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Abstract

Mechanical cues have been recognized to be critically important in the regulation of cells. A myriad
of cellular processes including differentiation, proliferation, and gene expression are all affected by
physical forces from the extraand intracellular microenvironments. Despite recent advances in
nancotechnologies, many questions still surround how cells sense and respond to forces. Through a
series of studies, we demonstrate how both the structure and inherent mechanical properties of the
cell affect heir response to mechanical cues. We first develop a methodology to mechanically
manipulate cells while simultaneously characterizing their deformations. Using combined atomic
force and confocal microscopy techniques and through systematic examinatioemengtrate the

role of the cytoskeleton and nucleus in the deformability and shape change of epithelial cells.
Mechanical properties have been used in recent years to identify diseased states, including cancer.
With this in mind, we used Helcells as a mdel and characterized significant deformability of their
plasma membrane and underlying cortex. Importantly, we demonstrate and characterize their
ability to recover from large shape changes, which we also observed in other epithelial cells. Shape
recoveryis shown to be rapid and reliant upon the actin cytoskeleton and intracellular fluid flow.
Although the nucleus does not contribute significantly to the deformation and recovery of HelLa
cells, the importance of nuclear mechanics cannot be forgone. lo sitrdies have shown that
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gene transcription processes. Many others have used simple models and isolated nuclei in an
attempt to characterize nuclear prepties. Thus, in a subsequent study, we examine the nucleus
within intact cells. Nuclear shape change, in response to force, is shown to be complex and cannot
be wellcharacterized by isotropic mechanical properties. Characterization of the mechanias of th
cell, as demonstrated through our findings, is crucial in the field of biological physics. The
aforementioned studieswritten as scientific articles, are presented in the body of this thesis
(Chapters ). A review article that focuses on mechanotramstibn and relevant examples using
AFM as a tool for its examination acts as an introductory chapter.



Résumeé

Les sighaux mécaniques sont reconnus pour jouer un réle essentiel dans la régulation des cellules.

Une multitude de processus cellulairedontf | RATFFSNBYGAIFIGA2Yy T 1 LINBTE A
genes, sont affectés par des forces physiques provenant du microenvironnement cellulaire interne

et externe.Malgréles récengs avanées dans le domaine des nanotechnologies,processus par

lesquels les cellules détectertte telles forceset y répondent soulevent toujours de nombreuses

guestions A travers plusieurs études, nous démomtns que la structure et les propriétés
mécaniquesde la celluleaffectentsa réponseaux signaux mécaniqueNoud RS @St 2 LJLl2y a RQ
une méthodologiepour manipuler les cellules mécaniquemeet caractérisersimultanément les
déformations résultantesPar D dzii A £ A & | ( A @mjcrof@pé a fbrgedmidvéet confooal

et grace a des études systématiquemusdémontronst QA Yy Ff dzSy OS Rdz Oé (2 alj dzS1
cellulaire sur la déformabilité et le changement de forme des cellules épithélimsgropriétés

mécaniques des cellules ont été utiliséess derniéres annéekJ?2 dzNJ f QA RSY GATAOF G A2
cellukaires,notammentle cancer. Dans cetteptique et en utilisant des cellules Hephour modéle,

nous avons caractérisén degré important de déformabilité de la membrane plasmiaiedu

cortex sougacent. Surtout, nous démontronst caractérisnsleur habileté aretrouver keur forme

initiale & lasuitedeRS T2 N F A2y a AYLRNIFIyGSax OS ljdza | S3If
de cellules épithéliales. Le retour a la forme initiale est rapide et dépend du cytosquel€ite O G A y S

Si RS @S yiteh&llulaire.Bien aqie le noyau cellulaire ne contribue pas
significativement a la déformation eh la capacité des cellules Hebarétablir leur forme,

f QAYLERNIFYOS RS fI YSOFYyAldzS Rdz ynvdrdodzmgnBé R2 A G L
gue lesforces mécaniques transmises par le cytosquelette influencent de maniere significative la
mécanique du noyau et lprocessus de transcription de génddééanmoins, pour caractériser les

propriétés des noyaux, de nombreuses études les isad¢nitilisent des modeéles simplifié®ar
conséquentdans une étude supplémentaire, noesamironsle noyau dans des cellules intactes.
RST2NXI GA2Y Rdz y2&ldz Sy NBLRYyAaS t fQF LILXneOFGA2Y
pouvart étre adéquatenent caractérisée par des propriétés mécaniques isotro@@Emme nos

résultats le démontrent, la caractérisation de mécanique cellulaire esobndamentale dans le

domaine de la physique biologique. Les étudesntionnéesci-dessus, qui ont été&crits comme

étant des articles scientifiques, sont présentées ddascorps decette thése (chapitres 2 a 5).

[ QOAVGNRRdAzOGA2Y O2yairaidsS Sy dzy INIAOES R6&6 NBGdzS.
présentantdes exemples pertinents basés sur lanscopie a force atomique.
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Knowledge surroundingellular phenomena is crucitdwardsour understandingof life, death, and
disease Tlhis thesis through an exploratoryexperimentalapproach attempts to shed light onhe
interplay between cellular mechanicand the influence of the physical environment in directing
cellular responsesThe majority of workperformed herein employs ahuman cancerous cell line
which has become notorious for its use in ldbsand has even gained attention in mainstream
popular culture®. HelLa cellsvere the firstever successfully immortalized human cell culture,line
and as such they have paved the way for many scientific disesyadtably the development of
the polio vaccine and discovery of human teleromadach controversy has surrounded the uske
HelLa cellsas theywere first obtained from a cervicalbiopsy of Henrieta Lacks 1951, by Dr.
George O. Gewt John Hopkin#ospital without patient consentRecently the genomicequence
of HelLa cells has bean-released following a agreement with the familyf the late Henrietta
whom have consented to the use of the data for biomedical research on a case by caseThasis
widespread usend accessibilityof HeLa, and itgenone, brings to lightmany ethical questions
With this in mind we can gain an appreciation for thiiquitous andinspiring cell line, which has
encouraged this workmongst innumerable others

Figure 0.1SEM image of a HelLa cell.

A scanning electron microscopy (SERpage is presented for the purpose of demonstrating the complex
surface structuregcilia) observableon the apical and peripheral regions of thdasma membranef a HelLa
cell with rounded morphologyPreparation of HeLa cells f@EMimaging was perforad according to the
protocol presented in referencé. | would like to thank Daniel Modulevsky fassistance withsample
preparation, and Dr. Yun Liu for assistance with SEM ima§aade bar is5 Y ®
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This thesis consists of a review paper, which acts as an introductory chapter, as well as subsequent
experimental research manuscripts (Chapte)2 which havebeen published,submitted or

prepared forpeer-reviewed scientific journalsA contribution of ceauthors is presented prior to

each experimental manuscriptilong with a brief overview of the motivation, hypothesis and
objectiveof the chapter Following the presentation of scientific results, we disdusisre directions

of this work (Chapter 6). Lastly, we outline protocols for the experimpatformedin a technical

note (Chapter 7).
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Motivation |

Mechanical forces are ubiquitous vivg and are welknown to be cruciafor normal cellular
processes and developmenrtowever,many open questioninvolving cellular force transmission
remain,largely due to aincomplete picture of cell rheologjRecent advances in nanotechnologies,
such as atomic force microscopy (AFM)are gradually increasingour undestanding of
mechanotransduction through studies cell mechanics in botthe time and frequency domains
Characterization of mechanics at the sabllular, and cellularlevels usingAFM are vital in
understanding force transmission

Hypothesis &Objectives |

Thisreview acts as an introductory chaptgrovidinga general overview of mechanotransduction
and known mechanosensorthe main focuds to highlight the importance of AFM in the context of
examining cellular mechanic®e present AFMbased cellular maniputeon methods through
recent examples, and discussmmonmodelsusedto characterize observed cellular phenomena.



1| Poking and Prodding our Understanding of Cell Mechanics

1.1 Abstract

Transmission of mechanical forces is crucial for normal cell lewvent and functioning. However,

the process of mechanotransduction cannot be studied in isolation from cell mechanics. Thus, in
2NRSNJ G2 dzy RSNBRGFYR K2g OSftfa a¥SSté¢ ¢S Ydzald FA
physical perturbations. Due ttsiversatility, atomic force microscopy (AFM) has become a popular
tool to study intrinsic cellular mechanical properties. Used to directly manipulate and examine
whole and subcellular reactions, AFM allows for -tiggvn and reconstitutive approaches to
medhanical characterization. These studies show that the response of cells and its components are
complex, and largely depend on the magnitude and tsuale of loading. In this review, we
generally describe the mechanotransductive process through discussionwellknown
mechanosensors. We then focus on discussion of recent examples where AFM is used to specifically
probe the elastic and inelastic responses observed during cellular deformation studies. We present
a brief overview of classical and current mtgleften used to characterize observed cellular
phenomena in response to force. Both simple mechanistic models and compldinean models

have been used to describe the observed cellular behaviours, however a unifying description of cell
mechanics hasat yet been resolved.

1.2 Introduction

Cells are exposed to and must respond to a variety of mechanicalilai®®’. Primary examples
include: shear fluid forces on endothelial céllscompressive forces on bone cellsand highly
dynamic tensile forces experienced by epithelial c8li€ells are able to deform rapidly, leading to
adzoaSljdzsSyid OKlFy3aSa Ay GKSANI 0A20KSYAaliNRo® ¢KSe
changes in their underlying extracellular tma Cells exposed to substrate stretch, for example,
have been shown to realign in the direction of minimal deformation (perpendicular to the axis of
strain) '3, whereas cells exposed to fluid shear stresses align in the direction of*flovhe
response to mechanical stimuli is complex, and dependsaih force magnitude™ and rae *°,

Strain rate, in particular, has been shown to affect stretatuced remoelling of Factin *"*°,
External forces transmitted through the plasma membrane and focal adhesions are conveyed to
internal loadbearing structures of the cytoskeletorl, influencing nuclear deformations,
transcription processes, and gene expressiofl. Whereas, internal forces generated via molecular
motors ?* and actin polymerizatiorf* % are transmitted to the substrate in order to facilitate
migration?®, undergo mitosig’, and communicate with neighbouring cefts This continual process

of sensing, transmissiorgnd response, is known as mechanotransduction, and is essential for
maintenance of normal cell functioning and development (Fij. 1
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Figurel.1 Mechanotransductiong a process of force sensing, transmission, and response
Forces, such as tension/congssion, and shear flow from the microenvironment are sensed by

membrane surface receptors, such laending ofprimary cilia, stretckactivated ion channels, and
Gprotein coupled receptors (GPCRs). Meanwhile forces from the ECM are sensed through focal
adhesions (FAs) and transmitted to the inner actin cytoskeleton. Force is also transferred between
adjacent cells through cetlell junctions. Mechanical cues have been shown to elicit a variety of
cellular responses, from biochemical signalling to directégration.

Although some of the key mechanosensors, such as stattitiated ion channel®, integrins
% and primanilia®’, have been identified, how they configure theelves within the cell and how
they respond to a myriad of mechanical cues has yet to be well charactefizéd order to
understand the inner workings of mechanotransduction, we must firet & understand the
complex nature of cell mechanics. Two approaches are generally employed in order to examine
cellular properties: a toglown approach involving cellular manipulation, or a bottam approach
including biochemical and single biopolymeudies. Unfortunately, both approaches leave a gap in
knowledge at the mesoscopic scale.



Renewed interest in the study of cell mechanics has come about with the emergence of passive
and active nandechnologies. Internal and external laser tracking micemibgy (LTM)**® and
two-point microrheology (TPMY™* are often employed to passively measure the elastic and shear
moduli of cells and their subcellular constituents. On the other hand, active measurement
techniques including magnetic twisting cytometry (MTEJ uniaxial rheometry (UARJ*
micropipette aspiration (MPAJ}® *°, and optical tweezers'®*® direct localized or wholeell
deformations. Atomic force microscopy (AFM) in particular has become a popular tool to probe the
mechanical response of celfs*®*°,

Cells are often treated as linearly viscoelastic materials, as both elaatid time-dependent
viscous® responses to mechanical loading have been observed. Active measurement techniques
are often used to measure these cell properties, reports of which vary widely in the literature.
,2dzy3Qa Y2RdzZ A a¥eFbeed Idpaiitdt Détviebn-100KPS, fas masufed by AFM
alone ®**, Of course, results are c#jlpe dependent™®°® and reliant upon the experimentalna
analysis techniques employéd°®. Furthermore, in the process of measurement, active techniques,
such as AFM or optical tweezers, are capable of inadvertently stimulating mechanotransduction
pathways>® . Nevertheless, tools such as AFM are invakidhl the efforts to elucidate the
mechanics behind cellular function and response. A number of models have been proposed in an
attempt to characterize and explain observed cellular behaviours. Although some models fit
experimental data quite well, most doot fully describe all of the observed behaviour, and many
appear contrasting in their predictiofis

In this review, we aim to provide an overview of our current understanding of
mechanotransductioninthe context of mechanosensing and force generation within cells. First, we
will discuss some of the key players identified in mechanotransductive processes. As well, we will
take a look at how cells respond to mechanical stimuli. We will then providecseooverview of
some of the classical and more current models used to describe cellular mechanics. A generalized
model of cell mechanics remains elusive, and so characterization of cell mechanics lends important
cues in our understanding of cell behavisuDirect cell deformation experiments, such as those
performed using AFM, are valuable in order to characterize cell deformation and recovery
responses. Therefore, the main focus of this review involves a discussion of recent articles where
AFM is useda directly probe the response of whetells as well as their subcellular components.

1.3 Multiple mechanosensors are at play

Cells must respond to a wide variety of forces in vivo, as mechanical cues are ubiquitous at the
cellular level. Extracellular foes, such as shear fluid forces and substrate stretch, intracellular
forces, from actomyosin based contractility, and intercellular forces between neighbouring cells all
must be simultaneously received and processed by cells. In vitro examination has thlab\wrese
mechanical cues are responsible for directing cell proliferation, behaviour, and patf6fégyhis
process of forcesersing, transmission, and response is referred to as mechanotransduction (Fig.
1.1). Major contributors in this process include: the extracellular matrix (ECM), adhesion sites (cell
cell and celECM), the cytoskeleton, surface membrane molecules, as well as nuclear components.
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In this section, we briefly discuss some of the main ragtdaof mechanotransductior those
involved in sensing, and transmission throughout the cell.

Tensile forces originating at the tissue level are transferred to the ECM, which acts as both a
stress buffer and transmitter. The ECM is a composite subst@atgased of an interstitial layer
and basement membrane underlying epithelial cells. Its composition is composed of polysaccharides
and a variety of proteins (i.e. fibronectin, collagen) secreted from fibroblasts, which create a dense
interwoven network offilaments. Not only does the ECM provide structural support, and act as an
external celisignalling region, but its composition allows for the integration and adhesion of specific
cell types. The mechanical properties of the ECM have long been knowituenizg cell behaviour
and fate®. For example, fibroblasts exposed to decreased substrate stiffness result in increased
lamellipodia growth and overall cell motilit}’. Moreover, culturing embryonic stem cells on
polydimethylsiloxane (PDMS) substrates of varying stiffnesses demonstrated that differentiation
was stifnessdependent- stiffer substrates resulted in mainly osteogenic differentiattdnSites of
ECMcell adhesion (focal adhesiorf§)°, as well as cettell adhesion (cadherin$) are also directly
affected byECM composition, and are known regions of force sensing and transmission. Moreover,
cadherinbased adhesions have been shown to promote transmission of intercellular forces to the
ECM via the periphery of epithelial cell colonigsan example of direct mechanical coupling.

Classically, mechanosensor was defined as a transmembrane ion channel linked via tethered
networks to both intra and extracellular anchors™. A primary example of a classical
mechanosensor, stretehctivated ion channels have long been known to transduce mechanical
signals into chemical on€§’®. Membrane and cytoskeletal tension have been shown to drive the
opening of these charals, thus altering the permeability of cells to specific ions. Although most
voltage and ligandgated channels are mechanosensitive, only some are fully activated by
mechanical stresses. Sachs provides a concise review of the mechanism of opening of these
mechanesensitive channels, and discusses how uncoupling the membrane and cortex using methyl
i OeOft2RSEGNRY O06KAOK RSLI SGSa OKz2t SaiSNRfto NBa
by patchclamping®. As proposed by the author, these mechasensitive channelsnay act as
sensors in order to indicate where the cytoskeleton, whadisorbs and transmits most of the
structural loads within the cell, should be reinforced.

Adhesion sites, as mentioned above, are known regulators of mechanical signal transmission
acress the cell. In particular, focal adhesions transfer forces between the ECM and inner cell. Acting
as a hub, focal adhesions direct signalling molecules towards integiassmembrane proteins
that link the extra and intraellular microenvironments. Mg cellular responses have been shown
to be reliant upon integrin signalling alone (reviewed’fh External mechanical forces applied
locally to the cell, either apically, or through the ECM, have a crucial impact on formation and size of
focal adhesiong® . Interestingly, focal complexes (precursors to mature focal adhesions) are not
reliant upon mechanical tension in order to assemBleMoreover, the formation of mature focal
adhesions is highly transient with disassdynloccurring upon loss of mechanical stimuli, as
demonstrated by a loss of actomyosin mediated contractifit§f. In vitro studies have shown that
mechanical activation of both integrin signalling and focal adhesion asseesbilys from substrate
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stretching #®*, and induced fluid shear stress&s®. These examples clearly demonstrate that

mechanical forces are sensed and transmitted by several cellular components simultaneously.

The cytskeleton spans the entirety of eukaryotic cells, providing structural support and
integral tension, therefore its key role in mechanotransduction processes is unsurprising. Composed
of actin, intermediate filaments, as well as microtubules, the cytoskelghoovides a dense
meshwork of polymers wherein intracellular transport occarsl local forces have been shown to
be widely distributed®’. The actin network, in particular, has long been known to respond to
external forces through deformation and rearrangemént®®. Actin is the most profuse protein
within the cell. By binding witladenosine triphosphat€éATB, globular actin (&ctin) polymerizes
to form filamentous actin {@actin). Factin and microtubules, unlike intermediate filaments, are
highly polarized, and deformation of these filaments occurs through a dynamic process of assembly
and disassembly, a process that influences mechanical loading. Combined meetiagmical
models of actinfilaments demonstrate an interaction between filament deformations and ATP
hydrolysis®. It is only reasomble that applied force should also cause changes in the chemical
makeup of the filament®™. Mechanical cues directly affect actin formation and alignmeot. F
example, endothelial cells exposed to fluid shear stresses, result in a significant change in the shape
of the cells through remodelling of adherens junctions and the actin cytoskelétorThe
phenomenon of Factin realignment in the direction of shear flow is dependent on tyrosine kinase

activity (an enzyme that phosphorylates ATP), intracellular calciumi{Gand intact microtubules
14

The cytoskeleton is also coupled with the plasma membrane via the actin cortex (reviewed in
Proteins such as ezrin, radixamd moesifERM) form links between the cortex and membrane,
thus providing a direct interface for mechanical force transduction between the extracellular and
intracellular environments. Phosphorylation of moesin, for instance, crosslinks actin filaments to
membraneproteins, and is important for the initiation of cell stiffening and rounding during early
stages of mitosi€®. This interplay between the plasma membrane and underlying actin cortex has
been shown to influence both cell shapeand function *****, Of course, intermediate filaments
(reviewed in'®), as well as compressigasisant microtubules also play a role in maintaining cell
shape'®, in addition to sensing and trafficking signals to the nuct&us

97) )

The individual roleof the plasma membrane in mechanotransduction has gained recent
attention. Acting as a dynamic barrier between the external and internal environments of the cell,
the plasma membrane mediates transport across lipid bilayers via passive diffusion fdiveelec
ions, active transport across ion channels, as welkeadocytosis and exocytosis. The plasma
membrane is host to a number of liganeceptor binding sites and is coated by a number of
proteins that encompass the glycocalgxwhich itself has been regnized as a mechanosensor
(reviewed in'® *°)  The plasma membrane of endothelial cells are coated in a number of
proteoglycans and glycosaminoglycans (GAGs) which have been shown to play a role iaolite
cell rolling"”’, red cell motion, and tnrasendothelial transport (aeview on shear flow and GAG force
transduction is provided in®®. Shear stresses arising from fluid flow may affect the structure of
molecular components of the glycocalyx, or may altee tactivation of enzymed-or example,
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nitrous oxide (NO) productionyhich is activated in response to shear stress, is a homeostatic
regulator of endothelial celland the cardiovascular systelfi. By depleting specific components of

the glycocalyx of bovine aortic endothelial cells, NO production is diminished by loss of heparan
sulphate®, hyaluronan, and glycosaminoglycans (all main components of the glycocalyx, excluding
chondroitin sulphate}*’. In a seminal paper by Weinbaum et ‘&f, the dynamics of GAGs due to
shear flow effect are described as a quamriodic fibre matrix model'®. Squire et al. observed
fibres on the order of 12nm that were spaced ~20nm apart in a mdigh network throughout

the glycocalyx, suggesting that its organization, which presented clustering effects, were driven by
connections with the unddying cortex'*®. The model proposed by Weinbauand colleagues
suggests that bending rigidity (El = 700 prinaf this brusHike structure is adequate for providing

a molecular filter for plasma membrane molecules, as well as for transducing shear forces to the
underlying cytoskeletoh*?

Besides the glycocalyxther membrane microdomains such as caveolae and lipid rafts, and
membrane bound organelles such as the primary cilia, have been shown to play a role in
mechanotransduction. Caveolae and lipid rafts are known to be involved in vesicular transport and
cell sgnalling****. In particular, they have been shown to play an important role fii €gnalling
1718 que to their coordination of many key proteins in a &nmicrodomain, as reviewed and
listed in**°. Under normal circumstances, exposing cells to fluid pressure and shear forces results in
subsequent activation of tyrosine kinase, extracellular sigeglilated kinase, and -Eos
(transcription factor)'®®. Through inhibition of membrankound cholesterol using filipin and
methy  O& Of ,F&rar& ét &lFshbwed that none of the aforementioned mechanotransductive
processes were initiatedg validating that cholesteraeich membrane microdomains were
responsible for their activationi”>. Another membranésound nonmotile organelle involved in
mechanosensing is the primary cilia (an overview can be fourit)inPrimary cilia exist on most
mammalian cells. They arermmposed of a microtubukbased axoneme and basal bodydrely on
intraflagellar transport of protein coplexes by molecular motors such as kinesiand dynein.
Deflection of these membrane protrusions triggers biochemical signals, the malfunction of which
are associated with numerous disorders, known as ciliopatfifeBending of cilia results in a build
up of stress, which causes an increase in intracellular calcium in epithelial’dlts bone cells,
primary cilia have also been shown to translate shear fluid forces into cellular responses,
independent of C# flux. These include an increase in gene expression, suchr@gujation of the
bone-matrix protein osteopontin, and an increase cytokine release, such as the release of
prostaglandin E2 (a metabolism regulator) in response to mechanical lofding

In discussing mechanotransduction, the importance of the nucleus cannot be overlooked.
Acting as gene host and regulator, the nucleus is the largest organelle within the cell, armth &s su
must respond to mechanical forces that arise from both the extemd intracellular
microenvironments. In order for direct mechanotransduction to occur the cytoskeleton must
directly interact with the nucleu¥* Transmission of forces to and from the nucleus occurs via the
Linker of Nucleoskeleton and Cytoskeleton (D Idnplexg a physical tie between SUN and nesprin
proteins'®. This mesh of transmembrane proteins connects the nuclear envelope (inner and outer
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nuclear membranes and the nuclear lamina) with the actin cytoskeleton. Inner and outer nuclear
membranes are coupled by nuclear pore complexes, wherein ion transport occurs. The nuclear
lamina resides on the inner membrane and is mainly composed of lamin and associated proteins
which connect the membranes to the inner chromatins amongst other anctemponents'?®.
Despite the existence of these structural proteins within the inner nucleus, whether aliearng

matrix exists within thenucleus remains controversial amongst researchéf$?®. Mutations in
nuclear envelope protes) particularly lamins, have been shown to result in altered transcription
leading to a number of disease pathologies, also known as laminopathies. For example, mutations of
the LMNA (lamin A/C) encoding gene results in the development of muscular dystroph
Malfunctioning of lamins A and C also result in abnormal nuclear and chromatin structures, with loss
of Atype lamins leading to reduced nuclear stiffne$8'*°. Thus, if lamins provide structural
support to he nucleus, then it is not surprising that mechanically high stressed tissues will result in
cell death and ultimate failure. Interestingly, nuclear shape is highly correlated to expression of
lamins. For example, human embryonic stem cells, which do rptess lamin A and possess
dynamic chromatin, have a very round nucleus. Only upon differentiation do these cells express
noticeable levels of lamin &-**2 Moreover, specialized cells such as neutrophils have irregularly
shaped nucleg lobes connected by chromatin, which are the result of reduced lamin A/C and over
expression of lamin B proteins. A thorough review on nuclear mechanics and its role in
mechanotransduction can be found i3°.

Although we only have discussed the most vkelbwn mechanotransduction constituents,
many others have beedocumented. Despite their identification, many open questions surround
exactly how mechanosensors actually sense mechanical stimuli. It is possible that applied force
alters the position of molecules allowing for incorporation of other extracellular médsclOr
perhaps protein configuration is altered; proteins associated with focal adhesions such as vinculin,
ERM and fibronectin, for example, all exist in dual states of inactivity or actiVityltered
conformations may expose new binding sites where molecular interactions can occur. Of course,
mechanical stimuli such as substrate stteand fluid shear stresses may activate more than one
response from more than one mechanosensoand so sensors such as focal adhesions or ion
channels likely act in unison.

1.4 Forces generated within the cell

Although extracellular forces have long been known to affect cell behaviour, recent studies also
implicate intracellular forces in the regulation of cell and tissue faté '*3 Often, foces generated

within the cell are responsible for the dynamics involved in morphological changes, adhesion
processes, and motility. One mechanism of intracellular force generation is throughlrd&r

sliding of molecular motors (Fig.2 A). Hydrolysi®f ATRE the unit energy of the cell, is required for
Y2@SYSyid 2F GKS OSttQa Y2tSOdzZ I NJ Y2G2NBRZ adzOK
motors to slide along actin filaments, allowing for the cell to contract and expand. Contractile forces
are transmitted from the actin cytoskeleton to the ECM via focal adhesionschanosensors of

force from both the inner and external cellular microenvironmefitghe magnitude of contractility

is coupled with ECM stiffness, as demonstrated through observations using traction force
8



microscopy. Increased substrate stiffness resinténcreased focal adhesion assembly that drives
increased actomyosin contractility. Increased actomyosin contractility also leads to increased focal
adhesion signalling. This forbalancing act drives shape change and cell proliferation through
adaptive cell adhesion. Molecular motors and their expenditure of ATP is not the only-force
IASYSNIGAYy3 YSOKFIYyAAaY Ay GKS OSftfQa NBLSNI2ANBT
along the cell membrane.
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Figurel.2 Force generation within the cell.

A) Actomyosin contractility, as proposed by Huxley and Simrﬁ?ﬁ‘ngenerates forces transmitted through

focal adhesions towards integrins and the ECM. i. In the presence of intracellular calcium (Ca2+) myosin heads
hydrolyze ATP before firmly attaching to actin filaments. ii. Myosin binds to actin and formsleidgss. iii.
C2NDS A& 3ISYSNIUGSR 0@ GhitgésSadiient ioNRds Saicomiera ceividr. 2V ATP  ONE &
binds to myosin head and it releases fromiadiundle.B) Propulsive forces. Actin in the lamellipodia pushes
against the plasma membrane in the direction of motion throughirattranching and binding of AZ{fS.

Capping proteins limit the length of polymerization. Forces are not required for thmafisn of focal
complexes (FC) but do develop across mature focal adhesions in the lamella. Bottom right shows an
immunofluorescent image of a C2C12 mouse myoblast cell stained for actin (green), an FA-prioteitin

(red), and DNA (blue). Scale bamisi > Y &



Actin polymerization is a polarized process involving continual acquisition and deposition of
free monomeric polymers (@ctin). This active assembly/disassembly process generates a dynamic
linear polymeric chain (&ctin), in a proces&nown as tradmilling (Fig.1.2 B). Formation of
protrusions and their subsequent attachment to the underlying ECM are the driving factors involved
in cellular motility. In motile cells, forces on the order of ~45pN are generated by branching of
dendritic actin netwot & Of 248 (2 ('R SThefeSdrdesyasultlidprkukitias atf the
leading edge, which must be stiff enough to withstand significant compression and tension of the
plasma membrané®***’. This highly anisotropic network of actin fibresfasmed by a repetitive
sequence wherein surfaemembrane proteins are activated, triggering the Arp2/3 complex which is
involved in recruitment of @ctin monomers to mother -Bctin filaments, thereby creating
branches of daughter filamentg®. The flow of actin towards the periphery is directed by the short
effective radius of membranbound activating proteins. Capping proteins that diffuse throughout
the cytoplasm are the limiting factor in actin filament elongation. Microtubules also tamérito
the polarization process, and have been shown to direct migration by activating Racl leading to
subsequent actin polymerization in lamellipoda® **°. This repetitive process of initiation,
branching and elongation, which depends on this highly anisotropic network, is what drives the cell
forward.

While providing integral support and stability to the cell, actin undergoes continual remodelling
of key cellular features, such as lamellipodia, filoppdiad stresdibres. Actin dynamics have long
been investigated in a variety of species and cell tyffes\ seminal paper by Theriot demonstrated
that actin turnover in goldfish epithelial keratocytes is on the order of <#3s8leasurements were
made in the lamellipodia of these highly motile cells, and so it is unsurprising that actin turnover
was found to be less rapid in a subsequent studying involving slower moving fibrobtasts
Differences in actin polymerization rates amongst cells have been hypothesized to be the result of
diverse localization of ADF/cofilin, whiishknown to induce phosphate relea$é The rate at which
individual actin filaments elongate is on the order of ~0.3 microns per second.-bAatimg
proteins such as formin and profilin have been shown to have significant effects ont¢hef ictin
polymerization and rearrangement®. Although actin turnover is rapid in motile cells, actin
filaments have been observed to remain stable between hours to days in striated nit/sdie
these cases, ADF/cofilin bindingngibited by tropomyosin. Similarly, stable strdgses have been
observed in normmuscle cell$*® . A detailed review of actin dynamics in nenuscle cells can be
found in '*. While a variety of actibinding proteins influence the polymerization rate and
dissociation of actin filaments, mechanical forces have also been shown to influence diioth a
organization and mechanical properties.

The integration of mechanical forces and cellular mechanics dictates cellular shape and
function. The interactions between actin and microtubules, for example, play a role in dictating
locomotion, cell divisionjyound healing, and cortical flovif® During migration, theetrograde flow
of actin at the leading edge has been directly linked to microtubule translocation to the rear of the
cell. The integration of these two cytoskeletal networks has been hypothesised to direct movement
through their physical links and activat of a Rho GTPase gradiefit Microtubule growth at the

10



leading edge is countered by g®lymerization at the rear of the lamellum, a region where actin
converges and cause compressive disruption of microtubules. This polarized
polymerization/growth interaction between actin and microtubulesshiaeen hypothesized to
stimulate Rac/RhoA activationt*® % ° direct signalling or membrane molecules during
lamellipodia protrusions®, or regulate focal contact interactions with the substrate'*®, in order

to generate motility.

As discussed, cells experience a multitude of external forces that are transmitted between the
outer and inner microenvironments via the cytoskeleton to inner cellular organelles, such as the
nucleus. Moreove cells themselves also generate force, through actomyosin contractility, and actin
branching. Although many components involved in mechsgasing have been identified, many
guestions still remain surrounding their exact mechanisms and function. Faetssn, a variety of
experimental tools, including AFM, have been used to probe the cellular response to force. Some of
the commonly observed responses are discussed in the next section.

1.5Nanomechanics using AFM

Nanomechanics has become a high traffisearch area, wherein active (MTC, AFM, UAR, and MPA)
and passive (LTM, and TPM) techniques have been used in attempt to characterize the cellular
NEBalLRyaS (G2 YSOKIFIYyAOFft OdzSad . dzZA 1 NKS2t23A0Ff L
modulus are measured as they largely dictate the cellular response obsereets such as AFM,
which can be used to directly apply and simultaneously measure cellular forces, are key tools in this
emergent field. The advantage of AFM is that it is a muliétional tool that can be used for
imaging as well as force transmission and measurement. By altering tip geometry or chemistry a
multitude of both local and wholeell studies can be performed on living cells in their native
environments (Figl.3). Studes of this nature have been shown to induce a rapid response of cells
through shape change, remodelling of the cytoskeleton, and calcium signalling, which all depend on
frequency, duration, magnitude, and location of applied foft#*>**° In the following sections,

we first discuss the role of AFM as a tool to measure the mechanical properties of cells, particularly
cell stiffness and viscous properties. As well, we highlightnaonly observed cell behaviours in
response to mechanical loading, including changes in cell geometry and internal organization.
Finally, we outline some of the current techniques involving both localized and global stimulation of
cell mechanics using mogd cantilevers.

1.5.1 Apparent cell stiffness

The deformability of cells has been shown to affect a number of cell functidi, with increased

cell stiffness correlating with differentiatiotf, aging and diseased stat&s'>®, Commonly, AFM is

used to measure the local elastic response of cell memés and the underlying cytoskeleton by

fitting force-indentation curves to contact models such as Héftand Sneddon®. Details on these
methods™ Il a ¢Sff & , 2dzy3Qa Y2RdzZ A °2Appdrent@tiffinedsdfi & 2 F
mammalian cells, aseasured with AFM, typically range between-mnn Qa 2% 18] t |
Apparent cell stiffness is highly correlated with the stiffness of the actin cytoskeleton, the structure

and mechanics of which have all be shown to be directly influenced by mechanical forces including
11
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Figure 1.3AFM modes of measurement.

A) AFM carbe used to precisely apply compressive strains apically to cells within their aqueous environment.
A laser deflected on the back of an AFM cantilever is measured by a photo sensitive detector (PSD). This
allows for measurements of cantilever deflectionte recorded. B) AFM fordadentation curves are often

used to measure cellular elasticity, by fitting the approach curve (yellow) to the Hertz model of contact
mechanics. The retract curve (purple) often shows a hysteresis, and can be used to analgmnadh)eStress

and strain relaxation curves are often used to measure iftapendent cellular behaviours. Following an
applied strain on a cell, the cantilever can be kept at a constant height, and measurements of cellular force
onto the cantilever can beneasured. On the other hand, following strain, the height of the cantilever as the
cell relaxes can be measured. Modified cantilevers are also useful for measuring binding/unbinding forces
between ligands and receptors. D) Functionalized AFM tips arae eftgloyed for single molecule interaction
experiments. E) Spherical tips or other physical modifications to AFM cantilevers can also be used to measure
distributed forces. This can be combined with functionalization techniques, as shown.
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tension/compressin 1% 1% hydrostatic and osmotic forces® ' Studies have directly
demonstrated drastic reductions in stiffness with the udeactin depolymerizers, but not with
depolymerizers of microtubules” **” *°® Interestingly, the elastic moduli of purified filament

networks are orders of magnitude lower than whalell meagzNBEYSy G 4% ¢ A (G Ra. NB L32 NIi
While marginal increases in stiffness have been reported whesstinkers are employed 1

100Pa), there still remains a significant difference between the appasgfibess of reconstituted

networks and that of wholeells. Unsurprisingly, cells exposed to constant cyclic mechanical load
(cardiac and muscle cells) have been shown to be stiffer than endothelial°*céflschanical cues

largely regulate actin organization and growth leading to different stiffnesses between cell%pes

It has become increasingly common to characterize and identify diseased and healthy cells
using stiffness measurement§® "2 Combined AFM imaging and local foiedentation
measurements have demonstrated significant differences between healthy and diseased
erythrocytes ' Erythrocytes from patients with type 2 diabetes demonstrated significant
aggregation of surface proteins, increased-¢gll adhesion, as well as increased stiffness in
comparison to healthy cell§®, Cell stiffness has also recently been proposed as a candidate for
cance cell detection, as cancerous cells are considerably softer (upwards of 70%) in comparison to
healthy cells’® ™% 173 174 Softness associated with cancerous cells has been linked to the
deformability of the cytoskeleton which has long been known to play a role in metastadiskka
et al. have shown that this type of characterization can also be used directly with cells from tumours
and surrounding tissue samples taken from patietits In comparison to normal cells, cancerous
cells have been shown to have a dense elongated cellular brush, consisting of the glycocalyx and
pericellular layer'”. This brush may interfere with fitting of force curves using typical pyramidal
AFM tips. Stringent statistical tests must be carried out in order for AFM analysis to be used as an
effective cancer diagnostic methdd’, as both substrate effect€? and incorrect fitting of force
indentation curves can lead to deletedzd NB L2 NI & 2F [ oaz2fdziS |, 2dzy3Qa

Varied reports of cellular elasticities in the literature are in part due to the highlyumaiorm
cell surface AFM generated forcanaps have revealed local variations in cell height and stiffness
(usually severakPa) due to the presence of internal components, such as actin butfdfééand
the nucleus™>. Moreover, stiffness measurements depend not only on cell type, but probe
geometry, rate of force application, and force magnitdfié”. Typical high aspect ratiogical AFM
tips have radii < 3m, and generate high local stresses which might penetrate the membrane
during large magnitude force applicatidfl. Thus, to avoid damage and operate within the elastic
RSF2NNI GA2Y NBIAYSIT | 2dzy3Qa Y2RdzZ dz& YSI adzNBYSy i
range of 0.1 to several nN. Nawaz et al. have recently shown thatabrixtremely low forces (< 30
pN) andlow deformations (0.2 Y0 R2 FTAONROf Il ad OStfta LNBmebyid ARS
used an optical trap method to apply these Id@rces,as the AFM is limited by tihemal noise at
forces nearing 26N inliquid. At higher forces (> p0l) delivered by an AFMiscoelastic behaviour
was observed, as indicated by hysteresis between the force appiedctt curves. Importantly,
their work demonstrated that at very small deformations the elastic response was rate
independent, and reliant upon the cortex. Considgr the limited thickness of the plasma
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membrane (~18m), it is unsurprisinghtat the underlying cortex (~20@n) will largely resist the

deformation®’®,

Apparent stiffness, which is generally measured using AFM, is based on the assumption that
the cell behaves as an isotropic purely elastic material. Dynamic AFM experiments, othehe
hand, suggest that stiffness (k) increases with increasing frequency (f), and can be described by a
weak power law Q"¢ "Q at higher deformations. Although power laws have often been used
to describe frequencygependent rheology, there remains ardb A £t A& Ay NBLR NI &
Elasticity measurements of this nature are generally only comparable if all experimental conditions
are kept constant. In orddo circumvent these concerns, stiffness measurements are often used in
a relative manner réer than as absolute valué®'’. The heterogeneous nature of the cell, as well as

2 ¥

influence¥ NBY (GKS dzy RSNI&@Ay3d adzomadNIGS YI1Sa 2060FAy

difficult to quantify. Applying shallow indentatiofisand using modified contact mechanics models
162179 can however alleviate these issues.

1.5.2Stressstrain relationships

lfGK2dAK | OSftfQa LI NByid Stradaoride RANBONGE
the complex behaviours observed following mechanical perturbation. Cells respond to abrupt
external perturbations in a highly ndimear, timedependent manner*®®. Many AFM studies have
revealed the viscoelastic nature of cells, as witnessed by creeping deformation and relaxation
behaviour following loading® ¢ *°> 174 18- 182 The actin cytoskeleto alone has been shown to
exhibit viscoelastic behaviour& Cellular viscoelasticity is influenced by a hierarchical structure
the membrane, cortex, and cytoplasm (amongst other subcellular components) all contribute to the
O St dndanicalproperties. The cortex and actomyosin in particular play key roles in maintaining
cell shape and functiotf® #3184 Organization of actin significantly impacts the cellular response to
force, as seen during recruitment to the cortex which provides resistance to external forces. Tension
in the plasma membrane also resigisformatiors, andhas been shown to possesasrehtively high
elastic modulus'® and a low shear modulus®® Membranetension is relievedby increasing
intermolecular separation and lieving undulationsn order to increase its surface areduring
deformations'®”*#, The mechanicf the membrane and cortex amso physicallyinked, and so

the properties of both inherently influence one another. Recently the contributions of cytosolic flow
have also been shown to influence the response to deformafirivioreover, the nucleus, as the
largest cellular organelle, clearly plays a large part in defining overall cell properties. Until recently,
nuclear mechanics have been characterized as isotropic maté&tiafS, however recent evidace

has shown that they possess much more complex behavidti§. Clearly, the complex shape and
A0NHZOGdzNE 2F (KS O&f 4 i@ in defigirfy Nbll Eckaniesy \Fith (thiese LI
considerations in mind, many researchers have used the AFM as a ceihdenter to quantify cell
viscoelastic properties in the time and frequency domé&in§ 19",

A large number of studies have employed both pyramidal and spherical tips to direailyndef
cells (Figl.4 A) which have been shown to withstand relatively large forces (withi2QkN)in
vitro %81 These deformations of the membrane and underlying cytoskeleton result in viscoelastic
behaviours. Cellular creep and relaxation experiments, measured using AFM, have been used to
14
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determine apparent viscosity and relaxatioeHaviours that are generally associated with simple
models and a discreet number of time constatfts®*°174 18118220 Time constants are generally
associated with an elastic deformation regime, and exponentially isangaviscous creeg-ig.1.3

O. During constant stress experiments, creepcan be measured as a ratio of time dependent
strain over stressO0 - 0, . On the other hand, by maintaining a constant cantilever
displacement (while straining the celthe forcefeedback on the cantilever can be measured as a
function of time. This type of experiment results in stress relaxation curves, from which apparent
cell viscosity can be measured by fits to a tidependent modification of the Hertz mod€F. Using

this method, the relaxation behaviour of the cell is treated as a standard linear solid model (a
Maxwell model in parallel with a sprindtressrelaxation experiments have shovthat the actin
cytoskeleton, and not microtubulegyrimarily influencethe OSt t Q& | LILJ NBy i @A ao?
ovarian surface epithelial ceff&,

Cellular rheology is best described llye mechanics observed across a wide range of
frequencies, as well as force magnitudes. For this reason, many have used the AFM in a dynamic
mode, which allows for determination of the complex elastic or shear moduli of ©&ll§or
example, by operating in a high frequen®0-300Hz), low amplitude (@nm) oscillatory manner,
the frequencydependent viscoelastic behaviour of NIH 3T3 fibroblasts was examihedahaffy
et al. determined the elastic storage and loss moduli of living fibroblast cells by measuring the
amplitude and phase shifts, and extending the Hertz model to include freqeamsndent
behaviour'”. Both elastic and adhesive properties of the cell can be examined in this oscillatory
mode, however it is necessary to include appropriate models to incatpdhe deformation of soft
samples of finite thickness. By taking into accourdctfi contact geometry, as well as viscous drag
effects of the aqueous sample, researchers have used this dynamic mode to measure the complex
shear modulusO 1 of cells ata range of frequencies and load magnitud®s Generally, the
observation that prevails is power law tmhouw. At low frequencies (< Hx) both the storage
‘O7 and loss moduliO 7 follow the same behaviour, however at higher frequencies the
power law exponent of the loss modulus is progressively increased. Rawdrehaviours suggests
that cells may not belescribed by distinct time constants after &**“%2% While experimental
observations do appear to follow powdaw behaviour; meagements are often only performed
over millisecond to secondlong timescales. Limitations of both methods must be taken into
consideration, including possible interactions within the cell which may lead to remodelling events
and unknown binding geometrié§’. Moreover, the cell is not an inert material, the cytoskeleton
undergoes constantemodelling within timescales relevant to these experiments, and so it is
difficult to obtain a complete picture of overall cell mechanical properties.

1.5.3Cellular response to force

In addition to characterizing strains, AFM deformation studies haw#ezlia plethora of cellular
responses in vitro (Fid.4 B depicts several of these responses). Cell signalling, in particular, has
been demonstrated in response to forces applied using an AFM. One example demonstrated that
vertically applied strains refis in a transient increases in intracellular calcium in osteoblastcalls
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Figure 14 Cellular response to mechanical cues.

A) Confocal projection image of a live HeLa cell deformed by a pyramidal AFM tip. Shown is the deformation in
the orthogonal XZ direction. HelLa cells shown were transfected with EGHFhospholipase | (a
membrane marker in green), and in LifeAct Ruby (an actin RFP shown in red); nuclei were dyed with Hoescht
60ftdzS0d {OFtS o6FNE | NB wmn>Y de ECM and2xiekhallyi doBied Yok€sKsticyi A O €
as those from an AFM tip, have been shown to increase cell spreading, traction force magnitude, and
proliferation. Tension between the ECM and cytoskeleton (CSK) activate focal adhesion kinase (FAK), which
has bea shown to directly activate the Rho family of GTPases. Through different pathways, ROCK has been
shown to lead to both polymerization and depolymerisation of actin stress fibres. Mechanical forces have also
been shown to stimulate both a stressiffeningand softening response of actin networks. One hypothetical
model explaining this paradox is shown, as’ih With increasing stress actin filaments elongate due to
GSyarazy o0aidA¥F7FSy A yH® Eachdry lfowing wwhich MNanénis Gégin to HuckeSa@pparent
softening).
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response observed to be transmitted to neighbouring céllsimportantly, compressive forces
applied to cell nuclei have also been shown to result in altered gene expreSsighThe cell
actively senses and responds to changes in the surrounding environment through an interplay of
actomyosin dynamics and focal adhesion remodelling. Thus, it is not surprising that mechanical
tension directs the formation and remodelling of focal adhesions vitro. Cells are particularly
sensitive to changes in stiffness and actively tune the magnitude of traction forces they generate
upon their substrate, as regulated by Rho, Rac, and CDC 42 G'ﬁ?a@mently, AFM stiffness
measurements of wild type and mutant mouse embryo fibroblasts demonstrated thedl f
adhesion kinase (FAK) and Cas stimulate Rac activity, promoting intracellular stiffness and a
mechanosensitive feedback loop in response to ECM stiffffés€ompressive forces may also
stimulate this feedback mechanism. Combined AFM and traction force microsespgnstrated

that external forces and substrateifhess both direct focal adhesion size and strerfgth

Mechanisms ofactinrbased force generation angrowth have also been investigatedsing
nanoindenters 2> 2% 2% By functionalizing an AFM cantilever with ActA (Listeria nucleation
promotion factor), and immersing it within a liquidtoplasmic cell extract, the AP3 conplex can
be activated resulting in the growth of a network of actiff’. Force feedback measurements on the
cantileverrevealed three growth regies: a development phase, a lcanlependent phase, and
load-dependent cessation of network lengthening. Surprisingly, a deectbbad appliedto the
network resulted in arincreasedgrowth velocity demonstrating a loatdistory dependent response
299 |n vitro studies have also shown that apically applied compressive forces result in highly localized
non-isotropic deformations of stress fibres®>. Myoblasts and alveolar epithelial cells are
constantly exposed to quick bursts of stretch in vivo; however in vitro experimentation has shown a
complex mechanical response to cyclic forces. The cellular response to stretch and compression
results in a pradox: as both cytoskeletal reinforcement and fluidization have been repdfted
The same is true faieconstituted dendritic actin networks formed by a nucleating surface (an AFM
cantilever). In response to a sinusoidal load, stress stiffening was observed, followed by reversible
softening®®. This behaviour has been attributed to entropic elasticity as filaments are extended,
leadirg to a stressstiffening regime, and reversible buckling of actin filaments at higher 168ds
(Fig.14). The large elastic modulus of these anisotropically organized filaments is primed for
resistance to compressionas is necessary at the leading edge of motile cells. This stiéssing
behaviour has been observed during relatively small@N) cyclic forces applieat a constant
height from an AFM to attached celf§. Initial increases in local tension were followed by a
subsequent decrease (explained bliyessrelaxation of the cortical cytoskeleton), and letegm
slow increase in tension as the cycles persist (likely diffdgiuted, as in the recruitment of myosin
II). Considering that tension recoveagsociated factors (such as myosin Il hereyaceuited during
each tensiorcompressiorcycle, it is not surprising that the tension recovery slows with each cycle,
as binding sites are filled, and there may be less of the motor proteins in the vicinity. By inhibiting
actin polymerization and myosih tontractility with the use of Cytochalasin D, and Blebbistatin,
respectively, the authors verified that the aetayosin network is responsible for the observed
tension recovery following cyclical loadif™. This study importantly shasvthat cells have
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& Y S Y 2¢Niey initially stiffen with regard to an external force, but then become increasingly
insensitive to repeated perturbations, thus responding in an adaptive, and likely protective, manner.

1.5.4Modified cantilevers

Biochemically modified cantilevers are often used in order to probe adhesion of whole cells,
localized regions, and specific molecules (reviewedjnCoatings, such as pdljysine, have been
used to strengthe the bond between the tip andcell allowing for membrane tethering and
retraction curve analysi§“. By microinjecting biotinylated cadharexpressing cells onto an AFM

tip coated with streptavidin, single cells can be used to form adhesions with other cells in étiture
Using this method, researchers have shown that the specificity ah@& Ncadherins are distinct
(preferring homophilic bonds), alongside producing different adhesive and compliant Ilgondin
forces. Similarly, ligand binding to AFM tips allows for examination of specific cellular molecules and
their interactions #®. Recently, biotin/streptavidin functionalization has shown that tension
regulates actin depolymerisatiofi’. This technique has also been used in conjunction with force
mapping methods in ordeto spatially locate receptors of specific antibodies bound to the tip. For
example, a specific tyrosine kinase antibody (@tiil) was used to demonstrate that clusters of
vascular endothelial growtfactor (VEGF) receptors exifEGF is known to playrole in altering
permeability to extracellular macromolecules in endothelial cells, which aid in their growth. These
clusters were shown to drastically alter the mechanical properties of thé*€ellhe reduced elastic
modulus observed in regions of VEGF clusters, is thought to be cayseibreorganization of
underlying cytoskeletal filaments in the promotion of cell growth. This is a good example
demonstrating the influence of local composition and structure on cellular mechanics.

Besides biochemical functionalization, modificatioms tip geometry have also resulted in
YydzZYSNRdzA AYGSNBAGAY3I | LIWIX AOFGAR2yad C2NJ SEF YLX S=
tip into a thin needldike rod (208300nm in diameter) which researchers have used to perform
cellular nanesurgery. **°. Sharp tips have been shown to penetrate both the outer plasma
membrane and inner nuclear membrane, as demonstrated by recorded spikes iAridesgation
curves. This technique has allowken delivery of proteins and chemicals to the inner cell nucfei
enabling single cell transfection§. Rather than decrease the size of the tip, others have attached
spherical beads of a relatively large diameter(n > Y0 (G2 ! Ca Ol yiuAt SOSNAD ¢ F
a more even distribution of compressive forces to be exerted upon cells, and is often applied to
adherent cells to gain a better approximation of whakl rheological properties. Often tip
modificationsare used in unison with optical microscopy techniques. For example, Stewart et al.
tracked the force feedback on a spherical tipped AFM cantilever and simultaneously tracked the
crosssectional area of a cell undergoing mitosS. Cell pressure was shown to increase
dramatically (3fold in 10min) alongside a small volume change, suggesting that osmotic pressures
and the actin cortex largely contribute to morphological changes in éii€?. Tipless cantilevers
have also been employed as parallel plate compression devices by adding a wedge to the end of the

cantilever to correct for the mounting angle (usually-12r)#*,

Combining AFM with traditional microscopy methods has become quite conventional, as it
provides a means for simultaneous application of external forces, quantitative measurements, and
18



direct visualization of the perturbed cells. A majinitation of these combined methods is that
compressive forces on the apical surface of the cell create deformations in the orthogonal planes.
To visualize deformations in the axis of loading Chaudhuri et al. developed a method using a
coverslip and seaw CCD camera used in the lateral plaffeUsing this method they were able to
examine adhesive forces between leukocytes and endothelial cells. An AFM tip coated with
concavalirA was contacted with a leukocyte forming a strong bond, after which the samghkce

was moved steadily away from the cantilever causing a tension on thagttiphed leukocyte and
underlying endothelial cell. Large adhesiupture forces attributed to delamination of the cortex

and membrane, were recorded as the cells were sejgardollowed by small noizero rupture

forces as membrane tethers (visualized by their sigsv method) that had formed between the

two cells came apart. AFM has also been combined with other known optical techniques, such as
total internal reflection micoscopy (TIRF). TIRF allows for observation of the dynamics in the basal
membrane of cells, all while undergoing compression from an AFM cantilever. Using this technique,
Jonas and Duschl demonstrated Aarear stress stiffening behaviour of the cytoskete in the

basal membrane of L929 fibroblast cells following compres&bdrimportantly, images obtained
using TIRF showed that actin is responsible for force transmission throughout the cell. Existing
contact regions between the cell and underlying substrate increase in size, and some new regions
are formed follaving compression. Although we do not discuss AFM imaging in this review, this
technique has many important applications in cell mechanics. For example, it has been used to
identify various membrane proteins, and intracellular microfilame?it$®®; a good review can be
found in?*.

Future studies must also consider mechanics at the mesoscale, as embryonic development,
morphogenesis, and tumour progression, for example, are highly ridgpe on cellular
organization. Techniques such as modified traction force microstdmnd stretching device$®
2 have recently been used to examine coordinated cell migration anetckt respectively.
Integrated mechanical properties have been shown to supersede those of single®Zells
demonstrating the importance of characterization of multicellular mechanics. While the precision of
the AFM is primed for single cell studipsrhaps, novel AFM modifications will also prove useful for
future studies of mechanics at the mutiellular €ale. Integration of single cell and multicellular
studies will be necessary for a comprehensive understanding of their mechanics.

1.6 Modelsof the cell

In an attempt to describe the observed cellular behaviours discussed, a number of models have
emergedover the years (Fidl.5). Simple mechanical models are often used to characterize the
mechanical properties of cells in the time domain. These models are generally comprised of one or
more elastic and viscous components, often denoted by springs and olashespectively. The
downside to this simplistic approach is that reported time constants vary widely in the literature.
Discrepancies associated with these models are often attributed to varying time scales and
frequencies of experiments. Measurementade using passive techniques, such as LTM, tend to
fall into two distinct regimes (suband superdiffusive regimes) ®® °!, whereas active
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measurements demonstrate more rheologicvariance when comparing frequency dependent
behaviour.

Unfolding
domain

Cross I
linker

Time

Figure 15 Models of cell mechanics.

A) Tensegrity model, as shown by force balancing between the cytoskeletal components and ECM. B) Active
crosslinked polymer networks. C) Poroelastic modetygtosol flowing through a solid meshwork of filaments.
The rate of flow is limited by filament size, and size of the macromoledilles)d entanglement length of
filaments, _, and , , hydraulic pore size. Adapted from ré} D) Soft glassy rheology (SGR) is shown through
an image of a dynamic trap, wherein elements (myosin motors) hop between different quadratic wells or
bindingenergies:O  pj ¢ @ . If attachment of a filament occurs at a length (1), then a force ki is generated
(k is the spring constant) which results in sliding of the filament until equilibrium is reached. Adapted from ref.
230231 E) Commonly employed viscoelastic models. The Maxwell and K#gdighmodels are shown as simple
combinations of springs and dashpots, repnetieg elastic(E) and viscoug—) components, respectively.
Shown are thecorrespondingstress(constant force) andtrain (constant deformation) creep aniklaxation
curves for each of the models.

Many researchers have reported powaw behaviour todescribe the creep function of cells
following an applied stegtress* *®. Contrary to the discreet number tifme constants associated
with simple mechanical models, powkw behaviour implies a large number of continuous time
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constants. Universality in rheological exponents appears to exist amongst the fewdorm of

OSt f aQ -depeRigntelyadadir, bunot in its amplitude, as demonstrated during controlled
changes of physical properties, particularly apparent during chemical perturbatior example,
Cytochalasin D is often employed to depolymerise actin, resulting in decreased elastic moduli of
cells, however the range of values reported is quite large 09 nQa (tF0®d- LY OF 2
universality, researchers have proposed that cells were nearing a phase change and can be better
represented by soft glassy rheology (SGR). Whether or not these ghscies are due to altered
interactions with the measurement probes remains an active area of research. A number of other
classical models have been used to describe cellular mechanics over the years. These include, but
are not limited to, the sefel hypdhesis, tensegrity, and models of active crtisked gels, a
detailed discussion of which can be found®m Several models have been derived from both
constitutive and global approaches to examinind oedchanics.

At their most basic uncoupled state, purified polymer networks have provided a great deal of
insight into the mechanics of subcellular cytoskeletal componéfitdviodels based on entangled
polymer networks, such as the sp¢l hypothesis involve the transformation of a solution (sol) of
monomers into a biphasic gel or natvk of flexible polymers. These biphasic polymer networks are
comparable to the cytoskeletal filaments contained within the cytoplasm of the cell. Treated as an
elastic continuum, these networks deform under shear, but are incompressible to hydrostatic
forces. Networks of short filaments and a low concentration of clogers behave as a fluid when
exposed to stress (the setate), whereas a high concentration of crdisgkers or lengthened
filaments exhibit elasticity (the gel state). Traditional sdl/ggates are only reliant upon thermal
fluctuations; however, in the context of cells more complex Affn mechanics are at play.
Similarly, continuum models of active crdissked gels have been proposed to describe the
behaviours of reconstituted isoipic actomyosin network$®??**. By altering protein and cross
linker concentrations in vitro, seffssembly dynamics can be studied at different length, time and
force scales. Under tension, models employing purified actinin and filamin, as passivénkerss
demonstrate poweilaw behaviours similar to cells. Similar to the contradictory findings in whole
cells, both strain hardening and softening have been observed in reconstituted polymer networks
205235 proteinunfolding/unbinding has been proposed to explain these behaviours, with unbinding
dominating at low pulling rates, and unfolding of crliskers dominating at faster rates. Although
gesolin (an actin binding protein) and filamin (crieker) have genettad increasingly realistic cell
behaviours®®*, generally large discrepancies exist between rheological properties derived from
purified systems of entangled cytoskeletal filaments and thafsetact cells™>%,

Discreet models have also been used tesctibe wholecell behaviour. First proposed by
Ingber, the tensegrity model equates the cytoskeleton to-giessed structural components that
act in unison to provide structural integrity to the c&f. In particular, the actenyosin network is
thought to generate prestress within the cytoskeleton, while extracellular tension is generated
through cadherins or focal adhesions. Actin and intermediate filaments have been shown to
generate and sustain tension, whereas microtubules and focal adiesioear internal
compressions of the cell. Moreover, pséress in cytoskeletal components has been shown to be
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linearly related to overall cell stiffness. While useful for describing macroscopic deformations,
tensegrity does not describe cellular phenormaerelated to frequency dependence, thermal and
non-thermal fluctuations, or localized mechanical properties. Although cell stiffening has been
shown in response to externally applied forces in vitro, it is not clear whether or not strain
hardening, rathethan tensegrity, might better describe such occurrences.

A model proposed by Sollich’, SGR, has also been used to describe various cellular
mechanicé phenomena®®’. Using this model, a phase transition (aging) is brought about by a
structural rearrangement within cells that likely relies on ATP or mechanical Sfe&ssl1.5 D)
Promotion/inhibition of actin polgnerization and myosin contractility both result in conflicting
results in the literature. In contrast to the strairardening behaviour predicted by the tensegrity
model, SGR predicts strasoftening will occur when cells undergo application of large erc
Although the application of SGR is widespread for describing the physical phenomena observed in
many cellular dynamics experiments 2°2 2% it is best used to describe only the contractile
actomyosin network.

Recently, poroelasticity has been used to describe the dynamic behaviour of -odilsle
undergoing deformatiort®®*®., The premise of poroelasticity is based on deformations of soft gels
239 As the material undergoes deformations the fluid phase flows through a solid mesh, thus a
YFEGSNRFET Qa GLRNRStIaldAOAGEE 2N eRQiFmaNiFigd b CA & Aa
Within the framework of a cell, the cytosol is characterized by the fluid component and the dense
network of filaments and proteins comprises the solid mesh network. Moeendarbary et al. have
recently shown that cell relaxation lfowing mechanical perturbation (with a spherical indenter)
can be described using this mod&l Immediately following cessation of the external perturbatio
the cell recovers quickly and is attributed to the flow of cytosol through the filamentous
cytoskeleton. By exposing cells to hypemotic and hyperosmotic conditions, the authors
demonstrate that the rate of flow of cytosol through the mesh is digectlated to the pore size of
the mesh. Considering that the cytoplasm is the largest cellular component by volume, its rheology
in the context of cellular mechanics is likely dominant. While useful, poroelasticity does not describe
long-duration recovenryprocesses which are likely dominated by cytoskeletal remodelling.

Mechanical manipulation of cells has led to significant insight into their mechanics; however no
consensus view of a general mechanical model has been reached. Much of the observad cellul
phenomena are difficult to quantify, a complexity magnified by interactions between cellular
components. It is probable that reported power law exponents and master curves represent an
averaging of the behaviour of multiple structures, where one striectmay dominate. Alternative
models to the classical ones incorporate Hovear effects®’. Models such as these have been
proposed in order to describe phenomersguch as cell fluidization; however they too are
incomplete. Moreover, although protein unfolding/unbinding processes have been implicated in the
mechanotransduction process, individual highly sensitive mechanosensors remain largely unknown.
It is possiblghat molecules on the brink of a conformational change act as these sensors within a
network of crosdinked biopolymers. Considering the number of crlisking proteins within a
given cell, it is likely that the sensing occurs by multiple proteins samediusly, such as in focal
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adhesions. Studies involving whalell mechanics as well as single polymer studies both have their
drawbacks. A cell cannot be described by the sum of its components, as they comprise a complex
hierarchy undergoing constant prt and structural turnover. Finding a unifying theory for cell
rheology may rely intrinsically on a coaimgeined picture of the cell. However, measurements of
bulk elastic and viscoelastic properties of the cell may only be useful in limiting casas. In
illuminating review on active biological materials, Fletcher and Geissler discuss how current theories
involving linear and scalidgw rheological models only fit a small fraction of detail in the big picture

of cell mechanic$®. Difficulties include simultaneous deformation of a variety of cellular proteins
and structures, meantile interactions with the probe are often ignored. As well, chemicals used
for antagonizing or inhibiting the activity of certain cytoskeletal components are not specific, and
can result in a myriad of other cellular changes. With these cautionary statisnemind, we note

that only through careful examination of cellular mechanics will we be able to develop a clear
understanding of the inner workings of cell mechanotransduction.

1.7 Conclusions

The cellular response to mechanical force is consequenh ugmih its structure and mechanical
properties. Understanding and characterizing the cellular response to force is critical given that cell
mechanics and extracellular forces themselves direct many important cellular processes, including
differentiation, morphogenesis, and gene expression. Exactly how these forces are sensed and
transferred into biochemical cues is still an area of intense investigation. It has been proposed that
mechanotransduction occurs through a foroalancing act*’, wherein extra and intracellular
generated forces contribute to mechanosensory feedback mechanisms, largely controlled by
actomyosin contractility® °* **%. Conformational changes in key proteins likely accounts for one
avenue of direct conversion of mechanical signals inteh@mical responsed>2*,

Over recent decades, AFM has become a frequently employed tool used to examine the
deformation response and rheological properties of cells. Apparent stiffness measurements
generated from foce-indentation curves have become useful for characterization and identification
of normal and diseased cells. Moreover, fofeedback techniques are valuable for characterization
of their viscoelastic properties. While useful, models used to interpret diserved cellular
responses vary widely in the literature. A clear description of how cells respond to a variety of forces
will provide insight into the mechanisms involved in many cellular functions. However, the complex
interactions between many activeomponents make it extremely difficult to obtain an-all
encompassing picture of the cell. While the cytoskeleton, particularly the actin network and cortex,
are particularly important in defining the elasticity of the cell, we now know that actin assemdly
dynamics are largely influenced by extracellular mechanical cues, particularly those from the
substrate of adherent cells. Linear and scalesug rheological models only fit a small fraction of
detail in the big picture of cell mechanics, as they a consider norequilibrium states'®,
Although theories of this nature will beequired to describe cell behaviour, they will certainly be
highly complex. And so, describing specific observed phenomena, such as actin growth at the
leading edge or contractility consequent of molecular motors, with simpler models that relate to the

length and time scales of experiments is beneficial.
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Motivation |

Many studieshave demonstrated theviscoelasticmature of cells in response to externally applied
forces The cytoskeleton particularly the actimetwork, has beenshown to playanimportant role

in structurally supporting the cell. Howevdgess is known about the nucleus and surrounding
cytoplasmic regions. Moreover, although general relations between cellular components and
deformation mechanics have been identifietietstate of the membrane and underlying cortexsha
not been weHlcharacterized with respect taell shaperecovery, particularifollowing prolonged
deformations.

Hypothesis & @jectives |

The main objective fothis manuscript is taharacterize largacale cellular deformations, and to
identify key cellularcomponents involved ithe response. W usal direct visualization methods to
guantify the timedependent deformabns of the cell under localized loads at an extremum (large
load magnitude and relatively londuration) while examiring celkshape ecovey processesWe
postulated that the actin cytoskeleton and nucleus also play a role in cell stralirecovery
behaviour.

24



2 | Resiliency of the plasma membrane and actin cortex to laigmale
deformation

2.1 Abstract

The tight coupling between the plasma membrane and actin cortex allows cells to rapidly change
shape in response to mechanical cues and during phy$oallogrocesses. Mechanical properties of

the membrane are critical for organizing the actin cortex, which ultimately governs the conversion
of mechanical information into signalling. The cortex has been shown to rapidly remodel on
timescales of seconds tminutes, facilitating localized deformations and bundling dynamics that
arise during the exertion of mechanical forces and cellular deformations. Here, we directly
visualized and quantified the tirrdependent deformation and recovery of the membrane antirac
cortex of HelLa cells in response to externally applied loads bothand offnucleus using
simultaneous confocal and atomic force microscopy. The local dieepdeformation of the
membrane and actin cortex depends on both load magnitude and duratiahdoes not appear to
depend on cell confluency. The membrane and actin cortex rapidly recover their initial shape after
prolonged loading (up to 10 minutes) with large forces (up to 20nN) and high aspect ratio
deformations. Cytoplasmic regions surroumglithe nucleus are shown to be more resistant to long
term creep than nuclear regions. These dynamics are highly regulated by actomyosin contractility
and an intact actin cytoskeleton. Results suggest that in response to local deformations, the nucleus
does not appear to provide significant resistance or play a major role in cell shape recovery. The
membrane and actin cortexlearly possess remarkable mechanical stability, critical for the
transduction of mechanical deformation into long term biochemiagihals and cellular remodelling.

2.2 Introduction

It is becomingwell recognizedhat mechanical stimuli in vivo influences a multitude of cellular and
physiological processes *****°. How cells sense and transducé¢hese mechanical forces into
biochemical sigals (mechanosensation and mechanotransduction) is still an area under intense
investigation'>?** 2. Research has narrowed down many of the molecular components involved in
mechanotransduction; however therremain many open questions with regard to the response of
cells to mechanical stimulation. Thiessponseio mechanical forcéas been shown to be dependent

on both the magnitude andiimescaleof force application®”’. Moreover, both local and global
mechanical stimuli can give rise to rapid changes in cell signalling, deformation of the
cytoarchitecture and changes in gene regulatiGr?*®®*", Cellcell interactions have also been
hypothesized as an influence in the response to loading, as densely packed cells are thought to act
collectively during stimulatiorf>>. Cellular characteristics such as geometry and elasticity are
important, and clearly influence the response to extracellular foré&s However these
characteristics are derd from the behaviour of distinct subcellular features, in particular the
plasma membrane, cytoskeleton, asdrroundingextracellular matrix (ECMY*.
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The mechanical response of cells is largely influencethéycytoskeleton which provides
structural sipport to the softand flexible plasmamembrane, and the cell as a whof&. The
YSOKFYAOFf LINPLISNIASE 2F GKS OSftfQa YAONBSYODANR
all influencethe rigidity of the cytoskeletor? *°. It has been hypothesized that cell surface
receptors couple theytoskeletonto the ECM and to neighbouring cells in order to transmit extra,
intra, and inter-cellular forces™**® ***?%® |ndeed, the physical properties of the underlying cell
matrix also play a key role in governing many complex physiological prodds&8<>2% Cells
generate traction forces as part of a mechanism to sense the mechanical properties of the
surrounding microenvironment. Traction forces are mediated by actomyosin contractility and
physical links to the microenvironment through membrane bound focal adhesion and integrin sites
244 246 Conversely,cells can ao respond dramatically to physical forces arising in the
microenvironment*> #4%2°% 27 gome evidence suggests that the response of actin, following
mechanical stimulation, is bimodal, i.e. rapid reinforcemdolipwed by a gradual reorientation of
actin stresdibres ®. Sressfibre formation is alsainfluenced by mechanical cués®*®. For example,
zyxin (a known mechangensitive protein) has been shown to translocate from focal adinesies
to actin filaments due to uniaxial cyclic stretch, thus increasing the thickness of fitess®".
Physical forces arising from cyclic stretching and froliacedl interactions have also been shown to
result inrapid cytoskeletal remodelling®® %%, From these examples it is clear that the connection
between the actircytoskebton and ECM are quite imptant in maintaining cell shapeigidity, and
GKS O0SttQa FoAaAtAdGe (2 NBaLRyR (G2 SEGSNYyLFf F2NDOS.

The actincytoskeletonis often prized for its structural stability; however the plasma membrane
must also withstand rapid and dyndenshape changes, and is obviously vital in cell physiology.
Often, the plasma membrane is thought of as a soft flexible structure, that can be ruptured
quite easily in vivé®’, and soaits rapid repair is critical for cell viability. Physidatces applied to the
plasma membrane are transmitted throughotite cell > and laterally along the membrane
causing changes in transmembrane protein conformation, leading to their activatioAs well,
high local curvatures can cause a chemical rearrangement within the*gelimplying that
mechanical stimulation of the plasma membrane can lead to intracellular signalling, and potentially
a change in function. In addition, there is an important and complex regulatory interplay between
the mechanical properties of the pkas membrane and actomyosin cort€® *°*. The secalled cell
cortex forms an interface between the external and internal utetl microenvironments and
governs the mechanical properties of the cell. These properties are critical in the ability of a cell to
rapidly change shape and respond to mechanical stresses during a multitude of physiological
processes’®. Importantly, the individual properties of the plasma membrane and actomyosin
cortex have a significant influence on one another. The mechanical properties of the plasma
membrane play a critical role in the local organization and bundling of actin at leading edge
protrusions and filopodid®* ®°. As well, cortical tension plays a key role during mitosis, controlling
spindle positioning and morphogenesis, cell shapeiktalion and cytokinesi® *®. Although there
are still many questions regarding the molecular and mechanical properties of the actin €4rtex
has been shown to rapidly remodgimescale of seconds to minutes) to allow for deformations that
arise during motility'® shape chang®® and during the exertion of mechanical forc®4 Clearly,
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the cell cortex must be resilient during deformation but remain dynamic to allow for rapid
remodelling. In this study our objective was to examine thiéme-dependent deformation and
recovery of themembrane and underlying actin cykeletonin response to arexternaly applied
mechanical load, while attempting to characterize the roles of the membrane, cortex, nucleus, and
surrounding cytoplasmic regions during the response.

In orderto probe the deformationand subsequent recoveryf she cell membrane and actin
cortex, HelLa cells were created transiently expressirgg pleckstrin homology (PH) domain of
phospholipase C conjugated to EGBRd LifeAcRuby to label the membrane and actin
cytoskeleton, respectivelyWe applied nanescak forces(5, 10, and 20N) usingthe atomic force
microscope AFM as a nanedndentor to theapical surfacef HeLa cellfor up to 10 minutes. Use of
the AFMallowed us to applyprecisely controlled forces tthe cell membrane, either eror off-
nucleus.By combining AFM withsimultaneouslaser scanning confocal microscopy (AESCM)”°
we were able to systematically characterize th&uctural response of HelLa cells to external
perturbations through direct visualization We demonstrate thatthe response of the plasma
membrane is depadent on both load magnitude and temporal factqrswith perturbed cells
exhibiting creeping deformation By employing actin and actomyosin contractility inhibitors we
demonstratel O (i &ryti@l &ole in maintaining cellular resistance to deformatibnportantly, we
observeda rapid recovery and maintenance of membrane integrityllowing large local loads
(20nN) for sustained periods of tim&LOmin). Postperturbation recovery of the cell membrane and
cortex was observed to occur in 2min without sgnificant changes in -&ctin stress fibre
morphology, or deviation from the initial cell shag@espite previous notions of the fragile nature
of the cell membrané”?®® we show thatthe membrane, even without an intact cytoskeleton
proves to besurprisinglyresilient to penetration Our findingsdirectly demongrate that while
cytoskeletal integrity is important for maintaining structural rigigiit the membrane and
cytoskeletoncan withstand and recover from large loads and deformations. Characterizatior of on
versus offnucleus loading demonstrates that cytapmic regions surrounding the nucleus act in a
more viscous manner in comparison to nuclear regions. This demonstrates the important finding
that the soft nucleus does not resist deformation, and is not responsible for cell shape recovery in
HelLa cells.

2.3 Results

2.3.1Membraneindentation measurements in monolayers

Atomic force microscopy (AFM) and laser scanning confocal microSc8@N(were employed to

apply nanonewton forces to the plasma membrane of Hekls, while simultaneously imaging

cellular deformation Fig 2.1 A. This was performed on cultured monolayers of HelLa cells
transiently expressing the pleckstrin homology (PH) domain of phospholipase-C (PLOO2 y 2dza | ( S
to EGFP (RH [ /BEGFP)Nnd couner stained with the livecell nuclear dye Hoechst 3334Rid 2.1

B, C) Thisapproach allowed us tdirectly visualiz of the indentationof the AFM tipinto the cell

The deformation of the cell membrane over time was investigated by applyaupstants, 10, and

20nN force applied tothe cellnucleus which closely approximates the centroid of the cell as we
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have previously showf?. Force was applied for a period of 10 minutes followed by removal of the
tip and continued imagingLSCM volumes were acquirguior-to and during apfication of the
force, from which YZ and XZ orthogonal vievese examined (Fig.1 B). Direct measurements of
the indentation depth were made every minutever the terrminute application time We
calculated the ratio of deformation to initial cell heightorder to normalize celio-cell variations in
height.

A

photodiode laser

cantilever

______ ememnnst \ actin network
J focal adhesions

5
=
(]
E

Figure 2.1AFM setup and LSCM volume acquisition.

A) Schematic diagram of th&FM setup used as a nanmdentor. The AFM is employed to impose an
indentation of a given depth (d) into a cell of a given height (h). B) A living HeLa cell deformedby/farté

F LI ASR o6& |y | Ca (A LOrtHogogad\Bewsshiws thaDtih fthe anemrdr® fariidza ®
underlyirg nucleus were deformed. C) Deformation over a 10 minute duraitime depth of deformation
increass as demonstrated from t=0 to t=10. Gre@t#t [ fEGFP Blue:Hoechst33342 Scale bars=>%n.
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Figure 22 Force magnitude #&ects deformation but not elatic modulus.

A) The effect of force magnitude omormalized membrane deformation. Thenormalized depth of

deformation (d/h) of the cell membrane is proportional to the magnitude of the applied force. There was a
significant P < 0.05) difference betweerthe total deformation observed, after 1éhin of constantforce

application, between 10 and 20 forces applied to Heleell membrans. (5nN ¢ black,n=12, 10nN¢ red,

n=26, and 20nN, blue, n=12) B) Total deformation over time. Deformations involving 10 and 20nN result in

similar depths (d) reached in cells, as they are both relatively dsegke forces in comparison to 5nN. C)
Corresponding averages of total deformation (d) and initial kelghts (h). Inset shows that normalized
deformation (strain) is linearly proportional to the applied force, within this range of magnitudes. Total strain
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moduli ¢ which are independent of force magnitude) Zprojection of a cell deformed by a 10nN load above

the nucleus for 10 min. Orthogohaiews demonstrate that no deformation is visible within 2 rfaflowing

tip removal (t=11 min), as the membrane has recovered its initialdefermed shape (t=0). The (*) indicates

the apex of the AFM tip. GreeRHt [ /EGFR Blue:Hoechst33342,Scalebars5>m. All time is in minutes

and aror bars shown are standard error

As expected, theobserved indentation was force dependent (F&2 A-C. As well, the
deformation was observed to creep over time under a constant applied force due tosteelstic
behaviour of the cel(Fig. 2.2 A)As cells were randomly selected across samples there were
significant height variations (Fig. 2.2 C). Regardless of this, the relative deformation dépeauds
on force magnitudes within the range tested (2 Cinsef), with 20N resulting in a significant
AYONBI &S Ay G2GFf y2NXYIFtAT SR RST2 NsetFig23C). T4 SNJ
LY FTRRAGAZ2Y I ,2dzy3Q& Y2 R dztlistabce YulesaaltheSHertz anddel, ¥ A 0 G A
were ddermined before and after the applied load, on the same cell. No significant chBrge.§
in all cases)n the elastic modulus was observed, even after an@nute period of perturbation
(Fig 2.2D).

LSCM volumes were also acquired following removal of the tip in order to examine the post
deformation recovery of the celinterestingly, 1 minute after removal of the applied load showed
that the membrane had already begun to recover from its initiabdefation (Fig2.2 E). Within 2
minutes followinglO0 minutes of a 10nN loathe recovery of the membrane was complete or well
underway in ~80% of the cells examined in this study. In this study, we defined a cell as recovered
(or recovering) if after 2 mutes the induced membrane deformation has decreased at least 50%,
however in most cases there was a 100% complete recovery by thisHwee. after a 20nN load
was appliedfor 10 minutes, cell membranesvere observed to completelyecover their initial
morphology. Large deformations weedsoobserved within the nucleuduring the loading periad
howeverthe nucleusalsoreturned to its initial morphology in the 2 minutes following tip removal

In order to determine whether or not the nucleus is the driyiforce behind membrane
recovery, we performed the same experiment-aficleus (sed-ig 2.3 A. For untreated cells, the
cell membrane again was observedrazover wthin 2 minutes after tip removal ~90% of the time.
AFM measurementsf whole cellforce maps(n=3)showed that, 2 dzy 3 Q& Y2 RdzZs® | 02 @€
nuclei are2-3 fold softer than those inregions surrounding the nucl€Fig 2.3 B). Variances in
stiffness, however, are apparent across the cytoplasmic surface due to inherent heterog&heity
%9 These soft nuclear regions correspond wéth observed increase ideformation over time,
when compaked to the stiffer oftnucleus regionssge Fig2.3 Cand D). These results indicate that
membrane recovery may be independent of the nucleus. Sustained deformation of the nucleus,
however, may influence the rate of recovery of themmaane in the vicinity of the applied force as
the nuclear envelope is highly interconnected to the cytoskeleton and the membrane cortex.

In order to assess the integrity of the membrane before, during, and after deformation we
incubated the cells in progium iodide (PIf°. Pl is a potent nucleastain that will fluoresce red
when intercalated in the DNA. Importantly, it is membrane impermeable and cannot localize in the

nucleus unless the plasma membrane has beemupied. We exposed cells to a8 constant
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Figure 2.30nversus offnucleus deformations.

A) Offnucleus loading with 10nN for 10 min was shown to result in membrane recovery in 90% afi=<Hlls (

within 2 min following tip removal, consistent with anucleus loading, demonstrating that the nucleus is not
regponsible for membrane recovery. The (*) indicates the apex of the AFM tip. B)-fragef a HelLa cell
AaK2gAy3d GKS KSAIKG YSIadaNBRZ |yR GKS O2NNBaALRYRAYS3
model). Results demonstrate that the nucleus is tadled the elastic modulus is2fold softer (~500Pa) than

in surrounding cytoplasmic regions (~1.5kPa) for this particular cell, as measured by JPKSPM software here. C)
Normalized deformation over time comparing -oncleus (orange) and offucleus (black)olading. D)
Corresponding average deformation over time for-rurcleus and ofhucleus loading. Deformation en
nucleus is significantly greater than -officleus. GreenPHt [ fEGFR Blue:Hoechst33342,Scale barss>m.

Error bars shown are standard error

force for 10 min, followed by removal of the AFM tip while simultaneously imagiAg PHEGFP

Hoechst 33342 and PI. No red fluorescence was observed from the perturbed cell nuclei before,
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during, or after the application of a 20nN force (Fig. 2@)AAter removing the tip and confirming
membrane integrity, we conducted a positive control by adding a minimal amount of THI®® X

(TX) (0.05% v/v final concentration) to the culture medium. TX rapidly permeabilized the plasma
membrane and PI fluorescene&as immediately observed (Fig. 2.4 D).

As a positive control paraformaldehyde was added to a sample dish prior to performing the
same constant force experiment. The observed effect of PFA (a known fixative) was a near 5 fold
increase in stiffnessP(< 0.p VX & YSI &dz2NBR o6& ! Ca ,2dzy3Qa Y2F
increased resistance to deformation. Less than 20% of cells treated with PFA displayed any visible
deformation upon application of a TN constant force for 10 min. In cells displaying a visible
deformation, no recovery of the initial cell shape was observed following removal of the tip.
Conversely, we also conducted an experiment in which PFA was added to live cells during the
expasure to a constant force for b@in, but before the removal of theM tip. After allowing the
PFA to fix the cells, the AFM tip was removed. Although PFA treatment did result in some image
degradation, the induced deformation was still clearly observed 20 min latel2(Fig).

t=20 mins after PFA

Figure2.4 Control experimentsPI testand PFA.

A-D) PI test demonstrates that the membrane is not penetrated during or following tip removal. A) Cell prior
to applied load. BLell deformed by a 20nN forc€) Loadis removed. The membrane is not penetrated by

the tip, as is seen by the ladk red fluorescenceD) Addition of TXLOO to the mediaas a positive control,
demonstrates that the membrane ermeated resulting in redfluorescance of the PI stain (Pl and Hoechst
channels are overlaid). E) PFA added to cells during deformation results in permanent deformation even 10
min after tip removal. Image shows deformation in the XY and XZ orthogonal Aitwugh there was a
decrease irfluorescence intensity following addition of PFA, an image captured 10 min following tip removal
shows the deformation remains. 2 dzy 3 Qa Y 2 Rdzf dza 2=8) (14.TF4kP&)WES alnioSt BoldOSt f & 0o
higher in magnitudehan untreated cells (3.4 + kBa). Green:PHt [ /BEGFPR Blue:Hoechst33342, Red: PI,

Scale bars5>m.

32



To further test the role of the membrane in the deformation response, we incubated the cells
with membranebound fluorescent markers in an attempt to stiffen the membrane: Wheat germ
agglutinin (WGAY"®?™, a lectin which binds td-acetytD-glucosamine and sialic agiand DID,a
lipophiic tracer. Both fluorescent markers were fluorescent in the -800nm emission spectra,
which allowed us to simultaneously image the membrane transiently expressingfl@FP 6 CA 3
2.S1). The same experiment as described earlier was performatudeusfor these cells. AFM
forceOdzNIISa O2y TANXY SR K Islincupaedzyiith WEGA U8 R @adr3) 2 F OSf
significantly increasedP(< 0.05) by35% in comparison to untreatedells (3.4 = 13kP3.
Deformation over time was measureth=10), and plad show that normalized deformation is
greater than untreated cells (Fig.S2). Total normalized deformation at the maximum duration of
loading was significantly highd? € 0.05) for WGA (0.7 £ 0.3) in comparison to untreated cells (0.5 +
0.2). Incubatios A i K 5A5 | faz2 SR G2 I afAIkBanAly)deSF asS A
deformationtheight ratioversus time datdollowed a similar trend to that 0fWGA, and resulted in
an increase (0.6 + 0.1p<£5). espite the overall increased stiffneske effect on membrane
deformationwas surprisingConsideringthat the load applied is highly localized and results in high
aspect ratio deformations, it is possible that a stiffer membrane experiences shearing effects rather
than bending, as would be expected for softer materi&ls

Taken together, the results revedidt the cells are able to recover rapidly after a lasgale
indentation for prolonged periods of time, even in cytoplasmic regions surrounding the nucleus.
Moreover, the membrane does not rupture in response to relatively high aspect ratio indentations.
Resiliency of the membrane herein refers to its ability to withstand these extreme forces without
penetration. This was confirmed using a Pl test and is directly visthke cell membraneclearly
deforms around the shape of the AFM &p observed in theSCM orthogonal views (see.Rd. C)

2.3.2 Membrane indentation measurements in single cells

HelLa cells in culture preferentially forhghly interconnectednonolayers.In order to investigate

the influence of the monolayer microenvironment on the memate deformation and recovery
dynamics, we performed the same experiment again on cells cultured atdofluence. In this
situation it was possible to examine the mechanical dynamics of the cortex of single ceRs5§Fig
Here, we exposed single celtsa 10nN force for 10 minutes and recorded LSCM volumes as in the
same manner as above. We obsenrasignificant differences between the deformatidgnamics

of single cells in comparison to those in a monolagfeig 2.5 B and L This suggestshat the
NEBaLR2yaS 27F | &léchlize@iafornvasorfindded/b$ anliAEM tifs independent of

its neighbours.

2.3.3 Actin deformation

In order to examine the response of the underlying actin cortex and cytoskeleton we produced HelLa
cells transientlyexpressingPHt [ /BEG&FPand LifeAciRuby and performed experiments as above.
Red fluorescence observed within the orthogonal views demonstrated the presence of actin
underlying the membrane, with an increased intensity just underlying the green fluorescent
membrane (the cortex) (Fi2.6 A). Simultaneous membrane and cortex deformations were
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measured within the same ceh£9), and demonstrated that the cortex deforms and creeps at the
same rate as the membrane (Fig6 B). LSCM volumes captured befodering and after tip
removal demonstrated that, not only the membrane, but also the actin cortex recovered following
removal of the load (Fi26 A). This recovery was again observed in a relatively short time period of
2 minutes. We performed a commongnployed intensity correlation analysis (ICA) on orthogonal
projections of LSCM volume images (€8 in order to quantify the similarity in the initial
membrane morphology with the membrane morphology during and after deformation (full details
are described in the Supplementary Informatidth. 2.7.9. ICA compares a pair of images and
provides an intensity correlation quotient (ICQ) that varies betwées and +0.5. An ICQ value-of

0.5 or +0.5 indicates that the images being compared are negatively or positively correlated,
respectively. AlCQ of 0 indicates that a pair of images is completely decorrelated. As expected,
comparing images of the membrane before and after full recovery leads to a positive ICQ #f 0.19
0.06. However, comparing images of the membrane before and during defemeadsults in a
significantly smaller ICQ of 0.@8.03 P <0.05). These results demonstrate that cells recover their
pre-deformed morphology, as determined by the larger ICQ values for before and after versus
before and during deformation images (R C).

We also investigated the morphology of the actin stress fibres before, during and after
deformation. It has been observed that cells exposed to planar uniaxial stretch undergo rapid and
dramatic remodelling of the actin cytoskeletdh® #8 In this study, although the mechanical stress
is obviously very different, wevere curious to observe if a similar phenomenon would take place. In
HelLa cells, we observed stress fibres primarily appearing at the basal membrane near the substrate
but also above and around the nucleus (Fig. 2.6 D). We acquired LSCM volumes beffteramd
10 minute deformation caused by a constant 10nN force applied with the AFM tip. Although there
appears to be some displacement of the actin stress fibres, consistent with our previoks®,
they were not observed to disassemble during the deformatl@#A performed on ROIsmtaining
visible actin stress fibres demonstrates that there is only minor movementaafif within the
basal plane, as shown Kig. 2.6 D. Values of ICQs were similar for deformed (0.134) and recovered
(0.139) cells, indicating very little movementtbé fibres. In some cases, a minority of actin stress
fibres were observed to remodel, however overall, the actin cytoskeleton was observed to remain
intact and relatively stable. We also examined cortical regions of the cell membrane and similar ICA
resuts were obtained. Ratios of fluorescence intensity in the regions were also examined before
and after mechanical perturbation but no definitive results were obtained (data not shown).
However, this analysis certainly does not rule out the possibility oofical actin remodelling
dynamics in response to mechanical perturbation due to the fact that such fine actin structure in
the cortex is not easily resolvable with standard LSCM.
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Figure2.5 Comparison of single cell antionolayerdeformation behaviou.

A) A comparison of single cell morphology and microenvironment to that of cells within a confluent
monolayer. The shape of single cells is not influenced by its neighbours, in comparison to those in a dense
monolayer, as is seen in thesamunofluorescent images.-grojections demonstrate the strong presence of

FOGAYy FAONBA Ay GKS ol alft LI in/pAPlingages shéwSprodiidng @ia Y SYo !
cortical actin throughout the cell. BJomparison of normalized deformation ew time of single cellshjack,

n=10) and HeLaell monolayers (orange, n=26) for anN) applied force¢ K S | 2 dzy’ 3 Q dellsYireaR dzf dza 2
dense monolayer (E=3.4 + kPh) is not significantlyP(> 0.9) different than tht of single cells (E=3.4 £

1.6kPa).Cell density does not appear to influence locall elasticity.C) Corresponding total deformation over

time for monolayer and single HelLa cetseerrPhalloidind88 (actin), BludAPI(nuclei) Scale bars 5>m.
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Figure2.6 Cytoskeletal recovery followig mechanical perturbation.

A) Overlay of actin fibres in the basal membrane of an untreated delLdefore (red) and after (green) 10

min of 10nN applied load. Both the membrane and underlying cortical actin network recover following
mechanical loading (after 2 min of unloading, t=12), as seen in the orthogonal views. (*) indicates AFM tip
position. B) Normalized deformation of actin (black) versus membrane (orange) over time demonstrates that
the linked cellular components deform simultaneously. Error bars are standard error. C) Plot of mean intensity
correlation quotients (ICQs). Intensity corride analysis (ICA) was performed on orthogonal views of regions

of interest (ROI) around the deformation comparing before (t=0 min), during (t=10), and after deformation
(t=12) for both the membrane (PECEGFP) and the cortex (LifeAct Ruby). Deform spmeds to ICA of t=0

vs t=10, and recovery corresponds to t=0 vs t=12.There was a significait.¢5) increase in ICQ for ROIs in
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recovery in comparison to deformation, as expected. However, there was an insignificant difference for the
same comparisoof the cortex intensities, due to high levels of noise, and negative effects of photobleaching.
Comparison of control (nedeformed) cells over the course of t=0 and t=10 min again shows higher values for
ICQ of the membrane in comparison to the cortexmaastrating that ICA is more accurate at predicting
correlation using the membrane tag PLEGFP. Overall, ICA shows that the membrane shape recovers in
O2YLI NRazy G2 (KS nésSforfeah ICR GriEdbaMeS EorteR, icdntioS. dError bars are
standard deviation. D) Actin fibres (LifeAct Ruby) demonstrate little movement in the basal membrane.
Zoomed images of actin fibres shown before deformation (t=0) and two minutes following deformation (t=12)
show that no remodelling has taken place. Ovghows nordeformed (red) and recovered (green) cell actin
fibres in the basal membrane. Below, intensity correlation quotients are indicated, showing that ICA presents
only limited fluctuations over the ten minutes of loading. See suppleni€ht 2.7.2for details of ICA. (*)
indicates AFM tip position. Scale baB> Y ®

2.3.4 Cytoskeletal disruption

Given the results of the experiments reported above, we hypothesize that the integrity and rapid
recovery of the membrane is governed by the stability andtiatility of the underlying actin
cytoskeleton. To test this, we pitecated cells for 15 and 30 minutes, respectively, prior to
experiments with the welknown actomyosin contractility inhibitor$4L7 {nhibitor of myosin light
chain kinase MLCK or Y-27632 (inhibitor of rho kinase, ROCK). Finally, we also performed
experiments on cells prreated for 15 minutes prior to experiments with the actin destabilizing
drug, Cytochalasi# (CytD. The myosidl inhibitor, blebbistattin, was not employed in ghstudy,

as it is sensitive to 488nm light and would decompose during the measureftéft

Although there was no noticeable morphological change shown in HelLa cells treated with ML7,
there were vast differences in the appearances of cells treated Wifv632 and CytD in
comparison to untreated HelLa cells (RRg). Prominent stress fibres were visible along the basal
membrane with some adjacent and apical to the nucleus in untreated HelLa cells. However, those
treated with Y-27632 lacked stress fibres. Cells treated witytD appeared to have completely
destabilizd actin networks, and cell height was slightly reduced. Cell height above the nucleus and
surrounding cell periphery were alike, whereas untreated, ML7,aRd632treated cells revealed
a significant decrease in cell height when comparingiodeus tooff-nucleus regions (Fig@.S3). It
was also noted during experimentation (live cells) that a large number of membrane blebs formed
following CytD treatment, as might be expected due to weakened interactions between the
membrane and underlying cytoarchitece '°* "% 272”7 We have previously demonstrated that
mechanically induced membrane blebs occur frequently in response to AFM indentation in mouse
embryonic stem cells that have low phospéerinradixinmoesin expression levefd®. Elasticity
measurements also revealed theells treated with ML®tlemonstrateda nonsignificant P> 0.])
change ircell cortical elasticity4.0+ 2.2KPg in comparison to untreated cell8.4 = 13kP3g, while
those cells treated witheither Y-27632 or CytDresulted ina significant decreaseP(< 0.05) in
elasticity (2.8 + 1L3kPaand 2.5+ 10kPa respectively) The decrease irelasticityis in agreement

with previous studiesand occurs as a result of actomyosin inhibition angtoskeleton
destabilizationlS, 50, 167,196, 260, 278, 279

Employing the cytoskeletal inhibitors,ewepeated the experimestusing aconstant 1GN
force appliedad 2 @S (G KS OSft f2BAnoryialzed (8)dziaddmendrnfaliz€dAdgfebmation
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(B) over a 10 min piod of constant applied force is shown comparing untreated andtfmated

I S[ I OSftad /2NNBaLRYyRAYy3I gAGK (GKS t1 01 2F OKILY
with ML7 differed only marginally from control cells. Comparing the total defoomaat ten

minutes of loading demonstrated that the difference was insignificant for NPL¥ @.35). On the

other hand, cells treated with-27632, andCytD) both experienced a significant increase in the total
RST2NXI GA2y SELISNASY@PR 0.6% The Kifereres ih tHefemativhSwas NIy
noticed visually between untreated HeLa (@ C) and treated cells (Fig.8 D), as the treated

cells exhibited a pronounced outward expansion and deeper deformation, almost reaching the basal
membrane. Tis observation coincides with the effect of a lowered elastic modulus seen for these
treated cells.Overall, we observed that regardless of the inhibitor employed, all cells respond to
mechanical deformation in a similar manner to control cells. Iniiahgre is a rapid increase in
deformation within the first minute followed by a crediie response over time. However,
inhibition of ROCK or destabilization of the actin CSK results in a ~22% and ~44% increase in
deformation over control cells, respeatiy (Fig2.S3).

We again performed the experiment while applying the loadmaf€leus (Fig2.3 A, and 2S3
while simultaneously employing cytoskeletal inhibitors. We observed similar percentages of
deformation recovery as shown with above nuclgushing experiments. In the case of ML7
treated cells, the membrane recoverdtbm deformation in asimilar mannerto untreated cells
(90%) Slower recovery was observed when cells were treated w682 andCytD For example,
only 60% of cells treated with-27632and mly 40% of cells treated witlCytDexperienced any
significantrecovery within the 2 min followg tip removal.Timedependent deformatiorheight
ratios were significantly altered upon treatment with cytoskeletal inhibitors. Ef3). Increases in
deformatiortheight ratios were significant in comparison to untreated cells wh&7632 and CytD
were employed, however only enucleus. This result suggests that an intact actomyosin network is
largely responsible for deformation resistance above the nucleus.

Repeating the experiment aboube celQ & v dzOtheSedeisEs of cytoskeletal debilitation,
demonstrated thatthe membranestill recoveed its original, pe-deformed state. Within 2 min
almost all cells treated with ML7 recovered, consistent with the behaviour of untreated cells (80%).
However, there was again a noticeable difference in th@vecy of cells treated with-27632 and
CytD In these casesnly 9% and 20%of the cells were able to recover a substantial portion of
their undeformed height after 2 mjnrespectively In some cases, even after several minutes of
imaging,a small amounbf membrane indentation was still visibl&ig 2.8 E) PI tests reveal that
although the membrane did not recover from indentatiomitleed remained intact.
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Figure2.7 Immunofluorescenimages of untreated and treated Hela cells.

Immunofluorescent images of fixed Hetells ¢ a comparison of untreated and drdgeated cellsLeft column

images are -projections of the basal confocal planes containing actin stress fibres and images in the right
column are wholecell zprojections wih corresponding YZ orthogonal views indicating the observed actin
cortex. Cells treated with ML7 show no noticeable difference in the appearance of their actin cytoskeleton.
However, those cells treated witht27632and CytDshow noticeable differences their actin networks. Actin

is completely depolymerized in the case @ytDi NB I G SR OSt f & d | 2 dzyifh Qtandaw2 R dzf A
deviation.Green:Phalloidin488 (actin), Blue: DARuclei),Scéde bar= 10>m.
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Figure2.8 The effect of cytoskeletbdrugson the response to mechanical perturbation.

A) Plot of the average ratio aformalizeddeformation initial cell height over time during constant applied
force of 1MN. Cells treated withY-27632 (pink, n=19) andCytD (green, n=8) experienced significantly
increased membrane deformations in comparison to untreated cells (oramg25), and those treated with
ML7 (blackn=13) P < 0.05). B)Corresponding deformation over time for untreated and treated Helh.
Redgreen overlaygsomparing membranéeformation in untreated HeLa and RQytDtreated HeLafollowing

10 minof 10nN applied force. Théeformation followingtreatment with both CytDand Y-27632was much
more severe than what was observed for untreated Hela. Destabilthimgactin cytoskeleton severely
increased deformationand impaired the ability of the cell to recover followinthe perturbation E) An
example of a cell treated with-27632that did not fully recover following 2 min peftrce removal. The
indentation s still visible in the XY plane as indicated by the arrow. Typically with an intact cytoskeleton we
observed a quick return of the membrane to its inital state, however without an intact actin network,
recovery appears to be slowdareen- plasma membraa at t=10 min of 16N deformation,Red¢ initial cell
morphology PHt [ /EGFR, Scale bars 10>m.

2.3.5 Mechanical lcaracterization ofcell deformation

Timedependent normalized deformatioragsumed here asompressive strain) was fit to a Kelvin

Voigt model in an attempt to measure the viscous time constant of the membrane (see

Supplementary methods for detajl€h. 2.7.1 Themodel fit the data extremely well (R> 0.95),

and results in time constants on the order of ~1 minute for both untreated asatéd HelLa cells

(seeSupplementary methods Tab®SJ). Although these rates are within reason for the observed

membrane creepapparentviscosity values aran order ofmagnitude higher than expected, 63

kPa-minPrevious studies have reported membeaviscosities within the range of 14@00s of Pa-s

168196280.281 These values are intuitively high considering that honey, for example, is in the range of
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~0.1-10s of Pa-&2 This discrepancy is caused by using a simple model to describe a highly complex
biological system. As well, the assumption iebtropic compressive strain is a gross ever
simplification of the loading conditions of the locally applied force via a conical AFM tip. Many other
researchers have attempted to fit deformation and creep data to a variety of viscoelastic models,
and relevant parametersalsovary widely** #**?%, Despite these limitations, it is worthwhile to note

the significant difference betweethe creeping rates (Tabl2.S1) and relativeapparentviscosities

of on- and offnucleus data (Fi@.9). The creeping rateff-nucleus was observed to b&5%longer

than the onnucleus datgfrom 1.16s to 1.80s) and the relative viscosity also increasee4byo.
These results correlate well with foreeaps showing that off-nucleusstiffnessis increased in
comparison toon-nucleusregions (Fig2.3 B) Ths suggests that the dense mesh of the cytoskeleton
in regions offnucleus act in a more viscousanner resisting longerm deformation, more so than

the nuclear region (Fi2.3 C).In response to wvdous drug treatments, only Cytesulted in a
significan decrease in omucleus apparent viscosity. Under these conditions, the cell completely
lacks an actin cortex in any forBy comparing on and effucleus deformation, we were able to
approximate a relationship between total eand offnucleus strainswith and without an intact
cortex Without an intact cortex (CytBeatment) strain offnucleus is reduced in comparison to-on
nucleus { |- T % compared to a nearly equivalent strain ratio when the cortex is
unperturbed ¢  ¥- 8o ). Taken togetherthese results support thensurprisingnotion that

an intact actirncytoskeletorhasa majorinfluence on the deformation and the recovery of the cell to
large deformations both onand oft the nuclear region. More importantly however, thiata
suggests that the nucleus does not appear to play a major role in cell shape recovery following
deformation in the nuclear region.
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Figure2.9 Relative viscosities of treated cells and cytoplasmic regions.
Comparison of relative viscosities of ugdited (ornucleus) membrane ,) with treated cellsand off-nucleus
cytoplasmic regionsRelative viscosity offiucleus is significantly higher than-omcleus, which corresponds
with increased stiffness observed in force maps, suggesting the dengitytaxkeletal filaments is higher in
those regionsThe relative viscosity of Cyt®also significantly lower than untreated Hela, indicating a clear
disruption in the actin cortexError bars are standard error of the meﬂlgnlflcance *) compared within-
nucleusuntreated HeLadetermined withA Yy RS LISy RS ydest @& @aB)S y G Qa
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2.4 Discussion

Eukaryotic cells have developed mechanisms in order to respond to changes in their
microenvironments¢ including mechanical stresses imposed on them by otbells, or their
substrates, for example. Recently, researchers have begun to shed light on the response of cells to
mechanical loading, which has been proposed asgalator of cell functiort>84 9 258 260262263 278

Often, largescale forces occur in viv8*?®®. Aswell, large volumetric changes have been shown to
occur in cases of cellular blebbifffj, and motility*®, thus it is important to quantify the response

of cellsto forces at an extremum. In this study, we have employed simultaneous &M to
guantitatively measure deformation and recoveny the plasmamembrane and underlyingctin
cytoskelebn in response to force at an extremum of magnitude and aspect rat spécifically
examined the roles of the membrane, cortex, and nucleus in relation to the response to locally
applied nanonewton forcesSpecifically, cells expressing REEGFP allowed us to visualize and
directly measure the deformation of the membrardyring a constant applied force of 10 minutes.
We demonstrated that the depth of deformation of the plasma membrane was linearly dependent
on the magnitude of the load applied within this range of forces. (E@ A), and that despite
prolonged stress andhigh aspect ratio deformations, the cell membrane was impermeable (Fig
24). We showed that, for the majority of cells (~80%), the plasma membrane and cortex can
recover quickly from high magnitude and high aspect ratio deformations, in fewer than 2esinu

An intact actin network is necessary for cell shape recovery, and that the nucleus, despite
encompassing a large portion of the cell, does not appear to contribute to this recovery process.

In an effort to extract a viscous time constant from tbeserved creeping behaviour, time
dependent strain data was fit to a Kelwfoigt model for the various conditions tested (@nd oft
nucleus, cytoskeletal inhibitors, cortex versus membrane) (see Supple@an?.7.1L Due to the
lack of a realistic maal and simplifying assumptions about the load applied and the cell material
properties as well, absolute values obtained from the model must be taken with caution, however
some important insights can still be gained (Tall&1). Likewise, variances in rhaaical
parameters have also been reported throughout relevant literatfté®*?®. Notably here, the
relative apparent viscosity of the nucleus was significantly lower than that of the surrounding
cytoplasm (Fig2.9), suggesting that creep occurs at an increased rate for the safideus under a
constant stres, which is observed in Fi@3 C. As well, the relative visity of cells treated with
CytDwas significantly lower than that of untreated cells, corresponding with increased strain (Fig
2.8 A and2.S3 C). In additionpmparing the ratio of offand onnucleus total strains-( #- ) for
untreated and CytDireated cells reveals the importance of an intact actin cytoskeleton. In
untreated cells this ratio approaches ~1 whereas the loss of intact actin resultetrease to 0.7.

This data demonstrates that the deformation of the membrane on and off the nucleus is very similar
suggesting that the nucleus does not play a major role in resistingrdafmn. Cells treated with
CytDclearly demonstrate that an intaetctin cytoskeleton is required for resisting deformation.

More recently, poroelastic models have been used to describe relaxation of cells following
mechanical perturbatiod®. The cytoplasm, which accounts for the majority of the cell volume, has
been shown to act as a biphasic mategatlith an elastic component comprised of the dense mesh
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of cytoskeletal filaments and proteins, interspersed with liquid cytosol. Moeendarbary et al. have
directly shown that the rate of cellular deformation, and recovery, is dependent on the
displacement of liquid through this meshwhich occurs on relativelghort timescales®. It was
directly demonstrated that by exposing HelLa cells to hypoosmotic and hyperosmotic media, they
increased and decreased cellulanlwme, respectively, which corresponded to a corresponding
increase and decrease in diffusion constants. Thus, increased cellular volume correlated with a more
rapid stress relaxation. This phenomenon is consistent with our results that demonstrate greater
strain onnucleus, wherein the volume is much greater than the surroundingadfear regions,

which react in a more viscodike manner in comparison.

Following 10nin of a 10nN constantapplied force, we have showrthat untreated cells are
compressed bypproximately 50%see Fig2.S3 C)which is consistent with argviousstudy that
examined the deformatiof cells witha spherical AFM indenter (~8D% for forces around 50nN)

21 Remarkably, evemith relatively large loads (2IN), plied constantly for 1in, the cell

membrane remains undamaged amdpidly recovers following removal of the AFM tip for the

majority of @lls (80% of cells withinn@in) (Fig 2.2 E).Using cytoskeletal inhibitors (ML7-2Y632,

CytD, we showed that total strains increased (F®JS3) and that cell recovery was highly
dependent on an intact actin cytoskeleton:2Y632 and Cytlireatments resulted in greater overall
deformation of the membrane during the D@in experiments (Fi®2.8 A and B), as the cantilever

itself was shown to deform the cells (F8 D). This is appeible considering that elasticity

YSIF adzZNBYSyida NB@GSFtE SR I RS ONB% dus to Acyin desthbifiyaloR a Y 2 R
(Fig 2.7). Elasticity measurements in the range of several kPa have been previously reported for
epithelial cells measuredsing a similar approacH >, and decreases in cell stiffness have also

been noted previously when employing2Y632°% and CytD'®" to destabilize the actin network.
hiKSNAR KI @S NBLRNISR | 2dzy 3QasewdlRraffodepithedial tetlzS & 6 A G
%4292 and variances are expected due to various measurement and analysis techitigudspon

removalof the tip, recovery was not obsezd to occur as readily aftem#in, compared to control

cells (580and 20% for 27632 and Cytireated cells, respectively). In some cases, padidylfor

cells treated with CytDthe recovery was significantly impeded. These results demonstrate that
although an intact actin cytoskeleton is required for rapid membrane shape recovery, its absence

does not preclude a slow relaxation back to an initial state. This clearly inditatésportance of

cell shape; which has been shown previously to influence function and pathofogf 24 2%,

Inhibition of rhokinase mediated contractility with-27632 has been shown to drastically
reduce the presence of aatifibres in HeLa cells (see Rd and®®¥), as well as reduce thelastic
modulusin a variety otells®*®?%°, Charras et al. havasoshown that metaphase Hela cells treated
with Y-27632do not beb when exposed to latrunculin, whichduces blebbing in untreated cells
due to the loss of actenyosin contractility’’*. Therefore, it is not surprising that the useY627632
affects the ability of the cell to recover from large deformatiolsa paper by Brzeska et &f. HelLa
cells ransfected with RacQ6were used todetermine if active Rac results in increased activity of
kinases (PAK, ROCK, MLCK) and subsequently increased myosin light chain (MLC) phosphorylation
(p-MLC).Transfected cells were subjected to inhibitors of the afoeertioned kinases (T&RAK,Y-
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27632 and ML7, respectively The researchers found that Rl did increase-MLCwhich was
cof 20Ff AT SR gA0GK OGAYy Ay FAONBA FyR LISNRALKSNI €
had no effect on pMLC of norransfected HeLa and only a small decrease in RacQ61 transfected
cells;however, cells treated with t0a B2¥632resulted in a significant reduction ofMLC for
both nontransfected cells and those transfected with Rac@81Furthermore, MLCK, as opposed
to ROCK, has been shown to have an insignificant effect on the velocity of cleavage furrow
contraction during cytokinesis of HelLa cells, as determined by inhibition with ML#-an@32
respectively’®’. These results indicate that ROCK is the main kinase responsibléVfio€ pn Hela
OStftazr oKAOK SELIXIAYya ¢Keé GKSNB ¢l & y2z2 20aSNBS
modulus measurements or deformation response of these ,dellsomparison taintreated HelLa

From our observations, and other$ '°® %2277 it is evident that the cytoskeleton pvides
YdzOK 2F (GKS ySOSaal NB aidNUzOG dzNT f & dzLJLJ2 NI NB |j dzA
Membrane tension, however, may be partially responsible for this observed recdMembrane
tension has been shown to play a role in cell motilityand morphological changé&®**, and is
also directly related to actenyosin contractility®® ***, however how tension affects whoieell
mechanics remains largely unknown (reviewedd @ Ly 2NRSNJ (2 &ddzRe GKS
time-dependent deformation response, the membraheund fluorescent labels WGA and DiD were
employed (Fig2.S1). Byabellingthe membrane with the lipophilic tracer Ditnembrane stiffness
was only nominally increased. Although lipophilic tracers insert themselves into the plasma
membrane through partitioning, it has been shown that their inclusion has little effect on
mechanical properties of the membran€’. Measurements are difficult to reproduce, owing to
sersitivity of dye and cell concentratioff’, as well as the occurrence of miesavironmental
contamination ®°.  In agreement with earlier studie§® ", incubation of cells with WGA
significantly increased the apparent membraglasticity, as determined by AFM foraalentation
curves. Despite this increase in stiffness, WGA labelling led to a surprising increase-in time
dependent deformation (see Fig@.S2). The load applied here is highly localized, resulting in high
aspect raio high magnitude deformations, and so it is possible that a stiffer membrane experiences
shearing effects rather than bending. Plasma membranes of erythrocytes have been shown to have
a low shear modulus® and a relatively high elastic moduld. Compression resistance for soft
membranes is supplied by the elastic modulus due to undulations as well as intermolecular
separation®’>. Recently,caveolae have been shown to provide relief of the sudden onset of
increased tensiom by increasing the surface area of the membraffe®. It is probable that WGA
lectin binding to the outer sdiace of the membrane reduces intermolecular separation and
supresses these undulations and the ability to relieve tension by increases in surfac&tareé.
lipid interactions and their ordering also plays a role in membrane stiffness and bendintesgidi
3% and so it is not surprising that binding to the outer membrane surface will also change its
mechanical properties.

The plasma membrane offers little resistance to changes in sf¥pas observed here by
prominent deformations that conform to the AFM proljeig 2.8 B) Importantly, applied forces do
not result in membrane damage as confirmed by PI tests ZHgAD) and as seen by the EGFP
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outlining the AFM tip during indentation (Fig.1 C)*. Although not measured directly here, cells
conserve their volume during these high aspect ratio deformations, as indicated by a return to initial
cell height in most cases (80%) of untreated cell recovery without changes in basal membrane area,
which is in agreement with volume conservation observed by others during mechanical deformation
228 291. 308 prior researis reports a range of force magnitudes which lead to puncturing of lipid
bilayers in vitro'’" #1% 3% Breakthrough force was shown to be linearly proportional to the
logarithm of the approach speed using modeldyiers on solid substrate$’. Microinjection has
been demonstrated in vitro with the use of carbon nanotube fifis but with less success using
pyramidal tips'’””. A jump in the forcalistance measurements made during tip indentation has been
proposed to be correlated to a penetration of the lipid bilayand have been shown on solid
supported lipid bilayers as well as with eukaryotic célfs Despite the success of membrane
penetration with high aspect t® tips, others have noted that standard conical tips, in opposition
to sharp tips (such as carbon nanotubes), result in a gradual force increase wsamiie contact
308312 Thjs suggests that the membrane is deformed through bending and stretching around the tip
when the gplied force is distributed over a larger contact area. In our deformation experiments the
force magnitude is quite large; however the surface area over which it is transmitted is also
relatively large. Theoretical models propose that isotropic membransita distributes the highly
localized load of the AFM tip radially’. These large defomations (without puncturing)of the
plasma membrane support the idea of lipid recruitmenand possibly lipid trafficking, in order to
maintain membrane integrity™. Long and shortange trafficking of lipids has been shown to occur
along microtubules and actin filaments, respectiv@ly thus if these filamentous networks are
disrupted, membrane recovery may be delayed, which may explain the slow recovery observed with
Y-27632and CytDtreatments.

The ability of the membrane to recover within a relativ short perbd of time (2nin) could be
influenced by a number of factors including surrounding intracellular components such as other
cytoskeletal networks, or the nucleus, as well as mechanical regulators such as osmotic pressure.
Filamentous networks such as micrbties, which are known to influence cell polarity and nuclear
positioning '°* 3% may be partially responsible for the recovery response of the membrane.
Intracellular organization has also been patrtially implicated to be the result of dymamadelling
of intermediate filaments*®*"’, and so they too may influence the response to a local perturbation.
Connectivity with microtubule and actin networks, via molecular motors such as kinesin and
cytoplasmic dynein, links intermediate filaments with the response to any local deformation of
either of these networksAlthough we did not specifically address the role of microtubules or
intermediate filaments here, it is clear that they must providetfal resistance to deformation, as
they are tethered to both the actin network and membrane. As wealh-aquilibrium hydrostatic
pressure, caused by mechanical perturbation, has been shown in vitro to induce membrane
blebbing inembryonic stem cell". Considering that tére were no observed adhesive interactions
between the cell and membrane, as observed by measured AFM-¢oirges here, it is unlikely that
adhesion to the retracting tip is the driving force behind the observed recovessno@c driven
pressure seem® be alikely candidate in thenitiation of therecovery process.
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Besides the role of filamentous networks and cellular pressure, the nucleus has been shown to
play an important role in mechanotransductidff *'%. Extracellular forces are transmitted to the
nucleus via the cytoskeleton, through thenker of Nucleoskeleton and Cytoskelet@nlNC)
complex, which involves proteins that connect the inner and outer nuclear membrane to the
surrounding cytoskeletor?®. Disruption of this complex is known to result in diseased pathologies
and has been shown to result in loss of delistiffness®®. Considering that the nucleus has been
previously shown to be the stiffest cellular componef its presence in relatio to a local
mechanical load should be quite significant. Here, mechanical loads were locally applied above the
OStftQa ydzOftSdzaz FyR ¢S KeLRGKSAAT SR dGKIG GKS
largely attributed to that of the underlying nucleuslthough the nucleus was also deformed during
the 10 minutes of sustained deformatioi wasalsoobserved to recover along with the membrane,
as shown by a reduction its deformation after 2 minutes follomg removal of the AFM tip (Fig.

2.2 Q. By repeating the experimentoff-nucleus (Fig 2.3 A), we showed thathe surrounding
cytoplasm resulted in less creeping behaviour over time &3gC and D). AFM foreeaps showed
that the nuclear regions are-2 times softer than the surrounding cytoplasmagions (Fig2.3 B), in
agreement with Yokokawa et al®®. Although a softer nucleus seems contrary to predominant
reports of stiff nuclei®®®**?, others have also noted stiffer cytoplasmic regighs®* 3% A stiff
surrounding cytoplasm is likely due to higher density of cytoskeletal filam@ht§® *° which
corresponds with a decrease normalized deformation (compressive strain) (F&8 C) and
increased relative viscosity (see .Fi§9, and 2.S3). Again, we observed rapithembrane
deformation recovery within 2 minutes following removal of the tip i©%9of cells, indicating that
the cell can recover independently of the nucleus.

Local control of cell morphology has been proposed as a fundamental mechanism for
regulation of tissue development®, and so one would expect that neighbouring cells will influence
one another. B performing the experiment (10nN for H@in) on single cells we unexpectedly
demonstrated thatthere was no significant difference in overall deformation, in comparison to cells
within a monolayer (Fi®2.5 B). Although there appears to be no clear mechanical influence arising
from cell density, there are several examples where a local deformatisrbeen shown to induce
biochemical effects in cells adjacent to the perturbat®n’® 2°%2%429% For example, mechanical
stimulation has been shown to induceldam signalling beteen cells®®. Despite the lack of an
observed influencef cellcell contact on the total deformation by the AFM tip, we note that within
a monolayer of cells there was often a clear transmission of force to neighbouring cehselCell
contact may not provide enough structural influence to effect localizédrdeations, however it is
clear from theresults of otherghat these loads can lead to the onset of downstream irtedular
biochemical signalling. Moreover, deformations taking place over much larger length scales (whole
cell) may be more significantigfluenced by the presence of an intact cell monolayer.

Complete actin remodelling has beehown to occur within ~1 minute in vitr8®, therefore it
is also reasonable to postuéathis process as a driving force behind the observed cell shape
recovery. However, a small percentagecefls treated withY-27632(50%)and CytD(20%), wherein
actin polymerization is clearly inhibited (FR&7), still recoverfollowing prolonged defonation,
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makingit unlikely that the recovery process is related to remodelling ofabtin cortex. By imaging

in the plane of the basal membrane, during application of the applied load, we were also able to
visualize any changes in the orientation andrptwlogy of actin stress fibres (F&6 D). In some
cases we observed some minor actin stress fibre reorigaaand remodelling over the bin
perturbation, but no clear differences were observed in contrast to our previous work on single
fibroblast cells'. In previous studies, the actin cytoskeleton has been observed to fluidize in
response to planar uniaxial stretéh’2. This type of response was not observed here, at least within
the time frame of loading in our experiment. However, obviously the mechanical stimulus in this
study is clearly very different thgolanar stretching. In some cases, we did observe a slight cellular
contraction following removal of the load, which corresponds with previous works demonstrating
that actin contractility occurs in response to an external mechanical fda?vhen examining the
actin cortex, we also did not observe any quantifiable changes in fluorescence intensity and
distribution. However, this certainly does not rule out the possibility of fanckiced actin
remodelling as imaging these structures is beyond the capabilities of a standard LSCM.

Although the membrane itsefflays a role in the organization of actifafments in vitro, it has
become evident that the interplay between the actin cytoskeleton and plasma membrane governs
their respective organizatiof® ?° %, In particular, the plasma membrane has been shown to
influence the local organization of actin at the cell periph@fy®. Conversely, the cortex, acting as
the primary junction between the inner and outer microenvironments, has been shown to enable
rapid changes in cell shape, in response to mechanical stessted on, or by, the céfl®2%6%,

The link between the membrane and actin cortex has been shown to influence both cellular
function and form*®® *** 184 and is important for cell shape recovery. For example, in skeletal
muscle the basal lamina is directly linked to the cell membrane through transmembrane proteins.
Han et al. have shown that dystroglycan, one of these proteins that link the basal lamtha t
sarcolemma (underlying sarcomere structure) is a key player in maintaining membrane integrity
during stretching motion$®. By irradiating a region of damage into intact muscle fibres in situ, they
demonstrated that althouly the membrane was able t@pair itself in roughly @in, the integrity of

the membrane was disrupted with a lack of dystroglycan connecting the basal lamina. Other
proteins such as the EzfiRadixinMoesin family have also proved critical in maintainiej shape

and function®®. Subcellular structures such as microvilli, wiiare prevalent in HeLa, and whose
constituents include the plasma membrane and links to the cytoskeletay also play a role in
resisting deformations®® albeit smaller deformationsn comparison to those applied here.
Research has showthat disrupting this link alters the mechanio$ these elastidike filamentous
structures, and wicosity of the microvilli are reducédf.

In this study, by deforming HeLa cells whilyh aspect ratio, high magnituderces, we were
able to demonstrate that the membrane strongly resists penetration, and that the cygopla
consisting of an intact actin network, is primarily responsible for the recovery of cells post
perturbation. Importantly, we demonstrated that the nucleus, which contributes to a large portion
of the volume of the cell, is comparatively soft in regéodoff-nucleus regions, neresistant to
deformation, and does not aid in cell shape recovery. Indeed, here we have directly shown
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through direct visual measurements that the cortex allows the cell to recover from-tmaje
external perturbations.Without an intact cytoskeleton cells attempt to recover geformed
morphology¢ albeit more slowly. It is becoming increasingly evident that the link between these
two major cellular components is quite important in any mechanotransduction process.eFutur
studies disrupting this link, while characterizing cellular responses to deformation will shed more
light into these crucial recovery processes.

2.5Materials and methods

2.5.1Cell culture

HelLa cells were cultured at 37°C and 5%iCOMEM with 10% heg inactivated fetal bovine serum
and 1% penicillin (100J/mL), streptomycin (100 1g/mL) (Hya&). Cells were cultured on 1006n
dishes (Corning) and seeded ontor3f glass bottom dishes (Mat Tédk)2.5ml of culture media.

2.5.2Plasmids and transfection

HelLa cells were cultured on ®8n glass bottom dishes (Mat Tek) to ~60% confluency before
transfections. Plasmids féhe PH domain of PLC 02 y 2 dz3 | &nfl RfeAtiRubydhBvE been
described previously®® ?’®. Transfections were performed using a 1:1 ratio of Lipofaata 2000
(Invitrogen) and ~0j6g o plasmid DNA diluted in OptiMEM (Invitrogen). The transfection complex
was completely removed andeplaced with culture mediumdbmin later. Experiments were
performed the following day. Immediately prior to the experiment, Hoechst 33342 (Invitrogen) was
used to stain the HeLa DNA, according to manufacturer specifications.

2.5.3Drug treatments

Cells wereore-treated for 30min prior to an experimentvith either the rho-kinase inhibitor 27632
(10uM, Sigma or for 15min with the myosin light chain kinase inhibitddL7 (3M, Sigma) In
other experiments ells werepre-treated for 15min with the actin destablizing drug Cytochalasi
(10uM, Sigma). All cells wepre-treated in a cell culture incubatat 37°C and 5% G@nmediately
before experiments

2.5.4Membrane integrity test

Propidium lodide (PI) nucleic adge (Invitrogen) was used to determimaembrane integrity after
deformationwith the AFM tip. Pl was mixed in DMEM500)and added to thecells 0.5%Triton X
100 (1:10)was added to the dish following imagibg deliberately destabilize the membrane as a
positive control.

2.5.5Membranelabelling
Membranebound dyes wheat germ agglutinin (WGA) (Invitrogen), and a-dbagq dialkyl
carbocyanine dye (Di700wm) (Invitrogen) were separately added to untreated HelLa in an attempt
to stiffen the plasma membranaVGA is a lectin that binds to-&tetylD-glucosamine and sialic
acid, it is conjugated to Texas R&d595nm)and so produces bright redfluorescent gjnal of the
membrane when incubated with untreated HelLa cells. A ratio of 1:300 of 1 mg/ml WGA was added
to DMEM before performing the experimempproximately 0.2% DiD total volume was added to
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HBSS containing 5% 0.5M,Cand 10% 0.5M Mgg&hnd inculated with untreated HelLa for hain,
followed by a change of HBSS prior to the experiment.

2.5.6lmmunofluorescence Staining

Cells were fixed using 3.5% paraformaldehyde and permeabilized using Td@h & 37°C. Cells
were stained for actin using Phdtlin Alexa Fluor488 (Invitrogen), and DNA using DAPI
(Invitrogen). Confocal microscopyages were acquired for untreated and drirgated cells

2.5.7Combined Atomic Force and Confocal Microscopy

Images of livingcells were acquired with the Nikon TiE-R highspeed resonant laser scanning
confocal nicroscope (LSCM) using ax@0A1.2 water immersion objective lens. A NanoWizard |l
(JPK Instruments) AFM was integrated with the LSCM to perfommultaneous AFM.SCM
experiments. All membrane deformation mximents were performed in resonant mode.
Experimentsimaging of actin stress fies deformation were performed in avano mode.The
thermal fluctuation method®* was used to determineantileverspring constarg which hadan
average value of 0.07 = 0RBn. MSCFAUHW Gold coated silicon nitride cantilevers were used in
all experiments (VeecoXell elasticity was determined by recordifagce-curvescentered above
the nucleus The Hetz model for a conical tip (200n indentations) was fit to the foredistance
cuves®3 Ay 2NRSNJ 2 RSNAGS (KS 2 OPUNIAS SafyaiEfa Y 2 Rdz
Forcemaps over entire cells (untreatedeLa only) were performed and analyzed using JPKSPM
Data Processing software. A scan area of 32uBfl>m:1pixel) was prbed with an approach rate

of 2Hz and speed of ®on/s for a relative sepoint of 1nN. For AFM indentation experiments, we
performed 4Dimaging by acquiring confocal volumes every minute (each volume consikte2Do
confocal planes, each Ovn thick). Appropriate laser lines and filter sets were employed for each
fluorophore. Immediatelydllowing the firstconfocal volumeat t=0 (beforeindentation), the AFM

tip was brought intocontact with the cell membrane, centred above the nuclemsd a constant
force was applied (5nN, 10nN, or ) foran additional10min. Following thelOmin of applied
force, the tip was retracted and the cellembrane was allowed to recover and a final confocal
volume was capturedLocal elasticity measurements were mabefore and after indentation
experiments

2.5.8Image analysis

ImageJ (opesource image processing softwahdtp://rsbweb.nih.gov/ij/) was used for all analysis.

The debrmation of the plasma membrane was calculatagcalculating the AFM tip indentation
observed in the orthogonal views of each confocal volume, at each time point. Brightness and
contrast settings were adjusted in order to optaa images of live and fixed cells. No other image
manipulations were performedin order to quantify the recovery of the plasma membrane and
underlying actin cortex we used an ImageJ plugittensity correlationanalyss (CA) ?® Detailed
methods for ICA can be found in the Supplem@t. 2.7.2)
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2.5.9Statistical analysis

Statistics were calculated using two samptedts, and a one way ANOVA with ptests including

[ SPSySQa GSad F2NJ Sljdz € @I NR I y OSTikeyrm¢tRod. Al Y'S | y a
significarce indicate$?<0.05.
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2.7 Supplementary Methods

2.7.1 Analysis of timalependent strain using Kelvivoigt model

By deforming the cell witha constant force of 10nNor 10min, we observed the creeping
deformation of the cell membrane over time. In an attempt to obtain the creeping rate of
membrane deformation, for untreated, treated, and officleus loading, plots of timdependent
strain, as shown in Fi@.2A, 2.3B(), 2.5B, 2.8A, 2.9A, were fit to the KelvitVoigt model for a
constant applied stress:

-0 —p Q [2.1]
where - 0 is the strain as a function of timed , and is defined as the ratio of the deformation
‘Q versus initial height 'Q . The constant applied stress, is defined as:, "Q 0, where 'O
Ad GKS wmMn yb FLWLXASR F2NOS:E |yR ! Ad GUKS Oz2yil

membrane. The creeping ratet of the membrane is defined as a function of viscosity, &nd
2dzy 3Qa O 2aR dzt 478

5

In order to fit the - 0 function to each dataset, the corresponding elastic modulus was used
from fits of forceindentation curves to the Hertz model as described previotSlyThe contact
area 0 was calculated for each dataset by substitution of the measured values for strain at the
limit where 0 approaches infinity (assumed to be at t=10 minutes here), and using the
approximation:

0o — [2.2]

z

¢tKA& NBadzZ 6SR Ay o1 whittSisiconsistentivithSapphokingafiois oRtip voldroe> Y
based on manufacturebased nominal geometry (see Methods for cantilever details). By applying
a constant stress to a Kelviroigt material the defomation tends toward that of a pure elastic
material, i.e.l Ed - , jO. An example of the fit of one plot for an untreated cell is found
below:
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2.7.2Cclocalizationanalysis ofmembrane andcortex intensities

In order to quantify the recovery of thplasma membrane and underlying actin cortex we used an
ImageJ plugir Intensity Correlation Analysis (ICA) developed by Li ét%aln this particular ICA,
the mean intensity for a particular image A is subtracted from each gixehnd multiplied by the
corresponding difference in pikitensities from a second image B. This is called the product of the
difference of the means (PDM):

B o 006 06 m [2.3]
If the sum of this product is greater than 0, ththe correlation is positiveA ratio of the number of
positively correlated pixels to the total number of pixels was used to define the maximum intensity
correlation quotient (ICQ):

08 0 2 ™ [2.4]

The maximum ICQ is +0.5, for a perfect correlation betwiesge pixel intensities, in comparison
with random pixel correlation having ICQ=~0, and completely isolated pixels withQGQ=

In order b compare recovery images (t=12nmgr2min following tip retraction) to initial cell
morphology (t=0), orthogonal pjections of both the YZ and XZ axes were generated. For
comparison we also performed ICA on orthogonal projections from deformation images (t=10 min
of 10nN) to initial cell morphology (t=0). It is expected that ICA on the latter will result in a lower
IQQ than that resulting from the recovery images. We performed ICA after tHrekling the
images using the ImageJ plugBG subtract ICA was performed on whole cell orthogonal
projections initially, however results showed no increase in ICQ for recawages. This is due to
the dynamic nature of the wholeell membrane. For this reason a region of interest (ROI) was
chosen to encompass the deformation and ICA was again performed. An example of ICA output is
shownbelow:

51



ROI |

=0 & t=10 (deformed) =0 & t=12 (recovery)

Overlays of before (red) arafter (green) are shown in (A), and corresponding ICQ are plotted in (B)

for both deformed and recovery images (ICA performed with initial t=0 images) Scale is from ICQ of

0.42 to + 0.42 (perfect correlation would be 0.5). Heat maps of positively cadelaikels are

aK2gy AY 0/ 03X 6KSNB RIFEN] MmMfAIKGI Aa NBLNBaSyidl G

2.8 Supplementary Tables

Table2.S1.Mechanical parameters from fitting of KelvilYoigt model.

0 Q0 & T aqe - Q0 & Q¢
Untreated(off-nucleus) 3.40+1.31 1.80+£0.93 6.13 £ 3.15*
Untreated(on-nucleus) 3.40+1.31 1.16 +0.43 3.94 +1.46
ML7 (on-nucleus) 3.99+224 1.07 £ 0.54 429+218
Y-27632(on-nucleus) 2.80+1.29 1.17 £ 0.53 3.29+1.49
CytD(on-nucleus) 253+1.02 1.08 £ 0.37 2.70 £ 0.94*

Below are the various parameters obtained from AFM fdérzkentation curve fitting- , 2 dzy’ 3 Q& OY, 2 Rdzf dza
and from fits of timedependent strain data to the KelAvioigt model: the time constantt (or creeping

rate), and viscosity — . MeasuredO values from untreated HelLa were used to quantifyand — for both

off-nucleus and the cortex, since on and-pifcleus AFM forceurve measurements were insignificantly

different. Magnitudes reported here are not realistic and should nostrestly considered, however relative

values of viscosity provide more insight into mechanical characteristics of these varied cell populations. It has

been shown that increased stiffness is a result of high frequency of Ioéaingerein, ovesestimation of
,2dzy3Qa Y2RdzZ A Aa fA]1SteEI rceORIZNNESE dYtSh FaydeNSTYNRNYG al KBS NG (Y
This overestimation would directly impact the fits to the model and subsequent obtained viscosities. Others

have fit the timedependent Hertz model to the stresslaxation phase of AFM indentation curves, thus

deriving mechanical parameters from the standard linear model Parameters from these models often

report values that are much higher in magnitude (viscosities range frorll@00s ofPa-s)*® 1%%28% %1 than

they intuitively should be; honey, for example is in the range of -204 of Pa-$%. The (*) indicates

significance in comparison to untreated @ndzOf Sdza 0 | S[ I RSOGSNIYAYy Sésts @@ A Yy RS LIS
0.05).
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2.9 Supplementary Figures

Figure2.S1IMembrane-bound dyes used to increase tension.

A) DiD, a lipophilic tracer incubated witteLa cells transiently exprésg EGFPLG A & aK2mnyof F G GT1 wm.
10nN constant forceB) HeLa membranes labeled with wheat germ agglutinin (WGA), a lectin that binds to

sialic acid andN-acetytD-glucosamineh & & K2 gy ® { OFfS O6FNE FNB mn>Y F2NJ 02
orthogonal projections.
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Figure2.S2 Effect of membrane dyes on axial strain.

Timedependent strain in untreated HelLa (orange) acanpared to cells labelled with fluorescent membrane
markers: Did (green), and WGA (mageniatal timedependent deformatiorheight ratios of WGA labelled
membranes were significantly increased in comparison to untreated HelLa.
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Figure2.S3 Comparison of nuclear and cytoplasmic regions.

A) Plot of onnucleus (green) and offucleus (blue) measurements of mean cell height. There were no
significant differences between heights measuredmutleus for untreatedn=38) and treated cells: ML7
(n=11), Y-27632 (n=19), CytD (n=8). No significant difference was apparent for-wiicleus loading of
untreated fi=21) with ML7 1§=10) andCytD (n=10), however thex was a diffeence with Y-27632 (n=11),
indicated by (++). Significant differences (*) eXistween on and offnucleus loading betweenrgups, as
shown.B) Plot of total deformation at t=10 minutes of 10nN applied load. Significant difference between on
and oftnucleus loading is indicated by (*Jhe total deformation for cells treated witht27632and CytDwere
significantly increased in comparison to untreated cells, as indicated (+), andadusY-27632treated cels

(++) compared to untreatedC) Plot of total deformation:height ratios (aprroximate strain at t=10 min) shows
that on- and off-nucleus strains are significantly different when cells are treated with cytoskeletal inhibitors
(*). Onnucleus strains are significant from untreated Hela are indicated by (+), andaéus ML7 strains
are also signficant from offucleus untreatd strains (++). Error bars shown are standard deviation.
{AIYyATFAOFIYOS 6F0 RSEINNOBIR VR DbERSWREFBESNVAYSR o8
variance, and means comparison using Tukey test.
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Motivation |

We demonstrated in the previous study that the actin cortex, foK S GuSléus, Gayely
responsible for resistane® and recoveryfrom large scale deformations. Microtubules have also
been proposedo resist compression however it is unknown whether they can withstand large
localized forces or aid in the cell shape recovery process following unloading.

Hypothesis & ®jectives |

This manuscripprovides aroverview and commentary on our previoggnuscript and introduces
new results involving the characterization of microtubules aellular deformation and recovery
responss. We hypothesized that inhibition of microtubule polymerization would lead to
significantly increased cellular deformatiozisd a potential dcrease in cell shape recovery.
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3| The role of the actin cortex in maintaining cell shape

3.1 Abstract

Considering that the plasma membrane is host to a variety of mechanical cues in vivo, and the actin
cortex is known to support ceflhape, it comes as no surprise that the paired membeareex

plays a major role in cellular responses to deformation. In a recent study, we applied highly localized
forces to HelLa cells in order to examine the deformation response of the membrane &sg. cor
Direct visualization of the deformation in the loading plane allowed for the characterization of the
observed timedependent strain. Despite large magnitude and long duration loading regimes, the
majority of cells recovered their initial @deformed morphology within ~fhin. Unexpectedly,
perturbed regions above largelume nuclei were shown to be quite soft and had negligible
influence on morphological recovery. The resistance to deformation and ability to recover was
found to be largely influencedybthe actin network, and dependent upon kinase mediated
contractility.

3.2Short communication

Mechanical cues are wethown to influence a variety of cellular functions and processes’ Key
players such as the extracellular matrix, cytoskeletod enembrane play a concerted response to
mechanical perturbations and numerous studies aim to characterize their roles in
mechanotransduction and mechanosensitivityThe cytoskeleton is well known as the structural
edifice of the cell. Actin, in particular, responds dynamically to mechanical deformation by
remodelling within a short period of tim& This structurally supportive network must act &iger

with the flexible plasma membrane to resist deformations and also transmit extracellular forces
throughout the cell® Deformation of the membrane leads to chemical rearrangements, protein
activation, and intracellular signalling eveRtg?64265267.27%.334 \jgregver, the membrane is linked

to the actin cortex, and this membrarmrtex structure plays a major role in governing the
mechanical properties of the céfi>*®* The cortex also plays a key role in controlling cell shape
during processes such as mitosis and migratfofl’ The mechanical properties of these two linked
cellular constituents clearly influence one another and influence how cells respond to external
forces.

In this light,we recently published atudythat examined timedependent deformation of the
membrane and cortex of HelLa cellwhich we review hergFig. 3.1).3° By applying preise
nanonewton forces using an atomic force microscope (AFM) while employing laser scanning
confocal microscopy (LSCM), we simultaneously probed and directly visualized the deformation of
these cells. The AFM tip was positioned over the center of theenadFig.3.1 A), and forces of 5
20nN were applied to the cells for 10 minutdsig. 3.1 B). We observed a viscoelastic cellular
response with creeping deformation that demonstrated a linear dependence on force magnitude
for the range appliedHig.3.1 Binsef). Notably, the majority of cells (80%) recovered at least 50% of
their total deformation within 2 minutes following loading, most recovered fuifigg$.3.1 A, 3.2 O.
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In addition, deformation of the actin cortex was shown to follow that of the membr with the
majority of the response occurring immediately, and creeping deformation observable during the
remainder of loadingKig.3.1 B). Although no significant remodelling ofaEtin stress fibres was
observed in the basal membrane, we cannot rai¢ possible remodelling of the cortex during or
following the deformatior?>
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Figure3.1 Membrane and cytoskeletal recovery following mechanical perturbation.
A) Both the plasma membrane and underlying cortical actin network recover following mechanical
perturbation. Orthogonal YZ images show the undeformed cell heightpitior to deformation (t=0), the
deformaton (d) after 1@nin of 10nNappliedforce (t=10nin), and the recovered morphology following the
removal of the tip (t=12; 2 minfollowing loading). This is an example of one particular cell that shiows
excess of 50% of cell deformation, but does not reflect the average value of normalized deforsediom
(B). (*) indicates AFM tip position. Green:-PHG -EGFP (membrane), Red: LifeAct Ruby (actin cortex), Blue:
Hoeschtbo oonmH 6y dzOf Sdzav® {OFfS o0FNB &AK2gYy ,)deBonswates YO . 0
creeping behaviour of cell deformaticover time. Normalized deformation of the membrane (black) versus
actin cortex (red) here shows that the linked cellular components deform simultaneously. Error bars shown
are standard error. Inset shows the linear dependence of {itependent deformatio@ & 6 G0 2 NJ a4 NI} Ay
force magnitude for the range tested (5, 10, and 20nN). Error bars for inset are standard de\Rajioe.
adapted from referencé®.
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Figure3.2 Resistance to deformation is dependent on the cytoskeleton.

A) Deformation: height ratios over time comparing untreated HelLa (orange) to cells treated with ML7 (black),
Y-27632(magenta), andCytD(green). Cells trated with Y-27632and CytDdeformed significantly more than
untreated cells. B) Viscosity ratios derived from KeWangt fits of timedependent strain. Shown are the
viscosities of treated cells relative to untreated cells (above the nucleus), as well as the cytoplasmic regions
relative to the nuclear region (both untreated). The cytoplasmic regions are more viscous than the nuclear
regions, suggesting that they are densely packed with cytoskeletal filaments. As well, cells treat&ytith

are significantly less viscous than redted cells, indicating that the actin cytoskeleton is mainly responsible
for resistance to deformation. Error bars are standarcoer(*) indicatesP < 0.05 significance compared to
on-nucleus results as determined by test. C) Image overlay of unaeed Hela cells during (after dins of

10nN) (green) and prieto deformation (red). D) Image overlay GftDtreated HelLa cell during (green) and
prior-to deformation (red). The deformation is much more pronounced in comparison to untreated cells.
Figureadapted from referencé®.

A test for membrane permeation clearly demonstrated that cells were deformed rather than
penetrated from pinted loads®® We speculated that the largeolume nucleus may play a role in
the observed recovery. To test this hypothesis, the sawperiment was performed in regions
surroundingthe nucleus Surprisingly, cells perturbed in cytoplasmic regions also recovered (80%).
AFM forcemapspresented in our previous publicatiaemonstrate that regions above nuclei are
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softer than peripherategions, corresponding to their minimal resistance to deformaffim those
experiments, force curves were analysed over a 200nnertation in order to isolate the
mechanical properties of the cortex and closely underlying nucleus while minimizing substrate
effects. Although nuclei are often reported as the stiffest cellular orgarBfi&? others
demonstrate stiffer cytoplasmic regionspnsistent withour observatioss, that likely arisedue to an
abundance of cytoskeletal filaments in these regi&fi§?**** However, our observation is limited

G2 GKS YSOKFYyAOLf LINPLISNIASE Ay | aKlhftt2g
measurements performed with deeper indentation will sample diffen@ichanical propertie$®®

Qubsequently, a variety ofytoskeletal inhibitors were employed to examine the role of the
cytoskeleton in the deformatianecovery response. Cells were pireated with ML7, an inhibitor of
myosin light chain kinase (MLCK37632an inhibitor of rhekinase (ROCK), and the known actin
depolymerizer Cytochalasib (CytD. ML7 treatment resulted in no noticeable morphological
changes; however, the actin network was partially or completely disrupted by the presente of
27632 and CytD respectively. AFM foreeurves (fit to the Hertz modél' demonstrated a
significant decrease (~20%) in stiffness for cells treated WRkA632and CytD in comparison to
untreated cells. Reduced stiffness¥b27632 and CytDtreated cells corresponds with the loss of an
intact actin network, and resulted in increased deformatigig(3.2 A). Moreover, cells treated with
ML7 displayed a recovery consistent with untreated cells (90%), whereas those treated-with
27632 and CytDresulted in only 50% and 20% of cells recovering, respectiValy.experimental
observed timedependent membrane deformation data was fit with a simplelvirVoigt model
dza Ay 3 SELISNAYSyGlftfe RSGSNYAyYSH®RImgidity caSuatethe2 NJ
viscosity of these cellsFig. 3.2 B) (see ref.**® for experimental details). Although there are
limitations to this simple model, by comparing viscosity values it was possible to determine that

5

nuclear regions appeared less viscous than surrounding regions, again suggesting the cytoplasm

consists of densely packed cytoskeletal filaments resistant to defiwmaVoreover,CytDtreated
cells were significantly lesgscous than untreated cells, and resulted in permanent damBge3(2
D), unlike untreated celldg.3.2 O.

Following up on the results in our previous stiitRhere we report orthe role of microtubules
(MTs)in governing cortex deformation in HelLa cellseoyploying Nocodazole (Noco), a known MT

NE :

2 dzy

inhibitor. As before, mny b F2NOS ¢l & | LILX ASR I 02 08g.3BRKS OSf f

Although MTs were disruptedrig. 3.3B), there was neither a significant change in stiffness or
deformation, in comparison to untreated cells. We observed 80% recovery of-tkzated cells,
with the majority recovering within 2 minutes. Both, our recent stdthand the complimentary
results shown here demonsti@that actin plays a dominant role in providing mechanical resistance
to deformation, for HeLa cells.
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Figure 33 Microtubules are not essential for resisting deformation.

A) Deformation: height ratios over time comparing untreated Hela (black) t® tceited with Nocodazole
(red). Cells were treated with 10mM Noco for 15 min prior to experimentation. Although the average creeping
deformation increased from dix0.54 for untreated HelLas<26) to d/h,=0.61 for Nocdreated cells (=10)

at t=10min of deformation, te increase was insignificanP & 0.17). This result suggests that the actin
network, particularly the cortex, is the key influential cytoskeletal network responsible for the resistance to
deformation. Error bars shown are standard error.l8munofluorescent images comparing untreated HelLa
to those treated with Noco. Treatment with Noco disrupts the MTs, while leaving the actin network intact.

Red: Alexa fluor 564 (actin), Green: Phalloidin (MTs), BeBI®D5S b! 6 ® { OFfS o6FNA INBE mn>Y

Altogether, our results demonstrated that the membrane and cortex deform in a unified-time
dependent manner, exhibiting near futtcovery within minutes following loadessation’>°
Surprisingly, larggolume nuclear regions were observed to be highly deformable and do not
appear to play a role in ceshape recovery. This is possibly due to HelLas being a cancerous cell
type. AFM forcecurveshave previously demonstrated thagncercellsand cancer cell nuclei tend
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to be more deformable tharbenign cells’* 33723 Moreover, considering that a small number
(~20%) ofCytDtreated cells recovered, actin cannot be the sole initiator of cell shape recovery. It is
possible that movement of the cytosol, sabllular structure and the dense filamentous networks
may also contbute to the observed recovery, in correlation with recently proposed poroelastic
models'® Future studies that characterize the tirtependent mechanical defmations of a
variety of subcellular structures in multiple cell types will provide further insight into these
mechanical responses.
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Motivation |

We have shown in previoushaptersthat HelLa cells are able to recover their ygleformed shape
following large local deformations within minutes. Whilehets have also shown that cells can
recover shape, there is little information pertaining to their recovery processes. Recently, the flow
of liquid cytosol has been proposed to contribute to force relaxation.

Hypothesis & @jectives |

The main objective of this manuscript is to identifgilular components involved in observed eell
shape recovery processes. We postulated that the actin cytoskeletminmicrotubules, as well as
osmotic pressure likely play key roles in the recovery ggecDirect visualization methods are
employedto systematically characterize deformations of the plasma membrane and the underlying
cortex.
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4 | Rapid dynamics of the membrane and actin cortex in response to local
deformations

4.1 Abstract

It is vital that cells respondrapidly to mechanicalcueswithin their microenvironment. This time
dependent adaptationis reliant uponthe mechanical properties dOSf f Qa KA IKf & Ay S
cytoskeletal networkThe actomyosin corter particularplays a dominantole in resistance toand
recoveryfrom deformations.As well,redistribution of liquid cytosol within the cdflas been shown

to relieve intracellular pressure during compressiohlerein, we induce large local cellular
deformationsusing an AFM tipn order to observe themmediate recovery response of cells
following both short and long durations of loadirBy imaging within the plane of the deformed
membrane and cortex, we were able to both observe and characterize their immediate response to
unloading. Cells exposed tocytoskeletal destabilzers as well as osmotic shock conditions,
demonstrated the majorcontributions of actin and fluid flow in the dynamic recovery of cells
following large localized cellular shape changes.

4.2 Introduction

The morphological state of a cell is in a continual state of flux, a consequence of normal cellular
functions and physiological processes. These cellular shape changes are at times drastic, and
typically result from actomyosin generated forces, or thosésiag from the extracellular
microenvironment®> 3%, Cells respond to these forces by adapting in a tiftependent maner *,

the response of which depends on the rate and duration of applied f6f¢& as well as the
mechanical properties of the ceBoth elastic®® and viscous’***3* cellular behaviourfiave been
observed using direct deformation techniques, such as atomic force microscopy tAEM}=342

34 Cantilever deflectios during constantheight or constanforce experiments result in
measureable stresgelaxation and creepcompliance curves, respectivelff> 2/® 289 345 gmple
mechanical modeldncludingthe KelvinVoigt and the standard linear mod&P, as well asmore
compkx models including powdaw and sofiglassy rheology® ** are often employed to extract
these mechanical propertieften, broad assumptionsuch as cellulamcompressibility**’, are
consideredin order for these models to fit the dat&iven thdr complex behaviourit is unclear if

an all-encompassingcell mechanics model can be defineevestigations involving systematic
characterizationof cellular shape change, alongside mechanical properties, are vital to assess the
mechanismsnvolved in key regulatory celebaviours.

Actin is primarily responsible for resistance to and recovery from iacgée deformationg*.
However, cells have been shown to slowly adapt without an intact actin network, following large
scale force applicatioff®. This slower recovery is hypothesized to be a result of interstitial fluid flow
181348 |t is this cooperative behaviour of cytoplasmic and cytoskeletal constituents and their
individual mechanical properties which dictate the extent of immediate and-terrg changes in
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cell morphology. However, there remains an incomplete picturdv@f mechanical forces affect
cellular dynamics during deformation and recovery.

Recently, we showed that an intact actin network is critical for resisting large local
deformations, demonstrating the importance of cortical prestress in cellular shape ehdhg
Moreover, the actin cortex, in conjunction with the membrane, surprisingly recoverslcagbe
within minutes following largenagnitude local load®. The contractile actomyosin cortex is well
known to nodulate cellular shape changes, as it undergoes remodelling at a relatively fast turnover
rate ¥ (on the order of seconds). However, experimental evidence has demonstrated that actin
resists tension, yet buckles under compression at the molecular ¥&/&P. This leads to questions
surounding how the cell resist external compression, and more importanthow cellsrecover
following loading at the macroscale? Previous observations of a slow recovery, independent of the
cytoskeleton, suggest involvement of other cellular constituentshsas the liquid phase of
cytoplasm. Recently, researchers employegpbensmotic stressto increase the solid volume
fraction of cells, which resulted in an exponential increase in shear stiffness as the cell was
compressed®®. Decreased water content increases the viscosity of cells, leaving mainly the
cytoskeleton and macromolecules to resist compression. More recently, -fetagation cuves
have shown that redistribution of liquid cytosol is responsible for the initial pressure redistribution
upon external loading of a celf’. The cytoplasm was demonstrated to behave as a biphasic
material during the initial stages (~0.5s) of compression, wherein the liquid cyt@sotonfined to
flow through a solid mesh (made up of cytoskeletal filaments and macromolectesjhese
studies suggest that while cytoskeletal prestress is required for resistance to deformation, changes
in osmotic pressure dominate shear stiffness of the cell.

This coperative behaviourbetween the cytoskeleton and osmotic pressuseresponsible for
the response and adaptation of cells to force. While the majority of research has focused on
characterizing the initiatellularresponse to forcé® ?°? the adaptive recovery of cells following
drastic shape changes hast beenwell examined®®*#**! To address this gap in knowledgee
systematically characteridethe response of the membrane and cortex immediately and following
both short (seonds) and long (minutes) durations of mechanical loading. AFM and laser scanning
confocal microscopy (LSCMyere simultaneously used to directly visualize and quantify
deformation andcharacteristicrecoverytimes of HeLa cells. Employing cytoskeletal litiors and
osmotic shock conditions allowed us to investigate contributions of the actomyosin network and
osmotic pressure in the duration and ability of cells to recover from external forces, respectively.

4.3 Results

4.3.1Measuringthe recovery dynamis of the membrane and cortex

Herein we developed a framework for direct measurement of deformation and recovery dynamics
of the cell membrane and underlying cortéwough direct visualizatiorHighspeed LSCM was used

to capture these events during loadéformationsdeliveredby an AFM tigFig.4.1 A,B. Loads of 10

or 20nN were applied above the nucleusagflisfor both short (15s) and long duratiorf$ and 10
min). Although the nucleus does not significantly contribute to loeigm shape recovery dfieLa
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cells *8, the central region above the nucleus was chosen for consistéB@eriments were

performed on cultured monolayersf HeLa cells transiently expressiRgtPLG -EGFRand LifeAct
Ruby®®, in order to measure the dynamics of both the plasma membrane and cortex, respectively
(Fig 4.1 B). Duringinitial approach or retraction of the tjphigh speed (7.69 fpsjnaging was
performedin a single plane2> Y 06 St 2 ¢ (KS I lindgiGgintthis Yl&ngatioM@dyfds @
measurements of fluorescence intensity over time where the deformation was clearly visible (Fig
4.1 O. A specified region of interest (ROI) located in the central region of the observed deformation
was used to measure mean intgty over time.

First, the cell membrane and underlying actin cortex were shown to deform simultaneously
with little resistance to force, in Bponse to rapid indentation (20Y Kk & 0 0 { dzLJLX SYSy i NB
(Ch. 4.7.1a1and Fig4.S1 A Using the same approach, both short and long durations of constant
force were applied apically to HeLa cells in order to examine their ability to recover from large local
loads. Mrmalized intensity profiles (recovery curvesheasured from timdapse imags of
untreated cellsvere fitto a modified box_ucas equation:

0 00Q Q [4.1]

Mean fluorescence intensity, |, is a function of time described by a double exponential with two
decayconstants: I (s?), corresponding to the initial revery as the membrane/cortex approaches
the imaging plane, and (s%), corresponding to movement of the membrane/cortex as they

surpass the imaging plane. The uleiss facto® I j I I is a ratio of the characteristic
decayconstants. Intensity prdles fit to emq. [4.1] demonstrated thatll is dominant in dictating
the shape of the recovery curve, with pairetests indicatingll I ,in all casesR< 0.05). The

majority (90%) of intensity profiles for untreated cells behaved similarly to tleenplary curve in
Fig.4.2 A; however a small number recovered as shown in&RB. Following 1min of a 4N load,

mean characteristic recoveryecayconstants measured from fits to aq[4.1] for the membrane

were 2.35+ 1.04 § and 0.07+0.06 s'for I and Il , respectively. Typically, intensity profiles of
the cortex were similar to those of the membrane (Fig. S1b). Thus, mean charactetsticrates

of the cortex: I of 2.41+1.00 s and I of 0.07+0.04 &', were not significantly different from
those of the membraneR > 0.05, with paired-test). Differences between fits of the recovery
profiles for the membrane and cortex can be attributed to increased noise in RFP images
(Supplementary Method<Ch. 4.7.

Doubling the load magnitude from 10 to 20nN did not influence the recoglecayconstants
of either the membrane or cortex (Table 4.S1), despite significant increases in strain with increasing
load (Supplementary Method<Ch. 4.7.1.12, and 4.7.3.ahd Fy. 4.2). Notably, load duration did
not influence characteristic recovegecay rategTable 4.S1). Initial characteristic recovegcay
constants { ) of the membrane and cortex were 1s’ following 15s, 1min, and 10min long
durations of 10nNindicaing fast recovery (<s). Secondargdecayconstants || were < 0.3" for
the membrane and < Ost for the cortex (much slower). Box plots demonstrate the variance in
fitting parameters for time constants of the membrane (Fig. 4.2 C,D). Meancross all durations
for the membrane was 2.6% 0.27s" (Fig. 4.2 C). On average, slower recovargurred as the
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membrane and cortex moved past the imaging plane, with a miarfor the membrane 00.12 +
0.09 §' (Fig. 4.2 D).

Figure4.1 Measuring he dynamics of deformation and recovery.

A) Schematic of experimental setup and procedure. After acquiring volumages of the undeformed cell,

the imaging plane is sett02> Y 06 Sf 2¢ (GKS dzLJLISNJ & dzNF I OS 2 FlapgeKS YSYo
imaging occts. (i) TheAFM tip deforns the membrane above the central region of the nucleus with a set
force magnitude.As the tip approaches and deforms the c¢eilme-lapse images resulin a decreaseof
fluorescence within the imaging planévhere the deformationis visible) (i) For dynamic recovery
experiments, the tip is retracted from the cell following a specified duration of constant fG@eesponding
depictionsof intensity over timemeasured from a ROIlwithin the visibledeformationare shown In the case

of initial deformation dynamics, the initidgluorescencentensity observed from the EGi&yged membrane
(normalized to a magnitude of 1 here) diminishes as it is deformed below the imaging plane. On the other
hand, for recovery experimentthe membrane is initially deformed when the continuous imaging begins, and

so at the outset there is a diminished fluorescence signal within the ROI, subsequently followed by an increase
in intensity following tip retraction from the membrane surfad®).Z-projection and orthogonal views of an
untreated HelLa celprior to andundergoing 10nN of forceThe imaging planefor subsequentcontinuous
imagingfollowing load removal is sln. C) X¥mages from the timdapse following load removal are shown,
corresponding to the same cell in (Bhown is the cell just prior to tip removal and after thip is retracted.

Arrows indicate the small ROI, where mean intensity is measovedtime.Scale bars are 20Y ®
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