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Preface

Variety is the soul of pleasure

During my PhD studies I have worked with people from diverse backrounds: physics, biology,

chemistry and medicine. This thesis is an outcome of such interdisciplinary co-operation. The power

of physics applied to the colorful variety of biological phenomena is growing into a vivid branch of

science. I hope that this work can be an expansion of biological physics.
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Chapter 1

Introduction

1.1 Motion on the cellular level: between random and organized

Keep you moving

It is not only the muscle cells that can exert force and make movement. Cells need to move

actively in numerous biological processes. For example, during embryonic development, each cell

moves towards its destination. After an injury of a tissue, similar guided motility can be observed

when destroyed cells are replaced. Leukocytes make their ways to the location of inflammation.

Tumor cells making metastasis can invade into dense tissues and pass through the walls of blood-

vessels.

Motility of animal cells is driven by motor proteins and fibrous protein polymers of the cy-

toskeleton. Changes in the nanoscale conformation of the motor proteins or the polymerization-

depolymerization of cytoskeletal fibers lead to cellular motility. Biochemical reactions in the back-

ground of molecular dynamics need fluctuations (reasonable temperature) to work. On the scale of

molecules (even huge macromolecules and polymers such as DNA) animals seem to be stochastic

systems with random motion dominated by fluctuations. However, the motion of animals can be ex-

tremely well organized and controlled precisely. Cells in culture lie on the border between random

and organized motility. We tried to shed light on some features of cellular dynamics down to the

nanoscale in order to get closer to the link between random and organized motion [78].

The motility of animal cells is dominated by actin-myosin-based contraction and actin polymerization-

based protrusion. The two basic types of protrusions, lamellipodia and filopodia are driven by actin

polymerization-depolymerization processes [47, 16, 12]. Although statistical physics [49, 60] pro-

vides theory to explain such biological motilities, it is still on an elementary level and therefore needs

to be developed.

1
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1.2 Cytoskeleton

(The skeleton of this section is based on [2], Chapter 16 and further review articles. Consequently,

most figures originate from these sources. In a few cases exact quotations are presented. The origin

of the figures or quotations is indicated in the caption or in the text in italics.)

The cytoplasm of the eukaryotic cells is highly organized by filamentous structures such as fibrous

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

extensively investigated in the past decades but less is known about IF-s. These 3 major types of

protein fibers together with the numerous associated proteins make a network called cytoskeleton.

The elasticity of cells is mainly determined by the dynamic system of the cytoskeleton. MT-s are very

stiff hollow tubes with persistence lengths of millimeters. The more flexible F-actin usually builds up

bundles -joined by actin binding proteins- or cross-linked aggregates. IF-s are relatively tough fibers,

known to give mechanical stability to cells ([2], chapter 16).
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1.2.1 Microtubules

Figure 1.1: (A) Electron micrograph of a microtubule seen

in cross section, with its ring of 13 distinct subunits, each

of which corresponds to a separate tubulin molecule (an
� /

�
heterodimer). (B) Cryoelectron micrograph of a micro-

tubule assembled in vitro. (C and D) Schematic diagrams of

a microtubule, showing how the tubulin molecules pack to-

gether to form the cylindrical wall. (C) The 13 molecules in

cross-section. (D) A side view of a short section of a micro-

tubule, with the tubulin molecules aligned into long parallel

rows, or protofilaments. Each of the 13 protofilaments is

composed of a series of tubulin molecules, each an � /
�

het-

erodimer. Note that a microtubule is a polar structure, with

a different end of the tubulin molecule ( � or
�

) facing each

end of the microtubule. (Source: [2], p. 803.)

MT-s polymerize from tubulin dimers

(one � - with one
�

-tubulin monomer).

They are located throughout the cyto-

plasm governing the location of many

cell components. A MT is built up from

13 linear protofilaments forming a cylin-

der. Each protofilament is a chain of

alternating � - and
�

-tubulin subunits (Fig.

1.2.1).

Protofilaments are aligned with the

same polarity, which infers that MT-s

are polar structures with a so called +

(fast growing) and - (slow growing) end.

MT-s are dynamic structures. In a typi-

cal fibroblast cell 50% of the tubulin is

free and the other 50% is in MT-s. In

the presence of GTP and Mg ��� tubulin

polymerize into MT-s. The elongation

of the tubes is much faster than their

nucleation. The rate of dimer associa-

tion to the + end is higher than to the

- end. Even when the length of MT-s

is constant, monomers may be associat-

ing to the + end and dissociating from

the - end of the polymer. This is the

phenomenon of treadmilling. MT dy-

namics runs on the minute time scale.

Individual MT-s grow in cells at a

constant rate for a while, then shrink

abruptly toward the centrosome. This

behavior is called dynamic instability.

Both � and
�

tubulin bind GTP. In a

MT the
�

subunit hydrolyzes its bound

GTP, which has relevance in the dynamic behavior of MT-s. GTP binding is required for MT poly-

merization, while hydrolysis is not. MT growth is usually faster than GTP hydrolysis, which results
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in the formation of a so called GTP cap at the + end (Fig. 1.2).

Probably the delayed GTP hydrolysis after tubulin assembly causes the dynamic instability. GTP

cap stabilizes the + end, since tubulin molecules with GTP bind to each other with higher affinity.

The loss of the GTP cap facilitates the disassembly of the MT.

In most interphase animal cells, MT-s grow out of the centrosome. (But in oocytes, for instance,

there is no centrosome.) The centrosome, which contains 2 centrioles positioned at right angles to

each other, is usually located close to the nucleus. Centrioles are cylindrical structures; their wall is

constituted by 9 groups of MT triplets. See Fig. 1.2.1. Surrounding the centrioles a network of small

fibers can be observed: the centrosome matrix, which nucleates MT polymerization. Although the

exact structure and the MT nucleating mechanism of the centrosome is unknown, it is known that a

third type of tubulins, � -tubulin, is present in it. � -tubulin forms rings and spirals in the centrosome

made of 13 tubulin monomers. These are involved in the nucleation of MT-s. The so-called ring

complex contains a ring of 13 � -tubulin molecules and other associated proteins. However, ring

complexes can be found outside the centrosome, these do not nucleate MT polymerization.
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Figure 1.2: (A) Addition of tubulin heterodimers carrying GTP to the end of a protofilament causes

it to grow in a linear conformation that can readily pack into the cylindrical wall of the microtubule,

thereby becoming stabilized. Hydrolysis of GTP after assembly changes the conformation of the

subunits and tends to force the protofilament into a curved shape that is less able to pack into the

microtubule wall. (B) In an intact microtubule protofilaments made from GDP-containing subunits are

forced into a linear conformation by the many lateral bonds within the microtubule wall, especially in

the stable cap of GTP-containing subunits. Loss of the GTP cap, however, allows the GDP-containing

protofilaments to relax to their more curved conformation. This leads to progressive disruption of the

microtubule and the eventual disassembly of protofilaments into free tubulin dimers. (Source: [2], p.

810)
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Figure 1.3: (A) An electron micrograph showing a newly

replicated pair of centrioles. One centriole of each pair

has been cut in cross-section and the other in longitudinal

section, indicating that the two members of each pair are

aligned at right angles to each other. (B) Schematic dia-

gram of a centriole viewed from the side. (Source: [2], p.

818. and 819.)

The intracellular transport of cellu-

lar organelles is mainly mediated by MT

motors. Proteins from the 9 kinesin and

3 dynein families are MT associated mo-

tors that can walk along MT-s while car-

rying cargos or make slide antiparallel

MT-s over each other. Cytoplasmic

dyneins are involved in the mitosis and

the transport of organelles. Kinesins

transport organelles and synaptic vesi-

cles, and take part in mitosis and meio-

sis. Both kinesins and dyneins are AT-

Pase motors, composed of 2 heavy chains

and several light chains moving in only

one direction along MT-s: either + end

or - end motors. Heavy chains contain

a globular ATP binding head and a tail

of rodlike domains: Fig. 1.4. The head

binds the MT and the cargo can attach

to the tail. Most kinesins are + end mo-

tors, all dyneins walk towards the - end.

The MT binding and ATPase affinity is

probably modified by the attachment of

the cargo via the interaction of the head and tail regions. The tail is thought to be cargo specific: the

motor domain in the head is highly conserved among different kinesins but the stalk and tail are

variable (Fig. 1.5). Stalk domains serve for the dimerization of kinesins. 3 types of kinesins are

known: N-kinesins (conventional kinesins) are generally + end motors with a motor domain on the N

(amino) terminal of the polypeptides, C-kinesins having C terminal motor domains are - end motors,

I-kinesins are not real motors but MT destabilizing factors. The directionality of kinesins is thought

to be determined by the neck region. Dyneins are protein giants as compared to kinesins. They are

much faster, as well. Kinesins are processive motors: they can walk along an MT without dissociating

from it for several hundred steps. Dyneins are not processive.

Posttranslational modifications of tubulin after polymerization provide information of the age of

the MT. The slow acetylation and detyrosination of � -tubulin occurs only on tubulin molecules of

MT-s. Free tubulin will be reversed soon after depolymerization. Both extremely stable and labile

MT-s can be found. Not only centsosome but microtubule associated proteins (MAP-s) control the
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Figure 1.4: Microtubule motor proteins. Kinesins and cytoplasmic dyneins are microtubule motor

proteins that generally move in opposite directions along a microtubule. These proteins (drawn here

to scale) are complexes composed of two identical heavy chains plus several smaller light chains.

Each heavy chain forms a globular head region that attaches the protein to microtubules in an ATP-

dependent fashion. (Source: [2], p. 814.)

dynamics of MT-s. A structure MAP can be either MT stabilizing or destabilizing protein. Some

MAP-s bundle MT-s. Bundles are usually more stable. The outer wall of MT-s is negatively charged:

numerous MT-binding molecules, including some MAP-s, are anchored to the MT-s by electrostatic

interaction. The expression of MAP-s is highly tissue- and age-specific. Furthermore, even in a single

neuron, different MAP-s are localized in different regions. (E.g. � MAP bundles the axonal MT-s and

MAP2 makes the bundling of the dendritic MT-s.)
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Figure 1.5: Architecture of kinesin motors. The overall structural features of three well-studied ki-

nesin motors are shown here. The precise organization of the tail domains and how subunits in-

teract with the tail domains are speculative at this time. Motor containing polypeptide chains are

indicated (by gray or black area), and associated subunits are indicated by hatched area. The KIN N-

Conventional and KIN N-Chromo motors are homodimers of two identical motor-containing polypep-

tides, whereas KIN N-Hetero motors are heterodimers of two non-identical subunits (indicated by the

black and gray coloring). (Source: [76])
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MAP2 binds other proteins such as calmodulin and A kinase: it can organize supramolecular

complexes. MAP2 is reactive to proteolytic cleavage, which results in its fast turnover. The MAP2-

MT system might be a source of synaptic plasticity. MAP-s inhibit axonal transport, since they disturb

the walk of MT motors. Probably MAP-s dissociate from the MT when kinesin or dynein comes. The

MT affinity of MAP-s can be regulated by phosphorylation. Some MAP-s, e.g. SCG10 induce the

depolymerization of MT-s, katanin severs MT-s, and catastrophy factors will make the MT system

fall apart abruptly.

1.2.2 Actin

All eucaryotic species have actin, an ATPase molecule. Two forms of actin can be observed in cells:

globular actin (G-actin) and fibrous actin (F-actin). F-actin is about 8 nm wide and consist of a helix

of G-actin molecules oriented in the same direction (Fig. 1.2.2), resulting in a polar structure with a

fast growing + or ’barbed’ and a slow growing - or ’pointed’ end similarly to MT-s. (Nomenclature

comes from the shape of myosin decoration of MT-s.)

Figure 1.6: Actin filaments. (A) Electron mi-

crographs of negatively stained actin filaments.

(B) The helical arrangement of actin molecules

in an actin filament. (Source: [2], p. 821.)

The ATP- and cation-dependent actin polymer-

ization is a basic engine of cellular motion. It drives

locomotion (crawling) of cells and has a role in

cellular shape formation. Actin dynamics with a

characteristic time on the scale of seconds (much

faster than MT dynamics) is controlled by a com-

plex and sophisticated system. The nucleation of F-

actin growth is slower than the elongation process

just as in the case of MT-s. The nucleating structure

is thought to be a trimer of actin molecules. The

critical concentration of G-actin i.e., the concentra-

tion, at which the quantity of F-actin is constant, is

lower than the actual G-actin concentration in the

cells. It means that certain mechanisms can retain

G-actin from polymerization. After the assembly

of an actin molecule into the fiber, ATP gets hydrol-

ysed, which is analogous to the GTP cleavage in

an MT. The clam-shaped actin molecule binds ATP

between the 2 halves of the clam that can open and

close. Intermolecular interactions between actin monomers

in the fiber close the shell. The cleavage of ATP is considered to be initiated by the closure of the
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clam, soon after inorganic phosphate dissociates, and ADP remains trapped in the shell of the actin

molecule. The ATP-ase activity is not required in the polymerization process. It rather weakens

the interaction between the monomers, which promotes depolymerization resulting in an unstable

pointed-end. Although F-actin does not show the effect of dynamic instability, a characteristic phe-

nomenon of MT-s: treadmilling can be observed in many cases.

The properties and function of actin based intracellular structures is dependent on a large variety of

actin-binding proteins (Fig. 1.7). ’Actin can assemble into many structures and participates in a wide

range of processes in eukaryotic cells. The diversity of actin filament forms is only made possible by

the association of actin with actin-binding proteins. Some of these proteins facilitate organization of

filaments into higher order structures while others have regulatory functions, affecting the dynamics

of filament turnover and allowing remodelling of the actin cytoskeleton in response to appropriate

signals.’ (Quoted from [3].)

Profilin and
�

-thymosin are G-actin-binding proteins [16]. Their main role is considered to be

the G-actin sequestering, which decreases the available amount of G-actin for polymerization. It

enables cells to answer quickly to either an extracellular or an intracellular signal by switching on

the actin polymerization, because large amounts of G-actin dissociate from
�

-thymosin or profilin,

if their actin-binding affinity drops due to the signal. Although profilin inhibits F-actin nucleation, it

stimulates the nucleotide exchange on actin molecules and promotes the elongation of the barbed-end.

Proteins from the ADF/cofilin family (AC proteins) bind both G- and F-actin and destabilize F-actin.

Cofilin binds predominantly close to the pointed-end where actin monomers have ADP inside causing

the depolymerization of the pointed-end. Cofilin speeds up the turnover of actin and results in fast nett

F-actin growth. Gelsolin after Ca ��� activation or AC proteins can sever the actin filaments generating

more free ends for polymerization or depolymerization. While capping proteins and gelsolin cap the

barbed-end to regulate the incorporation or dissociation of actin monomers, the members of the Arp

protein family cap the pointed-end and nucleate filament growth.

Actin in the gel-like network of the cell cortex (perimeter of the cell beneath the plasma mem-

brane) gives elasticity and mechanical stability to cells among other fibrous proteins, especially spec-

trin. Cell shape is predominantly determined by this actin-rich network. Further 2 types of arrays can

be observed in the cortical actin structure of cells: parallel and contractile bundles.

The two well-known protrusive structures are the lamellipodium and filopodium in migrating

cells. In lamellipodia, actin fibers are organized to form a fan-shaped network by the Arp2/3 complex

(Fig. 1.8). Arp2/3 nucleates the formation of actin filaments on pre-existing filaments. The angle of

branching is � 70
�
. In filopodia, actin filaments are bundled and aligned with the same polarity by

the protein fimbrin and/or fascin constituting a hexagonal tight packing as seen in the cross-section

of filopodia. This type of packing prevents Myosin-II from entering into the bundle. On the contrary,

myosin-II fits into the stress fibers that are bundled by the protein � -actinin. These contractile bundles
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Figure 1.7: Functions of actin-binding proteins determined from in vitro research. Many actin-binding

proteins have been purified and their properties and effects on actin have been extensively studied.

How these in vitro functions relate to the role of the actin-binding proteins within a cellular environ-

ment remains largely unknown. Specific functions of actin-binding proteins are shown with a diagram

of how each protein may interact with F-actin. Examples of proteins that may fulfil these functions

are also given. (Source: [3])
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are characteristic components of the fibroblast cytoskeleton resembling the myofibrils in muscle. They

bridge between two focal contacts or a focal contact and intermediate filaments. Focal contacts are

junctions between the intracellular actin filaments and the extracellular matrix mediated by integrins

and a complex of proteins linking the end of F-actin and integrin (Fig. 1.18). Focal contacts take

part in the signal transduction, too. Several protein kinases regulating proliferation and other domains

of cell behavior are localized to focal contacts. Stress fibers keep tension across the cell; if cell

contacts to the extracellular matrix disassemble, they will disappear. Stress fiber contraction is based

on the slide of myosin-II fibers in relation to actin filaments, driven by the ’nodding’ of myosin heads

similarly to muscle contraction (Fig. 1.2.2).

Several myosin types can be observed in eucaryotic cells. Muscle myosin is from the myosin-II

subfamily of myosins. They have two heads (motor domains with ATPase activity) and a rodlike

tail. Two identical heavy chains, each complexed to a pair of light chains forms myosin-II (Fig. 1.9).

The main function of the tail is to allow the molecules to polymerize into bipolar filaments. Even in

non-muscle cells contractile bundles of actin and myosin-II are formed transiently, e.g., stress fibers.

After completing their specific task they disassemble. The amount of myosin-I molecules in cells is

far less. They have a conserved motor domain and further variable domains determining the specific

role of the certain myosin (Fig. 1.10). Most myosins are + end motors but e.g., myosin VI walks

toward the - end. The direction is determined by the core of the motor domain [40].
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Figure 1.8: Organization of actin filaments in keratocyte lamellipodia. EM of detergent-extracted

cells. (a) Overview of a locomoting cell; (b) actin network in lamellipodia from the leading edge

(top) to the transitional zone (bottom); (c) brushlike zone at the leading edge with numerous fila-

ment ends; (d) smooth actin filament network in the middle part of lamellipodia; (e-h), T junctions

(arrowheads) between filaments at the extreme leading edge (e), within the brushlike zone (f), in the

central lamellipodia (g), and close to the lateral edge of the lamellipodia (h). The cell’s leading edge

is oriented upward in all panels. Boxed region in a is enlarged in b; upper and lower boxed regions in

b are enlarged in c and d, respectively. Bars: (b) 1 � m; (e-h) 50 nm. Source: [70].
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Figure 1.9: Myosin-II. (A) A myosin-II molecule is composed of two heavy chains (each about 2000

amino acids long) and four light chains. The light chains are of two types (one containing about 190

and the other about 170 amino acids), and one molecule of each type is present on each myosin head.

Dimerization occurs by the two � helices wrapping around each other to form an � -helical coiled-coil,

driven by the association of regularly spaced hydrophobic amino acids. The coiled coil arrangement

makes an extended rod in solution, and this part of the molecule is termed the rod domain, or the

tail. This type of structural motif is found in many other cytoskeletal proteins, enabling them to

form an extended structure. (B) The two globular heads and the tail can be clearly seen in electron

micrographs of myosin molecules shadowed with platinum. (Source: [2], p. 838.)
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Figure 1.10: Possible roles of myosin-I and myosin-II in a typical eucaryotic cell. The short tail of

a myosin-I molecule contains sites that bind either to other actin filaments or to membranes. This

allows the head domain to move one actin filament relative to another (1), a vesicle relative to an actin

filament (2), or an actin filament and membrane relative to each other (4). In addition, small antipar-

allel assemblies of myosin-II molecules can slide actin filaments over each other, thus mediating local

contractions in an actin filament bundle (3). In all four cases the head group ”walks” toward the plus

end of the actin filament it contacts. (Source: [2], p. 839.)
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Figure 1.11: The cycle of changes by which a

myosin molecule walks along an actin filament.

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

’Members of the Rho family of small Ras-like

GTPases-including RhoA, -B, and -C, Rac1 and -2,

and Cdc42-exhibit guanine nucleotide-binding ac-

tivity and function as molecular switches, cycling

between an inactive GDP-bound state and an ac-

tive GTP-bound state. The Rho family GTPases

participate in regulation of the actin cytoskeleton

and cell adhesion through specific targets. Identi-

fication and characterization of these targets have

begun to clarify how the Rho family GTPases act

to regulate cytoskeletal structure and cell-cell and

cell-substratum contacts in mammalian cells. The

Rho family GTPases are also involved in regula-

tion of smooth muscle contraction, cell morphol-

ogy, cell motility, neurite retraction, and cytokine-

sis. However, the molecular mechanisms by which

the Rho family GTPases participate in the regu-

lation of such processes are not well established.’

(Quoted from [42].) The GTP-bound form of pro-

teins from the Rho family is active, whereas the

GDP-bound state is inactive. Regulator and effec-

tor molecules interact with the Rho family mem-

bers altering their GTPase activity (e.g., Rho GAP)

or enhancing the exchange of the hydrolyzed nu-

cleotide (e.g., Rho GEF) or influencing other prop-

erties related to the nucleotide-binding (Fig. 1.12).

Extracellular ligands can activate GTPases from the

Rho famyily. Bradykinin and TNF � stimulates

Cdc42; PDGF, EGF, insulin, and bombesin acti-

vates Rac1; LPA and bombesin induces the stim-

ulus of RhoA.

Downstream signaling pathways mediated by the members of the Rho family are shown in Fig.

1.14 and Fig. 1.13. These are not separated pathways but they cross-talk between each other. (See

e.g., [18].) Whereas, Rac and Cdc42 stimulates cell motility Rho induces the formation of stable

stress fibers resulting in a rather stationary cellular behavior.
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Figure 1.12: Mode of activation of the Rho family GTPases. Extracellular signal (e.g., the binding

of the protein thrombin) to a trimeric G protein-linked seven-transmembrane receptor (R) induces the

dissociation of the � subunit (G � ) from the
�

and � subunits by the exchange of the bound GDP to

GTP in the � subunit. The activated � subunit relays the signal to an effector (Rho GEF) of the Rho

protein. GEF, Guanine nucleotide exchange factors; GAP, GTPase-activating proteins; GDI, GDP

dissociation inhibitor; GDF, GDI dissociation factor. Source: [42]

Figure 1.13: Signal-transduction pathways involved in Rho-induced stress-fibre assembly. Source:

[10]
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Figure 1.14: Signal-transduction pathways induced by Rac and Cdc42 (shown in red), which are

thought to contribute to the formation of actin-containing lamellipodia and filopodia respectively.

Source: [10]
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1.2.3 Intermediate filaments

’Intermediate filaments are tough and durable protein fibers found in the cytoplasm of most, but not

all, animal cells.’ (Quoted from [2], p. 796.) The nucleus usually surrounded by a meshwork of IF-s,

which extends to the plasma membrane. The nuclear envelope also underlaid by an IF network, the

so called nuclear lamina. IF monomers are elongated fibrous proteins unlike actin and tubulin. IF

polymers are nonpolarized, which distinguishes them from MT-s and F-actin (Fig. 1.15) [77].

1.3 Cell-extracellular matrix interactions

(The skeleton of this section is based on [2], Chapter 19.)

In animals the space between cells is mainly filled by the extracellular matrix (ECM), which is a

meshwork of proteins and polysaccharides (Fig. 1.16). ECM is not only a scaffold for cells but rather

an active medium that interacts with cells and influences their development, proliferation, motility,

shape, and function. We used fibronectin, a large glycoprotein in our nuclear motility experiments as

a cell adhesive agent. Type III fibronectin repeat is a characteristic module of fibronectin (Fig. 1.17).

This module contains the Arg-Gly-Asp (RGD) sequence, which can bind to the integrin cell surface

receptors.

Integrins are the transmembrane linker molecules between intracellular actin filaments and extra-

cellular matrix proteins (FIG. 1.18 and Fig. 1.19). These molecular contacts also take part in signal

transduction. Cells from the adherent type lacking cell-substrate contacts will not survive, which is a

rather controlled behavior as a consequence of the missing signal.

1.4 Cell migration

Cell locomotion is driven by actin polymerization and actomyosin contractions. At the leading edge

of the cell actin polymerization pushes the plasma membrane forward in the lamellipodium (Fig. 1.8.

During the outgrowth of the lamellipodium the cell body with the nucleus usually stay fixed relative

to the substrate due to the focal contacts and other cell-matrix junctions. Both the transport of the cell

body to the leading edge and the consecutive retraction of the rear part of the cell -the tail- is known

to be mediated by actomyosin contraction. In most cases the above mentioned 3 distinct steps are

accepted to make up the cellular locomotion. Although, in the course of locomotion the nucleus is

transported forward via an actomyosin based machinery, nuclear positioning and fast translocation of

the nucleus is generally driven by an MT-dependent system, e.g., in budding yeast or in the oocyte of

some animals.
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Figure 1.15: A current model of intermediate filament construction. The monomer shown in (A)

pairs with an identical monomer to form a dimer (B) in which the conserved central rod domains are

aligned in parallel and wound together into a coiled-coil. Two dimers then line up side by side to form

an antiparallel tetramer of four polypeptide chains (C). Within each tetramer the dimers are staggered

with respect to one another, thereby allowing it to associate with another tetramer, as shown in (D).

In the final 10-nm intermediated filament, tetramers are packed together in a ropelike array (E). An

electron micrograph of the final filament is shown upper left. (Source: [2], p. 797.)
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Figure 1.16: The comparative shapes and sizes of the major extracellular matrix macromolecules.

Protein is shown in green, glycosaminoglycan in red. (Source: [2], p. 992.)

1.5 Nuclear motility

Intracellular transport of organelles can be basically actin- or MT-dependent. Both the polymeriza-

tion of actin/MT-s and molecular motors can drive intracellular motility. Vesicles and more complex

organelles with membrane boundary, such as endoplasmic reticulum, golgi apparatus, and the nucleus

[63] are usually positioned, aligned and transported in the cell in an MT-dependent way. Although,

kinesins and cytoplasmic dyneins are the main tools of this transport the positioning of the nucleus

-e.g., in yeast- needs MT-polymerization. In mitosis, besides the action of several MT motors, orga-

nized MT-polymerization is also required to pull apart the chromosomes. Some bacteria can move

with an enormous speed in cells using an actin-polymerization-driven engine: an actin comet tail

pushes forward these parasites.

Migrating cells translocate their cell bodies to the leading edge by nucleokinesis [43]. This pro-

cess is known to be critically MT-dependent [23]. In the developing brain distinct modes of neuronal

migration are known [56]. In all modes the nucleus is translocated along the elongated neuron in a

presumably MT-dependent way [52, 53]. In the ventricular zone (VZ) the nuclei of neuronal pro-

genitor cells and radial glial cells oscillate between the borders of the VZ 1.20, which is known as

interkinetic nuclear movement and has important role in the development of the brain [54]. This nu-

clear motility is coupled to the cell cycle. Lissencephaly (smooth brain) is a serious disease, in which

the migration of neurons to the cerebral cortex is inhibited. The abnormally low level of the LIS1 pro-

tein causes lissencephaly. The similarity between LIS1 and NUDF -nuclear migration protein from

A. nidulans: a worm- suggests that nuclear migration and neuronal migration are related [52].

Two widely studied systems are oocytes and fungi in terms of nuclear motility. Sustained os-
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Figure 1.17: The structure of a fibronectin dimer. As shown schematically in (A), the two polypeptide

are similar but generally not identical (being made from the same gene but from differently spliced

mRNAs). They are joined by two disulfide bonds near the carboxyl terminus. Each chain is almost

2500 amino acid residues long and is folded into five or six rodlike domains connected by flexible

polypeptide segments. Individual domains are specialized for binding to a particular molecule or to a

cell, as indicated for three of the domains. For simplicity, not all of the known binding sites are shown

(there are other cell-binding sites, for example). (B) Electron micrographs of individual molecules

shadowed with platinum: arrows mark the carboxyl termini. (C) The three-dimensional structure of a

type III fibronectin repeat, as determined by nuclear magnetic resonance studies. It is the main type of

repeating modules in fibronectin and is also found in many other proteins. The Arg-Gly-Asp (RGD)

sequence shown in part of the major cell-binding site (shown in blue in [A]). (Source: [2], p. 986.)

cillations of the nucleus between the ends of the cell was found to be driven by MT-polymerization

in fission yeast before meiotic division [24]. This phenomenon takes place on the scale of minutes.

In this case a bundle of MT-s pushes the microtubule organizing center, which drags the nucleus.

Similarly, positioning the nucleus by pushing via MT polymerization in fission yeast has been also

described [75]. The rotation of the nucleus was described in several cell types [5]. In culture most of

the rotations occur in the plane of the culture dish, i.e. in the plane of the flattened cell. Rotational

activity was found to be related to the cell cycle: it happens preferentially in phases that surround

mitosis. Interestingly, in the roots of plants nuclei move in an actin- dependent way (e.g. [17]), not

by means of MT-polymerization or MT motors.

Experiments in microfabricated chambers showed that the polimerization force of microtubules
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Figure 1.18: A possible arrangement of some of the intracellular attachment proteins that mediate the

linkage between an integrin and actin filaments is shown. (Source: [2], p. 842.)
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Figure 1.19: The subunit structure of an integrin cell-surface matrix receptor. Electron micrographs

of isolated receptors suggest that the molecule has approximately the shape shown, with the globular

head projecting more than 20 nm from the lipid bilayer. By binding to a matrix protein outside

the cell and to the actin cytoskeleton (via the attachment proteins talin and � -actinin) inside the

cell, the protein serves as a transmembrane linker. The � and
�

chains are both glycosylated (not

shown) and are held together by noncovalent bonds. In the fibronectin receptor shown, the � chain

is made initially as a single 140,000-dalton polypeptide chain, which is then cleaved into one small

transmembrane chain and one large extracellular chain that remain held together by a disulfide bond;

this extracellular chain is folded into four divalent-cation-binding domains. The extracellular part of

the
�

chain contains a repeating cysteine-rich region, where interchain disulfide bonding occurs; the
�

chain has a mass of about 100,000 daltons.
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Figure 1.20: a, Schematic diagram of a section through the developing rodent forebrain. b, c, Il-

lustrations of the different stages of neocortical development. The dorsal forebrain gives rise to the

cerebral cortex. The lateral ganglionic eminence (LGE) and medial ganglionic eminence (MGE) of

the ventral forebrain generate the neurons of the basal ganglia and the cortical interneurons; the latter

follow tangential migratory routes to the cortex (a, arrows). In the dorsal forebrain (a, boxed area),

neuronal migration begins when the first cohort of postmitotic neurons moves out of the ventricular

zone (VZ) to form the preplate (PP) (b). Subsequent cohorts of neurons (pyramidal cells) migrate,

aided by radial glia, through the intermediate zone (IZ) to split the PP into the outer marginal zone

(MZ) and inner subplate (SP) (c). CP, cortical plate. Source: [56]
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itself in the absence of motors (dynein and kinesin) could position the artificial centrosome in the

middle of the MT asters to the geometric center of the chamber [38]. Dynamic instability of MT-s

enables the centrosome to explore the chamber geometry [30]. Theoretical results reinforce that the

centrosome can be driven by the pushing force of polymerizing MT-s in a simple way [25].

1.5.1 Cell polarization and centrosomes in motile cells

The polarization of cells is a poorly understood phenomenon, and it is being explored by the tools

of molecular biology. Polarization is crucial in numerous cell types. In polarized cells the spatial

distribution of intracellular molecules is asymmetric. MT-s and centrosomes are known to have central

role in polarization. The correlation between the position of centrosomes and polarization is far from

trivial. In motile cells the direction of migration and the position of centrosomes seem to be related

in a not yet clear way [80] [21] [57].



Chapter 2

Objectives

Motion of cell components is dominated by random positional fluctuations and periodic movement

on the scale of biomolecules. Cell motility and shape formation are believed to be directly related to

the polymerization dynamics of actin and actin-associated motor proteins. Sophisticated theoretical

models and a number of ingenious experiments have provided strong evidence that cell protrusion is

driven by actin polymerization, e.g., [51, 1]. Although several experiments have been carried out in

order to understand the precise mechanism of cellular motility, the detailed process is still uncovered,

especially on the nanometer scale.

Fluctuations are considered to be crucial in terms of the understanding of cellular motility. In

principle, nanometer scale fluctuations of cells can be studied by the atomic force microscope (AFM),

and this technique is almost unique in this sense. (In some cases, fluctuations of biopolymers, such

as F-actin, can be visualized also by special optical microscopes [22] beneath the micron range.) We

attempted to probe these fluctuations with the AFM. Our purpose was to gain deeper insight into the

dynamics of cells than an optical microscope could ever provide.

Microscopic fluctuations result in controlled macroscopic biological motility. We studied a type

of intracellular motion, which is mesoscopic in this sence: motility of the cell nucleus shows both

stochastic and controlled features.

Nuclear migration is an essential aspect of a number of cellular and developmental processes.

Appropriate location of the nucleus even in non-M phase cells can be relevant. For example, in

the tightly packed pseudostratified epithelia nuclei of the elongated cells are arranged to avoid each

other [69]. Migrating cultured cells translocate their cell bodies to the leading edge by nucleokinesis

[43]. In the developing brain distinct modes of neuronal migration are known [56]; in the ventricular

zone nuclei of neuronal progenitor cells and radial glial cells oscillate between the borders of the

zone (1.20). Although it has important role in the development of the brain [54], the function and

mechanism of this remarkable phenomenon called interkinetic nuclear migration is not clear.

Experimental systems used to investigate nuclear motility mentioned above and in the introduc-
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tion could not reveal the biophysical mechanism that drives long-term nuclear migration in animal

cells. Using a micropatterning technique combined with time lapse phase contrast microscopy and

subsequent protein labeling we were looking for this mechanism. Our aim was to quantitatively de-

scribe the phenomenon of nuclear migration in elongated cells and give a reasonable physical model,

which can explain the effect in agreement with former results and our experimental observations.



Chapter 3

Materials and Methods

3.1 Cell cultures: in vitro environment

Most animal cells are adherent, which means that they can survive if they are attached to a solid

surface. There are a few exceptions e.g., red blood cells. Adherent cells can be maintained in vitro on

numerous surfaces such as glass in the appropriate culture medium. Although artificial surfaces that

are used to keep cells in vitro can only partially mimic the natural environment of cells, these cultures

can be reasonable models of tissues.

Cells can be kept alive for a few hours in physiological buffers that are solutions of salts. On the

long run they need culture medium and some components of the blood serum to live and prolifer-

ate sufficiently. These components are proteins, especially growth factors, which are present in the

physiological environment of cells in tissues. Numerous different culture media are known. They

consist of water, salts, amino acids, glucose and vitamins. Which medium to choose depends on the

cell type and the experimental setup. We used DMEM (Dulbecco’s Modified Eagle Medium) with

10 % FCS (Fetal Calf Serum) in the AFM experiments and MEM (Minimal Essential Medium) with

10 % FCS in the time-lapse phase contrast experiments. Mammalian cells need 37
�
C. For a short

time they can survive at lower temperatures (e.g. room temperature) without any irreversible damage.

For a practically infinite period of time cells can be kept in a frozen state using liquid nitrogen and

a cryoprotective agent (e.g. DMSO or glycerol). Transition from 37
�
C to -196

�
C and backwards

can be lethal, in most cases a number of cells will not survive. This is called freeze-thaw damage.

Interestingly, a relatively slow freezing process from 37
�
C to about -60

�
is more successful than a

rapid one. pH of the medium can be stabilized in 5% CO � atmosphere. CO � diffuses into the medium

from the atmosphere.

We used several types of cells in our experiments: 3T3 mouse fibroblast [74], C6 rat glioma [7],

U87 human glioma [62] immortalized cell lines and primary mouse fibroblasts.

Cultures of C6, U87, and 3T3 cells were grown in DMEM (Dulbecco’s Modified Eagle Medium,
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GIBCO) or MEM (Minimum Essential Medium, SIGMA) supplemented with 10 % fetal calf serum

(FCS; Gibco), 4 mM glutamine and 40 � g/ml gentamycin in humidified air atmosphere containing

5% CO � , at 37
�
C. Primary fibroblasts were isolated from the bodies of 13 day old mouse embryos.

Primary astroglial cells were prepared from newborn mouse forebrains, as it was described previously

[44].

3.2 Atomic force microscopy

3.2.1 Fundamentals

Atomic Force Microscopy (AFM) is a relatively new technique that belongs to the family of scanning

probe microscopes (SPM-s). SPM-s employ a microscopic probe, which scans over the surface being

investigated. Positioning the probe with 0.01 nm accuracy can be solved by using a piezo electric

scanner. Differences between SPM-s emerge from the interaction between the surface and the probe.

An electrical feedback circuit can be used to keep the strength of the interaction at a constant level,

which, in turn, makes it possible to acquire a map of the surface.

The first SPM, invented and constructed in 1981-82 by Binnig and Rohrer [9], was a scanning

tunneling microscope (STM). This technique is capable of the examination of electrically conducting

surfaces on an atomic scale. Due to the voltage applied to the probe, which is a sharp conducting

tip in this case, tunneling current flows from the tip to the sample or vice versa. The tunneling

current is usually an exponential function of the distance between the tip and the sample [68] with

a characteristic distance in the range of 0.01 nm. This is the main feature of the technique that

makes atomic resolution possible. Most biological samples can hardly be probed by STM due to

their insulating character. AFM solves this problem effectively [8, 48]. Probe of the AFM is a sharp

hard tip, which can be either an electric conductor or an insulator. The tip is mounted on a cantilever

(spring). A single carbon nanotube can be either grown or attached to the end of the tip, resulting in

an extremely high aspect-ratio and a small radius of curvature (Fig. 3.1).

AFM is a force sensor. When the surface under investigation attracts or repels the tip, the can-

tilever bends to or from the surface. This bending is then measured by position sensitive photo diodes

via the displacement of the laser beam reflected by the back of the cantilever. (Fig. 3.2.)

With this technique the cantilever’s deflection can be sensed with a 0.01 nm resolution. Force

between the sample and the tip is determined according to Hooke’s law, if the force constant of the

cantilever is known. Thermal vibrations of the cantilever provide an elegant tool to measure its force

constant [46]. Although further methods are also available, this technique is the most practical. Some

commercial AFM softwares can do the force calibration with high precision automatically using the

thermal fluctuation method.
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Figure 3.1: Scanning electron micrographs: an etched silicon tip on the right and a carbon nanotube

probe on the left. (Source: http://store.veco.com and http://cmliris.harvard.edu/.)

Figure 3.2: Schematic representation of the AFM head. Beam emitted from a laser diode is reflected

on the back of the cantilever. With the help of an adjustable mirror the laser beam can be directed to

the photo diodes. Bending of the cantilever is measured by the detection of the position of the laser

spot on the surface of the diodes. The photodetector is made up of 4 segments: not only the bending

but the torsition of the cantilever can be measured, as well.
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Piezo scanners actuate the cantilever. When high voltage is applied to a piezoelectric material, it

elongates. This effect is utilized in the scanners (Fig. 3.3). Piezo scanners can position the tip attached

to them with an accuracy in the 0.01 nm range. Difficulties appear with distortion, reproducibility,

and accuracy of measurements due to the nonlinearity, hysteresis, and drift of the piezo effect.

Sensitivity and resolution of AFM is determined by distinct parameters: the intrinsic sensitivity

of the optical lever; thermal noise; and the tip’s radius of curvature. (See ���������	�
���	����������������	�����
�������� ��!#"$��%&� '(�)��� � �*���,+ and references therein.) Best resolution that can be achieved on the surface

of living cells is in the range of 10-100 nm. Higher resolution images will not reveal more details due

to the low contrast, which is an outcome of the softness.

3.2.2 Imaging and spectroscopy

The imaging ability of AFM is utilized in numerous fields of surface science and solid state physics.

AFM also has industrial applications e.g., in semiconductor technology. In biology it is applied for

both imaging and spectroscopic purposes.

The two basic modes of AFM imaging are contact mode and non-contact (tapping) mode [34]. In

contact mode the tip is in continuous contact with the sample, i.e., it is in the repelling zone of the

van der Waals interaction. On the contrary, in tapping mode the tip oscillates with high frequency in

the attractive zone (farther from the sample surface) and hits the surface once in a period. In contact

mode AFM acquires the equiforce map of the surface using an electric feedback loop that adjusts

the z coordinate (perpendicular direction to the surface) of the cantilever so that the force would be

constant. This 3D map is called contact mode topographic image. Feedback parameters can be tuned.

Perfect feedback would result in a constant deflection of the tip. In deflection mode AFM measures

the deflection of the cantilever, i.e., the error of the feedback. Deflection mode images usually give

better contrast than the topographic ones due to the high deflection of the cantilever at the edges on

the surface. Finite time constant of the feedback limits the scanning speed. Generally, the frequency

of the scanning is kept constant, when the scanned area changes: scanning speed is higher in a larger

window. The optimal scanning frequency is determined mainly by the piezo scanner itself. In tapping

mode either the amplitude or the phase of the oscillation is kept constant by feedback. Far from the

sample the operator adjusts the excitation frequency (frequency of the AC on the piezo oscillating it

in the z direction) close to a resonant peak of the cantilever. In the proximity of the sample both the

amplitude and phase of the oscillation is altered by the interaction between the tip and the surface.

Constant force gradient map of the surface can be imaged by this method because the eigenfrequency

of the cantilever is dependent on the z gradient of the tip-sample force. Investigating soft biological

samples, tapping mode is very useful since it is more gentle than the contact mode: deforms or

damages the sample in a less extent.

Spatial resolution provided by optical microscopy of living cells does not enable researchers to
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Figure 3.3: Types of piezo scanners: a, the tripod; b, the thermally compensated symmetrical scanner

and c, the piezo tube. The first STMs all used piezo tripods for scanning. The piezo tripod is an

intuitive way to generate the three dimensional movement of a tip attached to its center. However, to

get a suitable stability and scanning range, the tripod needs to be fairly large (about 5 cm). Its size

and its asymmetric shape make it very susceptible to thermal drift. The thermal drift performance

of the symmetrical design is much better than the simple tripod. However a complicated assembly

of many piezo pieces is required. The tube scanner is now widely used in SPM for its simplicity

and its small size. The outer electrode is segmented in four equal sectors of 90 degrees. Opposite

sectors are driven by signals of the same magnitude, but opposite sign. This gives, through bending,

a two dimensional movement on, approximately, a sphere. The inner electrode is normally driven

by the z signal. It is possible, however, to use only the outer electrodes for scanning and for the z

movement. The main drawback of applying the z signal to the outer electrodes is, that the applied

voltage is the sum of both the x or y movement and the z-movement. Hence a larger scan size

effectively reduces the available range for the z control. Piezo scanners, tubes and tripods, are made

of piezo ceramic material. Piezo materials with a high conversion ratio or small distances between

the electrodes, allowing large scan ranges with low driving voltages, do have substantial hysteresis

resulting in a deviation from linearity by more than 10%. The sensitivity of the piezo ceramic material

(mechanical displacement divided by driving voltage) increases with reduced scanning range, whereas

the hysteresis is reduced. A careful selection of the material for the piezo scanners, the design of the

scanners, and of the operating conditions is necessary to get optimum performance. Source: ������� �
� ��% % %&� � � � ��� ��"�� ���)��"�� � � + ���#� � � � �  � �	� ��� ��"
���#� "$��' ����� � ��	�,�� ��"����	� ������������#�,
�������#��	�	���*���,+ �
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observe nanometer scale motion and rearrangement of cell components. AFM is an adequate tool for

such measurements [14, 36, 58, 65]. Stress fibres (contractile bundles of actin filaments and myosin-

II) play an important role in the control of cell shape and the adhesion of cells to the extracellular

matrix through focal contacts. These characteristic cytoskeletal elements can be imaged with the AFM

due to their high elastic modulus [64, 37]. AFM is capable not only for recording high-resolution

topographic images of living cells but also for measuring the elastic properties of them simultaneously

[45] and investigating cellular dynamics [26, 66].

Positioning the tip over a point of the sample, force-distance curves can be acquired by approach-

ing and removing the tip from the surface. These curves -also named force spectra- can be highly

informative in terms of the local elastic properties of the sample. Elastic modulus of the sample can

be calculated from the force spectra in case of a living cell, too (e.g. [45, 33]. Local force spectroscopy

on each pixel of an image will provide the elastic map of the surface.

The main field of application of force spectroscopy is the study of intra- or intermolecular inter-

actions with pN and subnanometer resolution (for review see [81]). Among others, protein folding,

receptor binding, antibody-antigen and DNA-protein interactions can be studied by this technique.

3.2.3 Technical details

Scanning repetitively the surface of a cell time-lapse images can be recorded [33, 67]. The analysis of

subsequent images yielding a movie is highly informative in terms of the kinetics of the cytoskeleton.

Although fast cellular motility can not be examined by the repetitive scanning procedure due to the

minute-range of scanning time, nanometer scale fast motion can be probed by positioning the tip on

the area of interest. In this way we could investigate the fast vertical fluctuations of the cells.

A commercial AFM (TopoMetrix Explorer, Santa Clara, CA) with a tripod piezo scanner and

custom-made sample heating control system and fluid chamber was used (Fig. 3.4 and 3.5). Mea-

surements were carried out at 37
�
C in CO � independent medium containing 10% fetal calf serum

(GIBCO). We used soft silicon nitride cantilevers (Thermomicroscopes, Coated Sharp Microlevers,

Model # MSCT-AUHW, with typical force constant 0.01–0.03 N/m, 20 nm radius of curvature). Topo-

graphic and deflection images were acquired in contact mode. High-resolution images were acquired

at a scanning frequency of � 4 Hz. Non-destructive low force scanning provided stable sustained

imaging of living cells for 8–10 hours. After the AFM experiments cells were maintained in the same

medium for 1–2 days and found to be normal. We could not achieve high-resolution imaging on a

portion of cells due to their increased height or softness.

Considering that small details of cellular components can be observed at the best quality on shaded

deflection mode images we present our experimental data in this format. Topographic images provide

height information but with poor contrast.

We measured the average displacement of the contour at the edges of cells. In the middle of cells
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Figure 3.4: The AFM system we used. AFM head on the vibration isolated stage on the lower left,

above this the monitor -showing the position of the tips and the sample- on the top of the AFM control

boxes, the heating control on the top middle, under this the digital oscilloscope, and the pc monitor

beside.
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Figure 3.5: TopoMetrix AFM head on the home-made heat controlled sample holder.
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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 chosen some structures with a characteristic shape and the lateral displacements of these

structures were measured. The measurement of local height fluctuations of cells was started at least

1/2 h after mounting the sample into the fluid cell. In this way thermal transient effects could be

eliminated. After each scan the tip was positioned onto the point of interest with the same force and

feedback parameters and we captured the dc voltage of the z piezo by a digital oscilloscope (Tektronix

TDS 210) for 22.5 sec with 100 Hz sampling rate.

3.3 Phase contrast time-lapse microscopy

Although most animal cells cannot be visualized by a simple optical microscope since they are trans-

parent, they can be studied by phase contrast microscopy constructed by Zernike in 1932. Phase

contrast microscope gives contrast between areas with different refraction indices. The refraction in-

dex of the cytoplasm is higher than that of the culture medium. Even some cellular organelles, such as

the nucleus can be distinguished by this technique. The main feature of a phase contrast microscope

is the special objective with a phase ring and the corresponding illumination through an annular ring

(Fig. 3.6). To achieve optimal contrast in case of sample regions with slightly different refraction

indices the phase ring is manufactured to cause a � /4 phase shift of the direct beam. The interference

of the direct beam and beams diffracted by the cells results in bright image of the cells with dark

background.

On the basis of former videomicroscopes constructed by András Czirók and Balázs Hegedűs,
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Figure 3.7: The automated time-lapse inverse phase contrast microscope system we used in the cell

motility studies capable for taking high resolution photos of living cells for several days.

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

system to acquire time-lapse images (Fig. 3.7). An Olympus C-4040 Zoom digital camera controlled

by a computer has been mounted on the side port of a Leica DM IRB inverted microscope with the

use of an optical coupling constructed by Ottó Haimann. The communication module of the camera

was made by Dávid Selmeczi, it combines the photopc and gphoto2 programs. The focus of the

microscope can be automatically adjusted by a computer controlled stepper motor manufactured by

Sándor Hopp.

A home-made thermostat constructed by András Czirók and Tamás Vicsek was used to keep the

cell cultures at 37
�
C. 5% CO � , 76% nitrogen, 19% oxygen atmosphere and 100% relative humid-

ity was maintained by the application of a computer controlled electrical valve, which controls the

in-flow of the fresh 5% CO2 into the thermostat, and open water tanks inside. Prior to the time-

lapse experiments cells were passaged over the micropatterned surface of 35 mm plastic petri dishes

(Greiner) at a density of 1-1.5 x 10
�

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

tochalasin D, ML-7 were purchased from SIGMA. Drugs were added to the culture medium after 1-d

time-lapse observation of the cells.

3.4 Processing and analysis of data from time-lapse microscopy

Position of the nuclei, and the two ends of single cells showing clear nuclear migration was deter-

mined manually in every time-lapse frame using the gtrak software constructed by Dávid Selmeczi,

wherefrom ����� "�� ����� ���	� "�� ��� and ��
�� "�� ��� , location of the nucleus ( � ) and the two ends ( ��  ) of the ith

cell at time � was defined. Velocity ! ��� "�� ��� of the nucleus of the ith cell at time � was calculated as

the net displacement of the nucleus in a time interval of 30 minutes. The start and the end of this

interval was chosen symmetrically, 15 minutes before and after the time moment � . Direction of nu-

clear motility was determined automatically by least squares method. Density function of the velocity

! � ��� distribution in a cell population was determined as the number � of each occurent velocities ! ,

normalized by the number of velocity data ( � � ). Period of the periodic nuclear migration of a certain

cell " , was calculated from the ����� "�� ��� function by measuring the distance between the peaks. Accu-

racy of this procedure was � 0.5 h. (Fourier spectrum provided less accurate data of the period if it

was close to the time period of observation.)

3.5 Immunocytochemistry

At the end of the time-lapse experiments samples were fixed using 4% paraformaldehyde in PBS

for 25 minutes, afterwards kept at 4
�
C in PBS containing Na-azide. The membranes of fixed cells

were permeabilized by treatment with Triton X-100 (5 min., 0,1% v/v in PBS). Non-specific antibody

binding was blocked by incubation with 5 % FCS in PBS at room temperature, for 1 hour. Antibod-

ies to � -tubulin (mouse; ExBio, Praha) and � -tubulin (rabbit; Sigma) were used at dilutions of 1 to

1000-5000, respectively. Secondary antibodies to � -tubulin were Cy3 (1:3000, Jackson) or Alexa488

labeled anti-mouse IgG-s (1:1000, Molecular Probes). � -tubulin was visualised by 1.5 hour incu-

bation with biotin-conjugated anti-rabbit IgG (1:1000, Vector) followed by 1 hour incubation with

fluorescent avidin-TRITC (1:750, Sigma).

Fluorescent images were aquired with the Leica DM IRB microscope, 40x N-plan objective, mer-

cury lamp illumination or with an Olympus BX61 confocal microscope, 60x oil immersion objective,

1.1 numeric aperture.
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3.6 Micropatterned cell adhesive surfaces

We manufactured micropatterned substrates [50] for the phase contrast cell motility studies. Poly-

dimethyl-siloxane (DPMS, Sylgard 184 from Dow Corning) micropatterned stamps were fabricated

by Gábor Csúcs, Laboratory for Biomechanics, Department for Mechanical and Process Engineering,

ETH Zürich with a lithographic procedure [19]. In our nuclear migration studies we used simple

striped patterns with 20, 40 or 60 � m lattice constant (Fig. 3.8).

We applied a protein masking technique using poly-l-lysine-poly-ethylene-glycol (PLL-PEG), a

molecule repelling proteins. After patterning the substrate surface with the protein we dropped PLL-

PEG solution onto it. PLL-PEG adheres to those sites only, where the protein mask does not cover

the surface. Cells adhere to the surface via proteins, which infers that they will not adhere to the

PLL-PEG covered region but to the protein covered sites.

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

fibrinogen) or 50 � g/ml FITC labeled poly-l-lysine (SIGMA) in PBS were placed onto the clean

surface of the DPMS stamps for 30 min. Drop was removed and the surface was dried in air flow.

We placed the stamp carefully with its patterned face downside on the inner side of the bottom of a

35 mm plastic petri dish or a glass cover slip and pushed it gently to achieve full contact between the

stamp and the surface. After 10-20 sec we removed the stamp, and washed the surface with water and

HEPES buffer. The quality of the pattern was controlled in the fluorescent microscope (Fig. 3.8). We

incubated the surface with 1 mg/ml PLL-PEG in HEPES buffer for 10 min, removed it, and washed

the surface with PBS. 1-1.5 10 � cells in 2.5 ml minimal essential medium (MEM), 10% fetal calf

serum (FCS) were passed over the patterned substrate.
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Figure 3.8: Fluorescent protein (fibronectin-Alexa488 labeled fibrinogen mixture) pattern on the sur-

face of a plastic petri dish: 20 � m wide stripes.



Chapter 4

Results

4.1 Nanometer scale cellular fluctuations studied by AFM

We investigated the nanometer scale height fluctuations of 3T3 fibroblast cells by atomic force micro-

scope (AFM) under physiological conditions. Distinct types of cellular motility could be examined

by the measurement of vertical fluctuations.

Fig. 4.1 displays 2 images of a movie showing the slight motility of the rear edge of a cell with

a 4.5 minutes time shift. This cell was almost quiescent during the experiment with a highly stable

structure of cytoskeletal fibers and moderate lateral motility. The rear edge is being pulled by the

stress fibres: see the parallel set of curved fibres anchored to the edge of the cell. In the same time

cell-matrix junctions or nonspecific contacts adhering the rear of the cell to the support weaken and

break. We also observed a typical retracting triangular shaped 20 � m wide contact (image not shown)

of the same cell at the rear edge. The contact was broken a few minutes after recording the vertical

fluctuations.

Typical vertical fluctuations registered on these two locations are presented in Fig. 4.2. We sup-

pose that the apparent difference between vertical fluctuations originates in the different biological

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

stable with a lateral velocity of about 2 nm/s, the edge beside the retracting triangular shaped contact

moved with a speed of about 11 nm/s.

To analyze height fluctuations we calculated the power spectrum and the height-height correlation

function with a maximal � =5 s time shift of each � � ��� height-time curve:

� � � ����� ��� � � � ��� � � � ��� ����� �� ����� "
	 ��� "���
� � � � (4.1)

� 	 ��� � � ��� ��� � (4.2)

where 	 � (10 ms) is the sampling time.

42
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Figure 4.1: Shaded deflection mode images with a 4.5 minutes difference showing stable actin-myosin

cables at the rear of a quiescent cell. Arrow in the lower left corner indicates the direction of motion.

SF: stress fibres.

This function can characterize stochastic height fluctuations by giving the average change of

height as a function of time. Curves are presented in Fig. 4.3, the number of measured height-time

curves � is indicated. The lateral velocity of each location seems to correlate with the saturation

value of the height-height correlation function measured at that location confirming our assumption

that height fluctuations are related to local biological activity (motility). The starting slopes of the

curves give the speed of fast fluctuations. Curves saturate with different characteristic (saturation)

times. There is an apparent difference between curves (a) and (b) in the saturation value. The char-

acteristic time ( � 2 s) of curve (a’) is approximately double those of the other two curves. Curve (a’)

was registered on the middle region (cell body) of the quiescent cell. (See Table 4.1.) Characteristic

time and saturation value are related to the average duration and amplitude respectively of an upward

or downward motion.

The analysis of power spectra (Fig. 4.4) of the height-time curves acquired on each location of this

quiescent cell revealed sustained periodic fluctuations during the experiment (1.5 hours). We found a

characteristic peak at 4.9 Hz with a width of 3.5 Hz. The area of this peak gives an average amplitude

of 1.5 � 0.4 nm. Cells without apparent stress fibres nearby lack this peak. The origin of the sharp

peaks in the spectrum is electric noise.

Fig. 4.5 shows the contours of a leading edge of a motile cell from consecutive images. Note the

bright spot (S) appearing on the cell surface close to the edge in the middle of the second image. It

appears in less than 7 minutes and disappears soon after. A similar one can be observed on the upper
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Figure 4.2: Typical vertical fluctuations measured on quiescent and motile cells. Graph (a) and (b)

belong to the quiescent, (c) and (d) to the motile cell. We recorded (a) on the rear edge displayed in

Fig. 4.1. (b) was measured on a typical retracting triangular shaped contact (image not shown) of the

cell at the rear edge. This contact to the support was broken a few minutes after recording the vertical

fluctuations. (c) and (d) were registered on the leading edge shown in Fig. 4.5 and close to that on the

cell body respectively.
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Figure 4.3: Averaged height-height correlation functions of fluctuations measured on the surface

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

corresponding correlation functions of vertical fluctuations shown in Fig. 4.2. Curve (a’, n=10) was

registered on the middle region of the quiescent cell. There is an apparent difference between the

behavior of curves belonging to the quiescent and the motile cell. Saturation disappears on the scale

of several seconds in case of the motile cell. This fact indicates the presence of vertical motility on

this time scale. Significant difference between graph (a) and (b) is attributed to the dynamics of the

retracting contact at the rear edge. See the value of lateral velocity of locations at each curve. 50 Hz

noise on curves can be observed.

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

Table 4.1: Comparison of the lateral velocity and parameters characterizing vertical fluctuations of

different locations on the quiescent and the motile cell. Parameters of the height-height correlation

function are calculated on the basis of curves presented in Fig. 4.3. Starting slope and saturation value

were determined by linear fitting in the (0.3 s, 1 s) and (3 s, 5 s) intervals respectively, r: correlation

coefficient of fitting, SD: Standard Deviation, n: number of measured height-time curves.
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Figure 4.4: Power spectrum (n=10) of height fluctuations measured at the location shown in Fig. 4.1.

The peak at 4.9 Hz can be found in each power spectrum of height fluctuations captured on the surface

of the quiescent cell. The power spectra of height fluctuations of cells without apparent stress fibres

nearby lack this peak.

part of the last image. These features seem to be linked to the ends of curved filaments. In many

cases micrometer sized unidentified nodes were found on stress fibres. They might be large protein

complexes attached to F-actin.

Fig. 4.2 displays the height-time curves captured on the leading edge (c) and close to that on the

cell body (d). Curves show increased motility especially on the long (several seconds) time scale.

As a consequence, the saturation effect of the height-height correlation function disappears on this

scale (Fig. 4.3). The speed of fast fluctuations is higher, as well. (See Table 4.1.) We suppose that

the observed increase in vertical fluctuations is an outcome of actin polymerization-depolymerization

processes at the leading edge. Surprisingly, the height-height correlation function shows a higher level

of fluctuations farther from the leading edge. It can be a result of actin depolymerization processes

well behind the edge or an increased temporal motility of this region which has to follow the edge.

To sum up the results of the fluctuation measurements, correlation could be observed between

the heigth fluctuations and the lateral motility of the cells . Fluctuations measured on leading edges

appear to be predominantly related to actin polymerization-depolymerization processes. We found

fast ( 5 Hz) pulsatory behavior with 1–2 nm amplitude on a cell with low motility showing empha-

sized structure of stress fibres. Myosin driven contractions of stress fibres are thought to induce this

pulsation [72]
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Figure 4.5: Consecutive shaded deflection mode images of a leading edge. Approximately 7 minutes

elapsed between images. Arrow indicates the direction of motion. Note the bright spot (S) appear-

ing on the cell surface close to the edge in the middle of the second image. L: lamellipodium, F:

filopodium. Contour lines (extreme right) display the forward motion of the edge. The standard

deviation of lateral velocity was found to be higher than in the case of a less mobile edge due to

extensions growing with high speed, such as the extension on the lower region of the last contour line

corresponding to the right hand image.

4.2 Nuclear motility in elongated cells

We used a micropatterning technique to force cells to form highly elongated ’bipolar’ shape on narrow

adhesive stripes between non-adhesive stripes. This method proved to be adequate to investigate

nuclear motility by time-lapse microscopy for several days.

In our nuclear motility experiments, besides U87 human glioma, 3T3 mouse fibroblast and pri-

mary mouse fibroblast, we used the C6 rat glioma cell line. This cell line is closely related to the so

called radial glial cells that show the phenomenon of interkinetic nuclear migration in the developing

brain. Radial-like glial cells could be generated from C6 cells [31]. It means that our experimental

setup can be a simple in vitro model of cells in the brain in the state of interkinetic nuclear migration.

(Interkinetic nuclear migration is coupled to the cell cycle: cells divide after each completed cycle of

migration, when the nucleus reaches the end of the cell at the ventricle. This feature is not present in

our system.)

4.2.1 Phase contrast movies with subsequent labeling of microtubules and cen-

trosomes

We observed in several experiments that the nucleus of elongated cells on the surface of narrow stripes

is motile. This property is general for the investigated cells. Without cell adhesive stripes, cells are not

forced to form an elongated shape; they can appear in diverse configurations. Long term migration of

the nucleus was observed only in elongated cells, it never happened in cells with variant shapes [71].
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We found that the migrating nucleus can turn back at the end of the cell with almost no waiting, and

continues to migrate in the opposite direction. Nuclei are able to make numerous cycles in this way

(Fig. 4.6). (See demonstrative movies on ������� ���
��� �� ����� � �
�*� � � ���(���
��� ��� ��"�� ������ �
�,"
� � � �����
������+ ��� �
web site.) We call this phenomenon auto-reverse nuclear migration, which is frequent in C6 glioma

cells and primary mouse fibroblasts. In fibroblasts the nucleus turns back usually before reaching

the end of the elongated cell. Although the nucleus of 3T3 mouse fibroblasts was also motile, it

turned back rarely at the end of the elongated cells. Nucleus of U87 human glioma cells was much

less motile, which is attributed to their less elongated shape even on the narrow cell adhesive stripes.

Average period of periodic nuclear motility in C6 cells (4.6 � 1.9 hours, 27 analyzed cells) was lower

than the period of their cell cycle, which is about 1 day. In case of primary mouse fibroblasts the

average period was more than 2 times shorter: 1.8 � 0.6 hours (6 analyzed cells).

In each time-lapse frame the exact position of the nuclei was identified manually. Only single

cells showing clear nuclear migration were analyzed. We determined some statistical parameters

that can characterize periodic nuclear migration. Average velocity of migrating nuclei was 29 � 13
� m/h based on 5 distinct experiments using C6 cells. The total number of analyzed cells was 32.

Average velocity of the nuclei showing periodic motion in primary mouse fibroblasts was 26 � 10
� m/h analyzing 15 cells.

For further studies we used the C6 cell line. Material of the cell adhesive stripes had no significant

impact on the motility: fibronectin-fibrinogen and poly-l-lysine stripes gave similar results. Distribu-

tion density function of the velocity shows a peak at 0 and a long tail towards the maximal velocity

measured in our experiments (Fig. 4.8). As a consequence, standard deviation of the velocity is high,

80% of the average velocity. The ratio of the maximal velocity and average velocity is 6.

At the end of time-lapse experiments we fixed the samples and labeled the centrosomes. Position

of centrosomes being the MT organizing centers was considered to be informative in terms of the

polarization of the cell since cell polarization is known to be strongly dependent on the MT system.

The fact that in polarized, migrating cells the position of the centrosome is cell type specific, i.e., in

some cells the centrosome moves in front of the nucleus, in other cells it lags behind it [80], infers that

cell polarization is not simply correlated with the position of the centrosome. We found that in C6

rat glioma cells the centrosome stays behind the migrating nucleus, or beside it between the plasma

membrane and the nuclear membrane (Fig. 4.9). Labeling of MT-s showed no apparent asymmetry

between the leading edge and the tail of cells (Fig. 4.10). MT-s are mainly parallel to the axis of the

cell. Fluorescent imaging of MT-s in the highly elongated cells was extremely difficult due to their

close packing. (Fig. 4.11.)
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Figure 4.6: Position of the nucleus in a C6 rat glioma cell (left) and in a primary mouse fibroblast

(right) during nuclear migration. Time shift is 1 h between subsequent images in case of the C6 cell

and 10 min in case of the mouse fibroblast. Note that the frequency of periodic nuclear migration is

much higher in case of the fibroblast. Scale bar: 50 � m.
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Figure 4.7: Position of the nucleus as a function of time in case of the C6 cell shown in Fig. 4.6.

4.2.2 Inhibitor studies

We targeted the two main force generating cytoskeletal elements: actin- and microtubule-related sys-

tems with specific drugs to reveal their roles in nuclear motility.

MT-s were affected by vinblastine and taxol in a concentration-dependent way. Whereas taxol

stabilizes MT-s, vinblastine [11, 32] depolymerizes them. Both drugs inhibited nuclear migration

even at low concentrations. Taxol was effective above 10 nM, vinblastine blocked the migration of

the nucleus at 20 nM. While, in case of vinblastine cells became less elongated, taxol increased the

level of elongation, which is in consistence with their opposite impact on MT-s.

MT motors: kinesins and cytoplasmic dyneins were inhibited by 5 � M vanadate and 100 � M

AMP-PNP, respectively [39, 55]. Vanadate is an inorganic dynein inhibitor, AMP-PNP is an ATP

analogue bound but not hydrolyzed by kinesins. They had no effect on nuclear motility.

Actin was affected by the F-actin disrupting cytochalasin D [73], which had slight effect on the

migration of the nuclei at a concentration of 200 nM. Not even 500 nM cytochalasin D blocked

nuclear migration, it only decreased the velocity of nuclei. Myosin-II was inhibited by 1 and 10 � M

ML-7 [4], a specific MLCK-inhibitor. Surprisingly, ML-7 rather increased nuclear motility at high

concentration (Table 4.2).

Cells with migrating nucleus were polarized: a narrow lamellipodium at the leading edge and

a tail behind the nucleus could be observed (Fig. 4.6). Polarization of the cell flips as the nucleus
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Figure 4.8: Histogram of the density function of velocity distribution of the nucleus in elongated C6

cells showing ’auto-reverse’ nuclear migration. This curve is an averaged function of 32 cells from

5 distinct experiments. x scale: � m/h. It shows that the lower velocities are more frequent during

nuclear migration, which means that the nucleus does not migrate with a constant velocity. During

the reverse at the end of the cell, it moves slowly, and reaches its maximal speed only for a short time

at the middle region of the cell.
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Figure 4.9: Fluorescent images of centrosomes labeled by anti- � -tubulin in C6 cells after time-lapse

microscopy. Nucleus of the upper cell migrated to the left, i.e., its single centrosome stayed at the

rear part of the nucleus, which was general in C6 cells. Nucleus of the lower cell did not show migra-

tion. Its double centrosomes were arranged towards the ends of the elongated cell. This symmetric

arrangement may inhibit nuclear migration. We found motile nuclei with double centrosomes, too. In

this case both nuclei were localized at the rear/middle part of the nucleus.

Figure 4.10: Microtubules imaged by confocal microscopy in an elongated C6 cell, which showed

nuclear migration on a 20 � m wide stripe. Nucleus moved to the right, shape of the cell shows

polarization with a narrow tail behind the nucleus and a wider leading edge. Distribution of MT-s is

not apparently asymmetric, they mostly run parallel to the axis of the cell. In elongated cells high

resolution imaging of MT-s was extremely difficult due to their closely packed structure.
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Figure 4.11: Fluorescent image of MT-s in cells from the same sample indicating that the same

immuno-labeling procedure and imaging conditions give appropriate resolution in case of flattened

cells.
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Drug Average nuclear veloc-

ity before the addition

of the drug [ � m/h]

Average nuclear veloc-

ity after the addition of

the drug [ � m/h]

Number of cells

no drug 29 � 13 32

20 nM vinblastine 34 � 0.4 3 � 0.3 2

30 nM taxol 25 � 11 8 � 2 5

200 nM 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

Table 4.2: Effect of cytoskeleton affecting drugs on nuclear migration in C6 cells. We calculated the

average velocity of each migrating nucleus, and then the mean value of these figures presented in the

table with standard deviation after the � symbol. MT disrupting vinblastine and MT stabilizing taxol

had robust inhibitory effect on nuclear migration. F-actin disrupting cytochalasin D had slight im-

pact at 200 nM. Kinesin inhibitor AMP-PNP and dynein inhibitor vanadate did not influence nuclear

motility. Myosin-II inhibitor ML-7 did not change nuclear motility at 1 � M, and enhanced it at 10
� M.

reaches the end of the elongated cell and starts backward.

In the elongated C6 cells we observed that the migrating nucleus did not rotate, its orientation

stayed fix during the turn back at the end of the cell, too. In flattened C6 cells we found that the

nucleus could rotate, which is consistent with former studies indicating nuclear rotation to be general

in several cell types [5]. Rotation of the nucleus was determined by tracking nucleoli that appear as

dark dots in phase contrast images.
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Discussion

Using different techniques we succeeded to probe both cellular fluctuation on the nanometer scale

and organized intracellular dynamics of the nucleus driven by an intriguing molecular mechanism.

5.1 Nanometer scale cellular fluctuations

Analysis of height fluctuations acquired at different locations on the cell allowed us to monitor

the motility of cellular components sensitively. Both actin-myosin based contractions and actin

polymerization-based filopodial and lamellipodial protrusions can be examined by this method. We

found a correlation between the characteristics of vertical fluctuation and organized lateral locomo-

tion.

We explain the observed 5 Hz pulsation of a cell with the periodic contractions of stress fibres.

This type of oscillation cannot be easily identified by other techniques due to its low amplitude.

Although the frequency of mechanical pulsation of cardiomyocytes is in the same frequency range

( � 1.25 Hz), its amplitude is 2 orders of magnitude higher [26]. Spontaneous oscillatory contractions

of muscle fibers with a period of a few seconds are widely known for several years (e.g. [79]).

Theoretical models can explain spontaneous oscillation under certain conditions [41]).

Slow pulsation of non-muscle cells has been observed in some cases. Microtubule depolymeriza-

tion can induce rhythmic actomyosin-based contractility with a period of � 50 s in fibroblasts [61]

and oscillatory activity in the cortical microfilament system of lymphoblasts [13]. Shape oscillations

of leukocytes driven by cyclic actin polymerization has been studied by several groups [29]. Period

of this process is about � 8 s.

Cortical tension of non-muscle cells generated by myosin-II can drive a change of shape [59].

Myosin molecules cycle about 5 times in a second in muscle [2]. Based on the above mentioned

facts, we think that a synchronized behavior of myosin molecules in stress fibres may cause the

observed pulsation. Myosin synchronization has been theoretically predicted close to the isometric

55
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condition in highly organized actin structures [28, 27]. Further experiments are needed to elucidate

the background of this phenomenon. Using drugs affecting a specific system of the cytoskeleton will

help to distinguish their roles in the nanometer scale fluctuations of cells.

5.2 Nuclear motility in elongated cells

We found that the nucleus is motile in a high percentage of elongated cultured cells on the time scale

of hours. Use of narrow (20 � m) protein/cell adhesive stripes separated by non-adhesive ones on

plastic or glass surface was proved to be an adequate technique to control the cell shape, and force

cells to acquire highly elongated form.

Cellular locomotion was inhibited on the narrow stripes. This fact helped us to study the motion

of the nuclei clearly dissected from the locomotion of cells. We argue that cells can hardly migrate on

the narrow stripes since the formation of normal lamellipodium at the edge of the cell is impossible:

the typically wide leading edge cannot be developed.

Periodic (auto-reverse) nuclear migration is frequent in C6 glioma cells and primary mouse fi-

broblasts, and less frequent in 3T3 mouse fibroblasts. The nucleus of U87 human glioma cells is

much less motile, which is attributed to their less elongated shape even on the narrow cell adhesive

stripes. Period of periodic nuclear motility in C6 cells is � 5 h, which is not in the range of their

cell cycle being approximately 1 day. It means that probably there is no direct relationship between

cell cycle and periodic nuclear migration. In case of primary mouse fibroblasts the average period is

approximately 2 hours. Average velocity of periodic nuclear migration is similar in both cell types,

i.e., the amplitude of nuclear migration is lower in fibroblasts. Time-lapse images show that the nu-

cleus usually turns back before reaching the end of fibroblast cells; this results in lower amplitude and

higher frequency.

F-actin disruption by cytochalasin D and myosin-II inhibition by the myosin light-chain kinase

(MLCK) inhibitor ML-7 shows that the process is not sensitively actin- or myosin-dependent, which

means that neither actin polymerization nor actomyosin based contraction drives the motion. Cy-

tochalasin D slightly decreased the velocity of the nuclei. Nuclear migration was stopped by low

concentrations of vinblastine or taxol. These are specific microtubule affecting drugs. Vinblastine

cause the depolymerization of MT-s, taxol stabilizes them. Both drugs inhibit dynamic instability

of MT-s. MT-dependent motors: kinesins and dyneins are known to be involved in the intracellular

transport, and in nuclear positioning, too. We argue that they do not have central role in the nuclear

migration studied by us. In case of a basically MT motor driven motility taxol would not block the

motion since motors can walk along taxol stabilized MT-s. Inhibition of dynein by vanadate and

kinesin by the ATP analogue AMP-PNP reinforced that cytoplasmic dyneins and kinesins were not

crucial in nuclear migration.
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Interaction between MT-s and F-actin is a complex and poorly understood field at this time. We

think that it should be considered in nuclear migration. Both MT and actin systems are involved in

cell polarization, which is thought to be a central problem in auto-reverse nuclear migration.

The centrosome in all the identified C6 cells with migrating nucleus was behind or beside the

forward moving nucleus, never in front of it.

Previous experiments and theoretical considerations indicated that tubulin polymerization-depoly-

merization itself in the absence of MT motors is able to move the centrosome inside a chamber.

Pushing force of a single polymerizing MT is in the range of pN-s. [38, 30, 25]. Nuclear migration in

yeast cells [75, 24] also suggests that the polymerization force of MT-s can drive the nucleus attached

to the microtubule organizing center. We propose that the nucleus is driven by the polimerization

force of MT-s.

Motility of the nucleus is a slow, overdamped motion in a viscous medium. Although cell plasma

is not a homogenous liquid (fibrous elements of the cytoskeleton have a significant impact on the drag

sensed by the nucleus), it makes sense to consider an effective viscosity of the plasma [6, 15], which

can vary but normally is in the range of 100 Pas. According to the Stokes Law we can estimate the

force that moves the nucleus:

� � � ��� �!�� (5.1)

where
�

is the viscous force, � denotes the effective viscosity on the scale of the nucleus,  is the

radius of the nucleus in the liquid, and ! is the velocity of the nucleus that we measured. It gives a

force in the 100 pN range, which means that � 100 MT-s are pushing the nucleus forward. The result

of the estimation is reasonable, since in a mitotic cell a few thousands of MT-s originate from the

centrosome, a portion of them can take part in the pushing of the nucleus. During nuclear migration

velocity of the nucleus is not constant but changes periodically, which may be caused by the change

of the driving force or the effective viscosity.

Nuclear migration is driven and controlled by a complex system involving cytoskeletal elements

and regulating proteins. On the basis of our experiments we conclude that the force, which drives

nuclear migration in elongated cells, is MT-dependent, and it originates in MT polimerization. We

think that the control of the process is related to cell polarization. Further experiments are in progress

to clarify more details of this phenomenon.

In flattened C6 cells we found that the nucleus can rotate, which is consistent with former studies

indicating nuclear rotation to be general in several cell types [5]. Nucleus in these cells is discus

shaped, it can easily rotate in the plane of the cell. In the elongated C6 cells we observed that migrating

nucleus did not rotate, its orientation stayed fix during the turn back at the end of the cell, too. A

possible explanation of nuclear migration in elongated cells can be that the nucleus is unable to

rotate inside the tight cell. Nuclei in these cells are squeezed: they have an oval shape. Nuclear
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rotation in flattened cells might be driven by the force of polymerizing MT-s pushing the nucleus

via the centrosome. In elongated cells similar pushing force of MT-s would result in the translation,

i.e., migration of the nucleus. In this case, as the nucleus reaches the end of the elongated cell,

the centrosome would slide on the nuclear membrane making a semicircle still being pushed by

polymerizing MT-s (Fig. 5.1). (Similar motion of doubled centrosomes is well known at the beginning

of mitosis.)

Turn back of the nucleus in primary mouse fibroblasts before reaching the end of the elongated

cell might be caused by an easier sliding of the centrosome on the nuclear membrane. We think that

in these cells the centrosome can be pushed to the other side of the nucleus during the migration far

from the ends of the cell. Our observation that the centrosome can be at the front part of the nucleus

in these cells during nuclear migration -in contrast with the behavior of C6 cells- is in agreement with

this explanation.

Although this simple model fits with our results, further experiments should be carried out to

clarify more details of the phenomenon in order to confirm the validity of our explanation.
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Figure 5.1: Schematic representation of a simple model that we propose to explain auto-reverse nu-

clear migration in elongated cells. Upper drawings show the rotation of the nucleus in a flattened cell.

Microtubules (MT-s) are depicted in green, centrosome in red, nucleoli are represented by dark dots

in the nucleus. Nucleus might be rotated by the pushing force of MT-s -showing dynamic instability-

due to their partial alignment in the aster, which results in a torque. Partial alignment of MT-s can

be maintained by the rotation itself. Such nuclear rotation in elongated cells (lower drawings) is in-

hibited: the squeezed oval nucleus is unable to rotate inside the tight cell. Pushing force of partially

aligned MT-s in the aster with the centrosome in its center will rather translate the nucleus inside the

cell. At the end of the cell the centrosome still being pushed by dynamic MT-s would slide on the

nuclear membrane as long as the nucleus starts to migrate backward. Although the fact that polariza-

tion of the cell flips as the nucleus starts backward suggests a more complex mechanism, we think

that this model will be useful, when establishing more sophisticated models on the basis of further

experimental information.
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Emı́lia Madarász, Emma Hlavanda, Prof. János Kovács, Judit Ovádi -in published or not yet pub-
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thank Miklós Csiszér, Ottó Haimann, Sándor Hopp, and Endre Berecz for their indispensable tech-

nical work in electronics, optics, and mechanics. I also thank my colleagues at the Department of

Biological Physics for their kind helpfulness.

60



Bibliography

[1] V. C. Abraham, V. Krishnamurthi, D. L. Taylor, and F. Lanni. The actin-based nanomachine at

the leading edge of migrating cells. Biophys. J., 77(3):1721–32, 1999.

[2] B. Alberts, D. Bray, J. Lewis, M. Raff, K. Roberts, and J. D. Watson. Molecular Biology of the

Cell. Garland Publishing, New York, 3rd edition, 1994.

[3] K. R. Ayscough. In vivo functions of actin-binding proteins. Curr. Opinion Cell Biol., 10:102–

111, 1998.

[4] J. Bain, H. McLauchlan, M. Elliott, and P. Cohen. The specificities of protein kinase inhibitors:

an update. Biochem J., 371:199–204, 2003.

[5] F. Bard, C. A. Bourgeois, D. Costagliola, and M. Bouteille. Rotation of the cell nucleus in living

cells: a quantitative analysis. Biol. Cell, 54(2):135–42, 1985.

[6] A. R. Bausch, W. Moller, and E. Sackmann. Measurement of local viscoelasticity and forces in

living cells by magnetic tweezers. Biophys J., 76:573–79, 1999.

[7] P. Benda, J. Lightbody, G. Sato, L Levine, and W. Sweet. Differentiated rat glial cell strain in

tissue culture. Science, 161:370–71, 1968.

[8] G. Binnig, C. F. Quate, and Ch. Geber. Atomic force microscope. Phys. Rev. Lett., 56(9):930–33,

1986.

[9] G. Binnig and H. Rohrer. Scanning tunneling microscopy. Helv. Phys. Acta, 55:726, 1982.

[10] A. L. Bishop and A. Hall. Rho gtpases and their effector proteins. Biochem. J., 348:241–55,

2000.

[11] M. V. Blagosklonny and T. Fojo. Molecular effects of paclitaxel: myths and reality (a critical

review). Int. J. Cancer, 83:151–56, 1999.

[12] G. G. Borisy and T. M. Svitkina. Actin machinery: pushing the envelope. Curr. Opin. Cell.

Biol., 12(1):104–12, 2000.

61



62 BIBLIOGRAPHY

[13] M. Bornens, M. Paintrand, and C. Celati. The cortical microfilament system of lymphoblasts

displays a periodic oscillatory activity in the absence of microtubules: implications for cell

polarity. J. Cell. Biol., 109(3):1071–83, 1989.

[14] H. J. Butt, E. K. Wolff, S. A. Gould, B. Dixon Northern, C. M. Peterson, and P. K. Hansma.

Imaging cells with the atomic force microscope. J. Struct. Biol., 105:54–61, 1990.

[15] A. Caspi, R. Granek, and M. Elbaum. Diffusion and directed motion in cellular transport. Phys.

Rev. E, 66:011916, 2002.

[16] H. Chen, B. W. Bernstein, and J. R. Bamburg. Regulating actin-filament dynamics in vivo. TIBS,

25:19–23, 2000.

[17] E. Chytilova, J. Macas, E. Sliwinska, S. M. Rafelski, G. M. Lambert, and D. W. Galbraith.

Nuclear dynamics in arabidopsis thaliana. Mol. Biol. Cell, 11(8):2733–41, 2000.

[18] E. A. Cox, S. K. Sastry, and A. Huttenlocher. Integrin-mediated adhesion regulates cell polarity

and membrane protrusion through the rho family of gtpases. Mol. Biol. Cell, 12:265–77, 2001.
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Summary

Motion of animals is a beautiful and complex feature of life, which can be incredibly organized.

There is a natural scientific need to understand biological motion. In our cells on the level of molec-

ular motors motion is rather stochastic dominated by fluctuations. Cellular motility is between the

organized macroscopic behavior of animals and the random motion of microscopic molecules: cells

show both stochastic and highly controlled motility. The link between random and organized motion

is not straightforward and its many aspects are unclear.

We attempted to investigate cellular motility down to the nanometers to provide information of

the fluctuations of cells. Fluctuation driven stochastic motion of the molecules transforms to orga-

nized/controlled motion in the range of micrometers. Studying an intriguing example of intracellular

motion -nuclear migration- we tried to give a better understanding of a type of controlled biological

motility, which still shows stochastic features, and in this sence, it is on a mesoscopic scale.

We used cultured animal cells in our experiments. Atomic force microscope (AFM) was applied

to investigate the dynamics of cells at high resolution. In our nuclear migration studies the primary

tool was automated time lapse phase contrast microscopy. A micropatterned protein surfaces was

used to control the cell shape. We employed specific drugs -inhibitors- to affect some cytoskeletal

elements. Immunocytochemistry in correlation with previous time lapse microscopy of cells was

applied to acquire information on the molecular background of the motion.

We showed that atomic force microscopy can be successfully utilized for measuring the nanometer

scale fluctuations of cells in culture, and we found that the statistical analysis of these fluctuations

provides relevant biological information. Intracellular dynamics can be probed by this method, as

well. The level of height fluctuations is higher at the leading edge than at the rather quiescent, stable

regions of the cells due to actin polymerization. We observed fast periodic motility on a cell, which

was attributed to a theoretically predicted effect: synchronization of myosin molecules in muscle-like

structures (stress fibers) close to the isometric condition.

We demonstrated that nuclear motility can be investigated under precisely controlled conditions

using micropatterned surfaces and time lapse microscopy, and found that nuclear migration in some

cell lines is strongly dependent on the geometry of cells; further factors have only moderate effect on

the phenomenon. Nuclear migration takes place in elongated cells, in case of other cell shapes the nu-
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cleus does not show long term migration. We observed that the nucleus can turn back in the elongated

cell almost immediately after reaching its end. This auto-reverse phenomenon is frequent in a glioma

cell line (C6) and primary mouse fibroblasts, and less frequent in some other investigated cell types.

Using specific drugs we concluded that nuclear migration (a general effect in cell biology) is driven

by microtubule polymerization. In C6 cells the centrosome stays at the rear part of the migrating

nucleus. When the nucleus turns back, the centrosome is pushed to the other side of it, maintaining

the lagging position of the centrosome. We propose a simple model to explain the phenomenon of

auto-reverse nuclear migration. Further experiments should be carried out to confirm the validity of

this model.
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