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Abstract

The identity and behavior of a cell is shaped by the molecular and mechanical composition of its
surroundings. Molecular cues have firmly established roles in guiding both neuronal fate decisions
and the migration of cells and axons. However, there is growing evidence that topographical and
rigidity cues in the extracellular environment act synergistically with these molecular cues. Like
chemical cues, physical factors do not elicit a fixed response, but rather one that depends on the
sensory makeup of the cell. Moreover, from developmental studies and the plasticity of neural
tissue, it is evident that there is dynamic feedback between physical and chemical factors to
produce the final morphology. Here we focus on our current understanding of how these physical
cues shape cellular differentiation and migration, and discuss their relevance to repairing the
injured nervous system.

INTRODUCTION

The properties of the extracellular environment can be divided into its chemical and physical
components. The importance of chemical cues in cellular differentiation, cell migration, and
axon guidance is well established. Proteins known as morphogens specify the fates of neural
precursors (reviewed in Wen et al., 2009), and protein cues in the extracellular space guide
cell migration and axon extension (reviewed in Raper and Mason, 2010).

However, there is mounting evidence that the physical characteristics of the extracellular
environment have important roles during development. These physical cues can be broadly
divided into topography and rigidity. Interestingly, observations made in some of the earliest
cell culture experiments suggested an important role for the mechanical properties of the
substrate. Upon culturing embryonic frog cells on spider web filaments, Ross Granville
Harrison noted the necessity of a solid substrate for cellular extension (Figure 1A) and
remarked that “when the lymph clotted firmly the movement was nearly always active,
while in the cases in which the medium remained fluid only rounded cells were seen and
these failed to undergo characteristic changes of form and locomotion” (Harrison, 1914).
Paul Weiss obtained early evidence that topographical features of the substrate might guide
axons. Specifically he noticed that the trajectory of axons aligned to the parallel grooves
generated by brushed clotting blood onto a glass coverslip (Figure 1B, Weiss, 1934).
Despite these seemingly straightforward observations, a clear causal effect of the
mechanical properties on cellular behavior in these studies became unclear. For one, the
clotting process of blood was found to release chemical growth factors (Kohler and Lipton,
1974). As such, the rounded cells observed by Harrison may have been a consequence of a
lower concentration of growth factors and Weiss’ painted grooves could have selectively
deposited chemical factors.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Moore and Sheetz

Page 2

Recent studies have sought to clarify the role of physical parameters by carefully
engineering substrates to selectively vary rigidity and topography, while maintaining a
constant chemical composition. Here we will discuss these studies and present emerging
evidence that mechanical factors influence the differentiation of precursor cells, the
extension rate and branching of axons and the clustering of vesicles at pre-synaptic sites. We
will also address recent findings of interplay between chemical and physical forces during
development, including our finding that growth cones exert a traction force on the netrin-1
cue during chemoattraction. Finally, we will outline how a better understanding of cellular
responses to physical cues will aid our ability to repair the damaged nervous system.

Topography of the nervous system

The nervous system is a complex three-dimensional environment whose topographical
features likely span a large spectrum of morphologies and size scales. Unfortunately, there is
very little detail on the topographical features of the nervous system. There have been recent
attempts to address this deficit using atomic force microscopy (AFM). For instance, the
filopodia of rat hippocampal neuron growth cones have been reported to have thicknesses in
multiples of 60nm (Parpura et al., 1993). As well, the topography of fixed sciatic nerve
axons have been examined from 6-month old wild type (myelinated) and trembler-mutant
(unmyelinated) mice (Heredia et al., 2007). Although a quantitative account was not
provided, unmyelinated axons were qualitatively reported to have a smoother surface. With
the greater availability of tools for structural analyses and the growing appreciation of the
role of topographical features on cellular behavior, precisely mapping the landscape of the
nervous system will undoubtedly yield unexpected and stimulating findings.

Despite the absence of a clear picture of the nervous system’s topography, some useful
inferences can be made. Notably, categorizing the size scale of topographical features
emanating from cell bodies, axons and dendrites or the ECM. Cell bodies vary greatly in
size between cell types, however in the vertebrate nervous system they typically have
diameters in the tens of micrometers (10 to 50 um), whereas axons and dendrites have
diameters in the micrometer range (typically 0.2—3 um) (Hollenbeck and Bamburg, 2003;
Palay and Chan-Palay, 2010). ECM components like fibronectin, collagen and laminin have
features at the level of the hundred nanometers and under. For instance, collagens have
lengths of ~300nm; and when they form fibrils they are staggered ~65nm apart and the
fibrils have diameters of 33-250nm (Amenta et al., 1986; Wess, 2005). Laminins have
globular domains of approximately 4nm in diameter and fibronectin filaments have
diameters of approximately 10nm (Beck et al., 1990; Pompe et al., 2005).

Effect of topography on migration

An in vivo context in which topography guides either cells or axons has been difficult to
firmly establish. However, two contexts are particularly suggestive: during development of
the cerebral cortex, cortical neurons migrate along radial glia (Rakic, 1972) and in the
development of the cerebellum, neuroblasts migrate along aligned axon tracts (Hynes et al.,
1986). Moreover, an elegant experiment showed that dorsal root ganglion axon trajectories
were influenced when cultured on astrocytes that were previously aligned using an electric
field (Alexander et al., 2006). However in each of these instances, because the topographical
substrate is a living cell that can actively alter its chemical composition, it is difficult to
dissociate chemical and mechanical influences.

As such, the best support for contact guidance of both cells and axons comes from extensive
in vitro experiments using micro-fabricated substrates (reviewed in Hoffman-Kim et al.,

2010). These experiments have shown that cells, axons and dendrites can be reoriented with
feature dimensions down to a couple hundred nanometers — in other words, on the size scale
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of neurite diameters (see above, Clark et al., 1990; Fozdar et al., 2010; Hirono et al., 1988;
Johansson et al., 2006). Whether ECM features that are on the order of tens of nanometers or
less can influence cell and axon migration has yet to be firmly established. The best
evidence that axons can sense ECM topography was obtained by culturing DRG explants in
collagen gels where the fiber orientation was biased by tilting the culture dish during the
polymerization process (Ebendal, 1976). These aligned fibers, with diameters of 50-100nm,
were found to direct axon growth in the direction of their alignment. In terms of cell
migration, it has been reported that 35nm diameter pits affect cytoskeletal organization and
that surfaces with 10nm high bumps increase the number of leading edge filopodia in
fibroblasts (Dalby et al., 2004a; Dalby et al., 2004b). A key challenge will be to use modern
fabrication techniques to test whether features on the scale of tens of nanometers and under
can guide axon and cell migration.

Effects of topography on neural precursor differentiation

Recent in vitro findings are providing tantalizing evidence that surface topography
influences the cell fate decisions of neural progenitors. Specifically, substrate topography
has been reported to guide the differentiation of precursors derived from either embryonic
neural tissue or neural progenitor cell lines (e.g. H945RB.3) (Christopherson et al., 2009;
Lee et al., 2010; Recknor et al., 2006; Tsuruma et al., 2008; Wu et al., 2010; Yim et al.,
2007). Neuronal fates in these studies are typically determined based on immuno-detection
of markers of undifferentiated cells (e.g. Nestin), neurons (e.g. B3-tubulin, MAP2) or glia
(e.g. GFAP, CNPase); however up-regulation of multiple neural associated genes can be
demonstrated by extensive profiling of mMRNA expression levels (Yim et al., 2007). There is
not yet a clear pattern defining which topographies promote a given lineage, although a
unifying theme throughout these studies is that topographical complexity on scales between
a few hundred nanometers and several microns promotes a faster differentiation than a flat
substrate.

Topography Sensing Mechanisms

The topographic sensing mechanisms of cells and growth cones are poorly understood. At
longer length scales, when features are above 10-20um, the decision likely reflects intrinsic
constraints on cellular probing distances. For instance, when embryonic mouse cortical
neurons were plated on large polylysine-coated PDMS channels with heights 10 um or less
and covered with a gel composed of laminin and collagen (Matrigel) (Li and Folch, 2005),
growth cones preferred the PDMS/polylysine surface to the gel. However, when the height
of the channel exceeded 11 pm, axons extended straight into the laminin/collagen gel. One
potential interpretation of this is that at distances above 11um the surface below is no longer
within reach of the growth cone’s filopodia. In this situation, the growth cone is therefore
blind to the surface below and therefore continues straight into a less preferred environment.

To sense features under a micron, however, other mechanisms that have yet to be fully
understood, must be at play. One possibility is that the curvature of the plasma membrane is
responsible. Simulations and observations in rat hippocampal slices suggest that
morphological perturbations of cells can directly influence intracellular signaling (Neves et
al., 2008). However, this mechanism suggests that topographical sensing is passive, which is
not always the case. This is best illustrated by the unique responses of different neuronal
populations to topography. Notably, PNS neurons tend to migrate parallel to grooved
surfaces, while CNS neuroblasts have been observed to migrate in both parallel and
perpendicular directions on grooves that had depths between 0.3 um and 0.8 um and a width
of 1 um, which roughly mimics a tightly aligned neurite bundle (Nagata et al., 1993). As
such, cells can control their response to the environment’s topography.
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Active topography sensing might arise from membrane curvature sensing proteins. Three
classes of proteins are recognized for their ability to sense membrane curvature: Bin-
Amphiphysin-Rvs (BAR) domain containing proteins, amphipathic helices and certain
membrane-anchored proteins (reviewed in Bhatia et al., 2010). Amphipathic helices and
BAR-domain containing proteins accumulate at curved membranes through insertion of
their amphipathic motifs into lipid packing defects (Bhatia et al., 2009; Hatzakis et al.,
2009). Though primarily studied in the context of endocytosis, BAR-domain proteins can
also regulate the actin cytoskeleton (Dawson et al., 2006). For instance, focal adhesion
protein 52 (FAP52, also known as PACSINs or Syndapin) contains an amino terminal F-
BAR domain and is known to regulate actin organization and to bind filamin (Nikki et al.,
2002; Plomann et al., 2010). Membrane curvature can also regulate the enzymatic activity of
membrane-associated proteins. For instance, the kinase activity of protein kinase C (PKC) is
increased with membrane curvature (Slater et al., 1994). A key challenge of the future will
be to determine the mechanism responsible for cellular substrate topography sensing.

Rigidity landscape of the nervous system

Rigidity is commonly reported as either shear (G) or elastic (E) moduli (Figure 2). These
two measures are related by E=2G(1+ v), where v is the Poisson ratio. When a material does
not change volume upon deflection the Poisson ratio equals 0.5 and its shear modulus will
therefore be a third of its elastic modulus. For simplicity, the values discussed here will be
elastic moduli.

The central nervous system (CNS) is one of the softest tissues in our body with an elastic
modulus falling between 0.1 and 10 nN/um? (equal to 0.1-10 kPa, Elkin et al., 2007; Gefen
et al., 2003; Hirakawa et al., 1981; Metz et al., 1970). Comparatively, muscle (10 — 100 nN/
um?2), connective tissue and arteries (100 — 1,000 nN/um?) and bone (15,000,000 —
30,000,000 nN/um?) are much more rigid (reviewed in Moore et al., 2010). Unfortunately,
most studies of the nervous system’s rigidity have been performed in the context of injury
models and the data is often incomplete and sometimes contradictory (reviewed in Cheng et
al., 2008). For instance, the rigidity of CNS has been reported to both increase (Thibault and
Margulies, 1998) and decrease with age (Gefen et al., 2003; Prange and Margulies, 2002).
Discrepancies likely reflect measurement methods such as the rate, distance and surface area
of indentation. Moreover, commonly used methods do not probe mechanics on the scales
relevant to cells. Atomic force microscopy (AFM) and a technique known as laser-tracking
microrheology (based on differences in Brownian motion) have been used to detect rigidity
differences on a sub-cellular scale in cultured endothelial and epithelial cells (Roca-Cusachs
et al., 2008; Yamada et al., 2000). These techniques have the potential to map rigidity at a
resolution relevant to cells; in other words at a resolution of 1-5um? at rates between 0.1—
1um/s. AFM has been used to map the rigidity of a growth cone and the adult hippocampus.
Regional rigidity differences have been reported in live Aplysia growth cones (Xiong et al.,
2009). Specifically, the elastic modulus of the central domain (3-7 nN/um?) was found to be
softer than the transition zone (7—23 nN/um?) and the peripheral domain (10-40 nN/um?).
For rigidity mapping of the adult mouse hippocampus, a 25um diameter bead was attached
to the AFM tip avoid detecting subcellular features (Elkin et al., 2007). At an indentation
depth of 3um, significant rigidity variations were detected between the CA1 (0.14 nN/um?)
and the CA3 (0.23 nN/um?) pyramidal cell layers. The CA3 stratum radiatum (0.31 nN/um?2)
was found to be stiffer than all other regions of the hippocampus examined.

Rigidity effects on cell and axon migration

Substrate rigidity can affect the branching and extension rates of neurons. This phenomenon
has been particularly well documented for DRG axons in both 2D and 3D environments
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(Balgude et al., 2001; Norman and Aranda-Espinoza, 2010; Willits and Skornia, 2004).
Increased extension rates have been observed on softer substrates when comparing rigidities
ranging from 0.014 and 13 nN/um?2. This behavior is apparently reversed below rigidities of
0.003 nN/um?; in other words, DRG axons extend slower when on substrates softer than
0.003 nN/um? (Willits and Skornia, 2004). However, the physiological relevance of this is
questionable given that tissue rigidities below 0.01 nN/um? have not been reported.
Increased axon extension rates on softer substrates have also been observed for hippocampal
neurons on rigidities between 0.5 and 7.5 nN/um? (Kostic et al., 2007). Interestingly,
embryonic spinal and cortical neuron axon extension rate appear insensitive to substrate
stiffness (Flanagan et al., 2002; Norman and Aranda-Espinoza, 2010). This absence of
cortical neuron rigidity sensitivity was particularly well characterized using several substrate
rigidities (0.26, 0.87 and 13 nN/um2) in the vicinity of the average, AFM measured cortical
tissue rigidity (0.3 nN/um?). Moreover, this same study reproduced the increased outgrowth
of DRG axons on softer substrates. Thus there appears to be cell type specific, axon
extension responses to substrate rigidity (see below).

Aside from axon extension, substrate stiffness can also affect cell migration and axonal
branching. Embryonic spinal neurons have been reported to have a 5-fold increase in the
number of branches per millimeter on softer substrates of 0.05 nN/um? compared to 0.55
nN/um? substrates (Flanagan et al., 2002). Although the effect of substrate rigidity on
migration has not been directly examined with respect to neuronal cells, studies have been
carried out on fibroblasts and leukocytes (Lo et al., 2000; Mandeville et al., 1997). The
studies found that those cells migrated toward more rigid substrates, a phenomenon known
as durotaxis.

Substrate rigidity effects on neural precursor differentiation

Cellular stiffness and contraction have important roles from the very early stages of
embryogenesis to organogenesis (reviewed in Mammoto and Ingber, 2010). Cells that make
up the extracellular environment can dynamically regulate ECM rigidity. For instance,
surface tension of tissue is linearly related to the amount of cell surface cadherin receptor
(Foty and Steinberg, 2005). When exposed to mechanical stress, undifferentiated mouse
embryonic stem cells rapidly change their mechanics and lose pluripotency (as measured by
the suppression of Oct3/4 gene expression) (Chowdhury et al., 2010). Orientation of the
spindle axis in cell division is governed by the spatial distribution of ECM adhesions that
resist cell traction forces, and not by chemical signals generated in response to ECM binding
(Thery et al., 2005). Substrate rigidity can selectively promote the survival of neurons over
glia (Georges et al., 2006). Specifically, plating dissociated embryonic rat cortices
(embryonic day 17 to 19) on substrates with elastic moduli of ~ 0.75 nN/um? promoted
survival of neurons, while substrates above 6 nN/um? promoted survival of glia. An
important goal of future research will be to firmly establish whether substrate rigidity can
influence the differentiation into specific neuronal fates, as has been reported using
mesemchymal stem cells (Engler et al., 2006).

Rigidity Sensing Mechanisms

Exactly how cells and neurons sense rigidity is unclear. One possibility, that may be most
relevant to cellular differentiation, is that mechanical factors directly influence gene
expression. There is evidence that surface adhesion receptors, such as integrins and
cadherins, are mechanically coupled to gene expression. Forces exerted on integrins can
reshape the nucleus and chromosomes are mechanically interconnected (Maniotis et al.,
1997a; Maniotis et al., 1997b). It has been demonstrated that the cytoskeleton and the
nucleoskeleton are mechanically connected through a complex composed of Sun proteins

Dev Neurobiol. Author manuscript; available in PMC 2012 March 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Moore and Sheetz

Page 6

and Nesprins (Crisp et al., 2006; Haque et al., 2006; Padmakumar et al., 2005). This LINC
(Linker of Nucleoskeleton and Cytoskeleton) complex could potentially regulate gene
expression through a variety of mechanisms, including: (1) unfolding DNA and therefore
easing access to certain regions, (2) sequestration of transcription factors and (3) regulation
of nuclear pore size (reviewed in Wang et al., 2009).

Another possibility is that rigidity sensing occurs through the traction forces generated by
cells and growth cones (reviewed in Moore et al., 2010). Though this mechanism may be
more relevant to effects on migration, intracellular cascades induced through mechano-
transduction could equally influence cell fate decisions. In this model, cells sense rigidity by
evaluating the amount of give (strain) for a given pulling force (stress, Figure 2). Both cells
and growth cones actively pull on their environment (Bray, 1979; Harris et al., 1980). Cells
have been reported to pull on their environment with up approximately 200 nN/um? (see
Moore et al., 2010) and the retraction of individual vertebrate growth cone filopodia exerts
approximately ten piconewtons (Hallstrom et al., 2010; Moore et al., 2009). Non-muscle
myosin |1 is the motor protein responsible for cellular traction forces. Myosin Il is organized
as bipolar mini-filaments in cells and growth cones (Bridgman, 2002; Cai et al., 2006;
Svitkina et al., 1989). Each double-headed myosin Il generates between 1.3 and 3.7
picoNewtons (pN) (Finer et al., 1994; Guilford et al., 1997; Ishijima et al., 1994; Molloy et
al., 1995; Tyska et al., 1999).

Three traction force dependent, rigidity-sensing mechanisms can be envisioned: ‘protein
stretching’, “catch bond formation’ and ‘clutch slippage’ (Figure 3). The protein stretching
mechanism is founded on the observation that mechanical tension felt on a protein can alter
its activity through conformational changes. Examples include the exposure of
phosphorylation sites within p130Cas (Sawada et al., 2006), the exposure of vinculin-
binding sites within talin (del Rio et al., 2009), activation of titin kinase (Puchner et al.,
2008) and the opening of ion channels (Sukharev and Corey, 2004). In its simplest form, this
model predicts that stiffer substrates will better stretch proteins leading to greater
reinforcement of the ECM-cytoskeletal link, and therefore predicts larger forces on stiffer
substrates. The second ‘catch-bond formation’ mechanism is based on the observation that
the strength of certain interactions can be increased under a given range of loading rates. A
catch bond mechanism has been reported between integrins and fibronectin at forces of 10—
30 pN (Kong et al., 2009). Similarly, a catch bond has been reported between myosin Il and
actin filaments at approximately 6 pN (Guo and Guilford, 2006). Because catch bonds have
a ‘window’ of loading forces where binding strength is increased, this model would be
consistent with a certain range of rigidities evoking larger traction forces. The third ‘clutch
slippage’ mechanism is founded on the idea that the bridging of the extracellular
environment to retrogradely flowing actin occurs at a constant rate (Chan and Odde, 2008).
Because the loading rates on these linkages will rise much quicker on rigid substrates, fewer
linkages form and smaller traction forces are generated. For growth cones, it has been
proposed that there is a sharp boundary at an elastic modulus (E) of 1 nN/um?2 where
traction forces are dramatically reduced and actin retrograde flow increases (Chan and Odde,
2008). Given that the nervous system has an E between 0.1-10 nN/um?, this would indicate
that the physiological rigidity of the nervous system profoundly influences a growth cone’s
behavior. Moreover, it could explain why some neuronal populations have reduced axon
extension rates on rigid substrates (see above). However, as mentioned above, not all
neuronal populations are responsive to substrate rigidity. Further, this ‘clutch slippage’
model runs against observations in numerous other cell types, including epithelial,
fibroblasts and mesenchymal stem cells, where there are increased traction forces with
substrate rigidity (Choquet et al., 1997; Fu et al., 2010; Saez et al., 2005).
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Clearly further work is required to characterize and understand the rigidity sensing
mechanisms of cells. However given the obvious variability in the responses between
populations, rigidity sensing decisions must be a product of neural identity. In other words,
rigidity cues need to be viewed in a similar light as chemical ones where the response is not
intrinsic to the cue, but rather depends on the makeup of the cell’s sensing apparatus.

At the interface: The physical side of molecular cues

There is an important reciprocal relationship between molecular ligands and mechanical
forces. This well appreciated for classical ECM components (e.g. fibronectin, collagen,
laminin) and adhesive receptors (e.g. Integrins, Cadherins and 1g-class receptors) (reviewed
in Moore et al., 2010; Wang et al., 2009). However this relationship exists with several
molecular cues involved in neuronal cell fate decisions and guidance. Nodal, a member of
the TGFB family that is important for specifying left-right asymmetry cell fates in numerous
contexts, including certain regions of the brain (Roussigne et al., 2009), has been shown to
regulate actomyosin-dependent cell-cortex tension (Krieg et al., 2008). Wnt and hedgehog
proteins, which have been implicated in both cellular differentiation and guidance, promote
cytoskeletal contraction (Corrigall et al., 2007; Lee et al., 2006). Similarly, regulation of
myosin Il contractility has been implicated in the response to several ‘classical’ axon
guidance cues, including: ephrins, slits, netrins, semaphorins (Gallo, 2006; Murray et al.,
2010; Yue et al., 2008).

There has also been a recent explosion of reports on the importance of mechanical forces in
the function of chemical cues. In terms of cell fate, mechanical forces may be important for
the function of Notch proteins. Notch proteins are a family of single-pass transmembrane
receptors implicated in the differentiation of numerous cell types including neurons (Gaiano
and Fishell, 2002). There is mounting evidence that Notch ligands activate Notch through
mechanical stretching (Kopan and Ilagan, 2009). In terms of axon guidance cues, we have
shown that the secreted netrin-1 cue experiences traction forces when it attracts the growth
of spinal commissural neuron axons (Moore et al., 2009). Further, Ephrins signaling through
their Eph receptors, known to guide both axon and cell migration during development
(Pitulescu and Adams, 2010), have been shown to have important mechanical contributions
(Salaita et al., 2010). Specifically, restricting the lateral diffusion of the EphAl receptor
within the membrane is required for numerous signaling events with GPI-linked Ephrin-Al.

Importance of Biophysical Interactions in Neural Repair

A better understanding of the substrate preferences of cells and axon will impact our ability
to repair the injured nervous system. It has been reported that DRG axon extension can be
arrested by discontinuities in substrate rigidity (Yu and Bellamkonda, 2001). This is
particularly relevant for the design of scaffolds to bridge the injured nervous system.
Attempts to use peripheral grafts in the CNS of animals have been met with limited success
and currently grafting is only applied to injuries of the PNS in humans (David and Aguayo,
1981; Schlosshauer et al., 2006). Synthetic scaffolds are being developed to improve
regrowth efficiency and to address situations where there is insufficient autologous graft
material. These synthetic scaffolds can achieve regrowth that is comparable to autologous
nerve grafts (Schlosshauer et al., 2006). There is hope that better-designed synthetic
scaffolds, in terms of both their chemical and physical properties, could expand their
effectiveness in the PNS and eventually be used to treat CNS injury (Madigan et al., 2009;
Straley et al., 2010).

A better understanding of the biophysics of axon extension will also improve the
development of pharmacological agents that promote axon regeneration. Several
pharmacological manipulations have been identified that promote the ability of an axon to
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extend across inhibitory substrates. Notably, elevating intracellular cyclic AMP levels,
stabilizing microtubules and inhibition of the RhoA Rho GTPase and non-muscle myosin 11
have been reported (Cai et al., 1999; Dergham et al., 2002; Hellal et al., 2011; Hur et al.,
2011). With each of these pharmacological manipulations, however, it is important to
consider their effect on the mechanical environment through their action on surrounding
cells, particularly with respect to cytoskeleton. Although the effects of stabilizing
microtubules and inhibition of myosin are self-evident, elevating cAMP can reduce actin
polymerization (Lambrechts et al., 2000; Ohta et al., 1987) and inhibiting the RhoA pathway
is known to inhibit myosin contractility that relaxes the cortical actin meshwork (Sandquist
et al., 2006; Sullivan et al., 1999).

Biophysical considerations are also important for stem cell-based treatments. Clinical
studies on humans are under way to test the safety and potential of mesenchymal stem cells
(MSCs) to treat neurological disorders, including Parkinson’s and amyotrophic lateral
sclerosis (Joyce et al., 2010; Miller et al., 2010). These studies intend to use MSCs to
improve health through trophic support, however there is the potentially they could be used
to replace lost neurons. Bone marrow derived MSCs have been reported to spontaneously
express markers of differentiated neurons (B11-tubulin, NFM) and glia (51008, GFAP) both
in culture and when implanted into the lateral ventricle of the neonatal mouse brain (Deng et
al., 2006). Importantly, it has been reported that substrate rigidity and topography can
influence the differentiation of cells from these precursors (Engler et al., 2006; Yim et al.,
2007).

CONCLUSION

From the above discussion, it is clear that rigidity and topography influence the migration
and differentiation of cells within the nervous system, and that the mechanism by which
cells sense the mechanical properties of their surrounding is a local and dynamic process.
Although our understanding of this mechanical sensing is still in its infancy, its importance
is beginning to emerge in unexpected physiological processes throughout the body. One
notable example, relevant to neurobiology, is the recent implication of mechanical forces in
synaptic function and remodeling. Tension along axons and its importance for neurite
extension is well documented (Bray, 1979; Heidemann and Buxbaum, 1994). Recent
findings using locust frontal ganglion neurons on patterned quartz surfaces proposes that
tension is important for synaptic maintenance (Anava et al., 2009). Specifically, tension was
estimated based on the branching angles of neurites and was correlated with the persistence
of neurite connections. Similarly, in the developing Drosophila melanogaster embryo,
applying tension to motor neuron axons is necessary for the accumulation of presynaptic
vesicles at neuromuscular junctions (Siechen et al., 2009). Moreover, using a single silicone
crystal that was calibrated using AFM, this study also measured the tension along a single
motor axon to be approximately 1nN.

As our appreciation of mechano-chemical influences matures, it is likely that additional
unforeseen roles will surface. Clearly, awareness of the collaborative nature of the
mechanical and chemical forces is indispensable for a comprehensive understanding of the
cellular processes that shape and regulate our bodies.
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Figure 1. Early observations of the importance of solid substrates and contact guidance of axons
(A) Ross Granville Harrison cultured embryonic frog spinal neurons culture in a meshwork
of spider web filaments and observed that these cells only extended along the solid support
of these filaments. (B) When Paul Weiss cultured embryonic chicken spinal neurons on
grooves generated by brushing clotting blood, he noted that axon tended to follow the
direction of these channels. Panel A is reprinted, with permission, from the Journal of
Experimental Zoology 1914 volume 17, issue 4, pages 521-44. Panel B is reprinted, with
permission from the Journal of Experimental Zoology 1934 volume 68, issue 3, pages 393—
448.
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Figure 2. Shear and Elastic Moduli of Rigidity

Both shear and elastic moduli are defined as the ratio of stress for a given strain. The key
difference between the two is the direction of applied force. For shear modulus, the direction
is perpendicular to the height, whereas for the elastic modulus it is parallel.

>
-
¢

Dev Neurobiol. Author manuscript; available in PMC 2012 March 19.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Moore and Sheetz

A Protein Stretch B Catch Bond C cuten Slippage

— — -

= rcloased = reinforced Too soft or hard ‘Tuned' rigidity Soft = more
= = held connections Hard = slip

e S rere

Figure 3. Three rigidity sensing mechanisms based on ECM coupling
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(A) On hard surfaces intracellular proteins that bridge the ECM to the cytoskeleton could be
mechanically stretched leading to the exposure of cryptic functions (e.g. protein binding

regions or kinase activity) that reinforce ECM linkages. (B) A catch bond between the

receptor and the ECM could lead to a specific range of rigidities that lead to reinforcement.
(C) According to the clutch slippage model, more rigid substrates result in fewer receptor/

ECM linkages due to faster loading rates.
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