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Abstract:

The CNS is extremely responsive to an ever-changing environment. Studies of neural circuit
plasticity focus almost exclusively on functional and structural changes of neuronal synapses.
In recent years, however, myelin plasticity has emerged as a potential modulator of neuronal
networks. Myelination of previously unmyelinated axons, and changes in the structure of
myelin on already-myelinated axons (like changes in internode number and length or myelin
thickness or geometry of the nodal area) can in theory have significant effects on the function
of neuronal networks. Here we review the current evidence for myelin changes occurring in
the adult CNS, highlight some potential underlying mechanisms of how neuronal activity may

regulate myelin changes, and explore the similarities between neuronal and myelin plasticity.
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Introduction

Myelin, produced by oligodendrocytes in the CNS, is essential for rapid information
transmission and synchronisation of axonal inputs among billions of neurons. Myelin
plasticity is now increasingly invoked as a fundamental mechanism for learning (see reviews
in this issue). Observations on human myelin formation in the early 1900s (Flechsig, 1901;
Kaes, 1907; Yakovlev and Lecours, 1967) had identified that myelination continues into late
adult life and studies in the end of the last century showed that new myelinating
oligodendrocytes are formed in adult animals (Reyners et al., 1986; Rivers et al., 2008). Yet it
was not until diffusion tensor imaging (DTI) was used in humans, highlighting structural
changes in the white matter following training (Bengtsson et al., 2005; Carreiras et al., 2009;
Scholz et al., 2009), that a potential role of myelin in learning was hypothesized. Although it
is still unclear whether white matter structural changes indicate myelin remodelling (Walhovd
et al., 2014; Zatorre et al., 2012), environmental enrichment (and social isolation) alters
myelination in mice (Liu et al., 2012; Makinodan et al., 2012), the acquisition of new motor
tasks (McKenzie et al., 2014; Sampaio-Baptista et al., 2013) increases myelination and these
changes seem to be required for learning (McKenzie et al., 2014). These finding thus argue in
favour of the interpretation that increases in FA detected by DTI are indeed due to
myelination changes. Thus, myelin - previously considered static - might in fact be plastic and
responsive to changes in neuronal activity. In this perspective, we review the evidence for
myelin plasticity and postulate on the potential mechanisms by which neuronal activity might

regulate it.

Developmental myelination and white matter plasticity

Early histological studies on post-mortem human brains identified four important aspects of
human myelination. First, myelination is a protracted process that is ongoing far into
adulthood, well into the sixth decade (Figure 1) (Kaes, 1907; Yakovlev and Lecours, 1967).
Second, myelination of different brain areas follows a clear temporal sequence, which is
similar across species (Gibson, 1970). In this context, Flechsig, in 1901, after a lifetime of
post-mortem studies, put forward a fundamental law for myelination - ‘the myelinogenetic
law’ - which states “that the myelinization of nerve fibers in the developing brain follows a
definite chronologic sequence such that those fibers belonging to particular functional
systems mature at the same time” (Flechsig, 1901; Flechsig, 1920). This law did not go
unchallenged, but careful behavioural and histological studies of kittens supported the law as
the achievement of behavioural milestones consistently coincided with the relevant tracts
being myelinated (Tilney and Casamajor, 1924). Flechsig further classified 3 temporal stages

of myelination depending upon the timing of myelination (1) early myelination



PLEASE INSERT FIGURE 1 HERE

(foetus, at birth); (2) intermediate (childhood) and (3) late myelination (starting around
adolescent to adult) (Flechsig, 1901). It is now well accepted that projection fibers are
myelinated before the commissural fibers and that the last fiber tracts to become myelinated
are the association fibers, which continue to myelinate far into adulthood (Gibson, 1970;
Tilney and Casamajor, 1924; Yakovlev and Lecours, 1967). The third aspect identified in
these early studies is that there are different myelination cycles (the time from the onset of
myelination to its completion) which govern how different areas myelinate: (1) monophasic
myelination cycle (fast completion from onset of myelination), (2) multi-phasic myelination
cycle (where there is an early onset but then a delay prior to completion of the cycle), or (3)
slow continuous protracted myelination cycle. The two last cycles tend to be detected in brain
areas that myelinate over the time-course of human development (Flechsig, 1901; Miller et
al., 2012; Yakovlev and Lecours, 1967). Lastly, myelination within each area/tract follows a
stereotypical pattern, where axons of larger diameter are myelinated first, followed by
myelination of smaller diameter axons (Matthews and Duncan, 1971; Remahl and
Hildebrand, 1982). How these different onsets and cycles of myelination are regulated is still
unclear, but it is conceivable that for the CNS there may be a number of different mechanisms

regulating myelination, each for a different brain area and/or myelination cycle.

Novel imaging methods have validated most of the early histological observations that
myelination proceeds from deep to superficial brain regions (Kinney et al., 1988; Yakovlev
and Lecours, 1967), with the association fibers being myelinated last. For example the
uncinate fasciculus, which connects the limbic regions in the temporal lobe to the frontal lobe,
is one of the last tracts to become myelinated and shows the greatest individual variability in
myelination, which has been associated with differences in behaviour (Olson et al., 2015). In
line with this, areas that myelinate early in development, such as the corticospinal tract, show
less individual variability than areas that myelinate late, such as the association fibers (Biirgel
et al., 2006). This may suggest that areas that are myelinated before or shortly after birth
have an intrinsic less-changeable myelination programme, but areas that myelinate late, with
larger individual variance, are myelinated by a programme that can adjust to changes in the

environment of the individual.

Several factors in the environment seem to be able to modulate white matter (Bergmann and
Frisen, 2013; Fields, 2008; Liu et al., 2012; Makinodan et al., 2012; Etxeberria et al., 2016)
and would therefore alter the conduction speed of neuronal signalling (Pajevic et al., 2014;

Ford et al., 2015; Etxeberria et al., 2016; Arancibia-Carcamo et al., 2017). There is growing



evidence indicating that learning a new skill might increase white matter volume, as well as
findings demonstrating that myelination correlates with the learning observed (Hofstetter et
al., 2013; Lakhani et al., 2016; Long and Corfas, 2014). For example, piano practising during
childhood has been associated with an increase in white matter volume and changes in the
structure of various fibre tracts in adulthood, as measured with DTI (Bengtsson et al., 2005).
In addition, working memory training correlates with an increase in fractional anisotropy
(FA) in the relevant white matter region, suggesting that this type of learning leads to
increased myelination (Takeuchi et al., 2010). Similarly, learning a complex visuomotor skill
such as juggling (Scholz et al.,, 2009) increases white matter structural changes in the
intraparietal sulcus. White matter changes have been further observed during various types of
skill learning such as reading, where white matter increases in the corpus callosum are linked

to interhemispheric connectivity that coincides with learning this skill (Carreiras et al., 2009).

The question arises as to what extent modifications in white matter structure identified in
human imaging studies are indicative of myelin changes. Although many advances in
quantifying myelination have been made in the field of imaging, myelin-specific measures
that utilise different acquisition methods (or pulse sequences) that estimate myelin water
fraction - such as magnetization transfer (MT; see Whitaker et al., 2016, Zhang et al 2015)
and mcDESPOT (Deoni et al., 2011, Zhang et al. 2015) - are being developed and optimised.
These methods argue in favour of the interpretation that FA changes as measured with DTI
are due to differences in myelination. Whether macro-scale white matter findings correspond
to micro-scale changes in myelin can only be directly addressed by using animal models.
Fractional anisotropy and MBP immunoreactivity are also elevated in rodent subcortical
white matter regions following motor and cognitive training (Blumenfeld-Katzir et al., 2011;
Sampaio-Baptista et al., 2013). Furthermore, social isolation or sensory deprivation in rodents
decreases myelin thickness and reduces the number of myelinated axons in vivo (Barrera et
al., 2013; Gyllensten and Malmfors, 1963; Makinodan et al., 2012; Liu et al., 2012), whereas
an increase of sensory input potentiates myelin formation (Tauber et al., 1980) and learning
new motor tasks increases new myelinating oligodendrocytes (McKenzie et al., 2014). Thus,
supporting that myelination changes are a component in changes in FA and oligodendrocyte
lineage cells can ‘respond’ to changes, in neuronal activity, associated with learning (see

BOX 1 and Figure 2 for different forms in which myelin might change).



BOX 1:

Different forms of myelin plasticity

We can envisage a number of non-exclusive forms of myelin plasticity (see Figure 2).

Unmyelinated axons become myelinated

One possibility for activity-dependent myelination would be new myelin formation on
unmyelinated axons. A substantial proportion of axons remain unmyelinated in many
myelinated tracts of the adult CNS (Sturrock, 1980). This is particularly apparent for small
diameter axons (0.4 - 0.8 um), which are comparable in calibre, but can be either
myelinated or unmyelinated (Hildebrand et al., 1993). This number of unmyelinated axons
in the adult CNS allows, therefore, for a large dynamic range in plasticity, whereby
unmyelinated axons become myelinated potentially as a function of their activity. In fact,
an abundant and widespread population of adult OPCs continuously differentiate into
mature oligodendrocytes that are capable of myelinating these tracts (Dawson et al., 2003)
and both experience and artificial stimulation of neuronal circuits induce
oligodendrogenesis and de novo myelination (Simon et al., 2011; McKenzie et al., 2014;
Gibson et al., 2014). Myelination of previously unmyelinated axons, presumably by an
activity-dependent form of myelination, can provide a potential, and perhaps effective,

form of myelin plasticity.

New internodes are being formed

Another possible manifestation of activity-dependent myelination involves the formation
of new internodes to unmyelinated segments of axons. Myelinated cortical neurons from
the same area, similar in size and axonal diameter are not equally myelinated along the
entire length of their axons, as traditionally thought (Deschenes and Landry, 1980; Remahl
and Hildebrand, 1982; Tomassy et al., 2014). In fact, long unmyelinated axon segments
randomly intersperse between myelinated portions of individual axons suggesting that, in
addition to unmyelinated axons, unmyelinated segments of myelinated axons are a
substrate for myelination. In addition, it is possible that many axons regarded as
unmyelinated in white matter tracts might in fact correspond to partially myelinated axons,

containing long unmyelinated regions.




Insertion of new internodes can alter action potential conduction velocity and thus change
the timing of signal propagation, affecting the dynamics of neural circuitry processing.
Changes of internodal length and number were shown to be an important mechanism
underlying coincidence detection in the auditory system, where distinct patterns of
myelination in cochlear neuron collateral branches correlate with differential conduction
velocity, tuned to allow for temporal summation of inputs arising from both ears (Seidl
and Rubel, 2016; Seidl et al.,, 2014). Differential myelination of olivocerebellar and
thalamocortical fibres was also shown to individually regulate conduction velocity of
axons within these tracts and, in addition, to be required for synchronized activity of
populations of cerebellar Purkinje cells and cortical neurons onto which these fibres
synapse (Lang and Rosenbluth, 2003; Salami et al., 2003). Therefore, de novo myelination
may provide a novel mechanism for neural plasticity, in which activity-dependent changes
in myelin profiles fine-tune conduction delays of individual fibres in such a way that

circuit activity is optimized.

Modulation of existing myelin

In contrast to de novo myelination, existing myelin could also be changed in the process of
myelin plasticity. In humans, remodelling of myelin has been shown to occur more
frequently than the myelination of unmyelinated axons (Yeung et al., 2014) and this is
possibly an important component of myelin plasticity. In fact, myelinating
oligodendrocytes are able to sense neurotransmitters (Micu et al., 2016) released by axonal
activity, and to increase myelin thickness in response to neuronal activity (Gibson et al.,
2014); conversely, social deprivation and reduced neuronal firing results in reduction of
myelin g-ratio (Makinodan et al., 2012; Liu et al., 2012) Thus, it is not surprising that the
relation between axonal diameter, myelin thickness and internode length is largely
variable in the adult CNS, possibly reflecting myelin remodelling of mature circuits. In
particular, the variability in internode length may arise from the formation of new myelin,
as adult born oligodendrocytes generate internodes that are shorter, or in some cases much
longer, than internodes generated during development (Young et al., 2013), but can also
result from changes in neuronal activity and neurotransmitter signalling, since inhibitory
GABAergic signalling regulates internode length on glutamatergic axons (Hamilton et al.,
2017). Whether these changes are bidirectional, that is, once myelin internodes are formed
they can decrease in length and/or thickness, remains to be demonstrated. But it is evident
that an increase in thickness on the existing myelin seems to occur (Gibson et al., 2014)
and therefore changes in myelin structure is another potential form of myelin plasticity in

the adult CNS.




Nodes of Ranvier

Finally, a fourth way in which myelin plasticity could occur is through changes in the
nodes of Ranvier. It has been suggested that axons might be able to modify the nodal
length, both in health and in disease, to regulate speed of conduction and the delay of
signal propagation (Huff et al., 2011; Trigo and Smith, 2015). A recent study has provided
evidence supporting this concept and implying that changes in the geometry of the nodes
of Ranvier may function as a form of myelin plasticity (Arancibia-Carcamo et al., 2017).
In this study, measurements of the nodal length in the optic nerve and cerebral cortex
revealed a large fold-range in length variability — 4.4 and 8.7-fold, respectively. A
variation of this magnitude may be of functional relevance, as computational modelling of
axonal conduction velocity estimated a corresponding effect of 20% in the speed of
impulse propagation, similar to the range of speed variation resulting from changes in
internode length and myelin thickness. Since the membrane area needed for changes in
conduction speed is much smaller for nodes of Ranvier, this mechanism could represent a

faster and energy-efficient form of myelin plasticity (Arancibia-Carcamo et al., 2017).

Experience driven myelination
Whether these experience-driven changes in myelin are necessary for learning or simply
reflect adjustments to new circuit requirements, happening only after learning has occurred,

are the subjects of current research.

Oligodendrocyte precursor cells (OPCs), which differentiate into myelinating
oligodendrocytes during development, are equally distributed throughout the adult brain and
are around 5% of all the cells in the adult CNS (Dawson et al., 2003). Although their role in
the adult brain is not fully understood, a significant proportion of oligodendrocytes continues
to be produced in the adult CNS (Young et al., 2013), and BrdU incorporation studies indicate
that the size of the oligodendrocyte population increases during the adult life (Dawson et al.,
2003), thus indicating that adult OPCs both replenish and continuously produce new
myelinating oligodendrocytes. OPC/oligodendrocyte dynamics appears to be regulated by
experience, as changes in the environment modulate OPC proliferation and physical activity
stimulates OPC cell cycle exit and differentiation (Okuda et al., 2009; Simon et al., 2011). In
addition, acquiring a new motor skill increases OPC proliferation and oligodendrocyte

generation and newborn oligodendrocytes are detected within only 2.5 hours of initiating



motor training (McKenzie et al., 2014; Xiao et al., 2016). Rapid induction of oligodendrocyte
production likely results from direct differentiation of Gl-phase paused OPCs and,
consistently with this hypothesis, OPC quantities are transiently reduced following training,
before a new burst of proliferation replenishes OPC numbers to its homeostatic levels

(Hughes et al., 2013; Xiao et al., 2016).

Remarkably, while learning a new sensory-motor skill directly increases the number of newly
myelinating oligodendrocytes, blocking of adult oligodendrocyte production inhibits motor
learning, suggesting that myelin changes are needed for correct execution of the task or for
learning to occur (McKenzie et al., 2014). New findings regarding the timing of these
learning-induced changes seem to further support the idea that myelin and oligodendrocytes
may be necessary components in learning. Myelin basic protein (MBP) translation has been
reported to happen within minutes to hours of neuronal activity (Stidhof, 2013; Wake et al.,
2011) and recently Xiao et al (2016) identified the existence of responsive pre-myelinating
oligodendrocytes (identified with the Ennp6 marker) which lead to oligodendrocyte
production astoundingly early (within 2 hours) in motor learning. These surprisingly fast
dynamics of oligodendrocyte production is comparable to rapid changes in number and size
of dendritic spines that occurs during synaptic plasticity (Xu et al., 2009). Since myelin
sheath formation occurs during a restricted, short period following oligodendrocyte formation
(Czopka et al., 2013), myelin plasticity may indeed function in close partnership with
synaptic plasticity, as an additional mechanism underlying learning and memory. In addition,
it seems that not only does myelination change as a reaction to the environment, but that these
changes also have crucial long term behavioural and cognitive consequences, as demonstrated
by studies investigating the correlates of early social isolation (associated with cognitive and
behavioural symptoms) and white matter changes in adulthood (Liu et al., 2012; Makinodan
et al., 2012). Taken together, these results suggest that experience regulates myelination and
that myelin is plastic — yet how these changes occur is unclear. Which mechanisms underlie

myelin plasticity in the adult CNS?

PLEASE INSERT FIGURE 2 HERE

Neuronal activity-regulated myelination

Many studies indicate that myelination of several white matter tracts requires neuronal firing
and that neuronal activity is a mechanism employed by experience to drive myelin plasticity.
Similarly to experience, neuronal activity regulates OPC/oligodendrocyte cell number, as
block of activity in vivo with TTX alters OPC proliferation (Barres and Raff, 1993; Gautier et

al., 2015) and electrical stimulation of adult motor cortical neurons increases OPC



proliferation and oligodendrocyte differentiation along the corticospinal tract and the
subcortical white matter (Gibson et al., 2014; Li et al., 2010). Consistent with these changes
in oligodendrocyte number dynamics, block of synaptic transmission impairs myelination
(and remyelination) in vivo (Hines et al., 2015; Mensch et al., 2015; Wake et al., 2011;
Gautier et al., 2015; Etxeberria et al., 2016), and TTX eye injection diminishes the
myelination in the optic nerve (Demerens et al., 1996), whereas optogenetic stimulation of the
premotor cortex results in increased myelin thickness and improved motor function in vivo

(Gibson et al., 2014).

These results suggest that neuronal activity is an important regulator for myelin changes in
the CNS. However, myelination can also occur in the absence of neuronal activity (Bechler et
al., 2015; Colello et al., 1995; Colello and Pott, 1997; Lee et al., 2013; Rosenberg et al., 2008;
Shrager and Novakovic, 1995). These results potentially indicate that neuronal activity is a
modulator of myelination rather than a regulator, particularly as when vesicular release of
glutamate is prevented in the optic nerve the same number of axons are myelinated but with
shorter internodes (Etxeberria et al., 2016). Another potential explanation for these
contrasting observations, is provided by the findings that two distinct modes of myelination
exist: one that is independent of axonal activity, and one that depends on active neurons
releasing glutamate that activate glutamate receptors on oligodendrocytes lineage cells
(Koudelka et al., 2016; Lundgaard et al., 2013). When levels of the growth factors Neuregulin
(NRG1) or Brain-derived Neurotrophic Factor (BDNF) are elevated, presumably released
from active neurons (Balkowiec and Katz 2002; Ozaki et al., 2004), OPCs switch to
myelinating via an activity-dependent mechanism, which is a faster mode of myelination than
the activity-independent myelination (Lundgaard et al., 2013; BOX 2 & Figure 3). In line
with this, developmental myelination is slowed (Kougioumtzidou et al., 2017; Saab et al.,
2016) but relatively unaffected by knock-out of NMDARs (De Biase et al., 2011; Saab et al.,
2016) or AMPARs (Kougioumtzidou et al., 2017) in oligodendrocyte lineage cells,
presumably because developmental myelination can still occur by the activity-independent
mode of myelination. Similarly, deleting ErbB3, a receptor for NRG1, in oligodendrocyte
lineage cells has little effect on developmental myelination but disrupts experience-dependent
myelination (Makinodan et al., 2012). Therefore, to address the mechanisms and the role of
activity dependent myelination, the timing of the manipulations may be critical, similar to
development of neuronal circuits where a critical period exists and depending on when
mechanisms of activity are manipulated lead to different effects on the circuit (Turrigiano,
2011; see also BOX 2). The relative importance of each mode of myelination is still unclear.
But, the mode of myelination which is employed seems to be axon specific, at least in

embryonic development (Koudelka et al., 2016). It is possible that CNS regions myelinated
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before or shortly after birth are myelinated primarily by an innate myelination programme,
independent of neuronal activity. In contrast, tracts or circuits which depend on experience
for correct development, and areas that myelinate late and show a larger individual variance,
are primarily myelinated by a programme that can adjust to changes in the environment of the
individual and is dependent on neuronal activity. Similarities with these two modes of
myelination can be drawn from circuit development, where both intrinsic programme,
independent of neuronal firing rate and a programme dependent of neuronal activity are
employed, and the dependence on each is developmentally regulated (Turrigano, 2011; Zhang
and Poo 2001; see also BOX 2). Conceivably activity-dependent myelination might have
evolved in order to speed up, as it is a faster mode of myelination (Lundgaard et al., 2013),
and target myelination to occur on ‘correctly’ firing active axons during periods of
developmental plasticity or learning, and thus may be important to fine-tune neuronal circuits

that are shaped by activity.
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BOX 2:

Developmental myelination or myelin plasticity?

Myelination in humans extends well into adulthood, with certain brain areas being robustly
myelinated in the third or fourth decade of life. A question therefore arises, as to whether
changes in myelin observed during learning are a product of developmental myelination or a

result of myelin plasticity of the adult CNS.

There is a large body of evidence indicating that myelin changes in the mature nervous system
constitute a genuine example of experience-driven CNS plasticity. Social interaction, motor
and cognitive training and changes in the environment can drive alterations in OPC number,
oligodendrocyte production, myelin gene expression and myelin thickness in the adult CNS
(Blumenfeld-Katzir et al., 2011; Liu et al., 2012; McKenzie et al., 2014; Okuda et al., 2009;
Sampaio-Baptista et al., 2013; Simon et al., 2011; Xiao et al., 2016). In addition, it is clear that
myelination of some white matter tracts is regulated by neuronal activity, suggesting a cellular
mechanism by which experience can effect changes in myelin (Demerens et al., 1996; Gibson

et al., 2014; Gyllensten and Malmfors, 1963).

On the other hand, myelination can be highly stereotypical, with little or no variation from
individual to individual in certain CNS regions. In fact, myelination is unaffected following
deprivation of sensory stimuli (Colello and Pott, 1997; Fukui et al., 1991; Etxeberria et al.,
2016), under some circumstances, or intrinsic to certain brain areas (Bechler et al., 2015), and
oligodendrocytes can differentiate in culture in the absence of neurons and myelinate silenced
or paraformaldehyde-fixed axons and even engineered nanofibers (Bechler et al., 2015; Hines
et al., 2015; Lee et al., 2012; Rosenberg et al., 2008). These observations indicate that, in
some tracts, myelination is not driven by experience, but rather results from an innate program
of development. Indeed, both activity-dependent and independent myelination have been
observed in vivo (Koudelka et al., 2016) and in vitro (Lundgaard et al., 2013) where growth
factors, such as neuroregulin-1 or BDNF, mediate a switch between the two modes of
myelination, by upregulating NMDA receptors in oligodendrocyte linage cells making them
more sensitive to glutamate released from active neurons (Lundgaard et al., 2013; Figure 3).
Remarkably, social isolation and sensory deprivation in young mice impairs myelination in
the relevant brain areas in a non-reversible manner and only during a critical period early in
the postnatal life, suggesting that in other tracts, myelination may be better categorized as a
form of developmental plasticity, reminiscent of experience-shaped development of neural

circuit connections (Makinodan et al., 2012; Barreras et al., 2013).
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Thus, whether myelin changes reflect a developmental program of myelination or experience-
driven plasticity, largely depends on the fibre tract in question. It is possible that early
myelination of tracts that are essential for survival and which show minimal individual
variability — the first stage of myelination proposed by Flechsig (see the main text) — are bona-
fide examples of developmental myelination, much as early stages of CNS formation reflect
an innate program of development. Myelination of other tracts during childhood — Flechsig’s
intermediate stage — may be sensitive to experience only during a limited time window,
whereas myelination at later stages, that run far into adulthood, might be driven mainly by
experience and represent a plasticity mechanism that circuits use to optimize their function
accordingly to the environment. Myelin changes at these tracts correspond to the late stage of
myelination as proposed by Flechsig and are reminiscent of synaptic plasticity mechanisms,

which only continue to exist in the adult CNS in specific areas, such as the hippocampus.

Cellular and molecular mechanisms underlying neuronal activity-regulated myelin
plasticity

A plethora of signals are known to regulate myelination, but the fact that myelination
correlates with learning, and learning is driven by alterations in neuronal activity, makes it
conceivable that neuronal activity-dependent myelination may be a driver for myelin
plasticity. A number of mechanisms may in turn underlie regulation of myelination by

neuronal activity.

Axon-OPC synapses

OPCs express neurotransmitter receptors, such as ionotropic glutamate receptors, and receive
synaptic inputs from unmyelinated axons (or from unmyelinated segments of partially
myelinated axons), making them able to sense and respond to changes in neuronal activity
(Fannon et al., 2015; Gallo et al., 1996; Karadottir et al., 2005; Karadottir et al., 2008;
Spampinato et al.,, 2014; Spitzer et al., 2016; Yuan et al., 1998). Thus, synaptic
communication between unmyelinated axons and OPCs might underlie learning-dependent
myelination. Glutamatergic inputs may be particularly important in this context, as over 90

percent of projection axons and association fibres are glutamatergic.
Axon-OPC synapses are found during development and throughout the mature CNS, in both

grey and white matter (Bergles et al., 2000; Chittajallu et al., 2004; Gautier et al., 2015;
Karadottir et al., 2005; Karadottir et al., 2008; Kukley et al., 2007; Lin and Bergles, 2004;
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Muller et al., 2009; Ziskin et al., 2007). Remarkably, overlapping populations of OPCs and
postsynaptic neurons exhibit synchronized spontaneous activity, indicating that OPCs are
indeed able to sense the pattern of activity arising in circuits (Mangin et al., 2008; Muller et
al., 2009). Thus, axon-OPC synapses provide a cellular mechanism through which OPCs and
the oligodendrocytes they generate can affect changes in myelin in response to neuronal
activity. Evidence supporting a function of axon-OPC synapses and glutamate signalling in
myelin plasticity comes from studies showing that block of vesicular release of glutamate or
glutamate receptor activity impairs myelination (Lundgaard et al., 2013; Mensch et al., 2015;
Wake et al., 2011). In addition, axon-OPC synapses are upregulated following demyelination
and block of vesicular release, neuronal activity or glutamate receptors in demyelinated
lesions prevents OPC differentiation and subsequent remyelination (Gautier et al., 2015).
Collectively, these studies indicate that glutamate signalling via axon-OPC synapses is an

important mechanism engaged by neuronal activity in the control of myelin plasticity.

Activity dependent release of growth factors

Neurotransmitters and growth factors are released in an activity-dependent manner and some
are known to play a role in myelination. In particular, Neuregulin 1 (NRG1) and Brain-
Derived Neurotrophic Factor (BDNF) are critical to render myelination responsive to
glutamate and neuronal activity (Lundgaard et al., 2013: see Figure 3). In the PNS, levels of
NRGI1 expression on the axonal surface correlates with myelination, and ectopic expression
of NRGI results in myelination of axons which otherwise would remain unmyelinated
(Taveggia et al., 2005). This observation suggests that, in the developing PNS, NRGI1
signalling through ErbB3 receptors provides a molecular mechanism for axon targeting by
myelinating Schwann cells. Initial characterization of NRG1 function in the CNS revealed
that no major alterations in myelin levels result from the absence of NRG1/ErbB3 signalling
in oligodendrocytes (Brinkmann et al., 2008). However, further analysis on CNS specific
areas indicated that thinner myelin profiles develop when ErbB3 is ablated in
oligodendrocytes at a later time point of development (Makinodan et al., 2012). Thus, perhaps
indicating that the different waves or cycles of myelination mentioned above may have a

different molecular signal.

When soluble NRG1 or BDNF is added to dorsal root ganglion (DRG) neuron-OPC co-
cultures they induce a switch in myelination from an activity-independent to an activity-
dependent mode (Lundgaard et al., 2013). NRG1 and BDNF modulate the subunit
composition of glial N-methyl-D-Aspartate receptors (NMDAR) to potentiate glutamate-
evoked, NMDAR-dependent OPC currents, rendering OPCs responsive to axon-derived

glutamate and myelination sensitive to neuronal activity (Figure 3). These results suggest that
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NRG1 and BDNF signalling underlie myelination dependence on neuronal activity and
provide mechanisms of axon target selection in the context of CNS myelin plasticity, where
active axons are predominantly myelinated. Importantly, NRG1 expression itself is regulated
by experience and neuronal activity, suggesting that as circuits mature and become active,
NRGI1 levels are up regulated and myelination switches to the activity-dependent mode

(Makinodan et al., 2012; Ozaki et al., 2004).

Regulation of myelin plasticity by growth factors is reminiscent of synaptic plasticity as
NRGI1 also regulates the balance between excitatory and inhibitory neuronal transmission,
synaptic plasticity and glutamate receptor density at the synapse depends on precisely
regulated levels of NRGI1 expression (Agarwal et al., 2014; Jiang et al., 2013; Li et al., 2007).
Moreover, regulated BDNF secretion modulates both synaptic transmission and plasticity in
the mature CNS (Figurov et al., 1996; Ji et al., 2010; Kang and Schuman, 1995). Thus, a
commonality between myelin and synaptic plasticity emerges, in that activity-dependent
secretion of growth factors, in particular NRG1 and BDNF, comprises a general mechanism
employed by neuronal activity in the regulation of these two forms of plasticity in the adult

CNS.

PLEASE INSERT FIGURE 3 HERE

Axonal surface proteins

However, synaptic input, along with growth factor signalling, is not likely to be the only
mechanism regulating myelin plasticity, particularly because CNS axons develop individual
myelin profiles, which are not necessarily uninterrupted along the axonal length (Deschenes
and Landry, 1980; Remahl and Hildebrand, 1982; Tomassy et al., 2014). Regulated
expression of axonal surface proteins is another mechanism that may underlie activity-
induced changes in myelin; for example, the cell adhesion molecule L1. Low frequency
(0.1Hz) stimulation of DRG neurons in vitro down-regulates levels of L1, indicating that
specific patterns of neuronal activity controls L1 expression in neurons (Itoh et al., 1995).
Notably, addition of L1 blocking antibodies or L1-FC fusion proteins to myelinating co-
cultures impairs initiation of myelination, suggesting that neuron-glia interactions mediated
by L1 are necessary for myelination induction (Barbin et al., 2004; Seilheimer et al., 1989;
Wood et al., 1990) and that neuronal activity might control L1 expression as a mechanism for
regulation of myelination. This has been indirectly demonstrated in vitro for the PNS, as low-
frequency stimulation impairs myelination and this is prevented by artificially raising L1
expression levels (Stevens et al., 1998). However, further experiments will be necessary to

demonstrate if a comparable mechanism is in place during myelin plasticity in the CNS.
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Axon-myelin synapse

In addition to OPCs, cytoplasmic compartments of mature myelin sheaths also express
ionotropic glutamate receptors (Butt et al., 2014; Karadottir et al., 2005). NMDAR-dependent
calcium waves are elicited in the inner tongue of the myelin sheath in response to chemical
ischaemia in vitro and this mechanism might play a role in white matter glutamatergic
toxicity (Micu et al., 2006). In the healthy CNS, axon-myelin communication might regulate
trophic support to axons, as stimulation of NMDAR mobilizes glucose transporters to the
myelin sheath and conditional deletion of oligodendrocyte NMDAR impairs axonal recovery
following oxygen-glucose deprivation (Saab et al., 2016). Remarkably, electrical stimulation
of optic nerve axons induces calcium changes in the myelin sheath, which are NMDAR-
dependent and sensitive to block of glutamate vesicular release (Micu et al., 2016) and
artificial stimulation of motor cortex activity results in increased thickness of mature myelin
sheaths (Gibson et al., 2014). These findings suggest that, in addition to axon-OPC synapses,
direct communications between axons and the myelin sheath might exist that underlie
activity-dependent, glutamate-mediated changes in myelin, primarily in sheath thickness and

internode length (see BOX 1: Different forms of myelin plasticity).

A molecular mechanism potentially important to this form of modification is the regulation of
myelin growth by PI3K/Akt signalling. Constitutive activation of Akt in oligodendrocytes
induces continued myelination throughout the mouse life span (Flores et al., 2008) and
tamoxifen-inducible deletion of PTEN — a PI3K inhibitor - reinitiates myelin growth in adult
animals (Goebbels et al., 2010). These findings indicate that PI3K/Akt signalling provides a
temporal component to the regulation of myelin growth, with activation of PI3K/Akt dictating

the time of myelination initiation.

Recently, high-pressure freezing electron microscopy (EM) allowed for the identification of
cytoplasmic channels running through forming myelin sheaths. These channels, which are
reminiscent of the PNS Schimidt-Lanterman incisures, contain vesicles that provide
membrane components to the active myelin growth zone at the inner tongue (Snaidero et al.,
2014). With time, cytoplasmic channels are closed and are no longer observed after myelin is
fully compacted. However, experimental elevation of PIP3 levels and activation of Akt
signalling in myelinating oligodendrocytes, reopens cytoplasmic channels and reinitiates
myelin growth in adult mice (Snaidero et al., 2014), suggesting a cellular mechanism, also
dependent on PI3K/Akt signalling, through which myelin thickness and internode length may
change after development. In principle, reopening of myelin cytoplasmic channels could also

function as a cellular mechanism for sheath retraction and reduction of myelin thickness,
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although other mechanisms must be additionally in place, since, overall, activation of
PI3K/Akt pathway results in hypermyelination (Flores et al., 2008; Goebbels et al., 2010). It
has yet to be demonstrated if neuronal activity can regulate PI3K/Akt signalling to reactivate
myelin growth. Intriguingly, NRGI, the expression of which is driven by experience
(Makinodan et al., 2012; Ozaki et al., 2004), induces PI3K/Akt activation, and the increased
myelination observed following NRGI treatment of myelinating co-cultures in vitro is
mediated via PI3K/Akt signalling (Lundgaard et al., 2013). Furthermore, activation of OPC
glutamate receptors induces Akt signalling (Gallo et al., 1994), suggesting that activity-
dependent release of glutamate onto axon-OPC synapses or NRGI1 secretion could be

involved in re-initiation of myelin growth through PI3K/Akt signalling.

Perspectives and conclusion

Post-mortem anatomical studies implied more than a hundred years ago that myelination is
sensitive to function of neuronal tracts and experience, and is able to adjust to changes in the
environment (Biirgel et al., 2006; Olson et al., 2015). A significant amount of data has now
accumulated indicating that changes in white matter correlate with learning and that
myelination is adjusted by experience. It is now also recognized that neuronal activity can
regulate myelination, and that this may be a mechanism by which experience effects changes
in myelin. In this review, we have revisited the evidence supporting myelin plasticity and
discussed the cellular and molecular mechanisms that may underlie neuronal activity-induced

myelination in the adult CNS.

The acquisition of several cognitive and motor behaviours coincides with changes in myelin
profiles in the developing and adult CNS. However, when reflecting on the role myelin
plasticity plays during learning and memory, one should consider that changes occurring with
learning are not unique to myelin and that experience also drives direct modifications on
neuronal function - e.g. neurogenesis, synapse formation/elimination and changes in synapse
strength. Thus, a fundamental open question in the field is whether myelin plasticity drives
learning or if changes in myelin are rather a consequence of the modification of neuronal
circuits. Remarkably, block of novel myelin formation in the adult CNS impairs motor
learning (McKenzie et al., 2014), indicating that, whether a causal mechanism or mere
consequence, myelin plasticity is needed for the modification of CNS function. Establishing
the nature of the relationship between myelin and neural plasticity will require the direct
demonstration that experience-driven changes in myelin profiles modulate the activity of
intact neural circuits in a way that optimizes circuit performance. The development of new
tools — e.g. high pressure freezing EM and optogenetics/pharmacogenetics — in recent years

has been key to experimentally approach the phenomenon of myelin plasticity and to directly
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address the hypothesis made more than 100 years ago. Continued refinement and

advancement of techniques will be paramount to directly address myelin plasticity.

A function of myelin in learning and memory also raises the possibility that neurological
disorders, traditionally associated with neuronal dysfunction, may in fact arise from the
disruption of myelin plasticity. Indeed, white matter defects have been observed in a variety
of neurological and psychiatric diseases, including autism, attention-deficit hyperactivity
disorder, schizophrenia, chronic depression and Alzheimer’s disease (Fields, 2008; Nave and
Ehrenreich, 2014). Investigation of this previously unappreciated link may therefore provide
new therapeutic targets or strategies for a range of conditions and disorders that are currently
difficult to treat. We recently identified that neuronal activity regulates remyelination via
axon-OPC glutamate signalling (Gautier et al., 2015). This finding suggests that drugs
modulating glutamatergic signalling may potentially promote myelin regeneration in

demyelinating diseases.

Changes in neuronal function and, especially in synaptic properties, have historically
dominated the scientific thinking and research effort aimed at understanding CNS plasticity.
The exciting new evidence, reviewed here, suggests that activity-dependent, glutamate-
mediated changes in myelin might also serve as a cellular mechanism underlying plasticity.
Research in the years to come will elucidate the mechanisms regulating myelin changes in the
adult CNS, address whether myelin plasticity is confined to only certain tracts in the CNS and
help to uncover the potential benefits of functionally modulating the plastic glia both in health

and disease.
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Figure legends

Figure 1 Development of human cortical myelination

A schematic diagram of human cortical myelination, demonstrating how protracted cortical
myelination is, and that does not reach its ‘maximum’ until very late in adult life. Numbers
on the left indicate proximal location of the six cortical layers (I-VI). (Modified from Kaes
histological drawings of human cortical myelination presented in his book published 1907,
titled: "Die Grosshirnrinde des Menschen in ihren Massen und in ihrem Fasergehalt: Ein
gehirnanatomischer Atlas mit erlduterndem Text und schematischer Zeichnung, 16 Tabellen,

15 Kurven und 79 farbigen Tafeln” edited and published by G. Fischer)

Figure 2 Different forms of myelin plasticity

Neuronal activity can in principle effect changes in myelin by four different mechanisms: (1)
myelination of unmyelinated axons, (2) myelination of unmyelinated segments of partially
myelinated axons, (3) structural modification of existing internodes and (4) architectural

changes in the nodes of Ranvier.

Figure 3 Two modes of myelination

A schematic diagram of the two types of myelination programmes. (A) An activity
independent mode of myelination and myelination that depends on neuronal activity. When
the concentration of neuregulin is low, myelination occurs irrespective of neuronal activity.
(B) When the concentration of neuregulin reaches a high level, it induces a switch to the
activity-dependent myelination programme. Neuregulin signalling via ErbB receptors causes
upregulation of NMDA receptor responses in oligodendrocytes, making them more sensitive
to glutamate, released from active axons. This causes an increase in the myelination
efficiency, it occurs faster and may allow oligodendrocytes to prioritise selection of firing
axons over the inactive ones. (B’) A diagram of identified intracellular signalling events
underlying the activity-dependent myelination programme. Neuregulin binds to ErbB
receptors on oligodendrocytes, activating the PI3K/Akt signalling cascade and inducing
phosphorylation of the transcription factor Creb, which most likely regulates the expression
of myelin genes. Neuregulin-ErbB signalling is potentiated by integrins. Calcium influx
through NMDA receptors may enhance Akt and/or Creb signalling or increase myelination

via a different signalling cascade.
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