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Abstract 16 

 17 

Experience and changes in neuronal activity can alter CNS myelination, but the signalling pathways 18 

responsible remain poorly understood. Here we define a pathway in which endothelin, signalling 19 

through the G protein-coupled receptor endothelin receptor B and PKC epsilon, regulates the 20 

number of myelin sheaths formed by individual oligodendrocytes in mouse and zebrafish. We show 21 

that this phenotype is also observed in the prefrontal cortex of mice following social isolation, and is 22 
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associated with reduced expression of vascular endothelin. Additionally, we show that increasing 23 

endothelin signalling rescues this myelination defect caused by social isolation. Together, these 24 

results indicate that the vasculature responds to changes in neuronal activity associated with 25 

experience by regulating endothelin levels, which in turn affect the myelinating capacity of 26 

oligodendrocytes. This pathway may be employed to couple the metabolic support function of 27 

myelin to activity-dependent demand and also represents a novel mechanism for adaptive 28 

myelination. 29 

 30 

Introduction 31 

 32 

There is increasing evidence that experience regulates CNS myelination. For example, social 33 

interactions, sensory stimulation and several forms of learning have been shown to alter white 34 

matter and myelin structure in both humans and animal models (Scholz et al., 2009, Makinodan et 35 

al., 2012, Liu et al., 2012, Sampaio-Baptista et al., 2013, McKenzie et al., 2014, Etxeberria et al., 36 

2016, Xiao et al., 2016, Hughes et al., 2018). At the level of individual neurons and axons, increasing 37 

the level of activity by using optogenetics or chemogenetics enhances the generation of myelin-38 

forming oligodendrocytes and increases the amount of myelin they form (Gibson et al., 2014, Mitew 39 

et al., 2018), whilst preventing synaptic vesicular release from axons reduces myelin formation 40 

(Hines et al., 2015, Mensch et al., 2015, Koudelka et al., 2016). Together, these findings have led to a 41 

new concept of CNS plasticity - adaptive myelination. This concept posits that changes in neuronal 42 

activity in response to experience of the extrinsic environment lead to local changes in myelination. 43 

Such changes could in turn contribute to the alterations in conduction that underpin CNS neural 44 

circuit plasticity (Sampaio-Baptista and Johansen-Berg, 2017, Foster et al., 2019, Suminaite et al., 45 

2019).  46 
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Exploring this important concept requires that we understand the mechanisms that can link changes 47 

in neuronal activity to the regulation of myelination. In addition to the communication between 48 

axons of active neurons and the oligodendrocytes that myelinate them, neuronal activity might also 49 

affect myelination indirectly in the local area through signals from other glial cells or from vascular 50 

cells that can respond to dynamic changes in neuronal activity. Such indirect signalling has been 51 

implied by in vitro studies, wherein increased levels of LIF secreted by cultured astrocytes in the 52 

presence of neuronal activity enhances myelination (Ishibashi et al., 2006). However, whether the 53 

vasculature might relay information about neuronal activity and in turn influence myelination by 54 

oligodendrocytes in vivo is not known. 55 

Here we set out to test the hypothesis that the vasoactive peptide endothelin (EDN) enables blood 56 

vessels to play such a role in indirectly linking activity and myelination. This hypothesis is based on 57 

two sets of prior data. First, EDN expression by endothelial cells increases with enhanced blood flow 58 

(Yanagisawa et al., 1988, Dancu et al., 2004, Walshe et al., 2005, Pandit et al., 2015), which occurs in 59 

response to increased CNS activity. Second, the EDN G-protein coupled receptor (GPCR) endothelin 60 

receptor B (EDNRB) enhances myelination in slice cultures (Yuen et al., 2013). Here we show that 61 

EDN is expressed by CNS vascular cells, and that this expression lessens in the medial prefrontal 62 

cortex following social isolation, which we confirm also leads to impaired cortical myelination. 63 

Correspondingly, we show, by manipulating EDNRB signalling in rodent and zebrafish models, that 64 

reduced EDN signalling decreases the number of myelin sheaths formed by individual 65 

oligodendrocytes in vivo. Finally, we rescue the reduction in myelination associated with 66 

environmental social deprivation by intranasal administration of an EDNRB agonist to activate EDN 67 

signalling within the CNS. Together our data indicate that the vasculature responds to environmental 68 

signals associated with changes in neuronal activity and can, in turn, affect the myelinating capacity 69 

of oligodendrocytes in vivo. In this way, we propose a  novel mode by which active neurons may 70 

regulate oligodendrocyte behaviour and provide a mechanism for adaptive myelination. 71 
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reduction following social isolation and 20% following EDNRB CKO as compared to wild type mice 147 

(figure 3E, figure 3 - figure supplement 1G-H). We conclude that loss of EDNRB signalling in 148 

oligodendrocyte lineage cells phenocopies a specific component of the response of oligodendrocytes 149 

to social isolation and that this, in turn, contributes to the behavioural deficits that result from social 150 

isolation. 151 

 152 

EDRNB signalling enhances myelin sheath number in 3D microfiber cultures  153 

Given that cell-type specific loss of EDNRB results in oligodendrocytes making fewer myelin sheaths 154 

per cell, we wanted to ask whether activation of EDRNB signalling in oligodendrocytes might have 155 

the complementary effect and promote myelin sheath generation. To do this, we turned to a 156 

reductionist in vitro system in which myelination takes place in the absence of confounding 157 

influences from other cell types - a 3-dimensional microfiber culture system in which 158 

oligodendrocytes form myelin sheaths (Lee et al., 2012a, Bechler et al., 2015). In these cultures we 159 

tested both a peptide agonist (BQ2030) and a small molecule antagonist (BQ788) of the receptor. 160 

Rat oligodendrocyte precursors were seeded onto poly-l-lactic acid-coated microfibers and allowed 161 

to differentiate for 3 days before being treated with BQ2030 or BQ788. We saw a significant increase 162 

in the number of myelin sheaths produced by individual oligodendrocytes 11 days later in response 163 

to the EDNRB agonist (figure 4A-C). Similar results were obtained with wild type mouse 164 

oligodendrocytes (Pdgfra-cre;Ednrbwt/wt) while BQ3020 had no effect on EDNRB cKO (Pdgfra-165 

cre;Ednrbflox/flox) oligodendrocytes (figure 4F-G), confirming the specificity of the agonist for EDNRB. 166 

In contrast to the agonist, treatment with the EDNRB antagonist had no effect on myelin sheath 167 

number in these cultures (figure 4A-C), as might be expected given the lack of EDN-expressing blood 168 

vessel cells, and neither agonist nor antagonist altered sheath length (figure 4D). We conclude from 169 

these experiments that the BQ2030 agonist selectively activates EDNRB-mediated signalling 170 

pathways in oligodendrocytes that increase myelin sheath number in vitro.   171 
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Increasing EDNRB signalling rescues the reduction in myelin sheath number resulting from social 197 

isolation. 198 

Our results have shown that social isolation decreases the levels of EDN expression in the CNS 199 

vasculature, and that EDNRB signalling in oligodendrocytes influences myelin sheath number. It 200 

follows that the decreased EDN signalling is likely contributing to the reduction in myelin sheath 201 

numbers seen in the prefrontal cortex following social isolation. If so, then we would predict that 202 

activation of EDNRB in vivo in the prefrontal cortex would rescue the myelin sheath phenotype 203 

associated with social isolation. To test this we used intranasal administration, a technique shown to 204 

enable the delivery of peptides into the CNS (Scafidi et al., 2014, Crowe et al., 2018) to introduce the 205 

EDNRB agonist BQ3020. Socially isolated mice were given 1µg BQ3020 twice daily intranasal 206 

administration or saline for a period of 10 days from postnatal day 21 to 31 (during the period of 207 

isolation), and perfused at postnatal day 35 for analysis of mPFC myelination as above. Importantly, 208 

we confirmed that the daily handling involved in this protocol did not negate the effects of social 209 

isolation by showing that the sheath numbers in the control isolated mice administered saline had 210 

the same reduction in sheath numbers as completely isolated animals (figure 6B and D-E). Strikingly, 211 

and in keeping with our prediction, 10 days of BQ3020 treatment to socially-isolated animals 212 

rescued the myelination phenotype normally seen in these mice, with a 20% increase in the number 213 

of myelin sheaths formed by mPFC oligodendrocytes in treated animals, meaning that the sheath 214 

numbers were now not significantly different to wild-type animals housed in groups (figure 6D-E). 215 

 216 

Discussion 217 

 218 

Here we identify a novel signalling pathway in which the oligodendroglial G-protein coupled receptor 219 

EDNRB regulates myelin sheath number and the response of oligodendrocytes to social experience 220 
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work has implicated that NMDA receptor activation in oligodendrocytes following glutamate release 247 

by active axons in relaying the need for metabolic support of axons to oligodendrocytes (Saab et al., 248 

2016). We now propose that an increase in EDN production by endothelial cells, as predicted to 249 

occur in the presence of increased blood flow or hypoxia, will increase myelin sheath generation by 250 

local oligodendrocytes and so provide a further means of linking energy supply and demand. 251 

Changes in blood flow and hypoxaemia are associated with increased cortical activity (forming the 252 

basis of the BOLD signal detected by fMRI). Therefore, an EDN-mediated pathway driving an increase 253 

in myelination is a plausible mechanism for ensuring that the metabolic demands of active axons are 254 

met. Further work examining the effect of EDNRB loss in oligodendrocytes on axonal function and 255 

viability in ageing are required to test this further.  256 

A second important implication of our study relates to the emerging concept of adaptive 257 

myelination. This concept argues that myelination in the CNS is plastic, and regulated by differing 258 

codes of activity, each eliciting different effects on myelination that in turn alter circuit function. This 259 

hypothesis therefore proposes that adaptive myelination represents a form of neural plasticity that 260 

could, like synaptic plasticity, enable the brain to modify circuit function in response to experience-in 261 

other words, to adapt. However, this hypothesis remains to be fully explored, and a key requirement 262 

for these experiments is the identification of the mechanisms that link changes in activity patterns 263 

following experience to the changes in oligodendrocyte number and/or sheath formation that could 264 

alter circuit function. Prior work has identified a direct role for axon-derived signals in regulating 265 

myelination. We now identify a mechanism by which the effects of activity could lead to an 266 

increased number of myelin sheaths through indirect signalling via the vasculature. Our findings 267 

showing that social isolation reduces endothelial EDN expression, that an oligodendroglial-specific 268 

deletion of the relevant EDNRB receptor phenocopies the myelination defect caused by social 269 

isolation, and that an EDNRB agonist rescues the myelination defect of individual oligodendrocytes 270 

in the mPFC together argue strongly for a role of vascular EDN synthesis in mediating such indirect 271 

effects. Our results do not however imply that changes in EDN signalling are solely responsible for 272 
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the effects of social isolation on myelination. It is clear, for example, that social isolation can affect 273 

oligodendrocyte number, a feature that does not appear to be controlled by EDN in the healthy 274 

nervous system. Other pathways could contribute to this aspect of adaptive myelination. Such 275 

potential pathways are BDNF signalling via oligodendroglia TrkB (Geraghty et al., 2019, Gibson et al., 276 

2019) and glutaminergic signalling via AMPAR-mediated effects on newly differentiating 277 

oligodendrocytes (Kougioumtzidou et al., 2017). Further work manipulating EDN expression 278 

specifically in endothelial cells during social isolation is required to explore this.  279 

 280 

Based on recent live imaging studies showing that myelin sheath numbers in cortical 281 

oligodendrocytes remain largely stable throughout life (Hill et al., 2018, Hughes et al., 2018), we 282 

propose that any endothelin-mediated regulation of sheath number is likely to occur around the 283 

birth of each newly formed oligodendrocyte. The continuous generation of oligodendrocytes in the 284 

adult CNS, itself increased by activity-related signals ensures that dynamic regulation of endothelin 285 

signalling from the vasculature has the capacity to play a role in adaptive myelination throughout 286 

life.  287 

How though might new myelin sheaths formed by individual oligodendrocytes in response to EDN 288 

signalling enhance circuit function the cortex? By linking metabolic demand to metabolic support for 289 

axons in regions of high activity (as discussed above), EDN signalling in cortical oligodendrocytes 290 

could play a central role in enhancing the ability of the axon to sustain higher levels of energy-291 

requiring conduction, so enabling changes in circuit function. An intriguing possibility suggested by a 292 

comparison of gene expression in cortical oligodendroglia and spinal cord oligodendroglia showing 293 

higher levels of expression of EDNRB in the former (Horiuchi et al., 2017, Marques et al., 2018), is 294 

that these cortical oligodendrocytes are specialised for this role linking metabolic demand to 295 

support. By contrast, oligodendrocytes in white matter might be more specialised for rapid axonal 296 

conduction. Further work examining oligodendrocyte heterogeneity between grey matter and white 297 
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matter regions of the CNS will be required to test this. Another way in which additional myelin 298 

sheaths might impact circuit function is the addition of sheaths to axons in the cortex that are 299 

discontinuously and sparsely myelinated (Tomassy et al., 2014, Hill et al., 2018, Hughes et al., 2018). 300 

The resulting effects on conduction velocity resulting from short stretches of axons now supporting 301 

rapid saltatory conduction could, as has been suggested elsewhere, enable activity-dependent 302 

myelination to have a role in signal synchrony (Seidl et al., 2010, Seidl et al., 2014, Freeman et al., 303 

2015, Baraban et al., 2016, Timmler and Simons, 2019). However, such a model requires a very 304 

precise link between axonal selection and myelination, and the precision required may be difficult to 305 

achieve with a diffusible vascular-derived signal.  306 

Our findings on the role of EDN in myelination complement other investigations demonstrating a 307 

role of astrocytic EDN hindering oligodendrocyte differentiation during remyelination (Hammond et 308 

al., 2014, Hammond et al., 2015). In agreement with this observation, our global EDNRB mutant 309 

zebrafish were found to have an increased number of oligodendrocytes (figure 5 - figure supplement 310 

1). Together previous studies and ours suggest that EDN signalling plays two roles, indirectly 311 

inhibiting oligodendrocyte formation, but, promoting myelin sheath formation once differentiation 312 

has occurred. At apparent odds with this conclusion, conditional loss of EDNRB from 313 

oligodendrocyte progenitors had no effect on remyelination; having deleted OPC EDNRB from adult 314 

mice 3 days prior to demyelination of the external capsule, Hammond and colleagues observed that 315 

the percentage of remyelinated axons, assessed by electron microscopy, was unchanged 14 days 316 

after injury (Hammond et al., 2015). However, this divergence may result from the different 317 

microenvironments of developmental myelination and remyelination or from intrinsic differences 318 

between cortical and white matter oligodendrocytes, as discussed above, and further studies 319 

examining grey matter remyelination are required to resolve the point.  320 

The conclusion that EDN has contrasting effects on oligodendrocyte formation and on myelination 321 

highlights that these two steps in oligodendrocyte development are regulated independently. This in 322 
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turn has important implications for the development of regenerative therapies for the progressive 323 

neurodegenerative phase of the demyelinating disease Multiple Sclerosis (MS). Current strategies 324 

seeking to re-purpose FDA approved drugs to enhance remyelination, and so restore the 325 

neuroprotective effect of the myelin sheath to the axon, have focused largely on the differentiation 326 

step from precursor cell to oligodendrocyte, with one screen using micropillar arrays to examine the 327 

later stage of wrapping (Mei et al., 2014). None however specifically examine the key final step-328 

formation of the sheath itself. Neuropathological studies of MS lesions revealing pre-myelinating 329 

oligodendrocytes unable to complete remyelination suggest for that failure of this final step may 330 

contribute to pathology. These findings emphasise that the already differentiated oligodendrocyte 331 

represents a possible target for remyelination strategies in MS, a conclusion reinforced by recent 332 

papers using Carbon14 dating, electron microscopy or snRNA seq of post mortem human MS 333 

material providing evidence that pre-existing adult oligodendrocytes contribute to repair (Duncan et 334 

al., 2018, Jäkel et al., 2019, Yeung et al., 2019). Strategies to identify targets within pathways such as 335 

that activated by EDNRB that promote sheath formation directly will therefore be an important 336 

addition to the current approaches being taken in drug discovery for progressive multiple sclerosis. 337 
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 601 

Materials and Methods 602 

Mice 603 

Animal husbandry and experiments were performed under UK Home Office project licenses issued 604 

under the Animals (Scientific Procedures) Act. Ednrbflox/flox (Bagnall et al., 2006, Ge et al., 2006) were 605 

generously provided by Professor David Webb and Professor Yuri Kotelevtsev (Edinburgh University) 606 

where exons 3 and 4 are flanked with Cre-LoxP sites. Homozygous mice for the EDNRB floxed allele 607 

were crossed to Pdgfra-cre mice obtained from Jackson laboratories (013148). Offspring were then 608 

backcrossed to create mice Heterozygous for the floxed allele and carriers for the Cre transgene. 609 

Experimental mice were obtained by crossing animals heterozygous for the floxed Ednrb allele and 610 

carriers of the Cre transgene generating both Ednrb wild type control and Ednrb floxed homozygous 611 

mice in the same litters. Mice were genotyped by transnetyx and confirmed as a CKO by performing 612 
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Figure 2 – Social isolation reduces vascular endothelin expression. 
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