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Clinical Applications of Myelin Plasticity for Remyelinating 
Therapies in Multiple Sclerosis

Simon Pan, Ph.D.1, Jonah R. Chan, Ph.D.1

1Department of Neurology, Weill Institute for Neuroscience, University of California, San Francisco

Abstract

Central nervous system demyelination in multiple sclerosis (MS) and subsequent axonal 

degeneration represents a major cause of clinical morbidity. Learning, salient experiences, and 

stimulation of neuronal activity induce new myelin formation in rodents and in animal models 

of demyelination, remyelination can be enhanced by via experience- and activity-dependent 

mechanisms. Furthermore, preliminary studies in MS patients supports the use of neuromodulation 

and rehabilitation exercises for symptomatic improvement, suggesting that these interventions 

may represent non-pharmacological strategies for promoting remyelination. Here, we review the 

literature on myelin plasticity processes and assess the potential to leverage these mechanisms to 

develop remyelinating therapies.

Introduction

Disorders of central nervous system demyelination such as multiple sclerosis (MS) represent 

a major cause of neurological disability worldwide1,2. Over two million people worldwide 

are affected by MS, typically presenting as a relapsing-remitting entity with transient 

neurological deficits such as visual abnormalities, focal weakness and sensory loss, or 

ataxia lasting days or weeks accompanied by inflammatory demyelinating lesions in the 

brain and spinal cord. A subset of patients develop an insidious, progressive disease course 

approximately 10 – 20 years from onset that is characterized by persistent clinical morbidity 

in the setting of permanent axonal loss. Although immunomodulatory agents have been 

successful in limiting the number of white matter lesions on magnetic resonance imaging 

(MRI) in relapsing-remitting patients, effective disease-modifying therapies for progressive 

MS have remained elusive, in part due to our incomplete understanding of the cell biology 

underlying neuron-glial interactions1,2. Therefore, discovering and translating fundamental 

neurobiology knowledge to develop therapies that promote remyelination and prevent 

progression to progressive MS represents an important research effort going forward.
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Myelin in the central nervous system is formed through the differentiation and subsequent 

maturation of oligodendrocyte precursor cells (OPCs) into myelinating oligodendrocytes 

(OLs), a process that persists into adult life3,4. Consequently, myelin is one of the only 

structures in the brain capable of regeneration following injury. In recent years, it has 

been increasingly appreciated that physiological generation of new myelin is influenced 

by salient experiences and neuronal activity as a mechanism of structural plasticity 

to form new memories and adapt to novel situations5,6,7,8,9,10,11,12,13,14,15,16 (Figure 1, 

Table 1). Whether this experience- and activity-dependent myelin plasticity occurs in the 

setting of disease is a matter of significant clinical interest, as it could advocate for 

the use of rehabilitative exercises or non-invasive neuromodulation as complementary, 

non-pharmacological approaches to promote remyelination (Figure 2). Indeed, post-mortem 

examination of chronically demyelinated MS plaques demonstrate limited remyelination 

despite an abundance of available OPCs, signifying a need to explicitly target mechanisms 

that promote their differentiation and maturation17. In this review, we synthesize the current 

evidence for myelin plasticity mechanisms in animal models and human imaging studies and 

discuss their therapeutic potential for myelin repair in demyelinating diseases.

Search Strategy & Selection Criteria

References for this review were identified by searches of PubMed and references from 

relevant articles. The following search terms were used: myelin plasticity, adaptive 

myelination, multiple sclerosis, remyelination, demyelination, tDCS, rTMS, physical 

therapy, white matter plasticity. Only English language articles were included, and the final 

reference list was generated on the basis of their impact on the field and relevance to this 

specific review topic.

Learning-induced myelin plasticity in animal models

Although the majority of central nervous system myelin is established during postnatal 

development, a pool of proliferating OPCs are maintained in adulthood to continually 

generate OLs for maintenance and repair of myelinated circuits in physiological and 

diseased brain states3,4 (Figure 1). This capacity for new myelin formation has raised the 

possibility that myelin along axons can be actively modulated in a manner akin to Hebbian 

synaptic plasticity wherein activation of a specific neural circuit induces adaptive changes in 

myelination of that circuit to support learning and memory processes. As there is a growing 

body of evidence that OLs provide metabolic support to the underlying axon via transfer 

of short-carbon chain metabolites such as pyruvate and lactate through monocarboxylate 

transporters, myelination may also help to maintain neuronal energy homeostasis and 

prevent degeneration in the setting of demyelination18,19. OPCs are also thought to serve 

multiple functions aside from oligodendrogenesis such as neurotransmitter homeostasis, 

modulation of synaptic efficacy, and innate immunity20. Notably, OPCs exhibit excitatory 

potentials in response to neurotransmitter release and, in adult mice, repetitive optogenetic 

or chemogenetic stimulation of cortical neurons is sufficient to induce the proliferation 

and differentiation of neighboring OPCs into OLs, suggesting that myelin plasticity can be 

directly instructed by neuronal activity5,6,21,22.
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Naturalistic learning experiences are similarly able to regulate OPC proliferation and new 

myelin production. Mice that learned to run on a complex wheel with missing rungs 

were found to have increased post-training EdU+/CC1+ and Enpp6+ cells, representing 

differentiated OLs, in the primary motor cortex7,8. This increase was not detected in 

the optic nerve, demonstrating task-based specificity of the effect and the potential for 

targeting myelin formation to specific brain regions in a clinical setting. Likewise, an 

increased number of differentiated OLs were detected in the sensorimotor cortex of rats 

weeks after participating in a forelimb reaching task, indicating that this phenomenon 

generalizes to other forms of motor learning23. A recent study was able to directly image 

this process in living animals using two-photon microscopy, observing a two-fold increase 

in oligodendrogenesis in the motor cortex of trained mice in the weeks following a forelimb 

reaching task16. Furthermore, pre-existing myelin sheaths, which are generally inert under 

baseline conditions, exhibited increased rates of dynamic length changes, suggesting a 

remarkable capacity for learning-dependent plasticity.

Myelin plasticity is also a feature of other learning modalities such as spatial or episodic 

memory formation. Mice that trained to escape to a hidden water maze platform exhibited 

increased proliferation and differentiation of OPCs in the prefrontal cortex, anterior 

cingulate cortex, and corpus callosum relative to untrained controls7. Importantly, they were 

also able to confirm long-term increases in the density of myelinated axons in the corpus 

callosum and cingulum on electron microscopy. In a parallel study, contextual fear learning, 

in which a neutral context is associated with an aversive shock stimulus, also induced 

immediate post-training proliferation of OPCs with long-term increases in mature OLs and 

myelinated axon density on electron microscopy in the prefrontal gray matter8. Both studies 

did not detect increased oligodendrogenesis in brain areas associated with initial memory 

encoding such as the dorsal hippocampus nor in non-memory associated regions such as the 

somatosensory cortex, again suggesting a high degree of task-based regional specificity.

Experience-induced myelin plasticity in animal models

In addition to explicit learning paradigms, salient experiences or deprivation of those 

experiences have bidirectional influences on oligodendrogenesis and myelin formation, 

illustrating the potential interaction of positive or negative psychosocial factors with 

remyelination in MS patients. Mice that were reared in an enriched environment, a 

multisensory experience with an expanded cohort of social companions, exhibited increased 

proliferation and differentiation of OPCs in the sensorimotor cortex compared to animals 

housed in standard caging23. In another study, two-photon longitudinal imaging revealed 

that, under baseline conditions, many OPCs differentiate into pre-myelinating OLs but do 

not stably integrate into the circuit as mature OLs but instead undergo programmed cell 

death. Remarkably, animals reared in an enriched environment exhibited a five-fold increase 

in successful maturation into myelinating OLs in the primary somatosensory cortex11. The 

presence of pre-myelinating OLs in the absence of mature OLs in chronically demyelinated 

MS lesions suggest a similar barrier to integration and maturation that can possibly be 

overcome with multimodal enrichment and sensory experience17.
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Conversely, social isolation causes profound decreases in myelin thickness in the prefrontal 

cortex of both in juvenile and adult mice with corresponding decreases in myelin-associated 

transcripts such as Mog, Mag, and Mbp12,13. Stress has a variable effect on myelination 

that appears to depend on the duration and nature of the stressor, with chronic stressors 

such as repeated social defeat stress having a negative effect on myelination appreciated 

both on histological and gene expression analysis24,25,26. A number of studies examining 

developmental myelination also demonstrate decreased OL differentiation and myelination 

in response to deprivation of various sensory modalities, in diametric opposition to 

the effects of an enriched environment14,15,16. Collectively, these studies highlight the 

sensitivity of myelination to various environmental stimuli and suggests that consideration 

of these regulatory factors in clinical practice may facilitate optimal remyelination following 

injury.

White matter plasticity in human imaging studies

Putative changes in myelination and other white matter adaptations following complex 

motor or cognitive training have also been observed in human subjects (Table 2). These 

observations are typically based on the measurement of fractional anisotropy (FA) on 

diffusion tensor imaging, which is often interpreted in human imaging studies as a proxy for 

myelination but can be confounded by other structural changes in the white matter such as 

increased vascularity, cerebrospinal fluid volume, axonal diameter, or presence of OPCs and 

other glial cells27,28,29,30. Interpretation of DTI parameters are further complicated when 

fiber organization is not highly coherent, such as in the gray matter where myelin plasticity 

effects have been reported in animal models9,10,11,16. Despite these significant shortcomings, 

these measures allow for non-invasive within-subject imaging in humans and have been 

historically important in bridging the divide between basic myelin biology and clinical 

translation. In a study of complex motor learning, participants scanned before and after six 

weeks of juggling training exhibited significantly increased FA in the sub-adjacent white 

matter to the intraparietal sulcus that persisted four weeks after the conclusion of training31. 

In a cross-sectional comparison of concert pianists with age-matched non-musicians, concert 

pianists exhibited increased FA in the internal capsule with inter-individual variation in 

FA correlating with the degree of childhood piano practicing32. Cognitive tasks such as 

working memory training are able to induce increased FA in parietal fibers while visual 

perception learning was shown to increase FA in the white matter tracts sub-adjacent to 

the visual cortex in older adults33,34. Notably, even relatively brief experiences such as two 

hours of training in a car racing video game were able to induce white matter plasticity 

in the fornix35. Post-training neuroimaging changes have also been observed using other 

MRI modalities that are purported to have greater specificity for myelination. Subjects 

that underwent ten sessions of visuomotor skill training over four weeks demonstrated a 

significant increase in myelin water fraction of the left intraparietal and parieto-occipital 

sulci36. In another study, subjects that participated in two months of adaptive memory 

training did not demonstrate a change in the myelin water fraction but did exhibit a 

significant increase in the intrinsic longitudinal relaxation rate, an MR metric thought to 

be sensitive to changes in myelination, within the frontoparietal network37.
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Collectively, these data indicate a potential for experience-dependent white matter 

adaptation in humans that, as in animal models, appears to be highly specific to task­

associated brain regions. The relative contribution of new myelin formation in these 

studies is tenuous given the inability for DTI and other MRI imaging modalities to 

measure myelination in isolation, particularly in cases where post-training effects are 

observed on a much more rapid timescale than would be expected for myelin formation10. 

Nevertheless, histological correlations with DTI signal in animal studies support some 

degree of myelin involvement29,38,39. Newer diffusion MRI modalities such as neurite 

orientation dispersion and density imaging (NODDI) are capable of resolving intracellular 

and extracellular water fractions, partially eliminating some of the confounding sources of 

contributions to white matter microstructure in DTI and abetting the assessment of myelin 

content in gray matter40. NODDI has seen preliminary use for tracking microstructural 

changes in MS patients and can be utilized for further investigating white matter plasticity 

mechanisms in healthy and diseased human subjects41,42. Sequences such as myelin water 

imaging (MWI), magnetization transfer imaging (MT), and direct ultrashort echo time 

(UTE) are also potential modalities that are theorized to capture myelin more specifically 

on the basis of their interaction with its unique biophysical properties,44,45,46. However, 

empirical validation of these techniques, such as through correlating signal changes 

with demyelinating lesions in MS patients in which there is extensive axonal damage, 

edema, inflammatory infiltration, and gliocytosis, demonstrate only partial histological 

associations and are profoundly subject to the same confounders as DTI43,45,46. Positron 

emission tomography (PET) utilizes radiotracers, such as stilbene derivatives, that can 

targeted towards myelin with molecular specificity and has been deployed to track disease 

progression in MS, but PET technology is costly and not widely available47. Nevertheless, 

validation of MRI modalities using PET and post-mortem histology as a gold standard 

will be necessary future efforts to definitively demonstrate that post-training white matter 

changes can be attributed, at least in part, to myelin plasticity.

Neuronal stimulation to promote remyelination

Optogenetic and chemogenetic stimulation of neuronal activity have been indispensable in 

defining activity-dependent mechanisms of myelin plasticity, but their need for invasive 

surgical intervention and/or viral gene delivery precludes direct clinical application in 

patients5,6. In animal models of chemical demyelination, blocking AMPA neurotransmission 

from denuded axons to neighboring OPCs prevented differentiation and remyelination, 

while repetitive optogenetic stimulation of demyelinated axons enhanced remyelination and 

restored functional conduction velocity of the lesioned circuit48,49. Taken together, these 

data suggest that stimulation of neuronal activity is an important driver of the remyelination 

process and that non-invasive neuromodulation techniques such as repetitive transcranial 

magnetic stimulation (rTMS) and transcranial direct current stimulation (tDCS) may be 

viable strategies to promote myelin repair.

Repeated sessions of cortical stimulation via rTMS is currently used to treat 

neuropsychiatric diseases such as medication-refractory major depressive disorder and have 

minimal adverse effects50. Although lasting therapeutic benefits from theta frequency rTMS 

stimulation are thought to arise from long-term changes in synaptic plasticity, data in animal 
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models suggest that rTMS can also induce myelin plasticity by promoting the maturation 

of pre-myelinating OLs and enhancing myelin elaboration from newly myelinating OLs51. 

Accordingly, rTMS has been shown in smaller studies of MS patients to decrease spasticity, 

with concurrent changes in functional connectivity between the two primary motor cortices 

consistent with an increase in myelination52,53. Similarly, rTMS has been shown to 

improve autonomic dysfunction, hand dexterity, and cerebellar deficits associated with 

MS53,54,55. Repetitive tDCS also appears to have therapeutic potential - in a cohort of 

MS patients with impaired attention and executive function, tDCS given in conjunction 

with cognitive rehabilitation was associated with neuropsychological improvement up to 

six months later56. Collectively, these studies suggest that non-invasive neuromodulation 

has the potential to alleviate clinical disability in MS, but to what degree these effects 

are mediated through activity-dependent remyelination remains an important question that 

will require high fidelity biomarkers of myelin repair to answer. To date, visually evoked 

potential latency is the only biomarker of remyelination to be validated in a clinical 

trial, but it is an indirect measure and only applicable in the setting of visual pathway 

demyelination57. As with human white matter plasticity studies, the development and 

validation of more reliable myelin imaging techniques in MS patients such as NODDI, 

MWI, MT, UTE, and PET will be critical steps towards this goal, highlighting a need 

for interdisciplinary collaboration between basic neuroscientists, neurologists, medical 

physicists, and neuroradiologists40,41,42,43,44,45,46,47.

Physical rehabilitation to promote remyelination

Although there is an abundance of evidence for experience-dependent myelin plasticity 

in animal models under healthy physiological conditions, it is less clear whether these 

mechanisms can promote remyelination following injury. In a longitudinal two-photon 

imaging study of mice participating in a reward-based forelimb reaching task, chemical 

demyelination was induced via three weeks of cuprizone ingestion and remyelination 

dynamics were imaged in the corresponding motor cortex over the course of two months. 

Mice that underwent training exhibited an accelerated remyelination curve that plateaued 

higher than untrained controls several weeks following cessation of cuprizone ingestion16. 

By tracking individual oligodendrocytes over time via two-photon imaging, they also 

definitively observed that existing OLs could contribute to remyelination by elaborating 

new myelin sheaths without the differentiation of new cells, a possibility previously only 

indirectly hinted at by radioactive carbon dating of partially remyelinated MS shadow 

plaques58. A greater number of pre-existing OLs were observed to generate new myelin 

sheaths in trained mice, suggesting that this alternative pathway of myelin repair can be 

modulated by experience-dependent myelin plasticity mechanisms. Nevertheless, further 

investigation is warranted here, as the majority of remyelination in clinical and preclinical 

models stems from differentiation of OPCs into OLs and myelin from surviving OLs 

appears to be a relatively minor contribution1,2,59. It should be noted that these increases 

did not occur in mice that repeated the task after already learning it, dissociating the 

effects of physical activity from motor learning16. Furthermore, demyelinated axons were 

preferentially remyelinated over axons that were previously never myelinated, though 

a recent study demonstrated that this fidelity can vary with the original pattern of 
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myelination60. These data suggest that the overall pattern of myelination can be regenerated 

to a large extent, which is encouraging for restoration of function.

In contrast, another study demonstrated a therapeutic effect of physical activity on 

remyelination in the absence of learning61. Following focal chemical demyelination of 

the spinal cord white matter, mice that were allowed unrestricted access to a running 

wheel exhibited increased OPC proliferation and density of remyelinated axons with 

thicker myelin sheaths compared to controls with a locked wheel. Remarkably, the effects 

of exercise on remyelination were equivalent to the effects of administering clemastine 

fumarate, an anti-muscarinic compound that was recently validated as a remyelinating 

agent in a clinical trial for MS patients with chronic demyelination57. When exercise was 

administered in conjunction with clemastine, the degree of remyelination enhancement 

was even higher and accompanied by an increased total density of axons that was not 

present when exercise or clemastine were prescribed alone, suggesting a neuroprotective 

effect of the combined regimen61. Although the relative contributions of unskilled exercise 

and motor learning towards promoting remyelination is unclear, one potential explanation 

for the discrepancy between these two studies is that a forelimb reaching task may not 

generate the requisite degree of physical activity required for therapeutic benefit. Exercise 

may also recruit additional mechanisms, such as modulation of angiogenesis, metabolic 

status, inflammation, and trophic factor release, that also act to promote remyelination 

and/or confer neuroprotection62. Importantly, the authors identify PGC1α as an intracellular 

mediator of this process that is transiently upregulated in exercising mice, which in turn 

induces transcriptional activity of myelin-related genes such as Plp and Mbp. This finding 

is notable in that very few myelin plasticity studies investigate intermediary signals that 

mediate the interaction between neuronal activity and myelination. In another study that 

similarly examined molecular mediators of myelin plasticity, the authors utilized transgenic 

knockout animals to demonstrate that neuron-derived BDNF binding onto OL TrkB 

receptors was necessary for activity-dependent myelination in the setting of chemotherapy­

induced cognitive impairment63.

Overall, these data support further research into determining whether a combined clinical 

approach of pharmacological therapy with a prescribed exercise regimen could be effective 

for promoting myelin repair, particularly for patients with symptoms of motor weakness or 

cerebellar dysfunction. As studies of myelin plasticity in both animal models and humans 

all point to a high degree of task-based regional specificity for new myelin formation, there 

will likely be a need to develop personalized rehabilitation programs based on neurological 

symptoms and anatomical localization of lesions on neuroimaging. Whether other cognitive 

tasks or sensory experiences such as water maze training or enriched environment exposure 

have positive effects on remyelination following injury remains a salient question and 

will be an important direction for future research. Abnormalities of MWI in MS patients 

and decreased myelination in mouse models correlate with cognitive deficits, and there is 

preliminary evidence that cognitive exercises and rehabilitation alleviate these symptoms 

in a clinical setting44,56,63,64,65,66,67. However, as with physical rehabilitation and non­

invasive neuromodulation approaches, the development of neuroimaging biomarkers of 

remyelination and their application in prospective trials as a primary outcome will be critical 

in determining the degree to which these clinical benefits are mediated through myelin 
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repair. Moreover, future studies should be designed with longer follow-up times in order to 

demonstrate more robust and long-term effects prior to the consideration of clinical trials. 

Careful selection of the patient population is also warranted, as patients that have already 

suffered significant axonal loss and progressive disease may not be suitable candidates for 

remyelinating therapies.

Conclusion

Existing standard of care for MS patients largely revolves around immunomodulatory 

therapies, which are effective in lowering lesion burden during the relapsing-remitting 

course of the disease but not in preventing progressive axon degeneration and permanent 

clinical disability1. Pharmacological induction of remyelination in denuded axons has 

been shown to be neuroprotective in the setting of inflammatory demyelination, and 

advances in understanding fundamental oligodendrocyte biology have already translated to 

clinical practice as novel remyelinating agents57,68. Moving forward, non-pharmacological 

strategies to enhance remyelination that leverage our expanding knowledge of myelin 

plasticity mechanisms such as motor rehabilitation, cognitive training, and non-invasive 

neuromodulation are a readily actionable area of investigation that could confer similar 

benefits with minimal adverse side effects (Figure 2). These efforts will also be important 

for promoting repair in other settings of demyelination such as stroke and traumatic brain 

injury69,70. However, developing reliable methods to longitudinally monitor remyelination 

and disease progression on neuroimaging studies will be necessary for the success of these 

efforts. In conjunction with existing medical therapies to suppress the immune system and 

promote OPC differentiation, these approaches may represent a new clinical paradigm to 

maximize the potential for myelin repair in patients suffering from demyelinating diseases.

Acknowledgements

We would like to thank Jixuan Sun for illustrating the figures in this manuscript. Funding was supported by 
the University of California, San Francisco Medical Scientist Training Program, the National Institutes of Health/
National Institute of Neurological Disorders and Stroke (grants R01NS097428 & R01NS095889), the Adelson 
Medical Research Foundation (ANDP grant A130141), and the Rachleff family endowment.

References

1. Reich DS, Lucchinetti CF, Calabresi PA. Multiple Sclerosis. New Engl J Medicine. 
2018;378(2):169–180. doi:10.1056/nejmra1401483

2. Thompson AJ, Baranzini SE, Geurts J, Hemmer B, Ciccarelli O. Multiple sclerosis. Lancet. 
2018;391(10130):1622–1636. doi:10.1016/s0140-6736(18)30481-1 [PubMed: 29576504] 

3. Hughes EG, Kang SH, Fukaya M, Bergles DE. Oligodendrocyte progenitors balance growth 
with self-repulsion to achieve homeostasis in the adult brain. Nat Neurosci. 2013;16(6):668–676. 
doi:10.1038/nn.3390 [PubMed: 23624515] 

4. Hill RA, Li AM, Grutzendler J. Lifelong cortical myelin plasticity and age-related degeneration in 
the live mammalian brain. Nature Neuroscience. 2018;1–13. doi:10.1038/s41593-018-0120-6

5. Gibson EM, Purger D, Mount CW, Goldstein AK, Lin GL, Wood LS, Inema I, Miller SE, 
Bieri G, Zuchero JB, Barres BA, Woo PJ, Vogel H, Monje M. Neuronal activity promotes 
oligodendrogenesis and adaptive myelination in the mammalian brain. Science (New York, NY). 
2014;344(6183):1252304. doi:10.1126/science.1252304

6. Mitew S, Gobius I, Fenlon LR, McDougall SJ, Hawkes D, Xing Y, Bujalka H, Gundlach AL, 
Richards LJ, Kilpatrick TJ, Merson TD, Emery B. Pharmacogenetic stimulation of neuronal 

Pan and Chan Page 8

Ann Neurol. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



activity increases myelination in an axon-specific manner. Nature Communications. 2018;9(1):306. 
doi:10.1038/s41467-017-02719-2

7. McKenzie IA, Ohayon D, Li H, de Faria JP, Emery B, Tohyama K, Richardson WD. Motor skill 
learning requires active central myelination. Science (New York, NY). 2014;346(6207):318–322. 
doi:10.1126/science.1254960

8. Xiao L, Ohayon D, McKenzie IA, Sinclair-Wilson A, Wright JL, Fudge AD, Emery B, Li H, 
Richardson WD. Rapid production of new oligodendrocytes is required in the earliest stages of 
motor-skill learning. Nat Neurosci. 2016;19(9):nn.4351. doi:10.1038/nn.4351

9. Steadman PE, Xia F, Ahmed M, Mocle AJ, Penning ARA, Geraghty AC, Steenland HW, Monje 
M, Josselyn SA, Frankland PW. Disruption of Oligodendrogenesis Impairs Memory Consolidation 
in Adult Mice. Neuron. 2019;105(1):150–164.e6. doi:10.1016/j.neuron.2019.10.013 [PubMed: 
31753579] 

10. Pan S, Mayoral SR, Choi HS, Chan JR, Kheirbek MA. Preservation of a remote fear 
memory requires new myelin formation. Nat Neurosci. 2020;23(4):487–499. doi:10.1038/
s41593-019-0582-1 [PubMed: 32042175] 

11. Hughes EG, Orthmann-Murphy JL, Langseth AJ, Bergles DE. Myelin remodeling through 
experience-dependent oligodendrogenesis in the adult somatosensory cortex. Nat Neurosci. 
2018;21(5):696–706. doi:10.1038/s41593-018-0121-5 [PubMed: 29556025] 

12. Makinodan M, Rosen KM, Ito S, Corfas G. A critical period for social experience-dependent 
oligodendrocyte maturation and myelination. Science (New York, NY). 2012;337(6100):1357–
1360. doi:10.1126/science.1220845

13. Liu J, Dietz K, DeLoyht JM, Pedre X, Kelkar D, Kaur J, Vialou V, Lobo MK, Dietz DM, Nestler 
EJ, Dupree J, Casaccia P. Impaired adult myelination in the prefrontal cortex of socially isolated 
mice. Nat Neurosci. 2012;15(12):1621–1623. doi:10.1038/nn.3263 [PubMed: 23143512] 

14. Hill RA, Patel KD, Goncalves CM, Grutzendler J, Nishiyama A. Modulation of oligodendrocyte 
generation during a critical temporal window after NG2 cell division. Nat Neurosci. 
2014;17(11):nn.3815. doi:10.1038/nn.3815

15. Mangin J, Li P, Scafidi J, Gallo V. Experience-dependent regulation of NG2 progenitors in the 
developing barrel cortex. Nat Neurosci. 2012;15)9_:1192–1194. doi: 10.1038/nn.3190.

16. Bacmeister CM, Barr HJ, McClain CR, Thornton MA, Nettles D, Welle CG, Hughes EG. 
Motor learning promotes remyelination via new and surviving oligodendrocytes. Nat Neurosci. 
2020;23(7):819–831. doi:10.1038/s41593-020-0637-3 [PubMed: 32424285] 

17. Chang A, Tourtellotte WW, Rudick R, Trapp BD. Premyelinating Oligodendrocytes in 
Chronic Lesions of Multiple Sclerosis. New Engl J Med. 2002;346(3):165–173. doi:10.1056/
nejmoa010994 [PubMed: 11796850] 

18. Fünfschilling U, Supplie LM, Mahad D, Boretius S, Saab AS, Edgar J, Brinkmann BG, Kassmann 
CM, Tzvetanova ID, Möbius W, Diaz F, Meijer D, Suter U, Hamprecht B, Sereda MW, Moraes 
CT, Frahm J, Goebbels S, Nave K-AA. Glycolytic oligodendrocytes maintain myelin and long­
term axonal integrity. Nature. 2012;485(7399):517–21. [PubMed: 22622581] 

19. Lee Y, Morrison BM, Li Y, Lengacher S, Farah MH, Hoffman PN, Liu Y, Tsingalia A, Jin L, 
Zhang P-WW, Pellerin L, Magistretti PJ, Rothstein JD. Oligodendroglia metabolically support 
axons and contribute to neurodegeneration. Nature. 2012;487(7408):443–8. [PubMed: 22801498] 

20. Fernandez-Castaneda A, Gaultier A. Adult oligodendrocyte progenitor cells – Multifaceted 
regulators of the CNS in health and disease. Brain Behav Immun. 2016;57:1–7. [PubMed: 
26796621] 

21. Bergles D, Roberts J, Somogyi P, Jahr C. Glutamatergic synapses on oligodendrocyte precursor 
cells in the hippocampus. Nature. 2000;405(6783):187–191. doi:10.1038/35012083 [PubMed: 
10821275] 

22. Stedehouder J, Brizee D, Shpak G, Kushner SA. Activity-Dependent Myelination of Parvalbumin 
Interneurons Mediated by Axonal Morphological Plasticity. J Neurosci 2018;38(15):3631–3642. 
doi:10.1523/JNEUROSCI.0074-18.2018 [PubMed: 29507147] 

23. Keiner S, Niv F, Neumann S, Steinbach T, Schmeer C, Hornung K, Schlenker Y, Förster M, Witte 
OW, Redecker C. Effect of skilled reaching training and enriched environment on generation 

Pan and Chan Page 9

Ann Neurol. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of oligodendrocytes in the adult sensorimotor cortex and corpus callosum. Bmc Neurosci. 
2017;18(1):31. doi:10.1186/s12868-017-0347-2 [PubMed: 28279169] 

24. Cathomas F, Azzinnari D, Bergamini G, Sigrist H, Buerge M, Hoop V, Wicki B, Goetze L, Soares 
S, Kukelova D, Seifritz E, Goebbels S, Nave K-A, Ghandour Seoighe C, Hildebrandt T, Leparc 
G, Klein H, Stupka E, Hengerer B, Pryce C. Oligodendrocyte gene expression is reduced by and 
influences effects of chronic social stress in mice. Genes, Brain and Behavior. Published online 
2017:e12475. doi:10.1111/gbb.12475

25. Yang Y, Zhang Y, Luo F, Li B. Chronic stress regulates NG2+ cell maturation and myelination 
in the prefrontal cortex through induction of death receptor 6. Experimental Neurology. 
2016;277:202–214. doi:10.1016/j.expneurol.2016.01.003 [PubMed: 26772637] 

26. Birey F, Kloc M, Chavali M, Hussein I, Wilson M, Christoffel DJ, Chen T, Frohman MA, 
Robinson JK, Russo SJ, Maffei A, Aguirre A. Genetic and Stress-Induced Loss of NG2 Glia 
Triggers Emergence of Depressive-like Behaviors through Reduced Secretion of FGF2. Neuron. 
2015;88(5):941–956. doi:10.1016/j.neuron.2015.10.046 [PubMed: 26606998] 

27. Beaulieu C The basis of anisotropic water diffusion in the nervous system – a technical review. 
NMR Biomed. 2002;15(7-8):435–55. [PubMed: 12489094] 

28. Mori S, Zhang J. Principles of Diffusion Tensor Imaging and Its Applications to Basic 
Neuroscience Research. Neuron. 2006;51(5):527–39. [PubMed: 16950152] 

29. Chang EH, Argyelan M, Aggarwal M, Chandon T-SS, Karlsgodt KH, Mori S, Malhotra AK. The 
role of myelination in measures of white matter integrity: Combination of diffusion tensor imaging 
and two-photon microscopy of CLARITY intact brains. Neuroimage. 2017;147:253–61. [PubMed: 
27986605] 

30. Sampaio-Baptista C, Johansen-Berg H. White Matter Plasticity in the Adult Brain. Neuron. 
2017;96(6):1239–1251. doi:10.1016/j.neuron.2017.11.026 [PubMed: 29268094] 

31. Scholz J, Klein MC, Behrens TE, Johansen-Berg H. Training induces changes in white-matter 
architecture. Nature Neuroscience. 2009;12(11):nn.2412. doi:10.1038/nn.2412

32. Bengtsson SL, Nagy Z, Skare S, Forsman L, Forssberg H, Ullén F. Extensive piano practicing has 
regionally specific effects on white matter development. Nature Neuroscience. 2005;8(9):1148–
1150. doi:10.1038/nn1516 [PubMed: 16116456] 

33. Takeuchi H, Sekiguchi A, Taki Y, Yokoyama S, Yomogida Y, Komuro N, Yamanouchi T, Suzuki 
S, Kawashima R. Training of Working Memory Impacts Structural Connectivity. J Neurosci. 
2010;30(9):3297–3303. doi:10.1523/jneurosci.4611-09.2010 [PubMed: 20203189] 

34. Yotsumoto Y, Chang L-H, Ni R, Pierce R, Andersen GJ, Watanabe T, Sasaki Y. White matter in the 
older brain is more plastic than in the younger brain. Nat Commun. 2014;5(1):5504. doi:10.1038/
ncomms6504 [PubMed: 25407566] 

35. Hofstetter S, Tavor I, Moryosef S, Assaf Y. Short-Term Learning Induces White Matter Plasticity 
in the Fornix. J Neurosci. 2013;33(31):12844–12850. doi:10.1523/JNEUROSCI.4520-12.2013 
[PubMed: 23904619] 

36. Lakhani B, Borich MR, Jackson JN, Wadden KP, Peters S, Villamayor A, MacKay AL, Vavasour 
IM, Rauscher A, Boyd LA. Motor Skill Acquisition Promotes Human Brain Myelin Plasticity. 
Neural Plast. 2016;2016:1–7.

37. Caeyenberghs K, Metzler-Baddeley C, Foley S, Jones DK. Dynamics of the Human Structural 
Connectome Underlying Working Memory Training. J Neurosci. 2016;36(14):4056–66. [PubMed: 
27053212] 

38. Sampaio-Baptista C, Khrapitchev AA, Foxley S, Schlagheck T, Scholz J, Jbabdi S, DeLuca GC, 
Miller KL, Taylor A, Thomas N, Kleim J, Sibson NR, Bannerman D, Johansen-Berg H. Motor 
Skill Learning Induces Changes in White Matter Microstructure and Myelination. J Neurosci. 
2013;33(50):19499–19503. doi:10.1523/JNEUROSCI.3048-13.2013 [PubMed: 24336716] 

39. Blumenfeld-Katzir T, Pasternak O, Dagan M, Assaf Y. Diffusion MRI of Structural Brain 
Plasticity Induced by a Learning and Memory Task. PLoS ONE. 2011;6(6): e20678. 10.1371/
journal.pone.0020678 [PubMed: 21701690] 

40. Zhang H, Schneider T, Wheeler-Kingshott CA, Alexander DC. NODDI: Practical in vivo neurite 
orientation dispersion and density imaging of the human brain. Neuroimage. 2012;61(4):1000–
1016. doi:10.1016/j.neuroimage.2012.03.072 [PubMed: 22484410] 

Pan and Chan Page 10

Ann Neurol. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



41. By S, Xu J, Box BA, Bagnato FR, Smith SA. Application and evaluation of NODDI in 
the cervical spinal cord of multiple sclerosis patients. Neuroimage Clin. 2017;15:333–342. 
doi:10.1016/j.nicl.2017.05.010 [PubMed: 28560158] 

42. Collorone S, Cawley N, Grussu F, Prados F, Tona F, Calvi A, Kanber B, Schneider T, Kipp 
L, Zhang H, Alexander DC, Thompson AJ, Toosy A, Wheeler-Kingshott CAG, Ciccarelli 
O. Reduced neurite density in the brain and cervical spinal cord in relapsing–remitting 
multiple sclerosis: A NODDI study. Mult Scler J. Published online 2019:135245851988510. 
doi:10.1177/1352458519885107

43. Ma Y-J, Searleman AC, Jang H, Wong J, Chang EY, Corey-Bloom J, Bydder GM, Du J. 
Whole-Brain Myelin Imaging Using 3D Double-Echo Sliding Inversion Recovery Ultrashort Echo 
Time (DESIRE UTE) MRI. Radiology. 2020;294(2):362–374. doi:10.1148/radiol.2019190911 
[PubMed: 31746689] 

44. Abel S, Vavasour I, Lee LE, Johnson P, Ristow S, Ackermans N, Chan J, Cross H, Laule C, 
Dvorak A, Schabas A, Hernandez-Torres E, Tam R, Kuan AJ, Morrow SA, Wilken J, Rauscher 
A, Bhan V, Sayao A-L, Devonshire V, Li DKB, Carruthers R, Traboulsee A, Kolind SH. 
Associations Between Findings From Myelin Water Imaging and Cognitive Performance Among 
Individuals With Multiple Sclerosis. JAMA Netw Open. 2020;3(9):e2014220. doi:10.1001/
jamanetworkopen.2020.14220 [PubMed: 32990740] 

45. Heath F, Hurley SA, Johansen-Berg H, Sampaio-Baptista C. Advances in noninvasive myelin 
imaging. Dev Neurobiol. 2018;78(2):136–51. [PubMed: 29082667] 

46. Petiet A, Adanyeguh I, Aigrot M, Poirion E, Nait-Oumesmar B, Santin M, Stankoff B. Ultrahigh 
field imaging of myelin disease models: Toward specific markers of myelin integrity? J Comp 
Neurol. 2019;527(13):2179–89. [PubMed: 30520034] 

47. Bodini B, Veronese M, García-Lorenzo D, Battaglini M, Poirion E, Chardain A, Freeman L, 
Louapre C, Tchikviladze M, Papeix C, Dollé F, Zalc B, Lubetzki C, Bottlaender M, Turkheimer 
F, Stankoff B. Dynamic Imaging of Individual Remyelination Profiles in Multiple Sclerosis. Ann 
Neurol. 2016;79(5):726–38. [PubMed: 26891452] 

48. Gautier HO, Evans KA, Volbracht K, James R, Sitnikov S, Lundgaard I, James F, Lao-Peregrin C, 
Reynolds R, Franklin RJ, Káradóttir RT. Neuronal activity regulates remyelination via glutamate 
signalling to oligodendrocyte progenitors. Nat Comm. 2015;6(1):8518. doi:10.1038/ncomms9518

49. Ortiz FC, Habermacher C, Graciarena M, Houry P-Y, Nishiyama A, Nait-Oumesmar B, Angulo 
MC. Neuronal activity in vivo enhances functional myelin repair. JCI Insight. 2019;4(9). 
doi:10.1172/jci.insight.123434

50. Brunoni AR, Chaimani A, Moffa AH, Razza LB, Gattaz WF, Daskalakis ZJ, Carvalho AF. 
Repetitive Transcranial Magnetic Stimulation for the Acute Treatment of Major Depressive 
Episodes: A Systematic Review With Network Meta-analysis. JAMA Psychiatry. 2016;74(2):143. 
doi:10.1001/jamapsychiatry.2016.3644

51. Cullen CL, Senesi M, Tang AD, Clutterbuck MT, Auderset L, O’Rourke ME, Rodger J, Young 
KM. Low-intensity transcranial magnetic stimulation promotes the survival and maturation of 
newborn oligodendrocytes in the adult mouse brain. Glia. 2019;67(8):1462–1477. doi:10.1002/
glia.23620 [PubMed: 30989733] 

52. Boutière C, Rey C, Zaaraoui W, Troter AL, Rico A, Crespy L, Achard S, Reuter F, Pariollaud F, 
Wirsich J, Asquinazi P, Confort-Gouny S, Soulier E, Guye M, Pelletier J, Ranjeva J-P, Audoin 
B. Improvement of spasticity following intermittent theta burst stimulation in multiple sclerosis is 
associated with modulation of resting-state functional connectivity of the primary motor cortices. 
Mult Scler J. 2016;23(6):855–863. doi:10.1177/1352458516661640

53. Mori F, Codecà C, Kusayanagi H, Monteleone F, Boffa L, Rimano A, Bernardi G, Koch G, 
Centonze D. Effects of intermittent theta burst stimulation on spasticity in patients with multiple 
sclerosis. Eur J Neurol. 2010;17(2):295–300. doi:10.1111/j.1468-1331.2009.02806.x [PubMed: 
19863647] 

54. Centonze D, Petta F, Versace V, Rossi S, Torelli F, Prosperetti C, Rossi S, Marfia G, 
Bernardi G, Koch G, Miano R, Boffa L, Finazzi-Agrò E. Effects of motor cortex rTMS 
on lower urinary tract dysfunction in multiple sclerosis. Mult Scler J. 2006;13(2):269–271. 
doi:10.1177/1352458506070729

Pan and Chan Page 11

Ann Neurol. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



55. Koch G, Rossi S, Prosperetti C, Codecà C, Monteleone F, Petrosini L, Bernardi G, Centonze 
D. Improvement of hand dexterity following motor cortex rTMS in multiple sclerosis patients 
with cerebellar impairment. Mult Scler. 2008;14(7):995–998. doi:10.1177/1352458508088710 
[PubMed: 18573820] 

56. Mattioli F, Bellomi F, Stampatori C, Capra R, Miniussi C. Neuroenhancement through 
cognitive training and anodal tDCS in multiple sclerosis. Mult Scler J. 2015;22(2):222–230. 
doi:10.1177/1352458515587597

57. Green AJ, Gelfand JM, Cree BA, Bevan C, Boscardin WJ, Mei F, Inman J, Arnow S, Devereux 
M, Abounasr A, Nobuta H, Zhu A, Friessen M, Gerona R, von Büdingen HC, Henry RG, Hauser 
SL, Chan JR. Clemastine fumarate as a remyelinating therapy for multiple sclerosis (ReBUILD): 
a randomised, controlled, double-blind, crossover trial. Lancet. 2017;390(10111):2481–2489. 
doi:10.1016/s0140-6736(17)32346-2 [PubMed: 29029896] 

58. Yeung MSY, Djelloul M, Steiner E, Bernard S, Salehpour M, Possnert G, Brundin L, Frisén J. 
Dynamics of oligodendrocyte generation in multiple sclerosis. Nature 2019;566(7745):538–42. 
[PubMed: 30675058] 

59. Neely SA, Williamson JM, Klingseisen A, Zoupi L, Early JJ, Williams A, Lyons DA. bioRxiv 
2020;05.22.110551. doi:10.1101/2020.05.22.110551

60. Snaidero N, Schifferer M, Mezydlo A, Zalc B, Kerschensteiner M, Misgeld T. Myelin replacement 
triggered by single-cell demyelination in mouse cortex. Nat Commun. 2020;11(1):4901. 
doi:10.1038/s41467-020-18632-0 [PubMed: 32994410] 

61. Jensen SK, Michaels NJ, Ilyntskyy S, Keough MB, Kovalchuk O, Yong VW. Multimodal 
Enhancement of Remyelination by Exercise with a Pivotal Role for Oligodendroglial PGC1α. 
Cell Reports. 2018;24(12):3167–3179. doi:10.1016/j.celrep.2018.08.060 [PubMed: 30232000] 

62. Liu Y, Yan T, Chu JM-T, Chen Y, Dunnett S, Ho Y-S, Wong GT-C, Chang RC-C. The 
beneficial effects of physical exercise in the brain and related pathophysiological mechanisms 
in neurodegenerative diseases. Lab Invest. 2019;99(7):943–957. doi:10.1038/s41374-019-0232-y 
[PubMed: 30808929] 

63. Geraghty AC, Gibson EM, Ghanem RA, Greene JJ, Ocampo A, Goldstein AK, Ni L, 
Yang T, Marton RM, Paşca SP, Greenberg ME, Longo FM, Monje M. Loss of Adaptive 
Myelination Contributes to Methotrexate Chemotherapy-Related Cognitive Impairment. Neuron. 
2019;103(2):250–265.e8. doi:10.1016/j.neuron.2019.04.032 [PubMed: 31122677] 

64. Wang F, Ren S-Y, Chen J-F, Liu K, Li R-X, Li Z-F, Hu B, Niu J-Q, Xiao L, Chan JR, Mei F. 
Myelin degeneration and diminished myelin renewal contribute to age-related deficits in memory. 
Nat Neurosci. 2020;23(4):481–486. doi:10.1038/s41593-020-0588-8 [PubMed: 32042174] 

65. Goverover Y, Chiaravalloti ND, O’Brien AR, DeLuca J. Evidenced-Based Cognitive Rehabilitation 
for Persons With Multiple Sclerosis: An Updated Review of the Literature From 2007 to 2016. 
Arch Phys Med Rehab. 2018;99(2):390–407. doi:10.1016/j.apmr.2017.07.021

66. Mattioli F, Flavia M, Stampatori C, Zanotti D, Parrinello G, Capra R. Efficacy and specificity 
of intensive cognitive rehabilitation of attention and executive functions in multiple sclerosis. J 
Neurol Sci. 2010;288(1–2):101–105. doi:10.1016/j.jns.2009.09.024 [PubMed: 19825502] 

67. Filippi M, Riccitelli G, Mattioli F, Capra R, Stampatori C, Pagani E, Valsasina P, Copetti M, 
Falini A, Comi G, Rocca MA. Multiple Sclerosis: Effects of Cognitive Rehabilitation on Structural 
and Functional MR Imaging Measures—An Explorative Study. Radiology. 2012;262(3):932–940. 
doi:10.1148/radiol.11111299 [PubMed: 22357892] 

68. Mei F, Lehmann-Horn K, Shen Y-AA, Rankin KA, Stebbins KJ, Lorrain DS, Pekarek K, Sagan 
SA, Xiao L, Teuscher C, von Büdingen H-C, Wess J, Lawrence JJ, Green AJ, Fancy SP, Zamvil 
SS, Chan JR. Accelerated remyelination during inflammatory demyelination prevents axonal 
loss and improves functional recovery. eLife. 2016;5:e18246. doi:10.7554/eLife.18246 [PubMed: 
27671734] 

69. Jia W, Kamen Y, Pivonkova H, Káradóttir RT. Neuronal activity-dependent myelin repair after 
stroke. Neurosci Lett. 2019;703:139–44. [PubMed: 30904575] 

70. Armstrong RC, Mierzwa AJ, Marion CM, Sullivan GM. White matter involvement after TBI: 
Clues to axon and myelin repair capacity. Exp Neurol. 2016;275:328–33. [PubMed: 25697845] 

Pan and Chan Page 12

Ann Neurol. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Overview of oligodendroglial lineage and inducers of myelin plasticity in animal 
models.
Myelinated axon with schematic depiction of the major oligodendroglial cell lineages 

below: Oligodendrocyte precursor cells proliferate to maintain a pool of progenitor cells 

throughout life, and differentiate into pre-myelinating oligodendrocytes, which subsequently 

mature and integrate stably into myelinating oligodendrocytes that form compact myelin 

sheaths3,4. Histological examination of demyelinating lesions in multiple sclerosis suggest 

that differentiation and maturation processes are impaired in a disease setting17. Table inset 

summarizes mechanisms of myelin plasticity that have supporting evidence in the literature 

via experimental animal models, ontologically sorted by direct neuronal stimulation, 

learning experiences, and non-learning experiences. Evidence across studies suggest that 

myelin plasticity acts broadly on proliferation, differentiation, and maturation.
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Figure 2. Evidence for myelin plasticity mechanisms in animal models of remyelination and 
potential clinical applications.
Three examples of studies demonstrating that myelin plasticity mechanisms can promote 

remyelination in the setting of animal injury models, with corresponding potential clinical 

translation of each mechanism. Left panel, extended forelimb reach training increases 

remyelination visualized by in vivo longitudinal two-photon microscopy following diffuse 

toxic demyelination induced by cuprizone diet16. Physical rehabilitation and skilled motor 

learning are potential clinical applications of this mechanism, Middle panel, ad lib access 

to a running wheel following lysolecithin demyelination of spinal cord white matter 

increases remyelination and remyelinated sheath thickness; concurrent administration of 

the anti-muscarinic clemastine fumarate, which promotes oligodendrocyte differentiation, 

appears to have a synergistic effect on remyelination that is additionally neuroprotective50. 

Physical rehabilitation and unskilled physical exercise are potential clinical applications of 

this mechanism, Right panel, repeated but not single session optogenetic stimulation of the 

motor cortex enhances remyelination following lysolecithin demyelination of the underlying 

corpus callosum36. Non-invasive neuromodulation techniques such as rTMS and tDCS are 

potential clinical applications of this mechanism.
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Table 1.

Evidence for myelin plasticity in selected animal models

Subject Intervention Results Notes

P35 mice (Gibson et al., 
2014)

Optogenetic stimulation 
(20 Hz cycles over motor 
cortex, 30 minute sessions 
for 7 days)

Increased proliferation of OPCs in stimulated 
cortex and subcortical white matter; 
increased differentiated OLs and myelin 
thickness 4 weeks post-stimulation

Cellular changes associated with 
improved motor function of the 
corresponding limb

P60–66 mice (Mitew et 
al., 2018)

Chemogenetic stimulation 
(1 week, somatosensory 
cortex)

Increased OPC proliferation and 
differentiation; increased number of 
myelinated axons with thicker myelin

Activity-dependent myelination 
was biased towards the stimulated 
axons

P60–90 mice (McKenzie 
et al., 2014)

Running on a complex 
wheel

Increased proliferation of OPCs and 
differentiated OLs in the corpus callosum 
and motor cortex days post-training

No effect upon re-exposure to 
wheel post-training

P60–90 mice (Xiao et 
al., 2016)

Running on a complex 
wheel

Rapid increase in differentiated OLs in the 
corpus callosum and motor cortex hours 
post-training

This study detected differentiated 
OLs, but no evidence of 
myelination. No changes in the 
optic nerve.

P42–56 mice 
(Bacmeister et al., 2020)

Forelimb reaching task 
(20 minute sessions over 
3 weeks)

Two-fold increase in oligodendrogenesis in 
the motor cortex of trained mice

Increased myelin sheath dynamics 
also observed; effects were seen 
following chemical demyelination 
model

P70–84 mice (Steadman 
et al., 2019)

Morris water maze 
training

Increased OLs in prefrontal cortex, corpus 
callosum, and anterior cingulate cortex; 
increased myelinated axons in corpus 
callosum and cingulum

No increase in OLs in dorsal 
CA1 or alveus. Myelin thickness 
unchanged.

P56 mice (Pan et al., 
2020)

Single trial contextual fear 
conditioning

Increased OPCs 24 hours post-training in 
prefrontal cortex and amygdala; increased 
OLs and myelinated axons 30 days post­
training in prefrontal cortex

No increase in OLs in 
somatosensory cortex, dorsal 
hippocampus, or amygdala. Myelin 
thickness unchanged.

8–14 month old mice 
(Hughes et al., 2018)

Enriched environment (20 
days)

Fivefold increase of successful integration of 
newly differentiated OLs

Baseline rate of integration of new 
OLs is only 22%

P60 mice (Liu et al., 
2012)

Social isolation (2 weeks) Reduced myelin thickness Number of OLs is unchanged

P21 mice (Makinodan et 
al., 2012)

Social isolation (2 weeks 
post-weaning)

Reduced myelin thickness, decreased 
Mbp/Mag transcripts

Post-weaning integration did not 
rescue myelination, suggesting the 
presence of a critical period

Abbreviations: P_, postnatal day _; OPCs, oligodendrocyte precursor cells; OLs, oligodendrocytes; Mbp, myelin basic protein (gene); Mag, 
myelin-associated glycoprotein (gene); CA1, cornu ammonis 1 (hippocampal subfield).
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Table 2.

Evidence for white matter plasticity in selected human imaging studies

Subject Study Type Intervention Results Notes

48 healthy adults (Scholz et 
al., 2009)

Longitudinal Juggling (6 weeks of 
training)

Increased FA in the posterior 
intraparietal sulcus and 
increased density in adjacent 
occipital/parietal gray matter 0 
and 4 weeks post-training

No correlation of structural 
changes with juggling 
performance

8 adult concert pianists and 
8 non-musicians (Bengtsson 
et al., 2005)

Cross-
sectional

History of piano 
practicing (retrospective)

Increased FA in the internal 
capsule, corpus callosum, and 
frontal lobe fibers

Degree of childhood 
practicing correlated with 
degree of FA change

11 healthy adults (Takeuchi 
et al., 2010)

Longitudinal Computer-based 
working memory task 
(2 months, daily ~25 
minute sessions)

Increased post-training FA in 
intraparietal sulcus white matter 
and anterior corpus callosum

Amount of working 
memory training correlated 
with degree of FA change

18 older adults (aged 65–
80) and 21 younger adults 
(aged 19–32) (Yotsumoto et 
al., 2014)

Longitudinal Texture discrimination 
task (3 daily sessions)

Increased post-training FA in 
the white matter underlying 
visual association cortex

Effect only present in older 
subjects

70 healthy adults (Hofstetter 
et al., 2013)

Longitudinal Car racing video game 
(2 hours)

Immediate post-training 
decrease in MD in the fornix

Rats that underwent 1 day 
of water maze training also 
exhibited decreased MD in 
the fornix

40 healthy adults 
(Caeyenberghs et al., 2016)

Longitudinal Adaptive working 
memory training (40 45 
minute sessions over 2 
months)

Increase in the intrinsic 
longitudinal relaxation rate 
within the frontoparietal 
network

No change in myelin 
water fraction or other MR 
metrics

17 right-handed healthy 
adults (Lakhani et al., 2016)

Longitudinal Visuomotor training (10 
sessions over 4 weeks)

Increased post-training MWF 
signal in the left intraparietal 
and parieto-occipital sulci.

Negative correlation 
between the rate of motor 
skill acquisition and change 
in MWF.

Abbreviations: FA, fractional anisotropy; MD, mean diffusivity; MWF, myelin water fraction.
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