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Building a (w)rapport between neurons and oligodendroglia:
reciprocal interactions underlying adaptive myelination

Sarah E. Pease-Raissil", Jonah R. Chanl”
Lweill Institute for Neuroscience, Department of Neurology, University of California, San
Francisco, CA 94158

Abstract

Myelin, multilayered lipid-rich membrane extensions formed by oligodendrocytes around
neuronal axons, is essential for fast and efficient action potential propagation in the central
nervous system. Initially thought to be a static and immutable process, myelination is now
appreciated to be a dynamic process capable of responding to and modulating neuronal function
throughout life. While the importance of this type of plasticity, called adaptive myelination, is now
well-accepted, we are only beginning to understand the underlying cellular and molecular
mechanisms by which neurons communicate experience-driven circuit activation to
oligodendroglia and precisely how changes in oligodendrocytes and their myelin refine neuronal
function. Here we review recent findings addressing this reciprocal relationship in which neurons
alter oligodendroglial form and oligodendrocytes conversely modulate neuronal function.

In Brief
Adaptive myelination is a form of neuroplasticity in which external experience alters
oligodendrocyte myelination. Pease-Raissi and Chan review mechanisms by which neurons
communicate experiential input to alter oligodendrocytes, and how subsequent changes in
oligodendrocytes and their myelin modulate neuronal function.
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Introduction to myelin plasticity

A fundamental property of the central nervous system (CNS) is its ability to alter its
structure and function in response to external life experience, thereby enabling learning and
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memory and sensory-based circuit refinement. However, the effects and effectors of CNS
plasticity are not restricted to neurons alone. External experience also modulates non-
neuronal cells such as glial cells in order to further fine-tune circuit function. An emerging
field of neuroplasticity is that of experience-dependent regulation of oligodendrocytes, the
myelin-forming glial cells of the CNS. Accumulating evidence has identified experience-
driven oligodendrogenesis and myelination, called adaptive myelination, as a significant and
lifelong form of CNS plasticity that can impact diverse aspects of neuronal function.

Oligodendrocytes are glial cells that produce myelin sheaths to facilitate rapid action
potential propagation by reducing membrane capacitance and clustering voltage-gated ion
channels into discrete domains, enabling saltatory conduction. A large part of the
myelination process is intrinsic to the oligodendroglial cell, as oligodendroglia will
differentiate and form myelin even in the complete absence of neuronal signals, as long as
the structure to be myelinated is above a minimum threshold diameter (Bechler et al., 2015;
Lee et al., 2012a; Mayoral et al., 2018). Despite this, not all suprathreshold axons are
myelinated in the mature CNS. Instead, the presence of nonmyelinated, suprathreshold
axons and of discontinuously myelinated axons (Hill et al., 2018; Tomassy et al., 2014)
suggests the possible presence of environmental cues that refine the innate myelination
program as well as a wide dynamic range for potential addition of new myelin and/or
modification of preexisting myelin in adulthood. Indeed, numerous studies now show that
myelin continues to increase and new oligodendrocytes continue to be generated throughout
the life of an organism, even in nearly fully myelinated tracts (Young et al., 2013). Because
oligodendrocytes are highly stable, with most surviving into and probably beyond old age in
the mouse (Tripathi et al., 2017), it is likely that most adult-born oligodendrocytes serve to
modulate existing patterns and degrees of myelination later in life (Hughes et al., 2018).
Furthermore, many myelin sheaths exhibit longitudinal lengthening or shortening events
even in adult animals (Bacmeister et al., 2020; Hill et al., 2018; Yang et al., 2020),
suggesting a lifelong capacity for fine-tuning spatial parameters of preexisting or newly
formed myelin sheaths.

Given the intimate relationship between axons and myelin, it has long been hypothesized
that neurons would instruct their own myelination. Adaptive myelination is a change in any
spatiotemporal parameter of myelin or oligodendrocytes in response to external experience,
which can occur throughout life. As myelination occurs in the absence of non-cell
autonomous cues, experience-dependent cues are not required for myelination but instead
modulate the parameters of myelin established by the innate myelination program.
Numerous studies using optogenetic, pharmacogenetic, electrical, and pharmacological
manipulations to artificially drive neuronal activity have demonstrated neuronal influence on
oligodendrocyte lineage progression and/or myelin (Barres and Raff, 1993; Gautier et al.,
2015; Geraghty et al., 2019; Gibson et al., 2014; Hines et al., 2015; Li et al., 2010; Marisca
et al., 2020; Mensch et al., 2015; Mitew et al., 2018; Ortiz et al., 2019; Stedehouder et al.,
2018; Wake et al., 2010, 2014). Furthermore, studies manipulating experiential input
demonstrate physiologically relevant changes in oligodendrocyte lineage progression and/or
myelin. For example, paradigms involving enrichment or deprivation of sensory or social
input, such as social isolation, whisker stimulation, or monocular visual deprivation, have
been shown to variously alter proliferation, differentiation, survival, and/or myelination by
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oligodendrocyte lineage cells (Bacmeister et al., 2020; Etxeberria et al., 2016; Fukui et al.,
1991; Gyllensten and Malmfors, 1963; Hughes et al., 2018; Kato et al., 2020; Liu et al.,
2012; Makinodan et al., 2012; Osanai et al., 2018; Sinclair et al., 2017; Swire et al., 2019;
Tauber et al., 1980; Yang et al., 2013; Yang et al., 2020; Zhao et al., 2011). The importance
of experience-dependent myelination is particularly evidenced by studies showing that
increased oligodendrogenesis evoked by motor, spatial, and fear conditioning learning
paradigms is necessary for proper learning and memory (McKenzie et al., 2014; Pan et al.,
2020; Steadman et al., 2020; Wang et al., 2020; Xiao et al., 2016; Xin and Chan, 2020;
Zheng et al., 2019; Zhou et al., 2020). Altogether these studies convincingly demonstrate the
capacity for experiential input and neuronal activity to shape oligodendroglia and myelin,
but the precise cellular and molecular events underlying this plasticity are less well-
understood.

In this review we will address recent advances on the causes and effects of adaptive
myelination, breaking this process down into its individual steps with particular attention to
the reciprocal modulation between neurons and oligodendroglia. First, we will discuss which
aspects of oligodendrocytes and myelin are altered in adaptive myelination, then precisely
how these changes alter neuronal function. We will then address how a neuron directly or
indirectly induces adaptive myelination, and what downstream molecular mechanisms are
engaged within oligodendrocyte lineage cells to enact this plasticity. Given the wide range of
effects seen across neuronal subtypes, CNS regions, ages, and experimental paradigms,
adaptive myelination appears to encompass multiple and temporally-evolving modes of
experience-driven changes to oligodendroglial lineage cells, with equally diverse
implications for modulating neuronal function.

How are oligodendrocytes altered in adaptive myelination?

Starting during development, oligodendrocytes terminally differentiate from proliferative
oligodendrocyte precursor cells (OPCs) and form myelin. Each step in the myelination
process, from OPC proliferation and oligodendrocyte generation to initiation, growth, and
maintenance of myelin, represents an inflection point at which experience can modify
oligodendroglial cells and thus directly or indirectly modulate any spatial parameter of
myelin (Figure 1). Experiential input can therefore impact myelin in two non-exclusive
ways: 1) a primary effect on progression of the oligodendrocyte lineage that secondarily
affects myelin and/or 2) a primary effect on oligodendrocytes to directly alter myelin.

Experience-dependent regulation of oligodendrocyte lineage progression

Experience-dependent cues may directly regulate the number of new oligodendrocytes in
order to indirectly induce changes in myelin. Multiple paradigms that directly manipulate
neuronal activity have been shown to first induce an increase in proliferating OPCs and then
a later increase in oligodendrocytes, including optogenetic stimulation of the mouse
premator cortex (Geraghty et al., 2019; Gibson et al., 2014), pharmacogenetic stimulation of
the mouse somatosensory cortex (Mitew et al., 2018), and pharmacological stimulation of
the developing zebrafish spinal cord (Marisca et al., 2020). Enhanced experiential input has
also been shown to increase OPC proliferation and generation of new oligodendrocytes
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(Bacmeister et al., 2020; Hughes et al., 2018; McKenzie et al., 2014; Pan et al., 2020;
Steadman et al., 2020; Xiao et al., 2016). However, impaired neuronal activity or sensory
deprivation have been reported to have more variable effects on oligodendrocyte cell
numbers (Barres and Raff, 1993; Etxeberria et al., 2016; Hill et al., 2014, 2018; Hines et al.,
2015; Mayoral et al., 2018; Mensch et al., 2015).

A series of seminal studies by the Richardson lab was the first to demonstrate causality
between experience-induced oligodendrogenesis and behavioral outcomes. A motor learning
task where a mouse learns to run on a wheel with irregularly-spaced rungs resulted in first a
rapid increase in new oligodendrocytes within several hours of training (Xiao et al., 2016),
then an increase in OPC proliferation within several days of training, and finally a second
wave of new oligodendrocytes generated from these proliferative OPCs after several weeks
of training (McKenzie et al., 2014). Oligodendrocyte generation was necessary for motor
learning, as genetically preventing new oligodendrocyte generation (Emery et al., 2009)
impaired both early (Xiao et al., 2016) and late (McKenzie et al., 2014) phases of learning.
Similarly, both spatial learning and contextual fear conditioning induce OPC proliferation,
new oligodendrocyte formation, and increased myelination, and genetically blocking new
oligodendrocyte formation impairs learning and memory in both paradigms (Pan et al.,
2020; Steadman et al., 2020; Wang et al., 2020). Remarkably, enhancing oligodendrogenesis
improves learning and memory in both paradigms (Pan et al., 2020; Wang et al., 2020).
These studies demonstrate that oligodendrogenesis is both necessary and sufficient for
behavioral outcomes of multiple complex experiential paradigms.

However, it does not appear to be the case that enhanced experiential input or elevated
neuronal activity always increases the number of oligodendrocytes. The nuanced effect of
altering experiential input is particularly evident in a study by Bacmeister et al (2020),
where they used /n vivo imaging to show that learning a forelimb motor task initially
suppressed and then later increased the rate of oligodendrocyte generation. This suggests
motor learning and therefore perhaps other types of experiential input can bidirectionally
control the rate of oligodendrocyte generation, and that perhaps there is a physiological role
for differentially altering oligodendrocyte cell numbers at different phases of learning.

Altered differentiation from OPCs into oligodendrocytes is a primary route for controlling
oligodendrocyte numbers during development and in adulthood, and so is thought to be the
major cause of changes to oligodendrocyte numbers in many adaptive myelination studies.
This is supported most directly by /n vivo imaging studies that longitudinally follow the fate
of individual OPCs, such as in zebrafish (Marisca et al., 2020) or mice (Bacmeister et al.,
2020). However, it is intriguing that so many studies observe a change in proliferation as
well as differentiation in response to altered neuronal signaling or experiential input, as
proliferation (undergoing mitosis) and differentiation (becoming post-mitotic
oligodendrocytes) are in fact opposing processes, and asymmetric division to generate one
OPC and one oligodendrocyte accounts for only a small proportion of oligodendrocyte
generation (Bacmeister et al., 2020; Hughes et al., 2013). How then does a change in
proliferation relate to a change in differentiation? One possibility is that elevated
proliferation precedes elevated differentiation, and that experience-induced increased
proliferation itself either indirectly triggers differentiation of OPCs such as through
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increased spatial constraints (Calver et al., 1998; Mayoral and Chan, 2016; Rosenberg et al.,
2008), or else differentiation is independently promoted by additional experience-dependent
signals. Either of these could be the case in studies in which elevated OPC proliferation
precedes elevated differentiation by several weeks and the newly generated oligodendrocytes
were shown to be derived from OPCs that had recently undergone cell division (e.g. Gibson
et al., 2014; Pan et al., 2020). An alternative but non-exclusive possibility is that elevated
differentiation instead precedes elevated proliferation. In this case, depletion of OPCs by
differentiation would trigger proliferation through homeostatic mechanisms, as has been
shown to occur under basal conditions in the adult mammalian brain (Hughes et al., 2013).
This appears to be the case in the initial phase of learning to run on a complex wheel task,
where training initially causes rapid direct differentiation of OPCs into immature
oligodendrocytes (Xiao et al., 2016). Application of methods to inducibly impair OPC
proliferation without directly affecting differentiation could provide great insight into
whether proliferation is necessary for experience-induced generation of new
oligodendrocytes and subsequent behavioral outcomes.

In addition to altering differentiation, a possible alternative route to generating more
oligodendrocytes is promoting survival or inhibiting death of immature, premyelinating
oligodendrocytes. Several studies suggest that during both development and adulthood a
certain percentage of early stage oligodendrocytes undergo apoptosis rather than maturing
and forming myelin (Barres et al., 1992; Calver et al., 1998; Hughes et al., 2018; Raff et al.,
1993; Sun et al., 2018; Trapp et al., 1997; Tripathi et al., 2017). Immature oligodendrocyte
survival has been proposed to be reduced by somatosensory deprivation (Hill et al., 2014),
by impaired neuron to OPC glutamatergic signaling (Kougioumtzidou et al., 2017), and
during initial learning-mediated suppression of oligodendrocyte generation (Bacmeister et
al., 2020). Further studies are required to conclusively determine whether experience and
subsequent neuronal activity do in fact alter oligodendrocyte survival, in addition to
controlling the rate of OPC differentiation, as a means of altering the number of mature
myelinating oligodendrocytes.

Experience-dependent regulation of oligodendrocytes to directly shape myelin

Experience-dependent cues may also modulate myelination by directly acting on either
newly formed or preexisting oligodendrocytes and regulating processes such as myelin
sheath addition, removal, growth, or maintenance. Such direct manipulation of myelin has
the potential for highly spatially restricted effects, such as altering myelination patterns
along specific axons. We discuss here three major spatial parameters of myelin that could be
altered in adaptive myelination: 1) internodal localization (which axons are myelinated and
their pattern of myelination); 2) myelin sheath geometry, including sheath length, sheath
thickness, and number of sheaths per oligodendrocyte; and 3) nodal geometry (Figure 1B).

It has long been hypothesized that neuronal activity may act as an attractive cue to promote
myelination of relevant axons, thereby modulating internodal localization (Osso and Chan,
2017). Indeed, preferential formation of myelin sheaths on electrically active axons has been
suggested by direct manipulation of neuronal activity (Hines et al., 2015; Mitew et al., 2018;
Wake et al., 2014), though has not yet been demonstrated with physiological circuit
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manipulations by experiential input. For instance, pharmacogenetic stimulation of
somatosensory neurons of mice, in addition to increasing OPC proliferation and
differentiation, increases myelination of the active axons without affecting the overall
number of myelinated axons, while genetic attenuation of somatosensory neuron activity
reduces myelination of those axons (Mitew et al., 2018). However, a study using early
postnatal monocular deprivation found that individual oligodendrocytes in the optic chiasm
showed no bias in ensheathing neighboring axons from either the normal or monocularly
deprived eyes (Osanai et al., 2018). Whether myelin selection of a particular axon is
influenced by its activity status may therefore differ by CNS region. In a tract like the optic
nerve where almost all axons are fully myelinated, it may be that the relative activity of
axons is less instructive than in regions like the cortex and corpus callosum that maintain a
large percentage of unmyelinated axons throughout life (Gyllensten and Malmfors, 1963,;
Sturrock, 1980). Importantly, the experience-dependent myelination of relevant axons need
not happen in an all-or-none fashion. Not all myelinated axons are fully myelinated,
evidenced by the diverse, discontinuous myelination patterns in grey matter (Hughes et al.,
2018; Micheva et al., 2016; Tomassy et al., 2014). in vivoimaging further suggests myelin is
continuously added to partially myelinated axons through adulthood, thus altering the
pattern of myelination (Hill et al., 2018). It is still unclear why or how such patterns are
established or modified. Is this pattern of myelination instructed or merely stochastic? It will
be of great interest to determine whether experience can instruct myelin localization on a
fine scale, helping to shape the precise pattern of myelination along an axon.

Experience can alter the geometric features of new myelin formed by newly generated
oligodendrocytes, including the length, thickness, and number of myelin sheaths per
oligodendrocyte. We also now know that experience can induce new myelin sheath
formation by preexisting oligodendrocytes under specific contexts (Bacmeister et al., 2020;
Yang et al., 2020) and that preexisting myelin is plastic and can be remodeled (Auer et al.,
2018; Bacmeister et al., 2020; Hill et al., 2018; Hughes et al., 2018; Yang et al., 2020). In
the developing zebrafish spinal cord, inhibiting neuronal vesicular release reduces the
number and length of myelin internodes in a neuronal subtype-specific manner, indicating
only some neuronal subtypes employ activity-dependent mechanisms to regulate their
myelination (Hines et al., 2015; Koudelka et al., 2016; Mensch et al., 2015). These effects
have been proposed to be mediated through regulation of myelin sheath growth rates and
retraction (Hines et al., 2015), parameters recently demonstrated to vary during development
by neuronal subtype (Nelson et al., 2020). After this early developmental period in which
myelin sheath length is established (Auer et al., 2018), many myelin sheaths continue to
undergo dynamic lengthening and shortening events in adulthood (Bacmeister et al., 2020;
Hill et al., 2018; Yang et al., 2020), indicating potential plasticity of this myelin parameter.
Some experiential paradigms also induce alterations in sheath length or longitudinal growth
dynamics (Bacmeister et al., 2020; Etxeberria et al., 2016; Osanai et al., 2018; Yang et al.,
2020), while others do not (Hughes et al., 2018; Swire et al., 2019). For example,
somatosensory enrichment via chronic whisker stimulation had no effect on sheath dynamics
(Hughes et al., 2018), while a motor learning task increased the number of dynamically
lengthening or shortening myelin sheaths (Bacmeister et al., 2020). Visual deprivation in the
adult mouse was also shown to alter myelin sheath length and growth dynamics in a
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neuronal subtype-specific manner (Yang et al., 2020), consistent with the subtype-specific
effects of neuronal activity seen in zebrafish. Both the type of experiential input and the
subtypes of neurons involved therefore appear to affect whether and how myelin sheath
length is altered.

Several studies have also found that experience- and activity-dependent effects on internodal
length were determined not just by the activity state of single axons but also by the activity
state of neighboring axons (Etxeberria et al., 2016; Hines et al., 2015; Osanai et al., 2018).
While sparsely inhibiting vesicular release by individual zebrafish spinal cord neurons
results in shorter myelin sheaths on silenced axons, simultaneous global inhibition of
neuronal activity eliminates this effect (Hines et al., 2015). This is consistent with the
possibility that oligodendrocytes may sense and integrate comparative levels of neuronal
activity and adjust myelin sheath lengths accordingly. In addition, in monocular deprivation
of the mammalian visual system, myelin sheath length is reduced on deprived fibers, but
sheath length on non-deprived fibers is influenced by the local abundance of axons from the
deprived vs. non-deprived eyes (Etxeberria et al., 2016; Osanai et al., 2018), suggesting the
presence of an experience-dependent cue that signals a local environmental change in
oligodendrocyte morphology rather than specific localization of such a cue along deprived or
non-deprived axons only.

Both optogenetic (Gibson et al., 2014) and pharmacogenetic (Mitew et al., 2018) stimulation
in mice have been shown to increase myelin thickness. Interestingly, pharmacogenetic
stimulation, which biased myelination toward stimulated axons, showed increased myelin
thickness of those stimulated axons but also a very mild increase in myelin thickness of
neighboring non-stimulated axons, indicating both some specificity and some diffusion of
the effect (Mitew et al., 2018). In both types of stimulation these changes in myelin
thickness were observed without an increase in the number of myelinated axons and in adult
animals, suggesting the possibility that neuronal stimulation could reinitiate and promote
radial growth of preexisting myelin sheaths, such as through reopening of cytoplasmic
channels (Snaidero et al., 2014). While increased myelin thickness has not yet been observed
in experiential enrichment paradigms, experiential deprivation has been shown to reduce
myelin sheath thickness and sheath number per oligodendrocyte in models of juvenile (Liu
et al., 2012; Makinodan et al., 2012; Swire et al., 2019) and adult (Liu et al., 2012) social
deprivation, and to decrease myelin thickness in a model of mild adult auditory deprivation
(Sinclair et al., 2017). These studies suggest the possibility that sensory deprivation could
induce thinning of preexisting myelin sheaths in adult animals, such as by inducing removal
of myelin wraps (Dutta et al., 2018) or inhibiting active myelin sheath maintenance
mediated by continual synthesis of new proteins (Wu et al., 2020) or new lipids (Zhou et al.,
2020). In the developing visual system, it was found that ablation of neuronal signaling by
enucleation just prior to oligodendrogenesis and myelination onset did not impair
myelination but instead resulted in thicker myelin in the deprived optic nerve, suggesting the
possibility that neuronal signaling may act to restrict myelin overgrowth in some contexts
(Mayoral et al., 2018). Together these studies demonstrate a capacity for modulation of
myelin thickness by both experiential input and neuronal activity.
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How does

Finally, experience-mediated cues could regulate geometric parameters of the nodal gap
between preexisting or newly formed myelin sheaths, which could potentially alter the
number of nodal sodium channels. Nodal length varies widely across the CNS and has been
predicted to impact conduction velocity (Arancibia-Carcamo et al., 2017). There is some
precedent for regulation of nodal geometry in gerbil auditory brainstem neurons, which have
progressively shorter myelin sheaths and increased nodal diameters at more distal axonal
regions. Simulations predict this configuration acts to facilitate rapid action potential
propagation into the target region (Ford et al., 2015). Dynamic changes in internodal length
observed throughout life (Bacmeister et al., 2020; Hill et al., 2018; Hughes et al., 2018) and
in response to altered experiential input (Bacmeister et al., 2020) could also potentially alter
nodal length. Future studies are required to directly test whether experiential input alters
nodal geometry as a means of modulating neuronal function.

The evidence overwhelming supports the conclusion that experience and neuronal activity
can sculpt myelin both by inducing generation of new oligodendrocytes—which could then
be instructed by the same or additional experience-dependent cues to generate myelin with
specific spatial dimensions and localization—as well as by refining myelin parameters of
preexisting oligodendrocytes. As these conclusions are largely based on zebrafish and rodent
studies, it will be of great interest to determine the relative contribution of newly generated
vs. preexisting oligodendrocytes to adaptive myelination in humans, where adult
oligodendrogenesis still occurs but appears more limited than in rodents (Yeung et al.,
2014). In addition, at present we lack tools that can specifically prevent or promote
experience-induced changes in myelination without also altering differentiation, and
therefore cannot uncouple a need for oligodendrocyte differentiation and a need for myelin
modifications. Such tools would represent a major advance that would enable investigation
of precisely what aspects of adaptive myelination are necessary and sufficient for behavioral
outcomes.

adaptive myelination fine-tune neuronal function?

An open question in the field is exactly how adaptive changes to oligodendrocytes and
myelin alter neuronal function and enable behavioral outputs like sensory refinement and
memory formation. Accumulating evidence suggests there may be many non-mutually
exclusive ways by which experience-induced oligodendrogenesis and myelination modify
neuronal function.

Conductive properties

The prevailing hypothesis for the purpose of adaptive myelination is that it serves to
modulate neuronal action potential conduction properties. This seems intuitive, given that
enabling rapid and reproducible action potential conduction is a—if not the—major function
of myelin, and that even small changes in myelin can have large impacts on conduction
velocity. Multiple myelin parameters known to be modulated by experiential input or
neuronal activity can alter conduction velocity. Myelination of previously unmyelinated
regions would allow for dramatic increases in conduction velocity by facilitating saltatory
conduction where there previously was none. However, more subtle changes in myelin
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structure can also alter conduction velocity. Thicker myelin (Chomiak and Hu, 2009;
Rushton, 1951; Smith and Koles, 1970; Waxman and Bennett, 1972) and longer myelin
internodes (Brill et al., 1977; Court et al., 2004; Huxley and Stampeli, 1949; Simpson et al.,
2013) support faster conduction velocity, up to a point. Longer and wider nodes have also
been predicted to significantly accelerate conduction velocity, also up to a point. Notably,
this predicted acceleration depends on the experimentally-supported postulate that nodal
sodium channel density remains constant, meaning larger nodes would have more sodium
channels (Arancibia-Carcamo et al., 2017; Ford et al., 2015). This introduces the interesting
possibility that conduction velocity could be shaped not only by altering nodal volume but
also by directly regulating channel density. However, it is important to note that there is
limited direct evidence that experience-driven changes to these internodal and nodal
parameters alter conduction velocity, with most studies using modeling to predict the effect,
and one study demonstrating a correlation between axonal conduction velocity and
experience-dependent changes in both internodal length and oligodendrocyte numbers
(Etxeberria et al., 2016).

In addition, myelin-mediated enhancement of conduction velocity is most often considered
in the context of long-range projection neurons, but many short-range interneurons are also
myelinated (Micheva et al., 2016; Stedehouder et al., 2017; Zonouzi et al., 2019), and
pharmacogenetic stimulation of fast-spiking parvalbumin (PV) interneurons has been shown
to increase their branching and myelination (Stedehouder et al., 2018). However, the
comparative shortness of interneuron axons and their discontinuous, proximally-biased
pattern of myelination (Micheva et al., 2016; Stedehouder et al., 2017) raises the questions
of whether myelination significantly affects interneuron conduction properties and how
changes in precise myelin patterning or geometric parameters play a role. A recent study
found that genetic blockade of signaling from PV interneurons onto OPCs alters PV
interneuron myelination and induces deficits in PV interneuron physiology, which could be
due to the observed changes in myelination (Benamer et al., 2020). Altogether, modeling
and experimental evidence supports a role for adaptive myelination in modulating
conduction velocity, but further experimental studies are required to fully elucidate the
contribution of experience-dependent changes in various myelin parameters to changes in
neuronal signal propagation across multiple neuronal subtypes.

How would myelin-mediated alteration of conduction velocity facilitate functions like
sensory refinement or motor learning? The nervous system is a complex array of
interconnected neural circuits whose function requires precisely coordinated communication
among these circuits. Synchronized arrival of inputs in a target region is important for signal
summation and integration, permitting sufficient depolarization of postsynaptic neurons to
trigger subsequent action potentials. In addition, synchronized neuronal activity enables
generation of computationally meaningful patterns at multiple scales, ranging from spike
trains of individual neurons to complex multi-circuit oscillatory behavior important for
processes like perception, motor behavior, cognition, and learning and memory (Pajevic et
al., 2013; Varela et al., 2001). Experience-dependent fine-tuning of conduction velocity
could therefore serve to preferentially strengthen specific neurons or neuronal ensembles,
establishing synchrony between or within circuits (Pajevic et al., 2013; Pan et al., 2020;
Seidl et al., 2010; Steadman et al., 2020). Recent large-scale network modeling supports this
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idea (Noori et al., 2020). Action potentials from distant parts of the CNS can be adjusted to
arrive simultaneously by precisely altering conduction velocity of one circuit relative to
another. Such myelin-mediated temporal synchronization has been reported to be achieved
between two axon tracts of considerably different lengths in the owl auditory system via
differential internodal length and axon caliber (Seidl et al., 2010). Monocular deprivation,
which results in shortened internodal lengths in the optic nerve, also results in slower
compound action potential conduction with a widened range of conduction velocities,
suggestive of impaired action potential synchrony within the optic nerve (Etxeberria et al.,
2016). As axons can branch and form complex patterns of connectivity (Kalil and Dent,
2014), it is also possible that differential axonal branch myelination could sculpt neural
connectivity and firing patterns in a highly nuanced manner (Seidl and Rubel, 2016).
Adaptive myelin-mediated modulation of conduction velocity may also be bidirectional,
either accelerating or decelerating signal propagation as needed to achieve temporal
synchrony. Finally, it remains a significant gap in our knowledge how relevant neurons
identify a need for altered conduction velocity. Are feedback or feedforward mechanisms
involved, and is there overlap with mechanisms underlying other types of neuroplasticity?
This remains poorly understood, even at a conceptual level.

Alongside modulation of conduction velocity via myelin-mediated insulation and voltage-
gated channel clustering, oligodendrocytes may also influence circuit function by altering
other action potential properties, such as firing frequency and reliability. Mice with
hypomyelination were recently shown to exhibit deficits not only in conduction velocity but
also in repetitive and precise action potential firing (Moore et al., 2020). These effects were
proposed to be at least partly due to excess potassium flux leading to prolonged axonal
hyperpolarization after action potential firing (Moore et al., 2020). Consistent with this idea,
oligodendrocytes have been suggested to buffer extracellular potassium released during
action potential propagation, thereby facilitating rapid repolarization and enabling high-
frequency action potential firing (Larson et al., 2018). Oligodendrocyte-mediated potassium
buffering may also act to modulate neuronal excitability. In a different study,
oligodendrocytes with close apposition to neuronal cell bodies were found to exhibit action
potential-induced inward potassium currents and to restrain neuronal action potential burst
firing (Battefeld et al., 2016; Yamazaki et al., 2018). In line with this, mice whose
oligodendrocytes have impaired potassium buffering exhibit spontaneous seizures (Larson et
al., 2018). Oligodendrocytes may therefore impact circuit function by regulating neuronal
excitability and conduction properties in multiple ways.

Axonal energetics and metabolism

In addition to altering axonal conduction properties, oligodendrocytes and myelin also play a
role in axonal metabolism. The mammalian brain consumes a disproportionate amount of
the body’s energy, with a majority of that energy consumption associated with signaling
events (Laughlin 2001). Experience-induced changes to oligodendrocytes and myelin could
respond to evolving energetic demands and adaptively support the function and integrity of
specific axons or circuits. Traditionally, myelin-mediated saltatory conduction has been
understood to conserve axonal energy by reducing ATP consumed from ion displacement
during action potential firing (Ford et al., 2015; Harris and Attwell, 2012; Moore et al.,
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2020; Rushton, 1951; Saab et al., 2013). More recently, oligodendrocytes have also been
suggested to play a more active role in axonal metabolism by supplying axons with lactate, a
metabolite that can be converted into ATP within axons (Funfschilling et al., 2012; Lappe-
Siefke et al.; Lee et al., 2012b; Morrison et al., 2013; Saab et al., 2013, 2016). This role is
important in supporting repetitive action potential firing (Moore et al., 2020) as well as
maintaining axonal health (Lee et al., 2012b). Neuronal glutamate signaling has also been
shown to enhance oligodendrocyte uptake of glucose, the metabolic precursor for lactate
(Saab et al., 2016). Experience could therefore induce new metabolic support via
myelination of previously unmyelinated axonal regions or could enhance axonal metabolic
support from preexisting sheaths. However, it is still unclear to what degree
oligodendrocyte-mediated lactate transfer contributes to behavioral outcomes of adaptive
myelination. Future studies combining experiential paradigms with inducible ablation of
oligodendrocyte lactate transport machinery (Bouganova et al., 2020) would be informative.
In addition, it is unknown whether differential geometric parameters of myelin affect
transfer of such metabolites to axons and whether altered nodal volume can also influence
axonal uptake of glucose directly from the extracellular environment.

Neuronal structural changes

During development, axons that become myelinated undergo stereotyped changes to their
underlying cytoskeletal structure and intra-axonal trafficking. Neurofilament levels and
phosphorylation increases, cytoskeletal-associated proteins are clustered into discrete
domains relative to internodal and nodal localization, and axonal transport rates are altered
(Pan and Chan, 2017). Myelination is thought to induce radial growth of axons, ostensibly
through some of these cytoskeletal changes (Pan and Chan, 2017), which can impact axonal
conduction velocity and other aspects of axonal functionality. Experience-induced axon
myelination could induce similar changes in previously unmyelinated axons or axonal
regions, or else more subtly alter axonal cytoskeletal structure or trafficking by changes in
myelin patterning or geometric parameters.

Neuronal activity can also regulate axonal branching (Kalil and Dent, 2014). Myelination
does not occur at or too close to branch sites (Stedehouder et al., 2017, 2018), and so
selection of axonal target regions for myelination may be constrained by preexisting branch
points. Alternatively or additionally, myelin itself could act as a physical barrier that
obstructs available sites for further axonal branching. Some myelin-derived cues even
actively limit axon branching and neurite outgrowth (Hu and Strittmatter, 2004; Tomita et
al., 2007). Modifying the pattern or degree of myelination could therefore restrict or permit
axonal arborization to help shape presynaptic connectivity, or else could occur in response to
changes in axonal arborization. In support of these possibilities, pharmacogenetic
stimulation of parvalbumin interneurons in adulthood has been shown to increase axonal
arborization and myelination of distal axon branches (Stedehouder et al., 2018).
Longitudinal imaging will be required to determine the sequence and likely causality of
these events. Impairing signaling from these interneurons to OPCs did not affect interneuron
arborization but did result in aberrant internodal localization and length with anomalous
myelination of axonal branch points (Benamer et al 2020). Interneuron signaling may
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therefore prevent myelination at axonal branch points, which may be important for proper
action potential conduction (Rama et al., 2018).

Oligodendrocytes and myelination have also been implicated in synapse formation or
stabilization. Like axon branching sites, myelin internodes are also mutually exclusive of en
passant synapses (synapses made directly from the axon shaft; Stedehouder et al 2017) and
could act to restrict their formation. Oligodendrocytes have also been suggested to restrict
dendritic branching and spine density (Zemmar et al., 2018). Conversely, delayed
oligodendrogenesis and subsequent myelination induced by neonatal hypoxia is associated
with a decreased density of cortical synapses, which is restored by enhancing
oligodendrogenesis and myelination (Wang et al., 2018). Similarly, enhancing
oligodendrogenesis and myelination increases synaptic density in aged mice (Wang et al.,
2020). The mechanisms underlying potential myelin-mediated regulation of synapses are
unknown, and experience-dependent changes in synapses have not yet been causally linked
to experience- or activity-dependent changes in myelination.

Roles for oligodendrocytes beyond myelination

No study has yet determined whether behavioral changes induced by adaptive myelination
are due to changes in myelin per se rather than due to additional functions of
oligodendrocytes beyond myelination. This is due to a current technical inability to uncouple
production of oligodendrocytes and formation of myelin. Current tools to study the
importance of adaptive myelination in specific behaviors are limited to either increasing or
preventing the generation of new oligodendrocytes. We have no way of allowing
differentiation of new oligodendrocytes but preventing (or enhancing) myelination of those
oligodendrocytes. In this sense, the term “adaptive myelination” may be a misnomer for
some types of experience-driven changes to the oligodendrocyte lineage. For example, rapid
differentiation into new oligodendrocytes is required during the first few hours of learning to
run on a complex wheel (Xiao et al., 2016), a timeframe short enough that these new
oligodendrocytes are unlikely to have formed compact myelin yet but during which they
may participate in non-myelin-mediated functions that alter neuronal function. We do not
yet know if many of the effects we attribute to myelin can instead (or in addition) be
mediated directly by oligodendrocyte cell bodies or pre-myelinating processes, or even
indirectly such as via oligodendrocyte-astrocyte gap junctions (Orthmann-Murphy et al.,
2008). While some studies posit that oligodendrocyte-mediated transfer of lactate occurs
through myelin itself (Lee et al., 2012b; Saab et al., 2016), this remains to be experimentally
demonstrated. Similarly, oligodendrocyte-facilitated potassium buffering could be mediated
independent of myelin, as the relevant potassium channel has been detected in
oligodendrocyte cell bodies and proximal processes as well as in myelin (Larson et al.,
2018; Schirmer et al., 2018). Oligodendrocytes have also been shown to support
glutamatergic synaptic signaling by myelin-independent uptake and recycling of glutamate
(Xin et al., 2019) and release of BDNF (Jang et al., 2019). Such myelin-independent
functions could act in concert with myelin-dependent effects, thereby altering neuronal
function in various ways and across a wide range of timescales, with important implications
for different phases of experiential paradigms.
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How does a neuron trigger adaptive myelination?

A major focus in the field is the identity of cues by which neurons induce adaptive
myelination. However, it must first be considered exactly how experience induces neurons to
produce these cues. The prevalent view of adaptive myelination is that experience
depolarizes relevant neurons, causing them to fire action potentials, perhaps in a specific
pattern, and that these action potentials induce release of signaling molecules that alter
oligodendrocyte lineage progression and/or myelination. This has largely been addressed in
systems where neuronal activity, vesicular release, or activation of downstream
oligodendroglial receptors are directly stimulated or silenced, or in simple circuit processing
like visually-evoked activation of the optic nerve. It is less clear how exactly neuronal
activity triggers adaptive myelination in complex physiological manipulations that recruit
multiple neural circuits, like motor learning or social deprivation. Combining experiential
paradigms with paradigms that directly manipulate neuronal activity in specific neuronal
subsets would greatly advance our understanding of the role of neuronal activity in adaptive
myelination and address many outstanding questions. For instance, which neurons or
neuronal ensembles must be activated, and what kinds of computationally relevant firing
patterns are involved? Different patterns of electrical activity evoke distinctive responses in
oligodendrocyte lineage cells, with only some patterns appearing to induce adaptive
myelination (Gibson et al., 2014; Nagy et al., 2017; Ortiz et al., 2019). Changes in
experience- or activity-dependent oligodendrogenesis and myelination are also typically
observed specifically in relevant brain areas, indicating a potential circuit-level specificity of
the effects. We must also question a key presumption about adaptive myelination: is it
necessarily always the case that adaptive myelination is initiated by stimulation (or
suppression) of action potential conduction? For example, can adaptive myelination also be
initially triggered by changes in subthreshold neuronal activity, which can be synchronized
among neurons (Engel et al., 2001; Lampl et al., 1999) and can alter neuronal intracellular
signaling, synaptic communication, and firing properties (Alle and Geiger, 2006; Eilers et
al., 1995; Ludwar et al., 2020; Shu et al., 2006; Soldado-Magraner et al., 2020)? In addition,
the initial trigger for adaptive myelination (e.g. the first neurons that fire action potentials)
may not directly induce adaptive myelination, but could instead activate, inhibit, or
otherwise modulate downstream neurons or even downstream non-neuronal cells that then
present an adaptive myelination cue to oligodendrocyte lineage cells. It follows then that an
adaptive myelination cue need not necessarily be released by the neuron whose myelination
is meant to be altered, although that does appear to be likely in cases where axon selection
itself is biased toward active axons (Mitew et al., 2018). Cue-releasing neurons could even
intentionally prevent their own myelination, allowing such neurons to recurrently modulate
myelination in an immutable fashion that is unaltered by previous experiential input.

With these questions in mind, we discuss here several putative neuronal cues that have been
proposed to stimulate adaptive myelination by acting on OPCs or oligodendrocytes through
the classical conception of activity-induced neuronal secretion, as well as explore several
alternative biophysical and non-neuronal adaptive myelination cues (Figure 2).
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Amino acid neurotransmitters

Bergles and colleagues made the remarkable discovery twenty years ago that OPCs, unlike
all other non-neuronal cells, receive direct synaptic input from neurons (Bergles et al.,
2000). Indeed, neurons form both glutamatergic and GABAergic synapses onto OPCs in
multiple brain regions and throughout life (Bergles et al., 2000, 2010; Lin and Bergles,
2003; Lin et al., 2005; Spitzer et al., 2019; Tanaka et al., 2009; Ziskin et al., 2007),
providing a potential route by which OPCs can listen in on and respond to changes in
neuronal activity with high spatiotemporal resolution. Monosynaptic tracing reveals that
OPCs receive synaptic input from functionally interrelated regions across the brain, but that
this synaptic connectivity itself is not affected by somatosensory deprivation in early
adulthood (Mount et al., 2019). However, more extensive studies with different ages and
different experimental paradigms are required to fully exclude an experience- or neuronal
activity-dependent effect on neuron-OPC synaptic connectivity.

Given the prevalence of OPC-neuron synapses, it seems intuitive that neuronal vesicles
would contain cues capable of inducing adaptive myelination. In support of this, neuronal
vesicular release modulates myelination in the developing zebrafish spinal cord (Hines et al.,
2015; Koudelka et al., 2016; Mensch et al., 2015). Interestingly, vesicle-modulated
myelination is only observed in some neuronal subtypes, while myelination of other
neuronal subtypes is independent of their vesicular release, indicating possible diversity of
vesicle contents or diversity of axonal expression of other regulatory cues (Hines et al.,
2015; Koudelka et al., 2016). The potential adaptive myelination cues contained within these
vesicles is a matter of intense investigation, with the small molecule neurotransmitters
glutamate and GABA being the most well-studied potential cues. OPCs express both
metabotropic and ionotropic glutamate receptors (Bergles et al., 2000; Haberlandt et al.,
2011; Karadattir et al., 2005; Spitzer et al., 2019; Zhang et al., 2014; Zonouzi et al., 2011),
with most studies focused on the role of AMPA receptors and NMDA receptors. Release of
vesicular glutamate from unmyelinated callosal axons was shown to depolarize OPCs
primarily through AMPA receptors (Ziskin et al., 2007). However, while glutamate alters
OPC proliferation and differentiation /n vitro (Dutta et al., 2006; Gallo et al., 1996), limited
effects have been seen in animals with impaired glutamatergic signaling to OPCs. Mice
whose oligodendrocyte lineage cells lack NMDA receptor signaling exhibit no deficits (De
Biase et al., 2011; Guo et al., 2012), while those whose oligodendrocyte lineage cells lack
AMPA receptor signaling exhibit only modest deficits in oligodendroglial survival and
myelination (Kougioumtzidou et al., 2017). In addition, mice with genetic blockade of
glutamatergic signaling in the optic nerve do not have impaired proliferation, differentiation,
or overall degree of myelination, exhibiting instead an increased number of oligodendrocytes
and shortened internodes (Etxeberria et al., 2016). While ionotropic glutamatergic signaling
may therefore play only a minor role in oligodendroglial dynamics under basal
developmental conditions, there could be specific circumstances under which this type of
signaling is more impactful (Lundgaard et al., 2013), such as in remyelination (Gautier et al.,
2015; Lundgaard et al., 2013) or when challenged with experiential paradigms. AMPA
receptor and NMDA receptor expression also differ by brain region and by age (Spitzer et
al., 2019) which may underlie some of the differences seen between different glutamatergic
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signaling-deficient mice and could result in distinct effects from different types of
experiential input.

OPCs also express GABA receptors (Balia et al., 2015; Lin and Bergles, 2004; Orduz et al.,
2015; Passlick et al., 2013), and GABA has been shown to depolarize OPCs and to decrease
oligodendrocyte number and myelination /n vitro (Hamilton et al., 2017). However, mice
whose OPCs lack synaptically-localized GABA-A receptors (Passlick et al., 2013) exhibit
no deficits in proliferation or differentiation, though they do have a mild adult-onset
decrease in OPC numbers (Balia et al., 2017). While initial reports showed the degree of
interneuron myelination was also unaffected by loss of this GABA-A receptor mediated
signaling (Balia et al., 2017), more detailed studies now show PV interneuron physiology
and internodal localization and geometry is perturbed, which results in deficits in
interneuron signaling and impaired sensory behavior (Benamer et al., 2020). Future studies
will be required to determine precise causality among events and whether this phenotype
represents a persistent deficit or a developmental delay. Given these subtle but potentially
impactful changes in myelin, as well as the possibility that the effect of neurotransmission to
OPCs may be context-dependent, it will be important in future to further combine
experiential and neuronal activity paradigms with mice deficient in different types of
glutamatergic and GABAergic signaling to assess the relative contribution of these cues to
observed adaptive myelination changes and behaviorally relevant outcomes.

Synaptic communication is specific to OPCs as glutamatergic synaptic connections are lost
when OPCs differentiate into oligodendrocytes (Biase et al., 2010; Etxeberria et al., 2010;
Kukley et al., 2010), and GABAergic synaptic input is dramatically reduced after the second
postnatal week of life in rodents (Vélez-Fort et al., 2010). Though neurons classically
release vesicles at synapses, vesicular contents can spill-over from the synaptic cleft and
vesicles can also be released extrasynaptically along the axon. It is therefore also possible
that neuronal vesicular release can activate extrasynaptic GABAergic (Maldonado et al.,
2011; Passlick et al., 2013; Vélez-Fort et al., 2010) or glutamatergic (Micu et al., 2016;
Wake et al., 2015) receptors on OPCs, or even directly affect oligodendrocytes. In support of
this latter idea, NMDA receptors have also been shown to be expressed by oligodendrocytes
and localized to myelin (Karadéttir et al., 2005; Micu et al., 2006; Saab et al., 2016; Salter
and Fern, 2005). Activation of oligodendrocyte NMDA receptors upregulates
oligodendrocyte glucose uptake, which has been proposed to alter their metabolic support of
axons (Saab et al., 2016). Several studies are consistent with the possibility that neuronal
vesicles could act directly on oligodendrocytes to regulate sheath formation or retraction,
with vesicular release capable of occurring under sites of oligodendroglial ensheathment
(Doyle et al., 2018; Hines et al., 2015; Hughes and Appel, 2019; Mensch et al., 2015). The
adaptive myelination cues contained within these vesicles have yet to be identified and could
include neurotransmitters like glutamate and GABA and/or other molecules known to be
released in neuronal vesicles.

Other neuronal molecular cues

While GABA and glutamate are the major neurotransmitters implicated in adaptive
myelination, other neurotransmitters or neuromodulators may play a role. Neurotransmitters
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in particular may be ideal for rapid, spatially-restricted communication to oligodendrocyte
lineage cells, while neuromodulators like neuropeptides could be particularly well-suited to
induce broad effects on oligodendrocyte lineage cells. ATP and its metabolite adenosine
have both been proposed as adaptive myelination cues /n7 vitro, with the former thought to
indirectly affect oligodendroglia via astrocytes and the latter thought to act directly on OPCs
to promote differentiation (Ishibashi et al., 2006; Stevens et al., 2002). OPC differentiation is
also potently inhibited by activation of the M1 muscarinic acetylcholine receptor (Mei et al.,
2014, 2016), though a role for acetylcholine in experience-driven myelination has not been
described.

Vesicular release of the neurotrophin BDNF has also been suggested to act as an adaptive
myelination cue. BDNF signaling has been shown in numerous /n vitro studies to alter OPC
proliferation and differentiation and to promote developmental myelination (Fletcher et al.,
2018). BDNF has also been suggested to sensitize the myelination process to NMDA
receptor modulation in neuron-oligodendroglia cocultures (Lundgaard et al., 2013). Mice
lacking the BDNF receptor TrkB in oligodendrocytes do not have altered oligodendrocyte
numbers but instead exhibit a developmental delay in myelin thickness, evidencing a direct
albeit temporary in vivo effect of BDNF on oligodendrocytes (Wong et al., 2013). These
mutant mice also have TrkB ablated in a small population of OPCs and exhibit an increase in
OPC numbers, proposed to be due to increased proliferation (Wong et al., 2013). BDNF has
also been directly implicated in adaptive myelination induced by neuronal stimulation,
where its effects partially recapitulate these developmental effects. In work from the Monje
lab, inducible conditional knockout in juvenile mice of TrkB in OPCs or of activity-
regulated BDNF in stimulated neurons did not alter basal OPC proliferation, but prevented
increased OPC proliferation, increased oligodendrocyte generation, and increased myelin
thickness induced by optogenetic stimulation (Geraghty et al., 2019). These findings indicate
BDNF may serve as a cue that communicates neuronal activation to OPCs and/or
oligodendrocytes. Further investigations of the underlying mechanisms will be particularly
important to resolve how a single cue can induce both proliferation and differentiation. It
will also be important to determine if this role for BDNF is conserved in experiential
paradigms, how generalizable this role is to different brain regions (Du et al., 2003), and
how BDNF may interact with other adaptive myelination cues like glutamate /in vivo
(Lundgaard et al., 2013).

Neuronal activity has been shown to induce numerous changes in neurons, including broad
transcriptional and translational changes (Choe and Cho, 2020; Flavell and Greenberg, 2008;
Yap and Greenberg, 2018), providing many other candidates to induce adaptive myelination.
For example, as with synaptic transmission, transmembrane proteins could induce effects
with high spatial specificity, particularly if their expression is restricted to the structure that
is to be myelinated (or not myelinated). Neuronal expression of the transmembrane protein
neuregulin-1 has been proposed as an adaptive myelination cue underlying hypomyelination
in social deprivation (Makinodan et al., 2012). Beyond transmembrane proteins, neurons
could also utilize many other types of molecular cues to induce adaptive myelination, such
as secreted proteins like growth factors or neuropeptides, or secreted non-protein cues like
sugars, lipids, or other metabolites. In addition, while it is canonically thought neurons
would present cues to induce adaptive myelination, it is also plausible that experience could

Neuron. Author manuscript; available in PMC 2022 April 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pease-Raissi and Chan Page 17

remove cues inhibitory to myelination (see Osso and Chan, 2017). It is also possible that
certain signals in the microenvironment could “prime” oligodendrocyte lineage cells to be
receptive to experience-dependent cues. This could be the case for OPCs in the zebrafish
spinal cord, where the local environment of the OPC cell body was shown to influence its
likelihood to differentiate, morphology, calcium signaling, and propensity to proliferate
upon neuronal stimulation (Marisca et al., 2020). In further support of this idea, ion channel
expression and activity in mouse OPCs differs across brain regions and ages and can be
influenced by local molecular cues (Lundgaard et al., 2013; Spitzer et al., 2019). Interactions
among cues, both experience-dependent and -independent, may therefore add further
complexity to how experience modulates oligodendroglia and myelin.

Biophysical cues

Axonal longitudinal growth (Polleux and Snider, 2010), branching (Kalil and Dent, 2014;
Stedehouder et al., 2018; Yamada et al., 2010), and radial growth (Chéreau et al., 2017;
Seidl et al., 2010) can be altered by experiential input and/or neuronal activity, providing
new substrates for myelination. For example, activation of PV interneurons causes
longitudinal growth and branching of these axons and their subsequent novel myelination
(Stedehouder et al., 2018). In addition, as myelination does not occur on axons below a
minimum axon diameter (Lee et al., 2012a; Mayoral et al., 2018), axonal radial growth of a
subthreshold diameter axon to a suprathreshold diameter could permit and perhaps trigger
myelination of that previously unmyelinated axon. The state of axonal growth itself could
also be sensed by oligodendroglial cells and stimulate myelination or myelin remodeling.
Oligodendroglia are innately sensitive to the size of the fibers they ensheathe. While the lack
of myelination of subthreshold diameter fibers could be due to biophysical limitations of
membrane curvature, oligodendroglia also exhibit a preference for larger caliber fibers, even
if the smaller caliber fibers are suprathreshold. Larger caliber axons are the first to become
myelinated /n vivo (Schwab and Schnell, 1989). in vitro, oligodendrocytes and OPCs
preferentially ensheathe larger fibers in cultures containing mixed, suprathreshold diameter
polystyrene nanofibers (Lee et al., 2012a), and oligodendrocytes make longer sheaths on
larger caliber nanofibers (Bechler et al., 2015). These results suggest oligodendroglia may
utilize as yet unidentified mechanisms, perhaps such as curvature-sensing proteins
(McMahon and Boucrot, 2015) or mechanosensitive channels (Segel et al., 2019), to detect
absolute size of targets and could therefore also possibly detect whether and how fast a
target is actively growing. In this way, axonal radial growth could then instruct radial growth
of new myelin sheaths or possibly reinitiate radial growth of preexisting sheaths (Jeffries et
al., 2016; Snaidero et al., 2014) such that an appropriate number of myelin wraps relative to
axon caliber is maintained. Consistent with this idea, concomitant growth in axon caliber has
been proposed to drive remyelination with normal myelin sheath thickness and length in
zebrafish, compared to the typical thin and short myelin sheaths observed in most
demyelination models (Karttunen et al., 2017).

Non-neuronal cues and effects

Neuronal activity and experiential input are well known to affect many non-neuronal cell
types in the CNS (e.g. Attwell et al., 2010; Hasel et al., 2017; Hughes and Appel, 2020; Li et
al., 2012; Liu et al., 2019; Rosskothen-Kuhl et al., 2018; Tremblay et al., 2010). For
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instance, neuronal activity intricately controls brain blood flow by acting on vascular and
vasculature-associated cells (Attwell et al., 2010), and experiential input modulates
neurovasculature organization during development (Kole, 2015; Lacoste et al., 2014).
Inadequate oxygen supply during development also impairs OPC differentiation (Yuen et al.,
2014). Can acute or chronic changes in blood and oxygen supply to the CNS or other
vascular signaling also participate in adaptive myelination? A recent study suggested
juvenile sensory deprivation alters vascular cell expression of the vasoconstrictive peptide
endothelin to alter myelin sheath number (Swire et al., 2019). Astrocytes have also been
implicated in indirect control of adaptive myelination, where an /n vitro study found that
neuronal activity-induced secretion of the cytokine LIF from astrocytes increases
myelination (Ishibashi et al., 2006). Additional studies using mice with vascular- or
astrocyte-specific ablation of these cues are required to determine the /in vivo relevance of
these mechanisms.

Microglia have also recently been demonstrated to play a role in adaptive myelination.
While some myelin sheaths are retracted in an oligodendrocyte-autonomous manner during
development (Auer et al., 2018; Baraban et al., 2018; Hines et al., 2015; Hughes and Appel,
2020), other sheaths are phagocytosed by microglia (Hughes and Appel, 2020). Both
autonomous sheath retraction (Hines et al., 2015) and myelin phagocytosis (Hughes and
Appel, 2020) are increased by blocking neuronal vesicular release. This suggests neuronal
signaling controls myelin sheath removal by both direct and indirect mechanisms, though
whether these mechanisms are truly independent and how a sheath is selected for
phagocytosis are still unclear. The involvement of non-neuronal cells in adaptive myelination
is therefore not limited to molecular cues, and crosstalk may exist with neuronal
mechanisms previously thought to act only through direct regulation of oligodendroglia.

What downstream mechanisms enact adaptive myelination?

There is still much unknown about adaptive myelination cues, and even more unknown
about the intracellular mechanisms engaged within OPCs and oligodendrocytes by these
cues. However, experience-dependent cues are likely to impact many of the same
downstream intracellular processes engaged during non-experience-dependent
oligodendrogenesis and myelination. Much can be learned, therefore, by examining known
molecular mechanisms that regulate proliferation, differentiation, and myelination during
development. Such developmental mechanisms have been thoroughly reviewed elsewhere
(e.g. Chang et al., 2016; Elbaz and Popko 2019; Gaesser and Fyffe-Maricich 2016; Paez and
Lyons, 2020), and we highlight here several of these mechanisms in the context of adaptive
myelination.

Intracellular signaling cascades like the PI3BK/AKT pathway and the ERK1/2 pathway are
important in regulating developmental myelination and can be activated by numerous
extracellular signals, including growth factors like BDNF. However, the role of these
signaling pathways in adaptive myelination has not been well-studied. Enhancing
PI3K/AKT signaling during development induces hypermyelination, and driving pathway
activation during adulthood reverts myelin ultrastructure to a more immature state and
increases myelin thickness, suggesting reinitiation of myelin growth (Flores et al., 2008;
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Goebbels et al., 2010; Snaidero et al., 2014). Similarly, ERK1/2 signaling promotes
developmental myelination, and driving pathway activation in preexisting oligodendrocytes
in adulthood increases myelin thickness (Fyffe-Maricich et al., 2011, 2013; Ishii et al., 2012,
2016; Jeffries et al., 2016). Interestingly, elevated ERK1/2 signaling in adult
oligodendrocytes enhanced conditional fear learning but not motor learning or novel object
recognition learning, suggesting effects of oligodendroglial ERK1/2 signaling influence
some behaviors and not others (Jeffries et al., 2016). Both PI3BK/AKT and ERK1/2 signaling
impinge on cellular mechanisms governing cell survival, growth, proliferation, and
metabolism, and they are both capable of acting through downstream activation of mMTOR
signaling, a central regulator of protein and lipid synthesis that is also known to positively
regulate differentiation and myelination (Figlia et al., 2017). Whether and how these
intracellular pathways act as direct effectors of adaptive myelination will require further
investigation, such as subjecting mice with enhanced or deficient PI3K/AKT, ERK1/2, or
mTOR signaling in oligodendroglia to different experiential paradigms.

A second major and interrelated intracellular mechanism known to regulate oligodendrocyte
lineage cells and myelination is calcium signaling. OPCs and oligodendrocytes express
many different calcium-permeable channels and can also be induced to release calcium from
intracellular stores (Paez and Lyons 2020). Many putative adaptive myelination cues can
alter intracellular calcium flux, including extracellular factors like BDNF, GABA, glutamate,
or adenosine, by acting on receptor tyrosine kinases, ion channels, or G-protein-coupled
receptors (Amaral and Pozzo-Miller, 2007; Karaduttir and Attwell, 2007; McCutchen et al.,
2002; Segal and Greenberg, 1996; Stevens et al., 2002; Tanaka et al., 2009). Calcium flux
can modulate various intracellular signaling cascades, along with myriad other cellular
processes such as cytoskeletal dynamics, transcription, and translation. To add further
complexity, precise amplitude, duration, and localization of calcium signaling evokes
differential cellular responses.

We are only beginning to understand some of the downstream cellular functions recruited by
distinct signatures of calcium signaling in oligodendroglia and how such signaling may
cause adaptive myelination. Calcium signaling in OPCs has been shown to mediate activity-
dependent increases in OPC proliferation in the zebrafish spinal cord (Marisca et al., 2020).
Calcium signaling has also been implicated in regulating myelin sheath growth and
retraction. In zebrafish, high-amplitude, long-duration calcium transients within individual
myelin sheaths tend to precede sheath retraction. Such sheath retractions also appear to be
mediated via the calcium-dependent protease calpain within oligodendrocytes (Baraban et
al., 2018), possibly even locally within myelin sheaths in a manner reminiscent of calpain-
mediated dendritic or axonal pruning (Kanamori et al., 2015; Pease and Segal, 2014). It will
be intriguing to determine if such calcium signatures are also seen in sheaths phagocytosed
by microglia (Hughes and Appel, 2020). In contrast, later, low-amplitude, short-duration
calcium transients within individual myelin sheaths correlates with increased rate of sheath
growth, and this growth rate is reduced by calcium buffering (Baraban et al., 2018; Krasnow
et al., 2018). Interestingly, pharmacologically suppressing neuronal activity reduced this
intrasheath calcium activity in only half the sheaths (Krasnow et al., 2018), suggesting there
are both activity-dependent and activity-independent calcium transients within myelin. In
support of this, calcium flux in growing myelin sheaths in the mouse cortex has been shown
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to occur independently of neuronal activity (Battefeld et al., 2019). Altogether these studies
suggest intracellular calcium signaling, alongside or in addition to intracellular signaling
cascades, is likely to mediate at least some aspects of adaptive myelination. Future
investigations will be required to determine the precise calcium signatures and downstream
pathways that underlie different experience-induced changes to oligodendrocytes and
myelination and their subsequent behavioral consequences.

Moving toward a holistic view of adaptive myelination

Altogether the studies described here show that experience and neuronal activity can sculpt
myelin by inducing new oligodendrocyte formation and by refining myelin parameters of
novel or preexisting oligodendrocytes using perhaps a multitude of different cues. But it is
clear we are still in the preliminary stages of understanding this form of neuroplasticity.
Experiential input evokes complex and temporally evolving responses across the CNS, and a
snapshot of the state of OPCs, oligodendrocytes, or myelin likely misses changes occurring
in other regions, at other times, or in other parameters. A holistic view of behaviorally
relevant changes in oligodendrocytes and myelin driven by experience to reciprocally alter
neuronal function will require simultaneous examination of multiple aspects of myelin and
the oligodendrocyte lineage (proliferation, differentiation, death) across time, at various
spatial scales (gross, single-cellular, and ultrastructural), and in multiple CNS regions. A
better understanding of downstream intracellular mechanisms and additional signaling
events that lead to such changes would be exceedingly powerful in the pursuit to understand
adaptive myelination, as they could potentially lead to development of tools through which
we could directly induce or inhibit specific adaptive myelination changes and perhaps
demonstrate causality of changes to neuronal function. In addition, physiological changes
induced by experiential input are likely to be much more complex than those induced by
artificial manipulation of neuronal activity, and so combining both types of manipulation is a
necessary next step to understand the contribution of neuronal activity to experience-driven
adaptive myelination and its behavioral outcomes.
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Figure 1. Experience- and activity-induced changes to oligodendrocyte lineage cells and myelin.
A) Enhanced or reduced experiential input or neuronal activity can directly alter any stage of

oligodendrocyte lineage progression, including OPC (green) proliferation, OPC
differentiation, or death of newly generated oligodendrocytes (blue). Experiential input or
neuronal activity can also directly alter myelination by newly generated or preexisting

oligodendrocytes by B) altering internodal localization, nodal geometry, or various aspects

of myelin sheath geometry.
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Figure 2. Putative adaptive myelination cues.
Experiential input could alter OPCs (green) or oligodendrocytes (blue) via 1) neuronal

molecular cues, including secretion of vesicular cues like glutamate, GABA, or BDNF at
neuron-OPC synapses (1a), spillover of such cues from synapses acting on extrasynaptic
oligodendroglial receptors (1b), or extrasynaptic secretion or expression of vesicular,
nonvesicular, or transmembrane cues (1c); 2) biophysical cues, such as axonal radial or
lateral growth or axonal branching; 3) non-neuronal cues such as from astrocytes (purple) or
endothelial cells (pink), or myelin phagocytosis by microglia (yellow).
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