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Zusammenfassung

Die Biomechanik ist ein Gebiet grol3er biologischer Relevaiotz der Komplexitat der biolo-
gischen Materie weist die Mechanik von Zellen und weichew&xn generische Eigenschaften
auf allen Langeskalen auf. Unter denen befinden sich Fremidangigkeiten, die Potenzgeset-
zen gehorchen und an Glaser erinnern, und exponentiaffersfeungs-Spannungsbeziehungen.
Hauptziel der Biomechanik ist das Verstandnis des Zusarharggs zwischen solchem allge-
meinen Verhalten und dem Zytoskelett, ein allgegenwastigetzwerk semiflexibler Filamente,
das fur die mechanische Integritat, Architektur und Kaktilitat von Zellen verantwortlich ist.

Der erste Teil der vorliegenden Arbeit widmet sich mechames Experimenten an einzelnen
Fibroblasten unter einachsiger Spannung. Fibroblasteetfiman im Bindegewebe. Sie sind
nahe Verwandte der Muskeln und deswegen besonders getiigneeologische Experimente.
Das mechanische Verhalten kraftiger Zellen, die hohersgagnungen standhalten und die ohne
weiteres um grof3e Strecken gedehnt werden kdonnen, ersvelistls sehr gut reproduzierbar.
Alle wichtigen Aspekte der Biomechanik konnen dann bebbztoverden: aktive Kontraktion,
Zugversteifung und Plastizitat.

Werden die Fibroblasten zwischen mit Fibronectin besd¢btehMikroplatten gebracht, neh-
men sie eine regelmalige, symmetrische Form an und enzddgdgte. Dies bestatigt die
Eignung dieser experimentellen Geometrie fur mechaeiddbssungen. Wird eine konstante
Zelllangel vorgegeben, nimmt die Kraftf mit der Zeit zu. Dieses aktive Verhalten wird genauer
untersucht indem der konstanten Zelllange Oszillatiomé&rFrequenzen im Bereich 0.1-1 Hz
uberlagert werden. Um im Bereich der linearen Antwort zeili#n, sind die Dehnungsampli-
tuden stets kleiner als 5%. Die Antwort auf die Uberlage@szillationen wird dann durch
den viskoelastischen Modu®| und den Verlustwinkeb charakterisiert. Es stellt sich heraus,
dass diese Antwortparameter eine bestimmte Funktion derdeo Zelle erzeugten mittleren
Kraft (F') sind. Die folgendé&/ersteifungsbeziehuryiit bei allen untersuchten Fibroblasten: Bei
niedriger Kraft ist der Modul unabhangig vaf'), gleich©,; oberhalb einer Kraff'. gehorcht
die Beziehung zwischen dem viskoelastischen Modul (fideinem Potenzgesetz mit Expo-
nenten im Bereich 1-1.8. Der Verlustwink&hingegen andert sich nur schwach mit der Kraft.
Die Parametef, ©, sind stark korreliert, so dags. /0, im Wesentlichen unabhangig von der
Zelle ist.

Erstaunlicherweise sind die Moduln zwar eine Funktion ditlenen Kraft, aber unabhangig
von der Zelllange. Deshalb ist dieses mechanische Vern&#in,strain stiffening®, sondern es
ist eher ein Beispiel aktiven, intrinsischgstressstiffenings®. Es spielt aul3erdem keine Rolle,
auf welche Art und Weise die Kraft geandert wird. Dies kaaktiv* durch die Zelle geschehen,
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was dem oben beschriebenen Experiment bei konstanteelsirigpricht; Oder abgpassiv' in-
dem der Experimentator die Zelle dehnt. Die Versteifungsteing bleibt in beiden Fallen
gleich. Eine Unterscheidung zwischen aktiver und pasSpannung ist deswegen bedeutungs-
los. Die Versteifungsbeziehung ist allgemeingultig, himéngig von der Art des rheologischen
Experiments. Sie gilt einzig und allein dann nicht mehr, welle Dehnungsrate-200 nm/s
Uberschreitet.

Die Versteifungsbeziehung gilt auch, wenn man die Mikrtipla unspezifisch mit Silane-
Glutaraldehyd beschichtet, was ein Anhaltspunkt dafijrdass dieses Verhalten auf grundle-
gende mechanische Eigenschaften der belasteten Komponéet Zelle zuriickzufuhren ist.
Tatsachlich spielt das Aktin-Myosin System fir diese &xmente eine wesentliche Rolle, wie
gezielte Schadigung des Zytoskeletts mit geeigneten&rbgweist. Sowohl die Depolymerisa-
tion des Aktins als auch die Blockierung des Myosins wirlkgates auf Steifigkeit, Kraft Erzeu-
gung und Adhasion.

Darliber hinaus ahnelt die Versteifungsbeziehung saelifissen von rheologischen Mes-
sungen an Aktingelen. Sowohl die Exponenten als auch ddsleis /0, sind vergleich-
bar. Solche quantitativElbereinstimmung zwischen lebender und toter Materie wiiegker
nicht beobachtet. Unter physiologischen Bedingungenagetr Filamentlangen und Vernet-
zungsabstande 100 nm, wobei die Persistenzlange von Aktin gleich; 40 ist. Die mecha-
nischen Eigenschaften von Aktingelen haben ihren Urspsgidgerlich in dem semiflexiblen
Verhalten der Filamente. Der Mechanismus ist jedoch bia jbch nicht ganz verstanden.
In dieser Arbeit wird eine einfache Erklarung vorgestelis wird gezeigt, dassstress stiff-
ening* in Fibroblasten eine groR&hnlichkeit zu dem nichtlinearen mechanischen Verhalten
von Euler-Bernoulli Balken besitzt. Bei Biegeverformungeter 30% zeigen Euler-Bernoulli
Balken einen linearen Bereich auf; oberhalb tritt Potesetgversteifung mit einem Exponent
1.75 auf.

Unsere Ergebnisse konnen auch mit anderen Experimentégbanden Materialien ver-
glichen werden. Sowohl in Versuchen an ganzen Geweben als iaumikrorheologischen
Untersuchungen wird Potenzgesetzversteifung mit Expeneim der Nahe von 1 festgestellt.
Im Gegensatz zu unseren Experimenten wird jedoch keinrien&ereich bei niedrigen Kraften
und deshalb auch keine quantitatidéereinstimmung zu Aktingelen beobachtet. Unsere Ex-
perimente an einzelnen Zellen, die eine sehr viel hohef®sung haben und wesentlich besser
kontrollierbar sind, schlagen erstmals eine Briicke zmescder ganzen Biomechanik und
vitro Experimenten an toten Aktingelen.

Wird ein oszillationsloses Experiment durchgefuhrt, Bnddie Zelle mit konstanter Ge-
schwindigkeit gedehnt wird, ergibt sich fur Verformungeamerhalb 10% eine naherungsweise
lineare Beziehung zwischen der Krdftund der Zelllange, die bis zu Verformungsamplitu-
den von mindestens 100% gultig bleibt. Dies steht in erdiglbem Gegensatz zu der oben
beschriebenen, in oszillatorischen Experimenten gefuel&ersteifung. Versteifung kann also
nur auf differentielle Weise beobachtet werden, indem maailtationenkleiner Amplitude
Uberlagert und den Zusammenhang zwischen den viskaelhsti Parameten®|, 6 und der
mittleren Kraft (F') betrachtet. Im Zuge unserer Auffassung der Versteifurjshang als
elastischerAntwort, muss angenommen werden, dass Fibroblasten bfirkfaimgen oberhalb
~10%plastischflieen. Tatsachlich erinnert das mechanische VerhatiarFibroblasten an das
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von elastisch-plastischen Metallen, und zwar an kinertla¢i$lastizitat, ein Merkmal von Ma-
terialien, die aus einer plastisch flieRenden Matrix migelretteten elastischen Komponenten
bestehen. Obwohl eine griindliche Charakterisierung dacthgefiihrt werden muss, steht jetzt
ein geeigneter phanomenologischer Rahmen zur Verfigung

Angesichts der Reproduzierbarkeit und der fur biologesddrhaltnisse ungewohnlichen Ein-
fachheit des beobachteten mechanischen Verhaltens isstesbenswert, das Experiment zu
erweitern, um gleichzeitig viele Zellen untersuchen zanén. Derart ware es z.B. moglich
unterschiedlich gentechnisch veranderte Zellen sctmettharakterisieren. Dazu wurde eine
Verfahren entwickelt, durch die das rheologische Verinadi@er Monoschicht aus10° Fibro-
blasten mit einem kommerziellen Rheometer gemessen wéwalen Die Fibroblasten haften
zwischen zwei, am Rheometer befestigten, optisch flachasp&itten. Das von uns entwi-
ckelte Verfahren ermoglicht eine genaue Justierung dasfitten, ohne die eine Messung aus-
geschlossen ist. Derart wurden vielversprechende Ergebgiewonnen.

Von Interesse ist aul3erdem die mikroskopische Visuatisader Struktur des Zytoskeletts
unter den Bedingungen des Experiments. Leider nehmen dienZgann eine zylindrische,
3-dimensionale Geometrie an, bei der die Auflosung feinsialls unmoglich wird. Als Alter-
native wurde ein lithographisches Muster entwickelt, das @arallelen]10 ym breiten,30 xm
tiefen Schlitzen besteht. Wenn das Muster mit Fibronekéischichtet ist, kriechen die Fibro-
blasten in die Schlitze und nehmen Formen ahnlich wie imefirpent an. Hier gibt es aber
die Moglichkeit die Zellen zu fixieren, um sie mit konfokaleder Rontgen— Mikroskopie zu
beobachten.

Der zweite Teil der vorliegenden Arbeit betrifft Experinteran Neuriten. Zu denen gehoren
unter anderen Axonen — aus denen Nerven bestehen— und PQiifeNeein Modelsystem fir
Axonen. Bei ihnen handelt es sich um lange, zylinderfomiRphren voller parallel verteilter
Mikrotubuli. Neuriten werden hier durchnderungen des osmotischen Drucks aus dem Gleich-
gewicht gebracht. Mit Hilfe der Bildanalyse wird der Zeithaif des Volumens und der Flache
des Neurites nach einem hypo- bzw. hyperosmotischen Scerakssen.

Nach einem hypoosmotischen Schock verandern sich Naeuriteweierlei Hinsicht. Zum
einen schwellen sie, da Wasser hineinflie3t. Zum anderttreinie peristaltische Modulation
der Form auf. Wir interpretieren diese FormveranderursgRaarling Instabilitat — eine Art
von Rayleigh-Plateau Instabilitat, die von der schnelemahme der Membranspannung her-
vorgerufenen wird. Die Instabilitat wird durch das zehahgige Fourier-Spektrum der Neu-
ritenform charakterisiert. Um die Rolle des Zytoskeletisezforschen werden hypoosmoti-
sche Schocks nach Zugabe unterschiedlicher spezifiscbgebBdurchgefuhrt. Der Beitrag der
Mikrotubuli zur Stabilitat der Neurite erweist sich alsrd@n grofldter Bedeutung. Depolymeri-
sation der Mikrotubuli durch Nocodazol hat zweierlei Etiekdie Amplitude der Modulation
nimmt stark zu, und die Wellenzahl der am schnellsten waatese Fouriermode wird um etwa
10% grol3er.

Die genaue Analyse des Zeitverhaltens des Neuritvolumedgiar Instabilitat nach einem
hypoosmotischen Schock zeigt, dass das Volumen zurlicleinera urspringlichen Wert re-
laxiert, und die zylindrische Form wiedergewonnen wirdjam die peristaltische Modulation
zerfallt. Bemerkenswerterweise relaxiert die Instéhileindeutig schneller als das Volumen,
was auf eine Entkopplung zwischen Membranspannung undtiéenr wahrend der Relaxation
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hindeutet. Wir schlagen vor, dass dies auf Fusion von inneéesikeln an die Membran zuriick-
zufuhren ist.

Das Zeitverhalten des Neuritvolumens nach hypoosmotis8bbocks kann naherungsweise
durch eine anfangliche Schwellrate, ein maximales Volumed eine Relaxationszeit beschrie-
ben werden. Diese Parameter wurden bei unterschiedlickepdraturen und Anfangsschock-
starkenAll, untersucht. Die Schwellrate hangt nichtlinear von derafugsschockstarke ab:
Sie sattigt oberhalb vor\Il, = 0.3 RT 300 mM. Das maximale Volumery,, skaliert linear
mit dem Anfangsvolumen,. Die Betrachtung vorV,,/V; als Funktion vonAll, offenbart,
dass Neuriten bei schwachen Schodk$, < 0.3 RT 300 mM genauso wie perfekte Osmometer
schwellen, bevor die Relaxationsphase auftritt. Bei starf8chocksAIl, = 0.5 RT 300 mM,
schwellen Neuriten eindeutig weniger als perfekte OsmemBeswegen muss sich bei starken
Schocks die innere Osmolaritat schon wahrend der Scpisgke verandert haben, oder aber
hydrostatischer Druck muss entstanden sein. Die Abh&egdigwischen Relaxationszeit und
Temperatur gehorcht einem Arrheniusgesetz, was darawilsh dass die Relaxationsrate von
der Bewegung von lonen durch Kanale bestimmt ist.

Gleiche Versuche wurden auch nach Schadigung des Aktigesis, und der Mikrotubuli
mit Drogen durchgefiihrt. Keine dieser Behandlungen haR#ilaxationsphase beeinflu3t. Das
liefert einen Anhaltspunkt dafiir, dass sie ausschliéf¥ligrch Veranderungen des osmotischen
Drucks, ohne Beitrag vom hydrostatischen Druck, stattfindagegen fuhrt die Schadigung des
Zytoskeletts, insbesondere die Depolymerisation der dMiksuli, zu deutlich schnellerem und
starkerem Schwellen. Der Einfluss der Drogen zum einen asiZe@itverhalten des Neuritvolu-
mens und zum anderen auf dieearling“-Instabilitat lassen vermuten, dass in deaagfichen
Schwellphase hydrostatischer Druck in den Zellen entstetitdie Schwellrate bestimmit.

Zusammenfassend wurden reproduzierbare Experimentea&kala der ganzen Zelle ent-
wickelt, die quantitative Aussagen Uber biologisch ratee Phanomene ermoglichen. Sowohl
die Experimente an Fibroblasten als auch diejenigen an éxdretreffen beide hoch sym-
metrische Systeme, deren einfache Geometrie das physikal\Verstandnis erleichtert. Erste
Interpretationen der Phanomene wurden gefunden, didlgafi@inen mechanischen Konzepten
basieren.
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Chapter 1

die Physikmussstimmen
— a wirzburger biophysicist,

Introduction on biophysics

This thesis is divided in two main sections: nonlinear vedasticity of fibroblasts, and shape
instabilities in axons. Both studies focus on mechanichi®ur. The observed phenomena are
guantitatively analysed, with the aim of their physical raltidg. Both address single cells with
axially symmetric shapes. In the first case, the geometrghgeged as fibroblasts adapt to the
symmetrical boundary conditions of the experiment. In theosd case, axons already have a
cylindrical geometry. This geometry is purposely chosetoasase understanding of the under-
lying physics. In both studies the living nature of the sgste integrated in the phenomenology:
fibroblast viscoelasticity is probed in presence of actwetiactile behaviour, and axons recover
from the induced shape instabilities by means of homeastaéichanisms. The phenomena
under study — nonlinear elasticity, plasticity, hydrodyrainstability — are of physical nature.
They are studied with the hope of shedding quantitativet lagito biological processes — cell
shape, mechanical integrity, cytoskeletal self-orgdimaa Thus, this work can be classified as
belonging to biophysics (1, 2).

On biophysics

The meaning of this term is difficult to precise. Indeed, bipgicists are most often people who
have studied either medicine, biology, biochemistry, ciséryy mathematics, or physics— not
biophysics. The more so as physics pretends to be a diseiplich explains everything, or at
least is in principle able to do so. Such claims of univetgatiay make biologists feel it is not
worthwhile investigating the physics of living matter, stnanyway they won't be different from
those of dead matter. Vitalism has lost ground and it is ngéora major goal to show that no
new physics underlie biology. Thus, today biologists somes view the study of the physics of
living matter as biologically irrelevant; if it is the samaysics found everywhere else, how can
it be important to explain life?

A kind of biophysics which is unanimously appreciated by slegentific community is the
development of new physical techniques to study biologicablems. This is indeed a field of
utmost importance. Suffice it to think of the contributioris<eray crystallography or NMR to

1
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biology and biochemistry. However, the physics here istighito the measurement device; the
interpretation of the results is done in essentially bialabterms, so this is more of a biological
application of physics. Classified as belonging to bioptg/ene also finds biochemistry, since it
is ruled by physics and underlies biology (2). To me, thig agsses the point. Biochemistry is
indeed subject to the rules of organic and physical cheynigitt it deals with chemical entities
which are absolutely unique to life. Moreover, biochematalictures are of striking universality
among all living beings. This uniqueness and inner simliciake it a well-defined field on
its own. Outstanding examples of biochemical problems apéem folding, or the action of
isomerases on DNA — problems deeply different from thoseimipiological chemistry.

So in our quest for biophysics we turn to biology. Biology se@s the systematic descrip-
tion of the natural world, as a discipline involved with ex¢&se collection of data and its clas-
sification. Taxonomy then provided the essential groundshi® discovery of evolution. Once
endowed with evolution, biology makes sense, becomes drteetmhuman understanding— it
no longer is the dream of remote gods. Biology is releaséolall to change; it redefines it-
self through the interactions among its actors. Biologieatures are realised to have functions
which justify their existence in an ecological context. ©tithis breakthrough arise quantitative
disciplines such as physiology and population geneticsh ¥ development of modern molec-
ular genetics, however, biology has lost this vitality. enet-day biologists think in terms of
genomics, proteomics, ionomics, bioinformatics. The nainclusions are that a certain gene
is essential for a given response; gquestions of how and wiyar addressed. The situation
resembles somewhat the taxonomic beginning of biology-atecddata landscape where life is
missing. Presumably, in the future bioinformatics willalsven up, once genome dynamics are
understood.

From my humble position, | regard biophysics as a force oipgahe taxonomic approach
in biology. Biophysics is for me the search for simplicity isfn characterises physics, in that
most complex of all scenarios—life. The best example of dpigroach is probably given by
Schrodinger’s “naive musings” (3), but one may also rdgarArcy Thompson, Mayer, or
Mendel (the Planck of biology?) as biophysicists (4). | agide if this classification is of-
fensive to the reader; it is not intended as historical fexidut only as illustration of our (much
less ambitious!) goals and approach.

On biomechanics

Evolution makes biology alive. Its actors move, eat eackmpthape the landscape. As biology
is extended by the exploration of the microscopical worlkelvriandscapes of sheer complex-
ity are found in each milimeter of tissue. The building blsa) biology can also crawl, eat
bacteria, shape their environments (5). This dynamicacteyn with the surroundings requires
mechanical forces. Enter biomechanics, along with biagrters maybe the most biophysical
field in biophysics. Mechanics lies at the very roots of pbysit deals with stress fields, invis-
ible entities which decide whether something moves, defoion breaks (6, 7). The biological
relevance of mechanics is huge, bearing directly on theofatee individuum. From the antilope
running away from the tiger, to the cancerous cell crawlirtg the blood stream, to the bacteria
swimming for food, mechanics rules biology as the master afion and integrity. Within the



biologically relevant length scales, from a few nanometoemeters, mechanics is essentially
scale free: the same concepts used to describe the bendirtgpoie can be applied to the bend-
ing of an actin filament (8, 9). This economy of concepts is mseguence of the continuum
approach, of focusing on geometrical, generic features. iy, biomechanics is unavoidable.
When a force bends a bone or a filament it does not care abogeties coding for them; only
the bending modulus is relevant.

In the last years, the role of biomechanics as informatianerahas been revealed at the
single-cell level (10-12). The mechanical properties efgktracellular medium are now known
to be cues to cells. That mechanics can transfer informaiobserved at familiar length scales;
one may think of trees following gravity, or bones growing@aaling to tension.

The cytoskeleton

The cytoskeleton is a term as vast as biophysics itself.fétsdo a collection of flaments and
crosslinkers which endow the cell with internal structumechanical integrity and the ability to
generate forces. Excellent introductions can be found ayB5) or in Howard (9). Along with
the cell membrane, the cytoskeleton confers the cell witlgdterm stability: it provides an in-
ternal scaffold which hinders diffusion, allowing for coarimentalisation, directional transport
and architecture. Most striking is the dynamic nature of #$tgaffold, which can disassemble
and change structure within seconds in response to bioclaéoues. In a very real sense, the
cytoskeleton is the frontier between biochemistry and lysgcs.

Of all the cytoskeletal subcomponents, the most relevanidas actin (5, 9, 13). Monomeric
actin is a globular protein which binds to itself formingiadtlaments with a diameter of 7 nm. In
the process of polymerisation the monomers consume en&dy¥? hydrolysis, which confers
this filamentous system with astonishing versatility. Bpmag filament ends with specialised
proteins, the growth of actin filaments can be exquisitelytiamled by the cell. Moreover, fila-
ment growth can generate significant forces (14). This m®péays a fundamental role in cell
locomotion (5, 15). Forces can also be generated by myasiolgcular motors acting on actin
filaments which can contract actin networks. When activategbsin molecules bind together
forming bipolar flaments able to slide actin filaments pastheother. Coarse-grained models
for such active gels inspired in the physics of liquid cristaave been proposed (16-18) and
shown to reproduce many features of cell dynamics.

The status of the cytoskeleton as the frontier between kbiogtry and biophysics is nicely
illustrated by the fact that cytoskeletal strain is biocheaty recognised (12). As discussed in
the next chapter, the formation of contacts between theeadlular matrix and the cytoskele-
ton requires mechanical tension. It has also been direbtiys that straining actin filaments
changes their affinity for intracellular proteins (19). $lalso works in the other direction; the
architecture of the cytoskeleton is under biochemical legn. An outstanding example is
given by intracellular calcium, a universal effector inlcg@gnalling. Changes in intracellular
Ca* concentration trigger a multitude of responses, among thetivation of myosin as well
as severing of actin filaments via gelsolin (discussed iptha). The combination of contrac-
tion and changes in filament length can have dramatic eftectse mechanical properties of the
cytoskeletal network. An attractive idea along these lindise solation-contraction coupling hy-
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pothesis of Taylor and coworkers (20, 21). Its basic tenttasa highly crosslinked gel of actin
filaments cannot contract, as the forces generated by ng/astnopposed by internal strain of
the gel. Contraction requires its partial solation, eitteough filament severing by gelsolin, or
by dissociation of crosslinking proteins. Both procesgsegriggered by an increase in calcium
concentration. Cytoplasmic pattern-formation and shaedlations have been modelled based
on these concepts (22).

May the preceding examples illustrate the situation in thklfi On one hand we have the
complex, highly dynamic phenomena inside the cell, leadinfprce generation, spreading,
directional crawling. On the other hand, a plethora of mititheories have been developed,
showing that a few idealised components can qualitativetyyaduce the observed behaviour.
With the current understanding of the cytoskeleton, oferesal microscopical mechanisms can
be proposed for a given macroscopic process; actpatlyingan explanation to be correct is a
daunting task, which requires several complementary @axjgets on the same system.

With the aim of minimising this uncertaintiy) vitro experiments have become very fashion-
able in the last years. By isolating and purifying a few comgras, the self-organising, self-
assembling capabilities of cytoskeletal components casubgect to intensive study (23, 24).
Particularly relevant for us are rheological measurementactin gels (25—-29), which have re-
vealed quite generic stress stiffening responses (30, Ghapter 2 discusses these results in
more detalil.

Single-cell mechanics

Biomechanics, being a quantitative discipline, is deefiigcéed by the intrinsic variability of
biological materials. To complicate matters, biologigssties show highly nonlinear responses
and often are naturally in a stressed state. Therefore |siexperiments where only an elastic
modulus is measured can give widely different results. Thékes biomechanics somewhat
paradoxical. A good measurement in biomechanics shoulddea detailed study of the zero
force state; but the probe may have never been at zero straggven be fragile and difficult to
handle under such conditions (8).

At the single cell level, the situation is much worse. Wheimgamver the literature on single
cell mechanics, one finds values for the Young’s modulus cflacovering up to 3 orders of
magnitude (32—39). To some extent, these discrepanciestrfe different methodologies used,
as well as the slightly different length scales studied. Aersubtle problem is the responsiveness
of cells to the measurement. In particular, the boundanditmms — mechanical as well as
biochemical — can make a dramatic difference. This is inresttto experiments on tissues,
where doing the measurement does not affect the surroumdiribe cells inside the sample. As
an example, single round cells in suspension (40) show aditfeyent frequency dependence of
the shear moduli than cells spreading on a substrate (333t Mkely, this reflects the different
internal structures induced in each geometry. Thus, theiggevay a cell is probed is of utmost
importance in single-cell mechanics, since it defines thehraeical properties of the sample. In
this sense, the field reminds of wave-particle duality—#sedviour of the system may depend on
the question one poses.



Chapters 3 and 4 describe mechanical measurements on satigléeld between two mi-
croplates, the “cell-pulling” geometry (38). The measueatrprobes the response of the whole
cell. Fine, regional details cannot be distinguished; ahé/overall behaviour is recorded. This
may be viewed as losing possibly relevant spatial inforama¢é1); we will argue that the geom-
etry is actually advantageous, leading to highly reprdolecmechanical behaviour. Moreover,
the results gained with the cell-pulling geometry can bélyigelevant for the modelling of
tissues (10, 42), where the “atoms” are whole cells.

The first part of this report is arranged as follows. Chapterntidduces the cytoskeleton in
some detail and summarises the results in biomechanicsrelesant for us. The experimental
setup is discussed in Chapter 3. The experimental resutisnaol with the cell-pulling setup are
thoroughly described in Chapter 4. At the end of this chaessible explanations for stress
stiffening in fibroblasts are given, and the similarity beem metal plasticity and fibroblasts
mechanics is highlighted.

Osmotically induced shape transformations in axons

Axons are the long cellular processes extended by neuroithransmit the nervous impulse.
A ~ 1pum thick axon of a motor neuron can easily reach a length of lemekhis extreme
aspect ratio is reflected in their cytoskeletal structuneos are filled with longitudinal bundles
of filaments, arranged in a given direction, which act as lvegi for directional transport of
material from one end to the other. This filament array alsdars the axon with rigidity and
mechanical stability, necessary to withstand the hugeefomwhich may arise even in normal
physiological conditions. This highly organised cytosital structure, plus the simple cylindrical
geometry, make this system ideal for biophysical studiesre/tthe aim is to understand the
biologically relevant physics. Unlike the cell-pulling gariment, here the clean geometry is
already present thanks to the careful choice of the system.

The experiments described in the second part of this repoxtern mechanical stability of
neurites. They developed out of Pramod A. Pullarkat’s olzdem of a cylindrical-peristaltic
transition of the axonal shape triggered by a sudden diludiothe extracellular medium (43).
Similar shape transformations — known as pearling in thesjglsyliterature— have been ob-
served in membrane tubes (44) and in cellular extensior)s @ty can be well explained as a
Rayleigh-Plateau-like instability triggered by elasgasion arising out of membrane stretching.
There are several minor differences between the Rayleligiedt instability in liquid jets and
pearling in membrane tubes. The instability is driven infvener by interfacial tension, whereas
tension in membrane tubes is rather of elastic nature. Merebquid jets are always unstable,
whereas membrane tubes are stabilised by their elastibitere cytoskeleton is present it pro-
vides extra stability, which has to be overcome to triggerriieg. Based on this framework, we
argue that the hypoosmotic shock-induced shape transfiomabeys a similar mechanism, and
that it can be described as a Rayleigh-like instability elniby elastic tension in the membrane,
arising out of axon swelling (43), similar to the phenomeasaalibed in Refs. (44, 45).

In axons, similar cylindrical-peristaltic shape transfiations —known as beading in the bi-
ological and medical literature— arise under a wide ranggtaétions. These include neurode-
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generative diseases like Alzheimer’s (46), brain traung, (dtretch injuries to nerves (48) and
in vitro as well agn vivo application of neurotoxins or drugs (49, 50). In stretcluiigs, tension

is responsible for beading, whereas in the other exampéesdimmon feature appears to be cy-
toskeleton disruption. In all of them, the beaded stateigtsrand no recovery has been reported.
In our experiments, where the shape transition is triggbyea hypoosmaotic shock, the volume
is seen to come back to its initial value and the originalreyfical shape is recovered within
several minutes. Moreover, the periodic modulation setsnily when the change in osmotic
pressure is strong and fast enough. This points towards<ibeece of regulatory mechanisms
acting at slow timescales. Regulatory responses to chamgssotic pressure have indeed been
known for a long time (51-53). They are ubiquitous homeastaechanisms found in all kinds
of cells. The short term response involves a passive ddfuef specific solutes which opposes
the initial flux of water. In the case of a hypoosmotic shoak| swelling leads to an increase
in the conductance of the membrane to potassium, whosesidifflout of the cell lowers the
internal osmolarity and reestablishes the original vol({s#e 55).

Essential to this response is a “volume sensor” which opemghannels when the volume
deviates from its normal value. The nature of this sensot pesent unknown (51, 53). The
change in the internal concentrations itself may act agygéri(56). Tension in the membrane
may also open mechanosensitive channels (57). Thoughphsiological role is still unclear,
mechanosensitive channels are ubiquitously found and nedlyast as membrane tension sen-
sors. Finally, the cytoskeleton is known to be important@fume regulation (12). Being an
interconnected structure spanning over the whole cell amsbtinked to the membrane, changes
in cell volume should invariably lead to cytoskeletal strairhis can trigger biochemical sig-
nals, but also the stress itself may balance hydrostatgspre differences across the membrane.
Mixed mechanisms can be advanced; for example, membras®temay open mechanosen-
sitive calcium channels, triggering €abursts leading to solation or contraction. At present
it is not clear which mechanisms are important. This is iddegeneral problem in the study
of the cytoskeleton, that of distinguishing between itschemical and mechanical aspects. To
complicate matters, different cell types respond difféyeto cytoskeleton disruption (58). It is
therefore important to find model systems showing reprdalediehaviour.

Thus, besides the investigation of the pearling instahiielf, a certain effort was spent on
the volume regulation process, pursuing the question: wdiatdo hydrostatic pressures play
in the volume regulation response of axons? In this exceglisystem, hydrostatic pressure
is opposed by the deformation of a highly organised cytetkal Moreover, thanks to the
cylindrical geometry, pressure reveals itself by indugiegrling.

Chapter 5 gives some detail on axons, a simple theoreticghbaund for the Rayleigh
instability, and discusses the experimental details. kptér 6 the results are presented and
discussed.
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Chapter 2

Biomechanics

This chapter begins by presenting the main features of tteskgleton, an intracellular filamen-
tous network which defines cell mechanics and architectlinen cell adhesion and fibroblasts
are discussed. Finally the mechanical features of biokbgmaterials are reviewed, going from
whole tissues down to the sub-micrometer scale.

2.1 On biomechanics

An essential requirement for a living unit is mechanica¢grity, as disrupting forces are always
present and show up at all length scales. Already a singléaoels viscous shear forces by the
surrounding liquid (5); and as a multicellular organismvgsan size, it eventually meets gravity.
To mantain a structure under constant forces, living mattest behave like an elastic solid.
Nevertheless, eucaryotic cells are clearly not simplytela®lids; they manage to change their
shapes, divide, crawl. Cells can flow without losing intggran ability which in mechanical
terms is a signature gflasticity (7).

Yet this suffices not. For a cell to move in a viscous environiwathout slowing down, it
must convert energy into movement. Not only must it be stifftistain external forces; it has
to generate forces itself. This leadsdontractility, a major function of the cytoskeleton found
at all length scales (5). The need for contractility arigesider to move against gravity and
overcome friction, or to pump internal fluids such as blood ain. As it turns out, the structures
powering single cell movement are also behind muscle cotmbra-the orchestrated machinery
of crawling lets life run, jump, fly.

In fact, living matter displays a permanent desire for tensvhich distinguishes it strongly
from dead matter. Single cells in culture develop stresatsp@ously by pulling on the substrates
on which they adhere. If they cannot adhere they round ugatang a surface tension also
actively generated. Again, the picture remains at the irlltilar level. When cut, important
blood vessels and nerves show rest-lengths about 30% stta@tetheirin situ length (59). Soft
connective tissues are under tension even during sleep (59)



10 CHAPTER 2. BIOMECHANICS

2.2 The Cytoskeleton

At the heart of cell mechanics stands the cytoskeleton,ntnadellular structure behind spatial
organisation and mechanical properties in eucaryotis cAk life on earth began, abait - 10°
years ago, it did not take the first steps by cytoskeletongoedramoeboid crawling; for the first
2 - 10° years there were only bacteria. When eucaryotes finallyapde they were the most
sophisticated machines ever to roam the earth. They hadlausy@ cytoskeleton, organelles,
and they could form multicellular organisms (13). Concblyait was precisely the cytoskeleton
what allowed this degree of organisation. A number of reagonthis can be advanced (5). For
one, the cytoskeleton allows for mechanical integrity withshape constraints; surface plasticity
in turn facilitates phagocytosis, which may have been keth#éoacquisition of mitochondria,
chloroplasts, and maybe even the nucleus. As cell sizearsess diffusion is no longer able to
transmit material inside the cell, and directional transjpe@comes essential. This is possible
thanks to the cytoskeletal scaffold. Transport of matexiglinst viscous forces is performed by
motors walking on filaments, precisely directed to the riglace. In this way the cytoskeleton
allows for the bigger sizes of eucaryotic cells. Spatialanigation of single cells is in turn
a prerequisite for complex tissues to arise. Examples anetegy cells, neuronal synapses,
muscle cells, etc. In general, tissue architecture regumteacellular architecture (13).

2.2.1 Actin

Actin is a globular protein with a diameter of 6 nm (9). Actironomers binds to themselves,
forming two-stranded filaments with a cross-sectional afedout 20 (nn) and a right-handed
twist (9). As actin monomers are asymmetrical and actin #lairs are double stranded, the mi-
croscopic details of the monomer-addition process arerdifit at each filament end. Therefore
the polymerisation rate constaiy, and the depolymerisation rate constagt can have differ-
ent values at each end. The final product after monomer addiiowever, is the same regardless
on which filament end addition takes place — provided all nmo&is are equal. Then the ratios
ko /kon at each end must be equal, since both are equal to the critmabmer concentration.
When the free monomer concentration excekgs k., both filament ends grow, though they
may do it at different rates, as illustrated in Fig.2.1(AheTsituation is actually more complex.
Actin binds to ATP and catalyses its hydrolisis, so that Add®n monomers become ADP-actin
monomers after a while. Moreover, ATP-actin fits well intadfilents, but ADP-actin does not;
thus the critical concentratidfyg / k., of an ATP-actin filament end is lower than that of an ADP-
actin filament. In this way the possibility of “treadmillihgrises. If a filament is long enough,
the ATP-actin end will grow and the ADP-actin one shrink, enal constantly travelling be-
tween the two while ATP is hydrolysed. This process is illat&d in Fig.2.1(B).

Mechanically, actin flaments have well defined properiaes] can be described as isotropic
materials which sustain high stretching or bending forciélomt breaking. Stretching of single
1 um long actin filaments has revealed a Young’s modulus of 2.8 GR This agrees well with
indirect measurements via thermal undulations, which gahees of 1.7 GPa (9). Recently,
the force - length relations of 3—10m long single actin filaments have been measured (60).
At forces below 50 pN, an entropic stiffening regime is semmresponding to wormlike chain
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Figure 2.1:Cartoon illustrating actin polymerisatiorA: ATP-actin monomers polymerise form-
ing two-stranded F-actin filament&: polymerised actin hydrolyses ATP into ADP. ADP-actin
monomers do not fit well together and dissociate from the &fm C: in solution, ADP-
monomers exchange ADP for ATP and begin the cycle anew.

behaviour. Above deformations ef 1%, a crossover to an enthalpic linear regime is seen.
Forces can then reach up to 200 pN.

2.2.2 Actin binding proteins

To exploit the full power of actin filaments, cells have a ptat of actin binding proteins (ABPS),
many of which polyfunctional. These regulate filament gioahd crosslink them together or
with other proteins.
The concentration of unpolymerised actin in the cytosol alshcells is very high, about
100 M. Though thein vitro critical concentration for polymerisation is a factor ofC6lower,
a significant pool of free actin monomers is always presefis i possible thanks to ABPs
which regulate intracellular F-actin assembly (61). Thestabundant monomer-binding factor
in higher animals is thymosin, a small, highly charged pro(B). At a high concentration and
with a relatively high dissociation constant of aboytM, it rapidly buffers monomeric actin.
An important result from studies of cell motility is the olbbgation that new filaments initiated
by extracellular cues are often createdd®/novonucleation events (61). An ABP which has
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become fashion in the last years is Arp2/3, a highly conskse®en protein complex that, when
activated, nucleates new actin filaments from the sides igtieg filaments, inducing branch-
ing at an angle of 70(62). In vitro it also enhances the rate of actin filament nucleation, and
crosslinks actin filaments. Additionally it caps the slovenging ends of actin filaments. In
crawling cells, the Arp2/3 complex localises in lamellifend

The Arp2/3 complex also binds to the actin-monomer bindirggegin profilin. The effects
of profilin depend on its concentration. At low concentratipit can enhance actin filament
assembly by shuttling monomers from thymosin to the faswgrg ends of actin filaments.
At high concentrations, it acts as a monomer-sequesteriotgip (62). Profilin also catalyses
exchange of actin-bound nucleotides (5).

In addition there exist depolymerisation factors such dsircowhich stimulates disassem-
bly from slow-growing ends (5). Some ABPs “cap” actin filarhends, preventing monomer
exchange and stabilising filament length. The situationdeed complex, yet some progress has
been made im vitro experiments. A breakthrough camelasteriapropulsion was reconstituted
with a minimal system (63). The four proteins needed arenatiie nucleation and crosslinking
factor Arp2/3, the depolymerisation factor cofilin and afgowing end capping protein. These
proteins together generate growing F-actin tails whichprapel beads against viscous forces.

As a last example of protein multifunctionality we menticgigplin. Gelsolin is a compact
protein found in most vertebrate cells, which receives @ma from its ability to transform
an elastic gel into a liquid sol by severing F-actin. Gelsdl) binds to actin monomers to
promote actin nucleation, 2) caps the fast-growing end o dikaments, and 3) severs F-actin.
Its effects are regulated by Eaions and phosphoinositides, especially Ri#pening the door to
the control of mechanical properties by signalling pathsvayrise in calcium promotes binding
of gelsolin to actin and filament severing, whereas,tiduces its detachment from F-actin (5).

Crosslinking proteins

Non-crosslinked actin, at physiological concentrationd lament lengths (less thaniim), is
soft and fragile. The mechanical functions of actin filansertquire the formation of an elastic
gel. Different ABPs generate different crosslinking getnies, so the mechanical properties
of the gel depend crucially on the concentration and type BP# It is thus no surprise that
crosslinking ABPs of all types exist. The small protémbrinlinks filaments in parallel arrays.
it a-Actinin is composed of two polypeptide chains, each chadth an actin-binding domain at
one end and a flexible central domain. As the two chains ageedi in antiparallel fashion, this
forms spacer which binds filaments at a distance of about 40Mhomg with «-actinin, the most
abundant ABP in vertebrate cellsfiamin, an 80 nm protein which forms a V-shaped, flexible
dimer, with an actin-binding domain in each N terminus. Ittued non-muscle adherent cells,
filamin localizes to the cortical actin network, the base @lf membrane protusions, and along
stress fibers (64). In contractile assemblies of actin antbnoteins (discussed below), the
rigid rodlike proteintropomyosinbinds along actin filaments, stabilizing them and modifying
the interaction with other ABPs . It enhances interactiothhthe motor myosin Il, but limits the
association with actin-bundling or actin-fragmentingtpios (5).
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Myosin

The molecular motor myosin is also an ABP, but outstandingsimbility to move actin fila-
ments against a load. Muscle myosin and myosin Il, its hogueddn nonmuscle cells, are large
proteins consisting of two polypeptides, each one with temdins; a globular head and a long
tail. The two polypeptides are joined by the tails, which iatertwined together. The globular
myosin heads are actin-activated ATPases, the sites whexkanical and chemical energy are
interconverted (5). Near the myosin head we find the Lighirchaegulatory subunits belonging
to the calmodulin family. In the form of myosin 1l found in nonuscle cells, the regulatory light
chain is substrate of kinases such as myosin light chairskieLCK). MLCK has a regulatory
domain which interacts with the €a-binding protein calmodulin. In this way, when the intracel
lular calcium concentration rises, MLCK becomes activated in turn phosphorilates myosin
light chains. This activates the myosin heads, by exposia@ttin-binding site, and induces a
conformational change in the myosin tail which extends.eBaed myosin tails bind to other
myosin tails, leading to assembly of bipolar myosin minifients (65). These rodlike structures
have motor heads at each end, facing opposite directiomsceHbey can slide antiparallel actin
filaments relative to each other. This is the basic unit betlaictomyosin contraction. Myosin
is also subject to deactivation by a phosphatase, whosataasi independent of calcium. The
Rho pathway, responsible for sustained contraction, itdibis phosphatase as well as activates
another kinase (Rho-kinase) which activates myosin (5).

Myosin generates forces by means of a conformational cheoggled to ATP hydrolisis.
The details of this interaction are object of current resleand much reminds to be understood.
It is known that myosin acts in a hon-processive fashion,a.enyosin head only stays bound
to actin for a short time (9). Inspired by the observation thascle liberates more heat when it
shortens against a load than in unloaded conditions (6Basitbeen speculated that the kinetics
of force production depend on the load. Recently this skeddFenn effect” has been studied at
the single molecule level (67). Single crossbridges haes beported to produce movement in
two phases, one of them depending in an exponential manrtbeapplied load, the other one
much less load-dependent.

When collections of motors acting simultaneously are atergid, collective effects can arise.
In particular, actin-myosin motility assays have reveaeatdiscontinuity in the force-speed re-
lation about stalling conditions (68). This phenomenon lesn theoretically explained as a
dynamical phase transition (69). Above a critical motonatgt the zero-speed state is unstable
against two finite, opposite velocities.

2.2.3 Microtubules

Microtubules are similar to actin filaments in being polad afa dynamic nature, able to switch
between growth or shrinkage. Indeed, catastrophic shgmka a physiologically important
feature of microtubules; in general, their remoteness fpmiymerisation equilibrium is more
important than for actin filaments. Another important diffiece between the two is size: micro-
tubules have a cross-sectional area of 200 {ntah times that of actin filaments. Hence they are
much stiffer against bending, with a persistence lengttbotia6 mm (9). The current picture of
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microtubules presents them as a central organising untthwontrols long-range organisation.
Its main functions comprise finding the center of the celbasating genetic material before cell
division, and maintaining cell polarisation during moverneMechanically, they are essential
for axons, as will be shown in the second part of this work.dund cells, however, they seem
to be of little importance.

2.2.4 Intermediate filaments

Intermediate filamentBave a diameter of 10 nm. They form a tough, crosslinked néter-
tending from the nucleus to the cell membrane (5). Their fleiugidity seems to be quite low,
the persistence length being aboyirh (9). This suggests that the individual coiled-coils mak-
ing up the filaments are not heavily crosslinked (9). Thug Hre highly resistant to elongation,
but yield when twisted or sheared. Unlike actin or microtebuintermediate filaments are not
polar and do not grow actively. Moreover, they are much maréed in sequence and structure.
We will only mentionvimentin as it is very ubiquitous and strongly expressed in fibrdblas
Vimentin filaments tend to associate with microtubules, iftioe latter are disrupted, vimentin
collapses close to the nucleus (5). Their physiologicattimms are very difficult to detect, as
many cells can live without them. Knockout mice lacking virtia develop and reproduce with-
out major problems, but have abnormal wound healing (5).

2.2.5 Actin Cortex

A general feature of eucaryotic cells is the actin cortexjia kayer (~ 100 nm) of short actin
filaments located under the cell membrane, known to be signitiy stiff and under active ten-
sion. The actin cortex is a major actor behind cell shapetomations and ameboid movement
(70), which mediates much of the interaction between thearel its surroundings. Being at
the boundary of the cell, its mechanics have been extegsstetlied by microrheological ex-
periments. Its elastic properties show it to be highly dinked, necessary for the short actin
filaments to behave as a gel and to tether them avoiding trsgiesion (28).

The importance of actin cross-linking proteins has beehliggted by studies on Dictyostelium
mutants lackingyv-actinin and ABP120 (71). These cells have smaller sizesvaoré rounded
shapes, exhibit an increased sensitivity towards osmbticksand a reduced rate of phagocyto-
sis. Mutant Dictyostelium cells lacking conventional myokave been shown to have a lower
resting-state stiffness when probed by indenting the cethse with a glass stylus (72).

2.3 Mechanotransduction

The mechanical interaction of cells with the environmenuiees adhesion. Cell adhesion is a
prerequisite for essential functions such as movemerdersitissue, tissue architecture and in-
tegrity, sensing extracellular tension. If a cell is to éXerces on its surroundings, it must firmly

connect the intracellular machinery to the extracellulatnw. Clearly, the adhesion strength of
this binding has to be well above the forces to be applied.Hérother hand a permanent bond
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Figure 2.2:Spreading fibroblast stained for vimentin using a Cy3-cgajed antibody. The dark
region in the middle corresponds to the nucleus. Notice thallssize of the filaments. In some
cases, they seem to be strongly bent.
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Figure 2.3: Cartoon illustrating the mechanically relevant featurdscell ultrastructure. The
cell is adhering between two glass walls, in the cell-pgjlgeometry used for our experiments.
The cell is enclosed by a membrane, to which a cortex of at@imédints is firmly connected. The
actin filaments are crosslinked by proteins, among them myusifilaments which generate
tension. Transmembrane proteins such as integrins corexéacellular matrix proteins to the
cytoskeleton. Channels in the membrane are also shown. aiesknsitive channels are a
general feature of animal and plant cells; their physiolagirole is still unclear.

is clearly not desirable. One would expect the strength atehé of adhesion to be under the
control of the cell.

2.3.1 Focal adhesions

When cells under culture are observed, adhesion can bestetplace in a discrete fashion at
a few places. These are known as focal adhesions. They prthadink between the extracellu-
lar matrix and the cytoskeleton (73). These are complexmynatructures, which change their
structure in response to extracellular cues, some of themeghanical nature. Nascent adhe-
sions, known as focal complexes, can mature and developaoéb contacts in a process which
requires actomyosin contraction (74). It is becoming iasnegly clear that, besides their static
mechanical role as an outside-inside link, focal adhesfonstion as mechanosensors which
interconvert mechanical and biochemical information.

Structurally, three components are always present in tlagsions: the extracellular matrix
(fibronectin), transmembrane receptors (integrins), anohacellular macromolecular assem-
bly of F-actin, myosin, and ABPs.
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Fibronectin

Most experiments described in this work are performed ols eelhering on a fibronectin layer.
Fibronectin is a fibrous protein which can be found in conmedissue, as part of thextracel-
lular matrix (ECM). Most if not all effects of fibronectin can be reprodddey the aminoacid
sequence Arg-Gly-Asp (RGD), present in fibronectins. Thithe motive recognized by inte-
grins, transmembrane receptors which inside the cell lartbe cytoskeleton.

Integrins

Integrins are composed of several subunits. These comeoidifferent typesp and 3. Each
subunit consists of a large extracellular domain, a simglessmembrane segment, and a relatively
short cytoplasmic tail. Wehrle-Haller and Imhof have swgigd classifying focal adhesions ac-
cording to3-3-integrin density (74), which seems to agree with theiygpblogical functions.
Nascent adhesions (focal complexes) have a low integrisifewhereas focal contacts show a
high density. Only focal contacts show mobility relativelie substrate. They are very dynamic
structures which undergo constant restructuring: coraplenhover of3-3-integrins takes place
in 5-10 min (74).

On the cytoplasmic side

A number of important actin-binding proteins (ABPs) are wnato bind directly to integrins.
Among them we find Talin, whose importance is shown by Talii-&S cells, which exhibit
extensive membrane blebbing and defects in cell adhesma@eading. Many integrin subunits
bind to the crosslinking ABPs filamin anrdactinin (75). There are alsg integrins, which have
a long tail linked primarily to intermediate filaments irestieof actin filaments (75).

Focal adhesion formation

Integrins trigger a plethora of signalling cascades. Amthrggdownstream events we find ac-
tivation of the C&" pathway, changes in gene expression leading to growth Igtiion, and
inhibition of apoptosis (76). Signalling triggering by @égfrins seems to require conformational
changes induced by ligand binding, as well as integrin ehirs. Occupancy afiy -containing
integrins by RGD peptides induces their incorporation jrteviously formed focal adhesions,
but no signal transduction involving tyrosine phosphaigia or accumulation of cytoskeletal
proteins. Simple integrin aggregation in absence of ligacelipancy, induced by anti-integrin
antibodies, induces accumulation of only a subset of cgles#l proteins. Aggregation must be
accompanied by ligand occupancy in order for integrins thuge a characteristic large accu-
mulation of actin-containing cytoskeleton. Beads coat&t ¥ibronectin induce rapid integrin
aggregation and accumulation of a variety of cytoskeletatigins including taling-actinin, and
tensin within 15-20 minutes (76). The detachment force teeen shown to increase by about
an order of magnitude 15 min after contact with fibronectiated surfaces (77).
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Maturation into focal contacts

The maturation of low-density focal complexes into higmsliegy focal contacts depends on the
GTPase RhoA and acto-myosin contraction (74). This has élegantly demonstrated by study-
ing the growth of focal contacts in response to externallgliad force by pulling with a mi-
cropipette (78). In this way, the presence of fibronectinraexracellular ligand was shown to
be necessary. However, the micropipette did not requirespegific coating to induce contact
growth, showing mechanical tension to be the relevant par@amFurther, actin was necessatry,
but not myosin. Thus, focal contacts are stable only unaesioa, regardless of how this tension
is generated, and loss of tension leads to immediate disdgeA complementary observation
is that focal adhesions retract on elastic substrates,eadhey are reinforced and maintained
on stiff surfaces (73). The influence of the extracellul#fretss was studied by elegant exper-
iments with optical tweezers, which showed the adhesi@ngth to depend on the stiffness of
the optical trap (11).

The mechanism which couples growth to tension is at presartmown. Presumably, the
change in protein conformation induced by the strain isgac®ed by other proteins, leading to
signalling cascades. This is supported by the observatatrspecific signalling molecules bind
to focal adhesions after mechanical stretch (19).

2.3.2 Stress fibres

Stress fibres have much in common with focal adhesions. Fartbey always go together. On
spreading cells stained for F-actin, stress fibres are imatedy recognised as long, thin lines
extending across the substrate, their ends invariablyngnidi focal adhesions. In agreement
with the fact the latter are only stable under tension, stfieses are known to constantly exert
forces. The force which they exert on the substrate has temmsto be proportional to the focal

contact area (78). Their ultrastructure is similar to tHataiscle. An important component is

a-actinin, which joins actin filaments in bundles. Myosinéea to be located periodically along
stress fibres, with a typical distance of aboutri (13).

A dramatic demonstration of the contractile abilities o&ss fibres was given by Katagt
al as they isolated stress fibres and induced their contrabtjoadding Mg-ATP (79). This
led to 20% shortening at a velocity of several micrometerssgeond. No significant actin
filament depolymerisation was seen throughout. Remarkaloiyng contraction stress fibres
rotated and became thinner. Electron microscopy reveatadra compact structure after con-
traction. Posterior work from this group showed that MLCKy@4in light chain kinase, already
discussed in 2.2.2) induced more rapid and extensive aiitreof isolated stress fibres than
Rho-kinase. These authors therefore suggest distingujshio regulatory systems: the €a
dependent MLCK, and the Rho-kinase (80). The first generaigd contraction, the second
mantains sustained contraction in cells.
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2.3.3 Summary

In response to serum, or serum factors such as lysophodjghatid (LPA), contractility is ac-
tivated and sustained via the GTP-binding protein Rho. Rémepk myosin activated, which
polymerises in bipolar minifilaments and interacts withracthis leads to stress fibre assembly
and force generation. For force to arise, however, stresssfibave to hold on something. If
the extracellular matrix contains fibronectin and is stifbagh, focal adhesions arise and stress
fibores can exert tension. Alternatively, the?Caathway can increase myosin contraction via
MLCK, but this effect is temporary.

2.4 Fibroblasts and mechanosensing

Fibroblasts are the experimental system used in the firstopdhnis report. These cells can be
found in connective tissue, the architectural frameworkhef vertebrate body (59), a network
of polysaccharides and collagen sparsely populated by.cehder normal conditions, fibrob-
lasts are sedentary cells which play a synthetic role, sagreollagen fibres and reorganising
them into fibres and networks (5). They neither show stressgibor form focal adhesions with
the ECM. In the presence of mechanical tension or biochdrfactors such as fibronectin or
transforming growth factoil (TGF-51), fibroblasts differentiate into myofibroblasts. These
are characterised by tlie novoexpression ofi-smooth muscle actin, the presence of developed
stress fibers, supermature focal adhesions, and genenggddaces.In vivo, differentiated my-
ofibroblasts are found in specialized normal connectivaits such as bone marrow stroma or
the liver capsule, and in late contracting granulatiorugsdike in open wounds (59).

A physiological function of fibroblasts which highlightsetin contractile abilities is wound
closure. When tissue damage takes place, fibroblasts benotile and migrate into the wounded
area, where they proliferate, secrete collagen-contgiektracellular matrix, and differentiate
into myofibroblasts. Simultaneously, wound contractidesaplace (81, 82). Later cells die and
scar tissue arises. Itis a clinical observation that snethinechanical tension increases scarring.
This connection between mechanics and cell behaviour tesibeestigated by elegant experi-
ments on fibroblast-populated collagen gels reviewed in @4f). In free gels, where significant
stresses cannot arise, fibroblasts remain in the non-gadivsdate. If the boundary conditions
allow tension generation (e.g. when one side of the gel iglfigea rigid wall), tension develops
and fibroblasts proliferate. We remark that this tensiorersagated by the cells themselves.

2.4.1 Mechanosensing

This picture does not pertain exclusively to fibroblaststhia last years much has been learned
about the response of eucaryotic cells to the mechanicglepties of the environment. It has
been shown that in general cells align along the directidrigghest extracellular stiffness (10,
11). We can now see a feedback loop at work. Where the riglthkimical cues are present
and the surroundings are stiff enough, forces develop dweltalar contraction. Tension in
the ECM stiffens it. Cells sense the stiffer directionsgaiing and assembling force-exerting
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structures along them. The situation is clearly unstalbles mo surprise that contractile cells
are highly asymmetrical. The process reflewistatis mutandishe behaviour of stress fibres
and focal adhesions. Stiffening of the extracellular mxatan be sensed by other cells, inducing
them to align in a given direction and leading to parallehagements of cells (10, 42).

Figure 2.4: Spreading fibroblast stained for F-actin with phalloidihedamine. The darker
region in the middle corresponds to the nucleus. Notice ttong intensity of the actin cortex
along the edge of the cell, and the numerous stress fibers.
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2.5 Rheology of soft living matter

Though bewildering in its structural complexity, living ther does show a characteristic mechan-
ical behaviour. Presumably, this is a consequence of sharcommon load-bearing structure.
Here we discuss the general rheological features of solibdpimal materials. This can be sum-
marised in a few keywords: preconditioning / plasticityerandependent hysteresis / power-law
relaxation spectra, exponential stress-strain relatiacts/e force generation. In this section we
will change direction: beginning from whole tissues, we gwd to the microrheological scale,
following the historical development of the field.

2.5.1 On power law relaxation

Let A, B be conjugate variables. An experimentator perturbs theesybsy changingd and
measures the response As to how exactlyA is changed, one possible approach is to impose a
sinusoidal function at a given angular frequencgnd amplitude\ 4,

A="%Re (AA e“’t) )
If the perturbation is sufficiently small the relation beamehe two variables is linear, given by

B = Re(Ape™?) (2.1)
Ap = x(w)Ay, (2.2)

with a complex amplitude\z. The linear response functionf w) = x'(w) +ix"(w), the
dynamical susceptibility of3 to its conjugateA, characterises the inherent dynamics of the
system and can be measured without reference to any thezdmetdbdel (83, 84).

An alternative to oscillations are relaxation experimeni&he perturbation is switched on
slowly, fromA = 0to A = §JA. This induces a chang®B = yrJA, characterised by the
thermostatic susceptibility (83). Att = 0 the external perturbation is switched off and the
free motion ofB is observed. In the linear response regime,

B(t) = 0B ¢(t) (t>0),

where ¢(t) is called the relaxation function. Both approaches haven leegensively used in
biomechanics, revealing power law relaxation functionaaommon feature of biorheology
at all length scales. Phenomenologically, such a behawsonot a novelty. Von Schweidler
emphasized a century ago (84) that many relaxation prosdésbew over more than two time
decades the law

o(t) = f — (t/1)° for 0<b<1.

The von Schweidler law holds above the microscopic cutofeti. and is proposed to describe
the initial part of the decay process only,<< ¢t < 7. The termf represents an instantaneous
response. This relaxation law can be shown to be equiva8dhtg the susceptibility

. b
SCIN <i) (17 < w < w) (2:3)
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wherel is the gamma-function. Notice that the loss tangent is feagy-independent,
Xl/ (ﬂ' )
—=—— =tan(=b].
X' — fxr 2
In passive materials (85), the Kramers-Kronig relatiof@athe converse conclusion; if the loss
angle is independent af with b < 1, then the susceptibility expressions 2.3 hold (84).
We now argue that power-law spectra reflect a broad contgdairibution of relaxation

times. One may always attempt describing relaxation fonstas a superposition of exponential
functions,

o(t)= [ HTo(r) T

-
wherep( 7) is the distribution of relaxation times. Addressimgvollkommene Dielektrikdarl
Willy Wagner proposed in 1913 a Gaussian functiondor ) (86) and showed that the loss angle
becomes frequency-independent as the width of the gauissiseases. Thus, as the relaxation
spectrum broadens one approaches the von Schweidler law.

Rate-independent hysteresis was subsequently found inetiagind mechanical relaxation
phenomena. An alternative mathematical description waptad by Neubert in 1963 (87) and
by Fung in 1972 (88), assuming 7 ) to be constant in the range bounded by the cutoff times
75 and to vanish beyond:

(1) = 1/In(rp/m) for m<7<m
PT) = 0 for T<m,T>T7.

The assumption of constapt ) can be justified as follows. The relaxation times a scale
parameter:7 > 0 must always hold. Therefore complete ignorance of its vaueroperly
described by assigning a constant probability to its Iagari(89), so that a milisecond is as
likely as a year. AgiT/T = dIn T, this amounts to constapt 7 ).

Taking a ratio between cutoff times/m; ~ 10%, the loss tangent can be shown to remain
virtually constant over two decades around its maximum at 1/,/717 (87). Its maximum
value in this limit is given by

/2
In(rp/m)

Again we recover the von Schweidler law 2.3 as the limit of @all; flat relaxation spectrum.
The wider the spectrum of relaxation times, the smaller #tpoeentb becomes; the material
becomes more elastic and less frequency dependent.

2.5.2 Softtissues
Ramp experiments

A remarkable characteristic of soft tissues is their eldnilgg. They can undergo deformations of
about 100% without rupturing and display significant stiffeg. Stretch experiments on tissues
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Figure 2.5: Rabbit mesentery under uniaxial loading: force as a functiid extension. The
continuous curves corresponds to loading (upper curve)waridading (lower curve); the small
loops corresponds to oscillatory experimens. Notice thatdlopes of the loops are not exactly
equal to the slope of the loading-unloading curves, thougth lshow stiffening. Taken from
Fung (90).

such as skin, tendon and muscle have revealed highly nanlgtesss-strain relations, often well
approximated as exponential. Exponential elasticity was found in striated muscle in 1955
(91). Later, Y.C.Fung addressed it as a general featurasi¢imechanics (90). Restricting the
analysis to the reversible part of the mechanical respdresproposed the equatidi’/d\ ~ F,
where F' is force and\ = ¢/{, the stretch ratio. He showed that this equation could reduce
results obtained on mesentery, skin, muscle, myosin fitbeeslons. Fig.2.5 shows an example
of exponential elasticity taken from Ref.(90).

Tissues always show some degree of internal dissipatidhasauring loading higher forces
are obtained than while unloading. The total energy dissthee.i. the area enclosed by the
force-length curve, does not change significantly as a fonacf the deformation rate (8). “Pre-
conditioning” is seen when cyclically repeating the logdimloading experiment. The force-
length curves go down during the first few cycles until a saituation is reached. The specimen
is then said to be preconditioned (8).
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Oscillatory experiments

A tissue can be characterised by the force-length relatieasured in a ramp experiment, where
usually a fixed strain-rate is imposed and kept constanugirout. One may however take a
different approach: reach somehow a given force—lengthtplat the specimen stabilize, and
then apply small amplitude sinusoidal oscillations. Thpesimposed deformations must be
small enough to remain in a linear regime. The linear respahthe given point is characterised
by a modulus® and a loss anglé. The frequency dependence of the dynamic moduli is a
rather flat power law, the loss angléeing essentially constant. This reflects the fact that soft
tissues cannot be described by a discrete relaxation specithe specimen can then be further
stretched, going to a new force—length point, and againitieat response is measured. In
this way, the dependence of the moduli on the force and leisgitbtained. Following Fung’s
terminology, we shall call this procedure arcrementalapproach (8). Since the modulas
amounts to a derivative of the force-length curve, one matebmpted to relate the incremental
law to the force-length relation measured in a ramp exparimélore precisely, one might
expect®© = dF/dIn{. This does not work in soft biological materials, as expdilyi stated by
Fung (90). The incremental approach does indeed revefanstif), but the dynamic modulé3

is not the same as the tangential stiffnéggd In ¢, a discrepancy which is not due to differences
in deformation rate, but to a dependence on deformationfyisFig.2.5, taken from Ref.(90),
shows this point explicitely. For clarity, we shall callspphenomenonon-integrability the F'—¢
relation cannot be obtained by integrating el relation. Since preconditioning is also usual,
this memory effect is not surprising. Clearly, flow changes tnechanical response; a system
which has been flowing for some time has a different strudiar® one which was oscillating
around a steady state.

2.5.3 Muscle

Muscle is not essentially different from other soft tissue#s mechanical properties. It also
shows stiffening and nonderivability. The main differengse¢he presence of force generation.
A complication is the presence of passive extracellularenmtin parallel and in series to the
contractile element. Dissecting the response of the tisgogassive and active elements in to
some extent arbitrary.

In skeletal muscle, plasticity arises naturally from thielisg between actin filaments and
myosin molecules. Oscillatory experiments reveal powerfrequency dependence. Stiffening
is also seen, in the form of proportionality between forcd stiffness. It is generally accepted
that this stiffening arises as both tension and stiffnesgpapportional to the number of cross-
bridges. This is possible due to the processive nature ofsimyd single myosin head stays
attached for a time which is a small fraction of the turnover tin¥e (9); typically,t ~ 7/20 .
Thus, the contributions of uncorrelated myosins actinghensgame filament add up—as long as
there are not more thah/t ~ 20 myosins.
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Smooth muscle

Smooth muscle is very relevant for us, as it is a close reathfibroblasts (13). Smooth muscle
is found in the digestive, respiratory, urinary, and geriiacts, in the walls of vessels, in the
uterus, and in the ducts of liver and spleen. It consistsmj lkeells surrounded by extracellular
matrix, disposed with different orientations. Its cytaptac organization is complex and not
well understood. Actin and myosin filaments are arranged yofibrils aligned with the cell
axis, consisting of a myosin filament surrounded by severth dilaments. Interspersed with
them are regions rich in intermediate filaments such as desmiimentin containingv-actinin,
which seem to act as anchorage points for myofibrils (5).

2.5.4 Cell populated gels

An alternative approach to biomechanics are cell-popdletdlagen gels (92, 93), where many
characteristics of tissues have been traced back to fitstsblaindirectly, via drug treatment.
Such bio-mimetic systems consist of hydrated collagen fijdsl with fibroblasts, which re-
model and compress the collagen matrix. Elongation experisperformed with such systems
(93) show exponential dependency between stress and. $satreatment with actin-disrupting
drugs such as Cytochalasin D or stimulation of the cells gram addition, the mechanical be-
haviour can be separated in so-called active and passitge Saimulation of the tissue by serum
defines the total response. Disruption of F-actin by Latalingives the passive response. The
algebraic difference between thendisfinedas the active one. Very clean results are obtained in
this way. The passive element resembles tissues such asngkiendons: the force—length rela-
tion is exponential, and the dynamic stiffness is propodildo the force. The active element, on
the other hand, reminds of muscle: it shows proportionaktyveen dynamic stiffness and force,
but in ramp experiments fact its force-length relation igejlinear, even showing softening at
higher forces. Muscle-like behaviour has also been fourtdigbio-mimetic system by Obara
et al (92), who showed that contraction rate and force aega@lin a hyperbolic manner, as in
Hill's equation (8).

2.5.5 Microrheology

Microrheology experiments are performed by perturbinglsoelular regions, with sizes of
~ 1 pm. Magnetic tweezers have been employed to measure thegltidar viscoelastic param-
eters (32). Another popular approach is magnetic twistirigroetry, where the shear moduli of
the actin cortex are measured by twisting coated ferrimghbeads (33, 34, 94). Alternatively,
one can measure diffusion of intracellular particles, @ weriants of AFM (95). Frequencies in
the range 0.1-100 Hz can be explored with high spatial résoluso one may attempt the study
of specific cellular structures (41).
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Frequency dependence

Microrheology experiments have conclusively shown thatgrelaw creep functions and power-
law frequency dependence of the moduli are still found atierometer scale, on cells of sev-
eral types. Remarkable scaling of results obtained onrdiftecells has been reported (33, 34).
These authors have put special emphasis on an interpretatterms of a phenomenological-
mesoscopic theory known as soft glassy rheology (96, 97.ghssy rheology indeed success-
fully describes tecton networks (98) and in general mdsewéh “weak strain overshoot” (99),
i.e. when increasing the strain amplitude beyond the liregime, the loss modulus” displays

a maximum before falling down. In biomechanics, howevaryilidity has only been shown
in the linear regime, where, as pointed out by Sollich hifn@#8), there is no real need for the
theory; it is simpler just to postulate a flat relaxation spen. A real test of the validity of the
theory requires going to the nonlinear regime.

The description of cell microrheology in terms of internahtpbing has revealed an interesting
fact. The frequency dependence of the shear moduli remaialgtajively the same after drug
treatments such as actin disruption with Latrunculin-A @ntcactility activation with histamin.
Drug treatment changes both the exponent and the stiffocagsfactorz,. Remarkably, the two
remain correlated; there is a frequency of the order of GHere/the value of the storage shear
modulus is “universal’Z’ ~ 10 kPa, independently of the drug treatment (33, 95).

Force dependence

Magnetic twisting cytometry experiments have been peréamhere the overall tension exerted
by the cell spreading on the substrate was changed. Thiskasdone “actively”, by introducing
drugs which stimulate or depress contractility (100). Ttwragye shear modulus’ was com-
pared to the traction exerted by the cell on the substrateatieg stress stiffening. Remarkably,
this is a relation between the shear modulus measured ondmhe cell, and the traction force
generated on the other side. As an alternative approacksi{d experiments were done by
stretching the substrate in order to strain the cells. Isway a correlation between the amount
of stretch and the storage shear modulus was observed (101).

Stiffening in living matter can always arise by major stuuel rearrangements, such as
changes in the amount of compromised cytoskeleton, in fideagth, or in type and degree
of crosslinking. Since tension is an essential determin&oytoskeleton restructuring, it is in
general very difficult to separate this effect from more “piegl” stress stiffening mechanisms.
One of the few examples of successful mechanism discrimim& given in Ref. (102), where
changes in internal viscoelastic parameters were measyratracellular microrheology. By
treatment withstaurosporingwhich blocks stress fiber formation, the increase in irghatar
stiffness upon Rho activation by LPA could be ascribed tingablymerisation and not to ac-
tomyosin contractility. Recently, atomic force microsgagxperiments performed on airway
smooth muscle cells showed that the stiffening responaecadiby a contractile agonist could
be ascribed to actin polymerisation and was myosin-indegein(95).
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2.6 Rheology of soft dead matter

In vitro experiments on purified cytoskeletal components have bedonaneasingly popular in
the last fifteen years. Though often claimed to be easier tenstand than experiments on
living matter, they face major reproducibility problemsn§ple preparation is absolutely critical,
as mechanical properties are extremely sensitive to paeasnguch as mesh size and filament
length. F-actin length for example depends on ATP conciairgpolymerisation time, previous
mechanical history, etc. An improvement in reproducipiitas achieved by including gelsolin,
in order to control the length and number of filaments, anddbikze them (27).

In polymerizing buffer, F-actin forms random networks wihwell-defined mesh size, a
consequence of the strong thermal bending fluctuations, (l@®8). From a biological point of
view, crosslinked networks of short actin filaments are phiyp more relevant. Since different
crosslinkers have different binding rates and mechanicggrties, each case has to be consid-
ered separately. Sato et al (105) studied mechanical grepei actin /a-actinin gels, finding
viscoelastic liquid behaviour. This can be explained-actinin dissociates from actin relatively
fast. The nonlinear regime is therefore difficult to studythis system, as stresses relax quite
fast. However, by applying strain steps and studying thegfoelaxation function as a function
of the step amplitude, stress stiffening was observed @#@ptailed study of the different struc-
tures which it can adopt as a function of mesh size and teryeraan be found in Ref.(106).
Janmey and coworkers (27) studied the rheological behawibactin flaments in presence of
the actin-binding protein ABP1, and showed that such a systerheologically equivalent to
covalently crosslinked gels. Thee vitro effect of filamin depends on its concentration: below a
threshold, it crosslinks actin filaments into orthogonaleks, above it, bundles are formed. In
careful studies where filament breakage was avoided, it h@srsthat below a threshold filamin
concentration the behaviour is that of a viscoelastic tiquihereas at higher filamin/actin ratios
the solution behaves as a solid gel (107).

2.6.1 Stress stiffening

Scruin an ABP found in the sperm cell of the horseshoe crab, bothstinks and bundles
actin filaments, forming isotropic, disordered three-digienal networks. Scruin bonds are
irreversible, and scruin itself is relatively non compliaBxperiments on actin-scruin gels show
a constant shear modulgs at low stresses, and a crossover to a stress stiffening eagimere
G' ~ o2 holds (30). Similar stress stiffening curves were lateoregul for several biopoly-
mers, such as actin / filamin, vimentin, collagen (31). Thus mechanical behaviour seems to
be a general feature of random networks of semiflexible filame

2.6.2 Active gels

Fluidization of an actin network by activation of myosin llimfilaments has been recently
reported (108). Addition of ADP to the myosin - actin netwdekl to formation of inactive

crosslinks, and the sample behaved as a solid gel, with @hegastic modulus. On the contrary,
addition of ATP lowered the storage modulus without sigaificchange in the loss modulus, i.e.
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Figure 2.6: Shear rheology of actin-scruin networks. Storage shearuluzdas a function of
shear stress. Taken from Ref. (30).

the sample fluidized. Observation of single actin filamegtmieans of fluorescence microscopy
showed longitudinal sliding upon addition of ATP, with areeage sliding speed of ;[Am/s. The
local stress relaxation timg defined as the time it takes a flament to move a distance ¢gual
its length L, was seen to scale as~ L in presence of active myosin, andfas- L? for pure
actin solutions, according to theoretical expectations.

Slightly different results were later found by another grdii04). Here, myosin was in a non-
aggregated state, i.e. not forming minifilaments. A sligitréase in both moduli was observed
at low frequencies, while above 1 Hz the loss modulifswas slightly higher for the active
network. The effect on the loss angle depended on the fregué&bove 0.3 Hz, activation of
actin increased it; below that frequency, activation madi@wer. Thus, rather than fluidization,
these experiments gave a solidification.



Chapter 3

Setup and procedures

3.1 Experimental setup

The main features of the cell-rheometer are schematidatlwe in Fig 3.1. This is an improved
version of the original, home-built micromanipulation-sgt previously described in Ref.(38).
3T3 fibroblasts (109, 110) are held between two paralleltetbglass microplates. One of them
is rigid and provides a reference point. The other micr@piatthin and narrow and therefore
flexible, with an effective tip stiffness- 100 nN/um, close to the stiffness of a typical fibrob-
last. Its bending gives the force acting on the cell alongythais (see Fig3.1). The flexible
microplate is translated by means of a piezoelectric astuaontrolled in closed-loop config-
uration by a P-862 controller. An optical fiber in contactiwihe flexible microplate couples
microplate bending to translation of the emergent lasdttlighe optical fiber is etched with
hydrofluoric acid to a diameter of @m, so that its stiffness is far lower than that of the flexi-
ble plate and does not interfere with the force measurenidrg.cell is illuminated with green
light and observed with an Axiovert 135 microscope (Zeidse®ochen, Germany). A dichroic
mirror separates the green illumination light from the HeBiser light, which reaches a two di-
mensional position sensitive detector through one of theastope ports. A personal computer
reads the signal from the position detector, calculatesitiimal forceF’ and the cell lengtl,
and controls the piezoelectric actuator. By controlling thezoelectric translator, a feedback
loop can be used to impose user defined force- or lengthrl@sto

Due to the large length of the flexible microplate, its tip deff§ by less than 6 arc min during
an experiment. Hence, the experimental geometry can belbled@s two parallel walls, which
can be separated by a translation in the perpendiculartidinec

Position detector

The magnification along the path from the sample to the mrsdetector is given by 40 x 2.5 =
100. In a typical experiment, total deformations are at @0stm, corresponding to 0.2 mm on
the detector. The initial location of the microplates carchesen at will, so the detector can be
as small as 1 mm. A two dimensional position sensitive dete2t2044 (Hamamatsu photonics,
Japan) with active area dimensions of 0.9 mm x 0.9 mm was UA@t.it, the precision in the
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Figure 3.1: Schematic of the micromanipulation set-up. Aotitast is held between two coated
microplates. The deformation of the flexible microplatesgithe force’ acting on the cell. The
position of the laser beam emerging from the optical fiberclhs in contact with the tip of the
flexible plate is detected using a position sensitive detg@SD). A personal computer reads
the signal from the detector and controls the piezoelettitslator.
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measurement is about 100 nm. By integrating 00 data points the resolution can be taken to
10 nm.

Piezoelectric translator

The piezoelectric translator used is a low voltage translt841.40 (Physik Instrumente, Karl-
sruhe, Germany), with a full range of 60n and a nominal precision of 5 (50?)nm. The con-
troller is a P-862 controller (Physik Instrumente). Thotlgé DC positioning exactitude is of a
few nanometers, when performing oscillations at frequeshai the range 0.1-1 Hz deviations
of about 10% arise, depending on the amplitude and frequekicirequencies beyond 30 Hz,
the distorsion in the response precludes the measurembatefore a calibration was done by
placing an optical fiber directly against the piezoeleaudtuator and applying sinusoidal signals
at frequencies in the range 0.1-1 Hz and amplitudes in thgerd@0 nm—-1Qum.

3.1.1 Temperature Control

Previously, the whole setup — including microscope — wasosed by a styrofoam box. The
inside of the box was kept at the experimental temperatlse(3, heated by an array of wires
placed at the bottom. A window provided communication whitk dutside. Opening itin order to
perform the experiment induced temperature gradientsat¢he microscope, causing significant
drift. Moreover, it was difficult to control the temperatunghe box, due to its large dimensions;
significant spatial and temporal temperature nonunifoesitvere present, most likely due to
convection rolls. A further complication was the presentéhe microscope lamp in the box,
which heated strongly.

Given these difficulties, we changed the approach and werat kocal temperature control.
The box was thus disassembled, leaving the microscope agd st room temperature. The
desired temperature for the experiment is imposed onlyarckllamber, as shown in Fig.3.2. The
chamber is made out of teflon. The temperature of the cellv@imedium inside the chamber is
controlled by means of two ITO-coated glass slides, one ebtttom of the chamber, the other
one above, with holes for the microplates and the opticat fibpass through. The temperature
control is performed by PID-controllers, receiving inprdrh small PT-100 thermometers glued
on the ITO-coating. For protection, a layer of PMMA covers gtides including thermometers
and heating wires. In order to avoid convection in the meditm@se slides are kept at different
temperatures, imposing a temperature gradient pointimggs with a magnitude of 1 °C/cm.

In this way, a steady temperature gradient builds up aloegmicroplates. Drift is seen
after introducing the microplates in the chamber, with axation time of about 20 minutes.
Because of the way the experiment is performed, one may efethe plates relax for hours
before beginning the experiment. After this relaxationgghdhe position of the plates is stable
within 2-3 um. A slow drift within this range is always seen, which coatek with the room
temperature.

lllumination is absolutely necessary at the beginning efedkperiment, in order to prepare the
plates, introduce cells, catch a good one, align the platesHowever, the focused illumination
creates convection. This is undesirable for the experimeittintroduces noise. Moreover, there
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is always “junk” in the chamber, such as dead cells or coliaffgers, which can stick to the
plates and interfere badly with the experiment; the prdiiglaf this is increased by convection
as it keeps junk flowing around. Finally, prolonged expogarkght may damage the cell. For
these reasons, once the measurent begins it is preferatblatihe light off, and turn it on only
ocasionally when taking an image of the cell. Here arisesvaptioation. Though located about
30 cm over the stage, drift of up to tens of microns can be sikensavitching off the microscope
lamp once it has been on for about ten minutes. This drift gladstarp changes in rate; the plates
would move at a constant speed, stop for a while, then resuowement. These movements are
clearly due to temperature changes. Insulating the lampdnyry a plexiglas slab below it was
not enough. The solution was to replace the lamp by a Dolanelalluminator, placed about
1 m behind the setup, using an optical fiber to direct its ligihtthe optics of the microscope
condenser.

Another factor causing drift were changes in the locatiothef warm body of the experi-
mentator. As the cell is prepared, the warm body is very diosiee setup. Once the experiment
begins it is run by the computer and takes several hoursngltinis time the warm body of the
experimentator is far away, usually in some other room. Tudgen change causes drift. To
minimize this effect, an insulation screen was built arothdsetup. The insulation also has the
advantage of damping fluctuations in room temperature.

3.1.2 Microplates

The glass microplates used for the experiment are obtaypdlbng glass strips (Vitrocom, NJ,
USA) as described previously (38), using a modified P-97 iFgBrown micropipette puller
(Sutter Instruments, Novato, CA, USA).

Calibration

The stiffness of the microplate should be close to that opecf fibroblast, in order to optimize
the force measurement. A good value for experiments witlorfiectin coatings is 100 nNm.
Experiments on glutaraldehyde coatings require sliglother values, about 30 nNm. Calibra-
tions were done by placing a silver wire against the micrigpdend measuring its stiffness. We
used wires with a diameter of 5am and lengths ot~ 3 cm. For the measurement it is again
important to match the stiffness of microplate and wire jlgasccomplished by changing the
free length of the wire. The deformation imposed should balkwtherwise the wire stick-slips
in an uncontrolled way. Good results were obtained by douwet™ calibrations, i.e. in culture
medium, right after a successfull experiment. As a genehaka, we suggest not spending too
long on microplate calibration; exactitude within an ordémagnitude is enough. As will be
shown in the next chapter, the precise value of the stiffoéascell is not very informative.

Fibronectin coating

The microplates are sonicated for 10 minutes in a 5% Decartisnl rinsed thoroughly with
millipore water, and coated with fibronectin from bovinegtaa (Sigma-Aldrich Chemie GmbH,
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Germany) by 1 hour exposure to a L@/ml fibronectin in PBS solution at room temperature.
If kept at #C in the dark and opened only inside a sterile hood, a 0.1%rféntin solution is
stable for months. Freezing should be avoided.

Glutaraldehyde coating

Alternatively, for a non-specific glutaraldehyde coating use 3-aminopropyl triethoxysilane
(Sigma-Aldrich) and glutaraldehyde (Fluka Chemie, Bu@witzerland). The procedure is the
one described in ref.(38). For a perfect silanization, tlaées must be cleaned thoroughly as
described above. After rinsing with water, it is wise to @risem once more with ethanol.

The quality of the reagents is essential to achieve goodsamiiein turn essential for the
experiments. Silane should be protected from humidity ayid.| If stored in the dark in a tight
bottle filled with argon or nitrogen, it can last for at leastelar. Similar considerations hold for
glutaraldehyde.

Holding the microplates

The size of the microplate is about 1 cm, and one needs the kip stable within at least/am.
Not surprisingly, the way the microplates are held dranadliicaffects their stability. Holding
the glass plates by clamping them between two metal piecestia good procedure. Gluing
them gives better results, but since glass has a thermahsiqrecoefficient at least two orders of
magnitude lower than most glues, this must be done propedydid an exaggerated temperature
sensitivity. We got good results by gluing the plates byrtharrow side over a metal piece, using
as little glue as possible. Particularly good for this pwges NOA 61 (Norland Adhesives, NJ,
USA), a UV-curable adhesive with a thermal expansion caefftoof about 23007°/K.

3.2 Caell culture

3T3 fibroblasts are obtained from the German Collection afrbbbrganisms and Cell Cultures
(DSMZ, Braunschweig, Germany) (111). Standard procedame$ollowed for the cell culture.
Cells are grown adhering on the bottom of culture flasks filéth medium. The medium used
for regular culture is Dulbecco’s modified Eagle medium (DMEwith glucose 4.5 g/l and 10%
fetal bovine serum (FBS). An appropriate amountig00 ;1 of medium per(cm)2 of covered
surface. Each 2-3 days cells are split. The culture mediumn®oved from the flask, cells are
washed with C& -free HBSS in order to remove non-adherent cells and extactum, then
trypsin solution is introduced and left for 5 minutes to détaells. Ocasional tapping of the
flask helps. Then, a fraction of the cell suspension is intced in a new flask with fresh culture
medium. All cell culture reagents are from Gibco (Invitrag€arlsbad, CA, USA).

3T3 fibroblasts are very sensitive to contact inhibitionpwitonfluence is reached they leave
the cell cycle and become quiescent. Experiments attengutesdich cells almost always falil.
Resting fibroblasts seemingly do not adhere readily on fiéctn. Thus, previous to an experi-
ment the density of the culture should not be too high.
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3.3 Experimental procedures

Fibroblasts are detached from the culture flasks by 5 minnreat with a solution of Trypsin
in HBSS-based dissociation buffer (GIBCO). Then, they ateduced into the chamber. The
previous protocol was to throw cells inside and catch thenteahey sank. Such a procedure is
far from ideal. Introducing the cells has to be done very igedyg in the field of view, which is
complicated by convection due to the illumination. Morepwas fibroblasts sink relatively fast,
the experimentator has only a few seconds to choose theAse#ielecting the cell is important
in order to do a good experiment, the procedure was modifidee bbttom slide was coated
with a hydrophobic layer of dichlorodimethylsilane (FIQKay a brief exposure to fumes, then
washed with tap water. Fibroblasts cannot stick to this dghobic coating; once they fall on it,
they stay round and alive for many hours (112). In order td koo a good cell, the experiment
chamber is designed so that the bottom slide can be moveddaraihis is shown in Fig.3.2.
The top ITO-coated slide and the teflon chamber are fixedveltd the stage. The bottom ITO-
coated slide is fixed with vacuum grease on the lower side dadlaoton piece¢oloured black in
Fig.3.2), shaped as an open box. This part can be displaced by hamebyhmoving the bottom
slide relative to the microscope. To avoid the medium frowiihg out, the top and bottom parts
are pressed together and there is a thin layer of vacuumeg(Bagsilone-Paste hochviskos, GE
Bayer) between them, which allows for relative movementevpieventing leakage.

The whole procedure is as follows. Cells are introduced endiliamber and let fall on the
bottom slide. As this is coated with hydrophobic silaneytbiay round without adhering to the
slide. The bottom slide is moved around, until an approeriat! is found. This usually meant
a non-blebbing, middle sized, as round as possible cell flEkible plate is then brought down,
rotated so that its wide side faces the bottom, and the ¢ditlyi pressed from above with the
plate. For a fast-adhering cell, a few seconds of contaceaoceigh. Then the plate is lifted
carefully and rotated by 90 degrees. This procedure is padd best with a low magnification
objective. Then, we switch to the 40X objective and positl@optical fiber against the flexible
microplate. The initial position of the fiber should roughigtch the zero of the position detector,
to avoid going beyond the active area during the experimBefore contact with the second
plate, the zero force position of the microplate has to berdsx by the software. Only then can
one bring in the rigid plate and press the cell. An initial gyessive phase of about 5 minutes
is essential. The cell should be well compressed, to a deteigth aspect ratio of 5. The
compressive force should not go beyond0 nN, least the cell explodes. After this compressive
phase the force can be taken close to zero and the cell ledbfmuit half an hour. Cells often try
to contract during this phase; it is wise to impose a cons¢aigith throughout, to avoid extensive
spreading. If kept at constant length, cells develop stymuiting forces, as shown in the next
chapter.

A big advantage with the procedure as described is that mgmgrienents can be tried with-
out changing medium or microplates or introducing new cellfe fibronectin coating stays
active through the experiment. Moreover, the cells lyingtio& hydrophobic coating do not
spread. Thus, once an experiment is over, one can bring #te @gbwn, choose a second cell,
catch it, and begin anew.
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Figure 3.2:Experiment chamber. The microscope stage, microplatepuéators, and the cham-
ber are coloured dark gray. Cells are resting over the botsdiae, itself sticking on a makrolon
piece (coloured black). This part can be moved relative &ortticroscope, in order to look for a
nice cell.

A major disadvantage of the procedure is the following. Aftears of observations, it has
become clear that the faster a cell spreads on fibronec@nbeiter it is for the experiment.
Spreading on fibronectin implies cytoskeletal compromiseia largely an irreversible process.
With the described procedure, the cells contacts one piate dind only 1-2 minutes later the
second. Above 3@, by the time the second plate is brought in, a significamtiva of the cells
has already spread extensively on the first one. This situaibes not revert by the presence of
the second plate (at least within a few hours); the adhesitmetfirst plate is strong, but weak to
the second one. These cells cannot be used for the experiasahie weakly-binding side does
not sustain strong pulling forces. Yet these fast-sprepcitis presumably would have been very
good for the experiment. | have not managed to solve thislenobThe process of lifting the
cell and rotating the plate cannot be sped up enough. | direnggest including a micropipette
in the setup, which can be used to lift the cell and place ivbeh the microplates.
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Fibronectin coating

Experiments where the cells stick to fibronectin-coateteglare performed in ISCOVE medium,
with 25 mM HEPES buffer and 10% fetal bovine serum (FBS). Rerdells to stick to fibronectin
coated plates, some contractility-inducer like serum soéliely necessary.

Glutaraldehyde coating

Unlike the fibronectin coating, adhesion to glutaraldehgdated plates does not require any
biochemical promotor. In fact, serum has to be avoided, laasta large amount of albumin and
other proteins which passivate the plates. In general,agrioups should be absent as they react
with glutaraldehyde. Thus, one cannot use nutritive caltaedia such as ISCOVE or DMEM,
which have aminoacids and vitamins. Pure saline solutioos as HBSS or PBS must be used
instead for the experiment. Alas, experiments in absens®fm are very inefficient. Most
cells were very fragile under such conditions, and tendeloutst. Thus, we did experiments
in pure saline solution (HBSS), but added serum to a low auinagon (2%) once the cell was
sticking between the glutaraldehyde-coated plates. Tinolig procedure works, it is tedious
and risky as serum has to be introduced very slowly to avathipthe cell. As an alternative,

| suggest using liso-phosphatydic acid (LPA) instead ofiserwhich does not react with the
glutaraldehyde coating and hence can be present from thieneg.



...live cells are seen to adapt to step stretching.
The authors attempted to bypass this complex-
ity by applying oscillatory stretching for the
rest of the experiments.

However, this merely masks the complexity
and allows the authors to apply defined the-
ories, but does not change the nature of the
materials.

Ch apter 4 — a negative reviewer

Results and discussion

4.1 Isometric force generation

We first perform experiments to characterise the responfibroblasts to their presence in the
rheometer. To stimulate contractility, we use high serumceatrations of 10%, and fibronectin
mediated adhesion using coated microplates. As discuasgthpter 2, fibronectin binding to
integrins is known to trigger the formation of focal comp#exwhich connect the extracellular
matrix to the actin cytoskeleton (11, 113). To minimise thechmnical perturbation to the cell,
we keep constant the cell lengthgiven by the distance between the rheometer microplates, a
measure the force'.

Figure 4.1:Typical change in cell shape after contact with the fibroimecbated plates.
Left: ¢ = 0. Right: ~ 20 minutes later, the cell has adhered and spread symmetyicall
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Figure 4.2: Force as a function of time at constant cell extension, réedrimmediately after
incorporation of the fibroblast into the rheometer. The éoahange is due to active behaviour.
No significant cell shape alterations are seen throughotie @&xperiment is performed 21°C
using fibronectin mediated adhesion.

The experiment is began by placing the cell between the fémtim coated plates and com-
pressing it for about 1 hour. During this time, a significamaction of the cells spread symmet-
rically between the plates, their shape changing from thiaiispherical form to a concave one,
as illustrated in Fig.4.1. This process, which at a tempeeadf30°C requires compression for
~ 30 min, is invariably associated with the ability to generadtersg contractile forces. Once this
concave shape is reached, the cell is stretched until tke fobecomes zero, and the respective
length/ is then imposed constant for several hours. The cell shagpemsusually stable, with
no further geometrical changes taking place during theakte experiment. Often, while the
length/ is kept constant, strong forces develop. An example is gindfig4.2. The forceF’
reaches values in the range 0.1+N and eventually decays to zero. The force relaxation seems
to be an adaptation to the constant length condition, sicibeeecontraction can be induced again
by a sudden change in cell lengthThe behaviour is reproducible only in its broad, quaMati
features. The force and time scales are strongly cell-dbgen Such experiments are inter-
esting in that they reveal the contractile potential of fildasts in the experimental conditions.
However, the large variability between cells difficults agtitative analysis.
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4.2 Superimposed small amplitude oscillations

In order to probe cell rheological properties during thesmlex force regulation processes,
we superimpose sinusoidal length oscillations at smalllanges and high frequencies. These
are chosen so that the corresponding maximum rate of chdrigece is at least two orders of
magnitude above the values typically seen in active cotidmrac

When sinusoidal length oscillations are superimposed;¢iidéength? can be written as

0= (6) + Re (A ™)

where(¢) is the average length over an oscillation period, Ands a complex amplitude for the
superimposed length-oscillations. At small amplitugdeg < 0.05(¢) a linear regime exists, as
will be shown later, where a similar equation holds for theéd :

F = (F)+Re (Ape™").

The complex amplitudes are then related by

Ap / - AN Ay
m (O +i0") %
which defines a formal stretching modulgs+ i ©”, independent of the amplitudes as long as
these are small. As long as one applies small amplitude wefowns, cells can be described
as viscoelastic media (8, 114). As the viscous responsendsp® deformation rate instead of
absolute deformation, it causes a phase-shift betweenhlemgl force. The storage modulus
©’ reflects the purely elastic (non-dissipative) part of thi i@action, and the loss modulus
©” the viscous (dissipative) contribution. In order to congpeells of different sizes and with
biological gels, we use formal engineering stress unitgHermoduli. Accordingly, stress is
taken asr = F/A,.

The differential stretch modu®’ and©” should not be confused with material parameters
like the Young's modulus. The spatial distribution of forwearing structure inside the cell is
unknown. Rather than introducing ad hoc hypotheses, suaksasning a uniform material, we
simply treat the cell as a mechanical black box. The uncaiweal symbol© for the moduli
intends to emphasise their experiment-specific natureth&yrthese moduli characterise the
response of the material to small perturbations arounduatsin which may be far away from
the resting state. Indeed, we show below that it is suitald#ttdy©’ and®” as a function of the
average forcé F'). As described in chapter 2, a similar approach has been ssfatlg used in
stretching experiments on whole tissues, such as skin otlen(&). Equivalent procedures have
recently been applied to biopolymer gels under shear defooms, where the differential shear
moduli are measured as a function of the average stressaor 0, 31).

Instead of the loss and storage modili©”, it will be more convenient to regard the absolute
modulus|©| and the loss angl& defined as

] = VT o

@//
0 = arctan (@)
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Amplitude dependence of the®-moduli

Fig. 4.3 shows the dependence of the stiffngdisas a function of the strain amplitudg, /(¢).
In general, at strain amplitudes in the range 0.02—0.06etieetive moduli do not change by
more than 20%.

stiffness |©| (kPa)

0.01 0.1
strain amplitude A / <I>

Figure 4.3:Amplitude sweep. Stiffnef3| as a function of the strain amplitud&,/(¢) for an
arbitrary selection of cells. Each curve is a different exypeent. All frequencies are.2 Hz.

Moreover, no significant distortion of the response is seelovb relative deformations of
0.1, as illustrated by the Lissajoux figures shown in.Big. This holds irrespective of the
frequency in the range 0.1-1 Hz. Thus, in subsequent expatgthe amplitude is kept small,
A, = 0.5 um, which corresponds for all cell length values to 0.02—@®&in amplitudes.
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Figure 4.4:Lissajoux figures for different amplitudeiseft: Typical response under tension, at
forces above crossover. Forééas a function of relative cell lengtty (¢) for strain amplitudes
3.5% (T1), 6% (T2), 13% (T3), and20% (T4). The oscillation frequency 8.2 Hz. Right:
Typical response under compression. Fofceas a function of relative cell length/(¢) for
strain amplitudes% (C1), 5% (C2), 12% (C3), and20% (C4). The oscillation frequency &2
Hz.
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Frequency dependence of th&-moduli

CHAPTER 4. RESULTS AND DISCUSSION

In Fig. 4.5 we show results on the frequency dependence of the mno@diland the loss angle

0, in the range 0.1-1 Hz. Keeping in mind that our frequencgeagpans only one decade, our
results are consistent with the results on biomechanicusiéed in chapter 2 (8, 33, 93, 95).

The modulug®| increases weakly with the frequency for all cells studiedereas) is roughly
constant when averaging over cells. If the frequency depreeelof the modulu®| is described

as a power-law, exponents are in the range 0.1-0.3. Suchuefiey dependence is the signature

of a flat, broad continuous spectrum of relaxation times (8).

10
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frequency (Hz)

Figure 4.5:Frequency sweep. Moduly®| and loss anglé as a function of frequency. Each

curve is obtained using a different cell.
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4.3 Length-independent stress stiffening

This section conveys one of the major results of this work. Siew that the viscoelasti®-
moduli are a well-defined function of the average fo{€g, independently of the cell length.

4.3.1 Stiffening at constant length

During the initial phase of force development after comatit the fibronectin-coated microplates,
the cell sweeps force-space at a constant length. We sypesersinusoidal oscillations to the
constant average length, in order to probe the temporaugwal of the moduli®’ and ©”.
The frequency of the oscillations is cyclically changedha tange 0.1 — 1.0 Hz. As shown in
Fig. 4.6, as the average force increases with contractile actvithe cell, so does the modulus
|©|. Figs 4.6 c, d show the dependence of the response paramgbérandd on the average
force (F') for different frequencies. The relation between the mosl|#J and the forc€ F') can

be seen to be independent of the frequency. This can be seenwasisual example of stress
stiffening, since it takes placg an average constant length
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Figure 4.6: Stress stiffening at constant length. The average celltlemng kept constant
throughout, (/) = 9um. Sinusoidal oscillations are superimposed with a straimphtude
Ag/{¢) = 0.03. The frequency of the oscillations is cyclically changeshf.1 to 1.0 Hz.
a) The average forcéF') is seen to increase in timéa) The modulug®| increases in time for
all frequenciesc) Stiffnesg0| as a function of average forag”), for different frequencies. The
line shows a power-law function~ z'7. d) Loss angle as a function of average forgg")
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4.3.2 Stiffening probed by length/force steps

Not all fibroblasts generate such high forces as in the exyggri shown in Figd.6. In order to
span a larger range of average fof¢® and length(¢), we step-stretch the cell and then keep
the average length constant, superimposing oscillationedord the modul®’ and©”. The
procedure is periodically repeated, as shown in £ig. We have confirmed that the presence
of the oscillations does not significantly alter the ovebalhaviour of the cell. Like in the step-
experiments shown at the beginning of the chapter, as aoadota sudden change in length a
force relaxation always occurs, usually followed by activatraction. As the average for¢g')
evolves at a fixed lengt{t), the viscoelastic moduli are continuously recorded. We pésform
step experiments controlling the average fofge. In this way, it is possible to span large areas
in the (¢) — (F') diagram.
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Figure 4.7:The force response as result of imposed length changes uptrisnposed oscilla-
tions. We step-strain the cell by about 50% at a raté .6fum/s, and apply length oscillations
(as shown in thenset) at an amplitude 06.5 xm and a frequency @f2 Hz. The experiment was
performed using fibronectin mediated adhesion.

In the experiment shown in Fig.4.8, the deformation ratergduthe ramps is increased pro-
gressively. At high rates, the fordé barely changes during the ramp, and increases later iso-
metrically. Simultaneously the modulif3| increases. Fig.4.8(b) shows the relation between the
modulus|©| and the average force for the initial part of the experimbnthe second part of the
experiment shown in Fig.4.8(a) the force is controlled,alierage F') kept constant at various
plateau values. In Fig.4.8(c) the@|((F")) relation so obtained is compared to the one measured
during isometric pulling.



4.3. LENGTH-INDEPENDENT STRESS STIFFENING 45

e—eI) <[> I(um)l

N
o
I

[EEY
a1
!

length (um)

[EEY
o
!

o—o |O](kPa)

_ > AN — <0>(kPa)
] L P 7
ol 4 |
X< 10 S S
o F
AL
v
1=
c I I | L L L
33 50 67 83 100 117 133
time (min)
| T |III|IIII|IIII|IIII - T IIIIIIIII|||I|I [
. | I 1©] (0) ]
| ° [©[(0) 1,2 ] ] constant <I> :
S+ 18 constant <g> ’
A4 = 1 X
S 16— ?” 4 Fr SC. -
Y B 8 | C
8_(EDMII”IIII'IIII'IIII ||||||||||||||||||
025 05 1 2 4 0. 25 o 5 4
<o> (kPa) <o> (kPa)

Figure 4.8:Experiment with fibronectin coating at 35. First the cell lengtH is stepped between
7.5 um and 15:m. The deformation ratéduring the ramps is increased progressively. During
each plateau, oscillations at 0.2 Hz are superimposed toctivestant average lengtft). In
the second part of the experiment, force is controlled. TWerage force(F') is kept constant
for about 5 min, then step-increased to a new value. Osigligtat 0.2 Hz are superimposed
throughout. A: average length¢), modulus|©|, and average stresgr) as a function of time.
B: Modulus|©| as a function of the average stregs for the data points corresponding to the
steps 1,2, (symbols....) and 6: the same data frorB, plus all |©|({c)) data points from the
second part of the experiment where the average faftevas imposed consta(dpen circles)
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4.3.3 A master-relation characterises stress stiffening

By the procedures just described, a remarkably simple q@etses. We see that both viscoelas-
tic moduli depend only on the average force, essentiallgpaetident of the average length. The
dependence of the loss angle= arctan(©”/0’) on the average forcé”) is erratic and weak,
at most decreasing about 20% in the whole force range. Asdifumof the individual cell, it is
within the range 10-30 The absolute moduly®| = [(©')% + (©”)2]'/2 remains constant at low
forces, in a 1-30 kPa range depending on the individual Aélbve a cell-dependent crossover
force, we observe stress stiffenin@| increases as a function of the average foiEe. This
dependence dbB| on the average force can be well approximated by a powerdswhown in
Fig. 4.9 (inset) More than one stress decade above crossover, most cadisrdeignificantly
and begin to detach or yield.

A collapse of all data to a single master-relation can besseul by introducing cell-dependent
scaling factors, the zero force stiffng3g and the crossover stresg. On the average,

O for (o) < oc

6] = @0(@—))” for (o) > oc

oc

The exponent is independent of the scaling factors. Z°C, 0.2 Hz, and 5% deformation
amplitude, it is approximately 1, as shown by the collaps#d ¢h Fig 4.9. The scaling factors
are roughly related bp, < /3. Thus, an approximate collapse can be reached with a single
parameter. This "collapsability” should not be overemjéed, as the exponent does vary from
one cell to the other.

This master-relation is consistently found in all cell®aty enough to reach average stresses
above~ 0.1 ©,. This reproducibility shows that oscillatory measurerseare indeed effective
in probing cell mechanical properties, even in presence efralerlying slow active behaviour.
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Figure 4.9:The inset shows the elastic modul@s as a function of average stress for 13 cells,
measured using length steps plus oscillation experimeatsas in Fig4.7. The main plot shows
the data scaled using 2 factors, which gives an exponesntl.0. All experiments are performed
at 26°C and using fibronectin mediated adhesion.
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4.4 Stress relaxation function

If the cell length? is kept constant after a fast step deformation, force réllaxaan be observed.
Measurement of the force relaxation curve afteriragreasein length is difficult, since often
active behaviour sets in before the relaxation is over. @rctintrary, after a fastecreasen /¢
the subsequent force relaxation curve has a reproducibiplesshape. As shown in Fig.4.10, a
good fit can be obtained with a Kohlrausch function

F = Fy+ (Fy— Fy) exp|— (t/7)"] .

Neither exponential nor power-law functions describe et data over the three time decades
available.
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Figure 4.10:Force relaxation after a length step downwards. Floéd line is a fit to a stretched
exponential with parameter$ = 0.62, 7 = 15s, F,, = 252 nN, and,,, — Fy = 130 nN. Inset:
(F — F)/(Fx — Fo) using the data from the main plot. For comparison, a leastaggs simple
exponential fit is also showngshed ling.
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4.5 Ramp experiments

Now we take a closer look at the mechanical behaviour of eefien stretched at a constant
rate. We stretch the cell at a ratg keep? constant for 5 min, then bring it back at the raté,
and let relax again for 5 min. The procedure is repeatedeasing the deformation rate each

— 0.075 um/s
| == 0.19 um/s UP
+— 0.47 um/s
<4< 1.2um/s
1VvV—Vv 3.1 um/s
p—» 7.7 um/s

(shifted) Force
I
(shifted) Force

8 10 12 14 16 8 10 12 14 16
Length (um) Length (um)

Figure 4.11:Ramp experiments at different rates performed on the satheFaw clarity, the
curves have been arbitrarily shifted along theF axis to separate them.The stretch rate
is kept constant during each ramplP : ramps upwards{ > 0. DOWN : ramps downwards,
¢ < 0. Both plots have exactly the same size and scale, to easenhgacison of the slopes.
Notice how beyond a crossover deformation the tangentféhassoF'/0¢ drops and becomes
approximately constant. The shaded regions signal thenbagg of the deformation.

The most remarkable feature of these curves is their litygaven though the total defor-
mation amounts to 50%, a very large stretch. A careful loawnshthat this linearity is reached
only after? has changed by 10%. This holds for the ramps up as well as down, and for all
rates within over a decade range. Hence, the initial droperntéangential stiffnesg8/’/d¢ is not
atime effect; the relevant parameter is rather the extent of dedition. One can therefore talk
of a crossover amplitude, and of a tangential stiffness heyoossovel = 0F/0X.
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The curves in Fig.4.11 show a clear dependence on the senlsgfosmation. When going
down ¢ < 0), the tangential stiffness beyond crossover is essentitié-independent; ¥~ =
U,. At low deformation rates, the upward stiffness has a simiédue, ¥ ~ ¥; but increasing
the rate/ beyond 200 nm/s leads to a droplrt. The dependence on the deformation sense is
more pronounced in the experiment shown in Fig.4.12. Hexferb and after the ramp sinusoidal
oscillations are superimposed. The decreasing trenigtofvith deformation rate is here very
clear. In fact, a = 0.44 um/s an almost “flow” state is reached where the cell extends at
constant force. Remarkably, the ramps downwards do not shotvan effect at all.

As revealed by the sinusoidal oscillations imposed rigtarahe ramp, the cell has not been
irreversibly disrupted by the fast ramps shown in Fig.4 A& soon as the ramp finishes and an
oscillation begins, the force-length relation changes: dlopedF'/0¢ jumps to a value similar
to that of the first set of oscillations, as suggested by theddines.

Incidentally, this behaviour strongly resembles straanelening in plastic materials (7, 115).
When deformed beyond the yield stress, the slope goes dothe asaterial strains plastically.
The moment the deformation is reversed, elastic behavsaecovered and the slope jumps back
to the initial value.

Figure 4.12 :Ramp experiment at different rates.b, G: deformation raté/| = 0.069 zm/s.
a: upward ramp,F and/ vs. time.b: downward ramp,F and/ vs. time.G: F' vs. / using
the data froma, b. Thedashed line on the left in Gindicates the elastic region. Beyond an
amplitude~ 1 pum the tangential stiffnessF'/d¢ drops and becomes approximately constant
(arrow). The oscillations performed after the ramp show that neversible disruption has
taken place. Notice how the slope jumps to its elastic vahdidated by thedashed line on
the right) as soon as the deformation sense is reversed. Notice asthintangential stiffness
beyond crossoveb has a similar value in the downward as in the upward ramp.
c, d, H: deformation ratdé\ = 0.17 um/s. c: upward ramp,F’ and ¢ vs. time.d: downward
ramp, [ and/ vs. time.H: F'vs./ using the data frong, d.
e, f, J: deformation rate|é| = 0.44 um/s. e: upward ramp,F and /¢ vs. time.f. downward
ramp, F' and/ vs. time.J: F vs. ¢ using the data frone, f. At this fast rate there is a clear
difference between the upward and the downward ramp. Whereadownward ramp is still
approximately linear and the slopk does not change noticeably, in the upward ramp a “flow”
state is reached where the cell extends at constant for¢c@gén no irreversible disruption has
taken place, as indicated by the oscillations imposed atiedls.
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Figure 4.12:See the caption on the left
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4.6 Ramp experiments with superimposed oscillations

The master-relation holds at a constant cell leng@thwhile an underlying active contraction
occurs, i.e. the cell itself sweeps’)—space. This requires the good will of the cell. Another
procedure is available: the experimentator can force tpéoeation of force space by stretching
the cell and superimposing small oscillations. Fig.4.18whsuch an experiment. In the first
case, the rate of change of the average force is set by theByebtretching the cell different
rates can be imposed.
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Figure 4.13:A typical ramp experiment with superimposed oscillatiohisForce and length as
a function of time.B: Force—length relation using the data M. For clarity, only a few of the
oscillatory loops are shown Notice the roughly linear relation between the averageigal F'),
(¢), as well as the simultaneous stiffening given by the lodfsgiupwards.

4.6.1 Stiffening during a ramp

Now we show that ramping the average force is equivalent¥mbahe cell pull on its own, as
far as the master-relation goes. We incre@sat a constant rate in the range 0.1 #/s, and
simultaneously superimpose small oscillations at an dog#iA, ~ 0.5 ym and a frequency
of 1 Hz, to measure the dynamic mod@i and ©”. As shown in Fig4.14 a, by stretching
the cell, a change in average stress is induced. As in therporp experiments discussed at
the beginning of the chapter, the average st{essdepends roughly linearly on the average
length (¢) throughout a ramp with superimposed oscillations. Rentdykatress stiffening of
the dynamic moduli is simultaneously observed. The masiation between©| and (o) is
seen to remain valid at low deformation rates. These exgarisnshow that the particular way
of sweeping force space is not relevant, since|thg (o)) function is qualitatively the same
as that found in active contraction experiments. As can be se Fig 4.14,a andb, only at
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rates higher than a cell-dependent value in the vicinityQtf @m/s doe$0|({(c)) fall below the
master-relation. The cell then becomes more fluid as eveatkehg an increase in the loss angle
0. This also happens during the ramps down, though to a lestarte

<I> (um) 0o (deg) <o> (kPa)

—T
o

stretch rate d<|>/dt
c—© 0.15 pum/s (1)
| m—m 0.60 pm/s (2)
- A—A 1.90 um/s (3)

stiffness |©| (kPa)
N

[EEY
I

0.026 0.064 0.16
average stress <g> (kPa)

Figure 4.14:a) Ramp experiment with glutaraldehyde coating. Averagess(tep), loss angle
(middle) and average lengtftbottom) as a function of time. Oscillations at 1 Hz, 5% amplitude
are superposed throughout, also during the ramps. The pH#fsFencesd increases with the
deformation rate.

b) Stiffness as a function of average stress. The relatiortsttipeeri©| and (o) depends on the
deformation rate. The curves correspond to the ramps upsvly@, 3 in Fig4.14a.
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4.6.2 Non-integrability

In general, the master-relation between the dynamic maahdithe force cannot be deduced
from the force—length relation obtained in a ramp experimgthout superimposed oscillations.
The former shows stiffening; the latter is linear. We nowarelthis somewhat paradoxical
issue in more detail. From the results of a ramp experimettt stiperimposed oscillations we
calculate the relative tangential stiffnegs¢) = 0(F')/01n(¢), and compare it to the dynamic
modulus|©|.

We briefly motivate the comparison. Picture a cell at resthwength/, and forcef;. A
ramp experiment with superimposed oscillations begifig:= ¢, + (¢) t + A, sin(wt). As long
as the relative change in the average length is below thieatritalue,(¢) /¢, — 1 < 10%, the
time evolution of(¢) is indistinguishable from that of a small amplitude ostitia. Neglecting
rate dependences, the response is gively— Fy = || ((¢)/ly — 1). Thus,¥ = |©|/{,
so that the two stiffness measures are equal at the begiohihg deformationV = |©|. As
the deformation increased)) /¢, — 1 > 10%, we leave the small amplitude oscillation scenario
and the two stiffness may decouple. Indeed, as Fig.4.15shinve two stiffness measures are
different at large deformations. The modul@y is seen to be a well-defined function of the
average force, regardless of whetke} increases or decreases. The relative tangential stiffness
O(F)/0In(¢) instead shows a clear dependence on the deformation setisgy lown at the
beginning of the ramp and eventually reaching a roughly t@ons/alue. Particularly reveal-
ing is the ramps upwards, where as the tangential stiffnessrbes constant, the modul&
simultaneouslyncreases according to the master-relation.

These experiments are very informative as the two stiffnesasures are probed simultane-
ously, an advantageous feature in such highly adaptivedegpaging systems as living cells.
However, this necessarily entails a separation of timescal'he rate of change of the average
magnitudeg?), (F') is always lower than the deformation rates of the superimgoscillations.
One may wonder whether this can be neglected. In particiilire crossover stress. was
much larger at low deformation rates, that would explaindgbheence of tangential stiffening.
Taking all our results together, however, this can be rulgd Absence of tangential stiffening
can be seen in pure ramp experiments at all deformation iratee range 0.05 — hm/s. The
master-relation holds for frequencies in the range 0.1 — Atk amplitudes 0.1-Am, which
corresponds to deformation rates, ~ 0.06 — 6zm/s. The relevant parameter is thus seen to
be the extent of deformation.

As discussed in chapter 2, this “non-integrability” phemmon has been identified as a gen-
eral feature of tissue mechanics a long time ago (8, 90). Wtisdues such as tendons do show
a certain degree of tangential stiffening, though. Coneptdtsence of tangential stiffening, i.e.
a linear(F') ((¢)) relation, agrees very well with results from ramp experitaan fibroblast
populated collagen gels (93).
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Figure 4.15:Ramp experiment with superimposed oscillations, perfdrwith fibronectin coat-
ings. The average cell lengtlt) is increased linearly in time at a raté = 0.18 um/s. After

a resting pause of a few minuted) is lowered back to the initial value at the same absolute
rate. Small amplitude oscillations are superimposed tgtwut, to measure th@-moduli. » :
modulus|©|, upward ramp.<« : modulus|©|, downward ramps: relative tangential stiffness
d(c)/01n(¢), upward rampx< : relative tangential stiffnes8(c) /0 In(¢), downward ramp.



56 CHAPTER 4. RESULTS AND DISCUSSION

4.7 Large amplitude oscillatory experiments

As mentioned in section 4.6, the average force and lengtheated in a roughly linear way, in
spite of the stiffening behaviour implied by the mastestiein. To analyse this systematically,
oscillatory experiments were performed sweeping the dogsiin the rangé%—-50% were per-
formed. Fig.4.16 shows a large amplitude oscillatory expent. The average lengi{f) is
kept constant and oscillations at a fixed frequenc§.8$ Hz are superimposed. The amplitude
A, is stepwise increased in the ran@8 um — 5 um, performing about 10 oscillations at each
amplitude. Then the average length is increased at a cansi&n superimposing oscillations
throughout. A second amplitude sweep is performed. Thegolare is repeated several times.
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Figure 4.16:Force F' and length¥ as a function of time. Oscillations are superimposed thibug
out. The amplitude is stepwise increased in the ratge:m —5 um, performing about 10
oscillations at each amplitude. Notice the drop in the agerdorce(F') as the amplitude is
increased.
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The force-length curves obtained in this way are shown indElg. The following repro-
ducible features can be observed.

1. As the amplitude\, is increased at a constant average lerigththe average forcér’)
falls down.

2. As the amplitudé\, is increased at a constant average lerigththe force-length relation
tilts down, i.e. the overall stiffness falls down.

3. When the amplitude is increased, the first oscillatiorhatriew amplitude is markedly
different from the subsequent ones, whereas the 2nd dgmillis already very close to the
10th.
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Figure 4.17Force as a function of length using the data marked, 3, 4, 5, 6n Fig.4.16. Notice
how the average forc@") as well as the overall slope decrease as the amplitude igé&sad in
1,2,3 This effect is clearly reversible, as shown by the higheslogt. This “softening” is seen
againin4,5,6
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Figure 4.18:1: Storage stiffnesd’. /A, (squares) and loss stiffneas. /A, (circles) as a func-
tion of the absolute deformation amplitude, for the amplitude sweep5,B,D,E in Fig.4.16.
2: Loss modulu®’ = A’ (¢) /A, (up triangles) and storage modulé®’ = A7, (¢)/A, (down
triangles) as a function of the relative deformation amplig A,/ (¢), for the amplitude sweeps
A,B,D,E in Fig.4.16.3: Moduli ® and©®” as a function of the average for¢é').

In order to characterise the response curves in the nonlbedaviour, the spectrum of the
F(t) curvesis calculated. The contribution of the imposed fesmy is then taken, which defines
the in-phase and out-of-phase amplitudgs and A’ of the fundamental response mode. The
procedure amounts to removing fraf{¢) all frequencies except the one imposed to the length
oscillation. We show the dependence on the deformationitudplin Fig.4.18. Fig.4.18t¢p
left) shows the absolute stiffnegsr/A, as a function of absolute deformatidxy, whereas
Fig.4.18 (op right) shows the modul®’ = A’ (¢) /A, as a function of the relative deformation
amplitudeA,/(¢). Though the difference is small, the data seems to be betseritbed in terms
of absolute rather than relative deformations. This agwattsthe linearF—¢ relation found in
ramp experiments.

As remarked before, increasing the deformation amplithdenduces a drop in the average
force. This can be observed in Fig.4.k8ttom where the moduli are shown as a function of
(F).
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4.8 Stress stiffening with glutaraldehyde coatings

In order to reduce active responses, we use glutaraldedyd@ssilane coated walls, where ac-
cessible membrane proteins are covalently and non-splificound through imine-groups.
Further, the serum concentration is reduce@%o In this way, the biochemical conditions are
changed, but the experimental cell geometry remains the sakative responses are indeed
found to be weaker in these conditions. In general, theserearpnts are a very inefficient since
serum has to be added once the cell is sticking to the plapgscadure which often leads to cell
bursting with the unavoidable loss of the experiment. H@uethe master-relation betwegs|
and(o) can still be observed, as shown in Fig.4.19.
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Figure 4.19:Modulus|©| as a function of average stress obtained via upward—ramp exper-
iments with superimposed oscillations performed@t Each curve is a different cell. Black
circles are glutaraldehyde coatings. Grey diamonds areofilectin coatings. For technical rea-
sons, in this set of experiments emphasis was put on theneanlregime; the linear regimes
were not studied.
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Figure 4.20:Effects of Nocodazol (10g/ml) and Latrunculin-A (0.3:g/ml) on the stress stiff-
ening curve. Experiment performed using fibronectin cagtinWhereas nocodazol treatment
does not affect the cell strongly, addition of Latruncufineads to irreversible weakening and
detachment.

4.9 Drug-perturbation of the cytoskeleton

In order to distinguish between different cytoskeletalsarhponents, experiments are performed
in presence of drugs, which disrupt specific filament typesly @ells able to sustain tensions
aboveo are subsequently treated with drugs.

We observe sudden detachment of the cells from glutaratieehgated microplates with the
actin depolymerisation inducer Latrunculin-A afdy/ml (116). The same effect is seen with
the myosin heavy chain ATPase inhibitor 2,3-butanediormexime at 2 mg/ml (117), as well
as with the myosin light chain kinase inhibitor ML-7 at 10 (118). Since transmembrane
proteins are covalently bound to the glutaraldehyde cgatimey must rip off from the mem-
brane during drug-induced cell detachment. Thus, the cethbrane alone is not able to hold
transmembrane proteins under significant tension. Annatestructure must bear the load un-
der normal conditions. After disruption of either actin oyasin activity, this structure cannot
sustain strong forces anymore. At 4-fold lower concerdregj Latrunculin-A and ML-7 reduce
|©] up to a factor of 5, whildo) goes to zero. No significant effect is seen with the microferu
disrupting drug Nocodazol (119) at 1@/ml, as shown in Fig.4.20. Taken together, these results
show that the actomyosin system bears the tension, withgubtier significant force-bearing
structure in parallel.
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At its standard concentration 1301, ML7 has no effect on fibroblast adhering to fibronectin
coated plates. Neither detachment nor significant weakagsiobserved. This can be confirmed
by treating cells spreading on substrates. Cells spreaingrmal, non-coated glass or plastic
substrates round up in a few minutes as an effect of ML7 treatjrieaving thin extensions
behind. When spreading on fibronectin coated substrategeves, no significant change in
geometry can be observed.

Lysophosphatidic acid can scale the master-relation

Fig.4.21 shows a dramatic example of the effects of the aotility-inducer Lysophosphatidic
acid (LPA). Addition of LPA at a concentration 0f5 M triggers an increase in stiffness and
average force of about two orders of magnitude. The mastation connecting®| and (F)
holds throughout. A slight drop in the loss angle is observed

Such an experiment pushes the setup to its limits. In genemalis limited to probes with
a rigidity similar to that of the microplates. Since the rojlate stiffness cannot be changed
during the experiment, orders of magnitude variations enrtrechanical properties of the cell
are undesirable.
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Figure 4.21:Ramp experiment with superimposed oscillations performigtal glutaraldehyde
coatings, at a temperatu®°C. The dataon the left, in the low force and stiffness region, is the
initial measurement of the master-relation. Then, the @mtility inducer LPA is introduced at a
concentration of).5 M. After 30 minutes the experiment is repeated the right). A dramatic
increase both on force and stiffness can be seen. For cosmarihe dotted line corresponds to
y = 20z.
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4.10 Strain-steps : force regulation

We now show that fibroblasts behave as elasticds We step-stretch the cell from a length

to ¢, at a moderate raté, = 0.3 umls, and then keep constant in time, for~ 10 min. We
purposely keep the longest times of this order, to avoid €loatic changes as those in Fig.4.2.
The length? is then taken back to the previous valijeat a rate—¢ 4, and held for~ 10 min.
Again the cell is stretched, but now at a much faster defdomaatel ; = 20 wml/s; we wait and
come back at the rate/z. The whole procedure is repeated several times. Fig.4@2sbuch
an experiment.
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Figure 4.22:Step-stretch experiment. Forééand cell lengthY as a function of time. The length
is cyclically changed between 10 amndm. Steps 1,3,5:deformation ratdé\ = 0.34 um/s.
Steps 2,4,6:deformation rate/| ~ 20 um/s. Notice that during the fast upward stegs the
force does not increase.
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1. During a slow ramp, the cell behaves in the linear fashievipusly discussed. Once
the deformation is over and the length imposed constantefoglaxation follows. The
steps upwards trigger active behaviour: shortly aftere/asbmetric force increase can be
seen. The shapes of these active curves are significantly imegular than those of the
relaxations. About a few minutes after the step perturbatiwe forcef’ reaches a roughly
steady value.

2. A remarkable phenomenon is sometimes observed durihgtégss upwards. Fig.4.22
shows it clearly. Just before the step, the force has reazlségady state. The cell is then
suddenly stretched by 2 micrometer2ai:m/s. The lengtl increases, but not the force
F — it stays at its previous value. Only later it rises at a slate.r We stress that the force
has a non-zero value throughout the jump. Notice that thés dmt happen dd, where
the length igeducedat a similar fast rate.

3. Remarkable is also the “steady” value that the force fimalhches after slippage, : it
is roughly the value corresponding4gin the previous steps.

4. In B, without any noticeable change in the cell, the fof¢suddenly drops, to rise again
later at a slow rate. Such events are only rarely observeay &he always a sudden
loweringof the force. Notice how afterwards approaches its value previous to the drop.

5. In E we see a slipping event similar to the oneGnbut this timeF goes down signif-
icantly. Afterwards we see again isometric pulling, thoulé force does not reach the
value attained previously at the length Only after the fast step down and a subsequent
slow step up, aF, does the forcé’ come again close to the value indicated by the dotted
line.

Looking at the whole experiment, a well-defined relationresting the “asymptotic” force
and length values is observed, as indicated by the line otp.oDn the long term the cell behaves
effectively as an elastic solid, even though drastic de&tioms take place in between, such as
those marked i, C, E.



64

CHAPTER 4. RESULTS AND DISCUSSION

4.11 A slipping instability?

At large deformation rates of aboiid um/s, a remarkable phenomenon is often observed: the

cell can be stretched without any noticeable change in férae in the viscoelastic moduli.

After the stretch, a burst of isometric force developmewaiiably follows, taking the force to a
higher steady value. Due to low time resolution, at predastriot clear what happens while the
fast stretch takes place. However, the essential featutteegbhenomenon concerns the values
before and after the stretch, and thus can be captured maipihe low resolution. It reminds
of a stick-slip instability: at a given force, the cell can ibetwo different states— sticking, or

slipping.

Fig.4.23 shows an example of the putative slipping instgbiHere, the time spent at the
smaller lengtlY is shorter, so that the relaxation is not over when the fagt gp takes place.
The first two fast steps up give a neat slippage, without 8agmit change in force. Also the
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Figure 4.23:Three examples of slippingd: Force F' and length? as a function of time. The
length 7 is step-changed at a rateém/s between the valud® ym and14 ym. Notice how
during the upward steps the force does not increase. On thigany, during the downward steps
force decrease is seen in all cas@il: close-up of the step marked &sn A. B2: close-up of
the step marked ain A. B3: close-up of the step marked & A. Notice that the overall time
evolution of the force does not change significantly aftgpshg.
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Figure 4.24:Slippage event, revealed by a steps plus oscillations erpet performed on fi-
bronectin coatings.A: force I’ and length/ as a function of time. At time O, the length is
increased at a raté00 um/s and then kept constant. Oscillations are superimpdsedighout.
Notice that the force rises and falls back very close to isvfmus value, and resumes the os-
cillation. b: average lengti{¢), c: average stresés), d: modulus|©|, ande: loss angle) as

a function of time. The time axis is centred on the step butrsoa larger interval than imA.
Notice that the only variable which noticeably changesrafte step is the average length.

rate of change of force does not change much during the skepke third step, the degree of
slipping is higher; the force goes down noticeably.

That the fast step disrupts the cytoskeleton is unlikelysoeijfwhy should the force after the
step be so close to its previous value? The experiment id iy shows more direct evidence
against disruption. Here oscillations are superimposéodrbéend after the step. Within the 1
s time resolution given by the oscillation periode theredssignificant change in the response
parameterso|, 4.

Finally, it should be remarked thatipping has been observed only while stretching.
always when increasingl never when decreasirfg This asymmetry mirrors the dependence of
the tangential stiffnes&* on the deformation rate, as previously described in seeibnonly
during a fasupwardramp does the tangential stiffness go down.
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4.12 Summarising

This cartoon intends to give a crude summary of our resuttshdws how a cell at rest with
length ¢y will respond to a length perturbatiai¥. The column on the left corresponds to the
master-relation, which holds as long as the relative dedtiond///, stays below~ 10%. The
force response is then given by = |©| 6¢/¢,. The middle column gives the behaviour when the
deformation progresses beyond thel0% limit. This is the plastic region where the tangential
stiffness¥ = 9F'/0¢ is essentially constant, independent of the extent of dedtionV = .

At high positive deformation rates beyord200 nm/s, ¥+ drops, sometimes reaching zero. At
very high rates this may become a slippage event. Both effeet absent when going down,
-V~ ~ Y,. Finally, the column on the right corresponds to ramp expenits with super-
imposed small amplitude oscillations. As the superimpassdllations do not affect the re-
lation between the average values, the latter is linear,the tangential stiffness is constant,
O(F)/0(f) = ¥, Simultaneously, the master-relation holds for the supgoised oscillations
as long as(¢) does not change too fast. At absolute deformation rees- 200 nm/s, the
master-relation breaks down, which shows up in the losseanigicreasing.
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Figure 4.25:A crude summary of our results. All numerical values shoedaien as order of
magnitude estimations.
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4.13 Discussion

4.13.1 Stress stiffening

The master-relation is a reproducible feature in our expenits. It holds during active con-
traction and adaptive responses, such as those seen id2g4.6 and 4.7, as well as in ramp
experiments with superimposed oscillations, as in &ig4 b. It is observed in different bio-
chemical environments, which change the intensity of aatdsponses. From this generality of
the master-relation, we conclude that it reflects a fundaah@noperty of the cell force-bearing
elements (35).

Stress stiffening in actin networks

Our cytoskeleton perturbation experiments point towahnésactin network as the main compo-
nent responsible for stress stiffening. Actin filamentshwipersistence length of 18n (9, 120),
behave as semiflexible filaments in vivo, where typical filatdengths are about Am. As dis-
cussed in chapter 2, crosslinked networks of semiflexitdet@nts show characteristic nonlinear
mechanical behaviour. In vitro prestressed biopolymes gater shear deformation, including
crosslinked actin networks, generally show a transitiomfia linear regime to power-law strain
stiffening (26, 27, 29-31, 121). Certainly, the connectiorour results has to be established
with care;in vitro gels are passive minimal systems, moreover studied undar gdeformations.
Instead, the living cell is a complex entity where a multéuaf crosslinking proteins is avail-
able, many of them of dynamic nature. Cytoskeletal restinireg might take place within an
oscillation period. Bearing this in mind, the similaritytbeen the stiffness-force relations is
very suggestive. In scruin-crosslinked actin networkg (38own in Fig.2.6), the ratio between
the crossover stress and the zero force modulus is of the ofdé—!, and the stress-stiffening
exponent is in the range 1-1.5, in remarkable agreementawitiresults. In experiments on
filamin-crosslinked actin gels (31), where the storage relly’ is actually studied as a func-
tion of strain, the crossover strain is also of this order.

Stress stiffening in living systems

As mentioned in chapter 2, stress stiffening in oscillatexperiments, typically in the form of
proportionality between stiffness and force, is a geneaiiifre of biomechanics. It has been ob-
served over many decades in length scale, corroboratingtaupretation of the master-relation
as a general feature of the force-bearing elements in tle dalaxial stretching experiments
performed on skin, myosin fibres, tendons (8, 39, 90) and sallbst-populated collagen gels
(93) show proportionality between oscillatory stiffnessldorce. At the subcellular scale, mi-
crorheology experiments performed on adhering cells shmpagrtionality between the shear
storage modulu&’ of the actin cortex and the force applied by the cell on thessate (100).
Here, the force was increased by stimulating cell contiigotvith histamine, or decreased by the
relaxing agonist isoproterenol. The result compares wellir observation of stress stiffening at
constant length, though no crossover to a linear regimepisrted here. Simultaneous increase
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of both the storage and loss shear modiilandG” of the actin cortex after stretching epithelial
cells has been observed (101). Accordingly, we see striffenstg of both longitudinal moduli
©’ and®” when stretching the cell in a ramp experiment with superisepascillations. These
microrheological studies taken together agree with oummesult: the master-relation holds
regardless of the way force-space is explored.

4.13.2 Stiffening mechanisms
Stress stiffening in muscle

Our results are also similar to stress stiffening in skéleta smooth muscle, where stiffness
is proportional to force. The generally accepted explamafor stiffening in muscle is that
both stiffness and force are a function of the variable nurobactomyosin crossbridges (122).
Although such an explanation is attractive, it does not sezmpply to our case. We have
measured forces up touN, in agreement with total forces exerted by spreading filasib of

~ 2 uN (123, 124). This corresponds o 10° myosins working in parallel, very close to the
total amount reported in fibroblasts (125). Taking croskieistiffness as 0.6 pN/nm (9), an
arrangement of0° myosins in parallel would be a factor of 100 stiffer than thaximum |©|
we have measured in fibroblasts.

Stiffening in biopolymer networks

Aiming at describing crosslinked biopolymer networks, tdimensional random networks of
semiflexible filaments have been introduced as a theordtaalework (103). Temperature ef-
fects are addressed by including an effective entropid¢ctiey modulus (126—-128). The me-
chanical response of 2-D random networks depends stromgigeolength scales involved, the
filament length and diameter and the average distance beffil@@ments. For small strains, the
different regimes have been thoroughly explored (103, 128, 129-131). Taking a persistence
length of~ 10 xm and a mesh size of 100 nm, mimicking a real F-actin networigraaffine
regime dominated by filament bending is predicted (131)rdpdlating to three dimensions, the
magnitude of the shear modulus is of the order of 10 kPa.

At large deformations the situation is far less well undsodt Stiffening in crosslinked
biopolymer networks has been explained in terms of an affreécking-dominated regime where
the macroscopic response is given by single-filament eittsipetching (30, 31). As mentioned
in chapter 2, at high forces, the stiffness-force relatieodmes a power-law with exponeht2.
However, the crucial assumption that the deformation ramaifine beyond the linear regime has
not been demonstrated in this work. Moreover, the specu#tiat the non-affine bending regime
does not show stiffening (132) has been proved as uttedg tay recent simulations. According
to Onck et al (133), stiffening arises as a transition fromdieg to stretching. Thermal effects
are mostly irrelevant; increasing the temperature from 80@K increases the crossover strain,
but does not affect the stiffening regime. Conclusions eamag thermal effects may however
be wrong, since the way temperature is modelled is not ént@rect and the validity of the
approximation used is not discussed.
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These discrepancies show that even this simple “toy thedigglays complex behaviour
which at present is not fully understood; undoubtedly, mys theoretical work is necessary.
Here we would like to discuss the nonlinear mechanics of lseaftmough overlooked by the
community, they may be relevant for the problem; in fact thlgady reproduce many features
of fibroblast stiffening.

4.13.3 The bending response of an inextensible filament

Here we address the bending mechanics of an inextensibigefila with emphasis to the non-
linear response. We model the problem as physically limgggometrically nonlinear. That is,
locally we assume the torque to be simply proportional tv@wre. The nonlinearity arises for
geometrical reasons, as a consequence of the high aspedifrite filament.

Figure 4.26:Cartoon showing the forces and torques acting on the filaregiment between
s1, So. Since it is in equilibrium, it experiences a total foree The torque balance equation is
T(83)—7(s1)+ (ro—7r1) x F=0,

We describe the stress fiaddinside the filament by two vectorial functions of the arclémg
F(s),T(s) (6). F(s) gives the force ane(s) the torque exerted on the segment)®y the
segmenty, L). We are interested in mechanical equilibrium in absendmdf forces. Consider
a small filament segment with endsg s;, as shown in Fig.4.26. It is in equilibrium; thus, the
total force acting on itF'( s; ) — F(s; ), must be zero. TherefotE is a constant, independent
of the arclengths. Now we consider the torque balance. The segment betwegyother; at
s = s1 and the point, ats = s, experiences a total torque (equal to zero in equilibrium)

T(8)—7(s1)+ (ro—7r) x F=0,
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where we already introduce the constant valueRorAs s; — s, the vector connecting the
ends of the segment becomes- r; — (sy — s1) dr/ds. By definition of arclength, the tangent
vectort := dr/ds is already normalisedt| = 1. The local torque balance equation becomes

ar
ds

We now need a constitutive equation relating the torqueda#formation field. The simplest
approach is given by the Bernoulli expression: torque ipproonal to curvature,

+tx F=0.

. dt

= K _

T ds’

where the bending modulus is given by the crosssectionalenbwf inertia and the Young’s
modulusx = EI. This equation can be replaced in the previous one. SitGés x dt/ds = 0,
we get

d*t
tx|k—+F)=0. (4.1)
ds?

Sincet is a vector with a fixed length, one may identify it with the pio of a mass hanging
from an inextensible string. We can further regards a time, and the constant vecigras a
gravitational force. Then, the equation becomes Newt@visfbr a pendulum projected in the
direction perpendicular to the string, where the only faceng on the mass is gravity.

Now we consider the problem constrained in the plane. AsdheefF fixes a direction in
space, it is natural to take it as a reference for the tangegie 4, given by

F-t=Fcos(9),

where ' = |F| is the magnitude of the external force. The equilibrium ¢guad.1 for the
problem in the plane can then be written as

d*0 F .

@ = _E S11 9(5) . (42)
Finally we introduce alength scale ') = /x/F. Interms of the dimensionless arclengpti
equation 4.2 becomés= —sin ¢ . The curves described in space by Euler-Bernoulli filaments
in absence of body forces are calleldstica Setting “initial conditions”[&o, 90} at an “initial
point” s = 0 defines a unique solution

S .
¢ (xry o %)
for the elasticashape. Here we have explicitely indicated the dependendteeotinitial condi-
tions”. However, for our purposes the problem is rather dntilélling boundary conditions.

This arises naturally in the situations to be modelled, wltbe filament length is assumed con-
stant and the conditions at a given filament end are onlygllgriprescribed. For example, in
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Figure 4.27:Cartoon showing the boundary conditions used for the catooh of the force-
extension relatiorf'(z/L ).

a network of rigidly crosslinked filaments, all angk&s ¢, and lengthd. are prescribed; the
curvatures at the filament ends have to be solved for in ooderd the macroscopic deformation.
The boundary conditions used for the calculation are iaist in Fig. 4.27. One end & 0)

is joined to a free hinge, which implies zero curvatues= 0, and leaves the angfk free to take
any value. The other end & L) is clamped perpendicular to the force, which fidgs, = /2
but does not put any restriction on the curvatare;,. Fix now the forceF’ and complete the
“initial conditions” by arbitrarily choosing an angty. This univocally defines the angle at the
clamped end,_,. To fulfil the clamped-end condition,

L s
f (A(F)7 . 0) =3
must hold. This equation must be solved for the functign/'). Then, for anyF’ one can cal-
culate the filament shape taking as initial conditidfig '), 0]; finding the filament deflection
is straightforward and the problem is solved.
We now write down the explicit solution to the problem. Takas origin an inflexion point,
i.e. d, = 0, the solution to eq.4.2 can be shown (6) to be given by

sin(6/2) = ksn[s/A+K; k], 4.3)

wheresn is the Jacobi elliptic sine function. This is a periodic ftion, sort of a “stretched
sinusoidal”, with a periodi . The parametek can be seen as controlling how distorted the
elliptic functions are. Whek = 0, sn becomes simply thein function; in the limitk — 1, the
period divergesiC — oco. Sincesn[K ; k] = 1, from egn.4.3 we have

k =sin(6y /2) .
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Figure 4.28: Stiffness-force relation for a beam held as shown in Fig.4 &: dimensionless
stiffnessdf /d(xz/L) as a function of dimensionless forge B: filament shapes for different
forces.

Thus the initial conditions enter through the paramétefor our purposes we need to describe
the elasticacurve in cartesian coordinates. Introducing coordinateg satisfyingdx/ds =
cos(f), dy/ds = sin(0), the solution can be written as

T = —s+2A<8am[s/A+lC;k} —5am[l€;k}> (4.4)

y = —2Mken[s/A+K; k| (4.5)

where€ is the elliptic function of the second kind aach the Jacobi amplitude function (134,
135). Writing down theelasticasolution explicitely, we get for the clamped-end condition

. 1 .
sm(z) = 7 =ksn[L/A+K; k] .

The functiond,( F') appears as a relation betwelemnd the parametel/A. If we taker/L>
as force unit and define a dimensionless fofce= FL?/k, we can writeL/A = /f. The
deformation along the force direction is given by

Toet = —L+2A (Eam[y/F+ K k] — Eam[KC; K] ) .

The force-extension relation is given by = ). Numerically solving fork(/f) we get the
results shown in Fig.4.28(A) for the relation between tlingtssdf /dx and the force.
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As a check of the numerical calculation, the stiffnégsdz in the limit f < 1 agrees with
the analytical resuli '/dx = 3r/L? of the linearised problem (9). In the nonlinear regime we
find a relatively sharp crossover to a strain-stiffeningmegat strainsc/L > 0.3, as shown in
Fig. 4.26(A).

At large strains, the stiffness-force relation asymptiljcbecomes a power-law with an
exponent 1.5. This regime can be intuitively understoodadlevis. As the force diverges,
F — oo, the filament shape tends to a straight line along the foreeton, with a sharp kink at
the clamped end (see Fi426(B)). At large forces, the effect of increasifAgs a scaling of the
filament shape at the clamped end. It can be shown that

L—z « 1/y/f  when f — o0,
which gives power-law stiffening,

df  ap
i o fore.

In general, entropic contributions to the effective elastiof semiflexible filaments must be
considered. At small deformations, such thermal effect® eeen thoroughly studied (136). In
particular, when the force is parallel to the end-to-endaeane has the well known expression
kr = 90x*/ (kT L*) for the thermal longitudinal modulus (128). One may ask Wwaethermal
effects affect the bending response. For a distance betevesslinksL, ~ 100 nm, the mechan-
ical bending energy exceeds the thermal energy at straymte- 4%, well within the linear
regime which extends up to 30%. Thus, thermal effects arestetant for the bending response.

Comparison between filament and fibroblast mechanics

The experimental fact that a single parameter is sufficierthtain the master relation is cap-
tured by both the force and stiffness scales varying/ds’. The bending response of an Euler-
Bernoulli beam shows a crossover to stiffening above a ok@ssstrain~ 0.25; the magnitude
of the experimental crossover stress, when expressed eraost/ Oy, is of the order ofi0~!.
As Fig. 4.26(A) shows, the first force decade above crossover of éaenbstiffness-force rela-
tion is an approximate power-law with exponent 1.75; theeeixpentally observed range for
the stiffening exponent is 0.8—-1.8. Finally, the magnitofi¢he force scale is the right one if
one assumes a realistic cytoskeleton mesh siz@@ihm (9, 137, 138) and an actin bending
modulus ofk = 60 nN(mn)2 (9). In the linear regime, this corresponds to the openfoaln
geometry proposed by Satcher and Dewey as a general modeé&foytoskeleton (138), which
gives a zero-force stiffness, ~ 10 kPa, in good agreement with our measurements and with
the literature on biomechanics (33, 39, 138).

As a final remark, at large forces the beam stiffness-fortaiom approaches a power-law
with exponenB/2, equal to the entropistretchingresponse. Therefore, observation of a stiffen-
ing exponent close t8/2 is far from warranting an entropic mechanism.
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4.13.4 Intrinsic stress stiffening

The master-relation connects the viscoelastic moduli écatlerage force independently of cell
length. Rather than strain stiffening, fibroblasts exhititinsic stressstiffening. To reconcile
this to our interpretation of the master-relation, we pladeuthat the internal strain of the gel,
i.e., the stress, uncouples from the cell leng#s a result of crosslink rearrangements.

In ramp experiments on fibroblast-populated collagen ggigroximately linear force-length
relations are observed (93), which agrees well with thelt®sd our ramp experiments. Re-
markably, most tissues with the exception of muscle shovwoeeptial force-length relations
(90). Since extracellular matrix itself displays an expurad force-length relation, its presence
in parallel to the cellular component is a possible explandor this discrepancy.

4.13.5 Hardening

Regardless of microscopical interpretations, if we actleat the master-relation is aastic
response, then we must regard large-amplitude defornsa#isplastic strains. Indeed, when
going over the literature on plasticity a number of strikgignilarities show up between fibrob-
lasts and metals. We argue here that the proper phenoméalér@mework to address cell-
and cytoskeletal-mechanics has already been develogesit fdr materials about 6 orders of
magnitude tougher.

Plasticity is nowadays modelled in terms of internal vaeal§7, 115, 139). The most funda-
mental one is the separation of the strain in elastic andipldseeping our experiment-specific
notation, we separate the (measurable) cell leAgthwo parts, theest lengttY, and the elastic
deformatiory—/¢. If our interpretation of the master-relation as an elastsponse is correct, the
force must be a function of the relative elastic deformation- @[ﬁ/ﬁo}. The (unmeasurable)
elastic-response functio& must be approximately exponential at large foréés> Fi, since
its derivative is the stiffness|&/d¢ « ©' ~ €. This exponential force-length relation cannot
be measured in a ramp experiment since at deformations deybd% plastic flow arises. This
changes the rest length, decoupling the total lengthfrom the elastic deformation — and thus
from the force.

The problem becomes finding the plastic-flow relalzf@[F, lo, } between the plastic strain
and the other internal variables. This involves introdgaiternal variables with their respective
evolution equations, until satisfactory agreement withrésults is reached.

Strain (or isotropic) hardening

In the field of biopolymer networks, hardening is often used aynonym for stiffening, meaning
a positive curvature in the stress-strain relatathin the elastic responseThe terms strain-
or stress-hardening are used indistinctly, since strathstress are biunivocally related in an
elastic deformation. In the field of metal plasticity, howe\strain-hardening (also called work-
hardening) has a different meaning: it describes the isergayield stress —i.e., in the size of the
elastic region— induced by@astic strain When an ideal strain-hardening material which has
been loaded beyond the yield stress is unloaded, it defelassicallyto a new rest length larger
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than its initial one. If the material is loaded again, thdgsress is seen to have become higher.
Suchreversalsn the sense of deformation are absolutely essential todisish elasticity from
plasticity.

Bauschinger effect

The Bauschinger effect is the decrease in yield stress upforrdation reversal. In materials
showing Bauschinger effect, plastic straining in one dicgcincreases the yield stress only
in that direction. If the deformation sense is reversed,yibtl stress in the new direction is
lower. An example is shown in Fig.4.29. The essential parthat unloading does not affect
the structure of the material, as it is an elastic procesglaltic flow has induced alterations
of directional nature, they will remain during unloading. Thus, when rdiag in the opposite
direction for the first time, the material shows a low yieldess. The Bauschinger effect is
intrinsically related to such asymmetric structural chesg
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Figure 4.29:Bauschinger effect. Stress vs. strain in an uniaxial exeenexperiment. Stress
reversal behaviour of single-phase (“solid solution”) atwlo-phase (“aged t@'") Al-Cu alloy.
Only the latter is a permanent Bauschinger effect, the forismi@ strain-hardening transient.
Taken from Moan and Embury (140).
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Kinematic (or directional) hardening

To describe phenomena like the Bauschinger effect the porafekinematic (or directional)
hardening was introduced (115, 141-143). Kinematic handgeamounts to dranslation of
the elastic region induced by plastic strain. It can be dleedrby introducing a new internal
variable, the equilibrium or back stress (7, 144). Commatatans arer,, ER, «. To keep an
experiment-specific notation we introduce a rest fafge When the forcef” departs from the
(unmeasurable) rest fordg, by a significant amount, plastic strain develops. The foozdes
is defined by yet another internal variable, the drag fac€15). The basic equation is of the
form

gozng(F—F(])(I)(u?;)J) s

where<1>( ) is a plastic flow function. In some metals this is well appmated by a power-law®
with large exponents ~ 50 (115). This gives a sharp transition to plastic flowiat- Fy| ~ ©.
These internal variablek,, ©, require evolution equations. In absence of recovery FsEs
the rest force follows closely the inelastic strainx F,. More generally, recovery terms, both
dynamic and static, have to be added. A typical evolutioraiqo for the rest force would be
(145)

FO = Hgo - |€0| d[Fo] - T[Fo, T] . (46)

The second term on the right hand side involves a dynamicveggdunctiond| | which, in
presence of plastic flow, takds, to zero. The last term represents thermally activatedcstati
recovery, explicitely depending on the temperatlire

The essence of fibroblast mechanics is kinematic hardenatgtrain-hardening. Within the
force ranges explored, fibroblasts cannot be charactengath absolute yield stress. They can
be stretched up to very large forces and left there — they tlgiatl. They yieldduringa large
deformation;afterwardsthey are stable. The results shown in Figs.4.22 and 4.12xarapdes
of this.

During a plastic deformation, a kinematic hardening matetevelops an equilibrium force
Fy. Once the ramp is over, the material remains in equilibramty under tensionF’ = Fy,.
Suppose we suddenly release it frée= 0. First there will be an instantaneous elastic contrac-
tion, the length? going from¢, €~ [Fy] to ¢y €~1[0]. If left at zero force, the material will then
plasticallycontract: it will creep according tb= (y = —@[FO/Q}. If instead the total length
¢ is held constant, an interplay between rest length andielstsain arises. As the rest length
¢y becomes smaller, elastic strain — i.e. force — develops. nM#ierial shows “negative force
relaxation”, which can also be called “active contractiofhis is a possible interpretation of the
force relaxation curves shown in Fig.4.10.

Cyclic softening

Another strong resemblance between fibroblasts and mstie softening induced by repeated
loading-unloading cycles. This is a highly reproduciblatiee of fibroblast mechanics. An
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example is given in Fig.4.17. Oscillations at large amplglead to a decrease in the tangential
stiffness as well as in the average force. The effect reeerte the oscillations stop. Essentially
similar behaviour is seen in metals in loading-unloadingey, though cyclic softening is not as
common as cyclic hardening. Phenomenologically, the dserén the average for¢é’) as the
stretch amplitude is increased may be described by Eqg.4.theextent of plastic flow increases,
the dynamic recovery term has more time to act. The chandeitangential stiffness is treated
as a coupling between the rest forEg and the drag stres® (145). The cyclic deformation
induces a periodic change fy, which changes the steady value of the drag stress. A skeleto
form of the evolution equation for the drag stress is

D \éo\(Fo - g@]) +...

whereg| ] is an arbitrary function. In presence of cyclic plastic flavsteady state is reached
where the two terms cancel each other within an oscillatesiopl. The drag stres3 approaches
a steady valu® ., related to the average rest force (@) = g[D). In this way the decrease
in the average forcéF’) is coupled with that of the tangential stiffness.

4.14 Conclusions

The fundamental parameter defining the response of fibrsliaescillatory experiments is the
deformation amplitude. If the amplitude is kept small, @ssrstiffening master-relation relating
stress and cell stiffness is found. This relation is obthinga simple scaling of data from differ-
ent cells. For the measurement one can use the fact thaboelgtive: as a reaction to a sudden
perturbation the cell sweeps a range of mechanical stresspite of this underlying complex
behaviour which may involve multiple biochemical pathwgeie master relation is surprisingly
simple and reproducible. If the average force is externaltignged, by slowly stretching the
cell in a ramp experiment while superimposing small-aragkt oscillations, the master-relation
between(F') and the stiffnes&| is seen again. Thus, a distinction between active and gassiv
stress is artificial — regardless of deformation historg, thsponse to small perturbations is al-
ways given by the average force. In view of this generality] the remarkable agreement with
the mechanic behaviour of biopolymer networks, we intdrfire master-relation as revealing
the nonlinear response of the actin network.

Amplitude is a “historical” concept, a function of the preus deformation history; the re-
sponse cannot be described solely in terms of the localblagd’, ¢, F', ¢, F', {.... Extra, “in-
ternal” variables and their evolution equations are rexuto univocally define the mechanical
state of the cell. This approach is in the spirit of the mod#ranomenological description of
metal plasticity (7, 115, 139). Remarkably, metal plagticesembles the most reproducible
features of fibroblast mechanics. Power-law creep, rategandent transition from elastic to
plastic flow, linear force-length relation during plastiovil directional hardening, cyclic soften-
ing; these features are always present in strong fibrobld$tsugh a clean characterisation of
the response of fibroblasts to large deformations is stie@chieved, a promising phenomeno-
logical framework has been found. The whole body of knowtefiigm metallurgy is available,
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and the microscopic mechanisms of metal plasticity mighpastially extrapolated to the cy-
toskeleton.

An experiment revealing reproducible, nontrivial mecleahbehaviour has been developed.
Key to this are the experimental geometry, as well as goodHibsts in a stable, highly adhe-
sive state, which can be stretched by large amountd{0%) without detaching or breaking.
At 30°C, reaching this situation requires about 20 minutes beatwlee coated plates. If an ex-
periment is attempted immediately, the cell cannot be dedok; it simply detaches. Clearly,
the cytoskeleton has to become involved and this takes tifees, not all fibroblasts are good;
on the average, about @0stick strongly, though this can change strongly from onéucalto
another and as weeks go by. Though low from the point of viedaté acquisition, the percent-
age is high enough not to rule out biological significancgn8icantly higher is the percentage
of well-sticking, strongly pulling fibroblasts which showess stiffening and plastic behaviour:
essentially 100%.

4.15 Outlook

The large deformation regime clearly deserves a systeranttysis following the procedures
of metallurgy. Large amplitude sinusoidal oscillationsrseto miss the point; much better are
ramps at constant speeds, which provide surprisingly dieaar force-length relations. Es-
pecially important are reversals of the deformation seasewell as carefully distinguishing
between transients and steady responses to cyclic loadimg.asymmetry in the responses to
loading and unloading, as in Figs.4.11 and 4.12, is an istiage reproducible feature. Within
our interpretation, it should show up only in the plastic flegime; the elastic response should
be symmetric. This seems to be the case, but a systematiclsisd/et to be undertaken.

An essential difference between fibroblasts and metalseistitong stress stiffening of the
former. The procedures used to investigate the large dettwmregime should take this into
account, using the average for@€) as a control parameter. The experiment should be repeated
at different forces. In this way, it can be decided exacthyatniggers plastic flow: whether a
critical forcing, or a critical strain. In metals, it is aaiin (146).

Armed with this phenomenological framework, the next stepraild biochemical pertur-
bations of the cytoskeleton. It would be interesting to gttite transition to plasticity after
treatment with the myosin-blocking drug blebbistatin at lconcentrations (147), or after fix-
ing the cell with glutaraldehyde. For the latter | suggest/Mew concentrations, not higher
than 1/1000. It may be speculated that the dependence ortbierdtion sense has to do with
stretch activated Ca channels, which would open up only when stretching the ¢di8( 149).
Therefore, blocking the fast MLCK pathway for myosin activa would be desirable. Blocking
calcium channels with Gadolinium (150, 151) is a possipilit
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Chapter 5

Background and setup

This chapter begins by introducing axons and PC12 neutitesexperimental system under
study. Since in the experiments described here cells atarped by changes in osmotic pres-
sure, the process of osmosis is described. Immediatelyafigpo- or hyperosmotic shock, the
axon volume changes as water flows down its chemical potektithin several minutes, regu-
latory mechanisms drive the volume back to its initial valligis short-term volume regulation
process, an ubiquituous feature in biology, is at presetrfulig understood. The state of the field
is briefly reviewed. At fast and strong hypoosmotic shocksirites lose their normal cylindrical
geometry and a peristaltic shape modulation sets in. Lateshww that it can be explained as a
Rayleigh-like instability driven by elastic tension. Thetavant theoretical background is given
in this chapter.

5.1 Neurites

The termneurite comprises real axons, dendrites, and PC12 neurites. Tiee st axon-like
cylindrical protusions extended by cell types such as P@112 ¢152), structurally very similar
to the axons produced by neurones in culture (13, 153). Tisiplogical function of an axon is
to allow for the propagation of an action potential, enaiphor communication between distant
neurons. Axons sometimes become very large. An extremearasmotor neurons, which
extend axons which propagate inside whole extremities, #amn the spinal cord to a foot—
which corresponds to an aspect ratio~ofl0°. These amazingly long and thin structures grow
following extracellular cues. This is accomplished by frewth cone a highly dynamic unit
located at the end of the axon. The growth cone crawls away the cell body and keeps the
axon under tension, making it grow (154, 155). To a first agipnation, an axon is a cylindrical
membrane tube with a central array of longitudinally areshgnicrotubules, interconnected by
several types of proteins. The outer section of this cyties&legel is the actin cortex, a network
of actin filaments connected by crosslinking proteins an@sirymotors. The actin cortex has
already been discussed in 2.2.5.

Since axons can become so long, material must be transpgoytateans other than diffu-
sion from the cell body to the end. This is accomplished byarsotvalking on a scaffold of
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Figure 5.1:Cartoonillustrating the main structural features of nees. Little is known about the
connections between the composite membrane (membranéntcactex) and the microtubule
array.

microtubules. Clearly, a thin tube extending over such s distances must be very tough.
Specialized intermediate filaments confer axons with thjaired integrity. For our experiments,
however, we always work on young neurites, not more than § d; which are known not to
have intermediate filaments (153). In these neurites tleeafdhtermediate filaments is taken up
by the microtubule core. Though the essential features afi@wultrastructure are known, suffi-
cient information on the interaction between its subcongmdsand on their dynamic behaviour
is still lacking. For example, it is not known whether miarbtiles are directly connected to the
membrane or to the actin cortex. Below we will show resultscistrongly point towards a
mechanical connection between microtubules and membrane.

5.2 Osmosis

In all of these experiments, hypoosmotic shocks are usediigr ¢o perturb axons. Osmosis is a
phenomenon inextricably linked to the presence of a semmigable membrane which lets water
through but not the solutes (156, 157). The presence of thiesowill modify the chemical
potentialjuy = 0G/Onw|rp. Thus water will flow towards the phase with lowey,, until
equilibrium is reached)\ iy = 0. Having a closed vesicle in mind, we define the symhas
the difference between the internal and the external cdraténs : A = internal — external.

At the low total solute concentrations typical of biologyeal behavior can be assumed: the
dependence qiy, onnyy is purely entropic. As a function of the molar fractigh= ny, />n,
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we can write

pw = iy + RTIn ¢y . (5.1)

In general, in a hypoosmaotic shock experiment the totalteatancentration will change at
most by 100% (by a physicist trying to drive the system welldrel the linear regime). Since
the molarity of pure water is 55 M and the physiological osanity is about 0.3 M, the water
fraction ¢y, changes at most by 1%. It is therefore reasonable, espetialhe is planning
“dirty” experiments on living cells, to keep only the ling@rm. Sincepyy — 1 = —dgorutes, WE
get

Hw = M?/V - RT¢solutos .

Being essentially incompressible, the movement of wateyssccompartments always leads
to important changes in volume. Where these compartmeriarned by stiff membranes, hy-
drostatic pressures can arise (balanced by tension in titerEmbranes). Now, changes in hy-
drostatic pressure also modify the Gibbs’ energy of thetsmiuaccording td” = 0G /0P|,
(for the rest of the discussion we implicitely ugeT’, ny, as independent variables). We have
Opw JOP = 0p(0G/Onw) = On,, (0G/OP) = 0V /Onw . In physiological conditions we can
take 0V/ony, as constant and replace it by the molar volulew,,. The change in chem-
ical potential due to pressure is then givendyy /0P = 0V/Onw ~ V/ny. Since wa-
ter can be regarded as incompressible, \&.ny, is independent of the pressufe we get
pw (P + AP, C) = uw (P, C) + AP V/ny. The equilibrium across the membrane is now
given by

v
pw (Fo, Co) = pw(Po+AP,Co+AC) = pw (P, Co)+APn— —RT Agsolutes
w
where we approximate both the pressure and concentratpendence ofiy, as linear, accord-
ing to 5.1. Finally, we can assume, ~ ny + Ngoutes, SO thatpsorutesnw /V 2 Nsotutes/V = C,
and we get the well-known equation describing equilibrium :

RT AC = AP.

The left hand side is pintorescally called the differencesmotic pressurll = RT'C' ~ (ul}, —
uw) nw /V. Itis essentially the change in Gibbs’ energy per unit vadusbtained by adding a
concentratiorC' of solutes.

To reach equilibrium, water must move down its chemical pié gradient. Within linear
irreversible thermodynamics one expects the differench@mical potential to be the parameter
defining the flux, i.e.Jyy o< Auyw . Introducing the water permeability per unit arég (157),
the generally accepted equation is

Jw = Ly (AL — AP) (5.2)

Though the thermodynamics of osmosis are transparentnigsiés are still far from under-
stood (158).
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5.3 Volume Regulation

The ability of living cells to regulate their volume is a fusrdental and ubiquitous homeostatic
feature in biology. Water and ions can permeate throughe¢helar membrane with timescales
of the order of minutes. Therefore, any alteration in thedaomposition of the extracellular
medium leads to changes in the cytosolic concentrationgpatticular, osmolarity alteration
produces fast movements of water and therefore changedl mobeme. Actually, regulatory
mechanisms are at work even in normal conditions. A cell&@nat equilibrium with respect to
movement of ions; ionic compositions inside and outsidevarg different, so that steady states
require the presence of pumps. Due to the presence of fixedeshmside, cations tend to enter
the cell and hence rise the osmolarity, leading to swelliBg.extruding one solute per cycle,
the Na" K* pump is believed to be the most important factor in avoidiig $0-called Donnan
equilibrium (157, 159).

Regulatory Volume Decrease / Increase

Cells have a common short-term response to changes in vatiggered by alterations of extra-
cellular osmolarity. Cell swelling leads to an increaseanmpeability for particular ion species,
which diffuse out of the cell. This in turn makes water flow tmkeep osmotic pressures bal-
anced AlIl = 0; thus the volume decreases. Once the volume is near il vatiue, the channels
close. This process is known as regulatory volume decrédde)((51, 54). Afterwards, the nor-
mal ionic composition is slowly recovered by the action ofrs. An equivalent mechanism
operates when the cell shrinks after an increase in theaethnéar osmolarity; channels open
letting a ionic species flow into the cell, thereby increggime volume. This is called regulatory
volume increase (RVI). The osmotic effector i$ n RVD, and Na in RVI. The accompanying
anion is usually Ct, and sometimes HCQ Increases in K and CI- permeabilities after hypo-
tonic shock-induced cell swelling have been observd inrs¢eell types such as Ehrlich ascites
tumor cells, lymphocytes, epithelial cells including tertolon and frog urinary bladder (55).

5.3.1 Sensing swelling

Clearly the cell senses somehow its volume in order to perfBV/D / RVI. At present, the
underlying mechanism remains obscure (58). Several pbssgcan be advanced. Tension
in the membrane may directly open channels. Indeed, meeskasitive ion channels exist and
have been proposed as swelling detectors (57, 150). Antadjeaised is that such a mechanism
would only apply to the swelling of a cell which already has thinimal area for its volume;
e.g., red blood cells, which are far from being sphericat, icarease their volume significantly
without changing surface area (53). This argument is howeversimplified, as it does not
consider the presence of cytoskeleton connected to the naembor the adhesive boundary
conditions.

Another possibility is a real “volume measurement” by meahthe cytoskeleton, as this
is an interconnected unit spanning across the whole cellinfidaments and intermediate fil-
aments are known to bind indirectly to transmembrane prsfedo swelling may either strain
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the cytoskeleton or break these bonds; and cytoskeletain s&s discussed in chapter 2, is well
known to trigger signaling pathways (12). Indeed the cygtetion is known to be important in
volume regulation. For one, it seems to act as a physicailgbavhich slows down the flow of
water (160). But evidence also points towards a direct rblctn in RvD. A common obser-
vation is that the actin cortex is disrupted when swellingibg (161, 162). This effect seems to
be partially secondary to an increase in intracellulat'Qa49), which activates gelsolin (51).
This calcium influx may well be through mechanosensitivedbannels activated by membrane
stretching (148, 151). Since there is much evidence forH@otcal interactions between actin
filaments and ion channels (51, 163), disruption of the amditex is expected to lead to changes
in channel activity. This disruption is temporary; the aatbrtex reforms soon. As its reap-
pearance coincides in time with RVD, it has been speculdtatthe latter is needed to allowe
fusion with the membrane of transporter-containing vesi€L60). The role of other cytoskeletal
components is less clear. Experiments with keratynochesvghat microtubules also depoly-
merize during swelling, to repolymerize within a few mineif@62). Disruption of microtubules
abolishes RVD in leukocytes (164), but has no effect at ai@12 cells (161).

Yet another possibility is that the cell does not directlyasigre its volume, but rather the
change in protein concentration. A global concentraticangfe of all components in all signaling
pathways would certainly have some dramatic effect; onehtmgively expect it to kill the
cell, but several authors expect it to trigger cascadesrigad RVD / RVI (51). According
to experiments done with resealed ghosts from red blood ¢&fl), KCI cotransport correlates
with cytosolic protein concentration and not with the tatell volume. Evidence against direct
sensing of volume is that potassium currents are observegnmaea stagnaliseurons after
application of hypoosmotic shocks, but they are absent wineells are mechanically inflated
(165). These authors remark that these cells expresststretivated K channels. A different
conclusion was reached by Craelieisal when studying rat mesangial cells, who found that
swelling due to hypoosmotic exposure as well as due to mécpaessure induced Kcurrents
(166).

Summarising, we are still far away from understanding hollg ceeasure their volume. The
precise cell type makes a huge difference, and for no péati@ell type is the situation well
understood (58).

5.3.2 Modelling short-term volume regulation

The short-term volume regulation responses RVD / RVI arerofhodelled as follows. Water
flow through the membrane is assumed to be givenpy= Ly (AIl — AP), as discussed
above. The main osmotic effectors are usually"NK*, CI~ (157). The i-esime ion has a
chargez;q, is present at an extracellular concentratifti, and at an intracellular concentration
c™ = n;/V, whereV is the volume of the cell. The number of ions per unit time and u
area which flow through the membrane is the total fliluxwhere positive flux meansto the
cell. Several transport mechanisms for each ionic species asemirin cells. Among them are
passive basal electrodiffusive fluxes as well as pumps G4). Volume regulation is achieved
by specialised channels with volume-dependent perméabili Hernandez and Cristina (54)
have introduced KCI(NacCl) cotransports for RVD(RVI) witkrmeabilities depending linearly
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on the volume. Their equation for a RVD flux is
Ji="P; (c‘f(“t A —nxna / VQ)

The permeability is assumed to depend on the volunf@ asP®(1 — V/V"%9) whenV > V"9,
whereV"% is the volume above which the channels open. In general rdese dependence of
the permeabilites on cell volume is unknown. Strieter €b&),(modelling tight epithelium, have
assumed a threshold-like volume dependence. A less ieatistiel has been used by Luabal
(168), modelling RVI response of round kidney cells. Thaghars considere only one osmolite
species, which flows with a volume dependent flux (179 — V).

5.3.3 Hydrostatic pressure in short-term volume regulatio

In general, little attention is paid to hydrostatic pregsun volume regulation (52). The mem-
brane is often assumed to be unable to sustain pressuneediféss (157). One of the first authors
to discuss a role for mechanical forces in RVD was Kleinzglieoposing his mechano-chemical
hypothesis about thirty years ago (169). Similar suggestiwere made later (170, 171). Strieter
et alincluded an elastic restoring force in their model of tigpitleelium — though only for the
sake of completeness, as the effect of this elastic termtisamsidered (55). Experimentally, the
evidence sustaining these ideas in animal cells is ratlagneict. It has been observed thaim-
naea stagnali€NS neurons, which survive for hours after the extracalloladium is replaced
by distilled water, eventually explode indicating stronggsure differences (165). Experiments
with melanoma cells which lack an actin-crosslinking prot@nd are unable to perform RVD
normally indicate that actin stucture can be important J1Edythrocytes have been reported to
swell more after disruption of the spectrin-actin cytoskeh (172).

5.3.4 Regulatory Volume Decrease in round PC12 cells

Several authors have studied volume regulatiomoamd PC12 cells without neuriteSince we
study volume regulation on neurites from PC12 cells, thisrmation is relevant. Disruption
of the actin cytoskeleton by Cytochalasin B changes dramaiétiRVD (161, 173). Normally,
after a hypotonic shock these cells swell, reach a maximuaohtfzen relax to a final volumig,,
about~15% higher than the initial volume. As the concentration pfdChalasin B is increased,
KCI efflux becomes faster and cells swell less. At large drogcentrations, no maximum is
observed; the volume goes monotonically to the final voliipe On the contrary, disruption of
microtubules in round PC12 cells has no effect on volumeleadigun after hypo-osmotic shocks
(161).
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5.4 Pearling instability

We give here a simple analysis of the pearling instabilitypr&careful studies can be found in
Refs.(43, 174-176). For the membrane shape we will consgdefution surfaces about an axis
z, given by an equation = r(z). The membrane is the locus of the points

r(z, ¢) = 22+ 1r(z) (cos(¢) X +sin(¢) §)

wherez, ¢ can take any value. A most important entity for membrane raeids is the mean
curvatureH, which connects the membrane tensioto the pressure differenc& P according
to Laplace’s law,

AP =~2H .

The mean curvature of a revolution surface can be written as
(1+ (Bzr)2) /T — 857’
2(1+ (0,r)2)*?

In general, if we consider a perturbation to a cylindrichidgiven byr( z ) = ro+dr( z ), where
or < rg, we can linearise the mean curvatureinand get

15
2H ~ — — 20— 257 .
To T

For the linear stability analysis we need only consider st the form
r=ro+e€sin(kz) ,

where the amplitudeis small. The volume enclosed by the sinusoidal modulagon i

2
V = /alzm"2 = Ln (TS—F%) :

We see that if the average radigs remains constant, a peristaltic modulation increases the
enclosed volume, but only to second order in the amplitu@milarly the area is given by

A = /dz27rr 1+ (9.r)2 = L27rg + O(€%) .

As will be discussed in the next chapter, we believe the tensto be a function of the area,
arising out of membrane stretch. Since the area does noatwetto first order in the amplitude,
for the linear stability analysis the tensigrcan be taken as constant.

Now we consider hydrodynamics inside the membrane tubest e need a continuity
equation. At a given location the cross-sectional area? can change in two ways: either by
cytosol flowing in from the sides, or by water permeating tigtothe membrane. In terms of the
cross-sectional average of the flow velogityy = u(z) z, we have

Oi(mr?) = 211 Ly( Al — AP) — 7r%0.u
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which can be written as
O = Lo(AIl — AP) — g@zu . (5.3)

In standard treatments of this instability, permeationtigh the membrane is neglected and only
the second term is considered (45, 174, 176). In the nextehtps will be shown to be indeed
a good approximation. For the flow inside the tube we assumsrftlicity a Poisseuille flow,

Neglecting permeation through the membrane in the conyirgjuation 5.3, it is straightforward
to find the dispersion relation

_(kro)4 + (k:ro)z =w 16ZT0 )

The fastest mode can be shown to be giverkby = 1/v/2 ~ 0.707, independently of mem-
brane tension or viscosity. A more exact analysis of the fleagetry (176) giveg rq ~ 0.68.
This dispersion relation is very similar to the one desagithe Rayleigh-Plateau instability in
inviscid jets driven by interfacial tension (177, 178). Assential difference between liquid jets
and membrane tubes is that the former are always unstabkreas the cylindrical shape of
membrane tubes is stabilised by bending elasticity. Thagtiaal tension is necessary in order
to induce the instability (44, 174). Moreover, to descrileaning in cells, the presence of the
cytoskeletal gel has to be accounted for (45). An analysisesmsing pearling in axons is given
in Ref.(43). The neurite is found to be unstable above aalitension

6K g

o 4
T K+au3 Ofkro)”

4!

whereK is the compression andthe shear modulus of the cytoskeleton. Close;tthe fastest
growing mode is given by

TN
kro =4/ ,
’ 2m

and the instability growth is dominated by the slow compessodes (43). Above a second
tensiomy, = 6u 1, the instability grows much faster, via a peristaltic shefiormation.
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Figure 5.2:Schematic of the milifluidic flow-chamber. The medium flowkexiby a pump from
right to left. A three-way valve lets the user choose whictiome flows in. The aluminium block
is kept at a constant temperature.

5.5 Experimental setup and procedures

The experiments were carried out using a milifluidic flow-oieer technique developed earlier
inthe lab (43). A schematic of the set-up is shown in Fig.B.8pecially designed stainless-steel
block and two coverslips are used to form a 10x5x1 (fempmber. The bottom coverslip holds
the cells under study. One duct of the chamber is connectagaristaltic pump by means of
long, soft silicone-rubber tubing that minimises pressluretuations arising from the pump. The
other duct is connected to a 3-way-valve to select betweetwth different media. The chamber
is intentionally made small to ensure a quick switching frmme medium to the other at low flow
rates, in the range of 2—-l/s. The chamber, the 3-way-valve, and the stainless-gibek are
placed inside an aluminium block with godd thermal contatiMeen each other. A water bath
maintains the temperature of the block with a maximum viamabf +0.2 °C. Thus, the liquid
pumped into the chamber is at the same temperature as thaalonblock before reaching the
chamber. In addition, the continuous flow of medium keepgkti@enber at constant temperature
despite some heat loss through the coverslips.

5.5.1 Caell culture

Two different experimental systems have been investigatedns from chick embryo neurons
and neurites from PC12 cells. The former have the advanthgesembling closely reah
Vivo neurons, as they are extracted from a living embryo, let goaly for a few days and
then used in an experiment (179). The disadvantage is thatt@ibus dissection procedure
is needed in order to obtain the cells, which has to be regesdeh time. PC12 cells are an
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established cell line which multiplies in culture (152, 1,8Implifying experiments enormously.
As a drawback, itis not clear to what an extent their neurgeemble real axons. Therefore most
guantitative experiments were done on PC12 neurites; ofelyw@and of rather qualitative nature
were performed on chick embryo axons, in order to confirm #eegality of the phenomena.

Chick embryo neurons

Embryos are from VALO SPF fertilized chicken eggs (LohmarmerZaucht GmbH). As soon as
they arrive they are put in the refrigerator atf2 and stored for up to 1 week. Each day a few
eggs are taken out and introduced in an oven a&t3%After 6-7 days the embryos are removed
and dissected. The dorsal ganglia are removed with scaitgelrgpsinized in order to dissociate
the neurons. These are plated on laminin-coated slidesliameed to grow for 2-3 days (179).

PC12 cells

PC12 cells are from the DSMZ (111). These cells normally gimwuspension forming large
clumps. To induce neurite growth, they are plated on collagated slides and allowed to grow
in presence of nerve growth factor (NGF) for 4-5 days (18®)thBat-tail collagen and NGF
are from Sigma. The quality of the neurites depends stroaglthe collagen coating. Signif-
icant improvement was achieved by first coating the slideb @4daminopropyl triethoxysilane
(Sigma-Aldrich) and afterwards with collagen. The silatian protocol used for the microplates
described in Chapter 3 works well. Collagen is prepared & ¢6ncentration in a 70% ethanol
— 30% water solution. The silanised slides are covered vaittual mm of collagen solution and
let dry overnight.

During the 5 days of neurite growth on the collagen coatimdisalso multiply and their
surface density increases. If the cell density at the timb@fexperiment is very high, the free
neurite portions are short and overlap with other neurlféke final cell density is too low, most
neurites will not have established contact with other cetlibs. Growth for a longer period of
time is not desirable, as PC12 neurites are known to devetwpenediate flaments after one
week (153). Thus, there is an optimal window for the initiall clensity.

5.5.2 Neurite selection

A successfull experiment requires a strongly adheringiteeusmall growth cones adhering on
the substrate are often too weak to resist a strong hypoassitck. Ideally, we chose neurites
whose growth cone is sticking to the body of another cellhasadhesion strength is then at its
highest. The neurite should be perpendicular to the opdixiat otherwise only a small portion
will be properly focused. It is also desirable to choose l&gneurites, with a uniform radius,
to ease the image analysis. Some neurites can be seen torstick substrate at isolated points
along their lengths; such neurites are discarded, sineetbennections may move erratically
during a hypoosmotic shock, altering the boundary conasticAs only a small fraction of the
neurites satisfy all these requirements, it is crucial tepkéhe culture in optimal conditions so
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that enough nice neurites be produced. Not too many, howrahen they overlap and stick
to each other. An example of a good neurite is shown in Fig.5.3

Figure 5.3:Example of a probably good neurite for a hypoosmotic shopkrment. The neurite
is straight and uniform, well attached between two cell lbsdat a considerable height above
the substrate.

5.5.3 Image analysis

The volume and area of the neurites are analysed from thedet@nages using an edge detec-
tion program which we developed using Matlab programmimglsge. Edge detection using
a threshold for intensity is unreliable due to the “halo efffpresent in phase-contrast images
(see Fig.5.4(A)) and also due to the dependence on the iation intensity. To avoid such
complications, the edge is estimated by detecting the lmeaima in the gradient of intensity.
Complications in finding the edge arise mainly because ofdivey” nature of the experi-
ments. The constant flow removes weak or dead cells from tifi@ceuand pushes them around;
often this “junk” passes by the neurite during the experitm&he presence of these extra edges
difficults finding the right one. Moreover, neurites ofterv@arregular regions where the edge
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changes abruptly. The following procedure was used. In teeffame of the sequence, the user
locates the axon by drawing a spline over the image. Thikexntas an initial condition for the
edge-finding algorithm. The algorithm then analyses eatlmuo in the image independently,
looking along they direction for the position where the intensity gradient eximal. Since this
works on a column-basis, in the image the axon must be rougidyted in the perpendicular
x-direction. This is easily accomplished by placing the cana¢ the right angle during the exper-
iment. Finding the gradient maxima is done in two steps. éfitlst step, the derivative along the
y-direction,d, I, is maximised. The advantage is that the two neurite edgebedrivially dis-
tinguished: one is an absolute maximum, the other one arabsoinimum. In contrast, when
looking at the norm of the gradient, one edge is a global- lheitather one docal-maximum.

A bonus is that pieces of junk floating near a given axon edgeadonterfere much, as their
nearest edge has an opposite sign. These maxima are theratakatial conditions for a new
search, this time maximising the absolute value of the erdj/(0.1)> + (9,1)? in a steepest-
ascent way. An example of the intensity profile across theitgecross-section is illustrated in
Fig.5.4(B). Once the edge is found, volume and apparenaceifirea are computed assuming
axial symmetry for the neurite shape. This should be a gopdoapmation for straight neurites
which are attached only at the two extremities. The edgeeis tised as the initial condition for
the next frame.

As will be discussed in the next chapter, we trigger perigmidstaltic modulations of the
neurite shape in our experiments. It is interesting to attarese the modes present and their
growth rates, for which we undertook Fourier-analyses ef nleurite shapes. This was not
entirely straightforward. Due to the extreme aspect ratioeurites, a compromise must be
found between resolution and total length measured. In wests, this implied recording a
total of about 6—7 waves. The total length sampled is givethieymagnification and camera
size and hence bears no relation with the dominant wavdiengtandard algorithms for dis-
crete Fourier transforms receive a N-uple as input and metue modes at the wavenumbers
k/2mr =0,1/N,2/N, 3/N, .... Therefore a problem arises when the fine structure of the-spe
trum is of the order of the separation between the calculatedes. In particular, the dominant
modek, may be located between the calculated modes, efg, @r = 6.5/N. As a way out,
we decided to analyse slightly smaller regions. One migbbskN’ so that6/N’ = 6.5/N,
which amounts taV’ = N 12/13. This entails of course a loss of exactitude as one is now dis-
cardingl/13 of the data. We did aN’-sweep”, taking ratiosV’' /N betweenl6/17 ~ 0.84 and
1. As a control, for eactV’ value we did two analysis; one removing from the left, anotre
from the right. The difference between the two gives an ideheerror made by discarding the
end regions.
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Figure 5.4:Finding the edge of the axorA: image of the neurite. The peristaltic modulation
is the “pearling” instability, which will be discussed in énext chapter. The edge found by the
algorithm is coloured black. For clarity, only a small pasti in the middle was analysedB:
Cross-section of the axo@pen circles: profile of the intensity. Asterisks: absolute value of
the intensity gradient/(9,.1)? + (9,1)2. Broken line: derivatived, .
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Chapter 6

Results and discussion

After a dilution of the extracellular medium neurites ialty swell. If the dilution is strong and
fast enough, a standing peristaltic modulation sets irer4ftime of the order of 100 seconds, the
neurite volume reaches a maximum and relaxes back to iialin#lue; with similar timescales
the amplitude of the modulation reaches a maximum and rekaxeero. Fig.6.1 shows a typical
response. The study of these phenomena lends itself to eatiepan two aspects. On one hand,
the shape instability can be successfully explained withegarding all details of the evolution
in time of the volume. On the other hand, the hypoosmotic lslieggers a volume regulation
process which recovers the intial volume regardless ofesbbhpnges. We take advantage of this
natural separation for the presentation of results.

P
A
— w——

‘“-' - - =

Figure 6.1: Neurite response after a hypoosmotic shock, at times 0 s, 80 s, 120 s. The
neurite swells and the peristaltic modulation sets in. Bailume and modulation relax.

95
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6.1 Volume regulation : Results

The response of the neurite volume to hypoosmotic shockgkdyhreproducible in its main
features. After a dilution of the extracellular medium fr@m initial total solute concentration
C ~ 300 mM to a lower valueDC, neurites swell. The volumg increases from its initial value
until it reaches a maximum. If the shock is strong enoufh< 0.8), the volume relaxes back
close to the initial value in a roughly exponential fashi@mce the volume has stabilized and the
neurite has adapted to the new conditions, one may perfolypetsmotic shock by switching
the extracellular osmolarity back to its original value eTlesponse is essentially the same, only
“inverted”: the neurite shrinks, the volume reaches a mimmand then increases back to the
initial value. Both responses have timescales of similagmtade. Fig.6.2 shows two typical
experiments.

In order to describe the evolution in time of the volume werdethe following variables.
The main variables are the volume per unit lenigtthenceforth simply called “volume”) and the
area per unitlengti (similarly called “area”). A neurite has an initial volurivg. The initial rate
of change of the voluméy,, is the magnitude from which we estimate the water permigabil
Often an initial acceleration phase is seen in the voluméutien; only afterwards the rat&
stabilises. This value is taken as initial slope (see F8).After reaching a maximum volume
Vi, the volume relaxes back to a final voluiiig close to its initial valué/. This often, but
not always, takes place in a roughly exponential fashiofinishg the relaxation timey,. These
variables are ill-defined, as often a slow, erratic “driff’tbe volume is seen after relaxation,
which complicates measuring.. Once the neurite stabilizes at the lower external osntglari
DC, a hyperosmotic shock is performed by switching back thgimai medium. The neurite
then shrinks, the volume reaches a minimum which we will a&lalb V;,, and then increases
close to the initial volume. A shrinking rate and relaxattone are defined analogously to the
swelling experiment.

Figure 6.2:VolumeV, area A, and pearling parametet/V /A (relative to their initial val-
ues) as a function of time. The parametéV /A indicates any deviations from the cylindrical
geometry.A: Experiment performed at temperature°86 dilution D = 0.7. A hypo: hypoos-
motic shock. The external solute concentration is changed € to DC. The neurite swells
and relaxes to a higher value. Sing&//A does not change significantly, the shape remains
cylindrical throughout A hyper: hyperosmotic shock on the same neurite, induced by reglacin
the original medium; the external solute concentrationraes fromDC to C. B: Experiment
performed at temperature 16, dilution D = 0.8. Notice the different time scaleB.hypo: hy-
poosmotic shock. The external solute concentration isgbdifromC to DC. The neurite swells
but does not relax. This behaviour is observed often at mildidns D < 0.8. As indicated by
the change in/V /A, significant shape change (“pearling”) was induced in spifethe dilution
being mild. This is due to the low temperature. Notice thatdilindrical shape is recovered
though the volume and area stay respectively 20% and 10%ehighese shape transformations
are addressed in detail later in the chapt®&.hyper: hyperosmotic shock on the same neurite,
induced by replacing the original medium; the external s®lkconcentration changes fromC
to C. No deviation from the cylindrical geometry is observed.
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Figure 6.3:Swelling and relaxation after a hypoosmotic shock perfataetimet = 0. Nor-
malised volumé//V; as a function of time for different conditiond)? = 50%, temp. 36C
(black line), D = 70%, temp. 36C (shaded circle$, D = 70%, temp. 15C (open diamonds.
Each curve is a different neurite. The shaded region is whteee'initial” swelling rate V; is
measured, by fitting a linear function. The maximum volurteeregd isV,,;, and the minimum is
V.n. The bright curves are fits to exponential functions, gitimgrelaxation time-,. Notice the
similar swelling rates for all curves, the strong undershobthe volume aD = 50%, and the
much slower kinetics at the low temperature. These are akgd trends of the volume response.

The variables/y, Vi, Vi, 7v, Vi characterising the evolution in time of the voluriteare
studied as a function of the extracellular concentrafighand temperaturé.

Water permeability Ly,

The increase in volume following an hypoosmotic shock is wutle influx of water driven by
the initial osmolarity difference across the membrane. idsubsed in chapter 5, this flow should
be given byV = AoLw (ALl — Ap). At the beginning of the swelling phase one may expect
(43) hydrostatic pressures to be negligible, and the osnpoéissure difference to be given by
AlIl = RTC(1 — D). Estimation of the water permeability of the membrane igightforward
under these assumptions. We caIcuI%ﬁ;éAo and look at it as a function of the initial osmotic
pressure differencHy(1 — D), as shown in Fig.6.4 for temperatures 33236

Under the aforementioned assumptions, one expects arstliaig for theV, /Ay ( AT ) de-
pendence shown in Fig.6.4. This is not the case. Interdgtiagstronger shocks neurites do
not swell much faster. Because of this nonlinearity, in otdeestimate a water permeability
we take the values at mild shockB (= 70%): Ly = VDZ?O%/(AO 0.311y). This procedure is
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only meant to give an order of magnitude estimate. In this waycalculate an effective water
permeability Ly, for different temperatures, as shown in the inset. The tigoes in the ex-
pected directionfy, increasing with!". The change with temperature is feeble, about a factor
of 2 within 20 K. Below we show that the relaxation timg changes a factor of 10 in the same
range of temperatures. Instead®f, in the literature one often finds the permeability paramete
P = RT6w Ly, wheredy, is the molar density of water (1 mol/ 18 (cthand RT6y, ~ 140
MPa. Our results giv&€y, of the order of 10 nm/(MPa.s), which correspond$te- 1.4 um/s.
According to the literature, biological cells as well asdip membranes are as a rule 1-2 orders
of magnitude more permeable (157, 168, 181, 182), evenladfiekage of water channels (183).
Later in the chapter, it will be argued that the apparentlydopermeability of neurites is due to
significant hydrostatic pressures already present at thaliswelling phase.
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Figure 6.4:Initial swelling speed (volume per unit time per unit area)eefunction of the osmotic
pressure difference, for temperaturés — 36°C'. The shaded region is a guide to the eye, an
Akima spline going through the averages standard deviation. Inset : water permeability,

as a function of inverse temperature. Thg values have been estimated from the vaIu‘émo

for D =0.7.
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Maximum volume V),

The maximum volumé/, is to a good approximation proportional to the inital voluirg as
Fig.6.5 shows. This also holds for the minimum volume durshginking. Thus we regard
the relative maximum volum&), /V}, to do away with the dependence on the initial size. The
relative maximum does not depend significantly on the teatpez. Not surprisingly, itincreases
with the initial osmotic pressure differened], as seen in Fig.6.6.

The plot shows the data along with curves corresponding tiegteosmometer behaviour.
The latter corresponds to a membrane which neither allowkeikage nor develops hydrostatic
pressures. The volume must then increase until osmotisyres are balanced, according to the
equation(Vy — V)/(V — V) = D. The dead volumé,, represents non-cytosolic internal
volume, comprised mostly of proteins. Mammal cells havelenaverage a cytosolic protein
concentration ofv 20% (5). A reasonable value for PC12 neurited/is ~ 25% V},, accord-
ing to electron microscopy studies (153). The volume apgresal/,, only at infinite external
osmolaritiesD = co. The shaded regions correspondta> V;/D for dilutions (D < 1) and
to V' < Vy/D for reverse dilutionsp) > 1). Were the volume to go into the shaded regions,
one would wonder where the driving force comes from or whatrsng with the experiment;

3.5 T T T T | T | T
80% *
70% = x

_ R hyperosmotic |
50% 2% shocks _ x

X X

— V,,/V,=153]]
¢ D50% L
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¢ D1/50%
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Figure 6.5:Maximum volumé’,, as a function of initial voluméj. For reverse dilutiond/,, is
actually the minimum volume attained.
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Figure 6.6:Main plot : Maximum relative volumé&,,/V; as a function of the osmotic pressure
differenceAll, for all temperatures. The broken line is a guide to the egeresponding to an
Akima spline going through the average values. Curves spording to perfect osmometers
with dead volumes of 0 (solid line) ard% (dotted line) are shown. The shaded regions corre-
spond toV' > V,/D for D < 1, and toV < V,/D for D > 1. Inset: Timet,, — t, taken to
reach the maximum volum@, as a function ofl /D.

fortunately, this is not the case. Up to 70% shocks, neubtsmve as osmometers with rea-
sonable values for the dead volume, indicating that netftlydrostatic pressure has arisen nor
significant ion flow has taken place during the swelling ph&¢strong shocks (50%), however,
neurites are no longer osmometers; they do not swell as naitties could. This indicates that
either ion leakage takes place during the swelling phasthatavhen the maximum is reached
All < (1 — D) II,, or that hydrostatic pressure arisésy > 0. That relaxation mechanisms
show up at high shocks cannot be due to a time effect, sindintleeelapsed until” reaches its
maximumV/), is essentially independent of the external osmolaritysTan be seen in the inset
in Fig.6.6, which shows the timig, — ¢, to reach the maximum volume.
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Volume relaxation

The exponential relaxation time- is not a well defined parameter, as departures from a simple
exponential relaxation are quite common. At very mild siso(#0%), there is often no relax-
ation at all. At 50% shocks, often undershoot and recovezyobserved. FIG Moreover, after
the relaxation phase the volume only rarely stays constiaaglly it displays a slow drift, which
complicates measuring the characteristic time. All thesmplications may explain the large
scatter in the data. However, since these departures frponextial relaxation are not system-
atic and cannot be addressed by fitting to something faneierstay with exponentials. The
time 7, so obtained is good enough to reveal a strong temperatuendepce, shown in the
Arrhenius-plot in Fig.6.7. The dashed line is an Arrherliks-equationr o 1/k ent, where

k is the rate constant of a hypothetical thermally-activgieatess (1, 184). Though not perfect,
the relaxation time does follow approximately an Arrhertiteshd, most likely indicating a major
role for ion- or water-channels. From simple theoreticaisiderations, we do not expect exactly
T « 1/k; even for the very simple elastic 1-ion model suggested (&3 the relaxation time
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Figure 6.7:Relaxation time as a function of inverse temperature 1/Ta gside to the eye, the
open diamonds show average values and the e grey region gigesspective standard deviations.
Dashed line : least squares fit to the formx e =7 .



6.1. VOLUME REGULATION : RESULTS 103

is a more complicated function of the ion permeability, whanly becomes  1/k as a limit
whenLy, — oo. The effective activation energy from the fitAsG ~ 33RT, a typical order of
magnitude in biological systems.

Final volume V,,,

Neurites sometimes “undershoot” when they relax after@idih, i.e. the minimum volumg,

is significantly lower than the initial volumg,. At high temperatures this effect correlates with
the osmotic pressure difference. At very weak shocks (8@%gn no volume recovery is seen
at all, so that;,, > V4. At higher dilutions (50 %), the volume often goes beyondiiginal
value. This can be seen in Fig.6.8.
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Figure 6.8: Minimum volumel/,, post-relaxation as function of the dilutioP, for tempera-
tures 30—36C. The shaded region corresponds to “undershoots”, whesgestiilume relaxes after
swelling beyond its initial value.
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Swelling versus shrinking

The water permeabilitLy, is independent of the flow direction. On the average, oneimmbta
the same value from a swelling experiment as from a shrinkimg This is not the case for

the relaxation time. Though it is particularly difficult toemsure relaxation times from the
hyperosmotic shocks, Fig.6.9 shows clearly that recogeiriom a reverse dilution takes 2—-3
times longer. This suggests that the swelling rate is domathby symmetric phenomena, such
as permeation through the membrane or cytoskeleton-doikietion, whereas the relaxation

mechanisms change according to the type of shock.
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Figure 6.9:Histograms of shrinking/swelling quotients. Shrinkinggding ratio of relaxation
timesr,, /7> (open boxe$. Shrinking/swelling ratio of permeabilities;;, / £;;, (shaded boxep
On the average, the permeabilities are independent of tive dlicection, whereas relaxation
times after a hyperosmotic shock ate2 times longer than after hypoosmotic shocks.

6.1.1 Volume regulation under cytoskeleton disruption

In order to assess the role of the cytoskeleton, we treaiteswvith specific disrupting drugs and
then apply a hypoosmotic shock. Except in the case of the imymbscking drug Blebbistatin
(BLE) (147), this is not a straightforward procedure, askeleton disruption itself leads to
pearling. Both actin disruption by Latrunculin-A (LAT) (&) and microtubule disruption by
Nocodazole (NOC) (119) induce in neurites strong, irrebéegeristaltic modulations. At this
stage, one knows for sure that cytoskeleton disruptiondiantplace, but experiments become
difficult to perform due to increased neurite fragility. &tgly pearled neurites are moreover
difficult to analyze. Therefore we chose to let the drug acaffew minutes until an effect could
be observed, but before significant pearling developecdedrtase of LAT treatment this usually
meant “floppiness” of the axon, whereas for NOC we waited e first varicosities to show
up. In this way we could perform experiments on neuritesdtike to the cylindrical geometry.
With Blebbistatin there is no difficulty, as it does not indugearling. To ensure its effect we
previously incubated neurites &t° for about 1 hour at a very high concentration (8@, where

its half-effect concentratiof’s, is ~ 2 uM). All drugs were present both in the normal and in
the diluted medium.
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In order to dissolve the drugs in the culture medium, additibdimethylsulfoxide (DMSO)
is required. This is risky as DMSO itself has a myriad of effean water and ion channels
(183). Thus, as a control we also performed experimentsdesguce of DMSO 0.5%, equal to
the highest DMSO concentration in any of the drug experisient

In presence of LAT neurites lose all their connections togtbstrate and become slack,
shown by an increase in tortuosity and larger lateral flugina. In these conditions strong
hypoosmotic shocks almost always make neurites detaclehviihiits these experiments to di-
lutions up toD = 70%.

Faster swelling under drugs

The strongest effect of drugs in the time-evolution of thiiwte concerns the swelling rate. This
effect is seen most clearly at 50% dilutions. The initial Bing speed/, /4, increases markedly
after blebbistatin and nocodazol treatment. As shown irﬁleg%/AHo is not independent of
All,, contradicting our idea thadt, = A, £y All, holds during the initial swelling phase. To
that we can now add that microtubule or myosin disruptiondased’, /4, noticeably.
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Figure 6.10:Swelling spee(%/Ao as a function of the initial osmotic pressure differesH,,
for temperatures3 — 36°C'. The grey region is a guide to the eye, corresponding to tperéx
ments without drugs shown in Fig.6.4. Data for all drugs iswh as meat#t2 S.E., according
to the legend.
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Figure 6.11:Maximum volumé/,, as a function of initial volumé&/, at temperatures 30-3€.

Top : 50% dilutions. Shown are : experiments without drugpgn circles), DMSO 0.5 %
(shaded circle3, BLE 20uM (crosse$, and NOC 1Qug/ml (black diamonds). The dark region
corresponds td/,; /V, > 2, the theoretical maximum for a 50% dilutioinset : log-log plot
showing the distance to the theoretical maximai, — V), as a function off,. All lines are
least-squares fits t9 o« x. Bottom : 70% dilutions. From left to right : treatment with LAT

1 pug/ml, BLE 20uM, NOC 10ug/ml. The data for DMSO 0.5% is shown for comparison. The
lines are the fit to the DMSO data.
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Nocodazol increases swelling

A slight increase in the degree of swelling after a 50% shedkduced by nocodazol treatment,
as shown in Fig.6.11. The lines are fits forced to go througlotigin. Neither BLE-treatment
nor DMSO alone have a significant effect on the maximum volwvieereas microtubule dis-
ruption increases the average swelling from 53% to 71%. iBhi®t a small amount, as it has
to be compared to its upper bound 100% corresponding to themeter value. The “forbbiden
region”V,,/Vy > 2 is shaded gray in the plot. As shown in the lower half of Fifjlé nocodazol
does not affect’y;/V; at milder shocks (70%). Fig.6.12 shows that the perfect oseter be-
havior which normally holds untiD = 70% is extended by nocodazol up to 50% dilutions. This
indicates that microtubule integrity is essential for tagulatory processes taking place during
swelling.
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Figure 6.12:Maximum relative volum&),/V; as a function of the osmotic pressure difference
AlI, for all temperatures. The broken line is a guide to the eyperesponding to an Akima
spline going through the average values. Curves corresipgrtd perfect osmometers with dead
volumes of 0 (solid line) an@d5% (dotted line) are shown. The shaded region correspond to
V > V,y/D. This is the same data as in Fig.6.6, but only for< 1 and with the addition of the
NOC experiments.
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Figure 6.13:Relaxation timer, for different drug treatments, at temperatures 30236Dark
bars : 50% dilutions. Light bars : 70% dilutions. Data is shoas meant-2 S.E.

Volume relaxation is still there

The most important result gained with drug-experimentbas tytoskeleton disruption does not
abolish the relaxation phase. The relaxation timm@&oes not become longer under cytoskeleton
disruption. In fact, a small but significant decrease is plexk as Fig.6.13 shows.

Moreover, neither myosin-1l blocking nor actin or microté disruption prevents the vol-
ume from fully relaxing back to its initial value. Fig.6.1A@wvs the minimum volumg,,, minus
the initial onel, for all drugs and dilutions 50%-70%. The tendency to undesafter a strong
shock is seen to remain after all drug treatments. Thisgalath the absence of an increase in
Tv, IS strongly against our previous ideas of the cytoskelgmmviding the driving force for
relaxation (43).
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Figure 6.14:Minimum volume post-relaxatioli,, minus the initial volumé/, at temperatures
33-36°C. On the left are 50% dilutions, on the right 70% dilutions gidve values correspond
to undershoots : after relaxation the neurite volume godsewds intial value. Concentrations:
DMSO : 0.5%, BLE : 2Q:M, NOC : 10ug/ml, LAT : 1ug/ml. Data is shown as meah2 S.E.
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6.2 Pearling instability

When the hypoosmotic shock is strong enough, typicallyor 70% at temperatures in the
range 30-38C, a periodic peristaltic modulation sets in, grows witha#jor changes in wave-
length and eventually dies out. The following importantéeas always hold:

e The modulation sets in only when the neurgeells in a hypoosmotic shock experi-
ment. Performing a hyperosmotic shock always induceslehgnbut never a cylindrical-
peristaltic transition.

e The modulation sets in only at strong shocks. When done il steps, the extracellular
medium can be diluted to pure water without shape alteratidg).

e The modulation is never observed in a hyperosmotic shocknwitreasingthe extracel-
lular osmolarity.

e During swelling, initially floppy and slack neurites becosteaight and tense. The mod-
ulation sets in precisely as the neurite straightens up. hasmodulation vanishes, the
neurite recovers its floppyness.

e The modulationis very periodic. The wavelength dependsemddius, in a roughly linear
fashion. Typical wavenumbegsrry/\ are in the range 0.3—-0.5. Modes beyond the range
0.2—0.7 are never seen for the observed range of radii A.4+1..

e Where a change in the dominant mode is observed, it is alwaya@sening evolution:
longer wavelengths overtake shorter ones.

Cylinder-peristaltic shape transformations have beeemes in membrane tubes, triggered by
application of laser tweezers (44, 174). They have beenesstdly explained as shape insta-
bilities triggered by membrane tension, the dominant wawdrer corresponding to the fastest
growing mode in the linear regime (176). The results prexkhtre support a similar expla-

nation in axons. The fact that only fast, strong swellingddrs the modulation, as well as
the straightening and decrease in floppynes, are evideocesethanical tension as the driving
force. The observation of coarsening confirms that thealhytdominant mode is not more stable
than others with longer wavelengths — it just grew fastaralty, similar values for the dominant

wavenumbers are observed. Fig.6.15 intends to conveyiaddel the situation in neurites.
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Figure 6.15:Neurite response after a strong hypoosmotic shock at timé) s. The neurite on
the top shows strong pearling and relaxation. Once the agiax is over, the neurite becomes
tortuous and thin hair-like protusions grow out. The neaivolume “undershoots” below its
initial value. The neurite on the bottom is already irreguia begin with. The biggest varicosity
can be seen to swell, round up, and simultaneously move tswhe right. An example of
merging of two varicosities into one can also be seen. Thistiates the presence of tension in
the membrane.
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Figure 6.16:Fourier spectrum of a neurite shape for different timésiages: Images of the
neurite attimes 0 s, 12 s, 24 s. The neurite diameter ism. Plot: Spectra of the neurites
shown in the imagednset: Amplitude of the dominant mode as a function of time.
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In order to characterise the dominant modes at the onsetahstability, we took discrete
Fourier transforms of the radius of the neurite. With thecpdure discussed in chapter 5, the
dominant wavenumber can be found with an accuracy df0%. In most cases, the spectrum
shows a well-defined fastest mode. Fig.6.16 shows an exar8plaetimes coarsening is seen;
the dominant mode in the spectrum slows down and is overthiean initially slower mode
with a longer wavelength. An example is given in Fig.6.17afSening does not takes place in a
“continuous” fashion, by a smooth translation of the speutrrather, an already-present mode
with a smaller wavenumber increases in amplitude until iolates. Sometimes coarsening
occures in a spatially local fashion as two varicositiesiply merge into one, as shown before

in Fig.6.15.
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Figure 6.17:Example of coarseningj: Fourier spectra of neurite shape attimes 8 s, 18 s, 28 s.
The medium is diluted &t= 14 s. B: Fourier spectrum at = 60 s. At this late stage, the initially
dominant mode at = 0.74 um~! relaxes and a lower mode &t= 0.27 um~! takes over.C:
Evolution of the two main modés= 0.74/um, k = 0.27/um: amplitude m) as a function of
time. The shaded areas indicate the times 8, 18, 28, 60 sssmonding to the spectra shown in

A, B.
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6.2.1 Effect of drugs

The dominant wavelength depends on the initial size of theitee As with most size de-
pendences, the small range and large scatter complicatadiadfunctional form. Based on
previous data indicating that the wavelength dependsdynea the initial radiusry (43), we
take the adimensional wavenumbiey, to characterise the peristaltic modulation. The adimen-
sional wavenumbekr, does not depend significantly on the dilution. Fig.6.18 shéw for
different drug treatments. Though the effect is in genexabfe, one may say that cytoskeleton
perturbation increases the wavenumber.
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Figure 6.18:Dimensionless wavenumbér, for different drug treatments. Both 50% and 70%
dilutions are averaged together. Data is shown as mears.E.

The total extent of pearling is best quantified by the maxinvaine of the pearling param-
eterv/V /A, which takes into account all modes present. Fig.6.19 shibfes different drug
treatments. Here, the effect of the drugs is clear. Microlildisruption in particular is seen to
cause very strong pearling.

6.2.2 Area-pearling decoupling

The instability is seemingly triggered by a tension of etasature, due to the membrane stretch
induced by the swelling. Unexpectedly, on the average temlnility relaxes well before the
volume and the area do. This can be seen in the experimennshadwg.6.20, where several
reproducible features are present. The modulation setslynafter the volume and area change
by a finite amount. On the average, this occurs at a relatisagd in area of 10%. The area
reaches a maximum valuk,, /A, ~ 25%, a high value compared to the tensile strength of lipid
bilayers, which rupture beyond 4-5% area change. Finaéynodulation vanishes well before
the area and volume do; typically, when= Ay+0.8( A, — Ap), i.e. the area has barely relaxed.
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Figure 6.19: Maximum value of the pearling parametey'V /A)yax minus its initial value
v Vo/ Ao, for different drug treatments. Microtubule disruptiorsisen to have a strong effect on
the extent of pearling.
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Figure 6.20:Relative volumé’/V;, areaA/A,, and normalized degree of pearling/7V /A as

a function of time. Control experiment performed in pregeat DMSO, at 30 dilution D =
50%. The shaded region corresponds to the peristaltic-riadidun geometry, where the pearling
parameter2\/7V /A deviates from 1. It can be seen that the cylindrical shapedsvered well
beforeV” and A have relaxed. Notice also the strong undershoot after ed¢lar both ofl” and
A.
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6.3 Discussion

6.3.1 Pearling instability

Shape instabilities driven by surface tension have beewhrfor a long time, beginning with
the Rayleigh-Plateau instability in liquid jets (177, 183h membrane tubes the situation is
slightly different. Interfacial tension is not significanére; rather, one has an elastic tension
arising out of membrane stretching, with enthalpic as weleatropic components (44, 174).
Most important is the bending modulus of the membrane, wsiighilises the cylindrical shape.
Thus, the instability sets in only above a threshold ten§d@h). In biological systems, one may
expect a much stronger stabilising effect due to the cyletiegel connected to the membrane.
This was demonstrated in Ref.(45), where pearling couldhbdeded by actin disruption with
Latrunculin-A.

Given this framework, the peristaltic modulation triggetey the hypoosmotic shock most
likely obeys a similar mechanism. In this case the tensiearty arises out of membrane stretch-
ing due to neurite swelling. According to the detailed aselyof pearling in presence of the
cytoskeletal gel undertaken in Ref.(43), the growth rat¢hef fastest mode increases steeply
near the critical tension. Using realistic values for ciktdstal elasticity, the critical tension is
v ~ 3x1073 N/m, and the critical wavenumbérr, ~ 0.2. One can estimate how much the
membrane should be stretched to reach this tension. Lipitdigers as well as cell membranes
(166, 186) have area stretch moduli of the order of 0.4 N/nthaba relative area change of 1%
would be necessary to trigger pearling. The observed value 10%. Given the uncertainty
in the measurement as well as in the precise values of cyatakstiffness, the agreement is
reasonable. In any case, as discussed below we believéoadditmaterial to the membrane
to take place, so the real stretch should be lower than itarappvalue. At very high tensions,
the theoretical wavenumber approaches a maximum,— 0.65, corresponding to an incom-
pressible tube with vanishing elasticity (43, 176). Theesled wavenumbersr, lie in the
range 0.3-0.5, well within the theoretical range 0.2— Osb®wing cytoskeletal elasticity to be
important in stabilising the neurite.

If the instability is indeed driven by a stretching-indudadrease in membrane tension, it
comes as a surprise that the pearling amplitude fully reladeen the apparent area is still 10—
20% larger than its initial value, as shown in Fig.6.20. Th&ural explanation is that material
is added to the membrane as a response to the increasecdteis$is also explains the fact
that relative changes in apparent area typically reach 208€reas membranes are known to
break beyond 4-5% (see Ref.(186) and references therdiig.eXtra material may come from
intracellular stores via vesicle fusion. This is a reastaalpothesis, since membrane addition
in response to increased tension is a general feature obhamd plant cells (186). An alternative
explanation is a change in apparent area via unfolding of lonane ruffles. This mechanism
allows cells such as blood granulocytes to increase thparant surface area by 100% (187).
We find this however unlikely, since electron microscopyveh®C12 neurites to have a rather
smooth membrane, without invaginations (188). Finally,a@anot rule out the possibility of
membrane flowing in from the ends of the neurite.

Based on the theoretical analysis in Ref.(43) and againgekistretch modulus of 0.4 N/m, a
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fastest wavenumbérr, = 0.6 corresponds to an area stretch~oB8%. Therefore, our picture is
consistent; the tension corresponding to the highest wavenumbers observed is hehpeigh
to break the membrane, but almost.

If a hydrostatic pressure difference is present, and thesggietal gel is firmly connected
to the membrane, adding area to the membrane will not loweterision unless the gel also
expands. Therefore a plastic flow process must also be tglawg in the cytoskeletal gel,
analogous to the uncoupling between apparent area andienghe membrane. Unlike in the
latter case where we expect addition of material to be thenlyidg mechanism, the decoupling
between gel volume and tension most likely involves slidihgonnections between cytoskeletal
filaments.

6.3.2 A pearling mechanism which does not work

If one neglects lateral flow in the continuity equation 5.8 amly regards permeation through
the membrane, the following dispersion relation can be doun
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This is a very unlikely explanation for the pearling instai Taking 10 nm/(MPa.s) foCy, as
estimated from the initial swelling, a radiug = 0.5 um and an almost-lytic membrane tension
1072 N/m (186), the timescale for the instability growth1i8® s, 4 orders of magnitude slower
than observed. Moreover, the dispersion relation givestesamode with infinite wavelength,
in disagreement with the measured values.

6.3.3 Volume Regulation

It was the interpretation of the peristaltic modulation aseanbrane-tension triggered instability
what motivated our study of the volume regulation proce$® dccurence of the pearling insta-
bility indicates that significant hydrostatic pressures ba sustained by the membrane for long
times; roughly simultaneously, the neurite volume releba&sk to its initial value. The question
arises immediately: do these pressures play a role in voieméation? As discussed in Chapter
5, the idea has been around for some time, but up to date theoeciear experimental evidence.
A remarkable observation is that the swelling rate does hahge significantly between
70% and 50% dilutions (see Fig.6.4). Moreover, microtuldigeuption dramatically increases
the swelling rate at 50%, yet barely at 70%. These resulteatel that the initial swelling
phase does not obéy, = A,L,, All,. It seems likely that significant hydrostatic pressures are
present already at this early stage, in agreement with thdipg amplitude being stronger at
D = 50%. Thus, at stronger shocks the tension in the membrane musgbi&icantly higher,
though the swelling rate does not change much. But therisifehsion is of purely elastic nature,
i.e. given solely by the extent of deformation of the cytdsta gel, why should it be higher?
Though we do not have direct evidence, it is tempting to r@tas as reflecting rate-independent
plasticity. As discussed above, the fact that pearling<edavell before the volume indicates that
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plastic flow takes place. One may speculate that the plastimsate of the neurite cytoskeleton
depends only weakly on stress, and that this plastic flowga®determines the swelling rafg
This would explain the observed facts: at= 50% tensions are higher, resulting in stronger
pearling, but the swelling rate does not change signifigantl

Since atD = 50% the neurite does not reach maximum swelling in a signifigastiorter
time than atD = 70%, it is surprising to see deviations from the osmometer bieliawonly
at D = 50%, as shown in Fig.6.6. If the response mechanisms do not have time to act,
what stops the swelling? That the neurite senses the eltdaceosmolarity seems unlikely.
Based on the previous discussion, we suggest that hydogstassure builds up at strong shocks
and balances the osmaotic pressure difference. Accordiafigr microtubule disruption neurites
swell as much as perfect osmometerdat= 50%. Similar results have been reported in red
blood cells: cell swelling increases after disruption a¢ 8pectrin-actin network, approaching
perfect osmometer behaviour (172).

At strong shocks, a clear difference is seen between themssp to hypo- and hyperosmotic
shocks. After hypoosmotic swelling, volume relaxationastfand often “undershoot” of the
volume is observed, whereas after hyperosmotic shrinkiegzblume relaxation time, is 2—

3 times larger and “overshoot” is infrequent. It may be spegted that the high membrane
tensions atD = 50% open up mechanosensitive channels, triggering more exéeregulatory
mechanisms (148, 149).

Thus, hydrostatic pressures do seem to play a role in thenekvolution during the initial
swelling phase. During the subsequent relaxation, how#wey are irrelevant. This can already
be suspected from the fact that pearling amplitude ofteaxes well before volume regulation
is over. More conclusive are the results from the cytoskelgerturbation experiments. Neither
the volume relaxation time, becomes longer nor the final voluriig — Vj, increases under the
influence of drugs. The trend is in fact in the opposite dioggtr,, shortening slightly. The
drugs undoubtedly have an effect on the neurites, as thegase markedly the swelling speed
Vi /Ao; moreover, as described above, the degree of pearling haswble wavenumber increase.
The effect on the pearling instability is particularly ned@t, as they strongly indicate a reduction
in the elasticity of the cytoskeletal gel.

As a function of the precise drug treatment, good agreersesgen between the volume and
the pearling response. Microtubule disruption always hadargest effect. According to Cornet
et al, volume regulation in round PC12 cells is not affected byrotigbule disruption (161). This
agrees with our hypothesis of a mechanical role for micnaliubince these are organised very
differently in round cells and neurites. In the latter, tHmindle structure may provide a rigid
scaffold opposing swelling. Moreover, electron microgcopservations of the ultrastructure of
stretch-beaded nerves (189) show microtubules to be splayein the beads, suggesting that
they are firmly connected to the membrane. The biochemidar@af this connection is at
present not known. According to our results, treatment Wétrunculin-A or blebbistatin does
not have such a strong effect on swelling or pearling as remaldreatment, suggesting that the
actin cortex is not the link between microtubuli and membran
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6.4 Outlook

The strong effects of microtubule disruption both in the livwg and in the pearling response
beg for thorough study. Our results suggest that the effenbocodazol on swelling is due to
hydrostatic pressures balanced by plastic flow of the mitnde array. An easy way of studying
this is to observe the effect of nocodazol on hyperosmotiacist, since no significant mem-
brane tension arises when the neurite shrinks. If the effie’sbcodazol is symmetric, affecting
the shrinking- as much as the swelling rate, then the ideaoisgly wrong. Also interesting

would be to study swelling of neurites fixed at a low conceidreof glutaraldehyde. If fixation

precludes plastic behaviour, the swelling phase shouldgdhaignificantly. A complementary
experiment would be to study volume regulation on round P€&lIB, e.g. by holding them with

a laser tweezer as in Ref.(168).

These results suggest that tension in the membrane trigdass, strong ion efflux responsi-
ble for RVD. It is tempting to speculate on stretch-actida®z " channels behind this response.
It would be therefore interesting to do strong hypoosmadtiack in absence of extracellular
Ca*, and see whether fast volume undershoot still takes pladternatively, one may block
calcium channels with Gadolinium (150, 151).

A so far unexplored parameter is the dilution rate. Systenexiperiments varying the dilu-
tion rate may shed light both on pearling and on volume reguda In particular, it may help
distinguish stretch-sensors from concentration-sen#fdise strong volume relaxation responses
seen atD = 0.5 are indeed triggered by stretch-activated channels, tiynghould be absent
when the external osmolarity is slowly taken to zero, withimglucing pearling. Setting up a
mixing chamber to perform such an experiment should be tealystraightforward.
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Appendix A

Visualising the confined cytoskeleton

Fibroblasts often respond to the presence of two fibronec@ted walls by spreading symmet-
rically between them. Under these conditions strong fodmselop and highly reproducible

mechanical behaviour can be observed. A typical concayeestyaically sets in. These we will

call “good cells” throughout. A major problem arises wheyirtg to visualise the cytoskele-

ton of good cells. The bulky, three-dimensional cell-mdlgeometry difficults the microscopic
visualisation of the cytoskeleton. The plethora of detséen in typical fluorescence pictures,
such as those shown in chapter 2, requires a flat, essemvallyimensional cell. Fig.A.1 shows

the kind of image obtained in the cell-pulling geometry. Dwlution analysis of the images
could not reveal any significant structure. In living GFRiacells the situation is worsened
by the GFP-actin monomers, which contribute to the fluomesibackground. Because of these
complications, alternative strategies had to be developed

Figure A.1:GFP-actin fibroblast between fibronectin coated micropate
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A.1 Watching from below

If one wants to come close to the 2-dimensional cells wherawth detail can be seen, yet hold
them between two coated walls, how to proceed? A simpleisaolig to squash a monolayer of
cells between two coated glass slides and observe them fetowbBy pressing on the cells,
one can lead them into a flat “pancake” geometry. We know froensingle-cell experiments
that their mechanical behaviour does not change significamtsuch conditions. By having
many cells between the slides, the measurement becomesmuuretefficient in comparison to
studying single cells between microplates. The difficidtigeeping the two slides parallel to each
other, a problem which also arises in the rheology experis@escribed in Appendix B. Here,
where no mechanical measurement is performed, simpletiGoduare available. Cells were
compressed between a slide and a lens with a large focahlendg cm. Since the curvature of
the lens is small, on a length scale~0f100 um the cells meet an essentially flat surface. This
has the advantage of not requiring any adjustment to oltdaireedesired parallelity between the
faces. The lense was mounted on a commercial micromangpuldie lense and slide are coated
with fibronectin by 1 hour exposure to a L@/ml solution in PBS. The cells are introduced in
the chamber, pressed with the lense and then left under essipn for 1 hour.

A.1.1 Fixation and staining procedure

We follow the protocol recommended by Small and coworke®9)(1191), increasing slightly
the incubation times because of the confined geometry. étissare done at room temperature.
The general washing medium is cytoskeleton buffer (CB)hwibmposition: glucose 5 mM,
HEPES 10 mM, EDTA 5 mM, 150 mM NacCl, 5 mM Mg&lpH 6.1. Cells are rinsed with CB,
then fixed with a mixture of 0.25 % glutaraldehyde, 0.5 % Tri®-100 in CB for 2 minutes,
rinsed with CB, fixed during 20 minutes in a 2.5 % glutaraldigin CB solution, washed once
again with CB and finally left in CB. Cells were stained withaRbidin-Rhodamine (Sigma-
Aldrich, St.Louis, MO, USA), following the procedures da#d in Ref. (190). After fixation,
in order to reduce free aldehyde groups cells were left fomir©in a freshly prepared solution
of sodium borohydride 0.5 g/l in phosphate buffer (PBS)ehftards the fixed and reduced cells
were washed with CB and stained for 20 min with a phalloidinelamine solution.

A.1.2 Results and Outlook

This geometry allows a better resolution. Phalloidin stajrreveals “clumps” of fluorescence
uniformly distributed over the substrate. Fig.A.2 shows&ample. An advantage of the setup
is that adhesion strength can be corroborated by shearngetts. Only those cells adhering on
both surfaces are deformed.

Lack of time precluded a thorough study of cytoskeletalcitrte in this geometry. A number
of important experiments remain to be done. Among them, biserwvation on living cells of the
development of focal contacts, or whether actin restriregucan be induced by stretching or
shearing the cells. The images should be improved by usinghéotop surface a flat glass
window instead of a lens. This can easily be done followirggglocedure outlined in Appendix
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Figure A.2: Fibroblasts adhering between two fibronectin-coated gkltes, observed from
below, stained for F-actin with rhodamine-phalloidin. et the “clumpy” distribution of fluo-
rescence.

B. An interesting possibility would be to combine this gedrpeavith total internal reflection
fluorescence microscopy, which may be done on the bottom hasven the top surface.

A.2 A pattern of walls

If the cytoskeleton is to be visualised at a high resolutiorgain information on the mesh size,
distance between crosslinks, bending of individual filateedegree of affinity, etc., one must
do electron microscopy. This requires fixing and mountirgydélls in the desired configuration.
Once the cells are mounted and cut in thin slices, the rest pginciple straightforward. The
crucial step is preparing the cells. For this, patternedsates were made where the cells could
adhere in the cell-pulling geometry. Particularly goodhed out to be long, tall wallsy 25 ym

tall, 10 um wide, separated by0 xm. When cells are placed on the pattern, most of them crawl
within a few minutes into the grooves, adopting shapes rkafdy similar to those typically
observed in the cell-pulling experiment. Since the groases~ 25 um deep, the cells never
reach the bottom and the topology is equivalent to that oe&periment.

Procedure

The pattern is made following a standard lithographic pdoce, by shining UV light through
a mask on a photoresist. To achieve high aspect ratios, tietine photoresist SU-8 50 (Mi-
crochem, Newton, MA, USA) was used. Coverslips were left iHalmanex Il 1% solution
overnight, rinsed with millipore water, cleaned with a ‘gnha” solution (50%dH,0,, 50%

H,SO,) for 10 minutes, rinsed with millipore water, left in milljgpe water for 10 minutes in
a sonicator, placed on a heating plate and left for 1 hour @t g)remove water completely.
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Immediately afterwards they were introduced in methandl sonicated for 10 minutes, trans-
fered to acetone and again sonicated for 10 minutes. Fittadly were left in a clean hood to
dry. The clean coverslips were spin-coated with SU-8 plasistor in 2 steps: 10 s at 500 rpm,
30 s at 3000 rpm. Immediately afterwards they were baked tef&ss5 min at 65C, 15 min at
95°C. Care was taken to minimise exposure to light during theb#&ke coated coverslips were
processed in an EVG620 mask aligner (EV Group). Best resdts achieved by working in
the hard contact mode, where the coverslip is pressed agaémask by a stream of air. The
coverslips were exposed to UV light with an intensity of 40 Wsshy for 6 s, and immediately
afterwards baked in 2 steps: 1 min af654 min at 95C. Exposed coverslips were developed
with the developer XP SU-8 (Micro Resist Technology GmbH)eTdevelopment time had to
be fine-tuned for each set of coverslips, and was usuallyteébaun. Immediately after devel-
opment coverslips were rinsed with isopropanol and drigd wigush of nitrogen or argon. To
fully harden the photoresistor the coverslips were baked@min at 200C.

Once hardened the substrate is indeed hard, so one can tieeglkality of the pattern by
cutting it and observing it from the side. We cut the covessby running a diamond tip over the
non-coated side; as the coverslip breaks, the pattern edakg. Fig.A.3 shows the quality of
the pattern.

SU8 pattern

iiAAR

glass substy

Figure A.3:Side view of the SU8 pattern: light microscopy image. Thdswaak 10um thick,
separated by 1@m. The glass coverslip is on the lower side. The grooves amteebe straight
all the way down to the coverslip.
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A.2.1 Results

The pattern is coated with fibronectin by exposure to gu@0nl fibronectin in PBS solution
for 1 hour at room temperature, then rinsed with PBS. Filastisl are prepared following the
procedures explained in chapter 3, and then simply dumpeatiepatterned substrate. After

10 minutes incubation, most cells have crawled into the yge@nd spread evenly between two
walls, as can be seen in Fig.A.4.

Figure A.4:3T3 fibroblasts adhering between fibronectin coated walls.
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Fig.A.5 shows fibroblasts in the patterned substrate fixddstaned with phalloidin-rhodamine.
Again, though some structure inside can clearly be seeimmooh can be understood.

Figure A.5:Fibroblasts in the patterned substrate stained with phdllerhodamine to visualise
F-actin.

A.3 Outlook

The developed procedure works remarkably well. The shabes by the cells resemble closely
those of good cells in the cell-pulling experiment. Somenesgread in a tilted fashion, also seen
in the experiment. In principle, the fibroblasts placed anghttern can choose between adhering
over the walls or crawling into the grooves. Most cells dol#tter, which indicates that the cell-
pulling shapes are a robust consequence of the geometrg, ®ha may expect cells inside the
pattern to generate similar cytoskeletal structures asethothe cell-pulling rheometer.

The next step is doing electron microscopy on the cells inptiteern. The cells should be
fixed and mounted; then slices can be cut and studied. Heneattern geometry will be very
helpful. One may for example cut along the grooves, to olestre cross-section perpendicular
to the pulling direction. One may also cut parallel to thesdtdie and look for structure along the
pulling direction. Can stress fibres be seen? Ideally, onldwvant to study the shape of actin
filaments, and compare cross-sections perpendicular twdhe to the ones parallel to them. If
the load is taken by filament bending, it may be resolvablelégten microscopy; to leave the
linear regime a cantilever must be benthy0%.



Appendix B

Rheology of a fibroblast monolayer

As a complement to the single-fibroblast experiments, aaboHlation with Prof. Nuri Aksel
(Lehrstuhl fur technische Mechanik und Stromungsmeighdiniversitat Bayreuth) was initi-
ated. The goal was to measure mechanical properties ofjlstis using commercial shear-
rheometers, to provide an independent check of the sirgjleesults. For this, appropriate pro-
cedures must be developed. Large numbers of cells are aegemsd the cell-pulling geometry
and boundary conditions must be mimicked.

B.1 Setup

The rheometer used is a Physica MCR-500 (Anton-Paar Gmbédpiate-plate geometry. The
bottom metal plate is fixed. The top metal plate rotates andeésl to measure both torque and
normal force.

how many cells
stay attached?

5cm

Figure B.1:Cartoon illustrating the intended fibroblast-monolayeperxment. How does one
prepare the system? How does one introduce between the platdl monolayer xm thick and
5 cm wide? How many cells actually contribute to the force sneament?
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A major problem in measuring the mechanical properties obaatayer of cells is achieving
the required parallelity between the two faces on which #iks stick. Since cells are so soft,
the total area must be of the order of 20 (éfor the rheometer to resolve forces. Cells being
about 2Qum in diameter, the opposing faces must be parallel to eadr afithin 1 ym/10 cm =
10~°rad. Such a precision is close to the rheometer specificatiantsa preparation step is
absolutely essential in order to ensure it. A further coogtion is the need to coat the plates
with a fibronectin layer, for the cells to stick and develogifige pulling tensions. To tackle
both problems, the following procedure was developed.

Glass plates with a surface flathess-&00 nm are fixed on the metal plates of the rheometer.
To ensure perfect parallelity between the two faces of thegyplates, these are in close contact
with each other throughout the fixation. This is accomplisbg glueing them with an adhesive
which cures in a few minutes under UV-exposure. The glaseplean then be coated with
fibronectin and the cells introduced. Fig.B.2 illustrates procedure.

1. The top glass plate is carefully put in contact with thedmotglass plate. By looking at the
interference fringes generated in the spacing betweenl#tesp the quality of the align-
ment can be checked. If the plates are optically flat, theresitty the desired parallelity
only implies cleaning them properly. In particular, dusttjzdes can be a problem.

2. Once the glass plates are satisfactorily in contact vattheother, they are placed on the
rheometer. The bottom glass plate is fixed to the bottom npéigé with wax, which can
be easily removed by heating the metal plate to&0

3. The top metal plate is brought down until contact with thyeglass plate. This is automat-
ically done by the rheometer as a normal zero-point setting.

4. The top metal and glass plates are glued together using\trmurable adhesive Vitralit
6129 (Panacol-Elosol GmbH). This is a thick adhesive witleiy Yow thermal expansion
coefficient of 36 ppm/K, which later can be easily removeddaving overnight in acetone.
Being fairly viscous, the glue does not flow into the gap betwvthe plates, which would
complicate later disassembly. Application of a thin laykgloe on a few strategic places
is enough. The glue is cured by exposure for a few minutes tdigh¥ with a wavelength
of 365 nm and an intensity 66100 mW/(cmj.

5. Once the glass plates are positioned, they must be caatsdd, and the cells must be
introduced between them. This must be done without losiegtrallelity gained in the
previous steps. As a precaution, the top plate is not lifiechbre than 2 mm at any time.
Also, a mark is made on it to remember its angular positiorhattime of the fixation.
Introducing the fibronectin solution is straightforwardn& the plates are clean and dry,
at a spacing ot~ 200um surface tension readily sucks the solution into the gape Th
fibronectin solution is left between the plates for one hduren the top plate is brought
down to a nominal gap of &m, which pushes the solution out. To remove it completely
from the plates, the fibronectin solution is sucked with aefigpor blown away. Aspiring
it by capillary effect with a piece of cloth tissue is not a dadea, as paper fibers may get
between the plates.
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Figure B.2: Experimental procedurel: the glass plates are put in parallel contact with each
other. 2: the bottom plate is fixed on the rheomegerthe top rheometer plate is brought down.
4: the top glass plate is glued to the rheometer plate with Uk&lole glue. 5: the fibronectin
solution is introduced and left for 1 hour, in order to coaetplates.6: the cell suspension is
introduced. The top plate is immersed in medium with buifeiThe top plate is brought down
and the cells are compressed for about 1 hour, so that thely atell on both plates.
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6. The cell suspension is introduced in a similar fashiorfoBelowering the top plate, it is
mandatory to wait for about 10 minutes. The reason is thatehe must be allowed to sink
down and stick on the bottom plate; otherwise, the outwardement of the liquid induced
by bringing the plate down removes the cells. This must bedady as we need a very
high cell density. Waiting for too long before bringing thiage down is also undesirable,
since then the problem described in chapter 3 arises: the stetk more onto the first
plate, an unstable situation which leads to fast detachment

7. After a prudential time, the top plate is brought down emguthat its angular position is
the same as during the fixation. The cells are compressethéart & hour, mimicking the
procedure used for the single cell experiments.

B.2 Results

B.2.1 Frequency sweeps at different gaps

Fig.B.3 shows a series of frequency sweeps. A weak incrgdasend of both moduli with the
frequency is seen. The loss angle~sl0°. Our single-cell results showto be distributed over

a range 10-30 As discussed in Chapter2, power-law frequency dependeareeequivalent to
a broad, flat spectrum of relaxation times. The broader tleetsygm, the lower the loss angle.
In principle each fibroblast in the plate-plate rheometeusth contribute independently to the
force measurement, so the superposition argument candmdext to these experimental results.
Thus, since the relaxation spectra of individual cells amadly distributed, we expect indeed
the frequency sweep measured by the rheometer to be evert'poover-law-like”, flatter and
with a loweré when compared to the response of single cells.

The crucial test in the experiment s lifting the plate to 200 and then repeating a frequency
sweep. At such a separation between plates, no fibroblaslieisastay attached; either they will
break or detach. This we know from single-cell experimenghen the top plate is brought
down to 20xm and a frequency sweep performed, the moduli have becomé dbo orders
of magnitude lower and forces are too low for the rheometen¢éasure, as shown in Fig.B.3.
Lowering the top plate further, to sm, restores the measurement: an approximate normal fre-
guency sweep is obtained. Presumably, at this small gap eveampressing the cells again.
Taken together, these results strongly indicate that we weleed measuring on cells.
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Figure B.3:Frequency sweep at different distances between the plates.

1 (black symbols): Initial curve, at a20 um gap.

2 (open symbols):Curve measured after increasing the gap2ti) x,m and bringing it imme-
diately back to20 ym gap. The moduli have become too low for the rheometer touresas
presumably all cells detached during the very large stretch

3 (grey symbols):Final measurement &t m gap. The moduli are again high; presumably we
were compressing the cells.
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B.2.2 Step-strain

Fig.B.4 shows results from a second experiment performehiilar conditions, also with a 5
cm diameter glass plate. Here, a sequence of step strairepphed, measuring the shear stress
relaxation curve each time. These can be well describedetststd exponentials, in agreement
with the results on single cells. After each step strain tred relaxes to a nonzero value. As
sucessive steps accumulate, the force increases stellig/corresponds to a solid behaviour,
as expected for cells. Again, to confirm that cells are beiegsured, the experiment is ended by
applying a large deformatior2({0%) which cells cannot endure without breaking or detaching.
The shear stress goes indeed to zero as expected.

B.3 Outlook

The results shown in Figs.B.3, B.4 are promising and demartddr work in the procedure. In
principle, the goal is to study the nonlinear propertieshef¢ell monolayer as in the single-cell
experiments, by superimposing small shear oscillationa arge deformation. Originally the
idea was to impose langitudinallarge deformation, and relate the shear moduli to the normal
force. However, the resolution of the normal force measergns too low for our purposes.
Two alternative approaches are: 1) to impose a latfggardeformation, and 2) to improve the
normal force measurement by using a scale.

1) If one is applying a largsheardeformation the plate-plate geometry is not optimal, as
the amount of shear increases radially. The cells near the efthe plates will leave the linear
regime, but the ones near the middle won’t. The shear modnéasured by the superimposed
oscillations will be an average over cells within and beythvalinear regime, and stiffening will
be difficult to observe. Conceivably, at strains where tHis oear the middle stiffen, those near
the edge will break or detach. Thus stiffening might be natesbed at all. Ideally one would
want to have cells only at a given radius. To be able to meafngever, a large number of
cells is necessary. As a compromise we suggest to have odjiso the outer edge, over-a 1
cm wide ring. This may be achieved by etching the bottom gidate with fluorhydric acid,
removing~ 20 um of glass everywhere except on the desired outer ring.

2) A simple way of improving the resolution of the normal fenmeasurement is to install a
digital scale over the bottom plate of the rheometer. Inagpe scales with heights ef 3 cm
and resolutions of 1 mg are commercially available. Sinegdtal shear amplitude is very low,
an exact alignment of the scale is not necessary.

An essential improvement is visualising the cells betwéenpiates during the experiment.
This would provide an independent confirmation that thescalé actually there. Moreover, by
taking a few images one could estimate the total amount &.cktIshould even be possible to
discern whether the cells are under shear, telling us howy roelts are really sticking. For this,
glass plates bigger than the top metal plate of the rheoraetemecessary. Recently a sapphire
plate with a diameter of 75 mm and a thickness of 2 mm was aedjuir



B.3. OUTLOOK 133

25 _1_ | | | | |
- | —— Shear stress (Pa)

E 2 shear strain
@ N
D
~ 15
©
& N
a1 N
9 | 7
? 05 —

0 _|_ I | I | I | I _l_

800 1000 1200 1400 1600
time (S)
10 {- ' | ' | ' | ' =

- N |
g sl B
*(7.; | _
= 6 ]
© n i
& 4 _
) | _
(%p]
O 2= —
2 » i

O | | | | | | | |

1800 1850 1900 1950 2000

time (s)

Figure B.4: Step-strain experiment. The top plate is stepwise rotdteld at a constant angle
and the stress relaxation curve measured. The proceduepesated. The shear stress increases
steadily without relaxing fully to zero. At= 2000 s, a very large stretch amounting 200% is
applied. The shear stress is seen to relax to zero; presynalbtells detached.
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Once these obstacles are overcome, what next? Providimglependent check of the single-
cell results is still a goal, but direct comparison will bdfidult due to the average over many
cells. This can already be seen in the frequency sweepshwhgcsignificantly flatter and more
elastic than those on single cells. Rather, the techniquiel @ exploited for screening purposes,
as with it 10° cells can be measured within a few hours. Here it must be kepiind that only
good, well-sticking cells contribute to the measuremehis might be seen as disadvantageous,
as not all cells can be analysed; we regard it rather as aymfgature — the experiment focuses
on good cells. If combined with microscopic observatioe, tittal amount of adhering cells may
be measured and also be used to characterise the cell popuMtith this technique, one may
also study the effect on mechanical behaviour of differemttemical coatings.



Summary

Biomechanics is a field of major biological relevance. Inepf the vast complexity of biological
matter, a number of generic features are found to hold in #aehamnics of soft tissues throughout
all of its length scales. These include power-law frequelheyendences typical of glasses, as
well as rather unique exponential stress-strain relatiohgnajor goal in biomechanics is to
reduce its general features to those of the cytoskeleterfilfmentous scaffold which provides
cells with mechanical integrity, architecture and cortiliag

The first part of this report describes single-cell uniasiaétching experiments performed
on fibroblasts. Fibroblasts are found in connective tisslose relatives of muscle particularly
appropriate for mechanical measurements. By focusing mmgtfibroblasts, which sustain
high forces and can be deformed by large amounts, highlpdeible mechanical behaviour is
observed. All major features of cell and tissue mechaninseaound: active contraction, stress
stiffening, and plasticity.

When placed between fibronectin coated microplates, fiastbladopt a regular, symmetri-
cal shape and generate forces, which highlights the coemeeaiof the geometry for mechanical
measurements. When a constant cell lerfgihimposed, an increase with time of the pulling
force F' can be observed. This active behaviour can be probed in nedad dy superimposing
oscillations at frequencies in the range 0.1-1 Hz. In ordestay within the linear response
regime, the deformation amplitude is kept below 5%. Thearsp to the superimposed oscil-
lations is then characterised by viscoelastic parametieesmodulug©| and the loss anglé.
These are seen to be a function of the average f@rgeacting on the cell. This master-relation
holds for all cells. The modulu®| is constant at low forces, equal &,; above a forceF»

a crossover to power-law stress stiffening is observedyevit® as a function of ') goes as
a power-law with exponents in the range 1-1.8. The loss ahglepends only weakly on the
average force. The parametdfs and©, are strongly correlated, so that /O, is similar for
all cells.

Remarkably, the moduli are a function of the average fordeabel independent of the cell
length. Therefore this mechanical behaviour is not straffesing; rather, it is an example of
active, intrinsicstressstiffening. The precise way of sweeping force-space isavant. Force-
space can be explored in an “active” fashion by the cellfitgs in the experiment described
above; or in a “passive” way as the experimentator strettiteesell. The master-relation is the
same in both cases. A distinction between active and passiss is thus artificial. The only
significant limit to this stiffening relation is given by thaeformation rate: it breaks down at
stretching rates beyond 200 nm/s.
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The master-relation is the same when an unspecific coataigesiaminosilane-glutaraldehyde
is used, indicating that the response is due to essentipépies of the force-bearing structures
inside the cell. Accordingly, drug perturbation experinsendicate that the actomyosin system
plays an essential role in the cell pulling geometry. Disiarpof actin, or blocking myosin, has
dramatic negative effects in stiffness, force generatrmhadhesion.

The stiffening relation shows a striking similarity to rhegical measurements performed on
purified actin gels. The exponents as well as the r&tigO, are similar, in an unprecedented
example of quantitative agreement between living and deattem In physiological conditions,
actin networks have lengths and mesh sizes of the order ohfrf@Owvhereas the persistence
length of actin filaments is about 10n. The general mechanical response of biopolymer gels
clearly originates in this semiflexible behaviour of filartgerirhe precise mechanism is however
at present not fully understood. Here, a simple explanasigmoposed. It is shown that stress
stiffening in fibroblasts bears a strong resemblance todhémear mechanics of Euler-Bernoulli
beams, which show a linear regime at low forces, and beyof6 €ain a crossover to power-
law stiffening with an exponent 1.75.

Regardless of microscopic interpretations, our resulidbeecompared with similar stiffening
responses previously observed in biological materialsiHale tissues as well as at the microm-
eter scale, power-law stress stiffening with exponentsecto 1 is a ubiquitous feature. However,
a linear regime at low forces has not been reported in thegeriexents. Our experiments on
single cells, with higher resolution and control, provideoanection between biomechanics and
in vitro experiments on actin gels.

If a ramp experiment is performed, where the cell lengtk increased at a constant rate,
an approximately linear relation betweénand/ is observed beyond10% stretch, over up to
100% deformations. Thus, stiffening can only be observead‘ifferential” fashion, by super-
imposing small oscillations and relating the average ftodde response parametegs, 6. To
reconcile this fact with the interpretation of stress stifhg as an elastic response, it is argued
that plastic deformation sets in at deformations beyenth%. In fact, the response of fibrob-
lasts to large amplitude deformations strikingly reserabtee well-known plasticity of metals.
Fibroblasts can be described as showing kinematic (ortitread) hardening, a hallmark of com-
posite materials. These consist of a plastic matrix with edaded elastic solutes. Reproducible
features of fibroblast mechanics, such as softening in tgadnloading cycles, can be well de-
scribed in these terms. Though a thorough characterisegioains for the future, a promising
phenomenological framework has been found.

Given the well defined mechanical features of fibroblasthédell-pulling geometry, it is
desirable to extend the experiment to many-cell experimevttich would allow for fast screen-
ing of genetically modified cells. With this goal, a proceeluras devised to measure mechanical
properties of about0® fibroblasts simultaneously using a commercial rheometbroBlasts are
held between two optically flat glass plates attached to ame¢er, in a plate-plate geometry.
Key to the success of the experiment is a very precise alighofethe glass plates, which is
given by the assembly procedure. Using the experience @dinen single-cell experiments,
encouraging preliminary measurements were obtained.
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Also desirable to complement the cell-pulling measureséntmicroscopic visualisation
of the cytoskeletal structure in these conditions. Howetrer bulky 3-dimensional geometry
precludes resolving fine details. As an alternative appgroapatterned substrate was developed,
consisting ofl0 xm wide, 30 um deep grooves. When coated with fibronectin, fibroblastsicra
into the grooves and adopt shapes remarkably similar toofhtiie cell-pulling geometry. The
advantage of the pattern is that with it a large number otdalthe cell-pulling geometry can
be fixed, stained, and mounted. In the future, this shouthalbr large-scale observation via
electron or confocal microscopy.

The second part of this report addresses experiments petbon neurites. These comprise
axons —the processes extended by neurons— as well as PGit2s)eumodel system for axons.
These are long, cylindrical membrane tubes filled with aayeof longitudinally arranged micro-
tubules. Throughout, neurites are perturbed by means ofggsan osmotic pressure. By means
of image analysis, the evolution in time of neurite volumd area after a hypo- or hyperosmotic
shock can be accurately measured.

After a sudden increase in the external osmotic pressumsagwell and a cylindrical-
peristaltic shape transformation sets in. We interpratetthnsition as a Rayleigh-Plateau-like
instability triggered by elastic membrane tension, simitathe pearling instability known in
membrane tubes. To determine the contribution of the cglesbn to neurite stability, hypoos-
motic shock experiments are performed in presence of spefrifigs and the spectrum of the
neurite shape is measured. In this way the contribution ofatubuli is shown to be especially
important. Microtubuli disruption by nocodazol stronghcreases the maximum amplitude of
the instability, as well as slightly increases the wavenends the fastest mode.

Following the evolution in time of neurite volume and ingtiyp amplitude shows that the
volume relaxes back to its initial value, and the peristattodulation vanishes as the cylindrical
shape is recovered. However, the shape relaxes well béfereotume and area do. This indi-
cates that membrane tension decouples from the apparerdiadesolume during the relaxation
phase. We hypothesise that material is added to the membyameans of vesicle fusion.

The evolution in time after hypoosmaotic shock of the newi&ime can be approximately
described by an initial swelling rate, a maximum volume, andlaxation time. These parame-
ters were measured at different temperatures and initrabtis pressure differencesIl,. The
swelling rate depends nonlinearly on the initial osmotessure difference: it saturates beyond
Ally = 0.3 RT 300 mM. The maximum volumé/,, scales linearly with the initial volumgy.
StudyingV,,/V, as a function ofAIl, reveals that at mild shock&lIl, < 0.3 RT 300 mM, neu-
rites swell as much as perfect osmometers before the redaxatiase begins. At stronger shocks,
All, = 0.5RT 300 mM, neurites swell significantly less than perfect osmomset&herefore,
during the swelling phase either the internal osmolaritydleeady changed, or hydrostatic pres-
sures develop. The relaxation time as a function of the teatpe closely follows an Arrhenius
dependence, suggesting the rate-limiting factor of thexedlon to be the movement of ions
through channels.

Similar experiments were also performed under drug-indysseturbation of actin, myosin
and microtubuli. Cytoskeleton perturbation does not hayesegnificant effect on volume relax-
ation, indicating that it takes place solely by changes malarity, without a significant role for
hydrostatic pressures. A clear effect of drugs is seen imthal swelling phase, especially after
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microtubuli disruption by nocodazol. The rate and extenswélling are significantly higher.
Taking the effect of drugs on the evolution of neurite volutmgether with that on the pearling
instability, we suggest that hydrostatic pressure is pitagethe initial swelling phase and deter-
mines the swelling rate.

In conclusion, reproducible, quantitative experimentthatsingle-cell level have been de-
veloped which address biologically relevant phenomenHdowimmg a time-honoured tradition in
physics, both the cell-pulling experiments and the shagestormations in axons address highly
symmetric systems, where the geometry does not precludenitherstanding. First interpreta-
tions of the observed phenomena have been found, in ternenefig behaviours common to all
objects under tension.
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