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ABSTRACT

Understanding the dynamical and molecular propedfdorce generation in neuronal
growth cones is fundamental in elucidating how pearsense the environment and process
mechanical information. In this study and in orderaddress this issue, | used optical
tweezers to measure the force exerted by filopadi lamellipodia of Dorsal Root Ganglia
(DRG) and hippocampal neurons. | have investigateatktail the roles of several important
players in force generation such as actin turnoweembrane stiffness and myosin Il
Therefore, my PhD thesis provides precise charaeteon of the molecular mechanism

underlying force generation in growth cones.

In the first chapter of my result dynamical propeestof force generation in neuronal
lamellipodia are presented. Force-velocity (Fv)atiehship has been measured with
millisecond (ms) temporal resolution and picoNewfpN) sensitivity. My results show that
force generation is a probabilistic process andféisé growth of lamellipodia leading edge

alternates with local retractions.

The results of the second part of this study shoat force generation in neuronal
lamellipodia of DRG neurons is composed of elemgnévents corresponding to forward
and backward jumps of bead displacement. Thesegumrape an amplitude ranging from 2 to
20 nm suggesting that force generation occursfireit rates. A detailed statistical analysis

of these jumps and their importance in charactagitihe force generation are discussed.
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In order to understand the role of actin turnoved anembrane stiffness on force
generation, | analyzed the effect of jasplakinola®d cyclodextrin on force exerted by
neuronal growth cones. | found that 25 nM of jakjlalide, which slows down the actin
filament turnover, reduced both the maximal exeftede and the maximal velocity during
lamellipodia leading edge protrusion. On the cagtréiamellipodia treated with 2.5 mM of
cyclodextrin could advance with a higher velociffhe amplitude and frequency of
elementary jumps underlying force generation we@uced by jasplakinolide but not by
cyclodextrin. Using atomic force microscopy, | Vel that cyclodextrin decreases the
membrane stiffness of DRG neurons. The resultshisf part of my thesis indicate that
membrane stiffness provides a selective pressatestfapes force generation and confirm the

fundamental role of actin turnover during protrusio

Studying the details of the inhibition of myosindihd its effect on the morphology,
kinetics and dynamics of lamellipodia and filopodiaerging from the growth cones of DRG
neurons is the subject of next part of my thesigalment with Blebbistatin, inhibitor of
myosin Il, had the opposite effect on the forceegated by lamellipodia and filopodia. My
results suggest a possible role of myosin Il incéogeneration and in particular during

lamellipodia retractions and confirm a couplingvetn actin and microtubule dynamics.

At the end, the comparison of force generationrowgh cones of the central nervous
system (hippocampal) and peripheral nervous sySBRG) are presented. | found that
filopodia and lamellipodia of DRG and hippocampabwth cones can exert forces with
amplitudes varying from 1 to 20 pN developing wahsimilar time course. At a more
quantitative level two main differences appearstly, filopodia from hippocampal growth
cones exert a force larger than from DRG growthespisecondly, lamellipodia from DRG

growth cones exert a larger force and can movd aghaher speed in axial direction.
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1
INTRODUCTION

Neurons are among the most specialized cells ingierganisms and are capable of
self-organization in complex networks. During thevelopment of mammalian nervous
system, neuronal cells migrate to their final degion within the embryonic brain and body.
Once at the specific location, neurons project ibesiin order to explore the environment in
search of appropriate chemical cues necessary Her formation of correct synaptic
connections (Gallo and Letourneau, 2000; Ghashgtteadi, 2007; Solecki et al., 2006; Song
and Poo, 2001). Understanding the overall dynam&gslating this process is an important
question in neurobiology which has been addressé#d different theoretical models and
experimental approaches but the molecular mechanisnderlying force generation in
neuronal growth cones (GCs) are not completely rgtded. The main object of the present
work is to characterize the molecular mechanisnderying force generation in neuronal

GCs from dorsal root ganglia (DRG).

In this introduction | review the state of art betfield to set the background of my
PhD work. Therefore | will initially describe theayvth cone structure, then the role of
individual cytoskeletal elements and of myosinrlforce generation and motility will be
discuss. At the end | will briefly review some thetical models proposed for force
generation.
11



1.1 Neuronal growth cone

Growth cones are highly motile sensory structuresha tips of developing and
regenerating neurites and they regulate the ratk darection of neurite growth during
neuronal development and nerve regeneration (Bierrettal., 2008). GCs actively explore
the surroundings and respond to different chengigas in the vicinity and play a critical role
in the formation of appropriate neuronal connedi@@hashghaei et al., 2007; Solecki et al.,
2006). The size, morphology and motility of GC oaary widely between different cell
types. However most of the GCs have a broadly comstucture. They are composed of
two distinct cytoplasmic regions: Peripheral andtd domain (P and C domain). (Fig. 1.1 a
and b).

The P domain has a flat shape consisting of filigpaehd lamellipodia. Filopodia are
formed by bundles of actin filaments playing an aripnt role in sensing guidance cues
while lamellipodia are dense meshwork of actinnfiégmts and are responsible for the
advancement of the growth cone (Forscher et aB7)19The central domain of the growth
cone is the thickest region containing dense midnaie (MT) arrays (Fig. 1 d). It is enriched
in cellular organelles such as mitochondria anccgiagic vesicles. Although actin filaments
are primarily present in the peripheral region obvgh cone and microtubules mostly
terminate in the central region (Fig. 1 ¢ and kst two cytoskeletal elements overlap at the
interface of the P domain and the C domain caltedsition domain of the growth cone.
(Lowery and Van Vactor, 2009)(Fig. 1 b).

Guidance molecules activate receptors present engtbwth cone surface which
induces intracellular signalling events directihg {GCs to turn toward (attraction) or away
from (repulsion) the guidance cue (Goodman, 1986jh microtubules and actin are highly
dynamic structures in the GC and their interactians very important for GC motility
involving their coordinated polymerization and dipeerization (Dent and Kalil, 2001).
Actin cytoskeleton which is mainly located at tleading edge of the GC is responsible for
directing GC, whereas microtubules support the re#ensions initiated by the actin
(Mitchison and Kirschner, 1988; Smith, 1988).

Moreover membrane recycling in the form of exociga@nd endocytosis occurs in

neuronal GC and may regulate the motility. It hasrbshown that during neurite outgrowth,
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plasma membrane must be expanded rapidly to prek@lsufficient surface area (Meldolesi,
2011). The exocytosis within the growth cone previtie majority of plasma membrane
expansion in this process. It is also observed thatrate of endocytosis in the early
developmental stages of outgrowth is significahilyher (Bonanomi et al., 2008; Vitriol and
Zheng, 2012).

P-domain

C-domain

T-domain

Lamellipodium

Microtubules

Filopodium Tubulin

Figure 1: Growth Cone structure. (a) Images of Lamellipodia and filopodia emergiramm a DRG GC. (b-d) .
confocal fluorescence images of a DRG GC for Aftin tubulin (d) and merge of the both staining @anels
show the different domains of the growth cone; glheépheral, transition and central regions, anddifferent

structural components of the growth cone suchafilttpodia, lamellipodia and microtubules.
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1.2 Force generation by neuronal growth cone

The force necessary for growth cone motility whagtuse the neurite to explore the
environment, grow, retract, turn and branch is ¢geted as the result of various processes
such as actin and microtubule dynamics coupled mighsin-based retrograde actin flow and
also selective adhesion to extracellular subsii2ent and Gertler, 2003; Lin et al., 1994;
Lowery and Van Vactor, 2009; Suter and Forsche®81¥itriol and Zheng, 2012). In this
study, we used optical tweezers as the appropeigierimental tool to obtain accurate force
measurements on living neurons without causing damjage. Quantitative characterization
of the force exerted by lamellipodia and filopodiaring neuronal differentiation and
migration enabled us to understand the dynamicgenties of force generation. In the next
sections, the role of individual cytoskeletal elese and molecular motors in force

generation and growth cone motility will be briefliscussed.

1.2.1 Cytoskeleton

The cytoskeleton is an elaborate array of proteat provides architectural support
and mechanical strength and also mediates cellimand guidance (Suter and Forscher,
1998). In the nervous system, it has a fundameolkalin axon and dendrite formation which
allows neurons to establish their complex morphplobhere are three main elements in
cytoskeleton: actin, intermediate filaments androtidbule. Intermediate filaments are the
most rigid filaments and are fundamental for suialt rigidity of cells and the overall cell
shape (Howard, 2001). Actin and microtubule areemssl components in many cellular
processes and their dynamics regulate the GC yofifi the following section some of the

most significant findings about these two elemevitisbe summarized.

1.2.2 Actin dynamics and actin regulating proteins

Actin is the most abundant protein in most celld eninvolved in a variety of cellular
processes such as: membrane protrusion, cell aiviahd morphogenesiB1 developing
neurons, actin cytoskeleton is essential in nefwitmation, extension and branching. At the
leading edge of GC, actin is organized into filopodand lamellipodia and their
polymerization drives protrusion of the plasma meambk (Pantaloni et al., 2001; Pollard and
Borisy, 2003).

14



Actin filaments are ~7 nm diameter, semi-flexibl@ypners with persistence length
~17 pm (Gittes et al., 1993). Under physiologicahditions, Actin filaments are made up of
dimer pairs of globular actin monomers (length ~217). The actin filament is polar because
the subunits are arranged head-to-tail in the flaimand its ends are structurally different.
This polarity has an important consequence whicthésasymmetry in the polymerization
rate along the filament, mainly the polymerizatienfaster at one end than the other.
(Howard, 2001). The fast-growing end is called lfaebed or plus end, whereas the slow-

growing end is called the pointed or minus end.

Critical actin monomer concentration of the plusd eof an actin filament is
approximately six times less than that of minus.eWhen the concentration of actin
monomer is greater than its critical concentratitre filament polymerizes and grows by
binding the new monomers to the filament. On thentrewy, while the monomer
concentration is below the critical concentratismmnomers detach from the filament end and
the filament depolymerizes. When the concentralies between the two values, only the
plus end grows while the minus end shrinks. Thée sta which actin monomers or small
oligomers are added to the barbed end of actimélats (polymerization) and removed from
the other end (depolymerization) is called “tredtng”. The cyclical polymerization and
depolymerisation of actin near the plasma membparshes the cellular membrane forward
and exerts a protrusive force (Howard, 2001; Magiland Oster, 1996; Pollard and Borisy,
2003).

On the other hand, actin filaments also draw th@vgr cone membrane rearward
during retrograde actin flow and are involved iowth cone retractiorRetrograde actin
flow regulates the rate of neurite outgrowth andi@s microtubules from entering into the
peripheral domain of the growth cone (Zhou and @ol2804).The arrangement of F-actin
polymerization, depolymerization, and retrogradewflis responsible for the behavior of
lamellipodia and filopodia. The net protrusion @mellipodia and filopodia is largely

determined by the rates of F-actin treadmilling egtdograde flow.

The actin turnover is controlled by variety of rigary proteins. Generally these
proteins can be divided into several categorie® hgmn their function such as filament
nucleation, end capping, crosslinking and seveaimgvell as monomer sequestering (Pak et

al., 2008). Also molecular motors seem to partigp® the overall process by controlling
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several aspects of this process. In the model gexp (Pollard and Borisy, 2003) the actin
polymerization is activated by proteins such asfilimp Wasp, or Arp2/3 in response to
external guidance cues. Capping proteins bind tbdshends and prevent addition of actin
subunits to filaments. Severing and depolymerizirgeins such as ADF/cofilin break down
the existing filaments in to small fragments fosatisembly and increasing the pool of free
actin monomer. Profilin catalyzes the exchange &PAfor ATP on monomeric actin
molecules which become available for new polyméiraat barbed ends. Crosslinking

proteins link filaments together to create comptucture (Pollard and Borisy, 2003).

1.2.3 Microtubule dynamicsand microtubule associated proteins

Microtubules (MTs) are major cytoskeletal elemethst support growth cone
stability and axonal and dendritic extension. Mee¥p they control various aspects of the
regeneration and repair processes in the nervaismsy(Hur et al., 2012). In addition, MTs

provide platforms for intracellular transport.

Microtubules made up of 13 protofilaments and aseembled fromaf tubulin
heterodimers in a polarized manner with polymeidrabccurring mostly on plus end of the
microtubules. The plus ends of MTs exhibit cyclésgmwing and shortening, a process
called “dynamic instability” in which their polymrization is interrupted by rapid
depolymerization and shrinkage. It is believed thghamical instability enables MTs to

quickly remodel their organization and selectivgdgw in response to extracellular signals.

Typically Microtubules are located in the centranthin of the growth cone, from
which small number of them protrude into the pesyhdomain and even penetrate into
filopodia (Dent and Kalil, 2001; Schaefer et al002). These individual MTs are highly
dynamic and play an important role gaidance decisions and migration (Dent et al., 2011
Schaefer et al., 2002; Vitriol and Zheng, 2012).Mit P domain of GC undergo cycles of
growth and catastrophe due to “dynamic instabiliof”MTs. Therefore, they have direct
effect on membrane protrusion (Buck and Zheng, 2082ck et al., 2000; Rochlin et al.,
1999). Recent studies show that blocking MTs dyeanmhibits growth cone turning in
response to guidance cues (Dent et al., 2011; howed Van Vactor, 2009; Vitriol and

Zheng, 2012) indicating that MTs are sensitivextrazellular signals. This shows that they
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play an instructive role in growth cone guidanceardbver dynamical instability of MTs may
activate Racl and RhoA signaling which controlsnadynamics (Hur et al., 2011).

Similar to the actin cytoskeleton, there are a etgriof microtubule associated
proteins (MAPSs) that bind to MTs and regulate MTlypterization and depolymerization,
stability, crosslinking, severing, and transportir@dawa et al.,, 2010; Maccioni and
Cambiazo, 1995).

1.2.4 Non-muscle myosin ||

Myosin molecules, like all motor proteins, are noolear machines that convert
chemical energy into mechanical work. In this wayhlydrolyzing ATP, the energy used to

generate the force and power cellular motilityeleased (Howard, 2001).

Non-muscle myosins Il (NMII) have been shown toyplaportant roles in a variety
of cellular processes such as growth cone motitigjiular locomotion, cellular morphology,
adhesion, cytokinesis and cell division (Conti &t 2004; Forscher and Smith, 1988;
Vicente-Manzanares et al., 2009; Wylie and Chan?e8).

In neuronal GC, the balance between the rate ofnpadization and myosin base
retrograde flow of actin determines growth cone tqusion or retracting. If the
polymerization rate is balanced with the rate dinacetrograde flow, then the membrane
remains stationary. Indeed, the motor protein mydiscontrols the retrograde flow of actin
by severing the actin filaments at their minus €Negdeiros et al., 2006). Recent studies
show that myosin Il does not sever actin filamettsctly, but it binds into actin filaments,
forming the actomyosin complex which are able terexontractile force on anti parallel
actin filaments that contracts the actin meshwartk breaks the filaments. Moreover, NMII
mediates adhesion by acting indirectly throughratdi bring adhesion-related proteins such
as integrins or signal transduction molecules iolose proximity. NMIlI bundles actin

filaments, therefore adhesion proteins at the eftisese actin filaments are clustered.

NM Il molecules are composed of three pairs of et two heavy chains of 230
kDa, two 20 kDa regulatory light chains (RLCs) thegulate NMII activity and two 17 kDa

essential light chains (ELCs) that stabilize thavyechain structure (Vicente-Manzanares et
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al., 2009). In Neuronal cells, there are threeeddft isoforms of non-muscle myosin Il (A,
B, and C). They have similar structural and dynainproperties but they also have slightly
different localizations and functions. Differentlatalization of myosin isoforms depends on
the cellular specificity and possibly also on trevelopmental stage of the cell (Betapudi,
2010; Conti and Adelstein, 2008; Vicente-Manzanatsl., 2009; Wylie and Chantler,
2008). In neurons, NMIIB is required for the outgth of neuritic processes (Bridgman et
al., 2001; Wylie and Chantler, 2008), while NMlI&an important regulator of retraction and
promotes the adhesion with formation of focal contdtes (Conti et al., 2004; Wylie and
Chantler, 2001; Yu et al.,, 2012). NMIIC, which iBotght to regulate cell membrane
extension and the formation of focabntacts shows separate but coupled activities with
NMIIA and NMIIB (Wylie and Chantler, 2008). Thereeatwo important kinetic properties
that differ among the NMII isoforms: The rate of RThydrolysis by myosin when bound to
actin and the time that myosin is bound to actid generate force (duty ratio). NMIIA has
the highest rate of ATP hydrolysis and it moves en@pidly along the actin flaments than
the other isoforms but NMIIB has higher duty rgdcente-Manzanares et al., 2009).

However, it is clear that actin dependent procesaash as actin and MTs dynamics,
adhesion, membrane trafficking, and endo/exocytqdesy important roles in growth cone
formation, motility, and guidance responses andetlere fundamental crosstalks among
them (Hines et al., 2010; Kolpak et al., 2009; mgjiet al., 2007; Tojima et al., 2010). The
existence of a coupling between actin and MT dykarig confirmed by the observation that
inhibition of myosin Il with Blebbistatin markedlgiccelerates neurite growth and promote
the reorganization of both actin and MTs in GCsr(Elual., 2011).

1.3  Theoretical modelsfor force generation

The protrusion of the leading edge is a complexgse however the actin filaments
treadmilling and their interaction with the motaofein myosin Il are the major responsible
for force generation. The overall dynamics regatathis process is not yet completely clear,
but mathematical modeling as a fundamental invattig technique provides a way to link
known molecular events to force generation prosesaekey outcome of these models is
represented by the Fv relationships, describing th@xforce (F) exerted by the actin filament
network is related to the velocity (v) of their giing ends (Carlsson, 2001; Carlsson, 2003;
Mogilner, 2009; Mogilner and Oster, 1996; Mogilrerd Oster, 2003; Peskin et al., 1993).
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Various theoretical models for understanding thecdogeneration have been
developed. Earlier models of force generation veenesidering only a single actin filament
but more modern models such as tethered ratchébcatalytic branching, helped to
understand the dynamics and forces in complex aetiworks. Two main theoretical models
have been proposed to explain force generationchip @olymerization are ratchet model
(Mogilner and Oster, 1996; Mogilner and Oster, 2088d autocatalytic model (Carlsson,
2001; Carlsson, 2003). Fluctuations of contact betwthe tips of actin filaments and the
surrounding membrane is an essential feature ofvBien ratchet models (Mogilner and
Oster, 2003; Peskin et al., 1993) leading to Fwti@hships in which v decreases
exponentially with increasing values of F. On théheo hand, in autocatalytic models
(Carlsson, 2001; Carlsson, 2003) when an obsta@dadountered, the actin network - due to
the activity of controlling proteins - originatesw branches, so that the velocity v remains
constant for increasing values of F. A brief reviefmthese two models is presented in the

following subsesions.
1.3.1 Ratchet model

A ‘Brownian ratchet’ model (Peskin et al., 1993)pkns how force is generated
when a resisting force is applied to the objedtamt of the filament'’s tip, the object can still
diffuse away, creating a gap sufficient for monosn&r insert and assemble onto the tip.
Experimental observations indicate that actin fég@mis not an unbending rod, but it is an
elastic filament that can bend in response to dael.| Therefore an ‘elastic ratchet’” model
suggested that thermal fluctuation of filamens eagap between their tips and the load
(Mogilner and Oster 1996) and an actin monomerezeily insert itself between the filament
and membrane. Monomer assembly increases the figsnkength so that when the tip
contacts the load, the polymer is bent. So thenglee filament consequently applies an
elastic force on the membrane and moves it forwaihgse models, explain force generation
by considering a single polymerizing actin filamént they are not able to properly describe
the complex geometry of the actin network at trelieg edge. Therefore, extended models
such as tethered ratchet was proposed which coasttle transient attachment of actin
filaments to the membrane (Mogilner and Oster, 2008this extended model the filaments
are attached to the membrane by protein complék@sever, they can dissociate and grow

and exert a force until capped.
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1.3.2 Autocatalytic Model

Autocatalytic model assumes that the new actindiras are generated from existing
branches (Carlsson, 2003). In this model the rafdamnent branching is proportional to the
density of the existing filaments. Autocatalytic debd predicates that the protrusion rate
should not depend on opposing force exerted bylistacle. Greater load force causes faster
branching and therefore this implies greater ad@msity. This means that the load per

filament remains constant.

Spontaneous oscillations of the lamellipodia legd#age which have been seen in
several cell types including DRG neurons (Amin ket 2012) enable cells to explore the
extracellular environment. These oscillations cdaddbased on actin polymerization exerting
forces on the cell membrane and cause the celfysion (Carlsson, 2010a). It has been
suggested that the essential mechanisms which ackewaves are actin filament positive
feedback, actin filament spreading and delayed thegéeedback (Carlsson, 2010b). Actin
filament positive feedback is the mechanism in Wwhactin filament feeds back its assembly
and thus regulating itself (Carlsson, 2012). Afileiment spreading can be interpreted as the
direct nature of branching from existing filameBbth Actin filament positive feedback and
actin filament spreading are direct predictionsaatocatalytic model. On the other hand,
indirect feedbacks can occur because of possiligactions between actin filament and
nucleation-promoting factors (Carlsson, 2012). Beeaof the nature of these interactions,
they effect after some delay with respect to theitpe feedback which this can lead to
oscillatory behavior (Carlsson, 2012). Thereforlee tombination of these mechanisms

provides a mechanism for actin dynamic.

The role of myosin Il in producing force in nonmigscells have been explored by
simulation of myosin mini filament motion througlrandom two dimensional actin network
(Dasanayake et al., 2011). Using the mentioned nioaiesimulations, extremely contractile
stresses have been observed as a result of directisovement of myosin mini filament

along the actin network filaments in order to reawre stable configurations.

In addition to the classical plasma membrane (PWjtrpsions, cells display
structures referred to as plasma membrane blebshwdmie bulky rounded morphology

expanding up to gm from the PM. (Fackler and Grosse 2008).
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Cell internal hydrostatic pressure can lead todgpotrusion of the PM as a result of
the initiation of events that involve local disrigot of membrane — actin cortex interactions
(Charras et al., 2005), which is named as blebbihis effect can also be caused by a local
increase in cortical contractility of the actomyogjel (Paluch et al., 2006). Importantly,
initial powering of bleb expansion does not involaetin polymerization events, which

distinguishes PM blebs from all other known cetitpusions.

Recently, several other mathematical models hawesn leveloped to increase our
understanding about polymerization force and theiderlying molecular mechanism in
which some of them were reviewed in (Mogilner, 200doreover, recently (Allard and
Mogilner, 2012) reviewed some advanced experimemtdltheoretical studies of actin waves
and discussed mechanisms of wavy protrusions. Becafi the complexity of cellular
processes neither models has been precisely dedcifibee dimensional cell motility and
coupling between self-organization and force gdarmraHowever, these studies are essential
for complementing experimental data and providefulsestimates of the polymerization

forces.
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2

RESULTS

2.1

Force generation in lamellipodia is a probabilistic process with

fast growth and retraction events

R. Shahapure, F. Difato, A. Laio, G. Bisson, E.diirg, L. Amin, E. Ferrari, V. Torre,
Biophysical journal 98 (6), 979-988 (2010)
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Force Generation in Lamellipodia Is a Probabilistic Process
with Fast Growth and Retraction Events

Rajesh Shahapure,’ Francesco Difato, ™ Alessandro Laio,! Giacomo Bisson, Erika Ercolini,'S Ladan Amin,’
Enrico Ferrari,’ and Vincent Torre™*

TInternational School for Advanced Studies (SISSA-ISAS), Trieste, ltaly; *ltalian Institute of Technology, ISAS Unit, Trieste, Italy; SCluster in
Biomedicine (CBM), Trieste, ltaly; and 'National Research Council, Istituto Nazionale per la Fisica della Materia, Laboratorio Nazionale TASC,
Trieste, Italy

ABSTRACT Polymerization of actin filaments is the primary source of motility in lamellipodia and it is controlled by a variety of
regulatory proteins. The underlying molecular mechanisms are only partially understood and a precise determination of dynam-
ical properties of force generation is necessary. Using optical tweezers, we have measured with millisecond (ms) temporal reso-
lution and picoNewton (pN) sensitivity the force-velocity (Fv) relationship and the power dissipated by lamellipodia of dorsal root
ganglia neurons. When force and velocity are averaged over 3-5 s, the Fv relationships can be flat. On a finer timescale, random
occurrence of fast growth and subsecond retractions become predominant. The maximal power dissipated by lamellipodia over
a silica bead with a diameter of 1 um is 10~ "6 W. Our results clarify the dynamical properties of force generation: i), force gener-
ation is a probabilistic process; ii), underlying biological events have a bandwidth up to at least 10 Hz; and iii), fast growth of

lamellipodia leading edge alternates with local retractions.

INTRODUCTION

Neurons are among the most specialized cells in living
organisms and are capable of self-organization in complex
networks. To self-organize, neurons protrude neurites,
highly motile structures that explore the environment in
search of appropriate chemical cues necessary for the forma-
tion of correct synaptic connections (1,2). Neurite explora-
tion is guided by the growth cone located at the neurite tip
(3-5) that is formed by an extended lamellipodium from
which thin filopodia emerge (6). Filopodia tips can move
at a velocity that can reach 0.8—1 um/s and their motility is
at the basis of the efficient formation of neural networks.
The primary source of motility in growth cones is the poly-
merization of actin filaments (7-9), a process controlled by
a variety of regulatory proteins (10). The addition of actin
polymers to actin filaments in close contact with the
membrane pushes the cellular membrane forward exerting
a protrusive force (11,12).

The overall dynamics regulating this process is not yet
clear, and mathematical modeling provides a way to link
known molecular events to force generation (13). A key
outcome of these models is represented by the Fv relation-
ships, describing how the force (F) exerted by the actin fila-
ment network is related to the velocity (v) of their growing
ends (7,14-19). Fluctuations of contact between the tips of
actin filaments and the surrounding membrane is an essential
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feature of Brownian ratchet models (7,15,16) leading to Fv
relationships in which v decreases exponentially with
increasing values of F. In autocatalytic models (14,16,17),
when an obstacle is encountered, the actin network—due
to the activity of controlling proteins—originates new
branches, so that the velocity v remains constant for
increasing values of F.

Previous determinations of the Fv relationships (20) with
an atomic force microscope (AFM) cantilever (21,22) had
a limited time resolution and were obtained either in vitro or
in migrating keratocytes exerting forces in the nanoNewton
range. In this work, using optical tweezers (23-25), we
provide an experimental characterization of Fv relationships
in neuronal growth cones with millisecond resolution and pi-
coNewton sensitivity. Bold notations x, v, and F indicate
vectorial quantities, and x, v, and F indicate either the modulus
or a component of these vectors. This experimental technique
enabled us to determine the three components of the force
exerted by a lamellipodium, F = (F,, Fy, F.), from rat dorsal
root ganglia (DRG) and of the velocity of its leading edge,
vV = (Vy, V), V.). From these vectorial quantities, we have
derived properties of force generation in lamellipodia, with
important biological consequences. We found that force
generation in lamellipodia is an intrinsically multiscale
process. At a temporal resolution of 3-5 s, the exerted force
can increase, maintaining a constant velocity. Atamillisecond
resolution, a much more complex behavior is observed, with
random occurrence of fast growths and subsecond retractions.
Our results show that autocatalytic models (14,16,17) of force
generation are correct in a mean or average approximation.
Atahigher temporal resolution, the network of actin filaments
evolves in a much more complex manner that can be charac-
terized only probabilistically.

doi: 10.1016/j.bpj.2009.11.041
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MATERIALS AND METHODS
Neuron preparation

Wistar rats at postnatal days 1012 (P10-P12) were sacrificed by decapita-
tion after anesthesia with CO, in accordance with the Italian Animal Welfare
Act. After dissection, DRGs were incubated with trypsin (0.5 mg/ml; Sigma
Aldrich, Milan, Italy), collagenase (1 mg/ml; Sigma Aldrich), and DNase
(0.1 mg/ml; Sigma Aldrich) in 5 ml Neurobasal medium (Gibco, Invitrogen,
Milan, Italy) in a shaking bath (37°C for 35—40 min). After mechanical
dissociation, they were centrifuged at 300 rpm, resuspended in culture
medium, and plated on poly-L-lysine-coated (0.5 ug/ml; Sigma Aldrich)
coverslips. Neurons were incubated for 2448 h and nerve growth factor
(50 ng/ml; Alomone Labs, Jerusalem, Israel) was added before performing
the measurements.

Optical tweezers setup

The optical tweezers set-up was built as described by Cojoc et al. (25). Briefly,
the trapping source was an ytterbium fiber laser operating at 1064 nm (IPG
Laser GmbH, Burbach, Germany), which was sent onto an inverted micro-
scope (IX81, Olympus, Milan, Italy) to the focusing objective (Olympus
100x oil, NA 1.4), as shown in the schematic diagram of Fig. S1 in the Sup-
porting Material. The dish containing the differentiating neurons and the
beads (PSI-1.0NH2, G. Kisker GbR, Steinfurt, Germany) was placed on the
microscope stage, which could be moved by a three-axis piezoelectric nano-
cube (17 MAX 301, Melles Griot, Albuquerque, NM). The temperature of the
dish was kept at 37°C by a Peltier device. The dish was maintained in an envi-
ronment with a controlled level of CO, (5%) and moisture (95%). The bead
position x = (x, y, z) was determined along all the axes with an accuracy of
2 nm using back focal plane detection, which relies on the interference
between forward scattered light from the bead and unscattered light
(24,26,27). The back focal plane of the condenser was imaged onto a quadrant
photodiode (QPD) (C5460SPL 6041, Hamamatsu, Milan, Italy), and the light
intensity was converted to differential outputs digitized at 20 kHz and low-
pass filtered at 5 kHz. The z position of the bead was determined using the
Gouy phase-shift effect (24). The trap stiffness, Ky y , = (k,, k,, k.), and the
detector sensitivity were calibrated using the power spectrum method (24).
Detector sensitivity was also checked by measuring voltage signals origi-
nating from displacements of a bead stuck to the coverslip obtained with
the three-axis piezoelectric nanocube. The force exerted by the lamellipo-
dium, F, was taken as equal to —F,. When the displacement of the bead
from its equilibrium position inside the trap, d = (d,, d,, d-), was <400 nm,
Fyop = (Fy, Fy, F.) was calculated as F, = d.k,, Fy= dk,, and F. = d_k.
(24). All experiments of force recordings were monitored by video imaging
with a charge-coupled device (CCD) camera at a frame rate of 5 Hz. Visual
inspection of recorded images made it possible to discard from the analysis
all force recordings during which visible debris interfered with the optical
determination of bead position X.

Bandwidth of biological events underlying force
generation

A reliable and accurate computation of Fv relationships from the bead
displacement x and force F requires a careful analysis of time series obtained
from digitization of the three components of x. When the velocity, v = (v,,
Vy, v2), is derived from the bead displacement x by numerical differentiation,
it is necessary to low-pass filter the original data, as spurious high frequen-
cies amplify noise (28). To find the appropriate cut-off frequency, we inves-
tigated the bandwidth of biological events underlying force generation. We
computed and compared the power spectrum density of forces measured far
from any neuron (PSD,,.is.(f); Fig. 1 a, red traces)—originating from Brow-
nian fluctuations and instrumental noise—and the PSDpe(f) of forces
measured when the leading edge of the lamellipodium pushed the bead
(Fig. 1 a, blue traces). PSDyis(f) and PSDpuq(f) are very similar, and
almost indistinguishable for f > 30 Hz, but at frequencies below 1 Hz the

Biophysical Journal 98(6) 979-988

Shahapure et al.

a 2 z 4 5 e
10 -3 WSM AV
o -t - ]iﬂf
10 3s 5s
¥
= 10"
=
e s
o 10
w
= 6
10°
1070 i NPT
10" 10" 10° 10° 10°
Frequency (Hz)
b c
__ -100;
»
E L 4001
£ -50 A e &
Z e N N\ E
2 0ft J l. £
> N >200[
> 501 : o @
100 1 1 1 ) e L L
0 -2 -4 -6 0 5 10
Fy (pN) Smoothing cut-off frequency (Hz)
FIGURE 1 Computation of Fv relationships. (¢) Power spectrum density

of forces measured far from the lamellipodium (red trace) and when the
lamellipodium pushed the bead (blue trace), computed from the red and
blue traces, respectively, shown in the inset. Green, pink, and black arrows
indicate 0.2, 1, and 10 Hz, respectively. (b) Fv relationships computed with
Gaussian filtering at 0.2 Hz (green) and linear regression with W = 10,000
(gray), as described in Materials and Methods. The green dotted line
represents —3a, at the 0.2-Hz bandwidth (where ¢, was calculated from
bead fluctuations measured away from the lamellipodia). (¢) Relationship
between the standard deviations of velocity distribution as a function of
smoothing for two values of the trap stiffness, 0.005 pN/nm (squares) and
0.045 pN/nm (circles).

energy of PSDy,¢n(f) is at least 30 times larger than that caused by Brownian
collisions. The analysis of PSDy,gise(f) and PSDp,ush(f) in 14 experiments indi-
cates that the bandwidth of biological events underlying force generation in
DRG lamellipodia extends up to 10 Hz. Therefore, events occurring on
a timescale of 100 ms cannot be neglected, and force generation needs to
be analyzed at a higher temporal resolution than in previous investigations.

Computation of Fv relationships

The velocity, v = (v,, vy, v.), of the bead was obtained by numerical differ-
entiation of its sampled position x = (x(n), y(n), z(n)) n = 1,...N. Numerical
differentiation was computed either by convolution of position components
x(n), y(n), and z(n) with the derivative of a Gaussian filter 1/[0(2#)1/2]
exp(—*/o”) (Gaussian filtering) or by linear regression. Gaussian filters
corresponding to cut-off frequencies of 0.2, 1, and 10 Hz were used (see
Figs. 4-6). In the linear regression method, the components v.(n), v,(n),
and v,(n) of velocity v were calculated by a linear least-square fit of the equa-
tions x(n) = a, + v(n) (i — n)At, y(n) = a, + vy(n) (i — n)At, and z(n) = a. +
v.(n) (i — n)At with i = —W,...,W, where At was the sampling interval.
The two parameters a, and v,(n) were determined by minimizing the cost
function

n+W

Z (a, + v(i —n)Ar — y(i))2
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FIGURE 2 Push and retraction by a lamellipodium. (a)
AFM image of a lamellipodium. The height is coded as
in the colored scale bar and horizontal white scale bar,
2 um. (b) Occurrence histogram of measured height of
lamellipodium leading edges from seven growth cones.
(c and d) Three-dimensional representations of a 1-um
bead in front of a thick (c) and a thin (d) lamellipodium.
(e) Low-resolution image of a lamellipodium in front of
a bead trapped with an infrared laser. Scale bar, 2 um. (f)
Successive frames showing the lamellipodium (55 )
growing toward the bead (64 s) and lifting it up (68.2 s).
Subsequently, the lamellipodium retracted (94 s) and
grew under the bead pulling it out of the trap during retrac-
tion (/02-123 s). The cross indicates the center of the
optical trap. Scale bar, 2 um. (g) The three components
F (blue), Fy (green), and F. (red) of the force when the
lamellipodium pushed the bead vertically (55-70 s) and
when the lamellipodium lifted up and retracted (95-110 s).

7,

55 60 65 70 95 100 105
Time (s)

ay and vy(n), and a. and v.(n), were determined in a similar way. Computa-
tion of derivatives with the linear regression method depended on the
number of samples, W.

Fv relationships computed from vertical and lateral pushes had periods of
negative velocity (see Figs. 4 ¢ and 5 f), corresponding to transient retractions
of the lamellipodium leading edge. When the velocity reverses its direction,
becoming negative, the same force can be exerted for two different values
of the velocity, leading to the appearance of loops in Fv relationships (see
Fig. 4 ¢), typical of systems exhibiting hysteresis (21). Because of the limited
spatial and temporal resolution of the CCD camera used in this study, these
transient retractions could not be confirmed by video imaging. Therefore,
we asked whether these loops could originate from numerical artifacts and
noise fluctuations. Indeed, the numerical computation of derivatives from
noisy data is ill-conditioned (28), and negative velocities could be produced
by the specific method used to compute the velocity from the displacement.
For this reason, we compared two different methods to obtain the velocity,
v, from the displacement: Gaussian filtering and linear regression. In these
two methods, the timescale is given by the cut-off frequency of the Gaussian
function and by the number of points in the window (W), respectively. Fv rela-
tionships obtained from the same force measurement sampled at 10 kHz with
the linear regression method with W = 10,000 (Fig. 1 b, gray trace) and ob-
tained by using a Gaussian filter with a cut-off frequency of 0.2 Hz (Fig. 1 b,
green trace) had the same shape and number of loops.

As numerical differentiation is very sensitive to noise and amplifies its
high-frequency components, we investigated to what extent loops could

110

be caused by Brownian fluctuations. We computed Fv relationships from
force measurements obtained far from lamellipodia. The obtained velocity
was Gaussian-distributed around 0, with a standard deviation of o,
increasing with the bandwidth of Gaussian filtering, depending also on the
trap stiffness (Fig. 1 ¢). Periods with a negative velocity observed during
vertical and lateral pushes, during which v was <—3a,, could not be
ascribed to Brownian fluctuations, and all negative velocities exceeding
—30, lines (Fig. 1 b, horizontal lines; and see Figs. 4 d and 5 f,) were caused
by transient retractions of the lamellipodium.

AFM imaging

The three-dimensional (3D) structure of DRG lamellipodia (Fig. 2 a) was
determined by using AFM, as shown in. Before imaging with AFM, DRG
neurons were fixed with glutaraldehyde (Sigma Aldrich). DRG growth
cones were imaged using a commercial AFM (Nanowizard II, JPK, Berlin,
Germany) combined with an inverted optical microscope (Axiovert 200,
Zeiss, Milan, Italy). Soft tips with low force constant (OBL, 0.03N/m;
Veeco, Santa Barbara, CA) were utilized, and forces were kept between
100 pN and 1 nN during scanning.

RESULTS

DRG neurons isolated from P10-P12 rats were plated on
poly-L-lysine-coated glass coverslips positioned on the stage

Biophysical Journal 98(6) 979-988
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of an inverted microscope used for imaging and measuring
forces (see Materials and Methods). After 1 or 2 days of
incubation, neurites emerged from the DRG soma and their
motion was analyzed. Filopodia and lamellipodia moved
rapidly, exploring the 3D space in all directions. DRG lamel-
lipodia were imaged with AFM (Fig. 2 a) and the height of
their leading edges varied from 45 to 660 nm (Fig. 2 b).
Silica beads of 1-um diameter were trapped with a 1064 nm
infrared (IR) laser tweezers and positioned in front of the
leading edge of a lamellipodium (Fig. 2 ). When the center
of the bead is located at ~800 nm above the coverslip, a thick
lamellipodium can push the bead (Fig. 2 ¢). Visual inspec-
tion of lamellipodia indicates the existence of several stereo-
typed behaviors (29): the lamellipodium grows underneath
the bead without displacing it (Fig. 2 d and Fig. S2); the
bead adheres to the cell membrane, and when the lamellipo-
dium retracts, the bead is removed from the trap (Fig. 2 f,
102 s); the lamellipodium grows underneath the bead, dis-
placing it upward (Fig. 2 f, 68.2 s) (30); or the lamellipodium
pushes the bead forward exerting a force in the direction of
its growth (see Fig. 3, @ and b). Often, two or more of these
stereotyped behaviors were observed in the same experi-
ment. In the example of Fig. 2 f, the lamellipodium initially
pushed the bead upward (Fig. 2 g, 64-68.2 s) and, after the
lamellipodium retracted the bead, returned inside the trap
(94 s). After a few seconds, the lamellipodium lifted up the
bead again, and, because of the presence of adhesion forces,
the bead remained attached to the lamellipodium membrane.
Finally, the lamellipodium retracted, pulling the bead away
from its trap (Fig. 2 g, 95-110 s). Adhesion of the bead to
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FIGURE 3 Mechanics of collisions between lamellipo-
dia and beads. (a) Low-resolution image of a lamellipodium
pushing a trapped bead. Scale bar, 2 um. (b) Successive
frames taken at different times during the push. The cross
indicates the center of the optical trap. Scale bar, 2 um.
(c) The three components of the force, F, (blue), F,
(green), and F. (red), exerted by a lamellipodium during
the push smoothed at 10 Hz. (d) Instantaneous power F-v
acting on the bead. (¢) Time evolution of arccos(F - v/|F| |v|)
during the push. Data obtained after smoothing at 0.2 Hz.
(f) The trajectory of the bead in a 3D space. The black
arrow indicates the direction of the trajectory. Red and
blue arrows on A and B indicate the instantaneous F
and v, respectively, at the two times corresponding to 54
and 58 s in c—e. When F and v are parallel, arccos(F-v/
[F| |v]) is close to 0, and when F and v are antiparallel,
arccos(F-v/|F| |v|) is close to m. (g) Histogram of the
arccos(F - v/|F| |v|) when |F| was <2 pN. (h) Histogram of
the arccos(F - v/|F| |v|) when |F| was >2 pN.

the lamellipodium was often irreversible and could not be
detached from the lamellipodium by increasing the power
of the laser beam, but in other experiments, adhesion was
reversible and the bead detached spontaneously. In all exper-
iments, the growth cone behavior was followed with video
imaging and the displacement of the bead, x = (x, y, z),
was measured with a high temporal resolution using a
QPD. The z axis is perpendicular to the coverslip and parallel
to the IR laser beam used for trapping. By determining the
trap stiffness, k = (k,, k,, k.), F was obtained as (—xk,,
—yk,, —zk,) (24,27).

In what follows we will compute and analyze properties of
the Fv relationships for the four most common stereotyped
behaviors:

Vertical pushes (42 experiments): when lamellipodia
lifted the bead upward (Fig. 2 f, 55-68.2 s) and F
changed primarily along the z component (Fig. 2 g,
64-68.2 ),

Lateral pushes (22 experiments): when lamellipodia
pushed the bead laterally in the xy plane (see Fig. 5
b), whereas F changed primarily along the x and y
components (see Fig. 5, c—e);

Vertical retractions (22 experiments): when the bead was
displaced vertically toward the bottom of the coverslip
after bead adhesion to the growth cone membrane and
lamellipodia retraction. In these cases, either the lamel-
lipodium grew under the bead or the bead was attracted
toward the lamellipodium membrane by interactions
with protruding structures such as ruffles (30);
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FIGURE 4 Fv relationships when lamellipodia lifted up
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the bead along the z direction. (¢) The F, component of the
force when the lamellipodium of Fig. 2 pushed the bead
vertically. The dotted box indicates the section of force
measurement used to compute the Fv relationship after
Gaussian filtering at 0.2 (green), 1 (pink), and 10 Hz
(black). (b and c¢) Fv relationships obtained after smoothing

at 0.2 Hz (b, green trace) and 1 Hz (b, pink trace) and at
10 Hz (c¢). (d) Superimposed Fv relationships from
29 experiments normalized to F,,, from data filtered at
0.2 Hz. The black line represents —30, at the 0.2-Hz band-
width (where o, was calculated from bead fluctuations
measured away from the lamellipodia). (e) <Fv>, relation-
ships normalized to F,,x. Data were filtered up to a band-
width of X Hz. <Fv>(, (green), <Fv>; (pink), and
<Fv>q (black).
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Lateral retractions (21 experiments): when the bead was
displaced laterally after adhesion to lamellipodia
(Fig. 2 f, 94—-123 s and Fig. 2 g, 95-110 s).

The computation of Fv relationships from measured x and
F requires careful data processing, as described in Materials
and Methods (see Fig. 1). Before computing F'v relationships
for the four stereotyped behaviors, it is necessary to analyze
in detail the mechanics of collisions between beads and
lamellipodia.

Mechanics of collisions between beads
and lamellipodia

When the lamellipodium leading edge (Fig. 3 a) pushed the
bead (Fig. 3 b), F,, F, and F, often change almost indepen-
dently, reaching their maximum amplitude at different times
(Fig. 3 ¢). In these cases, the bead moves along a trajectory
that often changes its direction (Fig. 3 f, black trace). To
investigate quantitatively the nature of these events, it is
useful to monitor the vectors F and v, with their modulus
and direction. The power dissipated by the lamellipodium
is the scalar product F - v. The amplitude of the instanta-
neous velocity depends on the bandwidth used for filtering
the data, and F - v reaches values up to 2.5 X 107%w
when v is computed at a bandwidth of 0.2 Hz, but up to
107" W at a bandwidth up to 10 Hz (Fig. 3 d). The analysis
of the angle ¢ between F and v provides information useful
for understanding the mechanics of collision between beads
and lamellipodia: when ¢ is close to 0 the lamellipodium
pushes the bead and performs a positive work, and when ¢
is close to m, the lamellipodium retracts. When ¢ is close
to 7/2, lamellipodia do not carry out any work. A negligible
work is performed primarily in two cases: first, when the la-
mellipodium exerts a force comparable to that caused by

Brownian collisions with water molecules; and second,
when the bead slides over the lamellipodium, F becomes
orthogonal to v, and no work is done. The angle ¢ was
determined by arccos(F - v/|F| |v|) (Fig. 3 e¢). When the
modulus of F was >2 pN, ¢ was usually close to either
0 or w (Fig. 3 h), indicating that F and v have the same or
opposite direction.

In contrast, when the modulus of F is <2 pN (Fig. 3 g), the
value of ¢ is usually close to 7/2. A sudden change of the
bead motion (as shown in Fig. 3 f) could be caused either
by a momentary sliding of the bead over the lamellipodium
or by a transient retraction of the lamellipodium leading
edge. The position of the lamellipodium was followed by
video imaging with a CCD camera (see Fig. 3, a and b),
and we could verify by visual inspection that the bead was
always in contact with the lamellipodium leading edge. In
addition, these two mechanisms can be easily distinguished
by observing the work done: if the bead slides over the la-
mellipodium, no work is done and ¢ remains close to 7/2.
If, instead, the lamellipodium transiently retracts, the work
done by the lamellipodium is negative, and ¢ remains close
to m. Using this procedure, we verified that periods with
negative velocity analyzed in Figs. 3—6, were indeed associ-
ated with values of ¢ close to 7 and that therefore they were
not caused by an occasional sliding of the bead but by tran-
sient retractions of the lamellipodium leading edge.

During pushes, Fv relationships are flat only on
average and growth alternates with transient
retractions

When lamellipodia pushed the bead upward, they exerted
forces up to 20 pN, and often only the F, component of
the force changed (Fig. 2 g, 64-68.2 s). In 5 of 42 vertical
pushes, as in the experiment illustrated in Fig. 2 g, when
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FIGURE 5 Fv relationships when a lamellipodium
pushed the bead laterally along the xy direction. (@) Low-
resolution image of a lamellipodium near the trapped
bead. Scale bar, 2 um. (b) Micrographs of the lamellipo-
dium pushing the bead laterally during its protrusion.
Images were taken at different times during force genera-
tion (see c—e). The cross indicates the center of the optical
trap. Scale bar, 2 um. (c—e) The three force components, F\,
Fy, and F. (gray traces), without filtering and after
Gaussian filtering at 0.2 and 1 Hz (green and pink traces,
respectively). The dotted box in d indicates the section of
the recording used to compute the Fv relationships in f.

F,(pN) o
5

(f) Fv relationships computed with Gaussian filtering at
0.2 and 1 Hz (green and pink traces, respectively) from
a lateral component of the force F,. Dotted green and
pink lines represent —3a, at the 0.2- and 1-Hz bandwidths,
respectively (where ¢, was calculated from bead fluctua-
tions measured away from the lamellipodia). During the

push, F, becomes negative, and transient retractions are
1 1

Time (s)

the bead displacement was low-pass filtered at 0.2 Hz (Fig. 4 a,
green trace), corresponding to a temporal averaging over a
time window of 3-5 s, the computed velocity, v, push, had
little oscillations around an almost constant value. The ob-
tained F'v relationship (Fig. 4 b, green trace), after an initial
rise, was almost flat, indicating that the lamellipodium can
increase the exerted force while lifting the bead away from
the surface with an almost constant velocity. Nearly identical
results were obtained when Fv relationships were computed
from the modulus of F and not from a single component (F,).

In 37 of 42 experiments, the Fv relationships exhibited
transient periods where the velocity oscillated and could
even reverse its direction, leading to the appearance of loops
in Fv relationships (Fig. 4, ¢ and d). We computed Fv rela-

0.5 1
FIF,..

therefore associated with positive velocities. (g) <Fv>y
relationships normalized to F,x from 22 experiments.
Data were filtered up to a bandwidth of X Hz. <Fv>(,
(green), <Fv> (pink), and <Fv>q (black).

tionships from the experiment of Fig. 4 a after smoothing
at 0.2 (Fig. 4 b, green trace), 1 (Fig. 4 b, pink trace), and
10 Hz (Fig. 4 ¢). When data were smoothed at 1 and 10 Hz,
the velocity oscillated around a constant value of ~60 nm/s,
reaching occasional peak values from 0.12 (Fig. 4 b, pink
trace) to 3 um/s (Fig. 4 c), respectively.

The Fv relationships from individual experiments were
normalized to F,.y, defined as the maximal force beyond
which the lamellipodium leading edge does not advance
and the velocity is consistently negative for at least 10 s.
Normalized Fv relationships, even those obtained from
data filtered at 0.2 Hz, varied significantly in different exper-
iments (Fig. 4 d), suggesting that force generation is not
a deterministic but a probabilistic process. To characterize
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the underlying probabilistic dynamics, we determined
average Fv relationships, <Fv>, in vertical pushes for data
filtered at 0.2, 1, and 10 Hz. The three average Fv relation-
ships exhibited the same overall behavior (Fig. 4 e), with
the velocity increasing together with the force, up to
~65 nm/s, and remaining approximately constant up to F,x.
Therefore, the <Fv> for vertical pushes is flat.

In some experiments, the lamellipodium (Fig. 5 a) caused
a pure lateral displacement (Fig. 5 b) so that only F, and F),
changed appreciably (Fig. 5, ¢ and d), whereas F, remained
constant (Fig. 5 e). In Fv relationships computed from these
lateral pushes (Fig. 5 f), clear loops were detected, as
observed in vertical pushes (Fig. 4, ¢ and d).

The number of loops in the Fv relationships computed for
both the F, and F, components increased when the band-
width of Gaussian filtering increased from 0.2 to 1 Hz
(Fig. 5 f, green and pink traces, respectively). As in the
case of the vertical push, normalized Fv relationships for
lateral pushes in individual experiments were different.
<Fv> relationships for lateral pushes filtered at 0.2, 1, and
10 Hz (Fig. 5 g) exhibited the same overall behavior, with
a mean velocity of ~15 nm/s. As illustrated in the 3D repre-
sentation of Fig. 2 d, a thin lamellipodium can grow under
the bead without displacing it (see also Fig. S2); therefore,
the measured mean velocity during lateral pushes could be
lower than that for vertical pushes (65 nm/s) because fast
lateral pushes of thin lamellipodia could not be measured.

Fv relationships during retractions

Molecular mechanisms underlying both vertical and lateral
pushes primarily involve actin filament polymerization,
and it is not surprising that <Fv> relationships for vertical
and lateral pushes have a similar shape (compare Figs. 4 e and
5 g), but a different dynamics could be expected when the
bead is pulled by a lamellipodium. Therefore, we computed
<Fv> relationships during vertical and lateral retractions.
Individual normalized Fv relationships obtained during
lateral and vertical retractions (Fig. 6, a and c¢) varied in
different experiments. In 22 out of 22 vertical retractions,
when data were filtered at 0.2 Hz, the velocity was consis-
tently negative and did not change its direction. In contrast,
during lateral retractions, the velocity transiently reversed its
direction in 3 out of 21 experiments. <Fv> relationships for
retractions (Fig. 6, b and d) exhibited the same overall
behavior, but with a mean velocity of about —15 and
—35 nm/s for lateral and vertical retractions, respectively.
Having observed that the lamellipodium leading edge could
invert its velocity direction, we asked whether these transient
inversions of the velocity had different properties during
pushes and retractions, and whether they occurred more
frequently near the maximal measured force, F,... When
data were filtered at 0.2 Hz, transient inversions of the
velocity were evident for vertical and lateral pushes and
for lateral retractions but completely absent for vertical
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retractions (Fig. 6 ¢). In contrast, at a bandwidth of 10 Hz,
transient inversions were observed for vertical and lateral
pushes and retractions (data not shown). The occurrence of
a transient inversion of the velocity depends smoothly on
F/F nax (Fig. 4 d), indicating that transient retractions are
not triggered by a strong load but originate from a random
process.

DISCUSSION

This study provides a precise characterization of force gener-
ation in DRG lamellipodia with millisecond time resolution
and picoNewton sensitivity. Previous measurements made
with the cantilever of an AFM were restricted to a temporal
resolution in the second range and were obtained in migrating
keratocytes producing forces in the nN range (22). Using
optical tweezers, we measured force generation in DRG
growth cones, and we could characterize several physical
properties of the molecular network underlying force genera-
tion. As shown in Fig. 1 a (see Materials and Methods), rele-
vant biological events occur on a timescale of <100 ms, and
different dynamical properties are seen at a timescale of 3-5 s.
Our results show that i), force generation is not a deterministic
mechanism but follows a probabilistic process; ii), underlying
dynamical events occur on different timescales varying from
100 ms to 5 s; iii), fast growths alternate with local retractions
of the lamellipodium leading edge. These results give new
insight on dynamical properties of force generation in
neuronal growth cone lamellipodia and the biochemical
network controlling them (10,31,32).

Physical properties of force generation

The maximal force exerted by lamellipodia pushing on
a bead with a diameter of 1 um was ~20 pN (25). In some
experiments, this force clearly stopped the lamellipodium
growth and could be identified as the stall force, Fyy, i.€.,
the force capable of blocking protrusion. As lamellipodia
very often retract spontaneously, in most experiments, Fy
is expected to be larger than the measured maximum force,
Fiax- The contact area between pushing lamellipodia and
beads was determined by the analysis of video images of
the event under examination. For all frames i corresponding
to a detectable force measured with the QPD, we determined
the arc I'; of the bead in close contact with the leading edge
of the lamellipodium and the corresponding angle 26, on the
bead center (Fig. 7, a—c, red).

Then the contact surface at frame 7, S.(7), is assumed to be
equal to the corresponding spherical cap of the bead. Simple
geometrical formulae indicate that S (i) = 27(1 — cosﬁ,—)rz,
where r is the bead radius. Fig. 7 d reproduces the time
evolution of the estimated value of S, when a lamellipodium
pushed a bead. The value of S, varied from 0.25 to 1.57 um?>
(Fig. 7 e). Therefore, the maximal pressure exerted by DRG
lamellipodia was 20-80 pN/um?. The maximum power/unit
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area exerted by lamellipodia was calculated to be 1-4 X
10~'® W/um?. Hydrolysis of one molecule of ATP provides
energy of ~10~'? J (33), and if this energy is converted into
work with an efficiency of 60%, the hydrolysis of ~0.25-1 X
10* s~ of ATP molecules/um? is necessary to produce the
measured power. The number of actin filaments in keratocyte
and fibroblast lamellipodia has been estimated to be of the
order of 100/;1,m2 (22). Therefore, the number of elementary
motors/um? is likely to be of the order of 100, where each
elementary motor consumes ~25-100 ATP molecules/s.
These numbers should be compared with measurements ob-
tained in the analysis undertaken in this study. One actin
monomer is ~2 nm long, and if the consumption of one
ATP is necessary for the addition of one actin monomer,
actin filaments will grow at a velocity of 50-200 nm/s,
very similar to the velocity of vertically pushing lamellipodia
(Fig. 4). When these filaments elongate, the net protrusive
force exerted across the membrane depends on a number
of factors; in fact, when an actin monomer is added to an
actin filament, an increase of the protrusive force depends
on the angle between the filament and the membrane and
on the rigidity of the membrane itself. Moreover, the obser-
vation that the load force necessary to stall the growth of
a bundle of actin filaments is very similar to that for a single
actin filament (34) indicates that the addition of actin mono-
mers into nearby filaments does not necessarily lead to
a linear summation of the protrusive force exerted by the
polymerization of a single filament. As these factors could
vary in different cells, it is not surprising that F,; in DRG
lamellipodia, here reported, is smaller than the value of 2
nN observed in migrating keratocytes (22). In migrating ker-
atocytes, the hydrodynamic load generated by a fluid flow
producing an opposing force of just some pN/um? arrests
the forward movement of lamellipodia, suggesting that
measurements of protrusive force at the leading edge are
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FIGURE 7 Contact area between a pushing lamellpo-
dium and the bead. (a—c) Micrographs of a lamellipodium
pushing the bead at different times (see timescale in d).
Scale bar, 2 um. Red angles drawn by eye. (d) Time evolu-
tion of estimated contact area, S., during the push. (e)
Histograms of the value of S, obtained from four experi-
ments during which a lamellipodium pushed the bead.

12 16

Contact area (Lm’/s)

difficult to interpret because of the interplay between protru-
sion and adhesion (35).

The measure with optical tweezers here reported underes-
timates the velocity of protruding lamellipodia. The center of
the bead is usually trapped at a distance varying from 600 to
900 nm from the underlying coverslip; as the radius of the
bead is 500 nm, the height of the free space under the bead
is between 100 and 400 nm. The height of protruding lamel-
lipodia varies between 45 and 660 nm (Fig. 2 ), and thin la-
mellipodia therefore can grow below the bead without
pushing it. This is the situation of many fast growing lamel-
lipodia and is illustrated in Fig. S2 a, which shows a lamelli-
podium growing under the bead. In this experiment, and in
several other cases, no significant bead displacement was
measured (Fig. S2 b). We compared the maximal lateral
velocity—obtained by the analysis of image sequences—in
the same sample: the measured maximal lateral velocity of
15 thin protruding lamellipodia was 30 + 22 nm/s and the
same quantity for lamellipodia displacing a bead trapped in
front of them was 15 = 3 nm/s. The difference is ascribed
to the larger protruding velocity of thin lamellipodia and
the action of the bead-stalling protrusion. Therefore
measured velocities in Fv relationships here reported are
underestimated.

Fv relationships

Fv relationships were computed for vertical (Fig. 4) and
lateral pushes (Fig. 5) and for vertical and lateral retractions
(Fig. 6). In all these cases, <Fv> relationships exhibited
a flat shape, during which the mean velocity remained
constant while the force increased. The mean velocity for
vertical pushes and retractions was 65 and 35 nm/s respec-
tively. Vertical pushes were usually faster than lateral
pushes. However, the lower measured mean velocity for
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lateral pushes could be caused by an experimental limitation
of our measuring system: as illustrated in Fig. 2 d and
Fig. S2, a fast-advancing lamellipodium with a height of
<150 nm could grow under the bead without displacing it.

When position and force were filtered at 0.2 Hz, in some
experiments, pushing lamellipodia exerted increasing force
while maintaining a constant velocity (Fig. 4 b). In the great
majority of the experiments performed, however, force
generation was characterized by large fluctuations of the
velocity. This observation shows that force generation in
lamellipodia is probabilistic in nature and that only <Fv>
relationships (Fig. 4 e) exhibit a flat shape, during which
the mean velocity remains constant while the force can
increase. Therefore, autocatalytic models correctly describe
force generation only in a mean approximation. In individual
experiments, the velocity does not remain constant but oscil-
lates and can change its direction. During these events, the
actin filaments network retracts, possibly due to local catas-
trophe or organized depolymerization controlled by cofilin
and other severing proteins (10). Therefore, force generation
is not a smooth process but is characterized by a random
alternation of fast growths and retractions of the lamellipo-
dium leading edge.

Possible mechanisms underlying transient
inversions

What could be the mechanism underlying the unstable
dynamics responsible for transient inversions of the velocity
during growth and retraction? Several mechanisms could
contribute to measured transient inversions of the velocity.
In many experiments, we observed a combination of vertical
and lateral pushes in which the bead could detach transiently
from the lamellipodium leading edge. In our analysis, we
carefully selected and analyzed pure lateral pushes during
which we did not detect any vertical displacement. Indeed,
in the experiment illustrated in Fig. 5, we did not measure
any concomitant vertical shift at the time of the velocity
reversal. In the reported Fv relationships there was no signif-
icant correlation between lateral and vertical bead movement
at the times of velocity reversal.

It is also possible that the bead slides locally on the lamel-
lipodium surface because of an improper ““‘cupping’’ around
the bead and because of local inhomogeneity of the cell
membrane. In several of the experiments where transient
inversions of the velocity were measured, we observed a
strong adhesion of the bead to the lamellipodium membrane.
In these experiments, the bead remained sealed on the
leading edge and when the lamellipodium retracted the
bead was pulled away from the optical trap (Fig. 2 f, 102 s).
The possibility of local sliding is also addressed in Fig. 3. By
analyzing the angle between the measured F and v, we could
rule out a possible local sliding of the bead at the time of the
velocity reversal. In these conditions, movements of the bead
are likely to be caused primarily by movements of the actin
network operating behind the membrane.
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As shown in Figs. 4 and 5, transient inversions of the
velocity are more frequent during pushes than when the
lamellipodia retract (Fig. 6). This observation suggests that
different dynamics control push and retraction. During
pushes, proteins controlling the network of actin filaments,
such as cofilin, could randomly sever a large branch of actin
filaments, leading to a local catastrophe and causing a tran-
sient retraction of the lamellipodium leading edge. When
lamellipodia retract, a more global catastrophe of the
network of actin filaments is likely to occur.

Although the occurrence of local catastrophes seems the
most likely mechanism underlying local transient retractions,
the complexity of biological events underlying force genera-
tion suggests a multiple origin of the observed events. Indeed,
transient retractions could also be caused by the retrograde
actin flow and contraction of myosin II (36,37). The driving
force behind retrograde flow of actin originates from myosin
II contractility and ““push” of the plus-end of actin assembly
at the lamellipodium leading edge (38). It is possible that
a sudden increase of retrograde flow of actin and/or a burst
of myosin II contractility, accompanied by lack of firm attach-
ment to the coverslip, lead to a transient retraction of the
lamellipodium leading edge.

Also, the mechanical interaction between the cellular
membrane and the network of actin filaments could give
rise to transient retractions. Growing and branching of the
actin filaments can become unstable due to resistance from
membrane tension. Indeed, the maximum measured force,
Fax, 18 ~20-100 pN/,umz, of the same order as the force
exerted by a membrane with a surface tension, v, equal to
0.005 kBT/nm2 axially deformed by 1 um (39). The actin fila-
ment network is confronted with a membrane exerting a force
similar to Fp,, so that the actin filament network is only
marginally stable and its propulsive force is almost counter-
balanced by the membrane tension. Growing and retracting
in conditions of marginal stability allows fast reactions and
could provide lamellipodia with the flexibility necessary
for their physiological functions.

The Fv relationships reported here were obtained in intact
neurons where protrusion and retraction are controlled by
a sophisticated machinery, and it is somehow surprising
that average Fv relationships, <Fv>, are simple (Figs. 4-6).

SUPPORTING MATERIAL

Two figures are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(09)05999-2.

This work was funded by the European Union Project N. 214566 Nano-
Scale, within the FP7 Programme.
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We have used optical tweezers to identify the elementary events underlying force generation in neuronal
lamellipodia. When an optically trapped bead seals on the lamellipodium membrane, Brownian fluctuations
decrease revealing the underlying elementary events. The distribution of bead velocities has long tails with
frequent large positive and negative values associated to forward and backward jumps occurring in 0.1-
0.2 ms with varying amplitudes up to 20 nm. Jump frequency and amplitude are reduced when actin
turnover is slowed down by the addition of 25 nM Jasplakinolide. When myosin II is inhibited by the
addition of 20 pM Blebbistatin, jump frequency is reduced but to a lesser extent than by Jasplainolide. These
jumps constitute the elementary events underlying force generation.

orce generation is a fundamental process at the basis of cell motility' allowing neurons to explore the

environment. Neuronal growth cones are the major motile structures located at the neurite tips® and are

composed of lamellipodia and filopodia®. Lamellipodia are extended structures, from which filopodia
emerge with a finger-like shape*. Their motion is essential during morphogenesis and for neuronal differentiation
when their exploratory motion allows neurons to find the appropriate synaptic connections. Force generation is
thought to be originating from the progressive addition of actin molecules to the existing network of actin
filaments® and to be determined by the balance between actin polymerization and depolymerisation, modulated
by controlling proteins® and by chemical and mechanical receptors coupled to the cytoskeleton®®. However, very
little is known about the elementary events underlying force generation.

Actin polymerization has been primarily investigated in vitro by analysing the rate of elongation of isolated
actin filaments. These investigations were performed with a low time resolution, often of the order of some tens of
seconds and with a sensitivity of some hundreds of nm, providing values for actin polymerization rate ranging
between 11.6 and 38 (1/uM s)* 2

Previous investigations in vivo using Atomic Force Microscopy'® and opposing liquid flow'* were limited to a
temporal resolution in the 100 ms range and sensitivity of 50-100 pN. These experimental limitations can be
overcome by using optical tweezers'>'®, providing a ms resolution and pN sensitivity. In order to detect small
displacements in the order of 2-5 nm it is necessary to reduce all perturbations by minimizing mechanical
vibrations and performing the experiments under remote conditions (see Methods). By using these procedures,
we have previously shown that force generation is not a deterministic mechanism but follows a probabilistic
process and that underlying dynamical events occur on different time scales varying from 100 ms to 5 s'’.

For this study we have used optical tweezers to identify the elementary events underlying force generation.
When an optically trapped bead seals on the lamellipodium membrane, Brownian fluctuations are drastically
reduced revealing the fine structure of force generation: when a lamellipodium pushes a trapped bead, the
autocorrelation function p(t) of the bead position decays with multiple time constants up to 50 ms, while during
Brownian fluctuations p(t) decays with a single time constant less than 1 ms. The distribution of bead velocities
has long tails with frequent large positive and negative values associated to forward and backward jumps
occurring in 0.1-0.2 ms. These jumps have varying amplitudes up to 20 nm and their frequency and amplitude
are reduced when actin turnover is slowed down by the addition of Jasplakinolide'® and when the action of myosin
11 is inhibited by the addition of Blebbistatin'>*’. These jumps constitute the elementary events underlying force
generation.

Results
Neurons from dorsal root ganglia (DRG) of P10-P12 rats were isolated and plated on poly-L-lysine-coated glass
coverslips, positioned on the stage of an inverted microscope used for imaging and force measurement'” (see

| 1:153 | DOI: 10.1038/srep00153 1



Methods). After 24 to 48 hours, lamellipodia emerged from DRG
soma. Silica beads with a diameter of 1 pm were trapped with an
infrared (IR) optical tweezer in front of the lamellipodia (Fig. 1a and
f): when the lamellipodia protruded and displaced the bead, the
exerted force F = (F,,F,,F,) was measured with sub pN sensitivity
at 10 kHz resolution. The bead position x = (x,y,z) was measured
with a quadrant position detector (QPD) using back focal plane
(BFP) interferometry'®*". Lamellipodia grew by 1 um within 20-
30 s and displaced the beads trapped with a low (k, and k, equal to
0.0155 pN/nm, and k, equal to 0.005 pN/nm) and a high stiffness
(ky and k, equal to 0.1 pN/nm and, k, equal to 0.03 pN/nm; Fig. 1a-
e). The QPD detects reliably lateral displacements less than 250 nm
(see Methods) and bead displacements within this range were
observed with the high trap stiffness. Often lamellipodia pushed

the bead both laterally and axially (Fig. 1f~h) and recordings of
the bead position became noisier (Fig. 1k). In contrast, when adhe-
sion forces caused the bead to seal onto the cellular membrane
of retracting lamellipodia (Fig. li-j) Brownian fluctuations de-
creased (Fig. 1k). If growth cones were fixed with paraformaldehyde,
suppressing all cellular motility, no noise increase was observed (see
Supplementary Methods and Supplementary Fig. S1 online).
During adhesion, the variance (c,%0,%0,°) could decrease by 5-
10 times reaching values below 10 nm* (Fig. 1m) so that the fine
structure of force generation could be observed. The amplitude
of the adhesion force F,qy was measured as the maximal force before
the bead returned into the trap>* (Fig. 1l). Large values of F,q
reduced more Brownian fluctuations (Fig. 1n). If F,g4 is larger than
30 pN, i.e. the maximal restoring force of the optical trap, when the
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Figure 1| During a push, recordings of the bead position become noisier, but not during a pull. (a)—(e) The protruding leading edge of a lamellipodium
pushes an optically trapped bead by 1 um within 25 s. (f) A bead trapped in front of a lamellipodium emerging from the soma of a DRG neuron. (g)—(h)
High resolution images during a push. At 24 s the bead is in the optical trap (g) and when the lamellipodium grows, it pushes the bead (47 s) displacing it
both laterally and axially (h). (i)—(j) As in (g-h) but during a pull. When the lamellipodium retracted, the bead returned inside the trap (56 s). Following
bead adhesion, the bead was pulled away from the trap (88 s). Crosses indicate the centre of the optical trap. (k) The three components (x,y,z) of the bead
displacement. Insets highlight the increase of noise during the push (violet arrows), the decrease of noise during the pull (cyan arrows), and green arrows
refer to Brownian fluctuations. (1) The three components (x,y,z) of bead displacement during adhesion and retraction in another experiment. At 38 s the
bead returned into the trap and the adhesion force was measured (11 pN). (m) Change of variance for the three components in (1). (n) Relation between
fractional variance reduction and modulus of adhesion force in control conditions (red symbols) and in the presence of 25 nM Jasplakinolide (black
symbols). The red and black lines represent the linear fit in control conditions and Jasplakinolide, respectively.
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lamellipodium retracts or vigorously protrudes it could move
the bead out of the trap. The bonding of a single integrin mole-
cule to the lamellipodium leading edge is larger than 40 pN** and
therefore, when integrin molecules cause adhesion, the bead is
strongly attached and will follow the lamellipodium motion also
out of the optical trap. During adhesion, the power spectrum density
(PSD) of Brownian fluctuations was fitted by the sum of two or
three Lorentzian distributions (see Supplementary Methods and
Supplementary Fig. S1 online).

When actin turnover is reduced no noise increase is observed.
During a push the variance of bead displacement increased by 2-4
times (Figs 1k and 2a) possibly because of modifications of the
trap stiffness, fluctuations of adhesion forces or properties of force
generation. The addition of 100 nM Jasplakinolide, known to reduce
actin turnover' almost completely abolished force generation,
but a lower concentration of 25 nM slowed down growth cone
motion without blocking force generation. In the presence of
25 nM Jasplakinolide, lamellipodia were still able to displace beads
laterally, but no increase of variance was observed (compare Fig. 2a
and b). We computed the relation between the lateral component of
the force (F, or F,) and the associated changes of variance c/*. In the
presence of 25 nM Jasplakinolide, o;* never increased (grey black
traces in Fig. 2d; n= 9), but often decreased. On the contrary, in
control conditions, o;” increased by 2-4 times (red orange traces
in Fig. 2d; n= 13). During protrusion the maximal average
velocity <v,.x> was 50 nm/s (n = 24), whereas in the presence
of Jasplakinolide it was 35 nm/s (n =15)"". The mean value of the
modulus of F,4in control conditions was 6.2+ 3.3 pN (n=7) and in
the presence of 25 nM Jasplakinolide was 6.1= 3.1 pN (n=9)
suggesting that adhesion between the bead and the lamellipodium
is not affected by Jasplakinolide. Bead displacements and exerted
forces were very similar in control conditions and in the presence
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of 25 nM Jasplakinolide suggesting that the observed variance
increase is not caused by local changes of trap stiffness but it is a
genuine property of force generation.

When myosin II is inhibited force generation occurs with a
reduced noise increase. The molecular motor myosin II plays an
important role in force generation by speeding up actin filament
disassembly®® and therefore we analysed the effect of Blebbistatin a
well known inhibitor of myosin II'**°. The addition of 20 uM
Blebbistatin slowed down lamellipodia motion, but did not abolish
force generation (Fig. 2c). During lateral push, however, 6> did not
increase by more than 100 % and in some cases (2 out of 6; blue
traces in Fig. 2d) decreased, but not as observed with Jaslpakinolide
(Fig. 2d).

The increase of noise is related to the contact area between the
bead and the lamellipodium leading edge. The area in direct
contact A. with a silica bead with a diameter of 1 pm could vary
from less than 0.1 to up to 1.5 pm?* ". This contact area mediates all
mechanical interactions between the bead and force generation
mechanisms inside lamellipodia. Therefore we have analysed the
relation between A, and the amplitude of generated force F and
associated changes of variance o)>. In control conditions, during a
lateral push it is possible to measure reliably changes of A. and when
A. increases (Fig. 3a) we have often (7 out of 10 experiments)
observed a concomitant increase of F (Fig. 3b) and of o;* (Fig. 3¢).
When the bead went out of the optical trap (broken vertical line)
the A, - obtained from videomicrographs - remained constant or
increased while measurements of F and of o> are not reliable.
Therefore, the increase of o’ observed during lateral pushes is
caused by the combined effect of force generation and of the asso-
ciated increase of A.. A_ is measured through the objective of the
microscope, viewing axially the lamellipodium, therefore we were
not able to determined changes of A, during a vertical push.

25 nM Jasplakinolide

300 nm

300
Control

200
100} Blebbistatin

+¢&u\.~;ﬂ:»:w : ""M Jasplakinolide

0 1 1
0 6 12
Force (pN)

Figure 2 | Change of noise in control conditions, in the presence of Blebbistatin and in the presence of Jasplakinolide. (a) The longitudinal components
of the bead displacement during a lateral push in control conditions showing a clear noise increase. (b) As in (a) but in the presence of 25 nM
Jasplakinolide. No noise increase is observed. (c) As in (a) but in the presence of 20 UM Blebbistatin. In this case 6}* slightly increased in 4 out of 6 cases. In
2 out of 6 cases 6> decreased but to a lesser extent in comparison to Jasplakinolide. (d) Relation between force and variance for lateral push in control
conditions (red shades), in the presence of 20 uM Blebbistatin (blue shades) and 25 nM Jasplakinolide (black shades).
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Properties of noise during pushes. Following adhesion, in several

a 2 W experiments (n=4 in control conditions; n=6 with Jasplakinolide;
NE > Jesseee®ee® poocecee n=>5 with Blebbistatin) the variance of the axial component, G,%
1 o decreased to less than 6 nm? (Fig. 4a) and subsequently, when the
g oo SaiestasTenes o lamellipodium pushed the bead, 6, increased and fluctuations with
0 s o 1 1 1 ] novel properties appeared.

b 0 10 20 Ry 40 50 Visual inspection indicated the existence of rapid discontinuities,
50 i.e. of jumps. Therefore, we computed the bead velocity v (Fig. 4b), by
s convolution of bead position with the derivative of a Gaussian func-
8-3fF tion, (—t/((2*n)"* *a®) exp (—t*/2*a?) with a value of a varying from
2 i i , | 02 to 04 ms. During Brownian fluctuations, velocities had a
c -6 s 16 5o 55 0 50 Gaussian distribution (Fig. 4c) but not during a push (Fig. 4d):
0 indeed their distribution had a central lobe fitted by a Gaussian
£ distribution, but had also long tails with large positive and negative
25| values. These sudden changes of velocity correspond to forward (j*)
s and backward (j7) jumps. Similar tails, but less pronounced, could be
S g pnpblhe s L detected also when force generation was not preceded by adhesion.
0 10 20 30 40 50 During Brownian fluctuations the autocorrelation function p,,(t) of

Time (s) bead displacement decayed with a single time constant 0 of 0.64 =
0.12 ms (n=20), but during pushes p,,(t) decayed with multiple time
constants varying from less than 1 ms up to 50 ms (Fig. 4e). During
force generation, fluctuations in three coordinates (x,y,z) were more
correlated: during Brownian fluctuations the cross-correlation p,(t)
between z and one lateral component (x or y) decayed with a time
constant 6 of 0.62 = 0.15 ms (black traces in Fig. 4g), but during a
push the value of 8 increased to 6.0 = 1.4 ms (red traces in Fig. 4g).
The increase of the time constant 6 of p,,(t) and p,(t) observed
during a push was attenuated by 25 nM Jasplakinolide (black trace
in Fig. 4f and red traces in Fig. 4h).

All these observations indicate that: i- fluctuations observed dur-
ing pushes do not originate from thermal motion but are caused by
the randomness of the elementary events underlying force genera-
tion; ii - molecular mechanisms underlying force generation are

Figure 3 | Concomitant change of variance and contact area during force
generation. (a) Time evolution of estimated contact area A, (see Ref. 17)
between the bead and the lamellipodium leading edge, A, during a push.
A, at frame i, A.(i), is calculated as A (i) = 21 [1—cos(0y/2)] 1%, where a; is
the angle corresponding to the arc of the bead in close contact with the
leading edge of the lamellipodium and r is the bead radius, as shown in the
inset, representing a lamellipodium pushing the trapped bead. (b)
Concomitant time evolution of the force exerted by the lamellipodium
during the push analyzed in (a). (c) Concomitant time evolution of the
variance during the push analyzed in (a). The broken vertical line indicates
the time when the bead is pushed out of the trap.
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Figure 4 | During pushes the autocorrelation function p(t) of bead position decays with multiple time constants and the distribution of bead velocities
has long tails. (a) The z component of the bead displacement during Brownian fluctuations (b.m), adhesion and push. (b) Velocity of bead displacement
in (a). (c) Distribution of velocities during Brownian fluctuations shown in (b). A Gaussian function (red line) fits perfectly the experimental distribution.
(d) Asin (c) during the push shown in (b). (e) Autocorrelation function of vertical bead displacement p,,(t), during Brownian fluctuations, adhesion, and
push after high pass filtering with a cut-off frequency at 1 Hz (see Supplementary Methods and Supplementary Fig. S2 online). p,,(t) decays with a time
constant 0 equal to 0.64 ms during b.m. but, during pushing, it has multiple time constants up to 50 ms. (f) The effect of 25 nM Jasplakinolide on p,,(t),
during pushing (black). The longest time constant of the auto-correlation decreases to 20 ms (red trace). (g) Cross-correlation p,,(t) during b.m. (black
shades) and during a push (red shades). p,(t) decays with a time constant 0 equal to 0.62 ms during b.m. and increases to 6.0 ms during a push. (h) The
effect of 25 nM Jasplakinolide on p,(t) during pushing. p,,(t) decays with a time constant 6 equal to 0.72 ms during b.m. and increases to 2.47 ms during
a push.
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spatially coherent and structured; iii- force generation is character-
ized by jumps.

Jumps underlie force generation. Among the vast repertoire of
algorithms used to detect jumps, we adopted a nonlinear diffusion
filtering®”**, approximating the original data (grey traces in Fig. 5a, b
and ¢) with a smooth piece-wise function (red lines) interrupted by j*
orj~ jumps (black vertical segments). This algorithm depends on two
parameters (see Methods): the contrast A, related to the smallest
detectable jump, and the scale T determining the temporal window.
In order to establish our sensitivity and to determine the values of
A and T we attached a silica bead to the bottom of a coverslip
which was moved by a piezo manipulator. When the variance of
displacement fluctuations of the stuck bead was 3.8 nm?, as during
adhesion (Fig. 4a), with the values of 0.5 nm and 0.1 ms for A and ©
respectively, we could detect jumps of 2 nm. With these values of A
and 1, the algorithm detected jumps primarily during pushes (Fig. 5a,
b and ¢).

Immediately after adhesion during the push, (Figs 4a and 5a), we
detected forward j* and backward j~ jumps ranging from 2 to 20 nm

a control b
push

20 uM Blebbistatin C
push

(Fig. 5d). Jumps were observed only when lamellipodia pushed the
bead, but very rarely when beads sealed on the lamellipodia mem-
brane and retracted, suggesting that jumps do not reflect unspecific
attachment/detachment events between the lamellipodium and the
substratum and/or between the actin network and the membrane.
Jumps lower than 2 nm could not be detected because of noise lim-
itations. These jumps appear to be the elementary events underlying
force generation in neuronal lamellipodia.

Distributions of jumps amplitude in control conditions (Fig. 5d)
were fitted by the exponential distributions A, e - 9*4** and
A_e 077 with values of 5.2*1.3 and 4.9*1.2 nm for the mean
size of positive j** and negative jumps j~* (n=4). In the presence of
25 nM Jasplakinolide (Fig. 5¢) smaller jumps (Fig. 5f) ranging from 2
to 8 nm were detected (n=6) and jump distributions were fitted
by the same exponential distributions but with lower values of j*
and j~ equal to 2.4+0.3 and 2.2+0.4 nm, similar in size to the poly-
merization step size (2.7 nm). If Jasplakinolide is reducing jump
frequency by stiffening the connection between the lamellipo-
dium and the bead, it is expected also to modify the adhesion force
between the bead and the lamellipodium, but this was not observed
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push
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Figure 5 | Forward and backward jumps are the elementary events underlying force generation. (a) Magnification of the z component of Fig. 4a during
adhesion and push. Original traces in grey were filtered by the non linear diffusion algorithm (see Methods) providing a smooth component (red curves)
and jumps (in black). Very few jumps were detected during adhesion but they could be observed very often during a push. (b) Magnification of the z
component during adhesion and push in the presence of 20 uM Blebbistatin. The original traces (in gray) were filtered as in (a). Jumps with smaller
amplitude than in control conditions were detected. (c) As in (a) and (b) in the presence of 25 nM Jasplakinolide. In this case jumps with an amplitude
smaller than the amplitude obtained both in control conditions and in the presence of Blebbistatin were detected. (d)—(f) Density of upward j© and
downward j~ jumps during push in control conditions (d), in the presence of Blebbistatin (e), and Jasplakinolide (f). These distributions of jump
amplitude were fitted (black lines in (d) and (e), red lines in (f)) - for values of j* and j~ larger than 2 nm-by the exponential distributions A e ~9*7** and
A_e~U7/7®_The fitting was performed with the values of of 129 and 128 events/s for the jump frequency of positive and negative jumps, A} and A_,
respectively, and 5 and 4.8 nm for the mean size of positive and negative jumps, j** and j~*, respectively (d). In the presence of Blebbistatin the values of
A, A_,j"*andj * were 87 and 80 events/s and 3.5 and 3.3 nm, respectively (e). In the presence of Jasplakinolide the values of A;, A_,j** and j* were
44 and 50 events/s and 2.5 and 2.3 nm, respectively (f).
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experimentally (Fig. 1n). Therefore, the effect of Jasplakinolide
on jump frequency is likely to be caused by a reduced actin turnover.
In the presence of 20 uM Blebbstatin (Fig. 5b) detected jumps
have an amplitude ranging from 2 to 15 nm (n=5). Distributions
of jumps amplitude in the presence of Blebbistatin were fitted by
exponential distributions with values of j** and j~* equal to
3.4%0.9 and 3.2%+0.8 nm. Jumps in the presence of Blebbistatin
occurred with a frequency 50% lower than in control conditions.
Therefore Jasplakinolide decreased the jumps frequency and their
amplitude more than Blebbistatin.

The detection and measurements of jumps in the presence of noise
is a difficult (ill-posed) problem? that should not be underestimated.
Therefore, in order to show that jumps are real and not artifacts of
used algorithms, it is needed to verify that large values of bead velo-
city v (Fig. 6a) were coincident with jumps (Fig. 6b) detected by the
non linear diffusion algorithm (see vertical lines in panels 6a and 6b).
Given the time series of bead position (x,, n=1,..N) the computation
of the instantaneous velocity does not require any parameter,
because the velocity is equal to (x,+; — X,)/At, but two parameters
are involved in the nonlinear diffusion algorithm (A and 7). In order
to establish co-localization in a quantitative way, large values of v
were assumed to be those belonging to the tails of the velocity dis-
tribution outside the Gaussian function fitting its central lobe (see
Fig. 4d) and these values of v co-localized in a time window At of less
than 0.3 ms with detected jumps. The analysis of the Rate of True
Positive (RTP) and of False Positive co-localization® (Fig. 6¢) indi-
cates that for At equal to 100 ps, i.e. the used sampling interval, RTP
is larger than 80% and becomes close to 100% for At equal to 300 ps.
This analysis indicates that jumps detected by the non linear dif-
fusion algorithm co-localize very precisely with large values of bead
velocity.

Jumps were clearly detected when force generation developed fol-
lowing adhesion. i.e. when Brownian fluctuations were reduced
(Fig. 5). However, more often force generation developed without
being preceded by bead adhesion (Fig. 7a). Therefore we asked
whether it was possible to determine the existence of jumps also
when force generation did not follow bead adhesion. As force
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generation is characterized by a large value of the autocorrelation
function (Fig. 4) we computed for all three components x,y and z,
Pxx(); Pyy(t)s P,,(t). During Brownian fluctuations p;(t) are expo-
nentially distributed with a value of 7 less than 1 ms, but during push
pii(t) become broader decaying with several time constants (Fig. 4).
Therefore we computed the integral Ci(t) of py(t) at each time and
force generation was identified to occur when C;(t) increased by at
least 10 times (Fig. 7b). Under these circumstances the variance of
bead fluctuations at the peak of force generation was significantly
higher than during Brownian fluctuations (Fig. 7c). During this
phase the central lobe of the distributions of dx/dt, dy/dt and dz/dt
was fitted by a Gaussian function, but tails corresponding to large
positive and negative velocities were detected (see arrows in Fig. 7d-
f) indicating the existence of forward and backward jumps. Jumps
detected by the non linear diffusion algorithm during these events
(Fig. 7g-i) have amplitudes ranging up to 20 nm, as those detected
after adhesion (Fig. 5).

If jumps are the elementary events underlying force generation
their sum must be close to the observed net protrusion. Therefore we
compared the net protrusion Prot(At) in the time window At with
the sum of all forward jumps (X Aj*) minus the sum of all backward
jumps (X A j~) occurring in At: P(At) (red line) was very similar to
2 acjt -2 Acj” (black line in Fig. 8a and b) in control conditions as
well as in the presence of Jasplakinolide. We next asked whether force
generation developed by an increase of the frequency of jumps, i.e.
A and A_ or by their mean amplitude, i.e.j*" and j~". Therefore we
estimated A, A_,j*" and j~" in 0.5 s intervals during force genera-
tion: force generation developed by a combination of an increase of
jumps frequency and of their mean values. The observation that
forward and backward jumps sum to net protrusion is an additional
test for internal consistency of the used procedure for jump detec-
tion, providing further support that jumps are the elementary events
underlying force generation.

Discussion
The results of the present manuscript show that force genera-
tion in neuronal lamellipodia of rat DRG neurons, is composed by

0.8 \Increasing time window At (from 0.2 to 1 ms)
0.6 At=0
-
04 j'
0.2
o & L L ;
0 0.1 0.2 0.3

False Positive Rate

Figure 6 | Colocalization of jumps and large values of bead velocity. (a) Bead velocity during a push obtained by the convolution of the bead
displacement with the derivative of a Gaussian function (—t/(2*r)?* a?) exp (—t*/2*a*) with a = 0.1 ms. A jump and a large value of v colocalize if they
occur in a time window At of less than 0.3 ms. Large values of v were those belonging to the long tails of velocity distribution. These velocities had an
absolute value larger than 3 times the standard deviation of the Gaussian fitting the central lobe of the velocity distribution (see Fig. 4d). (b) Jumps
detected by nonlinear diffusion in the same portion of the push shown in (a), where velocity was computed. Original trace, gray; smoothed component,
red; detected jumps, black. Red and black dotted lines highlight colocalization of positive j© and negative j~ jumps, respectively with large values of v.
(c) Rate of True Positive colocalization and of False Positive colocalization for increasing values of At from 0 to 1 ms, Asterisks represent the classifiers in
which positive (red) and negative (black) jumps colocalize exactly with large values of v*°.
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Figure 7 | Characterization of force generation during a push in the absence of adhesion. Episodes of force generation were identified as increases of at
least 10 times of the integral C(t) of p;(t), i=x,y,z. (a) The three components (x,y,z) of the bead displacement during a push. (b) Integral C(t) (blue),
C,(t)(green), and C,(t)(red) of the autocorrelation function py(t), pyy(t), and p,,(t) of each of the three components of the bead displacements shown in
(a). (c) Change in time of the bead displacement variance for the three components in (a). Variance computed in time windows of 0.1 s after high pass
filtering at 1 Hz. (d)—(f) Distribution of values of velocity dz/dt (d), dx/dt (e), and dy/dt (f), during force generation shown in (a). The black line
represents the Gaussian fit to the distribution. The arrows highlight the tails associated to forward and backward jumps. (g)—(i) Density of upward j* (red
histograms) and downward j~ (blue histograms) jumps during the push shown in (a) for the z (g), x (h), and y (i) component, respectively.
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Figure 8 | The sum of forward and backward jumps is equal to the net protrusion. (a) Bead vertical displacement during a push (red line) in control
conditions. The black line represents the sum of all forward jumps (Z A, j*) minus the sum of all backward jumps (X oj~) occurring in the time window
At=0.5 s, calculated over the whole push. (b) As in (a) in the presence of 25 nM Jasplakinolide.
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elementary events corresponding to forward and backward jumps.
These jumps have an amplitude ranging from 2 to 20 nm and have
varying orientation in the 3D space. These jumps are not observed
when growth cones were fixed with paraformaldehyde, suppressing
all cellular motility (Supplementary Methods and Supplementary
Fig. S1 online) and their amplitude and frequency were reduced by
treating growth cones with 25 nM Jasplakinolide (Fig. 5). Jumps
detected by the nonlinear diffusion algorithm colocalize with high
values of the instantaneous bead velocity (Fig. 6) and the net protru-
sion of lamellipodia is the net sum of forward and backward jumps
(Fig. 8). For all these reasons, jumps - here described-are neither
artifacts of the detection procedure nor are caused by changes of
properties of the optical trap. Detected jumps represent the element-
ary events underlying force generation in DRG lamellipodia.

Force generation occurs at different rates. At the slowest rate the
lamellipodium leading edge advances smoothly with forward and
backward jumps (Fig. 5f) with an amplitude similar in size to the
mean polymerization step size (2.7 nm) observed during actin fila-
ment polymerization®** suggesting that actin monomers are added
one by one to the existing network of filaments. At the fastest rate
(Fig. 5d) larger jumps are observed and they could result from the
insertion of small actin oligomers® and by the occurrence of a burst
of actin polymerization in a single or neighboring actin filaments.
Oligomers of 5-10 actin molecules are present in lamellipodia, prim-
arily as a result of actin filaments depolymerization and could be used
for actin filament assembly, as in yeast Saccharomyes cervisiae™.
Experimental determinations of free G-actin in lamellipodia varied
from 1-3 pM°"? to values 100 higher*. In vitro determination of
actin polymerization rates provides values ranging from 11.6 to
38 (1/uM s)°7*2, but the bulk turnover of actin subunits is 100-200
times faster in cells than in vitro'*>*°. Therefore, the occurrence of a
fast and vigorous polymerization rate of a single actin filament is
possible. As the estimated density of actin filaments impinging upon
the leading edge of a lamellipodium is between 100 and 200 per
pm® *** a burst of polymerization of several actin filaments and
an appropriate spatial environment could also produce a discrete
forward step of 10-20 nm of the lamellipodium leading edge.
When actin turnover is reduced by Jasplakinolide'® and when myosin
ITis inhibited by Blebbistatin'®*°, force generation still occurs but ata
slower rate (Fig. 5e and f). Jumps produced by DRG lamellipodia
do not have a discrete amplitude as observed in the actin-based
movement of the bacterium Listeria monocytogenes, with a predom-
inant jump size of 5.4 nm”.

Force generation in lamellipodia depends on several factors such
as the availability of actin monomers/oligomers, the presence of
molecular motors such as myosin IT and a large variety of controlling
proteins®. This complexity is at the basis of the observed dynamics,
reminiscent of self organized criticality®®.

Methods

Neuron preparation. Wistar rats (P10-P12) were anaesthetized with CO2 and
sacrificed by decapitation in accordance with the Italian Animal Welfare Act. The
Ethics Committee of the International School for Advanced Studies (SISSA-ISAS) has
approved the protocol (Prot.n. 2189-11/7). Dorsal Root Ganglia (DRG) were
incubated with trypsin (0.5 mg/ml, Sigma-Aldrich, Milan, Italy), collagenase (1 mg/
ml, Sigma-Aldrich), and DNase (0.1 mg/ml, Sigma-Aldrich) in 5 ml Neurobasal
medium (Gibco, Invitrogen, Milan, Italy) in a shaking bath (37°C, 35-40 minutes).
DRGs were mechanically dissociated, centrifuged at 300 rpm, resuspended in culture
medium and plated on poly-L-lysine-coated (0.5 ug/ml, Sigma-Aldrich) coverslips.
Cells were incubated for 24 to 48 hours followed by the addition of nerve growth
factor (50 ng/ml; Alomone, Israel) before the measurements.

Optical tweezer set-up. The optical tweezers set-up was built as previously
described'”*. The dish containing the differentiating neurons and the beads (PSI-
1.0NH2, G.Kisker GbR, Steinfurt Germany) was placed on the microscope stage
which could be moved by a 3 axis piezoelectric nanocube (17 MAX 301, Melles Griot
Inc,, USA). The temperature of the dish was kept at 37°C by a Peltier device. The bead
position was determined in the x,y and z plane with a lateral and axial accuracy of 2
and 5 nm respectively, which was obtained from the analysis of the interference
between forward scattered light from the bead and unscattered light'**'. The back

focal plane of the condenser was imaged onto a QPD (C5460SPL 6041, Hamamatsu,
Milan, Italy) and the light was converted to differential outputs digitized at 10 kHz
and low pass filtered at 5 kHz. Both the lateral and axial trap stiffness, kxy = (kx, ky)
and kz, respectively, as well as the detector sensitivity were calibrated using the power
spectrum method'® with voltage signals filtered and digitized at 5 kHz. In order to
reduce and possibly avoid all mechanical perturbations affecting the measurement of
x=(x, y, 2), the optical tweezers set-up was kept in an isolated and sound-proof room
and the scientists performing the experiments, controlled all operations remotely
from a separate room. In order to have good mechanical stability it was necessary to
position all power supplies of used equipment in a separate room and to avoid flying
cables by properly securing them. In this way we reduced perturbations, which could
have affected previous investigations.

Jumps determination by non linear diffusion filtering. In order to detect jumps, we
used an algorithm based on non linear diffusion*”*®. After selecting the part of the
trace of interest, the original signal was approximated with a smooth piece-wise
function where the discontinuities, i.e. rapid and large changes, were identified as
jumps. The non-linear diffusion is an iterative process based on the choice of two
parameters: the contrast A, related to the minimal jump amplitude detected, and the
scale T, determining the temporal window of jumps. The values of A and t were set
equal to 0.5 nm and 0.1 ms, respectively, so to detect 2 ground truth jumps (see
Supplementary Methods and Supplementary Fig. S3 online). The algorithm is based
on the Toolbox of Frederico D’Almeida (see http://www.mathworks.com/
matlabcentral/fileexchange/3710-nonlinear-diffusiontoolbox).

We compared the detection of jumps using the same values of A and t from traces
obtained in different conditions (Brownian fluctuation recording, adhesion, and
push; see Supplementary Methods and Supplementary Fig. S3 online), but scaled so to
have the same width of the central lobe of the velocity distribution. During pushes,
jumps were detected with a rate about 4 times higher than in the other conditions.
Therefore, if the variance of Brownian fluctuations of the trapped bead decreases to or
below 4 nm?, the overall system can detect reliably 2 nm jumps.
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The Role of Membrane Stiffness and Actin Turnover on the Force Exerted
by DRG Lamellipodia
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ABSTRACT We used optical tweezers to analyze the effect of jasplakinolide and cyclodextrin on the force exerted by lamelli-
podia from developing growth cones (GCs) of isolated dorsal root ganglia (DRG) neurons. We found that 25 nM of jasplakinolide,
which is known to inhibit actin filament turnover, reduced both the maximal exerted force and maximal velocity during lamelli-
podia leading-edge protrusion. By using atomic force microscopy, we verified that cyclodextrin, which is known to remove
cholesterol from membranes, decreased the membrane stiffness of DRG neurons. Lamellipodia treated with 2.5 mM of cyclo-
dextrin exerted a larger force, and their leading edge could advance with a higher velocity. Neither jasplakinolide nor cyclodextrin
affected force or velocity during lamellipodia retraction. The amplitude and frequency of elementary jumps underlying force
generation were reduced by jasplakinolide but not by cyclodextrin. The action of both drugs at the used concentration was fully
reversible. These results support the notion that membrane stiffness provides a selective pressure that shapes force generation,
and confirm the pivotal role of actin turnover during protrusion.

INTRODUCTION

Neurons are able to self-organize in complex networks with
a precise wiring of synaptic connections. They find the
appropriate path by means of protruding neurites, highly
motile structures that explore the environment in search of
chemical cues to guide the formation of correct synaptic
connections (1,2). Neuronal exploration is guided by growth
cones (GCs) located at the neurite tips (3,4). GCs are
composed of a 2- to 10-um-diameter lamellipodium from
which thin filopodia with a submicron diameter emerge
(5). Filopodia tips can move at a velocity reaching
0.8-1 um/s and their motility is at the basis of neuronal
network formation. The primary source of motility in
GCs is polymerization of actin filaments (6,7), which is con-
trolled by a large set of regulatory proteins (e.g., Arp2/3
and WASP (8)). The addition of actin polymers to actin
filaments in close contact with the membrane pushes the
cellular membrane forward, exerting a protrusive force
(9,10). A different dynamics characterizes GC retraction.
In this case, the actin network retracts, possibly because
of local catastrophe or depolymerization controlled by
severing proteins, such as cofilin (8).

The overall dynamics that regulates these processes is not
clear, and mathematical models linking molecular events to
force generation have been proposed (11). These models
predict Fv relationships, i.e., the relation between the force
F exerted by the actin filament network and the velocity v
of the lamellipodium leading edge (6,12—15). Fluctuation
of contacts between the tip of actin filaments and the
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surrounding membrane is an essential feature of Brownian
ratchet models (6,12,13) that predict Fv relationships in
which v decreases with increasing values of F. In contrast,
in autocatalytic models (13,14), when an obstacle is encoun-
tered, the actin network gives rise to new branches. As
a result of these new branches, the Fv relationships are
almost flat, so the velocity v is constant even when F
increases. In all proposed models, force generation occurs
because of this growth of the actin filament network pushing
the lamellipodia membrane. This process must be affected
by the membrane stiffness, and in this study we investigate
its role in force generation.

Cyclodextrin is known to reduce the cholesterol concen-
tration in biological membranes (16), and exposure of GCs
to a millimolar amount of cyclodextrin is expected to reduce
the stiffness of the cellular membrane enveloping the actin
filament network. Cyclodextrins are often used to sequester
cholesterol molecules, which are essential components of
membranes and determine several mechanical properties
of the cellular membrane, such as its elasticity and perme-
ability (17-20). Cholesterol is an important constituent of
lipid rafts (specialized membrane microdomains that are
rich in cholesterol, sphingolipids, and saturated phospho-
lipids) (18,19). Lipid rafts often harbor membrane receptors,
such as epidermal growth factors and integrins (20).

Another important determinant of force generation is
the turnover of actin filaments. During this process, actin
monomers or small oligomers are added to the barbed end
of actin filaments (polymerization) and removed from the
other end (depolymerization) (21). Jasplakinolide (22)
stabilizes actin filaments by reducing their depolymeriza-
tion rate and hence slowing down actin turnover. Jasplakino-
lide and phalloidin decrease the rate constant for the
dissociation of actin subunits from filament ends, stabilizing
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actin filaments by preventing filament depolymerization.
Jasplakinolide moderately decreases the speed of migrating
keratocytes (23) as a result of actin monomer depletion
caused by inhibition of actin filament disassembly.

In this work, we analyzed the role of membrane stiffness
and actin turnover on force generation by using optical
tweezers (24-26) and studying the effects of jasplakinolide
and cyclodextrin. Using atomic force microscopy (AFM),
we then verified that cyclodextrin decreased the membrane
stiffness of dorsal root ganglia (DRG) neurons.

MATERIALS AND METHODS

Details of the neuron preparation, optical tweezers setup, and computation
of the Fv relationship can be found elsewhere (24-26) and in the Supporting
Material.

Measurement of elasticity modulus

The elasticity modulus E of the cellular membrane of DRG neurons was
measured by AFM. Tipless cantilevers with a 5-um-diameter bead attached
to the edge were used as soft nanoindenters, which allowed local testing of
cells and tissue. E was derived from force-displacement curves obtained
with the AFM when the deflection of the AFM cantilever was monitored
as it approached the sample. We used the standard Hertz model (27), which
describes the indentation ¢ of a silica bead with a specified radius (R) in
a soft sample and predicts that the force F produced is

4ER'6°
- (B=-»)

where v is the Poisson’s ratio (assumed to be 0.5 for cells) (28). We operated
the AFM so to have a maximal indentation value no larger than 500 nm. In
this range, the forces applied by the cantilever to the sample were always <
0.5 nN. We obtained AFM force spectroscopy measurements by choosing
similar positions on different cells, close to the cellular soma and in the
central domain of DGR GCs. E was obtained by a best linear fit of the
force-distance curve (method 1). The contact point between the tip and
the membrane was detected by the cantilever deflection according to the
noise defined in the off-contact part of the force-displacement curve.

When E has to be measured and the height of the specimen £ is small, the
Hertz model is not adequate, because the Hertz model is appropriate only
when £ is larger than 6, which is not the case for thin GCs with a height
varying between 200 and 600 nm (25). Therefore, we measured E in GCs
either by considering only indentations of <50 nm (method 2) or by using
the corrected Hertz model for thin samples (29) (method 3):

16E
F = (9) 26321 + 1.33x + 1.283x* + 0.769%°

ey

+0.0975x"], 2)

where x = VR6/h and R is the bead radius. The first term outside the
brackets represents the standard Hertz model, and the terms inside the
bracket are the corrections needed to account for thin GCs.

RESULTS

Neurons from DRG of P10-P12 Wistar rats were isolated,
and after 2448 h of culture, coverslips containing DRG
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neurons were positioned on the stage of an inverted micro-
scope (25) (see also Supporting Material). Silica beads with
a diameter of 1 um were trapped with an infrared optical
tweezer (30) in front of GCs and we were able to measure
the force exerted by lamellipodia on these beads with subpi-
conewton sensitivity at 10 kHz resolution. After verifying
by visual inspection that GCs moved as previously
described (24,25), we added 25 ul of a stock solution of
1 uM of jasplakinolide to obtain a final concentration of
the drug of 25 nM. In other experiments, we added 100 ul
of a stock solution of 25 mM of cyclodextrin to obtain a final
concentration of the drug of 2.5 mM.

Untreated lamellipodia pushed the trapped beads (Fig. 1,
a—c) and exerted forces up to 10-20 pN (Fig. 1 d) as previ-
ously described. Lamellipodia of DRG treated with 25 nM
jasplakinolide (Fig. 1, i—k) were able to pull and push a trap-
ped bead, but with a lower force and velocity (see Fig. 2).
During their retraction, these lamellipodia could pull a trap-
ped bead with a force up to 15 pN (Fig. 1 /). Lamellipodia of
DRG neurons treated with 2.5 mM cyclodextrin (Fig. 1, e-h)
protruded with a higher velocity (Fig. 2 a) and exerted larger
forces (Fig. 2 b). At the mentioned concentrations, neither
jasplakinolide nor cyclodextrin affected the morphological
properties of the treated DRG neurons in a visible way.

For each DRG preparation, we typically obtained six
coverslips (two untreated controls, two treated with jaspla-
kinolide, and two treated with cyclodextrin). The addition
of >50 nM of jasplakinolide to the extracellular medium
bathing DRG neurons almost completely blocked the
motion of DRG GCs and the associated force generation.
However, a concentration of 25 nM jasplakinolide modified
both motion and force generation without blocking them
completely, and therefore we investigated in detail the effect
of 25 nM jasplakinolide. Prolonged exposure (i.e., for
>30 min) of cyclodextrin in a concentration varying from
1 to 5 mM increased the motility of DRG GCs similarly,
with higher concentrations evoking faster but not larger
effects. Therefore, we analyzed the effect of 2.5 mM cyclo-
dextrin after exposure for at least 30 min. Using the above-
described protocol, we collected data from >20 DRG
preparations. We then measured and compared the maximal
exerted force Fp,,x and maximal protruding velocity vax
under control conditions (53 vertical and 28 lateral pushing
events) in the presence of the two drugs (48 and 61 pushing
events for jasplakinolide and cyclodextrin, respectively).
Vertical refers to the z axis (perpendicular to the coverslip)
and lateral refers to the (x,y) plane of the coverslip. Under
control conditions, for vertical push F,,,, varied from 5 to
9 pN with an average value <F,> equal to 6.3 = 0.4
pN, and v, varied from 25 to 80 nm/s with an average
value <vp.x> equal to 44.3 = 5.0 nm/s (Fig. 2, a and b,
red histograms). In the presence of 25 nM jasplakinolide,
Fhax varied from 1 to 5.5 pN with an average value <F . >
equal to 2.9 = 0.4 pN, and v,,,x varied from 15 to 55 nm/s
with an average value <v..> equal to 31.1 = 4.3 nm/s
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(Fig. 2, a and b, black histograms). In the presence of
2.5 mM cyclodextrin, both F,.x and v, were larger.
Fiax varied from 3.5 to 13.5 pN with an average value
<Fnax> equal to 6.8 = 0.5 pN, and v, varied from 8 to
120 nm/s with an average value <v,,,> equal 559 =+
7.3 nm/s (Fig. 2, a and b, green histograms). The relation
between vy« and Fi,« during vertical pushes in the three
cases are shown in Fig. 2 c.

When GCs were treated with cyclodextrin, lamellipodia
pushed the bead out of the optical trap in ~32% of the exper-
iments. i.e., ~3 times more often than in control conditions
(~9% of experiments). This observation shows that GCs
treated with cyclodextrin could exert a force exceeding the
maximal trapping force of 16.5 pN, corresponding to the
strongest used stiffness of the optical trap (k,, = 0.07 and
k., = 0.03). The histograms reported in Fig. 2, a and b,
were obtained from experiments in which the bead was
always in the optical trap, and they do not include data
from experiments in which the lamellipodia pushed the
bead out of the trap. Therefore, we can conclude that GCs
treated with cyclodextrin develop a force larger than occurs
under control conditions.

Reversibility of the effect of jasplakinolide
and cyclodextrin

Lamellipodia that emerged from DRG GCs after 1 day of
culture moved vigorously, undergoing repetitive cycles of
protrusions and retractions. We followed their motion by
video imaging at 5 Hz and measured the velocity of the la-
mellipodia leading edge. In control conditions, lamellipodia
exhibited waves of protrusion and retraction (Fig. 3, a—c)

Cyclodextrin

v +;

| v
v

t2
Jasplakinolide +
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Control
t2

t — Fx v

v
L= q

FIGURE 1 Push and retraction by a lamellipo-
dium. (@) Low-resolution image of a bead trapped
in front of a lamellipodium emerging from the
soma of a DRG neuron in control conditions. (b
and ¢) High-resolution images during a push. At
t, the bead is in the optical trap (b), and when the
lamellipodium grows, at t,, it pushes the bead (c).
The cross indicates the center of the optical trap.
(d) The three components F,, F,, and F, of the
force exerted when the lamellipodium pushes the
bead. (e—h) As in a—d but in the presence of cyclo-
dextrin. (i—[) As in a—c but during retraction and in
the presence of jasplakinolide. (j) At #; the bead is
in the optical trap. (k) At f,, when the lamellipo-
dium retracts, the bead is pulled away from trap.
() The lamellipodium retracts and displaces the
bead both laterally and vertically. In panels a—h
the trap stiffness is k,,, = 0.015, k, = 0.005, and
in panels i—/ it is k,, = 0.07, k., = 0.03.

with a period T of 165.0 = 16.7 s that could be observed
for several hours. During protrusions, the leading-edge
maximal velocity vi,x was 48.4 + 5.6 nm/s (Fig. 3, e and f,
red histograms).

During these cycles, protrusion ended with an upward
bending of the lamellipodium, reminiscent of the upward
bending of ruffles previously described in fibroblasts (31).
Some seconds after the transient upward bending, the lamel-
lipodia collapsed and retracted. We analyzed the effect of
jasplakinolide and cyclodextrin on these cycles of protru-
sions and retractions (Fig. 3, d—g). After addition of cyclo-
dextrin, the lamellipodia increased the frequency of these
waves, T decreased to 96.1 = 7.9 s, and v, increased to
66.4 + 1.8 nm/s (Fig. 3, e and f, green histograms). These
effects were completely reversible after removal of cyclo-
dextrin from the extracellular medium, and 7 increased to
168.8 + 16.6 s and v, decreased to 44.6 = 1.2 nm/s
(Fig. 3, e and f, blue histograms).

A different picture, however, was observed with jasplaki-
nolide. Indeed, after addition of jasplakinolide, the maximal
protrusion decreased and GCs retracted gradually and often
stopped moving (43/65 experiments). In the presence of
jasplakinolide, T and vy,,x decreased to 136.1 = 11.6 s
and 34.3 + 3.3, respectively (Fig. 3, h and i, black
histograms). When jasplakinolide was removed from the
bath, both 7 and vy« returned to approximately their orig-
inal values (Fig. 3, e and f, blue histograms).

Fv relationships

The Fv relationships from individual experiments were
normalized to F,.x, defined as the maximal force beyond
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FIGURE 2 Maximal force and velocity. (a) Histograms of the maximal
protruding velocity during vertical pushes vy, in control conditions and
in the presence of jasplakinolide or cyclodextrin. (b) As in panel a but
for maximal force exerted in vertical pushes F,.x. (¢) The relation between
Vmax and Fpax during vertical pushes. (d—f) Superimposed Fv relationships
from five individual vertical pushes in the presence of jasplakinolide (d), in
control conditions (e), and in the presence of cyclodextrin (f).

which the lamellipodium leading edge does not advance and
the velocity is consistently negative for at least 10 s.
Normalized Fv relationships, even those obtained from
data filtered at 0.2 Hz, varied significantly among different
experiments (25). In some experiments, in control condi-
tions (Fig. 2 e) Fv relationships had knots corresponding
to instances with a negative velocity or transient retractions
of the lamellipodium leading edge. These knots were less
frequent in the presence of jasplakinolide, presumably
because of a reduced rate of actin depolymerization caused
by the drug (Fig. 2 d). In cyclodextrin, in contrast, knots
were more frequent and the lamellipodium leading edges
protruded with a larger velocity (Fig. 2 f). These knots could
be caused by transient microscopic curling and ruffling
similar to those previously described in fibroblasts (31).
We computed the Fv relationships for the four most
common stereotyped behaviors (i.e., vertical pushes, lateral
pushes, vertical retractions, and lateral retractions) in
control conditions and when cells were exposed to 25 nM
jasplakinolide or 2.5 mM cyclodextrin for at least 30 min.
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To characterize the effect of jasplakinolide and cyclodextrin
on the probabilistic dynamics underlying force generation,
we determined the average Fv relationships <Fv> for
data filtered at 0.2 Hz for vertical/lateral push and retraction
(Fig. 4). For vertical push in control conditions, <Fv> after
an initial rise <v> reached a value of ~35 nm/s, which was
maintained for most of the push duration (Fig. 4 a, red line).
In the presence of jasplakinolide, <Fv> had a broadly
similar shape but the average maximal velocity was lower
(~25 nm/s). In the presence of cyclodextrin, in contrast,
the average maximal velocity was consistently higher
and equal to 559 =+ 7.3 nm/s. Very similar effects
were observed for lateral pushes: jasplakinolide similarly
decreased the average maximal velocity and cyclodextrin
increased it (Fig. 4 D).

If 25 nM jasplakinolide and 2.5 mM cyclodextrin clearly
modified force generation during push, they had a very
limited effect, if any, on the force exerted during retraction
(Fig. 4, c and d). Indeed, during vertical and lateral retrac-
tion, the <Fv> were very similar in shape and size in
control conditions and in the presence of jasplakinolide
and cyclodextrin.

As shown in Fig. 2, we saw that knots appeared to be
less frequent in the presence of jasplakinolide. Therefore,
we analyzed in more detail transient retractions during
sustained pushes and transient pushes during sustained
retractions (see Supporting Material).

We also measured the fraction of time Atye/Atpuen Of
transient retractions (Fig. S1) over the total duration of the
push At,ueh. In control conditions, Aty /Aty Was 0.07 +
0.02, and this value was significantly decreased by jasplaki-
nolide but not by cyclodextrin, for both vertical and
lateral pushes. Very similar results were observed when
the maximal (or positive) velocity vy,x during retractions
was analyzed (Fig. S1).

Effect of jasplakinolide and cyclodextrin
oh elementary events

A remarkable feature of force generation during vertical and
lateral push is a concomitant increase of noise observed
when the lamellipodia push the bead (26). This increase
of noise is not present when the lamellipodium retracts
and pulls the bead away from the optical trap. We previously
showed that this increase of noise is blocked by 25 nM
jasplakinolide (26). In contrast, in the presence of 2.5 mM
cyclodextrin, when lamellipodia pushed a bead laterally,
we observed a significant increase in noise (Fig. 5 a) similar
to what we observed in control conditions.

As shown in Fig. 5 b, the relation between variance and
exerted force in GCs treated with 2.5 mM cyclodextrin
(blue shades) was similar to and almost indistinguishable
from that measured in control conditions (red shades). In
contrast, in the presence of 25 nM jasplakinolide, GCs could
exert forces up to 10-15 pN without the concomitant
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increase of noise (black shades) observed both in control
conditions and in the presence of cyclodextrin. Data for
the control and jasplakinolide are taken from our previous
work (26). In that work, we showed that upon bead adhesion
to the lamellipodium membrane, in several experiments the
variance of the bead displacement could decrease to <6 nm”
and subsequently, when the lamellipodium pushed the bead,
the variance increased, and forward and backward jumps
constituting the elementary events underlying force genera-
tion appeared. In the presence of 25 nM jasplakinolide or
2.5 mM cyclodextrin, the beads were able to seal onto the
lamellipodium membrane, and the variance of bead
displacement could decrease to <10 nm?” (Fig. 6). There-
fore, we compared forward and backward jumps in control
conditions and in the presence of jasplakinolide and
cyclodextrin.

After the decrease of variance caused by bead adhesion
on the lamellipodium leading edge during push, forward
and backward jumps were clearly visible in control condi-
tions (Fig. 6 a) and had properties similar to those described
previously (26). The amplitudes of forward and backward
jumps j~ were exponentially distributed (Fig. 6 d) and
were fitted by the equations A, e/ *//** and A_ e~/=/i~*,
where A, and A_ are the rates of forward and backward
jumps, respectively, and j* and j~* are the mean amplitudes
of forward and backward jumps, respectively. Because of

i
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FIGURE 3 Reversibility of the effect of jasplaki-
nolide and cyclodextrin after washout. (a—c)
Lamellipodia emerging from DRG GCs moving
in cyclic waves of protrusions (b) and retractions
(c); the dotted line represents the leading edge of
lamellipodia in panel a. (d) Maximal protrusion/
maximal retraction of lamellipodium versus time.
The single dotted line represents the time of cyclo-
dextrin addition, and the double dotted lines indi-
cate the time of washout. (¢) Histograms of the
wave period in control conditions and in the pres-
ence of cyclodextrin and after washout. (f) Histo-
grams of maximal protruding velocity in control
conditions and in the presence of cyclodextrin
and after washout. (g—i) As in d—f but in the pres-
ence of jasplakinolide.
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a residue noise, jumps with an amplitude lower than 2-
3 nm could not be detected. The mean values of these
parameters obtained in control conditions and in the pres-
ence of jasplakinolide and cyclodextrin are shown in Table 1.
In control conditions, the mean values of j** and j~* were
5.1 = 1.3 and 4.9 = 1.2 nm, respectively, with correspond-
ing rates A, and A_ of 157.3 * 12.0 and 1555 =
11.0 events/s. In the presence of jasplakinolide (Fig. 6 ¢),
the mean amplitudes of detected forward and backward
jumps decreased to 2.5 = 0.3 and 2.2 + 0.4 and their rates
decreased to 50.0 + 4.5 and 44.0 *= 5.3 events/s, respec-
tively (Fig. 6 f). In contrast, in the presence of cyclodextrin
(Fig. 6 b), the mean amplitudes of detected forward and
backward jumps were equal to 4.6 = 1.9and 4.4 + 1.7 and
their rates were 226.2 + 13.5 and 224.8 = 14.7 events/s,
respectively (Fig. 6 ). The collected data show that jumps
amplitude and frequency were reduced by 25 nM jasplaki-
nolide, whereas 2.5 mM cyclodextrin increased their
frequency without affecting their size.

Effect of jasplakinolide and cyclodextrin
on membrane elasticity modulus

Exposure to cyclodextrin reduces the content of cholesterol
in cellular membranes, but its overall effect on the mem-
brane elasticity modulus E (i.e., stiffness) is controversial

Biophysical Journal 102(11) 2451-2460
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(see Discussion). To verify the effect of cyclodextrin on our
GCs, we measured E directly using the tip of the cantilever
of an AFM, touching either the soma or the GC of our DRG
neurons (Fig. 7 a) and measuring the associated indentation
(Fig. 7, b and ¢).

The procedure of deriving E from indentations caused to
the membrane was originally referred to as cell poking (32)
and provided valuable information about the elastic proper-
ties of erythrocytes. By causing indentations with the canti-
lever tip of an AFM, we were able to obtain a direct
measurement in situ of the effect of the used drugs on E
of the lipid bilayer of the membrane.

a -_—X
—_y 300
NE k
£ 200 |-
"; Cyclodextrin
o
c
£ 100
= >“
-
o~
0

6
Fmax (pN)

FIGURE 5 Increase of noise during pushes in control conditions and in
the presence of cyclodextrin but not in the presence of jasplakinolide. (a)
The longitudinal components of the bead displacement during a lateral
push in the presence of cyclodextrin show a clear increase in noise. (b)
Relation between force and variance for lateral pushes in control conditions
in the presence of cyclodextrin and in the presence of jasplakinolide. Data
for control and jasplakinolide were taken from our previous work (26).
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The cantilever of the AFM was positioned under direct
visual control over the soma or GC of DRG neurons
(Fig. 7 a). Under these conditions, several hundreds of
force-displacement curves (Fig. 7, b and ¢) were obtained
in <10 min, and these individual traces were averaged to
obtain average <force-displacement> curves. By fitting
these <force-displacement> curves with Eq. 1, we
obtained a value of E. We measured E in the soma of eight
DRG neurons and 10 GCs, and the mean value of E was
99.18 = 2.12 and 174.1 = 3.7 Pa, respectively. However,
the value of E varied rather significantly from neuron to
neuron and varied from 22.8 to 188.9 Pa, with no evident
correlation with either the shape or the size of the neuron.
All tested neurons were alive during the measurement, as
the GC filopodia and lamellipodia exhibited cyclic periods
of growth and retraction. In all experiments, E was
measured either in the soma (using method 1) or in GCs
(using methods 1-3; see Materials and Methods), and then
either jasplakinolide or cyclodextrin was added to the
dish. After exposure for 20 min to the tested drug, E was
measured again in the same location. Treatment with cyclo-
dextrin caused a decrease in the value of E in all tested
neurons (n = 4) in both the soma (Fig. 7 d) and the GCs
(Fig. 7 e), and in the presence of cyclodextrin, E was
90.20 = 3.18 and 147.10 = 6.3 Pa in the soma and GCs
(measured with method 1), respectively.

Because GCs are thin structures with a height varying
between 200 to 600 nm, we also computed the value of
E using method 2 (i.e., using the standard Hertz model for
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FIGURE 6 Elementary events underlying force generation in control
conditions and in the presence of cyclodextrin are less pronounced in the
presence of jasplakinolide. (a—c) Magnification of the z component during
push in control conditions (a), in the presence of cyclodextrin (), and in the
presence of jasplakinolide (c). Original traces were filtered by the nonlinear
diffusion algorithm (26), resulting in a smooth component and jumps.
Jumps were detected infrequently during a push in the presence of jaspla-
kinolide, but very often during a push in control conditions and in the pres-
ence of cyclodextrin. (d—f) Density of forward j© and backward j~ jumps
during pushes in control conditions (d), in the presence of cyclodextrin
(e), and in the presence of jasplakinolide (f). (d) The fitting was performed
with the values of 148 and 146 events/s for the jump frequency of positive
and negative jumps, A and A _, respectively, and 5 and 4.8 nm for the mean
size of positive and negative jumps, j** and j~*, respectively. (¢) In the
presence of cyclodextrin, the values of A, A_, j7* and j* were 226 and
224 events/s and 4.6 and 4.3 nm, respectively. (f) In the presence of jaspla-
kinolide, the values of A, A_,j** and j~ * were 48 and 44 events/s and 2.4
and 2.3 nm, respectively.

fitting force-displacement curves where the indentation is
<50 nm) and method 3 (i.e., using the corrected Hertz
model for thin samples (29) (Fig. 7 h). In both cases, after
addition of cyclodextrin, the obtained values of E decreased

TABLE 1 Jump frequency and amplitude

Jasplakinolide Control Cyclodextrin

(n=23) (n=25) (n=23)

JjT (nm) 25 +03 51+ 13 46 =19

Jj~* (nm) 22 +04 49 =12 44 = 1.7
A (event/s) 50.0 = 45 157.3 £ 12.0 2262 = 135
A_ (event/s) 440 = 53 1555 = 11.0 224.8 + 14.7

Amplitudes of forward j* and backward j~ jumps detected during pushes
were exponentially distributed and fitted by the equations A, ¢ ~/*/it*
and A_ e’j’/f’*, where A, and A_ are the rates of forward and backward
jumps, respectively, and j©* and j~* are the mean amplitudes of forward
and backward jumps, respectively. n indicates the number of experiments
in which jumps were analyzed.
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(by 1040% with method 2 (Fig. 7 i) and 10-30% with
method 3 (Fig. 7 j)).

Jasplakinolide had a more variable effect: it increased the
value of E in two somas and two GCs, but decreased its
value in two somas and four GCs (Fig. 7, f and g). The
mean fractional changes of E in the soma (n = 4) and
GCs (n = 6) caused by jasplakinolide were —0.16 = 0.3
and 0.12 = 0.24, respectively.

DISCUSSION

In this work we analyzed the effect of two drugs, jasplakino-
lide and cyclodextrin, on force generation in DRG lamelli-
podia. The drug jasplakinolide at a concentration of 25 nM
reduced both v,.x and F,x during pushes, and 2.5 mM
cyclodextrin had the opposite effect. During retractions,
neither v,,x nor F.x were modified by jasplakinolide or
cyclodextrin at the used concentration. Jasplakinolide
reduced the amplitude and frequency of elementary jumps
underlying force generation, but cyclodextrin increased
their frequency. The action of both drugs, at the used
concentration, was fully reversible (Fig. 3). However, at
higher concentrations, these two drugs can have multiple
effects, and it is useful to discuss in detail their properties
and reported actions.

Jasplakinolide

At concentrations > 200 nM, jasplakinolide disrupts actin
filaments in vivo by enhancing the rate of actin filament
nucleation, leading to alterations of the cytoskeleton and
cellular architecture. Prolonged exposure (24—48 h) to small
amounts of jasplakinolide was previously shown to reduce
proliferation in human Jurkat T cells (33). A concentration
of 100 nM jasplakinolide did not modify the elastic proper-
ties of fibroblast cell lines measured with AFM (34) and, as
shown in Fig. 7, 25 nM jasplakinolide had only a minor
effect on the membrane stiffness of DRG neurons in both
the soma and GCs. Therefore, the main effect of the low
concentration of jasplakinolide used in this investigation
(i.e., 25 nM) was a reduction of actin turnover caused by
a slowing down of filament depolymerization.

Cyclodextrins

Depletion of cholesterol caused by cyclodextrins modifies
the plasma membrane’s functions and in particular the
lateral mobility of membrane proteins, presumably as
a consequence of the reorganization of the cell actin (35).
Therefore, cholesterol not only determines membrane
elasticity but also contributes to signaling, albeit in an
indirect way (35). This dual action of cholesterol is likely
to be at the basis of the different results reported regarding
the effect of cyclodextrins on cellular membranes’ mechan-
ical properties. Cyclodextrin-impaired pressure induces

Biophysical Journal 102(11) 2451-2460
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excess cholesterol counterbalances this effect (36). Choles-
terol depletion of bovine aortic endothelial cells decreases
membrane deformability and increases the elastic coeffi-
cient of the membrane (37). This effect is interpreted as
being due to an alteration in how the actin network inside
the cells is connected to the cellular membrane. When
2.5 mM cyclodextrin was added to the extracellular
medium, DRG lamellipodia moved more vigorously and
cycles of protrusions and retractions similar to those
observed in control conditions were observed. These cycles
occurred with a frequency slightly higher than in control
conditions, suggesting that the normal actin treadmilling
underlying these cycles was only marginally affected. These
effects of cyclodextrin were almost completely reversible.
Using AFM, we determined (by a direct measurement of
E) that 2.5 mM cyclodextrin reduced the membrane stiffness
of DRG neurons both in the soma and in GCs (Fig. 7). Taken
together, these observations indicate that the primary effect
of cyclodextrin is to reduce the stiffness of lipid bilayers of
the DRG lamellipodia.

Molecular mechanisms of force generation

Lipid rafts are specialized membrane domains that are en-
riched in cholesterol and sphingomyelin, which are believed
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(38). These rafts can have dimensions in the nanometer
range (35) and lifetimes varying over several orders of
magnitude (38), and this dynamics could play an important
physiological role in membrane trafficking and signaling.
The elastic properties of membranes are heterogeneous,
and the Young’s modulus E, characterizing membrane stiff-
ness, varies across membrane nano/microdomains (39).
Therefore, our AFM measurements of £ based on the Hertz
model and its corrections for thin substrata do not capture
the heterogeneity and anisotropy of GC membranes, and
our measurements must be taken as values averaged over
these nanodomains.

The elastic properties of the membrane can vary in corre-
spondence with active zones undergoing extension and/or
retraction. In fibroblasts, the Young’s modulus near the
leading edge of active lamellipodia is 3-5 kPa, whereas it
is in the order of 12 kPa in cellular regions that are not
involved in push or retraction (28), suggesting that extension
preferentially occurs in regions of lower cortical tension. A
different observation was made in a previous study of fish
migrating keratocytes (40): the stiffness of the membrane
decreased from 55 kPa at the front of the leading edge of
the migrating keratocyte to 10 kPa at the rear of the lamel-
lipodia, with a profile similar to that of the actin concentra-
tion. The reported difference in the gradient stiffness
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between fibroblasts and keratocytes could be caused by their
different functional properties (i.e., keratocytes migrate and
fibroblasts do not).

As shown in Fig. 7, 2.5 mM cyclodextrin reduced
membrane stiffness both in the soma and in the lamellipodia
GC the treated DRG neurons. The same drug, as shown in
Figs. 2 and 4, caused the lamellipodia to protrude with
a larger force and with a higher velocity, suggesting that
membrane stiffness contributes to force generation. A recent
theoretical investigation (41) showed that if the network of
actin filaments in lamellipodia is assumed to be organized as
a stiff and compact, almost two-dimensional structure, long-
range mechanical stresses induced by the plasma membrane
stiffness provide a selective pressure that shapes force
generation and determines several of its properties (41).
Our results suggest that membrane stiffness is an important
factor of force generation, and support the notion that
mechanical stresses inside lamellipodia have a major role.
The combination of a stochastic dynamics (i.e., the alterna-
tion of random growth periods and fast retractions (25)) and
mechanical interactions of the actin network with the
membrane makes the system become critically self-orga-
nized (41). This provides a common theoretical framework
to understand several experimental observations, such as
a growth velocity that is initially insensitive to external force
(25,42) and a growth velocity that is dependent on load
history (43).

The effects of jasplakinolide on Fv relationships (Fig. 4)
and on the amplitude and frequency of elementary jumps
(Fig. 6) are in agreement with the essential role of actin turn-
over in force generation. In the presence of jasplakinolide,
the mean amplitude of elementary jumps is 2.4 nm (see
Table 1). This value is similar to the mean polymerization
step size (2.7 nm) of actin filament polymerization (44),
suggesting that when actin turnover is reduced, actin mono-
mers are added one by one to the existing network of
filaments. In control conditions, larger jumps are observed,
presumably caused by the insertion of actin oligomers (45)
that are present in lamellipodia as a consequence of actin
filament depolymerization.

The small or almost absent effect of both jasplakinolide
and cyclodextrin on Fv relationships (Fig. 4) during retrac-
tion was not expected, because jasplakinolide is a drug that
is known to stabilize actin filaments. The absence of a signif-
icant effect of these drugs on the kinetics and dynamics of
retraction shows that once initiated, lamellipodium retrac-
tion is very poorly dependent on membrane stiffness and
actin turnover. Indeed, retractions could be global collapses
of the overall cytoskeleton architecture overcoming the
local stabilization induced by jasplakinolide.

SUPPORTING MATERIAL

Additional information with a figure and Supporting Methods is available
at http://www.biophysj.org/biophysj/supplemental/S0006-3495(12)00510-3.
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Abstract

We used optical tweezers, video imaging and immuto@bemistry to analyse the role of
non muscular myosin Il on the force exerted by ldipudia from developing growth cones
(GCs) of isolated Dorsal Root Ganglia (DRG) neurdHse two isoforms of myosin Il, A
(NMIIA) and B (NMIIB), localized differently in DRGGCs: the concentration of NMIIA
was approximately constant from the GC centresdeiading edge, while NMIIB was more
confined in the central region of GCs. When thévagtof myosin Il was inhibited by 2QM
Blebbistatin cycles of lamellipodia protrusion/eettion slowed down and during retractions
lamellipodia did not lift up vertically as in contrconditions. Lamellipodia motion was
completely abolished by 50M Blebbistatin. After treatment with Blebbistatianhellipodia
emerging from the soma and from GCs become “filiglddwith the clear appearance of
structures reminiscent of filopodia. The force gated by lamellipodia treated with 30M
Blebbistatin decreased by 30-50 %, but surprisingly the force generated by filopodia,
which increased by 30-50 %. Immunocytochemical ymislof filopodia emerging from GCs
treated with Blebbistatin showed the presence bfilto, in a proportion higher than in
filopodia in control conditions. These results segjgthat: i - contractions of the actomyosin
complex formed by filaments of actin and NMIIA haag active role during “shovel-like”
lamellipodia retractions; ii - myosin Il is an esal component of the structural stability of
GC architecture; iii - myosin Il modulates the chog of actin filaments and microtubules

dynamics.
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INTRODUCTION

During development neurons are able to self-orgamizprecisely wired networks and
are able to establish the appropriate synaptic ections. Neuronal navigation requires the
existence of highly motile structures able to praibe mechanical properties of the
surrounding environment and to search for the cbalnmgues leading to the formation of
correct synaptic connections (1, 2). Neuronal engtion is guided by growth cones (GCs)
located at the neurite tips (3, 4). GCs are congbo$ea lamellipodium with a height of 2-10
pm from which thin filopodia with a submicron diamaeemerge (5). The primary source of
motility in GCs is the polymerization of actin fiteents (6, 7), controlled by a large set of
regulatory proteins, such as Arp2/3, WASP, etcaf8 molecular motors seem to participate
to the overall process by controlling several agpexd the process. Indeed non muscle
myosin Il has been localized in neuronal GCs, wigthought to control the retrograde flow
of actin in lamellipodia (9).

The addition of actin polymers to actin filamemisciose contact with the membrane
pushes the cellular membrane forward exerting arysive force (10, 11). An important
determinant of force generation is the turnoveracfin filaments, during which actin
monomers or small oligomers are added to the baghddf actin filaments (polymerization)
and removed from the other end (depolymerizatibmdhis process the non muscle myosin |l
plays an important role: indeed myosin Il contrdise retrograde flow of actin
monomers/oligomers by severing the actin filameattsheir pointed end, providing the
necessary treadmilling mechanism (9). Myosins c¢tutsta superfamily of motor proteins
with major roles in several cellular processes sagltell adhesion, migration and division
(12). Myosin molecules, like all motor proteins,ncavalk along, propel and slide other
molecules and can produce tension on actin filasne@eneration of tension and force
requires metabolic energy, usually provided by AWérolysis and therefore myosins have
appropriate catalytic sites in their amino-termigfedad) region. The carboxy-terminal region
of some myosins binds to and moves cargo in awbkreas the C-terminal domains of other
myosins self-associate into filaments, which allotheir heads to tether actin filaments
forming the actomyosin complex able to exert temsiblyosins can also act indirectly
through actin to bring adhesion-related proteinghsas integrins, or signal transduction

molecules into close proximity. Like muscle myodin non-muscle myosin Il (NMII)
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molecules are comprised of three pairs of peptités:heavy chains of 230 kDa, two 20 kDa
regulatory light chains (RLCs) that regulate NMdtigity and two 17 kDa essential light
chains (ELCs) that stabilize the heavy chain stmgct(12). Although these myosins are
referred to as ‘non-muscle’ myosin lIs to distirgluithem from their muscle counterparts,
they are also present in muscle cells, where thaxe Hdistinct functions during skeletal
muscle development and differentiation. In mamnmalimn muscle cells, two isoforms of
myosin Il coexist (NMIIA and NMIIB) and are involdein distinct cellular processes with
different localizations (13). In fibroblasts, NMIlAaroduces the majority of traction forces
and controls the actomyosin complex network (14)ilevNMIIB is responsible for collagen
fibre movement (15). In neurons, NMIIB is thougbt lte involved in neurite outgrowth,
while NMIIA plays a role in lamellipodia retractioand promotes the adhesion with
formation of focal contact (16-18). A new myosinidbform has been recently discovered
and characterized (NMIIC), which is thought to rege cell membrane extension and the
formation of focal contacts showing therefore safabut coupled activities with NMIIA and
NMIIB (17). The three myosin Il isoforms, NMIIA, NMIIB @ NMIIC have similar
structural and dynamical properties but have diygtifferent kinetics properties. Their major
difference seems to reside in their regulation erops and different proteins control them

through distinct phosphorylation sites (12).

Myosin |l seems to be involved in the orchestratioh actin polymerization
/depolymerization but also of microtrubules (MTgndmics. Indeed, it has been shown that
actin oligomers driven by myosin Il interact wittoging MTs and that myosin II-dependent
compressive force is necessary for MT dynamics. (IBg existence of a coupling between
actin and MT dynamics is also supported by the miasien that inhibition of myosin Il with
Blebbistatin markedly accelerates axon growth amanpte the reorganization of both actin
and MTs in GCs (20).

The aim of the present manuscript is to analysaone detail the role of myosin Il in
force generation in DRG lamellipodia and GCs, witlo aims: firstly to explore the role of
contractions of the actomyosin complex in the psittn/retraction cycles observed in
lamellipodia of developing neurons and secondlyétter understand myosin Il role in the

regulation of the cytoskeleton.
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MATERIALS AND METHODS

Neuron preparation

Wistar rats at postnatal days 10 to 12 (P10-P12% wacrificed by decapitation after
anesthesia with CQOin accordance with the Italian Animal Welfare Aéifter dissection,
Dorsal Root Ganglias (DRGs) were incubated wittpgmy (0.5 mg/ml; Sigma-Aldrich,
Milan, ltaly), collagenase (1 mg/ml; Sigma-Aldricland DNase (0.1 mg/ml; Sigma-Aldrich)
in 5 ml Neurobasal medium (Gibco, Invitrogen, Mildtaly) in a shaking bath (37°C, 35-40
min). After mechanical dissociation, they were céiged at 300 rpm, resuspended in
culture medium, and plated on poly-L-lysine-coatéd pg/ml; Sigma-Aldrich) coverslips.
Neurons were incubated for 24 h to 48 h and nerge/th factor (50 ng/ml; Alomone Labs,

Jerusalem, Israel) was added before performingigesurements.

Optical tweezers setup

The optical tweezers set-up was built as desciiio€al). Briefly, the trapping source
was an Ytterbium fiber laser operating at 1064 hAG(Laser GmbH, Burbach, Germany)
which was sent onto an inverted microscope (IX8n@us, Milan, Italy) to the focusing
objective (Olympus 100X oil, NA 1.4). The dish caiming the differentiating neurons and
the beads (PSI-1.0NH2, G.Kisker GbR, Steinfurt,&ary) was placed on the microscope
stage which could be moved by a 3 axes piezoatatamocube (17 MAX 301, Melles Griot,
Albuquerque, NM). The temperature of the dish wagtlat 37°C by a Peltier device. The
bead positionx = (X, y, 2 was determined along all the axes with a latarad vertical
accuracy of 2 and 5 nm using back focal plane (B&&gction, which relies on the
interference between forward scattered light fromhead and unscattered light (21-23). The
BFP of the condenser was imaged onto a quadrarbgibde (QPD; C5460SPL 6041,
Hamamatsu, Milan, Italy) and the light intensity svaonverted to differential outputs
digitized at 10 kHz and low pass filtered at 5 kBead z position was determined using the
Gouy phase shift effect (22). The trap stiffn&ss,. = (k. ky, k;) and the detector sensitivity
were calibrated using the power spectrum method). (e force exerted by the
lamellipodiumF was taken as equal t6yap. When the displacement of the bead from its

equilibrium position inside the tragh= (dy, dy, d,) was less than 400 nRyap = (Fx, Fy, F?)
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wascalculated a&y = d k, F,= dy ky, andF, = d, k; (22). All experiments of force recordings
were monitored by video imaging with a CCD cameraadrame rate of 5 Hz. Visual
inspection of recorded images allowed to discaainfrthe analysis all force recordings

during which visible debris interfered with the iopt determination of the bead position

Computation of Fv relationships

The velocityv = (vy, W, V,) of the bead was obtained by numerical differergratf
its sampled positior = (x(n), y(n), z(n)) n = 1,...N. Numerical differentiation was computed
either by convolution of the position componex(ts), y(n) andz(n) with the derivative of a
Gaussian filter 14(2n)*% exp(+’/c?) (Gaussian filtering) or by Linear regression. €sian
filters corresponding to cut-off frequencies of,al2and 10 Hz were used. Further details can
be found in (24).

Jumps determination by non linear diffusion filtering
In order to detect jumps, we used an algorithm dbasenon linear diffusion (25, 26).

The algorithm is based on the Toolbox of FrederiddAlmeida (see

http://www.mathworks.com/matlabcentral/fileexchat3dd.0-nonlinear-diffusiontoolbdx

Further details can be found in (27)

Analysis of video sequences

In order to quantify the kinetics of protrusionfesttion cycles of lamellipodia we
acquired stacks of images at a frequency of 0.1z1Bv¥ery stack of images was composed
by an image focused at the plane containing therstip where neurons were cultured and
images focused 1,2,3,4,5, 6 and 7 microns aboveadberslip. The acquisition of a stack of 8
images was obtained in 0.5 s, interval of time ok the lamellipodia motion was almost
absent. We developed two algorithms: Algorithm Iswdesigned to quantify in a semi-
automatic way the time course of protrusion/retoactycles and Algorithm Il was designed

to quantify the vertical motion of lamellipodia dhg these cycles.

65



Algorithm |

Images focused at the coverslip plane at diffetienés of the protrusion/retraction
cycles (Fig. 1a, t;-t3) were analyzed: edges were extracted using stdrmtacedures (28)
and the contour of the neuron was obtained (resl itinFig. 1b). A reference point on the
soma or at the base of the lamellipodium was sate@ted cross in Fig. h) and an angle
covering the lamellipodium was also selected (gg®adow in Fig. b). The mean distance
between the red cross and the points forming thectkrl contour inside the green shadow
was computed and plotted (Fig.cl In this plot, representing the mean distancahef
lamellipodium leading edge from a reference poive, detected local maxima and minima
(green and red asterisks, respectively, in Fig). IThe interval between a successive green
and red point was taken as the period of that ypsa@in/retraction cycle. The reliability of the

algorithm was controlled by visual inspection o thata by the operator.

Algorithm I

Algorithm 1l was based on classical depth-from-fecalgorithms introduced in
Computer Vision (29) to recover 3D information fratacks of images acquired at different
focal planes. These algorithms were used in theemtework to recover the lamellipodia
motion also in the vertical direction. Briefly, feach pixel (i,j) and for each image intensity
I(i,j,h) acquired at a focal plane h microns abdve coverslip, the gradieftI(i,j,h) was
computed. The point at location (x,y) has the hieigh the feature at point (x,y) is on focus
at the plane h, determined as the plane for whiklhj,h) has the maximum value. Images of
the neuron taken at different focal planes sepdrdg 1 pum are shown in Fig. d

(h=1,...,6pum) and I(i,j,h) was computed.

In order to obtain a measurement of the abilitya ddmellipodium to move up in the
vertical direction for each value of h we computleel fraction of pixels - in a given region of
interest - in focus at the height h (Fige)l In this way we could characterize the effect of
used drugs — such as Blebbistatin and Cytochalasion the ability of lamellipodia to lift
up in the vertical direction. We have also devetbpe algorithm based on the observation
that lamellipodium edges in focus at a plane alibaeimaged appear brighter (see red cross
in Fig. 1d, h=1 um) and those in focus below appear darle due arrow in Fig. d, h=6
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pum). This algorithm did not perform as well as three based on the computation of the

image gradien I(i,j,h).

T
Distance

- Fit
* Local maximum
* Local minimum

Distance (um)

Time (s)
Figure 1. Computation of lamellipodial protrusion/retraction cycles and of vertical motion(a) From left to
right three images of the lamellipodium emergingnira DRG neuron undergoing cyclic waves of protmsi
(tz) and retractiont({ andts) in control conditions; the dotted line represehts leading edge of lamellipodia at
time t; Scale bar, 5 um.bJ Diagram of the method used for the semi-automatetection of
protrusion/retraction cycles. See text for techintkztails. €) Time evolution of the distance of lamellipodium
leading edge from the reference point indicatedths red cross in paneb)( Local maxima and minima
represent maximal protrusion and retraction, retpedy. (d) Stack of 6 images acquired at 6 focal planes at
distance h from the coverslip where neurons arenigr&cale bar, 5 um. Red and blue arrows indi¢egeixels
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in focus at a plane above and below the one imagspectively. The pixels above focus appear beigand
the pixels below appear darkee) fractional density of lamellipodia points in facat different focal planes
(h=2, 3 and 4 um). The continuous solid lines asmaothing over a time window of 100 s.

Immunostaining and imaging

Cells were fixed in 4% paraformaldehyde contairngb% picric acid in phosphate-
buffered saline (PBS), saturated with 0.1 M glycipermeabilized with 0.1% Triton X-100,
saturated with 0.5% BSA in PBS (all from Sigma-Adtiy St.Louis, MO) and then incubated
for 1h with primary antibodies: mouse monoclonatitaody against neuronal class [B
tubulin-TUJ1 (Covance, Berkeley, CA) and rabbityetdnal antibodies against myosin 1A
and 1IB (both from Sigma-Aldrich, St.Louis, MO). &lsecondary antibodies were goat anti-
rabbit 594 Alexa (Invitrogen, Life TechnologigSaithersburg, MD, USA) and anti-mouse
1gG,, biotynilated (Santa Cruz Biotechnology, Santa CfL&) and the incubation time was
30 min. F-actin was marked with Alexa Fluor 488 lfidin, whereas biotin was recognized
by Marina Blue-Streptavidin (Invitrogen, Life Teatlngies,Gaithersburg, MD, USA) and
incubated for 30 min. All the incubations were penied at room temperature (20-22°C).
The cells were examined using a Leica DMIREZ2 coalfosicroscope (Leica Microsystems
GmbH, Germany) equipped with DIC and fluorescengtics, diode laser 405nm, Ar/ArKr
488nm and He/Ne 543/594nm lasers. The fluorescaneges (1024x1024 pixels) were
collected with a 63X magnification and 1.4 NA aitinersion objective. Leica LCS Lite and
Image J by W. Rasband (developed at the U.S. Naltiostitutes of Health and available at
http://rsbweb.nih.gov/ij/) were used for image @ssing.

AFM imaging

Atomic Force Microscopy (AFM) was performed by usia commercial AFM
(Nanowizard Ill, JPK Berlin, Germany) combined wi#im inverted optical microscope
(OLYMPUS IX71, 40X/1.3 NA oil immersion objectiveBriefly, neurons fixed on 24 mm
diameter glass coverslips were washed with PBS randnted on the AFM liquid cell
(Biocell 11, JPK Berlin, Germany). All experimentgere performed in PBS. For dynamic
mode scanning we used cantilevers HYDRA-2R50NG (#gm, Santa Clara, CA, USA)
with a nominal spring constant of 0.08 N/m. Theietmon frequency was very close to
14kHz, which corresponds to the first harmonic toé fever in liquid. Softer cantilevers
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(MLCT, Bruker AFM Probes, Camarillo, CA, USA) with nominal spring constant of 0.01
N/m were used in contact mode. After laser alignnaerd cantilever calibration, the system
was left to settle with AFM infrared laser, optigaicroscope condenser and temperature
controller switched on to minimize force drift dugi image acquisition. When the AFM was
operated in contact mode the contact force of &mdilever tip was corrected during imaging
to minimize the force exerted by the tip on the glnkeeping it between 200 pN and 1 nN.
Images were acquired with a line rate ranging 0.4 Hz and 512 or 1024 points on the
larger side of the image. For the analysis of tlVAmMages we used WSxM 5.0 (30). In
order to estimate the average width of filopodia eaéculated their area with the flooding

tool of WSxM and then it was divided by the lengftthe filopodia.

Localization of NMIIA and NMIIB

Measurement of the NMIIA and NMIIB localization nespect to the actin staining
has been performed on confocal fluorescence imagegsired as described above (see
Immunostaining and imaging). The intensity of psxelas measured over lines which were
considered from the center of GC to the leadingeefty NMIIA or NMIIB relative to
corresponding actin staining. The final resulthe faverage of all lines normalized to the

same length, as shown in (Figc2).

RESULTS

Large and highly motile lamellipodia emerge fronssdiciated neurons from DRG
after 6-12 hours of culture (24, 27, 31). Thesedlipodia can exert forces larger than 20 pN
and their leading edge can move with a speed df080nm/s (24). Motility is restricted to
the lamellipodia and filopodia and dissociated nearfrom DRG do not migrate and their
soma remains approximately in the same locationhendish for several hours. After 2-3
days of culture dissociated neurons establish physiontacts and motility of lamellipodia
and filopodia is reduced. Therefore, we have aeaybe effect of inhibitors of myosin Il
(Blebbistatin) and of actin polymerization (Cytotdsn D) on lamellipodia and filopodia

after 24-48 hours of culture, when their motilisymhore pronounced.
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Localization of myosin Il in DRG GCs and the effectof Blebbistatin on cytoskeletal

architecture

There are three isoforms of myosin Il in GCs, whieve often a different localization
in GCs (17, 20) possibly underlying different funos (16, 32). We examined the
localization of NMIIA and NMIIB in DRG GCs by immustaining. We determined
simultaneously the cellular distribution of actinbulin and one of the two myosin isoforms,
i.e. NMIIA and NMIIB (see Fig. 2). The staining f6éMIIB (Fig. 2 a) was preferentially
localized in the central domain and transition zohehe GC, in agreement with previous
observations (9, 20) and very rarely we detectegdstaining in filopodia. In contrast, we
observed a more diffuse staining of NMIIA (Figb®, present in the central and transition
zone of the GC, but also in its periphery neateggling edge and occasionally also in some

filopodia.
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Figure 2. Localization of NMIIA and NMIIB in DRG GC s. (a) From left to right: confocal fluorescence
images of a DRG GC for actigreer), NMIIB (red), and tubulin IIl plue) and merge of the three staining) (
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From left to right: confocal fluorescence imagesaadsC for actin, NMIIA and tubulin and merge of tteee
staining. Scale bar,Bn. (c) Average profile of staining intensity from the @G@ntre to its leading edge in 3
GCs for actin ghades of gregrand NMIIB (shades of red (d) Average profile of staining from the GC centre
to its leading edge in 3 GCs for actshédes of gregrand NMIIA (shades of grey (€) Average profile of
staining intensity from the GC center to its legdedge from 10 GCs for actigreer), NMIIB (red) and
NMIIA ( black.

We quantified the relative distribution of actinMNA, and NMIIB by selecting a
point in the centre of the GC (C) and measuringaretaging the staining intensity over rays
emerging from C and reaching the GC leading edge K8aterials and Methods for further
detail). As shown in Fig. 2 andd (shades of gregractin concentration increased from the
GC centre to its leading edge, but a different biEha was observed for the two myosin I
isoforms: NMIIB decreased consistently at the pegiy (Fig. 2c, shades of red while
NMIIA was evenly present and colocalized with acinthe GC periphery (Fig. @ shades
of grey). These observations were verified in adrained GCs (n= 10), as shown in (Fig. 2
€).

We analysed also the actin and tubulin distributiofamellipodia emerging from the
soma of differentiating DRG neurons. Lamellipodiprasiting from the soma had an
extensive network of actin filaments interspersétth ware filaments of microtubules. Also in
these lamellipodia staining of NMIIA was clearlyepent at their leading edge, while staining
for NMIIB was more restricted near the soma and/ aately extended to the periphery of

GCs (see Supplementary Information, Fig. S1).

After treatment with 20-50 uM Blebbistatin, a pofwérinhibitor of both myosin
isoforms (33), lamellipodia emerging from the soaml from GCs distant from the soma,
changed their morphology, lost their sheet-likeictire, and appeared “filopodish” (Figa3
d). After Blebbistatin treatment (Fig. &f) sparse actin filaments were clearly visible which
did not appear to be joined by the usual actin ogtwUntreated GCs at the tip of long
neurites had the core of microtubules surroundea imesh of actin filaments and very rarely
microtubules entered in filopodia, which were prityacomposed by actin filaments. After
treatment with Blebbistatin, the terminal end ofiriies was composed by actin filaments but
also microtubules at the most distant GC tips (Bge andf). The average number of
filopodia per GC in untreated DRG neurons was 3.280d was 4.6+0.5 after treatment with
30 uM Blebbistatin (Fig. 8).
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Figure 3. The effect of Blebbistatin on GC morpholgy. (a-b) Lamellipodium emerging from a DRG neuron
in control conditions and after treatment with B0l Blebbistatin, respectively. Note the “filopodish”
appearance of the lamellipodia after Blebbistateatiment. € Immunostaining of DRG lamellipodium in
control conditions for actingfeer) and tubulin lue) staining @) As in () but in the presence of 30 uM
Blebbistatin. Scale bar, 5 pne) Immunostaining of a GC after Blebbistatin treatin&or actin, NMIIB and
tubulin and merge of the three staining. Arrows ancbwheads indicate filopodia with and without laac
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staining for tubulin, respectively. Scale bar, 5((fhimmunostaining of a GC after Blebbistatin treattgor
actin, NMIIA and tubulin and merge of the threeirsiteg. (g) Histograms of filopodia number per GC before
(red histogram and after treatment with blebbistatiblye histogram (h) The fraction of filopodia with a
staining for microtubules in control conditioned bal) and after Blebbistatin treatmeiiife baj).

If the mean number of filopodia per GC was not sigantly affected by myosin I
inhibition, treatment with Blebbistatin had a profod effect on the distribution of
microtubules inside filopodia: in control conditehe fraction of filopodia emerging from
GCs exhibiting a staining for microtubules was &.@¥02 (Fig. 3h, red ban but after
Blebbistatin treatment increased to 0.42+0.04 (Bik, blue ba)), showing that inhibition of

NMII elevated the presence of microtubules insitigbdia.
The ultrastructure of GCs treated with Blebbistatin

The “filopodish” morphology of GC treated with Bleistatin (Fig. 3a andb) and the
concomitant increased presence of microtubuleslénBiopodia suggested us to investigate
in more detail the ultrastructure of untreated GIdsl after treatment with Blebbistatin.
Therefore, we used AFM, with the aim of establighiwhether morphology - at a nm

resolution - of filopodia in untreated and trea®@ was similar or not.

Lamellipodia emerging from the soma or from GCshat tip of neurites could have
the corrugated surface previously described (34 Wwoles and a maximal height up to 900
nm (Fig. 4a). After treatment with 3@tM Blebbistatin lamellipodia emerging from the soma
were fragmented (Fig. B) and GCs at the tip of long neurites GCs did rateha flat and
extended surface and terminated with 2-4 thin teainneurites. The shape and geometrical
properties of these neurites were similar to thafsé@lopodia from untreated GCs. Indeed,
collected data show that the length (Figc)4 height (Fig. 4d) and width (Fig. 4e) of
untreated filopodiaréd histogramgswere very similar to those of terminal neuritdsGiCs
treated with Blebbistatinb{ue histograms Lamellipodia of treated GCs had an height
similar to that of untreated neurons with less sakrely reaching the coverslip (Figb}
Analysis of fluorescence images show that the @eeaea of treated GCs was 45.48+10.53
pm? when in untreated GCs was 109.5+2(uré°. Therefore, Blebbistatin did not alter the
structure at a nm resolution of filopodia emergimym GCs or from the tip of terminal

neurites, but reduced at some extent lamellipoditea.
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Figure 4. The effect of Blebbistatin on GCs ultrasucture. (a-b) AFM images of an untreated GC and of a
GC treated with 3QuM Blebbistatin, respectively. Untreated lamellippdire often fragmented with holes
reaching the coverslip. Filopodia emerging from édlipodia are visible after Blebbistatin treatmelmit these
lamellipodia have a more compact structure, wisis leoles. Scale barp8n. (c) Distribution of filopodia length
for untreated and Blebbistatin treated GBki¢ andred histogram respectively). Average length is 2.1 + 1.7
pm and 1.6 = 1.21m for untreated and Blebbistatin treated G@} Distribution of filopodia average height for
untreated and Blebbistatin treated G6ki¢ andred histogramrespectively). Both histograms have the same
distribution with similar average values: 120 +&8td 115 + 24 nm for untreated and Blebbistatintée&Cs.

(e) Distribution of filopodia average width for untted and Blebbistatin treated GGsue andred histogram
respectively). Both histograms have the same Higion with similar average values: 333 + 154 nrd 385 +

160 nm for untreated and Blebbistatin treated GCs.

The effect of Blebbistatin and Cytochalasin D on pstrusion/retraction cycles

Lamellipodia emerging from the soma of DRG neurgmstrude and collapse
continuously and we followed their protrusion/retian cycles by videoimaging (Fig. d).

By analysing these image sequences with Algorithrdescribed in the Materials and
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Methods section, we followed the average distafi¢benlamellipodium leading edge (Fig. 5
a) from a reference point (C) usually chosen indaeter of the DRG soma or at the base of
the lamellipodium (see Fig. i) and we could measure the period of protrusioractibn
cycles (ed barsin Fig. 5b). When 30uM Blebbistatin was added to the medium bathing the
neuronal culture, within 5 minute or so lamellipmdshrank (Fig. 3b) and cycles of
protrusion/retraction could still be observed imsolamellipodia but with a period 30-50 %
longer than in control conditions (Fig. & and b). When a higher concentration of
Blebbistatin was used, such as 8@, lamellipodia shrank within 2-5 minutes and mioil

was suppressed.

In control conditions during protrusion/retractiaycles lamellipodia move also
upwards by 2-5 um and indeed at a focal plane 8 pm higher than the coverslip their
leading edge could be seen well on focus. By usilggrithm 1l described in the Materials
and Methods section, we counted the number of pigeimoving lamellipodium becoming
well in focus at different heights, i.e. at 2,3 ahgim above the coverslip (Fig.ch After
addition of 30uM Blebbistatin to the bathing medium, lamellipogieolonged the duration
of their protrusion/retraction cycles (Fig.&andb) but also reduced the average height
reached during these cycles (Figc)s5Indeed, the fraction of pixels on focus at 2 ghhove

the coverslip increased, while those on focusat®4 um above decreased (Fig).5

Treatment with a concentration of 50M Blebbistatin invariably led to the
suppression of motility of analysed lamellipodizerefore, we investigated the effect of other
drugs known to affect and abolish maotility, butiagton a different biochemical target.
Cytochalasin D is a well known and specific inhabiof actin filament polymerization (35).
Cytochalasin D binds to the barbed end actin filatsidlocking the addition of new actin
monomers or oligomers. Concentrations of Cytochal® such as 25 or 50 nM caused
lamellipodia to shrink completely and abolished @dtnentirely GC maotility, confirming the
fundamental role of actin filament polymerizatidBoth Blebbistatin and Cytochalasin D
reduce lamellipodia motility but do not have thensaeffect of lamellipodia and filopodia
morphology: lamellipodia treated with Cytochaladh shrink but do not acquire the
“filopodish* appearance observed in lamellipodieated with Blebbistatin. The addition of
12.5 nM Cytochalasin D clearly affected lamellipednotility but did not abolish it and

therefore we studied in greater detail the effe€t 1.5 nM Cytochalasin D on
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protrusion/retraction cycles. The leading edgendfaated lamellipodia in control conditions
have repetitive cycles of protrusion/retractiong(F» d ande) and their leading edge could
move by 2-3um in 1 or 2 minutes and the addition of 12.5 nMdcyialasin D caused the

lamellipodium shaft to shrink but did not abolistntpletely the protrusion/retraction cycles,
which could be still observed (Fig.fp
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Figure 5. The effect of Blebbistatin and Cytochaléa D on protrusion/retraction cycles. (a) Maximal
protrusion/retraction of lamellipodia vs time. Dattline represents the time of drug additidn).Histogram of
cycle periods in control conditionse@ histogram and in the presence of 30 uM Blebbistabiué histogram
(c) Fractional density of lamellipodia points in facat different focal planes (h=2, 3 and 4 um). A&ddition
of Blebbistatin lamellipodia are not able to moye more than 3 umd{e) Images of lamellipodia emerging
from DRG neuron in control conditiond)(and after treatment with 12.5 nM CytochalasindD $cale bar, 2
pm. f-h) As in @-c) but in the presence of 12.5 nM Cytochalasin D.



The period of protrusion/retraction cycles increaBem an average of 49.1+17.5 in
control conditions to 70.7+20.4 in the presencd 26 nM Cytochalasin D (Fig. §). The
same concentration of Cytochalasin D also redubedability of treated lamellipodia to lift
up along the vertical direction during these prsitva/retraction cycles: the fraction of edges
seen in focus at focal planes higher thgm8significantly decreased and lamellipodia edges

seen on focus at a plan@& above the coverslip became much more frequegt GF).

The effect of Blebbiststin and Cytochalasin D on thforce exerted by lamellipodia

Having analysed the effect of Blebbistatin and Cgisin D on the kinetics of
protrusion/retraction cycles with videoimaging, weed optical tweezers to analyse changes
of the force exerted by lamellipodia and filopod&used by these two inhibitors. Untreated
lamellipodia pushed trapped beads (Fig-€ exerting forces up to 10-20 pN as previously
described (21) and often bead could be displacedobuthe optical trap (Fig. &).
Lamellipodia of DRG treated with 3AM Blebbistatin shrank (Fig. &) and occasionally
could still pull and push a trapped bead (Fig-§ but with a lower force and velocity (Fig.
6 h).

The addition of 25 nM Cytochalasin D caused larpetlia to shrink and often
neurons died after some tens of minutes, but irrs¢wccasions they could still exert a force
during the initial phase of drug treatment (Fig-l§ but measured forces were significantly
reduced (Fig. 6 I). In many experiments we weree dbl measure the force exerted by
lamellipodia in control conditions and we were aldemeasure the force from the same
lamellipodia after the addition of 25 nM Cytochata® (n=24, Fig. 60) or of 30 uM
Blebbistatin (n=18, Fig. &). These experiments show that the two drugs rettioe force
exerted during lateral push (LP) (compare Figngnand o) but at a lower extent during
lateral retractions (LR). Both drugs reduced by8B0% the force exerted during both vertical
push and retractions (compare Figmé nand o). Lateral refers to thex(y) plane of the
coverslip and vertical refers to thexis (perpendicular to the coverslip). The analygdithe
Force-velocity Fv) relationships (Fig. §-s) shows that both drugs do not modify the shape
of theFv relationships but reduced the maximal velovifgr both vertical and lateral pushes
and retractions. Lamellipodia velocity was reduosate potently by 25 nM Cytochalasin D
than by 30uM Blebbistatin (compare black and blue traces ig. f6 p-s). We computed

averageFv relationships, Ev>, from the measured displacements and forcesduical and
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lateral pushes and retractions (see Material anthddis).Fv relationships obtained from a
single experiment were normalized ..« and were averaged to obtain averdge
relationships, Ev> (24). At the beginning bead is in the trap famfrlamellipodia and its
velocity is zero. During push lamellipodia leadidge moves toward the trapped bead with
constant velocity. Before reaching to a solid conteith bead, the bead velocity increase but
later on after contact is complete bead and lapwdia move with the same constant
velocity. Therefore <Fv> relationships after artialirise ofv exhibited a flat shape, during
which the mean velocity remained constant while thece increased (Fig. §-5). The
analysis of the Force-velocityry) relationships (Fig. §-5) shows that both drugs do not
modify the shape of thev relationships but reduced the maximal velogifpr both vertical
and lateral pushes and retractions. Lamellipodiacity was reduced more potently by 25

nM Cytochalasin D than by 3@M Blebbistatin (compare black and blue traces o Bp-9).
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resolution image of a bead trapped in front of radHipodium emerging from the soma of a DRG neuron
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control conditions. Scale bar, 5uim-¢) High-resolution images during a push. Athe bead is in the optical
trap @), and when the lamellipodium grows, atit pushes the bead)(The cross indicates the center of the
optical trap. Scale bar, 1lum. (d) The three comptind;, F, and E of the force exerted when the
lamellipodium pushes the beaeé:t) As in @-d) but in the presence of Blebbistatiitl (As in @-c) but in the
presence of Cytochalasin D. The trap stiffness js=k0.1, k = 0.03 pN/nm. i1-0 Histogram of force exerted
by lamellipodia during push (solid histograms) aettaction (stripped histograms) in control coratig (), in
the presence of Blebbistatin)( and in the presence of CytochalasindD Four different stereotyped behaviors
were considered: vertical push (VP), vertical reicm (VR), lateral push (LP) and lateral retract{@R). (-9
Average Fv relationship, <Fvg, normalized to k. for vertical pushes (p), lateral pushes (q), weatti

retractions (r), and lateral retractions (s).

These results show that both Blebbistatin and Qwlasin D reduce the maximal
force that can be exerted by protruding lamellipogind the maximal velocity of its leading
edge.

Changes of noise during force generation with Blehstatin and Cytochalasin D

A remarkable feature of force generation duringtival and lateral push is a
concomitant increase of noise when the lamellipqaiah the bead (27). This increase of
noise is not present when the lamellipodium res;gotilling the bead away from the optical
trap. We have previously shown that in untreateds,Glie relation between the variance of
the measured displacemestt and the exerted force F is upward convex ahdncreases
from about 50 nfto 150 nm for forces exceeding 15 pN (Figa7ndb, red traces) and that
this increase ofo® is abolished by the drug Jasplakinolide, inhibitiagtin filament
depolymerisation (36). In GCs treated with 12.5 @%dnM Cytochalasin D the relation
between F ana? is flat and almost no increase of is observed even when the force
exceeds 8 pN (compare grey and black traces in Fig). In the presence of 3QM
Blebbistatin a small increase of from about 40 to 60 nfrwas observed (compare blue

trace in Fig. ).

Following bead adhesion to the lamellipodium membré27),06% could decrease to
less than 6 nfand subsequently, when the lamellipodium pushedbiad forward and
backward jumps constituting the elementary eventietying force generation appeared. In
the presence of 25 nM Cytochalasin D, forward aackivard jumps could still be observed

but were less frequent than in control conditidrig).(7 ¢ ande). Also in the presence of 30
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UM Blebbistatin forward and backward jumps were obseé and were more frequent (Fig. 7
d andf) than those observed in the presence of CytodhalasThe amplitude of forward j
and backward jumps yvere exponentially distributed (Fig.efandf) and were fitted by the

il

equations A e and A e!" where A and A are the frequency of forward and backward
jumps, respectively, and’jand | are the mean amplitude of forward and backwardpgim
respectively. Mean values of these parametersir@atan control conditions and in the
presence of Cytochalasin D and Blebbistatin arevehio Table 1. In control conditions the
mean values of | and | were 5.1+1.3 and 4.9+1.2 nm respectively with cspomding rates
A: and A of 157.3x12.2 and 155.5+11.1 events/s respectivielythe presence of both
Blebbistatin and Cytochalasin D the mean values wiean amplitude of forward and
backward jumps *j and || decreased by about 50 % in agreement with theucest or
absent noise increase during force generation daogdhe addition of the two drugs ( see
Fig. 7a andb). The two drugs, however, had a different actiorthee jump frequency: larger
concentrations of Cytochalasin D progressively ceduA,. , i.e. the rate of the appearance of
forward jumps but not of backward jumps, in agreemwith the known effect of
Cytochalasin D to block actin filament polymeripati(35). Blebbistatin reduced both the

forward and backward rates.And A.

Control Blebbistatin CytochalasinD  CytochalasinD
(n=4) 30 uM (n=4) 12.5nM (n=3) 25nM (n=4)

j+ (nm) 5.1 3.05 3.6 2.46

j. (nm) 4.9 2.96 3.6 2.35

A, event/s 157.3 135.10 138.26 110.99

A- event/s 155.5 125.68 157.74 153.25

Table 1. Jump frequency and amplitude Amplitudes of forwardj and backward jjumps detected during

pushes were exponentially distributed and fittedHsyequationg\ + e andA. e whereA, andA.

are the rates of forward and backward jumps, resmbg, and j+* and] '*, are the mean amplitudes of forward

and backward jumps, respectiveyindicates the number of experiments in which junvpse analyzed.
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Figure 7. The effect of Blebbistatin and Cytochalda D on the elementary events underlying force
generation. (a) Average force — variance relationship for latemadhges in control conditionsed curvg and in
the presence of Cytochalasin Blgck and grey curves(b) As in @) but in the presence of Blebbistatislue
curve. (c-d) Magnification of the z component during push e fpresence of Cytochalasin E) @nd in the
presence of Blebbistatig)( Original traces were filtered by the nonline#fusion algorithm (27), resulting in

a smooth component and jumps. Jumps were detecteelquently during a push in the presence of
Cytochalasin D, but more often during a push antiénpresence of Blebbistatinl-f) Density of forward’j and
backward j jumps during pushes in the presence of CytochaR2se) and in the presence of Blebbistatfp (
Because of a residue noise, jumps with an ampliloger than 2-3 nm could not be detected.

Blebbistatin makes filopodia able to exert a largeforce

Both Blebbistatin and Cytochalasin D reduced thelduode of the force exerted by
DRG lamellipodia, but rather surprisingly we foutite unexpected result that the force

exerted by filopodia treated with Blebbistatinasger than in untreated filopodia.
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In control conditions filopodia emerging from lany@bdia (Fig. 8a) during their
protrusion could push a trapped bead exerting fovegy rarely exceeding 4 pN (Fig.bg
We have measured from the same neurons the foertedxoy filopodia after the addition of
30 pM Blebbistatin (Fig. 8d). In these conditions, filopodia emerging from &ipodia
which have shrinked (see also Fig. 3) are stileabl exert a force which very often was
larger (Fig. 8e) and are also able to exert a significant foraan@lthe vertical direction
(compare red traces in Fig.b8nde). Collected data from 12 neurons show that theame
force exerted by filopodia was 2.7+1.2 pN in cohtronditions and increased to 4.2+1.3 pN
in the presence of 3tM Blebbistatin (Fig. & andf).
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Figure 8. The effect of Blebbistatin on the forcexerted by DRG filopodia. (a) Images of a bead trapped in
front of a filopodium emerging from a GC of DRG nen. Att; the bead is in the optical trap and atst
filopodium pushes the bead. The cross indicateséimer of the optical trap. Scale bar, 3 pb).The three
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componentsF,, F,, andF, of the force exerted by filopodiumc)(Histogram of force exerted by filopodia
measured during pushd-f) As in (@-c) but in the presence of Blebbistatin. The traffrass isk.,=0.1,k,=0.03
pN/nm.

These results show that Blebbistatin reduces thglitude of the force exerted by

lamellipodia but increases the force exerted lmptidia of the DRG neurons.

DISCUSSION

The present manuscript describes in detail theedfiethe inhibition of myosin on the
morphology, kinetics and dynamics of lamellipodrad ilopodia emerging from the soma
and GCs from DRG neurons. Our results suggest ailpesrole of myosin Il in force
generation and in particular during “shovel-likahiellipodia retractions and confirm its role
in the coupling between actin and MT dynamics. MyoH seems also an essential
component of GC architectural stability linking &tlger actin filaments. Let us discuss these

issues in more detail.

Localization of NMIIA and NMIIB in lamellipodia

Most nonmuscle cells express the three myosindforsns, NMIIA, NMIIB and
NMIIC. These myosin Il proteins share 60—-90% sint{ain the amino acid sequences (17)
and some cellular functions are isoform-specifibjlevothers are redundant (12). NMIIB has
been proposed to play a role in neurite outgrowitd, (32, 37) and NMIIA has been
implicated in neurite retraction and adhesion @%,38). NMIIB has been localized both in
the GC periphery (39, 40) as well as in the cemntoahain and the transition zone (9, 41). We
found that in DRG GCs, NMIIB is primarily localized the central domain of GC and its
concentration falls near the leading edge of G€e &g. 2a). In contrast, we found a more
even distribution of NMIIA in DRG GCs and stainifgr NMIIA is also clearly seen near
lamellipodia leading edges (Figb2 Actin is primarily concentrated at the periphefyGCs
and we found that near the leading edge actin avitiANcolocalized rather well suggesting
the presence of an actomyosin complex, i.e. ofrégteng actin and myosin filaments. A

similar localization of NMIIA in neuronal GCs wabkeady observed by (20, 41).
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Differential localization of NMIIA and NMIIB depersdon the cellular specificity and
possibly also on the developmental stage of thé (&€, 32). Moreover, the alternative
splicing of NMIIB and NMIIC heavy and light chaimggmRNAs, increases the total number
of expressed NMII proteins and this alternativeicepd) occurs predominantly in neurons.
Therefore all these isoforms of NMII proteins can differentially controlled resulting in a

complex orchestration of myosin functional roles.

Cycles of protrusion/retraction and the effect of Bebbistatin and Cytochalasin D

Lamellipodia emerging from the soma of DRG neurafter 6-24 hours of culture
have a very high motility and undergo clear cydégrotrusion and retraction. This motility
is attenuated after 2 days of culture, when longritess emerge from the soma and establish
physical contacts with other neurons. This odoitha behavior requires the existence of a
positive feedback from either actin itself or upain activators, in combination of a delayed
inhibition (42, 43), but the biochemical nature tbfs positive feedback has not yet been
identified.

The two compounds used in the present investigaBtebbistatin and Cytochalasin
D, reduce GC motility and at a high concentratiosi0O4M for Blebbistatin and 50 nM for

Cytochalasin D — completely abolish cellular muotili

Blebbistatin is known to inhibit myosin 1l (33, 4d4hd Cytochalasin D (35) prevents
the addition of new actin monomers/oligomers totioiing actin filaments. A low dose of
both drugs reduce motility without abolishing it danprolong the period of
protrusion/retraction cycles. Both drugs attendb&eheight reached by lamellipodia during
“shovel-like” events (Fig. 5) and drastically reduthe increase of noise associated to force

generation (Fig. 7).

As shown in Figs 2 and 3, application of Blebbistatauses lamellipodia to have a
“filopodish” morphology, which is not the case whe&ytochalasin D is added to the
extracellular medium. The “filopodish” morphologyduced by Blebbistatin is likely to be
caused by removal of the crosslinkage of actimfdats mediated by NMII filaments. These

observations show that a rather complex biochemicathinery underlie the observed
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protrusion/retraction cycles and that the resultiygpamics changes during differentiation
and could be cell specific. The identification acithracterization of the positive feedback

(42, 43) underlying these cycles will be a majsuesfor future investigations.

Role of contractions of the actomyosin complex dung “shovel-like” events

Contractions of the actomyosin complex play a funeiatal role in several cellular
processes such changes of the cellular shape ¢&H) migration (32, 46) cell-cell and cell-
matrix adhesion (47), cell division and cell ditatiation (12).

During the cycles of protrusion/retraction here lgsed (Fig. 5) lamellipodia
following their maximal protrusion undergo “shovide” events, which we were able to
follow in time with a temporal resolution of 5-1(bg acquiring stacks of images at different
focal planes (Fig. @). By using algorithms used in Computer Vision &ride the shape of
objects (Fig. 1) from image stacks we obtained3Bereconstruction of the lamellipodium
shown in Fig. 9 andc. The vertical motion of the lamellipodium is regeated in Fig. ® in
a color coded manner, in which dark red points lavéeight of fum and those in dark blue
move up by lum. Fig. 9c represents the same data but with a 3D rendenirvghich the
upward motion of the lamellipodium can be visualppreciated. At time ;tthe
lamellipodium is fully extended over the coversdipd essentially a flat surface. At times t
and g the lamellipodium leading edge lifts up by 3u% and at times,;tand § moves towards
its center. As shown in Fig. ®when the lamellipodium lifts up and its leadinggecturls
this global motion appears as a deformation of |[#meellipodium structure not evidently
associated to a clear retraction of it. Lamellipodiretraction appears at a later time and is

followed by a global collapse of the lamellipodiam itself.

These “shovel-like” events seem to precede theldauvzellipodium retraction and
given the localization of NMIIA at the lamellipodiuperiphery are most likely to originate
from contractions of the actomyosin. These obsematsuggest a dual and complementary
role for the two myosin Il isoforms: NMIIA locatealso at the periphery of lamellipodia,
undergoing “shovel-like” events, could mediate atcaction of the actomyosin complex
initiating retraction and NMIIB located more ceriiyanear the transition region of the

lamellipodium could control actin turnover (9). Narital simulations of the actomyosin
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complex have shown that generate stresses are lo@temmgly contractile and force chains

play a major role (48).

Figure 9. The 3D reconstruction of the lamellipodim. (a) From top to bottom four consecutive images of the
lamellipodia emerging from a DRG GC following a 3botion called “shovel-like” event. This event was
recorded by acquiring 9 stacks of images at diffefecal planes. Scale bar, 2 prh) Same images shown in
panel (a) superimposed to the color coded heigathEcolor correspond to a focal plane and the mtista
between focal planes is h=0.5 pro) 8D reconstruction of the lamellipodium shown @npl @) obtained by

using Algorithm Il (see Materials and Methods sau}i

The complicated lamellipodia 3D motion seems thselteof the complex dynamical

behavior of the wunderling actin cytoskeleton, susth through polymerization,
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depolymerization and crosslinking of actin filamenkt has been suggested that the actin
cytoskeleton can be thought of as an “active” pdger (49); where the “active” property
highlights the fact that the actin polymeric netw@s under constant remodeling through
energy consuming processes that include the aadfomotor proteins such as myosin.
Particularly, it has been proposed in (50) thathbebforms of myosin I, A and B, are
capable of forming bipolar filaments that can calsealized contractions on the actin
network. These contractions could cause a locahgdan distances between points of the
actin gel. Interestingly, it has been shown expentally (51) that thin sheets of polymeric
gels, when undergoing non-uniform local shrinking sevelling, can exhibit a range of
complex three-dimensional shapes ranging from lasgale buckling configurations to
multiscale wrinkling structures. Differential shking or swelling changes distances between
points on the surface (51), so that from a meclamoint of view, the flat configuration is
no longer the equilibrium position that allows #ieeet to have a minimum elastic potential
energy; this drives the sheet to buckle into agftienensional shape. This same mechanism
for shaping thin elastic sheets of polymer gels hasn proposed to be at play in the
generation of complex folded shapes of biologicajaaisms like lichens, sea slugs and
orchids (52). We propose that this mechanism dets ia the lamellipodia GCs and that
myosin and particularly NMIIA, could be acting tergerate local contractions of the actin
network leading to local changes in distances betwmoints of the lamellipodium, in a way
that drives lamellipodia into large amplitude buiegl configurations such as the ones

displayed in Fig. 9.

Role of myosin Il in lamellipodia architectural integrity

GCs treated with Blebbistatin lose their usual shike morphology and acquire a
“filopodish” appearance, as shown in Figadl. The same result is observed when actin is
stained with the appropriate antibody. As showrfig. 3 c, actin staining in lamellipodia
emerging from the soma of DRG neurons has the sheat-like appearance. When neurons
are treated with 3QuM Blebbistatin, lamellipodia do not always have tigual sheet-like
appearance and the actin staining is less diffeige 8d). In some neurons, the actin staining
has the “filopodish” appearance (FigdBobserved in DIC images (Fig.b3.

Filaments of NMII could cross-link actin filamersoviding to the network a diffuse

lateral connectivity gluing together the sparsenafifaments resulting in a sheet-like overall
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structure. Inhibition of NMII destroys this connedly leading the observed “filopodish”

appearance.
Coupling of actin and MT dynamics

When NMII was inhibited by Blebbistatin, we obseduwgvo significant — and at some
extent unexpected — morphological changes: lanoeligplose their sheet-like appearance and
become “filopodish” and filopodia emerging from GQ@sve a higher proportion of
microtubules inside (Fig. & and d) in agreement with previous findings (53). These
morphological changes are mirrored by the obsemwatihat filopodia treated with
Blebbistatin exert a larger force (Fig. 8). The méaxural rigidity of microtubules is 2.2 x
102 Nm? which is almost 1000 times larger than that ofrafitaments equal to 7.3 8
Nm? (54) and therefore filopodia from GCs treated viebbistatin are expected to have a

larger stiffness and to exert a larger force.

These observations are consistent with the emergigeyg that inhibition of NMII
promotes axon regeneration (20). Chondroitin selfatoteoglycans (CSPGs), one of the
major components of the extracellular matrix in @NS, inhibit axonal regeneration after
injury, through the activation of NMII by phosphtation of RLC remodelling ultimately
cytoskeletal dynamics (18). Inhibition of NMII byldbbistatin promotes axon outgrowth
irrespective of the presence of CSPGs in both CN& RNS neurons (18, 20) providing

therefore a promising pharmacological/chemicalttneat for neuronal regeneration.

These observations reported in the present mapuswnfirm the essential role of
NMII in cytoskeletal dynamics and in the orchestmatof both actin and MT dynamics in
GCs (18-20). As shown in Fig. 3 after Blebbistateatment, the proportion of filopodia with
MTs inside them, increases from 0.07 to 0.42 sugygshat Blebbistatin has stimulated the
growth of MTs filaments. The biochemical pathwayotigh which NMII affects MT
dynamics is not known and is likely not to involtlee Rho-kinase (ROCK) (20): indeed
inhibition of NMII promotes axon growth but not iibition of the Rho-ROCK pathway. On
the other hand, repulsive guidance molecule (RGMdlices neurite outgrowth inhibiton
through RhoA and Rho-kinase dependent phosphasylati NMIIA RLC resulting with F-
actin reduction (55). These findings suggest tlgeemechanistically distinct actin- and MT-

based GC responses.
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Supplementary Information

Localization of myosin in DRG lamellipodia emergingfrom soma.

Figure S1. Localization of NMIIA and NMIIB in DRG | amellipodia. (a-b) Confocal fluorescence images of
lamallipodia emerging from DRG neurons) (From top to bottom: high resolution images of &®
lamellipodia shown ind) labeled for actingreer), NMIIB (red), and tubulin Il blue) and merge of the three
staining. ¢l) high resolution images of a DRG lamellipodia shdw (b) labeled for actindreen, NMIIA (red),
and tubulin 11l plue) and merge of the three staining Scale bam5

89



REFERENCES

10.

11.

12.

13.

14.

Solecki, D. J., E. E. Govek, and M. E. Hatt2006. mPar6 alpha controls neuronal
migration. J Neurosci 26: 10624-10625 1S1:00024 B®DO3.

Ghashghaei, H. T., C. Lai, and E. S. AntorD720Neuronal migration in the adult
brain: are we there yet? Nat Rev Neurosci 8: 1411 A4:17237805.

Goodman, C. S. 1996. Mechanisms and moletidgsontrol growth cone guidance.
Annu Rev Neurosci 19: 341-377 PM:8833447.

Song, H. J., and M. M. Poo. 2001. The celldyy of neuronal navigation. Nat. Cell
Biol. 3: E81-E88 ISI:000167365800006.

Mongiu, A. K., E. L. Weitzke, O. Y. Chaga, a G. Borisy. 2007. Kinetic-
structural analysis of neuronal growth cone veililitg. J Cell Sci 120: 1113-1125
1S1:000244759500020.

Mogilner, A., and G. Oster. 1996. Cell moyilitriven by actin polymerization
25. Biophys. J. 71: 3030-3045 PM:8968574.

Pollard, T. D., and G. G. Borisy. 2003. Ceallumotility driven by assembly and
disassembly of actin filaments. Cell 112: 453-4856000181252600005.

Pak, C. W., K. C. Flynn, and J. R. Bamburg&0Actin-binding proteins take the
reins in growth cones. Nat Rev Neurosci 9: 1364B817000252503300015.

Medeiros, N. A., D. T. Burnette, and P. Foescl2006. Myosin Il functions in actin-
bundle turnover in neuronal growth cones. Nat C&8iol 8: 215-226
ISI:000235708000007.

Howard, J. 2001Mechanics of Motor Proteins and the Cytoskelet@&mnauer
Associates, Inc, Sunderland, MA.

Raucher, D., and M. P. Sheetz. 2000. Ceiagping and lamellipodial extension rate
is regulated by membrane tension. J Cell Biol 1148%:-136 1SI1:000084795300017.

Vicente-Manzanares, M., X. F. Ma, R. S. Atleis and A. R. Horwitz. 2009. Non-
muscle myosin |l takes centre stage in cell adimeaied migration. Nature Reviews
Molecular Cell Biology 10: 778-790 1S1:0002710712QQ.

Conti, M. A., and R. S. Adelstein. 2008. Narstie myosin Il moves in new
directions. Journal of Cell Science 121: 11-18080252243400005.

Cai, Y. F., O. Rossier, N. C. Gauthier, NaiBj M. A. Fardin, X. Zhang, L. W. Miller,
B. Ladoux, V. W. Cornish, and M. P. Sheetz. 201%o€keletal coherence requires
myosin-IlIA  contractility.  Journal of Cell Science 23  413-423
I1SI:000274337800012.

90



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Meshel, A. S., Q. Wei, R. S. Adelstein, andAVSheetz. 2005. Basic mechanism of
three-dimensional collagen fibre transport by fillasts. Nature Cell Biology 7: 157-
U70 1S1:000226719500012.

Wylie, S. R., and P. D. Chantler. 2001. Safgabut linked functions of conventional
myosins modulate adhesion and neurite outgrowthurdaCell Biology 3: 88-92
1SI1:000166146400025.

Wylie, S. R., and P. D. Chantler. 2008. Mgd$C: A third molecular motor driving
neuronal dynamics. Molecular Biology of the Cell :193956-3968
1S1:000259183200030.

Yu, P. P, L. Y. Santiago, Y. Katagiri, and M. Geller. 2012. Myosin Il activity
regulates neurite outgrowth and guidance in respotts chondroitin sulfate
proteoglycans. Journal of Neurochemistry 120: 11178 1S1:000301112500023.

Burnette, D. T., L. Ji, A. W. Schaefer, N. Medeiros, G. Danuser, and P. Forscher.
2008. Myosin Il activity facilitates microtubule bdling in the neuronal growth cone
neck. Developmental Cell 15: 163-169 1SI:000257 ®%%4.8.

Hur, E. M., I. H. Yang, D. H. Kim, J. Byunaiilafu, W. L. Xu, P. R. Nicovich, R.
Cheong, A. Levchenko, N. Thakor, and F. Q. Zhoull20Engineering neuronal
growth cones to promote axon regeneration ovebitdry molecules. Proceedings of
the National Academy of Sciences of the United &3taitf America 108: 5057-5062
IS1:000288712200069.

Cojoc, D., F. Difato, E. Ferrari, R. B. Shatee, J. Laishram, M. Righi, E. M. Di
Fabrizio, and V. Torre. 2007. Properties of thecéorexerted by filopodia and
lamellipodia and the involvement of cytoskeletaimpmnents. PLoS ONE 2: 1072
PM:17957254.

Neuman, K. C., and S. M. Block. 2004. Opttcapping. Rev. Sci. Instrum. 75: 2787-
2809 1S1:000224754800001.

Gittes, F., and C. F. Schmidt. 1998. Interiee model for back-focal-plane
displacement detection in optical tweezers. Optt. 123: 7-9 1S1:000071271100003.

Shahapure, R., F. Difato, A. Laio, G. BissBnErcolini, L. Amin, E. Ferrari, and V.
Torre. 2010. Force generation in lamellipodia igprababilistic process with fast
growth and retraction events. Biophys. J. 98: 989-BM:20303855.

Perona, P., and J. Malik. 1990. Scale-SpadeEaige-Detection Using Anisotropic
Diffusion. leee Transactions on Pattern Analysid dachine Intelligence 12: 629-
639 ISI1:A1990DK89400002.

Weickert, J. 2001. Applications of nonlinadiffusion in image processing and
computer vision. ACTA MATHEMATICA UNIVERSITATIS COMENIANAE 70:
33-50.

Amin, L., E. Ercolini, R. Shahapure, G. Bissand V. Torre. 2011. The elementary
events underlying force generation in neuronal lapwalia. Scientific Reports 1
ISI1:000300556400001.

91



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Bertero, M., T. A. Poggio, and V. Torre. 1988Posed Problems in Early Vision.
Proc IEEE 76: 869-889 I1SI:A19880311100002.

Krotkov, E. 1987. Focusing. International rda@h of Computer Vision 1: 223-237
ISI:A1987M205000003.

Horcas, I., R. Fernandez, J. M. Gomez-Roeédgu. Colchero, J. Gomez-Herrero,
and A. M. Baro. 2007. WSXM: A software for scannprg@be microscopy and a tool
for nanotechnology. Review of Scientific Instrunmeii8 1S1:000243892300028.

Amin, L., E. Ercolini, R. Shahapure, E. Magini, and V. Torre. 2012. The Role of
Membrane Stiffness and Actin Turnover on the Fdirerted by DRG Lamellipodia.
Biophysical Journal 102: 2451-2460 ISI:000305003000

Betapudi, V. 2010. Myosin Il Motor ProteingtwDifferent Functions Determine the
Fate of Lamellipodia Extension during Cell SpreadinPlos One 5
ISI:000273338500007.

Kovacs, M., J. Toth, C. Hetenyi, A. Malnasiifinadia, and J. R. Sellers. 2004.
Mechanism of blebbistatin inhibition of myosin Oournal of Biological Chemistry
279: 35557-35563 1S1:000223303400051.

Laishram, J., S. Kondra, D. Avossa, E. Migip M. Lazzarino, and V. Torre. 2009.
A morphological analysis of growth cones of DRG no&is combining Atomic Force
and Confocal Microscopy. Journal of Structural Bl 168: 366-377
ISI:000271665900002.

Cooper, J. A. 1987. Effects of Cytochalagid &halloidin on Actin. Journal of Cell
Biology 105: 1473-1478 1SI:A1987K595800001.

Bubb, M. R., I. Spector, B. B. Beyer, andK.Fosen. 2000. Effects of jasplakinolide
on the Kkinetics of actin polymerization. An explaoa for certain in vivo
observations. J. Biol. Chem. 275: 5163-5170 PM:16672.

Bridgman, P. C., S. Dave, C. F. Asnes, A.Thllio, and R. S. Adelstein. 2001.
Myosin 1IB is required for growth cone motility. Jmal of Neuroscience 21: 6159-
6169 1S1:000170318200037.

Conti, M. A., S. Even-Ram, C. Y. Liu, K. M.avada, and R. S. Adelstein. 2004.
Defects in cell adhesion and the visceral endodettowing ablation of nonmuscle
myosin heavy chain II-A in mice. Journal of Biologl Chemistry 279: 41263-41266
ISI1:000224075500002.

Cheng, T. P. O., N. Murakami, and M. Elzin§j892. Localization of Myosin-lib at
the Leading-Edge of Growth Cones from Rat DorsabtR@anglionic Cells. Febs
Letters 311: 91-94 ISI:A1992JT76500003.

Miller, M., E. Bower, P. Levitt, D. Q. Li, dP. D. Chantler. 1992. Myosin-li
Distribution in Neurons Is Consistent with A Rote Growth Cone Motility But Not
Synaptic Vesicle Mobilization. Neuron 8: 25-44 K1992HB18500003.

92



41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Rochlin, M. W., K. Itoh, R. S. Adelstein, aRd C. Bridgman. 1995. Localization of
myosin Il A and B isoforms in cultured neurons. éllGci. 108 ( Pt 12): 3661-3670
PM:8719872.

Carlsson, A. E. 2010. Actin Dynamics: Fromnbiscale to Microscale. Annual
Review of Biophysics, Vol 39 39: 91-110 1S1:0002384900006.

Carlsson, A. E. 2012. Self-Feedback in Ag&tolymerization. Advances in Systems
Biology 736: 397-406 1S1:000300257900023.

Straight, A. F., A. Cheung, J. Limouze, |.e@hN. J. Westwood, J. R. Sellers, and T.
J. Mitchison. 2003. Dissecting temporal and spatiahtrol of cytokinesis with a
myosin Il inhibitor. Science 299: 1743-1747 1S1:080519500049.

Roh-Johnson, M., G. Shemer, C. D. Higging;1.JMcClellan, A. D. Werts, U. S.
Tulu, L. Gao, E. Betzig, D. P. Kiehart, and B. Gat&in. 2012. Triggering a Cell
Shape Change by Exploiting Preexisting Actomyosint€ctions. Science 335:
1232-1235 1S1:000301225100047.

Solecki, D. J., N. Trivedi, E. E. Govek, R. KRerekes, S. S. Gleason, and M. E.
Hatten. 2009. Myosin Il Motors and F-Actin Dynami&xive the Coordinated
Movement of the Centrosome and Soma during CNSI|-Glisded Neuronal
Migration. Neuron 63: 63-80 ISI:000268189900009.

Pasapera, A. M., I. C. Schneider, E. Reri€hd). Schlaepfer, and C. M. Waterman.
2010. Myosin 1l activity regulates vinculin recnumiént to focal adhesions through
FAK-mediated paxillin phosphorylation. Journal ofellCBiology 188: 877-890
ISI1:000275862800013.

Dasanayake, N. L., P. J. Michalski, and ACBErlsson. 2011. General Mechanism of
Actomyosin Contractility. Physical Review Lettef@711SI1:000294783200035.

Kruse, K., J. F. Joanny, F. Julicher, J. Rarsd K. Sekimoto. 2005. Generic theory of
active polar gels: a paradigm for cytoskeletal dyita. European Physical Journal e
16: 5-16 1SI:000226766900001.

Bridgman, P. C. 2002. Growth cones contaiwsity Il bipolar filament arrays. Cell
Motility and the Cytoskeleton 52: 91-96 ISI:000178000004.

Klein, Y., E. Efrati, and E. Sharon. 2007afimg of elastic sheets by prescription of
non-Euclidean metrics. Science 315: 1116-1120 082@4387600034.

Sharon, E., M. Marder, and H. L. Swinney. £00=aves, flowers and garbage bags:
Making waves. American Scientist 92: 254-261 1S0220792000022.

Rosner, H., W. Moller, T. Wassermann, J. &b, and M. Blum. 2007. Attenuation
of actinomyosinll contractile activity in growth wes accelerates filopodia-guided
and microtubule-based neurite elongation. Brain eBeh 1176: 1-10
ISI:000251203800001.

93



54.

55.

Gittes, F., B. Mickey, J. Nettleton, and Joward. 1993. Flexural Rigidity of
Microtubules and Actin-Filaments Measured from Thal Fluctuations in Shape. J.
Cell Biol. 120: 923-934 1SI:A1993KL80200008.

Kubo, T., M. Endo, K. Hata, J. Taniguchi,Kdtajo, S. Tomura, A. Yamaguchi, B. K.
Mueller, and T. Yamashita. 2008. Myosin IIA is ra@gd for neurite outgrowth
inhibition produced by repulsive guidance molecudleurnal of Neurochemistry 105:

113-126 1S1:000254383800010.

94



2.5

Comparison of the force exerted by hippocampal an®RG

growth cones

L. Amin, E. Ercolini, J. Banand V. Torre

(In preparation)

95



96



Comparison of the force exerted by

hippocampal and DRG growth cones

Ladan Amin' Erika Ercolini," Jelena Bahand Vincent Torre

"Neurobiology Sector, International School for Adeeah Studies (SISSA), IT-
34136 Trieste, Italy.

Abstract

We have used optical tweezers to compare the fxeded by lamellipodia and
filopodia from developing growth cones of isolat@drsal Root Ganglia (DRG) neurons and
hippocampal neurons. DRG and hippocampal neurome wetained from P1-P2 and P10-
P12 rats. Lamellipodia of DRG neurons were usukdiger than those from hippocampal
neurons and the number of filopodia with inner wicbules was higher in hippocampal than
in DRG neurons. The force exerted by filopodia &®growth cones was in the order of 1-2
pN and never exceeded 5 pN, while filopodia frorpplicampal growth cones exerted a
larger force, often in the order of 5 pN. Lameltilgp of hippocampal and DRG growth cones
exerted lateral forces up to 20 pN, but lamellipodif DRG neurons could exert a vertical
force larger than lamellipodia of hippocampal nestol herefore, the lateral force exerted by
lamellipodia of the peripheral nervous system (P&l8) of the central nervous system (CNS)
neurons at different developmental stages is simitat, in some cases, hippocampal

filopodia are able to exert a larger force.
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INTRODUCTION

Neuronal motility is at the basis of several mafanctions, such as neuronal
development, memory, repair and cell migration (During the realization of these
functions, neurons protrude neurites, highly magtieictures which explore the environment
searching of the appropriate chemical or mechariuak guiding the formation of correct
connections (1, 2). Neurite exploration is guidgdgbowth cones (GCs) located at their tip
(3-5), formed by an extended lamellipodium from evhthin filopodia emerge (6). Filopodia
tips can move at a velocity that can reach 0.8-1s(if9) and their motility is at the basis of

the efficient formation of neural networks.

The primary source of motility in growth cones isetpolymerization of actin
filaments (7-9), a process controlled by a varmtyegulatory proteins (10). The addition of
actin polymers to actin filaments in close contath the membrane pushes the cellular
membrane forward exerting a protrusive force (12), By using optical tweezers (13, 14),
we previously measured the force exerted by lapwlia and filopodia from developing
growth cones of isolated Dorsal Root Gaglia neuf®@RG) (15-18). The force exerted by
filopodia was in the order of 1-2 pN and never ez 5 pN, while lamellipodia exerted

large forces up to 20 pN.

It is now well established that several propertésgells and neurons are altered by
the mechanical properties of the environment (19, &d, for instance, differentiation of
stem cells and of neuronal precursors is influenogdhe stiffness of the substrate over
which they are cultivated (21). In the central mery system (CNS) neurons develop and
navigate over glial cells, which constitute a ratbeft substrate (20, 22, 23) but neurons in
the peripheral nervous system (PNS) navigate thrauglifferent environment (24, 20),
suggesting that their biomechanics may differ fimmse of CNS neurons and possibly the
force exerted by lamellipodia and filopodia of GtbwCones (GCs) of CNS and PNS

neurons could be different.

DRG neurons are part of the PNS and we asked whithdorce exerted by neurons
of CNS was different. DRG neurons investigated rievipus analyses were obtained from
P10-P12 rats and it is possible that neurons solftom rats at different developmental
stages exert a force with a different strength. &ma of the present investigation is to
measure and compare the force exerted by filopadid lamellipodia of DRG and

hippocampal neurons obtained from P1-P2 and fro+FPI2 rats. In this way we obtain a
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comparison of the force exerted by growth conemffeNS and CNS neurons at different

developmental stages.
MATERIALS AND METHODS
Cell culture preparation

DRG neurons.DRG neurons were obtained as previously desciib&dl7). Briefly, Wistar

rats 1-2 days old (P1-P2) and 10 to 12 days ol®@-12) were sacrificed by decapitation
after being anesthetized by €@n accordance with the Italian Animal Welfare Act.
Dissociated neurons were plated on poly-L-lysinated coverslips and incubated for 24 h to
48 h. Nerve growth factor (50 ng/ml; Alomone LaBsrusalem, Israel) was added before

performing the measurements.

Hippocampal neurons. After decapitation, hippocampi of P1-P2 or P10-Ri¥star rats
were dissected, cut in slices and washed twice with dissection medium (25). The
enzymatic dissociation was performed treating thees with 5 mg/ml trypsin (Sigma-
Aldrich, St.Louis, MO) and 0.75 mg/ml DNAsel (Sigmddrich, St.Louis, MO) in digestion
medium (5 min, room temperature). Then, trypsin wasitralized by 1 mg/ml trypsin
inhibitor (Sigma-Aldrich, St.Louis, MO) in the dmsstion medium for 10 minutes in ice.
After a wash in the dissection medium, mechanicsdatiation was performed in the same
dissection medium with 0.6 mg/ml DNAsel by approataly 50 passages through a Gilson
P1000 tip. The cell suspension was then centrifige®D0 rpm for 5 min, and the pellet re-
suspended in the culture medium. Finally, hippocmnmgurons were plated on pretreated
polyornithine (50 pg/ml, Sigma-Aldrich, St.Louis, Q) coverslips. The hippocampal
neuronal cultures were incubated (5% £Q7 C) for 24-48 hours in minimum essential
medium with Earle’s salts and Glutamax | with 108S; 2.5 pg/ml gentamycin (all from
Invitrogen, Life Technologies, Gaithersburg, MD, A)S6 mg/ml D-glucose, 3.6 mg/ml
Hepes, 0.1 mg/ml apo-tranferrine, 30 pg/ml insuir, pg/ml biotin, 1.5 pg/ml vitamin B12
(all from Sigma-Aldrich, St.Louis, MO).

Optical tweezers setup

The optical tweezers set-up was built as describe(l5) and it was extensively
described in (16, 17) .the trapping source was t@erbium fiber laser operating at 1064 nm
(IPG Laser GmbH, Burbach, Germany) which was sett an inverted microscope (IX81,
Olympus, Milan, ltaly) to the focusing objective lf@pus 100X oil, NA 1.4). The dish
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containing the differentiating neurons and the Be@®EI-1.0NH2, G.Kisker GbR, Steinfurt,
Germany) was placed on the microscope stage artdntperature was kept at 37 C by a
Peltier device. The bead positiean= (X, y, 2 was determined with a lateral and vertical
accuracy of 2 and 5 nm, respectively, by using Hackl plane detection (13, 26, 27). The
trap stiffnesKyy,. = (K« ky, ko) and the detector sensitivity were calibrated gigive power
spectrum method (13). The force exerted by the llgpndium or by the filopodiunt was
considered equal td-yap. When the displacement of the bead from its eoyuiim position
inside the trapd = (d, dy, d;) was less than 400 nm and 250 nm vertically aterddy,
respectively Fuvap = (Fx, Fy, F2) wascalculated a$y = k¢ dy, Fy = k, dy, andF, = k; d, (13).

All force recording experiments were monitored ligeo imaging with a CCD camera at a
frame rate of 5 Hz. The determination of the linemrge and the sensitivity of the optical

trap are described in detail in (17)
Computation of Fv relationships

Details of the computation dfv relationships as well as of the determination ef th
bandwidth of biological events underlying force geation can be found in (16). The
velocity v = (v, W, V;) of the bead was obtained by numerical differemratf its sampled
positionx = (x(n), y(n), z(n)) n = 1,...N. Numerical differentiation was computecheit by
convolution of the position componen@®), y(n) andz(n) with the derivative of a Gaussian
filter 1/[c(2n)Y]] exp(+¥ o?) (Gaussian filtering) or by Linear regression. &san filters

corresponding to cut-off frequencies of 0.2, 1 26z were used.

Immunostaining and imaging

Cells were fixed in 4% paraformaldehyde contairngb% picric acid in phosphate-
buffered saline (PBS), saturated with 0.1 M glycipermeabilized with 0.1% Triton X-100,
saturated with 0.5% BSA (all from Sigma-Aldrich,Stuis, MO) in PBS and then incubated
for 1hour with primary antibodies: mouse monocloaatibodies against neuronal class3HI
tubulin-TUJ1 and SMI 312 neurofilament marker ¢edim Covance, Berkeley, CA) followed
by the 30min incubation with secondary antibodigsat anti-mouse immunoglobulin (Ig)
G1-FITC and IgG+TRITC (Southern Biotech, Birmingham, AL), goatiambuse 594 Alexa
(Invitrogen, Life Technologies, Gaithersburg, MD,SA). Alexa Fluor 488 phalloidin
(Invitrogen, Life Technologies, Gaithersburg, MDSA) was used to stain F-actin. All the
incubations were performed at room temperature2@@). The cells were examined using a

Leica DMIREZ2 confocal microscope (Leica MicrosystembH, Germany) equipped with
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DIC and fluorescence optics, diode laser 405nmAY 488nm and He/Ne 543/594nm
lasers. The fluorescence images (1024x1024 pixedsd collected with a 63X magnification
and 1.4 NA oil-immersion objective. For the neustiength analysis Leica DM6000 or Zeiss
Axioskop 2 MOT microscopes equipped with CCD camé&¥iC and fluorescence optics
were used. Images were acquired with 40X magnifinaf1.0 or 1.3 NA) oil-immersion

objectives.
Neurite and filopodia length and lamellipodia areameasurement

The length of the neurites and of the filopodia wasasured from the confocal
images showing actin staining by using the folloyvisoftware: NeuriteTracer (ImageJ
plugin) (28), Volume 168, Issue 1, Pages 134-139

(http://dx.doi.org/10.1016/j.jneumeth.2007.08.029

RESULTS

Neurons from DRG and hippocampi of P10-P12 and IoPP Wistar rats were
isolated and plated on poly-L-lysine-coated and{awhithine coated coverslips. After 24-48
h of culture, coverslips containing either DRG gupgocampal neurons were positioned on
the stage of an inverted microscope used for ingagimd force measurement (16) (see also
Materials and Methods). Silica beads with a diametel um were trapped with an infrared
(IR) optical tweezer in front of growth cones ahavas possible to measure the force exerted

by neuronal filopodia and lamellipodia with sub péhsitivity at 10 kHz resolution.

Geometrical properties of hippocampal and DRG growht cones

The morphology and geometrical properties of higmogal and DRG neurons are
rather different and when cultivated in a dish thap be easily recognized. After 6-12 hours
of culture, as previously observed (29), thin nesremerge from the soma of hippocampal
neurons (Fig. 1) but extended lamellipodia sprout from the som®RBRIG neurons (Fig. 1
b). Neurites emerging from hippocampal neurons aamgextensively up to some tens of
pm and occasionally could retract. After 12 hourscolture, neurites start to emerge also
from the soma of DRG neurons and follow a dynanmsgwilar to that observed in

hippocampal neurons.
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To quantitatively describe the differences in te@metry of DRG and hippocampal
neurites and GCs, both cultures were fixed at 20@%s after plating. These times were
sufficiently short to prevent neurites from formimgnetwork. Morphological differences
were analyzed by immounofluorescence with differpribes for actin (phalloidin) and

microtubule (I1IB3-tubulin-TUJ1). Quantitative details are summarigedable 1.

The number of neurites emerging from hippocampdlBRG neurons is different. In
DRG cultures (P10-P12 and P1-P2) most of the obsgemeurons have 1 (63%), 2 (28%) or 3
(6%) neurites and only occasionally neurons showtau® (3%) neurites (Fig. 2, red
histogram$. Most of the plated hippocampal neurons (P1-R&)egate either one or two
neurites (44% and 40% respectively), 16% of cedsehthree or more neurites. But the
number of neurites generated from P10-P12 hippoadnmgurons is significantly higher and
almost 80% of these neurons have more than 3 asyfig. 23, green histograms Neurites
from DRG neurons of both P1-P2 and P10-P12 ratdoaiger (65.6+8.0 and 50.7+£5.8 pm,
respectively) than those from hippocampal neur@22¢2.0 and 28.2+2.4 um, respectively)
(Fig. 2b). Growth cones (GCs) emerge from the neuritesafgsoth DRG and hippocampal
neurons and these GCs have different morphologyrastdity. Although the size of GCs can
vary widely, the average size of a DRG GC is sdvemaes larger than the size of an
hippocampal GC. In hippocampal GCs several filopaginerging from a lamellipodium are
shown to be significantly less extended than tHom® a DRG lamellipodium (Fig. & and
d). In hippocampal neurons, the GC size is almosstamt at different development stages
(P1-P2 and P10-P12 rats). But in DRG neurons, AROEC lamellipodia are larger than
those of P1-P2 GCs (Fig.€). The ratio between the number of filopodia arel BC area is
larger in hippocampal GCs (0.4+0.1 jirior hippocampal GCs versus 0.10+ 0.02{)1¢Fig.
2 d). Therefore, hippocampal neurons seem to be nfdopddish” while GCs have a more
bundle-like structure. Filopodia characterizatiomsre determined by measuring filopodia
number and length (Fig. andd). Hippocampal GCs present slightly shorter filojpoand
the length of filopodia remains constant in bothH2land P10-P12 GCs (Figcp
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Figure 1. Geometrical properties of hippocampal and DRG growht cones (a-b) Low resolution image of
neurites emerging from the soma of hippocampalapnd DRG K) neuron. ¢) From left to right: confocal
fluorescence images of a hippocampal GC staineddin @reer), tubulin fed) and merge of the two staining.
Arrows indicate a filopodium with microtubules idsi @) As in () but for DRG GC. € The fraction of
filopodia with a staining for microtubules in DR&( bai) and hippocampab{ue ba) GC.

GCs from DRG and hippocampal neurons, not onlyedifin their geometrical
properties, but also in the organization of thejtoskeleton. Immunostaining of GCs for
actin and tubulin shows that in hippocampal GCsratitbules extend into the periphery
domain (P domain) and even penetrate inside fil@gp@eig. 1c). In DRG GCs microtubules

usually terminate at the central domain (C domamj only rarely (less than 10%) protrude
into the P domain (Fig. 6).
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Figure 2. Differences in the geometry of DRG and ppocampal neurites and GCs(a) Number of neurites

emerging from DRG neuronsed histogramsand hippocampalgfeen histograinsoma. ) Measurement of

individual neurite lengths from the tip of each riteuto the edge of the DRG®e(d histogram and hippocampal

(green histogramsoma. €) Number of filopodia emerging from DR@efl histogram and hippocampabfeen

histogram) GCs. () Measurement of individual filopodium lengths frahe tip of each filopodia to the edge of
the DRG (ed histogram and hippocampalgteen histogratn GCs. €) Area of DRG (ed histogram and
hippocampal green histogratnGCs. {). Ratio of number of filopodia and area of GC iR® (red histogram

and hippocampalteen histograinGCs.
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Hippocampal DRG

(P1-P2) (P10-P12) (P1-2) (P10-P12)
Neurite length (um) 22.2+2.0 28.2+2.4 65.6+8.0 50.7+5.8
Number of filopodia/GC 2.710.4 2.91+0.5 3.0+0.5 5.5+1.3
Filopodia length (um) 3.6+0.2 3.7x0.4 6.2+0.5 5.9+0.6
GC Area (um) 7.0£1.5 10.9+1.3 24.3+3.2  109.5+21.0
Number of filopodia/GC area (1/ fin ~ 0.4+0.1 0.6+0.5 0.2+0.04 0.1+0.02

Table 1 Geometrical differences of DRG and hippocampasGC

We have not observed any statistical significarftecence in neurons dissociated
from P1-P2 and from P10-P12 rats except for thebmrrof neurites in hippocampal neurons
and the size of GCs in DRG neurons which are highenore mature rats. The time of

culture seems to be the major determinant of resulgngth and not the rat age.

Force measurements in hippocampal and DRG filopodiand lamellipodia

Filopodia of hippocampal and DRG GCs have a sinalad elongated shape with a
diameter varying from 80 to 400 nm and an averaggth of 2.7+0.4 and 5.5+1)3m,
respectively. In order to measure the force thesrtexve positioned a silica bead trapped
with an IR laser beam in front of filopodia tipsdF3 a ande). Protruding filopodia pushed
trapped beads and displaced them from their equuilibposition inside the optical trap both
for hippocampal (Fig. 3 and ¢) and DRG filopodia (Fig. ¥ and g). During these
protrusions, filopodia exerted a lateral force a@2t4 pN and often also along the vertical
axis but rarely exceeding 2 pN (Figd andh). Collected data indicate that DRG filopodia
during protrusions exerted an average force of#D2A pN (n=58) lower than the force
exerted by hippocampal filopodia equal to 3.0 £pN (n=64) (Fig. 3i). Often filopodia
could seal on the silica bead, so that when thegated they pulled the bead away from the
optical trap, exerting a force during their retraet During retractions both DRG and
hippocampal filopodia exerted a force significaridyger than during protrusion, equal to
4.9+0.5 (n=31) and 5.3%£0.7 pN (n=23), respecti(€lg. 3j).
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Figure 3. Comparison of the force exerted by filopdia from hippocampal and DRG growth cones(a)
Low resolution image of a bead trapped in fronadflopodium emerging from a GC of hippocampal meur
(b-c) High resolution images during a push by a fildpod At t; the bead is in the optical trap) (@nd at, the
filopodium pushes the bead)( The cross indicates the center of the opticg.tfl) The three componenks,
Fy, andF, of the force exerted by the filopodiurme-f) As in @-d) for a filopodium emerging from a GC of
DRG neuron. i} Histogram of the force measured during a pusDRG (ed histogram) and hippocampal
(green histogramneurons.jj As in () but during retraction. The trap stiffneskis=0.1,k,=0.03 pN/nm.

During their exploratory motion often filopodia pivand push beads aside, possibly
as a consequence of shearing movements of thelipoahl actin network where the
filopodial shaft emerges. We refer to the firstecas lateral collisions (Fig.ab andi-j) and
to the latter case, where the filopodium pushedéaal, as protrusion (Fig.e4f andm-n).

The amplitude of exerted force and their time cewvas similar for DRG and hippocampal
filopodia both for lateral collisions (Fig.elandk) and protrusions (Fig. ¢ ando). The force
exerted during lateral collisions depends on thengary of the collision, since a filopodium,
during its exploratory motion, can hit the beadsbghtly touching it with its tip (as in Fig. 4
b) or hitting it with an intermediate part of theadih(as in Fig. 4). Histograms of the force
measured during lateral collisions are shown in &#djandl, and during protrusions in Fig. 4
h andp (hippocampal and DRG filopodia, respectively).

106



Hippocampal (Lateral collision) Hippocampal (Protrsion)

1 2.8+0.1

% Occurrence
e
% Occurrence

o

0 4
Force (pN)

DRG (Protrusion)

4
Force (pN)

2.1+0.1

% Occurrence
wn
% Occyrrence

o
o

4 8 0 4 8
Force (pN) Force (pN)

Figure 4. Lateral collision and protrusion of filopodia. (a-b) Lateral collision between a filopodium
from hippocampal neuron and a trapped bead. Thesdralicates the bead’s equilibrium position inside
optical trap. €) F,, F,, andF, during the lateral collision shown im«b). (d) Histogram of force measured
during lateral collision in hippocampal neurong-f)( Collision between a protruding filopodium from
hippocampal neuron and a trapped bead={ff,, andF, during the filopodial protrusion shown in-f (g-—h)
Histograms of forces measured during protrusiad3.As in @-d) for a filopodium from a DRG neuronm(p)

As in (e-h) for a protruding filopodium from a DRG neuron.

Simple mechanical considerations show that theefoegerted by a wandering
filopodium during a lateral collision as discuss(ib) can be accounted for by the elastic
force expected from its flexural rigidity (137) and its bending or buckling. No additional

contribution from other force-generating mechanissmequired.
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As in the case of filopodia, silica beads were geapin front of lamellipodia (Fig. 5
a) and when the lamellipodia grew, they displacesilibad (Fig. ® andc) exerting a force
up to 20 pN. Growing lamellipodia could displaceatte almost entirely in the lateral
direction (Fig. S-d) and more often they displaced beads both layeaaid vertically (Fig. 5
f-h). Collected data show that DRG lamellipodia exéda average force of 9.7 +0.5 (n=51)
significantly larger than the average force of #8B4 pN (n=33) exerted by hippocampal
lamellipodia (Fig. 5, red and green histogramespectively).

T
o
£
©
o
<3
%
=
T

push j .4 - retraction 0.4p retraction
Hippocampal DRG Hippocampal
o 9.7+0.5 4.8+0.4 o 8.5+0.4 6.3+0.9
2 =
e e
302 0.2 302F 0.2
5] (3
o o
ES ES
0 0 0 0
0 10 20 0 10 20 0 10 20 0 10 20
Force (pN) Force (pN) Force (pN) Force (pN)

Figure 5. Comparison of the force exerted by lamellipodia fom hippocampal and DRG growth cones(a)
Low resolution image of a bead trapped in fronaddmellipodium emerging from a hippocampal neucbrx)
High resolution images during a push by a lametlipm. At t; the bead is in the optical trap)(and att,
lamellipodium grows and pushes the trapped bepdrfie cross indicates the center of the optia.tfl) The
three components,, F,, andF, of the force exerted by the lamellipodium from feppmpal neuroneth As in
(a-d) but for a lamellipodium emerging from a DRG neur@) Histogram of force measured during push in

DRG (red histogram and hippocampalgfeen histogramneurons. jj As in () but during retraction. The trap
stiffness isk,,~0.1,k~0.03 pN/nm.
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When the lamellipodium retracted, if the bead wiachaed to the membrane it was
possible to measure the force exerted by the Igodium during the retraction (Fig.e>g).
Force recordings (Fig. B) show that the bead was displaced in x, y, anddzthat at time;,
the lamellipodium is performing a retraction (baththe lateral and vertical directions). The
adhesion of the bead to the lamellipodial membiansonfirmed by the fact that the bead

does not jump back into the trap and that the wagaof the trace decreases.

In DRG lamellipodia, measured forces for verticasipes are larger than hippocampal
lamellipodia with mean values of 3.9+0.3 pN andt0.@ pN, respectively (Table 2). Forces
during retraction have slightly larger values in ®@Ramellipodia, and span approximately
the same range of values both for DRG (Fig, fred histogram and hippocampal (Fig. 5
green histogram lamellipodia, having mean values of 8.5+0.4 pNd a6.3£0.9 pN,
respectively (see Table 2 for details). During ieailtretraction, the measured pulling force
reaches values up to 10 pN in DRG lamellipodia shil hippocampal lamellipodia the
maximum value was up 4 pN with mean values of 43:#hd 2.0+0.30 pN, respectively
(Table 2). In hippocampal neurons there is no &igamt difference in the force exerted by

filopodia or lamellipodia of P1-P2 or P10-P12 newso

Hippocampal DRG
Fxy (PN) F.(pN) Fxy (PN) F.(pN)
filopodia pust 3.040.1 0.7 #€.1 2.240.1 0.6+0.1
retractior 5.3+0.7 15+0.2 5.0+0.5 1.340.2
lamellipodia push 4.8+0.4 1.06€.2 9.7+0.5 3.910.3
retraction 6.3+0.9 2.0 £0.30 8.5+0.4 4.1+0.3

Table 2:force generated by filopodia and lamellipodia gfgacampal and DRG neurons
Force-velocity relationships from hippocampal and IRG lamellipodia

We computed averadev relationships, Ev>, from the measured displacements and
forces for vertical and lateral pushes and rewasti(16, 17) both for hippocampal and DRG
lamellipodia from P10-P12 rats. Vertical referghe direction perpendicular to the coverslip
(z axis) and lateral refers to the plane of the cslieix,y). Fv relationships obtained from a
single experiment (see Materials and Methods a6)) (kere normalized t&.«x and were
averaged so to obtain averdgerelationships, Ev>. At the beginning bead is in the trap far

from lamellipodia and its velocity is zero. Durimysh lamellipodia leading edge moves
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toward the trapped bead with constant velocity .(&Bfore reaching to a solid contact with
bead, the bead velocity increase but later on afiatact is complete bead and lamellipodia
move with the same constant velocity. Thereforeingurvertical pushes <> were
characterized by an initial rise @freaching the value of ~ 35 nm/s for DRG lamellipod
(Fig. 64, red line and ~ 15 nm/s for hippocampal lamellipodia (Fa, green ling. <Fv>
relationships during lateral pushes (Figh)éand retractions (Fig. @) were very similar for
hippocampal dreen liney and DRG lamellipodiaréd lineg. For vertical retractions (Fig. 6
c) the shape of kv> relationships was very similar but had a highelowity for DRG

lamellipodia up to 19 nm/s while in hippocampal &iipodia it was not higher than 12 nm/s.
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Figure 6. Fv relationships during pushes and retractions from ippocampal and DRG lamellipodia.(a-d)
Average Fv relationships, Rv>,, normalized toF.. for vertical pushesaj, lateral pushesbj, vertical
retractions €) and lateral retractionsly for hippocampaldreen liney and DRG fed line9 lamellipodia

Axonic and dendritic GCs

We investigated also possible differences betwéenférce exerted by axonic and
dendritic GCs in DRG neurites. After 1 and even&dof culture, neurites are rather
immature and it is difficult to distinguish betwearons and dendrites in a reliable way, but
after 3 days of culture neurofilaments can bertjdadentified in axons by using antibodies

for the SMI protein (30). In some experiments (n=afjer obtaining force recordings with
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our optical setup, neurons were fixed and werensthifor actin, tubulin and SMI so to

identify whether the tested GC came from an axami@ dendritic neurite. Neurons were
cultivated on a gridded coverslip with numbered messso to allow a precise identification
and localization of tested GCs. By using this pcage, we verified that the force recorded
from axonic and dendritic GCs was similar and wertht observe any major differences (see

Supplementary Information, Figs. S1 and S2).

DISCUSSION

The present manuscript show that filopodia and Iipmoelia from GCs of CNS -
hippocampal neurons - and PNS - DRG neurons - deeces with a broadly similar
amplitude, developing following a very similar tinewurse. Both types of neurons exert
forces varying from 1 up to 20 pN and occasionhipher. At a more quantitative level, two
main differences appear: firstly, filopodia fromppocampal growth cones exert a force
larger than from DRG growth cones; secondly, laipediia from DRG growth cones exert a
larger force and can reach a higher speed if theyenin a vertical direction. We have not
observed any substantial differences between tive fexerted by axonic and dendritic GCs.

Let us discuss in detail what these differencestrg (or) are.

Hippocampal and DRG filopodia

Hippocampal neurons are more spiny and the numb#opodia per area of GC is
higher than in DRG neurons (Table 1) but the lerdtBRG filopodia is higher than that of
hippocampal filopodia (Table 1). The filament ldmdgg an important factor in determining
the amplitude of its thermal fluctuations and oé texerted force. The effective elastic
constant of an actin filament is inversely propmrél to the length of the filament, so if the
filament is too long, it becomes too "soft" andoiickles under load forces of less than a
picoNewton (7).

The most important morphological differences betwdeppocampal and DRG
filopodia is the higher presence of microtubulesida hippocampal filopodia. Our
immunostaining experiments indicates that in higpopal GCs a higher number of MTs

extends into the P domain of GCs and enters theirped part of a filopodia (Fig. 1).
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Microtubules are not just passive players, but they one of the important cytoskeletal
components during neuronal development and plagcéive role in neurite growth and axon
specification (31, 32, 33). Individual MTs peneitngtthe filopodia are highly dynamic and
they play an important role in guidance decisi@f).(MTs inside filopodia undergo cycles
of growth and catastrophe, dynamic instability, @ahdy can also have direct effect on
membrane protrusion (34, 35) Therefore, actin fédate and microtubules can move and
undergo dramatic changes in their organization lacdtion within the P domain of the
growth cone due to “dynamic instability” of MTs. it believed that dynamic instability
enables MTs to quickly remodel their organizatiard eselectively grow in response to
extracellular signals (34). It has been shown tmaaximum polymerization and
depolymerisation forces for MTs is much larger tretin filament polymerization force
(11). This can be understood by assuming thatam&ht behaves as a homogeneous elastic
rod and that the magnitude of buckling forces ispprtional to the flexural rigidity of the
filament (36). The mean flexural rigidity of midubules is 2.2 x 16 Nm? which is almost
1000 times larger than that of actin filamentsado 7.3 10° Nm? (37). Taken all these
considerations together, we conclude that the entst of microtubules inside filopodia of
hippocampal GC is the main reason why hippocamipgbddia exert a larger force than
DRG filopodia.

The number of neurites in hippocampal neurons gsifitantly higher than DRG
neurons and it increases in more mature rats (R20-FAfter one day of culture, 63% of
DRG neurons have only one neurite and the numbereafites remains constant in both
preparations of P1-P2 and P10-P12 DRG. After thmeeshours of culture, DRG neurites

grow longer than those from hippocampal neurons.
Hippocampal and DRG lamellipodia

DRG lamellipodia can displace beads from the tragmavhen the maximum trapping
force is more than 20 pN (Fig.i5andj). Our experimental data indicate that the maximal
measured force depends on the contact area bethvedread and the lamellipodium leading
edge (16, 17). In these experiments, the bead dtmeas 1 um and the area in contact with
the silica bead, A obtained from videomicrographs, varied from lésmt0.1 up to 1.5 pm
Therefore, we expected that the contact area batwebead and a larger lamellipodium

would be on average higher than with a smaller Iipoglium. This could be one of the
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reasons why lamellipodia from DRG neurons exerargdr force than from hippocampal
neurons. Another possibility is that larger lammllia are more rigid than smaller
lamellipodia, as a consequence of a more globatttral stability caused by an extensive
crosslinking of connecting proteins (38), such a®$ins and other regulatory proteins. Our
results show that the mean size of DRG GCs (P10Q-Bl2lmost 10 times larger than
hippocampal GCs (Table 1) and the lamellipodia @feé@RG neurons are much larger than
the hippocampal ones. Interestingly, the mean aize hippocampal GC obtained from P1-
P2 and P10-P12 rats remains constant, which sugtjest the maximal exerted force by
lamellipodia in hippocampal neurons must not chazage this hypothesis is confirmed by

our experimental data.

Video tracking observations from very early stagdg®w that in DRG cultures,
vigorous lamellipodia emerge directly from the sgonatrude and collapse continuously and
undergo three dimensional motions. Using algorithreed in computer vision processing
(39) we were able to obtain a 3D reconstructiotheflamellipodia. Our results indicate that
DRG lamellipodia leading edges are able to lifty@3-5 um and exert a larger vertical force
than hippocampal lamellipodia (Table 2). On theeotlhand, in most of the force
measurement experiments very thin hippocampal lgodia grow below the bead without
pushing it. In these kinds of experiments, no sigant bead displacement was observed.

Therefore, lamellipodia from DRG neurons are expetb exert larger vertical forces.

The outcome of the present manuscript is in agreeméh recent studies (40) that
showed that the DRG GCs exert a larger tractiooefan comparison to hippocampal GCs.
Moreover it has been shown that density of paxiirsignificantly higher in DRG than in
hippocampal GCs (40), suggesting that the diffezeincforce generation by lamellipodia

could also be due to stronger adhesions in DRG GCs.

Our results indicate that the different morpholafyGCs, which could vary widely
among neuronal cell types and species, can affieat motility and force generation. These
morphological differences in CNS and PNS neuroespaobably due to their functionality.
Moreover, different substrate stiffness can haveféect on outgrowth and traction forces of
DRG GCs but hippocampal GCs are independent oftmubsstiffness (40). CNS neurons
grow on the softest tissues in the body (glial)ek different environment from where PNS
neurons grow (40, 20). This suggests that alsoldbation has an important role in the

mechanisms underlying force generation in neurons.

113



Supplementary Information

Comparison of axonic and dendritic growth cones

Figure S1. Axonic growth cone(a) Low resolution image of DRG neurons and GC ingidaby an arrow.
Scale bar, 5 pm.bf High resolution image of the GC shown in par@l Scale bar, 2 pum.c The three
componentsF,, F,, and F, of the force exerted by filopodia emerging from tG&€ shown in If). (d-f)
Fluorescence images of the same neuron and GGatediin @) stained for tubulinréd), (d), and SMI greer),
(e). The green staining indicates that the neurinisixon. Merge of the two staining is shownf)n%cale bar,

5um.
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Figure S1. Dendritic growth cone.(a-¢) Fluorescence image of GC indicated by an arravhulin is marked
in red (&) and SMI ingreen(b). In (c) the merge of the two staining. The absence @gfrgetaining indicates that
the GC is a dendritic GC. Scale bar, 3 ud). {he three components, F,, andF, of the force exerted by

filopodia emerging from GC shown ia-).
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3

DISCUSSION

Experimental tools such as optical tweezers, videaging, immunocytochemistry
and AFM enable us to provide a precise charact@izeof the molecular mechanism
underlying force generation in DRG growth cones. RD thesis aimed at describing in
detail the role of actin turnover, membrane sti@nd myosin Il in force generation by
DRG growth cones. Using optical tweezers, | meabsumce generated by DRG and
hippocampal lamellipodia and filopodia during nenabdifferentiation with high temporal
resolution and force sensitivity (picoNewton) withaausing any photodamage. These are

the main conclusions of my PhD work:

1 — Dynamical properties of force Generation.

| found that force generation in lamellipodia ipm@babilistic process in which fast
growths alternate with local transient retractiook the lamellipodium leading edge.
Experimental characterization of Fv relationshipséuronal growth cones shows that <Fv>
relationships exhibited a flat shape, during wittedén mean velocity remained constant while
the force increased (Shahapure et al., 2010). Tdrereautocatalytic model (Carlsson, 2001;

Carlsson, 2003) correctly describe force generatoa mean approximation. In individual
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experiments, the velocity does not remain condiahbscillates and can change its direction
During these events, occurrence of local catasespbeems the most likely biological
mechanisms underlying local transient retractioostrolled by cofilin and other severing
proteins. Transient increase in rate of retrogractén flow over protrusion rate at leading
edge (Lin and Forscher, 1995) can effect a trangietnaction of lamellipodium leading
edge. These results give new insight on dynamicalerties of force generation in neuronal
growth cone lamellipodia (Lacayo et al., 2007; Ba&l., 2008; Weiner et al., 2007).

2 — Detection of elementary events during forceegaion.

A detailed analysis of Brownian fluctuations of aptically trapped bead when it
seals on the lamellipodia leading edge can prowisights into the underlying kinetics of the
force generation process. My results indicate filv@e generation in neuronal lamellipodia is
composed by elementary events corresponding toafohand backward jumps ranging from
2 to 20 nm (Amin et al., 2011). This suggests fhate generation occurs at different rates.
At the slowest rate the lamellipodium leading eddegances smoothly with small jumps and
the amplitude of these jumps correspond to sizactih monomer (2.7 nm) which can be
explained by the addition of the actin monomerthexisting actin filaments. At the fastest
rate, larger jumps are observed and they are likebe caused by the insertion of small actin
oligomers (Okreglak and Drubin, 2010) and by thecuoence of a burst of actin
polymerization in single or neighboring actin filants. These jumps are not observed when
GCs were fixed with paraformaldehyde, suppressihgealular motility, but when actin
turnover is reduced by treating the neurons withplikinolide (Bubb et al., 2000) or

Cytochakasin D (Cooper, 1987), force generatioh @tcurs but at a slower rate (Amin et
al., 2012).

3 — Role of actin turnover and membrane stiffnessnguiorce generation

In the presence of jasplakinolide, the amplitudd frequency of elementary jumps
underlying force generation is reduced (Amin et 2012) with the mean amplitude of 2.4
nm similar to the mean polymerization step siz& (@n) of actin filament, suggesting that
when actin turnover is reduced and force generatioours at the slowest rate and
jasplakinolide prevents the addition of small aailigomers to protruding actin filaments

therefore larger jumps were not observed. Highacentrations of jasplakinolide completely

122



block the force generation. On the contrary, Cyekidn had the opposite effect and
increased the frequency of elementary eveDRG lamellipodia treated with 2.5 mM
cylodextrin moved more vigorously by showing cyatégrotrusions and retractions similar
to those observed in control conditions with slighitigher frequencies, suggesting that the
normal actin treadmilling underlying these cycleaswonly marginally affected. By using
AFM, | determined that cyclodextrin reduced the rbesmne stiffness of DRG neurons both
in the soma and in GCs. Taken together; my redoldicate that actin turnover is a
fundamental factor of force generation and the nramd stiffness provides a selective

pressure which shape force generation.

4 — Role of Myosin Il during force Generation.

Another part of my Thesis addressed the role ofgimyd, as an important factor in
the force generation by growth cones. | observatlitihibition of myosin Il has an opposite
effect on the force generation by lamellipodia éilapodia. In the presence of Blebbistatin
force exerted by lamellipodia drastically redudedt, surprisingly force exerted by filopodia
increased by 30-50 %. My experimental data indg#tat in DRG GCs, NMIIB is primarily
localized in the central domain of GC and rarelyeared to the periphery of GCs. In
contrast, NMIIA was clearly present at GCs leadauge. Actin and NMIIA colocalized
rather well, suggesting the presence of an actomymsnplex formed by Actin and NMIIA
which may have an active role during 3D bucklindashellipodia. When NMII is inhibited,
by application of Blebbistatin, two significant npiological changes were observed. Firstly,
lamellipodia lose their sheet-like appearance auwbime “filopodish” and they are not able
to lift up during retraction which is likely to beaused by removal of the crosslinkage of
actin filaments caused by NMII filaments and sedpniilopodia emerging from GCs have a
higher proportion of microtubules inside. These phatogical changes could explain my
unexpected observation that filopodia treated \Bikbbbistatin exert a larger force than in
untreated filopodia. My results suggest a possitlle of myosin Il in force generation and in
particular during lamellipodia retractions and éonfa coupling between actin and MT

dynamics.
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5 —Comparison of force generation in GCs form tiNSGind PNS.

| also provided an experimental comparison of fomerted by growth cones
emerging from DRG and hippocampal neurons. | fotivat filopodia and lamellipodia of
both types of neurons can exert force with an aomdis varying between 1-20 pN
developing with a similar time course. At a morauitative level two main differences was
observed: firstly, filopodia from hippocampal grémtones exert a force larger than from
DRG growth cones; secondly, lamellipodia from DR®vgth cones exert larger force and
can move up at a higher speed in axial directignuBing immunocytochemical analysis |
summarized the morphological differences of theserans. My results show that the
morphological properties of GC vary widely betwearuronal cell types and these
differences can affect their motility and force geation properties. These morphological
differences in CNS (hippocampal) and PNS (DRG) oesircould be related to their
differences in functionality. Moreover, differentlsstrate stiffness can effect on outgrowth
and traction force (Koch et al., 2012) suggestimgt tthe environment of neurons has an

important role in mechanism underlying force getera

This study shows that a rather complex biochemiwathinery underlie the observed
protrusion/retraction cycles of neuronal lamelligo@énd This dynamics changes during
differentiation and could be cell specific. The nidéication and characterization of the
positive feedback (Calsson, 2010b) underlying thmses will be a major issue for future
investigations. There are several theoretical ptidis about positive and negative feedback
as the main mechanisms of actin waves and pat€wsspn, 2012). These include the role
of the myosin Il in the actin wave motion, the disition of the Arp2/3 complex throughout
the wave and the acting filament orientations altregmotion direction. Each of these can
be tested experimentally using proper devices actniques including optical tweezers,
fluorescence imaging techniques. Moreover GC is gbarce of plenty of molecules,
regulators and inhibitors including those that ¢éarfpe microtubule and actin dynamics, such
as WASP which is responsible for activating Arp2@nplex. These proteins regulate many
other fundamental cellular processes and have dtenfial to affect axon regeneration and
neurites outgrowth (Dent et al., 2011). In futurewill be interesting and fundamental to

investigate the role of them in force generatiod aron regeneration.
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The study of developmental axon growth and guidawde continue to reveal
fundamental mechanisms that may further our unaledstg of axon regeneration in the

adult nervous system.
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