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Abstract
The idea that myelination is driven by both intrinsic and extrinsic cues has gained much traction in recent years. Studies have

demonstrated that myelination occurs in an intrinsic manner during early development and continues through adulthood in an

activity-dependent manner called adaptive myelination. Motor learning, the gradual acquisition of a specific novel motor skill,

promotes adaptive myelination in both the healthy and demyelinated central nervous system (CNS). On the other hand, exer-

cise, a physical activity that involves planned, structured and repetitive bodily movements that expend energy and benefits

one’s fitness, promotes remyelination in pathology, but it is less clear whether it promotes adaptive myelination in healthy

subjects. Studies on these topics have also investigated whether the timing of motor learning or physical exercise is important

for successful addition of myelin. Here we review our current understanding of the relationship of motor skill learning and

physical exercise on myelination.
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Summary Statement
Studies reviewed herein show that motor learning promotes
increased myelination in non-pathological situations in the
adult and in remyelination, with critical windows existing
for effectiveness. Physical exercise without skilled learning,
however, may be restricted to promoting remyelination fol-
lowing demyelinating disease.

Introduction
Myelin, the lipid-rich membrane that coats axons, facilitates
the conductance of action potentials, protects and metaboli-
cally supports underlying axons, and is required for proper
motor and cognitive function in the nervous system
(Bechler et al., 2018; Criste et al., 2014; Domènech-Estévez
et al., 2015; Elazar et al., 2019; Saab and Nave, 2017).
Myelin is damaged in multiple sclerosis, one of the most
common neurological diseases in young adults (Compston
& Coles, 2002), as well as in HIV, Alzheimer’s disease,
amyotrophic lateral sclerosis (ALS) and other neurodegener-
ative diseases (Jensen, Monnerie, et al., 2015; Jensen, Roth,
et al., 2019; Kang et al., 2013), spinal cord injuries (SCI)
(for review see Pukos et al., 2019), a variety of

leukodystrophies (for review see Pouwels et al., 2014) and
following perinatal white matter injury, often resulting in dev-
astating disabilities (for review see Pouwels et al., 2014; and
Van Tilborg et al., 2018). Myelination over development and
life contributes to movement, motor learning and cognitive
function by tuning axonal conduction velocity and syncroniz-
ing neuronal oscillatory activity – failure to adequately mye-
linate or form new myelin over life contributes to the
phenotype of many of these disorders associated with
myelin pathology (Gould et al., 2018; Kato et al., 2020; Pan
et al., 2020; Steadman et al., 2020).

Much of our understanding of myelin has come from
studies focusing on developmental myelination and on the
maturation of the oligodendrocyte (OL), the cell that
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synthesizes myelin as part of its plasma membrane.
Developmental myelination begins around birth where
ample numbers of oligodendrocyte progenitor cells (OPCs)
are present in germinal zones in the developing brain (Fu
et al., 2002). These cells migrate to the paraenchyma and
begin to mature (Yu et al, 1994). As OPCs mature, they
acquire lipids and express characteristic myelin proteins,
and extend processes to ensheath axons leaving intermittent
spaces that organize the underlying axon into nodes of
Ranvier, generating a complex molecular structure that
leads to efficient propagation of action potentials (Baumann,
& Pham-Dinh, 2001) Stages of the oligodendrocyte lineage
can be identified by stage-specific external and internal
markers. OPC express A2B5, NG2 and PDGFRα
(Nishiyama et al., 1996; Raff et al., 1983). Immature oligo-
dendrocytes express O4, 3’,5’ cyclic nucleotide phosphodies-
terase (CNP), and GalC (Bansal et al., 1992; Hart et al., 1989;
Nishiyama et al., 1996; Ranscht et al., 1982; Scherer et al.,
1994). Mature oligodendrocytes express CNP and GalC, but
also aspartoacylase (Madhavarao et al., 2004) and connexin47
and connexin32 (Menichella et al., 2003). Major myelin pro-
teins are expressed in mature oligodendrocytes, and include
myelin basic protein (MBP), proteolipid protein (PLP),
myelin-associated glycoprotein (MAG), and myelin oligoden-
drocyte glycoprotein (MOG; Fulton et al., 2010; Grinspan,
2002; Solly et al., 1996). Myelin sheaths can be structurally
characterized by thickness in a measurement known as
“g-ratio”which measures the inner versus outer diameter of
the myelin sheath. The thickness of the myelin affects the
speed of conduction (West et al., 2016).

Until recently, it was unclear what controlled this develop-
mental process. Studies showed that cues from neurons
prompted myelination, therefore it was assumed that the
process of myelination required neuronal input or at least
extrinsic cues (Ishibashi et al., 2006; Stevens et al., 2002).
Recent studies now show that OLs can myelinate non-neuronal
targets (i.e., microfibers) in vitro and in the absence of external
cues, thus indicating that intrinsic properties of OLs do play a
significant role in myelination (Bechler et al. 2015; Lee,
Chong, et al., 2013; Lee, Leach, et al., 2012). This intrinsic
type of myelination is thought to be transcriptionally regulated
and causes the formation of a basic number of sheaths of a char-
acteristic size (Bechler et al., 2018). However, in vivo oligoden-
drocytes do not myelinate everything – in fact – there are
inhibitory extrinsic cues, like Jam2, that prevent myelination
of dendrites (Redmond et al., 2016).

Although textbook illustrations of myelin segments on
axons suggest the continuity of the sheaths separated only by
nodes of Ranvier in white matter regions, recent studies show
that in the neocortex and subcortical areas, the amount of mye-
lination is actually highly variable and long sections of unmy-
elinated axons exist (Olivares et al., 2001; Tomassy and
Fossati, 2014). These unmyelinated segments are then avail-
able for myelination in the adult. The function of these discon-
tinuously myelinated – predominant interneuron (Call and

Bergles, 2021; Micheva et al., 2016) - axons is not yet
known but could influence circuit connectivity.

How are the intrinsic and extrinsic cues that promote mye-
lination distributed over the age span? We have so far dis-
cussed myelination during development, but this process
continues into adulthood through an experience-dependent
mechanism known as adaptive myelination in which new
OLs are formed (Hill et al., 2018; Hughes et al., 2018;
Mckenzie et al., 2014; Young et al., 2013) and new or existing
OLs can potentially regulate the number and size of myelin
sheaths based on local signals (McKenzie et al., 2014; Xiao
et al., 2016; Young et al., 2013). Adaptive myelination is
the augmentation of existing myelin sheaths to myelinated
regions or addition of supplementary myelin. This is distinct
from remyelination - which is the addition of myelin to
demyelinated axons. In either case, myelination is primarily
derived from the formation of new oligodendrocytes and
does not depend directly on proliferation of OPCs. An OPC
number is homeostatically maintained, so that if one OPC dif-
ferentiates into an oligodendrocyte, an OPC will proliferate to
replace it (Hughes et al., 2013). However, proliferation of
OPCs alone does not necessarily result in increased myelin
because the generated OPCs do not necessarily differentiate
(Tang et al., 2000, Tikoo et al., 1998). In the studies
covered in this review, we define increasing myelination
with evidence of increase in numbers of mature oligodendro-
cytes, amount of myelin proteins, changes in myelin thickness
or g-ratio, myelin or white matter on imaging, and not simply
increase in OPC proliferation.

One of the processes that promotes adaptive myelination is
motor learning, the gradual acquisition of a specific novel
motor skill (Rösser et al., 2008) which can be tested experi-
mentally in animal models with motor learning assays like
complex running wheel training (McKenzie et al., 2014).
Similarly, magnetic resonance imaging (MRI) has shown
that humans who engaged in motor learning activities such
as juggling or playing the piano show increases in white
matter density in the brain (Bechler et al., 2018;
Sampaio-Baptista et al., 2013; Scholz et al., 2009).

While motor learning involves training or instruction, phys-
ical exercise is more general and is classified as a physical
activity that involves planned, structured and repetitive bodily
movements that expend energy and benefits one’s physical
fitness (Caspersen et al., 1985). In this review, in addition to
distinguishing between motor learning and physical exercise,
we categorize exercise as either voluntary or forced.
Voluntary exercise involves animals or humans exercising, as
defined above, on their own terms. In mice this typically
takes the form of voluntary wheel running (VWR) where an
animal is placed in a cage with a regular running wheel and
may run on the wheel as they please. Forced physical exercise,
often treadmill running or swimming, can be defined as a struc-
tured physical task that a researcher imposes on a subject
against one’s will that results in energy expenditure through a
series of repeated bodily movements (Bernardes, Brambilla,
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et al., 2016; Bernardes, Oliveira-Lima, et al., 2013; Chen et al.,
2019; Deforges et al., 2009; Shahidi et al., 2020; Younsi et al.,
2020). The effects of both motor learning and exercise appear
to be time sensitive and critical windows exist for their effec-
tiveness in adaptive myelination (Makinodan et al., 2012;
Xiao et al., 2016). The studies to be reviewed have revealed
that motor learning is more influential for adaptive myelination,
while physical exercise is more influential for promoting
remyelination during central nervous system (CNS) pathology.

This review will discuss: (a) current research regarding
both motor skill learning and physical exercise as environ-
mental cues for myelination and (b) critical windows for adap-
tive myelination, and (c) mechanisms that underlie adaptive
myelination.

Adaptive Myelination is Promoted by Motor
Learning
Adaptive myelination is characterized by changes in thick-
ness, length, and/or number of myelin sheaths on an axon,
changes in myelin protein expression and formation of new
oligodendrocytes (Bechler et al., 2018; Mount and Monje,
2017). Novel motor learning can induce pre-existing oligo-
dendrocytes to make new myelin sheaths, although it is
unclear how often this occurs (Bacmeister et al., 2020).
More commonly, novel motor tasks, such as the skilled reach-
ing task (SR) or complex running wheel, can induce OPCs in
rodents to proliferate, migrate, and differentiate into new oli-
godendrocytes, and these form new myelin sheaths
(Bacmeister et al., 2020; McKenzie et al. 2014; Sampaio-
Baptista et al., 2013; Xiao et al. 2016). In one study on adap-
tive myelination (Table 1), rats trained in SR for 15 min every
day for 11 days had more MBP in the white matter contralat-
eral to the trained paw then in rats performing unskilled
reaching tasks (UR) and control rats, as well as higher
white matter density in the external capsule, cingulum,
corpus callosum on myelin-sensitive MRI sequences, together
suggesting that myelin content had increased in white matter
regions (Sampaio-Baptista et al., 2013). Additionally,
McKenzie et al. (2014, Table 1) reported that 3 weeks of a
complex wheel task in mice led to a significant increase in
the number of mature OLs in the corpus callosum. OPCs
increased after only 4–6 days of complex wheel running,
and then immature and mature OLs increased by 40% in
runners after 11 days on the complex wheel, and by 50%
after 3 weeks (McKenzie et al., 2014).

McKenzie et al. (2014) demonstrated that not only can
motor learning promote adaptive myelination, but their data
also suggest that formation of new oligodendrocytes and
myelin sheaths is required for motor learning and skill acqui-
sition. Transgenic mice unable to generate new oligodendro-
cytes due to a conditional deletion in Myrf - a transcription
factor required to initiate myelination in oligodendrocytes –
had slower running speeds and worse performance on the
complex wheel task compared to controls. These findings

were further corroborated by Kato et al. (2019, Table 1).
WT mice or transgenic mice with extra copies of the Plp1
gene (PLP-tg) - leading to abnormal (thinner) myelin
sheaths and reduced conduction velocity in myelinated CNS
tracts - were trained for one hour a day for twelve days on a
right forelimb-dependent voluntary lever pulling task. After
12 days of training, more mature OLs formed with higher
MBP mRNA in the left primary motor cortex and subcortical
white matter in trained WT mice compared to trained PLP-tg
mice (Kato et al., 2019). Unlike WT mice, PLP-tg mice failed
to improve conduction velocity and input synchronization
after a motor task, providing evidence that adaptive myelina-
tion alters circuit function in motor learning.

Studies on motor learning and myelination have also been
conducted in human subjects. Motor learning with motor
sequence tasks and juggling increases white matter density
in human brains, as indicated by MRI scans (Marins et al.,
2019; Reid et al., 2017; Scholz et al., 2009, Table 1). Reid
et al. (2017, Table 1) trained 24 right-handed human partic-
ipants to successively touch their left thumb to the other
fingers on their left hand. Participants practiced the motor
sequence task for 10 min daily over the span of four
weeks. Fractional anisotropy (FA) diffusion MRI - acquired
before and after motor training - revealed increased white
matter density following motor training in the right
caudate nucleus, corticospinal tract, and tracts linking the
middle frontal gyrus to the caudate nucleus. There was
also a bilateral decrease in FA in the nucleus accumbens
(Reid et al., 2017). The authors cautiously suggest that
increases in white matter density reflect increases in actual
myelin but changes in numbers of oligodendrocytes or
amount of myelin were not measured. The results of this
study remain intruiging but further research is needed to
directly show the relationship between increase in white
matter density on MRI and any corresponding changes in
cellular or myelin content performed.

Critical Windows for Adaptive Myelination
Several studies have examined the timing and persistence of
adaptive myelination following motor learning. Consistent
with the McKenzie et al. (2014) study, Xiao et al. (2016,
Table 1) demonstrated that more oligodendrocytes (OLs) dif-
ferentiated when mice were presented with a novel motor
learning task on a complex wheel, but this occurred within
a rapid time frame. Differentiating OLs increased in subcort-
ical white matter as early as 2.5 h into training and after 4 h in
the motor cortex. The increase of newly differentiating OLs
was most prominent during the first 24 h of training, and con-
tinued at a lower rate 8 days following the introduction of the
complex wheel. As such, this study suggests that the first 24 h
of training a novel motor learning task may be a critical
window to promote adaptive myelination (Xiao et al.,
2016). This finding also seems to indicate that initial exposure
to a training task potentially has the most significant effect on
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Table 1. Adaptive Myelination and Physical Activity.

Activity type

Activity

method Duration Subject Findings

Timing of

findings Reference

Studies examining adaptive myelination

Motor

learning

Reaching task 15 min/day 11

days

Rats 4–5

months

MRI WM: Increased FA in the

external capsule, cingulum,

corpus callosum, and internal

capsule contralateral to

reaching paw

11 days Sampaio-Baptista et al.

(2013)

Increased MBP concentration in

areas contralateral to reaching

paw

Motor

learning

Finger tapping

task

10 min/day 4

weeks

Humans

18–40

years

MRI WM & GM:Increase in FA in

the right hemisphere caudate

nucleus and corticospinal tract,

and tracts linking the middle

frontal gyrus to the caudate

nucleus

4 weeks Reid et al. (2017)

MRI GM: Decreased FA in nucleus

accumbens

Motor

learning

Juggling 6 weeks Humans

18–33

years

MRIWM: Significant FAincrease in

in the right posterior

intraparietal sulcus white

matter

6 weeks Scholz et al. (2009)

Not statistically significant but

notable decrease in previously

observed increased FA

10 weeks

Motor

learning

Running on a

complex

wheel

3 weeks Mice

were

euthanized at

various time

points

Mice (P60

and

P90)

WM: transient increase in OPCs

in corpus callosum

4–6 days McKenzie et al. (2014)

WM: 40% increase in immature

and mature OLs in the corpus

callosum

11 days

WM: 94% of EdU+ cells were OL

lineage cells in the corpus

callosum

WM: 50% more mature OLs than

controls in the corpus callosum

3 weeks

No increase in OPC proliferation

when wheel was removed for a

week and reintroduced

Motor

learning

Lever-pulling

task

12 days Mice (6

weeks)

GM: Increase in MBP mRNA

expression in the left primary

motor cortex

12 days Kato et al. (2019)

GM: More mature OLs in the left

primary motor cortex in WT

mice than in PLP-tg mice

following motor learning

WM: More mature OLs in the

subcortical white matter in WT

mice than in PLP-tg mice

following motor learning

Motor

learning

Running on a

complex

wheel

1 week Mice

were

euthanized at

various time

points

Mice P85 WM: Significant increase in newly

differentiating OLs in

subcortical white matter

2.5 h Xiao et al. (2016)

WM & GM: Significant increase in

newly differentiating OLs in the

4 hours

(continued)
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Table 1. Continued.

Activity type

Activity

method Duration Subject Findings

Timing of

findings Reference

motor cortex and subcortical

white matter

WM & GM: 50% increase in newly

differentiating OLs in the

motor cortex and subcortical

white matter

12 h

WM & GM: Two fold increase in

newly differentiating OLs in the

motor cortex and subcortical

white matter

24 h

WM & GM: Significant increase in

newly formed OLs in the

motor cortex and subcortical

white matter

2–4 days

WM & GM: Increase of newly

differentiating OLs compared

to earlier persisted

8 days

Voluntary

physical

exercise

Running on a

regular

wheel

2 weeks Mice 8

weeks

GM: Increase MBP expression in

the motor cortex

2 weeks **Zheng et al. (2019)

GM: Significantly more OL lineage

cells, OLs, and OPCs in the

motor cortex

GM: No change in density

PDGFRα+/Olig 2+ OPCs in

the motor cortex

Voluntary

physical

exercise

Running on a

regular

wheel

12 days Mice

were

euthanized at

various time

points

Mice P65

(adult)

WM: Significant increase in OPCs

in the corpus callosum

4 days McKenzie et al. (2014)

Voluntary

physical

exercise

Running on a

regular

wheel

125 days Mice P21–

P23

GM: No increase in myelin in the

cerebellum

125 days **Alvarez-Saavedra

et al. (2016)

GM: Slight increase in OPC

proliferation in the cerebellum

Voluntary

physical

exercise

Running on a

regular

wheel

6 weeks Mice 8

weeks

GM: No significant difference in

MBP or CNP expression in the

striatum

6 weeks **Mandolesi et al.

(2019)

Voluntary

physical

exercise

Running on a

regular

wheel

3, 7 or 28 days Rats 2

months

No difference in the major

components of myelin -- the

four isoforms of MBP, CNP, or

PLP/DM20 in the spinal cord

3 days Ghiani et al. (2007)

1 week

4 weeks

Voluntary

physical

exercise

Running on a

regular

wheel

7 weeks Mice 9

weeks

No increase in protein expression

of MBP. 1.4-fold increase in

PLP1 expression. Elevated RNA

expression for MBP and PLP.

No effect on CNP RNA

expression. 1.4-fold increase in

Myrf expression. No significant

increase in the number of

OPCs or OLs. All observations

were made in the spinal cord.

7 weeks Yoon et al. (2016)

Voluntary

physical

exercise

Running on a

regular

wheel

2 weeks Rats GM: Significant increase in OPCs

in the frontal cortex but not in

2 weeks Hall et al. (2014)

(continued)
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the rate of OL differentiation. However, many studies have
shown that the differentiation from OPC to mature myelinat-
ing OL takes atleast 48–72 h, so it is unclear whether the rapid
appearance of new OLs and increased myelin represents the
stabilization of cells already in the process of differentiating
and forming new myelin - that would normally not be main-
tained – or the novel differentiation of OPCs. Future research
is needed to identify the cellular and molecular mechanisms
that control this rapid generation.

McKenzie et al. (2014) demonstrated that after a month
without training on the previously learned motor task
(running on a complex wheel), mice that underwent adaptive
myelination had maintained the ability to outperform mice
who did not undergo adaptive myelination when reintroduced
to the complex wheel. Although the improved task perfor-
mance persisted, they did not determine whether white
matter architecture created through adaptive myelination
remains stable over time. It has been previously demonstrated

in humans and mice that OLs formed through developmental
myelination are stable over the life-span with little turnover
(Hill et al., 2018; Hughes et al., 2018; Yeung et al., 2014).
However, whether or not this is also true for OLs developed
through adaptive myelination during adulthood requires
further investigation.

Additionally, adaptive myelination during motor learning
appears to occur only when the the motor task is novel.
When reintroduced to the task following a 1–2 week resting
period, experienced mice showed no additional increase in
OPC proliferation of differentiation. The above findings
suggest that adaptive myelination is restricted to novel learning
experiences (McKenzie et al., 2014; Xiao et al., 2016). It is
clear from the literature that augmentation to existing myelin
sheaths not only is possible well into adulthood, but also
plays an important role in motor skill learning. The findings
across studies consistently demonstrate that motor learning pro-
motes adaptive myelination in both humans and animals.

Table 1. Continued.

Activity type

Activity

method Duration Subject Findings

Timing of

findings Reference

the retrosplenial cortex or

occipital cortex

Forced

exercise

Treadmill

running

3 weeks Mice 4

weeks

WM: Increase in proliferating

OPCs and mature OLs. Higher

MBP intensity in the corpus

callosum

3 weeks Chen et al. (2019)

Voluntary

physical

exercise

Running on a

regular

wheel

2 weeks Mice 8–12

weeks

GM: 1.2 fold increase in number

of OPCs WM: No OPC

proliferation or differentiation

observed in the corpus

callosum

GM: No OPC proliferation or

differentiation observed in the

piriform cortex

2 weeks Eugenin von Bernhardi

and Dimou (2022)

4 weeks GM: significant increase

differentiation of GPR17+OPC

cells

GM: 1.45 fold increase

proliferation of GPR17+ OPC

glia

GM: 1.4 fold increase in

number of OPCs

GM: 36.6% increase in OPC

proliferation 130.2% increase in

NG2 cell differentiation

WM: No OPC proliferation or

differentiation observed in the

corpus callosum

GM: No OPC proliferation or

differentiation observed in the

piriform cortex

4 weeks

(**) indicates that although a voluntary exercise paradigm was used, the experiment also used motor learning assays to assess motor ability. It is indicated

whether changes in OL lineage cells occurred in white matter (WM) or grey matter (GM). Acronyms: fractional anisotropy (FA), oligodendrocytes (OL),

oligodendrocyte precursors cells (OPC).
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Additionally, the first 24 h following exposure to novel motor
tasks may represent a critical window for adaptive myelination.

Voluntary Exercise Does Not Necessarily
Promote Adaptive Myelination
The impact of physical exercise, as opposed to motor learn-
ing, on adaptive myelination is more ambiguous. Several
studies show increased OPC proliferation in the brain due to
physical exercise, but those studies are at odds as to which
brain regions are affected. For example, Hall et al. (2014,
Table 1) found that adult male rats that ran voluntarily on a
wheel for 14 days had significantly more OPCs in the
frontal cortex but not the retrosplenial cortex or occipital
cortex. In an additional experiment in the McKenzie et al.
(2014) study discussed above looked at VWR running
instead of running on a complex wheel, 4 days of VWR led
to increased numbers of OPCs in the corpus callosum.
However, in both of these studies, the increase in OPCs in
response to VWR did not result in increased numbers of
OLs or myelin proteins, therefore these studies are not indic-
ative of adaptive myelination.

Additional studies also did not find a relationship between
physical exercise and adaptive myelination. Alvarez-Saavedra
et al. (2016, Table 1) found that mice engaged in voluntary
physical exercise showed no increase in myelin, as observed
using transmission electron microscopy (TEM) 125 days
post-VWR. In running mice as compared to sedentary mice,
there was a slight, but not statistically significant, increase
in OPC number in the cerebellum without an increase in the
number of OLs in either the cerebellum or brain stem. Of
note, the mice in the Alvarez-Saavedra et al. (2016) study
were also trained on the rotarod assay prior to VWR assess-
ment, so motor learning may also have played a role.
Similarly, Mandolesi et al. (2019, Table 1), provided mice
with a running wheel to run on voluntarily for 6 weeks (phys-
ical exercise) and performed a grip strength task at weeks
three and five and a rotarod test at week five. No significant
difference in expression of MBP or CNP was found
between the sedentary and VWR mice following the 6-week
period in the corpus callosum and striatum, and no changes
were observed in numbers of OL lineage cells in the corpus
callosum, similar to Zheng et al. (2019). Together, these find-
ings show that motor tasks in conjunction with voluntary
exercise have differing effects on OL lineage cells dynamics.

It is possible that voluntary exercise promotes adaptive
myelination at a different rate than motor learning, and only
in some brain regions. Eugenin Von Bernhardi and Dimou
(2022) found that VWR after both 2 weeks and 4 weeks led
to an increase in newly generated OLs in the motor cortex,
but not the corpus callosum or piriform cortex. Notably, 4
weeks of VWR induced production of more OLs relative to
2 weeks, which were mainly derived from OPCs directly dif-
ferentiating into mature OLs,(62.30%) as opposed to OPCs
that first proliferate prior to differentiating (62.3% v. 37.7%,

respectively). They also found that a subset of OPCs, those
that expressed the G-protein coupled receptor 17 (GPR17),
showed a delayed differentiation response to VWR. In this
population of cells, 6 weeks of VWR were necessary to
induce an increase in amount of newly differentiated oligo-
dendrocytes derived from GPR17+ OPCs (Eugenin von
Bernhardi and Dimou 2022). Together, these results demon-
strate that exercise can induce heterogeneous adaptive myeli-
nation, and varies by on brain region, “dose” of exercise
defined by amount of exercise over time, and type of OPC,
defined by specific protein expression profile.

Similar to the Von Bernhardi and Dimou study, Zheng
et al., (2019, Table 1) found that that two weeks of VWR in
adult 8-week old mice induced more OLs and MBP expres-
sion in the motor cortex, but no change in the corpus callosum
(in contrast to McKenzie et al., (2014)). Notably, in addition
to VWR, the mice used in this study had been previously
trained on the rotarod and beam walking tests (Zheng et al.,
2019), so adaptive myelination was probably not entirely
based on physical exercise alone. Given that adaptive myeli-
nation may initiate as rapidly as 2.5 h following the introduc-
tion to a motor learning task (Xiao et al. 2016), the
combination of a motor learning task introduction followed
by a period of voluntary exercise, promotes increased
myelination.

In the spinal cord, two studies had somewhat conflicting
findings regarding adaptive myelination following voluntary
exercise (Ghiani et al., 2007; Yoon et al., 2016, Table 1).
Ghiani et al. (2007) gave 2 month old rats access to a
regular running wheel to run on voluntarily for either 3, 7
or 28 days. There were no differences in the major compo-
nents of myelin - MBP, CNP, or DM20 – at 3, 7, or 28
days post-VWR in the lumbar spinal cord. While Yoon
et al. (2016) also found that 9 week old mice did not increase
MBP or CNP protein in the spinal cord after 7 weeks of VWR
compared to mice that were sedentary for 7 weeks, PLP1
protein increased by 140%, and MBP, PLP and Myrf RNA
increased. However, there was no significant increase in the
number of OPCs or OLs in the observed area of the spinal
cord (Yoon et al., 2016). While it is possible that physical
exercise altered the metabolism of the OL lineage cells,
number of myelin sheaths, or features of individual myelin
sheaths already present, neither study found a difference in
number of OL lineage cells in mice undergoing voluntary
exercise.

While there is disagreement in the current literature regard-
ing the relationship between voluntary exercise and adaptive
myelination, the studies discussed suggest that physical activ-
ity promotes adaptive myelination in the motor cortex by
inducing formation of more oligodendrocytes (Eugenin Von
Bernhardi and Dimou 2022; Zheng et al., 2019) or modifying
myelin itself in the spinal cord (Yoon, et al., 2016). It is pos-
sible that exposure to a motor learning task (even for a single
time), can influence OPC proliferation and myelination while
physical activity alone may induce changes in myelination on
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a slower time course. In order to more accurately assess the
impact of voluntary exercise on myelination, future studies
should refrain from including additional motor learning
assays or tasks when measuring the effects of voluntary exer-
cise to ensure that the proper variable is isolated. At this point,
based on the current research, it remains unclear whether vol-
untary exercise alone promotes adaptive myelination in the
CNS, and whether formation of new OLs is required (vs.
modifying existing myelin).

Forced Exercise Can Promote Adaptive
Myelination
At least one study has looked at the effect of forced physical
activity on adaptive myelination in young mice. Chen et al.
(2019, Table 1) forced 4 week old mice to run on a treadmill
for 1 h per day for 3 weeks. Following the exercise paradigm,
more proliferating OPCs and mature OLs and higher MBP
intensity were detected in the corpus callosum; myelin in
these region had increased thickness as measured by electron
microscopy, suggesting that forced physical exercise pro-
moted adaptive myelination in the corpus callosum. More
studies are needed to confirm this finding.

Adaptive Myelination is Distinct From
Remyelination
Adaptive myelination differs from remyelination in several ways.
First, as previously discussed, adaptive myelination occurs in
healthy brains while remyelination occurs in brains with pathol-
ogy. While exercise does not necessarily promote adaptive mye-
lination in healthy brains, the role of voluntary exercise on CNS
demyelinating pathology could be multi-faceted, as studies have
reported that voluntary exercise can prevent demyelination or
promote remyelination (Alvarez-Saavedra et al., 2016; Jensen
et al. 2018; Jiang et al., 2017; Mandolesi et al., 2019; Pryor
et al., 2015, Siegenthaler et al., 2008).

Mandolesi et al. (2019, Table 2) tested the effect of volun-
tary exercise in the cuprizone toxin model of demyelination.
Voluntary exercise began on a regular running wheel at the
onset of cuprizone demyelination and continued throughout
the 6-week feeding period until the mice were euthanized.
In cuprizone treated mice, physical exercise resulted in rela-
tively more MBP and CNP in the corpus callosum, cingulum
and striatum after 3 weeks and persisting up to 6 weeks, com-
pared to cuprizone-treated sedentary mice. Since remyelina-
tion begins spontaneously in the corpus callosum during
cuprizone feeding (Mandolesi et al., 2019), it was not clear
whether voluntary exercise prevented loss of oligodendro-
cytes and myelin or promoted formation of new oligodendro-
cytes and/or myelin sheaths.

A 2018 study by Jensen and colleagues (Table 2) used a dif-
ferent toxin-induced model of demyelination, lysolecithin-
induced spinal cord demyelination, and observed the effects

of unlimited access to a running wheel during the remyelination
period. In this model, OPCs proliferate at 3–5 days post lesion
(DPL), and differentiate into OLs between 5–14 DPL. VWR
induced more OPCs in lesions at 3–4 DPL (up to 34% more),
with 48% more MBP and 2.11-fold increase in myelinated
axon density between 5–14 DPL, but a similar rate of formation
of new OL, compared to sedentary mice. They also found that
VWR novelty did not affect the rate of OPC proliferation and
differentiation during the recovery period. Post-lysolecithin-
treated mice were permitted to run on a regular wheel voluntar-
ily for 7 days, followed by a 7-day rest period. Increases in OPC
proliferation and differentiation continued when mice were rein-
troduced to the wheel following the rest period, unlike
McKenzie et al. (2014) and Xiao et al. (2016), suggesting that
the cues from exercise promoting remyelination are distinct
from adaptive myelination. Exercise also appears to promote
myelination in various disease models where myelin loss is an
indirect consequence of the condition itself such as spinal
cord injury (Siegenthaler et al., 2008).

While motor learning has been shown to be effective at pro-
moting both adaptive myelination and remyelination, the
underlying mechanisms may differ. Bacmeister et al. (2020,
Table 2) used longitudinal two-photon in vivo imaging and
tracking of individual OL and myelin sheaths to directly
observe oligodendrocyte and myelin dynamics. This group
showed that mice introduced to motor learning (reaching
task) 10 days post-cuprizone had a higher density of both
OLs and myelin sheaths in the motor cortex compared to
untrained mice (Bacmeister et al., 2020). Although generation
of new OLs likely accounts for the bulk of new myelin sheaths
generated during the recovery period, Bacmeister et al. (2020)
also found examples of pre-existing OLs that formed new
myelin sheaths on demyelinated axons during the motor learn-
ing period (Bacmeister et al. 2020). In contrast, they did not
find examples of pre-existing oligodendrocytes forming new
myelin sheaths in response to motor learning alone in healthy
brains. A new study in zebrafish also found pre-existing oligo-
dendrocytes forming newmyelin sheaths after injury, although
these myelin sheaths formed close to the oligodendrocyte cell
body and may ensheath neuronal cell bodies (Neely et al.,
2022). Together, these studies suggest that the processes that
underly remyelination and adaptive myelination differ.
Additional research is needed to further elucidate the differ-
ences in the cellular mechanisms that promote formation of
new oligodendrocytes, or newmyelin sheaths from pre-existing
OL, in adaptive myelination and remyelination.

Mechanisms Underlying Adaptive
Myelination
Although potential mechanisms underlying adaptive myelina-
tion have been reviewed elsewhere (de Faria et al., 2021;
Habermacher et al., 2019; Monje 2018; Mount & Monje
2017; Tomlinson et al., 2016), only a few of of the studies
covered in this review identified specific mechanisms that
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Table 2. Remyelination and Physical Activity.

Activity

type

Activity

method Duration

Disease model

and subject Findings

Timing of

findings Reference

Studies examining remyelination

Voluntary

exercise

Running on a

regular

wheel

28 days Mice were

sacrificed at various

time points

lysolecithin

mouse model

8–12 weeks

old

Observed OPC proliferation in the

spinal cord

3–5 days Jensen et al.,

(2018)

Observed OPC differentiation in

the spinal cord

5–14

days

7 days of running

followed by a 7 day

rest prior to

demyelination

lysolecithin

mouse model

8–12 weeks

old

Remyelination was observed in the

spinal cord

10–28

days

37% increase in OL lineage cells in

the spinal cord

14 DPL

Voluntary

exercise

Running on a

regular

wheel

6 weeks Cuprizone

mouse model

8 weeks old

WM & GM: Partial recovery of

MBP and CNP in the corpus

callosum, cingulum and striatum

3–6

weeks

**Mandolesi

et al. (2019)

Motor

learning

Reaching

task

1 week Cuprizone

mouse model

6–8 weeks old

GM: More OLs and myelin sheaths

generated in the motor cortex

compared to untrained mice

following cuprizone treatment

7 weeks Bacmeister

et al. (2020)

GM: some surviving OLs could

make new myelin sheaths during

motor learning

(**) indicates that although a voluntary exercise paradigm was used, the experiment also used motor learning assays to assess motor ability. It is indicated

whether changes in OL lineage cells occurred in white matter (WM) or grey matter (GM).

Figure 1. Motor learning promotes adaptive myelination and both exercise and motor learning promote remyelination. However, it is not

clear whether exercise alone promotes adaptive myelination, and whether motor learning promotes remyelination outside of the motor

cortex or in multiple demyelinating pathologies.
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link motor learning or exercise to adaptive myelination. For
example, Zheng et al. (2019) found that voluntary wheel
running decreased motor cortex expression of components
of the Wnt/Beta-catenin pathway, a pathway known to
inhibit myelination when activated (Feigenson et al., 2009).
Chen et al., (2019), found that adaptive myelination was
blocked after forced exercise if mice were treated with rapa-
mycin, an inhibitor of the mTOR pathway. Neuronal activity
itself induces adaptive myelination in vivo via release of neu-
rotransmitters such as glutamate and GABA that can be
sensed by OPCs (Gibson et al., 2014, Wake et al., 2011,
2015). However, it is not clear what specific cues instruct oli-
godendrocytes to myelinate multiple inputs to a single circruit
(as suggested by the Kato et al., 2020 study). Astrocytes
secrete growth factors like BDNF, which induces myelination
through activation of the the TrkB receptor, and likely also
promotes adaptive myelination (Geraghty et al., 2019, Saitta
et al., 2021). Clearly, more research is necessary to identify
mechanisms, and complex coordination between oligoden-
drocyte lineage cells, neurons, and astrocytes, to clarify the
processes that promote adaptive myelination and remyelina-
tion driven by exercise and motor learning.

Conclusion
Our understanding of the cues for myelination in developing
and adult CNS is continually expanding. It is now clear that
motor learning plays a critical role in adaptive myelination.
Studies show that despite the variability in age tested, type
of intervention and brain location looked at, that some type
of motor intervention can affect OL lineage and myelin
dynamics, although the role of physical exercise alone still
needs to be better understood (Figure 1). Additionally, extrin-
sic cues such as physical exercise and motor learning are
effective in promoting remyelination, although the current lit-
erature suggests that the mechanisms underlying adaptive
myelination and remyelination are distinct (Figure 1).
Finally, the specific cues that promote OL lineage changes
and formation of myelin need to be identified.

The discovery that myelination continues into adulthood in
an experience-dependent manner provides an exciting new
avenue for future research that focuses on learning, and
whether one type of learning affects myelination in one or
more brain regions. It also underscores the need to consider
the importance of adaptive myelination in acquiring new
skills throughout the age span and how this might be compro-
mised in diseases that disrupt myelin. The identification of the
ability of both exercise, voluntary or forced, and motor learning
to encourage remyelination suggests new therapeutic avenues
as well for inherited and acquired disorders of myelin.

Open Questions and Future Directions
The literature clearly demonstrates a difference in OL lineage
cell response to motor learning as compared to physical

exercise. An open question to be explored will be the specific
molecular mechanisms that cause adaptive myelination in
motor learning and physical exercise and whether they are dis-
tinct from one another. Additionally, future studies should
aim to investigate whether heterogeneity in the oligodendro-
cyte lineage, either intrinsic OPC variations or variation in
location, affects adaptive myelination. This is an exciting
new avenue of research that can be taken in many directions
in future studies.
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