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Abstract

The past decade has seen an important revision of the traditional concept of the role and function 

of glial cells. From “passive support” for neurons, oligodendrocyte lineage cells are now 

recognized as metabolic exchangers with neurons, a cellular interface with blood vessels and 

responders to gut-derived metabolites or changes in the social environment. In the developing 

brain, the differentiation of neonatal oligodendrocyte progenitors (nOPCs) is required for normal 

brain function. In adulthood, the differentiation of adult OPCs (aOPCs) serves an important role in 

learning, behavioral adaptation and response to myelin injury. Here, we propose the concept of 

OPCs as environmental biosensors, which “sense” chemical and physical stimuli over time and 

adjust to the new challenges by modifying their epigenome and consequent transcriptome. 

Because epigenetics defines the ability of the cell to “adapt” gene expression to changes in the 

environment, we propose a model of OPC differentiation resulting from time-dependent changes 

of the epigenomic landscape in response to declining mitogens, raising hormone levels, neuronal 

activity, changes in space constraints or stiffness of the extracellular matrix. We propose that the 

intrinsically different functional properties of aOPCs compared to nOPCs result from the accrual 

of “epigenetic memories” of distinct events, which are “recorded” in the nuclei of OPCs as histone 

and DNA marks, defining a “unique epigenomic landscape” over time.
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Oligodendrocyte progenitors as environmental biosensors. Oligodendrocyte progenitors 

(OPCs) adapt to the environment and respond to learning paradigms, social stimuli and stressors. 

At the cellular level, OPCs respond to chemical and physical cues. Finally, OPCs may also sense 

time and modify their intrinsic properties, so that OPCs in the adult brain are quite distinct from 

those in the neonatal brain.
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1. Introduction

The past decade has seen an important revision of the traditional role and function of glial 

cells. The concept of myelinating oligodendrocytes (OLs) as simple “axonal insulators” and 

the textbook knowledge of either myelinated or unmyelinated fibers have been recently 

challenged by the discovery of discontinuous axonal myelination [1,2] and myelin plasticity 

in response to social interaction [3–5], mechano-stimulation [6], exercise [7,8], learning 

[9,10] and gut microbiota changes [11,12]. OLs derive from highly migratory and 

proliferative neonatal progenitors (OPCs), a proportion of which remains as adult 

undifferentiated OPCs in the central nervous system (CNS) [13,14]. New models accounting 

for the adaptability of myelinating glia to environmental conditions are needed. Because 

epigenetics defines the ability of the cell to “adapt” gene expression to changes in the 

environment, here we review a model of “time-dependent myelination” resulting from the 

unique epigenomic landscape and nuclear structure of myelinating glia in the developing or 

adult brain, due to the integration of chemical and physical stimuli over time. Epigenetics 

refers to changes in gene expression which are induced by post-translational modifications 

of DNA and histones, which are specific for each cell type and collectively define what is 

called the “epigenomic landscape”. An important feature of epigenetic marks is that they are 

stable, and thereby tend to accumulate over time in response to the exposure to distinct 

stimuli. The functional implications of histone marks depend on position of the lysine 

residues, whether they are acetylated or methylated, and the number of methyl groups added. 

For instance, trimethylation of K4 on histone H3 has been associated with transcriptionally 

active promoters, while trimethylation of K9 or K27 has been associated with transcriptional 

repression and chromatin compaction (i.e. repressive heterochromatin). Each of these marks 

is deposited (“writer”) or removed (“eraser”) by a specific enzyme and interpreted by 
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nuclear proteins containing specialized recognition domains (“readers”) [15–17]. While new 

evidence is emerging on the distinct transcriptome of neonatal and adult OPCs, still very 

little is known about the unique epigenome at distinct ages and future studies will be needed 

to fill this critical gap of knowledge. In this review we first present evidence supporting the 

adaptability and responsiveness of OPCs to environmental stimuli affecting the whole 

organism (Chapter 2) and discuss the relationship between OPC differentiation and neuronal 

activity. We then address the definition of OPCs as responders to: chemical stimuli in 

Chapter 3, with an emphasis on mitogens, thyroid hormone, and systemic metabolites and to 

physical stimuli and mechanisms of mechano-transduction in Chapter 4. The concept of 

OPCs as time sensors will then be developed in Chapter 5 and concluding remarks provided 

at the end.

2. OPCs respond to neuronal activity in response to learning and social 

stimuli.

The concept that neuronal activity modulates the behavior of progenitor cells dates back to 

the ‘60’s [18] and revived in the ‘90s, when it was shown that disruption of neuronal activity, 

due to axonal transection or pharmacological block of axonal conduction, altered OPC 

proliferation and differentiation [19–21]. It was also reported that neurotransmitter receptors 

and ion channels directly affect the properties of cultured OPCs [22,23]. The later discovery 

of direct synapses between glutamatergic and GABAergic terminals on OPC cell bodies 

further supported the concept of a communication between neurons and oligodendroglial 

lineage cells [24–27]. More recently, a series of live imaging studies in zebrafish [28–30] 

and studies using optogenetics [31–33] or pharmacogenetics [34] in mice provided evidence 

of the relationship between neuronal activity and the behavior of OPCs. At an organism 

level, depriving mice of social contact during development (e.g. maternal deprivation, early 

weaning), or in adulthood (e.g. social isolation, chronic stress, social defeat), prevented new 

myelin formation in regions of the developing and adult brain related to social behavior, 

presumably due to decreased neuronal activation [3,4,35–38]. Conversely, exposing mice to 

motor, sensory or fearful learning paradigms, enhanced myelin plasticity by favoring new 

myelin formation and guaranteeing memory consolidation [1,7,39–42].

3. OPCs as chemosensors.

It is well established that the nuclei of proliferating and undifferentiated OPCs are mostly 

euchromatic, with relaxed and transcriptionally active chromatin structure, while 

differentiated OLs are characterized by heterochromatic electron-dense nuclei, indicative of 

transcriptional repression [43]. OPC proliferation is regulated by specific mitogens, such as 

PDGF-AA [44–46], while their differentiation into myelinating cells is favored by the 

presence of thyroid hormone [47]. More recently it has been shown that these and other 

chemical cues influence oligodendrocyte development by acting on the epigenome in OPCs 

[48,49]. Proliferating OPCs are characterized by relaxed euchromatin and global histone 

acetylation, due to mitogen-dependent stimulation of histone lysine acetyltransferases 

(KATs). We have previously reported the roles of the transcription factors c-Myc and E2F1 

in maintaining OPC proliferation by recruiting KATs to cell cycle genes thereby regulating 
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chromatin accessibility by influencing histone acetylation [48,49]. As mitogens were 

removed from the medium, the equilibrium between histone acetylation and deacetylation 

was skewed towards deacetylation as negative regulators of cell cycle, recruited HDAC1/2 to 

the same genes and to inhibitors of myelin gene transcription and cultured OPC 

spontaneously differentiated [50–52]. Silencing of E2F1 or c-Myc in OPCs induced 

decreased expression of cell cycle genes and of transcriptional inhibitors of differentiation 

while promoting histone reorganization and the initiation of the formation of 

heterochromatin, characteristic of the differentiated state [48,49]. The importance of the 

balance between histone acetylation and deacetylation as a critical step for differentiation 

was also suggested by a number of other studies. Treating OPCs with competing 

morphogenic signals either favoring (e.g. Sonic hedgehog, SHH) or antagonizing (e.g. Bone 

morphogenic protein, BMP) oligodendrogliogenesis, revealed a competitive regulation of 

histone acetylation. While BMP increased histone acetylation, SHH favored deacetylation 

and this led to specific effect on the transcriptome, resulting in opposing effects on OPC 

differentiation towards OL [53]. Besides the direct competition between KAT and HDAC 

activities, additional modalities by which chemical stimuli impact the epigenome and favor 

OPC differentiation is the promotion of post-translational modification of histone arginines. 

If arginine residues that are close to critical lysine residues (for instance R8 is close to K9 on 

histone H3; R3 is close to K5 on histone H4) are symmetrically methylated by specific 

enzymes (in this case PRMT5), the adjacent lysines can no longer be acetylated and this 

favors the OPC differentiation process, as shown by the defective myelination detected in 

mice with lineage specific genetic deletion of Prmt5 [54].

Finally, it is important to mention that while both deacetylation of lysine residues and 

repressive trimethylation of residues K9 and K27 of H3 are reversible histone marks, the 

recognition of trimethylated H3K9 and H3K27 by specialized readers and incorporation into 

facultative heterochromatin [55] or recruitment to the nuclear lamina [56], render these 

repressive marks more stable [57] during oligodendrocyte development. Treatment of 

cultured OPCs with thyroid hormone substantially increased the activity of selective histone 

methyltransferases (HMTs) and promoted the deposition of these repressive marks, 

characteristic of heterochromatin at genomic loci corresponding to tissue patterning, cell 

migration, and synaptic signaling pathways [58].

In addition to the influence of mitogens and hormonal signals, OPCs have been shown to be 

sensitive to chemical signals derived from the intestinal microbiota (reviewed in [59]). 

Studies performed in rodents conducted under germ-free (GF) animal housing have 

generated intriguing data highlighting a potential influence between the host microbiome 

and developmental myelination. Comparing specific-pathogen free and GF housed mice 

revealed structural alterations in white matter tract of the animals raised under GF conditions 

[60]. We also reported on the microbiota-derived metabolite p-cresol as negatively 

influencing OPC differentiation by blocking expression of myelin genes [11]. The 

production of this phenol-derivative was linked to the presence of certain microbial taxa 

commonly associated with gut dysbiosis [11], as often detected in demyelinating disorders 

(reviewed in [61]).
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These studies highlight the contribution of chemical cues to the influence of OPC 

physiology and lineage development. Beyond local signals in the CNS, chemical cues 

originating from the gut microbiota appear to play a role in the healthy physiology of OPCs 

and may influence disease course in the case of demyelinating disorders. Further exploration 

may uncover novel mechanisms facilitating influence on the epigenome by chemical by-

products of microbiota metabolism.

4. OPCs as mechanosensors.

OPCs can sense physical cues present in their environment such as spatial and geometric 

constraints, tensile strain and substrate stiffness. Spatial and geometric constraints influence 

OPC differentiation [62]. Building on older studies demonstrating that a critical density of 

cultured OPCs was needed to promote differentiation [63], the effect of spatial constraints or 

crowding on OPC differentiation, was demonstrated by culturing OPCs together with other 

cell types [62] or with inert polystyrene beads [6,62]. Differentiation was preceded by 

nuclear and epigenetic changes occurring in OPCs [6], thereby suggesting that OPCs were 

able to sense geometrical and spatial constraints and transduced this information in.

Novel culture methods have also been devised to test the influence of mechanical tensile 

strain on OPCs [64,65]. In these studies, the application of tensile strains within relevant 

physiological ranges inhibited proliferation of OPCs while enhancing their differentiation 

[64]. The applied mechanical strain caused changes to chromatin organization and decreased 

histone acetylation, with histone deacetylase 11 (HDAC11) acting as a key mediator of this 

physical cue [64]. Mechanical strain also altered the nuclear dynamics of OPCs as decreased 

nuclear fluctuations associated with differentiation (presumably linked to heterochromatin 

formation) were accelerated upon application of tensile strain to these cells [65].

Finally, the mechanosensitivity of OPCs was clearly demonstrated by in vitro studies where 

OPCs were cultured on polymer gels of varying stiffness, and found to modulate several 

functional properties of OPCs such as their survival, proliferation, migration and 

differentiation into mature OLs [66]. While polymer gel stiffness enhanced differentiation of 

OPCs [66], rigid lesion-like Matrigel substrates inhibited OPC differentiation [67]. 

Consistent with murine studies, the migration of OLs derived from human induced 

pluripotent stem cells (hiPSCs) was recently reported to increase in response to increased 

substrate stiffness [68]. However, the mechanosensitive response to stiffness in humans 

suggested a unique form of heterogeneity that was not seen in animal models [68].

Together, OPCs appear competent to sense mechanical forces specific to their 

microenvironment through a number of signaling pathways (reviewed in [15]). These forces 

modulate OPC physiology and influence their capacity to differentiate.

5. OPCs as time sensors.

During development, a majority of neonatal OPCs (nOPCs) differentiate into mature OLs. A 

proportion of nOPCs, however, maintain their progenitor state and transition into adult OPCs 

(aOPCs) [69,70]. Although aging has been associated with the progressive development of 

replicative senescence in distinct cell types [71], OPCs do not show these features [72] as 
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they remain able to replicate and expand, unless exposed to chronic demyelinating 

conditions, such as primary progressive multiple sclerosis [73]. These aOPCs comprise 5–

8% of the total cells in the adult rodent brain and are uniformly distributed in the brain’s 

grey and white matter [13]. Studies have shown that aOPCs respond to new learning task by 

proliferating and differentiating [7,74] and are responsible for remyelination following 

injury [75,76]. The persistence of OPCs in the adult CNS affords a unique opportunity to 

determine what biological changes occur over time (during the transition of nOPCs into 

aOPCs), a concept we describe here as sensing time. Since the identification of aOPCs, they 

have been shown to have intrinsically different properties from nOPCs. These differences 

were detected in cell culture studies where, despite being exposed to identical culture 

conditions, nOPCs and aOPCs exhibited disparate responsiveness in terms of proliferation, 

migration and differentiation [69,77,78]. Furthermore, isolated nOPCs maintained in culture 

for over a year displayed characteristics similar to isolated aOPCs suggesting a cell-intrinsic 

change in biological properties over time [79].

5.1 Decreased OPC proliferation with time.

Several studies have shown correlative links between the length of the cell cycle in OPCs to 

a factor of time. BrdU and EdU staining of OPCs in vivo reported significantly fewer 

numbers of proliferating cells in adult brains compared to neonatal brains both in resting 

conditions [78,80] or after white matter injury [81]. OPCs isolated from the optic nerves of 

neonatal and adult rats display differential cell cycle times in vitro, from less than 24 hours 

in nOPCs to 65 hours in aOPCs [69], data which has been mirrored in numerous other 

studies [78,82,83]. There are hypothetical explanations that could account for the lower 

proliferation rate observed in aOPCs, including intrinsic and extrinsic mechanisms. For 

instance, transcript analyses show higher expression levels of genes related to cell cycle 

(Ccnd1 and Cdk4) and proliferation (Pdgfrα and Mki67) in neonatal OPCs compared to 

aOPCs [83,84]. Extrinsic signals, such as an overall decrease in mitogen levels [85] or 

increase in cell contact among precursors [86] could explain the decrease in proliferation 

rate of nOPCs as they transition to aOPCs. The expression levels of voltage-gated ion 

channels and glutamate receptor subtypes differs over time suggesting that electrical activity 

could influence proliferation of OPCs in an age dependent manner [84]. The steady increase 

in AMPA receptor levels during aging [84] could be linked to the decrease in OPC 

proliferation over time since previous reports demonstrated that activation of AMPA 

receptors in OPCs inhibit OPC proliferation [87].

5.2 Decreased OPC migratory capacity over time.

Proliferating nOPCs migrate from their site of generation to other parts of the CNS during 

development [88], while aOPCs migrate to sites of injury in order to promote repair and 

remyelination [76]. In experimental approaches aimed at studying the rate of OPC migration 

in vivo, depletion of OPCs stimulates the migratory process. The rate of repopulation of 

OPC-depleted tissue by adjacent OPCs is significantly higher in young brains than in adult 

brains [14,89,90]. Intriguingly, both nOPCs and aOPCs maintain their original rates of 

repopulation into OPC-depleted tissue when transplanted into adult mice and young mice, 

respectively [89]. This suggests that the age-related decline in migration and repopulation 

rates of aOPCs are as a result of cell intrinsic properties. Consistent with the decline of OPC 
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migration with time in vivo, the migratory rate of OPCs in culture declines as nOPCs 

transition to aOPCs [69]. In addition to cell-intrinsic differences, external factors such as 

age-related decline in the levels of mitogens such as PDGF and bFGF, which have 

previously been shown to enhance migration of OPCs, could account for the lower migratory 

rate of OPCs in the adult brain [91]. Transcriptional analyses of isolated nOPCs and aOPCs 

also help to explain the lower migratory rate of aOPCs. Bulk RNA sequencing revealed 

lower levels of genes relating to OPC migration (Ephb2 and Dcc) in aOPCs compared to 

nOPCs [84].

5.3 Changes in OPC differentiation capacity over time.

Myelination of axons by OLs is critical during development and this process continues into 

adulthood albeit at lower efficiency with age [92]. The age-related decrease in myelination is 

attributed to failure of OPC recruitment and differentiation [93]. The age-dependent 

decrease in differentiation capacity of OPCs and myelination in the adult CNS has been 

associated with inefficient epigenetic control of differentiation inhibitors [49], changes in 

immune response [94] or low levels of critical growth factors [95]. Several cell culture 

studies show that aOPCs take longer [69] or fail to differentiate [96] into myelinating OLs 

compared to nOPCs. In agreement to the observed phenotypic properties, aOPCs express 

lower levels of pro-differentiation genes (Myrf and Enpp6) compared to nOPCs [84]. 

Surprisingly, microarray analysis of fluorescence activated cell sorting of nOPCs and aOPCs 

discovered the transcriptome of aOPCs to be closer to that of the differentiated OL than to 

nOPCs [97]. However, when activated by demyelination, the transcriptome of aOPCs 

switched to resemble the transcriptome of nOPCs, although these activated aOPCs 

eventually fail to efficiently differentiate with aging [97]. Transcriptional changes leading to 

reduced expression of genes involved in cholesterol-biosynthesis and cell cycle and higher 

expression of genes involved in oxidative phosphorylation and inflammatory response may 

likely result from the reorganization of the epigenome at these specific genomic locations 

[98]. This study provides new avenues for further research into understanding remyelination 

failure in the adult brain [98].

5.4. Response of OPCs to metabolites over time

As proliferating cells, OPCs have significant demand for bioenergetic substrates to support 

replicatory biosynthesis and expansion. However, age related changes in sensitivity and 

responsiveness to metabolic signals have been identified between young and old OPCs. In 

studies comparing fetal versus adult stem-cell derived OPCs, oxygen glucose deprivation 

(OGD) was shown to be detrimental to fetal OPC survival, whereas adult OPCs were largely 

unaffected [99]. Sensitivity of neonatal OLs to metabolic regulation has also been supported 

by studies showing increased cell death in reduced glucose conditions in vitro [100,101]. 

Conversely, adult-derived OLs appeared more resilient to glucose stress by adapting towards 

mitochondrial oxidative phosphorylation and maintaining survival, albeit with lower ATP 

production [100]. These data suggest that during developmental myelination, neonatal OPC 

survival is strongly influenced by the availability of glucose, and differentiating OLs are 

particularly susceptible to disruptions in glycolysis and oxidative phosphorylation. While in 

adult tissues, OPCs and OLs display a greater capacity to adapt to metabolic alterations. 

Aging OPCs are characterized by impaired mitochondrial function [97], which has been in 
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part associated with the reduced regenerative myelin capacity in old mice [97]. Recent 

studies aimed at restoring the declining differentiation capacity of aOPCs identified alternate 

day fasting as potential metabolic intervention for rejuvenating aOPCs [96]. Interestingly, 

the differentiation capacity of aOPCs significantly increased upon exposure of aOPCs to the 

fasting mimetic Metformin, due to improved mitochondrial function [96]. Given the 

importance of bioenergetics and the recent interest in metabolic influence on epigenetic 

regulation of gene expression, it will be important to study the intersection between these 

two variables and age-related metabolic intervention.

5.5 Intrinsic transcriptional differences suggest unique epigenomic landscapes.

Cell intrinsic differences observed between nOPCs and aOPCs as evidenced by their unique 

transcriptional signatures [84,102] suggested differential gene regulation in nOPCs and 

aOPCs may occur through epigenetic mechanisms such as histone post-translational 

modifications (PTMs) or DNA methylation. Our lab has previously provided evidence to 

support a critical role of epigenetics in the regulation of remyelination in aging [49]. We first 

showed that inefficient HDAC recruitment to promoter regions of differentiation inhibitors 

in aOPCs leads to failure of remyelination [49]. Recently we identified DNA 

hydroxymethylation, mediated by Ten-eleven translocation 1 (TET1), as a key regulator 

during adult myelination [103]. Inefficient myelination, reminiscent of myelination in aged 

mice, was observed upon both constitutive and conditional ablation of Tet1 in young mice 

[103]. Further supporting a role for DNA modifications in time sensing of OPCs, assessment 

of the Global DNA Methylation profile of cultured aOPCs indicated lower levels of DNA 

methylation in these cells with significant downregulation of DNA methyltransferase 1 

(DNMT1) [104].

Taken together, both intrinsic and extrinsic cues regulate the unique properties of nOPCs and 

aOPCs in terms of proliferation, migration, differentiation and in response to metabolic 

regulation. A unique transcriptome in nOPCs and aOPCs underlie the cell intrinsic 

differences seen in these cells suggesting that epigenetic regulation modulates the 

differential gene expression in OPCs over time (Fig. 1)

6. Conclusions.

Past research was based on the notion of “a myelination pathway” indistinguishable between 

neonatal and adult brain. This concept led to the direct translation of molecular mechanisms 

of developmental myelination into therapeutic approaches aimed at adult remyelination, 

which unfortunately proved to be only moderately effective [105]. This review provides a 

different perspective and highlights evidence supporting the concept of unique 

responsiveness of nOPCs and aOPCs to stimuli, due to their unique epigenome, with the 

goal to provide a conceptual framework for the potential development of novel myelin 

regenerative strategies [106,107]. Based on the widespread occurrence of myelination 

deficits in children, due to genetic or vascular causes [108,109] and in adults, due to myelin 

dysfunction consequent to autoimmunity [107,110], aging [106,111,112], neurodegenerative 

[113–117] and psychiatric disorders [118,119], we believe that a careful experimental 

design, which takes into account the age of intervention for repair, and the intrinsic 
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differences between nOPC and aOPC, is critical for success. The existence of distinct 

epigenomic landscapes supporting transcriptional changes responsible for the intrinsic 

functional differences between neonatal and adult OPCs, implies that the responsiveness to 

pharmacological intervention would vary with age. Overall, future studies are needed to 

clarify these concepts and bear the promise of effective restoration of myelin.
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Highlights

• Oligodendrocyte progenitors (OPCs) are functionally heterogeneous

• The functional properties of OPCs change with time

• OPCs respond to neuronal activity, chemical and physical stimuli

• External stimuli modulate the epigenome of OPCs
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Fig. 1. Distinct epigenetic changes are responsible for the intrinsic functional differences between 
nOPC and aOPC.
Functional differences exist between neonatal and adult OPC. The ability of progenitors to 

migrate, proliferate and differentiate gradually decreases as neonatal progenitors transition 

into adulthood. These functional difference result from progressive environmental adaptation 

leading to distinct epigenetic landscapes and transcriptional changes.
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