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When meeting with a sudden shower, you try not to get wet and run quickly
along the road. But doing such things as passing under the eaves of houses, you
still get wet. When you are resolved from the beginning, you will not be perplexed,
though you still get the same soaking. This understanding extends to everything
Ghost Dog: The way of the Samuray
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ABSTRACT

Multicellular organisms are complex conglomerates of differentiated cell
types, each responsible for specifically assigned tasks. Thereby, the integral
capacity of the entire organism is divided into many sub-processes carried out by
specialist cells, resulting in an increased efficiency and a pronounced biological
fitness of the organism. The price that is paid for this gain is an enhanced need for
the exchange of information and thereby an increase in the complexity of the
communication system. During the last twenty years it has become more and more
apparent that the main hubs of cellular communications are their adhesion sites,
giving them not only the possibility to retrieve signals and stimuli from other cells
via the “classical” growth factor and cytokine pathways but also to integrate
chemical and physical signals provided by the surrounding matrix. This
phenomenon, known as mechanosensing, has attracted a lot of attention in recent
years, highlighting the fact that many fundamental biological processes, like
proliferation, survival and differentiation, are driven by physical cues provided by
the cells micro-environment.
A tissue which is particularly sensitive to mechanical load or mechanical
stresses is the load-bearing support structure in vertebrates, known as the
skeleton. The skeleton is composed of a multitude of bone structures, individually
optimized for their specific function in an evolutionary process of reoccurring cycles
of degradation and de-novo synthesis by two cell types, the osteoclasts and
osteoblasts. The fragility of the balance between the bone degrading activity of
osteoclasts and bone formation by osteoblasts is highlighted by the wealth of
human diseases related to its malfunction. Osteoporosis, rheumatoid arthritis,
multiple myeloma and metastatic cancers are only few of the skeletal diseases in
humans that can be related to excessive in osteoclastic activity and become a more
pronounced plaque in aging societies.
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The bone-degrading function of osteoclasts depends on cell polarization
and the formation of an adhesive super-structure known as the sealing zone (SZ).
The SZ is composed of a condensed, interconnected network of podosomes which
are the adhesion-mediating building blocks in osteoclasts. Individual podosomes
consist of a central bundle of actin filaments surrounded by an adhesive ring
containing integrin and multiple adhesome components. In mature SZs, the cores
of podosomes form a central ring that is lined by inner and outer adhesion belts
consisting of integrins and multiple “plaque proteins”. It has been recently shown
that both the chemical and physical properties of the underlying matrix affect the
dynamics, stability and size of these podosome-based super-structures. Greater
understanding of the mechanisms underlying the mechanosensing properties of
podosomes and their super-structures will be essential to advance our progress in
defeating diseases, like osteoporosis and multiple myeloma.
The main objective of this study was to determine the relationship between
matrix adhesion and the formation, stability and growth of the SZ in cultured
osteoclasts and thereby to gain insight into (a) fundamental, intrinsic SZ properties
and (b) propose a possible mechanism for the control of bone degradation in a
chemically heterogeneous environment.
Differentiated, actin-GFP expressing RAW 264.7 osteoclasts were cultured
on micro-patterned glass substrates displaying integrin-adhesive vitronectin areas
of various sizes and shapes, separated by non-adhesive PLL-g-PEG barriers. This
platform enabled us to demonstrate for the first time, in a quantitative manner,
that

SZs

are

intrinsically

circular,

centripetally

expanding

podosomal

superstructures. Thereby, SZs usually undergo a cyclical process in the scale of
minutes of immediate expansion after formation followed by a stationary phase
before retracting upon disintegration. This cyclical behavior was most pronounced
on bone control substrates (microscopy data kindly provided by Dafna Geblinger)
and striped micro-patterns, showing the most prominent increase in SZ size.
Additionally, SZs limited in their expansion by PLL-g-PEG barriers displayed a drastic
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increase in stability compared to non-patterned glass controls often displaying only
fragmented SZs. Furthermore, the formation and the expansion of the SZs was
adhesion dependent, requiring continuity of the substrate adhesiveness on the
micrometer scale. SZ formation requires an adhesive area of at least 4 x 4 µm2,
while expansion was effectively blocked upon interaction with a non-adhesive PLLg-PEG barrier exceeding the size range of an individual podosome (∼1 µm). Below
this threshold SZs were capable of expanding across a non-adhesive gap in only
very rare number of cases (∼1 %). This expansion occurred via an adhesion
independent process by extension of lateral actin fibers, indicating that beside the
regular adhesion dependent process of SZ progression a far less effective, though
possible, mechanism based on actin rather than integrin activity exists. This
suggests that besides the expected, outside–in stimulation of podosome formation
via integrin molecules also an actin based inside-out stimulation is possible.
Additionally, we showed using one-dimensional, striped micro-patterns that SZ
fusion only occurs upon the merger of the outer adhesive ring domains of two
approaching SZs, as only rings located on the same adhesive stripe fused, while
fusion across a PLL-g-PEG gap was prohibited. This clearly indicates that - in
addition to SZ expansion - SZ fusion also requires continuity of substrate
adhesiveness.
Using again striped micro-patterns we showed that despite the intrinsic
circular shape of SZs, their progression is regulated at a local rather than a global
scale. Following an initial uniform growth phase, the rings adapt an elongated,
sausage like shape (parallel to the stripes) upon reaching the non-adhesive PLL-gPEG barriers. Thereby only the regions of the SZ ring associated with the
continuous adhesive vitronectin stripe kept expanding, while ring regions in
contact with the PLL-g-PEG barrier stalled in their expansion. Ring regions hindered
in their progression adapted their architecture by reducing the amount of adhesive
plaque molecules associated with the interlinked, actin-rich podosome cores.
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In summary, our results identify SZs as true adhesive superstructures,
whose formation and dynamics are regulated by the spatial organization and
presentation of integrin-responsive adhesion chemistry. Based on the results
obtained on engineered, artificial model surfaces we postulate an adhesion
dependent mechanism, which allows osteoclasts to degrade heterogeneous bone
with sub-cellular resolution while chemically less favorable (i.e. less adhesive)
regions block SZ expansion and thereby prevent bone resorption locally. In addition,
the architectural rearrangements following a stop in SZ progression, as well as the
observation that SZ fusion depends on the merging of the outer adhesive domains
of a SZ, highlight the possibility of a force dependent mechanism regulating SZs,
similar to other adhesive structures (in particular focal adhesions). Therefore, forces
present in and required for SZ formation, such as actomyosin contractility, may
contribute to the mechanosensitivity of these adhesive super structures.

ZUSAMMENFASSUNG

Multizelluläre

Organismen

sind

komplexe

Konglomerate

aus

verschiedensten Zelltypen, die jeweils für spezifische Aufgaben zuständig sind.
Dabei wird die Funktion des gesamten Organismus in zahlreiche Subprozesse
aufgeteilt und einem jeweils spezialisierten Zelltyp zugewiesen. Dadurch erhöht
sich die Effizienz der Prozesse, und der Organismus gewinnt an Kompetivität und
biologischer Fitness. Der Preis, der dafür bezahlt werden muss, ist ein erhöhter
Bedarf an Informationsfluss zwischen den einzelnen Zellen, der ein komplexeres
Kommunikationssystem bedingt. In den letzten zwanzig Jahren wurde es immer
deutlicher, dass die zellulären Adhäsionsstellen als Zentren dieser interzellulären
Kommunikation dienen. Dadurch bietet sich den Zellen nicht nur die Möglichkeit,
Signale

anderer

Zellen

über

die

“klassischen”

Signalwege

mittels

Wachstumsfaktoren und Cytokinen zu empfangen, sondern auch direkt Signale
aus der sie umgebenden extrazellulären Matrix aufzunehmen. Dieses Phänomen
ist unter dem Begriff “Mechanosensing” bekannt und hat in den letzen Jahren viel
Aufmerksamkeit auf sich gezogen, zeigte sich doch, dass viele fundamentale
zelluläre Prozesse wie Proliferation, Überleben oder Differenzierung durch äussere
Stimuli der Mikroumgebung gesteuert werden.
Ein Gewebe, das besonders empfindlich auf mechanische Belastungen
reagiert, ist das tragende Skelett in Wirbeltieren. Es besteht aus einer Vielzahl von
einzelnen Knochen, die individuell auf ihre spezifische Funktion angepasst werden.
Dabei durchlaufen sie einen ständigen zyklischen Prozess von Abbau und Aufbau,
der durch die beiden Zelltypen der Osteoklasten und Osteoblasten reguliert wird.
Wie fragil das Gleichgewicht zwischen Knochenabbau und Synthese ist, zeigt sich
durch die Vielzahl der humanen Krankheiten, die mit einer diesbezüglichen
Fehlfunktion assoziiert werden. Osteoporose, rheumatoide Arthritis, multiple
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Myeloma

sowie

metastatische

menschlichenSkelettkrankheiten,

Krebskrankheiten
die

auf

eine

sind

nur

übermässige

einige

der

Aktivität

der

knochenabbauenden Osteoklasten zurückgeführt werden können und in einer
ständig alternden Gesellschaft zunehmend an Gewicht gewinnen.
Die Fähigkeit Knochen abzubauen, hängt in Osteoklasten von einer
Zellpolarisation und der damit verbundenen Ausbildung einer adhäsiven
Superstruktur, der sogenannten Sealing Zone (SZ), ab. Die SZ besteht aus einem
verdichteten, eng vernetzen Verbund von Podosomen, den Haft vermittelnden
Bausteinen in Osteoklasten. Einzelne Podosome bestehen aus zentralen Aktin
Filamenten umgeben von einem adhäsiven Ring aus Integrinen und einer Vielzahl
von Adhesom Komponenten. In ausgewachsenen SZs bilden die Aktin Kerne der
Podosme einen zentralen Ring der beidseitig von einem Band Adhäsionsproteine
gesäumt wird. Kürzlich wurde gezeigt, dass sowohl chemische wie auch
physikalische Eigenschaften der umgebenden Matrix die Dynamik, Stabilität und
Grösse dieser Podosom-basierten Superstruktur beinflussen. Ein grösseres
Verständnis der Mechanismen, die den mechanosensitiven Eigenschaften von
Podosomen und deren Superstrukturen zugrunde liegen, wird essentiell sein, um
den Kampf gegen Krankheiten wie Osteoporose und multiple Myeloma
voranzubringen.
Das Hauptziel dieser Forschungsarbeit war es die Beziehung zwischen
Matrixadhäsion und der Ausbildung, der Stabilität und der Expansion von SZs in
kultivierten Osteoklasten zu untersuchen und dabei Einblicke in fundamentale,
intrinsische Eigenschaften von SZs zu gewinnen sowie zusätzlich einen möglichen
Mechanismus vorzuschlagen, der es den Zellen erlaubt, Knochen mit subzellulärer
Auflösung abzubauen.
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Ausdifferenzierte, Aktin-GFP exprimierende RAW 264.7 Osteoklasten
wurden auf Glassubstraten kultiviert, die ein Micro-pattern aus Integrin-bindenden
Vitronectin Flächen in unterschiedlichen Grössen und Formen aufwiesen. Dabei
wurden die einzelnen Flächen mittels PLL-g-PEG Barrieren voneinander abgetrennt.
Diese Plattform ermöglichte es uns zum ersten Mal, quantitativ zu zeigen, dass SZs
intrinsisch zirkuläre, zentrifugal expandierende Strukturen sind. Dabei durchlaufen
sie für gewöhnlich einen zyklischen Prozess (im Bereich von Minuten), der mit einer
unmittelbaren Expansion nach der Formierung beginnt, gefolgt von einer
stationären Phase und mit einer Periode des Schrumpfens endet, bevor sich die
Struktur auflöst. Dieses zyklische Verhalten fanden wir am ausgeprägtesten auf
Kontrollsubstraten aus Knochen (Die dazugehörenden Mikroskopiedaten wurden
grosszügigerweise von Dafna Geblinger zur Verfügung gestellt.) und gestreiften
Micro-patterns, wo die Expansionsphase am deutlichsten war. Zusätzlich waren die
in ihrer Ausbreitung durch die PLL-g-PEG Barrieren limitierten SZs auf Micropatterns deutlich stabiler als diejenigen auf homogenen Glas Kontrolloberflächen,
wo die SZs oft nur fragmentiert vorzufinden waren. Die Formierung sowie die
Expansion von SZs stellten sich als adhäsionsabhängig heraus und benötigte
ununterbrochene Kontinuität der Substratadhäsion in der Grössenordnung von
wenigen µm. Die Entstehung einer SZ benötigte eine minimale adhäsive FLäche
von 4 x 4 µm2, während die Expansion bereits von einer Barriere, welche die
Grössenordnung eines einzelnen Podosomes (∼ 1 µm) überstieg, erfolgreich
verhindert wurde. War die anti-adhäsive Barriere unterhalb dieses Grenzwertes,
war es den SZs in raren Einzelfällen (∼ 1 %) möglich, über das PLL-g-PEG hinweg zu
expandieren. Dabei erfolgte die Expansion via einen adhäsionsunabhängigen
Prozess mittels der Ausdehnung von lateralen Aktin Filamenten. Dies deutete
darauf hin, dass nebst der regulären, strikt adhäsionsabhängigen Progression von
SZs, ein, wenn auch deutlich weniger effizienter, Prozess mittels Aktin anstelle von
Integrin möglich ist. Dadurch wurde klar, dass die Podosombildung nicht nur über
die bekannte Stimulation über die Matrix von aussen via Integrine, sondern auch
von innen heraus via Aktin möglich ist. Zusätzlich konnten wir durch die Benützung
von eindimensionalen, gestreiften micro-patterns zeigen, dass die Fusion von SZs

18

ZUSAMMENFASSUNG

nur erfolgt, wenn die zwei äusseren Adhäsionsdomänen der beiden Ringe
fusionieren. Dies offenbarte sich in der Tatsache, dass nur Ringe, die auf demselben
adhäsiven Streifen lokalisiert waren, fusionieren konnten, während benachbarte
Ringe, die durch eine PLL-g-PEG Barriere getrennt wurden, sich nie vereinten. Dies
zeigt deutlich, dass nebst der SZ Expansion auch die Fusion von der Kontinuität der
Substratadhäsion abhängt.
Durch die Benützung derselben gestreiften micro-patterns konnten wir
zeigen, dass trotz der intrinsischen Tendenz von SZs eine zirkuläre Form
einzunehmen, ihre Progression auf lokaler Ebene reguliert wird. Nach einer
anfänglich uniformen Expansionsphase adaptierten die Ringe eine längliche Form
parallel zum Streifenmuster, sobald sie in Kontakt mit der PLL-g-PEG Barriere
kamen. Dabei expandierten nur die beiden Regionen der SZs weiter, die mit dem
kontinuierlich adhäsiven VN Streifen in Kontakt waren, während die PLL-g-PEG
assoziierten Regionen ihre Expansion stoppten. Diese letzteren Regionen
adaptierten ihre Architektur an ihre neue Ausgangslage insofern, als dass sie die
Menge von adhäsiven Plaque-Molekülen, die mit den aktinreichen Podosomkernen
verbunden waren, stark reduzierten.
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PTEN
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PY

Phosphotyrosine

RANK

Receptor activator of nuclear factor (NF)-κB

RANKL
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Arg-Gly-Asp

RIE

Reactive ion-etching

ROCK

Rho-associated coiled-coil-containing protein kinase

SAM

Self-assembled monolayer

SEM

Scanning electron microscope
Standard error of mean

SLA

Sub-cellular laser ablation

SZ

Sealing zone

TRITC
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VASP

Vasodilator-stimulated phosphoproteind

Vin

Vinculin

VN

Vitronectin

VM

Ventral membrane

VMP

Ventral membrane preparation

WIS

Weizmann Institute of Science
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CHAPTER 1
INTRODUCTION

1.1

Cell interactions with the microenvironment
What separates life from matter is the ability of a unit to self-maintain and

self-reproduce. This capability is unique to biological entities of varying complexity,
where unicellular organisms or monads represent the simplest form of life. In
addition, a single cell displays also the functional and structural building block of
more complex, multicellular organisms and thereby depicts the basis of life. This
common theme of a repeating building block throughout the kingdoms of life was
first described by Robert Hooke in 1665 who also introduced the term of a cell to
describe this unit in his book micrographia [2]. Common to all cells is the capability
to take up raw material from the surrounding environment and transform it
through the consumption of free energy into a new cell in its own image,
containing the same set of information as the parent organism. This phenomenon
of heredity is what links the peculiarities of parents and progeny and identifies
them as members of the same species. Independent of the complexity of the living
organism a key element essential for survival and reproduction is environmental
sensing, thereby allowing the cell to understand its current situation in respect to
the environment. However, when stepping from monads to multicellular
organisms, a new concept is introduced: the concept of resource and task sharing
known as differentiation. Dividing life into sub processes and assigning specific
tasks to differentiated and therefore specialized cells allows the organism to
increase its efficiency in the given task, however, it also requires a higher degree of
organization and communication between the specialized organs, increasing the
need for sensory tools and response mechanisms coordinating cellular activities.
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In the next chapters we will discuss how cells can sense, integrate and
analyze both chemical and physical information provided by the external
surrounding (be it cells or matrix) and how it will respond in consequence. We will
discuss the rich set of sensory tools as well as the mechanisms, which allow a cell
to adapt its morphology, the dynamics of its behavior and by this ultimately also its
fate. Chapter 1.1.1 focuses on the adhesive machinery allowing the cell to adhere
and sense its micro- and nano-environment while chapter 1.1.2 focuses on the
intracellular processes that integrate this information and transform it into cellular
action. Finally chapter 1.1.3 describes the field of mechanosensing and how changes
in the physical properties of the microenvironment could be assigned to cellular
responses. It is thereby the mechanosensing properties of adhesion sites in
combination with intracellular signaling pathways that turn a cell into an
autonomous organism and provide the foundation for complex cellular processes
like bone degradation described in chapter 1.2.

1.1.1

Cell adhesion
Most cell types present in metazoan organisms are adherent cell types,

which require attachment to a solid support for their survival. Adhesion sites depict
spatially restricted sites, which interconnect cells with the surrounding ECM, as
well as neighboring cells. Specific receptors present in the plasma membrane of
the cell bind to macromolecules of the ECM (e.g. collagens, fibronectin, fibrinogen
or vitronectin) or corresponding receptors of neighboring cells. These receptors are
intracellularly linked to cytoskeletal components, thus leading to a physical link coaligning the cytoskeleton of the cell with elements of the ECM or the cytoskeleton
of a neighboring cell. These large multiprotein complexes provide not only direct
mechanical coupling to the microenvironment needed for cell adhesion and
locomotion but also allow the cell to sense the chemical and physical properties of
it by localizing the activity of intracellular signaling molecules (reviewed in [3-6].
Different types of adhesions sites and receptors are known to be present in
different cell types, including focal adhesions (FA), podosomes, hemidesmosmes,
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desmosomes and tight junctions, as well as receptors of the integrin, selectin and
cadherin families to name a few.
The principle structure common to all types of cell-ECM contacts is
presented in figure 1.1. Macromolecules of the ECM bind to the extracellular
domain of adhesive receptors, which typically belong to the family of
transmembrane or glycosylphosphatidyl-inositol- linked glycoproteins. The
cytoplasmic moiety of the receptor molecules can either interact with cytoplasmic
proteins, which directly link the receptor to the cytoskeletal filaments, or
alternatively bind to more complex protein clusters interfacing with cytoskeletal
components.

Fig. 1.1: Schematic representation of the general structure of matrix contacts (Not to scale). Taken from
[6]. Plasma membrane associated, adhesive receptors link the cell internal cytoskeleton to
macromolecules of the extra cellular matrix upon ligand binding and subsequent clustering.

Upon attachment of a cell to a 2D surface it forms fine extensions called
filopodia. These thread-like feet are expanding around the cell body scanning the
substrate in a transient way and occasionally forming attachment sites at their
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tips. This is followed by protrusion of lamellipodia between adherent filopodia
leading to cell spreading and the establishment of cell polarity. The adhesion of
filopodia (often also called spikes or microspikes) results in transient matrix contact
structures that allow the cell to undergo dynamic shape changes as they are
needed during cell division, phagocytosis and directed locomotion (reviewed in [6]).
After a few hours in culture cells become increasingly contractile and develop in
parallel several types of more stable matrix contacts. The best-characterized cellECM contacts are FA and its variants.

1.1.1.1 Focal adhesions
Focal adhesions are several µm2 wide adhesive patches mediated via
heterodimeric transmembrane receptors constituted of one α- and one β- integrin.
Combinations among the 24 known mammalian integrins (18 α- and 8 β-chains)
allow the formation of a rich variety of ECM receptors enabling cells of different
origin to respond to variations in the ECM in a differential manner [7]. The
knowledge of FAs as adhesive units originates from 1975 when they were visualized
for the first time by Abercrombie and Dunn using interference reflection
microscopy [8]. Soon after, insights at the molecular level were gained by the
discovery of the first FA component called vinculin (Vin)[9]. Today 180 proteins are
known to be components of integrin mediated ECM adhesions and comprise
together the gigantic adhesome network responsible for the physical linking of
cells to the ECM, as well as a number of signaling events affecting essentially every
aspect of cellular life from proliferation to apoptosis [10] (Fig. 1.2).
Integrin mediated cell-ECM adhesions are hierarchically assembled,
undergoing morphological and compositional changes over time (Fig. 1.3) [11]. Upon
the transition from rather transient adhesions found in protrusive edges of
advancing cells to more stable integrin-based adhesions, focal complexes (FXs) are
established at the leading edge. These rather small (∼ 0.25 µm2), dot-like structures
persist over few minutes until new FXs are formed in front of them at leading edge
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of the further advancing cell. Analysis of the molecular composition revealed a
hierarchical incorporation of αvβ3 integrins and phosphotyrosin (PY), followed by
talin and paxillin into nascent adhesion sites (Fig. 1.3).

Fig. 1.2 Schematic depicting the complexity of the main molecular domains of cell–matrix adhesions.
Taken from [12]. The primary adhesion receptors are heterodimeric integrins, represented by orange
cylinders. Additional membrane-associated molecules enriched in these adhesions (red) include
syndecan-4 (Syn4), layilin (Lay), the phosphatase leukocyte common antigen-related receptor (LAR),
SHP-2 substrate-1 (SHPS-1) and the urokinase plasminogen activator receptor (uPAR). Proteins that
interact with both integrin and actin, and which function as structural scaffolds of focal adhesions,
include -actinin (-Act), talin (Tal), tensin (Ten) and filamin (Fil), shown as golden rods. Integrinassociated molecules in blue include: focal adhesion kinase (FAK), paxillin (Pax), integrin-linked
kinase (ILK), down-regulated in rhabdomyosarcoma LIM-protein (DRAL), 14-3-3 and caveolin (Cav).
Actin-associated proteins (green) include vasodilator-stimulated phosphoprotein (VASP), fimbrin
(Fim), ezrin–radixin–moesin proteins (ERM), Abl kinase, nexillin (Nex), parvin/actopaxin (Parv) and
vinculin (Vin). Other proteins, many of which might serve as adaptor proteins, are coloured purple
and include zyxin (Zyx), cysteine-rich protein (CRP), palladin (Pall), PINCH, paxillin kinase linker (PKL),
PAK-interacting exchange factor (PIX), vinexin (Vnx), ponsin (Pon), Grb-7, ASAP1, syntenin (Synt), and
syndesmos (Synd). Among these are several enzymes, such as SH2-containing phosphatase-2 (SHP2), SH2-containing inositol 5-phosphotase-2 (SHIP-2), p21-activated kinase (PAK), phosphatidyl
inositol 3-kinase (PI3K), Src-family kinases (Src FK), carboxy-terminal src kinase (Csk), the protease
calpain II (Calp II) and protein kinase C (PKC). Enzymes are indicated by lighter shades.
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In late FXs vinculin, α-actinin along with FAK and VASP also become
incorporated. A subset of FXs transform into FAs upon the loss of the protruding
activity of the lamellipodia [13]. The transition from FXs to FAs has been shown to
be dependent on the force exerted by actomyosin-driven contractility and is
characterized by growth in contact area as well as the recruitment of zyxin, tensin
and α5β1 integrins to the membrane and the simultaneous formation of an actin
bundle (Fig. 1.3). Finally, FAs can undergo a transition to fibrillar adhesions (FBs).
Again the molecular composition as well as the characteristic morphology is
changed. FBs are located more centrally in the cell where they form a highly
elongated shape and associate with FN fibrils through α5β1 integrins. In addition to
the switch from αvβ3 to αβ1 as the main integrin receptor FBs contain much higher
level of tensin compared to FAs hand lack almost entirely PYs (Fig. 1.3).

Fig. 1.3: Immunofluorescence microscopy images of integrin-mediated adhesion structures and
schematic of the evolution of matrix adhesions. Adapted from [11]. Upper panel: Porcine aortic
endothelial (a, c) and rat embryonic fibroblast (b) cells cultured on glass coverslips were fixed and
double labeled with phalloidin-FITC (green) to visualize the actin cytoskeleton and a prominent
component of the adhesion plaque. Highly phosphorylated FX at the leading edge are seen by
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labeling for PY (a), vinculin staining reveals large FA at the ends of thick actin cables (b) and tensin
labeling, (c) emphasizes the long streaks of FB in central regions of the cell. Scale bar, 5 µm; insets
enlarged x 3. Lower panel: This scheme depicts temporal stages in the formation and reorganization
of cell–matrix adhesions, starting with FXs, (left) to FAs and FBs. The characteristic molecular
components of each form of adhesion are listed.

1.1.1.2 Podosomes
A different type of well-studied adhesion sites are podosomes. Although
podosomes share a significant number of molecular components with FAs (e.g.
integrins, paxillin, talin, vinculin or actin) they significantly differ in their
architecture, localization, cell type specificity, as well as assembly kinetics.
Podosomes are the adhesive building blocks of monocyte-derived cells such as
macrophages, osteoclasts or dendritic cells and form highly dynamic actin
structures. They contain a central core of polymerized actin bundles (∼ 5oo nm in
diameter) perpendicular to the plasma membrane, which is surrounded by a dense
ring of adhesive plaque proteins and αvβ3 integrin receptors among others (Fig.
1.4). Podosome cores reach a height varying between 0.5 and several µm [14]. As
podosome formation does not require de novo protein synthesis, it proceeds much
faster compared to FAs (1h compared to 3h). In addition, podosomes have an
average lifetime of only 2-3 min, which ensures they are very dynamic structures.
This is even more pronounced considering that the total amount of actin present in
a podosome core is turned over about 2.5 times during its lifetime [15]. In addition,
to structural and adhesion related proteins shared with FAs, podosomes contain
and secrete unique proteins such as matrix metalloproteases (MMPs) making them
an interesting model to study tissue invasion [16]. In osteoclasts podosomes
undergo organization into ring-like superstructures called sealing zones (SZ), which
are responsible for bone degradation (chapter 1.2.3). Although, in contrast to FAs, no
intra-cellular tension is required for podosome assembly recent work BHK cells
suggests a similar role of podosomes in mechanosensing [17] (reviewed in[18]). The
role of the mechanosensor is thereby not attributed to the individual podosome
itself, but rather to rosette-like superstructures formed by these cells similar to SZs
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found in osteoclasts. It has been shown that both rosette formation, as well as
expansion, depends on substrate stiffness, whereas podosome rosettes develop
torsional traction [17]. In addition our own data (chapter 6.2), as well as
unpublished data of the authors of [18], shows that inhibition of myosin leads to
dissipation of podosome super structures whereas individual podosomes are not
affected. This is in line with findings that myosin II is associated with podosome
rings, while it is absent in single podosomes [19].

Fig. 1.4 Podosome model. Taken from [20]. Upper left panel: detail of the podosomal ring structure.
Integrins mediate ECM binding, while paxillin acts as a scaffold for an intracellular complex
consisting of Src, Pyk2/FAK, gelsolin, phosphoinositide 3-kinase (PI3K) and p130cas. This complex is
linked via vinculin, talin and α-actinin to F-actin of the core. The cartoon is a schematic
representation, and only one of several possible states of interaction between the components is
depicted. Upper right panel: detail of the podosomal core structure. Actin filaments are nucleated at
the membrane via CDC42-activated WASp/N-WASp and Arp2/3 complex, and are linked to each
other via cortactin and fimbrin. Lower panel: schematic drawing of a podosome, with an optical cut
perpendicular to the substrate. The plasma membrane is delineated by a black line. Columnar
membrane invaginations, probably organized by dynamin (red torus) might form places of matrix
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metalloprotease (yellow ‘swallowtails’) secretion. Parts of the cartoon shown enlarged in upper
panels are surrounded by dashed lines.

In the next two chapters we will discuss the role of adhesion sites as
intracellular signaling hubs and how fundamental cellular processes of all aspects
of a cell’s life are affected by this. A special focus will be placed on mechanosensing
and how physical cues influence cellular behavior.

1.1.2

Signal transduction at adhesion sites
Over the last twenty years the understanding has grown that adhesion sites

not only serve as mechanical links anchoring the cell to its surrounding, but also
serve as communication hubs integrating all kinds of chemical and physical signals
provided by the environment and translate them into cellular actions. The
“classical” way of triggering a signaling cascade is by chemical stimulation through
growth factors, however, it became more and more apparent that external
stimulation

can

also

occur

by

physical

cues,

a

process

known

as

mechanotransduction (chapter 1.1.3). The activation of a wide variety of signaling
networks upon external stimulation (by physical or chemical means) is mediated
by a group of adhesion-associated proteins collectively known as the “adhesome”
and affects essentially every cellular function ranging from migration, proliferation,
and differentiation to viability (reviewed in [3, 4, 10, 21, 22]). Integrins thereby not
only serve as molecular detectors transducing extracellular signals to the
cytoplasm (outside-in signaling) but also undergo conformational changes leading
to alterations in their ligand specificity upon intracellular modifications (inside-out
signaling). They thereby facilitate bi-directional communication between the cell
and the extracellular space. As described above the basic composition of the
adhesome consists of adhesion receptors, adaptor and scaffolding proteins,
signaling molecules such as kinases, phosphatases and G proteins (usually
associated with growth factor dependent signaling) and finally molecular linkers to
the cytoskeleton. The gigantic network of adhesion site related proteins contains
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currently 180 molecules with at least 742 reported interactions leading to an
average of almost 9 potential partners per adhesome protein (Fig. 1.5). This high
degree of interconnectivity clearly contributes to the robustness of integrin
mediated adhesion sites [23]. However, the sensitivity of the network’s
responsiveness towards external signaling cues conversely requires highly dynamic
interactions. It has be suggested that this duality of robustness and dynamic
plasticity of the network can be achieved by allowing the individual interactions to
switch between an “on” and “off “state [10]. It is also these switches that allow the
control of diverse and complex signaling processes that determine cell fate. In the
next few paragraphs we will discuss these different switches.
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Fig. 1.5 The adhesome network. Taken from [23]. Interactions between all intrinsic components of the
adhesome and a grouped list of the associated components. Black lines with full circles at their ends
denote non-directional binding interactions, blue arrows represent directional inhibition (for
example, dephosphorylation, G-protein inactivation or proteolysis) and red arrows represent
directional activation (for example, phosphorylation or G-protein activation) interactions. The nodes
are shape- and color-coded according to the function of the proteins (Fig. 1.6). Intrinsic components
are surrounded by a black frame and associated components by a grey frame.

Fig. 1.6 Shape- and color-code according to the adhesome protein function.

Taken from [23].

Interactions between functional families of adhesome components. Each protein in the adhesome
was categorized into one of 20 groups according to its known biological activity. The families are
shown in unique combinations of color and shape, indicating the number of family members
followed by the average number of their interactions. In addition, the dominating interactions
between families (red arrows, activating interactions; blue arrows, inhibiting interactions; black
lines, binding interactions) are shown.

Interaction partner switch
Due to steric restrictions most adhesome proteins have fewer interaction
sites than potential binding partners and are therefore only interacting with a
fraction of the potential partners at any given time point. Hence, the choice of a
particular binding partner affects both the structure and the function of the
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adhesion site. Additionally, the possibility of different subpopulations of a given
molecule to interact with different binding partners within the same cell or even
the same adhesion site adds an additional level to the regulation of cellular activity.
Phosphorylation switches
In addition to regulation by selection of the interaction partners, proteins
can undergo conformational changes revealing or concealing active interaction
modules within a protein. Changes in protein conformation can be triggered by
alterations of external conditions (e.g. pH, temperature, ion concentration), the
interaction with other proteins or by post-translational modifications. An example
of such a regulation is the activation of the extracellular domain of integrins upon
binding of the cytoplasmic tail to talin [24]. Additionally, it has been shown that
force induced changes in conformation of both ECM and adhesion associated
proteins reveal cryptic interaction sites, which may play a critical role in
mechanosensing (discussed below) [25-27].
Protein activity can be further be regulated by tyrosine phosphorylation. A
set of 9 kinases and 9 phosphatases regulate the phosphorylation-phosphorylation
status of adhesome proteins. Phosphorylation of tyrosine residues can alter protein
function by creating binding sites for SH2 domains of partner molecules. This
frequent leads to conformational changes, which can further affect the enzymatic
activity, receptor availability and binding affinity of the involved proteins. In
addition to tyrosine phosphorylation, proteins can also be phosphorylated at serine
or threonine residues by a specific set of 15 kinases and phosphatases leading to
similar alterations in protein activity.
Phospholipid switch
Membrane bound phosphoinositides (phospholipids), namely phosphatidylinositol (4,5)-biphosphate (PIP2) and phosphatidylinositol (3,4,5)-triphosphate
(PIP3) can bind to receptors, adaptors or actin regulators present in integrinmediated adhesion sites. A molecular set of two phosphatidyl kinases and two

39

INTRODUCTION

phosphatases, phosphoinositide 3-kinase and PIP3 phosphatase PTEN, regulate the
formation of PIP2 and PIP3 from their precursor phosphatidylinositol (PI). The levels
of PIP2 and PIP3 present in the plasma membrane affect the recruitment rate of
pleckstrin homology (PH) domain featuring proteins. Many of PH domain
containing proteins are actin binding proteins (e.g. filamin or α-actinin) regulating
the cytoskeletal architecture at adhesion sites [28].
Rho GTPase switch
Rho GTPases are hydrolases capable of switching on kinases and
phosphatases of the adhesome featuring a Rho-binding domain. Through the
hydrolysis of guanosine triphospate (GTP) to guanosine diphosphate (GDP) they
can regulate signaling cascades in adhesion sites. Rho GTPases are converted into
their active state (GTP-bound) by guanine nucleotide exchange factors (GEFs) and
switched off by GTPase-activating proteins (GAPs). An example of how Rho
influences intracellular signaling is the activation of the serine/threonine kinase
activity of Rho-associated coiled-coil-containing protein kinase (ROCK) upon
binding to Rho. ROCK activation causes myosin light chain activation by
phosphorylation, as well as the inhibition of the myosin light chain phosphatase.
As a result actomyosin contractility is significantly increased [29]. Additionally,
recruitment of GAPs and GEFs by adhesome adaptor proteins binding to them can
locally lead to Rho GTPase activation or deactivation providing an extra level of
signaling cascade regulation.
Degradation and cleavage switch
Finally, adhesome mediated signaling can be regulated by cleaving or
degrading respective signaling molecules. The Ca2+-dependent protase calpain has
been shown to cleave a variety of adhesome-associated scaffolds and kinases,
including paxillin (Pax) talin, vinculin, integrin and tensin. In addition,
ubiquitylation of proteins by the E3 ubiquitin ligase CBL found in integrin
adhesions targets them for degradation by the proteasome.
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Fig. 1.7 Examples of regulatory switches influencing intracellular signaling in the integrin adhesome.
Adapted from [10]. Examples of all described regulatory pathways are displayed. For further details
chapter 1.1.2.
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In contrast, to the previously mentioned regulatory pathways, protein degradation
and cleavage are irreversible processes potentially associated with the disassembly
of the adhesion site [30].
Examples of all the given regulatory switches controlling intracellular
signaling in integrin-mediated adhesion sites can be found in Fig. 2.11. As previously
mentioned, cellular responses are not only triggered by chemical signals but often
rely on the sensing of mechanical and physical properties of its microenvironment
by the cell. In the next chapter we will focus on these specific cases summarized
under the term of mechanosensing.

1.1.3

Mechanosensing
The ability of adherent cells to sense the physical properties of the ECM, the

integration of this information and the subsequent translation into biochemical
signals influencing cellular processes is known by the term mechanosensing.
Mechanosensing has been shown to affect many fundamental aspects of a cells
life, like morphology, migration, division, differentiation and survival [31-38].
Interestingly, signal propagation upon mechanical stimulation depends on the
same molecular cascades triggered by growth factors (chapter 1.1.2). In order to
study mechanical influences on cell behavior it is important to dissect chemical
stimuli from the mechanical ones. Furthermore, the roles of potential mechanical
influences have to be addressed in well-defined model systems individually. The
development of micro- and nanostructured cell culture surfaces, with defined
chemical and physical properties has made it possible to vary surface features like
dimensionality [31, 34, 36, 37, 39, 40], topography [35, 41], ligand density [42, 43] and
rigidity [32, 38] in a well defined manner and to measure the resulting cellular
behavior. In addition, the possibility to measure the distribution of mechanical
stresses with subcellular resolution [44-47], as well as the capability to apply forces
locally to only parts of the cell membrane [48, 49] have proven to be important
tools in the field of mechanosensing. Figure 2.12 displays the multidimensional
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space of environmental parameters influencing cellular behavior. Besides the
chemical variations provided by ECM (and other cells) dimensionality has shown to
influence cell migration and adhesion sites [40, 50, 51]. In addition, gene expression
levels are drastically altered when comparing 2D to 3D cultivation [52]. An
additional axis in the multidimensional space is spanned by substrate rigidity. The
work of Engler et al. has impressively shown how dramatically a simple variable like
substrate stiffness can affect cell behavior and regulate even processes as complex
as cell differentiation [32]. Matrix stiffness has also been shown to affect cell
growth and migration, as well as adhesion [38, 53, 54]. Integrin nanoclustering has
been shown to be of vital importance to fibroblasts. Controlling integrin ligand
density in the nm range has shown the extraordinary sensitivity of fibroblasts
towards adhesive patch spacing. Cells cultured on surfaces displaying a maximal
spacing of 58 nm between neighboring integrin molecules showed regular
behavior in terms of spreading, division and migration while cells cultured on
substrates providing an inter-integrin distance of more than 73 nm underwent
apoptosis [55, 56]. Finally, an additional dimension, not shown in Fig. 2.12, is
displayed by intracellular tension or extracellular force. Upon increased cellular
tension and hence, increased mechanical stress in FAs, intracellular signaling by
FAK and its downstream partners is observed which can lead to increased cell
proliferation [44, 57, 58].
In summary, a multitude of external stimuli outside of the complex universe
of biochemical signaling cascades controlled by hormones, cytokines and growth
factors

is

starting

to

be

uncovered.

The

revealed

mechanisms

of

mechanotransduction are especially fascinating given the fact that we still lack a
comprehensive understanding despite the enormous progress made (reviewed in
[4, 10, 59, 60]. In bone, mechanosensing and mechanotransduction is essential for
functional adaptation of the bone architecture in order to match its functional
demands and will be discussed in the next chapter.
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Fig. 1.8 A multidimensional space of environmental parameters. Taken from [60]. Displayed are
dimensionality, substrate rigidity, ligand spacing and chemical heterogeneity as extracellular
parameters spanning the multidimensional space regulating cell fate.
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1.2

Osteoclast and bone biology

1.2.1

The skeleton, bone architecture and its biology
The human skeleton with its over 200 bones performs a variety of functions,

of which the relative importance depends on the environmental condition.
Although, the skeleton with its load-bearing structures of the appendicular
skeleton and vertebral column has clearly evolved to serve mechanical needs, it
also serves as mineral reservoir playing a vital role in Ca2+ metabolism and has a
protective capacity securing vital organs. Additionally, the bone marrow associated
with the trabecular bone in long bones is the site of haematopoiesis and involved
in fat and iron storage. The diversity of functions associated with the skeleton
however, varies with sites in the body. While the protective aspect of the skeleton is
mainly associated with bones making up the vault of the cranium or forming the
rib cage, the vertebral column, as well as the appendicular skeleton, form the
mechanical support structures. Similarly, Ca2+ homeostasis occurs primarily in
regions providing a high surface area as it is found in trabecular bone, and
haematopoietic activity limited to the bone marrow. Hence, the skeleton displays a
set of individually specialized structures rather than a single entity governed by a
universal set of rules [61].
Bone itself is composed of a hierarchically organized composite material
constituted of fibrous type 1 collagen and non-collagenous proteins forming the
osteoid, as well as intercalated crystals of hydroxyapatite. In addition, support cells
(osteoblasts and osteocytes) and remodeling cells (osteoclasts) constitute the
cellular system present in bone [62]. While osteoclasts and osteoblasts travel the
bone surface osteocytes are embedded in the calcified bone matrix throughout the
entire bone mass. By the means of thin canals called canaliculi, osteocytes remain
connected to neighboring cells thereby forming a 3D cellular network spanning the
entire bone structure.
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Mammalian bone can be found in two forms: woven bone and lamellar
bone. While woven bone is characterized by a random distribution of collagen
fibrils and mineral crystals due to its fast deposition occurring during development
and repair of fractures, lamellar bone is more precisely arranged and is formed
much slower [62]. Consequently, woven bone is mechanically much less stable
than lamellar bone and is thus replaced by lamellar bone during remodeling. When
looking at the structure of an entire bone, one finds a cortex of compact (or
cortical) bone providing mechanical stability, lined with a much more porous
structured called trabecular or canellous bone (Fig. 1.9).

Fig. 1.9 Internal structure of a human long bone. Taken from Encyclopædia Britannica Online. The
central tubular region of the bone, called the diaphysis, flares outward near the end to form the
metaphysis, which contains a largely cancellous, or spongy, interior. At the end of the bone is the
epiphysis, which in young people is separated from the metaphysis by the physis, or growth plate.
The periosteum is a connective sheath covering the outer surface of the bone. The Haversian
system, consisting of inorganic substances arranged in concentric rings around the Haversian
canals, provides compact bone with structural support and allows for metabolism of bone cells.
Osteocytes (mature bone cells) are found in tiny cavities between the concentric rings. The canals
contain capillaries that bring in oxygen and nutrients and remove wastes.
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Throughout a lifetime bone remains able to repair, adapt and renew itself by
the processes of modeling and remodeling in order to fit its mechanical
environment [63, 64]. Although, genetic factors regulate the early architectural
patterning of bones (joints, muscular attachments and ligaments in the correct
location) [65], it is the subsequent epigenetic modification which determines the
suitability of bone for its primary function to bear load [66]. This is manifested by
the fact that bone has evolved the capacity to adapt its architecture in relation to
the habitual loading regime [67-69]. The architecture of trabecular bone is
optimized to mechanical load by orienting individual trabecules according to
physiological strains through bone remodeling (reviewed in [70]). As the process of
bone remodeling is executed by bone resorbing osteoclasts and bone forming
osteoblasts at the cellular level, the global mechanical strains acting on the entire
bone has to be detected and transduced into biochemical signals at the level of
single cells. Although not entirely understood, osteocytes are thought to play a
pivotal role in mechanosensing and transducing mechanical stimuli into
biochemical signals, triggering bone remodeling by osteoclasts and osteoblasts [7173]. As the mechanical strains in bone resulting from physiological load are very
small [74], the concept of strain derived canalicular fluid flow as physical mediator
of mechanosensing by osteocytes has been suggested. Thereby the 3D osteocyte
network and the accompanying canalicular system display the site of
mechanosensing in bone by transforming small differences in load into detectable
shear stress and subsequent biochemical signaling [75, 76].
The system of continuous cycles of bone degradation and formation
executed by osteoclasts and osteoblasts needs to be tightly balanced as many
human diseases are associated with a misbalance in bone mass. In fact, most
skeletal diseases in adults (from osteoporosis, rheumatoid arthritis, to multiple
myeloma and metastatic cancers) can be related to excess osteoclastic activity [77].
Therefore a detailed understanding of osteoclast differentiation and activation
might be a crucial step in fighting these diseases. Osteoclasts are multinucleated
cells arising from the differentiation and fusion of monocyte/macrophage
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precursors cells at, or in, the proximity of bone structures (Fig. 1.10). The TNF-related
cytokine RANKL (RANK ligand) and the polypeptide growth factor CSF-1 (colonystimulating factor-1) have been shown to be necessary and sufficient to stimulate
osteoclastogenesis. This is achieved by activating RANK (receptor activator of
nuclear factor (NF)-κB) on the surface of the haematopoietic precursor cells [78, 79].
In addition to differentiation, RANKL is also involved in activating bone resorption
in differentiated osteoclasts, as well as in regulating the cells survival time [80, 81].
The molecular counterpart to RANKL is osteoprotegerin (OPG). Its discovery was a
major breakthrough in understanding how osteoclastogenesis is regulated. OPG is
a soluble protein inhibiting osteoclast differentiation both in vitro and in vivo and is
secreted by a variety of cell types, including osteoblasts (reviewed in [82], Fig. 1.10).
OPG is a decoy receptor for RANKL inhibiting RANKL dependant signaling by
competing with RANK binding. Therefore RANKL/RANK/OPG serves as regulatory
axis of osteoclast formation, activation and subsequent bone resorption by
controlling the activation state of RANK in osteoclasts and precursor cells. Finally,
the RANKL/OPG/RANK pathway can also be regulated by a variety of hormones,
cytokines and humoral factors produced in distant organs (Fig.1.10). For example,
oestrogens been proven to stimulate OPG expression in osteoblasts providing a
molecular link to the enhanced appearance of osteoporosis in post-menopausal
women.
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Fig. 1.10 Hormonal control of bone resorption. Adapted from [82]. Schematic representation of the
mechanism of action of a, pro-resorptive and calcitropic factors; and b, anabolic and antiosteoclastic factors. RANKL expression is induced in osteoblasts, activated T cells, synovial
fibroblasts and bone marrow stromal cells, and subsequently binds to its specific membrane-bound
receptor RANK, thereby triggering a network of TRAF-mediated kinase cascades that promote
osteoclast differentiation, activation and survival. Conversely, OPG expression is induced by factors
that block bone catabolism and promote anabolic effects. OPG binds and neutralizes RANKL, leading
to a block in osteoclastogenesis and decreased survival of pre-existing osteoclasts.

In the next chapter we will highlight how osteoclast activation by RANKL
leads to bone degradation. We will focus on cell polarization leading to the
assembly of the bone degrading machinery.

1.2.2

Bone degradation by osteoclasts
Migration to a degradation site depicts the first event in the resorption cycle

of osteoclasts, followed by the attachment of the cell to bone. When initiating
bone resorption, osteoclasts undergo cell polarization, leading to the formation of
three distinct membrane domains: 1) the ruffled border (RB), 2) the sealing zone
(SZ) and 3) a functional secretory domain (FSD) (Fig. 2.15). By the formation of the SZ
the osteoclast tightly adheres to the target region on bone and seals the resorption
site from it’s surrounding. In addition, the SZ also separates the RB from the
remaining plasma membrane. The RB constitutes a resorbing organelle formed by
the fusion of acidic vesicles at the ventral plasma membrane providing the
membrane with endosomal proteins [83, 84]. During this fusion process long
finger-like protrusions are created, penetrating into the bone matrix. The
dissolution of the crystalline hydroxyapatite, as well as the cleavage of the collagen
matrix occurs consecutively via the secretion of HCL and proteolytic enzymes [83,
84]. The two major classes of released proteases are members of the matrix
metalloprotease family (MMPs), as well as lysosomal cysteine proteinases.
Acidification of the resorption lacuna (the space separating the RB from the bone)
occurs via ATP consuming vacuolar proton pumps. The excess Cl- ions are
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transported into the resorption lacuna by chloride channels associated with the RB
[85]. Finally, the degradation products are removed from the resorption site by a
transcytotic vesicular pathway transporting the degradation products to the FSD
where they are released by vesicle fusion with the plasma membrane[86, 87] (Fig.
1.11).

Fig. 1.11 Schematic view of a bone-resorbing osteoclast. Adapted from [88]. Extensive vesicular
trafficking involving several specific membrane domains is a hallmark of actively resorbing cells. BL,
basolateral domain; FSD, functional secretory domain; SZ, sealing zone; RB, ruffled border. Dark gray
vesicles illustrate vesicular pathways from the trans-Golgi network and the basolateral membrane
to RB, and light gray vesicles illustrate the transcytotic route from the RB to the FSD. Vesicular
pathways from the trans-Golgi network to the apical (black vesicles, HA) and basolateral (gray
vesicles, VSV-G) membrane domains are shown. (HA, haemagglutinin; VSV-G, vesicular stomatitis
virus G protein. RL, resorption lacuna (white).

1.2.3

Sealing zones and podosomes
The bone resorption function of osteoclasts is dependent on the cell
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polarization process, upon which osteoclasts tightly adhere to the bone surface by
forming an actin-rich SZ delimiting the ventral ruffled border and the rest of the
plasma membrane (reviewed in [89]). The RB is primarily responsible for bone
resorption through secretion of protons and proteolytic enzymes into the
underlying resorption lacuna, as well as the removal of degradation products and
their transcytosis and the secretion at the FSD [83, 84, 86, 87]. SZs serve as diffusion
barriers limiting bone remodeling to the area enclosed within them. They
constitute a highly interconnected, ring-like network formed of podosomes, the
adhesive building blocks in osteoclasts [90, 91]. The basic podosome architecture
displays a central core of F-actin bundles, surrounded by a ring of adhesion plaque
proteins (Fig. 1.4). Upon SZ formation, the constituent podosomes become tightly
cross-linked by interconnecting actin filaments, and their adhesive domains
reorganize into an inner and an outer ring of plaque proteins. Within these plaque
rings, many adhesion-associated proteins (e.g., paxillin, vinculin, and various
integrins) are found, supporting the view that podosomes function as major
adhesive units in osteoclasts [92-95]. The entire process of differentiation can be
visualized in cultured osteoclasts, demonstrating the assembly of individual
podosomes into dynamic clusters that further evolve into small rings, which
eventually fuse to form a large stable SZ (reviewed in [96]; Fig. 1.12).
Podosome rings expand centrifugally by forming new podosomes at the
ring periphery, while dissociating those located within the ring [15]. The
fundamental architecture of SZs in cultured osteoclasts is essentially the same as
that of SZs formed on bone, differing from it only in podosome size, numbers and
density but not in basic podosome architecture [14, 90]. Notably, the overall size
and dynamics of podosome rings depend very much on the chemical and physical
properties of the substrate [35, 97]. For example, on bone, SZs are rather small and
apparently immobile, while on vitronectin-coated glass surfaces, the SZ-like
structures are highly dynamic and unstable [97] (Fig. 1.13). In addition, on bone,
several smaller SZs are found in each cell, while on glass, the corresponding
structures fuse into one large peripheral ring, indicating that osteoclasts are

51

INTRODUCTION

degrading bone at a sub-cellular resolution [97]. Finally, enhanced surface
roughness has been shown to reduce SZ translocation and thereby increase SZ
stability. This finding is independent of the culture substrate used or the amount of
adsorbed VN (enhanced surface roughness can lead to higher protein adsorption
rates) and can even be observed upon self-induced increase in roughness by
substrate degradation on smooth calcite substrates by osteoclasts [35].

Fig. 1.12 Different actin structures observed in osteoclasts. Adapted from [14, 15]. A) Scheme of the
different actin structures observed in osteoclasts. In osteoclasts cultured on glass podosomes
organize into three different structures upon differentiation, namely clusters, rings, and belts. When
resorbing bone, osteoclasts form a sealing zone, a further condensed form of the belt formed on
glass, displaying a large circular band of actin surrounded by vinculin. B) Actin-GFP RAW osteoclasts
at early stage of ring formation (a) overview of the cell with a mix of rings (black arrow) and clusters
(white arrowhead). (b-e) Zoomed area. Inside a cluster (b), a ring formed and expanded (c). No
podosome formation was observed inside the area delimited by the ring. (d) The ring eventually
stopped and collapsed back to a cluster. C) Osteoclast at later stage of ring formation. Three
different rings formed asynchronously from different areas of the cell (a); thus, rings expanded (b)
and eventually fused (c). Resultant ring progressed to the periphery (d).
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Open questions
Two of fundamental questions concerning bone degradation still remain.

These are namely how osteoclasts decide where to degrade bone and how the cells
are capable of resorbing bone at sub-cellular resolution. Concerning the cues which
trigger bone degradation by osteoclasts, recent investigations have pointed out the
importance of surface topography in SZ dynamics and stability on top of the
surface chemical composition and biochemical signaling cascades initiated by
other cells [35]. The question of the resolution of bone degradation has remained
largely unaddressed. Considering the apparent confinement of SZs, and their
intrinsic tendency to expand, it appears reasonable to think that SZ formation and
development (and, as a consequence, bone degradation) are tightly regulated, not
only by multiple cues present on the underlying matrix triggering SZ formation,
but also by barriers blocking SZ progression. Within this context, an important
finding is that bone of varying chemical composition or different physical
properties, undergoes degradation at different rates [98-100].
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Fig. 1.13 Sealing zones on bone and calcite, and a sealing zone-like structure on glass. Taken from [97].
Frames from 450 min movies were superimposed, such that the last frame is composed of 450
images. The intensity represents stability. On bone, the borders of the cell are drawn on the picture.
Notice that some on areas rings are constantly formed, while on other areas ring formation is
absent. On calcite and glass, the borders of the rings are delimited by the cell. Notice the difference
between calcite and glass: on both, the rings travel to the cell periphery, but on calcite, the rings are
very stable, while on glass, unstable rings that last for a short time cover the entire cell.

1.4

2D µ-patterning
The ability to understand complex biological systems like organs, tissues or

even whole bodies relies on the understanding of both the structural and
functional building blocks, as well as their interrelationship. The first step was
taken at the beginning of the 20th century when Ross G. Harrison successfully
introduced the principles of tissue culture [101]. Between 1907 and 1910 he
developed a methodology that allowed for the first time the culture cells outside
the body and thus opened up the possibility to investigate biology at its most
fundamental level. However, the principle of tissue culture based on Harrison’s
work and widely applied up to today, only provided information on cell populations
and therefore averaged information. In addition, it is important to realize that
biological processes rely on complex communication networks involving hundreds
of molecular species, integrating both chemical and physical information provided
by other cells as well as the surrounding matrix. Given the complexity of such
networks and the resulting heterogeneity in cellular behavior, it is key to
understand processes at the single cell level. In addition there is a need to dissect
the various stimuli and investigate their respective effects in a model system of
reduced complexity individually.
Thanks to new tools emerging from the overlapping fields of chemistry,
engineering, material sciences and physics, important insights in fundamental cell
biology have been gained during the last two decades. Experimental set-ups
allowing for single cell cultivation and/or variation of physical cues like cell shape,
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spreading area or substrate stiffness have shown to be important tools in
advancing our understanding of basic cell biology. Fundamental processes like cell
proliferation [34], differentiation [32, 36], apoptosis [31, 38] or cell division and
migration [33, 37] have been studied using such tools and the resulting
observations have greatly impacted the way these processes are viewed at today.
A big first step was the introduction of microfabrication techniques,
emerging from the semiconductor industry, to cell biology. The principle of soft
lithography allowed in the first half of the 1990 to create micro-patterned
substrates featuring chemical islands promoting cell adhesion surrounded by a
passivated or non-fouling background [102]. This made it possible for the first time
to pattern cells in a reliable and predictive manner. In addition, the area promoting
adhesive cell-surface interaction could be tailored according to size, spatial
distribution, and shape, as well as ligand density. This not only boasted basic
biological research, but also provided the basis for high throughput approaches
used in drug screening, in vitro toxicology and genetic engineering.
Over the years a wide variety of methodologies have been developed under
the collective term of soft lithography [103]. In addition, complementary techniques
based on photolithography, such as Molecular Assembly Patterning by lift-off, have
been established (reviewed in [104]). An overview of the most widely applied
techniques will be given in the chapters 1.2.2 and 1.2.3 of this thesis. Although the
way of achieving the goal may vary significantly between different techniques, the
underlying principle of having well defined biologically active areas separated by a
non-fouling background unites them. Therefore, the ability to produce patterns of
varying affinity towards biological molecules is the most critical step from a
surface engineering point of view. In particular, the ability to block cellular
interactions with the substrate surface is the bottleneck. An overview of the most
prominent and widely used strategies is presented in the following chapter.
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Adhesive vs. non-adhesive surface chemistry
Cellular receptors are not designed to recognize synthetic materials, while

they are evolutionary prone to form highly specific and selective complexes with
their biological ligand. Thus, it is the spontaneous adsorption of proteins, serving as
receptor ligand, to synthetic biomaterials (e.g. polymers, metals or ceramics) upon
exposure to biological fluids what provides surface bioactivity to otherwise nonactive substrates (figure 1.14). The driving forces behind such non-specific protein
adsorption processes is the result of the combined actions of electrostatic, van der
Waals, steric, and hydrophobic forces, as well as short-range hydrogen bonds
rather than covalent linkage [105]. A free adsorption energy corresponding to only
four hydrogen bonds or alternatively the adsorption of four hydrophobic peptide
residues to a hydrophobic substrate (≈ -15 kcal/mol), leads to an essentially 100%
monolayer coverage of the substrate surface. In addition, the adsorption rate will
be about a million times faster than the corresponding desorption rate, rendering
the adsorption process essentially irreversible (figure 1.14).
The basis of preventing cellular interaction with the substrate relies on a
highly effective non-fouling surface chemistry, preventing nonspecific protein
adsorption. Rendering surfaces inert towards spontaneous protein adsorption is
highly desirable, not only for basic biological research but also for biomedical
implants and diagnostic devices where it prevents undesirable reactions, such as
blood clot formation, immune responses by the host body or bacterial
colonalization, and furthermore guarantees sufficient selectivity in the case of
biosensors [106-108].
Various strategies to achieve this goal have been pursued. The endogenous
protein albumin, as well the naturally occurring molecules agarose and mannitol,
have been found to reduce protein adsorption at surfaces [109-112]. However, their
efficiency and stability are limited, e.g. as a consequence of exchange processes
with high mol. weight proteins [113]. Consequently, a series of synthetic materials
overcoming these limitations have been developed, among which derivatives of
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oligo- and poly(ethylene glycol) (PEG) are the most prominent examples. Multiple
immobilization strategies have been developed to successfully link the PEG
polymer to the substrate. The most appropriate immobilization strategy depends
upon the corresponding substrate properties. In the case of hydrophobic substrates
the triblock co-polymers of the PEG-PPO-PEG family, also known as Pluronics, are
widely used [114, 115]. Alternative immobilization techniques take advantage of the
self-assembly properties of oligo(EG) or PEG-modified alkanethiols that form selfassembled monolayers (SAMs) on gold and silver surfaces [106, 116, 117], or use endgrafting methods [118, 119]. Further details and additional classes of protein
repellents, such as lipid bilayers, can be found in the two reviews by Falconnet and
Ratner [104, 120]. In our laboratory we routinely passivate surfaces by the use of a
graft-copolymer known as PLL-g-PEG, which consists of a poly(L-lysine) (PLL)
backbone presenting PEG side chains of the desired length and density. Under
physiological conditions the positively charged PLL backbone drives spontaneous
adsorption of PLL-g-PEG to negatively charged surfaces such as many metal oxides,
glass and TCPS, effectively blocking adsorption of proteins, and consequently the
adhesion of cells, [121-124].

Fig. 1.14 Illustration of the protein
adsorption process.
A protein molecule in solution (P)
adsorbs to the material surface (P . S) in
a reversible manner with forward and
reverse reaction rate constants, kf and
kr, respectively. The release of
structured water from the protein and
surface back to bulk water represents
an important factor that greatly
influences these processes by reducing
the enthalpy term, leading to an
increase in free energy.
Adapted from [1]
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After rendering the surface background resistant to non-specific protein
adsorption, selected biofunctionalities can be introduced. Members of the extra
cellular matrix (ECM) are the most prominent candidates (e.g. fibronectin, collagen,
vitronectin) to promote cell adhesion through interactions with the family of the
transmembrane receptors known as integrins. However, polymers functionalized
with short peptide sequences mimicking the signaling sequences of the
abovementioned proteins [42, 123] and as well as DNA and carbohydrates have
been used to tailor the substrate functionality.
In the next two chapters the focus lies on strategies and methodologies of
introducing surface functionalities in a controlled way. First, we will give an
overview of generally applied techniques to create micro- and nano-patterned
substrates and highlight their respective advantages and limitations before
introducing the approach we chose to work with throughout this thesis.

1.4.2

2D patterning techniques
Photolithography based patterning
The creation of a patterned surface structure relies in these cases on

photolithograpy, a technology developed by and for the semiconductor industry in
order to create integrated circuits needed for everyday electronic devices. A primary
pattern is created by shining UV light through a pre-patterned photomask holding
the desired pattern, onto a substrate coated with a light sensitive polymer called
photoresist (PR). Two classes of PR exist, positive- and negative-tone resists. Upon
irradiation, a positive-tone resist becomes soluble and the polymer is removed in a
subsequent development step leading to a positive pattern transfer from the mask
to the substrate. In contrast, a negative-tone resist becomes locally insoluble when
irradiated, resulting in a negative substrate pattern with respect to the mask.
Independent of the resist types used various strategies have been developed to
transfer this primary PR pattern into meaningful biochemical patterns.
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Many patterning processes utilize photolithography as an easy and reliable
way to create patterns in the µm range over large areas. In the simplest case
applied in biology, patterns featuring a contrast between two inorganic metaloxides were created by vapor deposition (CVD process) and photolithography (Fig.
1.15 A). The metal present in the pattern background was deposited onto the
substrate prior to PR coating and lithography, resulting in a PR / metal 1 pattern
after development. Subsequently, the second metal was deposited, followed by PR
dissolution in organic solvent exposing a micro-patterned substrate featuring
metal 1 in the background while metal 2 was present in the patterns [125]. Due to
different protein adsorption rates to the corresponding metal-oxides a cytophilic
contrast is established, although this is typically far from perfect as in the case of a
low adsorption rates the protein adsorbing anyways serve as nucleation points of
further protein adsorption [125]. An alternative way to create a contrast in protein
adsorption was achieved by differing the chemical coating. To obtain this contrast
the PR patterned substrate was coated with a hydrophobic alkylsilane after
photolithography. Following the subsequent lift-off, the exposed background was
backfilled using a hydrophilic and charged aminosilane. Cells showed a preference
for the charged and hydrophilic aminosilane patterns compared to the uncharged,
hydrophobic alkylsilane background. Again, this effect is most likely related to a
difference in protein adsorption rate to the corresponding substrate regions [126].
In order to improve the cytophobic / cytophilic contrast a combination of
metal-oxide patterns and surface chemistry was applied. Thereby, the specific
surface affinity of differentially functionalized molecules towards two different
metal-oxides was exploited. As an example of this methodology, self-assembled
monolayers (SAMs) of NHS functionalized thiols were created on gold patterns and
covalently linked to fibronectin (FN). The surrounding SiO2 background was coated
by PEG-silane in order to reduce protein adsorption [127]. The disadvantage of such
micro-patters is the limited stability of alkane thiolated SAMs, as well as the limited
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transparency of the nanometric gold coatings, which interferes with standard
biological methods like high-resolution fluorescent microscopy.

Fig. 1.15 Photolithographical patterning processes. Taken from [104]. 1. A spin-coated photoresist (PR)
is locally exposed to UV light through a mask 2. and the subsequent PR development provides local
access to the underlying substrate. One of two routes is generally followed from that stage. Route a:
Deposition (3a) of a thin layer of either metal or bioactive molecules (peptides, proteins, polymers)
and lift-off in an organic solvent (4a). Alternative route (3b): utilizing the patterned PR layer as a
mask for local dry etching of the metal (oxide) layer (which was deposited prior to PR spin coating)
down into the underlying substrate and (4b) lift-off the residual PR.

A methodology that circumvents these drawbacks is called selective
molecular assembly patterning or SMAP. It is based on the chemical contrast of
SiO2 and TiO2 and takes advantage of the transparency of these two metal-oxides,
making samples compatible with fluorescence microscopy. The patterning of the
oxides is achieved by the deposition of a thin layer of the corresponding metaloxide prior to photolithography. Following PR development the substrate is
exposed to reactive ion-etching (RIE) leading to a local etching of the outer SiO2
layer down to the underlying TiO2 (Fig. 1.15). After PR lift-off the substrate displays
patterns of TiO2 in a SiO2 background. This metal-oxide contrast can be transferred
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into a biochemical contrast by utilizing the properties of alkane phosphates to
form SAMs selectively on TiO2 coated regions. This renders the latter regions
hydrophobic and protein attracting while adsorbing PLL-g-PEG to the remaining
negatively charged SiO2 background renders it non-fouling. SMAP feasibility has
been successfully demonstrated in cellular studies [128, 129]. However, SMAP still
lacks control over the surface density of the adsorbed protein layer and it
furthermore has the disadvantage of requiring “hard” instrumentation such as RIE.
In addition to the discussed photolithography based technologies a set of
techniques summarized under the concept of soft lithography (reviewed in [103,
130]) deserves some special attention. The common theme uniting them is the
term “soft”, which reflects the fact that at one step or the other an elastomeric
material is used in order to transfer the pattern. The methodologies by which this
chemical contrast is achieved, range from 2D patterning of proteins or alkanethiol
SAMs by microcontact printing (µCP)[117] to 3D replication of micro- and nanofeatures by replica molding (REM)[131] and its related technologies [132, 133]. We
will focus here on µCP as an alternative to the photolithographic patterning
methods described above.
Soft lithography
A microstructured master (usually a Si-Wafer) created by classical
photolithography provides the basis of µCP. It serves as template, which is
replicated into an elastic polymer (e.g. poly(dimethylsiloxane) or PDMS) by casting
the liquid-phase pre-polymer over the master and curing it by heat or UV (Fig 1.16).
The generated replica is removed from the master and serves now as stamp that is
“inked” in order to transfer a chemical pattern in the printing step onto the
substrate. Biochemically relevant contrasts can be achieved either by direct or
indirect patterning depending on whether ECM proteins (e.g. FN, collagen or VN)
directly serve as ink or are brought to the surface only subsequent to the
patterning (Fig. 1.16 A and B). Currently, the indirect patterning strategy has been
most widely explored within previous research (Fig. 1.16 A). Alkanethiolates are
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printed onto gold substrates, creating hydrophobic SAMs that are functionalized by
the adsorption of FN following the backfill of the non-stamped areas by PEG
terminated thiols [31, 102, 134]. The use a “soft” material to transfer the chemical
pattern has the advantage of being able to pattern not only planar, but also curved
and flexible substrates. In general, µCP is rather flexible in terms of the substrate
as well as imprint material chosen. The simplicity and cost-effectiveness have
greatly contributed to the popularity of this technique.
Alternative strategies providing specific interaction sites linking the protein
to the surface have been developed using biotin or protein A [135, 136]. In the first
case this allows the control of surface density of the biologically active ligand,
while in the later case the orientation in which the proteins are presented to the
cells can be controlled. Alternatively, proteins can serve directly as the ink and be
immobilized on the substrate by physisorption in the simplest case, or by covalent
linkage through aminosilane or glutaraldehyde. Printing proteins directly to the
substrate entails the risk of protein denaturation and the subsequent loss of the
active eptiope. In addition, µCP can only be performed successfully when the
substrate has a higher affinity towards the ink than the stamp. Hence, the transfer
rate of the ink during the stamping process never reaches 100% efficiency leading
to heterogeneous protein distribution within the pattern. This effect scales with
the size of the patterned area, limiting the size of reliable and reproducible micropatterns to about 2 x 2 cm2 in a laboratory environment. Also the mechanical
properties of the stamp are important for a successful ink transfer, as the stamp
has to be soft enough to allow conformal contact with the substrate, and thus
prevent the formation of voids due to the natural substrate roughness. As this
contradicts the need for a rigid material to achieve precise geometrical definition,
the resolution of µCP is limited in practice to about 1 µm feature size. This also
affects possible pattern geometries as well as the applicable ratio between pattern
features and spacing [137, 138].
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Fig. 1.16 Schematic illustration of the µCP process Adapted from [130]. Using photolithography a Simaster carrying the positive or negative microstructure as a relief is created depending on whether
a positive or negative PR is applied (I and II). Elastomeric PDMS replicas are produced by casting the
liquid pre-polymer against the Si-master (III) and serve as stamps in the following µCP process (IV A
and B). The stamp is either inked with an alkanethiol solution in EtOH (A) or with a solution of the
desired protein (B). After drying the inked stamp in a stream of nitrogen it is brought into close
contact with the substrate (in the case where alkanethiols are printed the substrate is covered with
a gold or silver layer). Removal of the stamp without dragging after 30 second results in a 2D micropatterned substrate.

The above-presented methodologies ranging from the photolithography
based creation of metal oxide contrasts to soft lithography techniques, such as µCP
either suffer from a rather poor reproducibility, a low contrast in cytophilicity or the
inability to control the ligand density in the biologically active pattern areas. A
technique overcoming these deficits has been developed in our laboratory by
Falconnet et al. and is called Molecular Assembly Patterning by Lift-off or MAPL
[139]. Throughout this theses chemical micro-patterns were created using this
technique. It will be introduced in the following chapter.
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Molecular Assembly Patterning by Lift-off (MAPL)
MAPL displays a combination of a photolithographic top-down approach

together with a self-organizational bottom-up strategy that allows for the creation
of biochemically relevant patterns with sub-micron resolution in a very
reproducible manner. In the original MAPL process the primary pattern resulting
form photolithography is transferred into a biochemical pattern by site-specific
immobilization of PLL-g-PEG, with either biotin (for subsequent assembly of avidin
and biotinylated biomolecules), or a 12 amino acid peptide featuring the wellknown Arg-Gly-Asp (RGD) epitope. This epitope is found in many ECM proteins and
responsible for the specific interaction with the αvβ3 integrin receptors present in
the plasma membrane of many adherent cells (reviewed in [140]). In a subsequent
lift-off event the remaining PR is removed and the underlying bare substrate is
exposed. Finally, the newly exposed substrate is rendered non-fouling by adsorbing
non-functionalized PLL-g-PEG to it. This approach not only allows for the precise
tuning of pattern size, shape and spatial distribution through the process of
photolithography but also the surface density of the presented RGD peptide by coassembly from mixed solution of functionalized and non-functionalized PLL-g-PEG
in a given concentration ratio (Fig. 1.17 A). Despite its ubiquitous presence, the RGD
motif does not fully compensate for the function of ECM proteins, such as
fibronectin (FN) or vitronectin (VN) as these proteins host additional binding
motives like such for the α5β1 integrins. For our study we therefore used an
adaptation of the MAPL process that allowed us to create micro-patterns of VN
islands in a passivated PLL-g-PEG background (Fig. 1.17 B).
Although the MAPL process offers a number of advantages in terms of
flexibility, reproducibility and ease of fabrication, it is only one within a long list of
microfabrication techniques that were and are used to micro-pattern substrates. In
the next chapter an overview of alternatively used techniques will be given,
describing their respective advantages and disadvantages.
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Fig. 1.17 MAPL process for 2D micro-patterning using functionalized PLL-g-PEG and an adaptation of
this process suitable for protein patterning. A) Classical MAPL process: a primary pattern of
photoresist (PR) is established by photolithography and subsequent development, followed by the
adsorption of functionalized PLL-g-PEG-RGD. The PR is removed in a lift-off process exposing the
bare substrate which is immediately backfilled using PLL-g-PEG [139]. B) Alternatively, nonfunctionalized PLL-g-PEG is adsorbed to the primary PR pattern following photolithography. After
the PR removal the blank areas are backfilled, using vitronectin to functionalize the substrate.

CHAPTER 2
OBJECTIVES AND SCOPE OF THE THESIS

2.1

Motivation
In vertebrates, bone undergoes continuous remodeling cycles leading to a

total replacement of the skeleton structure in healthy humans every seven years.
This process is controlled at the cellular level by osteoclasts and osteoblasts, which
regulate bone degradation and formation in a coordinated manner. While
osteoblasts are primarily responsible for the de novo synthesis of bone, the
monocyte-derived,

multi-nucleated

osteoclasts

are

responsible

for

bone

degradation. Osteoclasts thereby play an important role in skeletal homeostasis as
well as in calcium metabolism (reviewed in [88]). This is reflected by the fact that
many skeletal diseases, such as osteoporosis or osteopetrosis are associated with
misbalance in bone mass [141]. Although, there is a detailed understanding of the
molecular machinery responsible for bone degradation, the mechanisms
controlling and initiating bone degradation in osteoclasts are to date still poorly
understood. In particular two key questions remain; what triggers sealing zone
formation and subsequent bone degradation in osteoclasts, and how osteoclasts
are capable of degrading bone with sub-cellular resolution. The discovery that
sealing zones (SZs) intrinsically expand [15] and degrade bone with sub-cellular
resolution [97] made it plausible not only to think of stimuli initiating SZ formation,
but also of barriers preventing SZ progression and thereby confining it to a specific
area.
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Objectives
The overall goal of this thesis was to advance our knowledge of how

chemical patterns regulate the adhesive part of the bone degrading machinery in
osteoclasts and to decipher the intrinsic principles underlying SZ initiation,
expansion and stability. Thereby we are specifically focused on the role of nonadhesive gaps in SZ dynamics and their possible function as barriers confining SZs
by limiting their expansion. The existence of such expansion limiting structures
would reveal a possible mechanism explaining how bone degradation could be
regulated at the sub-cellular level. Furthermore, the cultivation of osteoclasts on
micro-patterned substrates displaying varying sizes, shapes and organizations of
adhesive islands in a biologically inert background allowed us to gain insight into
the most basic and intrinsic properties associated with dynamical SZ processes
namely, formation, fusion and expansion. The reduced complexity of such a model
system, paired with its flexibility to control individual parameters independently
was ideal to study the dynamics of such processes in an adhesion dependent
manner, which was the overall goal of this thesis. Finally, adhesion sites have been
shown to generally associate with the force dependent phenomenon of
mechanosensing and transduction. We addressed this topic by investigating the
role of actomyosin dependent strain in SZ assembly, as well as the adhesion
dependent effects of SZ architecture and stability.

2.3

Organization of the thesis
Chapter 3 of this thesis introduces the photolithography and subsequent

lift-off process used in the MAPL technique for the production of adhesive / nonadhesive micro-patterns applied throughout the study. In addition, the cell
cultivation and cell differentiation techniques are described, followed by the
imaging techniques used, namely scanning electron microscopy (SEM) and
fluorescence microscopy, including time lapse microscopy. In summary, all applied
techniques that enabled us to control and tailor the micro-patterns, as well as
investigate the effects on SZ dynamics and architecture, are presented.
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Chapter 4 covers our findings regarding minimal spatial requirements
needed for the transition of individual podosomes into a SZ. In addition, we present
the intrinsic properties common to all SZs in terms of their formation and
expansion, as well as aspects of the local vs. global regulation, of these adhesive
super structures.
In chapter 5 we describe in great detail how surface adhesion affects not
only the dynamics but also the architecture of SZs. We demonstrate that the two
processes of SZ progression and fusion depend on the adhesiveness of the
substrate and hypothesize on the possibility of a force dependent mechanism
regulating the expansion process.
The impact of forces on SZs are demonstrated in chapter 6 by showing the
importance of actomyosin contractility in maintaining SZ integrity. In addition, we
discuss SZ stability in terms of intactness and lifetime, as function of the adhesive
pattern size and substrate properties in general.
The final chapter “Summary and Conclusion” integrates the individual
findings of the Results chapters speculating about a possible model describing SZ
dynamics in a force dependent manner before ending the thesis with an outlook
section.
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CHAPTER 3
MATERIALS AND METHODS

In this chapter, all materials and methods used in this thesis to microfabricate adhesive / non-adhesive micro-patterns, to culture and differentiate
osteoclasts, as well as the applied characterization and analytical methods are
listed

with

their

specific

experimental

conditions

and

the

respective

concentrations. For the sake of convenience, long names are given by their
respective abbreviations found in the abbreviations section at the beginning of this
thesis.

3.1

Materials

3.1.1

Water
Ultrapure water was for all buffers and suspensions. A milli-Q system

Gradient A10 (Milipore, Massachusetts, USA) equipped with an Elix 3 (three step
purification process) and an ultraviolet lamp for photo-oxidation was used to
prepare ultrapure water with resistivity and TOC levels in the range of 18.2 MΩcm
and <5 ppb, respectively.

3.1.2

Buffers
Phosphate buffered saline
Phosphate buffered saline (PBS; Fluka-Chemie AG, Buchs, Switzerland) was

diluted in ultrapure water to give a final concentration of 137 mM NaCl, 10 mM
phosphate, 2.7 mM KCl and a pH of 7.4. For sterile conditions PBS was filtered using
a 0.22 µm filter and autoclaved.
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Sodium cacodylated buffer
Sodium cacodylate buffer (CaCO; Merck, Darmstadt, Germany) was
prepared at 0.1 mM containing 5 mM CaCl2 in ultrapure water. After fixation, SEM
samples were washed using CaCO buffer prior to CPD.
PIPES
1,4-Piperazinediethanesulfonic acid, Piperazine-1,4-bis(2-ethanesulfonic acid)
and Piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES; Sigma, USA) were prepared
at 0.1 M concentration in ultrapure water and filtered using a 0.22 µm filter prior to
use.
HEPES
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES; Fluka-Chemie
AG, Buchs, Switzerland) was prepared at 0.1 M concentration in ultrapure water
and was filtered using a 0.22 µm filter prior to use.
PHEM
A mixture of 6 ml PIPES (0.1 M), 5 ml HEPES (0.1M), 0.4 ml MgSO4 (0.1M) and
2 ml EGTA (0.1M) was prepared and diluted in 6.6 ml ultrapure water.
H-PHEM
The PHEM buffer was diluted to 20% in ultrapure water.

3.1.3

Poly(L-lysine)-graft-poly(ethylene glycol)
Poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) was purchased from

SuSoS AG (Dübendorf, Switzerland). The standard polymer used in this study was
PLL(20)-g[3.5]-PEG(2) carrying either a Tetramethyl Rhodamine Iso-Thiocyanate
(TRITC) or Atto 633 modification making the polymer applicable for fluorescence
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microscopy. The numbers in “()” indicate the molecular weight of the polymer
chains in kDa and the number in “[]” gives the grafting ratio. PLL-g-PEG powder was
dissolved in PBS and stored as a stock solution of 1 mg/ml at -20°C.
3.1.4

Vitronectin
Vitronectin from bovine plasma (VN; Sigma, MO, USA) was reconstituted in

ultrapure water at a stock concentration of 50 µg/ml. For surface coating
experiments the stock solution was diluted to 10 µg/ml.

3.1.5

Antibodies
Anti vinculin antibody
A monoclonal anti-human vinculin (hVIN-1) antibody produced in mouse

(Sigma, MO, USA) was used at a 1:200 dilution in PBS for experiments described in
chapter 5.
Goat anti mouse secondary antibody
A goat anti mouse (G α M) secondary antibody labeled either with Alexa 488
or Alexa 546 fluorescent tags (Invitrogen (Molecular probes), CA, USA) was used in
anti vinculin stainings (1:200 v/v).
3.1.6

Chemicals
S1818 photoresist
S1818 photoresist (Shipley, MA, USA) was used to create micro-patterned

substrates by photolithography.
MF-319 developer
MF-319 developer (Shipley, MA, USA) was used do develop micro-patterned
substrates after UV exposure.

72

MATERIALS AND METHODS

1-Methyl-2-pyrrolidone
1-Methyl-2-pyrrolidone (NMP; Fluka-Chemie AG, Buchs, Switzerland) was
used during the lift-off step in the molecular assembly patterning by lift-off (MAPL)
process (chapter 3.3.2)
Ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid
Ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA;
Sigma, MO, USA) was prepared at 0.1 M concentration in ultrapure water and used
in PHEM and H-PHEM buffers.
Ethylenediaminetetraacetic acid
Ethylenediaminetetraacetic

acid

(EDTA;

FLuka-Chemie

AG,

Buchs,

Switzerland) was prepared as stock solution at 0.1 M concentration in ultrapure
water. It was further diluted to 0.01 M working concentration in order to detach
osteoclasts from 24 well plates in reseeding experiments (chapter 3.4.2).
Glutaraldehyde
2% Glutaraldehyde (GA; Electron Microscopy Sciences (EMS), Hatfield, PA,
USA) was used to fix ventral cell membranes (VMs) of unroofed osteoclasts prior to
preparation for SEM examination (chapter 3.5.2).
OsO4
Osmium tetroxide (OsO4; EMS, Hatfield, PA, USA) was diluted in 0.1 M CaCO
buffer resulting in a 1% OsO4 solution in SEM sample preparation (chapter 3.5.2).
MgSO4
A magnesium sulphate (MgSO4; ABCR-Chemicals, Karlsruhe, Germany)
solution was prepared at a concentration of 0.1 M and used to prepare PHEM and
H-PHEM buffers.
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Tannic acid
1% Tannic acid (Merck, Darmstadt, Germany) was prepared in ultrapure
water and filtered using a 0.22 µm filter prior to use in VM SEM sample preparation
(chapter 3.5.2).
3.1.7

Fixatives and IHC related materials
Paraformaldehyde
A 3% paraformaldehyde (PFA; Merck, Darmstadt, Germany) solution was

prepared in ultrapure water and used as a fixative in experiments of chapter 5.
Triton X-100
Triton X-100 (Fluka-Chemie AG, Buchs, Switzerland) was diluted in PBS to
form a 0.5 % solution and served as detergent during cell fixation (chapter 3.4.3).
IMMU-MOUNT
IMMU-MOUNT (Thermo Fisher (Thermo Shandon), MA, USA) served as
mounting media for fixed and fluorescently labeled samples (section 3.4.3).
Phalloidin
Phalloidin labeled with FITC or TRITC (Sigma, MO, USA) was diluted in
methanol forming a stock solution of 1 mg/ml. Phalloidin solution diluted to a
working concentration of 5 µg/ml was used to stain for filamentous actin (F-actin)
in experiments of chapter 4.
3.1.8

Cell culture materials
Dulbecco`s modified eagle medium
Dulbeccos`s modified eagle medium (D-MEM; Invitrogen, CA, USA) was used

as culture media for RAW 264.7 cells
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Alpha modified minimum essential medium
Alpha modified minimum essential medium (alpha-MEM; Sigma, MO, USA)
was used as differentiation media for RAW 264.7 cells (chapter 3.4.2).
L-Glutamine

200 mM L-Glutamine solution (Sigma, MO, USA) served as additive in DMEM and α-MEM culture media (1% v/v).
Penicillin-Streptomycin solution
Penicillin-Streptomycin solution (Sigma, MO, USA) served as additive in DMEM and α-MEM culture media (1% v/v).
Fetal bovine serum
Fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) served as additive in
D-MEM and α-MEM culture media (10% v/v).
Receptor activator of NFκB ligand
Recombinant receptor activator of NFκB ligand (RANK-L; R&D, MN, USA) was
reconstituted in sterile PBS forming a stock solution of 10 µg/ml. Dissolved RANKL
served as an additive to α-MEM during osteoclast differentiation (0.1% v/v)
(chapter 3.4.2).
Macrophage colony-stimulating factor
Macrophage colony-stimulating factor (M-CSF; R&D, MN, USA) was reconstituted
in sterile PBS forming a stock solution of 10 µg/ml. Dissolved M-CSF served as an
additive to α-MEM during osteoclast differentiation (0.1% v/v) (chapter 3.4.2).
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3.2

Substrates

3.2.1

Glass slides
No 1 glass cover slips with dimensions of 22 x 40 mm (Warner Instruments,

Harvard Apparatus GmbH, Germany) served as substrates for micro-patterning
(chapter 3.3.1).

3.3

2D patterning techniques
In order to characterize the adhesive properties of sealing zones in

osteoclasts, micro-patterned glass substrates were prepared. The procedure we
used constitutes an adaptation of the previously published Molecular Assembly
Patterning by Lift-off (MAPL) technique [139].

3.3.1

Photolithography
Nr. 1 glass cover slips with dimensions of 22 x 40 mm (Warner Instruments,

Harvard Apparatus GmbH, Germany) were sputter coated with a transparent layer
of approximately 10 nm niobium oxide (Nb2O5) using a Leybold direct-current
magnetron Z600 sputtering unit (PSI, Villigen, Switzerland). After removing
adsorbed H2O by drying the substrate on a hot plate (180°C, 5 min), S1818 positive
photoresist (Shipley, USA) was spin-coated on the substrate at 3500 rpm for 90
seconds leading to a resist coating of ∼ 2 µm thickness before the samples were
post-backed at 100°C for 2 minutes. The photoresist was illuminated through a
chromium mask (Delta Mask, The Netherlands) using a Karl Suss MA6 mask aligner
as UV source. A dose of 135 mJ/cm2 was applied prior to development of the
substrates using MF-319 developer and exposing the samples for 1 minute. The
patterned glass cover slips were rinsed with ddH2O and diced into 1 x 1 cm chips
using a diamond cutter.
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Molecular Assembly Patterning by Lift-off
After photolithography, the pre-patterned substrates carrying a micro-

pattern of S1818 photoresist on an Nb2O5 background were subjected to molecular
assembly pattern by lift-off. Prior to the adsorption of the non-fouling Poly(Llysine)-graft-poly(ethylene glycol) polymer (PLL-g-PEG, SuSoS AG, Switzerland) the
samples were plasma cleaned for 15 seconds using air plasma (10-5 bar, PDC-32G-2,
Harrick Plasma, USA). The sample was immersed in an aqueous solution of TRITC or
ATTO 633 labeled PLL-g-PEG copolymer (1 mg/ml in 1 x PBS, 60 min) immediately
after plasma cleaning. Subsequently, the samples were rinsed with ddH2O and a
lift-off experiment was performed in order to expose the Nb2O5 underlying the
photoresist pre-pattern. The samples were exposed to a series of different dilutions
of 1-Methyl-2-pyrrolidone (NMP for peptide synthesis, Fluka-Chemie AG, Buchs,
Switzerland): 20 sec in 1:2 dilution of NMP and ultrapure H2O in an ultrasonic bath,
10 sec in ultrapure H2O, 1 min in NMP in an ultrasonic bath, 5 min in fresh NMP in
an ultrasonic bath and 1 min in a 1:1 dilution of NMP and ultrapure water in an
ultrasonic bath. Finally the samples were rinsed for 5 min in an ultrapure water
bath and agitated with a magnetic stirrer bar leading to a PLL-g-PEG patterned,
niobium oxide coated glass slide. Finally, the patterns were backfilled with a 10
µg/ml aqueous solution of vitronectin for 20 min.

3.4

Cell culture and IHC

3.4.1

Cell line
Throughout this thesis RAW 264.7 cells stably expressing GFP-actin were

used. They showed no altered behavior in terms of podosome actin core or sealing
zone formation compared to non-transfected RAW 264.7 cells [142].

3.4.2

Cell differentiation
RAW 264.7 cells stably expressing GFP-actin were cultured in tissue culture

flasks (60 ml, TPP; Trasadingen, Switzerland) and differentiated in 24 well test
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plates (TPP; Trasadingen, Switzerland). To induce differentiation cells were cultured
in alpha MEM with Earle’s salts, L-glutamine and NaHCO3 supplemented with fetal
bovine serum (FBS; 10%; Gibco, Grand Island, NY, USA), antibiotics (Biological
Industries, Beit Haemek, Israel), recombinant soluble receptor activator of NFκB
ligand (RANK-L; 10 ng/mL; R&D, MN, USA), and macrophage colony-stimulating
factor (M-CSF; 10 ng/ml; R&D, MN, USA), at 37°C in a 5% CO2 humidified
atmosphere for three days. Once differentiated, the cells were removed with EDTA
(10 mM) for 10 min, and then plated for 36 h on either micro-patterned or plasma
treated and VN coated glass slides.

3.4.3

Cell fixation and immunohistochemistry
For antibody staining RAW 264.7 cells stably expressing GFP-actin [90] were

differentiated in plastic dishes and transferred onto vitronectin coated or micropatterned glass substrates as described above. Following o/n cultivation on the
respective substrates, the cells were fixed for 3 min in warm 3% PFA (Merck,
Darmstadt, Germany) with 0.5% Triton X-100 (Fluka-Chemie AG, Buchs,
Switzerland) followed by 3% PFA alone for additional 40 minutes. After fixation
cells were washed 3 times with PBS (pH7.4) and incubated with primary antibody
for 40 min, washed 3 times in PBS and incubated for additional 40 min with the
secondary antibody. Finally, samples were washed 3 times in PBS and mounted
using IMMU-MOUNT (Thermo Shandon, PA, USA). Data was acquired using a Zeiss
Live Cell Station microscope (Carl Zeiss AG, Oberkochen, Germany) equipped with a
63x 1.4NA Oil DICIII Plan Apochromat objective.

3.5

Analytical and imaging techniques

3.5.1

Fluorescence microscopy
For life cell imaging RAW 264.7 cells stably expressing GFP-actin [90] were

differentiated in plastic dishes and transferred onto vitronectin coated or micropatterned glass substrates as described above. Samples were probed up to 12 h,
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starting 6 h or 18 h hours after replating. Data was acquired at 30 second intervals
at 37°C and 5% CO2 using a Zeiss Live Cell Station microscope (Carl Zeiss AG,
Oberkochen, Germany) equipped with a 63x 1.4NA Oil DICIII Plan Apochromat
objective.

3.5.2

SEM
To characterize the adhesive structures in a cellular environment, we

developed a sample preparation technique involving high-resolution, threedimensional electron microscopy. The procedure, which we termed ventral
membrane (VM) preparation (VMP), constitutes an adaptation of published
procedures, [143, 144] and entails unroofing of the cell’s basal portion, while
preserving the components’ three-dimensional organization and immunogenicity.
In brief, osteoclasts were exposed to H-PHEM solution for 60 seconds prior to
unroofing by shear stress. Exposed VMs were immediately fixed with warm
glutaraldehyde (2 %; Electron Microscopy Sciences (EMS), Hatfield, PA, USA) in PBS
for 30 min. Cells were then washed three times for 5 min in PBS, and sodium
cacodylate buffer (0.1 M Merck) containing CaCl2 (5 mM: pH 7.3), followed by postfixation with OsO4 (1 %, EMS) in cacodylate buffer for 60 min. After fixation
samples were washed (3 x 5 min) with cacodylate buffer and H2O, respectively. The
preparations were then incubated with tannic acid (1 %; Merck) in H2O for 5 min
and washed in H2O (3 x 5 min). Dehydration in increasing concentrations of
reagent-grade EtOH (2 x 5 min in 50% and 70%, and 2 x 10 min in 95%, and 100%)
was followed by drying with a critical point dryer (CPD30; Bal-Tec AG, Balzers,
Liechtenstein). Samples were coated with 4– 6 nm Cr by using a sputter coater
(K575X; Emitech, Kent, UK). Samples were visualized in the high-resolution SEM
Ultra 55 and the Gemini 1530 FEG (Carl Zeiss AG, Oberkochen, Germany).

3.5.3

Image analysis, sealing zone segmentation and data extraction
The analysis of the dynamics of SZs formed by osteoclasts consists of three

major steps. First, we applied a pre-processing step to stabilize alignment problems
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caused by instabilities of the microscope stage. Second, the SZs were segmented
using an active contour model, called gradient vector flow. Finally, we tracked
segmented contours over time and extracted morphological and intensity-based
features, to better describe SZ dynamics. Here we present the details of the applied
algorithms.

3.5.3.1 Image pre-processing
Due to the instability of the microscope stage resulting in flickering in the
time-lapse image series, an automated correction step was developed. These stage
instabilities appeared as a translation on the x and y axes, while rotation was not
observed. To correct for these lateral translations, we aimed to find the translation
results showing the strongest cross-correlation between the subsequent frames ft
and ft+1:

where fi denotes the ith frame and asterisk the complex conjugate operator.
Calculating cross-correlation in the image space depicts a computationally heavy
process; therefore it was calculated in the Fourier-domain, where it becomes a
point-wise multiplication of the complex conjugate of ft and ft+1. Fig. 3.1 shows the
schematic workflow.

3.5.3.2 Image segmentation
The biggest and most challenging part of the data analysis was to
accurately detect the outline of the SZs. For this we used active contours [145]
extended this with the gradient vector flow framework [146]. Contours were
manually initialized on the first frame or upon their first appearance. Contour
evolution was consecutively preformed till convergence of the segmentation with
the SZ was reached. On subsequent frames initial contours were derived from
previous steady states generated in the preceding frame and evolved as described.
The external energy (i.e. calculated from the grayscale image) was designed such
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that it drives the contour towards higher intensities, in our case towards the actinrich skeleton of the SZ. The external driving forces are represented at the bottom of
Fig. 3.2.

Fig. 3.1 Microscope stage correction. Left: two subsequent frames with significant stage drift. Middle:
cross correlation function. Red shows strongest correlation. Right: aligned regions based on the
calculated shift (blue arrow).

To perform the segmentation, a MatLab program featuring a graphical user
interface (GUI) was designed. This GUI allows the user to manually load and
browse image sequences and further to add, delete, evolve, and propagate
contours, track them over time and calculate statistics. An example can be seen on
the upper right image of Fig. 3.2.

3.5.3.3 Post processing
The two main steps of post processing were the tracking of the contours
and calculating their spatial and temporal features. Based on the center of mass of
the detected rings, the IDL tacking algorithm [147] was applied. The final statistics
were calculated in two different levels: First, properties of each individual ring are
determined. We calculated length, circularity, short and long axis length,
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orientation, total variation and Fourier transform-based features from the contour
shape. Means, standard deviations, background level, total variation, and
scatterings were determined from the underlying intensity levels. Secondly,
properties of assembled tracks were determined based on the above-mentioned
features, and temporal behavior was analyzed.

Fig 3.2 Ring segmentation using gradient vector flow. Top left: original test image containing stable
and fragmented ring domains. Top right: active contour evolution; Green: initial contour, yellow:
intermediate contour states, red: final contour. Bottom: zoom of the red framed region indicated in
the top left image showing the magnitude and orientation of the vector field.
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CHAPTER 4
REQUIREMENTS FOR THE FORMATION AND INTRINSIC PROPERTIES OF
SEALING ZONES

Despite the progress made over the last several years in identifying diverse
signals regulating the bone degrading activity of osteoclasts [35, 72, 80, 97, 148], our
understanding of the mechanisms of how cells sense the external surface at subcellular resolution, and develop, accordingly, a resorptive system, is still poor. We
addressed, in this work, an essential aspect of this broad topic, namely the role of
matrix adhesion and sensing in regulating SZ formation and dynamics. For that
purpose, we have investigated SZ formation in cultured osteoclasts on synthetic 2dimensional micro-patterned surfaces, containing adhesive areas separated by
non-adhesive (“passivated”) regions. An adaptation of the photolithography-based
Molecular Assembly Patterning by Lift-off (MAPL) procedure (chapters 2.1.2, 3.3.2
and [139]) was used here to create such micro-patterns, featuring adhesive VN
islands, of different sizes and shapes, separated by PLL-g-PEG coated, non-adhesive
areas. In addition, fluorescent microscopy data of actin-GFP expressing osteoclasts
cultured on bone slices was kindly provided by Dafna Geblinger and served as
control together with data obtained from cells cultured on non-patterned,
uniformly VN coated glass slides.

4.1

Minimal adhesive area required for sealing zone formation
The research of Geblinger et al [35, 97, 149] identified differences in SZ size,

stability and dynamics in response to the physical and chemical properties of the
culture substrate indicating that bone degradation by osteoclasts is performed
with sub-cellular resolution. Therefore we investigated here the role of substrate
adhesiveness and in particular the role of the size of the adhesive area in SZ
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formation. We cultured differentiated osteoclasts, on square adhesive islands of
different dimensions, ranging from 2 x 2 µm up to 40 x 40 µm. While the cells
adhered to the VN islands and spread over the substrate covering and interacting
with multiple patterns, the PLL-g-PEG lining the square patterns prevented SZ
expansion beyond the adhesive area. Additionally, the 90° angles in a squareshaped adhesive island (as opposed to a circular pattern) allowed us to investigate
the “flexibility” of the usually ring-like shaped SZs [15] in adapting its shape to the
adhesive pattern geometry.
Analysis of fluorescent time-laps video microscopy of actin-GFP expressing
osteoclasts (chapter 3.5.1) cultured on differently sized square micro-patterns
revealed a minimal adhesive surface of approximately 4 x 4 µm required for SZ
formation (Fig. 4.1). On adhesive islands below this threshold (2 x 2 µm2) only
individual podosomes could be observed (Fig. 4.1 a). Interestingly, on these small
pattern sizes SZs remained unable to adapt their shape to the pattern geometry
and displayed a circular shape instead. Increasing the adhesive area beyond 4 x 4
µm2 lead to an increase in SZ size allowing them also to assume the pattern
geometry as indicated in Fig. 4.1 b-e and discussed in more detail in chapter 4.2. In
addition to the 4 x 4 µm2 threshold required for SZ formation, we found a second
size-dependent adhesive pattern threshold: The initiation of an additional SZ
within the same VN pattern required an adhesive VN island with a diameter bigger
than 10 µm. Only above this threshold could multiple SZs be observed within the
same pattern (Fig. 4.1).
In contrast to the SZs on micro-patterned substrates, SZs formed on nonpatterned (“homogeneous”) glass substrates, serving as controls, were mostly
fragmented and preferentially located at the cell periphery (Fig. 4.1 f). This
phenomenon, indicating that SZs are stabilized by restricting their formation and
expansion to well defined areas, will be discussed later in this thesis, in chapter 6.
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Fig. 4.1 Sealing zone formation depends on the size of the adhesive area. Green: Actin-GFP, Blue: PLL-gPEG-TRITC, scale bars represent 10 µm each. a) In osteoclasts cultured on adhesive squares of 2 x 2
µm2, individual podosomes could be detected but no SZ assembly was observed. Inset displays
magnification of selection b) On 4 x 4 µm2 adhesive islands SZs were observed, indicating that this
was approximately the minimum area required for SZ formation. Inset displays magnification of
selection c) Up to adhesive areas of 10 x 10 µm2 SZs formed and expanded, occupying the entire
adhesive area, thus preventing the formation of a second ring within the same pattern. d) On 20 x
20 µm2 squares, multiple SZs sharing the same adhesive island were frequently observed. d)
Multiple, intact SZs are formed on 40 x 40 µm2 adhesive squares. f) On VN coated glass slides
fragmented SZs are formed at the cell periphery.

Quantification of the number of SZs per adhesive pattern was in line with
the fluorescent microscopy data presented above (Fig 4.1 and Fig. 4.2). While on 4 x
4 µm2 patterns only one SZ could be observed at a time, it was possible to observe
in rare cases (2.8 ± 1.3 %, n = 1855 rings) two rings on the same pattern on 10 x 10
µm2 patterns (Fig. 4.2). However, a significant percentage of two or three rings
within the same micro-pattern was only observed for SZs formed on 20 x 20 µm2
and 40 x 40 µm2 (Fig. 4.2).
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Fig. 4.2 Number of sealing zones per adhesive island as function of pattern size. The average number
of SZs found on an adhesive island is displayed for each of the four different pattern sizes (4 x 4 µm2
– 40 x 40 µm2) in percent of the total number of patterns for which SZ formation was observed. The
error bars represent the standard error of mean (SEM) (n>811 rings from at least 5 different cells).

The observation that below an adhesive area of 4 x 4 µm2, (i.e. 2 x 2 µm2)
only individual podosomes were established but no SZ, can be explained by the fact
that podosomes, including their adhesive ring domain, is in the order of 1 µm,
making it physically impossible for a super structure (such as the SZ) to form on
areas much smaller than 4 x 4 µm2. In order to be able to quantify our results and
correlate them to previously obtained data, we developed an image analysis
software which allowed us to detect the SZ outline and segment the images
accordingly (chapter 3.5.3). As SZs have been shown to be rather circular, ring-like
structures and our own data confirmed this intrinsic circularity (chapter 4.2, Fig 4.3)
we correlated the contour length, obtained by image analysis, with the
circumference of a hypothetically ideal circle. This allowed us to compare our
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finding of a minimal adhesive area required for SZ formation with the initial
contour length of a SZ formed on control substrates. As SZs on unperturbed glass
slides were mostly fragmented (chapter 6) and in view of the interest to compare
with data obtained on substrates closer to the in vivo situation, we chose bone
slices as control substrates instead and quantified SZ contour length over time in
actin-GFP expressing osteoclasts (fluorescent time lapse video microscopy data
kindly provided by Dafna Geblinger, [149]).
This data analysis revealed that the SZ had a mean contour length of 23.3 ±
2.1 µm (corresponding to a diameter of 7.4 ± 0.7 µm assuming a circular SZ) for the
initial time point of a forming SZ on the bone substrate. This was slightly greater
than the 4 µm threshold (p = 0.032) observed on micro-patterned glass slides
although in the same order of magnitude (Fig. 4.3) indicating that indeed a
minimal area of 4 – 7 µm in diameter is needed to form a SZ. This size range also
nicely correlates with the threshold of a minimal pattern diameter of 10 µm for the
formation of two SZs on the same micro-pattern as two rings of 4-7 µm diameter
would not fit onto smaller patterns.
Systematic analysis of SZ contour length at the time of their formation on
micro-patterns of increasing pattern size and bone control substrates indicated a
similar initial contour length of 10-13 µm (relating to diameter of roughly 4 µm) for
SZs formed on 4 x 4 µm2, 10 x 10 µm2 and 20 x 20 µm2 patterns (Fig 4.3). On the
largest micro-patterns tested (40 x 40 µm2) and the bone control substrates SZs
were significantly larger with diameters of 7.0 ± 0.6 µm and 7.4 ± 0.7 µm,
respectively. This indicates that although a 4 x 4 µm2 adhesive square is sufficient
to form SZs, the “optimum” SZ size at t1 is slightly greater. As a ring with such a
diameter would fit on all micro-patterns but the 4 x 4 µm2 squares, it was
surprising to observe them only on 40 x 40 µm2 adhesive squares and bone
samples, while on 10 x 10 and 20 x 20 they were significantly smaller. This apparent
discrepancy between the size of the adhesive area and the initially formed SZ
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indicates the involvement of a further regulatory machinery in addition to the size
limitation of the adhesive area controlling local SZ formation at a global level.

Fig. 4.3 Analysis and statistics of sealing zone contour length at the time of their formation in
osteoclasts cultured on micro-patterned glass substrates and bone control samples. Mean of SZ
contour length at the time point of formation (t1) for SZs formed on micro-patterns of increasing
adhesive area size and bone slices serving as control. Error bars indicate the standard error of the
mean (n = 26). Data of bone control samples is based on fluorescent microscopy data provided by
Dafna Geblinger.

4.2

Intrinsic properties of sealing zones
SZs have been described in the past as circular, centripetally expanding

podosomal super structures [15]. However, these observations were all based on
qualitative data analysis lacking quantitative description. To address these topics in
a quantitative manner we cultured osteoclasts on the aforementioned micropatterns and followed SZ formation and evolution by fluorescent time-laps
microscopy. Data analysis and quantification was performed using our newly
developed image segmentation software (chapters 3.3.2, 3.5.1, 3.5.3). In addition to
the square shaped micro-patterns we used in this section striped micro-patterns of
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10 µm wide adhesive areas separated by 3 µm wide PLL-g-PEG barriers preventing
SZ progression only in one dimension while presenting a continuously adhesive
surface in the other.
Comparison between the SZ size at the time of its formation, the average
size over its entire lifetime and the size at the end point before its disruption
revealed that SZs undergo a cyclical process where they immediately expand after
formation and retract again before disassembly in cells cultured on bone control
substrates. This is reflected by a reduced SZ contour length at t1, the time point of
first appearance, in comparison to the average contour length over the entire SZ
lifetime. Further, the contour length decreased again at the last time point before
disassembly, t-last in comparison to the average contour length (Fig. 4.4). The same
type of behavior was observed on striped micro-patterns whereas on square
shaped pattern this was only partially true. In the case of the 4 x 4 µm2 patterns
there was not much or no room for expansion and thus only a very small although
significant increase in the average SZ contour length compared to the formation
(t1) and death point (t-last) was observed (p=0.007 and 0.008, respectively) (Fig.
4.4). On 10 x 10 µm2 patterns where the adhesive area was sufficient for expansion
after formation the increase of the average contour length was clearly more
pronounced. In contrast to the 4 x 4 µm2 and the 10 x 10 µm2 patterns, SZs formed
on larger square patterns did not show this intrinsic expansion property (Fig. 4.4).
At first this seems to be a rather counter intuitive finding as the room for SZ
expansion is supposed to be even greater on larger pattern sizes. However one has
to take into account that on pattern sizes above 10 x 10 µm2 often multiple SZs are
found within one adhesive island, which may drastically alter the possibility for the
expansion of the individual SZ (chapter 4.1).
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Fig. 4.4 Analysis and statistics of sealing zone contour length over time of osteoclasts cultured on
micro-patterned glass substrates and bone control samples. Mean of SZ contour length at the time
point of formation (t1), averaged over the entire lifetime of the SZs (average) and at the last time
point before break down (t-last) for SZs formed on micro-patterns of increasing adhesive area size,
striped micro-patterns (10 µm width) and bone slices serving as control. Error bars indicate the
standard error of the mean. For t1 and t-last a set of at least 26 SZs were analyzed while for the
average value data from at least 431 time points where taken into consideration. Asterisks indicate
significance where *, ** and *** represent P values of <0.05, <0.01 and < 0.0001, respectively. Data of
bone control samples is based on fluorescent microscopy data provided by Dafna Geblinger.

Determination of the expansion speed (change in contour length per unit of
time) of SZs at the time of their formation (t1) and disassembly (t-last) showed a
clear positive value (indicating expansion) at t1 for all tested patterns and
substrates whereas negative values (indicating shrinking) for most of the tested
settings are found at t-last (Fig. 4.5). This supports the idea that an intrinsic
property of SZs is to expand upon formation and retract and shrink before
disassembly, resulting in a cyclical process of SZ formation and disassembly.
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Fig. 4.5 Sealing zone expansion speed during formation (t1) and disassembly (t-last). Red and green
bars display SZ expansion speed at the time point of formation (t1) or disassembly (t-last) for the
various culture substrates, respectively. While in the case of SZ formation (red bars) on all substrates
a positive expansion speed (indicating SZ growth) is observed, SZ disintegration is in most cases
characterized by a negative expansion speed (indicating SZ shrinking). Expansion speed is given in
contour length alterations per unit time (µm/min). Width of striped micro-patterns is 10 µm. Data
of bone control samples is based on fluorescent microscopy data provided by Dafna Geblinger.

Analysis of the evolution of SZ contour length over time, at the level of
individual SZs rather than averaged data, revealed the existence of four distinct
phenotypes: arch-like, steady state, shrinking and growing (Fig. 4.6). The arch-like
phenotype is characterized by an initial increase in SZ contour length followed by a
relatively stable steady state phase after expansion, before the contour length
decreases again followed by SZ disassembly. The steady state type of SZ behavior
displays only the stable phase of the three phases seen in the arch-like type, lacking
both the expansion and the shrinking phase. The shrinking behavior is mostly
found in short lived rings, potentially unable to expand, and is characterized by a
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rapid decrease in SZ contour length, showing neither the initial growth nor the
steady state phase. Finally, the growing phenotype never reaches the steady phase
after expansion and also lacks the shrinking phase before disassembly.

Fig. 4.6 Four types of sealing zone contour length evolution over time were observed. A) Schematic
representation of the four categories observed: Arch, flat, shrinking and growing. B) Relative
occurrence of the four phenotypes averaged over all used substrates. The standard error of mean is
represented by black error bars. C-F) Examples of each of the four categories showing the evolution
of the SZ contour length over time.

The four phenotypes of SZ size evolution were found on all the substrates
tested, irrespective of culture substrate, pattern size or shape. Their relative
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occurrence was rather similar, displaying the same general trend for all tested
substrates. The occurrence of each phenotype averaged over all pattern sizes and
control substrates (non-patterned glass and bone substrates) with the
corresponding error is shown in Fig. 4.6 b. The general trend highlights that the
arch-like phenotype is the most abundant SZ expansion phenotype, followed by
the growing type. It would be appealing to postulate that the steady state, the
shrinking and the growing type are subpopulations of the arch-like phenotype,
representing each of the three phases within this SZ phenotype. However, the
heterogeneity within their respective subpopulation concerning lifetime,
occurrence and distinctiveness made it impossible to draw conclusions apart from
the existence and the relative distribution of the four phenotypes. A more careful
and more powerful analysis taking multi parametric correlations into account
would be needed to gain further insight into the nature of each of the four SZ
evolution phenotypes.
A second intrinsic SZ property found relates to SZ shape. As indicated above,
axial ratios between long and short axis of an ellipsoid fitted to the SZ contour
revealed an almost circular shape for all forming SZs (t1) independent of pattern
size or culture substrate (axis ratio of 1.3-1.4 for all substrates, Fig. 4.7). Interestingly,
this property was retained over the entire lifetime of a SZ as axis ratios averaged
over the total lifetime and at t-last indicate (Fig. 4.7). This is not only true for square
shaped patterns where one could argue that the axis ratio is controlled by
symmetric pattern shape, but is also found on bone control samples, where the
adhesion was not limited by patterning. However, when SZs were formed on the
asymmetric, striped micro-patterns, the near-circular shape was lost and elongated
sausage-like SZs formed along the stripe direction, as indicated by an increase in
their respective axial ratio numbers (Fig. 4.7) and fluorescent micrographs (Fig. 4.8
and Fig. 5.1 d and f).
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Fig. 4.7 Analysis of sealing zone axis ratio of osteoclasts cultured on micro-patterned glass substrates
and bone control samples. Ratio of the long to short axis of SZs formed on micro-patterns of various
size and shape as well as bone controls. Displayed are the means at t1, average over the total
lifetime and t-last of SZ lifetime with their respective standard error of mean (n > 26 for t1 and t-last
and > 431 for the averaged value.) Asterisks indicate significance where *** represents a p values of <
0.0001. Data of bone control samples is based on fluorescent microscopy data provided by Dafna
Geblinger.

The maximal aspect ratio found for rings formed on striped micro-patterns
was 4.2. However, the most abundant aspect ratio for these rings was in the range
of 1-1.9 (73 % of the rings fell into this category), indicating the existence of a
further control at the level of whole SZ structures, giving an example of local and
global regulation of SZs. Intriguingly, the SZs formed on striped micro-patterns
kept their circularity at the time of their formation and only later deviated from it
to form elongated shapes. This suggests that SZs intrinsically form as circles,
whereas their expansion (itself an intrinsic SZ property, see paragraph above) is a
locally regulated phenomenon (Fig 4.7, Fig. 4.8 and discussion).
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Fig. 4.8 Sealing zone dynamics on striped micro-patterns. A-C) Time series of an expanding SZ on a 5.5
µm wide adhesive VN stripe flanked by 2.5 µm wide PLL-g-PEG barriers. Green: actin-GFP; Blue: PLLg-PEG-TRITC. Inserts shows an overlay of one ring (marked with an asterisk), at three time points,
represented by different colors: t=0 s red; t=120 s green; t=270 s blue. Scale bars represent 5 µm.

In the next chapter we focus on how surface adhesiveness affects structural
and architectural aspects of SZs. In addition, we illustrate the importance of the
adhesive domain in SZs in dynamic processes, including SZ expansion and SZ
fusion.
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CHAPTER 5
SUBSTRATE ADHESION REGULATES THE ARCHITECTURE AND
DYNAMICS OF THE SEALING ZONE OF CULTURED OSTEOCLASTS

Following the findings of the previous chapter we explored here the role of
osteoclast-matrix adhesion in the regulation of SZ formation, expansion and fusion
as well as its impact on SZ architecture at the molecular level. The motivation lies
hereby in the discovery that SZs intrinsically expand [15] and degrade bone with
sub-cellular resolution [97]. This suggests not only to think of stimuli initiated SZ
formation, but also of spatial barriers preventing SZ progression and thereby
confining bone degradation to a specific area. As podosomes depict the adhesive
building blocks in osteoclasts we addressed the question of possible chemical
barriers limiting SZ expansion and bone degradation by exposing cells to adhesive
micro-patterns in a biologically inert background of PLL-g-PEG. We investigated the
effects the PLL-g-PEG barriers had on SZ dynamics and architecture both by
fluorescent microscopy (live video microscopy as well as immunohistochemistry)
and scanning electron microscopy (SEM).

5.1

Sealing zone behavior at the interface between vitronectin-

functionalized and PLL-g-PEG-passivated surface
An adaptation of the Molecular Assembly Patterning by Lift-off (MAPL)
procedure [139] was used here to create micro-patterns of adhesive VN islands,
with different sizes and shapes, separated by PLL-g-PEG coated, non-adhesive
areas, (Fig. 1.17, chapters 1.4.3, 2.1.2, 3.3.2 and [139]). Three different types of adhesive
islands were applied in this study: adhesive islands completely confined by nonadhesive barriers (e.g. adhesive squares of different sizes); adhesive stripes offering
continuous adhesion in one dimension while preventing it in the other and finally,
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confined adhesive area with an additional, passivated island, which is considerably
smaller than the SZ within the adhesive area (e.g. adhesive torus).
Differentiated Raw 264.7 osteoclasts, expressing actin-GFP, plated on such
micro-patterned surfaces, and monitored by fluorescent time-lapse video
microscopy, adhered to the substrate and spread over it, covering multiple
adhesive islands, crossing non-adhesive PLL-g-PEG stripes (Fig. 5.1 a, and b). Varying
the width of the passivated area indicated that cell spreading over the surface was
not blocked by PLL-g-PEG barriers of up to 10 µm width, which is comparable, to
previously reported results of spreading of fibroblasts on similar surfaces [150]. It
was, however, noted that cell spreading across non-adhesive barriers was markedly
attenuated, compared to that observed on VN-functionalized areas. Examination of
actin distribution in cells adhering to these surfaces indicated that in contrast to
the spreading cells, SZs were confined to the adhesive VN islands (Fig. 5.1 c-f) and
only rarely (<1%, see below) crossed passivated areas.
Examination of Raw 264.7 osteoclasts spreading on surfaces with passivated
barriers varying in width between 0.9-10.0 µm, indicated that arrest of SZ
translocation was obtained even with the narrowest PLL-g-PEG barrier tested,
namely, 0.9 µm. This phenomenon was not affected by pattern size or symmetry of
the pattern, and was observed with non-adhesive barriers much smaller than the
SZ structure. Rare exceptions to this rule will be discussed below.
Live cell recording indicated that the outward expansion of the SZ
rings occurs at variable rates, typically, in the order of 1-3 µm/minutes (Fig. 4.7,
inserts). However, as soon as the rings reach the VN / PLL-g-PEG boundary, ring
expansion is arrested (Fig. 4.7, and Supplementary Movie S1). This arrest of SZ
expansion was a rather local phenomenon, confined to the regions of the rings
bordering the PLL-g-PEG boundary, while the regions of the same rings, which are
associated with the VN-coated area, kept expanding at the normal rate (Fig. 5.1 d
and f and Fig. 4.7). Furthermore, SZs arrested at the boundary between
functionalized and passivated regions proved to be more stable and structurally

99

ARCHITECTURE AND DYNAMICS OF THE SZ IS REGULATED BY SUBSTRATE ADHESION

intact, compared to those formed on uniform VN coated substrate. On the latter
substrates, SZ rings are unstable and often fragmented (usually ~60%, see also
[97], while the percentage of broken rings at the boundary was <10% (chapter 6).

Fig 5.1: Osteoclasts and sealing zones on vitronectin (VN) / PLL-g-PEG micro-patterns. a) and b) SEM
micrographs of differentiated osteoclasts spreading over non-adhesive PLL-g-PEG areas on square
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(a; 15 x 15 µm2, marked with double arrows, 10 µm barrier width) and striped (b; 6 µm wide VN
stripes, marked with double arrows, 1.8 µm wide barrier, marked by arrowheads) micro-patterns.
The cells were critical point dried after partial removal of the cell body by shear stress, to allow
better detection of the adhesion pattern on the substrate. c) and e) Osteoclasts adhering to 20 x 20
µm2 VN coated squares separated by 8.5 µm (c) and 1 µm (e) wide PLL-g-PEG barriers, respectively.
Panel c constitutes one frame out of a time laps movie displaying a GFP-actin expressing osteoclast.
d) and f) Osteoclasts growing on 11 µm wide VN stripes separated by 4.5 µm (d), and 900 nm (f) wide PLL-g-PEG barriers, respectively. Actin is shown by staining using phalloidin-FITC. Green: GFPactin / Phalloidin-FITC, Blue: PLL-g-PEG-TRITC. Scale bars = 20 µm

5.2

Structural properties of sealing zones located at the VN/PLL-g-

PEG interface:
5.2.1 Examination of podosome and SZ architecture at the VN/PLL-g-PEG
interface by SEM
To explore the structural consequences of the arrest of SZ expansion at the
VN/PLL-g-PEG boundary at higher resolution, Raw 264.7 osteoclasts were cultured
on

the

aforementioned

micro-patterns

and

substrate-attached

ventral

membranes, obtained after ”unroofing” the cells by shear stress, were prepared
and examined by SEM [90, 97]. These SEM images enabled us to clearly visualize
the boundary between the passivated and functionalized areas, as well as the
different structural elements of the associated SZ, including individual podosomes,
their “core bundles”, the actin filaments anchoring them to the membrane (“lateral
filaments”), and the actin filaments inter-connecting adjacent podosomes. In line
with previous studies [90], podosomes within SZs, displayed a densely-packed actin
core bundle (∼300 nm in diameter) surrounded by “lateral” and “interconnecting”
filaments (arrows in Fig. 5.2 b and c, respectively). The average core-to-core distance
was 442 ± 126 nm (n=123 podosome pairs from 8 different cells). Interestingly, SZs
running along the PLL-g-PEG boundary, were similar to those formed on uniform,
VN-coated surfaces, in terms of podosome architecture, density and inter-spacing,
as well as the associated filaments and in the same range as previously described
on non-patterned substrates ([90], and Fig. 5.2). In line with the fluorescent
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microscopy, the podosomes were strictly confined to the VN-functionalized islands,
bordering the PLL-g-PEG interface (Fig. 5.2 d-f).

Fig. 5.2 Sealing zone architecture at the VN/PLL-g-PEG interface. a-c) A ventral membrane (shown at 3
levels of magnification) displaying a sealing zone at the VN/PLL-g-PEG interface. b) Arrows point to
podosome cores while the asterisk indicates the border between VN and PLL-g-PEG. c) Arrows point
to lateral and interconnecting actin fibers anchoring the podosomes to the membrane and
connecting them to neighboring podosomes, respectively. d,e) A ventral membrane (shown at 3
levels of magnification) displaying a row of podosomes formed at the VN/PLL-g-PEG interface. d) 10
µm wide VN stripes, marked with double arrows, 1 µm wide barrier, marked by arrowheads, scale
bar = 10 µm. e, f) Magnifications of indicated selections, scale bars = 1 µm. f) Arrows point to
podosome cores formed at the VN/PLL-g-PEG interface.

5.2.2

Molecular composition and SZ architecture upon arresting SZ expansion
Examination of the molecular components of the SZ belts revealed

intriguing changes in the organization of the actin-rich and vinculin-rich zones. As
previously shown, osteoclasts adhering to a uniform VN surface, usually form a SZ
consisting of an actin belt, flanked by two – “inner” and “outer” vinculin- and
paxillin-containing rings [14, 90]. Examination of the SZs arrested at the PLL-g-PEG
/ VN interface, invariably showed only one vinculin ring, located at the very edge of
the VN-coated island (without extending into the passivated area; Fig. 5.3 a and b).
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Intensity measurements indicated that the part of the SZs formed at the boundary,
contained vinculin levels similar to those present in the outer band of the same
SZs, in the part formed on uniform VN. The intensity of actin, on the other hand,
remained the same in the different parts of the ring. Specifically, the actin intensity
ratio between “edge” and “uniform” VN areas was 0.96 ± 0.20 [N=103 rings], while
the intensity ratio for vinculin (“boundary” vs. the outer vinculin band on uniform
VN) was 1.08 ± 0.36 (N=103 rings), suggesting that the amount of vinculin present
in the inner band is lost.
In addition to the apparent loss of the inner band, the spatial relations
between actin and the flanking plaque bands changes upon interaction with the
PLL-g-PEG barrier. Line scans across the SZ in such regions show a “peripheral shift”
of the actin belt partly overlapping the remaining vinculin band while scans in
regions of uniform VN coating confirm a more “central” positioning of actin,
between the two vinculin bands (inserts Fig. 5.3 a). It is noteworthy that the loss of
the inner vinculin band and the outward shift of the actin ring upon interaction
with the PLL-g-PEG boundary, were observed with different micro-patterns (e.g.
squares), excluding a role for a particular pattern asymmetry in these processes.
Are the changes in SZ structure, induced upon its arrest at the edge on the
adhesive area, directly induced by the encounter with the passivated barrier, or are
they secondary to the arrest of ring expansion? To distinguish between these two
possibilities we searched for SZs whose expansion was blocked for reasons other
than lack of continuous surface adhesiveness (e.g. contact with a neighboring ring
within the same cell or, reaching the cell’s edge). Interestingly, we found that the
presence of a non-adhesive barrier was not essential for inducing reorganization of
the SZ, and whenever SZ expansion was blocked, the inner vinculin ring was lost
(Fig. 5.3). In cases where multiple SZs were formed on large adhesive islands (e.g. 40
x 40 µm2 squares) the inner vinculin band is lost both upon interaction with the
PLL-g-PEG barrier as well as the intercepting SZ (arrows in inserts in Fig. 5.3 c).
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Similarly, the vinculin band is also lost in cases where a peripheral SZ is blocked in
expansion by a neighboring cell (arrow in insert in Fig. 5.3 d).

Fig. 5.3 Loss of the inner vinculin band upon blocking sealing zone expansion, irrespective of the
mechanisms underlying SZ arrest. a, b) SZ arrested by interaction with PLL-g-PEG barriers on striped
(a; 5.5 µm wide VN stripes, 3.5 µm wide barriers) and square (b; 20 x 20 µm2, barriers 1 µm) micropatterns . Inserts display line scans of actin and vinculin fluorescence across the SZ when in contact
with PLL-g-PEG (left insert) and when on VN only (right insert). c, d) SZ arrest by an intercepting SZ
within the same cell or a neighboring cell in the case of a peripheral SZ on square micro-patterns (c;
40 x 40 µm2, barrier 1 µm) and non-patterned, VN-coated glass slides (d). Inserts show
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magnification of selected areas with arrowheads indicating the loss of the vinculin band. Green:
phalloidin-FITC, red: anti vinculin, blue: PLL-g-PEG-Atto-633. Scale bars 10 µm

5.3

Mechanism underlying the rare cases of sealing zone extension

across a PLL-g-PEG barrier
As indicated above, the vast majority of SZs, were strictly confined to the
VN-coated areas, and did not extend into, nor cross the PLL-g-PEG barriers (Fig.
5.1 d and f). However, in rare cases (i.e. 12, out of 1,123 actin rings tested, from
movies of 32 cells) the SZ did cross the passivated barrier (Fig. 5.4). Moreover –
these exceptions were observed only when the barrier width was 1.5 µm or less,
and time-lapse video microscopy indicated that these events were indeed
genuine extension processes and not attributable to fusion of two SZs
positioned on two sides of a barrier (see below), nor to an imperfect passivation.
Thus, careful examination of the SZ, extending from one adhesive field to the
next, across a narrow PLL-g-PEG stripe, showed that while the actin belt crossed
the barrier, vinculin staining was absent from the non-adhesive gap and
confined to the adhesive areas only, confirming the intact, non-fouling
properties of PLL-g-PEG (Fig. 5.4 a). This suggests that extending across the PLLg-PEG reflects a genuine cellular aptitude of the actin cytoskeleton.
To reveal the underlying mechanism responsible for SZ crossing of
narrow adhesion barriers we performed high-resolution SEM experiments on
ventral membranes of cultured osteoclasts. This examination directly confirmed
that the “bridge area” is highly enriched with actin filaments interconnecting
podosomes located at either side of the gap. (Fig. 5.4 b-e). This indicates that
while SZ progression and continuity is highly adhesion-dependent, there is a far
less effective, yet possible mechanism of ring-extension over narrow, nonadhesive areas, whereby podosome-associated interconnecting filaments can
“reach out” across the passivated area and induce the formation of a new
podosomes through an “inside-out” process (see Discussion).
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Fig. 5.4 Interconnecting actin fibers bridging over PLL-g-PEG barrier of 1 µm. a) SZ formed on striped
micro-patterns, bridging a PLL-g-PEG barrier (3 µm wide adhesive stripes, barriers 1.2 µm). Note that
only the actin component of the SZ bridges the barrier, while the vinculin domains remain restricted
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to the adhesive areas. Inserts display magnifications of respective selections. Green: Phalloidin-FITC;
Red: anti-vinculin 546; Blue: PLL-g-PEG-Atto-633, Scale bars = 10 µm. b-e) A ventral membrane
formed on 40 x 40 µm2 micro-patterns displaying a SZ spanning a 1 µm wide PLL-g-PEG barrier by
interconnecting actin fibers (shown at 4 levels of magnification). c, d and e display magnifications of
the respective selections in b and d. Scale bars = 3 µm (b); 1 µm (c, d); 200 nm (e). Images in b, d and
e were taken after tilting the stage of the SEM by 30°, to facilitate visualization of the area under the
fibers.

5.4

Fusion of neighboring sealing zones depends on the merger of

their adhesion belts
SZ fusion is a common process in cultured osteoclasts, whereby both the
actin rings and flanking adhesion belts of two rings merge into one. It is,
however, not clear what are the differential contributions of the cytoskeletal
and adhesion domains of the SZ to this process. To address this issue we have
cultured differentiated Raw 264.7 osteoclasts on micro-patterned substrates, on
which adhesive VN stripes (10 µm wide) were separated by 1 µm-wide PLL-g-PEG
barriers, and compared SZ fusion events across the PLL-g-PEG barriers, with
those that take place along the uniform VN stripe. This quantification indicated
that fusion events between SZs located on the same VN stripe were highly
prominent (34% of the cases, over a period of 4 h; n=299 SZ pairs in 17 cells),
while we did not detect a single fusion event across a PLL-g-PEG barrier of 1 µm
width (n= 663 SZ pairs, over a period of 4 h, in 17 cells) (Fig. 5.5).
Since SZs formed on striped micro-patterns adopt an elongated shape, it
was important to exclude the possibility that differences in ring curvature lead
to the differential behavior. To address this concern, we have also monitored
fusions of SZs formed on square (10 x 10 µm2) adhesive islands, separated by a 1
µm-wide PLL-g-PEG barrier. Again, we did not observe any SZ fusion across the
barrier (n=187 SZ pairs in 8 cells over a period of 4 h), indicating that SZ fusion is
independent of variations in overall SZ geometry but strictly depend on the
continuity of matrix adhesion.
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Fig. 5.5 Fusion of sealing zones on PLL-g-PEG/VN micro-patterns. Time sequence monitored upon
fusion of two sealing zones on a 10 µm-wide VN stripe separated by a 3.5 µm-wide PLL-g-PEG
barrier, with FM images taken at time points o, 30 and 60 s. SZs fuse at the site of contact (indicated
by asterisks) followed by a widening of the fusion site towards the edges of the micro-pattern.
Green: GFP-actin. Blue: PLL-g-PEG-TRITC. Scale bars: 10 µm. Graph displays the quantification of
sealing zone fusion of neighboring SZs on the same VN stripes and fusion of SZs on neighboring
micro-patters across a 1 µm wide PLL-g-PEG barrier. Bar diagram: No fusion event is observed across
a PLL-g-PEG barrier (N=663 ring pairs from 17 cells) while 34% of neighboring rings fuse on the same
adhesive stripe (N= 299 ring pairs from 17 cells).

After highlighting the importance of cell adhesion in processes such as SZ
formation, expansion or fusion, we will focus on SZ stability in the next chapter.
Thereby, we will also consider the role of long-range forces like actomyosin
contractility in SZ dynamics before discussing a possible force-dependent
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mechanism regulating SZ dynamics and the respective consequences on SZ
architecture.

CHAPTER 6
SEALING ZONE STABILITY AND FORCES INVOLVED IN SEALING ZONE
DYNAMICS

In chapter 4 we focused on the minimal requirements for SZ formation and
the intrinsic dynamic properties of SZ; while in chapter 5 we investigated the role of
surface adhesion in SZ expansion and fusion as well as its effect on SZ architecture
in chapter 5. The focus of this chapter is on the forces involved in SZ dynamics and
we propose a mechanistic model explaining how forces may act in the context of
SZs in the following summary and discussion chapter.

6.1

Sealing zone stability on bone, glass and micro-patterns
SZs are dynamic super structures constituting a dense and highly

interconnected network of individual podosomes. In order to coordinate the
concerted movement of a SZ structure a global communication system
orchestrating the individual podosomes is needed. In addition, as SZs are
expanding structures their integrity depends on a counteracting force, keeping the
entire structure together. It has been suggested that myosin-dependent
contractility associated with the interconnecting actin filaments linking podosome
cores could play a role in this [19] and affect SZ stability. However, no detailed
mechanism has so far been suggested. As highlighted in the introduction, SZs have
been found to drastically differ in their dynamic behavior depending on the
substrate upon which they are cultured [35, 97]. Therefore, we were interested to
investigate the stability of SZs as a function of their culture substrate.
In order to do so, we analyzed SZ stability on aforementioned micropatterns together with non-patterned VN coated glass slides and bone slices

110

FORCES INVOLVED IN SEALING ZONE DYNAMICS

serving as control substrates. Fluorescent microscopy data of actin-GFP expressing
osteoclasts cultured on bone slices was kindly provided by Dafna Geblinger.
It is important to realize that the term stability can be used in reference to
different properties of the SZ. So it can be used to describe the lifetime of a SZ, its
intactness (fragmented vs. complete ring) or its relative XY positioning on the
substrate over time. Here, we investigated SZ stability in terms of ring intactness
and lifetime.
What became immediately apparent when analyzing fluorescent time lapse
movies of SZs forming on glass micro-patterns was their increased intactness
compared to non-patterned, homogeneous glass substrates, thus resembling the
situation found on bone (compare Fig. 4.1 and Fig. 1.14). Image analysis using our
segmentation algorithm (chapter 3.5.3) confirmed this finding, as the percentage of
fragmented rings decreased from 60% found on non-patterned glass to less than
16% on PLL-g-PEG/VN micro-patterns (Fig. 6.1 a). The highest number of intact SZs
was found on the smallest pattern size which allowed the formation of a SZ (4 x 4
µm2) where 100 % of the rings were intact. Increasing in the adhesive pattern area
lead to a small, but insignificant, increase in the number of fragmented rings.
However, the values obtained from patterned surfaces (ranging from 16 % on 10 x
10 µm to 3 % on 20 x 20 µm2) were all significantly lower than the 60 % on glass
control substrates. Surprisingly, the percentage of fragmented SZs on micropatterns was also significantly lower than the one observed on bone substrates,
where 31% of the SZs were fragmented (Fig. 6.1 a).
The mechanism by which SZs are stabilized by micro-patterns remains to be
elucidated. However, it appears to be likely that limiting SZ expansion may lead to
a reduction or even the total loss of the forces acting on the interconnecting
filaments in an expanding SZ. This could also explain the high number of intact
rings on 4 x 4 µm2 patterns as they almost completely suppress expansion of the
ring.
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Fig. 6.1 Sealing zone stability in terms of fragmentation and lifetime on micro-patterns vs. bone and
glass substrates. a) Percentage of SZ fragmentation over SZ lifetime. Displayed are the mean values
and SEMs for SZs formed on square adhesive islands of increasing size, striped micro-patterns as
well as VN coated glass slides and bone slices as controls (n > 907). b) The average lifetime of SZs
formed on the respective substrate is displayed with the corresponding SEM value (n> 117).

Similar to SZ fragmentation, increasing the adhesive area within the micropatterns did not significantly affect the lifetime of the SZ, with the exception of SZs
formed on striped micro-patterns, where the lifetime was slightly increased (5.5
min compared to less than 3.5 min on square micro-patterns, Fig. 6.1 b). In contrast,
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SZs formed on bone slices showed a pronounced increase in lifetime (8.5 min) in
comparison to sealing zones formed on micro-patterns (Fig. 6.1 b). Unfortunately, it
was not possible to assess the lifetime of SZs formed on non-patterned glass as
they showed too much fragmentation. Therefore, although SZs formed on
adhesive / non-adhesive micro-patterns gain stability in terms of ring intactness
compared to bone and non-patterned glass, they were still less stable in terms of
lifetime compared to SZs formed on their native bone substrates. Whether this is
related to the fact that osteoclasts are, in contrast to bone substrates, unable to
degrade glass slides (patterned or non-patterned) remains to be elucidated.
However, it appears to be at least reasonable to think of such a scenario and we
will discuss this in the Discussion section of this thesis.

6.2

Myosin contractility in sealing zones
A force known to be associated with cell adhesion structures is myosin

contractility. Assembly and maturation of FXs into FAs and eventually FBs has been
shown to be myosin dependent in endothelial, as well as fibroblastic cells [11, 13,
49]. Thereby, initially formed adhesive structures are only maintained and evolved
when they are exposed to the contractile force conducted by the actin stress fibers
linked to them (chapter 2.2.1.1). While myosin has not been found to associate with
individual podosomes, it has been shown to localize to the f-actin constituting the
actin cloud surrounding and interconnecting the podosome cores in higher
organized structures (e.g. SZs or podosome clusters) [19]. It has been speculated
that an expanding ring structure (such as a SZ), in order to stay intact, needs a
counteracting, inward directed contractile force keeping the individual segments in
place.
To investigate the role of myosin and the accompanying contractile force on
SZ formation and dynamics we cultured differentiated osteoclasts on the
aforementioned micro-patterns of adhesive islands and treated them with
blebbistatin, a known myosin inhibitor. Before treatment SZs formed intact ring
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structures dynamically moving on the micro-pattern (Fig. 6.2 a). Following the
addition of 50 µM blebbistatin to the culture media the two SZs remained initially
intact (Fig. 6.2 b, c). The first signs of disintegration could be observed 10 minutes
after blebbistatin treatment as gaps appeared in the SZs leaving individual
podosomes behind (arrows in Fig. 6.2 d). The process of SZ break down continued
via a gradual process involving the disassembly of interconnecting f-actin, leading
to the loss of ring dynamics and leaving only the evenly distributed podosomes
behind (arrows in Fig. 6.2 e). The full effect, however, was only reached after 25
min, when SZs were found to be completely disassembled with only individual
podosomes remaining. The formation of new podosomes within the circumference
of the previous SZ was observed only at this stage of the process (arrows in Fig. 6.2
f).

Fig. 6.2 Sealing zone disassembly into individual podosomes as a consequence of the loss of myosin
contractility after blebbistatin treatment. Green: Actin-GFP, Blue: PLL-g-PEG-TRITC, scale bars
represent 10 µm each. a) Two SZs formed on 20 x 20 µm2 adhesive VN areas separated by 5 µm wide
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PLL-g-PEG barriers. b-f) Time series showing the gradual disassembly of SZs into individual
podosomes after treatment with 50 µM of blebbistatin, where t indicates the time after treatment
in min. arrows indicate individual podosomes.

It was interesting to observe that, in contrast to FAs, treatment with
blebbistatin and subsequent blocking of myosin contractility did not affect
podosome stability at the level of the individual adhesive structure but rather
affected the organization of podosomes into super structures. Thereby, individual
podosomes remained after blebbistatin-induced SZ disassembly (Fig. 6.2 f). This
was significantly different from spontaneous SZ break down at the end of a SZs
lifetime where only a diffuse cloud of actin was left behind (Fig. 6.3). Additionally,
disassembly by blocking myosin affected the entire SZ uniformly and
simultaneously, leaving the remaining podosomes equally spread, while
spontaneous disassembly on micro-patterns is frequently site specifically initiated
leading to a directional disintegration (Fig. 6.3).

Fig. 6.3 Spontaneous SZ disassembly. a-f) time series showing the spontaneous disassembly of a SZ
formed on a 8 µm wide adhesive VN stripe flanked by 4 µm wide PLL-g-PEG barriers over 210
seconds. Time interval between consecutive frames is 30 sec. The site of disassembly is marked with
an asterisk. Green: actin-GFP, blue: PLL-g-PEG-TRITC, scale bars represent 10 µm each.
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Despite the apparent differences between spontaneous and blebbistatin
induced SZ disassembly, myosin contractility seems to be essential for SZ stability.
Serving as molecular springs, myosin-dependent, interconnecting actin fibers may
keep individual podosomes in place and thereby assure the integrity of the entire
SZ structure. Upon loosing the tension within these linking structures by blocking
myosin activity using blebbistatin treatment the contractile force counteracting SZ
expansion is lost and SZ disassembly occurs. Similarly, an intrinsic tension locally
lost and then gradually propagated along the ring could explain the observed
directionality of spontaneous SZ break down.
To summarize our findings, we will propose in the next chapter a possible
force dependent model of SZ dynamics, which correlates with our observations.
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CHAPTER 7
SUMMARY AND DISCUSSION: A PLAUSIBLE FORCE MODEL

Despite the progress made over the last several years in identifying diverse
cues which regulate the bone degrading activity of osteoclasts (e.g. [35, 72, 80, 97,
148], the knowledge of the mechanisms whereby these cells sense the environment
at a sub-cellular resolution, is still poor. We addressed, in this work an essential
aspect of this broad topic, namely the role of matrix adhesion in SZ architecture
and dynamics, using 2-dimensional micro-patterned surfaces containing adhesive
areas separated by passivated regions. By limiting the adhesive area we could
identify the minimal spatial requirements for SZ formation, as well as gain insights
into the intrinsic properties of these adhesive super structures (chapter 4). By
monitoring SZ formation on the same micro-patterned substrate we demonstrated
the critical importance of continuous adhesion for SZ formation, extension and
fusion, as well as the resulting implications on its architecture (chapter 5). Finally,
we showed the importance of myosin dependent contractile forces for maintaining
the integrity of the SZ (chapter 6). Here we would now like to summarize our
findings and speculate about a possible, and in our eyes, plausible model of the
influence of mechanical forces on SZ behavior.
Naturally, cell adhesion to the matrix plays a key role in many other cellular
activities, such as spreading and migration. However, the requirement for an
adhesive continuity for these processes is of a different scale to that needed for SZ
development. This can be attributed to the fact that cell spreading and migration
are dominated by lamellipodial protrusions, which are not strictly adhesion
dependent, and display an intrinsic persistence length in the range of several µm
[151, 152]. In contrast, SZs expand through the de-novo formation of podosomes at
the ring’s periphery and loss of “inner” podosomes. It seemed highly likely that this
process, of new podosome formation, would be strictly adhesion dependent. Such
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a mechanism is in agreement with the observation reported here, namely that SZs
cannot cross an adhesion barrier which is much wider than one podosome layer.
This finding is especially important when considering the physical and chemical
heterogeneity of bone, as well as the varying responses of osteoclasts to these
diverse bone conditions [35, 97, 98, 153]. This clearly raises the possibility that
chemically less favorable regions on the bone surface may serve as molecular
barriers, limiting SZ expansion, and indicate a possible mechanism by which
osteoclasts degrade bone at sub-cellular scale.
The present study also suggests that SZ expansion is regulated both at local
and long-range levels. SZs formed on adhesive stripes separated by non-adhesive
PLL-g-PEG boundaries continued expanding along the adhesive stripe, while they
stop expanding upon reaching the PLL-g-PEG barrier, confirming that local
adhesive stimulation is essential for SZ development. It is, however, noteworthy
that SZ development can be also affected by longer-range effects, manifested here
by two main observations. The first of which, concerns the exception to the rule
described in chapter 5.3, namely those rare cases where SZs extended beyond the
non-adhesive barrier. As shown above, in these cases neither the podosome cores,
nor vinculin-containing adhesions, were formed within the passivated area, and
the apparent continuity of the SZ is attributed to the overhanging actin filaments,
which interconnects podosomes located at the two sides of the barrier. The fact
that interconnecting actin fibers can compensate for the loss of continuous
adhesivity, and allow SZs to bridge across non-adhesive areas of up to 1.5 µm, even
when no plaque proteins are present, indicates that actin might trigger podosome
formation, in a long range associated inside-out mechanism, rather than by a
locally controlled outside-in mechanism depending on integrin signaling upon
adhesion.
The second indication of long-range regulation of SZ formation is based on
examination of SZs formed on adhesive patches of variable sizes presented in
chapter 4. As indicated, the formation of actin rings relies on a critical adhesive
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area of 4 x 4 µm2, below which they cannot form. This clearly suggests the
cooperation between a local sensing of the surface properties and the subsequent
podosome assembly with the global integration of this locally provided
information leading to the decision whether or not to organize podosomes into a
SZ. Interestingly, sensing the total amount of continuous adhesive surface is not
the only mechanisms by which cells control SZ formation at the global level. As
shown by the fact that the adhesive area always exceeds the size of the newly
formed SZ by far (except for the case of 4 x 4 µm2, the minimal adhesive area
required for SZ formation) indicates the presence of an additional machinery
controlling SZ development at larger scale. One possibility of such a machinery is
the microtubular network. Microtubules have been shown to be involved in
controlling podosome formation in macrophages [154] as well as in organizing
podosome rings in osteoclasts [15]. However, a detailed understanding of how
microtubules interact with the SZ and furthermore how they regulate SZ dynamics
is still missing. An intriguing way of viewing this involvement would be the
association of a microtubule-organizing center (MTOC) with the SZ. As osteoclasts
derive through the fusion process of precursor cells, several MTOCs should be
present in a mature osteoclast making it possible to control multiple SZs at the
same time. This remains however, elusive and has to our knowledge not been
addressed yet.
In chapter 4 we have shown that SZs have the additional intrinsic property
to form and expand as circular structures, suggesting that long-range forces
control the shape and affect the stability of this structure, by assuring the integrity
of the entire SZ. A possible candidate for such a long-range effector could be
myosin based contractility. In chapter 6 we showed the importance of myosin
function for the stability of SZs, suggesting a possible role in the regulation of SZ
shape and integrity. Additionally, SZs formed on micro-patterned substrates appear
to be more stable as opposed to the ones formed on non-patterned glass controls.
A possible explanation could again be a force related one. The intrinsic outward
expansion of SZs may exert a centripetal force counteracting actomyosin
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contractility and thereby contribute to the destabilization and rupture of the SZ.
Limiting the expansion capacity of a SZ might alter the balance between these two
forces and thereby lead to more stable SZs on patterned substrates. Whether the
pronounced stability of SZs on bone compared to glass substrates is an effect of
chemical patterning present on bone, the difference in surface topography
between the two substrates or an effect of the fact that osteoclast are unable to
degrade glass substrates remains to be elucidated.
An additional observation, which reveals interesting insights into the interplay
between the adhesive and cytoskeletal domains of the SZ, is the loss of the inner
adhesion belt associated with the SZ, upon in the arrest of SZ expansion, as shown
in chapter 5. This phenomenon is not unique to SZs contacting PLL-g-PEG barriers,
but also occurs in other situations where SZs expansion is arrested. We have no
direct evidence as to the mechanisms regulating SZ assembly, and the differential
formation of the outer and inner adhesion belts, yet, but we would like to raise the
possibility that the adhesion belts, similar to other integrin-mediated adhesion
such as focal adhesions, are dependent on mechanical forces. In focal adhesions
the mechanical forces generated by actomyosin contractility are essential for the
growth and stability of the adhesion sites [11, 13, 49]. In the SZ, either contractile
forces or mechanical forces generated by actin polymerizing in the podosome
cores, might pull on the lateral fibers, connecting the podosome cores with the
adhesion belts (Fig 7.1 a). This force may be essential for the maintenance of the
adhesion belt, and the expansion of the SZ (Fig 7.1 b). This outward translocation of
the SZ ring may, in turn, produce a centripetal “dragging force”, applied to the
plasma membrane of the inner belt, via the lateral fibers. If this dragging force is
indeed driving the formation of the inner belt, it is conceivable that upon arrest of
the outward translocation of the SZ (for whatever reason), that force will be
reduced, and the inner belt will undergo dissociation (Fig 7.1 c).
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Fig, 7.1 Schematic displaying a possible model for forces associated with SZ formation, expansion and
fusion. Podosomes are displayed in cross section by vertical stripes representing the branched actin
core and horizontal lines indicating interconnecting actin fibers. In top view by circular actin cores
and centrifugally expanding actin fibers either anchoring the cores to the membrane or
interconnecting them. Adhesive plaque areas are represented in red while black bars represent the
adhesive surface. Arrows display forces (Fi = force acting at the inner plaque band and Fo = force
acting at the outer plaque band) a) Cross section and top view of a SZ. b) A possible two force
regime balancing SZ expansion and integrity, responsible for the force dependence formation of the
inner and outer adhesive plaque domain found in SZ. c) Model indicating the force dependent loss
of the inner plaque band upon an arrest of SZ expansion. The blue bar represents the PLL-g-PEG

122

SUMMARY AND DISCUSSION: A PLAUSIBLE FORCE MODEL

barrier. d) Force dependent model of SZ fusion where fusion of the two outer plaque bands is
followed by the interlinking of the podosome cores of the two rings leading to local cancellation of
the net force. This is leading in a final step to the local disassembly of the podosomes leading to the
fusion of the two rings.

The finding that not only the formation and expansion of SZs, but also their
fusion strictly relies on a continuous surface adhesion supports the suggested force
dependent mechanism (Fig. 7.1 d). We showed in chapter 5 by culturing osteoclasts
on PLL-g-PEG / VN micro-patterns with pattern conditions such that plaque
proteins were unable to fuse, while lateral actin fibers could interconnect (PLL-gPEG spacing of 1µm), that interconnecting actin fibers were not sufficient to induce
SZ fusion, but that fusion at the plaque level of the SZ is required. A possible
explanation, in line with the above discussed force dependent formation of the
inner adhesive band, might be that fusing SZs not only intercept each other
(leading to the loss of the inner plaque band) but also interlink by lateral,
interconnecting actin fibers, leading to a local cancellation of all forces, resulting in
the disassembly of the adhesive plaque (Fig. 7.1 d). Finally, upon loosing the
adhesive components podosomes may locally disintegrate leading to the fusion of
the two super structures into one, eight-like shaped SZ, which correlates to the
experimentally observed fusion events displayed in Fig. 5.5. The newly-formed
structure can then initiate centripetal expansion leading to a widening of the
fusion site finally resulting in an o-shaped SZ (Fig. 7.1 d).
Whether these considerations are more than speculation will only be
resolved by further experimentation, as these force-dependent mechanisms still
need to be substantiated. However, the effects of surface adhesion in sealing zone
dynamics and architecture, described herein, add another piece of knowledge to
the mosaic of osteoclast and sealing zone biology, and may thereby deepen our
understanding of bone degradation. In the concluding chapter we will focus on
future work and possibilities to address the remaining unresolved questions that
were beyond the scope of this thesis.

CHAPTER 8
FUTURE WORK

As shown in the last four chapters of this thesis we have gained many
interesting insights into the nature of osteoclasts, SZs, and thereby potentially also
bone degradation. This was achieved by culturing differentiated osteoclasts on
adhesive / non-adhesive micro-patterns of various sizes, shapes and spacing.
However, all the above-described findings only reveal small glimpses into the
cellular control of bone degradation and currently the full picture remains to be
resolved. This is clearly manifested by chapter 6 dedicated to the relations between
podosomes, entire SZs and forces. Although we know forces, such as actomyosin
contractility, are essential for the arrangement of podosomes into SZs and we
seem to have a compelling model to explain at least part of the observed effects, it
is far from being proven.

Direct measurement of traction forces in osteoclasts
One way of substantiating our findings would be by measuring the direct
forces executed by podosomes and SZs onto the underlying substrate. An elegant
way to do so would be the application of micro sized PDMS pillars, thus allowing
the measurement of traction forces exerted by cells cultured on top of it, as
demonstrated by Tan et al. [155] (Fig. 8.1). When smooth muscle cells were cultured
on this substrate the spacing between the individual pillars was not a critical issue
as the cells adhered through FAs, which are interconnected by several µm long
stress fibers perfectly able to bridge a gap of several microns. However, the
situation is somewhat different in the case of osteoclasts and SZs. As we
demonstrated in chapter 5, SZs are unable to expand over non-adhesive gaps
exceeding 1.5 µm in width. The challenge would therefore be to create a micropillar array featuring settings that supported osteoclast adhesion, SZ formation
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and expansion, but still allowed the deflection of the corresponding pillars in a
measurable and meaningful range. Alternatively, fluorescent time lapse video
microscopy of vinculin-RFP (or any other respective fluorescent tag) expressing
osteoclasts could verify the mechanical force model from an experimental point of
view. However, it would not be possible to elucidate the underlying forces with this
technique.

Fig. 8.1 Cells cultured on arrays of micro-pillars: A method to measure cellular traction forces. Adapted
from [155] A) With the appropriate surface density of vertical posts positioned on a substrate, a cell
should spread across multiple posts as depicted. Under the proper geometric constraints of post
height and width, cells exerting traction forces would deflect the elastomeric posts. B) Scanning
electron micrograph of a representative smooth muscle cell attached to an array of posts that were
uniformly coated with fibronectin. Cells attached at multiple points along the posts as well as the
base of the substrates. Scale bar represents 10 µm.

Local sealing zone ablation and the impact of forces on sealing zone disintegration
An additional insight into how forces are distributed within a SZ could be
gained by a laser scissor experiment by introducing a sub cellular ablation, similar
to previous work on actomyosin stress fibers in endothelial cells [156] (Fig. 8.2). As
we described in chapter 6, the spontaneous breakdown of SZs often displayed a
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directional degradation initiated at one site of the SZ. Such a local defect could be
introduced artificially by sub-cellular laser ablation (SLA) leading to a local incision
of a SZ using laser nanoscissors. The outcome of such an experiment could be very
instructive and provide insight into the force distribution within the SZ. If the
disassembly of the SZ was initiated by a local incision this could reveal whether
forces are regulated at the global or local level. The understanding of how forces
are distributed within a SZ may also lead to an insight into how chemical patterns
improve SZ stability, an observation that currently remains unexplained (chapter
6).

Fig. 8.2 Incision of stress fibers in living cells using a laser nanoscissor. Taken from [156]. A) Severing
and retraction of a single stress fiber bundle in an endothelial cell expressing EYFP-actin. As the
stress fiber retracted over a period of 15 s, the severed ends splayed apart (inset). (Arrowhead
indicates the position of the laser spot; bar = 10 µm) B) Strain relaxation of a single stress fiber
bundle after a 300 nm hole was punched in the fiber using the laser nanoscissor. The hole became
elliptical as it distended along the tension field line. (Bar = 2 µm).
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Assessing interrelationship between multiple surface properties
Another aspect of osteoclast biology that would be interesting to address is
how SZ stability is affected by different culture substrates. As discussed in the
introduction (chapter 2.4) and in chapter 6, SZ stability (in terms of intactness and
lifetime) very much depends on the properties of the culture substrate. By
comparing SZ properties, for example size, lateral dynamics, intactness or
functionality, as a function of surface roughness, topography and chemical
composition one can correlate several SZ properties with distinct substrate
features. Thus, the lateral ring stability depends on the substrate roughness,
leading to relatively stable rings (position wise) on bone, rough glass and rough
calcite substrates (Fig. 8.3). Conversely the functionality of SZs, in terms of an intact
degradation property of osteoclasts has only been shown on degradable substrates
like bone and calcite. Whether osteoclasts cultured on glass substrates secrete
proteases and acids similar to osteoclasts cultured on degradable Ca-P derived
substrates, but remain unable to dissolve glass, or whether this secretion function
is impaired as a whole, has not been elucidated conclusively. Furthermore,
properties like SZ ring size and stability, in terms of intactness, cannot be attributed
to any one of the three substrate properties identified; degradability, roughness
and chemical patterning (Fig. 8.3). Therefore, it would be extremely interesting to
investigate the SZ properties using a model system, which allowed the controlled
variation of multiple parameters, thus enabling the inter-relationship and the
resulting effects on SZs to be thoroughly explored.
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Fig. 8.3 Summary of SZ behavior depending on culture substrate properties. SZ properties have been
investigated on various model substrates. We analyzed SZ size, its lateral dynamics, the intactness
of a SZ and its functionality on bone, rough and smooth glass and calcite samples as well on micropatterned glass substrates.

Importance of cell adhesion at the nano-scale
Finally, we have shown the importance of cell adhesion in dynamic SZ
processes, including fusion, formation or expansion, in addition to its effects on
structural properties of the SZ (chapter 4 and 5). However, these studies only took
into account variations in the surface adhesiveness in the micron range, thereby
ignoring the nano-scale organization of transmembrane surface receptors, like
integrins, in podosomes and SZs. By using nano-patterned surfaces, similar to the
ones used and described in [42, 55, 56, 157] (Fig. 8.4), with osteoclasts we could gain
essential insights into the importance of surface adhesion for SZ architecture and
dynamics at the nano-scale. Further it would prove important information on the
submicron organization of integrin receptors in podosomes and during SZ
formation and expansion.
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Fig. 8.4 Effect of lateral integrin ligand spacing on cell spreading and focal adhesion formation.
Adapted form [157]. A, B) Scanning electron microscopy images of gold nanodots deposited on glass
surfaces by micellar nanolithography. A) Average inter-dot distance 58 nm; B) average inter-dot
distance 110 nm. C) Transmission electron microscopy image of a surface decorated with gold
nanoparticles organized in patterns. The non-adhesive area covered by polyethylene glycol is
indicated in green, and the bioactive peptides bound to the gold nanoparticles are highlighted in
red. Since the diameter of integrin receptors is about 9 nm, the bioactive peptides present on every
gold nanoparticle can only interact with single integrins. D, E) Immunofluorescence micrographs of
REF cells stained for vinculin (red), zyxin (blue) and actin (green). D) Cell adhering to 58-nm and E) to
110-nm nano-patterned surface after 24 h. Small inserts show each labeled protein at 2×
magnification of the original images.

129

FUTURE WORK

In summary, many novel findings on the affect of surface adhesion on SZ
dynamics and architecture were revealed through this work. However, many
unanswered questions remain or have been raised by these new findings. The
question of the importance and involvement of forces and surface adhesion in
regulating SZ assembly and bone degradation has many more angles and twists,
which have to be addressed by a new series of experiments as described above. The
understanding of the mechanosensing properties of SZs and podosomes in
osteoclasts will definitively be a cornerstone in understanding relevant human
diseases, such as osteoporosis, and may lay the foundation for future therapeutics
to treat them.
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