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A B S T R A C T

Oligodendrocytes (OL) are a subset of glial cells in the central nervous system (CNS) comprising the brain and
spinal cord. The CNS environment is defined by complex biochemical and biophysical cues during development
and response to injury or disease. In the last decade, significant progress has been made in understanding some
of the key biophysical factors in the CNS that modulate OL biology, including their key role in myelination of
neurons. Taken together, those studies offer translational implications for remyelination therapies, pharmaco-
logical research, identification of novel drug targets, and improvements in methods to generate human oligo-
dendrocyte progenitor cells (OPCs) and OLs from donor stem cells in vitro. This review summarizes current
knowledge of how various physical and mechanical cues affect OL biology and its implications for disease,
therapeutic approaches, and generation of human OPCs and OLs.

1. Introduction

Oligodendrocytes (OL) are a glial cell type that develops and func-
tions in the complex microenvironment of the surrounding central
nervous system (CNS) tissue comprising the brain and spinal cord. This
environment provides multiple biochemical and physical cues that
collectively regulate OL biology and function, including the complex OL
function of neuron myelination. While the role of biomolecules in-
cluding soluble factors, extracellular matrix (ECM) components, cell
surface ligands and receptors has been studied extensively, the role of
mechanical cues in OL biology is a much more recent field of active
exploration. Growing experimental evidence shows that most stages of
OL development, from neural stem cells to OL precursors to mature
myelinating OLs, are responsive to external mechanical cues. Stimuli
such as tissue or ECM stiffness, topography, mechanical strain, and
macromolecular crowding affect OL lineage cells’ migration, prolifera-
tion, differentiation and axon myelination [1–9]. Like the biochemical
environment, this mechanical niche exhibits changes during organism
development, aging, and disease. Consequently, mechanical cues within
the normal physiological range can regulate OL differentiation and

myelination, but these processes can also be disrupted when mechan-
ical cues deviate beyond the normal range to define a pathological
mechanical environment. The paucity of drug discovery for OL-related
pathologies suggests incomplete understanding of OL and myelin
biology.

By characterizing the mechanical niche in health and disease, and
understanding its consequences for OL biology and function, we may
identify new avenues to develop effective therapies for OL and myelin
related diseases. Nevertheless, the mechanical niche in the nervous
system remains largely unexplored, in part due to technical challenges
in accurate measurement and recapitulation of CNS tissue and cell
mechanical properties. Non-invasive methods that allow mechanical
analysis of CNS tissue in vivo, such as magnetic resonance elastography
(MRE), have spatial limitations and confer indirect estimates of me-
chanical properties; access to fresh CNS tissue from humans is limited;
and animal models do not represent fully the mechanical properties of
human healthy and diseased neuronal tissue. In addition, neural tissue
is among the most compliant (i.e., least stiff) tissues in the body, pre-
senting challenges for accurate mechanical characterization of intact,
hydrated tissues and cells in near-physiological conditions that
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maintain structure that gives rise to those unique mechanical proper-
ties. Contact mechanics-based approaches including atomic force mi-
croscopy-enabled indentation, impact indentation, and pressure-in-
duced cavitation have facilitated increasing access to elastic and
viscoelastic properties of CNS tissue and cells, for both healthy and
pathological state. However, those data reinforce the need for new
models and tools to study the effects of mechanical and physical cues in
nervous system cells such as OLs.

Here, we discuss current knowledge about the mechanical niche in
the CNS in health and disease and the effects of mechanical cues on OL
biology and axon myelination. We review the models and tools that
have enabled mechanical studies of tissues and cells, the current un-
derstanding of mechanotransduction mechanisms in the OL lineage,
and how these can be explored for the development of therapies for
demyelinating diseases. Finally, we briefly discuss outstanding ques-
tions about the neuroglial mechanical niche and future directions in
this field.

2. Mechanical cues in the CNS

The tools used to measure the mechanical properties of CNS tissue
and cells depend on the specimen size (molecular, cellular, tissue level)
and state (in vitro, ex vivo, in vitro). MRE [10] is a non-invasive mac-
roscopic in vivo imaging technique that extracts mechanical properties
of living tissue by applying shear waves and recording their propaga-
tion. Instrumented indentation [11], [12], impact indentation [11]
[13], and macroscale rheometry [11], [14] [15], are ex vivo and in vitro
techniques for characterization of cell and tissue stiffness. Depending
on experimental design parameters including maximum applied strain
and strain rate, these approaches can be used to quantify the elastic,
viscoelastic, and poroelastic properties over length scales ranging from
nanometers (subcellular) to centimeters (tissue or organ scale). The
CNS contains some of the most mechanically compliant tissues and cells
in the body, meaning that the mechanical stresses required to deform
this tissue to a given strain (normalized displacement) are much lower
than those required to deform mineralized bone tissue to the same
strain magnitude. Colloquially, the term “soft” is often used to describe
imprecisely the mechanical deformation and properties of brain tissue.
In material mechanics, “soft” implies that the material undergoes
plastic or permanent deformation at relatively low applied stresses; the
opposite of soft materials are hard materials, in which permanent de-
formation requires relatively high applied stress. However, the term
“compliant” describes elastic or reversible deformation at relatively low
stresses; the opposite of compliant is stiff, and so this relative me-
chanical property can be described colloquially as stiffness. As the re-
sponse of brain tissue under the small strains applied by common
measurement techniques is reversible and recoverable, we refer to brain
tissue as “compliant” as compared with mineralized bone tissue
(whereas others may call the same relative comparison “soft”), because
of the relatively lower stiffness of brain tissue. Others may also refer to
stiffer materials as “rigid,” but in material mechanics this term implies
infinite stiffness or resistance to deformation. Stiffness may be reported
as a measured mechanical property such as a shear elastic modulus G or
Young’s elastic modulus E, in units of N/m2 or Pa.

Reported shear elastic and Young’s elastic moduli of healthy brain
and spinal cord tissue span three orders of magnitude (10−1 – 10+1

kPa) [16–42]. Differences have been reported across brain matter re-
gions, sex, species and modes of mechanical deformation [28], [41–43].
The wealth of deformation modes (tension, compression, shear), time
scales and length scales (molecular, cellular, tissue level); specimen
identity (species, donor, sex, and age), state (in vivo, ex vivo, post
mortem), and biological tissue processing (fresh, frozen, chemically
fixed); and environmental measuring conditions all affect the magni-
tudes, trends, and reproducibility of reported mechanical properties
[9], [29], [43–48]. Overall, changes in brain tissue mechanical prop-
erties may be the correlate, cause, driving force, or accelerator of

disease and developmental processes [26]; a consequence or adaptation
mechanism to disease [49] and aging [50]; and may be used as a
marker for disease detection or progression [51].

2.1. Mechanical cues: cellular interfaces, ECM and the vasculature

The mechanical landscape of the CNS has the potential to impact OL
biology through physical interfaces at various length scales and indirect
mechanisms. Neuronal axons are compliant and behave nearly elasti-
cally under strains and strain rates anticipated in vivo [52]. During
development, axons provide a physical path of migration for OLs from
the neural tube to the brain and spinal cord [53–60]. During myelina-
tion, physical forces drive the expansion and wrapping of the myelin
membrane around the circumference of axons [61]. Mechanical dis-
placements and forces at the axon membrane, generated by the firing of
action potentials [62], can influence the activity of mechanosensitive
axonal ion channels [63] and result in transient changes in axon dia-
meter, pressure, optical properties and heat transfer [62]. These
changes may affect OL lineage cells interacting directly with axons
through adhesion complexes. Astrocytes, another glial cell type, express
laminins that interact with OL mechanosensing integrins to mediate OL
survival in vitro [64], and also express the cell surface ligands n-cad-
herins that slow OL migration rate in astrocyte-rich regions [65], [66].
Gap junctions coupling astrocytes, OLs, and neurons are rich in con-
nexins [67–69], some of which are mechanoresponsive [70], [71],
suggesting that astrocyte-OL gap junctions may be susceptible to me-
chanical forces. This hypothesis is supported by the observation that
alterations in gap junctions are characteristic of multiple sclerosis (MS)
brain tissue lesions and experimental autoimmune encephalomyelitis
(EAE) models of demyelination [72], and correlated with genetic
myelin disorders such as Pelizaeus-Merzbacher-like disease [73].

Beyond intracellular and cell-cell interactions that can serve as
mechanical stimuli to OLs, mechanical changes of the extracellular
matrix may also act indirectly on OL lineage cells. The extracellular
matrix (ECM) comprises ∼20 % of brain tissue volume [74], and cell
surface receptor interactions with ECM proteins mediate cell responses
that act directly through the cytoskeleton [75]. Prior studies have
shown that mechanical transformations of neurons, astrocytes and mi-
croglia are modulated by extracellular mechanics [76–83]. OLs also
associate with the vasculature and extracellular matrix (ECM). OL
lineage cells migrate along and interact with multiple blood vessels
[84]. Wnt signaling mediates OPC-endothelial interactions [84], and is
mechanically activated or regulated at least in the lungs [85] and bones
[85]. Co-culture experiments also suggest that endothelial cell sensi-
tivity to shear flow [86] may bias adult neural progenitor cell lineage
fate [87]. That observation prompts speculation that disruption of
vascular flow in traumatic brain injury (TBI) [88] may compromise
neurogenesis or oligodendrogenesis and impair regeneration. Finally,
transport of inhibitory or supporting vesicles and neurotransmitters
through the extracellular space is also strongly dependent upon the
extracellular environment [86], [89–91].

2.2. Changes in the CNS mechanical landscape in development, aging, and
disease

The brain reorganizes during development [23] [92], and aging
[93], [94]. CNS tissues are subjected continuously to mechanical strain,
which is distributed throughout its substructures (e.g., up to 10 % strain
in the spinal cord during flexion, or as a result of arterial pulsation
[95–98]). The developing spinal cord elongates to accommodate ske-
letal growth, and cell proliferation facilitates brain volumetric expan-
sion and folding. At the cellular level, axon growth is a source of strain
on the surrounding developing microenvironment. There have been
many attempts to quantify the magnitude and type of mechanical forces
involved in axonal growth and guidance, which can increase to 102 nN
[95]. The mechanical stiffness of brain tissue changes temporally
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throughout development [99], and generally decreases with adult age
[100], [101]. However, stiffening of aging rat brains has also recently
been reported [102].

In pathological conditions that include Alzheimer’s, Parkinson’s,
Multiple Sclerosis, cancer and injury, the viscoelastic properties of CNS
tissue are altered, and stiffness changes by up to two orders of magni-
tude (Table 1, where HC indicates reported properties of healthy con-
trol tissue. All abbreviations in this extensive table are defined in
Table 2). For example, the glial scar formed post-injury in the rat brain
neocortex is more compliant (12–77% lower elastic modulus) than the
uninjured tissue (0.28 kPa) [31]. In the murine model of demyelination,
acute demyelinating lesions in the corpus callosum can be as much as
two times more compliant (0.12 kPa) than the healthy tissue (0.24 kPa)
[35], while chronic demyelinated lesions in the corpus callosum can be
stiffer (i.e., higher elastic modulus; 16.32 kPa) than the surrounding
normal appearing tissue (12.07 kPa) [109]. Fig. 1 illustrates this re-
lative comparison of healthy CNS tissue, glial scars, and chronic lesions.
However, the above three examples also illustrate that the magnitude of
stiffness reported in multiple studies may not agree well even among
healthy control samples; this is attributable to variation in testing
conditions as well as tissue sample preparation and preservation, even
if the species and anatomical region of the tissue are conserved.

These pathological mechanical changes are often accompanied by
biochemical changes that include myelin loss, accumulation of ECM
components, and gliosis (Table 1). In CNS tissues that appear otherwise
healthy, elastic and viscoelastic properties are also correlated with cell
density and axon orientation [22], [112], [120], [121], acidosis [46],
and myelin content [122]. After traumatic brain injury, axons bulge
under compression and the myelin sheath surrounding the axons
shrinks and swells [123]. In models of severe TBI, mechanical strain is
associated with a cascade of damage to the mitochondria of cortical
neurons, activation of reactive oxygen species, release of pro-apoptosis
factors, and neuronal cell death [124]. The number of axons with

functional deficit and damage to the surrounding OL also increase with
the magnitude of macroscopic mechanical stretch [125], [126]. This is
consistent with patterns of OL and axonal damage with severity of
white matter injury. The microstructural deformations of axons of the
adult guinea pig optic nerve and the developing chick embryo spinal
cord subjected to macroscopic strain fields are consistent with a model
in which axons and glia are uncoupled at low strain, and become gra-
dually more coupled as the magnitude of stretch increases [127], [128].
The coupling becomes more pronounced with each developmental
stage, plausibly reflecting developmental structural changes such as
myelination [127], [129], or the evolving glia-neuron ratio with in-
creasing brain mass. These studies also contribute to the evidence that
axons throughout the CNS are tortuous [130]. Temporal increases in
axonal tortuosity in response to dynamic strain have also been attrib-
uted to microtubule damage and reorganization [131], which has also
been associated with axon stiffening [99].

3. Engineering tools to study mechanical cues in vitro

To understand the impact of the physical cues on the nervous
system, it is instructive to control and mimic these cues in a laboratory
setting. Diversity in the type and magnitude of mechanical cues across
different parts of the CNS and across species poses a technological
challenge for emulating those varying conditions in vitro. For such
studies, it is not sufficient to span a range for a given cue (e.g., span a
threefold range of ECM shear elastic modulus G), but also to approx-
imate the magnitude of those cues under study (i.e., the specific values
of G) with the corresponding magnitudes in vivo. This is because cell
responses can vary nonmonotonically as a function of magnitude of a
given cue (e.g., biphasic response of cell migration velocity with ECM
stiffness [278], [279]). Below, we summarize approaches to engineer
mechanical cues in vitro.

3.1. Engineering stiffness

Nervous system tissue is among the most compliant tissues in the
body, and its stiffness varies among species [280]. This low resistance
to reversible deformation can be summarized most simply by compar-
ison of elastic moduli measured under shear (shear elastic modulus, G)
or uniaxial deformation (Young’s elastic modulus, E). Murine tissue
stiffness ranges from E of a few Pascals to∼1 kPa. Traditionally, in vitro
neuronal cell culture has been conducted with CNS cells adhered to
dishes comprised of polystyrene (i.e., tissue culture plastic), an en-
gineered polymer that is six orders of magnitude stiffer than neural
tissue and therefore does not provide neural cells a mechanical cue in
vitro that is similar to the in vivo environment. To match the very low
stiffness of neural tissue, biocompatible substrata based on hydrogels of
synthetic and/or natural polymers have been adopted or developed.
These include polyacrylamide hydrogels (PAAm), polyethylene glycol
(PEG), hexanediol diacrylate-PEG or HDDA-PEG, alginate, collagen,
hyaluronic acid (HA), and gelatin based gels. CNS tissue stiffness shows
also natural spatial variation [14] [35], among different parts of the
CNS, and variation resulting from disease and aging.

However, in engineering such gels as mimics of tissue mechanical
properties, it is important to be precise in stating the property that is
varied, and to also match the magnitude of that property (or note that
one is operating in a super- or sub physiological stiffness regime). Some
of these polymers can be varied in stiffness by controlling the degree of
polymer crosslinking, so that the dominant difference or cue among a
set of polymer substrata is the elastic modulus. Jagielska et al. [5]
adopted this approach for widely utilized PAAm gels to cover the range
of physiological and pathological CNS stiffness values from E ∼ 0.1–70
kPa, demonstrating that OL biology including differentiation potential
was modulated by substratum stiffness over this range. Specifically,
that study covered the range of reported brain tissue E (0.1–1.0 kPa)
and also exceeded it at the upper limit of 70 kPa. Urbanski et al. [9]

Table 2
Abbreviations of terms used to summarize an extensive range of stu-
dies of healthy vs. diseased brain tissue mechanics in Table 1.

Abbreviations

HC Healthy control
MRE Magnetic resonance elastography
MMRE Multifrequency-MRE
HPC Hippocampus
F Female
M Male
d/w/y Day/week/year
dpi Days post injection
CN- Amyloid-negative cognitively normal
CN+ Amyloid-positive cognitively normal
CN Cognitively normal
AD Alzheimer's
MS Multiple Sclerosis
RR Relapse Remitting
SP Secondary Progressive
PP Primary Progressive
WM White matter
NAWM Normal appearing white matter
CC Corpus callosum
LN Lentiform nucleus
UE Ultrasound elastography
GFAP Glial fibrillary acidic protein
CSPG Chondroitin sulfate proteoglycans
IH Ipsilateral hemisphere
CH Contralateral hemisphere
WT Wild type
AFM Atomic force microscopy

* No statistical analysis of comparison of healthy versus disease tissue.
† Exact values of mechanical properties not reported.
** Transient changes, compared to baseline values.
Results from healthy controls (HC).
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used similar PAAm gels to investigate OL biology on stiffness ranging
2–30 kPa, and in that sense the full range of stiffness exceeded that
expected of at least healthy brain tissue. Recently, Segel et al. [102]
used a pair of modified PAAm hydrogels as an attempt to mimic the
mechanical changes that varied with animal age, in order to explain
changes in OPC biology as a function of CNS aging. The stiffness of
those two hydrogels differed approximately threefold to assess OPC
response in vitro, and the stiffness of the brain tissue that the authors
characterized in the same study differed approximately twofold. While
that is a similar range of variation, it is not clear from the data pre-
sented whether the magnitudes of that in vitro stiffness cue actually
matched or were even within an order of magnitude of the brain tissue
stiffness reported in that same study. (Gel stiffness was reported as G of
0.4 or 1.3 kPa, which we convert to E of 1.2 or 3.9 kPa with an as-
sumption of gel Poisson’s ratio of 0.5 to provide context with above
reports. However, the brain tissue stiffness was reported simply as
“average stiffness” of 0.24 or 0.48 kPa, which may have been G or
apparent bulk elastic modulus K. If the former, then E of brain tissue at
those two animal ages would be 0.72 or 1.44 kPa, so the upper range of
brain tissue stiffness was the lower range of gel stiffness; if the latter,
then E at those brain tissue ages would be 0.18 or 0.36 kPa and would
differ by an order of magnitude from the gel stiffness range.) Thus, the
reported in vitro trends should not be conflated or assumed a priori to be
predictions of in vivo response of OPC if the magnitudes of the en-
gineered and in vivo environments differ substantially. Li et al. [132]
developed injectable hydrogels containing gelatin and hyaluronic acid
crosslinked with PEG diacrylate (PEGDA), which covered a range of
elastic modulus from 0.0048 to 1.60 kPa. These hydrogels were studied
as potential medium to increase remyelination by OPCs transplanted
into a demyelinating lesion environment.

Contact mechanics-based studies of neural tissue revealed that
spatial variation of stiffness occurs also at smaller length scales of
∼50−100 μm [9], [11], [35], [40], and approaching that of cell length
scales. Achieving this high resolution of stiffness variation in the sub-
stratum material is challenging, but could be enabled by additive
techniques such as 3D printing materials of varying stiffness [2] or by
stereolithography-based curing of polymers to various degrees through
masks of varying grayscale values [133]. Indeed, Espinosa-Hoyos et al.

[2] developed novel HDDA-PEG hydrogels, for which stiffness could be
tuned from 0.1–150 kPa through polymer composition and stereo-
lithography-based polymer curing. This material was used to develop
artificial axons – 3D printed free-spanning structures designed to mimic
the cylindrical geometry and mechanical stiffness of biological axons.
By tuning artificial axon stiffness between healthy (0.4 kPa) and pa-
thological values (140 kPa), Espinosa-Hoyos et al. [2] demonstrated
that artificial axon stiffness can affect the extent of myelination by OLs
that can bind to and wrap the 3D-printed, engineered polymer.

3.2. Engineering strain

Neural cells are subjected to various mechanical strains, including
tension, compression, and shear, both in healthy development as well as
a result of external mechanical trauma such as traumatic brain or spinal
cord injuries. These strains are estimated to vary from few percent
[134] to over 100 % (for example, in the case of tissue swelling [135]).
Devices available commercially (e.g., Flexcell devices, Flexcell Int.
Corp.) or custom-designed by academic researchers allow for applica-
tion of strain schedules of varying magnitudes, modes, and duration.
Strain is typically applied to adherent cells such as OLs and their pro-
genitor cells (OPCs) indirectly by straining the substratum to which
those cells are adhered. Jagielska et al. [4] and Makhija et al. [7] ap-
plied static, uniaxial tensile strain of 10 % of various durations to OPCs,
to study strain effect on their proliferation and differentiation. Strain
was applied by stretching custom-made silicone elastomer (poly-
dimethylsiloxane, PDMS) culture plates on which cells were grown,
adapting a custom device developed initially for study of vascular en-
dothelial cells [136]. The design of the plates and the stretcher ensured
uniform strain in all parts of the plate, with minimal border effects, and
full transfer of strain to the cells. Shimizu et al. [137] applied 15 %
uniaxial tensile strain to OPCs by stretching (8 min duration) silicone
sheets on which cells were grown, to investigate the role of YAP in
transduction of strain. In the same work, effect of shear strain on YAP-
mediated mechanotransduction was studied, where shear stress was
applied by overnight rotation of flasks with media. Hernandez et al. [3]
applied acute contraction to OPCs (i.e., rapid removal of strain applied
prior to cell seeding and adhesion), to study effects on OPC

Fig. 1. CNS mechanical microenvironment in health and disease.
The mechanical properties of the CNS change with development, disease, and aging. Three different CNS tissue scenarios are depicted: a glial scar, a normal tissue,
and a chronic MS lesion. Tissue stiffness is shown using the yellow-orange color map. Oligodendrocytes and myelin are shown in green. Normal CNS tissue includes
dynamic mechanical cues arising from axon length and diameter changes, macroscopic strains, and shear force from blood flow. Glial scars formed after a CNS injury
are more compliant than normal CNS tissue, lack axons, neurons, and oligodendrocytes, and include fibroblasts, macrophages, and reactive astrocytes [118]. Chronic
MS lesions exhibit damaged myelin, axons, and oligodendrocytes, and include CD8+ T-cells and activated microglia [119].
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differentiation and mechanotransduction mechanisms. Although stu-
dies of OPCs and OLs reported to date have been carried out in two-
dimensional (2D) cell culture, extension to three-dimensional strain
states or culture settings is feasible in artificial axon settings, within
gels, or other constructs.

3.3. Engineering topography and spatial constraints

Neural tissue exhibits complex three-dimensional topography de-
fined by neural cells and ECM. Despite this fact, majority of in vitro
studies of neurons and neuroglia are carried out in 2D culture for its
simplicity of handling and imaging, as well as relatively easier image
analysis. On the other end of the complexity spectrum for in vitro stu-
dies are co-cultures (e.g., OPCs co-cultured with neurons) or organo-
typic tissue slice cultures [138]. Such biological constructs provide
greater biofidelity, but with the tradeoff of high spatial complexity and
intrinsically diverse variation among samples, batches, and donors;
these features make data analysis and interpretation, as well as ex-
perimental design, difficult. Therefore, reproducible and reductionist
engineered systems that can mimic geometric features of the CNS, to-
gether with mechanical properties of CNS features that modulate neu-
roglia cell response, are of great interest. Influence of geometric fea-
tures such as cell density was demonstrated by Rosenberg at al. [8]. In
that work, neighboring neural cells in the OPC environment were mi-
micked with 20 μm polystyrene spheres, to demonstrate that critical
spatial constraints were necessary to induce OPC differentiation grown
in co-culture with axons. That experiment was repeated later in work of
Hernandez at al [3], to show that the OPC differentiation enhanced by
high microsphere density corresponded with increased number of
chromocenters in cell nuclei, indicating mechanotransduction of spatial
density-induced cues to the nucleus with resulting chromatin changes.

One critical topographical feature in the OPC environment are
neuronal axons, with which OPCs closely interact to wrap and maintain
myelin sheaths around the axon circumference. Detailed study of
myelination is not possible without this 3D feature of the culture en-
vironment, as axon myelination by OLs is an inherently three-dimen-
sional phenomenon. Some topographies can be designed for purposes
other than mimicking physiological conditions. Mei at al. [139] de-
veloped arrays of glass cones as an assay for high throughout myeli-
nation assessment. Although those cones did not resemble axon geo-
metry and did not provide physiological stiffness, they provided a shape
to which OL processes could adhere and begin to encircle with MBP,
and thus enabled fast relative quantification of myelin production that
was suggestive of myelination ensheathment.

Rosenberg et al. [8] demonstrated that even without dynamic axon
signaling, OPCs can myelinate cylindrical axons, suggesting that the
geometrical cues are sufficient to support if not induce myelination.
They demonstrated this potential in the absence of neuron firing by
chemically fixing DRG neurons with paraformaldehyde and plating
OPCs on top of these biochemically inactive axons. Subsequent studies
demonstrated that replacing axons with synthetic cones or cylindrical
fibers of microscale diameter also resulted in myelin basic protein
(MBP)-production by murine cells [1], [2], [6], [134], [140]. The po-
tential for OLs to produce this key myelin sheath component and de-
posit it at the surface of the synthetic fiber – and at least in some cases
exhibit a morphology that appeared like wrapping of the MBP positive
membrane around the curved features as would be expected in biolo-
gical myelination – has been reported for various materials including
glass, polystyrene, carbon nanotubes, PLLA (poly-L-lactic acid), PCL
(polycaprolactone), and HDDA-star-PEG. Those observations indicate
that myelin formation and deposition to at least start to ensheath axon-
like structures is an intrinsic feature of OL, and does not require dy-
namic biological or electrochemical signals from axon. However, axons
regulate fine features of myelin, such as myelinated segment length and
thickness of compacted (multilayered) myelin sheaths, via physical and
chemical signals to degrees that have not yet been understood fully or

recapitulated in vitro. To date, the research community has developed
basic tools and observations. Lee at al. [6] used electrospun polystyrene
fibers with diameter range of 0.2–4 μm to demonstrate that OLs pre-
ferentially myelinate fibers of larger diameter, indicating that me-
chanical cues can govern the diameter-dependence of myelination.
Bechler et al. [1] used PLLA fibers with diameters 2–4 μm to show that
length of myelin internodes is regulated by fiber diameter, and that
OPCs possess intrinsic propensity to generate different myelin sheet
length spans depending on the cells’ in vivo origin. Espinosa-Hoyos et al.
[2] generated the first axon-like fibers that combined axon geometric
features (diameter and unsupported length span) with low mechanical
stiffness matching that of biological axons (E ∼0.4 kPa). In contrast to
PLLA or PCL fibers exhibiting MPa-scale elastic moduli or polystyrene
or glass features exhibiting at least GPa-scale elastic moduli, those 3D-
printed fibers comprised HDDA-starPEG affording E ranging ∼0.4 -
–140 kPa. Those artificial axons were used to demonstrate the influence
of axon mechanical stiffness on OL myelination.

4. Implications for OL biology

4.1. Mechanical cues affect OL differentiation and myelination

Several studies in the last decade have measured OL differentiation
and myelination as a function of mechanical cues. However, even when
identification of trends appear reproducible within a given study,
comparison of the conclusions among multiple studies illustrates ap-
parent conflict (Fig. 2). For example, within a given study or others’
summaries of a study, it may be claimed that a cell response is elicited
by “stiffer” or “more compliant” substrata, and on “smaller” or “larger”

Fig. 2. Generalized statements, such as either the stiffer or the more compliant
matrix enhances OL differentiation, are misleading.
Comparison of six studies that measured effect of substratum stiffness on OL
differentiation. The horizontal axis represents the range of substratum stiffness
(in logarithmic scale so as to fit all studies on the same graph). The vertical axis
represents the read-out of OL differentiation used in that particular study, i.e.,
either percentage of MBP + cells, percentage of RIP + cells, or MBP fluores-
cence intensity per cell. The read-out from each study has been normalized with
its read-out at lowest substratum stiffness in that study. Note two features that
make broad generalizations misleading. First, studies conducted within the
same range of substratum stiffness can identify opposite trends in OL differ-
entiation enhancement (e.g., [5] and [142]). Second, studies that operate over a
partially overlapping range of stiffness (e.g. [141], and [143]) conflict in trend,
and this may be because the cell response over that entire range is non-
monotonic or biphasic. Of course, overinterpretation of these data comparisons
is not warranted because all of these studies varied in at least one important
condition (e.g., they used different substratum material, ECM ligand coating,
starting cell type (NSC or OPC), or read-out of differentiation. See Table 3 for
more details).
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diameter fibers. However, this use of relative terms can be misleading
when overly generalized, or when the range of mechanical stiffness
studied, or when the magnitude of that cue or of other potential cues
such as soluble factors or tethered ligand density, is not also considered
explicitly. Fig. 2 compares six studies, and illustrates two features that
make broad generalizations of mechanically modulated OPC differ-
entiation misleading. First, studies conducted within the same range of
substratum stiffness can identify opposite trends in OL differentiation
enhancement (e.g., comparison of data reported in Refs. [5] and [142]).
Second, studies that operate over a partially overlapping range of
stiffness (e.g., comparison of data reported in Refs. [141] showing in-
creasing differentiation with increasing substratum stiffness and [143]
showing decreasing differentiation with further increase in substratum
stiffness) conflict in trend. Again, this caution is in part because many
cell responses including cell-matrix interactions are known to change
non-monotonically with the magnitude of a cue, and so signaling effects
and cell response trends cannot be considered a priori to trend mono-
tonically.

Of course, overinterpretation of these studies compared in Fig. 2 is
not warranted because all of these studies varied in at least one im-
portant condition (e.g., they used different substratum material, ECM
ligand coating, starting cell type (NSC or OPC), or read-out of differ-
entiation. See Table 3 for more details). The effects of various me-
chanical cues on OPC differentiation and myelination are summarized
in Table 3. Below, we summarize our key findings from comparing the
collection of a broader range of studies summarized in Table 3.

4.1.1. Effects of mechanical cues depend on the cell stage in lineage
progression

For example, adult rat neural stem cells (NSC) yielded a larger
percentage of MBP + cells on more compliant 0.1 kPa substrata in one
study [142], while neonatal rat OPCs yielded a larger percentage of
MBP + cells on stiffer 1−70 kPa substrata compared to 0.1 kPa in
another study [5]. Although in both studies the same substratum ma-
terials (polyacrylamide) and stiffness range were used, an opposite
trend of differentiation response to stiffness was observed. While this
contrast may be attributable to the difference in developmental age of
the cell sources in these studies, though this cannot be inferred without
first considering other potential differences in cell preparation, material
substrata preparation and properties, or other protocol differences that
may affect OPC differentiation to the stage of detectable MBP produc-
tion.

4.1.2. Cell response to mechanical cues may vary with cue magnitude range
Two studies examined differentiation of rat OPCs into MBP + cells

on polyacrylamide substrata of varying stiffness. In the first study [5],
substrata with E of 0.1, 0.4, 0.7, 1 and 70 kPa stiffness and PDL func-
tionalization were used. OPC differentiation was enhanced on stiffer
substrata (18 %, 23 %, 23 %, 25 %, and 27 % MBP + cells, respec-
tively). In the second study [9], substrata with E of 1.5 and 30 kPa were
used with Matrigel™ coating; those authors reported that OPC differ-
entiation was inhibited on the stiffer substratum (8 %, and 4 % MBP +
cells, respectively). The different conclusions of the above studies could

Table 3
Summary of various studies using mechanical cues for OL differentiation and myelination. [144–150,141,142,151,152,9,5,143,102,4,8,153,6,154].

Duration Substratum / Scaffold Material

Pre-NSC

mouse ESC 4 15% MBP+ cells 14 days Hyaluronic Acid [144]

human ESC 1 69% NKX2.2+ cells 18 days PNIPAAm-PEG [145]

human ESC 2 Olig-1 mRNA (gel-based) 7 days PDMS [146]

human USC 4 15% MBP+ cells 30 days DETA-coated glass [147]

NSC

mouse embryo NSC 2 3.9, 3.3 fold NG2+ cells 
compared to glass 4 days Polycaprolactone (PCL) [148]

adult rat NSC 3 56%, 21% RIP+ cells 5 days Polyethersulfone [149]

mouse embryo NSC 3 1.5%, 0.6%, 2.6% O4+ cells 5 days Silicone elastomer [150]

adult rat NSC 3 59%, 68%, 72% RIP+ cells 8 days Methylacrylamide Chitosan [141]

adult rat NSC 4 10%, 2%, 0%, 0% MBP+ cells 6 days Polyacrylamide [142]

adult rat NSC 4 25% MBP+ cells 32% Olig2+ cells 6 days PCL fibers coated with 
Graphene Oxide [151]

human NSC 2 4 fold Olig2 mRNA 
compared to flat substrate 5 days Poly(styrene-b-methyl methacrylate) [152]

OPC

neonatal rat OPC 4 8%, 4% MBP+ cells 2 days Polyacrylamide [9]

neonatal rat OPC 4 18%, 23%, 23%, 25%, 27% MBP+ cells 3 days Polyacrylamide [5]

neonatal rat OPC 4 1.3 fold MBP fluorescence intensity per cell 
compared to plastic 5 days Polyacrylamide [143]

adult rat OPC 4 55%, 10% MBP+/SOX10+ cells 5 days Polyacrylamide [102]

neonatal rat OPC 4 10%, 30% MBP+ cells 5 days Polydimethylsiloxane [4]

neonatal rat OPC 4 2, 20, 65, 75 MBP+ cells / mm2 5 days DRG neurons on glass coverslips [8]

neonatal rat OPC 4 11%, 10%, 17% MBP+ cells 
among Olig2+ cells 7 days PCL fibers coated with 

3,4-dihydroxy-L-phenylalanin [153]

neonatal rat OPC 5 5%, 60% cells wrapped around fibers 15 days Poly L-lactic acid [6]

human OPCs 2 A2B5+ and Olig2+ cells (image-based) 8 days Fibrinogen and thrombin [154]

Color-Code: Cell end stage numbering

murine 1 Pre-OPC: NKX2.2

human 2 OPC: NG2, A2B5, Olig1, Olig2

3 Immature OL: O4, RIP

4 Mature OL: MBP

5 Myelinating OL: Wrapping

Laminin / -

 - / - 

Laminin / microRNA-219/338

3D nanofibrous scaffold

Poly-L-lysine / - 

 - / - 

Electrospun fibers (aligned: 400, 4000 nm)

Cell plating density (1, 2, 4, 8 million per coverslip)

Electrospun fibers (aligned: 300, 700, 2000 nm)

Laminin /  - 

3D gel scaffold

Micropatterns (wells: 2 m, pillars: 1 m)

3D gel scaffold

between 2 coverslips

ECM protein / Signalling Molecule

Electrospun fibers (random and aligned: 550 nm)

Starting cell stage

Poly-D-Lysine / -

 - / Retinoic Acid

Poly-L-Ornithine followed by laminin / - 

 - / Retinoic Acid + Smoothened Agonist

Laminin /  - 

Laminin /  - 

Fibronectin / - 

Mechanical strain (0%, 10%, 10%-prestrain) Laminin /  - 

 - / Neropinephrine

Electrospun fibers (random: 200-300 nm)

Brain derived neutrophic factor / - 

Reference
Chemical cue parameters

End cell stage / Read-out

Mechanical strain (0%, 10%)

Matrigel / - 

Fibronectin / - 

Substratum Stiffness (E = 6.5 kPa) Poly-D-Lysine & Merosin / - 

Type & Magnitude

 - / Retinoic Acid

Micropatterns (grooves: 1.5 m, pores: 10 nm)

Substratum Stiffness (E = 0.1, 0.4, 0.7, 1, 70 kPa)

Substratum Stiffness (E = 1.5, 30 kPa)

Electrospun fibers (random: 283, 749 nm)

Substratum Stiffness (E < 1, 3.5, 7 kPa)

Mechanical cue parameters

Substratum Stiffness (E = 10-1, 100, 101, 102 kPa)

Others

Color-Code:

Substratum Stiffness

3D scaffold

Micropatterns

Electrospun fibers

Mechanical strain (0%, 10%)

Substratum Stiffness (E = 1.2, 3.9 kPa)

These studies are classified into three groups (pre-NSC, NSC, OPC), based on the differentiation stage of the starting cell type. Within each of the three groups, studies
are further delineated based on the author-reported quantified metric (read-out) for differentiation outcome. Most studies used one of the five common types of
mechanical or physical cues (substratum stiffness, mechanical strain, 3D scaffold material selection, electrospun fiber material/diameter, and micropatterns).
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be rationalized by at least three factors. First, the differentiation effi-
ciency could depend on substratum stiffness in a non-monotonic way,
i.e., it may increase or decrease for different range of stiffness, such as a
biphasic response (Fig. 2). Second, the differentiation efficiency could
also vary with adhesive ligand type. Third, it is possible that the Ma-
trigel coating was sufficiently thick to moderate or obscure the me-
chanical cue of the underlying polyacrylamide [155].

4.1.3. Chemical cues modulate cell responses to mechanical cues
The chemical cues provided by the ECM proteins and the culture

medium (signaling molecules such as growth factors, differentiation
inducers, and transcription factors) are known regulators of OL differ-
entiation and myelination [156–158]. For example, when functiona-
lized on tissue-culture polystyrene substrata, the ECM ligands fi-
bronectin, laminin, or PDL all showed approximately three-fold higher
differentiation of embryonic stem cells to OL-lineage cells compared to
uncoated plastic substrata [144]. However, when applied together with
mechanical cues, the chemical cues may elicit differential cell re-
sponses. For example, in the presence of 10 % mechanical strain, only
fibronectin- or laminin- but not PDL-coated polydimethylsiloxane
(PDMS) substrata induced increased differentiation and decreased
proliferation [4]. Furthermore, the interaction of the ECM ligand with
the substratum material affects its adsorption or binding to the sub-
stratum material, which can in turn affect cell adhesion and subsequent
cell responses [159–161].

4.1.4. Substratum stiffness and fiber geometry are the most studied
mechanical cues

Below, we summarize the effect of substratum stiffness and fiber
geometry on neural stem cells (NSC) and OPC.

When adult rat NSC were exposed to laminin-coated substrata of
varying stiffness, the stiffer (1, 3.5 and 7 kPa) methylacrylamide chit-
osan substrata yielded a higher percentage of RIP + cells [141], while
compliant (0.1, 1, 10 and 100 kPa) polyacrylamide substrata yield a
higher percentage of MBP + cells [142]. For neonatal rat OPCs cul-
tured on polyacrylamide substrata of varying stiffness, the percentage
of MBP + cells decreased with increasing stiffness (30 kPa vs. 1.5 kPa)
on Matrigel coating [9], but increased with increasing stiffness (70
kPa> 1 kPa>0.7 kPa; and 0.4 kPa> 0.1 kPa) on PDL coating [5].

For electrospun fibers, geometric considerations have included fiber
alignment and diameter. More NSC differentiated to OPCs when cul-
tured on randomly distributed fibers than on aligned fibers [148]. As far
as fiber diameter is concerned, more NSC differentiated into RIP + cells
when cultured on electrospun polyethersulfone fibers of smaller dia-
meter (283 nm vs. 749 nm) in the presence of retinoic acid [149]. On
the other hand, OPC differentiation into MBP + cells was greater on
polycaprolactone fibers of larger diameter (2 μm vs. 700 nm or 300 nm)
coated with dihydroxy phenylalanine in the presence of miR-219/338
[153]. This observation of larger diameter favoring OPC differentiation
toward mature OL was repeated over a similar range of fiber diameter
(4 μm vs. 400 nm) and different composition (poly L-lactic acid) in
quantification of MBP overlay suggestive of fiber wrapping [6].

4.1.5. Fewer studies on human OLs
Most mechanostimulation studies to date have been conducted with

either murine NSC or murine OPC (of mouse or rat origin). While these
studies have laid the groundwork showing the effect of mechanical cues
on OPC biology, future mechanotransduction and mechanostimulation
studies with human iPSC-derived neuroglia may potentially improve in
vitro methods to generate human OPCs and oligodendrocytes.

4.2. Mechanotransduction

4.2.1. Generic mechanotransduction pathway in adherent cells
The typical pathway for mechanosensing and signal transduction

[162–166] in adherent cells – including neuroglia such as OL – begins at

the interaction between cell transmembrane receptors, called integrins,
and extracellular ligand [167]. This bond is further linked from the
cytosolic domain of integrins to the cytoskeleton via a group of adaptor
and scaffolding proteins, called focal adhesions. Adherens junctions
[168] (cell-cell junction) and stretch-activated ion channels [169] on
the cell membrane act as additional routes for delivery of mechanical
cues to the cell. Under mechanical force, integrins and focal adhesion
proteins such as talin, vinculin, and p130cas change conformation,
resulting in exposure of new binding sites and – for catch-bond inter-
actions – can be strengthened under tensile force exerted by the cell
itself or by an extracellular stimulus [170–174]. Next in the signaling
cascade, several of the adaptor and scaffolding proteins at focal adhe-
sions, such as Rho GTPases, focal adhesion kinases (FAK) and mitogen-
activated protein kinases (MAPK), may be dynamically recruited, re-
leased or phosphorylated [175], [176]. These proteins from focal ad-
hesion and calcium ions from stretch-activated ion channels, provide
signals for remodeling of the cytoskeleton [177–180]. Cytoskeletal re-
modeling affects tension in the cytoskeleton and the orientation of cy-
toskeletal filaments, which in turn affect the magnitude and direction of
force generated and transmitted by the cytoskeleton [181], [182]. The
major source of force generation by the cytoskeleton are the myosin
IIeA and IIBe motors on actin [183]. In addition to force transmission,
cytoskeleton remodeling plays a role in modulation of cytoplasmic vs
nuclear localization of some transcription regulators such as yes asso-
ciated protein (YAP) [184–186], megakaryoblastic leukemia (MKL)
[187] and chromatin modification enzymes such as histone dea-
cetlyases (HDACs) [188]. Next in the physical link, the cytoskeleton is
tethered to the nucleus via the LINC (linker of nucleoskeleton and cy-
toskeleton) complex, comprising transmembrane proteins of the nu-
clear envelope like nesprin (on outer nuclear membrane) and emerin
(on the inner nuclear membrane) [162], [189]. On the nucleoplasmic
side, emerins and lamin B receptors bind to the lamin meshwork, which
anchors the chromatin with help of several chromatin binding proteins
[190]. While forces from the cytoskeleton can directly be transmitted
via this physical link to chromatin, resulting in gene repositioning and
chromosome reorganization, cytoskeletal forces can also activate me-
chanosensitive proteins in this physical link, starting another down-
stream signaling cascade [191].

4.2.2. Sensing strain, rigidity, and topography
Cells can sense extracellular strain, substratum rigidity, and topo-

graphical cues through this mechanosensing and signal transduction
pathway. The immediate effects of extracellular strain are protein
conformation changes, reinforcement of catch bonds, opening of
stretch-activated ion channels, and chromatin reorganization via direct
transmission of force via the physical link [192], [193]. On the other
hand, substratum stiffness and topographical cues are first converted to
force before engaging the mechanotransduction pathway. Substratum
stiffness is sensed via a pulling force on the nascent focal adhesions at
the cell leading edge, generated by the contractile actomyosin units
within the cells [194], [195]. These contractile units feedback to the
focal adhesion formation, which are either reinforced or suppressed
depending on rigidity [196], [197]. Substratum topography (shape and
dimension of physical features) affects the size, orientation, and dis-
tribution of focal adhesion formation, which in turn affects the strength
and orientation of the cytoskeleton, thereby affecting the forces gen-
erated by the cytoskeleton [196–199]. Note that most of these ob-
servations have been made in vitro for cells adhered to materials of
stiffness that is high relative to the CNS tissue and cells.

4.2.3. How mechanical cues mediate lineage-specificity
A few recent studies have shown the involvement of this generic

pathway in OL mechanotransduction [3], [4], [7], [137], [143], [200].
However, it is not yet fully understood how this mechanotransduction
response elicits transcription of myelin-specific genes, driving differ-
entiation and myelination of OPC. Mechanical cue-mediated OL lineage
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specificity and myelination can be achieved in three ways: (1) Activa-
tion of lineage-specific transcription regulators: For example, GATA4, ac-
tivated by mechanical stretching of ventricles, is specific for cardiac
development; RUNX2, phosphorylated by mechano-activated MAPK,
regulates osteoblast-specific differentiation; and MEF2 and MYOD1,
activated by calcineurin, a downstream target of load mediated calcium
signaling, mediate myogenesis in skeletal muscle [201]. While the
mechanosensitive transcription regulator YAP has been implicated in
mechanoresponse of OL [4], [137], its known role in the nucleus is
general activation of proliferation genes and suppression of apoptotic
genes [202], [203]. How YAP mediates transcription of myelin-specific
gene programs is still unclear. Olig-1, an OL specific transcription factor
that facilitates MBP expression when it localizes in the nucleus, and
facilitates membrane expansion when it localizes in the cytosol [204],
[205], has been observed to exhibit higher nuclear levels in OPC on
stiffer substrata (30 kPa compared to 1.5 kPa) [9]. However, it is still
unclear whether extracellular stiffness directly affects intracellular
Olig-1 localization directly or indirectly. (2) Activation of lineage-specific
chromatin modifiers: There are examples of OL lineage-specific chro-
matin modifiers [206], [207]. However, to our knowledge there are
currently no published examples of mechanically activated OL lineage-
specific chromatin modifiers. Generic chromatin modification enzymes
may be activated by mechanical cues; for example, HDAC3 is activated
by specific cell geometry cues in fibroblasts [188]. Future experiments
can consider mechanoresponsive OL-lineage-specific and myelination-
specific chromatin modifiers from the list of OL lineage-specific chro-
matin modifiers [206], [207]. (3) Lineage-specific changes in chromosome
and gene positioning: Recent studies in mechanobiology [208] [209],
have shown the possibility of direct changes in chromosome organi-
zation by external mechanical cues via the actomyosin cytoskeleton,
LINC complex and lamin network. This possibility could be further
explored by tracking position and organization of myelin-specific genes
or chromosomes via fluorescence in situ hybridization in mechanically
stimulated cells.

5. Implications of OL mechanosensitivity for research and
treatment of neurological diseases

We can now contemplate two important implications of OL me-
chanosensitivity. First, mechanical forces and changes in the OL en-
vironment may directly or indirectly regulate therapeutic efficacy of
small molecules, antibodies, and exogenous cells in vivo. Second and
distinctly, we may also harness these forces as engineering tools in vitro
to improve the development and therapeutic effect of these treatments –
including the availability of human cells for such studies.

5.1. Potential implications of mechanics in CNS pathology and therapeutic
efficacy

The downstream effects of mechanical forces and changes, and
dysregulation of mechanisms of mechanosensing, are difficult to esti-
mate and may have important implications in the efficacy of drug and
cell therapies [210]. Important lessons may be learned from oncology.
The mechanical environment plays an important role in cancer pro-
gression (cell motility and growth kinetics) and drug resistance, and
chemotherapeutics directly targeting mechanisms of sensing and
adaptation have been developed [211–215]. A number of genetic and
acquired CNS disorders are characterized by myelin irregularities and
damage; OL death and dysfunction; and disturbance of the axon-glia
complex [216]. Several small molecules have been proposed as pro-
moters of OPC maturation and myelin repair in animal models: mus-
carinic receptor antagonists (clemastine, benzotropine, quetiapine,
clobetasol, oxubutynin, trospium, ipratropium) [139], [217–219], cy-
tochrome P450 inhibitors (miconazole, ketoconazole) [217], gamma-
secretase inhibitors (DAPT, LY411,575, BMS708,163, MRK560) [220],
kinase inhibitors (imatinib mesylate) [220], anti-cholinergics

(atracurium besylate) [220], mitotic inhibitors (docetaxel) [220], ion
channel blockers (zu-capsaicin, amiloride, Oxcarbazepine) [220] and
ATPase inhibitors (digoxin) [220] and estrogen receptor modulators
(bazedoxifene) [221]. Clemastine has further shown modest efficacy in
a human clinical trial against chronic demyelinating optic neuropathy
[222]. The mechanism of action in the OL machinery has only recently
been partially elucidated for some of these repurposed drugs (choles-
terol synthesis pathway [221] [223],). Given the mechanosensing
capabilities of neuroglia and abundance of mechanosensing proteins in
the CNS, it is not unexpected that mechanotransduction may play a role
in these mechanisms. The MAPK pathway, which is activated by me-
chanical signals [224] and PIEZO channels [225] is involved in the
remyelination mechanism of miconazole, a recently repurposed anti-
fungal [217]. The differential expression of mechanosensing channels
and receptors across disease, aging, and development also has im-
portant implications for CNS drug development. The process of aging
not only affects cell and tissue mechanics, but also the ability of cells to
sense changes in the mechanical landscape, and to transduce those
changes into biological processes [226]. Pathological conditions can,
for example, affect the mechanosensing capabilities of astrocytes by
changing the expression of mechanosensing Piezo1 channels [227].
Mechanotransduction may itself be an important part of the pathology
of CNS disorders. For example, tissue stiffness and mechanotransduc-
tion signaling are altered in Alexander’s disease, one of the rare leu-
kodystrophies [228]. This is at least one example where dysregulation
of a mechanotransduction signaling cascade has been linked to beha-
vioral dysfunction. Through understanding OL mechanotransduction
we may elucidate biochemical handles to correct mechanics-mediated
damage, and recapitulate mechanics-mediated biological processes that
may help improve OPC differentiation into mature myelinating OL
(oligodendrogenesis) and efficient myelination or remyelination in vivo.

5.2. Potential use of mechanical cues to address challenges in human
oligodendrocyte generation

As we work toward resolving outstanding challenges in brain me-
chanobiology (namely, reconciling mechanical cues with cell response
and function), we can leverage these findings to address technical
challenges in CNS research and therapeutic development. CNS bio-
mechanics and mechanotransduction may be used as tools to identify
new avenues for therapeutic intervention, to enrich heterogeneous cell
populations, to direct cell fates and scale-up cell production, and to
develop better biomarkers. Three technologies have revolutionized
neuroscience research in the last thirty years: (1) the induced plur-
ipotency of human somatic cells [229], [230], (2) single-cell RNA
(scRNA-seq) sequencing and bioinformatics [231], [232], and (3)
genome editing via CRISPR and related approaches [233–235]. The
discovery of human induced pluripotent stem cells (hiPSCs) has cata-
lyzed the generation of human OLs [145], [236–246]. Combined with
CRISPR genome editing, patient-specific disease models with isogenic
(i.e., from the same genotype) controls have been developed [247–249].
One of the outstanding challenges in hiPSC technology is the phe-
nomenon of cell population heterogeneity. For systematically generated
lines, heterogeneity or variability of hiPSC-derived cells arise primarily
from the genetic variability across human populations, but also from
the efficacy of downstream differentiation methods for even a single
donor cell source [249]. Most chemical induction protocols for OL
differentiation generate diverse populations of neuroglia cells, the
composition of which depends at least on the type and timing of che-
mical patterning. HiPSC-derived OL cell enrichment using well-known
surface antigens has been reported (A2B5 [236], [240], Sulfatide-re-
cognizing O4 [218], [237], CD140a and CD9 [240]). However, as has
been demonstrated previously and reinforced by scRNA-seq [250–255],
few of these surface antigens and their encoding-genes are differentially
expressed between neuroglia populations in the CNS. Furthermore,
their expression may vary across human OL subtypes [256], [257], and
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the in vitro viability of sorted cells is quite limited [237]. While the
CD140a antigen recognizing the PDGF receptor alpha in OPCs has
shown great promise for enrichment of hiPSC-derived OL precursors or
hOPC [240], results have not yet been sufficiently reproduced nor
tested with protocols that co-generate neurons and thus require further
exploration.

Physical forces and mechanical cues may be harnessed to address
population heterogeneity upstream by guiding lineage specification and
progression, and downstream by facilitating label-free separation of key
cell subpopulations such as OL. While scRNA-seq is a powerful tool for
identification of novel surface markers with sufficient specificity to
meet the current need, label-free separation approaches also offer un-
ique opportunities that include potential universality across differ-
entiation protocols, cheaper and faster methods, scalability with high
level of parallelization, which may become important as we draw closer
to personalized medicine, and yielding unlabeled cells closer to clinical
compliance. Label-free methods have been optimized to separate pri-
mary cells from rat, mouse, and human brains [258–261]. While the
same principles may be applicable to derived neuroglia, these have not
yet been demonstrated, and few have been optimized to enrich for the
oligodendrocyte population. More research is required to elucidate
differences across various OL, astrocyte, and OL subtypes. Further
mechanical characterization can also help reconcile physical and me-
chanical attributes (e.g., differences in cell stiffness) with cell identity,
and construct novel separation schemes based on biophysical attributes.

Challenges in downstream isolation of hiPSC-derived OL-lineage
subpopulations of interest could be at least partially circumvented by
improving protocol efficiency upstream. Direct and transcription factor-
mediated OL differentiation protocols have been reported [157], [262],
[263]. These promise higher cell type homogeneity, faster and scalable
procedures. However, these methods have been less tested; the mod-
ifications therein yield cells that currently cannot be used in patients,
and may bypass important maturation steps in the cells' development.
Little is also known about the unintended changes that forced tran-
scription factor overexpression may cause on the intended OL pheno-
type. Three-dimensional culture systems have been engineered to im-
prove early hOPC differentiation [145]; reprogram somatic cells to
pluripotency [264]; generate patterned tissues from pluripotent stem
cells [265]; expand iPSCs [266] and drive the formation of human or-
ganoids [267–269]. Increasing insights into the complexity of OL me-
chanosensitivity and its manifestation in human cells will help shape
new tools and approaches to further optimize oligodendrogenesis from
hiPSCs.

5.3. Other uses of CNS mechanics as engineering and diagnostic tools

Additional challenges remain in hiPSC technology and CNS research
and therapy, for which engineering approaches may be valuable.
Functional maturity of hiPSC-derived OL may be critical to model and
study the progression of human development and aging diseases such as
Alzheimer’s, Parkinson’s and amyotrophic lateral sclerosis (ALS). While
most hiPSC-derived CNS cells resemble fetal maturity, functional ma-
turity has been achieved by long-term culture (> 12 months). However,
better modeling of the 3D physical and mechanical extracellular en-
vironment may accelerate or better recapitulate neuroglia maturation
[270] [271], and promote higher yield and greater homogeneity of the
cell population phenotype. Cell proliferation is also critical to achieve
the cell numbers necessary for scale up and manufacturing [272], and
cost-effective strategies will be necessary to realize the potential of such
approaches for cell-based therapy. Various modalities of 3D culture
have been adapted for expansion of embryonic, mesenchymal and in-
duced pluripotent stem cells and derivatives [273]. Dynamic and static
mechanical cues noted above in basic research studies of OL mechanical
regulation may also be used to increase the rate and scale of pro-
liferation of certain neuroglia lineages. Interesting and novel ideas such
as simulated microgravity have also been pursued [274].

Changes in mechanical properties of tissue may also be harnessed to
develop non-invasive biomarkers. The magnitude of tissue strain has
been suggested as a discriminator between glioma and normal brain
tissue [51], in vivo magnetic resonance elastography (MRE) measure-
ments infer estimated tissue stiffness and correlate with intracranial
pressure [275], [276], and water diffusion changes are common global
markers for myelin content [277]. More sensitive and specific techni-
ques are yet to be developed to capture de- and remyelination at the
microscale in vivo.

6. Outstanding questions and future directions

Mechanobiology of the CNS is a relatively new field of exploration.
Although the community has expanded our understanding of how
neural cells including neuroglia and their progenitors respond to me-
chanical cues, many important questions remain unanswered. Next we
consider a few of those outstanding questions that we feel should be
addressed by further studies.

6.1. What magnitudes, exposure times, modes, and combination of cues are
sufficient to induce significant changes of OPC biology?

Different mechanical cues can enhance or decrease processes such
as OPC migration, proliferation, and differentiation. However, we do
not know the threshold magnitudes of those various cues sufficient to
induce measurable differences in these processes. These thresholds will
likely be different for each process. For example, we observed an in-
creasing trend in average MBP expression between OPC populations
cultured on the range of substrata with stiffness from 0.1 to 1.0 kPa [5].
This trend however was non-linear; an increase observed between 0.1
and 0.4 kPa stiffness conditions was larger than the changes observed
between 0.4 and 0.7 kPa. This suggests that in the tissue, stiffness
changes within 0.4 and 0.7 kPa range may be less impactful for OPC
differentiation than the changes from 0.4 to 0.1 kPa. In contrast, for
OPC proliferation we observed no changes on gels with stiffness 0.1 and
0.4 kPa, but significant increase when stiffness increased to 0.7 kPa.
Studies of strain effect on OPCs were conducted under static strains of
10–15 % [4], [7], which were sufficient to induce changes in OPC
proliferation and differentiation. However, we do not know the
minimum threshold of tensile strain that can cause observable changes
in these processes. It is also not clear how temporal duration of these
cues would affect OPC biology. For example, in our studies to assess the
effect of substratum stiffness on OPC differentiation, the cells were
grown on gels with defined stiffness for 3 days and after reaching this
time in culture the MBP expression was measured by immunostaining
[5]. While that experimental design demonstrated increased MBP ex-
pression on stiffer gels over the range considered, it is not known
whether the increase in MBP expression would be still observed if cells
were exposed to stiffer conditions for a shorter duration than 3 days,
then transferred to a more compliant substratum and tested for MBP
expression after reaching the day 3 time point. In our strain studies,
tensile static strain was applied for 3 and 5 days [4]. Would shorter
strain duration or dynamic strain modes be sufficient to trigger or in-
crease OPC differentiation to the same extent? Do OPCs have stiffness
and strain memory, before or even after cell doubling, due to epigenetic
modifications? In other words, can mechanical cues trigger the process
of differentiation, which then proceeds even when the cue is no longer
present? Finally, various cues act on cells simultaneously in vivo. We do
not know how combinations of different cues affect OPC biology. It is
possible that some combination of these cues, with specific magnitudes
and modes, can be synergistic or antagonistic.

6.2. Are mechanical cues that are accessible in vitro also meaningful in
vivo?

Although separate mechanical cues studied in vitro can have
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significant observable effects on OPC biology, those cues are but a small
fraction of all the cues that act on OPC concurrently in vivo. It is not
clear which of the mechanical cues, and at what magnitudes, may be
significant in the presence of biochemical factors. To address these
questions, studies of more complex design are required. Further, such
experiments should be designed and described to either recapitulate a
mechanical cue that is present in vivo (i.e., as a platform to learn about
developmental or disease responses) or to manipulate mechan-
otransductive pathways as an intervention (i.e., as a tool, in which case
it is not necessary that the cue be present under physiological or pa-
thological conditions in vivo) (Fig. 3).

6.3. What are the mechanotransduction mechanisms and involved signaling
pathways for various mechanical cues?

More detailed understanding of the mechanisms governing me-
chanotransduction opens opportunities to develop therapeutic ap-
proached based on these mechanisms. The mechanisms of how strain
and stiffness may increase OPC differentiation and formation of com-
pact myelin sheaths in myelination or remyelination in vivo are not yet
fully understood. Even if strain will not be applied to OPC in vivo to
elicit differentiation and promote myelination, understanding the
pathways by which strain promotes such a response can reveal drug
target opportunities.

6.4. Are human OPCs also mechanosensitive?

Studies of mechanosensitivity have been limited to use of murine
OPC for practical reasons related to human OPC availability and chal-
lenges in hiPSC-derived OPC generation and purification. Are human
OPC similar in their responses to mechanical cues; are they mechan-
osensitive at all? Ultimately, we must understand mechanosensitivity of
human OPCs to be able to use this knowledge for therapeutic ad-
vantage. The emerging access to OPC and OL of human origin provides
a necessary component of answering these questions, and will require
improved differentiation and purification of cell populations to ask
these questions well. Indeed, it is possible but not yet established that
mechanical cues (among others such as physical cues of synthetic ma-
trices or substrata) can also help improve that yield of hiPSC-derived
OPC and OL (Fig. 3).

6.5. Future directions in OPC mechanobiology

In continuation of efforts to understand mechanobiology of OL and
other neuroglia, it will be essential to understand what types and
magnitudes of distinct mechanical cues exist in the in vivo environment
of the nervous system and how this mechanical environment changes in
the disease. Development of materials that can match neural tissue and
neural cell mechanical properties, as well as progress in generation of
human neural cells and organoids from healthy and disease carrying
donors, provides new means to build such in vitro models. These models
can be also used to test how physiological and pathological mechanical
cues affect different aspects of OL biology, including differentiation and
myelin formation. Increasing access to human cells from both healthy
and diseased donors opens now possibilities to model mechanical en-
vironment characteristic of specific diseases. Such models can be im-
portant tools to test cells responses to therapeutics in a disease context,
for which the mechanical environment can and does differ from that of
healthy tissue. Furthermore, development of the reductionist models of
in vitro CNS environments will be essential to understand mechan-
otransduction and evaluate the impact of specific mechanical cues in
the context of other factors.

Understanding when and how mechanical cues can promote OL
differentiation and myelination could open new avenues for therapeutic
applications (Fig. 3). For example, we could explore biomolecules
emerging from mechanotransduction pathways as new targets for
pharmacological compounds to stimulate myelin repair. Another po-
tential area of application is improving the in vitro protocols of gen-
eration of human neuroglia from stem cells, by applying mechanical
cues that accelerate differentiation into the desired lineage. Together,
the biological and materials engineering approaches that allow us to
probe and exploit mechanical regulation in OL differentiation and key
functions such as myelination set the stage for an exciting decade of
interdisciplinary discovery for both fundamental research and ther-
apeutic applications.

Acknowledgements

This work was supported by grants from National Institutes of
Health, USA under award number 5-R21-NS102762-02 and the
National Research Foundation-Prime Minister's office, Republic of
Singapore under its Campus for Research Excellence and Technological
Enterprise (CREATE) program, through Singapore-MIT Alliance for
Research and Technology Centre (SMART): BioSystems and

Fig. 3. Implications of oligodendrocyte me-
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chanotransduction pathway; (2) understanding
how in vivo mechanical environment affects
myelination in health and disease; (3) using
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testing; and (4) speeding the generation of
human oligodendrocytes from human induced
pluripotent stem cells.
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