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Abstract

Myelination of axons in the central nervous system results from the remarkable ability of
oligodendrocytes to wrap multiple axons with highly specialized membrane. Because myelin
membrane grows as it ensheaths axons, cytoskeletal rearrangements that enable ensheathment
must be coordinated with myelin production. Because the myelin sheaths of a single
oligodendrocyte can differ in thickness and length, mechanisms that coordinate axon
ensheathment with myelin growth likely operate within individual oligodendrocyte processes.
Recent studies have revealed new information about how assembly and disassembly of actin
filaments helps drive the leading edge of nascent myelin membrane around and along axons.
Concurrently, other investigations have begun to uncover evidence of communication between
axons and oligodendrocytes that can regulate myelin formation.

Oligodendrocyte precursors and their distribution

In the central nervous system (CNS), oligodendrocytes ensheath multiple neuronal axons
and form myelin, a concentrically layered membrane structure intimately associated with the
axon. Myelin aids in fast synaptic transmission, reduces neuronal energetic costs, and
provides metabolic support to axons. During development, myelinating oligodendrocytes are
generated from oligodendrocyte precursor cells (OPCs), which are specified in germinal
zones in the cortex and spinal cord and subsequently undergo substantial migration and
proliferation to populate the entire nervous system. While the mechanisms regulating OPC
migration have been studied extensively, recent findings continue to add to our
understanding of this process. One study shows OPC migration during embryonic
development is guided by interactions with endothelial cells via Wnt signaling and the
chemokine receptor Cxcr4 as OPCs migrate along brain vasculature to distribute throughout
the developing forebrain [1] (Figure 1a). After reaching their final position, OPCs extend
multiple processes bearing motile fine protrusions, which constantly survey the brain
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parenchyma [2] (Figure 1b). Another recent study shows that the polarity and directional
migration of these motile precursors is regulated by chondroitin sulfate proteoglycan NG2
(CSPG4), which modulates RhoA and Rac signaling via polarity complexes [3] (Figure 1b).

OPC:s retain the capacity for migration and motility in the adult CNS, where they continue to
generate new oligodendrocytes under normal conditions [4,5] and following demyelinating
injuries [6]. In spite of ongoing turnover due to differentiation and cell death, OPCs remain
evenly distributed throughout the adult CNS by tightly regulating their density through local
proliferation and contact-mediated inhibition of process growth [2,7] (Figure 1c). While it is
unknown whether OPC distribution is regulated by similar molecular mechanisms that
govern neuronal spacing, recent work examining an experimentally-induced OPC ablation
model has implicated a role for netrin signaling in the repopulation and distribution of OPCs
in the adult CNS [8] (Figure 1c). Why is the density and distribution of oligodendrocyte
precursors robustly maintained across the entire adult CNS? One hypothesis suggests that
OPCs may play “non-precursor” roles as shown by recent studies where OPCs play direct
roles in responding to injury [7] and modulating angiogenesis [9]. Alternatively, this
distribution could provide a constant source for new oligodendrocytes in the adult CNS,
which may be required for acquiring novel motor skills [10]**.

Axon ensheathment and myelin wrapping

During OPC differentiation and myelination, OPC processes transform from fine membrane
extensions to multi-layered, tube-like structures ensheathing axons. Although this
transformation is known to be accompanied by a profound rearrangement of the
cytoskeleton, the details of axon ensheathment have been obscure, mostly because of
limitations of optical imaging methods. One of the first ideas was that the nascent myelin
membrane extends lengthwise to form a sheet along the axon before encircling it, much like
rolling up a piece of carpet [11]. However, electron microscopy (EM) indicated that the
thickness of a newly forming myelin sheath differs along an axon [12], raising the possibility
that growth of myelin is non-uniform across the length of the internode. Subsequent analysis
of proteins localized within nascent myelin membrane revealed the presence of coiled turns,
suggesting that myelin spirals around the axon as it grows in length [13,14]. More recently, a
combination of state-of-the art techniques provided a highly detailed description of axon
ensheathment, leading to three particularly important new insights [15]**. First, using live
imaging in zebrafish, Snaidero et al. showed that the fluorescence intensity of reporters
tethered to myelin membrane decreased in quantal steps away from the point of contact of
the oligodendrocyte process on the axon at early stages of sheath formation, but that
fluorescence intensity became more uniform as the sheaths reached their full length. This
suggests that the oligodendrocyte process begins to encircle the axon followed by lateral
growth of newly formed layers, consistent with observations of axon ensheathment in vitro
[14]. Second, three-dimensional reconstructions of images obtained by serial section EM
analysis of mouse optic nerve indicated that the inner tongue, or leading edge, of myelin
membrane advances underneath earlier-formed layers, while at the same time each layer
extends laterally, producing the effect of a step-wise change in myelin thickness along the
length of the growing myelin segment. Because the inner tongue turns around the axon more
frequently than the outer tongue, myelin must wrap the axon by localized growth at the
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leading edge, rather than being spooled onto the axon from the oligodendrocyte process like
thread on a bobbin. Third, tracking localization of glycoprotein G expressed by vesicular
stomatitis virus combined with EM analysis provided evidence of transient cytoplasmic
channels from oligodendrocyte processes to the leading edge of myelin membrane, forming
conduits for polarized molecular transport, which presumably supports membrane growth at
the leading edge. Earlier EM studies found evidence that, in Schwann cells, labeled
phospholipids and glycoproteins appeared first in outer myelin layers and later at inner
layers, suggesting that they move within the membrane from outside to inside [16, 17].
Whether Schwann cells and oligodendrocytes form myelin membrane differently or if the
cytoplasmic channels of oligodendrocytes transport only a portion of myelin components are
questions for future investigations.

What are the forces that propel axon wrapping by myelin membrane? In migrating
mesenchymal cells, membrane protrusions are anchored to an extracellular substrate by
transmembrane receptors that also link to the actin cytoskeleton, thereby providing traction
to drive the cell forward. By contrast, in ameboid cell migration, fluctuations in cortical
actomyosin contractility create membrane blebs that propel movement in the absence of
adhesive forces [18,19]. Could myelin membrane wrap axons using one or the other of these
mechanisms? Two recent publications provide significant advances toward answering that
question. Using cultured cell experiments, Nawaz et al. learned that whereas OPC processes
made adhesive contacts to the substrate, the motile edge of myelin membrane made by
differentiating oligodendrocytes was non-adhesive [20]**, indicating that the transition from
membrane process extension to axon ensheathment is accompanied by a change in the
mechanism by which the membrane moves forward. They also noted that, in both zebrafish
and cell culture, actin filaments were closely associated with the leading edge of myelin
membrane during sheath formation, but absent from the membrane sheets, raising the
possibility that coordinated assembly and disassembly of actin filaments helps drive myelin
sheath formation. Consistent with this, pharmacologically-driven disassembly of actin
filaments resulted in myelin membrane spreading. Notably, membrane spreading in vitro
was coupled with reduced membrane surface tension, raising the possibility that myelin
membrane moves in a manner distinct from blebbing-based motility driven by increasing
cortical tension. Drawing on the analogy of liquid droplet spreading, Nawaz et al. proposed
that myelin sheath growth occurs in a two-step process. First, assembly of an actin network
inflates the leading edge, clamping it between the axon and the overlying oligodendrocyte
membrane layer. Second, actin filament disassembly permits myelin membrane spreading,
advancing it around and along the axon. Whether or not a spreading mechanism is sufficient
to move the leading edge of myelin membrane forward within the tight space between an
axon and overlying myelin remains an open question.

What are the mechanisms that coordinate actin dynamics within the myelin membrane?
Noting that myelin basic protein (MBP), an important structural component of CNS myelin,
is necessary for myelin wrapping [21,22], Zuchero et al. [23]** investigated the relationship
between actin filaments and MBP localization in nascent and mature myelin membranes and
found that, although they were closely approximate, they mostly did not overlap.
Furthermore, Shiverer mutant mice, which lack MBP, retained high levels of actin filaments
in spinal cord regions that are normally myelinated. Could MBP formation trigger actin
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filament disassembly and, if so, how? Actin is disassembled by cofilin and gelsolin family
proteins, which are activated by their release from membrane P1(4,5)P2. Remarkably, MBP
also binds P1(4,5)P2 [24]. Using PI1(4,5)P2-coated beads, Zuchero et al. showed that MBP
can compete effectively for binding with cofilin and gelsolin, suggesting that MBP can
promote axon wrapping by releasing cofilin and gelsolin from the membrane, thereby
stimulating actin disassembly. These observations provide an elegant explanation for how
the oligodendrocyte differentiation program might be coupled with axon wrapping.

Signals regulating myelination

Given that oligodendrocyte membrane is in close contact with axons during ensheathment, it
seems plausible that axonal signals direct the myelination program. However,
oligodendrocytes cultured in the absence of axons express myelin genes and
oligodendrocytes can myelinate fixed axons and synthetic fibers [25-27]. Additionally,
oligodendrocytes obtained from spinal cord make longer sheaths on synthetic fibers than
those obtained from cortex [27]. These observations indicate that oligodendrocytes have an
intrinsic program that can promote myelination in the absence of axonal cues, raising the
possibility that axons are a passive substrate benefitting from the propensity of glial cells to
ensheath other objects. However, not all axons are myelinated and some axons are
myelinated intermittently with variable myelin coverage [28]*. Consequently, even if
oligodendrocytes are programmed for myelination, the program might be adaptable to
extrinsic signals, including those from axons.

What sorts of signals could influence myelination? One of the most intriguing ideas is that
myelination can be modified by experience, and thereby affect brain function [29]. For
example, myelination of specific brain regions correlates with cognitive ability in children
[30] and mastery of new tasks [31-33] whereas social isolation can result in myelin deficits
[34-37]. Thus, specific neural circuits engaged in learning could modify their myelin
profiles via activity-dependent communication between axons and oligodendrocytes. In
principle, several distinct features of oligodendrocytes could respond to such signals (Figure
2). First, activity might stimulate OPCs to produce more oligodendrocytes. Consistent with
this possibility, mice learning to run on a complex wheel made more oligodendrocytes, and
new oligodendrocyte production was necessary for the mice to learn the task [10]*. Second,
oligodendrocytes might produce thicker myelin on axons in response to activity. Indeed,
optogenetic stimulation of the premotor cortex of mice increased myelin thickness, as well
as OPC proliferation and oligodendrocyte differentiation [38]*. Third, activity could
modulate the number of processes and myelinating sheaths formed by individual
oligodendrocytes. Live imaging of zebrafish larvae revealed that blocking electrical activity
or vesicle release reduced sheath number whereas pharmacological stimulation of activity
increased sheath number [39]*. Fourth, oligodendrocytes might modulate the length of
myelinating sheaths in response to activity. In the avian and mammalian auditory brainstem,
axons differ in axon diameter and myelinating sheath lengths permitting the precise
regulation of conduction timing essential for calculating interaural time differences for
sound localization [40]. Fifth, activity might determine whether or not a particular axon is
selected for myelination. In vitro experiments showed that secretion-competent axons were
favored for myelination over those in which vesicle secretion was blocked [41].
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Additionally, blocking vesicle secretion from individual phox26* locomotor axons in
zebrafish larvae reduced the frequency with which they were wrapped by myelin membrane
and also shortened the sheaths, resulting in a decrease in myelin coverage [42]*.
Importantly, time-lapse imaging revealed that blocking vesicle release did not change the
frequency of sheath initiation on phox26* axons but instead caused newly formed sheaths to
be shorter and retract from axons more often. Thus, in this instance, activity-evoked vesicle
release appears to promote sheath growth and stability on select axons.

Nonmyelinated axons secrete numerous neurotransmitters and growth factors
extrasynaptically and OPCs express many of the corresponding receptors [43]. Could these
factors relay axonal activity information to oligodendrocytes to promote myelination? One
candidate signal is glutamate. Electrical activity stimulated vesicle release of glutamate from
cultured neurons and increased the number of myelin sheaths formed on axons, an effect that
could be blocked by inhibiting axon vesicle secretion and glutamate receptors [44]**.
Consistent with these results, NMDA receptor function promoted oligodendrocyte
differentiation in vitro [45]. However, mice lacking oligodendrocyte lineage cell-specific
function of NMDA receptors had apparently normal myelin [46,47]. Although these in vivo
studies indicate that NMDA receptor-mediated glutamate signaling is not a major driver of
myelination, they do not eliminate the possibility that glutamate modulates subtle changes in
myelin profiles on specific axons. Other possible myelin-promoting factors released from
axon vesicles include growth factors, particularly BDNF and Nrgl. Activity evoked secretion
of BDNF is well established [48] and mice deficient for BDNF or its receptor TrkB are
hypomyelinated [49-51]. Similarly, manipulation of Nrgl or its ErbB receptors modulate
CNS myelination [37,52]. Furthermore, social isolation of mice resulted in decreased Nrgl
expression levels accompanied by hypomyelination [37], revealing a potential link between
experience, growth factor expression and myelination.

Collectively, these studies suggest that oligodendrocytes engage an intrinsic myelination
program that can be modified by extrinsic cues, such as activity-evoked secretion of axonal
factors. Intriguingly, Nrgl and BDNF applied to neuron-glial co-cultures switched
oligodendrocytes from activity-independent to activity-dependent myelination, and in so
doing increased the amount of myelin formation, by stimulating NMDA receptor currents
[53]*. Thus, neurotransmitters and growth factors, secreted from axons in response to
electrical impulses, might act coordinately to relay axonal activity information to nascent
myelin sheaths.

Local control of myelin membrane growth

Oligodendrocytes wrap multiple axons, and the thickness and lengths of individual myelin
sheaths formed by a single oligodendrocyte can vary considerably. Therefore, whereas the
intrinsic myelination program is likely controlled primarily in the nucleus, the activity-
dependent myelination program is probably controlled locally, within the nascent myelin
sheath. Consistent with this idea, transcripts encoding some myelin proteins, notably MBP,
are transported through oligodendrocyte processes and translated near the point of axon
contact [54]. Consequently, mRNA localization, stability and translation could be regulated
by mechanisms that transduce myelin-promoting signals from axons (Figure 3).
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Accordingly, membrane localization of transferrin receptor, which clusters in cholesterol-
rich microdomains, was stimulated in cultured oligodendrocytes by electrical activity [44].
Cholesterol-rich microdomains are assembly points for signaling molecules [55] and
oligodendrocytes require high levels of cholesterol to express myelin genes and make myelin
[56,57]. Fyn kinase localized to lipid-rich membrane microdomains of oligodendrocytes
[58] and enhanced translation of an MBP reporter [59]. Additionally, experiments performed
by the Fields lab indicated that Fyn kinase and MBP translation could be stimulated by
activity-dependent vesicle release of glutamate [44] and that an MBP reporter was
preferentially translated in oligodendrocyte processes that contacted electrically active,
vesicle secretion competent axons [41]. When coupled with the observation that MBP
promotes axon wrapping via actin filament disassembly, evidence that MBP is translated
within nascent myelin sheaths in response to neuronal activity provides an intriguing model
for the control of sheath formation.

Summary and outlook

The development of new experimental models and approaches coupled with powerful new
imaging methods has helped elevate the status of myelin from a simple “insulator” to that of
a dynamic, exquisitely regulated modulator of brain function. This new status is
accompanied by a wealth of new questions. For instance, are there distinct kinds of
oligodendrocyte lineage cells and, if so, how many and how do they differ in function?
Though OPCs arise from several distinct regions of the embryonic CNS, ablation studies
suggest that these sites produce functionally similar populations of OPCs [60]. In contrast,
transplant studies showed that OPCs in the white matter have a greater intrinsic drive
towards differentiation than OPCs in the gray matter [61]. Whether these differences arise
from influence of the local environment or represent inherently distinct OPC subpopulations
remains unclear. Large-scale single-cell RNA sequencing has begun to classify the stages of
oligodendrocyte lineage maturation and even suggested diversity of post mitotic
oligodendrocytes [62]. While these studies hint at considerable diversity, a full appreciation
of molecular, cellular and functional distinctions will require more extensive sequencing
analyses, manipulation of differentially expressed genes and careful analysis to separate
population heterogeneity from lineage progression. Following on the question of cellular
diversity, how many modes of myelination are there? Recent studies imply that an intrinsic,
“hard-wired” myelin program can be modified by extrinsic factors. Could there be numerous
extrinsic regulatory mechanisms, perhaps functioning to determine distinct myelin profiles
for specific axons and neural circuits? If so, what are the signal transduction mechanisms
that function within nascent myelin sheaths that promote myelin membrane growth in
response to extrinsic cues? The PI3K/Akt/mTOR and ERK/MAPK pathways are potent
drivers of myelin gene expression, myelin thickness and myelin sheath length [63-66] but
whether or not it controls myelin production within oligodendrocyte processes in response to
axonal signals is not yet known. Ultimately, finding answers to these questions will require
focused investigation of specific neurons to correlate their electrical activity characteristics,
their expression of factors that promote or inhibit myelination, signal transduction
mechanisms that operate in oligodendrocytes and myelin coverage. Finally, how is myelin
production coordinated with the cytoskeletal dynamics necessary for axon wrapping? Given
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the unusual characteristics of membrane growth during axon ensheathment, mechanisms that
rapidly assemble and disassemble actin filaments in concert with myelin membrane
production must be tightly regulated. New experimental tools to observe and manipulate
cytoskeletal dynamics in vivo should provide exciting insights to this unique feature of
oligodendrocyte behavior.
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Highlights

. High resolution imaging studies show that the leading edge, or inner
tongue, of myelin membrane winds around the axon while layers of
myelin membrane also spread laterally.

. Actin filaments, which are closely associated with the leading edge of
myelin membrane during initial ensheathment, are disassembled to
promote axon wrapping.

. Synthesis of MBP triggers actin filament disassembly and axon
wrapping.
. Axon factors might modulate myelin production within individual

sheaths, thereby modulating sheath thickness and length.

Curr Opin Neurobiol. Author manuscript; available in PMC 2017 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hughes and Appel Page 13

Figure 1. Recent findings underlying oligodendrocyte precursor cell (OPCs) migration, motility,
and distribution

a) Embryonic migration along blood vessels is mediated by OPC-endothelial interactions via
Whnt -Cxcr4 signaling [6]. b) The modulation of Rho GTPases by chondroitin proteoglycan,
NG2, regulates OPC polarity and directional migration [8]. ¢) Local proliferation (yellow
arrowheads) regulates OPC density in response to OPC turnover (differentiating OPC,
purple) [11]; recent work indicates netrin-1 signaling may underlie this spatial homeostasis
[13].
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Figure 2. Features of oligodendrocytes amenable to neuronal activity-induced plasticity. 1)
Generation of new oligodendrocytes: optogenetic stimulation or motor learning increases

differentiation of oligodendrocyte precursor cells (OPCs) [15,48]. 2) Myelin sheath
thickness: life experience or optogenetic stimulation increases myelin thickness relative to
axonal diameter (g ratio) [44,48]. 3) Myelin sheath length: axon conduction times are
regulated by differential axon diameter and myelin sheath length [50, (Ford,Grothe 15), 81].
4) Myelin sheath number: electrical activity of axons or life experience modulates the
number of myelin sheaths [47,49]. 5) Selection of axons to myelinate: activity-evoked
vesicle release increases the stability and growth of nascent myelin sheaths [54].
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Figure 3. Potential roles of axon secreted factors in driving myelin sheath formation
In response to electrical activity, axon vesicles release growth factors, such as Nrgl and

BDNF, and glutamate. Receptor tyrosine kinase signaling, activated by growth factors,
sensitizes NMDA receptors to glutamate and possibly initiates signal transduction that
promotes myelin gene transcription and local myelin protein translation, possibly via
PI3K/Akt/mTOR signaling (dashed arrows). NMDA receptor signaling leads to Fyn kinase
activity, promoting MBP translation from transcripts that are transported into
oligodendrocyte processes on microtubules. MBP production near the point of axon contact
initiates disassembly of actin filaments, enabling axon wrapping via membrane spreading.
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