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The Environment Rules: Spatiotemporal Regulation of 
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Sonia R. Mayoral* and Jonah R. Chan
Department of Neurology and Program in Neurosciences, University of California, San Francisco, 
CA 94158

Abstract

During development oligodendrocyte precursor cells (OPCs) rapidly proliferate and migrate 

throughout the central nervous system. The mobilization of OPCs is followed by terminal 

differentiation into mature oligodendrocytes and the subsequent myelination of axons. 

Differentiation of OPCs is CNS-wide and robust, and yet spatially and temporally restricted. What 

factors control this precise and coordinated differentiation effort? We discuss evidence for both 

intrinsic and extrinsic cues in regulating OPC differentiation and gather that extrinsic cues play the 

leading role in regulating the differentiation of OPCs into mature oligodendrocytes.

INTRODUCTION

One of the most exquisite neuronal-glial interactions is the myelination of axons by 

oligodendrocytes. Oligodendrocytes concentrically wrap their plasma membranes around the 

axons of neurons in order to produce myelin, a multi-layered, compact sheath that insulates 

the axon and allows for rapid conduction of electrical impulses. Myelination regulates the 

activity and timing of neural circuits [1–3], while also providing metabolic support [4]. 

Oligodendrocytes arise from oligodendrocyte precursor cells (OPCs) that multiply and 

populate the CNS during development until they mature into myelinating oligodendrocytes. 

Differentiation of OPCs is CNS-wide and robust, and yet spatially and temporally restricted. 

What factors control this precise and coordinated differentiation effort? It is clear that 

several transcriptional, chromatin remodeling, and epigenetic factors are involved in the 

process of oligodendrocyte differentiation [5–7], but whether differentiation is initiated by 

intrinsic or extrinsic factors—or a combination of both is still a matter of debate. In this 

review, we will discuss evidence that points to either intrinsic or extrinsic cues in governing 

the differentiation of OPCs into mature oligodendrocytes and contend that extrinsic signals 

are ultimately the main regulators of differentiation. Importantly, while oligodendrocyte 

differentiation and myelination have yet to be mechanistically uncoupled as separate 
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processes, for the purposes of this review we will assume that differentiation and 

myelination are independently controlled and focus solely on differentiation.

Intrinsic control of differentiation

Does oligodendrocyte differentiation occur intrinsically via a pre-program under the cells 

own control? If a pre-program exists one main criteria must be met – namely that some 

distinguishable intrinsic differences among the OPC population will allow some OPCs to 

differentiate during development, while others will not and perhaps never will. Differences 

within the OPC population have been identified and it is now well established that OPCs are 

generated from three regions in the brain and two regions in the spinal cord at different times 

during development [8]. The neural stem cells that give rise to each wave of OPCs can be 

identified using different molecular markers indicating that the cells start out with 

substantial differences in gene expression. These differences could potentially result in 

different populations of OPCs – at least five main populations corresponding to their place 

and time of birth. However, it has also been demonstrated that any one region can take over 

the production of OPCs if any of the other regions fail to generate them resulting in a 

functionally normal oligodendroglial population [9]. This suggests that the differences 

associated from their place and time of birth may not have a significant impact on OPC 

function and oligodendrocyte development and implies a relatively homogeneous 

population.

While birth origin may not lead to OPC heterogeneity, other studies have suggested that the 

final destination of OPCs does, namely gray matter versus white matter [10]. One study 

finds that oligodendroglia from white matter differentiate similarly when transplanted into 

either gray or white matter, but that oligodendroglia from gray matter will only differentiate 

when transplanted into white matter [11]. The authors conclude that there are intrinsic 

differences in white matter versus gray matter oligodendroglia, although they note that the 

white matter environment seems to better support differentiation. It is important to note that 

this study was conducted using oligodendroglia from adult mice and therefore these cells 

may have already been largely influenced by their microenvironments to produce the 

differences observed by the authors. A different transplant study using explants from young 

postnatal pups also analyzed the differences between white and gray matter OPCs and found 

that white matter OPCs are more responsive, this time to the growth factor platelet-derived 

growth factor (PDGF), than gray matter-derived OPCs [12]. However, since this study used 

explants rather than dissociated cells to transplant onto slice cultures, it is possible that the 

respective white and gray matter microenvironments were transplanted along with the OPCs 

and therefore continued environmental influence cannot be ruled out as the source for the 

differences.

A recent study using single cell gene expression analysis identified six different subclasses 

of oligodendroglial cells in gray matter including somatosensory cortex and hippocampus of 

the mouse brain [13]. One caveat to this study is that it is not absolutely clear whether these 

six types of oligodendroglial cells represent different cell types or different developmental 

stages, although the authors suggest that based on their gene expression patterns the cells 

likely represent different developmental stages. All six subclasses were found in both areas 

Mayoral and Chan Page 2

Curr Opin Neurobiol. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of gray matter analyzed except for one type that seemed to be enriched in the somatosensory 

cortex. This enrichment suggests a heavy environmental influence and it would be 

illuminating to determine whether these six subclasses are also found in white matter and 

whether the same subclasses are found throughout development. If these subclasses do 

indeed represent different developmental stages and not oligodendroglial cell types it would 

be difficult to conclude that a heterogenous population of OPCs exists.

It is important to note that even if a heterogeneous population of cells is identified based on 

transcriptional profiling, morphology and function, it does not implicitly indicate intrinsic 

“preprogramming”. While it is difficult to say for certain that a pre-program of OPC 

differentiation exists, heterogeneity of OPCs can just as easily be accomplished by specific 

environmental cues. Astrocytes, another glial type in the CNS, offer valuable insight into 

this issue, as they are thought to be highly heterogeneous throughout the nervous system 

based on specific transcriptional profiles, morphology and function [14]. A recent study 

revealed just how heterogeneity can be influenced by environmental signals–illustrating that 

velate astrocytes (VA) located in a regionally distinct area from the bergman glial (BG) 

astrocytes can obtain BG-like properties when subjected to increased levels of Sonic 

hedgehog (Shh) signaling [15]. The well-known morphogen is highly secreted by Purkinje 

neurons that are located alongside BG. The study also revealed that BG adopted VA-like 

properties if Shh signaling was attenuated. While OPCs do not posses the large amount of 

heterogeneity seen in astrocytes, there is a great deal of evidence that demonstrates the 

necessity of extrinsic stimuli to OPCs and how it can influence their differentiation. 

Furthermore, it has long been proposed that OPCs contain an internal timer that governs cell 

cycle progression and therefore determines when OPCs divide and when they will 

differentiate [16]. However, as mentioned earlier, even the concept of an intrinsic timer can 

be coupled with extrinsic signals to finely tune not only the “when” but also the “where” 

these processes occur. Therefore, an intrinsic mechanism makes more sense when combined 

with environmental signals that will ultimately control the spatiotemporal differentiation of 

oligodendrocytes [16,17].

Extrinsic control of differentiation

There are various known molecular inhibitors and to a lesser extent, promoters of 

oligodendrocyte differentiation. Inhibitors can be molecules that promote proliferation such 

as the mitogen PDGF. Since proliferation and differentiation are mutually exclusive 

processes, a factor that promotes proliferation cannot at the same time directly promote 

differentiation. However, numerous studies show that factors that promote proliferation 

subsequently also promote differentiation. For instance, over-expression of PDGF in neurons 

promotes a significant increase in OPC numbers as well as early and widespread 

differentiation of OPCs [18]. Moreover, Shh signaling, known to be important for OPC 

specification [19,20], has also been shown to promote OPC proliferation [21,22,20]. 

However studies in models of demyelination have shown that increased Shh signaling can 

also promote OPC differentiation [23]. One particular study using the cuprizone model of 

demyelination showed that while loss of Shh signaling did not have an effect on 

differentiation of OPCs within the lesion, removal of one of its downstream effectors, Gli1, 

enhanced differentiation, and that this differentiation was further enhanced by over-
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activation of Shh signaling [24]. The transcription factor Gli1 is well known to be activated 

by Shh signaling [25], so these results are surprising, but they do point to Shh-independent 

regulation of Gli1. Ultimately, the mechanism by which these factors, PDGF and Shh, 

induce both OPC proliferation and differentiation is not well understood and perhaps Gli1 

may play a role in determining which process occurs, but it may be that the enhanced 

differentiation occurs as a consequence of the increased population of OPCs, possibly via 

enhanced depletion of available mitogens or increased spatial constraints as discussed later 

in the review, and not from the mitogenic signals directly.

Another known inhibitor of oligodendrocyte differentiation is Wnt signaling. Early studies 

show that over-activation of the Wnt pathway via expression of a constitutively active beta-

catenin delays differentiation while inhibiting the pathway via receptor antagonists promotes 

differentiation [26,27]. More recently, activation of Wnt signaling was also shown to 

increase OPC generation and proliferation [28]. However, this has become more complicated 

as later studies have conversely shown that activation of Wnt signaling decreases OPC 

specification and that disruption causes a decrease in OPC differentiation [29]. This 

discrepancy may be due to the existence of multiple downstream pathways [30]. It has now 

been shown that one of the extrinsic factors that can activate Wnt signaling is hypoxia via 

upregulation of hypoxia inducible factor (HIF) [31]. OPCs require substantial metabolic 

support to differentiate [32], which means that access to the vasculature and proper 

oxygenation is crucial. In fact, a recent study showed that OPCs spend a great deal of time 

associating with and migrating on vasculature [33]. Taken together, without proper 

vascularization, OPCs become hypoxic and upregulate HIF expression, which then leads to 

Wnt activation to inhibit differentiation until proper support is available [31].

Certain astroglial extracellular matrix (ECM) components can block oligodendrocyte 

differentiation. Chondroitin sulfate proteoglycans (CSPGs) and the glycoprotein Tenascin C, 

largely found on astrocyte ECM have been found to inhibit OPC differentiation [34]. 

Additionally, astrocytes secrete a high molecular weight form of the glycosoaminoglycan, 

hyaluronan (HA), into the ECM which can inhibit the differentiation of OPCs when cleaved 

by OPC-secreted hyaluronidases [35–37]. Interestingly, HA also accumulates in white 

matter lesions in the EAE model and various demyelinating diseases in humans and is 

considered to be one of the factors that inhibits remyelination [35,38]. The demyelinated 

lesion environment contains several more factors that inhibit OPC differentiation including 

semaphorins [39,40], bone morphogenic proteins (BMPs) secreted by reactive astrocytes 

[41], fibronectin [42], and myelin debris [43].

Known promoters of differentiation are less numerous. Several studies are now examining 

the role of neuronal activity in OPC differentiation and myelination. It has been established 

that neurons make functional synapses onto OPCs [17], and it has been hypothesized that the 

purpose of this intimate interaction is for neurons to communicate to OPCs about where and 

when to differentiate and myelinate. If this is true, perhaps increasing neural activity 

promotes differentiation. OPCs express neurotransmitter receptors including the glutamate 

receptors, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-

D-aspartate (NMDA) [17]. In vitro studies have shown that blocking activity or AMPAR 

increased OPC proliferation and differentiation [44]. Other studies have shown that 
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increasing glutamate release or activating NMDAR promoted OPC differentiation, although 

effects on proliferation were not analyzed [45,46]. However, other research shows that 

blocking or knocking out NMDAR has no effect on OPC proliferation or differentiation 

[44,47]. In an in vivo gain of function experiment, optogenetics was used to increase 

neuronal activity in mouse premotor cortical neurons [48]. Interestingly, increased activity 

led to enhanced OPC proliferation throughout the stimulated circuit followed by increased 

differentiation along with hyper-myelination. Conversely, recent research in zebrafish in 

which neuronal activity was pharmacologically increased or inhibited showed that 

modulating activity had little to no effect on OPC proliferation and differentiation, but it did 

modulate the extent of myelination [49,50]. While these studies are not all in perfect 

agreement, it is interesting to note that when an increase in OPC differentiation is observed 

it is preceded by OPC proliferation.

There is evidence that increased spatial constraints, which can be brought about by 

increasing cellular density, for instance, can promote the differentiation of OPCs. In vitro 

studies have shown that OPCs seeded onto neurons at higher densities differentiate earlier 

than OPCs seeded at lower densities [51]. These researchers also found that OPCs seeded at 

low densities can be induced to differentiate earlier when the OPCs were seeded along with 

another cell type (Schwann Cells) or even polystyrene beads [51] thus pointing to a 

mechanical induction of differentiation as the most probable mechanism. Similarly, other 

studies have shown that substrate rigidity can play a strong role in regulating OPC 

differentiation – stiffer substrates promote differentiation better than softer ones [52,53]. 

How might this mechanical induction of differentiation be accomplished? Recent work has 

shown that certain protein structures that connect the cell membrane to nuclear components 

may be at play. Researchers knocked down the expression of Syne1 (synaptic nuclear 

envelope protein 1), a component of the Linker of the Nucleoskeleton and the Cytoskeleton 

(LINC) complex, and found that increased spatial constraints, via addition of polystyrene 

beads or membrane compression, no longer promoted differentiation [54]. They also saw 

that when wild type OPCs were spatially constrained a complete reorganization of nuclear 

chromatin structure was observed. They propose that mechanical forces act on rigid 

cytoskeletal structures that are linked to nuclear components, which interact with epigenetic 

machinery to induce transcriptional changes that lead to differentiation. It is possible then 

that perhaps this mechanism, which promotes differentiation of OPCs subjected to increased 

spatial constraints, is the same mechanism by which increasing proliferation of OPCs, as 

with addition of mitogen or increasing neuronal activity, also increases differentiation, since 

increased cellular density will increase the physical forces acting on each OPC.

Environment rules

The nature versus nurture debate is one that has been around for centuries and will likely 

continue to be debated for centuries to come as new discoveries place more weight on one 

over the other. As it stands now, most scholars will agree that both genes and the 

environment are important in governing many aspects of biological and cellular behaviors. 

However, when it comes to oligodendrocyte differentiation the evidence seems to lie heavily 

on the side of extrinsic environmental cues determining where and when OPC differentiation 

occurs. Previous observations that may at first seem to imply intrinsic control of 
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oligodendrocyte development, such as OPC heterogeneity, can much better be explained by 

extrinsic influences. This is even more clearly seen now that epigenetic studies have shown 

several ways in which external stimuli can affect epigenetic and transcriptional machinery 

[6,55,56]. However, while environmental signals may play the chief role in regulating OPC 

differentiation, they do not exclude the possibility that intrinsic mechanisms exist. 

Importantly, epigenetic modifications can be inherited and passed on to generations of 

daughter cells, thus potentially causing population wide effects which may appear to be 

intrinsic to the cell and which can also be reversed [56].

We’ve discussed several extrinsic signals that seem to play a role in regulating OPC 

differentiation (Figure 1), several other extrinsic signals were not discussed, but common to 

all known factors is that their individual effects are not very convincing on their own. At 

most their actions either delay or promote early differentiation, yet differentiation always 

occurs. Is there an as yet undiscovered extrinsic trigger or combination of triggers for OPC 

differentiation? What is their source and are they the same in development and in adulthood? 

Are the triggers promoters or inhibitors of differentiation, or both (Figure 2)? There is a 

great need for remyelination therapies for diseases that generate demyelinating lesions in the 

CNS. As briefly discussed, it is well known that these lesions are made up of largely 

inhibitory factors for OPC differentiation. It is therefore imperative to discover strategies 

that either remove the inhibitory signals or overcome them with factors that promote OPC 

differentiation. Numerous puzzles and questions remain and we look forward to many new 

discoveries in the field that will illuminate the answers.
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HIGHLIGHTS

• OPC differentiation is largely initiated by extrinsic signals.

• The majority of extrinsic signals that regulate OPC differentiation are 

inhibitory.

• Extrinsic differentiation cues include mechanical deformation of the 

cell membrane.

• Overcoming extrinsic inhibitory cues is crucial for the repair of myelin 

lesions.
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Figure 1. Extrinsic regulation of OPC differentiation
OPCs encounter different environments throughout their life-time. These environments can 

express cues that determine whether an OPC will differentiate or not. Most extrinsic cues are 

inhibitory to differentiation as seen when OPCs are found in hypoxic, lesioned, or astrocyte-

rich environments, thereby maintaining OPCs as OPCs. Some environments contain cues 

that promote both proliferation and differentiation such as certain mitogenic environments. 

Environments that have increased spatial constraints, due to high cellular density or substrate 

rigidity, promote differentiation. In this way mitogenic environments, which promote 

proliferation, may subsequently promote differentiation by increasing cellular density. 

HMW = high molecular weight. Environmental images captured on Google Earth and are 

attributed to Google; Sanborn; Cybercity; DigitalGlobe.
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Figure 2. Signals that promote or inhibit oligodendrocyte differentiation
OPCs experience the presence of both promoters and inhibitors of differentiation 

simultaneously therefore differentiation may only be triggered when the actions of the 

promoters outweigh the inhibitors.

Mayoral and Chan Page 12

Curr Opin Neurobiol. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	Intrinsic control of differentiation
	Extrinsic control of differentiation
	Environment rules

	References
	Figure 1
	Figure 2



