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Chapter 1

Introduction

This chapter was published in part as the following journal article:
Kerstein, P. C., Nichol IV R. H., and Gomez, T. M. (2015) Mechanochemical regulation of

growth cone motility. Front. Cell. Neurosci. 9, 244.
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During development of the human nervous system axon tracts form in remarkably

predictable ways. However, because of the spatial and temporal complexities of neural
network formation, cognitive and sensory defects can arise from dysregulation of this tightly
controlled process. We are now beginning to elucidate human disorders with specific axon
guidance phenotypes. Importantly, aberrant axon guidance and tract formation, and the
underlying genetic changes, have been discovered in a number of neurodevelopmental
disorders, such as Fragile X Syndrome (FMRT), Tuberous Sclerosis (TSC1, TSC2), L1
Syndrome (L1CAM), Kallmann Syndrome (KAL7), Horizontal Gaze Palsy with Progressive
Scoliosis (HGPPS) (ROBO3), Dyslexia (ROBOT1), and X-linked mental retardation (PAK3)
(Engle, 2010, Van Battum et al., 2015). Defects can vary and can include commissural
guidance defects, e.g. failed commissural crossing, in disorders such as HGPPS and L1
Syndrome, as well as sensory processing defects in disorders such as Kallmann Syndrome
and Fragile X Syndrome. While the genetic changes have been elucidated in these disorders,
how these defects regulate molecular and cellular processes during development is still being
extensively studied. To better understand and provide therapies for these disorders, a basic
understanding of stereotypical axon tract formation is required, particularly for disorders with
specific axon guidance defects. An important early step during neural network formation
involves pioneering axonal navigation through a dense and complex matrix of extracellular
molecules. Our lab has focused on understanding the intracellular signaling pathways that
control transduction of extracellular signals into guided axonal growth. In Chapters 2 and 3, |
provide key insights that further illuminate the complex cellular and environmental interactions
that regulate axon development.

Classic studies investigating embryonic neural network assembly have sought to
identified the chemical ligands and corresponding receptors that guide developing neurites to

their proper synaptic partner (Kolodkin and Tessier-Lavigne, 2011). Several assays have been
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developed to demonstrate that graded chemical ligands deposited in the environment of

developing neurons serve as navigational cues that guide neuronal migration and
morphogenesis. Nerve growth cones are sensory-motile structures that respond to soluble, cell
surface, and substratum-associated extracellular cues to regulate neurite motility and
directionality. Extracellular ligands interact with growth cone receptors to activate a web of
biochemical signaling cascades that affect cytoskeletal dynamics, membrane trafficking
directly, or new protein translation (Vitriol and Zheng, 2012, Shigeoka et al., 2013). Receptors
on growth cones for growth factors, guidance cues and adhesive ligands activate signals that
both promote and inhibit motility. How the nerve growth cone integrates multiple positive and
negative signals in vivo concomitantly for a stereotyped response is still being intensely
studied (Dudanova and Klein, 2013).

It is apparent chemical guidance cues clearly have significant influence on intracellular
signaling, however, new studies have probed how intracellular force and the mechanical
properties of the microenvironment also influence signaling and motility. Our laboratory and
others have found that immobilized ligands on cell surfaces or secreted into the extracellular
environment provide adhesive support for migrating cells (Moore et al., 2012, Nichol IV et al.,
2016). On the intracellular side of adhesion receptors, molecular adaptor proteins link
receptors to rigid cytoskeletal elements that generate opposing forces (Chen, 2008, Kerstein et
al., 2015). These opposing forces underlie growth cone motility and are mediated by myosin
generated contraction and polymerization of the cytoskeleton (Letourneau et al., 1987;
Lamoureux et al., 1989; Heidemann et al., 1990). These forces are known to reciprocally
influence cell signaling as a feedback homeostatic regulator of cell adhesion, shape and
movements. These mechanical and biochemical signals likely undergo intricate crosstalk to

coordinate specific morphological responses in vivo.



Mechanical force generation within neuronal growth cones

The cytomechanical forces that control growth cone motility have been intensely studied
for the last 30 years, yet our understanding is still incomplete. Similar to non-neuronal cells,
actin and microtubule polymerization play central roles as force-generating polymers in axonal
growth cones. Complex mechanisms function within growth cones downstream of chemical
and mechanical signals to tightly regulate the dynamic assembly and organization of the
cytoskeleton (Lowery and Van Vactor, 2009, Dent et al., 2011). Leading edge protrusion is
thought to be driven largely by filamentous actin (F-actin) polymerization. Actin polymerization
at the leading edge produces tensile forces, which are distributed between plasma membrane
protrusion and rearward movement of F-actin bundles (Figure 1) (Symons and Mitchison,
1991, Lin et al., 1996, Mogilner and Oster, 2003, Carlier and Pantaloni, 2007). Balance
between membrane fluid dynamics and F-actin tensile strength may contribute to the extent of
the balance between forward protrusion and rearward flow of F-actin (Figure 1) (Bornschlogl,
2013). Conversely, ADF-cofilin mediated depolymerization of F-actin minus ends relieves
compressive actin network forces and replenishes G-actin pools needed for further F-actin
polymerization at the leading edge (Bamburg, 1999, Marsick et al., 2010, Zhang et al., 2012). A
second force that powers F-actin retrograde flow (RF) is myosin-Il motor dimers, which
centripetally contract antiparallel F-actin networks toward the growth cone central domain
(Figure 1) (Turney and Bridgman, 2005, Medeiros et al., 2006, Yang et al., 2013, Shin et al.,
2014). The contractile force of myosin-Il, coupled with the rearward flow of F-actin due to
leading edge polymerization, drives RF in growth cones (Forscher and Smith, 1988, Lin and
Forscher, 1995, Brown and Bridgman, 2003). Other F-actin motor proteins, such as myosin |
(Wang et al., 2003), V, VI (Suter et al., 2000, Kubota et al., 2010), and X (Berg and Cheney,

2002), also contribute to growth cone movements, morphology, and vesicle trafficking.
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During neurite development and guidance, the equilibrium between actin polymerization

and RF is a key regulator of growth cone protrusion and retraction. Increased leading edge
protrusion could theoretically result from either increased actin polymerization or decreased
myosin-ll contraction. Conversely, leading edge retraction or collapse could result from
reduced actin polymerization, increased depolymerization, or increased myosin-Il contraction.
Another key force that counteracts RF in growth cones, as in non-neuronal cells (Smilenov et
al., 1999, Giannone et al., 2009, Thievessen et al., 2013), are clutching forces at cell-
substratum adhesions, which physically link to the F-actin cytoskeleton through a complex web
of adaptor and signaling proteins (Figure 2A) (Suter et al., 1998, Woo and Gomez, 2006, Bard
et al., 2008, Shimada et al., 2008, Santiago-Medina et al., 2013, Toriyama et al., 2013, Nichol
IV et al., 2016). The molecular “clutch” is thought to restrain myosin-Il mediated contractile
forces upon the F-actin network to redirect the force of actin polymerization toward membrane
protrusion. Many signaling and adaptor proteins target to growth cone point contact adhesions
to regulate clutching, which provide numerous possible sites for regulatory control of axon
guidance downstream of soluble, immobilized, and mechanical cues (Bard et al., 2008,
Santiago-Medina et al., 2013, Toriyama et al., 2013, Nichol IV et al., 2016).

Growth cone point contact adhesions are related to fibroblast focal adhesions, which
are multi-functional, macromolecular protein complexes (Figure 2A-B) (Smilenov et al., 1999,
Bard et al., 2008, Shimada et al., 2008, Geiger et al., 2009, Giannone et al., 2009, Toriyama et
al., 2013). However, much less is understood about the molecular regulation and function of
growth cone adhesions, and it is likely that these adhesions serve many functions that are
unique to growth cones. Point contact adhesions typically assemble within growth cone
filopodia that contain parallel bundled actin, have a short lifetime, then disassemble near the
base of filopodia (Figure 2C). Point contact adhesions appear to require integrin engagement,

as they are observed primarily in growth cones on extracellular matrix (ECM) proteins (Woo et
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al., 2006, Myers et al., 2011). The ECM contains many ligands that modulate growth cone

motility, such as laminin, tenascin, and fibronectin. Each type of ECM ligand activates specific
integrin receptors, as we have recently reviewed (Myers et al., 2011). Activation of integrins
leads to recruitment of scaffolding and signaling proteins, such as talin, focal adhesion kinase
(FAK), paxillin, zyxin, and a-actinin (Figure 2B) (Gomez et al., 1996, Cluzel et al., 2005, Robles
and Gomez, 2006, Myers and Gomez, 2011). In non-neuronal cells, scaffolding proteins link to
actin filaments to clutch RF, which supports actin polymerization to drive protrusion of the
leading edge (Smilenov et al., 1999, Giannone et al., 2009, Thievessen et al., 2013). Similar
clutching of RF likely occurs at growth cone point contacts (Santiago-Medina et al., 2013) and
higher density adhesions have been linked to slower RF (Koch et al., 2012). Importantly, since
point contact adhesions are modulated by ECM and soluble guidance factors (Woo et al.,
2006, Myers et al.,, 2012), it is plausible that growth cone guidance is controlled by local
changes in RF. Indeed, early studies from Paul Forscher and colleagues suggested that local
reduction in RF is correlated with increased growth cone motility (Lin et al., 1995, Lin et al.,
1996). For example, reduced RF is correlated with translocation of the growth cone central
domain toward areas of strong adhesion of Aplysia neurons in contact with ApCAM-coated
beads (Lin et al., 1995, Suter et al., 1998). While the adapter proteins that link and clutch F-
actin differ between cell adhesion molecules, such as ApCAM, L1 and N-cadherin, and
integrin-ECM adhesions, they both function to restrain RF and promote axon outgrowth (Lin et
al., 1995, Suter et al., 1998, Bard et al., 2008, Toriyama et al., 2013).

The inverse relationship between RF and growth cone motility is well established,
however there are exceptions to this model. For example, actin RF and motility both increase
in Aplysia growth cones stimulated with 5-HT (5-hydroxytryptamine, serotonin) (Zhang et al.,
2012). This difference may be stimulus dependent, as 5-HT may increase actin polymerization

without modulating adhesion dynamics leading to increase actin drag on existing adhesions.
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This has been described as the viscous slip clutch model (Giannone et al., 2009, Zhang et al.,

2012). Conversely, guidance cues such as brain-derived neurotrophic factor (BDNF) and
Semaphorin 3A regulate traction forces and actin RF speeds by changing adhesion dynamics
(Woo et al., 2006, Myers et al., 2011, Nichol IV et al., 2016). However, it is still unclear whether
these two mechanisms operate within individual cells, but work in epithelial cells suggests RF
rates may slow at focal adhesions through clutching and increases at the leading edge through
increased actin polymerization (Gardel et al., 2008). It remains unclear how clutching
mechanisms in growth cones depend upon the adhesive environment, soluble guidance cues
and cell type.

Increased protrusive forces at the leading edge membrane generated by molecular
clutching of F-actin RF, are balanced by adhesive (traction) forces with the cell substratum at
adhesion sites (Figure 3). Traction forces with the cell substratum have been measured in
migrating cells and growth cones using deformable substrata containing fluorescent tracer
beads as fiducial marks (Hyland et al., 2014). Early work showed that cells migrate in the
direction of the strongest substratum forces (Lo et al., 2000), which occur at focal adhesions
(Plotnikov et al., 2012). In growth cones, these traction forces on the substratum are
distributed within the actin-rich peripheral domain, where point contact adhesions are formed
(Figure 1) (Hyland et al., 2014). In response to guidance cues, localized assembly of adhesion
complexes likely yield a redistribution of the traction forces on the substratum. This differential
increase in traction forces on one side of the growth cone results in preferential growth in that
direction. Moreover, the strength of traction forces generated by cells and growth cones
increases on more rigid substrata, suggesting homeostatic regulation of force production
(Chan and Odde, 2008, Koch et al., 2012). Substratum elasticity regulates integrin activity,
internalization and adhesion site assembly (Du et al., 1993, Friedland et al., 2009), which likely

accounts for increased traction forces at higher rigidity. Interestingly, growth cones from
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different neuronal types have been shown to generate different levels of substratum traction

stress. For example, CNS hippocampal neurons exhibit rapid RF rates, due to decreased
clutching, and can only generate modest peak traction stress. Conversely, dorsal root ganglion
(DRG) neurons, which form more point contact adhesions that slow RF, can generate larger
traction forces (Koch et al., 2012). These differences in traction stress may be related to the

types of elastic environments CNS vs. PNS neurons encounter.

Mechanically sensitive proteins within neuronal growth cones

Motile cells can sense the mechanical properties of their environment by expressing
proteins that undergo conformational changes in response to mechanical force or tension
(Table 1). Depending on the type of mechanosensitive protein, conformational changes may
lead to modulation of enzymatic activity, accessibility of binding sites for protein-protein
interactions, or regulation of ion channel gating (Paszek et al., 2005, Sawada et al., 2006,
Ciobanasu et al., 2014, Zhang et al., 2014). One site where cell mechanosensors are likely
concentrated is at integrin receptor and adhesion protein complexes, which function at the
interface between the cytoskeleton and ECM. Adhesion complexes are spatially and
temporally regulated by mechanical strain and substrate elasticity (Pelham and Wang, 1997,
Schedin and Keely, 2011), suggesting they provide homeostatic feedback, termed tensional
homeostasis.

Several signaling molecules within adhesion complexes are mechanosensitive. For
example, mechanical forces applied to cells change both the localization and activity of FAK, a
key non-receptor tyrosine kinase (Bae et al.,, 2014, Zhang et al., 2014). Importantly, FAK
signaling is necessary for cell behavioral responses to locally applied forces and changes in
substratum rigidity (Wang et al., 2001). In growth cones, FAK is essential for point contact

adhesion dynamics (assembly/disassembly) and axon guidance (Robles et al., 2006, Woo et
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al., 2009, Myers et al., 2011, Moore et al., 2012) and it is likely that mechanical properties of

the environment influence FAK function. For example, FAK activation through deleted in
colorectal cancer (DCC) requires both the immobilization of Netrin and acto-myosin
contractility, suggesting that the kinase activity of FAK is mechanically dependent (Moore et al.,
2012). Furthermore, inhibition of FAK during Netrin stimulation disrupts recruitment of adhesion
complexes and traction force generation in growth cones. A second signaling kinase, receptor-
like protein tyrosine phosphatase alpha (RPTP-a), is important for both sensing substratum
stiffness and regulating axon extension (Kostic et al., 2007). RPTP-a co-localizes with avp6
integrins where it regulates adhesion signaling by activating Src tyrosine kinases (Kostic et al.,
2007). Specifically on a rigid fibronectin substratum, RPTP-a promotes Src and p130Cas
function and clustering to reinforce adhesion complexes and decrease axon outgrowth of
hippocampal neurons (Kostic et al., 2007). However, whether RPTP-a senses substratum
stiffness through a direct or indirect mechanism remains unclear.

Scaffolding proteins within adhesion complexes, such as p130Cas, talin, and filamin,
also likely act as mechanosensors (Schiller and Fassler, 2013). Stretching of p130Cas
exposes cryptic tyrosine residues that are phosphorylated by Src and FAK and initiate several
signaling cascades (Sawada et al., 2006, Zhang et al., 2014). Loss of p130Cas function in
developing neurons leads to aberrant axon pathfinding and dendrite patterning in vivo (Huang
et al., 2007, Riccomagno et al., 2014). Recent evidence suggest that p130Cas may also be
regulated by mechanically-dependent Netrin-DCC signaling during axon guidance (Moore et
al., 2012). Similarly, stretching of talin leads to increased binding of the adapter vinculin to
reinforce integrin-actin linkages (del Rio et al., 2009, Margadant et al., 2011, Ciobanasu et al.,
2014). Talin has bifunctional roles in growth cones where it is important for the assembly of
adhesions and as an integral scaffold within point contact adhesions (Sydor et al., 1996,

Kerstein et al., 2013). Disruption of talin function leads to changes in filopodial dynamics and
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reduced growth cone motility (Sydor et al., 1996, Kerstein et al., 2013). In a similar fashion,

filamins are scaffolding proteins that are stretched when bound between integrins and F-actin.
Tension along filamin unveils cryptic binding sites for many signaling molecules such as RhoA,
Rho-associated coiled-coil kinase (ROCK), p21-activated kinase (PAK), and PKC (Furuike et
al., 2001, Razinia et al., 2012). In developing animals, mutations in filamins produce premature
axon termination, ectopic branching, and aberrant pathfinding in vivo (Zheng et al., 2011,
Nakamura et al., 2014).

A second set of mechanosensors expressed by growth cones are mechanosensitive ion
channels, including the Transient Receptor Potential (TRP) family. How mechanical forces are
transduced into mechanosensitive channel gating is uncertain, but may involve coupling with
the cytoskeleton (Clark et al., 2007, Hayakawa et al., 2008), interactions with lipids (Anishkin et
al., 2014), and second messenger signals (Vriens et al., 2004). One intriguing site where local
mechanical forces may regulate the opening of mechanosensitive ion channels is at cell-cell
contact sites or integrin adhesions with the ECM (Hayakawa et al., 2008, Kobayashi and
Sokabe, 2010, Kazmierczak and Muller, 2012, Eisenhoffer and Rosenblatt, 2013). In support of
this notion, both Ca2+ signals and TRP channels localize near integrin adhesion sites (Gomez
et al., 2001, Matthews et al., 2010, Kerstein et al., 2013). In neurons, these Ca2+ signals may
act as a feedback mechanism on adhesion assembly and disassembly controlling growth cone
motility (Robles et al., 2003, Kerstein et al., 2013). Interestingly, mechanical gating of
mechanosensitive channels likely depends on substratum rigidity and traction forces (Doyle et
al., 2004, Munevar et al., 2004, Kerstein et al., 2013). This suggests that differences in the
elastic environment of neurons may control their development in vivo through regulation of
mechanosensitive ion channel expression and function. In addition, mechanosensitive ion
channels may exert homeostatic regulation of the cytoskeleton and adhesion complexes

through activation of downstream Ca2+ effectors. Previous studies have identified the Ca2+
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effectors, calcineurin, CaMKII, and calpain as the main signaling pathways that regulate Ca2+

dependent growth cone motility and axon guidance (Robles et al., 2003, Wen et al., 2004).
However the most intriguing example of mechanical feedback is the Ca2+-dependent protease
calpain since it cleaves several adhesion and actin binding proteins to inhibit or modulate their
function (Franco et al., 2004). Recent studies have shown that axon outgrowth and
morphology are regulated through calpain specific cleavage of talin and cortactin, respectively
(Mingorance-Le Meur and O'Connor, 2009, Kerstein et al., 2013). However, additional calpain
targets in growth cones are likely to exist. For example, in non-neuronal cells calpain cleaves
the adhesion proteins Src, FAK, and Paxillin and the actin binding proteins Filamin and a-
actinin (reviewed in Franco and Huttenlocher, 2005; Chan et al., 2010; Cortesio et al., 2011). It
is important to further elucidate the mechanism of feedback inhibition between
mechanosensitive channels and adhesion/cytoskeleton structures particularly in neuronal
growth cones.

An interesting area where mechanotransduction has not been studied in growth cones
is membrane trafficking. Endocytosis and exocytosis play an important role in growth cone
navigation. For example, endocytosis of membrane and surface integrin receptors is required
for repulsive growth turning from myelin- associated glycoprotein and semaphorin 3A (Hines et
al., 2010, Tojima et al., 2010). Conversely, exocytosis is important for attractive axon turning
and increased axon branching (Tojima et al., 2014, Winkle et al., 2014). Endocytosis and
exocytosis may also directly influence mechanical signals. Recent studies showed that during
cell migration leading edge protrusions increase plasma membrane tension, which activates
further exocytosis to relieve increased tension (Gauthier et al., 2011). However, the
mechanism of sensing membrane tension remains unknown. One possibility is that membrane
tension activates mechanosensitive ion channels. Consistent with this, hypotonic solutions

induce cell swelling and increase membrane tension, which activates Ca2+ influx through
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mechanosensitive ion channels in growth cones (Jacques-Fricke et al., 2006, Kerstein et al.,

2013). Another possibility is that membrane tension is required for the localization of leading
edge signaling proteins such as Rac1 GTPase and the SCAR/WAVE complex, as shown
recently in neutrophils (Houk et al., 2012). Our understanding of the relationship membrane
tension and trafficking is largely limited in neuronal growth cones and more investigation is

required to completely understand the mechanisms.

Mechanical properties of the environment regulate neurite growth

Pioneering studies on the mechanisms of growth cone guidance performed both in vitro
and in vivo focused on the role of cell adhesion as a principal determinant of pathfinding
(Gomez et al., 1996, Woo et al., 2006, Bard et al., 2008, Bechara et al., 2008, Myers et al.,
2011). Using patterned substrata of differential adhesivity, investigators showed that growth
cones could be directed in vitro simply by differences in adhesion (Hammarback et al., 1985,
Gomez and Letourneau, 1994). These early experiments implied that axons may be targeted
in vivo by adhesive interactions with extracellular ligands. A number of different cell recognition
molecules on the surface of growth cones are known to have adhesive properties
(Rutishauser, 1985, Lagenaur and Lemmon, 1987, Schmidt et al.,, 1995), which function to
stabilize leading edge protrusions. While it is still uncertain the relative contributions of
adhesion versus biochemical signaling in the control of axon pathfinding in vivo, it is likely that
differential cell adhesion has some influence (Caudy and Bentley, 1986, O'Connor et al.,
1990).

In addition to the classical ECM components, axon guidance cues are immobilized in
the extracellular environment to some extent. While this includes large ECM proteins and cell
surface adhesion molecules, small secreted growth factors and chemokines are also likely

immobilized. Growing evidence suggests that growth factors bind with high specificity to
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fibronectin type Ill repeats and heparin sulfate glycosaminoglycans contained within many

ECM proteins such as fibronectin, tenascin, and laminin (Hynes, 2002, Hynes, 2009). Growth
factor binding to the ECM likely serves to localize or concentrate soluble factors [e.g., fibroblast
growth factor (FGF), Wnt, bone morphogenic proteins (BMPs)] near the cell binding sites and
help establish stable gradients necessary for pattern formation in vivo. In some cases, growth
factor receptors may cooperate with cell adhesion receptors (e.g., integrin) for cell binding, as
has been demonstrated for abR1 and vascular endothelial growth factor (VEGF) receptor
(Rahman et al., 2005). Secreted axon guidance cues have also been demonstrated to bind
ECM proteins suggesting that immobilized guidance factors serve as adhesive ligands or
provide mechanical support in association with ECM. For example, the repellant Slit must bind
collagen for proper lamination of the zebrafish optic tectum (Xiao et al., 2011). Other secreted
axon guidance cues such as netrins, BMPs and Semag3s bind the ECM and induce mechanical
signals (Hu, 2001, Manitt and Kennedy, 2002, De Wit et al., 2005, Moore et al., 2012). To
provide an additional level of control, local proteolysis of ECM may serve to release growth
factors in a spatially and temporally controlled manner. Growth cones have recently been
shown to target matrix metalloproteases using invadosomes (Santiago-Medina et al., 2015).
Therefore, while bath application or local gradients of soluble guidance cues has been the
prevailing method for studying axon guidance behaviors in vitro, the role of mechanical
signaling by immobilized ligands in three dimensional environments is an important and often
overlooked consideration for our full understanding of the mechanisms of neural network
formation.

Growth cones in vitro have been shown to generate tension on neighboring cells and
the underlying matrix (Lamoureux et al., 1989, Balgude et al., 2001, Moore et al., 2010, Moore
and Sheetz, 2011). Many axon guidance cues are immobilized in the extracellular environment

to some extent (as described above), therefore mechanical tensile forces likely contribute to
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many attractive and repulsive (release of adhesion) guidance behaviors. Recent evidence

suggest that even under classic chemical gradient turning assays, mechanotransduction is
necessary for chemoattraction. For example, chemical gradients of netrin-1 generated in vitro
only promote growth cone turning when netrin can bind to the substratum (Moore et al., 2009).
Here growth cones utilize netrin as an adhesive ligand that supports traction forces that
exceed 60 pN (Moore et al., 2009). Inhibition of netrin substrata adsorption, via co-treatment
with heparin, inhibited axon outgrowth (Moore et al.,, 2012). Interestingly, commissural
interneurons in vivo will turn towards ectopically secreted full length netrin, but are not guided
towards truncated netrin lacking the domains required for substratum adsorption (Moore et al.,
2012). Further, guidance toward Netrin depends upon FAK activity, a MS kinase, and myosin-II
motor-induced traction forces. Other “soluble” axon guidance cues may require immobilization
to elicit their guidance effects on extending axons. For example, ephrinA5 appears to produce
repulsive turning or collapse in both border turning assays or as a soluble ligand, but the ability
of “soluble” ephrinA5 to bind was not tested in this study (Weinl et al., 2003). EphrinA
repellants may disrupt growth cone adhesion to the ECM or to neighboring cells by preventing
point contact formation (Woo et al., 2009), or by activating metalloprotease-mediated cleavage
of cell surface ephrinA ligands (Hattori et al., 2000), respectively.

While immobilized ligands clearly support traction forces generated by cells and growth
cones, many recent studies show that substratum elasticity, or stiffness, also influences the
development of neurons (Table 2) (Tyler, 2012, Franze, 2013). Cells and neurons have a
remarkable ability to adapt to their mechanical environment. While most cells minimally require
anchorage to a solid substratum and do not fully differentiate in liquid suspension, the elasticity
of the supporting adhesive substratum can vary over a wide range. Elasticity of a material,
such as tissue, is defined as the resistance to deformation in response to a mechanical stress.

Elasticity is quantified as the elastic modulus or Young’s modulus (E) of a material. Young’s
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modulus is the relationship of tensile stress to extensional strain. Tensile stress is determined

by pulling or lengthening of the material and is quantified in terms of pressure or force per unit
area. The extensional strain of a material is defined as the deformation of a solid due to stress,
and is quantified as the change in length upon stress relative to the initial length. Extensional
strain is unit-less. Therefore, Young’s modulus has units of pressure, which is quantified in
pascals (N/m2). Importantly, elasticity can vary greatly among different tissues during
development. Neurons are particularly adaptable cells, as they will morphologically
differentiate on extremely soft substrata and tissues, such as brain [Young’s modulus = 100—-
1000 Pascal (Pa)], as well as on extremely rigid environments, such as ECM-coated glass and
bone (>10 gPa, 20 mPa, respectively), covering an impressive >10,000 fold range of
elasticities (Kruse et al., 2008, Tyler, 2012). Importantly, the elastic modulus (rigidity) of the cell
substratum can strongly influence cell differentiation, morphology, motility, and survival (Geiger
et al., 2001, Geiger et al., 2009, Moore et al., 2011, Musah et al., 2014). Understanding the
roles of substratum elasticity on neuronal development is critical since developing axons and
dendrites will encounter widely varying elastic environments during pathfinding to their targets.
Numerous studies over the past decade have shown that growth cone motility depends
on the compliance of the cell substratum (Tyler, 2012, Franze, 2013). This is a cell migration
process known as durotaxis. Previous studies used a variety of materials to generate variable
elastic cell culture conditions to study neuronal durotaxis, including polyacrylamide (Flanagan
et al., 2002, Georges et al., 2006, Kostic et al., 2007, Jiang et al., 2008, Koch et al., 2012) and
polydimethylsiloxane (PDMS) in 2D (von Philipsborn et al., 2006, Cheng et al., 2011, Kerstein
et al.,, 2013), as well as collagen | gels (Willits and Skornia, 2004, Sundararaghavan et al.,
2009) and agarose hydrogels for 3D conditions (Hammarback and Letourneau, 1986, Balgude
et al., 2001, Mai et al., 2009). Here we compare results across these conditions (Table 2), but it

is important to note that many variables beyond substratum compliance may contribute to
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observed differences. For example, non-biological materials typically must be conditioned with

a biological ligand to support axon extension. A range of ECM proteins at varying
concentrations or serum have been used to promote axon outgrowth. In addition to the
variable biological conditions tested, the methods used to measure the elastic moduli of the
cell substrata also varies. Therefore, Young’s modulus values determined by atomic force
microscopy (AFM) may differ from those measured by sheer stress rheometry or micro-position
displacement devices. These caveats should be considered whenever comparing between
different studies.

One of the first studies to examine neurite outgrowth under different elastic conditions
cultured dorsal root ganglia (DRG) neurons within varying concentrations of agarose gels in
the presence of 10% fetal bovine serum (FBS). This study found that axons extend more
rapidly within softer gels (<20 Pa) and that the rate of outgrowth plateaus above 60 Pa
(Balgude et al., 2001). More recently, polyacrylamide gels were used to test the effects of
substratum elasticity on DRG axon outgrowth. By examining neurite lengths from fixed DRG
neurons plated on polyacrylamide coated with laminin, Urbach and colleagues found that axon
outgrowth peaks on 1000 Pa gels and decreases on polyacrylamide gels below and above this
optimal elasticity (Koch et al., 2012). Interestingly, under the same conditions, this group found
that hippocampal neurons exhibit no preference for soft substrata, suggesting this behavior
may be selective for peripheral neurons. However, this result is contradictory to a previous
report that found that hippocampal axons preferred soft conditions (500 Pa) over more rigid (4
kPa) (Kostic et al., 2007). It is important to note that the latter study differed from the former as
they used polyacrylamide gels coated with fibronectin rather than laminin. Other studies using
different types of neurons and culture conditions, including within collagen gels, have found
preferential outgrowth on softer substrata (Table 2) (Balgude et al., 2001, Flanagan et al.,

2002, Willits et al., 2004, Georges et al., 2006, Jiang et al., 2008, Kerstein et al., 2013), but it
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will be important to standardize experimental conditions and elastic modulus measurements to

make general statements regarding the effects of the mechanical environment on outgrowth. In
addition to effects on axon outgrowth, other studies have shown that softer substrata promote
neurite branching of several neuronal types (Wang et al., 2001, Flanagan et al., 2002, Georges

et al., 2006, von Philipsborn et al., 2006).
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Figure 1. Force generation in neuronal growth cones. Super resolution structure

illumination microscopy image of a neuronal growth cone is labeled for flamentous actin (red)
and RBI-1l tubulin (green) using immunocytochemistry to illustrate correlation between forces
and leading edge morphology (Santiago-Medina et al., 2015). Myosin (blue) binds to the actin
network in the central domain to produce a rearward force (blue arrows) causing leading edge
retraction. Adhesion complexes (yellow) antagonize this rearward force allowing actin
polymerization to expand the leading edge membrane (yellow arrows) causing forward motility.

This figure was modified from (Kerstein et al., 2015).
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Figure 2. Complexities of adhesion dynamics in motile cells. (A) Schematic showing the

complexity of integrin based adhesion complex signaling. Over 160 different signaling
molecules have been identified to play a role in adhesion dynamics, with intrinsic components
and associated components. This figure was modified from (Geiger et al., 2009) (B) Our
laboratory has identified a number of adhesion signaling molecules in neuronal growth cone
including signaling molecules, FAK and Src, and actin and adhesion modulators, such as Rac1
and RhoA. This figure was modified from (Myers et al., 2011). (C) Inverted contrast images of a
Xenopus growth cone expressing Paxillin-GFP captured every 1 min over a 4 min period using
TIRF microscopy. The arrows denote stable adhesions spatially correlated with local protrusion
of the growth cone leading edge. This figure was created with an original time-lapse captured
for demonstration purposes in this manuscript using techniques previously described (Nichol

IV et al., 2016). Scale bar, 5 um for all panels.
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Figure 3. Model of growth cone traction forces on varying compliant substrata. Distal to

the leading edge, active myosin-ll generates contractile forces (Fmyosin) that pulls F-actin
rearward. In addition, actin polymerization at the leading edge pushes against the plasma
membrane to propel F-actin rearward (Fpolymerization). These forces integrate to drive constitutive
retrograde flow (RF) of F-actin filaments at the leading edge. Stage 1 (ligand unbound): The
molecular clutch is disengaged in the absence of integrin activation and clustering leading to
rapid RF due to unrestrained Fmyosin and Fpolymerization. Stage 2 (ligand bound): Upon contact
with extracellular matrix (ECM) proteins, integrin receptors become activated, cluster and
begin recruiting adhesome-related adaptor and signaling proteins. Stage 3 (clutching):
Mature point contact adhesions link with actin flaments (Fadhesion) to restrict RF and generate
traction forces (Ftaction) on the substratum. Therefore, forces generated by clutching of RF are
distributed between traction forces with the ECM, adhesive forces on point contacts, and
protrusive forces at the leading edge. Conditions that maintain clutching of RF produce robust
protrusion. Stage 3a (low substratum stiffness): On soft substrata, Ftraction forces are directed
onto the elastic substrata at adhesions sites inducing substratum displacement. However, due
to pliability of the elastic substrata there is little activation of mechanosensitive proteins,
leading to decreased growth cone motility. Stage 3b (optimal stiffness): On optimal substrata,
Fracton forces are distributed to the elastic substrata at point contact adhesions through
substratum displacement, which reduces Fadnesion at point contact adhesions. Lower Fadhesion at
point contacts prevents clutch slippage (breaking), while simultaneously activating
mechanosensitive signaling and stretch gated proteins, leading to increased protrusion and
growth cone translocation. Stage 3c (high stiffness): Little displacement of the ECM occurs
on rigid substrata. Subsequently, most force of RF is transferred to Fadnesion at point contacts
during clutching. The increased force on adhesions results in breaking or disassembly of point

contacts via molecular stretching or activation of cellular signals. Fewer, short lived adhesions
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on rigid ECM disrupt clutching forces necessary for membrane protrusion and rapid outgrowth.

This figure was modified from (Kerstein et al., 2015)
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Table 1. Mechanosensitive adhesion proteins in growth cones. A number of force

activated adhesion proteins have been identified in neuronal growth cones. Mechanical gating
can cause a variety of different forms of activation leading to increased adhesion dynamics. It
has been discovered that activation of these signaling pathways can regulate growth cone

motility and neurite guidance. This table was created in this manuscript (Kerstein et al., 2015).
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Gene name

Mechanical activation

Downstream signaling

Growth cone
mechanism

Key References
(Bold - Mechano.
Italics - Growth cone)

Adhesion proteins

FAK

RPTP-a

p130Cas

Talin

Filamin

Increased kinase activity

Increased phosphatase
activity

Increased availability of
tyrosine residues

Increased availability of
vinculin binding sites

Increased availability of
protein binding sites.

. Tyrosine phosphorylation
- Regulation of adhesion
dynamics

« Fyn recruitment to
integrins
« p130Cas phosphorylation

Phosphorylated by Src
and Abl kinases

- Vinculin binding

actin linkages

Recruitment of Rho,
ROCK, PAK, and PKC to
actin cytoskeleton and
adhesions.

Reinforcement of integrin-

Required for
attractive axon
turning

. Promotes axon

outgrowth

- Phosphatase activity

inhibits axon
outgrowth.

Required for in vivo
and in vitro axon
pathfinding and
dendritic patterning.

- Required for

filopodia and growth
cone motility.

- Required for in vivo

axon pathfinding.

Robles et al. 2006
Myers et al. 2011
Moore et al. 2012

Kostic et al. 2006

Sawada et al. 2008
Huang et al. 2007
Riccomagno et al. 2014

del Rio et al. 2009
Margadant et al. 2011
Kerstein et al. 2013
Sydor et al. 1996

Furuike et al. 2001
Razinia et al. 2012
Zheng et al. 2011
Nakamura et al. 2014
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Table 2. The effects of substrate rigidity on neurite outgrowth and morphology. Multiple

studies, using a number of different neuronal models, have investigated the effect of substrata
rigidity on neurite development. Results differ dependent upon neuron type, substrata, and

elastic range. This table was created in this manuscript (Kerstein et al., 2015).
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E13.5 Mouse Spinal
Cord

PO Mouse
Hippocampal
PO Rat DRG

E18 Rat Hippocampal

E16 Rat Spinal Cord

Adult Mouse DRG

Stage 22 Xenopus
spinal cord

E8-9 Chick DRG

PAA (Matrigel)

PAA
(Fibronectin or Laminin)

PAA (Laminin)

PAA (Laminin)

PAA (PDL or Collagen 1)
(DNA oligonucleotide pairs
used to vary crosslinking)

PDMS (Poly-L-Lysine)

PDMS (Fibronectin)

Silk Fibroin Hydrogel
(Fibronectin or Laminin)

0.050-0.550 kPa*
(Shear)

0.5-7.5 kPa
(Young’s)

0.150-5.0 kPa
(Young’s)

0.150-5.0 kPa
(Young’s)

6.6-30 kPa
(Young’s)

18-1882 kPa
(Young’s)

950-1800 kPa
(Young’s)

4-33 kPa
(Young’s)

Increased branching
on soft substrates

Increased length on
soft substrates

Maximum length on
1.0 kPa substratum.

No affect on length

Increased length on
soft substrates.

Maximum length on
88 kPa substratum

Increased outgrowth
on soft substrates

Maximum length on
7-22 kPa substrates

Table 2.
Neuron Type Substrate (ECM) Elasticity Range Neurite Phenotype References
(Modulus)
E9 Chick DRG 3D Agarose (None) 0.003-0.130 kPa*  Increased length on  Balgude et al. 2000
(Shear) soft substrates

E9 Chick DRG 3D Collagen | Gel 0.002-0.017 kPa  Increased length on  Willits et al. 2004
(varied collegan conc.) (Shear) soft substrates

E8 Chick DRG 3D Collagen | Gel 0.05-0.80 kPa Increased length on  Sundararaghavan et al. 2009
(varied genipin crosslinking) (Shear) soft substrates

Flanagan et al. 2002

Kostic et al. 2007

Koch et al. 2012

Koch et al. 2012

Jiang et al. 2008

Cheng et al. 2011

Kerstein et al. 2013

Hopkins et al. 2013
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Chapter 2

Guidance of Axons by Local Coupling of

Retrograde Flow to Point Contact Adhesions

This chapter was published as the following journal article:
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Abstract

Growth cones interact with the extracellular matrix (ECM) through integrin receptors at
adhesion sites termed point contacts. Point contact adhesions link ECM proteins to the actin
cytoskeleton through numerous adaptor and signaling proteins. One presumed function of
growth cone point contacts is to restrain or “clutch” myosin-ll-based F-actin retrograde flow
(RF) to promote leading edge membrane protrusion. In motile non-neuronal cells, myosin-II
binds and exerts force upon actin filaments at the leading edge where clutching forces occur.
However, in growth cones it is unclear whether similar F-actin clutching forces affect axon
outgrowth and guidance. Here we show in Xenopus spinal neurons that RF is reduced in
rapidly migrating growth cones on laminin (LN) compared to non-integrin binding poly-d-lysine
(PDL). Moreover, acute stimulation with LN accelerates axon outgrowth over a time course that
correlates with point contact formation and reduced RF. These results suggest that RF is
restricted by the assembly of point contacts, which we show occurs locally by two channel
imaging of RF and paxillin. Further, using micro-patterns of PDL and LN, we demonstrate that
individual growth cones have differential RF rates while interacting with two distinct substrata.
Opposing effects on RF rates were also observed in growth cones treated with
chemoattractive and chemorepulsive axon guidance cues that influence point contact
adhesions. Finally, we show RF is significantly attenuated in vivo, suggesting RF is being
restrained by molecular clutching forces within the spinal cord. Together our results suggest
that local clutching of RF can control axon guidance on ECM proteins downstream of axon

guidance cues.
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Introduction

The proper function of the adult nervous system depends on accurate guidance of
axons to their correct synaptic targets during early development. Inaccurate neural network
wiring may be an underlying cause of a number of severe neurodevelopmental disorders,
including Tuberous Sclerosis Complex, Fragile X Syndrome, and other autism spectrum
disorders (Weitzdoerfer et al., 2001, Antar et al., 2006, Nie et al., 2010). Axon guidance
involves stabilizing leading edge membrane protrusions of axonal growth cones to the
extracellular matrix (ECM). Membrane protrusions are stabilized at growth cone adhesion
sites, termed point contacts (Woo et al., 2006, Myers et al., 2011). Point contacts form after
integrin receptors bind ECM ligands leading to receptor clustering and recruitment of adhesion
proteins such as talin, paxillin, and vinculin (Woo et al., 2006, Myers and Gomez, 2011, Myers
et al., 2011), which link integrins to the actin cytoskeleton. The formation and turnover of point
contacts at the growth cone periphery is regulated by the cell substratum and soluble growth
factors, and strongly correlates with growth cone advance (Woo et al., 2006, Myers et al.,
2011). In non-neuronal cells, the formation and stabilization of adhesions provides traction
forces necessary to oppose both rearward myosin motor-dependent actin filament contractility
and actin filament polymerization, which drives leading edge protrusion (Choi et al., 2008,
Gardel et al., 2008, Yamashiro and Watanabe, 2014). However, interactions between growth
cone point contacts and the actin cytoskeleton during axon extension and guidance remain
poorly understood.

Complex mechanisms regulate flamentous actin (F-actin) in the growth cone peripheral
domain to influence growth cone morphology and movement. The F-actin network is governed
by a balance between F-actin barbed-end polymerization and pointed-end depolymerization
(Lowery et al., 2009, Dent et al., 2011). Leading edge actin polymerization pushes membranes

forward with some resistance (Symons et al., 1991, Lin et al., 1996, Mogilner and Oster, 2003,
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Carlier and Pantaloni, 2007). The resistive force of the membrane on F-actin polymerization,

together with barbed-end directed myosin-Il contractility, powers F-actin retrograde flow (RF)
from the growth cone periphery to the central domain (Bamburg, 1999, Forscher and Smith,
1988, Lin and Forscher, 1995, Brown et al., 2003, Marsick et al., 2010, Flynn et al., 2012,
Zhang et al., 2012). The balance between actin polymerization, myosin-Il driven RF and ADF-
cofilin depolymerization controls F-actin treadmilling in the growth cone peripheral domain
(Mogilner et al., 2003, Turney and Bridgman, 2005, Zhang et al., 2012). In non-neuronal cells,
focal adhesions slow actin treadmilling by linking rearward F-actin flow to adhesion receptors
(Smilenov et al., 1999, Giannone et al., 2009, Thievessen et al., 2013). Slowing or “clutching”
of RF at focal adhesions increases the ability of F-actin polymerization to generate membrane
protrusion and forward cell translocation (Smilenov et al., 1999, Giannone et al., 2009,
Thievessen et al., 2013). Clutching of RF is thought to regulate the rate of axon extension
(Bard et al., 2008, Shimada et al., 2008, Toriyama et al., 2013), but it is not known whether
local regulation of RF also directs axon guidance. Recent evidence from our laboratory and
others has shown that the rate of RF has an inverse relationship with the rate of growth cone
advance (Lin et al., 1995, Santiago-Medina et al., 2013, Shimada et al., 2008, Toriyama et al.,
2013, Kubo et al., 2015). However, it is unclear how RF rate depends on cell substratum or
whether local differences may be responsible for axon guidance behaviors.

Here we show that RF is reduced in rapidly migrating growth cones on laminin (LN)
compared to less motile, non-integrin binding poly-d-lysine (PDL). Moreover, acute stimulation
with LN leads to accelerated axon outgrowth over a time course that correlates with point
contact formation and reduced RF. We confirm that integrin receptor-binding is both necessary
and sufficient to slow RF through gain and loss-of-function manipulations. Moreover, we show
that RF can be locally restrained within growth cones at integrin adhesions sites. We also

suggest a role for RF in regulating axon guidance using a substratum stripe assay. Finally, we
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show that soluble guidance cues that promote assembly or disassembly of point contacts

regulate RF accordingly. These data suggest that regulation of clutching at point contacts is an
important mechanism in axon guidance. Local differences in clutching forces at point contact

adhesions may guide growth cone movements by locally slowing retrograde flow.



48
Materials and methods

Plasmid constructs and reagents. GFP-y-actin (rat) was provided by Andrew Matus
(Friedrich Miescher Institute, Basel, Switzerland). Paxillin—GFP (chicken) was provided by A. F.
Horwitz (University of Virginia, Charlottesville). Yellow fluorescent protein-Src homology-2
domain (dSH2) was provided by Benjamin Geiger (Weizmann Institute, Rehovot, Israel) and
converted to GFP-dSH2 (Robles et al., 2005). Td-Tomato F-tractin was provided by Erik Dent
(University of Wisconsin, Madison). Most expression constructs were sub-cloned into the
Xenopus-preferred pCS2+ vector for mRNA synthesis using Gateway (Dave Turner, University
of Michigan, Ann Arbor, MI). To visualize actin retrograde flow, neuronal cultures were
incubated in 100 pM tetramethylrhodamine-conjugated kabiramide-C (TMR-KabC, kind gift
from Gerard Marriott, University of California, Berkeley) for 3 min, then washed with 1x
modified Ringer’'s (MR) solution. Blebbistatin (Sigma-Aldrich, St. Louis, MO) was used as a
selective inhibitor of non-muscle myosin-Il. Heparin (Sigma-Aldrich) was used to block binding
of soluble laminin (LN) to poly-d-lysine (PDL, Sigma-Aldrich) coated coverslips.

Embryo injection and cell culture. Xenopus laevis embryos were obtained as described
previously (Gomez et al., 2003) and staged according to Nieuwkoop and Faber (Nieuwkoop,
1994). For protein expression experiments, two dorsal blastomeres of eight-cell-stage embryos
were injected with 0.25-0.5 ng GFP-dSH2 in vitro-transcribed, capped mRNA (mMessage
Machine, Ambion, Austin, TX) or 60-80 pg PXN-GFP, GFP-y-actin, or Td-Tomato F-tractin
DNA. Neural tubes were dissected from 1-day-old embryos and explant cultures containing a
heterogeneous population of spinal neurons were prepared as previously describe (Gomez et
al., 2003). Explants were plated onto acid-washed No. 1.5 glass coverslips coated with 50 ug/
ml PDL, 10 pg/ml LN (Sigma-Aldrich), 10 pg/ml Fibronectin (FN, Sigma-Aldrich), and 5 pug/ml
Tenascin (TN, EMD Millipore, Billerica, MA). To visualize LN adsorption to the substratum, PDL

coated coverslips were treated with 25 pg/ml fluorescent (HiLyte 488) LN (Cytoskeleton, Inc,
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Denver, CO) for 15 min, then washed with phosphate-buffer saline (PBS, Sigma-Aldrich)

before imaging. To block LN adsorption, coverslips were pre-treated with 2 pg/ml Heparin
(Sigma-Aldrich) for 15 min, followed by 25 ug/ml fluorescent LN with Heparin for 15 min.
Cultures were imaged or fixed 16—24 hours after plating. All methods were approved by the
University of Wisconsin School of Medicine Animal Care and Use Committee.

Stripe assay. Silicone masks (Karlsruhe Institute of Technology, Karlsruhe, Germany) with 90
Mm wide parallel lanes were attached to acid-washed coverslips. A solution of 10 ug/ml LN with
50% HiLyte 488 LN (to detect border in live cultures) was passed through the channels and
allowed to bind for 1 hr then was rinsed with excess PBS to remove unbound protein. After the
mask was removed, 50 ug/ml PDL was applied to the entire coverslip for 45 min. Patterned
substrata were used immediately for spinal explant cultures. After 18-24 hours, cultures with
explants near the LN-PDL border were loaded with TMR-KabC. Alexa-546 phalloidin (1:100;
Invitrogen) to label filamentous actin (F-actin).

Image acquisition and analysis. For both live and fixed fluorescence microscopy, high-
resolution images were acquired using either a 60X/1.45 NA objective lens on an Olympus
Fluoview 500 laser-scanning confocal system mounted on an AX-70 upright microscope or a
100X/1.5 NA objective lens on a Nikon total internal reflection fluorescence (TIRF) microscope.
For in vivo imaging, high resolution images were acquired using a 60x/1.1 NA water immersion
objective lens on the confocal. On the confocal, samples were imaged at 2—-2.5X zoom (pixel
size = 165-200 nm). Images were collected on the TIRF with a Coolsnap HQ2 camera (Roper
scientific) using 2 x 2 binning (pixel size = 127 nm). For bright field time-lapse microscopy, low-
magnification phase-contrast images were acquired using a 20X objective on a Nikon
microscope equipped with an x—y motorized stage for multi-positional imaging. Multi-positional
images were capture at 1 min. intervals. Live explant cultures were sealed within perfusion

chambers as described previously (Gomez et al., 2003) to allow rapid exchange of solutions.
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Images were analyzed using ImageJ software (W. Rasband, National Institutes of Health,

Bethesda, MD). Point contacts were identified as discrete areas containing PXN-GFP or GFP-
dSH2 that were at least two times brighter than the surrounding background and remained
fixed in place for a minimum of 30 seconds. (Woo et al., 2006). For display purposes, some
images were pseudo-colored. TMR-KabC labeled growth cones were imaged at 2 Hz by TIRF
microscopy for 2 min to measure actin RF. TMR-KabC RF rates were quantified by
kymography by sampling three to seven lines per growth cone along filopodia and radiating
equally around the axis of outgrowth. We find that kymography is the most accurate method to
measure RF, but recognize that it is limited to linear F-actin movements. While off axis flow
may slightly influence our absolute rate values, we expect these movements will be consistent
across experimental groups so believe that kymography does provide accurate relative
differences. Moreover, RF measurements made in vivo were performed on relatively flat
growth cones with the confocal pinhole aperture set to one Airy unit, which provides an optical
section of 600-700 nm, depending on the fluorophore. At this optical section depth, axial
position changes of actin puncta will have minimal affect on RF rate calculations. Statistical
analysis was carried out using Prism software. Analysis was completed with an unpaired
Student’s T-test for comparison of two experimental groups, or a one-way ANOVA with a
Bonferroni’s multiple-comparison test for comparison of 3 or more experimental groups. For
comparisons of percentage change in RF, standard error was calculated as post-treatment
standard deviation divided by pre-treatment mean.

Dynamic adhesion maps. Dynamic adhesion map images were prepared from image stacks
as detailed previously (Santiago-Medina et al., 2011). Briefly, an image stabilization algorithm
was applied if necessary and to improve edge detection an unsharp mask routine was applied,
followed by thresholding to highlight the puncta of interest. Next, an 8-bit binary filter was

applied to equalize point contact intensities. Image stacks were then converted to 16-bit and
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user-defined subsets were summed so that intensity encodes pixel lifetime. Final images were

contrast enhanced and pseudo-colorized.
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Results

Rates of axon outgrowth and actin retrograde flow are inversely proportional and
substratum-dependent

We have previously shown that growth cone point contact adhesion dynamics regulate
the rate and direction of axon outgrowth (Woo et al., 2006, Myers et al., 2011). Point contacts
are thought to support forward axonal translocation in part by stabilizing leading edge
protrusions. However, point contacts contain a number of adaptor proteins that link integrin
receptors to the actin cytoskeleton (Woo et al., 2006, Myers et al., 2011, Myers et al., 2011),
which may further support axon extension by clutching RF. To test whether point contacts
correlate with RF, we first determined the rates of RF in Xenopus Laevis spinal neuron growth
cones on different substrata. We have previously shown that the culture substratum governs
point contact assembly and dynamics in Xenopus spinal neuron growth cones (Robles et al.,
2006), which may correlate with clutching of RF. We cultured spinal neurons on 50 ug/ml PDL,
1, 5, 10 and 25 pg/ml LN, PDL plus 10 pg/ml LN, 10 pg/ml Fibronectin (FN), or 5 pg/ml
Tenascin (TN), which are conditions that support point contact adhesion formation to varying
degrees (Robles et al., 2006) and associated axon outgrowth rates (Figure 1). Axon outgrowth
rates were quantified over a 30 minute (min) time period using low magnification phase
contrast imaging.

To investigate the effect of substratum adhesion on RF we used tetramethylrhodamine-
conjugated kabiramide C (TMR-KabC) (Petchprayoon et al., 2005). TMR-KabC is a small, cell
permeable molecule that binds to the barbed-ends of F-actin and has been used previously at
low doses to track RF (Keren et al., 2008, Santiago-Medina et al., 2011, Santiago-Medina et
al., 2013). To speckle the barbed-ends of actin filaments, we treated neurons for 3 min with
100 pM TMR-KabC, which partially labels actin barbed-ends, but does not affect the basal rate

of neurite outgrowth or growth cone morphology (Santiago-Medina et al., 2013). Immediately
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after TMR-KabC labeling, we imaged growth cones on each substratum at 2 Hz by TIRF

microscopy for 2 min. F-actin RF rates were quantified by kymography by sampling three to
seven lines per growth cone radiated equally from the axis of outgrowth (Figure 1A-D, see
Methods). This analysis showed a substratum-dependent, inverse relationship between RF
rates and axon outgrowth. Growth cones on LN, which assemble many point contacts and
extend rapidly (Robles et al., 2006), have significantly lower RF rates as compared to growth
cones plated on PDL, FN, and TN, which assemble few or no point contacts and extend slowly
(Figure 1E, Movie 1). We also found that RF and axon outgrowth rates varied with LN
substratum concentration (Figure 1F), suggesting that higher ligand density, which promotes
point contact assembly (not shown), clutches RF to enhance axon outgrowth. We confirmed
the differential RF rates on PDL versus LN by imaging GFP-actin speckles in Xenopus spinal
neurons (Figure 1G-l). It is noteworthy that the rates of RF measured with GFP-actin were
slightly, but significantly slower compared to RF measured using TMR-KabC for neurons on
PDL (Figure 1J), which may be due to partial inhibition of actin polymerization by fluorescent
actin fusion proteins (Riedl et al., 2008). In addition to rates of RF, we also found that RF on LN
was significantly more variable compared to RF on PDL (Figure 1K). These results suggest
that dynamic and local clutching during point contact formation, stabilization, and turnover may
differentially regulate the rate of RF within growth cone sub-domains. Adhesion proteins such
as talin, a-actinin, paxillin, and vinculin likely contribute to these linkages (Woo et al., 2006,
Myers et al., 2011, Myers et al.,, 2011). Together these results suggest that point contacts
within the growth cone periphery serve two functions. First, previous data suggest point
contacts stabilize new protrusions to prevent retraction mediated by contractile forces, and
second, we show point contacts clutch RF to allow actin polymerization to drive further

membrane protrusion.
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Leading edge RF in growth cones is believed to be significantly powered by myosin-II

motor-mediated F-actin contraction, with some contribution by actin polymerization-mediated
pushing forces against the leading edge plasma membrane (Lin et al., 1997, Bridgman et al.,
2001, Brown et al., 2003, Mogilner et al., 2003, Medeiros et al., 2006, Craig et al., 2012).
Consistent with this notion, treatment of Aplysia growth cones with the myosin ATPase inhibitor
blebbistatin slows the rate of RF by one half, which is further attenuated by actin
depolymerization with cytochalasin D (Medeiros et al., 2006). However, myosin-Il also
contributes to point contact formation in growth cones on LN, as blebbistatin reduces growth
cone point contact size and number (Woo et al., 2006). Therefore, we hypothesized myosin-II
inhibition would affect RF less on LN as compared to PDL, since inhibition of myosin-Il would
be counterbalanced by loss of point contacts on LN. We examined the effects of myosin-II
inhibition by imaging TMR-KabC labeled growth cones on PDL (Figure 1L) and LN (not shown)
for 2 min intervals every 5 min after acute treatment with 50 uM blebbistatin over a 15 min
period. Inhibition of myosin-Il in growth cones on PDL reduces RF to less than 50% of basal
rates after 15 min (Figure 1M). As hypothesized, the effects of blebbistatin are more modest in
growth cones on LN (Figure 1M), consistent with the counteracting effects of reduced clutching
by point contacts. This analysis also validates TMR-KabC as an accurate probe to measure

myosin-Il mediated RF.

Acute LN stimulation accelerates axon outgrowth over a time course that correlates
with point contact formation and reduced retrograde flow

To temporally link point contact assembly with clutching of RF and acceleration of axon
outgrowth, we acutely stimulated neurons on PDL with LN. We have previously shown in
neurons cultured on PDL that growth cone point contacts form and neurite outgrowth

accelerates rapidly in response to acute LN stimulation over a time course that follows LN
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binding to the substratum (Woo et al., 2006). To confirm this, we imaged paxillin-GFP (PXN-

GFP) expressing neurons on PDL by TIRF microscopy and observed the assembly of point
contacts and accelerated axon outgrowth after 15 min treatment with 25 pyg/ml LN (Figure 2A,
Movie 2). The time course for the increased rate of neurite outgrowth was quantified with low
magnification phase contrast imaging (Figure 2B). Next, Xenopus spinal neurons, loaded with
TMR-KabC, were acutely treated with 25 pg/ml LN and imaged for 2 min at 2 Hz every 5 min
after LN treatment (Movie 3). Analysis of the rate of RF in growth cones by kymography
(Figure 2C) shows that RF slows within 5 min post LN treatment, in a temporal pattern that
mirrors the de novo assembly of point contacts and accelerated neurite outgrowth (Figure 2D).
This temporal correlation supports the notion that mechanical coupling between point contact
adhesions and actin filaments, through a molecular clutch, slows retrograde flow and promotes
axon elongation.

To confirm that the assembly of point contacts is necessary to reduce RF in response to
an immobilized LN substratum, we used co-application of heparin to block adsorption of LN to
the culture surface. This experiment dissociates the effects of soluble LN versus an
immobilized LN substratum. Heparin is a negatively charged, heavily sulfated
glycosaminoglycan, that has been used to prevent non-specific adsorption of Netrin to
surfaces, but not specific interactions of Netrin with its cell surface receptors (Moore et al.,
2012). Since LN contains a heparin binding site localized to the R-chain, and the integrin
binding region is localized to the a-chain, we hypothesized that pre-treatment of neurons with
heparin would not inhibit LN-activation of integrin receptors (Beck et al., 1990). We first tested
if we could block the adsorption of LN to a PDL substratum with pre-treatment of 2 ug/ml
heparin. When not pre-blocked, we find that soluble LN binds rapidly to a PDL substratum and
approaches saturation within 10-15 min (Figure 3A) (Woo et al., 2006). On the other hand, pre-

treatment with 2 pg/ml heparin significantly inhibits LN binding (Figure 3A). Next, we sought to
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determine how bound versus soluble LN affected axon outgrowth, point contact formation, and

RF. As described previously, stimulation with LN for 15 min strongly promotes point contact
formation (Figure 3B, C) and axon extension (Figures 3D). However, 15 min treatment with
soluble, non-adsorbed (heparin co-treatment, Figure 3E) LN does not support point contact
formation (Figure 3C, E), nor axon extension (Figure 3D), and often leads to axon stalling or
retraction (Figure 3E, Movie 4). Therefore, soluble, non-absorbed LN could activate cell signals
that increase RF. For example, active Src is linked to actin polymerization (Tehrani et al.,
2007), which may contribute to “pushing” of actin filaments rearward from the leading edge.
Moreover, integrin receptors can activate RhoA (Woo et al., 2006, Vicente-Manzanares et al.,
2009) and downstream Rho-associated coiled coil-containing kinase (ROCK), which
phosphorylates the myosin regulatory light chain at Ser19, resulting in myosin-ll-mediated
contractility of the actin network. Therefore, to test how soluble LN influences RF, TMR-KabC
labeled neurons were first treated with 2 ug/ml heparin, which alone does not significantly
change RF. Interestingly, while RF significantly slows in response to substratum immobilized
LN (Figure 3F, H), addition of soluble LN applied with heparin significantly increased RF
(Figure 3G, H). Consistent with the activation of RF without increased adhesion, addition of LN
with heparin resulted in a robust retraction of many axons (Fig 3D). To verify soluble LN is
leading to downstream activation of myosin-Il, we repeated the heparin and LN co-treatment
experimental paradigm in the presence of 50 ug/ml blebbistatin. We found that myosin-II
inhibition blocked the increase of RF elicited by soluble LN (Figure 3G). These data suggest
soluble LN is activating actin network contractility. This result is in sharp contrast to bound LN,
suggesting that without clutching by point contacts, soluble LN strongly stimulates RF and

induces axon retraction.
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Local clutching modulates actin retrograde flow at growth cone point contacts

Growth cones are more dynamic and motile on LN compared to PDL and undergo
cyclical periods of robust membrane protrusion and retraction. Leading edge protrusions are
stabilized by new adhesion formation (Woo et al., 2006, Myers et al., 2011, Myers et al., 2011,
Santiago-Medina et al., 2013), whereas membrane retractions often occur in response to
adhesion disassembly. Therefore, we examined whether differences in rates of RF correlate
with sites of leading edge protrusion versus retraction. As predicted, we find that the rate of RF
is significantly slower during membrane protrusion (Figure 4A) compared to a stationary
leading edge (Figure 4B), but significantly faster during leading edge retraction (Figures 4C,
D). These results suggest that clutching of RF to point contact adhesions may direct axon
outgrowth through local regulation of protrusion.

Growth cones on LN exhibit more variable RF rates compared to PDL (Figure 1G),
suggesting that local clutching by point contact adhesions may have a stronger influence on
RF near adhesions. To determine whether RF rates differ near point contacts, we
simultaneously imaged point contact adhesions with PXN-GFP or GFP-dSH2 (Robles et al.,
2006), together with TMR-KabC in Xenopus spinal neurons on LN (Figure 4E, Movie 5). F-
actin bundles that co-localized with stable point contacts (>1min in duration) were used to
generate “on” point contact kymographs (Figure 4F). Areas within the leading edge devoid of
point contacts were used to generate “off’ point contact kymographs (Figure 4G). F-actin
bundles “on” point contacts showed a significant attenuation of RF velocity relative to F-actin
bundles not associated with point contacts (Figure 4H). These data suggest that leading edge
RF can be locally restrained at point contact adhesions in growth cones on LN and is not
simply regulated as an ensemble contractile actin network.

Since RF can be differentially modulated within growth cones on homogenous LN, it is

possible that changes in the adhesive substrata encountered by growth cones directs axon
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extension through local differences in clutching of RF. To test this as a possible mechanism of

axon guidance, we cultured neurons on substratum patterns of PDL and LN (Figure 5A-C),
which we have shown previously promotes growth cone turning (Gomez et al., 2001). Similar
to chemotropic turning assays, patterned substrata have been used to elucidate mechanisms
of chemical and mechanical guidance responses (Walter et al., 1987, Gomez and Letourneau,
1994, Evans et al., 2007, Knoll et al., 2007, Treloar et al., 2009, San Miguel-Ruiz and
Letourneau, 2014). Xenopus spinal cord explants were cultured on striped patterns of PDL and
LN created using a silicone mask as described (San Miguel-Ruiz and Letourneau, 2014). As
expected, a clear preference for growth on LN was evident at low magnification (Figure 5A-C).
Growth cones spanning the PDL/LN border were loaded with TMR-KabC and imaged by TIRF
microscopy (Figure 5D-F). Growth cones were selected if three kymograph lines could be
generated within individual growth cones partially on each substrata. Therefore, F-actin RF
velocities were compared from individual growth cones interacting with two distinct substrata
(Figure 5F). Using this experimental paradigm, we found that RF was significantly slower
within local regions of growth cones on LN compared to PDL (Figure 5G). It is interesting to
note that for growth cones spanning borders, the average rate of RF on PDL was significantly
slower compared to homogenous PDL (10.35%+.22 vs 12.111£0.23, P<.0001). These data
suggest that F-actin clutching can be locally controlled at sites of ECM attachment, but that
clutching of the entire F-actin network also contributes globally to rates of RF.
Soluble axon guidance cues modulate the rates of F-actin RF

Growth promoting and inhibiting axon guidance cues can influence actin polymerization
(Vitriol et al., 2012) and point contact formation (Woo et al., 2006, Myers et al., 2011), but it is
not known how soluble cues regulate RF. We previously showed that on LN, brain derived
neurotrophic factor (BDNF) promotes point contact formation and enhances neurite outgrowth

(Myers et al., 2011), while Semaphorin3A (Sema3A) had the opposite effect (Woo et al., 2006,
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Bechara et al., 2008). Therefore, we tested how BDNF and Sema3A affect RF rates on PDL

and LN in growth cones labeled with TMR-KabC. We found that treatment with 100 ng/ml
BDNF for 15 min did not significantly affect the RF rates in growth cones on PDL, but caused a
marked decrease in RF on LN (Figure 6A-D, M, Movie 6). This effect was observed specifically
in the subpopulation of growth cones that exhibited protrusive responses to BDNF, as
unresponsive growth cones showed little change in RF in response to BDNF (not shown).
Since BDNF promotes point contact formation and strongly enhances axon extension on LN,
but not PDL (Myers et al., 2011), these data suggest that point contact induced F-actin
clutching is a key regulatory mechanism for attractive growth cone responses.

In contrast to BDNF, Sema3A is a repulsive axon guidance factor that disrupts existing
growth cone point contacts and prevents new point contact formation (Woo et al., 2006,
Bechara et al., 2008). Therefore, if clutching of RF depends on point contacts, we expect that
RF rates on LN, but not PDL, will be potentiated in response to Sema3A treatment. To test this,
we imaged TMR-KabC labeled growth cones plated on PDL or LN before and after treatment
with a sub-collapsing dose of Sema3A (400 ng/ml) for 15 min. Growth cones that stalled in
response to Sema3A were analyzed for changes in RF. At this dose, growth cone morphology
was only modestly altered, indicating that Sema3A did not depolymerize F-actin. In contrast to
the LN-specific effects of BDNF on RF, Sema3A increased RF in growth cones on both PDL
(Figure 6E-H) and LN (Figure 6l, J, Movie 7). However, Sema3A treatment caused a greater
increase in RF rates in growth cones on LN (Figure 6M). The partial effect of Sema3A
treatment on growth cones on PDL may be due to activation of both actin polymerization
(Jurney et al., 2002) and RhoA-dependent myosin contraction (Wu et al., 2005, Brown and
Bridgman, 2009). In addition to activation of contraction, the stronger stimulation of RF for
growth cones on LN may be due to acute disruption of point contacts, which would release the

clutching forces normally restraining RF. Therefore, in coordination with ECM-mediated
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adhesion, attractive and repulsive axon guidance cues like BDNF and Sema3A may regulate

axon outgrowth and guidance by locally modulating rates of RF.

Axonal growth cones exhibit slower actin retrograde flow in vivo

Our in vitro assays suggest that clutching leading edge RF may control neurite
outgrowth and guidance within developing embryos. To begin to investigate the role for RF as
a potential regulator of axon guidance in vivo, we expressed Td-Tomato F-tractin, a peptide
that specifically binds F-actin (Johnson and Schell, 2009, Saengsawang et al., 2012), in
Rohon-Beard sensory neurons and commissural interneurons within the developing Xenopus
neural tube by targeted blastomere injection (Figure 7A). Specific classes of F-tractin-labeled
neurons were identified via cell body position and axonal projection patterns in the exposed
spinal cord preparations (Santiago-Medina et al., 2011) viewed at low magnification (Figure
7B). Growth cones of Rohon-Beard sensory neurons extending along the dorsal fascicle of the
neural tube, as well as growth cones of commissural interneurons extending ventrally toward
the floor plate, were imaged at high speed and resolution to measure RF (Figure 7C, Movie 8).
Confocal optical sections were collected at a single focal plane (~700 nm) from growth cones
that remained in focus for the duration of the imaging sequence, allowing us to accurately track
linear movements of GFP-actin puncta. Quantification of kymographs revealed that growth
cones in vivo exhibit significantly slower RF compared to growth cones cultured on both PDL
and LN (Figure 7D). While the rate of RF in vivo could be slower due to reduced myosin-Il
activity, it is possible that strong F-actin clutching within the three dimensional space of the
developing embryo contributes to slow RF rates. Clutching of RF in vivo may occur through
growth cone receptor interactions with ECM or cell adhesion molecule ligands present in the
spinal cord (Myers et al., 2011). We confirmed that RF measurements made in vivo depend on

myosin-ll activity by treating embryos with blebbistatin (Figure 7F-H), which reduced RF.
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However, note that the effects of blebbistatin on RF in vivo are less pronounced than we

observed on LN in vitro (Figure 1), which may be due to limited access to blebbistatin in vivo.
Alternatively, adhesion complexes that clutch RF in vivo may also be disrupted by inhibition of
myosin-1l, which would oppose the effects of inhibition of myosin-Il on RF. Td-Tomato F-tractin
was specifically used in these experiments since 488 nm excitation light photo-inactivates

blebbistatin, precluding use of GFP-actin.
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Discussion

Mechanical forces produced within growth cones are coordinated by extracellular
factors to guide axon extension (Tyler, 2012, Kerstein et al., 2015). Protrusive forces are
thought to be largely directed by regulated actin polymerization, but here we show that
modulation of F-actin RF by clutching to point contact adhesion sites may be an equally
important determinant for axon outgrowth and guidance (see Model). Using TMR-KabC and
GFP-actin to measure RF, we show that RF in growth cones depends on culture substratum
and varies inversely with the rate of outgrowth (Model 1A, B). We find that RF is slow and
variable in highly motile growth cones on LN and in vivo. The variability of RF rates locally
within individual growth cones on LN suggests there is local modulation of clutching, which we
demonstrate occurs at sites of paxillin-containing point contact adhesions. Differential rates of
RF also correlate with locations of leading edge protrusion and retraction, suggesting localized
clutching may regulate axon guidance (Model 1C, D). Consistent with this notion, we show that
local differences in RF rates occur within growth cones spanning substratum boundaries.
Finally, we show that soluble axon guidance cues that modulate point contact adhesion
assembly and disassembly also affect RF rates on LN, suggesting axons associated with ECM
in vivo may be guided by local modulation of F-actin clutching.

While clutching of RF has been hypothesized as a guiding force for developing axons
(Mitchison and Kirschner, 1988, Suter et al., 1998, Bard et al., 2008, Shimada et al., 2008,
Toriyama et al., 2013, Garcia et al., 2015), our study provides the first evidence of clutch-
dependent axon extension and guidance on an ECM substratum. The clutch hypothesis was
initially described by Mitchison and Kirschner (Mitchison and Kirschner, 1988), and has been
largely examined for clutching to cell adhesion molecules (CAM). In Aplysia growth cones, a
local reduction in RF upon contact with immobilized Aplysia CAM (apCAM) coated beads

correlates with the targeted invasion of microtubules from the central domain toward the



63
restrained bead, suggesting preferential growth in the direction of clutched RF (Suter et al.,

1998). However, due to the slow growth rate of Aplysia axons, studying the effect of clutching
on overall outgrowth or local guidance is limited. In this study, we show that clutching to point
contact adhesions is necessary for LN, as well as BDNF and Sema3A induced changes in RF,
which correlates with local protrusion and retraction. Similar to apCAM, L1 clutches and
attenuates RF through the adapter protein shootin to promote axonal outgrowth downstream of
Netrin-1 (Shimada et al., 2008, Toriyama et al., 2013). More recently, local coupling of F-actin
to N-cadherin through a-catenin was found to clutch RF locally on N-cadherin micropatterns
(Bard et al., 2008, Garcia et al., 2015). Therefore, it appears CAM protein complexes function
to link F-actin and restrain RF to promote axon outgrowth through distinct adaptor proteins.
However, whether integrin-ECM adhesion complexes use similar mechanisms has not been
examined. While cell-cell adhesive interactions play key roles in axon tract formation,
pioneering growth cones often navigate through a complex ECM (Myers et al.,, 2011).
Immobilized ECM proteins form a rigid substrata which enable traction forces necessary for
force generation (Gardel et al., 2008, Moore et al., 2009, Koch et al., 2012, Moore et al., 2012).
Additionally, pioneering axons secrete matrix metalloproteases to remodel their local ECM,
making substratum interactions highly dynamic (Santiago-Medina et al., 2015). Our study is
the first to show that modulation of clutching of F-actin RF at point contact adhesions regulates
local protrusion and retraction at the growth cone leading edge downstream of permissive and
repulsive axon guidance cues.

Experiments testing the effects of soluble versus substratum-associated LN suggest
signaling pathways regulate growth cone motility downstream of integrin receptor activation
and clustering. Integrin clustering is known to occur in response to immobilized, but not soluble
ligands (Cluzel et al., 2005). Integrin clustering leads to recruitment and phosphorylation of

adhesion adaptor proteins, such as paxillin and FAK (Robles et al., 2006, Myers et al., 2011).
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The additional downstream signals activated by substratum-bound LN may be due to integrin

receptor clustering that provides “mechanical” activation of growth cones. It is unclear how
integrin receptor clustering on immobilized LN promotes additional signaling in growth cones.
However, clustered integrins do activate RhoA and Rho-associated coiled coil-containing
kinase (ROCK) (Cluzel et al., 2005), which increases MLC2 phosphorylation at Ser19 (Woo et
al., 2006) to promote F-actin contractile forces (Vicente-Manzanares et al., 2009). The RhoA-
ROCK-myosin-Il signaling cascade acts as a feedback control to further stabilize and mature
adhesions in the lamellipodia of migrating cells (Chrzanowska-Wodnicka and Burridge, 1996,
Vicente-Manzanares et al., 2009). Interestingly, previous work showed a similar requirement of
immobilized Netrin and myosin contractile forces in the activation of FAK and p130-Cas (Moore
et al., 2012). Inhibition of myosin-Il prevented activation of FAK and p130-Cas downstream of
stimulation with substratum-associated Netrin (Moore et al., 2012). P130-Cas forms a complex
with the adaptor molecule Crk to induce downstream activation of Rho GTPases, such as
Rac1 and Cdc42 (Liu et al., 2007). These data suggest the importance of mechanosensitive
signaling molecules in point contact adhesions. The early targeting of adaptor proteins to
activated and clustered integrins may promote local myosin-ll-mediated F-actin contractile
forces. These mechanical forces may promote further phosphorylation and clustering of
putative mechanosensitive molecules (Moore et al., 2010, Ciobanasu et al., 2014). Several
molecules that target to growth cone point contacts have been shown to function as
mechanosensors including talin (del Rio et al., 2009), FAK (Wang et al., 2001), vinculin
(Grashoff et al., 2010) and p130-Cas (Sawada et al., 2006). These proteins are unfolded by
“stretching” of the protein, which is believed to expose cryptic protein binding and
phosphorylation sites leading to further maturation of adhesions (Vicente-Manzanares et al.,

2009, Moore et al., 2010).



65
In motile growth cones, actin treadmilling is believed to be driven by both pulling forces

from myosin-Il motor-mediated F-actin sliding and pushing forces at the membrane from
barbed-end actin polymerization at the leading edge (Forscher et al., 1988, Lin et al., 1995,
Brown et al., 2003). In contrast, the distal lamellipodium of migrating, non-neuronal cells lacks
myosin |l-mediated contractile forces and RF is largely powered by leading edge actin
polymerization (Ponti et al., 2004, Vicente-Manzanares et al., 2009). In fibroblasts, myosin-Il is
localized proximal to the lamellipodium within the lamellum region where it organizes actin and
contributes to RF. However, actomyosin filaments in neuronal growth cones are not so rigidly
organized structures and are much more dynamic. The unique morphology and dynamics of
growth cones suggest they possess distinct mechanisms governing traction forces at the
leading edge. Indeed, myosin-Il is highly expressed in the growth cone central domain,
transition zone, and to a lesser extent along f-actin bundles in the peripheral domain
(Bridgman et al., 2001, Medeiros et al., 2006, Burnette et al., 2008). Our findings verify the
function of myosin-Il in the growth cone peripheral domain as blebbistatin treatment reduces
RF rates at the leading edge. Together with previous evidence (Bridgman et al., 2001), our
findings suggest that chemotropic factors could target myosin-ll to regulate RF and direct
growth cone motility.

It is important to note that we find that the rates of RF are only partially reduced by
inhibition of myosin-Il (Figure 1H-I). Moreover, we find that the effects of myosin-Il inhibition on
RF rates are greater for growth cones on PDL compared to LN and compared to growth cones
in vivo (Figure 1l). This difference may be due to the disruption of point contact adhesions of
growth cones on LN and in vivo by myosin-II inhibition (Woo et al., 2006), which would balance
the loss of myosin-Il motor activity. Interestingly, these data suggest that the rate of actin
polymerization is greater on LN compared to PDL, since the rate of RF is higher on LN

compared to PDL under conditions where adhesions are lost and myosin-Il is inactivated.
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Heightened actin polymerization on LN is consistent with integrin-activated signals, such as

Src/FAK tyrosine kinase signaling (Figure 3) that can activate Cdc42 and Rac1 (Woo et al.,
2006, Myers et al., 2012).

Local differences in RF rates within growth cones at sites of point contact adhesions
(Figure 4E-l) suggest that local clutching can slow RF regionally within the actin filament
network. Discontinuities of RF correlate with areas of leading edge protrusion and retraction
(Figure 4A-D), suggesting localized clutching may influence the direction of outgrowth. Sites of
local protrusion are associated with areas of increased actin polymerization (Mallavarapu and
Mitchison, 1999, Krause and Gautreau, 2014), which is expected to increase RF (Van Goor et
al., 2012). Therefore, our observations of reduced RF at sites of membrane protrusion suggest
that clutching forces are highest in protrusive areas, which is consistent with traction force
microscopy showing elevated traction forces at focal adhesions (Gardel et al., 2008) and in the
direction of cell migration (Munevar et al., 2001).

We have previously demonstrated that soluble axon guidance cues modulate growth
cone motility in part through modulation of integrin point contact adhesion dynamics (assembly
and turnover) (Woo et al., 2006, Woo et al., 2009, Myers et al., 2011). Specifically, BDNF
promotes axon outgrowth by stimulating adhesion assembly and turnover (Myers et al., 2011),
while Sema3A destabilizes adhesions (Woo et al., 2006). Consistent with links between point
contact adhesions and RF, we show here that BDNF slows RF specifically in growth cones on
LN (Figure 6, 8C), while Sema3A increases RF most robustly in growth cones on LN (Figure 6,
8D). These results further imply that soluble cues may differentially affect axon guidance
depending on the cell substratum. Growth cones use a variety of insoluble protein substrata to
support traction forces during axon extension in vivo, including a variety of ECM proteins and
cell adhesion molecules. Actin RF is also restricted through associations with cell adhesion

molecules, such as IgCAM and L1 (Suter et al., 1998, Shimada et al., 2008), which can be
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regulated by axon guidance cues. We show here that RF occurs in vivo, but is slower relative

to RF observed on homogenous LN in vitro. The identity of extracellular substrata and
intracellular adaptor proteins is unclear in vivo, but RF rates are closer to those observed on
cell adhesion molecules. It is known that combinatorial activities of permissive, attractive, and
repulsive guidance cues encountered simultaneously in vivo are integrated by growth cones to
regulate axon pathfinding behaviors necessary to build complex neural networks (Dudanova et
al., 2013). Future studies should attempt to specifically interfere with clutching forces in vivo to

determine if modulation of RF plays a significant role in axon pathfinding in vivo.
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Figure 1. The rate of axon outgrowth is inversely proportional to actin retrograde flow

rates. (A-D) Actin RF in motile growth cones was visualized by TIRF microscopy using TMR-
KabC, a barbed-end binding actin probe. Kymographs were generated from 2 min time-lapse
sequences of TMR-KabC labeled growth cones cultured on indicated substrata. Dashed yellow
lines indicate example lines used to calculate flow rates. (E) The rate of RF (left axis) and axon
outgrowth (right axis) is inversely related for spinal neurons plated on different substrata, Poly-
d-Lysine (PDL, n=16 GCs, 68 axons), 10 ug/ml Laminin (LN, n=15 GCs, 95 axons), PDL plus
LN (n=16 GCs, n=185 axons), 10 ug/ml Fibronectin (FN, n=16 GCs, n=70 axons), 5 uyg/ml
Tenascin (TN, n=8 GCs, n=37 axons). (F) The rate of RF (left axis) and axon outgrowth (right
axis) axis is inversely related for neurons plated on increasing concentrations of LN: 1 ug/mi
(n=11 GCs, n=80 axons), 5 uyg/ml (n=9 GCs, n=101 axons), 10 ug/ml (=10 GCs, 63 axons),
and 25 pg/ml (n=12 GCs, n=249 axons). (G) 2D image of a GFP-actin expressing growth cone
on PDL with kymograph sample line through leading edge (red line). Scale, 5 ym. (H-l)
Kymographs were created from growth cones on PDL (H) and 10 pg/ml LN (I). (J) Growth
cones labeled with TMR-KabC and GFP-actin exhibited significantly lower RF rates on LN
(n=17 GCs) relative to PDL (n=20 GCs). (K) The coefficient of variation (standard deviation/
mean) of TMR-KabC RF is significantly greater for growth cones plated on 10 ug/ml LN
(n=137) versus PDL (n=105). (L) Kymographs generated from 2 min time-lapse sequences of
TMR-KabC labeled growth cones captured at indicated times before and after 50 yM
blebbistatin treatment. (M) The rate of RF after blebbistatin treatment was significantly
attenuated on PDL (n=9 GCs) and LN (n=8 GCs) (***p<0.001), but the percent reduction (not
shown) was more significantly reduced in growth cones on PDL (p<0.001). ***p<0.001,

*p<0.05.
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Figure 2. Acute LN stimulation accelerates axon outgrowth over a time course that

correlates with point contact formation and reduced retrograde flow. (A-A’’) Confocal
images of a growth cone expressing PXN-GFP on PDL before and at indicated times after
addition of 25 pg/ml LN. Within 10 min of LN addition, many point contact adhesions form (red
arrowheads). Scale, 5 um. (B) Low magnification phase contrast images showing most axons
accelerate (color-matched arrowheads) after 15 min treatment with 25 ug/ml LN. Scale, 50 ym.
(C) Kymographs generated from 2 min time-lapse sequences of TMR-KabC labeled growth
cones captured at indicated times before and after LN addition. Dashed yellow lines indicated
calculated example flow rates. (D) The average rate of axon outgrowth (n=56) versus RF
(n=10 GCs) at times before and after LN stimulation shows an inverse relationship. ***p<0.001,

**p<0.01, *p<0.05.
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Figure 3. Point contact formation is required for LN induced axon outgrowth. (A, A’)

TIRF images of PXN-GFP expressing growth cone on PDL before (A) and 15 min after addition
of LN (A').(B) The mean intensity of fluorescent LN on PDL-coated glass coverslips treated for
15 min with 25 pg/ml LN alone, 2 ug/ml heparin alone, and LN plus heparin. (C) Axon
outgrowth on PDL (n=80) is stimulated by 15 min treatment with LN (n=52), but is strongly
inhibited by soluble LN (LN plus heparin, n=25). (D, D’) TIRF images of PXN-GFP expressing
growth cone on PDL before (E) and 15 min after (E’) addition of LN plus heparin. (E, F)
Kymographs generated from 2 min time-lapse sequences of TMR-KabC labeled growth cones
on PDL before (E, F) and after stimulation with LN (E’) and LN plus heparin (F’). Dashed yellow
lines indicate example lines used to calculate flow rates. (G) Average rates of TMR-KabC RF
in growth cones plated on PDL before and 15 min after indicated stimulations. Adsorbed LN
significantly slows RF, while soluble LN significantly accelerates RF (n=9 GCs). Scale, 5 ym.

***1<0.001, **p<0.01, *p<0.05.
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Figure 4. F-actin retrograde flow rates correlate with leading edge protrusion/retraction

and is reduced at adhesion sites. (A-C) Representative kymographs generated from regions
of protruding (A), stationary (B) and retracting (C) leading edge membrane. Dashed yellow
lines indicated calculated example flow rates. Yellow line indicates growth cone leading edge.
(D) The rate of RF is significantly slower in protruding relative to stationary and retracting
membranes (n=15 GCs). (E) 2D TIRF image of a growth cone expressing PXN-GFP (green)
and labeled with TMR-KabC (red). Note strong TMR-KabC labeling at the leading edge where
F-actin barbed-ends are concentrated. (F-G) Kymographs generated from 2 min time-lapse
sequences of TMR-KabC and PXN-GFP double-labeled growth cones using sampling lines
over adhesions (F) and off adhesions (G). Horizontal green lines in (F) represent stable PXN-
containing adhesions. (H) The average RF rates over adhesions (n=38) are significantly slower
than off adhesions (n=25) and compared to randomly sampled (n=63) RF rates. Scale, 5 ym.

***1<0.001, **p<0.01, *p<0.05.
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Figure 5. F-actin retrograde flow is locally regulated within growth cones at PDL/LN

substrata borders. (A-C) Low magnification images of Xenopus spinal cord explants labeled
for F-actin using Alexa546-Phalloidin (A) cultured on a patterned substratum of alternating
lanes of PDL and LN (B). Borders were visualized using fluorescent (HiLyte 488) LN (green).
Pseudo-colored image merge (C) shows strong preference for LN. Scale, 50 ym. (D-E) High
magnification TIRF image of a growth cone labeled with TMR-KabC (D) spanning a PDL/LN
border (E). LN was labeled with Succinimidyl Ester 647 (SE-647). (F) Merged image of TMR-
KabC labeled growth cone (magenta) spanning border between LN (green) and PDL
(unlabeled) with representative lines used to generate kymographs. (G) The average rates of
RF in growth cones spanning a PDL/LN border are significantly faster over PDL compared to
LN (n=27 GCs). However, differences between LN (n=15 GCs) and PDL (n=10 GCs) are more
dramatic on homogenous substrata (Note RF rates on homogenous substrata are data

duplicated from Fig 1 for comparison). Scale, 5 ym. ***p<0.001, *p<0.05.
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Figure 6. Soluble axon guidance cues modulate the rates of F-actin RF. (A, B) 2D TIRF

images of a TMR-KabC labeled growth cone on LN before (A) and 15 min after BDNF
treatment (B). Note this growth cone expands in response to BDNF. (C, D) Kymographs
generated from 2 min time-lapse sequences of TMR-KabC labeled growth cones captured
before (C) and after BDNF treatment (D). Dashed yellow lines indicated calculated example
flow rates. (E, F) 2D TIRF images of a TMR-KabC labeled growth cone on PDL before (E) and
15 min after Sema3A treatment (F). Note this growth cone retracts slightly in response to
SemagdA treatment. (G, H) Kymographs generated from 2 min time-lapse sequences of TMR-
KabC labeled growth cones captured before (G) and after Sema3A treatment (H). (I, J) 2D
TIRF images of a TMR-KabC labeled growth cone on LN before (I) and 15 min after Sema3A
treatment (J). Note this growth cone retracts slightly in response to Sema3A treatment. (K, L)
Kymographs generated from 2 min time-lapse sequences of TMR-KabC labeled growth cones
captured before (K) and after Sema3A treatment (L). (M) BDNF has little effect on the rate of
RF of growth cones on PDL (n=5 protruding GCs), but RF significantly slows in growth cones
on LN (n=16 protruding GCs). Sema3A accelerates RF of growth cones on LN (n=11 GCs)

more significantly compared to growth cones on PDL (n=11 GCs). Scale, 5 ym. ***p<0.001.
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Figure 7. Axonal growth cones exhibit slow actin RF in vivo. (A) Schematic illustrating

blastomere injection of DNA plasmid encoding Td-Tomato F-tractin targeted to the dorsal
spinal cord. Embryos were allowed to develop to 24 hours post-fertilization (hpf) before
exposing spinal cord for live imaging. (B) Low magnification and contrast stretched confocal z-
series projection showing F-tractin labeled Rohon-Beard neuron (red arrow) and commissural
interneuron (white arrow). An ascending RB axon is tipped by a growth cone (box). Scale, 30
pum. (C) High magnification image from time series used to generate kymographs (yellow line)
of growth cone from boxed region in (B). Scale, 5 um. (D) The rate of RF in vivo (n=19 GCs) is
significantly slower than RF rates observed in cultured neurons on PDL and 10 pg/ml LN. (E,
F) Kymographs generated from 2 min time-lapse sequences of a F-tractin labeled growth cone
before (E) and after (F) inhibition of myosin Il with 50 uM blebbistatin. Dashed yellow lines
indicated example flow lines used to calculate rates. (G) The rate of RF after blebbistatin
treatment is significantly reduced relative to pre-treatment and DMSO control media. Scale, 10

Mm. (***p<0.001).
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Model 1. Regulation of protrusion through modulation of integrin-dependent F-actin

clutching by axon guidance cues. Actin filaments populating the leading edge of growth
cones undergo constant RF due to proximal myosin-ll mediated contractile forces (Fcontraction)
and distal actin polymerization, which pushes against the plasma membrane to propel
filaments rearward (Fpolymerization). (A) In the absence of integrin activation and clustering, the
molecular clutch is disengaged and Fcontraction @and Fpoymerization drive rapid actin RF. However,
even under low clutching conditions, leading edge actin polymerization can at times exceed
RF, resulting in modest forward protrusion (Fprotrusion) and some forward translocation of the
growth cone. (B) In the presence of ECM proteins, integrin receptors are activated, cluster and
recruit adhesome-related adaptor and signaling proteins to form point contact adhesions,
which link to actin filaments. Point contact adhesions form a slip clutch with actin filaments
(Fadnesion), Which restricts RF and generates traction forces (Firacton) on the ECM. Integrin
activation also increases myosin-Il activity and actin polymerization, which should increase
actin RF. However, faster RF is overcome by point contact mediated clutching, which promotes
forward growth cone translocation. (C) BDNF increases point contact formation and turnover
(Myers and Gomez 2011) and promotes actin polymerization, as well as myosin-Il activation
(Gehler et al., 2004). However, more point contact adhesions that are rapidly turning over
further clutch RF to increase forward protrusion and accelerate axon outgrowth. (D) Sema3A,
a repulsive axon guidance cue, promotes the disassembly of point contacts (Woo and Gomez
2006), which disrupts F-actin clutching to minimize Faghesion and Firaction. In addition, Sema3A
activates RhoA and ROCK, resulting in phosphorylation of myosin-Il at Ser19, to increase
Fcontraction (Gallo, 2006). Loss of point contact clutching and increased Fcontraction leads to strong

activation of RF and subsequent axon stalling and retraction.
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Abstract

The extracellular microenvironment of the developing nervous system is a dynamic and
complex landscape of both chemical and mechanical signals that regulate cell proliferation,
differentiation, and migration. The regulatory roles of chemical cues in neuronal
morphogenesis have been described, however, little is known about how mechanical forces
influence neurite development. Extrinsic mechanical forces arise from cell adhesion to the
extracellular matrix (ECM) and cell-cell adhesion, while intrinsic forces are generated by
myosin-mediated contraction and polymerization/depolymerization of the cytoskeleton.
Furthermore, mechanical regulation of human neurite development has not been investigated.
Here we examined the role of mechanical forces on neurite development of human forebrain
(hFB) neurons and human motor neurons (hMN) derived from induced pluripotent stem cells
(iPSC). These two populations of neurons extend axons into distinct environments. hMN
axons, upon exiting the spinal cord, must navigate into more rigid peripheral tissues.
Conversely, hFB neurons remain within the elastic central nervous system (CNS). Using
polyacrylamide and collagen hydrogels of varying elasticity we found hMN neuritogenesis was
strongly promoted on more rigid substrata. On polyacrylamide, hMN reached maximal growth
on 25 kPa, which is within the ranger of muscle. Interestingly, hFB neurites exhibit little
differential outgrowth in two-dimensional environments, but grew longer neurites in soft three-
dimensional collagen. We found that the observed differential growth rates are in part due to
greater adhesion of the growth cone leading edge to more rigid environments, suggesting hMN
growth cones form more stable adhesions leading to greater motility. Furthermore, we found
RhoA, an important adhesion regulating GTPase, activity was higher on rigid substrata in
hMNs. Interestingly, activation of RhoA stabilized leading edge protrusions and increased hMN
neurite outgrowth on soft substrata, while decreasing outgrowth on more rigid substrata. These

data suggest RhoA acts as a mechanosensor on elastic substrata to balance intracellular
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contractile and adhesive forces. Finally, we found that mechanosensitive adhesion proteins

FAK, Src, and p130-CAS are upregulated on more rigid substrata in hMN growth cones. Taken
together, these data illustrate the mechanistic role adhesion cycling plays to regulate neurite

outgrowth in different biophysical environments for peripheral projecting neurons.
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Introduction

During development of the nervous system, neurites must navigate through a complex
extracellular space consisting of varying environmental cues. Extracellular ligand binding to
cell surface receptors direct axon morphogenesis via activation of various signaling pathways
which induce changes cytoskeletal dynamics, local protein synthesis, and membrane
trafficking control (Leung et al., 2006, Tojima et al., 2010, Dent et al., 2011). The study of long
projecting axon guidance has principally focused on how soluble chemical ligands, deposited
in the extracellular environment, induce morphological changes within growth cones to
regulate extension and directed growth [reviewed in (Tessier-Lavigne and Goodman, 1996,
Lowery et al., 2009)]. However, a growing breadth of research indicate secreted growth factors
and chemokines are likely immobilized in vivo to induce morphological responses. Guidance
responses induced by factors such as netrin induced growth cone turning appear to depend on
ligand immobilization (Moore et al., 2010, Moore et al., 2012). Other factors such as bone
morphogenic proteins (BMPs) and semaphorins can bind to extracellular matrix (ECM)
proteins such as fibronectin, tenascin, and laminin (Hynes, 2002, Hynes, 2009). Additionally,
adhesion receptors, such as integrin receptors, can exist as co-receptors for growth factor
receptors like vascular endothelial growth factor (VEGF) receptor (Rahman et al., 2005).
Importantly, these interactions between the ECM, growth factors, and cell surface receptors
serve multiple function as both adhesive ligands and to induce biochemical signals. Moreover,
a plethora of recent studies have found the elasticity of the substrata can affect neurite
outgrowth, guidance, and branching [reviewed in (Kerstein et al., 2015)].

Developing axons in the central (CNS) and peripheral (PNS) nervous system must
traverse a wide range of tissue of varying elasticities. A number of recent studies illustrate the
the ability of substrata elasticity, or rigidity, to tightly regulate neurite growth and guidance

[reviewed in (Kerstein et al., 2015)]. Elasticity, quantified as the Young’s modulus or elastic
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modulus (pascals, Pa), is measured as the deformability of a material in response to

mechanical force. Using magnetic resonance elastrography, human tissue elasticity has be
found to be significantly variable, including within the brain and spinal cord (McCracken et al.,
2005, Kruse et al., 2008, Tyler, 2012). In fact, human and rodent brains appear to have a wide
variance of elastic modulus ranging from 0.1 kPa to 16 kPa (Tyler, 2012). Therefore, central
projecting cortical neurons must grow in a variety of elastic conditions, and fine tune their
growth rates accordingly. These fluctuation in rigidity have been found to affect CNS
hippocampal neurite development, as neurites grew faster on extremely soft substratum
(Kostic et al., 2007). Furthermore, mouse primary spinal cord neurons were shown to have
more complex axonal branching on less rigid substrata (Flanagan et al., 2002). However, due
to the range of different substrata and elastic moduli used, the effect of rigidity on CNS neurite
development is still not entirely clear.

In contrast to neurite growth within the CNS, motor neurons and dorsal root ganglion
(DRG) neurons are required to project into more rigid peripheral tissue. Substrata elasticity
appears to strongly affect neurite development of peripheral innervating neurons using chick
DRG neurons (Balgude et al., 2001, Willits et al., 2004, Sundararaghavan et al., 2009), mouse
DRG (Cheng et al., 2011), rat DRG (Koch et al., 2012), and Xenopus spinal cord (Kerstein et
al., 2013). However, the effects of rigidity on neurite length appear to differ depending on
elastic material, ECM protein, and range of elasticity. Moreover, neuritogenesis of motor
neurons in different elastic environments has not been specifically investigated. Motor axon
development consists of four stereotyped events: initiation in soft CNS, spinal cord exiting at
stereotyped exit points, axon fasciculation growth in the periphery, and synaptogenesis at the
neuromuscular junction [reviewed in (Pfaff et al., 2008)]. Our laboratory has recently shown
Xenopus spinal neurons form invadopodia like growth cone protrusions, which can release

matrix metalloproteinases (MMPs) to break down ECM, and are critical for axon exiting from
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the spinal cord (Santiago-Medina et al., 2015). We hypothesize this process of ECM

remodeling changes the biophysical properties of the basal lamina surrounding the spinal cord,
and subsequently affects neurite outgrowth. Upon exiting, motor neuron axons then grow in
very rigid environments, such as bone (15-30 GPa), connective tissue and arteries (0.1-1MPa),
and muscle (10-100 kPa) (Tyler, 2012, Franze, 2013). Finally, synaptogenesis at the
neuromuscular junction requires mechanical force dependent synapse matching between the
presynaptic bouton and muscle. Therefore, substrata elasticity appears to play a critical role in
navigating axons during all steps of motor neuron morphogenic development (Siechen et al.,
2009).

The molecular mechanisms that could differ between CNS and PNS projecting neurons
are still relatively unknown. Similar to non-neuronal and cancer cell migration, growth cone
adhesions play a crucial role in sensing and responding to mechanical stimuli. In response to
mechanical stimuli, receptor-like protein tyrosine phosphatase alpha (RPTP-a) has been found
to co-localize with avBs integrins and activate Src kinase and Cas to regulate neurite growth
rate (Kostic et al., 2007). Another recent study found growth cone adhesions are critical for
controlling neurite outgrowth on different elasticities (Koch et al., 2012). Peripheral projecting
DRG growth cones were found to have more adhesions, which correlated with longer neurites
on rigid relative to softer substrata. Moreover, this study discovered central projecting
hippocampal neurons had fewer growth cone adhesions, which correlated with a lack of
mechanosensitive responses. While these data give us some indication of the molecular
modulators of mechanotransduction during neurite outgrowth the exact molecular differences
between neuronal subtypes remains elusive. Another open question in the field is whether
central and peripheral projecting human neurite development is similarly regulated by

mechanical stimuli.
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Here, we used induced pluripotent stem cell (iPSC) derived human motor neurons

(hMN) and human forebrain neurons (hFB) to examine substrata elasticity on neurite
development and guidance. We show that hMN preferentially grow longer neurites on more
rigid polyacrylamide hydrogels and three dimensional collagen after 2 DIV. Conversely, hFB
did not appear to have neurite lengths differences dependent upon substrata rigidity on
polyacrylamide. Interestingly, the rate of hFB neurite outgrowth was significantly more rapid on
soft substrata relative to rigid substrata. Additionally, in three-dimensional collagen hFB
projected longer neurites on soft substrata. One mechanism of mechanosensitive motility in
non-neuronal cells includes regulating adhesion to the ECM. Similarly, we observed more
stable adhesion of hMN growth cones to rigid environments. Moreover, RhoA-GTPase activity
was a principle determinant of mechanosensitive neurite growth for hMN. Pharmacological
activation of RhoA stabilized leading edge protrusions and increased hMN neurite outgrowth
on soft substrata, while decreasing adhesivity and outgrowth on more rigid substrata. These
data strongly suggest RhoA functions to balance intracellular contractile and adhesive forces
for optimal growth of hMN neurites. Finally, we found that mechanosensitive adhesion proteins,
focal adhesion kinase (FAK), Src, and p130-CAS, have increased activity on rigid substrata in
hMN. These data illustrate a novel mechanistic role of RhoA and adhesion in regulating human

neurite outgrowth dependent on environmental substrata.
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Materials and methods

Plasmid constructs and reagents. GFP transfected in human neurons was provided by Erik
Dent (University of Wisconsin, Madison) and sub-cloned into pCAX vector for expression in
human neurons (Dave Turner, University of Michigan, Ann Arbor, MI). Lysophosphatidic acid
(LPA, Fisher Scientific) and Rho Inhibitor | (Cytoskeleton, Inc.) were used to activate and
inhibit RhoA, respectively.

Neuronal differentiation and transfection. Human forebrain neurons (hFB) were
differentiated as previously described (Hu et al., 2010, Doers et al., 2014). Human motor
neurons (hMN) were differentiated as previously described (Du et al., 2015). Neurospheres
were plated onto polyacrylamide hydrogels coated with 50 pg/ml PDL, 25 ug/ml laminin
(Sigma-Aldrich), 10 pg/ml fibronectin (Sigma-Aldrich); and 1 mg/ml collagen hydrogels
(Corning Discovery Labware) in neurobasal media containing B27 supplements (Life
Technologies). Collagen was crosslinked using 1 mM and 10 mM genipin (Sigma-Aldrich).
Cultures were imaged or fixed at 24 hours or 48 hours after plating, respectively.
Immunocytochemistry. Cultures were incubated in 5% CO2 and 9% 02 at 37°C then imaged
or fixed 24-48 hr after plating. For immunocytochemistry (ICC), neuron cultures were fixed in
4% paraformaldehyde in Krebs sucrose fixative (4% PKS) (Dent and Meiri, 1992),
permeabilized with 0.1% Triton X-100, and blocked in 1.0% fish gelatin in CMF-PBS for 1 h at
room temperature. Primary antibodies were used at the following dilutions in blocking solution:
1:1000 acetylated tubulin (Sigma-Aldrich), 1:500 all pY-FAK antibodies (Biosource), 1:500 all
pY-Src antibodies (Biosource), 1:100 pY-p130-CAS (Cell Signaling Technologies). Alexa-Fluor-
conjugated secondary antibodies were purchased from Invitrogen and used at 1:250 in
blocking solution. Included with secondary antibodies was Alexa-647 phalloidin (1:50 —1:100;

Invitrogen) to label filamentous actin (F-actin).
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RhoA G-LISA. Rho G-LISA activation assay colorimetric kit (Cytoskeleton Inc.) was used to

measure RhoA activity in hMN. hMN from 0.5 kPa and 25 kPa laminin coated polyacrylamide
hydrogels were lysed and diluted to 0.5mg/ml using lysis buffer and then loaded on to their G-
LISA plate for protein analysis. This was followed by detection with RhoA-GTP antibody and
HRP, and reading absorption at 490 nm with a microplate reader.

Image acquisition. For fixed fluorescence microscopy, low-magnification images were
acquired using either a 20X/0.50 NA or 60X/1.45 objective lens on an Olympus Fluoview 500
laser-scanning confocal system mounted on an AX-70 upright microscope. For live differential
interference contrast (DIC) microscopy, high-magnification images were acquired using a 40X/
1.3 NA objective lens on a Nikon total internal reflection fluorescence (TIRF) microscope. On
the confocal, samples were imaged at 2—-2.5X zoom (pixel size = 165-200 nm). Images were
collected on the TIRF with a Coolsnap HQ2 camera (Roper scientific) with 2x2 binning (pixel
size = 127 nm). Second Harmonic Generation (SHG) was used to image collagen fibril
structure before and after genipin treatment.

Image analysis. Images were analyzed using ImagedJ software (W. Rasband, National
Institutes of Health, Bethesda, MD). Neurite length was quantified as the distance of a single
projection measured from the edge of the neurosphere explant. The ten longest neurites were
used because of neurite density. Neurite outgrowth was quantified as the total distance of
growth cone leading edge forward translocation after 30 minutes. GFP-hMN labeled growth
cones were imaged at 2 Hz by TIRF microscopy for 2 min to measure actin RF. Leading edge
morphology were quantified by kymography by sampling three to seven lines per growth cone
radiating equally around the axis of outgrowth.

Sholl analysis (Sholl and Uttley, 1953). Images were analyzed using the Sholl Analysis plugin

in Imaged. An ellipse was fit to hFB and hMN neurospheres and initial radius set to 50um away
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from neurosphere edge. The outer radius was set beyond the extent of the longest neurite, and

the radius step size (spacing between consecutive circles) was set to 5 um.

Statistical analysis. Analysis was carried out using Prism software. Analysis was completed
with an unpaired Student’s T-test for comparison of two experimental groups, or a One-way or
Two-way ANOVA with a Bonferroni’s multiple-comparison test for comparison of 3 or more
experimental groups. For quantitative immunocytochemistry experiments phosphor-tyrosine of
specific proteins signal was in ratio to succinimidyl ester 647 (SE-647) and rigid was

normalized to soft to illustrate fold changes.
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Results

Two-dimensional neurite extension of human neurons is regulated by substrata
elasticity

Previous studies using animal models have shown the biophysical properties of the
substrata affect neurite development. Multiple studies have found preferential growth for
neurons on softer substrata, such as mouse spinal cord (Flanagan et al., 2002), mouse
hippocampal (Kostic et al., 2007), rat spinal cord (Jiang et al., 2008), and Xenopus Laevis
spinal cord (Kerstein et al., 2013). Conversely, other studies have found maximal growth on
moderately more rigid substrata, such as rat DRG (Koch et al., 2012) and mouse DRG (Cheng
et al., 2011). However, these studies have differed in the flexible substrata (agarose, collagen,
polyacrylamide, polydimethylsiloxane, or silk fibroin hydrogel, and extracellular matrix coating
(poly-d/I-lysine, laminin, or fibronectin), as well as a fluid definition of soft versus rigid [reviewed
in (Kerstein et al., 2015)]. Additionally, there has been no investigation to whether human
neurite extension and guidance is similarly regulated by substrata elasticity. Therefore, we
examined neuritogenesis of human neurons on varying physiologically relevant elasticities.

Neurites growing outside the CNS must sense and respond to more diverse elastic
substrata relative to central projecting neurites. However, rigidity fluctuations found within the
CNS have also been shown vary during neurodevelopment (Koser et al., 2016). To test
whether central and peripheral projecting human neurites respond differentially to substrata
elasticity, we cultured hMN and hFB on PDL and laminin coated polyacrylamide of differing
elasticity (0.2 kPa, 0.5 kPa, 1 kPa, 2 kPa, 4 kPa, 8 kPa, 15 kPa, 25 kPa, 50 kPa, and 125
kPa). Initially, we found hMN and hFB did not regularly adhere to the softest substrata (0.2
kPa). However, hMN and hFB neurites were present after 1-2 DIV on all other substrata. h(MN
extended longer neurites on rigid substrata (Figure 1A-D, |), reaching peak lengths on 25 kPa

(Figure 1C, I), a physiologically correlative rigidity to muscle tissue. Additionally, neurite
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number appeared to be greater on rigid for hMN. Sholl analysis data revealed an increased

number and length of neurite projections on rigid substrata (Figure 1L). Additionally, there was
a greater number of neurites closer to the neurosphere, suggesting substrata rigidity could
have an effect on neurite initiation (Figure 1L). In contrast to hMN, elasticity appeared to have
less of an effect on neurite extension for hFB cultures with the longest neurites growing on 1
kPa, 2 kPa, 15 kPa, 50 kPa, and 125 kPa (Figure 1E-H, J). Further evaluation using sholl
analysis found rigidity did appear to have an affect on neurite number, with fewer neurites
extending on soft substrata (Figure 1M). However, the longer extending neurites grew similar
distances (Figure 1M). This could either indicate rigidity affects neurite formation, or central
projecting neurons prefer to extend neurites via cell-cell adhesion mechanisms and the
neurites, once formed, stay within the neurosphere. These data are in accordance with
previous data which discovered no preferential growth in response to varying elasticities for
hippocampal neurons cultured on laminin (Koch et al., 2012). However, a contrasting study
found hippocampal neurites preferred more elastic conditions (0.5 kPa) over rigid (4 kPa) when
cultured on fibronectin (Kostic et al., 2007). Therefore, we cultured hFB on different elastic
substrata coated with the ECM molecule, fibronectin (Supplemental Figure S1). In contrast to
previous evidence we determined that hFB neurites did not have a trend of altered neurite
length on different elastic polyacrylamide coated with fibronectin (Supplemental Figure S1).
Neuronal differentiation and neuritogenesis involves a stereotyped sequence of events
and involves an array of signaling cascades to initiate and extend a neurite (da Silva and Dotti,
2002). These signaling pathways can be activated downstream of mechanical force to affect
initiation, extension, or both. Additionally, the mechanical environment can independently affect
cell fate (Musah et al., 2014). To delineate between the effects of substrata elasticity on neurite
extension from other cell processes we quantified the rate of neurite outgrowth for hMN and

hFB. As previously stated, we observed a significant disparity on neurite length for hMN at 0.5
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kPa and 25 kPa. These two elasticities are physiologically comparable to CNS (0.5 kPa) and

peripheral tissue (25 kPa) (Tyler, 2012). Therefore, we examined time-lapsed neurite
outgrowth of hMN and hFB under soft (0.5 kPa) and rigid (25 kPa) conditions. Neurite
outgrowth rates on soft were significantly slower than rigid substrata for h(MN (Figure 10-P, S),
suggesting that differential neurite lengths were predominately due to differences in neurite
extension. Contradictory to our neurite length results, time-lapse imaging of hFB revealed a
reduction in neurite outgrowth rate on rigid substrata compared to soft (Figure 1Q-R, T).
Therefore, soft environments increase neurite outgrowth rate, while rigid environments induce
greater neurite number, resulting in a similar number of long projecting neurites for hFB. These
findings confirm the hypothesis that CNS and peripheral projecting neurite extension rate is

influenced by environmental rigidity.

Three-dimensional neurite extension of human neurons is regulated by substrata
elasticity

To further investigate the effect of substrata elasticity on neurite outgrowth, we next
examined neurite length in three-dimensional collagen hydrogels. Numerous studies have
used collagen matrices to generate variable elastic cell culture conditions to study cell shape,
polarity, and durotaxis (Greenburg and Hay, 1982, Willits et al., 2004, Sundararaghavan et al.,
2009). Three-dimensional collagen matrices can affect neuronal processes such as
neuritogenesis and nerve regeneration (Bozkurt et al., 2007, Gil and del Rio, 2012). To test
whether altering elasticity has an effect on three-dimensional neurite development, hMN and
hFB were cultured on 1.5 mg/ml fibrillar collagen. This concentration produces a dense
collagen matrices to assay neurite outgrowth with three-dimensional varying mechanical

forces. Neurites were present after 1 DIV for hMN and hFB (Data not shown). However,
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neurites appeared to grow more slowly in three-dimensional collagen relative to

polyacrylamide and were fixed after 4 DIV for analysis.

Collagen matrices are relatively soft, with an elastic modulus less than 5 kPa (Roeder et
al.,, 2002). To investigate neurite growth responses to different rigidities in three-dimensions,
collagen matrices were treated with 1 mM or 10 mM genipin, a collagen cross linking molecule,
for 18 hours. Genipin has been shown to crosslink cellular and extracellular matrix tissue in
addition to biomaterial scaffolds causing an increase in rigidity (Sundararaghavan et al., 2008).
Using SHG, we compared structural properties of collagen matrices without (Figure 2A) and
with (Figure 2B) 10 mM genipin and found genipin induced increased fibril size (Figure 2C) and
decreased fibril count (Figure 2D), suggesting increased collagen crosslinking into large fibrils.
Importantly, genipin and collagen cross interaction produces autofluorescence when excited at
590 nm. This autofluorescence is directly correlated with increased rigidity, and allowed us to
quantify differences in collagen matrix elasticity (Sundararaghavan et al., 2008). There was a
significant increase in autofluorescence after 1 mM genipin treatment confirming our assay
induces increased rigidity (Figure 2E).

We observed increased neurite lengths extending from hMN while growing in genipin
crosslinked collagen relative to control (Figure 2 F-G, J). Furthermore, we quantified neurite
growth depth in 3D collagen. The more extended neurites projecting from hMN on rigid
collagen also grew deeper into collagen (Figure 2K-L, N). These data correspond with neurite
length differences on polyacrylamide and confirm that peripheral projecting neurons extend
more rapidly in less elastic conditions. Using the same experimental paradigm, we probed
neurite length for hFB in different three-dimensional elastic conditions. Cultured hFB neurons
embedded in control collagen matrices (Figure 2H) and with 1 mM genipin (Figure 2I). In
contrast to hMN, more rigid conditions caused reduction in hFB neurite length after 4 DIV

relative to control, indicating hFB prefer soft conditions in three-dimensional collagen matrices
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(Figure J). These data contradict the result we observed with two-dimensional cultures on

flexible polyacrylamide (Figure 1J). However, hFB neurites appeared to grow deeper in to rigid
collagen (Figure M-O). This could be due to increased exploratory neurite growth for hFB
neurons on rigid substrata. These differential effects for hFB could be due to preferred growth
on collagen as an ECM substrata or specific three-dimensional relative to two-dimensional
mechanosensitive growth. Taken together, it appears the elastic environment affects the

development of neurites projecting from both hMN and hFB in three-dimensional matrices.

Elasticity dependent neurite extension of human neurons is mediated by growth cone
leading edge adhesivity

Migrating cells respond to the biophysical properties of the extracellular
microenvironment by expression of mechanosensitive proteins that change their
conformational structure in response to acute forces directed upon cell [reviewed in (Schiller et
al., 2013, Kerstein et al., 2015)]. A number of biochemical outputs of mechanosensing have
been described to regulate cell shape and behavior. Among these outputs is the modulation of
adhesion complex proteins located around integrin receptors, which have been discovered to
be critical components of mechanosensing. Integrin receptors are involved in detection of
elastic fluctuations as well as providing the initial substrate for adhesion complexes to form in
response to other signals (Sun et al., 2016). This dual role of integrin based adhesions creates
a homeostatic feedback, which is required for increasing or decreasing cell motility during
neurodevelopment, cell migration, and in metastatic cancer cells (Huttenlocher et al., 1996,
Cox and Huttenlocher, 1998, Yamahashi et al., 2015). Furthermore, our laboratory has shown
adhesion modulation, downstream of signals such as calcium, is an important mediator of

growth cone mechanical force response (Kerstein et al., 2013). Consequently, we next
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attempted to correlate leading edge growth cone adhesivity on varying elasticities with rate of

outgrowth and neurite length differences we observed in Figures 1 and 2.

We assay for differences in leading edge adhesivity by examining protrusion and
retraction of GFP expressing hMN using kymography. Cultured hMN on soft (0.5 kPa) and rigid
(25 kPa) polyacrylamide were imaged using TIRF microscopy after 1 DIV (Figure 3A).
Morphological events were quantified by sampling three to seven lines per growth cone (Figure
3B-B’). This analysis showed hMN growth cones had longer lived protrusions on rigid substrata
compared to soft (Figure 3C-E). The more stable protrusions on rigid were also correlated with
extended duration of retraction, as well as a reduced rate of retraction (Figure 3E-F). These
data indicate that on rigid substrata hMN protrusions are more stable. In addition, while the
growth cone retracts, possibly due to actin depolymerization, the leading edge adheres more
to the substrata. We hypothesize that rigid substrata is a more attractive environment for hMN
due to adhesion stabilization. Also, we found that the rate of protrusion did not differ between
soft or rigid (Figure 3F). This could denote similar rates of actin polymerization on either
substrata, further implying growth cone adhesion as a key regulatory mechanism of
mechanical force dependent motility.

Recent evidence correlated a lack of growth cone adhesions with the loss of
mechanosensitive responses for CNS neurons, implying the absence of integrin based
adhesions in CNS neurons could underly the results observed in Figure 1J (Koch et al., 2012).
Therefore, we correlated hFB leading edge morphology with environmental rigidity. Elasticity
appeared to a significantly less important effect on adhesivity of the leading edge, evidenced
by no significant differences observed in the duration of protrusion (Figure G-H). However,
there was a longer duration of retraction on soft substrata indicating some reduced role of
adhesivity. Furthermore, the duration of protrusion and retraction were reduced in hFB relative

to hMN, suggesting an overall reduction of adhesive influence on hFB outgrowth (Figure 3E,
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H). The rate of protrusion and retraction was greater on soft substrata, which correlated with

more rapid outgrowth (Figure 1T), relative to rigid (Figure 3J). These data indicate CNS growth
cone motility is more dependent on direct regulation of the cytoskeleton, whereas peripheral
projecting neurite development is principally governed by modulating the adhesivity of the

growth cone to the substrata.

RhoA GTPase activity in hMN is upregulated on rigid substrata

As substrata adhesion appears to have a critical role in neurite growth on flexible
substrata (Figure 3), we sought to elucidate the signaling molecules involved in adhesion
mediated mechanotransduction in hMN. In migrating cells and growth cones, adhesions have
been found to be tightly regulated by Rho family GTPases, such as Rac1, RhoA, and CDC42
(Woo et al., 2006, Myers et al., 2012, Ridley, 2015). Briefly, upon integrin activation and
clustering, signaling molecules Src and FAK phosphorylate nascent adhesion proteins paxillin
and p130-CAS (Sawada et al., 2006, Cohen-Hillel et al., 2009). Paxillin and p130-CAS localize
guanine nucleotide exchange factors (GEF), R-Pix and DOCK180 to adhesions, respectively
(Ridley, 2015). These events are involved in nascent adhesion formation and yield increased
Rac1 mediated actin branching and polymerization during lamellipodial protrusion (Kiyokawa
et al., 1998, ten Klooster et al., 2006). After nascent adhesion formation, Rac1 activity
decreases while RhoA activity is simultaneously increased, due to inhibitory crosstalk
[reviewed in (Ridley, 2015)]. RhoA is critical for stress fiber and focal adhesion maturation via
downstream activation of Rho-associated protein kinase (ROCK) and myosin-Il activity
(Vicente-Manzanares et al., 2009). It has been proposed adhesion maturation is mediated by
myosin-1l contractile forces on F-actin transmitted into the adhesion, thereby activating stretch
gated adhesion molecules, such as p130-CAS, talin, and vinculin (Sawada et al., 2006, del Rio

et al., 2009, Moore et al., 2010). In neurons, it has been principally believed Rac1 and RhoA
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have antagonistic roles, with Rac1 stimulating neurite outgrowth through adhesion stabilization

and actin polymerization, and RhoA inhibiting growth by inducing contraction of the actin
cytoskeleton. However, more recent evidence in neurons, in agreement with non-neuronal cell
migration evidence, suggest RhoA plays a much more complicated role and can induce
positive growth effects (Woo et al., 2006).

Therefore, we attempted to better understand the role of RhoA in hMN growth cone
mechanotransduction. Mechanical forces in the environment have been shown to influence
Rho GTPase activity through upstream modulation of GEFs and GTPase activating proteins
(GAP) which activate and deactivate GTPases, respectively (Lawson and Burridge, 2014). To
determine the role of RhoA on mechanotransduction during neurite development, we first
performed a G-LISA small GTPase activation assay. This allowed us to measure the level of
GTP bound (activated) RhoA in hMN on soft and rigid substrata (Supplemental Figure S2). In
short, cells were cultured for 2 DIV and lysed. The cell lysate was incubated in a RhoA-GTP
affinity plate and detected via antibody recognition (Supplemental Figure S2A). We found an
increase in RhoA-GTP for hMN cultured on rigid substrata relative to soft (Supplemental Figure
S2B). These results denote a correlation between higher RhoA activity, growth cone leading

edge stability, and neurite outgrowth for peripheral projecting hMN on rigid substrata.

Modulating RhoA activity in hMN controls mechanosensitive neurite growth responses
To further examine the function of RhoA as a mechanosensitive signaling molecule in
hMN, we attempted to pharmacologically manipulate RhoA to probe for effects on neurite
length, rate of outgrowth, and growth cone morphology. Lysophosphatidic acid (LPA) has been
shown to induce strong growth cone collapse at high doses (O'Connor et al., 2012). LPA acts
as an extracellular signaling molecule by binding to cell surface G-protein coupled receptors to

initiate biochemical signaling (Kranenburg et al., 1999). One output of LPA is RhoA-GTPase
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activity (Kranenburg et al., 1999). Previous studies observing the inhibitory effects of LPA have

been on glass and culture plastic, which is more rigid than human tissue (Moolenaar et al.,
1997, Jeon et al., 2012). How LPA affects neurite extension on flexible substrata has not been
tested. To test the effects of RhoA overactivation on human neurite development we exposed
hMN on soft and rigid polyacrylamide substrata to chronic LPA treatment. After 24 hours in
culture hMN were treated with control media, 10 nM, 100 nM, or 1 uM LPA for 24 hours and
fixed (Supplemental Figure S3). Relative to control neurons, which had stunted neurites on soft
substrata, chronic LPA treatment caused a significant increase in neurite length on soft (Figure
4A-B,G). This effect was dose dependent with greater neurite length directly correlated with
higher LPA concentration (Supplemental Figure S3A-D, 1). As previously stated, hMN extend
neurites optimally on rigid substrata reaching peak velocity on 25 kPa (Figure 11, 4D).
However, after chronic LPA treatment, hMN neurite length was significantly reduced on rigid
substrata (Figure 4E, G). This reduction was correlated with increasing concentration of LPA
(Supplemental Figure S3E-I), which has been observed previously on rigid substrata such as
culture glass or plastic. These experiments further indicate RhoA may act as a sensor to
regulate mechanosensitive growth responses, as hMN grew optimally on soft substrata due to
chronic RhoA overactivation. Interestingly, these data contradict multiple studies in which LPA
has been shown to be inhibitory (Moolenaar et al., 1997, Jeon et al., 2012).

As stated previously, during cell migration RhoA activation is increased downstream of
mechanosensitive signals on rigid substrata (Lawson et al., 2014). Therefore, to further test the
role of RhoA in growth cone mechanotransduction, we assayed neurite outgrowth on soft and
rigid substrata in the presence of chronic RhoA pharmacological inhibition using Rho Inhibitor |
(C3 Transferase), which inhibits RhoA, RhoB, and RhoC (Herr et al., 2014). Differentiated hMN
were exposed to Rho Inhibitor | after 24 hours in vitro. Previous evidence found inhibition of

RhoA downstream signaling molecules, such as ROCK and myosin |l, causes increased
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neurite length on culture glass, suggesting blocking actin contractility induces greater neurite

outgrowth (Gu et al., 2013, Roloff et al., 2015). Similarly, we found on rigid substrata (25 kPa)
there was an increase in neurite length after 24 hours (Figure 5F-G). In contrast, neurite length
was decreased on soft in response to chronic Rho inhibition (Figure 5C, G). These data further
implicate RhoA activity as a key regulatory factor governing biophysical based responses
during neuritogenesis. RhoA appears to be optimally activated on rigid substrata and
modulating the balance of RhoA GTP/GDP can control neurite extension by artificially
activating/inactivating RhoA mediating signaling.

Rho GTPases such as RhoA, CDC42, and Rac1 have been implicated to control
multiple steps in neuronal maturation including neural progenitor cell proliferation, neuronal
migration, and plasticity of neurons (Stankiewicz and Linseman, 2014). Therefore, to parse
apart the effects of RhoA manipulation on neurite outgrowth from other cellular processes,
hMN cultures were acutely stimulated with LPA. To assess the effects of acute LPA treatment
we treated neurons with 100nM LPA for 30 minutes on varying elastic substrata. Initially, as
previously shown (Figure 1N-R), growth cone motility was greater on rigid substrata relative
soft (Figure 5H-1). However, LPA treatment appeared to reverse this trend as growth cone
translocation was more rapid on soft substrata post LPA relative to rigid (Figure 5H”, I”),
correlating with increased neurite lengths previously observed. In fact, LPA was found to
induce retraction of many neurites on rigid (data not shown). The RhoA dependent effects were
also seen with Rho inhibition. Consistent with the neurite length results, Rho inhibition resulted
in slower growth cone translocation and outgrowth on soft (Figure 5J). This was reversed on
rigid substrata, as Rho inhibition yielded accelerated growth cone forward movement (Figure
5K). These results indicate modulation of RhoA activity is involved in determining force

dependent neurite outgrowth rates through growth cone translocation specifically.
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Mediating adhesion is a key component of RhoA effects on growth cone motility (Woo et

al., 2006). We attempted to correlate acute RhoA activation with changes in leading edge
morphogenic responses. hMN were transfected with GFP and cultured on laminin coated
polyacrylamide dishes with elasticities of soft and rigid as previously described (Figure 3A-B).
On soft substrata, the leading edge membrane was unstable with more rapid protrusion and
retraction (Figure 5L, N). Acute RhoA overactivation via LPA disrupted this cycling between
protrusion and retraction and promoted leading edge adhesion and stability (Figure 5L°). We
observed an increase leading edge protrusion duration and distance, in addition to increased
retraction duration (Figure 5N-P). In contrast, on rigid substrata LPA treatment slowed forward
leading edge translocation by perturbing adhesivity (Figure 5M). We observed decreased
protrusion distance in growth cones cultured on rigid substrata, suggesting LPA treatment
adversely affects protrusive activity on rigid (Figure 5P). Taken together, these data indicate
RhoA acts as a crucial mechanosensor in human nerve growth cones. RhoA is optimally
activated on rigid substrata, downstream of mechanical signals, in peripheral projecting motor
neurons and direct modulation of RhoA can alter mechanical force matching between motor

neurites and the environment.

Tyrosine phosphorylation of mechanosensitive adhesion proteins correlates with
rigidity dependent neurite outgrowth

Our results reveal a role for adhesion regulation during human neurite outgrowth on
flexible substrata. A number of signaling cascades could be involved in adhesion mediated
mechanotransduction within growth cones. During initial integrin mediated mechanosensing,
FAK is recruited to the integrin complex, where it is then autophosphorylated at y397, providing
a binding site for the SH2 domain of Src, which leads to its activation via autophosphorylation

at y418 (Toutant et al., 2002, Wang et al., 2005, Bae et al., 2014, Zhang et al., 2014). Our
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laboratory previously demonstrated that phosphorylated y418 FAK, which can be activated by

mechanical stimuli, is essential for growth cone adhesion assembly and disassembly (Myers et
al., 2011). We tested FAK activity in hMN growth cones and observed higher phosphorylation
of FAK at y397 on rigid substrata relative to soft (Figure 5A-B, K). In a similar role to FAK, we
have shown Src is crucial in regulating neurite extension by modulating adhesion dynamics
during growth cone motility (Robles et al., 2005). To elucidate the effect of substrata rigidity on
Src signaling, we immunolabeled hMN growth cones with antibodies that specifically recognize
Src autophosphorylation (activation) at y418, and the inhibition site at y529 (Robles et al.,
2005). We observed an increase in phosphorylation of Src at y418 on rigid substrata relative to
soft substrata (Figure 5C-D, L). In contrast, we found inhibition of Src activity via
phosphorylation at y529 was higher on soft substrata relative to rigid (Figure E-F, M). Together,
our findings indicate greater activation of adhesion signaling molecules FAK and Src,
suggesting they are involved in leading edge stabilization and increased neurite outgrowth on
rigid substrata for hMN.

To further identify the adhesion proteins involved in mechanically dependent human
neurite development, we investigated the activity of the mechanosensitive substrate of FAK
and Src, p130-CAS. Downstream of integrin activation, myosin-Il induced actin retrograde flow
leads to stretching of p130-CAS, further stabilizing adhesions (Sawada et al., 2006, Bae et al.,
2014). This stretching event is required to expose cryptic phosphorylation sites for Src, and
subsequently FAK, to activate p130-CAS. These phosphorylation events are required for cell
spreading and motility in fibroblasts (Zhang et al., 2014). Moreover, p130-CAS has been found
to be a key regulator of axon guidance (Liu et al., 2007). To quantify differences in p130-CAS
activity in hMN growth cones on different elasticities we immunolabeled for phospho-specific
antibodies for two activations sites, y165 and y410. We found p130-CAS phosphorylation was

higher in hMN growth cones for both phosphorylation sites on rigid substrata (Figure 5I-J, N-
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0), confirming our hypothesis p130-CAS activity is higher downstream of FAK and Src on rigid

substrata. Our observations indicate mechanically dependent adhesion signaling and scaffold

proteins are important for hMN neurite development on flexible substrata.

Phosphorylation of mechanosensitive adhesion proteins on different elasticities is
reversed downstream of RhoA activation

To test how RhoA may modulated growth cone adhesivity through FAK, Src, and p130-
CAS we cultured hMN on polyacrylamide gels of different elasticities coated with laminin and
pharmacologically manipulated RhoA. As described previously, hMN rate of outgrowth was
higher on rigid substrata, and this correlated with increased phosphorylation of activation sites
for FAK, Src, and p130-CAS (Figure 5). In Figure 4 we identified RhoA as a mechanosensor
and regulator of neurite length, outgrowth, and leading edge protrusion on flexible substrata.
As previously stated, multiple lines of evidence suggest myosin-lIl contraction of the actin
network, downstream of RhoA, stabilizes adhesions (Cox et al., 2001, Machacek et al., 2009).
Therefore, hMN on soft (0.5 kPa) and rigid (25 kPa) substrata were stimulated with 100 nM
LPA for 1 hr, fixed, and labeled by immunocytochemistry with phosphotyrosine specific
antibodies to FAK, Src, and p130-CAS. LPA treatment lead to no significant difference to the
levels of FAK y397 on soft and rigid substrata (Fig. 6C-D, M), which is in contrast what we
observed with control media wash (Figure 6A-B, M), suggesting that RhoA overactivation on
soft substrata increases phosphorylation levels close to that of rigid substrata. Furthermore, we
observed LPA treatment lead to a decrease in Src phosphorylation at y418 on rigid compared
to soft (Figure 6G-H, N), which is in opposition to Src activation with control media wash
(Figure 6E-F, N). Finally, we found RhoA overactivation did not have an effect on p130-CAS
phosphorylation at y165 (Figure 61-L, O). Taken together, these data show that RhoA acts

upstream of FAK and Src to control growth cone mechanotransduction in hMN. However,
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because LPA treatment did not result in differential p130-CAS phosphorylaton relative to

control, we hypothesize another mechanism, besides mechanical stretching of adhesion
proteins, could underly the overactivation effects of RhoA. The possible mechanism will be

discussed further in the discussion.
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Discussion

Here we show, for the first time in human neurons, the biophysical properties of the
environment play a critical role in neurite development in PNS and CNS projecting neurons.
Using polyacrylamide (Figure 1) and collagen (Figure 2) hydrogels we showed hMN neurites
respond to the elastic environment in two-dimensional and three-dimensional cultures,
respectively. Neurite lengths were longer on more rigid substrata for hMN reaching maximal
length at 25 kPa, which is within the range of muscle tissue (Tyler, 2012). In contrast, substrata
elasticity did not have a clear affect on hFB neurite growth in two-dimensional environments.
On polyacrylamide, hFB rate of outgrowth was more rapid on soft substrata, however, this did
not appear to affect neurite length after 2 DIV (Figure 1). Additionally, hFB grew longer neurites
in soft three-dimensional matrices, further complicating our understanding of human CNS
neuronal morphogenesis in different elastic environments. We also identified a link between
RhoA mediated adhesion dynamics and mechanical force dependent neurite growth in hMN. It
appears the leading edge of hMN growth cones adhere more to rigid substrata (Figure 3) and
this correlated with increased activation of RhoA, FAK, Src, and p130-CAS (Figures 4-5). We
found modulating RhoA activity can switch mechanosensitive responses as LPA caused hMN
to extend longer neurites on soft substrata (Figure 4). Finally, were observed FAK, Src, but not
p130-CAS, activity is regulated downstream of RhoA (Figure 6), suggesting that similar to non-
neuronal cells, hMN growth cone mechanotransduction acts as a feedback homeostatic
regulator of neurite outgrowth.

There are still many unanswered questions to understanding how biophysical properties
regulate motor axon development. However, responding to substrata composition appears to
be critical during all steps of motor axon development. For example, how motor axons, which
initiate in the CNS, are instructed to defasciculate and grow through the basal lamina and into

the periphery is still an open question. Motor axons must exit the spinal cord at defined points
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dependent on motor neuron subtypes [reviewed in (Bonanomi and Pfaff, 2010). Essentially,

these can be broken down to ventral, including spinal motor neurons that innervate striated
muscle, and dorsal, including neurons exiting from the hindbrain, exiting motor neurons
(Guthrie, 2007). For ventral motor neurons the interaction between Cxcr4, a G protein coupled
receptor expressed by motor neurons, and Cxcl12, a chemokine expressed by mesenchymal
cells flanking the spinal cord, is required for exiting (Lieberam et al., 2005). Disruption of this
interaction inhibits motor neuron axons from exiting the spinal cord, and they project dorsal
and exit at inappropriate regions (Lieberam et al., 2005). In addition to this chemoattractive
interaction, our laboratory hypothesizes growth cones must locally break down the ECM to exit
the spinal cord, and this may be regulated by the biophysical properties of the ECM. We have
recently discovered motor neuron growth cone basal and apical protrusions, termed
invadosomes, are required for three-dimensional neurite guidance (Santiago-Medina et al.,
2015). Importantly, we showed these structures are required for motor neuron axon exiting of
the spinal cord. These structures, similar to cancer cell invadopodia, can break down ECM,
suggesting remodeling of ECM components in vivo. In metastatic cancer cells and migrating
fibroblasts these ECM remodeling events are regulated by the biophysical environment (Artym
et al., 2015, Doyle et al., 2015, Li et al., 2015). Moreover, the release of MMPs has been
shown to be directly regulated by elasticity (Haage and Schneider, 2014), providing further
evidence that in vivo, substrata rigidity may play an instructive role for motor neuron axon
exiting from the spinal cord. However, the initiating factor between mechanosensing and ECM
remodeling remains less understood. Our results in collagen matrices further suggest
environmental mechanics affect neurite development in three-dimensional environments,
perhaps through modulation of invadopodia or MMP release. Future studies should investigate

the affect of mechanosensing in motor neuron growth cones and MMP activity.
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The ability of motor neuron growth cones to sense the significant disparate elasticities

upon leaving the CNS and respond accordingly is poorly understood. Upon leaving the spinal
cord motor axons grow in a rostral-caudal segmentation pattern [reviewed in (Bonanomi et al.,
2010)]. This spatial organization is governed by positioning of somites surrounding the spinal
cord (Keynes and Stern, 1984). Axonal growth cones must sense the fluctuations in ECM at
somatic boundaries. Somites have stereotyped biophysical composition with increasing rigidity
toward the posterior somite boundary (McMillen et al., 2016). Interestingly, motor axons avoid
these areas of increasing rigidity leading to axon fasciculation and extension on the anterior
side of the somite. Cells in the posterior half of the somite additionally secrete inhibitory cues
Sema3A/3F, Ephrin-B1, F-Spondin, T-cadherin, and chondroitin sulfate proteoglycans
(Bonanomi et al., 2010). While the posterior inhibitory responses have been previously thought
to be exclusively due to chemical gradients of these guidance cues, our results and others
indicate the composition and mechanical properties of the ECM is crucial in promoting
fasciculation and guidance. It is likely the biophysical mediated effects on neurite outgrowth we
observed act in conjunction with these inhibitory cues in vivo. Specifically, guidance cues
Semaphorin and Ephrin likely modulate adhesion related mechanotransduction in motile
growth cones to induce morphological changes. For example, Semaphorin 3A regulates
traction forces and actin RF by modulating adhesion dynamics and endocytosis of membrane
bound integrin receptors (Woo et al., 2006, Tojima et al., 2010, Myers et al., 2011, Nichol IV et
al., 2016). The inhibitory effects of Ephrins have been demonstrated using immobilized ligand
border assays, indicating the observed effects of Ephrins on adhesion dynamics have a
biophysical component (Woo et al., 2009). Guidance molecules such as EphrinB2 have been
identified as adhesive ligands and can control matrix rigidity during cell migration and tissue
development, respectively (Pfaff et al., 2008, Wilkinson et al., 2008). EphB ligand binding

activates downstream effectors of adhesion dynamics, including Src and Rho-GEF (Park and
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Lee, 2015). How semaphorin and ephrins interact with the ECM to regulate substrata rigidity

and cell signaling during axon growth in vivo is still largely unknown.

The mechanochemical regulation of growth cones guides axon extension toward the
postsynaptic target at the neuromuscular junction as well. Axonal projections from motor
neurons in the same region of the spinal cord innervate the same muscle (Landmesser, 2001).
Growing axons branch and innervate muscle in an identical rostral-caudal location to their cell
bodies within the spinal cord (Bonanomi et al., 2010). Upon reaching target muscle, axons
branch to innervated their proper synaptic partner. Axonal branching is affected by substrata
rigidity, as mouse spinal cord neurons branched more on softer substrata (Flanagan et al.,
2002). The matching spinal neuron location to muscle innervation has been characterized and
is dependent on ephrinA as there are observed impairments in neuromuscular topography of
mouse mutants lacking ephrin-A2/A5 or overexpressing ephrinA5 (Feng et al., 2000). This is
likely due to EphrinA mediated disruption of growth cone adhesion (Woo et al., 2009), or by
activating MMP induced cleavage of cell surface ephrinA ligands (Hattori et al., 2000). As
previously stated, both of these events can be governed by mechanical properties of the
environment. Innervating axons likely encounter different muscle rigidities dependent upon
spatial and temporal muscle development. An exciting recent publication used techniques to
modulate substrata elasticity in vivo (Koser et al., 2016). These techniques could provide
useful to tightly regulate temporal changes in muscle rigidity during motor axon innervation. A
caveat to our study and others is the lack of characterization of elastic measurements of
muscle during development. The observed muscle elasticities reported previously have been
in cultured myocytes and cardiac muscle from adult mice (Mathur et al., 2001, Collinsworth et
al., 2002, Engler et al., 2006) and adult humans using magnetic resonance elastrography
(Tyler, 2012). Further characterization of developing muscle rigidity fluctuations is critical to

understanding our results. Importantly, human iPSCs can be differentiated into muscle fibers
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(Chal et al., 2015), allowing researchers to investigate the effect of muscle rigidity with motor

neuron axon branching and synaptogenesis.

There is compelling evidence that motor neuron axon spinal cord exiting, growth into
periphery, and branching and synaptic targeting is regulated by the biophysical properties of
the microenvironment. The open question is whether elasticity plays a permissive or instructive
role for developing motor neurons. Additionally, it is less clear if growing axons sense and
respond to fluctuations in the environment by altering adhesion and cytoskeletal factors, or
growth cones themselves remodel the ECM locally to allow for maximal outgrowth, or both.
Here, we identified key adhesion and cytoskeleton regulatory proteins, RhoA, FAK, Src, and
p130-CAS, as being mechanosensitive in hMN. However, the temporal and spatial dynamics of
activation of these proteins, and how that affects adhesion formation and turnover, still needs
to be elucidated.

A lot can be deduced from non-neuronal and cancer cell migration literature. Motile cells
can detect and react to the mechanical properties of the extracellular microenvironment
through integrin based adhesions (Sun et al., 2016). However, the initial step of
mechanosensing, whether integrin receptors directly sense the environment or they are
activated downstream of mechanosensitive ion channels or lipid signaling, is still relatively
unknown. It is clear integrin based adhesions are modulated by mechanical force, and
subsequently transmit traction forces onto the ECM promoting force reciprocity between the
ECM and the cytoskeleton. Whatever the initial step, integrin activation and clustering leads to
recruitment of multiple signaling and scaffold molecules to the nascent adhesion (Sun et al.,
2016). \AAmong the proteins recruited, Src and FAK phosphorylate paxillin and p130-CAS
(Sawada et al., 2006, Cohen-Hillel et al., 2009). Paxillin and p130-CAS localize the GEFs R-
Pix and DOCK180 to adhesions, respectively (Ridley, 2015). Both DOCK180 and [3-Pix alter

Rac1 mediated lamellipodia formation and cell spreading through induction of actin
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polymerization (Kiyokawa et al., 1998, ten Klooster et al., 2006). Concomitantly, FAK recruits

Arp2/3 thereby promoting actin dynamics through the GEF Trio (Medley et al., 2003). Other
proteins, such as vinculin, talin, and a-actinin are recruited to adhesion sites to clutch F-actin
(Humphries et al., 2007, Choi et al., 2008). The coupling between integrin adhesions and F-
actin is required for the assembly and turnover of nascent adhesions. After nascent adhesion
formation RhoA, which is initially inactivated via p190RhoGAP, a Rho-specific GAP activated
downstream of integrin in a Src-dependent manner, is activated by several Rho-GEFs
[reviewed in (Lawson et al., 2014)]. RhoA ultimately leads to increased actomyosin contraction
through ROCK (Totsukawa et al., 2000). It was initially hypothesized that the effects of RhoA
on adhesion during mechanotransduction was due to myosin-ll increasing actin RF and
subsequently increasing mechanical force on the adhesion to stretch mechanosensitive
adhesion proteins, such as p130-CAS, talin, and vinculin (Chrzanowska-Wodnicka et al., 1996,
Sawada et al., 2006, del Rio et al., 2009, Zhang et al., 2014). This rationale was due to the
observation that focal adhesion maturation was diminished by blocking RhoA or myosin-I
(Chrzanowska-Wodnicka et al., 1996). However, two lines of evidence have recently
challenged this view. Adhesion maturation and size was discovered to be independent of
traction forces (Beningo et al., 2001) and RhoA-ROCK-myosin-Il mediated contraction did not
always correlate with adhesion maturation (Tan et al., 2003). However, the complete loss of
myosin-ll contractility abolishes focal adhesion formation. Consequently, the tension produced
by actin RF on adhesions does have an affect on adhesion formation, but may not be as
important as initially believed.

The observation that myosin-Il contractility is dispensable for adhesion maturation in
response to mechanical force might appear to be in discord with our results showing increased
Src and FAK activity after RhoA activation (Figure 6). However, the increased neurite length

and outgrowth we observed after RhoA activation might be due to another function of myosin-
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Il. In myosin-ll depleted cells, adhesion maturation was reinitiated after re-expression of

myosin-Il that was still able to bind and crosslink actin, but was defective as a motor protein
(Choi et al., 2008). The crosslinking function of myosin-Il, which is also regulated by RhoA,
could prove a more important function than the force generating activity. In short, during
myosin-ll bundling of actin filaments, near clustered integrin adhesion sites, proteins that are
bound to the actin filament are brought together, allowing interactions and localization around
integrin receptors (Vicente-Manzanares et al., 2009). This leads to increased adhesion
signaling, as well as increase integrin avidity, both leading to formation and maturation of
adhesions (Vicente-Manzanares et al., 2009). Our results suggest that in hMN growth cones
the actin crosslinking function of myosin-Il may underly the increased leading edge
stabilization and neurite lengths we observed after LPA induced RhoA activation (Figure 4). We
showed LPA treatment reverses the effect of elasticity on phosphorylation of FAK and Src
(Figure 6). However, we did not observe this effect for the phosphorylation of p130-CAS, which
has been proven to be dependent upon intracellular mechanical force induced by myosin-II
contractility (Sawada et al., 2006, Zhang et al., 2014). We conclude the overactivation of RhoA
on soft substrata, where RhoA activity is lower under control conditions, increased myosin-Il
crosslinking allowing adhesion proteins to localize around integrin receptors leading to more
stable adhesion. Yet, differences in myosin-Il contractility was not enough to induce stretching
of p130-CAS. Conversely, on rigid substrata RhoA overactivation could promote such
increased contractility that the crosslinking effects of myosin-Il are overshadowed leading to
repulsive responses. In future studies, the temporal and spatial regulation of actin RF and
adhesion formation and turnover after RhoA overactivation should be investigated to delineate
the role of RhoA-myosin-lIl mediated crosslinking and contractility. Additionally, whether
myosin-1l crosslinked anti-parallel actin flaments exist in the growth cone leading edge, where

adhesions initiate, has not been characterized.



121
The results discussed here link adhesion dynamics to being a major factor governing

mechanotransduction in human growth cones during neurite development. Nonetheless, the
initial step of mechanosensing in neuronal growth cones remains unidentified. Whether integrin
receptors themselves are mechanically gated is not known. Adhesion regulation is a key
regulator and output of mechanical responses, but may not be the initiating factor.
Mechanically gated ion channels are an intriguing set of molecules that could initiated force
induced signaling pathways. In addition to many other functions, mechanosensitive channels
are important mediators of cell motility. Mechanosensitive channels control Ca2+ signaling to
regulate cell migration and growth cone motility (Jacques-Fricke et al., 2006, Wei et al., 2009,
Kerstein et al., 2013). Mechanosensitive ion channels and Ca2+ signals localize to areas of
high traction force indicating local force may act to gate these channels around adhesions
(Gomez et al., 2001, Doyle et al., 2004, Franze et al., 2009). Previously, our laboratory found
substratum elasticity modulates Ca2+ influx through mechanosensitive channels as rigid
substrata elicit higher frequency of Ca2+ transients, and subsequently inhibits axon extension
(Kerstein et al., 2013). How mechanical forces are transduced into mechanosensitive channel
gating remains unknown, but possibly involves coupling with the cytoskeleton or local lipid
compositions (Clark et al., 2007, Hayakawa et al., 2008). Force activated Ca2+ signals act to
modulate adhesion dynamics and growth cone motility through calpain (Kerstein et al., 2013).
Calpain is a Ca2+-dependent protease that cleaves adhesion and actin binding proteins to
modulate their function (Robles et al., 2003, Kerstein et al., 2013). Targets of calpain include
FAK (Chan et al., 2010), which we show is upregulated in human motor neurons under optimal
growth conditions (Figure 5). The link between mechanosensitive ion channel activation and
RhoA is less well understood. Ca2+ influx regulates RhoA via induced phosphorylation of
p190Rho-GAP. However, this may be indirectly through Ca2+ modulation of adhesions. Due to

the complexities of homeostatic feedback around adhesions, the initiating factor during growth
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cone mechanotransduction may not be due to a single molecule but coordinated interactions

between mechanically gated channels, integrin clustering, adhesion protein signaling, and
cytoskeletal dynamics.

Less may be deduced about how these mechanosensitive signaling pathways
described here control mechanical dependent neurite guidance within the CNS. While our
neurite length results in three-dimensional collagen (Figure 2) and other studies have found
effects of substrata rigidity on CNS neurite projections the results are varied and unclear
(Flanagan et al., 2002, Kostic et al., 2007). Two studies using mouse (Kostic et al., 2007) and
rat (Koch et al., 2012) hippocampal neurons found increased neurite length on soft substrata
and no effect of substrata on neurite length, respectively. The disparate results were likely due
differences in ECM substrata coating, as preferential growth was observed specifically on
fibronectin. We repeated these experiments using hFB and found no difference between
substrata used on neurite lengths. Collagen did show a robust effect on neurite length for hFB.
In the developing CNS, collagen, laminin, and fibronectin are mainly expressed in the basal
lamina surrounding the brain (Barros et al., 2011). However, fibril forming collagens, such as
collagen | used here, are not highly expressed in the brain or spinal cord parenchyma. Other
non-fibril-forming collagens and collagen-like proteins are widely expressed in the developing
CNS (Fox, 2008, Myers et al.,, 2011). Though expressed primarily in the basal lamina
associated with the pia matter, laminin is also thought to be present in the subplate, ventricular
zone, and marginal zone of the developing cerebral wall (Schmid and Anton, 2003). Laminin
also appears to serve as a substratum to migrating neurons during early cortical development
(Hunter et al., 1992). In addition to the basal lamina, fibronectin is expressed in radial glia and
affects migration of cortical plate neurons during cortical lamination (Sheppard et al., 1995).
Our results on collagen suggest the three-dimensional environment is the most important

regulator of CNS neurite development. We conclude this because of low collagen abundance
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in the brain parenchyma, and we did not observe these results in two-dimensional cultures on

laminin and fibronectin. In light of this, the majority of mechanical dependent neurite growth in
the CNS may be due to cell-cell adhesion and specific interactions with supporting glia. In
addition, collagen, laminin, and fibronectin bind to a unique array of integrin receptors to
activate different signaling pathways. Future studies should elucidate the difference between
integrin receptor subtypes expressed in human cortical neurons to better understand neurite

development on flexible substrata.
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Figure 1. Human hMN, but not hFB, neurite development depends on substrata

elasticity. (A-H) Low magnification confocal images of hMN (A-D) and hFB (E-H)
neurospheres immunolabeled for MlllI-tubulin (magenta) and F-actin (phalloidin, green).
Neurospheres were cultured on polyacrylamide gels of varying elasticity (ranging from 0.2 kPa
to 125 kPa), coated with poly-d-lysine and laminin (LN), for 2 DIV. Scale bar, 100 ym. ()
Quantification of hMN neurite lengths on different elasticities. Due to the density of neurites,
the ten longest neurites were measured for analysis and comparison between experimental
groups. Note that neurites maximally extend on rigid substrata, reaching optimal growth on 25
kPa. (J) Quantification of neurite lengths on varying elasticities for hFBs. Note the absence of
a differential growth trend dependent on substrata rigidity. (K) Example of an inverted contrast
image of a neurosphere used for sholl analysis to quantify neurite number and length.
Analyses were performed using the Imaged Sholl analysis plugin (Start radius 50 pym from
neurosphere exterior, ending radius 700 uym, step size 5 uym, radius span 5 ym). (L-M) Sholl
analysis quantification of hMN (L) and hFB (M) on soft (0.5 kPa, red line), intermediate (8 kPa,
cyan line), and rigid (25 kPa, blue line). Using Two-way ANOVA (rigidity and length) we found
significant difference between elasticities for both both neuronal subtypes. Inset indicates the
mean number of total intersections on soft, intermediate, and rigid substrata at all distances.
Significance determined by One-way ANOVA. (N-Q) Time-lapse representative images of hMN
(N-O) and hFB (P-Q) extending neurites on soft and rigid polyacrylamide gels over a 30 min
period. Color matched open arrows indicate growth cone initial location at start of time lapse.
Closed arrows indicate translocation of growth cone after 30 min. Scale bar, 50 ym. (R-S) Rate
of neurite outgrowth for hMN (R) and hFB (S) cultured on soft and rigid LN coated
polyacrylamide gels. Significance determined by Student’s t test. All data sets are meants.e.m.

**%<0.001 **p<0.01.
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Figure 2. Human human neurite development depends on substrata elasticity in three

dimensional. (A-B) Single optical section representative images of self-assembled 1.5 mg/mi
collagen hydrogel (A) and genipin treated collagen hydrogel (B). Multi-photon second harmonic
generation (blue) images are merged with confocal genipin fluorescence (excitation 590nm,
red). Magenta signifies colocalization of the collagen fibrils with genipin. Note the difference in
fibril size and density. (C-D) Collagen fibril size (C) and count (D) in control collagen and 10mM
genipin quantification. Note the increase size and decreased density of collagen fibrils in the
presence of 10mM genipin. Significance determined by Student’s t test. (E) Mean intensity of
genipin fluorescence in control collagen and collagen with 10mM genipin. Genipin
fluorescence directly correlates with changes in rigidity. Significance determined by Student’s t
test. (F-I) Low magnification confocal z-stack images of hMN (F-G) and hFB (H-I)
neurospheres immunolabeled for Plll-tubulin (magenta) and F-actin (phalloidin, green).
Neurospheres were cultured on collagen hydrogels without (F, H) and with 1mM genipin (G, I)
for 4 DIV. Scale bar, 100 ym. (J) Quantification of neurite lengths on control collagen and
collagen with genipin for h(MN and hFB. Note the opposite result on neurite length for hMN and
hFB on different elasticities of collagen. Significance determined by Student’s t test within
neuronal subtype. (K) Quantification of the depth into hydrogels for h(MN and hFB. Significance

determined by Student’s t test within neuronal subtype. All data are meants.e.m. ***p<0.001.
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Figure 3. hMN, but not hFB, growth cones have more stable leading edge adhesion to

rigid substrata. (A) Example of a GFP expressing hMN growth cone cultured on laminin
coated polyacrylamide gel used for morphology analysis. Scale bar, 10 um. (B) Example of a
growth cone used for morphology analysis showing initial (red) and final (green) growth cone
position. Yellow line is an example of kymograph produced from 2 min time-lapse sequence in
the growth cone peripheral domain. (B’) Kymograph constructed from region specified in time-
lapse of growth cone in (B). (C-D), Representative kymographs generated from hMN growth
cone leading edge membranes on soft and rigid substrata. Note the greater stability of the
leading edge on rigid substrata. Scale bar, 10 ym. (E) Quantification of leading edge
membrane duration of protrusion and retraction events on soft and rigid substrata for hMN
growth cones. Significance determined by Student’s t test. (F) Rate of membrane protrusion
and retraction of hMN growth cone leading edge for neurons cultured on soft and rigid
substrata. Significance determined by Student’s t test. (G-I) Kymographs illustrating growth
cone leading edge morphological events from hFB growing on soft and rigid substrata. Scale
bar, 10 um. (H) Quantification of leading edge membrane duration of protrusion and retraction
events on soft and rigid substrata for hFB growth cones.. Significance determined by Student’s
t test. (J) Rate of membrane protrusion and retraction of hFB growth cone leading edge for
neurons cultured on soft and rigid substrata. Significance determined by Student’s t test. All

data sets are meants.e.m. ***p<0.001 *p<0.01.
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Figure 4. RhoA pharmacological manipulation alters hMN neurite growth on different

elastic substrata. (A-F) Representative images of hMN neurospheres after 2 DIV on soft (A-
C) and rigid (D-F) substrata. hMN were stimulated with control media (A), 100 nM
Lysophosphatidic acid (LPA, B), and 1 pg/ml Rho inhibitor | (C) after 24 hours in culture; then
fixed after 24 hours and immunolabeled for BllI-tubulin (magenta) and F-actin (phalloidin,
green). Scale bar, 100 ym. (G) Mean neurite length quantification of neurospheres after
chronic pharmacological stimulation reveals RhoA manipulation has opposite effects
dependent upon substrata elasticity. Significance determined by One-way ANOVA. (H-l) Time-
lapse DIC images of individual neurites at time points: 30 min before (H, |I) and 0 min (H’, I')
and 30 min (H”, I”) post acute 100 nM LPA treatment. Note LPA treatment causes rapid neurite
extension soft substrata, but retraction on rigid substrata. Scale bar, 10 pm. (J-K) Time-lapse
DIC images of individual neurites at time points: 30 min before (H, I) and 0 min (H’, I') and 30
min (H”, I”) post acute 1 ug/ml Rho inhibitor | treatment. Note the increased rate of extension
on rigid substrata, and growth cone stalling on soft substrata. (L-M) Representative
kymographs generated from hMN growth cone leading edge membranes on soft and rigid
substrata before and after acute 100 nM LPA treatment. Note the increased stability of the
leading edge on soft substrata after LPA treatment. Yellow line indicates growth cone leading
edge. Scale bar, 10 um. (N-O) Quantification of leading edge membrane duration of protrusion
(N) and retraction (O) events on soft and rigid substrata for h(MN growth cones before and after
acute 100 nM LPA treatment. Note the increased duration of protrusion and retraction after LPA
on soft substrata. Significance determined by Student’s t test. (P) Distance of membrane
protrusion of hMN growth cone leading edge for neurons cultured on soft and rigid substrata.
Note the increase in distance after LPA treatment on soft substrata. All data sets are mean

ts.e.m. ***p<0.001.
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Figure 5. Activation of adhesion signaling and scaffold proteins on rigid substrata. (A-J)

Representative images of hMN growth cones on soft (0.5 kPa) and rigid (25 kPa) laminin
coated polyacrylamide gels. Neurons were cultured for 2 DIV fixed, and immunostained with
phospho-specific antibodies to the sites indicated. Fluorescence intensity was measured for
activation sites for FAK (y397), Src (y418), and p130-CAS (y165 and 410), and an inhibition
site for Src (y529). Immunolabeled images (A-J; green) are merged with fluorescent phalloidin
labeling of filamentous actin (F-actin; magenta). Scale bar, 5 ym. (K-O) Quantification of
phospho-labeled adhesion proteins in ratio with total protein (SE647) in hMN growth cones at
specified phosphorylation sites. Rigid substrata data are normalized to soft substrata.

Significance determined by Student’s t test. All data sets are meants.e.m. ***p 0.001.
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Figure 6. Activation of adhesion signaling proteins on soft substrata after LPA

treatment. (A-L) Representative images of hMN stimulated with control media (A, B, E, F) or
stimulated with LPA (C, D, G, H) for 1 hr, that were cultured on soft or rigid substrata and
immunostained with phospho-specific antibodies to the sites indicated. Immunolabeled images
(A-H; green) are merged with fluorescent phalloidin labeling of F-actin (magenta). Scale bar, 5
um. (M-O) Quantification of phospho-labeled adhesion proteins in ratio with total protein
(SE647) in hMN growth cones at specified phosphorylation sites stimulated for 1 hr with 100
nM LPA on soft and rigid substrata. Rigid substrata data are normalized to soft substrata. Data
from Figure 6K are included for comparison. Significance determined by Student’s t test within

experimental group (unstimulated and LPA). All data sets are meants.e.m. ***p 0.001.
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Supplemental Figure S1. Lack of differential neurite length trend on fibronectin coated

polyacrylamide gels of varying rigidities (A-D) Immunofluorescent low magnification
confocal images of hMN neurospheres labeled for lll-tubulin (magenta) and F-actin
(phalloidin, green). Neurospheres were cultured on polyacrylamide gels of varying elasticity,
coated with fibronectin (FN), for 2 DIV. Scale bar, 100 um. (E) Quantification of hFB neurite
lengths on different elasticities. Due to the density of neurites, the ten longest neurites were
measured for analysis and comparison between experimental groups. Note the absence of a

differential growth trend dependent on substrata rigidity. All data sets are meants.e.m.
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Supplemental Figure S2. RhoA activity is up-regulated on rigid substrata in hMN. (A)
Schematic showing G-Lisa assay to probe for RhoA activity on rigid and soft substrata. Cells
are lysed and incubated on a RhoA-GTP affinity plate, followed by detection with RhoA-GTP
antibody and HRP, and reading absorption at 490 nm. (B) Quantification of RhoA G-Lisa
activation signal described in (A) to assay for RhoA activation for hMN on soft versus rigid
substrata. Significance determined by Student’'s t test. All data sets are meanzs.e.m.

**%<0.001.
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Supplemental Figure S3. Dose dependent effects of LPA induced neurite growth

modulation on elastic substrata (A-H) Immunofluorescent low magnification confocal
images of hMN neurospheres labeled for BllI-tubulin (magenta) and F-actin (phalloidin, green).
Neurospheres were cultured on laminin coated polyacrylamide gels of two elasticities, soft (0.5
kPa) and rigid (25 kPa). hMN cultures were treated with control media (A, E) and 10 nM (B, F),
100 nM (C, G), and 1 uM LPA (D, H) LPA after 24 hours in culture and fixed 24 hours later.
Scale bar, 100 um. (E) Quantification of LPA dose dependent effects on hFB neurite lengths on
soft and rigid substrata. Due to the density of neurites, the ten longest neurites were measured
for analysis and comparison between experimental groups. Note the dose dependent increase
of neurite length on soft substrata, and decrease on rigid substrata. All data sets are mean

ts.e.m.
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Chapter 4

Conclusions and future directions

This chapter was published in part as the following journal article:
Kerstein, P. C., Nichol IV R. H., and Gomez, T. M. (2015) Mechanochemical regulation of

growth cone motility. Front. Cell. Neurosci. 9, 244.
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Summary

Investigations into the mechanisms governing growth cone motility and axon guidance
over the past several decades have almost exclusively focused on identifying chemical
guidance cues, receptors, and intracellular signaling mechanisms that control neuronal
morphogenesis (Tessier-Lavigne et al., 1996). However, the idea that the mechanical cues in
the environment can regulate morphogenic responses is gaining traction. In this dissertation, |
have described the effects of substrata rigidity on growth cone motility and the intracellular
forces required to sense and respond to fluctuations in mechanical stimuli. Previous work has
shown adhesion complexes act as a hub for mechanical force transduction (Schiller et al.,
2013, Sun et al., 2016). In Chapter 2, | show intracellular forces such as myosin-Il induced
retrograde flow (RF) is regulated at growth cone adhesion sites, termed point contacts (Nichol
IV et al., 2016). Point contact adhesions transmit forces between the ECM and the actin
cytoskeleton. In non-neuronal migrating cells, focal adhesions are critical to “clutch” myosin-II-
based F-actin retrograde flow (RF) to promote leading edge membrane protrusion. However, in
growth cones it is unclear whether similar F-actin clutching forces affect axon outgrowth and
guidance. In this work, | showed RF is reduced in rapidly migrating growth cones on laminin
compared to non-integrin binding poly-d-lysine (PDL) in Xenopus spinal neurons. | showed a
temporal correlation between point contact formation and reduced RF, and subsequently
accelerated axon outgrowth, with acute stimulation with laminin. Inhibiting immobilized laminin
substrata formation blocked this effect, further illustrating extracellular mechanical forces are
linked to intracellular force through integrins. Moreover, with two channel imaging of RF and
paxillin, | directly linked point contact formation and fluctuations in RF. | found RF is restricted
at point contact adhesion sites. To further illustrate the role of RF during guidance responses |
used micro-patterns of PDL and laminin and found that individual growth cones have

differential RF rates while interacting with two distinct substrata. Our laboratory had previously
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found chemoattractive and chemorepulsive axon guidance cues influence point contact

adhesions. In agreement with this, | observed an attractive, BDNF and repulsive,
Semaphorin3A, cue were found to have opposing effects on RF rates. Finally, | showed RF is
significantly attenuated in vivo, suggesting RF is being restrained by molecular clutching forces
within the spinal cord.

The developing human body consists of tissue of different elasticities from very soft,
such as the brain and spinal cord, to very rigid, such as muscle and bone. In Chapter 3, |
examined the role of mechanical forces on neurite development of human forebrain (hFB,
model for cortical neurons) neurons and human motor neurons (hMN) derived from induced
pluripotent stem cells (iPSCs). We hypothesized these two populations of neurons would
respond differently in varying elastic environments. In vivo, cortical neurons and motor neurons
innervate very distinct elastic tissue (Tyler, 2012). Motor axons, upon exiting the spinal cord,
must navigate into more rigid peripheral tissues. Conversely, cortical neurons remain within the
elastic central nervous system (CNS). Additionally, previous work from the Urbach laboratory
found central and peripheral projecting neurons respond to substrata rigidity differently (Koch
et al., 2012). Using polyacrylamide hydrogels | found hFB neurites exhibited little differential
outgrowth, while hMN neuritogenesis was strongly promoted on more rigid substrata, reaching
maximal growth on on 25 kPa, which is within the range of muscle (10-100 kPa) (Tyler, 2012).
Interestingly, hFB had differential growth when cultured in three-dimensional collagen
hydrogels as they grew longer neurites on soft substrata, similar to CNS tissue. This could be
due to effects of the three-dimensional environment on neuronal differentiation, neurite
formation, or neurite extension. Adhesion is a central regulator of mechanosensitive responses
to mechanical stimuli in motile non-neuronal and cancer cells. | sought to investigate adhesion
dynamics on different substrata in hMN and hFB. The observed differential growth rates were

in part due to greater adhesion of the growth cone leading edge to rigid substrata, implying



153
hMN growth cones have higher adhesivity resulting in greater motility. Further implicating

adhesion in hMN growth cone mechanotransduction, | discovered RhoA, an important
adhesion regulating GTPase, had greater activity on rigid substrata. In fact, RhoA GTP/GDP
levels appeared to act as as switch for mechanosensitivity. Overactivation of RhoA yielded
more stable leading edge protrusions which resulted in increased hMN neurite outgrowth on
soft substrata, while decreasing adhesivity and outgrowth on more rigid substrata. We
hypothesize RhoA is downstream of an initial mechanosensor on elastic substrata and is
needed balance intracellular contractile and adhesive forces. Using immunocytochemistry in
hMN, | showed increased phosphorylation of mechanosensitive adhesion proteins FAK, Src,
and p130-CAS on more rigid substrata in hMN. Finally, RhoA overactivation was found to
reverse these results with phosphorylation of FAK and Src, but not p130-CAS, higher on soft
substrata. This observation indicates myosin-Il induced crosslinking of actin filaments,
downstream of RhoA, could play a more important role than myosin-Il induced contraction.
Taken together, my thesis work furthered understanding of how intracellular and
extracellular forces are balanced by growth cone adhesions. Integrin based adhesion
complexes act in parallel with mechanically sensitive ion channels to sense and respond to
mechanical stimuli. | showed this leads to increased activity of adhesion signaling proteins
such as FAK and Src. Upon adhesion formation RF is clutched and leading edge actin
polymerization drives forward growth cone translocation. These adhesion complexes can also
be regulated downstream of axon guidance cues such as BDNF and Semaphorin. In this
chapter, | will discuss how my findings relate to current understanding in the field and future

studies needed to further elucidate mechanisms of mechanosensitivity in growth cones.
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Intrinsic forces that guide growth cone motility

How the mechanical regulation of intracellular forces during growth cone and ECM
interactions directs pioneering axon growth could be crucial to understanding defects in
diseases of axonal misrouting (Antar et al., 2006, Nie et al., 2010). While evidence from focal
adhesions has proven to be very informative to understanding growth cone adhesions there
are still differences that must be elucidated. In motile growth cones, intracellular forces are due
to actin treadmilling driven largely by both pulling forces from myosin-Il motor-mediated F-actin
sliding and pushing forces at the membrane from barbed-end actin polymerization at the
leading edge (Forscher et al.,, 1988, Lin et al., 1995, Brown et al.,, 2003). This appears to
correlate strongly with migrating, non-neuronal cells. However, in non-neuronal cells myosin II-
mediated contractile forces appear to be more dispensable as RF is largely powered by
leading edge actin polymerization (Ponti et al., 2004, Vicente-Manzanares et al., 2009). The
localization of myosin-Il is proximal to the lamellipodium within the lamellum region where it
organizes actin and contributes to RF. Additionally, the crosslinking of F-actin by myosin-Il in
response to mechanical stimuli appears to be more critical to adhesion maturation and
migration (Choi et al., 2008). In nerve growth cones it is likely actomyosin filaments are less
specifically organized structures and are much more dynamic, allowing nerve growth cones to
respond rapidly to extracellular cues.

The unique morphology and dynamics of growth cones suggest they possess distinct
localization of myosin-Il and differential mechanisms governing traction forces at the leading
edge. Indeed, immunocytochemical studies have localized myosin-Il in the growth cone central
domain, transition zone, and to a lesser extent along F-actin bundles in the peripheral domain
(Bridgman et al., 2001, Medeiros et al., 2006, Burnette et al., 2008). However, this has been
somewhat limiting, as there is no differentiation between unipolar versus bipolar myosin-I|

filaments. Whether the myosin-Il in peripheral domain is involved in actin cytoskeleton
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contraction or trafficking to the periphery has not been investigated. An extensive investigation

into active RhoA, ROCK, and myosin-Il localization in the growth cone lamellipodia and
filopodia in response to mechanical cues can better differentiate the multiple functions of
myosin-Il. In addition, very little is known about F-actin microstructures within filopodia. An
open question in the field is whether anti-parallel actin filaments exist in filopodia. The current
hypothesis is that myosin-Il is mainly active in the central domain to contract the branched
actin network on a whole network scale (Rochlin et al., 1995, Lin et al., 1996, Brown et al.,
2003). If myosin-Il does crosslink anti-parallel F-actin within filopodia, this could allow for more
local regulation of actin RF forces needed for rapid morphological responses. Additionally, as
stated previously, myosin-Il is important for adhesion maturation (Vicente-Manzanares et al.,
2009). As growth cone adhesions initiate in lamellipodia and filopodia at the leading edge,
myosin-Il regulation could add another layer of local regulation in these areas.

Myosin-Il induced actin crosslinking functions yields maturation of focal adhesion
(Chrzanowska-Wodnicka et al., 1996, Lawson et al., 2014). However, whether myosin-I
crosslinking activity or actomyosin contractile forces is more important for growth cone motility
is not clear. In growth cones, adhesions initiate in lamellipodia and filopodia and stabilize into
the central domain during forward translocation, and subsequently disassemble (Nichol IV et
al., 2016). Our laboratory has identified key regulators of assembly and disassembly within the
adhesion complex (Robles et al., 2006, Myers et al., 2011, Kerstein et al., 2013, Santiago-
Medina et al., 2013). However, the requirement for myosin-lIl mediated forces in regulating
adhesion formation, maturation, and disassembly in a spatial and temporal manner has not
been examined. Whether myosin-Il is needed for maturation but not initiation, similar to focal
adhesions, is not known either. My data from Chapters 2 and 3 indicate both myosin-I|
contractile force and crosslinking functions modulate adhesions. In Chapter 2, we found

inhibiting myosin-Il reduced RF on laminin but not to the extent as we observed on PDL. This
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indicates RF attenuation resulted in a compensatory reduction in adhesion stabilization,

suggesting a requirement for contractile force to stabilize adhesions. Conversely, in Chapter 3,
| showed increased myosin-II contractile force via RhoA overactivation did not cause increased
activity of stretch-gated protein p130-CAS. However, this treatment did yield activation of FAK
and Src, indicating crosslinking, but not contractile force, via myosin-ll is critical for
morphological responses. Future studies can utilize motor subunit defective myosin-Il, which
can still crosslink actin filaments, to differentiate the two roles of myosin-Il (Choi et al., 2008).
Understanding RhoA-ROCK-myosin-Il contractile forces during neurite outgrowth are crucial to

defining the intracellular forces that guide growth cone motility.

Extrinsic forces that guide growth cone motility

Intrinsic mechanical forces generated within motile growth cones are modulated by
extracellular factors to guide axon extension (Tyler, 2012, Kerstein et al., 2015). Leading edge
actin polymerization has been proposed to largely govern protrusive forces during
translocation, however, in Chapter 2 | provide strong evidence modulating RF clutching forces
plays a crucial role during axon outgrowth and guidance. Furthermore, | found RF at integrin
based adhesion sites guide axons on ECM substrata, which could be important for pioneering
axons innervating peripheral tissue. The majority of previous studies examining the clutch
hypothesis have observed these forces with clutching to cell adhesion molecules, such as data
from the Forscher laboratory in Aplysia growth cones (Lin et al., 1995). These studies have
been critical for identifying the important molecules involved in adhesion and actin dynamics
during RF clutching (Suter et al., 1998). However, because Aplysia growth cones migrate very
slowly, studying the effect of clutching on overall outgrowth or local guidance is limited.
Similarly, clutching on the cell adhesion molecule L1 reduces RF through the adapter protein

shootin to promote axonal outgrowth downstream of Netrin-1 (Shimada et al., 2008, Toriyama
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et al., 2013). While this data is illuminating in identifying molecular modulators of clutching RF,

L1 is commonly expressed on established axons and may act as a permissive substrata for
trailing axons, but not an instructive cue for pioneering axons (Bartsch et al., 1989, Hankin and
Lagenaur, 1994). Another cell adhesion molecule, N-cadherin promotes clutching of actin RF
through the adaptor protein a-catenin to control axon extension (Bard et al., 2008, Garcia et
al., 2015). Therefore, as cell adhesion molecule clutching of RF plays a role in axon tract
formation, my data from Chapter 2 supports the theory that pioneering growth cones use
clutching to aid in navigating through a complex ECM early in development (Myers et al., 2011,
Nichol IV et al., 2016). It is important for future studies to differentiate the effects of ECM
versus cell-cell adhesion for guidance of different neuronal subtypes at different stages of
development.

There are still many open questions in elucidating how the mechanisms of growth cone
mechanotransduction may differ among neuronal subtypes. In Chapter 3 | provide strong
evidence that in human neurons, peripheral projecting motor neurons, but not CNS neurons,
reliably respond to mechanical stimuli through modulation of adhesion. However, while my
data from Chapter 3 indicates human motor neurons prefer to grow on rigid substrata using
polyacrylamide and collagen matrices, deducing the effects of mechanosensing on human
neurites is somewhat limited in this context, as neurons were cultured on homogenous
substrata of rigidity. Typically, neurite guidance is defined by presenting motile growth cones
with a choice. Developing axons reach choice points during extension and must respond to the
environment with directed growth (Tessier-Lavigne et al., 1996). These choice points have
been mostly studied using soluble cues, such as BDNF, netrin, slits, ephrins and semaphorins,
deposited in the environment as a gradient (Song et al., 1997, Hong et al., 2000, Campbell and
Holt, 2001, Weinl et al., 2003, Hansen et al., 2004). Whether ECM passively acts as a

permissive scaffold for growth, or if the substrata engages to guide axons is starting to be
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described. Netrin, which has been previously described as a chemoattractant, using local

gradients and border assays, has recently been redefined as an adhesive ligand both in vitro
(Moore et al., 2009, Moore et al., 2012) and in vivo (Koser et al., 2016). Netrin induced traction
forces are critical to chemoattractive responses (Moore et al., 2009). Recent studies have
inquired whether ECM proteins may act similarly to guide growth cones at choice points, e.g.
borders, and toward or away from gradients. Gradients and micropatterns of laminin and
fibronectin can induce growth cone turning and neurite extension, similar to chemoattractant
cues (Adams et al., 2005, Evans et al., 2007, Chelli et al., 2014). Using micropatterns in
Chapter 2, | tested local RF fluctuations in single growth cones at laminin and PDL borders. RF
was reduced locally in growth cone regions on laminin substrata relative to PDL. This provides
excellent evidence to further investigate differences in traction forces at borders or on
gradients to reveal mechanical dependent guidance mechanism.

In addition to modulating which ECM proteins can be examined for guidance effects,
current research has been using gradients or borders of elasticity to explore how the
biophysical properties of the environment can influence guidance of neurites. There are a
number of techniques to alter substrata rigidity as gradients or borders. Gradients of rigidity on
polydimethylsiloxane, polyacrylamide, and collagen have been generated via ultraviolet light
induced crosslinking using silicone masks (Sunyer et al., 2012, Caliari and Burdick, 2016, Yu
et al., 2016). Another way to create elastic gradients in collagen is by inducing crosslinking via
genipin. A recent study used a microfluidics system to create a gradient of elasticity in 3D
collagen gels using genipin. The authors observed increased number and length of neurites
away from the source of genipin (Sundararaghavan et al., 2009). Our laboratory has
developed the ability to similarly create an elastic gradient in three-dimensional collagen

matrices. Future studies in our laboratory will test human forebrain and motor neuron
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morphogenic development on elastic gradients to characterize the instructive versus

permissive role of rigidity during neuritogenesis.

In Chapter 3 | described a number of different steps during motor axon development
that the mechanical environment could be an important regulator. A developmental step where
ECM and growth cone mechanical interactions could be most influenced by extracellular force
is during motor axon exiting through the basal lamina. Both the motor axon receptor (Cxcr4)
and ligand (Cxcl12) needed for attraction to exit points have been defined (Lieberam et al.,
2005). Disruption of this interaction inhibits motor neuron axons from exiting the spinal cord,
and they project dorsal and exit at inappropriate regions (Lieberam et al., 2005). However, how
the basal lamina, which consists of laminin, fibronectin, collagen, proteoglycans, elastin, and
tenascin, must be remodeled to produce interstitial spaces for motor axon exiting is beginning
to be understood. One mechanism of ECM remodeling is through release of MMPs from motor
neuron growth cone invadosomes. Growth cone invadosomes are apical and basal
protrusions, with independent functions of filopodia, which we hypothesize are required for
three-dimensional neurite guidance (Santiago-Medina et al., 2015). These structures are
required for motor neuron axon exiting of the spinal cord. Growth cone invadosomes are
similar to cancer cell invadopodia, with the ability break down ECM, which could function in
vivo to alter substrata elasticity. In metastatic cancer cells and migrating fibroblasts these ECM
remodeling events are regulated by the biophysical environment (Artym et al., 2015, Doyle et
al., 2015, Li et al., 2015). MMP release is also directly regulated by elasticity (Haage et al.,
2014), providing further evidence that in vivo, substrata rigidity may play an instructive role for
motor neuron axon exiting from the spinal cord. My results Chapter 3 in collagen matrices
illustrate how environmental mechanics affect neurite development in three-dimensional
environments. Therefore, future studies should investigate the link between growth cone

mechanotransduction and modulation of invadopodia or MMP release.
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Future Prospectives and Challenges to the Field

There are many outstanding questions regarding the roles of mechanical forces in the
regulation of growth cone motility and axon guidance. Within cells and growth cones, it is
unclear which proteins function as mechanosensors and how molecular forces are transferred
onto target proteins. In particular, it is not clear how MS ion channels are gated at the plasma
membrane and the molecular targets of calcium signals. lon channel gating may occur at point
contact adhesions, where myosin Il contractile forces are focused at integrin-ECM contacts
(Gomez et al., 2001, Hayakawa et al., 2008, Matthews et al., 2010). Importantly, it is likely that
specific calcium influx and release pathways control distinct downstream targets that can have
opposing effects on motility (Gomez and Zheng, 2006). However, since many MS ion channels
are activated by multiple stimuli, manipulating mechanically activated currents specifically is
challenging. For example, TRPC1 subunits are known to assemble into channels that are
activated by both mechanical and chemical signals (Wu et al., 2010). Another major challenge
to our understanding of mechanical signaling, is the composition and regulation of ECM
adhesions. This is particularly difficult in growth cones, as point contact adhesions are smaller
and more dynamic than focal adhesions found in non-neuronal cells. Proteomic based
approaches are being attempted for focal adhesions, but are hampered by sample
heterogeneity (Kuo et al., 2012, Humphries et al., 2015). Point contact adhesions will certainly
also be highly heterogenous within growth cones and their composition is regulated by cross
talk from guidance cue receptors to control mechanical forces (Myers et al., 2011, Gomez and
Letourneau, 2014). In addition, point contact adhesions have not been observed in vivo, where
they will clearly differ depending on substratum association. During axon pathfinding to distal
targets, growth cones will bind many different adhesive substrata, ranging from ECM proteins
to cell adhesion molecules on neighboring neurons and glia. It is important to both visualize

and manipulate point contact adhesions in vivo to test their roles in axon guidance.
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Determining the roles of tissue elasticity and mechanical signaling is particularly difficult

in vivo. While it is clear that growth cones must migrate across widely varying elastic
microenvironments en route to their proper synaptic targets, it is not known whether changes
in tissue elasticity influences growth cone morphology or motility. For example, motoneuron
axons begin in the soft CNS, but exit by penetrating the surrounding basal lamina (Santiago-
Medina et al., 2015) to enter the sclerotome, which they preferentially cross within the rostral
half (Keynes et al., 1984). After entering the periphery, motor axons are sorted toward targets
in the body wall and limb muscles (Bonanomi et al., 2010), which are significantly more rigid
tissues (Discher et al., 2009). Distinguishing specific effects of the mechanical environment vs.
chemical signals is difficult in vivo. However, progress has been made by examining the effects
of mutations in ECM cross linking enzymes that regulate the mechanical, but not the chemical
composition of the environment (Kim et al., 2014). Additional functional studies should test the
effects on axon guidance of manipulations that both increase and decrease tissue elasticity.
Moreover, these functional studies can be coupled with direction measurements of elastic

modulus within tissues in vivo using AFM (Franze, 2011).

Future applications

In Chapter 3, | examined neurite development in different environments using iPSCs
derived forebrain and motor neurons. Previous studies utilizing iPSCs have mainly focused on
methodological and therapeutic applications of iPSCs from patients with varying disorders.
However, the use of iPSCs, and embryonic stem cells (ESCs) for understanding basic human
neuronal development and function will be crucial to elucidating differences in human cognition
relative to other animals. The prospective applications of using iPSCs for basic scientific
applications are limitless. This new technology can also help to replace cell culture animal

models and reduce the use of animals in scientific research. Moreover, using ESCs and iPSCs
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researchers have created functional cerebral organoids, which include cortex, midbrain, and

brain stem (Mason and Price, 2016). Futures studies should investigate the ability of these
organoids to create and remodel local ECM components. This could provide an in vivo model
of human neurons to investigate the role of matrix rigidity during neuritogenesis.

| provided evidence that substrata elasticity can regulate neuritogenesis on ECM
components such as collagen. The fluidity of collagen fibril structure is seen in development as
well as during pathological conditions. Collagen can vary in density, crosslinking, and
alignment. In fact, during cancer metastasis collagen alignment and rigidity can play a key role
in invasion into other tissue (Schedin et al., 2011, Riching et al., 2014). In breast cancer, which
includes an increase in matrix rigidity, the availability of more aligned collagen provides tracks
for cancerous cells to migrate out of the tumor (Schedin et al., 2011, Riching et al., 2014). This
increased collagen alignment is correlated with decreased patient survival (Schedin et al.,
2011, Riching et al., 2014). Whether collagen alignment and rigidity also affect neurite growth
during development and in pathological conditions is less well known. Importantly, the
cleavage of collagen by matrix metalloproteases has been shown to be an important factor that
is dysregulated in Fragile X Syndrome. In short, matrix metalloprotease 9 (MMP9) is
upregulated in Fragile X Syndrome and this induces increased collagen breakdown causing
myriad behavioral phenotypes (Lovelace et al., 2016). Loss of MMP9 can ameliorate some of
these phenotypes (Lovelace et al., 2016). However, the effects of increased MMP9 during
neuritogenesis has not been studied. As there are axon tract defects in Fragile X Syndrome,
this disorder provides an excellent path to study the relationship between collagen matrix
structure and neurite development. In addition to further identifying the role of matrix structure
and rigidity in neurodevelopmental disorders, future studies should investigate the ability of
axons to regenerate after injury in varying elastic conditions. After injury the environment is

inhibitory for neuronal cell growth via the activation of multiple inhibitory mechanisms that block
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regeneration (Pires and Pego, 2015). However, recent advances in biological engineering

methods have provided biomaterial-based scaffolds which can provide the needed biophysical
support for regenerating axons. Rigidity tunable materials, such as fibrin, are promising matrix
components to be used in promoting nerve repair given their natural occurrence in peripheral
nerve injuries (Man et al., 2011). My data provides evidence that human motor neurons can be
guided by these biophysical properties. Future studies should investigate the ability of different

biomaterials in regenerating human axonal growth via elastic properties.
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