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Preface

Variety is thesoulof pleasure

During my PhD studiesI have worked with peoplefrom diversebackrounds:physics,biology,

chemistryandmedicine.This thesisis anoutcomeof suchinterdisciplinaryco-operation.Thepower

of physicsappliedto thecolorful varietyof biologicalphenomenais growing into a vivid branchof

science.I hopethatthiswork canbeanexpansionof biologicalphysics.
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Chapter 1

Intr oduction

1.1 Motion on the cellular level: betweenrandom and organized

Keepyoumoving

It is not only the musclecells that can exert force and make movement. Cells needto move

actively in numerousbiological processes.For example,during embryonicdevelopment,eachcell

movestowardsits destination.After an injury of a tissue,similar guidedmotility canbe observed

when destroyed cells are replaced. Leukocytes make their ways to the location of in�ammation.

Tumor cells makingmetastasiscan invadeinto densetissuesandpassthroughthe walls of blood-

vessels.

Motility of animal cells is driven by motor proteinsand �brous protein polymersof the cy-

toskeleton. Changesin the nanoscaleconformationof the motor proteinsor the polymerization-

depolymerizationof cytoskeletal�bers leadto cellularmotility. Biochemicalreactionsin theback-

groundof moleculardynamicsneed�uctuations (reasonabletemperature)to work. On thescaleof

molecules(even hugemacromoleculesandpolymerssuchasDNA) animalsseemto be stochastic

systemswith randommotiondominatedby �uctuations. However, themotionof animalscanbeex-

tremelywell organizedandcontrolledprecisely. Cells in culturelie on the borderbetweenrandom

andorganizedmotility. We tried to shedlight on somefeaturesof cellular dynamicsdown to the

nanoscalein orderto getcloserto thelink betweenrandomandorganizedmotion[78].

Themotility of animalcellsisdominatedbyactin-myosin-basedcontractionandactinpolymerization-

basedprotrusion.Thetwo basictypesof protrusions,lamellipodiaand�lopodia aredrivenby actin

polymerization-depolymerizationprocesses[47, 16, 12]. Although statisticalphysics[49, 60] pro-

videstheoryto explainsuchbiologicalmotilities, it is still onanelementarylevel andthereforeneeds

to bedeveloped.

1



2 CHAPTER1. INTRODUCTION

1.2 Cytoskeleton

(Theskeletonof this sectionis basedon [2], Chapter16 and further review articles. Consequently,

most�gur esoriginatefromthesesources.In a few casesexactquotationsare presented.Theorigin

of the�gur esor quotationsis indicatedin thecaptionor in thetext in italics.)

Thecytoplasmof theeukaryoticcellsis highly organizedby �lamentousstructuressuchas�brous

actin (F-actin),microtubules(MT-s) and intermediate�laments (IF-s). Actin andMT-s have been

extensively investigatedin the pastdecadesbut lessis known aboutIF-s. These3 major typesof

protein �bers togetherwith the numerousassociatedproteinsmake a network calledcytoskeleton.

Theelasticityof cellsis mainlydeterminedby thedynamicsystemof thecytoskeleton.MT-sarevery

stiff hollow tubeswith persistencelengthsof millimeters.Themore�e xible F-actinusuallybuildsup

bundles-joinedby actinbindingproteins-or cross-linkedaggregates.IF-s arerelatively tough�bers,

known to givemechanicalstability to cells([2], chapter16).
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1.2.1 Micr otubules

Figure1.1: (A) Electronmicrographof a microtubule seen

in crosssection,with its ring of 13 distinct subunits, each

of which correspondsto a separatetubulin molecule(an
� /

�

heterodimer).(B) Cryoelectronmicrographof amicro-

tubuleassembledin vitro. (C andD) Schematicdiagramsof

a microtubule,showing how thetubulin moleculespackto-

getherto form thecylindrical wall. (C) The13moleculesin

cross-section.(D) A sideview of ashortsectionof amicro-

tubule,with thetubulin moleculesalignedinto longparallel

rows, or proto�laments. Eachof the 13 proto�laments is

composedof aseriesof tubulin molecules,eachan � /
�

het-

erodimer. Notethata microtubule is a polarstructure,with

a differentendof thetubulin molecule( � or
�

) facingeach

endof themicrotubule. (Source: [2], p. 803.)

MT-spolymerizefromtubulin dimers

(one � - with one
�

-tubulin monomer).

They are locatedthroughoutthe cyto-

plasmgoverningthe locationof many

cell components.A MT isbuilt upfrom

13linearproto�lamentsformingacylin-

der. Eachproto�lament is a chain of

alternating� - and
�

-tubulin subunits(Fig.

1.2.1).

Proto�lamentsarealignedwith the

samepolarity, which infers that MT-s

arepolar structureswith a so called+

(fastgrowing)and- (slow growing)end.

MT-saredynamicstructures.In a typi-

cal �broblast cell 50%of thetubulin is

free andthe other50% is in MT-s. In

thepresenceof GTPandMg ��� tubulin

polymerizeinto MT-s. Theelongation

of the tubesis much fasterthan their

nucleation.The rateof dimer associa-

tion to the + endis higher thanto the

- end. Even whenthe lengthof MT-s

is constant,monomersmaybeassociat-

ing to the + endanddissociatingfrom

the - end of the polymer. This is the

phenomenonof treadmilling. MT dy-

namicsrunson theminutetimescale.

Individual MT-s grow in cells at a

constantrate for a while, then shrink

abruptly toward the centrosome.This

behavior is calleddynamicinstability.

Both � and
�

tubulin bind GTP. In a

MT the
�

subunit hydrolyzesits bound

GTP, which hasrelevancein thedynamicbehavior of MT-s. GTPbinding is requiredfor MT poly-

merization,while hydrolysisis not. MT growth is usuallyfasterthanGTPhydrolysis,which results
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in theformationof asocalledGTPcapat the+ end(Fig. 1.2).

ProbablythedelayedGTPhydrolysisaftertubulin assemblycausesthedynamicinstability. GTP

capstabilizesthe + end,sincetubulin moleculeswith GTP bind to eachotherwith higheraf�nity .

Thelossof theGTPcapfacilitatesthedisassemblyof theMT.

In mostinterphaseanimalcells,MT-s grow out of thecentrosome.(But in oocytes,for instance,

thereis no centrosome.)The centrosome,which contains2 centriolespositionedat right anglesto

eachother, is usuallylocatedcloseto thenucleus.Centriolesarecylindrical structures;their wall is

constitutedby 9 groupsof MT triplets.SeeFig. 1.2.1.Surroundingthecentriolesa network of small

�bers canbe observed: the centrosomematrix, which nucleatesMT polymerization.Although the

exactstructureandtheMT nucleatingmechanismof thecentrosomeis unknown, it is known thata

third typeof tubulins, � -tubulin, is presentin it. � -tubulin formsringsandspiralsin thecentrosome

madeof 13 tubulin monomers.Theseare involved in the nucleationof MT-s. The so-calledring

complex containsa ring of 13 � -tubulin moleculesand other associatedproteins. However, ring

complexescanbefoundoutsidethecentrosome,thesedo notnucleateMT polymerization.
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Figure1.2: (A) Addition of tubulin heterodimerscarryingGTPto theendof a proto�lamentcauses

it to grow in a linearconformationthatcanreadilypackinto thecylindrical wall of themicrotubule,

therebybecomingstabilized. Hydrolysis of GTP after assemblychangesthe conformationof the

subunits and tendsto force the proto�lament into a curved shapethat is lessable to pack into the

microtubulewall. (B) In anintactmicrotubuleproto�lamentsmadefromGDP-containingsubunitsare

forcedinto a linearconformationby themany lateralbondswithin themicrotubulewall, especiallyin

thestablecapof GTP-containingsubunits.Lossof theGTPcap,however, allowstheGDP-containing

proto�lamentsto relaxto theirmorecurvedconformation.This leadsto progressivedisruptionof the

microtubuleandtheeventualdisassemblyof proto�lamentsinto freetubulin dimers.(Source: [2], p.

810)
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Figure1.3: (A) An electronmicrographshowing a newly

replicatedpair of centrioles. One centriole of eachpair

hasbeencut in cross-sectionandthe other in longitudinal

section,indicating that the two membersof eachpair are

alignedat right anglesto eachother. (B) Schematicdia-

gramof a centrioleviewedfrom theside. (Source: [2], p.

818.and819.)

Theintracellulartransportof cellu-

larorganellesismainlymediatedbyMT

motors.Proteinsfrom the9 kinesinand

3dyneinfamiliesareMT associatedmo-

torsthatcanwalkalongMT-swhilecar-

rying cargosor make slide antiparallel

MT-s overeachother. Cytoplasmic

dyneinsareinvolvedin themitosisand

the transportof organelles. Kinesins

transportorganellesandsynapticvesi-

cles,andtakepartin mitosisandmeio-

sis. Both kinesinsanddyneinsareAT-

Pasemotors,composedof 2heavy chains

andseverallight chainsmoving in only

onedirectionalongMT-s: either+ end

or - endmotors.Heavy chainscontain

a globular ATP bindingheadanda tail

of rodlike domains:Fig. 1.4. Thehead

bindstheMT andthecargo canattach

to thetail. Mostkinesinsare+ endmo-

tors,all dyneinswalk towardsthe- end.

TheMT bindingandATPaseaf�nity is

probablymodi�ed by theattachmentof

thecargo via theinteractionof theheadandtail regions.Thetail is thoughtto becargo speci�c: the

motor domainin the headis highly conserved amongdifferent kinesinsbut the stalk and tail are

variable(Fig. 1.5). Stalk domainsserve for the dimerizationof kinesins. 3 typesof kinesinsare

known: N-kinesins(conventionalkinesins)aregenerally+ endmotorswith amotordomainon theN

(amino)terminalof thepolypeptides,C-kinesinshaving C terminalmotordomainsare- endmotors,

I-kinesinsarenot realmotorsbut MT destabilizingfactors.Thedirectionalityof kinesinsis thought

to bedeterminedby theneckregion. Dyneinsareproteingiantsascomparedto kinesins.They are

muchfaster, aswell. Kinesinsareprocessivemotors:they canwalk alonganMT withoutdissociating

from it for severalhundredsteps.Dyneinsarenot processive.

Posttranslationalmodi�cations of tubulin afterpolymerizationprovide informationof theageof

the MT. The slow acetylationanddetyrosinationof � -tubulin occursonly on tubulin moleculesof

MT-s. Freetubulin will be reversedsoonafter depolymerization.Both extremelystableandlabile

MT-s canbe found. Not only centsosomebut microtubule associatedproteins(MAP-s) control the
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Figure1.4: Microtubule motor proteins. Kinesinsandcytoplasmicdyneinsaremicrotubule motor

proteinsthatgenerallymove in oppositedirectionsalonga microtubule. Theseproteins(drawn here

to scale)arecomplexescomposedof two identicalheavy chainsplus several smallerlight chains.

Eachheavy chainformsa globular headregion thatattachestheproteinto microtubulesin anATP-

dependentfashion.(Source: [2], p. 814.)

dynamicsof MT-s. A structureMAP canbe eitherMT stabilizingor destabilizingprotein. Some

MAP-s bundleMT-s. Bundlesareusuallymorestable.Theouterwall of MT-s is negatively charged:

numerousMT-bindingmolecules,includingsomeMAP-s, areanchoredto theMT-s by electrostatic

interaction.Theexpressionof MAP-s is highly tissue-andage-speci�c.Furthermore,evenin asingle

neuron,differentMAP-sarelocalizedin differentregions.(E.g. � MAP bundlestheaxonalMT-sand

MAP2 makesthebundlingof thedendriticMT-s.)
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Figure1.5: Architectureof kinesinmotors. The overall structuralfeaturesof threewell-studiedki-

nesinmotorsare shown here. The preciseorganizationof the tail domainsand how subunits in-

teractwith the tail domainsare speculative at this time. Motor containingpolypeptidechainsare

indicated(by grayor blackarea),andassociatedsubunitsareindicatedby hatchedarea.TheKIN N-

ConventionalandKIN N-Chromomotorsarehomodimersof two identicalmotor-containingpolypep-

tides,whereasKIN N-Heteromotorsareheterodimersof two non-identicalsubunits(indicatedby the

blackandgraycoloring). (Source: [76])
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MAP2 binds other proteinssuchas calmodulinand A kinase: it can organizesupramolecular

complexes. MAP2 is reactive to proteolyticcleavage,which resultsin its fastturnover. TheMAP2-

MT systemmightbeasourceof synapticplasticity. MAP-sinhibit axonaltransport,sincethey disturb

thewalk of MT motors.ProbablyMAP-sdissociatefrom theMT whenkinesinor dyneincomes.The

MT af�nity of MAP-s canbe regulatedby phosphorylation.SomeMAP-s, e.g. SCG10inducethe

depolymerizationof MT-s, kataninseversMT-s, andcatastrophyfactorswill make the MT system

fall apartabruptly.

1.2.2 Actin

All eucaryoticspecieshave actin,anATPasemolecule.Two formsof actincanbeobservedin cells:

globular actin(G-actin)and�brous actin(F-actin).F-actinis about8 nm wide andconsistof a helix

of G-actinmoleculesorientedin thesamedirection(Fig. 1.2.2),resultingin a polarstructurewith a

fastgrowing + or 'barbed' anda slow growing - or 'pointed' endsimilarly to MT-s. (Nomenclature

comesfrom theshapeof myosindecorationof MT-s.)

Figure1.6: Actin �laments. (A) Electronmi-

crographsof negatively stainedactin �laments.

(B) Thehelicalarrangementof actinmolecules

in anactin�lament. (Source: [2], p. 821.)

TheATP- andcation-dependentactinpolymer-

izationis abasicengineof cellularmotion.It drives

locomotion (crawling) of cells and has a role in

cellular shapeformation. Actin dynamicswith a

characteristictime on the scaleof seconds(much

fasterthanMT dynamics)is controlledby a com-

plex andsophisticatedsystem.Thenucleationof F-

actin growth is slower thanthe elongationprocess

justasin thecaseof MT-s. Thenucleatingstructure

is thoughtto be a trimer of actin molecules.The

critical concentrationof G-actini.e., theconcentra-

tion, atwhich thequantityof F-actinis constant,is

lower thanthe actualG-actinconcentrationin the

cells. It meansthat certainmechanismscanretain

G-actin from polymerization. After the assembly

of anactinmoleculeinto the�ber, ATPgetshydrol-

ysed,which is analogousto the GTP cleavagein

anMT. Theclam-shapedactinmoleculebindsATP

betweenthe2 halvesof theclamthatcanopenand

close.Intermolecularinteractionsbetweenactinmonomers

in the �ber closethe shell. The cleavageof ATP is consideredto be initiated by the closureof the
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clam,soonafter inorganicphosphatedissociates,andADP remainstrappedin theshell of theactin

molecule. The ATP-aseactivity is not requiredin the polymerizationprocess. It ratherweakens

the interactionbetweenthe monomers,which promotesdepolymerizationresultingin an unstable

pointed-end.AlthoughF-actindoesnot show theeffect of dynamicinstability, a characteristicphe-

nomenonof MT-s: treadmillingcanbeobservedin many cases.

Thepropertiesandfunctionof actinbasedintracellularstructuresis dependentonalargevarietyof

actin-bindingproteins(Fig. 1.7). 'Actin canassembleinto many structuresandparticipatesin awide

rangeof processesin eukaryoticcells.Thediversityof actin�lament formsis only madepossibleby

theassociationof actinwith actin-bindingproteins.Someof theseproteinsfacilitateorganizationof

�laments into higherorderstructureswhile othershave regulatoryfunctions,affectingthedynamics

of �lament turnover andallowing remodellingof the actin cytoskeletonin responseto appropriate

signals.' (Quotedfrom[3].)

Pro�lin and
�

-thymosinareG-actin-bindingproteins[16]. Their main role is consideredto be

the G-actin sequestering,which decreasesthe available amountof G-actin for polymerization. It

enablescells to answerquickly to eitheran extracellularor an intracellularsignalby switchingon

the actin polymerization,becauselarge amountsof G-actindissociatefrom
�

-thymosinor pro�lin,

if their actin-bindingaf�nity dropsdueto thesignal.Althoughpro�lin inhibits F-actinnucleation,it

stimulatesthenucleotideexchangeonactinmoleculesandpromotestheelongationof thebarbed-end.

Proteinsfrom theADF/co�lin family (AC proteins)bindbothG- andF-actinanddestabilizeF-actin.

Co�lin bindspredominantlycloseto thepointed-endwhereactinmonomershaveADP insidecausing

thedepolymerizationof thepointed-end.Co�lin speedsuptheturnoverof actinandresultsin fastnett

F-actingrowth. GelsolinafterCa
���

activationor AC proteinscansevertheactin�laments generating

morefreeendsfor polymerizationor depolymerization.While cappingproteinsandgelsolincapthe

barbed-endto regulatetheincorporationor dissociationof actinmonomers,themembersof theArp

proteinfamily capthepointed-endandnucleate�lament growth.

Actin in the gel-like network of the cell cortex (perimeterof the cell beneaththe plasmamem-

brane)giveselasticityandmechanicalstability to cellsamongother�brous proteins,especiallyspec-

trin. Cell shapeis predominantlydeterminedby thisactin-richnetwork. Further2 typesof arrayscan

beobservedin thecorticalactinstructureof cells: parallelandcontractilebundles.

The two well-known protrusive structuresare the lamellipodiumand �lopodium in migrating

cells. In lamellipodia,actin�bers areorganizedto form afan-shapednetwork by theArp2/3complex

(Fig. 1.8). Arp2/3 nucleatestheformationof actin �laments on pre-existing �laments. Theangleof

branchingis � 70
�

. In �lopodia, actin �laments arebundledandalignedwith the samepolarity by

the protein�mbrin and/orfascinconstitutinga hexagonaltight packingasseenin thecross-section

of �lopodia. This typeof packingpreventsMyosin-II from enteringinto thebundle.On thecontrary,

myosin-II �ts into thestress�bers thatarebundledby theprotein � -actinin.Thesecontractilebundles
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Figure1.7: Functionsof actin-bindingproteinsdeterminedfrom in vitro research.Many actin-binding

proteinshave beenpuri�ed andtheir propertiesandeffectson actin have beenextensively studied.

How thesein vitro functionsrelateto therole of theactin-bindingproteinswithin a cellularenviron-

mentremainslargelyunknown. Speci�c functionsof actin-bindingproteinsareshown with adiagram

of how eachproteinmay interactwith F-actin. Examplesof proteinsthatmay ful�l thesefunctions

arealsogiven.(Source: [3])
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arecharacteristiccomponentsof the�broblast cytoskeletonresemblingthemyo�brils in muscle.They

bridgebetweentwo focal contactsor a focal contactandintermediate�laments. Focalcontactsare

junctionsbetweentheintracellularactin �laments andtheextracellularmatrix mediatedby integrins

anda complex of proteinslinking the endof F-actinand integrin (Fig. 1.18). Focal contactstake

partin thesignaltransduction,too. Severalproteinkinasesregulatingproliferationandotherdomains

of cell behavior are localizedto focal contacts. Stress�bers keeptensionacrossthe cell; if cell

contactsto theextracellularmatrixdisassemble,they will disappear. Stress�ber contractionis based

ontheslideof myosin-II �bers in relationto actin�laments,drivenby the'nodding' of myosinheads

similarly to musclecontraction(Fig. 1.2.2).

Severalmyosintypescanbeobservedin eucaryoticcells. Musclemyosinis from themyosin-II

subfamily of myosins. They have two heads(motor domainswith ATPaseactivity) anda rodlike

tail. Two identicalheavy chains,eachcomplexedto a pair of light chainsformsmyosin-II (Fig. 1.9).

Themainfunctionof thetail is to allow themoleculesto polymerizeinto bipolar �laments. Evenin

non-musclecellscontractilebundlesof actinandmyosin-II areformedtransiently, e.g.,stress�bers.

After completingtheir speci�c taskthey disassemble.Theamountof myosin-Imoleculesin cells is

far less.They have a conservedmotordomainandfurthervariabledomainsdeterminingthespeci�c

role of the certainmyosin (Fig. 1.10). Most myosinsare+ endmotorsbut e.g.,myosinVI walks

towardthe- end.Thedirectionis determinedby thecoreof themotordomain[40].
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Figure1.8: Organizationof actin �laments in keratocyte lamellipodia. EM of detergent-extracted

cells. (a) Overview of a locomotingcell; (b) actin network in lamellipodiafrom the leadingedge

(top) to the transitionalzone(bottom); (c) brushlike zoneat the leadingedgewith numerous�la-

mentends;(d) smoothactin �lament network in themiddlepart of lamellipodia;(e-h),T junctions

(arrowheads)between�laments at theextremeleadingedge(e),within thebrushlike zone(f), in the

centrallamellipodia(g), andcloseto thelateraledgeof thelamellipodia(h). Thecell's leadingedge

is orientedupwardin all panels.Boxedregion in a is enlargedin b; upperandlowerboxedregionsin

b areenlargedin c andd, respectively. Bars:(b) 1 � m; (e-h)50nm. Source: [70].



14 CHAPTER1. INTRODUCTION

Figure1.9: Myosin-II. (A) A myosin-IImoleculeis composedof two heavy chains(eachabout2000

aminoacidslong) andfour light chains.Thelight chainsareof two types(onecontainingabout190

andtheotherabout170aminoacids),andonemoleculeof eachtypeis presentoneachmyosinhead.

Dimerizationoccursby thetwo � heliceswrappingaroundeachotherto form an � -helicalcoiled-coil,

drivenby theassociationof regularly spacedhydrophobicaminoacids.Thecoiledcoil arrangement

makesan extendedrod in solution,andthis part of the moleculeis termedthe rod domain,or the

tail. This type of structuralmotif is found in many other cytoskeletal proteins,enablingthem to

form an extendedstructure.(B) The two globular headsandthe tail canbe clearlyseenin electron

micrographsof myosinmoleculesshadowedwith platinum.(Source: [2], p. 838.)
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Figure1.10: Possiblerolesof myosin-Iandmyosin-II in a typical eucaryoticcell. Theshorttail of

a myosin-I moleculecontainssitesthat bind either to otheractin �laments or to membranes.This

allowstheheaddomainto moveoneactin�lament relativeto another(1),avesiclerelativeto anactin

�lament (2), or anactin�lament andmembranerelative to eachother(4). In addition,smallantipar-

allel assembliesof myosin-IImoleculescanslideactin�lamentsovereachother, thusmediatinglocal

contractionsin anactin�lament bundle(3). In all four casestheheadgroup”walks” towardtheplus

endof theactin�lament it contacts.(Source: [2], p. 839.)
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Figure1.11: The cycle of changesby which a

myosinmoleculewalksalonganactin�lament.

(Source: [2], p. 852.)

'Membersof theRho family of small Ras-like

GTPases-includingRhoA,-B, and-C,Rac1and-2,

andCdc42-exhibit guaninenucleotide-bindingac-

tivity andfunction asmolecularswitches,cycling

betweenan inactive GDP-boundstateand an ac-

tive GTP-boundstate. The Rho family GTPases

participatein regulation of the actin cytoskeleton

andcell adhesionthroughspeci�c targets. Identi-

�cation andcharacterizationof thesetargetshave

begun to clarify how the Rho family GTPasesact

to regulatecytoskeletalstructureandcell-cell and

cell-substratumcontactsin mammaliancells. The

Rho family GTPasesare also involved in regula-

tion of smoothmusclecontraction,cell morphol-

ogy, cell motility, neuriteretraction,andcytokine-

sis. However, themolecularmechanismsby which

the Rho family GTPasesparticipatein the regu-

lation of suchprocessesarenot well established.'

(Quotedfrom[42].) TheGTP-boundform of pro-

teins from the Rho family is active, whereasthe

GDP-boundstateis inactive. Regulatorandeffec-

tor moleculesinteractwith the Rho family mem-

bersalteringtheirGTPaseactivity (e.g.,RhoGAP)

or enhancingthe exchangeof the hydrolyzednu-

cleotide(e.g.,RhoGEF)or in�uencing otherprop-

ertiesrelatedto thenucleotide-binding(Fig. 1.12).

ExtracellularligandscanactivateGTPasesfromthe

Rhofamyily. BradykininandTNF� stimulates

Cdc42; PDGF, EGF, insulin, and bombesinacti-

vatesRac1;LPA andbombesininducesthe stim-

ulusof RhoA.

Downstreamsignalingpathwaysmediatedby themembersof theRho family areshown in Fig.

1.14andFig. 1.13. Thesearenot separatedpathwaysbut they cross-talkbetweeneachother. (See

e.g., [18].) Whereas,RacandCdc42stimulatescell motility Rho inducesthe formationof stable

stress�bers resultingin a ratherstationarycellularbehavior.
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Figure1.12: Modeof activationof theRho family GTPases.Extracellularsignal(e.g.,the binding

of theproteinthrombin)to atrimericG protein-linkedseven-transmembranereceptor(R) inducesthe

dissociationof the � subunit (G� ) from the
�

and � subunitsby theexchangeof theboundGDPto

GTPin the � subunit. Theactivated� subunit relaysthesignalto aneffector(RhoGEF)of theRho

protein. GEF, Guaninenucleotideexchangefactors;GAP, GTPase-activating proteins;GDI, GDP

dissociationinhibitor; GDF, GDI dissociationfactor. Source: [42]

Figure1.13: Signal-transductionpathwaysinvolved in Rho-inducedstress-�breassembly. Source:

[10]
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Figure 1.14: Signal-transductionpathways inducedby Rac and Cdc42(shown in red), which are

thoughtto contribute to the formation of actin-containinglamellipodiaand �lopodia respectively.

Source: [10]
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1.2.3 Intermediate �laments

'Intermediate�laments aretoughanddurableprotein�bers foundin thecytoplasmof most,but not

all, animalcells.' (Quotedfrom[2], p. 796.)Thenucleususuallysurroundedby a meshwork of IF-s,

which extendsto theplasmamembrane.Thenuclearenvelopealsounderlaidby anIF network, the

so callednuclearlamina. IF monomersareelongated�brous proteinsunlike actin andtubulin. IF

polymersarenonpolarized,whichdistinguishesthemfrom MT-sandF-actin(Fig. 1.15)[77].

1.3 Cell-extracellular matrix interactions

(Theskeletonof this sectionis basedon [2], Chapter19.)

In animalsthespacebetweencells is mainly �lled by theextracellularmatrix (ECM), which is a

meshwork of proteinsandpolysaccharides(Fig. 1.16).ECM is notonly ascaffold for cellsbut rather

an active mediumthat interactswith cells andin�uencestheir development,proliferation,motility,

shape,andfunction.Weused�bronectin, a largeglycoproteinin ournuclearmotility experimentsas

a cell adhesiveagent.TypeIII �bronectin repeatis a characteristicmoduleof �bronectin (Fig. 1.17).

This modulecontainstheArg-Gly-Asp(RGD) sequence,which canbind to theintegrin cell surface

receptors.

Integrinsarethetransmembranelinkermoleculesbetweenintracellularactin�laments andextra-

cellularmatrix proteins(FIG. 1.18andFig. 1.19). Thesemolecularcontactsalsotake part in signal

transduction.Cellsfrom theadherenttypelackingcell-substratecontactswill not survive,which is a

rathercontrolledbehavior asaconsequenceof themissingsignal.

1.4 Cell migration

Cell locomotionis drivenby actinpolymerizationandactomyosincontractions.At theleadingedge

of thecell actinpolymerizationpushestheplasmamembraneforwardin thelamellipodium(Fig. 1.8.

During theoutgrowth of thelamellipodiumthecell bodywith thenucleususuallystay�x edrelative

to thesubstratedueto thefocalcontactsandothercell-matrixjunctions.Boththetransportof thecell

bodyto theleadingedgeandtheconsecutive retractionof therearpartof thecell -thetail- is known

to be mediatedby actomyosincontraction. In mostcasesthe above mentioned3 distinct stepsare

acceptedto make up the cellular locomotion. Although, in thecourseof locomotionthenucleusis

transportedforwardvia anactomyosinbasedmachinery, nuclearpositioningandfasttranslocationof

thenucleusis generallydrivenby anMT-dependentsystem,e.g.,in buddingyeastor in theoocyteof

someanimals.
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Figure 1.15: A currentmodelof intermediate�lament construction. The monomershown in (A)

pairswith anidenticalmonomerto form a dimer(B) in which theconservedcentralroddomainsare

alignedin parallelandwoundtogetherinto acoiled-coil.Two dimersthenline upsideby sideto form

anantiparalleltetramerof four polypeptidechains(C). Within eachtetramerthedimersarestaggered

with respectto oneanother, therebyallowing it to associatewith anothertetramer, asshown in (D).

In the �nal 10-nmintermediated�lament, tetramersarepacked togetherin a ropelike array(E). An

electronmicrographof the�nal �lament is shown upperleft. (Source: [2], p. 797.)
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Figure1.16: The comparative shapesandsizesof the major extracellularmatrix macromolecules.

Proteinis shown in green,glycosaminoglycanin red. (Source: [2], p. 992.)

1.5 Nuclear motility

Intracellulartransportof organellescanbebasicallyactin-or MT-dependent.Both thepolymeriza-

tion of actin/MT-s andmolecularmotorscandrive intracellularmotility. Vesiclesandmorecomplex

organelleswith membraneboundary, suchasendoplasmicreticulum,golgi apparatus,andthenucleus

[63] areusuallypositioned,alignedandtransportedin thecell in anMT-dependentway. Although,

kinesinsandcytoplasmicdyneinsarethe main toolsof this transportthepositioningof thenucleus

-e.g.,in yeast-needsMT-polymerization.In mitosis,besidestheactionof severalMT motors,orga-

nizedMT-polymerizationis alsorequiredto pull apartthe chromosomes.Somebacteriacanmove

with an enormousspeedin cells usingan actin-polymerization-driven engine: an actin comettail

pushesforwardtheseparasites.

Migrating cells translocatetheir cell bodiesto the leadingedgeby nucleokinesis[43]. This pro-

cessis known to becritically MT-dependent[23]. In thedevelopingbraindistinctmodesof neuronal

migrationareknown [56]. In all modesthenucleusis translocatedalongtheelongatedneuronin a

presumablyMT-dependentway [52, 53]. In the ventricularzone(VZ) the nuclei of neuronalpro-

genitorcells andradial glial cells oscillatebetweenthe bordersof the VZ 1.20,which is known as

interkineticnuclearmovementandhasimportantrole in thedevelopmentof thebrain[54]. This nu-

clearmotility is coupledto thecell cycle. Lissencephaly(smoothbrain)is aseriousdisease,in which

themigrationof neuronsto thecerebralcortex is inhibited.Theabnormallylow level of theLIS1 pro-

tein causeslissencephaly. Thesimilarity betweenLIS1 andNUDF -nuclearmigrationproteinfrom

A. nidulans: aworm- suggeststhatnuclearmigrationandneuronalmigrationarerelated[52].

Two widely studiedsystemsareoocytesand fungi in termsof nuclearmotility. Sustainedos-
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Figure1.17:Thestructureof a�bronectin dimer. As shown schematicallyin (A), thetwo polypeptide

aresimilar but generallynot identical(beingmadefrom thesamegenebut from differentlyspliced

mRNAs). They arejoinedby two disul�de bondsnearthecarboxylterminus.Eachchainis almost

2500aminoacid residueslong andis folded into � ve or six rodlike domainsconnectedby �e xible

polypeptidesegments.Individualdomainsarespecializedfor bindingto aparticularmoleculeor to a

cell, asindicatedfor threeof thedomains.For simplicity, notall of theknown bindingsitesareshown

(thereareothercell-bindingsites,for example). (B) Electronmicrographsof individual molecules

shadowedwith platinum:arrowsmarkthecarboxyltermini. (C) Thethree-dimensionalstructureof a

typeIII �bronectin repeat,asdeterminedby nuclearmagneticresonancestudies.It is themaintypeof

repeatingmodulesin �bronectin andis alsofoundin many otherproteins.TheArg-Gly-Asp(RGD)

sequenceshown in partof themajorcell-bindingsite(shown in bluein [A]). (Source: [2], p. 986.)

cillationsof thenucleusbetweentheendsof thecell wasfound to bedrivenby MT-polymerization

in �ssion yeastbeforemeioticdivision [24]. This phenomenontakesplaceon thescaleof minutes.

In this casea bundleof MT-s pushesthe microtubule organizingcenter, which dragsthe nucleus.

Similarly, positioningthe nucleusby pushingvia MT polymerizationin �ssion yeasthasbeenalso

described[75]. Therotationof thenucleuswasdescribedin severalcell types[5]. In culturemostof

the rotationsoccurin theplaneof theculturedish, i.e. in theplaneof the �attened cell. Rotational

activity wasfound to be relatedto the cell cycle: it happenspreferentiallyin phasesthat surround

mitosis. Interestingly, in therootsof plantsnucleimove in anactin-dependentway (e.g. [17]), not

by meansof MT-polymerizationor MT motors.

Experimentsin microfabricatedchambersshowed that the polimerizationforce of microtubules
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Figure1.18:A possiblearrangementof someof theintracellularattachmentproteinsthatmediatethe

linkagebetweenanintegrin andactin�laments is shown. (Source: [2], p. 842.)
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Figure1.19: Thesubunit structureof an integrin cell-surfacematrix receptor. Electronmicrographs

of isolatedreceptorssuggestthatthemoleculehasapproximatelytheshapeshown, with theglobular

headprojectingmore than 20 nm from the lipid bilayer. By binding to a matrix protein outside

the cell and to the actin cytoskeleton(via the attachmentproteinstalin and � -actinin) inside the

cell, the proteinservesasa transmembranelinker. The � and
�

chainsareboth glycosylated(not

shown) andareheld togetherby noncovalentbonds.In the �bronectin receptorshown, the � chain

is madeinitially asa single140,000-daltonpolypeptidechain,which is thencleaved into onesmall

transmembranechainandonelargeextracellularchainthatremainheldtogetherby adisul�de bond;

this extracellularchainis foldedinto four divalent-cation-bindingdomains.Theextracellularpartof

the
�

chaincontainsa repeatingcysteine-richregion,whereinterchaindisul�de bondingoccurs;the
�

chainhasamassof about100,000daltons.
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Figure1.20: a, Schematicdiagramof a sectionthroughthe developingrodentforebrain. b, c, Il-

lustrationsof thedifferentstagesof neocorticaldevelopment.Thedorsalforebraingivesrise to the

cerebralcortex. The lateralganglioniceminence(LGE) andmedialganglioniceminence(MGE) of

theventralforebraingeneratetheneuronsof thebasalgangliaandthecorticalinterneurons;thelatter

follow tangentialmigratoryroutesto thecortex (a, arrows). In thedorsalforebrain(a, boxedarea),

neuronalmigrationbeginswhenthe �rst cohortof postmitoticneuronsmovesout of theventricular

zone(VZ) to form the preplate(PP)(b). Subsequentcohortsof neurons(pyramidalcells) migrate,

aidedby radialglia, throughthe intermediatezone(IZ) to split thePPinto theoutermarginal zone

(MZ) andinnersubplate(SP)(c). CP, corticalplate.Source: [56]
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itself in the absenceof motors(dyneinandkinesin)could position the arti�cial centrosomein the

middle of the MT astersto the geometriccenterof the chamber[38]. Dynamicinstability of MT-s

enablesthecentrosometo explore thechambergeometry[30]. Theoreticalresultsreinforcethat the

centrosomecanbedrivenby thepushingforceof polymerizingMT-s in asimpleway [25].

1.5.1 Cell polarization and centrosomesin motile cells

The polarizationof cells is a poorly understoodphenomenon,andit is beingexploredby the tools

of molecularbiology. Polarizationis crucial in numerouscell types. In polarizedcells the spatial

distributionof intracellularmoleculesisasymmetric.MT-sandcentrosomesareknowntohavecentral

role in polarization.Thecorrelationbetweenthepositionof centrosomesandpolarizationis far from

trivial. In motile cells thedirectionof migrationandthepositionof centrosomesseemto berelated

in anotyet clearway [80] [21] [57].



Chapter 2

Objectives

Motion of cell componentsis dominatedby randompositional�uctuations andperiodicmovement

on thescaleof biomolecules.Cell motility andshapeformationarebelievedto bedirectly relatedto

thepolymerizationdynamicsof actinandactin-associatedmotorproteins.Sophisticatedtheoretical

modelsanda numberof ingeniousexperimentshave providedstrongevidencethatcell protrusionis

drivenby actinpolymerization,e.g.,[51, 1]. Althoughseveralexperimentshave beencarriedout in

orderto understandtheprecisemechanismof cellularmotility, thedetailedprocessis still uncovered,

especiallyon thenanometerscale.

Fluctuationsareconsideredto be crucial in termsof the understandingof cellular motility. In

principle,nanometerscale�uctuationsof cellscanbestudiedby theatomicforcemicroscope(AFM),

andthis techniqueis almostuniquein this sense.(In somecases,�uctuations of biopolymers,such

asF-actin,canbevisualizedalsoby specialopticalmicroscopes[22] beneaththemicronrange.)We

attemptedto probethese�uctuationswith theAFM. Our purposewasto gaindeeperinsight into the

dynamicsof cellsthananopticalmicroscopecouldeverprovide.

Microscopic�uctuations resultin controlledmacroscopicbiologicalmotility. We studieda type

of intracellularmotion, which is mesoscopicin this sence:motility of the cell nucleusshows both

stochasticandcontrolledfeatures.

Nuclearmigration is an essentialaspectof a numberof cellular anddevelopmentalprocesses.

Appropriatelocation of the nucleuseven in non-M phasecells can be relevant. For example, in

the tightly packedpseudostrati�edepithelianucleiof theelongatedcellsarearrangedto avoid each

other[69]. Migrating culturedcellstranslocatetheir cell bodiesto theleadingedgeby nucleokinesis

[43]. In thedevelopingbraindistinctmodesof neuronalmigrationareknown [56]; in theventricular

zonenuclei of neuronalprogenitorcells and radial glial cells oscillatebetweenthe bordersof the

zone(1.20). Although it hasimportantrole in the developmentof the brain [54], the function and

mechanismof this remarkablephenomenoncalledinterkineticnuclearmigrationis notclear.

Experimentalsystemsusedto investigatenuclearmotility mentionedabove andin the introduc-

27
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tion could not reveal the biophysicalmechanismthat driveslong-termnuclearmigration in animal

cells. Using a micropatterningtechniquecombinedwith time lapsephasecontrastmicroscopy and

subsequentproteinlabelingwe werelooking for this mechanism.Our aim wasto quantitatively de-

scribethephenomenonof nuclearmigrationin elongatedcellsandgivea reasonablephysicalmodel,

which canexplain theeffect in agreementwith formerresultsandourexperimentalobservations.



Chapter 3

Materials and Methods

3.1 Cell cultur es: in vitr o envir onment

Most animalcells are adherent,which meansthat they can survive if they are attachedto a solid

surface.Thereareafew exceptionse.g.,redbloodcells.Adherentcellscanbemaintainedin vitro on

numeroussurfacessuchasglassin theappropriateculturemedium.Althougharti�cial surfacesthat

areusedto keepcellsin vitro canonly partiallymimic thenaturalenvironmentof cells,thesecultures

canbereasonablemodelsof tissues.

Cellscanbekeptalive for a few hoursin physiologicalbuffersthataresolutionsof salts.On the

long run they needculturemediumandsomecomponentsof the blood serumto live andprolifer-

atesuf�ciently . Thesecomponentsareproteins,especiallygrowth factors,which arepresentin the

physiologicalenvironmentof cells in tissues.Numerousdifferentculturemediaareknown. They

consistof water, salts,aminoacids,glucoseandvitamins.Which mediumto choosedependson the

cell type andthe experimentalsetup. We usedDMEM (Dulbecco's Modi�ed EagleMedium) with

10 % FCS(FetalCalf Serum)in theAFM experimentsandMEM (Minimal EssentialMedium)with

10 % FCSin the time-lapsephasecontrastexperiments.Mammaliancells need37
�

C. For a short

timethey cansurviveat lowertemperatures(e.g.roomtemperature)withoutany irreversibledamage.

For a practicallyin�nite periodof time cells canbe kept in a frozenstateusingliquid nitrogenand

a cryoprotective agent(e.g. DMSO or glycerol). Transitionfrom 37
�

C to -196
�

C andbackwards

canbe lethal, in mostcasesa numberof cells will not survive. This is calledfreeze-thaw damage.

Interestingly, a relatively slow freezingprocessfrom 37
�

C to about-60
�

is moresuccessfulthana

rapidone.pH of themediumcanbestabilizedin 5%CO
�

atmosphere.CO
�

diffusesinto themedium

from theatmosphere.

We usedseveral typesof cells in our experiments:3T3 mouse�broblast [74], C6 rat glioma[7],

U87 humanglioma[62] immortalizedcell linesandprimarymouse�broblasts.

Culturesof C6,U87,and3T3 cellsweregrown in DMEM (Dulbecco's Modi�ed EagleMedium,

29
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GIBCO) or MEM (Minimum EssentialMedium,SIGMA) supplementedwith 10 % fetal calf serum

(FCS;Gibco), 4 mM glutamineand40 � g/ml gentamycinin humidi�ed air atmospherecontaining

5% CO
�

, at 37
�

C. Primary�broblasts wereisolatedfrom thebodiesof 13 dayold mouseembryos.

Primaryastroglialcellswerepreparedfrom newbornmouseforebrains,asit wasdescribedpreviously

[44].

3.2 Atomic forcemicroscopy

3.2.1 Fundamentals

Atomic ForceMicroscopy (AFM) is a relatively new techniquethatbelongsto thefamily of scanning

probemicroscopes(SPM-s).SPM-semploy amicroscopicprobe,whichscansoverthesurfacebeing

investigated.Positioningthe probewith 0.01nm accuracy canbe solved by usinga piezoelectric

scanner. Dif ferencesbetweenSPM-semergefrom theinteractionbetweenthesurfaceandtheprobe.

An electricalfeedbackcircuit canbeusedto keepthestrengthof the interactionat a constantlevel,

which, in turn,makesit possibleto acquireamapof thesurface.

The �rst SPM, inventedandconstructedin 1981-82by Binnig andRohrer[9], wasa scanning

tunnelingmicroscope(STM). This techniqueis capableof theexaminationof electricallyconducting

surfaceson an atomicscale. Due to the voltageappliedto the probe,which is a sharpconducting

tip in this case,tunnelingcurrent �o ws from the tip to the sampleor vice versa. The tunneling

currentis usuallyan exponentialfunction of the distancebetweenthe tip andthe sample[68] with

a characteristicdistancein the rangeof 0.01 nm. This is the main featureof the techniquethat

makesatomic resolutionpossible. Most biological samplescanhardly be probedby STM due to

their insulatingcharacter. AFM solvesthis problemeffectively [8, 48]. Probeof theAFM is a sharp

hardtip, which canbeeitheranelectricconductoror aninsulator. Thetip is mountedon acantilever

(spring).A singlecarbonnanotubecanbeeithergrown or attachedto theendof thetip, resultingin

anextremelyhighaspect-ratioandasmallradiusof curvature(Fig. 3.1).

AFM is a force sensor. Whenthe surfaceunderinvestigationattractsor repelsthe tip, the can-

tileverbendsto or from thesurface.Thisbendingis thenmeasuredby positionsensitivephotodiodes

via thedisplacementof thelaserbeamre�ectedby thebackof thecantilever. (Fig. 3.2.)

With this techniquethe cantilever's de�ection canbe sensedwith a 0.01nm resolution. Force

betweenthesampleandthe tip is determinedaccordingto Hooke's law, if the forceconstantof the

cantilever is known. Thermalvibrationsof thecantileverprovide aneleganttool to measureits force

constant[46]. Althoughfurthermethodsarealsoavailable,this techniqueis themostpractical.Some

commercialAFM softwarescando theforcecalibrationwith high precisionautomaticallyusingthe

thermal�uctuation method.
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Figure3.1: Scanningelectronmicrographs:anetchedsilicon tip on theright anda carbonnanotube

probeon theleft. (Source: http://store.veco.comandhttp://cmliris.harvard.edu/.)

Figure3.2: Schematicrepresentationof theAFM head.Beamemittedfrom a laserdiodeis re�ected

on thebackof thecantilever. With thehelpof anadjustablemirror thelaserbeamcanbedirectedto

thephotodiodes.Bendingof thecantilever is measuredby thedetectionof thepositionof the laser

spoton thesurfaceof thediodes.Thephotodetectoris madeup of 4 segments:not only thebending

but thetorsitionof thecantilevercanbemeasured,aswell.
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Piezoscannersactuatethecantilever. Whenhigh voltageis appliedto a piezoelectricmaterial,it

elongates.Thiseffect is utilizedin thescanners(Fig.3.3).Piezoscannerscanpositionthetip attached

to themwith an accuracy in the 0.01nm range.Dif �culties appearwith distortion,reproducibility,

andaccuracy of measurementsdueto thenonlinearity, hysteresis,anddrift of thepiezoeffect.

Sensitivity andresolutionof AFM is determinedby distinctparameters:the intrinsic sensitivity

of theopticallever; thermalnoise;andthetip's radiusof curvature.(See���������	�
���	
����������������	�����

��������
 ��!#"$��%&� '(�)���

�

�*���,+ andreferencestherein.)Bestresolutionthatcanbeachievedon thesurface

of living cellsis in therangeof 10-100nm. Higherresolutionimageswill not revealmoredetailsdue

to thelow contrast,which is anoutcomeof thesoftness.

3.2.2 Imaging and spectroscopy

Theimagingability of AFM is utilized in numerous�elds of surfacescienceandsolid statephysics.

AFM alsohasindustrialapplicationse.g.,in semiconductortechnology. In biology it is appliedfor

bothimagingandspectroscopicpurposes.

Thetwo basicmodesof AFM imagingarecontactmodeandnon-contact(tapping)mode[34]. In

contactmodethe tip is in continuouscontactwith thesample,i.e., it is in the repellingzoneof the

vanderWaalsinteraction.On thecontrary, in tappingmodethetip oscillateswith high frequency in

theattractive zone(fartherfrom thesamplesurface)andhits thesurfaceoncein a period. In contact

modeAFM acquiresthe equiforcemapof the surfaceusingan electric feedbackloop that adjusts

thez coordinate(perpendiculardirectionto thesurface)of thecantilever so that the forcewould be

constant.This3D mapis calledcontactmodetopographicimage.Feedbackparameterscanbetuned.

Perfectfeedbackwould resultin a constantde�ection of thetip. In de�ection modeAFM measures

thede�ection of thecantilever, i.e., theerrorof the feedback.De�ection modeimagesusuallygive

bettercontrastthanthetopographiconesdueto thehigh de�ection of thecantilever at theedgeson

thesurface.Finite time constantof thefeedbacklimits thescanningspeed.Generally, thefrequency

of thescanningis keptconstant,whenthescannedareachanges:scanningspeedis higherin a larger

window. Theoptimalscanningfrequency is determinedmainlyby thepiezoscanneritself. In tapping

modeeithertheamplitudeor thephaseof theoscillationis keptconstantby feedback.Far from the

sampletheoperatoradjuststheexcitationfrequency (frequency of theAC on thepiezooscillatingit

in thez direction)closeto a resonantpeakof thecantilever. In theproximity of thesampleboththe

amplitudeandphaseof the oscillationis alteredby the interactionbetweenthe tip andthe surface.

Constantforcegradientmapof thesurfacecanbeimagedby thismethodbecausetheeigenfrequency

of thecantilever is dependenton thez gradientof thetip-sampleforce. Investigatingsoft biological

samples,tappingmodeis very useful since it is more gentle than the contactmode: deformsor

damagesthesamplein a lessextent.

Spatialresolutionprovided by optical microscopy of living cells doesnot enableresearchersto
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Figure3.3: Typesof piezoscanners:a, thetripod;b, thethermallycompensatedsymmetricalscanner

andc, the piezo tube. The �rst STMs all usedpiezotripods for scanning.The piezo tripod is an

intuitiveway to generatethethreedimensionalmovementof a tip attachedto its center. However, to

get a suitablestability andscanningrange,the tripod needsto be fairly large (about5 cm). Its size

andits asymmetricshapemake it very susceptibleto thermaldrift. The thermaldrift performance

of the symmetricaldesignis muchbetterthanthe simpletripod. However a complicatedassembly

of many piezopiecesis required. The tubescanneris now widely usedin SPM for its simplicity

andits small size. The outerelectrodeis segmentedin four equalsectorsof 90 degrees.Opposite

sectorsaredrivenby signalsof thesamemagnitude,but oppositesign. This gives,throughbending,

a two dimensionalmovementon, approximately, a sphere.The inner electrodeis normally driven

by the z signal. It is possible,however, to useonly the outerelectrodesfor scanningandfor the z

movement. The main drawbackof applyingthe z signalto the outerelectrodesis, that the applied

voltage is the sum of both the x or y movementand the z-movement. Hencea larger scansize

effectively reducestheavailablerangefor thez control. Piezoscanners,tubesandtripods,aremade

of piezoceramicmaterial. Piezomaterialswith a high conversionratio or small distancesbetween

the electrodes,allowing large scanrangeswith low driving voltages,do have substantialhysteresis

resultingin adeviationfrom linearityby morethan10%.Thesensitivity of thepiezoceramicmaterial

(mechanicaldisplacementdividedbydrivingvoltage)increaseswith reducedscanningrange,whereas

thehysteresisis reduced.A carefulselectionof thematerialfor thepiezoscanners,thedesignof the

scanners,andof theoperatingconditionsis necessaryto getoptimumperformance.Source: ������� �

� ��% % %&�
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observenanometerscalemotionandrearrangementof cell components.AFM is anadequatetool for

suchmeasurements[14, 36,58,65]. Stress�bres (contractilebundlesof actin�laments andmyosin-

II) play an importantrole in the control of cell shapeandthe adhesionof cells to the extracellular

matrixthroughfocalcontacts.Thesecharacteristiccytoskeletalelementscanbeimagedwith theAFM

dueto their high elasticmodulus[64, 37]. AFM is capablenot only for recordinghigh-resolution

topographicimagesof livingcellsbut alsofor measuringtheelasticpropertiesof themsimultaneously

[45] andinvestigatingcellulardynamics[26, 66].

Positioningthetip overapointof thesample,force-distancecurvescanbeacquiredby approach-

ing andremoving the tip from the surface. Thesecurves-alsonamedforce spectra-canbe highly

informative in termsof thelocal elasticpropertiesof thesample.Elasticmodulusof thesamplecan

becalculatedfromtheforcespectrain caseof alivingcell, too(e.g.[45,33]. Localforcespectroscopy

on eachpixel of animagewill provide theelasticmapof thesurface.

Themain �eld of applicationof forcespectroscopy is thestudyof intra- or intermolecularinter-

actionswith pN andsubnanometerresolution(for review see[81]). Amongothers,proteinfolding,

receptorbinding,antibody-antigenandDNA-proteininteractionscanbestudiedby this technique.

3.2.3 Technicaldetails

Scanningrepetitively thesurfaceof acell time-lapseimagescanberecorded[33,67]. Theanalysisof

subsequentimagesyieldingamovie is highly informativein termsof thekineticsof thecytoskeleton.

Although fastcellularmotility cannot beexaminedby therepetitive scanningproceduredueto the

minute-rangeof scanningtime, nanometerscalefastmotioncanbeprobedby positioningthetip on

theareaof interest.In thiswaywe couldinvestigatethefastvertical�uctuationsof thecells.

A commercialAFM (TopoMetrix Explorer, SantaClara, CA) with a tripod piezoscannerand

custom-madesampleheatingcontrol systemand�uid chamberwasused(Fig. 3.4 and3.5). Mea-

surementswerecarriedout at 37
�

C in CO
�

independentmediumcontaining10% fetal calf serum

(GIBCO). We usedsoft silicon nitride cantilevers(Thermomicroscopes,CoatedSharpMicrolevers,

Model#MSCT-AUHW, with typicalforceconstant0.01–0.03N/m,20nmradiusof curvature).Topo-

graphicandde�ection imageswereacquiredin contactmode.High-resolutionimageswereacquired

at a scanningfrequency of � 4 Hz. Non-destructive low force scanningprovided stablesustained

imagingof living cellsfor 8–10hours.After theAFM experimentscellsweremaintainedin thesame

mediumfor 1–2 daysandfound to be normal. We could not achieve high-resolutionimagingon a

portionof cellsdueto their increasedheightor softness.

Consideringthatsmalldetailsof cellularcomponentscanbeobservedatthebestqualityonshaded

de�ection modeimageswepresentourexperimentaldatain this format.Topographicimagesprovide

heightinformationbut with poorcontrast.

Wemeasuredtheaveragedisplacementof thecontourat theedgesof cells. In themiddleof cells
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Figure3.4: TheAFM systemwe used.AFM headon thevibration isolatedstageon the lower left,

abovethisthemonitor-showing thepositionof thetipsandthesample-onthetopof theAFM control

boxes,theheatingcontrolon the top middle,underthis thedigital oscilloscope,andthepc monitor

beside.
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Figure3.5: TopoMetrixAFM headon thehome-madeheatcontrolledsampleholder.
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Figure 3.6: Phase contrast light pathways in an upright arrangement. (Source:

http://www.olympusmicro.com/primer/techniques/phasecontrast/phase.html)

we have chosensomestructureswith a characteristicshapeand the lateraldisplacementsof these

structuresweremeasured.Themeasurementof local height�uctuationsof cellswasstartedat least

1/2 h after mountingthe sampleinto the �uid cell. In this way thermaltransienteffectscould be

eliminated.After eachscanthetip waspositionedontothepoint of interestwith thesameforceand

feedbackparametersandwecapturedthedcvoltageof thez piezoby adigital oscilloscope(Tektronix

TDS 210)for 22.5secwith 100Hz samplingrate.

3.3 Phasecontrast time-lapsemicroscopy

Althoughmostanimalcellscannotbevisualizedby asimpleopticalmicroscopesincethey aretrans-

parent,they can be studiedby phasecontrastmicroscopy constructedby Zernike in 1932. Phase

contrastmicroscopegivescontrastbetweenareaswith differentrefractionindices.Therefractionin-

dex of thecytoplasmis higherthanthatof theculturemedium.Evensomecellularorganelles,suchas

thenucleuscanbedistinguishedby this technique.Themainfeatureof a phasecontrastmicroscope

is thespecialobjectivewith a phasering andthecorrespondingillumination throughanannularring

(Fig. 3.6). To achieve optimal contrastin caseof sampleregionswith slightly different refraction

indicesthephasering is manufacturedto causea � /4 phaseshift of thedirectbeam.Theinterference

of the direct beamandbeamsdiffractedby the cells resultsin bright imageof the cells with dark

background.

On the basisof former videomicroscopesconstructedby András Czirók and BalázsHeged�us,
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Figure3.7: Theautomatedtime-lapseinversephasecontrastmicroscopesystemwe usedin thecell

motility studiescapablefor takinghigh resolutionphotosof living cellsfor severaldays.

which proved to be adequatefor the study of cellular locomotion[20, 35] we built an automatic

systemto acquiretime-lapseimages(Fig. 3.7). An OlympusC-4040Zoomdigital cameracontrolled

by a computerhasbeenmountedon thesideport of a LeicaDM IRB invertedmicroscopewith the

useof anopticalcouplingconstructedby Ottó Haimann.Thecommunicationmoduleof thecamera

was madeby Dávid Selmeczi,it combinesthe photopcand gphoto2programs. The focus of the

microscopecanbeautomaticallyadjustedby a computercontrolledsteppermotormanufacturedby

SándorHopp.

A home-madethermostatconstructedby AndrásCzirók andTamásVicsekwasusedto keepthe

cell culturesat 37
�

C. 5% CO
�

, 76% nitrogen,19% oxygenatmosphereand100%relative humid-

ity wasmaintainedby the applicationof a computercontrolledelectricalvalve, which controlsthe

in-�o w of the fresh5% CO2 into the thermostat,andopenwater tanksinside. Prior to the time-

lapseexperimentscellswerepassagedover themicropatternedsurfaceof 35 mm plasticpetri dishes

(Greiner)atadensityof 1-1.5x 10
�

cell/cm� in MEM with 10%FCS.
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Drugs usedin the inhibitor studies: vinblastine,taxol, sodium-orthovanadate,AMP-PNP, cy-

tochalasinD, ML-7 werepurchasedfrom SIGMA. Drugswereaddedto theculturemediumafter1-d

time-lapseobservationof thecells.

3.4 Processingand analysisof data fr om time-lapsemicroscopy

Positionof the nuclei, andthe two endsof singlecells showing clearnuclearmigrationwasdeter-

minedmanuallyin every time-lapseframeusingthegtrak softwareconstructedby Dávid Selmeczi,

wherefrom�����

"�� �����

���	�

"�� ��� and ��
��

"�� ��� , locationof thenucleus( � ) andthe two ends( �
� 
 ) of the ith

cell at time � wasde�ned. Velocity !

���

"�� ��� of thenucleusof the ith cell at time � wascalculatedas

the net displacementof the nucleusin a time interval of 30 minutes. The startandthe endof this

interval waschosensymmetrically, 15 minutesbeforeandafter thetime moment� . Directionof nu-

clearmotility wasdeterminedautomaticallyby leastsquaresmethod.Densityfunctionof thevelocity

!

�

��� distribution in a cell populationwasdeterminedasthenumber� of eachoccurentvelocities ! ,

normalizedby thenumberof velocitydata( � � ). Periodof theperiodicnuclearmigrationof acertain

cell " , wascalculatedfrom the �����

"�� ��� functionby measuringthedistancebetweenthepeaks.Accu-

racy of this procedurewas � 0.5 h. (Fourierspectrumprovided lessaccuratedataof theperiodif it

wascloseto thetimeperiodof observation.)

3.5 Immunocytochemistry

At the endof the time-lapseexperimentssampleswere �x ed using4% paraformaldehydein PBS

for 25 minutes,afterwardskeptat 4
�

C in PBScontainingNa-azide.Themembranesof �x ed cells

werepermeabilizedby treatmentwith Triton X-100(5 min.,0,1%v/v in PBS).Non-speci�cantibody

bindingwasblockedby incubationwith 5 % FCSin PBSat roomtemperature,for 1 hour. Antibod-

ies to � -tubulin (mouse;ExBio, Praha)and � -tubulin (rabbit; Sigma)wereusedat dilutionsof 1 to

1000-5000,respectively. Secondaryantibodiesto � -tubulin wereCy3(1:3000,Jackson)or Alexa488

labeledanti-mouseIgG-s (1:1000,MolecularProbes). � -tubulin wasvisualisedby 1.5 hour incu-

bationwith biotin-conjugatedanti-rabbitIgG (1:1000,Vector) followed by 1 hour incubationwith

�uorescentavidin-TRITC (1:750,Sigma).

Fluorescentimageswereaquiredwith theLeicaDM IRB microscope,40xN-planobjective,mer-

cury lampilluminationor with anOlympusBX61 confocalmicroscope,60xoil immersionobjective,

1.1numericaperture.
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3.6 Micr opatternedcell adhesivesurfaces

We manufacturedmicropatternedsubstrates[50] for the phasecontrastcell motility studies.Poly-

dimethyl-siloxane(DPMS,Sylgard184 from Dow Corning)micropatternedstampswerefabricated

by GáborCśucs,Laboratoryfor Biomechanics,Departmentfor MechanicalandProcessEngineering,

ETH Zürich with a lithographicprocedure[19]. In our nuclearmigrationstudieswe usedsimple

stripedpatternswith 20,40 or 60 � m latticeconstant(Fig. 3.8).

We applieda proteinmaskingtechniqueusingpoly-l-lysine-poly-ethylene-glycol(PLL-PEG),a

moleculerepellingproteins.After patterningthesubstratesurfacewith theproteinwe droppedPLL-

PEGsolutiononto it. PLL-PEGadheresto thosesitesonly, wheretheproteinmaskdoesnot cover

the surface. Cells adhereto the surfacevia proteins,which infers that they will not adhereto the

PLL-PEGcoveredregionbut to theproteincoveredsites.

Either protein solution (40 � g/ml �bronectin, 20 � g/ml Alexa488(Molecular Probes)labeled

�brinogen) or 50 � g/ml FITC labeledpoly-l-lysine (SIGMA) in PBS were placedonto the clean

surfaceof the DPMS stampsfor 30 min. Drop wasremovedandthe surfacewasdried in air �o w.

We placedthestampcarefullywith its patternedfacedownsideon the innersideof thebottomof a

35 mmplasticpetri dishor aglasscoverslip andpushedit gentlyto achieve full contactbetweenthe

stampandthesurface.After 10-20secweremovedthestamp,andwashedthesurfacewith waterand

HEPESbuffer. Thequalityof thepatternwascontrolledin the�uorescentmicroscope(Fig. 3.8). We

incubatedthesurfacewith 1 mg/ml PLL-PEGin HEPESbuffer for 10 min, removedit, andwashed

the surfacewith PBS.1-1.5 10� cells in 2.5 ml minimal essentialmedium(MEM), 10% fetal calf

serum(FCS)werepassedover thepatternedsubstrate.
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Figure3.8: Fluorescentprotein(�bronectin-Alexa488labeled�brinogen mixture)patternon thesur-

faceof aplasticpetri dish: 20 � m wide stripes.



Chapter 4

Results

4.1 Nanometerscalecellular �uctuations studiedby AFM

Weinvestigatedthenanometerscaleheight�uctuationsof 3T3�broblast cellsby atomicforcemicro-

scope(AFM) underphysiologicalconditions.Distinct typesof cellularmotility couldbeexamined

by themeasurementof vertical�uctuations.

Fig. 4.1 displays2 imagesof a movie showing theslight motility of the rearedgeof a cell with

a 4.5 minutestime shift. This cell wasalmostquiescentduring theexperimentwith a highly stable

structureof cytoskeletal �bers andmoderatelateralmotility. The rearedgeis beingpulled by the

stress�bres: seetheparallelsetof curved �bres anchoredto theedgeof thecell. In thesametime

cell-matrix junctionsor nonspeci�ccontactsadheringtherearof thecell to thesupportweakenand

break.Wealsoobservedatypical retractingtriangularshaped20 � m widecontact(imagenotshown)

of thesamecell at therearedge.Thecontactwasbrokena few minutesafter recordingthevertical

�uctuations.

Typical vertical �uctuations registeredon thesetwo locationsarepresentedin Fig. 4.2. We sup-

posethat the apparentdifferencebetweenvertical �uctuations originatesin the differentbiological

activities of the two regions. While the entire region of the cell shown in Fig. 4.1 wasextremely

stablewith a lateralvelocityof about2 nm/s,theedgebesidetheretractingtriangularshapedcontact

movedwith aspeedof about11nm/s.

To analyzeheight�uctuationswecalculatedthepowerspectrumandtheheight-heightcorrelation

functionwith a maximal � =5 s timeshift of each� �

��� height-timecurve:

�

�

�

�����

���

� � �

��� �

� �

��� �����

�

�
����� "
	 ��� "��
�
� �

�

� (4.1)

�

	 ��� � � ��� ��� � (4.2)

where 	 � (10ms)is thesamplingtime.
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Figure4.1: Shadedde�ectionmodeimageswith a4.5minutesdifferenceshowingstableactin-myosin

cablesat therearof a quiescentcell. Arrow in thelower left cornerindicatesthedirectionof motion.

SF:stress�bres.

This function can characterizestochasticheight �uctuations by giving the averagechangeof

heightasa functionof time. Curvesarepresentedin Fig. 4.3, thenumberof measuredheight-time

curves � is indicated. The lateral velocity of eachlocationseemsto correlatewith the saturation

valueof theheight-heightcorrelationfunctionmeasuredat that locationcon�rming our assumption

that height�uctuations arerelatedto local biological activity (motility). The startingslopesof the

curvesgive the speedof fast �uctuations. Curvessaturatewith differentcharacteristic(saturation)

times. Thereis anapparentdifferencebetweencurves(a) and(b) in thesaturationvalue. Thechar-

acteristictime ( � 2 s) of curve (a') is approximatelydoublethoseof theothertwo curves.Curve (a')

wasregisteredon themiddleregion (cell body)of thequiescentcell. (SeeTable4.1.) Characteristic

timeandsaturationvaluearerelatedto theaveragedurationandamplituderespectively of anupward

or downwardmotion.

Theanalysisof powerspectra(Fig.4.4)of theheight-timecurvesacquiredoneachlocationof this

quiescentcell revealedsustainedperiodic�uctuationsduringtheexperiment(1.5hours).We founda

characteristicpeakat4.9Hz with awidth of 3.5Hz. Theareaof thispeakgivesanaverageamplitude

of 1.5 � 0.4 nm. Cellswithout apparentstress�bres nearbylack this peak.Theorigin of thesharp

peaksin thespectrumis electricnoise.

Fig. 4.5shows thecontoursof a leadingedgeof a motile cell from consecutive images.Notethe

bright spot(S) appearingon thecell surfacecloseto theedgein themiddleof thesecondimage. It

appearsin lessthan7 minutesanddisappearssoonafter. A similar onecanbeobservedon theupper
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Figure4.2: Typical vertical �uctuations measuredon quiescentandmotile cells. Graph(a) and(b)

belongto thequiescent,(c) and(d) to themotile cell. We recorded(a) on therearedgedisplayedin

Fig. 4.1. (b) wasmeasuredona typical retractingtriangularshapedcontact(imagenotshown) of the

cell at therearedge.Thiscontactto thesupportwasbrokena few minutesafterrecordingthevertical

�uctuations. (c) and(d) wereregisteredontheleadingedgeshown in Fig. 4.5andcloseto thaton the

cell bodyrespectively.
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Figure 4.3: Averagedheight-heightcorrelationfunctionsof �uctuations measuredon the surface

of the quiescentand the motile cell. Curves (a, n=10); (b, n=8); (c, n=10) and (d, n=9) are the

correspondingcorrelationfunctionsof vertical �uctuationsshown in Fig. 4.2. Curve (a', n=10)was

registeredon the middle region of the quiescentcell. Thereis an apparentdifferencebetweenthe

behavior of curvesbelongingto thequiescentandthemotile cell. Saturationdisappearson thescale

of severalsecondsin caseof themotile cell. This fact indicatesthepresenceof verticalmotility on

this time scale.Signi�cant differencebetweengraph(a) and(b) is attributedto thedynamicsof the

retractingcontactat therearedge.Seethevalueof lateralvelocity of locationsat eachcurve. 50 Hz

noiseoncurvescanbeobserved.

Curve Starting

Slope

[nm/s]

r Saturation

value � SD

[nm]

n Lateral Ve-

locity � SD

[nm/s]

Quiescent

cell

a 6.3 0.94 10.5 � 0.2 10 2.3 � 0.4

a' 8.4 0.97 17.0 � 0.2 10 3.2 � 0.5

b 16.7 0.97 28.1 � 0.3 8 11.4 � 2.5

Cell in mo-

tion

a 20.3 0.998 – 10 5.3 � 2.9

b 28.7 0.999 – 9 5.3 � 2.9

Table4.1: Comparisonof the lateralvelocity andparameterscharacterizingvertical �uctuations of

differentlocationson the quiescentandthemotile cell. Parametersof theheight-heightcorrelation

functionarecalculatedonthebasisof curvespresentedin Fig.4.3.Startingslopeandsaturationvalue

weredeterminedby linear �tting in the(0.3s,1 s) and(3 s,5 s) intervalsrespectively, r: correlation

coef�cient of �tting, SD:StandardDeviation,n: numberof measuredheight-timecurves.
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Figure4.4: Powerspectrum(n=10)of height�uctuationsmeasuredat thelocationshown in Fig. 4.1.

Thepeakat4.9Hz canbefoundin eachpowerspectrumof height�uctuationscapturedonthesurface

of thequiescentcell. Thepower spectraof height�uctuationsof cellswithout apparentstress�bres

nearbylack thispeak.

part of the last image. Thesefeaturesseemto be linked to the endsof curved �laments. In many

casesmicrometersizedunidenti�ed nodeswerefoundon stress�bres. They might be largeprotein

complexesattachedto F-actin.

Fig. 4.2displaystheheight-timecurvescapturedon theleadingedge(c) andcloseto thaton the

cell body (d). Curvesshow increasedmotility especiallyon the long (several seconds)time scale.

As a consequence,the saturationeffect of the height-heightcorrelationfunction disappearson this

scale(Fig. 4.3). The speedof fast�uctuations is higher, aswell. (SeeTable4.1.) We supposethat

theobservedincreasein vertical�uctuationsis anoutcomeof actinpolymerization-depolymerization

processesattheleadingedge.Surprisingly, theheight-heightcorrelationfunctionshowsahigherlevel

of �uctuations fartherfrom the leadingedge.It canbe a resultof actindepolymerizationprocesses

well behindtheedgeor anincreasedtemporalmotility of this regionwhichhasto follow theedge.

To sumup the resultsof the �uctuation measurements,correlationcould be observed between

theheigth�uctuationsandthe lateralmotility of thecells . Fluctuationsmeasuredon leadingedges

appearto be predominantlyrelatedto actin polymerization-depolymerizationprocesses.We found

fast( 5 Hz) pulsatorybehavior with 1–2nm amplitudeon a cell with low motility showing empha-

sizedstructureof stress�bres. Myosin drivencontractionsof stress�bres arethoughtto inducethis

pulsation[72]
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Figure4.5: Consecutiveshadedde�ection modeimagesof a leadingedge.Approximately7 minutes

elapsedbetweenimages.Arrow indicatesthedirectionof motion. Note thebright spot(S) appear-

ing on the cell surfacecloseto the edgein the middle of the secondimage. L: lamellipodium,F:

�lopodium. Contourlines (extremeright) display the forward motion of the edge. The standard

deviation of lateral velocity was found to be higher than in the caseof a lessmobile edgedue to

extensionsgrowing with highspeed,suchastheextensiononthelowerregionof thelastcontourline

correspondingto theright handimage.

4.2 Nuclear motility in elongatedcells

Weusedamicropatterningtechniqueto forcecellsto form highly elongated'bipolar' shapeonnarrow

adhesive stripesbetweennon-adhesive stripes. This methodproved to be adequateto investigate

nuclearmotility by time-lapsemicroscopy for severaldays.

In our nuclearmotility experiments,besidesU87 humanglioma,3T3 mouse�broblast andpri-

marymouse�broblast, we usedtheC6 rat gliomacell line. This cell line is closelyrelatedto theso

calledradialglial cellsthatshow thephenomenonof interkineticnuclearmigrationin thedeveloping

brain. Radial-like glial cells couldbegeneratedfrom C6 cells [31]. It meansthatour experimental

setupcanbeasimplein vitro modelof cellsin thebrainin thestateof interkineticnuclearmigration.

(Interkineticnuclearmigrationis coupledto thecell cycle: cellsdivideaftereachcompletedcycleof

migration,whenthenucleusreachestheendof thecell at theventricle.This featureis not presentin

oursystem.)

4.2.1 Phasecontrastmovieswith subsequentlabeling of microtubulesand cen-

tr osomes

Weobservedin severalexperimentsthatthenucleusof elongatedcellsonthesurfaceof narrow stripes

is motile. Thispropertyis generalfor theinvestigatedcells.Withoutcell adhesivestripes,cellsarenot

forcedto form anelongatedshape;they canappearin diversecon�gurations.Longtermmigrationof

thenucleuswasobservedonly in elongatedcells,it neverhappenedin cellswith variantshapes[71].
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Wefoundthatthemigratingnucleuscanturnbackattheendof thecellwith almostnowaiting,and

continuesto migratein theoppositedirection. Nuclei areableto make numerouscyclesin this way

(Fig. 4.6). (Seedemonstrativemovieson ������� ���
��� ��
 ����� � �
�*� � � ���(���
��� ��� ��"�� ����
�� �
�,"
� � � �����
������+ ��� �

website.) We call this phenomenonauto-reversenuclearmigration,which is frequentin C6 glioma

cells andprimary mouse�broblasts. In �broblasts the nucleusturnsbackusuallybeforereaching

the endof the elongatedcell. Although the nucleusof 3T3 mouse�broblasts wasalso motile, it

turnedbackrarelyat theendof theelongatedcells. Nucleusof U87 humangliomacellswasmuch

lessmotile,which is attributedto their lesselongatedshapeevenon thenarrow cell adhesivestripes.

Averageperiodof periodicnuclearmotility in C6cells(4.6 � 1.9hours,27analyzedcells)waslower

thanthe periodof their cell cycle, which is about1 day. In caseof primary mouse�broblasts the

averageperiodwasmorethan2 timesshorter:1.8 � 0.6hours(6 analyzedcells).

In eachtime-lapseframethe exact positionof the nuclei was identi�ed manually. Only single

cells showing clear nuclearmigration were analyzed. We determinedsomestatisticalparameters

thatcancharacterizeperiodicnuclearmigration. Averagevelocity of migratingnucleiwas29 � 13
� m/h basedon 5 distinct experimentsusingC6 cells. The total numberof analyzedcells was32.

Averagevelocity of the nuclei showing periodicmotion in primary mouse�broblasts was26 � 10
� m/hanalyzing15 cells.

For furtherstudiesweusedtheC6cell line. Materialof thecell adhesivestripeshadnosigni�cant

impacton themotility: �bronectin-�brinogen andpoly-l-lysinestripesgavesimilar results.Distribu-

tion densityfunctionof thevelocity shows a peakat 0 anda long tail towardsthemaximalvelocity

measuredin ourexperiments(Fig. 4.8).As aconsequence,standarddeviationof thevelocity is high,

80%of theaveragevelocity. Theratio of themaximalvelocityandaveragevelocity is 6.

At theendof time-lapseexperimentswe �x edthesamplesandlabeledthecentrosomes.Position

of centrosomesbeing the MT organizingcenterswasconsideredto be informative in termsof the

polarizationof thecell sincecell polarizationis known to bestronglydependenton theMT system.

Thefact that in polarized,migratingcells thepositionof thecentrosomeis cell typespeci�c, i.e., in

somecellsthecentrosomemovesin front of thenucleus,in othercellsit lagsbehindit [80], infersthat

cell polarizationis not simply correlatedwith the positionof the centrosome.We found that in C6

rat gliomacells thecentrosomestaysbehindthemigratingnucleus,or besideit betweentheplasma

membraneandthenuclearmembrane(Fig. 4.9). Labelingof MT-s showedno apparentasymmetry

betweentheleadingedgeandthetail of cells(Fig. 4.10). MT-s aremainly parallelto theaxisof the

cell. Fluorescentimagingof MT-s in thehighly elongatedcellswasextremelydif�cult dueto their

closepacking.(Fig. 4.11.)
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Figure4.6: Positionof the nucleusin a C6 rat glioma cell (left) andin a primary mouse�broblast

(right) duringnuclearmigration.Time shift is 1 h betweensubsequentimagesin caseof theC6 cell

and10 min in caseof themouse�broblast. Notethat thefrequency of periodicnuclearmigrationis

muchhigherin caseof the�broblast. Scalebar: 50 � m.
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Figure4.7: Positionof thenucleusasa functionof time in caseof theC6cell shown in Fig. 4.6.

4.2.2 Inhibitor studies

Wetargetedthetwo mainforcegeneratingcytoskeletalelements:actin-andmicrotubule-relatedsys-

temswith speci�c drugsto revealtheir rolesin nuclearmotility.

MT-s wereaffectedby vinblastineandtaxol in a concentration-dependentway. Whereastaxol

stabilizesMT-s, vinblastine[11, 32] depolymerizesthem. Both drugsinhibited nuclearmigration

evenat low concentrations.Taxol waseffective above 10 nM, vinblastineblocked themigrationof

thenucleusat 20 nM. While, in caseof vinblastinecellsbecamelesselongated,taxol increasedthe

level of elongation,which is in consistencewith their oppositeimpacton MT-s.

MT motors: kinesinsandcytoplasmicdyneinswere inhibited by 5 � M vanadateand100 � M

AMP-PNP, respectively [39, 55]. Vanadateis an inorganicdynein inhibitor, AMP-PNPis an ATP

analogueboundbut nothydrolyzedby kinesins.They hadnoeffect onnuclearmotility.

Actin wasaffectedby theF-actindisruptingcytochalasinD [73], which hadslight effect on the

migration of the nuclei at a concentrationof 200 nM. Not even 500 nM cytochalasinD blocked

nuclearmigration,it only decreasedthevelocity of nuclei. Myosin-II wasinhibitedby 1 and10 � M

ML-7 [4], a speci�c MLCK-inhibitor. Surprisingly, ML-7 ratherincreasednuclearmotility at high

concentration(Table4.2).

Cells with migratingnucleuswerepolarized: a narrow lamellipodiumat the leadingedgeand

a tail behindthe nucleuscould be observed (Fig. 4.6). Polarizationof the cell �ips as the nucleus
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Figure4.8: Histogramof thedensityfunctionof velocity distributionof thenucleusin elongatedC6

cells showing 'auto-reverse'nuclearmigration. This curve is anaveragedfunctionof 32 cells from

5 distinct experiments.x scale: � m/h. It shows that the lower velocitiesaremorefrequentduring

nuclearmigration,which meansthat the nucleusdoesnot migratewith a constantvelocity. During

thereverseat theendof thecell, it movesslowly, andreachesits maximalspeedonly for ashorttime

at themiddleregionof thecell.
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Figure4.9: Fluorescentimagesof centrosomeslabeledby anti-� -tubulin in C6 cellsafter time-lapse

microscopy. Nucleusof the uppercell migratedto the left, i.e., its singlecentrosomestayedat the

rearpartof thenucleus,whichwasgeneralin C6cells.Nucleusof thelowercell did notshow migra-

tion. Its doublecentrosomeswerearrangedtowardstheendsof theelongatedcell. This symmetric

arrangementmayinhibit nuclearmigration.Wefoundmotilenucleiwith doublecentrosomes,too. In

this casebothnucleiwerelocalizedat therear/middlepartof thenucleus.

Figure4.10: Microtubulesimagedby confocalmicroscopy in an elongatedC6 cell, which showed

nuclearmigration on a 20 � m wide stripe. Nucleusmoved to the right, shapeof the cell shows

polarizationwith a narrow tail behindthenucleusanda wider leadingedge.Distribution of MT-s is

not apparentlyasymmetric,they mostly run parallel to the axis of the cell. In elongatedcells high

resolutionimagingof MT-swasextremelydif�cult dueto their closelypackedstructure.
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Figure 4.11: Fluorescentimageof MT-s in cells from the samesampleindicating that the same

immuno-labelingprocedureandimagingconditionsgive appropriateresolutionin caseof �attened

cells.
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Drug Averagenuclearveloc-

ity before the addition

of thedrug[ � m/h]

Averagenuclearveloc-

ity after the additionof

thedrug[ � m/h]

Numberof cells

no drug 29 � 13 32

20 nM vinblastine 34 � 0.4 3 � 0.3 2

30 nM taxol 25 � 11 8 � 2 5

200nM cytochalasin 13 � 4 10 � 5 4

1 � M (10 � M) ML-7 17 � 7 19 � 5 (28) 5 (1)

100 � M AMP-PNP 31 � 10 34 � 8 6

5 � M vanadate 30 � 9 31 � 11 4

Table4.2: Effect of cytoskeletonaffectingdrugson nuclearmigrationin C6 cells. We calculatedthe

averagevelocityof eachmigratingnucleus,andthenthemeanvalueof these�gures presentedin the

tablewith standarddeviationafterthe � symbol.MT disruptingvinblastineandMT stabilizingtaxol

hadrobust inhibitory effect on nuclearmigration. F-actindisruptingcytochalasinD hadslight im-

pactat200nM. Kinesininhibitor AMP-PNPanddyneininhibitor vanadatedid not in�uence nuclear

motility. Myosin-II inhibitor ML-7 did not changenuclearmotility at 1 � M, andenhancedit at 10
� M.

reachestheendof theelongatedcell andstartsbackward.

In the elongatedC6 cells we observed that the migratingnucleusdid not rotate,its orientation

stayed�x during the turn backat the endof the cell, too. In �attened C6 cells we found that the

nucleuscouldrotate,which is consistentwith formerstudiesindicatingnuclearrotationto begeneral

in severalcell types[5]. Rotationof thenucleuswasdeterminedby trackingnucleoli thatappearas

darkdotsin phasecontrastimages.
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Discussion

Using differenttechniqueswe succeededto probeboth cellular �uctuation on the nanometerscale

andorganizedintracellulardynamicsof thenucleusdrivenby anintriguingmolecularmechanism.

5.1 Nanometerscalecellular �uctuations

Analysis of height �uctuations acquiredat different locationson the cell allowed us to monitor

the motility of cellular componentssensitively. Both actin-myosinbasedcontractionsand actin

polymerization-based�lopodial andlamellipodialprotrusionscanbeexaminedby this method.We

founda correlationbetweenthecharacteristicsof vertical �uctuation andorganizedlaterallocomo-

tion.

We explain the observed5 Hz pulsationof a cell with the periodiccontractionsof stress�bres.

This type of oscillation cannotbe easily identi�ed by other techniquesdue to its low amplitude.

Although the frequency of mechanicalpulsationof cardiomyocytesis in the samefrequency range

( � 1.25Hz), its amplitudeis 2 ordersof magnitudehigher[26]. Spontaneousoscillatorycontractions

of muscle�bers with a period of a few secondsare widely known for several years(e.g. [79]).

Theoreticalmodelscanexplainspontaneousoscillationundercertainconditions[41]).

Slow pulsationof non-musclecellshasbeenobservedin somecases.Microtubuledepolymeriza-

tion caninducerhythmic actomyosin-basedcontractility with a periodof � 50 s in �broblasts [61]

andoscillatoryactivity in thecorticalmicro�lament systemof lymphoblasts[13]. Shapeoscillations

of leukocytesdrivenby cyclic actinpolymerizationhasbeenstudiedby severalgroups[29]. Period

of thisprocessis about � 8 s.

Cortical tensionof non-musclecells generatedby myosin-II candrive a changeof shape[59].

Myosin moleculescycle about5 times in a secondin muscle[2]. Basedon the above mentioned

facts,we think that a synchronizedbehavior of myosin moleculesin stress�bres may causethe

observed pulsation.Myosin synchronizationhasbeentheoreticallypredictedcloseto the isometric

55



56 CHAPTER5. DISCUSSION

conditionin highly organizedactinstructures[28, 27]. Furtherexperimentsareneededto elucidate

thebackgroundof thisphenomenon.Usingdrugsaffectingaspeci�c systemof thecytoskeletonwill

helpto distinguishtheir rolesin thenanometerscale�uctuationsof cells.

5.2 Nuclear motility in elongatedcells

We foundthatthenucleusis motile in ahighpercentageof elongatedculturedcellson thetimescale

of hours. Useof narrow (20 � m) protein/celladhesive stripesseparatedby non-adhesive oneson

plasticor glasssurfacewasprovedto be an adequatetechniqueto control the cell shape,andforce

cellsto acquirehighly elongatedform.

Cellular locomotionwasinhibitedon thenarrow stripes.This facthelpedusto studythemotion

of thenucleiclearlydissectedfrom thelocomotionof cells.Wearguethatcellscanhardlymigrateon

thenarrow stripessincetheformationof normallamellipodiumat theedgeof thecell is impossible:

thetypically wide leadingedgecannotbedeveloped.

Periodic(auto-reverse)nuclearmigration is frequentin C6 glioma cells andprimary mouse�-

broblasts,and lessfrequentin 3T3 mouse�broblasts. The nucleusof U87 humanglioma cells is

muchlessmotile, which is attributedto their lesselongatedshapeevenon thenarrow cell adhesive

stripes. Periodof periodicnuclearmotility in C6 cells is � 5 h, which is not in the rangeof their

cell cycle beingapproximately1 day. It meansthatprobablythereis no direct relationshipbetween

cell cycle andperiodicnuclearmigration. In caseof primarymouse�broblasts theaverageperiodis

approximately2 hours.Averagevelocity of periodicnuclearmigrationis similar in bothcell types,

i.e., theamplitudeof nuclearmigrationis lower in �broblasts. Time-lapseimagesshow that thenu-

cleususuallyturnsbackbeforereachingtheendof �broblast cells;thisresultsin loweramplitudeand

higherfrequency.

F-actindisruptionby cytochalasinD andmyosin-II inhibition by the myosinlight-chainkinase

(MLCK) inhibitor ML-7 shows thattheprocessis not sensitively actin-or myosin-dependent,which

meansthat neitheractin polymerizationnor actomyosinbasedcontractiondrives the motion. Cy-

tochalasinD slightly decreasedthe velocity of the nuclei. Nuclearmigrationwasstoppedby low

concentrationsof vinblastineor taxol. Thesearespeci�c microtubule affecting drugs. Vinblastine

causethe depolymerizationof MT-s, taxol stabilizesthem. Both drugsinhibit dynamicinstability

of MT-s. MT-dependentmotors:kinesinsanddyneinsareknown to be involvedin the intracellular

transport,andin nuclearpositioning,too. We arguethat they do not have centralrole in thenuclear

migrationstudiedby us. In caseof a basicallyMT motordrivenmotility taxol would not block the

motion sincemotorscanwalk along taxol stabilizedMT-s. Inhibition of dyneinby vanadateand

kinesinby theATP analogueAMP-PNPreinforcedthat cytoplasmicdyneinsandkinesinswerenot

crucialin nuclearmigration.
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InteractionbetweenMT-s andF-actinis a complex andpoorly understood�eld at this time. We

think that it shouldbeconsideredin nuclearmigration. Both MT andactinsystemsareinvolvedin

cell polarization,which is thoughtto bea centralproblemin auto-reversenuclearmigration.

The centrosomein all the identi�ed C6 cells with migratingnucleuswasbehindor besidethe

forwardmoving nucleus,never in front of it.

Previousexperimentsandtheoreticalconsiderationsindicatedthattubulin polymerization-depoly-

merizationitself in the absenceof MT motors is able to move the centrosomeinside a chamber.

Pushingforceof asinglepolymerizingMT is in therangeof pN-s. [38, 30,25]. Nuclearmigrationin

yeastcells[75, 24] alsosuggeststhatthepolymerizationforceof MT-scandrivethenucleusattached

to the microtubule organizingcenter. We proposethat the nucleusis driven by the polimerization

forceof MT-s.

Motility of thenucleusis aslow, overdampedmotionin aviscousmedium.Althoughcell plasma

is notahomogenousliquid (�brous elementsof thecytoskeletonhaveasigni�cant impactonthedrag

sensedby thenucleus),it makessenseto consideraneffectiveviscosityof theplasma[6, 15], which

canvary but normally is in therangeof 100Pas. Accordingto theStokesLaw we canestimatethe

forcethatmovesthenucleus:

�

� � ��� 
�!�� (5.1)

where
�

is theviscousforce, � denotestheeffectiveviscosityon thescaleof thenucleus,
 is the

radiusof thenucleusin the liquid, and ! is thevelocity of thenucleusthatwe measured.It givesa

forcein the100pN range,whichmeansthat � 100MT-sarepushingthenucleusforward.Theresult

of the estimationis reasonable,sincein a mitotic cell a few thousandsof MT-s originatefrom the

centrosome,a portionof themcantake part in thepushingof thenucleus.During nuclearmigration

velocity of thenucleusis not constantbut changesperiodically, which maybecausedby thechange

of thedriving forceor theeffectiveviscosity.

Nuclearmigrationis drivenandcontrolledby a complex systeminvolving cytoskeletalelements

andregulatingproteins. On the basisof our experimentswe concludethat the force, which drives

nuclearmigrationin elongatedcells, is MT-dependent,andit originatesin MT polimerization. We

think thatthecontrolof theprocessis relatedto cell polarization.Furtherexperimentsarein progress

to clarify moredetailsof thisphenomenon.

In �attenedC6cellswe foundthatthenucleuscanrotate,which is consistentwith formerstudies

indicatingnuclearrotation to be generalin several cell types[5]. Nucleusin thesecells is discus

shaped,it caneasilyrotatein theplaneof thecell. In theelongatedC6cellsweobservedthatmigrating

nucleusdid not rotate,its orientationstayed�x during the turn backat the endof the cell, too. A

possibleexplanationof nuclearmigration in elongatedcells can be that the nucleusis unableto

rotateinside the tight cell. Nuclei in thesecells are squeezed:they have an oval shape. Nuclear
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rotation in �attened cells might be driven by the force of polymerizingMT-s pushingthe nucleus

via thecentrosome.In elongatedcellssimilar pushingforceof MT-s would resultin thetranslation,

i.e., migration of the nucleus. In this case,as the nucleusreachesthe end of the elongatedcell,

the centrosomewould slide on the nuclearmembranemaking a semicirclestill being pushedby

polymerizingMT-s(Fig.5.1). (Similarmotionof doubledcentrosomesis well knownatthebeginning

of mitosis.)

Turn backof thenucleusin primarymouse�broblasts beforereachingthe endof theelongated

cell might becausedby aneasiersliding of thecentrosomeon thenuclearmembrane.We think that

in thesecells thecentrosomecanbepushedto theothersideof thenucleusduring themigrationfar

from theendsof thecell. Our observationthatthecentrosomecanbeat thefront partof thenucleus

in thesecellsduringnuclearmigration-in contrastwith thebehavior of C6cells-is in agreementwith

thisexplanation.

Although this simple model �ts with our results,further experimentsshouldbe carriedout to

clarify moredetailsof thephenomenonin orderto con�rm thevalidity of ourexplanation.
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Figure5.1: Schematicrepresentationof a simplemodelthatwe proposeto explain auto-reversenu-

clearmigrationin elongatedcells.Upperdrawingsshow therotationof thenucleusin a �attenedcell.

Microtubules(MT-s) aredepictedin green,centrosomein red,nucleoliarerepresentedby darkdots

in thenucleus.Nucleusmightberotatedby thepushingforceof MT-s-showing dynamicinstability-

dueto their partial alignmentin the aster, which resultsin a torque. Partial alignmentof MT-s can

bemaintainedby therotationitself. Suchnuclearrotationin elongatedcells (lower drawings) is in-

hibited: thesqueezedoval nucleusis unableto rotateinsidethetight cell. Pushingforceof partially

alignedMT-s in theasterwith thecentrosomein its centerwill rathertranslatethenucleusinsidethe

cell. At the endof the cell the centrosomestill beingpushedby dynamicMT-s would slide on the

nuclearmembraneaslongasthenucleusstartsto migratebackward.Althoughthefactthatpolariza-

tion of the cell �ips asthe nucleusstartsbackward suggestsa morecomplex mechanism,we think

that this modelwill be useful,whenestablishingmoresophisticatedmodelson the basisof further

experimentalinformation.
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Summary

Motion of animalsis a beautiful and complex featureof life, which can be incredibly organized.

Thereis a naturalscienti�c needto understandbiologicalmotion. In our cellson thelevel of molec-

ular motorsmotion is ratherstochasticdominatedby �uctuations. Cellular motility is betweenthe

organizedmacroscopicbehavior of animalsandtherandommotionof microscopicmolecules:cells

show bothstochasticandhighly controlledmotility. Thelink betweenrandomandorganizedmotion

is notstraightforwardandits many aspectsareunclear.

We attemptedto investigatecellular motility down to the nanometersto provide informationof

the �uctuations of cells. Fluctuationdriven stochasticmotion of the moleculestransformsto orga-

nized/controlledmotionin therangeof micrometers.Studyinganintriguing exampleof intracellular

motion-nuclearmigration-we tried to give a betterunderstandingof a typeof controlledbiological

motility, which still showsstochasticfeatures,andin this sence,it is on amesoscopicscale.

We usedculturedanimalcells in our experiments.Atomic forcemicroscope(AFM) wasapplied

to investigatethedynamicsof cellsat high resolution.In our nuclearmigrationstudiestheprimary

tool wasautomatedtime lapsephasecontrastmicroscopy. A micropatternedproteinsurfaceswas

usedto control the cell shape.We employed speci�c drugs-inhibitors- to affect somecytoskeletal

elements. Immunocytochemistryin correlationwith previous time lapsemicroscopy of cells was

appliedto acquireinformationon themolecularbackgroundof themotion.

Weshowedthatatomicforcemicroscopy canbesuccessfullyutilizedfor measuringthenanometer

scale�uctuations of cells in culture,andwe found that the statisticalanalysisof these�uctuations

providesrelevant biological information. Intracellulardynamicscanbe probedby this method,as

well. Thelevel of height�uctuations is higherat theleadingedgethanat theratherquiescent,stable

regionsof thecellsdueto actinpolymerization.We observedfastperiodicmotility on a cell, which

wasattributedto atheoreticallypredictedeffect: synchronizationof myosinmoleculesin muscle-like

structures(stress�bers) closeto theisometriccondition.

We demonstratedthatnuclearmotility canbe investigatedunderpreciselycontrolledconditions

usingmicropatternedsurfacesandtime lapsemicroscopy, andfoundthatnuclearmigrationin some

cell linesis stronglydependenton thegeometryof cells;furtherfactorshaveonly moderateeffecton

thephenomenon.Nuclearmigrationtakesplacein elongatedcells,in caseof othercell shapesthenu-
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cleusdoesnotshow longtermmigration.Weobservedthatthenucleuscanturnbackin theelongated

cell almostimmediatelyafterreachingits end.Thisauto-reversephenomenonis frequentin aglioma

cell line (C6) andprimarymouse�broblasts,andlessfrequentin someotherinvestigatedcell types.

Usingspeci�c drugswe concludedthatnuclearmigration(a generaleffect in cell biology) is driven

by microtubule polymerization. In C6 cells the centrosomestaysat the rearpart of the migrating

nucleus.Whenthenucleusturnsback,thecentrosomeis pushedto theothersideof it, maintaining

the laggingpositionof the centrosome.We proposea simplemodelto explain the phenomenonof

auto-reversenuclearmigration. Furtherexperimentsshouldbecarriedout to con�rm thevalidity of

thismodel.
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