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Abstract

In the central nervous system, oligodendrocyte precursor cells are exclusive in their potential to
differentiate into myelinating oligodendrocytes. Oligodendrocyte precursor cells migrate within
the parenchyma and extend cell membrane protrusions that ultimately evolve into myelinating
sheaths able to wrap neuronal axons and significantly increase their electrical conductivity. The
subcellular force generating mechanisms driving morphological and functional transformations
during oligodendrocyte differentiation and myelination remain elusive. In this review, we highlight
the mechanical processes governing oligodendrocyte plasticity in a dynamic interaction with the
extracellular matrix.
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1| INTRODUCTION

Myelination is a striking example of dynamic membrane specialization, cell-cell and cell-
extracellular matrix (ECM) interactions. In the central nervous system (CNS),
oligodendrocytes (OLs) produce myelin, a highly specialized protein and lipid-rich
biological membrane that wraps around neuronal axons enabling fast saltatory nerve
conduction and axon integrity protection (Nave & Werner, 2014). The importance of
myelination is illustrated by the consequences of its absence or loss, in clinical conditions
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such as leukodystrophies, multiple sclerosis (MS), and contusion type spinal cord injury
(Santos-Nogueira et al., 2015). However, it is becoming increasingly evident that neuro-
psychiatric disorders and age-related cognitive decline are also related to deregulation of
myelin homeostasis, and recent findings associate myelination with brain plasticity and
learning (McKenzie et al., 2014; Yeung et al., 2014). OLs derive from oligodendrocyte
precursor cells (OPCs), which persist in the adult brain and hold the capacity to proliferate,
migrate, and differentiate into myelinating OLs (Kang, Fukaya, Yang, Rothstein, & Bergles,
2010). Endogenous OPC differentiation into myelinating OLs represents a potential
regenerating strategy towards axonal remyelination and neuronal survival (Franklin &
Goldman, 2015). The fundamental knowledge of OL physiology and the biophysical and
biochemical properties ruling the processes of differentiation and myelination are crucial for
designing specific remyelinating therapies in pathological conditions.

Morphologically, OLs are one of the most versatile and complex cells of the CNS. OPCs
evolve into myelinating OLs by extending and ramifying multiple protrusive membrane
structures that lead to myelin sheet formation. Mechanical transitions during OPC
differentiation into myelinating OLs represent one of the most significant shifts in cell
remodeling, tightly regulated in space and time by a dynamic interplay between actin,
actomyosin and tubulin-based cytoskeleton and cell membrane adhesion complexes.
Nevertheless, it remains elusive how these mechanisms are activated, cooperate and
interexchange during OL differentiation and how they can be modulated via cell-ECM
interactions. In this review, we will report the interdisciplinary advances in understanding
cytoskeleton-based mechanosensors and mechano-transducers required for OL
differentiation and how this knowledge can be integrated to help developing computational
models able to predict OL behavior in the process of myelination.

2 | OLIGODENDROCYTE MECHANOSENSING FOR MYELINATION

2.1 | Sensing physical alterations in the CNS microenvironment

Adult OPCs are OL precursors with restricted lineage potential for the generation of
myelinating OLs (Kang et al., 2010). They account for 5-8% of all cells in the CNS, are
homogeneously distributed (Levine, Reynolds, & Fawcett, 2001), and participate in both
normal myelin homeostasis and regeneration. The decision of an OPC to continue as a
precursor cell or to differentiate into a myelinating OL depends on the nature of the
surrounding CNS matrix (Jagielska et al., 2012; Lourenco et al., 2016; Urbanski et al.,
2016). The healthy CNS is a mechanically heterogeneous tissue with stiffness values ranging
from 0.03 kPa to 3 kPa dependent on the animal species, age, developmental stage and
region considered (Arani et al., 2015; Chatelin, Constantinesco, & Willinger, 2010; Christ et
al., 2010; Elkin, Ilankovan, & Morrison, 2010; Iwashita, Kataoka, Toida, & Kosodo, 2014;
Weickenmeier et al., 2016).

OPCs as mechanosensitive cells (Rosenberg, Kelland, Tokar, De la Torre, & Chan, 2008) are
able to probe altered stiffness of the surrounding tissue, and reprogram their fate and
differentiation stage accordingly (Jagielska et al., 2012; Kippert, Fitzner, Helenius, &
Simons, 2009; Lourenco et al., 2016; Urbanski et al., 2016). /n vitro studies, using cell lines
and primary OL cultures from mouse and rat, reported the optimal ECM stiffness for OL
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differentiation. Jagielska et al. compared glass coverslips (with elastic modulus of ~50 GPa)
with poly-acrylamide gels with rigidities ranging between 0.1 and 70 kPa and observed that
survival, proliferation, migration, and differentiation of primary OL cultures from rat are
optimal at 0.4 to 1 kPa values, resembling the intermediate values of the physiological range
of brain tissue stiffness (Jagielska et al., 2012). Kippert and colleagues showed that the OL
mouse cell line Olineu when cultured on polyacrylamid gels of different rigidities (0.5 and 6
kPa) exhibits smaller cell surface area on softer matrices (Kippert et al., 2009). More
recently, Lourenco and coworkers, using the rat CG-4 cell line, demonstrated that
polyacrylamide substrates of 6.5 kPa promote OPC maturation more efficiently than stiff (~1
GPa) glass coverslips (Lourenco et al., 2016). Finally, Urbanski et al. compared soft matrix
(1 kPa) with rigid MS chronic lesion-like matrix (30 kPa) and found that the softer matrix is
more permissive to rat primary OPC branching and maturation into myelinating OLs while
rigid lesion-like matrix is inhibitory (Urbanski et al., 2016). Altogether, these /n vitro studies
with both OL cell lines and primary cultures show that differentiation is more efficient in
softer engineered ECMs. However, it should be noted that in most OL-related studies, the
above mentioned types of /n vitro OL cultures are grown on polystyrene cell culture plates
or glass coverslips, which are substantially more rigid substrates (Jagielska et al., 2012),
about six orders of magnitude higher than the rigidity of brain. This means that the need for
a better understanding of both biochemical and mechanochemical pathways involved in OL
differentiation would benefit from the use of substrates specifically developed to have a
physiological rigidity, such as the polyacrylamide gels/hydrogels.

The CNS tissue is organized in gray and white matter regions with distinct cellular
compositions. While the gray matter regions contain essentially neuronal cell bodies and
dendrites, the white matter region is highly enriched in myelinated neuronal axons. In these
two different environments, the mechanisms that propel OPCs to migrate to axonal regions
remain elusive. Can the different mechanical properties of white and gray matter in the CNS
influence OL differentiation and myelin development? A recent study demonstrated that
white matter is approximately two times stiffer than the gray matter (1.33 +0.63 kPa vs. 0.68
+0.20 kPa) due to the increased myelin content (Weickenmeier et al., 2016). This could
explain why immature, incompletely myelinated brains are softer than mature, myelinated
brains, and why aging brains are softer (Arani et al., 2015), probably due to progressive loss
of myelin. Overall, these results suggest the existence of feedback loops between the
mechanical properties of the CNS tissue and OPCs. OL differentiation and myelination may
be influenced by the mechanical properties of the CNS tissue. In turn, the formation of
compact myelin insulating neural axons and the presence of OLs alter the mechanical
properties of axons.

Interesting studies have suggested that local biophysical interactions between OPCs in the
adult CNS play an important role in their growth and this has large repercussions both in
myelin homeostasis and in remyelination in disease conditions. For example, Hughes and
co-workers investigated how the homeostatic cell density and distribution of adult OPCs are
maintained in the CNS (Hughes et al., 2013). Using /n vivo two-photon imaging in a line of
transgenic mice that express a membrane-anchored form of EGFP under the control of the
NG2 promoter to visualize specifically OPC in the adult brain, they found that these cells are
extremely dynamic. OPCs survey the local environment by extension and retraction of their
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protrusions and continuous migration through the parenchyma, maintaining exclusive
territories through self-repulsion. Moreover, Hughes and co-workers demonstrated that adult
OPCs govern their cell density by local intercellular interactions with adjacent OPCs, as a
positive correlation was found between OL differentiation, death and proliferation of
neighboring OPCs (Hughes, Kang, Fukaya, & Bergles, 2013). This is in agreement with our
previous findings where we demonstrated that in OPC-dorsal root ganglion (DRG) neuron
co-cultures from rat, a critical density of OPCs along axons is required to trigger the
initiation of OL differentiation /n vitro (Rosenberg et al., 2008). This process of OPC
differentiation occurs in the absence of dynamic axonal signaling and results from spatial
and geometric constraints along an axon through lateral compression of OPCs. Moreover,
using a neuron-free /n vitro cell culture system of primary rat OPCs cultured with poly-L-
lysine-coated polystyrene nanofibers that acted as pseudo-axonal scaffolds for myelination,
we and others have also shown that OPCs can associate with the fibers and undergo
differentiation and concentric membrane wrapping. We observed that the fiber diameter is
permissive and sufficient as an axonal biophysical cue to initiate OL differentiation, with a
threshold diameter value of 0.3 pm (Lee, Chong, Tuck, Corey, & Chan, 2013; Lee et al.,
2012). Overall, these studies reinforce the notion that OLs are mechanosensitive cells and
that the biophysical characteristics of the microenvironment play an important role in OPC
fate decision.

It has long been considered that OLs are a functionally homogeneous population in the CNS.
However, in agreement with the first observations of Pio del Rio Hortega in 1928 (Del Rio
Hortega, 1928), Marques et al. recently identified an unexpected OL transcriptional
heterogeneity in the CNS (Marques et al., 2016). Surprisingly, they examined thousands of
individual OLs of juvenile and adult mice by single-cell RNA sequencing and identified 12
individual populations, ranging from precursors to mature OLs. The authors suggest that this
transcriptional heterogeneity in the OL lineage may be an intrinsic property of the cell or,
possibly, the result of diverse local biophysical/biochemical interactions within the
surrounding microenvironment. The observation of the enrichment of specific subsets of
immature OLSs in certain regions of the adult mouse brain (Marques et al., 2016) leads us to
speculate that the different mechanical properties of brain regions may well influence the
transcriptional and regional diversity of the OL population, possibly through epigenetic
changes (Hernandez et al., 2016). This can also explain why only certain CNS regions are
myelinated or why single axons can have distinct profiles of myelin distribution. This was
elegantly demonstrated by Tomassy and colleagues when they traced individual axons of
pyramidal neurons in the mouse neocortex by high-throughput electron microscopy
reconstructions and observed at least three profiles of myelination (Tomassy et al., 2014).

2.2 | Mechanical regulation of OL differentiation: Actin and actomyosin-based force
generating systems

In recent years, research has shown that OPCs receive and process information by
mechanical signaling pathways, in addition to the well known biochemical pathways.
Mechanical forces govern a host of cellular processes. However, at the molecular level, it
remains elusive how OPCs can sense ECM parameters as elasticity and topology and
transduce such information into morphological changes and lineage differentiation.
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Although much emphasis has been placed on the activation of OPC adhesion complexes as
force sensors (e.g., integrin receptors (Olsen & Ffrench-Constant, 2005; Relvas et al.,
2001)), the forces must nevertheless be transmitted through the cortical cytoskeleton. Yet,
how the cytoskeleton senses, transmits and transduces forces into a biochemical response
and downstream cellular processes is poorly understood.

The cytoskeleton is a network of subcellular filaments that form an extraordinary number of
meshes and bundles within a fluid, the cytoplasm, and provides individual cells the ability to
resist and react to applied external stress. Three cytoskeletal components are of specific
interest to cell mechanical properties: actin filaments, myosin-11 motors and microtubules.
Filamentous actin (F-actin) is composed of actin monomers, which can polymerize into actin
filaments or bundles and associate with myosin motors to form contractile microfilaments -
the actomyosin network - that actively generate tension through an ATP-driven process.
Actin filaments are mechanically different from microtubules in terms of mechanical
stiffness, assembly dynamics, polarity and associated proteins. Actin filaments are more
flexible than microtubules (Gittes, Mickey, Nettleton, & Howard, 1993) and have a higher
turnover rate (Hill & Kirschner, 1982; Kirschner, 1980; Mogilner & Oster, 1999, 2003),
rapidly reorganizing and enabling cells to change shape and migrate (Coles & Bradke, 2015;
Etienne-Manneville, 2004, 2013; Fletcher & Mullins, 2010; Kueh & Mitchison, 2009).

During /n vitro differentiation of rat OLs, OPCs extend and ramify multiple cytoplasmic
protrusions to enable proper myelination. OLs in their mature stage form a complex network
of branched protrusions evolving in an extensive myelin-like membrane sheet. Importantly,
morphological changes observed in /n vitro cultures closely resemble those observed during
in vivo developmental myelination (Kachar, Behar, & Dubois-Dalcq, 1986; Knapp, Bartlett,
& Skoff, 1987). This process requires exquisite spatiotemporal reorganization and dynamics
of the microtubules, actin and actomyosin-based cytoskeleton (Simpson & Armstrong, 1999;
Song, Goetz, Baas, & Duncan, 2001) (Figure 1a, and 1b). In the first days of /n vitroOL
differentiation of mouse and rat cells, extension of membrane protrusions and arborization
seem to be highly dependent on actin and tubulin polymerization. Actin filaments are mainly
present at the protrusions leading edges while microtubules are also present in the cell body.
In vitro OL maturation is usually reached between 5-7 days of culture, where more distal
interbranch connections of actin are established with fewer invasions of microtubules. In this
phase, an increased actin depolymerization rate allows the conversion of protrusions into
sheets (Nawaz et al., 2015; Song et al., 2001) accompanied by significant changes in cell
stiffness (Figure 1b) (Jagielska et al., 2012).

Recently, two studies proposed that spatiotemporal interplay between protrusive actin forces
and actin depolymerization drives the formation, spreading and deformation of several
myelin layers (Nawaz et al., 2015; Zuchero et al., 2015). In a zebrafish live imaging model,
Nawaz et al., observed that actin filaments are initially present at the tips of exploratory
growth cone-like protrusions due to actin polymerization but are later excluded from the
mature compact myelin area, where actin depolymerization took place. Using /n vitro OL
cultures from rat, the same authors were able to analyze the leading edge of a myelin sheath,
and observed that actin depolymerization increased membrane spreading by reducing the
membrane surface tension. In contrast to OPCs, that form stable adhesions with the ECM,
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the myelinating OLSs, at the leading edge, show low-adhesion to the axon, to allow the lateral
movement of myelin layers and wrapping. Additionally, double mutant mice lacking two
actin filament disassembly factors, cofilin-1 and ADF (also known as destrin), exhibited
fewer myelin wraps, reinforcing the notion that actin depolymerization plays an important
role in regulating myelin sheath spreading along the axon (Nawaz et al., 2015). Zuchero et al
obtained complementary results using a pharmacological approach in in vitrorat co-cultures
of OLs and neurons. They found that the initial extension of OL membrane protrusions and
axonal binding requires a dynamic actin assembly, which is regulated by the Arp2/3
complex, a major actin nucleation and branching factor. However, upon initiation of the
myelination process a rapid up-regulation of the actin disassembly factors gelsolin and
cofilin-1 occurred and increased actin filament depolymerization rate, leading to OL
membrane spreading and myelin wrapping (Zuchero et al., 2015). Aiming to identify the
signal that induces actin disassembly and promotes myelin wrapping, the authors took
advantage of structured illumination super-resolution microscopy to visualize the interaction
between myelin basic protein (MBP) and actin in mature OLs. Interestingly, they found that
regulation of the actin disassembly factors may be determined in part by the competition of
the MBP protein for the binding to the phospholipid P1(4,5)P2 in the membrane, which
induces the release of the actin disassembly factors, thus driving myelin wrapping and
compaction.

The first demonstrations that actin and myosin-I1 were required for force generation in OL
physiology came from pharmacological studies where disruption of the actomyosin complex
markedly impaired OPC migration and chemotactic response (Simpson & Armstrong,
1999), compromised normal process outgrowth and branching (Song et al., 2001) and
maintenance of the myelin sheath (Wilson & Brophy, 1989). However, it remains elusive
how these structures are physically and functionally linked in the different phases of OPC
differentiation and myelination. In particular, few molecules of the actomyosin network are
characterized in OL biology. The group of Melendez-Vasquez has contributed significantly
to the knowledge of non-muscle myosin 11B in OL biology. Non-muscle myosin I1B is
involved in OL contractility and was found to be a negative regulator of differentiation and
myelination (Rusielewicz et al., 2014; Wang et al., 2012; Wang, Tewari, Einheber, Salzer, &
Melendez-Vasquez, 2008). The expression of hon-muscle myosin I1B decreases during /in
vitro maturation of primary rat OLs (Figure 1b) (Wang et al., 2008). Moreover, OPC-DRG
neuron co-cultures from rat treated with blebbistatin to inhibit myosin Il activity increased
the complexity of OL branching and enhanced myelin production (Wang et al., 2008). /n
vivo, knockout mice for non-muscle myosin 1B displayed accelerated myelination (Wang et
al., 2012). In opposition, overexpression of non-muscle myosin 1B prevented OPC
branching and differentiation (Wang et al., 2012). In terms of localization, non-muscle
myosin I1B is highly expressed in OPCs, where it co-localizes with actin filaments at the tips
of growing protrusions and is also present in OPC protrusion branches and the cortex (Wang
et al., 2012). In a model of lysolecithin-induced demyelination and remyelination, it was
shown that depletion of non-muscle myosin 1B enhanced myelin repair by promoting OL
maturation (Rusielewicz et al., 2014). Altogether, these data support a role for myosin 1B in
OPC branching and differentiation. Kippert and colleagues identified the role of myosin 11B
in the actomyosin contractility system in cell surface spreading. Reduction of myosin 1B
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activity by inhibition with blebbistatin promoted the spreading of membrane sheets and this
was dependent on the physical properties of the supporting matrix (Kippert et al., 2009).
This work establishes a direct connection between the mechanical properties of the matrix
and the myosin 11B-mediated actomyosin cytoskeleton through a specific signaling pathway
involving integrins and RhoA/ROCK. What is the specific role of myosin 11B in OL
maturation and myelination? In light of recent findings from Nawaz et al., and Zuchero et
al., described above (Nawaz et al., 2015; Zuchero et al., 2015) it is quite possible that non-
muscle myosin 1B activity is dependent on (or affects) the state of actin polymerization in
OLs. When bound to polymerized actin in OPCs, non-muscle myosin 11B provides the
necessary cytoskeletal tension for protrusion outgrowth. However, as OLs mature, the
myelin membrane is elaborated and the expression of non-muscle myosin 1B decreases.
This is correlated with actin depolymerization behind the membrane leading edge, necessary
for surface tension reduction that enables myelin wrapping around the axon. We believe that
the role of actin depolymerization in the reduction of actomyosin contractility is two-fold.
First, significant shrinking of F-actin decreases density of myosin generating contractile
force as the number of filament intersections where myosins can bind to actin drops sharply
(compare Figure 2a with 2b). Additionally, a single dense connected filament structure
breaks into a number of smaller unconnected structures, which also contribute to the
contractile force decrease (Figure 2c).

The structural organization and the spatial and subcellular distribution of the actin and
actomyosin cytoskeletons during OL differentiation are poorly characterized. This could be
achieved using different techniques, including super-resolution fluorescence microscopy. It
also remains elusive how the co-existence and interplay of the actin and actomyosin
cytoskeletons impact cell dynamics during OL differentiation. Most conceivably, other yet
undescribed myosins are expressed in OLs and may play important roles in actomyosin-
based contractility and transport-based processes. A systems-oriented study aiming to track
or predict the behavior of myosins and correlate with the status of F-actin turnover will be
important to understand the mechanisms of contractility and vesicle transport during OL
extension of membrane protrusion, myelin membrane growth and leading edge protrusion in
a spatial and temporal manner. Techniques such as 3D analysis of the actin and actomyosin
cytoskeleton by cryo-electron microscopy, super resolution microscopy and computational
modeling will be fundamental for the elucidation of these aspects.

2.3 | The makeover: Myelin maturation and stabilization

The lipid-rich myelin sheath is an evolutionary acquisition of vertebrates and might have
occurred simultaneously in the peripheral (PNS) and central nervous system (CNS). The
lipid-rich constitution of myelin enables the formation of an electrically insulating layer
around the axon. Because of its insulation properties, which allow fast, saltatory nerve
impulse conduction, myelin is crucial for the proper functioning of the vertebrate nervous
system (Zalc, 2016; Zalc, Goujet, & Colman, 2008). Understanding the underlying
mechanisms of myelin membrane biogenesis and homeostasis is crucial to comprehend
myelin disassembly in pathological demyelinating conditions.
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Structurally, the myelin sheath is a tightly packed, multilayered membrane wrapped around
selected nerve axons. In the CNS, axonal myelination by OL is one of the most remarkable
biological examples of membrane remodeling and requires extensive cytoskeletal
rearrangements that must be coordinated with myelin production. Some of the current key
issues needed to be addressed are 1) how the different layers of myelin membrane are
incorporated into the growing myelin sheath; 2) how is newly synthesized membrane
delivered to the leading edge; 3) how is myelin membrane compacted; 4) which factors
influence myelin thickness and internode length; and 5) how the myelin sheath is maintained
(lipid and protein turnover). Some of the details of such complex processes during axon
ensheathment and myelin wrapping have been elucidated in the recent years using
techniques such atomic force microscopy (AFM), high-resolution cryo-electron microscopy
(EM), three-dimensional EM reconstruction, interference reflection microscopy and other
microscopy techniques, and /in vivo zebrafish and mouse models. /n vivo time-lapse imaging
of active myelination in zebrafish has shown that individual oligodendrocytes generate new
myelin sheaths within a 5-hour period (Czopka, Ffrench-Constant, & Lyons, 2013). Snaidero
and colleagues proposed a new model of axonal myelination and showed that during myelin
wrapping it is the plasma membrane’s innermost tongue that maintains contact with the axon
segment while the outermost newly formed layers gradually spread out to the lateral sides to
form the myelin internode. The authors also identified the presence of cytoplasmic channels
in myelin sheaths that provide a connection from the outer to inner tongue of myelin,
therefore enabling membrane trafficking to the leading edge (Snaidero et al., 2014). But,
what is the driving force that propels the new myelin membrane around the axon? As
discussed above, researches of Nawaz et al. and Zuchero et al. showed that actin filament
disassembly may be a major driver that induces the formation of several myelin layers
(Nawaz et al., 2015; Zuchero et al., 2015). However, as myelin is composed of up to 50
wraps of membraneg, it is hard to imagine that actin disassembly alone is responsible for the
concentric membrane wrapping.

For proper axonal insulation, myelin should have the necessary physical stability for
membrane wrapping. This is achieved by compaction of the cytoplasmic leaflets of the
myelin lamellae that includes adhesion of the different layers of myelin membranes and
exclusion of cytoplasm. Usually, membrane-to-membrane interaction is assured by
interaction between molecules with strong adhesion forces that overcome repulsing negative
charges from oligosaccharides that usually cover the plasma membrane and have the role of
protecting cells from non-specific adhesion. In the case of the myelin membranes, it was
shown that during differentiation, OLs decrease the expression of the negatively charged
sialic acids, contributing to myelin bilayers compaction and adhesiveness through the loss of
electrostatic repulsion forces (Bakhti et al., 2013). Moreover, the authors identified PLP as
an important myelin protein that increases myelin membrane adhesiveness and stability.
MBP also regulates the morphology and stability of the complex myelin membrane
architecture. MBP has a high content of positively charged residues and, therefore, binds to
the negatively charged lipids of the cytoplasmic leaflets of the bilayer via electrostatic
interaction. Moreover, by its association to the inner leaflet of the membrane bilayer,
hydrophobic interactions take over and MBP undergoes a phase transition into a cohesive
mesh-like protein network (Aggarwal et al., 2013; Raasakka et al., 2017). Using AFM, it
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was found that MBP adsorbs to myelin bilayer surfaces in a cooperative fashion, involving
close protein—protein and protein—lipid/lipid domain interactions, suggesting that MBP
contributes to myelin stability through strong adhesion forces (Lee et al., 2014). MBP and
PLP are the main proteins found in the compact myelin and, therefore, may contribute to
protein and cytoplasmic extrusion, and compact the membrane in a zippering fashion. On
the other hand, Snaidero et al. showed that another myelin protein, CNP, delays myelin
compaction, suggesting that equilibrium between CNP and MBP should exist to prevent
premature or excessive myelin compaction at the leading edge (Snaidero et al., 2014). This
work was recently complemented by the same authors who demonstrated that CNP
antagonizes the activity of MBP in compacting myelin membrane layers by associating with
and organizing the actin cytoskeleton within the cytoplasmic regions of the myelin sheath
(Snaidero et al., 2017). Altogether, these data show that the bilayer-associated proteins MBP,
PLP and CNP play an essential role in stabilizing and maintaining the myelin structure. This
fundamental biophysical knowledge has strong implications in the understanding
pathological demyelinating conditions such as MS, where alterations in myelin membrane
occur, such as changes in adhesion forces and lipid composition and electric charge
imbalance between lipid molecules and myelin proteins.

Finally, during myelin wrapping how does an OL sense the maximum number of wraps
permitted for that axon? For efficient conduction, a myelinated axon should have an
appropriate g-ratio (the diameter of the axon divided by the total diameter of the axon plus
myelin) with thicker axons having a thicker myelin sheath. Yet, while there is a threshold of
0.3 um in diameter, myelinated nanofibers do not have typical g-ratios (Lee et al., 2012).
This suggests that axonal molecular clues may instruct OLs to make the correct number of
wraps. Gibson and colleagues showed that, indeed, increasing neuronal activity by
channelrhodopsin enhances myelin thickness (Gibson et al., 2014). Another possible and
simple explanation is that the value of g-ratio is self-regulated by the composition,
geometrical and mechanical properties (e.g., stored elastic energy) of the myelin sheath and
there is no need for wrap number sensing. The elastic bending energy £, of a thin membrane
sheath of the radius R is proportional to its curvature &, = A/R, where A is a constant factor.
Considering a myelin sheath with an inner (axon) radius A and an outer radius Ay, the total
bending energy £ stored in this sheath is found by integration of the layer energy over the
radius in the range R; < R< R,. This gives the value £y = AIN(Ry/R;) = Aln (L/g) =-Aln
g. Assuming that the total bending energy is limited by a maximal value £n,x beyond which
the sheath loses its stability, we find g = exp(—Emax/A) independent of the axon radius A
(Figure 3a—d).

2.4 | Biophysical systems analysis of OL differentiation and myelination

The progress of neurophotonics imaging techniques such as multiphoton microscopy has
enabled vizualization of deep CNS tissue (Bovetti et al., 2017; Kong, Tang, & Cui, 2016;
Park, Sun, & Cui, 2015) in mouse and zebrafish animal models where sparsely fluorescently
labeled OL-lineage cells allow the real time analysis of individual cells during the process of
axonal myelination (Almeida & Lyons, 2016; Chong et al., 2012). However, /n vivo studies
with sufficient resolution to understand quantitatively the complex cellular interactions and
subcellular OL (e.g., cytoskeletal) dynamics are still lacking.
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An emerging interface between engineering and molecular neuro-sciences has advanced our
understanding of /7 vitro OL model systems. Engineered microstructures can position and
connect cells in a specific and oriented manner in order to study specific intercellular
interactions. Conventional myelinating co-cultures of neurons and glial cells fail to provide
the means to locally manipulate the biophysical and biochemical environments in culture,
making it difficult to investigate local axon-glia interactions. The lack of robust in vitro CNS
myelination models has led to the development and optimization of microfluidic-based
compartmentalized culture systems to achieve segregation of neuron and OL cell bodies
while simultaneously allowing the formation of myelin sheaths (Kerman et al., 2015; Park,
Koito, Li, & Han, 2009a, 2009b, 2012). Interestingly, some microfluidic systems have
included electrical stimulation to achieve increased levels of myelination (Lee et al., 2016;
Yang et al., 2012). Altogether, microfluidic cell culture systems have become an important
platform for studying development, function and de(re)generation of the nervous system at
the molecular and cellular level. However, the optimization of such technologies and their
association with techniques such as live cell imaging and super resolution microscopy will,
in the future, allow dissecting the biophysical mechanisms of axon-glia interactions.
Moreover, a high throughput platform adapted to such microfluidic systems would allow to
perform drug-screening assays to identify molecules able to promote myelin repair. We and
others have described the fabrication of micropillar arrays for modeling myelination and as a
high-throughput screening platform to identify potential remyelination therapeutics (Mei et
al., 2014). OLs co-cultured with micropillars of conical shape interact with and ensheathed
the pillars in a concentric fashion. We believe that the use of such micropillars as a scaffold
for membrane wrapping could also be a useful tool to help elucidate the biophysical
mechanisms underlying myelin wrapping by allying to other techniques such as live-cell
imaging and super resolution microscopy.

3 | CONCLUSION

In in vitro culture, OLs are characterized by several membrane extensions and flat myelin-
based membrane sheets that spirally wrap axons forming a compact insulating layer /n vivo.
By analogy with other cell types, maintenance of these protrusive structures, as well as the
formation of the myelin sheath, rely on a pronounced cytoskeleton consisting of
microtubules and actin filaments. While an extensive cytoskeletal network of microtubules
provides cellular structural support, and is specifically important for cellular sorting and
organelle trafficking, actomyosin networks operate as force sensors and force generators
required for mechanical plasticity during OL differentiation and myelination. In recent
years, actin depolymerization and actomyosin-based mechanisms have been shown to play a
role in OL differentiation. However, it remains elusive their spatiotemporal regulation,
stoichiometric contribution to force generation and modulation via brain matrix interactions.
The ECM appears to be an important component of the feedback loop controlling the myelin
membrane sheet spreading, which in turn affects the mechanical properties of ECM.
Subsequently, the mechanical parameters of the membrane might determine an outcome of
the myelination process (for example, the invariance of the g-ratio suggested in this
manuscript). These considerations underline an important role of deeper quantitative
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analysis of the actomyosin/microtubule dynamics as well as usage of biophysical models in
this field of research.
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Spatiotemporal distribution and dynamics of the cytoskeleton during /n vitro OL
differentiation and myelinization. (a) Organization of actin and microtubules in developing
OL. /n vitro differentiation of mouse/rat OPC into myelinating OL takes approximately 6
days and requires extensive remodeling of the actin and tubulin cytoskeleton. The first 3
days of culture are characterized by continuous extension of OPC membrane protrusions that
originate star-shaped immature OL. Actin microfilaments are present mainly at the
protrusions leading edge while microtubules are present both in the cell body and
protrusions but do not extend to the most distal regions of the leading edges. By day 5, most
cells form extensive branch networks, the actin microfilaments are present within newly
formed connections between branches and microtubules invade them. Membrane protrusion
and arborization seem to be highly dependent on actin and tubulin polymerization. Then,
these highly arborized OL start the process of maturation by establishing more distal
interbranch connections of actin with fewer invasions of microtubules. After day 6, the
myelin sheet formation is accompanied by actin depolymerization (Song et al., 2001;
Zuchero et al., 2015). (b) Dynamics of rate of net actin depolymerization, myosin-I|
expression and cell stiffness during /n7 vitro OL differentiation as suggested by (Jagielska et
al., 2012; Wang et al., 2008; Zuchero et al., 2015)
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FIGURE 2.
Influence of F-actin depolymerization on stress generation in OL membrane. (a) 125 short

filaments with mean length L, = 1 and standard deviation STD =0.2. A single connected
structure breaks down into several disconnected actin filaments highly reducing the stress in
the membrane. (b) 25 long filaments having random angular orientation and centroid
location with lengths distributed normally with L, =5 and STD = 0.8. The number of
filament intersections is relatively large and there exist a contiguous connected filament
structure. (¢) A qualitative dependence of the maximal surface density of force-generating
myosin on the average actin filament length
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FIGURE 3.

A mechanical model of an elastic myelinated layer around an axon. (A) Mature OL
myelinating neuronal axons by extending and wrapping the myelin sheath. (B) A cross
section of the axon (pink, red boundary of the radius /) and the myelinated layer (white,
blue outer boundary of the radius /) hormal to the axon axis. A thin circular slice of the
radius R and width dR (bounded by black curves) stores a bending elastic energy £, = A/R,
where A is constant parameter (explanation in C). The total bending energy £ stored in the
layer is found by the integration of the slice energy Ey, over radius in the range (R < R< Ry)
and is proportional to the logarithm of g-factor. (C) A small curvilinear sector (gray) inside
the thin slice (zoomed inset in B) has bending energy dE proportional to the segment length
ds and the square of the local curvature &2 =1/R2. The energy £, of the circular slice is found
by the integration of dE along the slice, when s changes from 0 to 27zR. (D) The dependence
of the g-factor on the maximal elastic energy stored in myelin sheath
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