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Abstract

The articular cartilage mainly consists of a complex extracellular matrix (ECM), which
is subject to a high mechanical loading. To counteract the ongoing abrasion, a special-
ized cell type is embedded within the ECM. These so-called chondrocytes constantly
recondition the ECM. To live and even divide in such a mechanically challenging
environment, chondrocytes are protected by a several micron thick pericellular coat
(PCC). The PCC is of vital biological importance for example in cell proliferation and
migration, but also affected by increasing age or in conjunction with diseases like os-
theoarthritis. Water provides the essential part of the PCC and the coat therefore
remains invisible in all light microscopy techniques. Hyaluronan (HA) forms the vital
backbone of the PCC together with its HA-binding proteins. Whereas the individual
components and even their molecular interactions are well understood, the mesoscopic
structure of the PCC still lies in an unexplored field of science. Especially in matters of
understanding the mechanisms for the PCC’s dynamic adjustment and, more general,
force transductions detailed studies on this topic are of lively interest.

In this thesis, new methods for the visualization of the PCC have been established,
enabling its three dimensional visualization and its micromechanical characterization
on living cells. The application of these techniques revealed the dynamic adjustment
of the PCC during cell division, motility and phagocytosis. The mesoscopic structure
of the PCC was successfully deduced and supported by model systems of grafted HA.
Furthermore, the interplay between the ECM and the PCC has been investigated by
adhesion-experiments mimicking the ECM in a well defined way.

Visualizing the Dynamic Pericellular Coat

The dynamic adjustment of the PCC could be observed on RCJ-P cells, serving as a well
established model system for HA-rich PCCs, as well as on other cell lines and primary
cells with only thin PCCs. This was accomplished by applying a novel fluorescent
marker specific for HA consisting of an eGFP labeled HA-binding link module (GFPn):
(a) The adjustment of the PCC during cell motility could be observed in transfected
RCJ-P cells expressing fluorescently marked actin. The correlation of strong actin stress
fibers on cell protrusions and GFPn stained PCCs indicate, that the PCC is rearranged
during motility, where exploring protrusions are surrounded by significantly smaller
PCCs. (b) The PCC is further adjusted during cell division, where it is accumulated
at the cleavage furrow surrounding it on all sides. (c¢) During phagocytosis, particles
larger than one micron are initially excluded by the PCC, but eventually taken up
by the cell. This phagocytotic activity follows an exponential time curve depending
on the size of the particle and can be enhanced by enzymatic digestion of the PCC.
In order to enable the uptake of particles, the PCC needs to undergo conformational
or structural changes to allow the penetration of the particles. This is evident by a
significant change of PCC thickness in the presence of phagocytosable particles even if
the cell does not take them up.

Characterization of the Mesoscopic Architecture of the PCC

In order to analyze the molecular architecture of the PCC, the relative distribution of
HA has been mapped with GFPn in spinning disk microscopy providing for the first
time distribution profiles of HA within the PCC. The experiments showed a decreasing
concentration profile throughout the PCC preceded by an initial increase at the cell
membrane over 1.7 pm (st. dev. 0.5). The increase has successfully been correlated to
short membrane protrusions also visible in scanning electron microscopy (SEM) and
in reflection interference microscopy (RICM). As the slope of the decreasing GFPn
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intensity scales with the thickness of the PCC, a relative coordinate system has been
defined based on the local width of the PCC which was determined with an independent
technique, the particle exclusion assay (PEA). The new coordinate system enables the
comparison of the HA distribution profiles of different cells and samples and of profiles
obtained by other techniques.

Micromechanical profiles of the PCC were successfully acquired by exploiting the
position sensitive detection of passive particle tracking microrheology (ptMR). Consis-
tent with the HA distribution profiles, the micromechanical profile shows a decreasing
viscoelasticity throughout the PCC, which can not be observed in cells devoid of PCCs.
In contrast to other mechanical PCC measurement techniques, this method is not af-
fected by the cell’s mechanical properties and allows unobtrusive measurements of these
soft hydrous coats on living cells.

Based on the obtained profiles, the mesoscopic architecture of the PCC was de-
duced. Correlating the obtained profiles to polymer physical theories revealed a mis-
match with the expected profile of monodisperse end-grafted polymer brushes proposed
by Alexander and de Gennes and refined by Milner, Witten and Cates. In contrast to
these well defined model systems, the HA within the PCC is not only attached at its
end to its synthase incorporated in the outer cell membrane, but also along the chain
to specific cell membrane receptors. Additionally, the flexibility of the HA chain is
modified by attached HA-binding proteins. Taking these consideration into account, a
HA polymer brush stretched out by its binding proteins is proposed. Assuming each
HA chain is bound at least twice to the cell membrane the suggested model matches
the observed concentration profiles.

Regulating PCC Expression by Controlled Integrin Activation

Further, the PCC expression depends on the cell’s ECM interactions. Chondrocytes
interact with the ECM of the articular cartilage as well as with their PCC. These inter-
actions can be decoupled in adhesion studies with different surface functionalizations
mimicking the ECM interactions. The thickness of the PCC is not related to the adhe-
sion area, the PCC-to-adhesion area ratio determines the proliferation rate. Adhesive
nanostructured substrates generally allow controlling the density and spacing of inte-
grin activating peptides on an otherwise inert background very precisely and are thus
an ideal platform to study clustering effects. In order to perform the cell experiments
on a larger scale in an improved fashion, the dip-coating process for the nanostructured
surfaces was optimized. The improved production design ensures large scale homoge-
nous surfaces with improved geometrical as well as translational order. Comparision
of RCJ-P cells on a nanostructured surface with interparticle spacings of 70 nm to
homogenous gold surfaces, showed not only a significantly reduced adhesion area, but
also significantly smaller PCC thicknesses on the nanostructured surfaces after both
12 and 24 h.



Zusammenfassung

Das mechanisch stark beanspruchte Knorpelgewebe in Gelenken besteht zum iiber-
wiegenden Teil aus einer komplexen extrazellularen Matrix (ECM). Chondrozyten,
spezialisierte in der Matrix eingebettete Zellen, erneuern diese fortwahrend, um deren
Abrieb und Verschleiizu verhindern. Die Zellen werden durch eine mikrometerdicke
Perizellulire Matrix (PCC) geschiitzt, die ein Uberleben und ein Teilen der Zellen trotz
der hohen mechanischen Belastung ermoglicht. Die PCC ist von entscheidender Bedeu-
tung fiir eine Vielzahl weiterer biologischer Prozesse, wie der Motilitéat, der Zellalterung
und der Ostheoarthrose.

Auf molekularer Ebene ist die Zusammensetzung und Wechselwirkung der ver-
schiedenen PCC-Komponenten gut verstanden: Der tiberwiegende Teil der PCC besteht
aus Wasser und ist damit mit lichtmikroskopischen Methoden nicht detektierbar. Das
Riickgrat der PCC wird aus stark hydratisierten Hyaluronsédurepolymeren und daran
angebundenen HA-Bindungsproteinen gebildet.

Informationen iiber die mesoskopische Struktur der PCC sind allerdings kaum
vorhanden. Diese ist jedoch von fundamentaler Bedeutung fiir das Verstandnis der
Kraftiibertragung aus dem Knorpelgewebe auf die Zellen sowie zur Aufkliarung des
Mechanismus, der den Zellen eine aktive Anpassung der PCC ermoglicht

Im Rahmen dieser Arbeit wurden daher neue Methoden zur Visualisierung der
PCC etabliert, die eine dreidimensionale Darstellung, sowie die mikromechanische
Charakterisierung der PCC lebender Zellen ermoglichen. Diese Methoden erlaubten
die Untersuchung der dynamischen Anpassung der PCC bei Zellteilung, Motilitdt und
Phagozytose. Die mesoskopische Struktur der PCC konnte von den erhaltenen Mess-
daten abgeleitet und durch entsprechende Modellsysteme aus endstandig angebundenen
HA Molekiilen unterstiitzt werden. Dariiber hinaus konnte das Wechselspiel von PCC
und ECM mit Hilfe von Adhé&sionsstudien auf homogenen sowie nanostrukturierten
Oberflachen, welche die ECM-Wechselwirkungen kontrollieren, untersucht werden.

Visualisierung der PCC und ihrer Dynamik

Die dynamische Anpassung der PCC wurde an RCJ-P Zellen, die als gut etabliertes
Modellsystem fiir HA reiche PCCs dienen, wie auch an anderen Zell-Linien und priméren
Chondrozyten mit nur sehr diitnnen PCCs untersucht. Dazu wurde ein neuer HA spe-
zifischer Fluoreszenzmarker verwendet, der aus einem eGFP markierten HA-Bindungs-
modul besteht (GFPn). Dieser ermdglichte auch die Beobachtung der dynamischen
Anpassung der PCC von sich bewegenden transfizierten RCJ-P Zellen, die fluoreszenz-
markiertes Aktin exprimierten. Die Korrelation zwischen einer starken Aktinfaserbil-
dung an Zellaustiilpungen und einer lokalen verringerten GFPn Intensitit legt nahe,
dass die PCC reorganisiert wird, um eine effektive Zellmotilitat zu ermdglichen. Auch
wahrend der Zellteilung wird die PCC veradndert, wobei sie sich an allen Seiten der
Teilungsfurche anreichert. Ebenso erfolgt eine Anpassung der PCC wéhrend der Phago-
zytose: Die PCC verhindert zunéchst die aktive Aufnahme von Partikeln mit einem
Durchmesser grofler als ein Mikrometer. Mit der Zeit erfolgt eine Aufnahme durch
die Zelle, wobei die Phagozytoseaktivitidt einem exponentiellen Zeitverlauf folgt, der
von der Gréfle der Partikel abhéngt und durch einen enzymatischen Abbau der PCC
beschleunigt werden kann. Um die Aufnahme der Partikel zu ermdglichen, verdndert
sich die PCC. Dies ist an einer Abnahme der PCC-Dicke in Anwesenheit von Partikeln
zu erkennen, die bereits vor einer erkennbaren Aufnahme der Partikel einsetzt.
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Charakterisierung der mesoskopischen Struktur der PCC

Um die molekulare Architektur der PCC zu ermitteln, wurde die relative Verteilung des
entscheidenden Geriistbausteins, HA, mit Hilfe von GFPn im Spinning Disk Mikroskop
untersucht. Erstmalig wurde damit die Bestimmung des HA-Verteilungsprofils in der
PCC ermoglicht. Diese zeigt eine zum Rand hin abnehmende HA-Konzentration
innerhalb der PCC. Unmittelbar an der Zellmembran steigt die HA Konzentration
zunéchst tiber einen Bereich von 1,7 pym (st. dev. 0.5) an. Dieser Anstieg konnte mit
einer rauen Zellmembran korreliert werden, die auch im Raster-Elektronen-Mikrsokop
(REM) und im Reflektions-Interferenz-Mikroskop (RICM) erkennbar ist. Der GFPn-
Intensitatsabfall ist direkt von der Dicke der PCC abhéngig. Die Bestimmung der
PCC-Dicke durch eine unabhingige Methode erlaubte die Definition eines relativen
Koordinatensystems, mit dessen Hilfe die Profile mehrerer Zellen auf verschiedenen
Proben oder mit unterschiedlichen Messmethoden bestimmte Profile verglichen wer-
den konnen.

Mikromechanische Profile konnten mit Hilfe ortsaufgeloster Mikrorheologie erhal-
ten werden. Sie zeigen einen dem HA-Verteilungsprofil entsprechenden abnehmenden
Verlauf der Viskoelastizitat von der Zellmembran hin zum Rand der PCC. Im Gegen-
satz zu anderen Messmethoden zur Charakterisierung der PCC wird die mikrorheologis-
che Technik nicht durch die mechanischen Eigenschaften der angrenzenden Zelle beein-
flusst. Aufgrund der nicht-invasiven Messmethoden lassen sich die Charaktersierungs-
Techniken an weichen, hydrierten PCCs lebender Zellen einsetzen.

Ausgehend von den Fluoreszenz- und den mikromechanischen PCC-Profilen kon-
nte die mesoskopische Struktur der PCC abgeleitet werden. Diese Struktur lésst sich
nicht mit den Konzentrationsprofilen der von Alexander und deGennes postulierten
Polymerbiirsten oder deren Erweiterung durch Milner, Witten und Cates beschreiben.
Bei der PCC handelt es sich im Gegensatz zu den wohl definierten Modellsystem
um ein erheblich komplexeres System, in dem die HA-Molekiile nicht nur endsténdig,
sondern auch an weiteren Punkten entlang der Polymerkette an Membranrezeptoren
gebunden sind. Weiterhin wird durch die Anbindung von HA-Bindungsproteinen die
Flexibilitat lokal beeinflusst. Basierend auf diesen Beobachtungen wurde fiir die PCC
ein HA-Polymerbiirsten-Modell vorgeschlagen, welches die experimentellen Konzen-
trationsverlaufe beschreibt: Die HA-Molekiile sind jeweils mindestens zweimal an die
Zellmembran angebunden und liegen aufgrund der angebunden HA-Bindungsmolekiile
in gestreckter Form vor.

Adhasionsstudien zur kontrollierten PCC-Ausbildung

Die Ausbildung der PCC wird wesentlich durch Wechselwirkungen der Zelle mit der
ECM des Knorpelgewebes bestimmt. Diese ECM-Wechselwirkungen konnen mit Hilfe
von Adhésions-Studien, in kontrollierter Form dargestellt werden. Damit ist eine de-
taillierte Analyse des Einflusses der ECM auf die PCC-Ausbildung moglich: Sowohl
die Grofle der PCC als auch die Adhésionsflache werden durch die ECM beeinflusst.
Das Verhéltnis von PCC zu Adhésionsflache scheint direkt die Proliferationsrate zu
bestimmen. Eine verbesserte Kontrolle der adhésionsvermittelnden Liganden konnte
durch nanostrukturierte Oberflichen ermoglicht werden. Um Zellexperimente auf einer
entsprechend groflen nanostrukturierten Oberflaiche durchfithren zu koénnen, wurde
die Tauchbeschichtung zur Oberflachenherstellung optimiert. Dadurch konnten grof3-
flichige homogene Oberflichen mit verbesserter geometrischer und translatorischer
Ordnung erzielt werden. RCJ-P Zellen, die auf diesen nanostrukturierten Oberflachen
mit einem Goldpartikelabstand von 70 nm wuchsen, zeigten im Vergleich zu homogenen
Goldoberflachen, die gleichermaflen funktionalisiert waren, eine signifikant geringere
Adhésionsflache und eine signifikant diitnnere PCC sowohl nach 12 als auch nach 24 h.
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Chapter 1

Introduction

Biological systems such as cells are a fascinating assembly of a huge variety of chemical
reactions. Interference of the different processes, such as enzymatic digestion of proteins
on one side and protein translation on the other side, is ensured by compartmental-
ization with lipid membranes. These membranes inside the cell do not only function
as barriers between the different organelles, but also regulate transport processes be-
tween the different compartments and serve as a support for many proteins. Membrane
bound proteins function as receptors transducing signals between the two sides, or they
enhance the transport of specific materials with active or passive transport channels.
Membranes also help to accumulate proteins, as for example in mitochondria, where
the proteins required for the oxidative phosphorylation and the adenosine triphosphate
(ATP) synthase are bound to the inner membrane [1].

Protein channel Extracellular Fluid Carbohydrate,
(transport protein) Hydrophilic heads
Globular protein Glycoprotein

{ \\\‘“ i ﬁ ‘ n \ei f Phospholipid bilayer
8‘; il t {]l/ Jthi (i 8

Phosphohpld
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Cholesterol Integral protein
gy {Globular protein} Surface protein
Glycolipid

Filaments of / Alpha-Helix protein Hydrophobic tails

Peripherial protein :
cytoskeleton (Integral protein)

Cytoplasm

Fig. 1.1 — Schematic drawing of a cell membrane: The outer cell membrane of
mammalian cells is a very diverse and dynamic system. The basic structure is given
by the phospholipid bilayer consisting of different types of lipids. Incorporated into
the bilayer are different proteins that can interact and govern interactions between the
cell and its environment. Additionally, short branched carbohydrates cover the outer
side of the membrane either covalently linked to proteins or lipids. Image courtesy by
Mariana Ruiz Villarreal.



2 INTRODUCTION

The outer cell membrane (fig. 1.1) presents a special lipid membrane, as it governs
all interactions between the cell and its environment [1]. It is involved in the transport
of materials into and out of the cell, in the communication with other cells and the
survey of the cell’s environment. Most of these interactions are governed by proteins
incorporated into the phospholipid bilayer. Furthermore, they are influenced by the
branched and chemically diverse carbohydrates covalently bound to proteins and lipids
on the outer side of the cell membrane, sometimes referred to as glycocalix [2,3].

In contrast to our perception of any living organism, their very basic components,
the cells, are very soft objects: They can quickly adjust their shape, enabeling for
example red blood cells to squeeze through narrow capillaries. The cell’s structural
integrity is based on its cytosceleton: An actin network inside the outer cell membrane,
the so called actin cortex, stabilizes the cell membrane. Additionally intermediate
filaments, microtubules and actin stress fibers strengthen the structure of the cell.
Compared to large scale human engineering, these architectural structures are ’soft’
in some respect. This is partially due to their small size in at least one dimension.
Consequently, they are affected by thermal motion leading to oscillation and undulation
of soft sheets and filaments. Thus the small size scale of this composite system helps
the cell to adjust its structure dynamically. Especially in extreme situation like cell
growth or division [4].

In tissues, cells are embedded in an extracellular matrix (ECM) constituting of
components secreted by the cells. This load bearing matrix serves many functions,
such as providing support and anchorage for cells, segregating tissues from one another
and regulating intercellular communication [1]. Most mammalian cells are additionally
enveloped by a pericellular coat (PCC) of non-covalently attached carbohydrates and
proteins [5]. The function of this intermediate layer is not fully understood yet, partially
due to its ill defined structure.

The PCC is scaffolded by hyaluronan (HA, chapter 1.2.1), a unique polysaccharide.
This micrometer long polymer is synthesised directly on the outer cell membrane. In
contrast to other glycosaminoglycans, HA is not chemically modified in vivo. It serves
as a polyvalent template [6] for a multitude of hyaluronan-binding proteins, so-called
hyaladherins (chapter 1.2.2). Transmembrane hyaladherins even act as receptors to
graft the PCC to the cell membrane and mediate interactions to the cytoskeleton
(chapter 1.2.2).

The resulting PCC, also refered to as pericellular matrix (PCM) or glycocalix plays
a vital biological role (chapter 1.1). Its size varies considerably depending on the type
of tissue: The glycocalix on monocytes is only 10-20 nm thick [7], whereas the thickness
of the PCC is about half a micron on endothelial cells [8] and several micrometers on
oocytes and chondrocytes [9].

Generally, the structure and the dynamics of the PCC are governed by HA’s poly-
valent interactions and its polymer physics which can be further modulated by other
PCC components. In the following section, first an overview of the biological relevance
of the PCC (chapter 1.1) is given and then a detailed description of its composition
(chapter 1.2) will follow.

1.1 Biological Relevance of the PCC

The PCC not only forms a passive lubricating layer around the cell, it also plays an
important active role in many biological processes [10]. It has been linked to the
regulation of cell-cell adhesion [11,12], migration [13-16] differentiation [17,18] and
proliferation [19,20]. Hyaluronan also plays an important role in embryogenesis [10]
and tumor invasions [21,22].

The PCC is ubiquitous in mammlian cells and has thus been reported for a mul-
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titude of different cell types such as chondrocytes [23,24], epithelial cells [22,23], fi-
brosarcoma cells [25], fibroblasts [18,26], leukocytes [27], smooth muscle cells [9, 28],
and some endothelial cells [27].

The PCC varies in size from a layer of a few nanometer on epithelial cells for ex-
ample to micrometer thick coats on chondrocytes. Additionally, special HA structures
can be observed during inflammation, or in reaction to other various stimuli. Under
these circumstances, massive cable-like structures of hyaluronan are observed (fig. 1.2)
with unique leukocyte-binding properties [29-32]. These cables often link several cells
to each other to form extremely large cables, which have been reported to even span an
entire coverslip [9]. These cables are proposed to be a crosslinked form of HA leading
to the enhanced mechanical stability of these cables [31].

Fig. 1.2 — During inflammation HA cables can be formed: a) HA cables bind
monocytes around smooth muscle cells from treated human colon; b) section from an
inflamed region of colon from a Crohn’s patient. Both samples were stained for HA
(green), CD44 (red) and nuclei (blue). Reproduced from fig. 3 and 7 [29].

HA plays an important role in many fundamental biological processes. However,
the overall scope of PCC’s influences in the different tissues or metastatic cells can not
be conceived up to now due to the difficulties in characterization.
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1.2 Composition of the PCC

The PCC is a highly hydrated layer composed of HA and different proteins that are
able to bind to HA, so called hyaladherins. Often it is not very simple to distinguish the
intersection between the PCC and the extracellular matrix (ECM) as the cell produces
and interacts with components of both layers. Therefore the PCC might also contain
ECM components such as fibronectin and collagen.

1.2.1 Hyaluronan

Hyaluronan was first discovered in 1934 by Meyer and Palmer in the vitreous of the
eye [33]. They named it after the greek hyaloid (vitreous) and the detected component
uronic acid: hyaluronic acid (hyaluronan). The precise chemical structure was solved
twenty years later by Weissman and Meyer [34,35]. This chemically simple polysac-
charide consists of repeating disaccharides of glucuronic acid and N-acetylglucosamine
(fig. 1.3). It can be found in many different parts of the mammalian body, where it
also forms the vital backbone of the highly hydrated PCC [9].

Fig. 1.3 — Chemical structure of hyaluronan (HA): This glycosaminoglycan is
unique as it can reach a length of several micrometers, is unbranched and does not get
chemically modified in vivo as other glycosaminoglycans.

In contrast to all other carbohydrates, hyaluronan is not synthesized in the golgi
apparatus of the cell, but by transmembrane proteins incorporated in the outer cell
membrane [36]. These HA synthases (HASs) are dual-action glycosyltransferases which
catalyze the addition of two different sugars from uridine diphosphate (UDP) linked
precursors to the growing HA chain [37]. They catalyse the HA chain elongation at the
reducing end in the intracellular space whilst the non-reducing end is extruded through
a trans-membrane pore directly into the extracellular space [38,39]. This growth mech-
anism explains the formation of extremely long polymer chains with contour lengths
of several micrometers [40-42]. HA can also stay attached to the synthase. This is one
method whereby the HA chain is grafted to the cell membrane (fig. 1.5).

Even though the function of HAS seems to depend on the type of the cell and
tissue, certain relations can be assumed. Thus HAS1 maintains a low, basal level of HA,
where HAS2 stimulates cell proliferation and angiogenesis [43] and is involved in cell
motility [14]. HAS3 on the other hand appears to favor the malignant phenotype [22].

Itano et al. showed that the three different hyaluronan synthases produce hyaluro-
nan of different lengths [42], where the total length of hyaluronan under physiological
conditions reaches a length of 2-25 um, corresponding to 10 — 107 Da or 2000-25000
disaccharides [40].

1.2.2 Hyaladherins

Hyaluronan serves as an anchorpoint for several different proteins simultaneously.
These hyaladherins can be devided into three categories by their functions: The an-
choring hyaladherins grafting HA to the cell surface, HA stiffening hyaladherins and
HA crosslinking hyaladherins.
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In contrast to protein-protein interactions, carbohydrate-protein interactions are
mostly mediated by very shallow protein binding grooves. This is also the case for HA
binding proteins. Most hyaladherins bind to HA via a link module consisting of about
100 amino acids [44], which are folded very similar to the C-type lectin module [45].
Even though the link module itself is well conserved, some proteins interact with HA
additionally over N- and C-terminal extensions or two continuos link modules [45]. The
specific interaction of the link module itself is formed with an octameric subunits of
HA [46]. Thus one HA molecule could bind up to 3000 hyaladherins if they bind via a
single link module and are not sterically hindered by one another.

There are different cell surface receptors known for HA. One of the major recep-
tors for HA is CD44 expressed on a variiety of cells in different tissues. Additionally,
RHAMM (receptor for HA-mediated mobility) has been identified to bind HA at the
membrane [27]. However, RHAMM is also found inside the cell, where it stabilizes
spindel formation for example [31]. On specialised endothelial cells in the liver, lymph
node and spleen, the HA receptor for endocytosis (HARE) additonally grafts HA. Tt
also mediates the uptake of HA with coated pits for the systemic clearence of gly-
cosaminoglycans [Harris2007].

The hyaluronan anchoring proteins not only bind HA, they also trigger cell sig-
nalling inside the cell. Thus HA binding of CD44 can result in multiple signalling
cascades leading to changes in cell migration, proliferation and activity of gene regula-
tion. CD44 is involved in the Rho/Rack signaling cascade which induces changes in the
modifications of cytosceletion proteins [27]. RHAMM on the other hand is involved in
the Ras and the ERK signaling pathways and is associates with the cytoskeleton via
this route [10].

— 1.1 nm

0.6 nm

0.0 nm

Fig. 1.4 — Aggrecan forms a bottle brush protein: A single aggrecan molecule
(schematic - left and AFM image - right) consists of a core protein to which the gly-
cosaminoglycan (GAG) side chains are grafted (cp, core protein; CS, chondroitin sul-
fate; KS, keratan sulfate; N, N-terminal domain; C, carboxy-terminal domain; G1,
globular domain 1; G2, globular domain 2; G3, globular domain 3; and IGD, interglob-
ular domain). Figures reproduced from [47].
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A large variety of hyaladherins bind to hyaluronan without anchoring it to the sur-
face or inducing cross-links. Many of these stiffening hyaladherins are tissue specific.
Thus neurocan, versican and brevican are mainly found in many tissues, where aggre-
can is the prominent hyaladherin found in cartilage. Aggrecan consists of a bottle brush
structure (fig. 1.4), in which 100 chondroitin glycosaminoglycan chains and about 60
smaller keratan sulfate oligosaccharides are bound to a core protein of about 130 kDa.
With the aid of a link protein, a small hyaladherin, aggrecan associates non-covalently
at its G1 domain with high molecular weight HA forming large supramolecular aggre-
gates [48].

Knudson et al. have even been able to form PCCs on fixed chondrocytes ex vivio
only with hyaluronan and aggrecan [24]. Thus B. P. Toole proposed that the structure
of the PCC is formed by membrane receptor and HA synthase grafted HA to which
proteoglycans like aggrecan are bound to stretch out the hyaluronan (fig. 1.5).

2 o &
3 ~—PG
PG—= Py
HA 'HP‘-H*
§ HA
CD44——% ’1 ’I 1 11 Plasma =
——— ~“~ membrane ~_
Cytoplasm HA synthase

Fig. 1.5 — Possible structure of the PCC: HA is attached to the cell
membrane via receptors like CD44 (a) or the HA synthase (b) and proteo-
glycans (PG) like aggrecan bind to HA. Image courtesy of B. Toole as in
http:/ /www. glycoforum. gr.jp/science/hyaluronan/HA08/HAO8E.html and [10].

1.2.3 Model System for the PCC

The most pronounced PCCs can be found on chondrocytes. In their native environ-
ment chondrocytes are insulated within the cartilage forming nearly no contacts with
other cells or hard tissues [49]. The PCC in combination with the enclosed cell(s) is
termed the chondron [49,50]. This structural entity forms only a fraction of the tis-
sue, but ensures the maintainance of the cartilage to counteract the ongoing abraision.
Therefore, chondrocytes also interface with the cartilage ECM, most importantly with
collagen IV and fibronectin [51].

The interplay between the cell, its PCC and the ECM can be studied more closely
with adhesion assays on specific substrates. In this way, hyaluronan within the PCC has
been identified as an important mediator and modulator in the first interaction steps:
hyaluronan coated A6 cells adhere specifically only to the surface of calcium-(R,R)-
tetrate tetrahydrate cyrstals but not to the chiral (5,5) counterpart [52]. Additionaly,
the PCC is reorganized underneath the cell in the early stages of the attachment [53].
These later studies were performed with RCJ-P cells, originated from rat articular
cartilage, which serve as a well established model system for extended PCCs [23, 28].
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1.3 Passive Microrheology (MR)

The observation of mechanical properties of soft matter is the subject of rheology,
the study of flow. If the analysis is performed on smaller length scales important
for the possibly inhomogenous polymer solution or precious sample volumes, various
microrheological (MR) tools can be employed [54-57]. These techniques use microscopic
probes, which are either activly controlled (active MR) or passively observed (passive
MR). The three main subtypes are (1) atomic force microscopy (AFM), (2) active bead
manipulation techniques such as magnetic and optical tweezers [58] and (3) passive bead
observation methods, such as diffusing wave spectroscopy (DWS) or particle-tracking
microrheology (ptMR).

Active microrheological methods are at a disadvantage because they are invasive
techniques. The applied force could destroy the structure of fragile soft materials or
require long relaxation times for the complete recovery of the sample. In contrast, pas-
sive methods are based on the Brownian motion of tracer particles (chapter 1.3.1). The
thermal nature of the particle motion ensures that the measured rheological properties
are by definition obtained in the linear viscoelastic regime, in which the viscoelastic
properties and the microstructure do not change [59].

1.3.1 Brownian Motion

The invention of microscopes enabled the visualization of micrometer sized structures
and objects. This lead to the fascinating observation, that micrometer sized particles
move about in a random, rapid motion in the absence of any apparent force.

b) 5

in um

Fig. 1.6 — Micrometer sized particles undergo Brownian motion in viscous
solutions: The thermal energy leads to Brownian motion of micrometer sized particles
in viscous solutions. The tracks show the typical random walk of 0.75 um polystyrene
beads in (a) 20% and (b) 40 % glycerin in water solution (start position marked
with symbolized bead). The length of the tracks correspond to the motion within
5 s recorded at 100 fps.

The most prominent description of this rapid oscillatory motion’ can be found in
Robert Brown’s papers [60,61]. He first noticed this motion on pollen grains immersed
in water, but than demonstrated this effect also in inorganic matter. Paying careful at-
tention to prevent flow and evaporation he disproved any facile mechanical explanation
of the so called Brownian motion [62].

Brownian motion is in fact a result of the thermal energy of the embedding liquid.
The thermal energy of the solution leads to the movement of its molecules. When-
ever these molecules encounter a suspended particle, they exert a force on this par-
ticle resulting in undirected translational and rotational movement of these particles.
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Consequently the particles perform a random walk with varying step sizes that are
characterized by a Gaussian distribution.

The Brownian motion of polystyrene microspheres (fig. 1.6) shows obvious differ-
ences depending on the viscosity of the solution and the diameter of the micropsphere:
Both a less viscous solution and a smaller particle size lead to faster diffusion. To
quantitatively compare the diffusion characteristics of different particles a mathemati-
cal description of the diffusion is required. Since the Brownian motion is not a directed,
but a random walk, it is characterized only by its step size. Most often the average
squared distance x that a particle has moved in a certain lag time 7 (the lag time-
dependent mean-squared displacement (MSD)) is given:

MSD = (A?(7)) = (ja(t - 7) - 2(t)|), (L.1)

In a purely viscous solution the MSD scales linear with 7 and depends on the vis-
cosity of the solution and the shape and size of the particle. Einstein and Smulochowski
both derived independently the relation of the diffusion constant on the thermal energy
and the drag coefficient 5 in 1905. The diffusion coefficient can then be correlated to
the MSD.

The diffusion constant for translational motion D is proportional to the thermal
energy kpT and inversely proportional to the drag coefficient 8 (Einstein relation,
1905):

D= ksl (1.2)
g
In solutions of low Reynold’s numbers the drag coefficient 8 can be calculated for rigid,
spherical object of radius r in a solution with the viscosity 1 by the Stoke’s law (Sir
George Gabriel Stokes, 1819-1903):

8 = G (1.3)

The Stokes-Einstein relation refers to the combination of Stoke’s law with the
Einstein relation. This calculation of the diffusion coefficient is, as mentioned, only
valid for rigid, spherical objects in non-turbulent solutions:

_ kgT

D =
6mnr

(1.4)

Correlating the diffusion constant to the experimentally determined MSD in n
dimensions allowed Jean Perrin to prove Einstein’s and Smulochowski’s hypothesis [63]:

MSD = (Az?(7)) =2n-D -1 (1.5)

As the diffusion constant is inversely proportional to the radius of the observed
beads, it is important to have very monodisperse microspheres when averaging over
several particles. Perrin solved this problem in using particles of gutta-percha (natural
rubber) that are of a homogenous size of 0.37 um [63].

1.3.2 Viscoelastic Solutions

Ideal fluids, so called Newtonian liquids, are purely viscous. Most real solutions how-
ever exhibit additional elastic behavior and are therefore called viscoelastic. They are
characterized by the complex viscoelastic modulus G* which consists of the elastic
modulus G’ and the viscous modulus G”:

G*(w) = G'(w) +iG" (w) (1.6)
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Both the viscous and the elastic properties of the complex solution affect the parti-
cle’s Brownian motion. To characterize this combined effect it is instructive to first un-
derstand both extremes. The Brownian motion in a purely viscous fluid was described
in the previous section. In a purely elastic material, particles deform the embedding
material when they move over a certain distance. This amount of applied energy re-
mains stored in the system. Consequently, the system exerts a force onto the particle,
pushing it back to its original equilibrium position. The displacement achievable by
the particle is limited in its ability to deform the material which depends on its thermal
energy and the elastic modulus G:

2n - kT
6mrG’

The Brownian motion of particles in a viscoelastic solution reflects both the viscous
and the elastic contribution of the material. The complex viscous and elastic behavior
results in a frequency dependent step size of the particles. Thus the MSD does not
scale linear as in viscous solutions, but follows a scaling law with the diffusive exponent
o

<Az2(7_)>7'—>oo = (17)

MSD = (Az?(7)) =2n- D - 7¢ (1.8)

This formula still represents the purely viscous solution for a = 1, but also includes
subdiffusive motion for 0 < a < 1, observed in viscoelastic material, superdiffusive
motion for o > 1, found in active transport processes, and local constrains for a = 0.

Maxwell Model

In the mechanical circuit representation viscoelastic fluids are described by the Maxwell
model (figure 1.7): A linear combination of a spring and a dashpot. The elastic spring

Fig. 1.7 — The Maxwell model of viscoelastic solutions is a linear combination of a
dashpot with a spring. The damping factor of the dashpot represents the viscosity and
the spring constant the elasticity of the viscoelastic solution.

corresponds to the elastic deformation. Its spring constant is proportional to G'r. After
deformation of the spring the energy remains stored within the system. Therefore the
elastic modulus G’ is also called the storage modulus. The dashpot introduces the
viscous behavior of the solution. Its damping factor corresponds to the viscosity of
the solution. In the viscous dashpot the energy of the applied force is dissipated. The
viscous modulus G” is therefore termed the loss modulus. The thermal force applied to
the system will cause an effect on both the elastic spring as well as the viscous dashpot.

Generalized Stokes-Einstein relation (GSER)

The MSD exactly resembles the viscoelastic properties of the probed solution. If the
solutions’ mechanical properties are changed, e.g. through free-radical photopolymer-
ization, these changes can most exactly be followed by comparison of the respective
MSD [64]. To compare the microrheological results to literature values or bulk rheome-
ter results it would be favorable to convert the MSD into a standard rheological mea-
sure. It can be directly converted into the creep compliance J(7) [65] which is indepen-
dent of the bead’s diameter r and therefore allows to compare MSD values obtained
with differently sized particles:
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 kpT
N r

(Az?(7))

J(T) (1.9)

In the biophysical and soft-matter community, in which the microrheology was
developed the loss and storage moduli are most often used to describe viscoelastic
material. Since the Stokes-Einstein relation is not valid for viscoelastic solutions, a
generalized Stokes-Einstein relation (GSER) has been formulated for the motion of
spherical particles in homogeneous, incompressible viscoelastic fluids [66,67]. It relates
the time dependent MSD to the frequency dependent loss G” and storage G’ moduli
[68,69]:

G'(w) = G(w) cos[ra(1/7)/2] (1.10)
G"(w) = G(w) sin[ra(1/7)/2] (1.11)
G(w) = kgT/[nr(MSD(1/7)I'[1 + a(1/7)])] (1.12)

1.3.3 Inhomogeneities

One great advantage of microrheology is the small sample size which is required for the
experimental setup. Moreover, inhomogeneities can be measured, which is especially
true for passive microrheology. In passive microrheology no artefacts can be introduced
through applied forces and the results are therefore always within the linear viscoelastic
regime.

The measured MSD depends on the size of the probe. If the microspheres are
smaller than the typical meshsize £ of a given network (r < £), they can diffuse through
the meshes and will be influenced less by the elastic net. If the mesh sizes vary consid-
erably, the bead might get trapped in an area surrounded by smaller meshes (r & &)
and if the bead is larger than the mesh size (r < &) bulk properties will be measured.
Caging effects can be detected in the x,y-trajectories of the particle motion (fig. 1.8)
as shown by Wong et al. [70].

Performing the same set of measurements with different sizes of beads should lead
to the anticipated linear dependance on the bead radius, if the bead is larger than the
mesh size.

®)

100 s

(d)

100's

Fig. 1.8 — a) shows a caged bead, c) transitions between different cages. The one-
dimensional trajectories (b and d) show the transitions even more obviously. Figure
reproduced from fig. 2 in [70].

1.3.4 Microrheology on Biological Samples

In recent years, especially passive particle tracking microrheology has proven very help-
ful for the study of biological systems. In the beginning mainly actin solutions with
different concentrations, length and complements were studied [65,71,72]. Until then,
many other biomimetic systems, like high concentrated DNA solutions mimicking the
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nucleus [73] or cell extracted intermediate filaments [74] and aggrecan-hyaluronan sys-
tems have been successfully studied. The technique has even been applied inside living
cells [75].






Chapter 2

Visualizing the Dynamic PCC

The pericellular coat (PCC) consists mainly of water. Only a very low fraction is formed
of highly hydrated hyaluronan (HA) and often also hydrated hyaladherins. Thus it
remains invisible in all light microscopy techniques. The PCC's indirect visualization
can be achieved in a particle exclusion assay (PEA), in which particles form a closed
packed layer on the surface excluding the area of the cell and its PCC. Only recently,
specific HA staining methods have been developed, which enable the visualization of
the PCC on living cells.

The successtull purification of GFPn (an eGFP labeled hyaluronan-binding link
module) enables a detailed study of the molecular architecture of the PCC. It binds
specifically to HA and does not induce changes in the structure of the PCC. Thus this
method is ideally suited to analyze the distribution of HA within the PCC and to study
very thin PCCs, invisible in a PEA.

Observation of RCJ-P cells with PEA or GFPn staining clearly shows, that the PCC
can be adjusted dynamically. Correlation of strong actin stress fibers on cell protrusions
and GFPn stained PCCs indicate, that the PCC is rearranged during motility, where
exploring protrusions are surrounded by significantly smaller PCCs. HA also plays an
important role in proliferation, where it is accumulated at the cleavage furrow to ease
the separation of the two new formed cells. If the cells are surrounded by particles
larger than 3 pm, the PCC is dynamically adjusted to enable their uptake. This time
dependent process is related to the size of the particles and can be accelerated by
removal of the PCC.

13
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2.1 Particle Exclusion Assay (PEA)

Light microsocopy is a well suited method to visualize cell membranes due to the
lipid’s diffraction of light. The refractive index of the cell membrane differs from the
surrounding media and the cytosol. Improved visualization of cells can thus be achieved
by phase contrast or differential interference contrast (DIC) microscopy. However, the
tremendously high degree of hydration and in-sufficient accumulation of any proteins
or lipids anywhere within the pericellular coat (PCC) neither leads to diffraction nor to
refraction of light. Therefore, the PCC remains invisible in all bright field microscopy
techniques.

Even though the PCC cannot be observed with standard microscopy techniques, it
can be visualized indirectly. Large particles, like red blood cells (erythrocytes) are not
able to penetrate the PCC. If they are added in large amounts to the cell sample, they
form a uniform monolayer on the surface. Around each cell a halo can be observed
occupied by the excluded volume of the PCC (fig. 2.1). This visualization method is
thus called a particle exclusion assay (PEA).

The introduction of the PEA in 1968 triggered the detailed investigation of the
PCC. PEAs proved that mammalian cells were surrounded by a pericellular 'zone’ even
in vitro [5] and showed that the PCC can be reconstituted on fixed cells with hyaluronan
and aggrecan [24]. Recently, a PEA based on silica particles was successfully applied
to show that RCJ-P cells are enveloped by a PCC on all non-adherent membranes,
including the apical side of the cell [28].

Fig. 2.1 — Particle exclusion assays (PEA) with: (a) fixed erythrocytes on embry-
onic chick chondrocytes, adapted from [24]. b) PEA with 0.4 pym FITC labeled silica
beads on rhodamine labeled RCJ-P chondrocytes, adapted from [28]. ¢) Deconvoluted
and reconstituted image along the z axes of (b). The scale bars correspond to 5 pm.

2.1.1 PEAs Enable the Indirect Visualization of the PCC

Traditionally only erythrocytes are employed in PEAs even though they can generally
be performed with any micrometer sized particle large enough to be excluded by the
PCC. However, non-passivated beads are immediately coated by serum proteins and
can subsquently be taken up by the cells (see chapter 2.4.3). Additionally, particles
with a diameter of less than 5 ym are able to diffuse into the PCC . About 10 min after
the beads have settled on the surface, the clear detection of the coat’s edge on adhered
cells is obscured. Another problem posed by this type of PEA is electrostatic fixation
of beads at the glass surface. This method is therefore not suited to record time series
of moving cells or the dynamics of the PCC.
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Erythrocytes on the other hand are excluded nicely by the volume taken up by the
cell and its PCC. They are not phagocytosed by healthy cells even over time periods of
several hours and do not bind to the glass surface. Therefore, they are very well suited
to characterize the pericellular coat (fig. 2.2).

Fig. 2.2 — Red blood cells are ideally suited to visualize the PCC by PEA:
The erythrocytes were added to adhered RCJ-P cells forming a monolayer around the
PCC, in which the single blood cells are able to move around freely. The cell and its
PCC are imaged in bright field microscopy, scale bar corresponds to 10 pm.

A three dimensional characterization of the PCC can be achieved with a mul-
tilayer of red blood cells, partially resting on top of the coat. In standard bright
field microscopy the thickness of the coat can be estimated by the visibility of these
erythrocytes appearing further out of focus. The exact three dimensional shape can
be retrieved with fluorescently stained red blood cells imaged in confocal microscopy
(chapter 3.1).
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2.2 Specific Fluorescent Staining of Hyaluronan

Analysis of the PCC’s molecular architecture requires the visualization of its com-
ponent in their native conformation. As the indirect PEA proves the destruction of
the highly hydrous coats after most fixation steps, experiments on living cells seem
most promising. Therefore an HA specific fluorescent marker applicable to living cells
is required to gain further insights into the internal structure, the dynamics and the
three dimensional organization of the coat. In order to study the distribution of HA
by fluorescent labeling, the dye’s interaction with HA should not change the fragile
structure of the PCC. Thus the marker must not induce cross-links between different
HA chains and has to be small enough to prevent stretching of the HA chains (compare
chapter 1.2.2).

Based on the work by Zhang et al. [76], I developed a purification method for GFPn
(chapter 5.3.7) and controlled its specificity and possible impacts on the thickness of
the PCC (chapter 2.2.2). Subsequently, we compared the PCC of different cell types
(chapter 2.2.3) and analyzed the distribution of hyaluronan within the PCC of RCJ-P
cells (chapter 3).

2.2.1 Current Status of HA Staining Methods

One method for the fluorescent staining of the PCC has been succesfully applied by
Cohen et al. to visualize the role of the PCC during initial adhesion [23]. They
first incubated the cells with biotinylated hyaluronan-binding protein (bHABP) and
subsequently added streptavidin-conjugated quantum dots (QD). One draw-back of
this method is the relatively high concentration of applied bHABP (5 mg/ml) that
might change the structure of the coat. This effect is possibly enhanced by the addition
of QDs which induce crosslinks, if one QD is bound to several hyaluronan chains.

A totally different approach was taken by Fvanko et al. [19]. They labelled HA
first with a fluorescent dye which enabled to follow its interaction and uptake by the
cell.

Very recently, a new specific HA labeling probe has been introduced by the group
of M. Tammi (University of Kuopio, Finland) based on the unspecific attachment of
activated AlexaFluor594 to the hyaluronan binding complex [21]. This probe does not
require the addition of fluorescently labeled streptavidin molecules, which also tend to
induce cross-linking with its four biotin binding sites. Thus this probe is also ideally
suited to study the distribution of HA. The statistic linkage to the dye might however
lead to its attachment in or close to the HA-binding pocket resulting in a reduced HA
affinity of some probe molecules.

The link module eGFP fusion protein (abbreviated as GFPn) used in this thesis has
been introduced by Zhang et al. in 2004 [76]. It consists of the neurocan link module
labeled specifically with the enhanced green fluorescent protein (eGFP, [77]). GFPn
thus binds specifically to a hexameric or octameric subunit of hyaluronan [76]. Zhang
et al. proved the applicability of GFPn in affinity histochemical stainings of mouse
eye sections. They were also able to take time-lapse movies of single cells to which
the unpurified GFPn had been added. These cells showed the formation of distinct
fluorescent patches on the outside of the cell membrane which were redistributed over
time.

Construction of the eGFP Labeled Link Module GFPn

GFPn consists of three parts: the hyaluronan binding domain, a fluorescent marker
and a purification tag (fig. 2.3) [76]. The sequence of the hyaluronan binding domain is
taken from the link module of the hyaladherin neurocan, corresponding to the primary
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structure of aspartic acid 23 to histidine 359 of neurocan. On the histidine side an
eGFP serves as fluorescent marker with a bright fluorescent peak at 510 nm. Six
histidines (his), bound via a linker to the aspartic acid end of the link module, form a
His-tag which enables the affinity chromatography based purification.

eGFP N
hyaluronan link module

RGS 6x H|5 tag

HN - APLRGSHHHHHHGGLA sp23i Tfr:;' o 1 ins359 GSSA COOH

Fig. 2.3 — GFPn binds specifically to a hyaluronan subunit with the hyaluronan
binding link module (orange). It further consists of the eGFP (green) attached to the
histidine (his) end of the link module and the 6x His-tag (light orange) bound to the
aspartatic acis (Asp) end, used for purification. The BM-40 signal peptide (dark blue)
directs the GFPn to the secretory pathway and is removed before the secretion.

The GFPn is produced in mammalian cells to ensure proper posttranscriptional
modifications. Zhang et al. therefore constructed an episomal expression plasmid that
was successfully introduced into HEK 293 EBNA cells. The BM-40 signal peptide
attached to the his tag, directs the protein towards the secretory passway and ensures
its secretion into the media before it is removed by the cell.

2.2.2 Staining the PCC of Living Cells with GFPn

Hyaluronan within the PCC of RCJ-P cells is successfully stained by addition of GFPn
to the growth media in an approximate dilution of 1:100. The GFPn is accumulated
close to the cells leading to fluorescent hallows around the cells corresponding to the
excluded areas in particle exclusion assays (fig 2.4).

Specificity of GFPn to hyaluronan was tested by hyaluronidase treatment of the
cell prior to the GFPn incubation. This enzyme digests hyaluronan and thus removes
the coat without further harming the cells. As expected, no fluorescent staining was
observed after such a treatment.

One hour after incubation with GFPn containing growth media, a small rim of
fluorescence could be seen around the cells and the PEA also suggests a backgrowth
of the PCC. However, if the cells were first incubated with GFPn and hyaluronidase
was added afterwards, the coat could not be removed. Considering, that the GFPn
binds to all accessible hyaluronan parts it would be consistent, that it thus protects
the hyaluronan from enzymatic digestion.

In order to quantify the structural changes induced by the GFPn attachment we
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Fig. 2.4 — The PCC of living RCJ-P cells can be stained with GFPn. a) The
extend of fluorescent staining observed on a fluorescent microscope corresponds well
to the excluded area of the particle exclusion assay (b). The scale bars correspond to
10 pm.

measured the PCC in the absence and presence of GFPn and found no significant
differences on cells that had been adhering to glass surfaces for 6 and 12 h.

2.2.3 Visibility of Very Thin PCCs with GFPn Stainings

The fluorescent staining of hyaluronan should be much more sensitive to PCCs than
a PEA. Thus it is ideally suited to study the PCC of different cell types, whose PCC
size ranges from a few micrometers to very thin layers of bellow one micrometer.

Primary human chondrocytes from the hip

The observed primary human chondrocytes (HCH) did not seem to posses a PCC, as
no halo was visibile in PEA experiments 6 h after seading. However even 30 min after
seading specific fluorescent staining could be observed on most HCH cells (fig. 2.5).
On many cells the PCC was not as homogenous as on the RCJ-P cells, but showed
interesting, dynamic structures, that were often only visibile at the rim of the cell
witout extending outwards (fig. 2.6).

Primary cells that have been allowed to adhere for longer times to the glass surfaces
often form long filopodia of up to 100 pm, which are detected best in GFPn stained
images, as they are covered with HA (fig. 2.7).

PCC on other cell lines

Chondrocytes are by far not the only type of cells reported to be enveloped by a HA-
rich coat (compare chapter 1.1). For comparative measurements I tested other cell
lines for HA-rich PCCs. None of the tested cell lines seamed to have any PCC in the
PEA. However GFPn staining revealed HA-rich coats of different sizes, that were not
visible after hyaluronidase treatment (table 2.1).
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Fig. 2.5 — Primary human chondrocytes (HCH) sometimes show pronounced
PCCs: a) Small fillopodia are recognizable in bright field microscopy. b) GFPn stain-
ing shows the presence of hyaluronan even 30 min after splitting in standard fluorescent
microscopy. The scale bars correspond to 10 pm.

Fig. 2.6 — HCH cells often show a dynamic structure especially on very thin

PCCs. a) Bright filed image 30 min after seading. b) Corresponding image in standard
fluorescent microscopy. The scale bars correspond to 10 pm.

Fig. 2.7 — After 6 h of adhesion, HCH cell often form long filopodia, which
are covered with hyaluronan, as they are colocalized with the GFPn staining. The scale
bars of the bright field image (a) and the fluorescent image (b) correspond to 20 pm.
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Table 2.1 — Other cell lines also have a hyaluronan-rich PCC: I tested differ-
ent other cell lines after an adhesion time of 6 h with GFPn in standard fluorescent
microscopy, whereas the cells listed below, showed some specific staining.

cell type short description observed staining
Hela an immortal cell line derived small inhomogenous
from cervical cancer cells fluorescent rim

taken from Henrietta Lacks

2F9 neuronal cells fluorescent rim on
some cells
REF 52 WT rat embryo fibroblasts; strong staining
most common cells of of a thin layer

the connective tissue around the cell
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2.3 Standard Cell Culture Procedures Influence the
Size of the PCC

The pericellular coat may be influenced by trypsination of the cells, adhesion times or
flow, e.g. arising during washing procedures. Before any further measurements of the
PCC can be performed these effects need to be well characterized.

RCJ-P cells are an adherend cell line. In order to detach them from the culture
fasks, they are incubated in a trypsin solution. This serine protease is originally found
in the digestive system, where it breaks down proteins. Its protease activity is also em-
ployed in standard in cell culture techniques. As trypsin digests extracellular proteins
and transmembrane proteins unspecifically, it is no surprise, that the PCC is signifi-
cantly altered after trypsination with PCC’s ranging from a not detectable thickness to
values of several micrometers. The cells start to regrow their PCCs right after seading
on fresh surfaces. Four hours later the average thickness of the PCC in the sample
is constant, if cells are allowed to adhere to untreated glass surfaces. Therefore most
experiments were performed at least 6 h after seeding.

The same effect can also be observed after hyaluronidase treatment. If the media
is replaced after the described treatment the PCC is grown back within 4 h, whereas
the first halos in PEAs can be observed 1 h after the treatment. If hyaluronidase is
left in the solution, the PCC starts to grow back after three hours, possibly due to
inactivation of hyaluronidase by this time.

Another maior concern is flow induced changes, which might occur during rinsing
procedures. Therefore the PCC has been measured in a special flow cell in which the
solution is flushed with media at a rate of about 10 mm/s over 5 min. A comparision of
the PEA before and after the experiment showed the same PCC thickness, thus rinsing
does not affect the PCC.

Cell culture conditions significantly affect the size of the PCC. Especially the com-
position (batch) and amount of fetal bovine serum (FBS) dramatically affects the size
of the PCC. Additionally, the type of media has an impact on the cell size, which is
not as pronounced, but visible in the comparative measurement of the same cell batch
5.5 h after seading (table 5.1).

Table 2.2 — PCC thickness averaged over 50 cells after 5.5 h. The difference to the
CO; independent medium was sagnificant, as tested by a student t-test.

media PCC thickness

a—MEM 6.3 £ 1.1
a-MEM with 0.25 M HEPES 6.4 + 2.1
CO3 independent medium 5.7+ 1.3
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2.4 Dynamics of the PCC

The thickness of the PCC, as determined in the PEA, does not show absolute unifor-
mity around the cell. Large alterations can especially be observed on cell protrusions.
Similarly, cell protrusions are often partially hidden in PEA images due to their thin-
ner coats (fig. 2.8). These altered PCC sizes on cell protrusions might be linked to the
motion of the cell (chapter 2.4.3).

Fig. 2.8 — Cell protrusions are often partially hidden in PEA experiments
due to their thin coat. The thickness of the coat varies on different areas of the cell.
Often it appears thinner on membrane protrusions as seen in this bright field image
(orange circles) on this cell 6 h after seeding. The scale bar corresponds to 10 pm.

Observation of RCJ-P cells with PEA or GFPn staining over time clearly shows,
that the PCC is no static structure. It can be adjusted dynamically during processes
like cell division, motility or phagocytosis. All of these processes are thighly linked to
the dynamics of the cytosceleton, especially the actin network.

Therefore we transfected RCJ-P cells with mCherry labeled actin to visualize the
correlation of actin stress fibers, or contractile ring formation with the morphology of
the PCC. Transfected cells produce labeled actin in addition to their normal actin.
Both monomers are incorporated into the actin structures of the cell, such as the stress
fibers and the actin cortex leading to a fluorescent labeling of all actin structures (chap-
ter 2.4.1). Correlation of strong stress fiber formation on cell protrusions and GFPn
stained PCCs indicate, that the PCC is rearranged during motility, where explor-
ing protrusions are surrounded by significantly smaller PCCs (chapter 2.4.1). During
division the PCC is accumulated in the cleavage furrow (chapter 2.4.2) and during
phagocytosis the PCC is dynamically adjusted in a time and particle size dependent
process to enable the uptake of particles larger than one micrometer (chapter 2.4.3).

2.4.1 The PCC is Rearranged During Motility

The successfully transfected RCJ-P cells were co-stained with GFPn allowing the visu-
alization of the actin cytoskeleton and the PCC simultaneously. The pericellular coat
shows a non-homogenous staining increasing towards the cell membrane with different
thicknesses around the cell (fig. 2.9 - see chapter 3). The actin staining nicely shows
extending adherent protrusions that hover above the surface. The strong stress fiber
formation at cell protrusions indicates strong adhesion to the surface in these specific
areas. The regions with stress fibers are often correlated with very thin or invisible
PCCs. Often these protrusions are moving around in the time scale of minutes or are
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Fig. 2.9 — Strong stress fiber formation at cell protrusions are often not
enveloped by the PCC: Confocal image of RCJ-P cells transfected with mCherry
actin (red) and GFPn marked PCC (green) about 6 h after transfer to new media.
The third cell partially seen at the top has not been successfully transfected, therefore
only the PCC is visible. The PCC coat varies in thickness and intensity without
surrounding the cell completely. Arrow: As observed, especially when compared to the
actin staining in the inset, the cell extends an adhering arm from above resting on a
cushion of the PCC.

found on the leading edge of the cell in the direction in which the complete cell is
moving. Long protrusions partially hovering above the surface often seem to lie on a
PCC cushion, as the coat extends beneath these arms up to the area where the stress
fiber formation is observed (compare fig. 2.10). This is especially true in cells which
lack of time to adhere (up to about 4 hours). Sometimes also a stronger expression of
the PCC on the site opposite of the stress fiber formation can be observed (compare
fig. 2.9). These observations indicate, a cell controlled decrease of the PCC to explore
the environment and to adhere to the surface, whereas an increase of the PCC aids the
detachment from the surface.

In order to follow the movement of a cell a better fluorescent staining in means
of sustainity over longer periods of time is needed. It is also important to be able to
visualize all cells present which is not the case with transfected cells, since transfection
rates of 100% are never achieved (compare fig. 2.9 and 2.10). The shape of a cell
is closely related to the actin structure within. Thus staining the membrane instead
of the actin cytoskeleton still leads to the same information about the general cell
morphology.

2.4.2 The PCC Assists Cell Division

Hyaluronan plays an important role during cell division, influencing the detachment
from the surface as well as the divison process itself [22]. Thus increased HA levels have
been observed on dividing cells correlating with a maximum level of HAS isoenzyme
activity [78]. However, this does not necessarily lead to enlarged PCC, as HA is also
taken up by the cell to assists cell division inside the cell [31]. Intracellular HA has been
detected in nucleoli and the nuclear periphery. During mitosis, it tends to accumulate
at the mitotic spindle together with the HA receptor RHAMM ([79]. Furthermore, an
increased PCC promotes cell rounding and detachment on fibroblasts [20] and smooth
muscle cells [19] and can even lead to anchorage independent growth in culture of HAS
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Fig. 2.10 — Colocalization of actin and the PCC: Confocal images of RCJ-P cells
transfected with mCherry actin (red, a) and GFPn marked PCC (green, b) about 6 h
after transfer to fresh media. In this image one cell is nicely transfected, whereas the
other (at arrow 1) does not produce fluorescent actin. The PCC of the transfected
cell varies in thickness and intensity and does not surround the cell completely (b). A
potential retracting adhesion arm (arrow 2) is surrounded by the pericellular coat while
the possible leading edge (arrow 3) is devoid of PCC. ¢) Close up of the bottom arm
outlined in (a). d) Reconstituted image along the white line in (¢). For over 10 pm this
arm is not adhered to the surface but rests on a pericellular cushion. The complete
height of the reconstituted image (d) corresponds to 8.6 ym. The scale bars correspond
to 10 pm.
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overexpressing fibrosarcoma cells [11]. However, the increase of the PCC during round-
ing of the cells is hard to judge, as the cell also changes its shape considerably. Thus
the overall surface of a round shaped cell is smaller than of an adhered cell. If the cell
membrane is not taken up simultaneously, it forms a ruffled structure. Consistingly, an
increase of microvillis on the surface of dividing cells was observed (fig. 2.11). Coun-
terintuitively, the formation of such microvilli does not require a lot of force due to the
fluid-like structure of lipid membranes [80]. Condensed surfaces like that might also
lead to a denser packing of the PCC resulting in an enlarged PCC.

Fig. 2.11 — The cleavage furrow separates the two daughter cells during
division: The contractile ring is pulled tight until the cells are pinched off. The scale
bar in these SEM images correspond to 10 pm in (a) and 1 pym in (b).

In order to study the arrangement of HA within the PCC during division more
closely, GFPn stained RCJ-P cells were observed. As the GFPn dye cannot penetrate
the cell membrane, no internal HA were marked. Time series observed in standard flu-
orescent microscopy indicate an accumulation of HA at the cleavage furrow (fig. 2.12).

At this stage, termed cytokinesis, the chromosomes were already separated into
the two future daughter cells and a contractile ring of actin stress fibers containing
myosin was established at the prior metaphase plate [1]. The contractile ring was then
narrowed down until the cells are pinched off from one another.

The accumulation of PCC can be observed most prominently when the cell has
taken on an hourglass structure. At this time point the PCC was accumulated in the
cleavage furrow and surrounded it completely (fig. 2.13).

HA might be accumulated in the cleavage furrow through its cell surface receptors.
The cytoplasmatic domain of the HA receptor CD44 (chapter 1.2.2) interacts with
actin-associated ERM proteins (ezrin, radixin, moesin), which have been shown to
accumulate in the cleavage furrow as well [81]. These proteins have additionally been
linked to the formation of microvilli [82], which might also be involved in the formation
of the PCC.

Even though the chromosomes have already been separated at this stage of the
division process, the cleavage furrow presents a fragile structure (fig. 2.11), which might
be protected by an increased PCC. The PCC could also aid the separation of the two
freshly formed cells or serve both purposes simultaneously.

2.4.3 Phagocytosis through the PCC

The PCC forms a natural barrier during phagocytosis. The cells are thus able to
initially hinder particles larger than 1 pm from entering the PCC (fig. 2.14) as utilized in
the PEA. However, cells do eventually take up particles larger than 1 gm and thus need
to change the structure of the PCC. In the following section the characterization of the
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Fig. 2.12 — The PCC is accumulated in the cleavage furrow during division:
The GFPn staining of a dividing cell in standard fluorescent microscopy. Images (a)
to (e) were taken every 2 min, (e) to (g) after 10 min each. The scale bars correspond
to 10 pm.
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Fig. 2.13 — The PCC is accumulated in the cleavage furrow during division:
a) The confocal cut demonstrates the accumulation of PCC in the cleavage furrow. The
concentration of HA is dramatically increased in close proximity to the cell membrane
within the cleavage furrow: b) false color intensity image of (a). ¢) The reconstruction
of the membrane section with the contractile ring along the orange line of (d), shows

that the PCC envelopes the cleavage furrow on all sides. The scale bars correspond to
5 pm.
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phagocytotic activity in the presence of different sizes of particles on RCJ-P cells with
and without a PCC and the identification of the changes in PCC size (in collaboration
with Tabea A. Mundinger, University Heidelberg and Max-Planck-Insitute, Stuttgart)
is beeing presented.

Fig. 2.14 — Particles larger than one micron are initially excluded by the
PCC: Here 3.0 um PS beads were added to adhered cells. The image was taken right
after settling of the particles. Dark spots within the PCC/cell area are caused by out
of focus beads above the cell and its coat. The scale bar corresponds to 20 pm.

Phagocytotic Rate

In order to characterize the phagocytotic rate of RCJ-P cells, a test series with different
sized polystyrene beads (3.0 pm , 4.5 pm and 6.0 pm) over time was performed. About
the same amount of non-agglomerated beads was added to samples with adhered cells.
Subsquently, the number of beads taken up by the cells was counted every hour for at
least 60 cells. Phagocytosed beads were discriminated from other beads close to the cell
by careful shaking of the sample. As the function of the PCC is no longer important,
once a stable cell-bead contact has been established, we counted all stationary beads
as taken up.

Interestingly, the cells gathered beads actively moving them with long filopodia
without necessarily taking them up. Additionally, beads were caught within the PCC
as observed in a simultaneously performed PEA (fig. 2.15). Moreover, the cells did not
necessarily tend to phagocytose the beads over a time course of several hours. Both
observations indicate that the phagocytotic rate was not limited by the availablity of
beads in close proximity to the cells.

The phagocytotic rate strongly dependents on the size of the presented beads
(fig. 2.16a): RCJ-P cells start to phagocytose smaller particles faster than larger ones.
Also more cells seem to actively take up smaller particles. The speed of phagocytosis
can be determined by an exponential fit characterized by the plateau value p and the
time constant ¢:

y=p(l—e*") (2.1)

The plateau value, corresponding to the overall percentage of phagocytotic cells, shows

no clear relation to the size of the beads, that were taken up (fig. 2.16). The time
constant on the other hand depends on the size of the phagocytosed particles in a
linear fashion (fig. 2.16b and table 2.3). Three micron particles are taken up seven
times faster than 6.0 ym beads and four times faster than 4.5 ym beads. The repeated
experiments with 6.0 pm beads showed a reproducible time constant.
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Fig. 2.15 — Gathering of beads around RCJ-P cells: The PEA shows that beads
are in close proximity to the cell and even within the PCC. In this example taken 3 h
after addition of 3.0 um (a) and 4.5 um beads (b) no beads had been taken up.
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Fig. 2.16 — Phagocytotic activity of RCJ-P cells in the presence of 3.0 pum
(orange, dotted), 4.5 pm (green, dashed) and 6.0 pm (blue, solid) beads: a) Percentage
of phagocytotic active cells with kinetic fit from eq. 2.4.3. b) The time constant ¢
depends linearly on the size of the uptaken bead.

Table 2.3 — Kinetics of phagocytosis of RCJ-P cells

bead size p t[h] ty [h] t [min] t;/; [min]
3.00 0.64 0.46 0.32 28 20
4.50 043 1.80 1.25 108 75
6.00 0.46 3.13 2.17 188 130
6.00 0.32  3.20 2.22 192 133
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The time point at which the halfmaximal phagocytotic activity is reached is idealy
suited to compare the different experiments. This characteristic time ¢, /5 is defined as

Thus, the differences caused by the size of phagocytosed beads can be compared at
the same characteristic phagocytotic activity (table 2.3).

The phagocytotic activity at ¢/, is not only the same concerning the fraction of
active cells, but also in terms of the number of beads taken up. While the distribution
of phagocytotic active cells with a certain number of up-taken beads is very different
for the different sizes of beads after 90 min (fig. 2.17a), it is more comparable at t; /;
(fig. 2.17Db).
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Fig. 2.17 — Number of beads taken up by phagocytotic active cells in the
presence of 3.0 um (orange, dotted), 4.5 um (green, striped) and 6.0 pum (blue, solid)
carboxylated polystyrene beads. a) The histograms show no comparability after 90 min,
b) but similar distributions at ¢, 5.

Influence of the PCC

The impact of the PCC on the phagocytotic rate was determined in a similar assay,
where the cells had been treated with hyaluronidase before beads were added. Therefore
the adhered cells were incubated in 200 wpl of a 0.5 mg/ml hyaluronidase solution
(HAdase) for 5 min. This treatment results in a complete removal of the coat. Living
cells regrow their PCC after this treatment after aproximately 3 h. The phagocytocis
experiment was therefore performed within this time window.

The phagocytosis rate is significantly increased by the removal of the PCC, as
evident by the calculated time constants (table 2.4). All time constants decreased by
at least a factor of two (last column in table 2.4) leading to values for ¢, /5 below one
hour for all sizes of tested beads.

Even though the phagocytotic rate is increased significantly upon removal of the
PCC, the time rate is still strongly dependent on the bead size (fig. 2.19).

Apart from the complete removal of the PCC (achived by HAdase2) which results
in a 2.3 times lower time constant for 4.5 um beads, the PCC can also be partially
removed (as achived by HAdasel). This partial reduction is hard to quantify, even
though it is interesting to see that the observed time constant lies between the full and
the removed coat (table 2.5).

Dynamic Adjustment of the PCC

As large particles are the first to be excluded by the PCC and later taken up by the
cell, the structure of the PCC is most likely changed during the process. This is also
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Table 2.4 — Phagocytotic rate of cells with enzymatic (e) digested PCCs. Therefore,
the cells were treated with hyaluronidase. The phagocytotic rate was determined within
the time window in which the PCC is not regrown.

bead size pe te [h] te,, [h] te [min] te/t

3.00 1.00 0.22 0.15 9 2.09
4.50 092 0.79 0.56 34 2.28
4.50 0.76  0.79 0.56 34 2.28
6.00 0.63 1.35 0.94 96 2.32
a) 100 b) -
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Fig. 2.18 — Phagocytotic activity of hyaluronidase treated RCJ-P cells in the
presence of 3.0 um (orange, dotted), 4.5 ym (green, dashed) and 6.0 pum (blue, solid)
carboxylated polystyrene beads: a) Percentage of phagocytotic active cells with kinetic
fit from eq. 2.4.3. b) The time constant ¢ depends linearly on the size of the taken-up

beads for hyaluroindase treated cells (empty symbols) and non-treated cells (colored
symbols).

Table 2.5 — Phagocytotic rate in the presence of 4.5 um beads on hyaluronidase
(HAdase) treated cells, which causes partial (HAdasel) and complete removal
(HAdase2) of the PCC.

Pe te te,, [h] te [min]
HAdasel 0.74 1.45 1.01 61
HAdase2 0.76 0.79 0.56 34
wio 043 1.80  1.44 86
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indicated by the PEA. After 1,5, and 2t;,, PEAs were performed with freshly added
eryhtrocytes at these time points to measure the extend of the PCC without further
influence.
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Fig. 2.19 — The PCC is dynamically adjusted in the presence of phagocy-
tosable particles: RCJ-P cells diminish their PCC thickness in a non-locally defined
way. In the presence of beads the PCC is significantly smaller after ¢, /5 (blue) and still
smaller after 2t /5 (orange). This is true for cells without beads taken up (solid bars)
and even more for cells after uptake of beads (dashed bars). PCC sizes were measured
on four randomly chosen positions around the cell.

The thickness of the PCC measured in these assays after bead addition was signif-
icantly reduced for cells that had not taken up particles in comparison to the control
without bead addition (fig. 2.19). The size was significantly smaller at both time points,
wereas the PCC had been reduced even more at 2¢; o compared to ¢, /5. If the cell had
taken up at least one particle the size of the PCC was further reduced compared to the
cells witout taken-up beads in the same samples. The size of the PCC in these cases
did not change significantly between 2, /5 and #; /5.

The change in size of the PCC is not necessarily correlate with a decrease in HA
content, but might also be affected by a modified PCC structure. This could lead
to a softer PCC, which might not exclude erythrocytes as effectively. The polystyrene
particles complicate the direct visualization of the HA in the PCC, as the GFPn adsorbs
more strongly to the particles than to the coat. Passivated particles are also not coated
with serum proteins, which propably change the uptake of the beads completely. Thus
a different technique to characterize the micromechanical properties of the PCC is
required.



Chapter 3

Characterization of the Mesoscopic
Architecture of Pericelluar Coats

The pericellular coat (PCC) has an important impact on all interactions of chon-
drocytes with their environment. It influences the diffusion rate of biomolecules in
close proximity to the cell and governes the force transduction especially important for
chondrocytes living in the load bearing cartilage. On the other hand, the cell is able
to dynamically adjust its coat during division, motility and phagocytosis as shown in
the last chapter. Thus the PCC’s underlining structure needs to be adaptable to fullfil
all of these requirements.

The molecular picture indicates that the PCC is based on long membrane grafted
HA molecules decorated with hyaluronan (HA) binding proteins of different structures
and functions. In order to obtain a more detailed spatial picture of the PCC’s molec-
ular architecture and its mechanical properties, two independent but complementary
techniques for position-resolved analysis of the highly hydrated PCC of RCJ-P cells are
being presented. Neither technique affects the living cells to which they are grafted.
The HA distribution profile shows an increasing concentration throughout the PCC
towards the cell membrane. The corresponding micromechanical map as explored by
microrheology shows a gradient of increasing stiffness towards the cell membrane, i.e.
enabling a non-linear increase of the repulsiveness of the PCC towards objects ap-
proaching the cell membrane. In analogy to this, the HA distribution profiles show a
corresponding increasing concentration towards the cell membrane.

The obtained profiles indicate that the structure of HA is far more complex than
expected from a pure endgrafted polymer brush. This correlates with the complex
structure of the PCC in which the HA is also attached within the chain and its physical
properties are modified by HA binding proteins. A HA brush stretched out by aggrecan
and HA synthase is proposed, in which HA is bound at least twice to the cell surface.
Such a scenario would be consistent with the observed HA distribution profile and the
known molecular interaction potentials.
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3.1 Visualization of the 3D-Structure of the PCC

Many vital biological processes such as adhesion [23], proliferation, motility or embryo-
genesis [10] depend on the cell’s interaction with its environment. As the outer cell
membrane of many mammalian cells is covered by the PCC, it will have a significant
impact on any of these interactions. Additionally, it might pose a barrier decreasing
the sensitivity of the cell or the diffusion rate of biomolecules. It could also protect the
cell during division and prevent cell compression in general [83].

All of these possible functions depend on the composition of the PCC and the
molecular architecture governing its viscoelasticity and force transduction. Moreover,
some of the PCC components are prone to change with age, or disease: The molecular
structure of the HA binding protein aggrecan, most prominent in cartilage, changes
for example with age [84,85] or in osteoarthritis [86]. These changes not only affect
the properties of the specific component characterized after purification of the studied
protein, but might actually alter the whole mesoscopic organization of the PCC. So
far, analysis of the PCC has been very difficult due to its high water content rendering
it invisible in most microscopy techniques. Even though new visualization techniques
and new fluorescent dyes (see chapter 3.1.1 and 2.2) have been introduced in the last
years, no information of the internal structure of the PCC is available so far.

In this part of the work, the characterization of the mesoscopic structure of the
PCC on living cells by a combination of a fluorescence and a rheological technique is
described. The three dimensional analysis of the PCC’s general morphology reveals a
thick PCC on all non-adhered membranes (chapter 3.1). Such an extended matrix can
be explained by three theoretical models (chapter 3.4.3): The PCC could either consist
of a multilayer, be supported by long microvilli, or is being formed by a ’brush-like’
structure of HA molecules. Our experiments indicate that the multilayer and microvilli
based structures are unlikely explanations for the PCC of chondrocytes (chapter 3.4.3).

Further evidence and a closer look at the molecular architecture of the HA molecules
within the PCC can be obtained by the first hyaluronan distribution profiles within a
PCC (chapter 3.1.1) and the corresponding micromechanical map of the PCC (chapter
3.3).

3.1.1 RCJ-P Cells are Enveloped by a Thick PCC on all
Non-Adhered Membranes

Initial results by Cohen et al. based on the environmental scanning electron microscope
(ESEM) and the bead based PEA of freshly split cells suggest, that the PCC is present
on all non-adhered membranes [28], where they observed thinner coats on the apical
sides of the cell. Especially the PEA could be biased by the ability of small fluorescent
polystyrene (PS) particles to diffuse into the PCC within the time required for them
to settle around the cell (see chapter 2.1). Instead, I characterized the thickness of
the PCC on adhered RCJ-P cells with an erythrocyte based 3D-PEA (see chapter 77).
Additionally, confocal images of GFPn stained cells illustrate the PCC around the cell.

So far, I employed normal fluorescent microscopy to prove that GFPn selectively
stains the PCC. High-resolution images micrometers above the surface with reduced
out-of-focus light and a small depth of field can be collected by confocal microscopy.
Additionally, these sharply defined optical sections can be reconstituted to three dimen-
sional images. This method has been used in figure 3.1 to demonstrate, that adhered
cells are surrounded by a PCC on all non-adhered sides.

Consistent with these results, we could also prove the presence of the PCC on all
non-adhered sides of the cell by 3D-PEAs. The beads are eventually able to diffuse
into the PCC (chapter 2.4.3), and therefore performed the 3D-PEA not with fluorescent
beads [28], but with fluorescently marked red blood cells (chapter 2.1). The red blood
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surface

Fig. 3.1 — RCJ-P cells are surrounded by their PCC on all non-adhered
membranes: Confocal spinning disk images of GFPn stained RCJ-P cells after 24 h.
Images of adhered cells were taken at different heights above the surface. The recon-
stituted images along the blue dotted line (d) and the dashed orange line (e) were
performed on 25 images. All scale bars (in x, y and z) correspond to 10 pm.

cells are able to move around freely, and their position changes within the time required
to image a z-stack of confocal images (fig 3.2). Thus the shape of the red blood cells
are not recognizable in the reconstituted images, while the size of the PCC is clearly
detectable (fig 3.2).

Comparison of the GFPn stained PCC and the PEA leads to apparently smaller
PCCs in the fluorescent staining method. This deviance has also been observed in the
2D PEA with standard fluorescent microscopy (chapter 2.1). It might be caused by an
uneven distribution of HA within the coat. Contrary to the polystyrene bead based
PEA by as Cohen et al. [28], a thinner PCC on the apical side of the cells could not
be observed, even 24h after seading the cells on the glass substrate.
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Fig. 3.2 — The thickness of the PCC on the apical side of the cell is com-
parable to the one on other non adhered membranes: The PCC is visible in
the GFPn staining (green) and the 3D PEA with Dil stained erythrocytes (red) on
all non-adhered membranes around the cell. The shape of the erythrocytes is not dis-
cernible in the reconstruction of the z-stack along the black (a) and orange (b) line in
image (c), but allows to determine the thickness of the PCC which variies between 3
and 8 ym. The scale bars corrspond to 10 pm.

Under the same FBS conditions (15 %) the thickness typically varies from cell to
cell and takes in values of 3 to over 8 ym regarding a singular cell. The average PCC
size in the following experimental set for the analysis of the hyaluronan distribution
was 5.6 ym with a standard deviation of 1.6 pm.

The variations of the PCC thickness on different areas of the cell, their possible
relation to functional processes and dynamic changes (chapter ??) should be reflected
by the structure of the coat. Depending on its molecular architecture the cell might be
able to adjust the size dynamically without any need to degrade or to synthesize HA.
Therefore the characterization of the distribution of HA within the PCC was performed
in the first place.
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3.2 Mapping the HA Distribution within the PCC

The HA distribution in the PCC was investigated by using neurocan-GFP (GFPn, see
chapter 2.2) after proving that it specifically labels HA and does not lead to structural
changes of the PCC (see chapter 2.2.2). As the cells produce a stable PCC 4h after
seeding on glass cover slides (chapter 2.3), the structure of the coat was analyzed 6 h
and 24 h after seading. The PCC thickness does not vary between the apical and
other non adhered membrane parts (see chapter 3.1.1), thus specific studies of the
PCC can be carried out at one distinct height. In order to prevent interactions or
adsorption to the glass surface all other experiments were carrried out 4 um above the
glass slide, corresponding roughly to half the cell height. Well defined thin slices in the
z-direction of roughly 1 pum could be obtained with spinning disk microscopy leading to
considerable less projection errors and better defined positioning crucial for mapping
the hyaluronan distribution.

Fig. 3.3 — The distribution of hyaluronan around a cell can be visualized with
false color images: Spinning disk images of WGA555 (red) stained cell membrane
and GFPn (green) stained hyaluronan are taken 4 ym above the glass slide (a) and at
the surface. The shape of the cell is subsquently detected with a self-written Matlab
program (b), where the light orange depicts the cell membrane at the surface and the
dark orange 4 um above the surface. After binning, the false color image (c) was
calculated with Matlab. The black line depicts the cell membrane. All scale bars
correspond to 10 pm.

The concentration of hyaluronan varies on different areas of a cell and on different
positions within the PCC. Therefore, first the shape of the cell was identified based
on the fluorescent staining of the cell membrane with a WGA dye (fig. 3.3b). Thin
membrane protrusions on the surface not visible 4 ym above the glass slide can thus
be identified. The corresponding areas are subsquently excluded from the analyis. The
intensity of the GFPn staining within the PCC is difficult to judge by a mere fluorescent
image (fig. 3.3a). Thus, the corresponding false color images representing the intensity
distribution of GFPn around the cell was calculated (fig. 3.3¢). These images indicate a
decreasing hyaluronan concentration throughout the PCC depending on the proximity
to the cell membrane.
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Fig. 3.4 — Averaging over several profiles enables the characterization of
the hyaluronan distribution within the PCC: a) All profiles were calculated
perpendicular to the cell membrane at the white line, and averaged over different width
- the box represents a width of 20 pixels. The average noise was calculated over the
outer 50 pixels on all four sides of the image. The signal-to-noise ratio is significantly
reduced if the profiles were averaged not only over one (b), or five (c), but 10 (d) or 20
(e) profiles.

To analyze this radial distribution profile, I calculate the intensity profiles of GFPn
labeled HA perpendicular to the cell membrane. The relative low concentration of
hyaluronan leads to low fluorescent intensity of the GFPn signal resulting in a high
signal to noise ratio in the obtained data. Meaningful characterization of the distribu-
tion profiles are thus only accessible after averaging the intensities of several parallel
adjecent profiles. The center profile is therefore aligned to be perpendicular to the
cell membrane. Depending on the number of summed profiles the curve progression is
improved, but the resolution is eventually decreased, as profiles further away might be
affected by different curvatures of the membrane (fig. 3.4). Depending on the employed
magnification, a different number of profiles lead to sufficiently good curves. For the
calculated profiles, the number of profiles corresponding to about 1 gm, which matches
the field of depth of the z-resolution, were taken into account.

3.2.1 Hyaluronan Distribution Profiles Show Consistent
Curve Progressions

The hyaluronan distribution within the PCC has been characterized by the prior de-
scribed GFPn intensity profiles. These profiles follow the same curve progression in-
dependent of the cell or the position around the cell (fig. 3.5): First a linear increase
in intensity is observed over 1.7 pym with a standard deviation of 0.5 ym up to about
the edge of the cell membrane, which has been set to zero. Subsquently, the intensity
decreases towards the edge of the PCC. The thickness of the PCC as determined in
the PEA corresponds roughly to the loss of GFPn signal intensity.

3.2.2 Short Microvilli Influence the Profile Close to the
Cell Membrane

The overlay of the GFPn intensity profiles with the membrane staining shows an initial
overlap at the cell edge over 1.7 pm (st. dev. 0.5) indicated by an increasing GFPn
concentration up to the cell edge at d = 0. As this overlap is equally present on all sites
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Fig. 3.5 — The GFPn profiles follow a reproducible curve progression: First
a linear increase (orange) in intensity is observed up to about the edge of the cell
membrane, which has been set to zero. Subsquently, the intensity decreases towards
the edge of the PCC (green). The thickness of the PCC as determined in the PEA
corresponds roughly to the loss of signal in GFPn intensity.

of the cell, it is probably not caused by drift of the spinning disk, but rather intrinsic
to the interaction between cell surface and PCC.

Fig. 3.6 — RICM images show the roughness of the cell membrane and especially
the small microvilli at the edge of the cell membrane (a) which are invisible in standard
bright field microscopy (b). The microvilli on the edges are very dynamic moving
around extremely quickly. The length of the cutout corresponds to 5 pym.

The membranes of RCJ-P cells are covered with small microvilli, thin membrane
protrusions, as visualized in by reflective interference contrast microscopy (RICM) close
to the glass cover slide (see chapter 5.1.3). On the edges of the cell membrane small,
very thin protrusions are visible with very high dynamics, moving around constantly
(fig. 3.6). Their patterned appearance in RICM suggests, that most of these protrusions
are not sliding along the glass cover slide, but rather move in all three dimensions.
However, RICM does not lead to information far away from the sample surface and
does not give evidence for the presence of microvilli at the remaining part of the cell
membrane.

Additional evidence of microvilli-like structures can be obtained with electron mi-
croscopy. To observe the cells in the scanning electron microscope (SEM), they have
to be fixed, dried and coated with a conductive layer. All of these steps, especially
the drying of the cells, might induce artefacts such as microvilli-like structures. Inter-
estingly, the cell membrane of cells with intact PCCs after fixation (fig. 3.7a) matches
the structure of cell membranes on cells treated with hyaluronidase before fixation
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Fig. 3.7 — The cell membrane seems to be covered with small protrusions
in SEM images. In order to visualize cells with this technique they were first fixed
with glutaraldehyde and then transfered to increasingly higher ethanol concentrations.
After critical point drying they were coated with a thin gold layer. Interestingly the
cell surface of cells with intact PCCs after fixation (a) correspond to the structure of
cell membranes on cells treated with hyaluronidase before fixation (b). The scale bar
of the inset and the widht of the image correspond to 10 pum.

The microvilli are not visible in spinning disk microscopy images of living cells.
However if the cells have been fixed with 1 % glutaraldehyde before visualization,
small microvilli can be observed on the cell membrane. The simultaneously performed
3D-PEA demonstrates, that the membrane protrusions do not span the complete PCC
and careful image analysis revealed only few longer microvilli. Even though they are
present on all non-adhered sites of a cell they are not discernible in life cell microscopy
as they are probably highly motile changing faster than the image acquisition time, as
already suggested by the RICM images.

Such microvilli explain the roughness of the membrane edge which colocalizes with
GFPn labeled HA. Thus the thickness of the microvilli layer can be determined as the
width of the overlay of GFPn and membrane dye equal to 1.7 pum (st. dev. 0.5). As
the edge of the membrane has been defined as the ’outer edge’ of the microvilli layer,
these membrane protrusions will not influence further measurements.

3.2.3 Impact of Photobleaching on the Description of the Flu-
orescent Decrease

The GFPn signal is considerably reduced over time as it is easily photobleached by
stray light or during image acquisition. Hence the effect of photobleaching on the
observed fluorescent gradients was carefully examined. A series of images was taken at
one position with the usual experimental setup. As expected, the overall intensity of
the profile summed over 10 pixels decreased with time (fig. 3.8).

The relative bleaching caused by the acquisition of one image can be calculated

with an exponential formula:
1
A(t) \ N
Ato,t) = -1 3.1
( 0 ) <A(t0)> ( )

where N = t — ¢y denotes the number of images taken between t; and ¢ and A(t)
corresponds to the fluorescent intensity at the corresponding image. If the percentage
of fluorescence loss between the 3rd and the 51st image taken is considered, about 1 %
of fluorescent molecules are bleached in each image acquisition step.
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Fig. 3.8 — Photobleaching of GFPn stained hyaluronan: a) The fluorescent
intensity along the white line averaged over 10 pixel (white box) decreases over the
whole profile (b) from the 3rd (black line) to the 27th (blue line) and 51st (orange
line) image. The cell (a) was imaged with WGAB55 stained cell membrane (red),
the Dil stained red blood cells (red) and the GFPn stained hyaluronan (green) 24 h
after seading. The relative bleaching caused by the acquisition of one image was thus
calculated to be about 1%. The exponential fits were performed between 0.8 and 5
with a decay constant equal to the PEA determined PCC thickness. The scale bar
corrsponds to 100 pm.

Additionally, GFPn fluorescence decreases over time around cells, probably through
radical reactions with metabolic cell products. Therefore long term experiments can
not be performed with this method in order to study the change of the PCC’s structure
of the same cells. Within the experimental time frame this effect accounts for less than
1 % in 15 min. Thus bleaching of GFPn molecules can be ignored within a standard
experimental setup.

If images of different samples or on differently bleached areas of one sample are
compared to one another, it is instructive to know how far the shape of the profile
changes. As the signal is reduced by a factor of p through photobleaching, the effective
profile needs to be divided by this factor. For an exponential fit, the decay constant is
thus unaffected by the bleaching.

In contrast, the decay constant of the exponential fit of the different bleached
profiles fitted from d = 0.8 to d = 5 decreases with higher photobleaching (table 3.1).
The fits are strongly dependent on the chosen data range and thus largly affected by
the noise in the tail region.

Table 3.1 — The decrease of GFPn intensity can be more precisly described
by the slope than the exponential decay constant: Exponential fits following
equation y = A - e—x/t were performed between 0.8 < d > 5. The slope m is not
considerably affected by bleaching. Linear fits of the form y = A - mx were performed
between 0.8 < d > 5.

\3 15 27 39 51

t 379 3.70 3.56 3.03 2.57
m | 123 121 188 125 138

The curves can also all be fitted with an exponential where ¢ was set equal to the
thickness of the PCC as determined in the PEA (here ¢t = 7.8 ym). The fit works very
well as evident by an R2-value of 0.988 for all curves (fig. 3.8).
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The slope of a linear fit on the other hand should depend more strongly on the
amount of bleaching. The slopes determined for the bleached profiles are however all
in the same size regime (table 3.1). Thus indicating, that the slope may be a suitable
parameter to compare cells with the exact same experimental setup.

3.2.4 Analysis of the Decreasing HA Concentration

One would expect a decreasing HA concentration on round cells with larger distances
to the cell membrane due to the radially increasing volume. However, the decrease in
GFPn intensity within the PCC proved to be independent of the membrane curvature.
The decreasing GFPn intensities can also be observed on straight membrane sections
(fig. 3.9).
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Fig. 3.9 — The GFPn intensity profile is comparable at different cell heights:
a) The cell membrane was stained with WGA555 (red), the hyaluronan with GFPn
(green) and the erythrocytes with Dil (red). The image was taken at the surface of the
glass slide. b) The height profile indicates that the cell membrane is very flat like a
wall at the positions 1 and 2 where the profiles (¢) and (d) were calculated. The scale
bars correspond to 10 pm.

The coat thickness ¢t was measured by PEAs. For each profile, the absolute position
d was set to zero at the cell membrane as measured from the fluorescent intensity peak
of WGAS555. The distance towards the PCC edge was subsequently given in pm with
typical PCC thicknesses ranging from 3 to 8 um. In order to relate the decreasing HA
concentration towards the PCC edge to the coat thickness ¢, the spatial variation of
the GFPn intensity profiles 4 pm above the glass surface were analyzed. Therefore,
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we performed a linear fit to several intensity profiles, I(d) = md + I(0), where m is
the slope, I is the intensity and d is the distance to the membrane in pm. Fitting
an exponential decay to the data failed due to the high noise ratio at low fluorescence
intensity away from the cell membrane. The slopes of one sample measured with
identical settings, show an inverse correlation to the PCC thickness ¢ (fig. 3.10a):

m = st~ (3.2)

The parameter s was determined by the average maximum GFPn intensity. The
correlation of the intensity gradient to the PCC thickness underlines that normalization
by the thickness t yields uniform profiles.

p=djt (3.3)

Thus a relative coordinate system (fig. 4.4) was defined, where the edge of the PCC
was set to one. The cell membrane was set to zero, determined by the sharp drop in
intensity of the membrane dye WGA555. The absolute position d can easily be related
to the relative position p by equation 3.2.4.
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Fig. 3.10 — The relative coordinate system is defined by a fluorescent PEA
and the fluorescently stained cell membrane. a) The relation between the slope
of the decreasing GFPn intensity and the PEA determined thickness underlines that
normalization of the measurement values by the thickness ¢ yields unifrom profiles. b)
The drop in membrane dye WGADB55 intensity is set to zero and the edge of the PCC
determined by the Dil stained erythrocytes is set to one. This relates the absolute
distance d to the relative position p following eq. 3.2.4.

Definition of the coordinate system in such an independent fashion enables the
comparison of the PCC’s structure mapped with different techniques or on different
cells. Several profiles of a single cell can thus be averaged to obtain a curve, which
can subsequently be compared to other cells. The maximal GFPn intensity showed no
relation to the thickness of the PCC. Hence, the averaged curves can be normalized
by their maximal intensity and the curve progression of the HA distribution can be
compared between different samples and even different batches of GFPn or different
image acquisition settings (fig. 3.11).

3.2.5 Discussion of Possible Impacts of GFPn Staining on the
Results

Labeling cells with GFPn successfully stained the hyaluronan within the PCC. This
treatment did not harm the living cells and did not seem to alter the PCC since no
change in thickness was observed as measured by PEA. However, any interactions of
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Fig. 3.11 — The relative HA distribution is very similar on different cells:
The distribution profiles were obtained by averaging over five different profiles around

each cell and subsquent normalization. The profiles of cell 1 (black circles), cell 2
(orange squares) and cell 3 (blue triangles) show simliar shapes.

the cell with HA might be influenced by the GFPn attachment, possibly leading to a
modified take-up of hyaluronan or a modified cell response. To minimize such long-term
effects, we performed all fluorescence experiments right after GFPn addition.

Additonally, small parts of HA might be blocked by other hyaluronan binding
proteins. The GFPn intensity can therefore not be correlated to an absolute HA
concentration. The experimental setup would consequently benefit tremendeously from
a simultaneous visualization of hyaladherins or at least the most prominent hyaladherin,
aggrecan. However, so far the available antibodies are not applicable on living cells.

GFPn staining outside of cells is subjected to a high photobleaching rate, readily
observed in standard fluorescent and confocal laser scanning microscopy. This effect is
considerably reduced in spinning disk microscopy which yields reproducible intensity
profiles within one sample at the same settings. Normalization and a relative coor-
dinate system based on the PEA determined thickness further enable comparision of
HA distribution profiles from different experiments. The definition of such an indepen-
dent relative coordinate system further allows to compare the aquired HA distribution
profiles to the micromechanical map introduced in the next chapters.
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3.3 Micromechanical Profile of the PCC

Chondrocytes live in a mechanically challenging environment. In order to understand,
their adaptatation to these special conditions, it is important to measure the phys-
ical properties of the cell and the enveloping PCC and to analyze their reaction to
mechanical strain.

The reaction of chondrocytes to mechanical strain can be observed with a strain
apparatus: The first system applied an uniaxial compressive load to chondrosarcoma
cells seaded in aggarose gels [87]. They used this system to analyze the shape changes
induced by mechanical stress. A simultaneously developed strain apparatus by the
group of Prof. Bader (University of London) showed, that the extend of the matrix
decreases cell deformation [88]. They could further show, that compressive strain
on chondrocytes influences intracellular Ca?* signaling [89], whereas both static and
cyclic stretching leads to a rearrangement of their actin cytosceleton [90]. Adhered
synoviocytes even increase their HA secretion after short static stretching [91].

The physical properties of the PCC can be measured by micropipet aspiration [92].
In this setup, a cell is sucked into a pipett either completely or only partially depending
on the diameter of the micropipet and the applied pressure. The deformation of the
cell is then correlated to its Young’s modulus. In order to measure the properties of
the PCC, a complex analysis of the results is required to decouple the influence of
the simultaneously measured cell body [93]. In addition to the Young’s modulus, the
poison ratio has also been determined by this technique [94].

Atomic force microscopy offers the advantage to measure the viscoelasticity of the
PCC at different regions of a cell [95-97]. However, this technique also requires a
complex analysis based for example on the Hertzian model or a finite element analysis
[96].

The obtained averaged Young’s moduli of the PCC yield valuable information for
a better understanding of stress conduction within the cartilage [98] or diesease related
changes, indicating for example a mechanical difference between arthritic and normal
human chondrocytes [93].

However, the presented techniques have two drawbacks in common: they do not
yield information on the structure of the PCC perpendicular to the cell surface and
they recquire a complex analysis to decouple the mechanical properties of the PCC
from the simultaneously measured cell body. Thus it has not been possible to measure
the density profile of the PCC. Such a micromechanical profile could help to under-
stand the construction of the PCC, which in turn is essential in understanding how
the molecular interactions of hyaluronan and their binding proteins [40, 44] can gov-
ern the microscopic dynamics of the PCC and its interplay between the cell and the
extracellular environment.

Therefore a technique capable of measuring the mechanical profile of such a soft
material in a position dependent manner was required. Even though passive particle
tracking microrheology (chapter 1.3) has barely been used to map mechanical prop-
erties, it is intrinsically capable of doing so. The available analysis software was ad-
justed to measure the viscoelastic properties of the PCC in a position depend manner.
Thereby the tendency of small particles such as polystyrene spheres to diffuse into the
PCC was utilized (chapter 2.4.3). Thus I obtained the first micromechanical profile of
the PCC on living cells.

3.3.1 The Viscoelastic Properties of the PCC Change
Gradually Towards the Cell Membrane

I mapped the micromechanical properties of the PCC by spatially resolving the Brow-
nian motion of 0.45 pm tracer particles (fig. 3.12). The position of each tracer particle
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was mapped (with respect to the membrane and the edge of the PCC in terms of its
relative position) and analyzed its diffusive motion. The center of the track, rmean, is

Fig. 3.12 — The micromechanical profile of the PCC is obtained by observing
the Brownian motion of tracer particles in a spatially resolved manner. The 0.45 pm
polystyrene beads (green) diffuse into the PCC around the cell (membrane labeled red
by WGAS555). The scale bar corresponds to 5 pm.

calculated as the mean of all N positions r; within the track:

1 N
Pmean = > (3.4)
k=1

The distance of the track from the cell surface is then defined by the shortest line
connecting the center of the track with the cell surface.

Typically, particles move about their mean position to an extent characterized by
the average radius of motion R,,, which is 0.45 ym (st. dev. 0.24 um - see chapter 3.3.3

for more details).
N

an = %;(Tk - Tmean)2 (35)
Examination of the trajectories revealed continuous diffusion without trapping events
(compare chapter 1.3.3). The free diffusion of particles into and out of the PCC over
longer periods of time confirms that they are not bound to PCC components. This was
further validated by control microrheology experiments in HA solutions, which yielded
results consistent with literature values (chapter 3.4.1).

The motion of the 0.45 pm polystyrene beads was imaged 4 pm above the surface
to prevent artefacts induced by interactions of the particles or the PCC with the glass
slide. After each experiment the cell membrane was imaged in fluorescent mode at the
glass surface and at the measurement height. Additionally, a PEA was performed after
each set of experiments.

The fluorescent staining of the PCC with GFPn and the PEAs suggest an inho-
mogenous amount of PCC on cell protrusions (compare ?7?). Therefore these areas are
excluded during analysis.

The diffusion of tracer particles in a viscoelastic solution (compare chapter 1.3.2)
can be characterized by the mean squared displacement (MSD) in a certain lag time
7. This can further be related to the diffusion constant D in 2 dimensions with the
diffusive exponent a:

MSD(t)=4-D-1¢ (3.6)

For complex solutions, exhibiting both viscous and elastic behavior, both contributions
are reflected by the thermal motion of Brownian particles [66]. As the response of
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Fig. 3.13 — The MSD(0.01s) were calculated over a certain relative position
between 1.0 and 0.7 (green), or 0.7-0.4 (red) or 0.4-0.1 (black).

complex materials are typically frequency dependent, the MSD of these materials does
not evolve linearly with time. Therefore the diffusive exponent a has been introduced.
The diffusive exponent, «, is related to the ratio of elastic and viscous contributions of
the solution such that a = 1 in purely viscous and o = 0 in purely elastic solutions,
whereas a = 0.5 at the gel point [59] and « >1 for superdiffusion in active processes.

Inside the cell coat, variation of the viscoelasticity is indicated by slower motion
of tracer particles and their correspondingly smaller MSDs as they approach the cell
surface. To characterize this decrease, the obtained tracks are first sorted according to
their distance to the cell membrane and the MSD is calculated for all tracks in a certain
distance group (e.g. all tracks whose relative position within the PCC lies between 1.0
and 0.7). These averaged MSD curves clearly indicate a decrease in viscosity towards
the edge of the PCC (fig. 3.13a) related to the smaller MSD values observed at a relative
position of 0.4 - 0.1 compared to 0.7 - 1.0. The diffusive exponent «, corresponding
to the log-log slope of the MSD, also deviates from purley viscous diffusion inside the
PCC (fig. 3.13b).

In order to calculate the accuarate viscoelastic properties of the embedding solu-
tion, the MSD and the diffusive exponent at a certain lag time 7 can be related to the
viscous loss modulus G” and the elastic storage modulus G’ [68,69] following equation
1.12. Since, this algebraic expansion only works in mainly viscous or mainly elastic
regimes,the analyis was based on the original diffusive exponent and MSD first values.
A profile of the decreasing stiffness of the PCC can be obtained by plotting the MSD
value at a specific lag time against the entire range of relative positions (fig. 3.14). Sim-
ilarly, the diffusive exponent decreases linearly towards the cell membrane, illustrating
the increasing elasticity of the PCC up to the gel point (fig. 3.15).
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Fig. 3.14 — The MSD decreases towards the cell membrane. Each black dot
represents the MSD value of one tracer at a lag time of 0.01 s (a) and of 0.05 s (b).
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Fig. 3.15 — The diffusive constant decreases towards the cell membrane. Each
black dot represents the diffusive constant of one tracer at a lag time of 7 = 0.01 s (a)
and of 0.05 s (b).

3.3.2 The Different Cells and Different Areas do not Lead to
Enlarged Distributions of the Diffusive Exponent

The micromechanical profile of the PCC is based on different areas of a cell over 11 cells.
The fluorescent analysis of the HA distribution within the PCC indicates a constant
distribution profile over multiple cells in a relative coordinate system. Variations in-
duced by different cells or different areas of a cell on the micromechanical map can be
checked by two methods. First, the diffusive exponent of different cells was compared
and then its distribution over the whole range of relative positons was analyzed.

To quantify the correlation of the different data sets, the data of the nine cells with
more than 20 tracers within the PCC were compared. First their similarity in pure
media was calculated, where each dataset was averaged between a relative position of
2 and 4. The standard deviation (0.017) showed less than a 2% divergence from the
overall average of 0.964.

As alpha decreases linearly within the PCC all datasets were individually fitted to
y = A+ Bx at a relative position between zero and one. The average slope corresponds
to 0.463 £ 0.025, determined by the linear fit with a slope of zero through all slopes
with their respective standard deviations (fig. 3.16). This corresponds to a deviation of
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Fig. 3.16 — The increase of the diffusive constant of different cells is compa-
rable: a) The linear fit through the diffusive constant of the single cells (orange lines)
and especially their slope (b) overlap with a standard deviation of only 5.4%.
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Fig. 3.17 — The distribution of alpha is not increased within the PCC. The
distribution at the different positions is broadened by the staticstical thermal noise.
As the width of the distribution in media is comparable to that within the PCC, it is
not enlarged by differences between cells and different areas of the PCC.
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the slopes of 5.4%. If the same calculation is carried out in terms of absolute distances,
the average value of the slope is 0.085 £ 0.008 corresponding to a deviation of 8.7%.
Additionally, I analyzed the distribution of the diffusive exponent in a density plot
(fig. 3.17). The distribution at the different positions is broadened by the statistical
thermal noise. The distribution is especially large due to the very low viscosity of
water leading to large radii of motion. The width of the distribution in media, measured
perpendicular to the main axis, is comparable to that within the PCC. Thus neither the
different cells nor the different areas enlarge the distribution of the diffusive exponent.

3.3.3 The Obtained Microrheological Profile is Meaningful

Passive particle tracking microrheology is an ideal technique for studying the material
properties of soft materials. For its successful application three criteria have to be
fullfilled: 1) the thermal motion of the particles has to be visualized. This depends
on the softness of the material, which should not constrict particles too much and the
equipment used. The vigorous motion of particles in very viscous solutions such as
water or the PCC requires a high speed camera to obtain enough statistics before they
move out of the field of focus. 2) The tracers have to be homogeneously distributed
within the sample without altering it. Therefore, we allowed particles to diffuse into the
PCC, thus neither the cell nor the PCC is perturbed. As particles diffuse all the way
to the cell on non-repetitive tracks, no large scale structures seem to be present on the
time scale of observation. This also indicates that the hyaluronan is not cross-linked
to form a net with a mesh size lower than the particle diameter of 450 nm. 3) For
microrheology the particle diameter has to be sufficiently larger than the correlation
length of the polymer solution [54]. If the polymers are not cross linked, this length
depends on the concentration and length of polymers and is also referred to as mesh
size. On the other hand, if the particles are a lot smaller than the mesh size, they will
not probe the polymer properties but just the properties of the solvent. We therefore
employed rather large beads with a diameter of 450 nm. However to double check, the
MR experiments should be repeated with differently sized beads.

Microrheology experiments are intrinsically extremely sensitive to any kind of dis-
tortion affecting the particle motion. The sample was therefore equilibrated for 15 min
prior to the start of the experiment and particles far away from the cell always served
as controls to check for flow within the sample. Motion of the cell close by seemed
to play no important role, as no changes in the viscoelastic properties were observed
on living, hyaluronidase treated cells. As no motor proteins have been reported inside
the PCC, active processes such as those present inside the cells do not have to be
considered here.

In the following section the critical issues in MR experiments are double-checked:
Control measurements on PCC devoid cells show no decrease of the MSD or the diffusive
exponent. The viscosity of the solution far away from any cell is purely viscous. Our
image acquisition rate is high enough to ensure good statistics and the radius of motion
is small enough to resolve changes within the PCC.

PCC Devoid Cells Show No Changes in the Viscoelastic Properties
Close to the Cell

The measurements of the PCC are intrinsically carried out in close proximity to the cell
membrane. This vicinity to a wall-like structure could affect the Brownian motion by
hydrodynamic wall effects. Theoretically the diffusive exponent should not be affected
by wall effects, as hydrodynamic interactions should only lead to a reduced amplitude
of the Brownian motion. Thus the MSD could be affected in the very close proximity
to the cell. As a control, measurements on PCC devoid cells were performed. These
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cells had been treated with hyaluronidase first, which specifically removes the PCC and
does not alter the cells otherwise. No change of the diffusive exponent nor the MSD
values could be observed near those cells (fig. 3.18). Thus, hydrodynamic wall effects
do not influence the measurements.

The Solution Far Away from the Cell is Purely Viscous

The MSD at a lag time of 0.01 s in media was averaged over a relative position be-
tween 2 and 4 leading to M.SD(0.018)e4ia = 6.35- 1072 4+ 1.41 - 10~ 2um?. Together
with the averaged value of the diffusive exponent « at this lag time and position,
(0.018)media = 0.964 4+ 0.017, the values for the storage modulus G’ and the loss
modulus G” can be calculated with the algebraic expanson introduced by Mason et
al. [68,69]: G'(100H 2)media = 4.1 - 1073Pa and G” (100H 2) media = 7.25 - 1072 Pa.

As the storage modulus is more than a decade smaller than the loss modulus it
can be neglected. The slope of G” equals the viscosity. For a pu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>