019). Secondly, molecules in extracellular matrix, such as
hyaluronan and chondroitin sulfate proteoglycans, were negative
regulators for effective remyelination in MS patients or EAE
brains (Keough et al., 2016; Stephenson et al., 2019). These
elements in ECM accumulated with aging, which may play an
important role in the declined capacity of differentiation (Richard
et al., 2018; Macke et al., 2020). It should be noted that neural
stem cells in the subventricular zone (SVZ) also participate in
myelin repair (Menn et al., 2006), while the output ability of
those stem cells is similarly affected with the aging of SVZ niche
(Luo et al., 2006; Bouab et al., 2011).

Age-Related Changes in Microglia and Astrocytes
Other glial cells, astrocytes and microglia, were known as
regulators in myelination (Stadelmann et al., 2019). Age-related
changes in astrocytes and microglia may play crucial roles in
declined myelination/remyelination in the aged.

In the aging brain and in pathological conditions, microglia
played an important role in clearing myelin pieces (Cignarella
et al., 2020). In addition, microglia-derived transglutaminase-
2 signals to GPR56 on OPCs could promote remyelination in
murine models of demyelination (Giera et al., 2018). A recent
study found that sterol synthesis in microglia/macrophages
could resolve inflammation, which is essential for myelin
repair (Berghoff et al., 2021). In aged mice, total number
and density of microglia increased in various regions of the
brain (Poliani et al., 2015). Myelin fragmentation increased
with age and led to the formation of insoluble inclusions
in microglia (Streit et al., 2004; Safaiyan et al., 2016; Rawji
et al., 2018), accumulation of myelin debris in aged phagocytes
led to cholesterol clearance deficits (Cantuti-Castelvetri and
Fitzner, 2018). Moreover, those lipid droplet-accumulating
microglia in the aging brain will produce high levels of
reactive oxygen species, and secrete pro-inflammatory cytokines
(Marschallinger et al., 2019). Single cell sequencing studies
found age-associated microglial cells were characterized by
activation of genes implicated in phagocytic activity and lipid
metabolism in mice or genes involved in cell adhesion in
humans (Galatro et al., 2017; Safaiyan et al., 2021). Those above
changes of microglia during aging were demonstrated to play
an important role in age-related declined myelin regeneration.
More importantly, rejuvenating microglia in aged brains helps
to myelin regeneration in injured brains in the aged mice
(Ruckh et al., 2012; Cantuti-Castelvetri and Fitzner, 2018).

Astrocytes could secret many factors such as PDGF-A and
FGF2 to facilitate OPCs proliferation and differentiation during
myelin development (Rawji et al., 2020). In demyelinating
diseases, astrocytes respond quickly by upregulating
several proinflammatory cytokines, chemokines, as well as
remyelination-signaling molecules (Williams et al., 2007).
A recent study revealed that reactive astrocytes could be induced
by inflammatory microglia cells and cause the death of neurons
and OLs through producing saturated lipids (Liddelow et al.,
2017; Guttenplan et al., 2021). In addition, astrocytes may
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also play a role in recruiting phagocytic microglia in areas of
demyelination (Skripuletz et al., 2013). Aging astrocytes appear
more reactive, displaying an upregulation in cytoskeletal proteins
and hypertrophic cell bodies with shorter processes (Cerbai
et al., 2012; Jyothi et al., 2015; Robillard et al., 2016). Consistent
with morphological changes, RNA sequencing reveals that aging
astrocytes also showed upregulation of reaction related genes,
turning into an inflammatory state. Moreover, aging astrocytes
were found to have a decrease in transcripts encoding cholesterol
synthesis enzymes, which may induce a deficiency for myelin
synthesis substrate (Boisvert et al., 2018; Clarke et al., 2018).
These changes may be detrimental to OPC differentiation and
myelin formation in the aged brain. Besides, other factors,
including oxidative stress induced by vascular changes during
aging and deregulation of glutamate neurotransmission in the
aged brains may also play roles in age-related myelinogenesis
decline (Rivera et al., 2016; Bagi et al., 2018; Bors et al., 2018;
Sams, 2021; Summarized in Figure 1).

Perspectives
Age-related neurofunction decline may negatively impact the
daily life for the elderly, and no effective strategies are available
so far in clinic. As mentioned above, this present review mainly
focuses on myelin degeneration, decreased myelinogenesis
during aging and the possible mechanisms. Admittedly, there
are a lot of questions remain unanswered. For instance, whether
there is spatial- or temporal-differences in the degeneration
process in the CNS? What is the deciding point for one OL or
one myelin segment to initiate degenerate and could we inhibit
this bad process through modulating one key factor? Whether
the newly generated myelin is more stable compared to pre-
existed myelin in aged brain and if this is the case, we may find
some clues about repressing myelin degeneration in the aged.
The decreased myelinogenesis during aging is likely a result of
arrested OPCs differentiation, thus it is plausible that promoting
adult OPCs maturation may be a feasible and realistic approach
to improve age-related neuronal function decline for the elderly.
Meanwhile, rejuvenating the SVZ stem cells may also help with
myelinogenesis ability in the aged. More efforts are needed to
further confirm those effects in human.

Moreover, oligodendroglial lineage cells display more than
differentiation and forming new myelin sheaths. For example,
OPCs may form synaptic connection with neighboring neurons,
and that regulates neuronal signal in CNS. In addition, the
expression of connexin channel proteins in oligodendroglial
lineage cells is an intriguing feature and the connexins could
function either as hemichannels or gap junctions. The gap
junction enables OLs to be connected as a glial network
with astrocytes, allowing transporting small molecules such as
calcium and energy metabolites, which may be important for the
homeostasis of the CNS. Recent studies even showed that OPCs
could exert immunomodulatory functions, which are particularly
relevant in the context of neurodegeneration and demyelinating
diseases. Besides, OLs are found to be heterogenetic in the
mouse juvenile and adult CNS (Marques et al., 2016; Chamling
et al., 2021), the response of different subtypes to aging remains
unknown. It is not clear whether the functions mentioned above
and their correspondent molecules are altered during aging.
Future works are needed to give us a more comprehensive
understanding of the role oligodendroglial lineage cells played
in aged brains, which could shed light on the clinical therapeutic
strategies considering age-related neuronal functional diseases.
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