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Myelin sheaths in the vertebrate nervous system enable faster
impulse propagation, while myelinating glia provide vital
support to axons. Once considered a static insulator,
converging evidence now suggests that myelin in the central
nervous system can be dynamically regulated by neuronal
activity and continues to participate in nervous system
plasticity beyond development. While the link between
experience and myelination gains increased recognition, it is
still unclear what role such adaptive myelination plays in
facilitating and shaping behaviour. Additionally, fundamental
mechanisms and principles underlying myelin remodelling
remain poorly understood. In this review, we will discuss new
insights into the link between myelin plasticity and behaviour,
as well as mechanistic aspects of myelin remodelling that may
help to elucidate this intriguing process.
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Introduction

The acquisition of myelinating glia was a critical evolu-
tionary advancement that enabled the development of
increasingly complex nervous systems. In the central
nervous system (CNS) glia cells called oligodendrocytes
(OLs) form myelin sheaths (also called internodes) by
wrapping long segments of axons with a multi-layered
sheath of extended cell membrane. Myelination was first
understood to enable faster impulse propagation in axons
more than 60 years ago, yet it took a long time to recognise
the mechanistic complexity of this cellular process and
the diverse roles that myelination plays in the formation
and functioning of the vertebrate nervous system [1].

White matter (WM) gets its colour from the abundance of
myelinated axons in the connective tracts of the CNS,
which make up about half of the human brain volume.
The past few years have seen a refreshed interest in WM
as a driver of behaviour, as converging evidence has
indicated that myelin in the CNS can be dynamically
regulated by neuronal activity and experience [2-4].
Although this phenomenon has been recognised in
cell culture studies for some time [5,6], its demonstration
in vive, and its potential contribution to behaviour, has
been shown only recently [7°°,8°°]. Indeed, converging
evidence from a number of different experimental
approaches, including neuroimaging studies in humans
[9-11] and rodents [12], genetically modified mice [7°°] as
well as manipulation of neural activity in both rodents and
zebrafish [13-15], suggest an active role for dynamic
myelination in adult brain plasticity and indicate myelin
plasticity may be an additional route by which experience
can shape brain structure and function.

Our current understanding of brain plasticity is mainly
centred around the concept of synaptic plasticity, which is
supported by widely acknowledged theoretical frame-
works, decades of experimental work and neural model-
ling [16]. In contrast, evidence for the plasticity of myelin
has only started to converge in recent years and conse-
quently its functional significance and underlying mech-
anisms remain undefined. Hence, it is still unclear how
myelination can be dynamically regulated by experience
to facilitate adaptive changes in neural network behaviour
that underlie behavioural change (Figure 1).

Association between behaviour and WM
during development and ageing

Correlated changes in WM and cognitive functions over
the human lifespan offer a link between myelin and
cognitive and sensorimotor development. For instance,
maturation of sensorimotor or language-related tracts are
associated with the development of these basic skills in
childhood [17-19], whereas maturation of fronto-parietal
[18,20,21] and fronto-striatal [22-24] WM pathways cor-
relates with protracted development of executive func-
tions and behavioural control during adolescence and
early adulthood. At the other end of the lifespan, ageing
is accompanied by axon and myelin deformation and
degeneration even in the absence of specific pathological
conditions, as indicated by post-mortem histological stud-
ies [25,26]. Mirroring the observed loss of myelinated
fibres, changes in WM diffusion metrics are reliably
associated with ageing [27]. Interestingly, ageing seems
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Myelination can be dynamically remodelled by neural activity and experience even during adulthood, yet its role in learning remains elusive.
Experiences such as learning to juggle [9] or playing a computer game [30] are associated with structural changes in white matter pathways in
humans, while learning a motor skill can lead to changes in myelination in rodents [12]. Indeed, neural activity can regulate changes in myelin-
forming cells within an active circuit, as demonstrated by in vivo optogenetic techniques in awake, behaving mice [13]. Such myelin plasticity may
occur through many different routes (see Figure 2). While changes in myelination have mainly been investigated after days or weeks, recent
evidence suggests an active requirement of New-OL within the first hours of skill acquisition [8°°]. However, if and to what extent adaptive
changes in myelination can facilitate behavioural change and skill acquisition remains poorly understood. Learning more about the underlying
biological mechanism, such as the speed at which experience can be translated into adaptive changes in myelination, will be critical to

understand the role that myelin plasticity plays in the nervous system.

to predominantly affect a network of higher-order brain
regions that myelinate relatively late during adolescence
and seem especially vulnerable to disorders during early
and late development [28]. Accumulating evidence indi-
cates that such age-related declines in cerebral WM
integrity may contribute to cognitive deficits associated
with ageing [29], although this relationship remains a
subject of debate. However, while developmental and
age-related WM changes indicate an important associa-
tion between myelin and healthy brain function, such
associations are hindered by a wide range of concomitant
lifespan-related biological changes and can provide little
mechanistic insight into whether or how myelin can shape
behaviour.

Myelin plasticity may illuminate the link
between myelin and behaviour

While brain plasticity has mainly been studied in the
context of activity-dependent changes at the synapse,
converging evidence from animal and human studies now
indicates that similar mechanisms can also regulate

myelination. This previously overlooked phenomenon,
termed myelin plasticity, may provide a complementary
route through which experience shapes the brain [3].
Indeed, in healthy adults, evidence for a link between
changes in WM structure and skill learning in humans is
accumulating [9,30,31]. Using myelin-sensitive imaging
methods [32,33], a recent study found experience-depen-
dent changes in myelin that were associated with changes
in skilled movements in healthy young adults [10°].
However, in most studies, concurrent changes in other
WM cells as well as in grey matter make it challenging to
infer the functional relevance of myelin plasticity for any
associated behavioural change. Allowing the possibility
for more direct experimental interventions, rodent stud-
ies can provide important insights into the link between
changes in myelin and behaviour [7°°,12,13,34], although
potential differences in oligodendroglia dynamics
between humans and other animals have to be considered
[35,36]. Conditional knock-out of the gene encoding the
transcription factor MYRF (Myelin Regulatory Factor) in
adult mice has provided the only evidence for a direct
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Different cellular processes may lead to dynamic changes in myelination during adulthood. Axons (green) in the CNS can be wrapped by myelin
segments (blue), which are formed by oligodendrocytes (OLs) during development. Converging evidence indicates that myelination can be
dynamically remodelled by activity-dependent and experience-dependant mechanism, even during adulthood. (a) Oligodendrocyte precursor cells
(OPCs, orange) are an abundant proliferating cell population in the adult CNS and have the potential to differentiate into new myelinating
oligodendrocytes [36]. Such de novo myelination (orange segment) can occur at previously unmyelinated segments, or (b) can replace retracting
or damaged myelin segments of pre-existing OLs. (c,d) Additionally, pre-existing oligodendrocytes may also adjust structural parameters of their
myelin sheath to modify nerve conduction velocity. Such myelin remodelling can be achieved by (c) altering the thickness of myelin segments
though the addition or removal of membrane layers [38°], or (d) varying the length of myelin segments [44°]. Yet, it remains unclear if and to what
extent myelin remodelling in the adult CNS can be mediated by pre-existing OLs. (e) Additionally, adjustment of node of Ranvier length has been
suggested as another potential mechanism for tuning the arrival time of information in the CNS [46°]. While all of these mechanisms have the
potential to change the information flow within neural networks, their relative contribution to adaptive myelin plasticity, as well as their mechanistic

complexity, remain poorly understood.

causal link between experience-dependent myelin plas-
ticity and skill acquisition [7°°,8°°]. By preventing the
maturation of newly generated OLs in adult mice
(Figure 2a,b), this knock-out seems to interfere with
the mice’s ability to master running on a complex wheel
with irregularly spaced rungs [7°°,8°°]. Importantly, if the
mice had been exposed to the complex wheels prior to the
genetic manipulation, their performance was unimpaired,
suggesting that newly forming OLs play a specific role in
acquisition of a novel skill. However, it remains to be
determined whether these findings translate to other
forms of learning and precisely which aspects of the
behaviour are impaired. Using a different transgenic
approach, another group indicated that the continuous
generation of new OLs in the adult brain of mice may play
a role in the maintenance of nodal integrity, and

consequently, in the maintenance of motor functions,
yet the study did not investigate motor learning [37].

Alongside myelin formed by newly differentiating OLs,
remodelling of the existing myelin sheath represents
another putative mechanism by which experience can
shape brain structure (Figure 2c¢,d). Yet it remains unclear
if and to what extent myelin remodelling in the adult
CNS can be mediated by pre-existing OLs. To address
this, a recent study demonstrated that conditional upre-
gulation of cellular signalling pathways in pre-existing
OLs of adult mice was sufficient to induce a subtle
increase in myelination in the CNS #at was mainly driven
by the addition of new myelin to existing sheaths, rather
than e novo myelination of naked axons [38°]. Addition-
ally, a concurrent increase in nerve conduction velocity
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indicated that the observed myelin remodelling resulted
in functional changes. To probe whether such upregula-
tion of myelin gives incremental benefits or rather dis-
turbs homeostatic fine-tuning, the authors assessed a
variety of behaviours and only found evidence for slightly
enhanced hippocampal-dependent emotional learning;
motor learning and object recognition remained unaf-
fected. While this study supports the notion that myelin
remodelling in pre-existing myelin sheaths is a probable
mechanism for myelin plasticity [39,40], these findings
also suggest that subtle and globally induced hypermye-
lination during adulthood does not lead to general cog-
nitive or motor behavioural change. This could mean that
behavioural performances is not consistently sensitive to
subtle changes in myelination during adulthood. How-
ever, it is also possible that the CNS can compensate for
such artificially induced hypermyelination, mechanisms
of adaptive myelination related to learning remain
largely unaffected by the genetic manipulation, and/or
the influence of myelin remodelling on behaviour
depends on the specific demands of the behaviour in
question. Overall, these considerations are an important
reminder that the link between myelin remodelling and
behavioural adaptation remains poorly understood
(Figure 1).

Driver of behavioural change: myelin
remodelling and conduction speed

Considering myelin’s traditional function in modulating
nerve conduction velocity, myelin plasticity may play a
vital role in facilitating the flow and integration of infor-
mation [41]. Additionally, precise timing of nerve
impulses is essential for certain forms of synaptic plastic-
ity [2,42] and regulation of oscillatory neuronal activity in
large and complex neural networks [43]. However, it has
been methodologically and experimentally challenging to
study how experience can influence nerve conduction
velocity. Etxeberria and colleagues demonstrated that
visual deprivation via monocular eyelid suture can lead
to shortening of myelin sheath length in the respective
optic nerve, which in turn reduced nerve conduction
velocity [44°]. Additionally, genetically induced increases
in CNS myelin sheath thickness have been linked to
changes in nerve conduction speed and subtle beha-
vioural effects [38°]. Recently, changes in the nodes of
Ranvier have been considered as another mechanism by
which experience can modulate nerve conduction speed
[45,46°], as altering the length of a node can change the
node capacitance and the axial resistance for current flow
into the internode (Figure 2e). Modelling of conduction
speed based on nodal lengths imaged in the mouse CNS
has shown that variations in the length of nodes can
change the conduction velocity by about 20%, which is
comparable to the changes produced by alterations in
myelin sheath thickness or length [46°]. Interestingly,
the change in membrane area needed to achieve a
given change of conduction speed was estimated to be

>270-fold smaller for a change in nodal length than for an
alteration of the myelin sheath thickness or length, mak-
ing it a potentially faster and more energy efficient
mechanism.

Furthermore, it is noticeable that structural parameters of
myelinated axons can deviate significantly from the
canonically assumed relationship between axon dimeter
and myelin thickness [47]. While investigating parts of
the auditory system responsible for sound localisation,
Ford and colleagues observed that structural parameters
of myelin sheaths and nodes can differ significantly
between different axons that compute different sound
frequencies, and can even vary along a single axon [45].
Importantly, the authors claim, backed by simulations
and 7z vivo and in vitro recordings, that such structural
arrangements of myelination can play a significant role in
information processing in the investigated network.
While these observations describe myelination estab-
lished during development, such findings indicate that
the relationship between the myelin sheath and conduc-
tion velocity may be more complex than previously
assumed, which will need to be considered when exam-
ining the functional significance of myelin remodelling
and its role in the nervous system.

Understanding the mechanisms underlying
myelin plasticity will be essential to
understanding its relevance for behaviour
Understanding the biological mechanisms underlying
adaptive myelination is a key issue surrounding myelin
plasticity, and one that will likely require intense trans-
lational efforts across disciplines, from molecular biology
to neuroimaging [48]. A good example of this is the
question of how fast myelin can be dynamically modu-
lated by experience, which in turn has vast implications
for its potential role in behavioural adaptation. Changes
in WM microstructure, as assessed by MRI, have been
detected after just 2 hours of playing a video game [30].
However, MRI metrics do not provide a direct measure of
myelin. Hence, it is unclear if and to what extent myelin
remodelling could contribute to such a rapid signal
change, as most animal studies have investigated expe-
rience-dependentor activity-dependent changes in mye-
lination in the timeframe of days or weeks [7°°,44°]. A
recent experiment, however, indicated a causal link
between behaviour changes and OL dynamics within a
few hours. By identifying a novel marker of early OL
differentiation (Enpp6), Xiao and colleagues were able to
track OL differentiation in adult mice to show that
maturation of newly forming OLs was increased within
the first 2.5 hours of exposure to acomplex running wheel
[8°°]. Interestingly, preventing the differentiation of new
OLs caused a deficit in running performance in the same
2-3 hours time window, suggesting a very early and
active requirement for newly differentiating OLs in
learning.
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Understanding the speed at which myelin can be remo-
delled may be important for unraveling its function in the
nervous system. Myelin remodelling could be understood
as a slower, secondary process that reacts to changes in the
dynamics of neural networks. The purpose of such sec-
ondary plasticity could be the consolidation of learning by
means of adjusting myelination patterns to the new needs
of the neural network, as well as providing important
homeostatic control. The evidence presented by Xiao and
colleagues suggests that myelin plasticity can act in a
similar temporal window as fast, primary plastic changes
provided by synaptic plasticity. This suggests that these
two mechanisms may interact more synergistically than
previously thought. However, it remains unclear how
such rapid changes in conduction velocity can be
achieved. A subpopulation of oligodendrocyte precursor
cells (OPCs) may be primed to rapidly respond to novel
experience by differentiating into myelinating OLs [8°°].
Such new OLs could establish the location of their new
myelin segments within a few hours, as indicated by
vitro and in vivo zebrafish models [49,50]. Nevertheless, it
is unclear how such early processes can lead to significant
alteration in conduction velocity. While it is possible that
just one or a few wraps of new myelin might have
beneficial effects, newly forming pre-myelinating OLs
may also influence neural activity independent of de novo
myelination — for example, through clustering of nodal
components at ‘pre-nodes’, which can be induced by OL-
secreted factors [51], or early metabolic coupling between
newly differentiating OLs and axons [52]. Additionally,
remodelling of existing myelin sheaths [38°], as well as
adjustment of nodes of Ranvier length [45,46°] provide
alternative and fast routes by which myelin could adapt to
neuronal activity changes. However, neither the relative
contribution, nor the temporal dimensions of these mech-
anisms have been investigated.

Furthermore, it is still unclear if myelin plasticity is bi-
directional. The vast majority of work in this area has
investigated whether increasing activity results in
increased number, length or thickness of myelin inter-
nodes. However, given the requirements for homeostasis
in any biological system, it is plausible that a reciprocal
phenomenon occurs, whereby certain types of activity
could result in downregulation of myelin, analogous to
long-term depression at the synapse. While social [53,54]
or visual deprivation [44°] have been associated with a
reduction in the number of internodes or the number of
myelin wraps that develop, there is currently no iz vivo
evidence for an activity-dependent mechanism that leads
to a decrease in pre-existing myelination.

Finally, converging evidence suggests that oligodendrog-
lia in the CNS are more heterogencous than previously
thought [55,56], with potential variations of their intrinsic
myelination capacity [57°]. Additionally, neural identity
can influence respective profiles of myelination in mice

[58], as well as activity-dependant myelination in the
developing zebrafish [59°]. These findings indicate that
the identity of neurons and OLs, as well as their idiosyn-
cratic interactions, can determine the structural parame-
ters and plasticity of their respective myelination. While
this complicates the task of unravelling the functional role
of myelin plasticity, it may simultaneously be an indicator
of its significance.

Concluding remarks

While the link between behaviour, myelin integrity and
developmental myelination had been recognised in the
past, the plastic regulation of myelination, even during
adulthood, has gained increased recognition as an addi-
tional mechanism by which experience can shape brain
structure. However, the role of adaptive myelination in
facilitating and shaping behavioural change remains elu-
sive and fundamental mechanisms underlying myelin
remodelling are still poorly understood, and appear to
be complex and diverse. Such complexity will need to be
considered when trying to detect functionally relevant
changes in myelination and to establish a conclusive link
between myelin remodelling and behavioural change,
which remains a key challenge in the field. Technological
advances, such as electron microscopic volumetric recon-
struction of brain tissue [60,61] and models to translate
between MRI signals and microscopy [62,63], present
promising tools to relate evidence across the different
experimental approaches and to address the many unan-
swered questions regarding the role myelin plasticity
might play in the nervous system.
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