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1 Introduction

Studying the fundamentals of the functionality of cells helps gaining insight into
yet unknown pathways and connections regarding the organisation of cells and
reaction to environmental influences. The aim of such studies is to understand
the complexity of cells and find possibilities to create markers for diseases or even
manipulate cell behaviour in terms of disease prevention, progress inhibition or
even cure. Several methods have been developed in the past decades to analyse
different components of the cell and their correlation. Genetics and proteomics are
fields of study where molecular pathways and signalling cascades are unraveled,
to better understand the machinery of the cell system. In recent years, parts of
the emerging field of biophysics try to highlight physical aspects of cell behaviour
and connect these to molecular pathways. Different methods have been developed
to study the elasticity of cells, the unfolding of membrane proteins, or test the
physical properties of the cytoskeleton.

One particular field of study is cell traction force microscopy. Cells adhering to and
migrating over substrates generate forces on these substrates via a complex ma-
chinery. Membrane spanning proteins, so called integrins, attach to extracellular
proteins deposited on the substrate. Inside the cell integrins are connected to the
cyoskeleton through various proteins forming a complex. How exactly the process
of force transduction is working is not yet fully understood due to the complexity of
the system. To study the forces that are generated by the cell on the substrate, the
displacement of it can be analysed. Starting with the simple observation of sub-
strate wrinkling during cell adhesion and migration, methods got more advanced
and precise. Today there are highly developed computational methods to calculate
the displacement of fluorescent embedded beads in deformable and biocompatible
substrates during cell migration. Another approach is the usage of elastic mi-
cropost arrays. Arrays of cylindrical posts in micrometer range are build with a
biocompatible elastomer. Cells can be seeded on top of these microposts, that are
deflected due to the forces applied on them during cell adhesion and migration.
The applied force can be calculated from the deflection of the microposts. The
benefit of this method is the cost efficiency in creating the substrate and the eas-

ier way of computing the displacement and the decoupling of stiffness and topology.




Chapter 1. Introduction

In the present study we used cell traction force microscopy with micropost arrays
as method of choice, to gain insight into the force generation apparatus of different
cell types. Therefore we created micropost arrays made of polydimethylsiloxane
(PDMS), an elastic biocompatible polymer, and established an own implementa-
tion of displacement detection.

The first part of this thesis covers the basic theory to understand how traction
forces are generated by cells, what components are involved and what plays a role
in influencing them. In the next chapter we explain and discuss how we manufac-
tured PDMS and measured the elasticity, which is necessary for the force calcu-
lation during cell traction force microscopy. In the following chapter our method
of micropost array fabrication is explained in detail, as well as the procedure of
traction force microscopy and micropost displacement detection. We compared
two different methods and tested the detection accuracy of the method of choice
for the later applications. The results are discussed at the end of that chapter.
We used the established cell traction force microscopy method for three different
applications. All methods used for the applications are described in a separate
chapter. The application chapters show the obtained results and the discussion.
In the first application we analysed the difference in traction force generation for
the distinct integrins adbl and av-class integrins avb3 and avb5. Therefore we
used fibroblasts where only these integrins are expressed, either abbl or avb3 and
avbb separately or in combination. As control we used NIH/3T3 fibroblasts. We
performed traction force microscopy under different conditions. We changed the
substrate stiffness and geometry, we applied external shear stress and manipulated
the cytoskeleton by inhibiting non-muscle myosin II or by disrupting actin or vi-
mentin. We also looked at the direction of force generation and cell migration
under shear stress, as well as on the difference in focal adhesion formation and the
influence on cytoskeletal arrangement by observing the cell height. The goal was
to detect differences regarding traction force generation in dependence on different
parameters for the two integrins, and to analyse the behaviour when both integrins
cooperate.

For the second application we concentrated on the force generation of two distinct
cell lines derived from lung tissue. R3/1 and A549 cells. These are two cells lines
that are commonly used as model cells for the alveolar type I and type II cells.
These cells together build the alveolus and are responsible for gas exchange and
surfactant release in lungs. Since shear stress can occur during several lung dis-
eases, we were interested how differently the cells react to applied shear stress in
terms of traction force generation and what role non-muscle myosin II plays. In
addition we analysed the different role of vimentin in traction force generation for

the two cell lines. We also looked at the direction of force generation and cell mi-




gration under shear stress, as well as on focal adhesion formation and cell height.
In the third application we focused on the osteocyte-like cell line MLO-Y4. Os-
teocytes are exposed to shear stress that might occur in the canalicular system
in bones. Therefore we were interested in traction forces during applied shear
stress. In addition we were interested in the involvement of vimentin and smooth
muscle myosin kinase in traction force generation, since lately a large amount of
muscle-related proteins were detected in osteocytes. Again, the direction of force
generation under shear stress, as well as focal adhesion formation and cell height
were analysed to get better insight into the traction force results.

At the end of this thesis there will be a chapter summarising the results and

insights we achieved and give an outlook about further possible measurements.







2 Theory

2.1 The cytoskeleton

Various organelles reside outside the nucleus in the cytosol of an eucaryotic cell.
Everything together builds the cell’s cytoplasm that is enclosed by the cell mem-
brane, a semipermeable phospholipid bilayer containing embedded proteins like
integrins, that are responsible for the connection to the surrounding of the cell
(extracellular matrix). In between the organelles the cytoskeleton is located. The
cytoskeleton consists of three distinct parts: the microfilaments or actin filaments,
the microtubules and the intermediate filaments. They vary in size, protein com-

position and function.

Filamentous actin (F-actin) is composed of actin monomers, the globular or
G-actin. Two helical, interlaced strands build the microfilaments. The persistence
length of these filaments is ~10um, the diameter 5-10nm and the Young’s modulus
around 103MPal™. The persistence length quantifies the flexibility of a polymer.
The persistence length and the Young’s modulus are proportional to each other.

Actin filaments are polarised with a slow-growing pointed (-) end and a fast-
growing barbed (+) end. The cytoskeletal protein Filamin A cross-links F-actin
following the actin network being anchored to the cell membrane. Spectrin links
F-actin to intermediate filaments. Plektin is a linker for all three cytoskeletal com-

(1171 Tt also acts as connector of the cytoskeleton to junctions!''"l. Actin

ponents
has a functional role in cell migration by rapidly polymerising at the front and
depolymerising at the retracting rear of a moving cell and therefore driving pro-
trusion.

Tension can be generated actively by association with the motor protein non-
muscle myosin II to form contractile microfilaments. The cytoskeleton becomes
prestressed. Stress fibers are formed by several of these filaments. They contain
parallel oriented actomyosin filaments and are linked by actin-binding proteins.
These bundles have a diameter of 0.2-1um and an elastic modulus of ~10%kPal™!
which is much lower than the one from single actin filaments. That means stress
fibers are less stiff and more extensible than actin filaments. This is an important

feature since stress fibers are therefore able to bear intracellular stresses!3!. These
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stress fibers can be subcategorised into transverse arcs, dorsal stress fibers and
ventral stress fibers. The transverse arcs run parallel to the cell periphery. They
are connected to focal adhesions via dorsal stress fibers. The latter ones are em-
anating from peripheral focal adhesions running parallel to the dorsal membrane.
Ventral stress fibers are oriented parallel to the ventral membrane and are con-

nected to focal adhesions at both ends.

Intermediate filaments are built from different monomers like vimentin, ker-
atin, lamin or desmin, depending on the cell type. Epithelial cells express a group
of keratins, mesenchymal, endothelial and hematopoietic cells express vimentin
and muscle cells express desminl®!. The subunits of intermediate filaments are
built by a-helical rods that arrange into ropelike filaments. Their persistence
length is ~1pm and the diameter ~10nm!™. The elastic modulus is in the range
of 1-10MPal™. They have a high tensile strength and are therefore important
to provide mechanical support in the cell. Although they are not known to be
actively involved in traction force generation, they might indirectly participate,

since they are also connected to the actin cytoskeleton 193],

Microtubules consist of a- and S-tubulin dimers that build hollow tubes with an

[77] The elastic modu-

outer diameter of ~25nm and an inner diameter of ~12nm
lus is ~10°MPa and the persistence length ~10%um!™. They provide a road-like’
structure for motor proteins like dyneins and kinesins. Microtubule formation be-
gins at the microtubule organising centers. Apart from structural relevance as
supporting component and transportation, microtubules are necessary for chro-
mosome division during cell mitosis and meiosis. The assembly and disassembly
was shown to generate intracellular forces, necessary to position chromosomes and
nucleil®. Micotubules are important for the directionality of cell movement 8],
Although micrutubules alone are not known to be actively involved in traction
force generation, a recent study found that traction forces increase after micro-

[134]

tubule depolymerisation As for the intermediate filaments, microtubules are

connected to other cytoskeletal parts and therefore might have an indirect role in

traction force generation 92,

2.2 Integrins and the focal adhesion machinery

The actin cytoskeleton is connected to focal adhesion, located at the cell membrane
and containing membrane spanning proteins, so called integrins. Integrins are het-
erodimeric, transmembrane glycoproteins containing an « and a £ subunit that

form receptors for extracellular matrix molecules like fibronectin or collagen. The




2.2. Integrins and the focal adhesion machinery

subunits are non-covalently linked. In mammals there are 18 o and 8 8 subunits/®l.
Each subunit has a large extracellular domain, a single membrane-spanning do-
main and a short non-catalytic cytoplasmatic tail. Different combinations of these
subunits form twenty-four known types of integrins. Several integrins are usually
co-expressed in mammalian cells.

Binding to a ligand outside the cell leads to clustering into focal contacts that con-
tain actin-associated proteins (e.g. talin, paxilin, vinculin, a-actinin, and zyxin)

which link the integrin to the cytoskeleton (see Fig.1).

RhoA
Rock Rac

Actin Vinculin

Myosin

Talin Tensin

a-actinin Zvxi

N FAK yxin
Cytosol

Membrane

Integrins

Extracellular Matrix

Figure 1: Simplified draft of a focal adhesion complex composed of integrins linked
to the extracellular matrix outside the cell and proteins and the actin
cytoskeleton inside the cell. The signalling process is indicated with
arrows leading to different proteins involved in mechanotransduction.

Integrins are necessary for attachment of the cell to the extracellular matrix, but
also for signal transduction inside the cell influencing e.g. cell survival, prolifer-
ation, angiogenesis, gene expression, and morphology®l. Integrins are influencing
several diseases like autoimmune diseases, cardiovascular diseases, and cancer in
terms of tumour cell migration, invasion, proliferation, and survivall®®3]  a5b1
and avb3 are amongst others correlated with lymph node metastasis in melanoma
and the latter one also in pancreatic tumours®¥!, tumour metastasis and angio-

genesis[19311144 " Integrins influence tumour cells both in the ligated and in the
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unligated state, meaning that the cells are able to survive anchorage independent.
abbl is known to act as ‘catch-bond’, it switches to a high affinity state in response
to force, leading to adhesion strength reinforcement #4192 811411~ 3y1h3 and a5bl
act as mechanosensors and trigger downstream events inside the cell 21551179,
After adhesion to the extracellular matrix cells are able to actively migrate. Cell
migration plays an important role in tissue formation, tissue repair, immune
surveillance and several diseases like vascular disease, cancer or osteoporosis!4°l.
A migrating cell polarises and attaches at the front to the substrate, at the rear
detachment takes place. It extends membrane protrusions like lamellopodia (actin
builds branching networks) and filopodia (long parallel actin bundles). The driv-
ing force for protrusion is believed to be an elastic Brownian ratchet mechanism,
meaning that thermal energy bends nascent short filaments storing elastic energy
that is released during unbinding and provide driving force 40,

Lamellopodia are built through actin polymerisation, regulated by Rho GTPases
(hydrolase enzymes that can bind and hydrolyse guanosine triphosphate (GTP))
Rac and Cdc42. Integrins are recruited to these protrusions and bind to an ex-
tracellular ligand like fibronectin. The cytoplasmic integrin tail binds to actin via
talin, which acts as anchoring protein, and the actin stabilising proteins vinculin
and paxillin. After binding they expose binding sites to the signalling proteins Fo-
cal Adhesion Kinase (FAK), major tension-sensor of the cell, and Src. Following
additional integrin recruitment a nascent focal complex has built. Nascent adhe-
sions are less than 0.25um in diameter!®® and produced by small forces derived
from membrane tension and actin polymerisation. At the lamellipodia-lamellar
transition zone nascent adhesions enlarge into focal complexes and further develop
into focal adhesions[®® via traction forces applied by the growing end of an actin
stress fiber, leading to recruitment of zyxin and other proteins as well as additional
integrins.

Focal complexes at the leading edge of migrating cells generate high traction
stresses (around 10°Pa) before clustering into mature focal adhesions!'3l. Clus-
tering of focal adhesions leads to an 'molecular clutch’ behaviour, meaning a re-
inforcement of the bond under tension, reduction of actin retrograde flow rates
around adhesion sites and an increase in traction stresses. There seems to be
an optimal threshold of integrin-ECM bond strength where cells migrate. Below
the threshold they detach and above they cannot movel®l. The lifetime of focal
adhesions within the lamella of cells is ~20min. At the rear cell body focal ad-
hesions are disassembled during cell movement[®l. Focal adhesions vary in length
from 1-10pm 114 whereas large adhesion size does not automatically mean larger

ol122]

traction forc Mature focal adhesions are precursors to fibrillar adhesions.

They are located towards the cell center. abbl integrins link fibrillar adhesions to




2.3. The extracellular matrix and cell traction forces

fibronectin 1%,

An important component of the focal adhesion machinery is non-muscle myosin
IT. Tt is a hexamer built from two long heavy chains, two regulatory light chains,
and two essential light chains[®. Nascent adhesions are non-muscle myosin II-
independent. Adhesion maturation is driven by non-muscle myosin II activity and
additional protein recruitment. Myosin II is necessary for cross-linking F-actin
into stress fibers and retrograde flow. It interacts with actin upon myosin light
chain (MLC) phosphorylation. When myosin binds to actin, catalytic sites with
ATPase activity found in the amino-terminal head region are activated. Energy
is provided by hydrolysis of ATP into phosphate and ADP. As a consequence C-
terminal domains self associate into filaments, which allows their heads to bind
to actin after phosphate release and exert tension via a power stroke after ADP

(1761 Myosin II contractility recruits focal adhesion related proteins like

1471

release.
Focal Adhesion Kinase (FAK), zyxin, vinculin, a-actinin and paxilli Several
signalling molecules like vinculin change their conformation depending on tension.
The interaction between non-muscle myosin II and F-actin generates mechanical

forces that are necessary for cell migration, division and shape modification [1*511176],

2.3 The extracellular matrix and cell traction

forces

The surrounding of cells, composed of different types of molecules is called the ex-
tracellular matrix (ECM). It provides structural stability, is important in growth
processes, wound healing and influences cell behaviour in a chemical and physical
manner. Different molecules are secreted by cells via exocytosis depending on the
cell type and function. Important components are fibronectin (FN), collagen, fib-
rillar proteins that give structural support, elastin for the elasticity and laminin
that forms web-like structures and occurs in the basal laminae. Fibronectin is a
glycoprotein (around 440kDa) binding to integrins and therefore connecting cells to
other ECM components like collagen. It consists of two almost identical monomers
linked by disulfide bonds. It is secreted mainly by fibroblasts. The RDG sequence
(Arg-Gly-Asp) is the binding site for a5bl and avb3 integrins. In case of abbl
integrins random cell migration and thin cell protrusions occur whereas with avb3
a persistent migration and broad lamellopodia are observed®). By actomyosin
generated force on the fibronectin fibers a cryptic binding site, the synergy site, is
exposed to the a5bl domain and enhances binding!®l. The resistance to force was
shown to be higher for FN-a5bl bonds than for FN-avb3 bonds 4!,

Cytoskeletal tension exerted on the ECM through focal adhesions is called traction
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force. Single focal adhesions exert forces in the range of 10 nNPIRII6H - Thege
forces are exerted during adhesion and movement of the cell and are involved in
several physiological processes like wound healing, inflammation, angiogenesis, or
cancer metastasis (817311401

Several different pathways correlated with focal adhesions are involved in regulat-
ing adhesion and migration and therefore force generation. Cytoskeletal properties
as well as environmental cues also influence force exertion in terms of magnitude
and direction. Chemotaxis, reacting to chemical stimulus and durotaxis, sensing
the stiffness of the extracellular matrix are examples of these external factors. To-
gether with substrate stiffness also the geometrical shape of the surface has an

s34 B3I [148][168] ~ Ceells sense and respond to these ex-

influence on cell traction force
ternal mechanical parameters by tension generation inside the cell and biochemical
processing via molecular pathways!!*.

The ECM has an influence on the cell in terms of cytoskeletal rearrangement and
traction force generation. Increase in fibronectin density promotes integrin activa-
tion and enhances traction forces. This requires Rho kinase and myosin activity.
The stiffness has an influence on cell adhesion and migration and is, together with
the composition, important for the understanding of tumour growth and invasion.
ECM stiffness has been shown to affect adhesion, migration, proliferation, differen-

[56] [94] [101] [127] [129] [195] . Also durotaxis

g [31[34] [68] [90] [178]

tiation, cell spreading and also tumour growth
was observed, meaning that cells migrate towards stiffer substrate
Increased substrate stiffness or prestress due to cytoskeletal tension leads to ad-
hesion reinforcement by enlargement to resist the force. The mechanism implies
stretching of proteins and therefore switching into a high-affinity binding state or
unmasking additional binding sites[''11145] Reacting to stiffer substrate, several
molecular mechanisms are involved deriving from increased integrin clustering and
therefore triggering of upstream events inside the celll®l. Cancer cells are able to
modify the mechanical properties of their environment, e.g. increasing the ECM
stiffness to enhance proliferation by extracellular matrix deposition and reorgani-

sation 28],

2.4 External shear stress as physiological

parameter

One physiological important cue besides the extracellular matrix is shear stress.
Laminar shear stress is e.g. observed in the vascular system, in the lung, and as
canalicular flow on osteocytes in bones. Shear stress is known to alter cell shape,

gene expression, cytoskeletal organisation and it regulates airway epithelial barrier

10
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functions!991 132111501 Ty the vascular system fibroblasts are exposed to interstitial
flow shear stress in vessels and capillaries. Previous studies showed an influence
of shear stress on NIH/3T3 fibroblast migration as well as an increase in traction
forces after applying stretching forces through flexible substrates!* 41551,

During breathing the lung tissue is exposed to mechanical cyclic stretching forces 56!
as well as shear stress. During rest breathing a laminar shear stress is exerted on

all  Since lung epithelial cells

airway epithelial cells in the order of 0.05-0.3 P
act as barrier at the air-liquid interface to the environment, they sense and re-
spond to changes in mechanical load. In pulmonary diseases and clinical therapies
like surfactant replacement therapy in premature infants, propagating liquid plugs
in the lung might produce high fluid wall shear stress during breathing leading
to cell damage and injury ¢4[7I11051[63] - The epithelial cell layer in lungs at the
air-liquid interface is build by two distinct cell types. Alveolar type I cells are
large flat cells that cover more than 95% of the alveolar wall and therefore build
the basic structure and permit gas exchange. Alveolar type II cells cover 2-5% of
the surface area, act as progenitor cells for the AT I cells and are able to secrete
pulmonary surfactant that lowers surface tension at the alveolar gas-liquid inter-
face and therefore control alveolar fluid levels. Commonly used in vitro models
for these cell types are the the alveolar type I like rat epithelial cell line R3/1 and
the alveolar type II like adenocarcinomic human alveolar basal epithelial cell line
Ab49.

Fluid shear stress also occurs in the canalicular system in bones. Osteocytes are
known to sense and react to this fluid shear stress/™. These cells are embedded
within the mineralised matrix of bones and are thought to translate mechanical
loading into biochemical signals!'l. In vitro studies showed upregulation of cell
proliferation and release of paracrine factors after inducing fluid shear stress!™l. A

common model cell line for osteocytes are MLO-Y4 cells.

2.5 Cell traction force microscopy

Studying cell traction forces, depending on influences of the environment as well as
on manipulation of the force generation apparatus in the cell, helps gaining insight
into yet unknown parts of signalling pathways and understanding their role in force
sensing and exerting.

Cell traction force microscopy is a method to study forces exerted by cells on the
substrate. Different approaches have been used in previous studies to determine
traction forces. One qualitative approach used a soft polymer surface to analyse
the wrinkling of the surface during cell migration!®!. A more advanced approach

uses fluorescent beads embedded into a planar acrylamide substrate!'”l. Forces

11
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were analysed quantitatively by comparing the movement of the beads over time.
Several groups used this method with slight changes in the experimental approach
and mathematical calculation of bead displacement 221321194 Yet another method
is to use a micropost array as force-sensing substrate®”1'61 The advantage here
is the decoupling of stiffness and topology. By changing the height and diameter
of the microposts one can vary the stiffness of the substrate, but also influence the

size and number of focal adhesions on one micropost.

12



3 Polydimethylsiloxane

characterisation

This chapter covers the manufacturing of Polydimethylsiloxane as elastic substrate
for cell traction force microscopy. The detailed manufacturing process as well as
the determination of the Young’s modulus are explained. The latter one is crucial

for the correct force calculation during cell traction force microscopy.

3.1 Method

3.1.1 Polydimethylsiloxane fabrication

Polydimethylsiloxane (PDMS)(Dow Corning, SYLGARD g, 184 Silicone Elastomer
Kit) was used as biocompatible, elastic, inert, and optically clear substrate for the
cells. It is a silicon based organic polymer that is, for example, used in contact
lenses 17,

It consists of two components, the base and the curing agent. Depending on the
desired elasticity the ratio of base to curing agent has to be chosen accordingly.
If not stated otherwise the ratio 1:10 (curing agent to base) was used for all mea-
surements. Using a scale the two components were pipetted together. The base is
very viscous whereas the curing agent is more fluid. The components were mixed
with a spatula and afterwards placed in the exsiccator. Vacuum was applied until
all air bubbles were removed from the mixture. The next step includes casting the
polymer into the desired mold. Again air bubbles have to be removed with the
exsiccator. The cross-linking of base and curing agent takes place at 60°C over
night (15h) in a drying oven. Cross-linked PDMS remains optically clear, elastic
and hydrophobic. With plasma oxidation the surface can be made hydrophilic by
adding SiOH groups.

To peel of PDMS from glass or from photoresist, the surface has to be silanized to

ensure separation!'%4.

13



Chapter 3. Polydimethylsiloxane characterisation

3.1.2 Young's modulus determination of

Polydimethylsiloxane

To determine the Young’s modulus of the PDMS, Force-Distance Curves were per-
formed on flat PDMS surfaces in Millipore water with the JPK Nano Wizard 3
Ultra. Three different ratios of curing agent to base were measured: 1:10, 1:20 and
1:30.

Therefore 1mg of the PDMS mixture was prepared as described in the section
before and casted on a glass object slide. The thickness of the PDMS layer was
>300um. This was determined via a Witec Alpha300 microscope with a calibrated
z focus. Therefore the height difference was determined between focusing on the
top of the PDMS layer, which was marked with a coloured dot and focusing at the
glass bottom at a part, where a piece of the PDMS was scratched off. Two samples
from two different days were measured for each ratio with thickness values of 427
+ 16pm for the 1:10 ratio, 360 £+ 3um for the 1:20 ratio and 439 + 5um for the
1:30 ratio.

For the Young’s modulus nine measurements were performed for the 1:10 and 1:20
ratio and seven measurements for the 1:30 ratio from three different samples on
different spots on the sample.

Cantilevers with a spherical tip with a diameter of 1.9pm and gold coating were
used (CP-PNPS-SiO-A-5 (Colloidal Probe Pyrex-Nitride probes, sQubeg colloidal
probe; sphere material: silicon dioxide (SiO2) with sphere diameter A=1.9um =+
5% on PNP-TR cantilever; length 100pm, width 13,5um, thickness 0,6pum, Force
Const. 2N/m, 65nm chromium/gold backside). The exact spring constant was
calibrated for each measurement with the calibration setup of the JPK Nano Wiz-
ard 3, using the thermal noise method 194,

Quantitative imaging (QI) was performed, a force curve based imaging method,
measuring a square of 128 x 128 Force-distance curves. The exact settings are

specified on the following page.

14
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e Feedback Control: e Advanced Settings:
— I Gain: 50Hz — Extend Sample Rate: 50kHz
— P Gain: 0.001Hz — Extend Sample Time: 40ms
— Setpoint: 85nN — Extend Sample Speed:
35pum/s

e QI Control:
— Retract Sample Rate: 50kHz
— Setpoint: 500nN
— Retract Sample Time: 40ms

Z length: 1400nm

— Retract Sample Speed:
— Extend Time: 40ms
35pum/s

— Retract Time: 40ms — Add Retract: 700nm

o Grid: — Motion Time: 2ms
— Fast: 30um — Acceleration: 1ms
— Slow: 30um — Next Line Delay: 10ms
— X Offset: 0 — Next Line Retract: 100nm
— Y Offset: 0

— Pixel: 128 x 128

Grid Angle: 0

The Young’s modulus was calculated with the JPK software using the Hertz fit
model. The Poisson’s ratio was chosen as 0.5 and the fit was performed from the
contact point to infinity. The fit range starting from the contact point was tested
using following values: 100nm, 200nm, 300nm and infinite. The infinite range
had the smallest standard deviation and was therefore used for all measurements.
Since the thickness of the PDMS layer was much larger, we did not run the risk

to measure the glass surface.
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Chapter 3. Polydimethylsiloxane characterisation

3.2 Results

Table 1 shows the mean Young’s modulus and the according standard deviation
for the measured PDMS ratios. The Young’s modulus decreases with a higher base
proportion.

Table 1: Young’s modulus of the three measured PDMS ratios, showing the mean
and the standard deviation.

Ratio curing agent to base Young’s modulus
1:10 1201 + 229kPa
1:20 495 + 72kPa

1:30 269 + 64kPa

3.3 Discussion

Literature values for the Young’s modulus of different PDMS mixtures vary largely.
Several factors influence the result like accuracy of the mixture ratio, curing time,

80111301 Previous studies used different

curing temperature, and measurement tools
analysis methods, like stretching of the PDMS #3127 atomic force microscopy ™!,
nanoindentation ['%! or macroscopic compression!"®. Whereas the accuracy of the
mixture is dependent on precise performance, the curing time and temperature
can be chosen individually but has to stay the same to avoid large deviations
in the Young’s modulus. For the curing agent to base ratio 1:10 and a curing
time of 15h at 60°C we measured a Young’s modulus of 1201 4+ 229kPa. Other
groups using similar curing temperature and time measured 1500kPal®l(no mea-
surement method stated) and 2100kPal®?l (tensile test). It is not useful to compare
the measured results with other methods where different curing times and tem-
peratures were chosen, since the variation can be as large as approx. 750kPa
to 4000kPa/[PI[46118011130]  Ag expected the Young’s modulus decreases using less
amount of curing agent. We used the ratio 1:10, that is also the company recom-
mended ratio, in all our experiments, because one has to consider, that with less
curing agent the PDMS samples may contain a higher amount of uncrosslinked

oligomers, that might have an influence on the cells!*37],
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4 Cell traction force microscopy

technique

This chapter explains the detailed process of PDMS micropost array fabrication
and the procedure of traction force microscopy and micropost displacement de-
tection. Two different detection methods were compared and for the method of

choice, used for the later applications, the detection accuracy was tested.

4.1 Method

4.1.1 Micropost array fabrication

Arrays of uniformly shaped, hexagonal ordered, and cylindrical microposts were
fabricated as substrate for cell traction force microscopy. Briefly, a mould with
holes was created via photolithography and PDMS was casted on the mould. After
curing, the finished PDMS micropost array is peeled off.

The first step to create a mould for the micopost array is to design an exact
two-dimensional sketch of the desired structure. AutoCAD from Autodesk Inc.
was used to create the structures (see Figure 2 and 4). This sketch was used to
create a photomask from quartz glass with a chromium structure. The chromium
was etched until the given structure is formed (Yakiv Men, Institute of Electron
Devices and Circuits, University of Ulm). The dimensions of the sketch used for

our measurements were:
e 5um circle diameter, 10pum centre-to-centre distance
e 4um circle diameter, 8um centre-to-centre distance
The exact dimensions of the microposts have to be measured with electron mi-

croscopy since they are slightly changed during the manufacturing process. Images
were taken with the Hitachi S5200.
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Chapter 4. Cell traction force microscopy technique

Figure 2: AutoCAD drawing of the structure template for the chromium structure
on the quartz glass mask (left). Electron microscope images of PDMS
micopost arrays from the top (middle) and from the side (right).

The stiffness of the microposts can be varied by changing the radius and length
of the microposts, while the Young’s modulus of the PDMS is kept constant. To
change the radius of the microposts the chromium structure has to be changed ac-
cordingly. To change the length of the microposts, the following photolithography
process has to be adapted.

The next step was performed in the clean room using photolithography technique.
The used protocol was kindly provided by Claudio Rolli, formerly post-doc at the
Max-Planck Institute in Stuttgart. The exact protocol is shown below.

Briefly, a silicon wafer is coated with a thin layer of SU-8-10 (MikroChem Corp.)
using a spin coater. A softbake step is necessary to evaporate the solvent and
densify the film. In the next step the photomask and the SU-8 coated wafer are
placed into a mask aligner and brought into vacuum contact, following an exposure
with i-line (365nm). During the exposure process formation of a strong acid takes

(183]) " During the the post exposure bake an acid-initiated,

place (see Figure 3(a)
thermally driven epoxy cross-linking takes place (see Figure 3(b)1%3). A devel-
oping step removes the not crosslinked parts of the photoresist. The sample is
then rinsed with isopropanol and dried with a nitrogen stream. A hard bake step

ensures a better stabilisation of the form.

e

Figure 3: UV-induced reaction of SU-8 during i-line exposure (a) and temperature
induced reaction of SU-8 during the post exposure bake (b) 1183l
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4.1. Method

Photolithography protocol for micropost array moulds:

e Cleaning of the silicon wafer: Rinse the wafer in acetone, then in iso-
propanol and finally in Millipore water. Dry it with nitrogen and place it on

the heating plate at 200°C for 10min. to evaporate remaining water.

e Spin coating: Place the cleaned wafer on the chuck of the spin coater with
vacuum contact, pour 1.5ml SU-8-10 (MicroChem Corp.) in the middle of
the wafer and immediately start the spin coating programme with following

parameters:

time: 5sec speed: 500rpm acceleration: 100rpm/s?

time: 35sec speed: 3000rpm acceleration: 300rpm/s?

e Soft bake step

time: 3min. temperature: 65°C

time: 10min. temperature: 95°C

e Exposure: 5sec with 365nm i-line in vacuum contact with WEC settings
(MJB4 SUSS MicroTec)

e Post bake step

time: 2min. temperature: 65°C

time: 4min. temperature: 95°C

e Developing: Immerse the sample in mr-DEV 600 microresist (MicroChem

Corp.) for at least 3min.

e Hard bake step: Heat up the sample slowly to 200°C for 1h, cool down

slowly to room temperature.
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Chapter 4. Cell traction force microscopy technique

For higher microposts:
e Spin coating

time: 5sec speed: 500rpm acceleration: 100rpm/s?

time: 35sec speed: 2000rpm acceleration: 300rpm/s?

e Soft bake step

time: 2min. temperature: 65°C

time: b5min. temperature: 95°C
e Post bake step

time: 1min. temperature: 65°C

time: 2min. temperature: 95°C

In the next step the finished form must be silanized to enable the separation
of cured PDMS from the hardened SU-8 features. Therefore 1ml of 1,1,1,3,3,3-
Hexamethyldisilazan (Merck) is dropped into a petridish containing the wafer and
then sealed with parafilm. The sample is stored overnight under the flow bench.
The next step is to prepare the mixture of PDMS curing agent to base in the
ratio 1:10. To remove air bubbles from the mixture it has to be vacuumised in the
exsiccator until no air bubbles are visible. Then the PDMS is casted on the mould
and exsiccated again to remove additional air. The volume should be enough to
ensure a resulting sample thickness of around Imm. In case of too thick samples
the working distance of the microscope objective will be too small and for too
thin samples wrinkles will appear. The PDMS is cured at 60°C overnight. The
hardened sample is peeled off and cut into smaller pieces of around 5x5 mm that
are glued into a petri dish with a small drop of PDMS. Figure 4 shows an overview

of all steps described.
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Figure 4: Overview of all steps including photolithography and PDMS micropost
array fabrication.
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4.1.2 Cell culture

Fibroblasts were cultured in Dulbecco’s Modified Eagle Medium with 10% fe-
tal calf serum and 5% penicillin/streptomycin (all reagents from gibco® by life
technologies”). Cells were splitted three times a week 1:10 with the according
medium. Prior to seeding, surfaces were sterilised with ethanol and then coated
with 5ug/cm? fibronectin. To coat just the top of the PDMS microsposts, a drop
of fibronectin was placed on it for 2 hours. Due to the hydrophobicity the solution
remained as a droplet. After incubation time the solution was washed off two times
with PBS and cells were seeded over night non confluently before measurement.

As a control, scanning electron microscope images were taken of same samples of
cells seeded on top of the microposts. For thus, cells were fixed with 4% formalde-
hyde for 15min. Afterwards the samples were cryo-dried and vapour coated with

platinum. Images were taken with the Hitachi S5200.

Figure 5 shows a micropost array with Cy2 labeled fibronectin, covering the top
of the microposts and for orientation a three-dimensional scanning electron mi-

croscopy image of a microscope array.

Figure 6 shows scanning electron microscope images and phase contrast images

of micropost arrays with cells attached to the top of the micoposts.

20.0um

Figure 5: Microscope image of a micropost array coated with fluorescently (Cy2)
labeled fibronectin (left) and a scanning electron microscope image of an
PDMS micropost array (right).
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1 1 1 1 |
30.0um

Figure 6: Scanning electron microscope images of fibroblasts attached to the top of
the microposts (top). The strong bending of the microposts is an artefact
due to the fixation of the cell. Phase contrast images of fibroblasts on
PDMS microposts (bottom).

4.1.3 Image taking and analysis

For the detection of the micropost displacement under force generation by cells, a
method has to be used, that is both time efficient and accurate. In this respect
the experiment has to be optimised, whereas the image taking as well as the cal-
culation can be varied.

Two different experimental approaches, described in the following chapter, were
tested to detect the micropost deflection: the trypsin and the hexagonal grid
method. For the trypsin method two images are taken, one with and one without
the cell and directly compared to get the deflection. In contrast only one image
with the cell is taken using the second method and the micropost deflection is cal-
culated by alignment of the microposts to a hexagonal grid. For all experiments
conducted the hexagonal grid method was used, which is described more detailed
in the following. The hexagonal grid method is more time-efficient compared to
the trypsin method. One image of an attached cell is taken, focusing on the outline
of the micropost tops. During analysis the micropost positions are compared to
an ideal hexagonal grid, that is constructed based on the undeflected microposts
around the attached cell. Therefore two undeflected microposts have to be selected

whereas a grid is generated that aligns to the centres of all undeflected microposts.
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Chapter 4. Cell traction force microscopy technique

The difference for the trypsin method is, that two pictures of the same area are
taken, focusing on the outline of the micropost top. The first image with the at-
tached cell and the second image after the cell is removed with trypsin. In this case
the image without the cell represents the undeflected state of the microposts!®°l.
Images were taken with a Zeiss Observer D1 and an Axio Cam Mrc from Zeiss.
A 40x objective was used, leading to a total magnification of 400x (1 pixel corre-
sponds to 256nm).

To detect the micropost centres a Hough transformation for circular objects in grey
scale images was used. Therefore a script available from the file exchange from the
Matlab Central was used (Detect circles with various radii in gray scale image via
Hough Transform, Tao Peng, Department of Mechanical Engineering, University
of Maryland, Version: Beta, Revision: Mar. 07, 2007). Several parameters can
be changed using this circular Hough detection as described. The minimum and
maximum radius range for the circles to be detected can be adapted. A smaller
range can save computational time and memory. Since the radius for the microp-
osts is known, a close range is chosen accordingly with 9-15 pixel, corresponding
to 2.3-3.84pum. The Hough transformation on one image is performed multiple
times and all images are added up to one picture, the accumulation array. For
the search of local maxima in the accumulation array the radius of the filter was
set to ten, the minimum value is three. A larger radius is useful to detect circles
with less perfect shape. Therefore distorted circles that resemble an ellipse are still
represented in the accumulation array. A two-dimensional pyramid filter is used
to smooth irregular circle edges.

To analyse the images, a custom made Matlab script (written by Thomas Kerst)
is used. It first calls for an empty image section, containing only microposts, but
no cells. This is used for drift correction. Next, an image section containing a
cell is selected. Each detected micropost is marked with a red dot representing
the center and a blue circle representing the outline (see Figure 7). The center
positions are then subtracted from the calculated center positions of the hexagonal
grid points, that represent the undeflected micropost state. The obtained values
represent the magnitude of the displacement Ax and the direction. In case of the
trypsin method the center positions were subtracted from the center positions of
the same image section after cell removal.

In case of wrongly or not detected microposts it is possible to manually select or
deselect them. For the analysis of the quality of the circle center detection it is

useful to observe the peaks in the accumulation array (see Figure 7)
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Figure 7: Phase contrast image of a cell attached to microposts. The blue circles
mark the outline of each microposts and the red dot represents the cir-
cle center (left). The associated accumulation array indicates the circle
centres as peaks. (right).

The applied force F can be calculated with known Young’s modulus E of the
PDMS and radius r and length L of the microposts (equation (4.1) and Figure
81371, The stress on each micropost is calculated by dividing the force through the
area of the micropost top.

Ax
E:  Young’s modulus of the PDMS /
F:  Force _/
Az: Displacement B A
L:  Length of the micropost ,/;
r:  Radius of the micropost il 1

Figure 8: Draft of a bend micropost.

Two compare the hexagonal grid and the trypsin method we analysed eight cells
(same cell type, different passages). For this we chose the same parameter values

(radius range 9-15 pixel, filter radius 10 pixel) for the Hough transformation and

the exact same image section.
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4.1.4 Testing the detection accuracy of the hexagonal grid
method

To analyse the accuracy and therefore the detection limit of micropost displace-
ment magnitude, phase contrast images from microposts were manually changed
with a graphics program in a way that one circle was moved by a defined value. By
rescaling of the images it was possible to generate displacement values of 256nm,
128nm, 64nm, 32nm and 16nm. This was done for five different microposts. In
the next step a Gaussian blur filter with different sigma values was applied to
all images after displacement using ImageJ Version 1.46a. Convolution with a
normalised Gaussian function is used for smoothing, where sigma is the radius of
decay to e-0.5 ~ 61%, i.e. the standard deviation o of the Gaussian. In figure 9 an
example of a micropost with different displacements and Gaussian blur values is
shown. For the largest displacement value the accumulation arrays are shown on
the right side. For larger sigma values the peaks are getting smaller.

To simulate distorted circle outlines, microposts that are placed underneath a cell
edge are cut out from a different part of the image. The same displacement values
were used for ten different microposts. In figure 10 all distorted microposts and
the displacement of one with the associated accumulation array as top view are
shown.

All measurements were analysed with varying radius range for circle detection
(9-12 pixel, 9-15 pixel and 1-20 pixel) and radius of the filter for search of local
maxima in the accumulation array (filter radius of 4, 10 and 15 pixel). As analysis
method the hexagonal grid was used.

The inaccuracy of the grid or the noise level was tested by analysing a random

area of five micropost arrays without a cell.
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Figure 9: Example of an un-distorted micropost (encircled in red) with 16nm,
32nm, 64nm, 128nm and 256nm displacement, each without and with
a Gaussian blur filtering with sigma values 1,2 and 3. The accumulation

array is shown for a displacement of 256nm.
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Figure 10: Example of a distorted micropost (encircled in red) with 16nm, 32nm,
64nm, 128nm and 256nm displacement. The according accumulation
array as top view is shown below each image. Images of all ten anal-
ysed microposts with a distorted outline are shown at the bottom (the
distorted micropost is in the center).

28



4.2. Results

4.2 Results

4.2.1 Comparison of the trypsin and the hexagonal grid
method

Figure 11 shows the force vectors for the resulting displacements for the trypsin
method and the hexagonal grid method. There is a high agreement between both
methods (Wilcoxon-Mann-Whitney p=0.89). The force vectors around the cell
show that for the hexagonal grid method the noise is higher. Figure 12 shows
the maximum force per area for all measured cells (n=8). There is no significant

difference between both methods.

Figure 11: Force vectors for the resulting displacements analysed with the trypsin
method (left) and the hexagonal grid method (right). The arrows show
the direction of the displacement and the length of the arrow represents
the relative magnitude.

29



Chapter 4. Cell traction force microscopy technique

Stress (kPa)

trypsin method hexagonal grid method

Figure 12: Maximal stress (kPa) for eight cells analysed with the trypsin method
and the hexagonal grid method. Grey dots represent single data points.
The points are laid over a 1.96 standard error of the mean (95% confi-
dence interval) in red and a 1 standard deviation in blue. The mean is
represented as red line. There is no significant difference.

4.2.2 Testing the micropost detection accuracy for the

hexagonal grid method

Figure 13 shows the results for the mean micropost displacements of distorted
(n=5) and un-distorted (n=10) circles, determined with the hexagonal grid method
with different parameter settings for the Hough detection. Gaussian blur was
tested for all parameter settings, but micropost detection failed for some settings,

therefore there is no data shown.
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Figure 13: Results for the mean displacement values for five different un-distorted
microposts and 10 distorted microposts, error bars show the standard
deviation. Red dots represent the unblurred images, blue dots Gaussian
blur with sigma 1, green dots sigma 2 and orange dots sigma 3. The
black line represents the real displacement values. Each graph shows
the results for the parameter values given on the left side.(a) Radius
range 9-12 pixels (b) radius range 9-15 pixel and (c) radius range 1-20
pixel. For the distorted micropost outline a linear fit was performed for
each parameter range. The fit quality and the linear equation are given
in the graphs. The noise level is marked in grey.
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For all tested parameter variations the root-mean-square deviation (RMSD) was
calculated (Table 2 and Figure 14). The error is smallest for a radius range of 1-20
pixel and filter radius of 15 pixel for the un-distorted micropost outlines and for a
radius range of 9-15 pixel and filter radius of 10 pixel for the distorted micropost
outlines. For the maximum Gaussian blur applied on the un-distorted micropost

outlines the value is slightly higher (18.5nm) than for clear outlines.

Table 2: RMSD values for all tested parameters, calculated from the average dis-
placement from 5 un-distorted and 10 distorted micropost outlines.

Radius range | Filter radius | RMSD values | RMSD values

for circle detec- | for local max- | for ideal micro- | for distorted

tion in pixel ima in the | post outline in | micropost out-
accumulation nm line in nm
array

9-12 4 20.6 138.1

9-12 10 20 53.6

9-12 15 21.9 59.5

9-15 4 20.7 53.6

9-15 10 16.9 42.1

9-15 15 19.9 67.1

1-20 4 34.4 138.9

1-20 10 17.2 87.3

1-20 15 15.1 76.4

a b
RMSD/nm RMSD/nm

1-20
1-20

Radius of Circle/px
9-15
Radius of Circle/px
9-15

9-12
9-12

120
30
100
— 25 1
80
20
i 60
4 10 15 4 10 15

Filter Radius/px Filter Radius/px

Figure 14: RMSD values for all tested parameters, calculated from the mean dis-
placement of 5 un-distorted (a) and 10 distorted (b) micropost outlines.
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The noise level deriving from the inaccuracy of the grid is less than 45nm. Figure

15 shows the noise level and the absolute error for the optimal parameter choice.

Absolute error for parameters: radius range 9-15; filter radius 10

o
o

® ideal micropost outline
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standard deviation of noise
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Figure 15: Absolute error in nm for the 5 displacement values (x-axis) for param-
eter values: radius range 9-15 pixel and filter range 10 pixel, for all 5
evaluated microposts with un-distorted outline (red) and 10 microposts
with distorted outline (blue). The noise level is marked in dark grey
and the standard deviation of the noise level in light grey. The noise
level is calculated by analysing a random area of five micropost arrays
without a cell.
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4.3 Discussion

We used PDMS micropost arrays as measurement tool for cellular traction forces
and tested the accuracy and the detection limit. As detection tool for the microp-
ost outlines we used Hough transformation of circular objects. Smolik et al. used
an own implementation on transmission images and calculated the displacement
with an ideal grid['®?l. However the detection limit was not discussed. Heil and
Spatz applied the Hough transformation on microposts with a diameter of 5um, a
length of 11um, a spring constant of 0.2N/m and a distance of 50um. They used
this setup to apply laterally stretch and compression on fibroblasts to analyse fo-
cal adhesion assembly under external force. To detect the micropost outlines from
phase contrast images they used a combination of the Hough transformation and
an own implemented algorithm. The reference to calculate the displacement was
an unbend neighbouring micropost (™.

We changed the parameter settings of the Hough detection to find the optimal set
for the individual image quality. Therefore we varied the radius range of the de-
tected circles and the filter radius for the detection of maxima in the accumulation
array. The detection rate of the micropost outlines in all cases was nearly 100%,
meaning only very few false positive or undetected circles.

The best result for un-distorted microposts was achieved with a radius range of
1 to 20 pixel and a filter radius of 15 pixel. The RMSD between detected and
real displacement was 15.1nm. To test against errors caused by defocussing, we
applied Gaussian blur on the images. The RMSD for the maximum Gaussian blur
applied on the un-distorted microposts was 18.6nm, slightly higher then without
blur, concluding that the method is robust against defocussing errors.

The most accurate result for the distorted micropost outlines was detected for a ra-
dius range of 9 to 14 pixel and a filter range of 10 pixel with an RMSD of 42.1nm.
Therefore, depending on the image quality and the distortion of the micropost
outlines, the parameters have to be changed to get optimal results. The results
show that a distortion of the micropost outline, caused by cells, leads to a decline
in detection quality. The errors in force detection, especially for the distorted
microposts, follow a linear dependency, whereas small displacements are overesti-
mated and large displacements are underestimated. This error might result from
the comparison of the distorted microposts with the ideal grid. The positioning
error is larger for small displacements compared with large displacements, there-
fore the reported detection error is an upper limit, convoluting detection errors
and positioning errors.

We detected an average displacement of the microposts from the ideal grid of

45nm in regions containing no cells or distortions. Therefore the inhomogeneities
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of the substrate seem to cause the lower limit of the detectable forces rather than
detection errors. For distorted microposts the detection limit of the Hough trans-
formation and the accuracy of the setup are in the same order, but for un-distorted
microposts the accuracy of the setup is surpassed. Together with previous stud-
ies!" our results show that errors in the setup of the system are the main cause
for resolution limitation. An improvement could be achieved using better objec-
tives and most of all more planar substrates. Important is to avoid bending or
wrinkling of the micropost array.

Previous studies had comparable resolutions, e.g. du Roure et al. had a resolution
of around 50nm using bright-field posts as waveguides and applying Gaussian fit
to detect the centres and using an ideal hexagonal grid to calculate the displace-
ment 7. Ganz et al. used a similar method applying Gaussian fit on bright field
images and using an hexagonal grid for displacement calculation. They have an

91 Another approach was

accuracy of about 30nm for un-distorted microposts
used by Tan et al. where they stained the microposts with a fluorescent dye and
simultaneously used bright field images. They assigned coordinates to posts with
and without cells manually. In addition they used an ideal grid to minimise the
difference between the coordinates of the undeflected microposts and the ideal
grid. They used posts with a diameter of 3uym and a height of 11um, resulting
in a spring constant of 32nN/um. The force detection limit was around 12nN
(1.7kPa) calculated from the standard deviation of the posts of 0.2um!*6!. Yang
et al. used as model two-dimensional Gaussian fits from intensity profiles of fluo-
rescent micropost images and a non linear least-square fit to determine the post
positions!'??. Interpolation was performed with posts without cells as reference
points to determine the positions of the undeflected state of the posts. For posts
with 3um diameter and 10pum height and a PDMS Young’s modulus of around
2.5 MPa, according to a spring constant of 32nN/um an error of 1-2nN (0.14-0.28
kPa) per post is expected, corresponding to a displacement of 30-60nm 5311161 Fy
et al. applied a localised tresholding algorithm for centroid detection 97! following
a two-dimensional Gaussian fit for the grey scale intensity profile modelling and a
nonlinear least-squares fit[*”l. An image processing algorithm utilising the least-
squares circle detection was developed by Ghanbari et al.’l. They applied it to
a study analysing the migration of C. elegans in between microposts. They had a
visual resolution of 0.5 pixel for the micropost deflection, according to a force of
2.07uN for a micropost stiffness of 3.5N /m 7.

Zheng and Zhang used a different approach based on optical moiré fringe tech-

sl1981 " Therefore a periodic substrate is

nique as an Fourier-based fringe analysi
illuminated with two symmetric light beams to generate a moiré pattern. They

have a displacement calculation error of about 40nm for a micropost periodicity of
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Chapter 4. Cell traction force microscopy technique

4pm, since the algorithm is able to determine the fringe location with an accuracy
of 1/100 of a fringe order.

We compared two methods to analyse the micropost displacement. The first using
an ideal hexagonal grid to align the detected microposts and then calculate the
displacement and the second taking an image with the cell and one exactly at
the same position after cell removal with trypsin, therefore getting a before image
with the deflected and one after image with the undeflected micropost statel®!.
The hexagonal grid method can have errors, deriving from tilting of the sample,
bending or slight inaccuracy in the array, therefore the latter method is more accu-
rate since these deviations are included in the after image. A disadvantage of the
second method is the throughput since only one cell can be analysed per experi-
ment. An automised x-y stage can compensate for that. There is no significant
difference between the two methods, although the trypsin method shows a trend
to smaller force values. This shows that the method using an ideal grid is an useful
alternative to the slower trypsin method for traction force analysis, but one has to
be more accurate in sample preparation and handling.

We are interested in traction forces that are triggered by large substrate stiff-
ness. Previous studies explored that large substrate stiffness might trigger cell
events, that cannot be observed on soft substrates, e.g. triggering of cancer pro-

n B4 I201199] - Therefore we used microposts with a high spring constant of

gressio
294nN/pum and tested our resolution limit especially for stiff substrate. Since we
are testing small displacements, we can assume, that for softer microposts the
resolution would be even better, because larger displacements can be observed.
Our displacement detection limit is below 50nm, according to a force resolution
of around 14nN. Forces of individual focal adhesions are around 10nN and the

211 The surface area of the used microposts is

approximate area is around 2pm
21pm?, therefore more then one focal adhesion can be formed per post. This is
confirmed by the fact that the stress generated per micropost from a cell is in
the range of 2-6kPa for our measurements, corresponding to forces over 30nN and
therefore multiple focal adhesions. In addition fluorescence imaging of focal ad-

174 (also see

hesions on microposts shows that multiple focal adhesions are built
Chapter 6, e.g. Figure 38). Previous studies measured stresses on focal adhesions
for fibroblasts of around 3-5.5kPal?ll16] Therefore the stresses lie 3-9 times over
our resolution limit.

The accuracy of the tested approach can be improved by using fluorescence la-
belling of the micropost tops or fluorescent quantum dots for a better contrast!?.
However, this would be more expensive, time consuming and requires more equip-

ment and a more complicated sample preparation, than just using phase contrast
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images. Hence, our approach, using phase contrast images, Hough transformation
and the hexagonal grid method, offers a compromise of detection accuracy, with a

limit below 50nm and is therefore sufficient to measure cellular forces.
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5 Cell traction force microscopy:
Methods

The described cell traction force microscopy method was used for three different
applications with different cell types. This chapter explains the methods used,
beginning with the cell types and the cell culture. In the following part the cell
manipulation is described, how the cells are influenced in different ways and then
tested for their traction forces. In addition methods besides traction force mi-
croscopy are explained, where we analysed the cell height, orientation and per-

formed focal adhesion staining.

5.1 Cell culture

To analyse integrin specific traction forces, three different mouse fibroblasts cell
lines only expressing 5bl integrins, avb3 and avbb integrins or a combination of
them were used. They were provided by the group of Reinhard Féssler, Depart-
ment of Molecular Medicine, Max Planck Institute of Biochemistry, 82152 Mar-
tinsried [148],

NIH/3T3 mouse embryonic fibroblasts are derived from the Morphology Labora-
tory, Internal Medicine, University Hospital Ulm.

As model for lung epithelial cells, two lung cell lines were measured: adenocar-
cinomic human alveolar basal epithelial cell line A549 and rat epithelial cell line
R3/1 were provided by the Institute of General Physiology, Ulm University.

As cell line model for osteocytes, murine long bone osteocyte Y4 cell line (MLO-Y4)
was used, provided by the Institute of Orthopaedic Research and Biomechanics,

Ulm University.

Fibroblasts, R3/1 cells and A549 cells were cultured in Dulbecco’s Modified Eagle
Medium with 10% fetal calf serum and 5% penicillin/streptomycin (all reagents
from gibco® by life technologies”). MLO-Y4 cells were cultured in Minimum
Essential Media with 10% fetal calf serum and 5% penicillin/streptomycin (all
reagents from gibco® by life technologies”). Cells were splitted three times a week

1:10 with the according medium. Prior to seeding surfaces were sterilised with
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Chapter 5. Cell traction force microscopy: Methods

ethanol and then coated with 5ug cm? fibronectin (Sigma-Aldrich®) for 2h. In
case of MLO-Y4 cells collagen (gibco® by life technologies”) was used as coating
agent for 1h (3mg/ml diluted 1:20). To coat just the top of the PDMS microp-
osts, a drop of fibronectin or collagen was placed on it. After incubation time the
solution was washed off two times with PBS and cells were seeded over night non

confluent before measurement.

5.2 Cell manipulation

To test the influence of cell internal and external factors on traction force gen-
eration, cells were treated with different drugs to intervene in the internal force
generation apparatus. In addition external shear stress was applied and the sub-
strate stiffness and geometry was changed to trigger the cells with environmental

factors.

5.2.1 Micropost size variation

Three different micropost sizes were used in our experiments to vary the substrate
stiffness. Figure 16 shows scanning electron microscope images of the different mi-
croposts. For each size the radius and the length of eight different microposts were
measured. Table 3 shows the mean values of the results with standard deviation
and the calculated spring constant out of the mean values.

Scanning electron microscopy was performed with the Hitachi S5200. Therefore a
small strip of the micropost array was cut and glued sideways on a special holder
suitable for the sample holder of the microscope and platinum vapour coated.
With this it was possible to scan the microposts from the side to take the exact
measurements of the length and the diameter. The settings for HV control were
10kV and 10pA.

Micropost A and C have the same radius, but different heights whereas B and
C have the same height but different radius.

The microposts are arranged hexagonal with a centre to centre distance of twice
the diameter. Therefore the array of microposts B has a higher density then for
microposts A and C, but the same total area. If not stated otherwise, for all mea-

surements micropost size C was used.
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5.2. Cell manipulation

L.00um

A B C

Figure 16: Scanning electron microscope images of PDMS microposts with differ-
ent length and radius.

Table 3: Length, radius and calculated spring constant of the different microposts
shown in Figure 16

A B C

Length

8.721 £ 0.068um

7.459 =+ 0.0624m

7.691 =+ 0.084pm

Radius

2.624 £ 0.036pm

2.184 + 0.034pm

2.623 £ 0.036pum

Spring constant

202nN/pm

155nN /pym

294nN/pm
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5.2.2 External shear stress

A fluid shear stress of 2.51dyn/cm2 (0.251Pa) was applied to the cells using the
ibidi® Pump System. Home-built flow chambers with integrated micropost arrays
were used for cell traction force measurements. The perfusion set yellow/green
was used for all experiments, with an inner diameter of 1.6mm and total working
volume of 13.6ml. The used p-Slide I 0.8 Luer has a growth area of 2.5cm?, a
channel volume of 200ul and a channel height of 800pm. The same channel size
was used for all experiments, except that for integrated microposts only the upper
part was used. Flow was applied over night and measurements were taken after
15h during flow. The detailed operation instructions for the pump system were
performed according to the ibidi Pump System Instructions handbook Version

1.5.2.

5.2.3 Fabrication of flow chambers with integrated

microposts

Figure 17 shows a picture of a home-built flow chamber with integrated microp-
osts. A glass plate was used as stable and flat substrate. PDMS was casted in the
ratio 1:5 (curing agent to base) on the glass. The glass surface must be untreated
to ensure a strong adhesion of the PDMS.

A small part of the silicon SU-8 mold was cut and placed on the thin PDMS layer.
The size was chosen according to the measurements of a self-adhesive slide pro-
vided by ibidig in order to fit into the channel. A picture of such a sticky-Slide I
Luer 0.8 with a channel Volume of 200u1 and a channel height of 800um is shown
in figure 17.

The sample was degased and then cross-linked over night at 60°C. The resulting
mould was then silanized. Silanization was performed as described in the previous
section. This step is crucial to enable the release of the PDMS imprint generated
in the next step.

To create the imprint with microposts, PDMS in the ratio 1:10 (curing agent to
base) was casted on the mold and again degased and cross-linked as described be-
fore. To cut out the imprint the sticky slide was placed over the sample to exactly
cut the size of the slide and ensure that the microposts are inside the chamber.
After gluing the sticky slide to the bottom, the finished slide is fixed with clamps,
therefore an object slide is placed underneath the PDMS layer to stabilise the
slide. The slide is then sealed additionally with PDMS at the edges to ensure a

closed sample.

44



5.2. Cell manipulation

PDMS 1:10
bottom part of the flow chamber SU-8 Wafer with holes, silanized PDMS 1:10

»
A ’
L e e WSS . PDMS 1:5 silanized
glass plate > I —

top part of the flow chamber,
>
glued to the bottom part Il PDMS 1:10

= bottom part of the flow chamber

7550
48.20

2550
1025

3

a

Figure 17: Construction of a flow chamber with sticky slides from ibidig (top part
of the flow chamber). Dimensions of a sticky-Slide I Luer 0.8 from
ibidig "l. The middle part represents the channel.
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5.2.4 Myosin inhibition

Blebbistatin is known to block non-muscle myosin II in an actin detached state.
It slows down the phosphate release from the active pocket and therefore lowers
the affinity for actin!®6l.

All cells were treated with 10pM blebbistatin (Sigma-Aldrich®) for 1h at 37°C
before measurement. In case of no measurable effect the concentration was raised
to 20uM and the incubation time to 3h. Blebbistatin was not washed out during

measurement.

5.2.5 Actin disruption

Latrunculin A is a cell-permeable marine toxin from sea sponge that disrupts
microfilament organisation by binding to monomeric G-actin 27,

Mouse fibroblast were treated with 0.5uM latrunculin A (Cayman Chemical) for
30min. at 37°C to disrupt actin filaments. Latrunculin a was not washed out

during measurement.

5.2.6 Vimentin disruption

Acrylamide was shown to disrupt vimentin in intermediate filaments 46!,

All cells were treated with 4mM acrylamide (Sigma-Aldrich®) for 1h at 37°C to

disrupt vimentin. Acrylamide was not washed out during measurement.

5.2.7 Smooth muscle myosin kinase inhibition

Smooth muscle myosin kinase phosphorylates Ser19 in smooth muscle light chains
and therefore acts as regulatory enzyme. Myosin light chain kinase (11-19) amide
is an effective inhibitor of smooth muscle myosin light chain kinase!*2.

MLO-Y4 cells were treated with 20pM myosin light chain kinase (11-19) amide
(Enzo Life Sciences,Inc.) for 1h at 37°C. The inhibitor was not washed out during

measurement.

5.2.8 Integrin blocking

Integrins were blocked separately in avb3/abbl with avb3- or a5bl-selective inte-

[136] The peptides were kindly

grin antagonists (integrin-binding peptidomimetics)
provided by Dr. Florian Rechenmacher (Institute for Advanced Study at the De-
partment of Chemistry, Technische Universitédt Miinchen (Germany)). As concen-

tration we used 15uM for the abbl antagonist and 3uM for the avb3 antagonist.
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5.3 Cell height analysis

To analyse the influence of cell treatment on cell height, cells were seeded non
confluent either in ibidi 8-well chambers for static conditions or flow chambers
for shear stress conditions. The cell height was measured for all cell types under
static conditions, after shear stress application and after vimentin disruption with
acrylamide. MLO-Y4 cell height was measured after smooth muscle myosin kinase
inhibition and for all other cell types after myosin inhibition with blebbistatin
under static conditions and under shear stress.

After treatment cells were stained with CellMask" Deep Red Plasma membrane
stain (Molecular Probes”, Thermo Fisher Scientific ) for 10min. at 37°C then fixed
with 4% Formaldehyde (Polysciences, Inc.) for 15min. and stored in PBS at 4°C
until measuring.

Images were taken with the iMic digital microscope (Till Photonics, Germany)
using structured illumination with a 40x oil objective. Z-stacks are created with
an image distance of 200nm and a focus resolution of 0.01xm. Oligochrom light
source with the filter Alexa 641nm wavelength at 75% intensity was used, with an
exposure time of 50ms for each image. Images were evaluated with ImageJ Volume
Viewer to get the cell height. 20 cells for each condition were measured from one
sample.

An alternative method would be measurement of cell height with atomic force
microscopy. The disadvantage of this method is the expenditure of time, therefor

we decided to use the z-stacks method.

5.4 Cell orientation

To analyse the orientation of the cells under shear stress with and without active
myosin we analysed the position of the Golgi complex relative to the nucleus. Typ-
ically the Golgi complex localises in front of the nucleus towards the leading edge
of a celll"8].

The cell orientation was measured for all but the MLO-Y4 cells under static condi-
tions, shear stress and shear stress with simultaneous myosin inhibition. Nucleus
staining was performed after treatment with Hoechst 33342 nuclear stain (molec-
ular probes” invitrogen") for 10min. at 37°C. All following steps were performed
at room temperature. Cells were fixed with 4% formaldehyde for 15min., washed
twice with PBS and treated with 0.8% Triton for 10min. After washing three
times with PBS, 3% BSA/PBS was added for 30min. For the R3/1 cells as first
antibody mouse Golgi 58K (Thermo Fisher Scientific) 1:50 diluted was applied,
for all other cells golgin-97 rabbit(Cell Signaling Technology, Inc.) 1:100 diluted in
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PBS was applied for 3h. After three times washing with PBS the second antibody
Goat Rabbit Cy3 Conjugated (Millipore”) and Cy3-conjugated AffiniPure Goat
Anti-Mouse IgG (Jackson ImmunoResearch Laboratories, Inc.) were applied for
3h according to the first antibody. Samples were washed three times with PBS
and stored until measurement in PBS at 4°C.

Images were taken with the Zeiss Observer D1 with a 40x objective. At least 10
images were taken from different spots on one sample. For analysis the ImagelJ
dapi-golgi orientations macro (V.Bindokas, Univ. of Chicago, FEB 2013) was used.
It detects the nucleus and the golgi complex in separate images and creates masks
from the binary images. Then the angle between the centre of the detected objects

was determined to get the orientation of the cell.

5.5 Paxillin staining

To characterise the focal adhesion shape and distribution on microposts under dif-
ferent conditions, cells were stained for paxillin after treatment.

All steps were performed at room temperature after treatment. Cells were fixed
with 4% formaldehyde for 15min., washed three times with PBS and treated with
0.8% Triton/PBS. After three times washing with PBS cells are blocked for 30min.
with 3% BSA/PBS. The first antibody mouse anti paxillin (BD Transduction
Laboratories ) is diluted 1:500 in 3% BSA/PBS and incubated for 30min. Wash-
ing was performed for 3h every half hour with PBS. Second antibody Cy3 anti
mouse (Jackson ImmunoResearch Laboratories, Inc.) was diluted 1:500 in PBS
and incubated for 2h. Samples were then washed three times with PBS and stored
in Mowiol at 4°C. Images were taken with the Zeiss Observer D1 with a 100x ob-
jective. A fluorescent image of the paxillin staining was taken as well as a phase
contrast image of the micropost outlines. Focal adhesion area and circularity were

analysed using ImagelJ.

5.6 Statistical test

As statistical test in all cases for the distribution of the data the Wilcoxon rank sum
test (Matlab ranksum) was used. It is a nonparametric test for two independent
samples. As null hypothesis equal medians for the two samples from continuous
distributions are assumed. The default significance level is 5%. Therefore a p-value

lower than 0.05 means a rejection of the null hypothesis of equal medians.
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analysis

To measure integrin specific traction force generation, we analysed the two dis-
tinct integrin types abbl and avb3, separately and in cooperation, expressed in
mouse fibroblasts. As unaltered control cell type we used NIH/3T3 mouse embry-
onic fibroblasts. We varied external parameters (substrate stiffness and geometry,
external applied force with fluid shear stress) and internal parameters (myosin
inhibition, actin disruption, vimentin disruption). The goal was to gain better
insight into the integrin specific force generation process and the cooperation of

the two integrins, by comparing the different responses of the cells.

6.1 Results

For each micropost underneath a cell, the traction stress is calculated from the force
and of the upper face of the micropost. Further, all traction stresses are summed
up for one cell. The data is then plotted as one boxplot per cell type showing
the distribution and the median over all measured cells. The central mark is the
median, the edges of the box are the 25th and 75th percentiles, the whiskers extend
to the most extreme data points, and outliers are plotted as circles. Significant
differences are marked with asterisks (* represents p<=0.05, ** represents p<=1E-

2 and *** represents p<=1E-3).

6.1.1 Integrin abbl and avb3 specific cell traction forces

Figure 18 shows the traction forces for avh3 (n=160), abbl (n=175) and a5b1/avb3
(n=98) fibroblasts. avb3 cells show significant lower traction forces then a5bl fi-
broblasts (p=0.03) and a5b1/avb3 fibroblasts (p=2.92e-04). There is no significant
difference between a5bl and abbl/avb3 cells.

Figure 19 shows the boxplots for NIH/3T3 cells (n=107) and a5bl/avb3 cells

(n=98). There is no significant difference.
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Figure 18: Boxplots of the cell traction forces for abbl, a5bl/avb3 and avb3 fi-
broblasts.
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Figure 19: Boxplots of the cell traction forces for NIH/3T3 and a5bl/avb3 fibrob-
lasts.
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6.1.2 Substrate stiffness and geometry

Figure 20 shows traction forces for abbl, a5b1l/avb3 and avb3 fibroblasts on three
different micropost sizes (see Figure 16 and Table 3).

Cell count for micropost A:

abbl cells: n=92, a5bl/avb3 cells: n=78, avb3 cells: n—=93.

Cell count for micropost B:

abbl cells: n=121, abbl/avb3 cells: n=111, avb3 cells: n=150.

Cell count for micropost C:

abbl cells: n=175, abbl/avb3 cells: n=98, avb3 cells: n=160.

Micropost C (294nN/pum) is the default size used in all other experiments. For all
celltypes there is a significant difference in traction forces between the three mi-
cropost sizes. Traction forces are highest on soft microposts (B: 155nN/pm) with
a different density and radius as the other samples, intermediate for the stiffest
microposts (C: 294nN/um) and lowest for the middle micropost spring constant
(A:202nN/pm). For the micropost size A there is a significant difference (p=0.01)
between abbl and a5bl/avb3 cells. The same for the micropost size B (p=0.04).

—C:294nN/um
—B: 155nN/um, different density and radius as C
—A: 202nN/um, equal radius and density as C
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Figure 20: Boxplots of the cell traction forces for a5bl, abbl/avb3 and avb3 fi-
broblasts on different micropost sizes.
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6.1.3 Myosin inhibition, actin disruption and external shear

stress

Figure 21 shows traction forces after myosin inhibition for a5b1l (n=80), abb1l/avb3
(n=79) and avb3 (n=92) fibroblasts. Traction forces are significantly lower after
myosin inhibition for abbl/avb3 cells (p=1.64e-07) and abbl cells (p=5.9e-07),
but not for avb3 cells. Traction forces are significantly different between abbl and
avb3 cells after myosin inhibition (p=0.01). A higher blebbistatin concentration
and longer incubation time (20um for 3h) was tested for avb3 cells, but did not

yield a different result.

Figure 22 shows traction forces after actin disruption for a5b1 (n=111), abb1/avbh3
(n=109) and avb3 (n=101) fibroblasts. Traction forces are significantly lower after
actin disruption for a5b1/avb3 cells (p=1.82e-09) and a5b1 cells (p=9.99¢-04), but

not for avb3 cells.

Figure 23 shows traction forces after applied fluidic external shear stress for a5bl
(n=126), abbl/avb3 (n=96) and avb3 (n=99) fibroblasts. Traction forces after
shear stress application are significantly higher for all three cell types, with the
highest impact on avb3 cells (avb3 cells: p=2.50e-10, abbl cells: p=0.03 and
abbl/avb3 cells: p=0.003). Traction forces are significantly different after shear
stress application between a5bl and avb3 cells (p=0.01) and between a5bl and
abbl/avb3 cells (p=3.60e-04).
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Figure 21: Boxplots of the cell traction forces for abbl, a5bl/avb3 and avb3 fi-
broblasts with and without myosin inhibition under static conditions.
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Figure 22: Boxplots of the cell traction forces for abbl, abbl/avb3 and avb3 fi-
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Figure 23: Boxplots of the cell traction forces for a5bl, abbl/avb3 and avb3 fi-

broblasts with and without external fluidic shear stress application.
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Figure 24 shows traction forces after applied shear stress and concurrent myosin
inhibition for a5bl (n=49), a5bl/avb3 (n=48) and avb3 (n=92) cells. Compared
to the untreated state traction forces are not different for all cell types. Looking
at the difference between shear stress and concurrent shear stress and myosin in-
hibition there is a significant reduction for all cell types after myosin inhibition
(avb3 cells median difference 6.6+1.9kPa: p=1.35e-06, a5b1l cells median differ-
ence 4.6+2kPa: p=0.02 and abbl/avb3 cells median difference 7+2kPa: p=8.3e-
07). Traction forces are significantly higher for all cells when there is a concurrent
application of shear stress and myosin inhibition compared with myosin inhibition
under static conditions (avb3 cells: p=0.02, a5bl cells: p=1.36e-05 and abb1/avbh3
cells: p=9.79¢-05).

Figure 25 shows traction forces after applied shear stress and concurrent actin
disruption for abbl (n=48), abbl/avb3 (n=34) and avb3 (n=68) cells. Compared
to the untreated state traction forces are significantly different only for avb3 cells
(p=8.67¢-04) with a median difference of 5.94+1.8kPa. Looking at the difference
between shear stress and concurrent shear stress and actin disruption there is
a significant reduction for all cell types after actin disruption (avb3 cells median
difference 2.8+2.1kPa: p=0.02, abbl cells median difference 6.3+£1.9kPa: p=2.91e-
04 and abbl/avb3 cells median difference 3.54+2.3kPa: p=0.02). Traction forces
are significantly higher for avb3 and a5bl/avb3 cells when there is a concurrent
application of shear stress and actin disruption compared with actin disruption
under static conditions (avb3 cells: p=1.24e-05 and abbl/avb3 cells: p=3.01e-08).
Traction forces under shear stress and concurrent actin disruption are significant
different between a5b1 and avb3 cells (p=0.003) and between a5b1 and a5b1/avb3
cells (p=0.002).

Figure 26 shows traction forces compared for NIH/3T3 and abbl/avb3 cells un-
der untreated conditions, with myosin inhibition, with shear stress application
and with concurrent shear stress and myosin inhibition. For a clear arrangement
the significance for the a5bl/avb3 cells is not shown. A higher blebbistatin con-
centration and longer incubation time (20um for 3h) was used for the NIH/3T3
cells under static and shear stress conditions, because the lower concentration had
no significant effect. Traction forces between the two celltypes for all parame-
ters are not significant different. NIH/3T3 cells show the same behaviour as the
abbl/avb3 cells with significant difference between untreated state and myosin
inhibition (p=0.01), untreated and shear stress application (p=4.64e-04), myosin
inhibition under static and shear stress conditions (p=9.85e-05) and shear stress
with and without myosin inhibition (p=0.02). (Cell count for the NIH/3T3 cells:
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static untreated condition n=107, myosin inhibition n=66 , shear stress n=67 and

shear stress with myosin inhibition n=47.

Figure 27 shows traction forces compared for NIH/3T3 and a5b1/avb3 cells under
untreated conditions, with actin disruption, with shear stress application and with
concurrent shear stress application and actin disruption. Traction forces between
the two celltypes for all parameters are only significant for actin disruption un-
der static conditions (p=6.59¢-05). NIH/3T3 cells show the same behaviour as
the abbl/avb3 cells with significant difference between untreated state and actin
disruption (p=0.01), untreated and shear stress application (p=4.64e-04), actin
disruption under static and shear stress conditions (p=0.04) and shear stress with
and without actin disruption (p=>5.80e-05). (Cell count for the NIH/3T3 cells:

actin disruption n=122 and shear stress with actin disruption n=>52.)
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Figure 24: Boxplots of the cell traction forces for abb1, abb1/avb3 and avb3 fibrob-
lasts with concurrent shear stress application and myosin inhibition.

%)



Chapter 6. Application I: Integrin specific analysis

—untreated
—actin disruption
—shear stress
shear stress + actin disruption

-
N
o

*k

*k Fokk

_
o
o
*
*
*
*
*
*

[0
o
0
]

—_— Kk K
Kk k —_— o

~ Jom

N
o

n
o

mlis
TT

-

Sum of force per pillar area in kilopascal
(2]
o
— — —po®

.%.

I

I o
I Ii-lslf-

T

J'J.

a5b1 abb1/avb3 avb3

o
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broblasts with concurrent shear stress application and actin disruption.
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Absolute difference of the median traction forces

Figure 28 shows the absolute differences of the median values of the cell trac-
tion forces for abbl, abbl/avb3, avb3 and NIH/3T3 fibroblasts.

The difference for a5b1 cells is higher for myosin inhibition under static compared
to shear stress conditions and to actin disruption under static conditions, but sim-
ilar to actin disruption under shear stress. avb3 cells show a strong difference
between traction forces after myosin inhibition under shear stress, but almost no
difference under static conditions. The difference for actin disruption is similar
under static and shear stress conditions, but smaller than for myosin inhibition
under shear stress. abbl/avb3 cells show a similar difference for myosin inhibition
and actin disruption under static conditions and myosin inhibition under shear
stress, but a smaller difference for actin disruption under shear stress. NIH/3T3
cells show almost the same differences for all conditions, myosin inhibition under

static conditions and actin disruption under shear stress being slightly higher.
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Figure 28: Absolute differences of the median values of cell traction forces showing

)
(2) difference static -static and actin disruption,

(4) difference shear stress - shear stress and actin disruption.
Shown are the values for abbl, abbl/avb3, avb3 and NIH/3T3 fibrob-
lasts. The error bars represent the standard error of the median.
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Directionality of micropost displacement

The following results have to be interpreted in reference to the direction of the
applied shear stress. Therefore the direction of the flow is the same for all mea-
surements and images with an assigned coordinate system. The direction of the
flow is always form 0° to 180°. To analyse the direction of generated traction forces
in addition to the magnitude, the directional displacement of the microposts un-
derneath a cell was determined in reference to the direction of the shear stress.
Therefore the traction forces for one cell were divided into three bins according to
the displacement direction: 0-60°, 60-120° and 120-180°. The sum of the traction
stress for each bin was calculated for each cell and the mean value over all cells

was built.

Figure 29 shows the micropost displacement direction for abbl and avb3 cells
and figure 30 for abbl/avb3 and NIH/3T3 cells under static conditions and under
shear stress, as well as the absolute difference of traction forces under shear stress
minus traction forces under static conditions for the three bins.

Shear stress has only a slight influence on micropost displacement for the a5bl
cells, showing a displacement against the flow (0-60 vs 120-180 p=0.0056, static:
60-120 vs 120-180 p=0.0324). For the avb3 cells there is also a visible displacement
against the flow (0-60 vs 120-180 p=0.0071; static 60-120 vs 120-180 p=0.0012),
only stronger pronounced than for the a5bl cells. abbl/avb3 cells show a slight
shift of micropost displacement with the flow (no significance), whereas for the
NIH/3T3 cells the displacement direction is evenly distributed.

Figure 31 - 34 show the micropost displacement directions for abb1, avh3, a5b1/avb3
and NIH/3T3 cells under static conditions, with myosin inhibition under static
conditions, with actin disruption under static conditions, under shear stress, with
myosin inhibition under shear stress, and with actin disruption under shear stress.
Also the absolute difference for the traction stresses with myosin inhibition or actin
disruption compared to static or shear stress conditions is shown.

For all four cell types under static conditions the displacement is nearly equally dis-
tributed for myosin inhibition, whereas there are differences after actin disruption
for a5b1 and avb3 cells (a5bl with actin disruption: 0-60 vs 120-180 p=0.0136; 60-
120 vs 120-180 p=7.43e-004; avb3 with actin disruption: 0-60 vs 60-120 p=0.0087;
60-120 vs 120-180 p=0.0253). For the abbl cells the micropost displacement is
shifted against the flow under shear stress with myosin inhibition (0-60 vs 120-
180 p= 0.05) and with actin disruption, whereas for the latter the difference to
the static state is not given (0-60 vs 120-180 p= 0.013 and 60-120 vs 120-180
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Chapter 6. Application I: Integrin specific analysis

p=4.03e-004). Therefore for the difference there is no strong shift to one direc-
tion detectable. For avb3 cells there is a nearly equal distribution of micropost
displacement after myosin inhibition under shear stress, whereas with actin dis-
ruption there is a shift with the flow (0-60 vs 120-180 p= 0.0142). The difference
shows for myosin inhibition and for actin disruption a shift of displacement against
the flow. For abbl/avb3 cells microposts are displaced more against the flow after
myosin inhibition, and show a shift towards perpendicular displacement to the flow
after actin disruption (0-60 vs 60-120 p=0.0341). The differences show a shift of
displacement with the flow for myosin inhibition and a nearly equal distribution
for actin disruption. For NIH/3T3 cells there is as strong perpendicular proportion
of displacement with myosin inhibition (0-60 vs 60-120 p=0.0015; 60-120 vs 120-
180 p=0.01) and a nearly equal distribution after actin disruption. The difference

shows an equal distribution for both cases.
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Figure 29: Cell traction forces in reference to the micropost displacement direction
for abbl and avb3 cells under static conditions and under shear stress.
The absolute difference of traction stress under shear stress minus static
conditions is shown at the bottom. Error bars represent the standard
error of the mean.
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Figure 30: Cell traction forces in reference to the micropost displacement direction

for ab5bl/avb3 and NIH/3T3 cells under static conditions and under
shear stress. The absolute difference of traction stress under shear stress
minus static conditions is shown at the bottom. Error bars represent
the standard error of the mean.
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Figure 31: Cell traction forces in reference to the micropost displacement direction
for abbl cells with myosin inhibition under static conditions and under
shear stress and with actin disruption under static conditions and under
shear stress. The absolute difference for traction forces with myosin
inhibition or actin disruption compared to static conditions or shear
stress conditions is shown below. Error bars represent the standard
error of the mean.
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Figure 32:

Cell traction forces in reference to the micropost displacement direction
for avb3 cells with myosin inhibition under static conditions and under
shear stress and with actin disruption under static conditions and under
shear stress. The absolute difference for traction forces with myosin
inhibition or actin disruption compared to static conditions or shear
stress conditions is shown below. Error bars represent the standard
error of the mean.

64



6.1. Results

a5bl/avb3 static & myosin inhibition

abbl/avb3

a5bl/avb3 shear stress & myosin inhibition

| | | | | |
14 14
g H
S Sn
& £
o %10
3 10 g 10
4 %=
I L —
c
c
5 °
36— — 57 B
3 H
< 44 [ e 4 —
-] L
E 2 — LIRS B
120-180 60-120 0-60 AR0RE0 fo-Ln o-e
angle angle
Difference static - static & myosin inhibition Difference shear stress - shear stress & myosin inhibition
ST | | | T | | |
2 s
-i t
10 H 10
: :
c
H
a 5 g 5
i i
. H -
£y 0 — P
5i il
g2 Ed 5
R 3
: :
ERT g -0
o . T
H
3 i
. -15
-15 T T | I
120-160 50-120 0-50 2010 fo-Ln o-e
angle angle
aSbl/avb3 static & actin disruption aSbl/avb3 shear stress & actin disruption
| | | | |
14 14 ¥
] g
%12 EBH
c E
ﬁ 10 ﬁ 10
W — E L _
c
S
R | 6 — —
] ]
£ E
e 4 L e 4 L
! !
£, L 7 r
120-160 60-120 0-60 siSte fo-Ln i
angle angle
Difference static - static & actin disruption Difference shear stress - shear stress & actin disruption
15 | | | 15 | | |
e c
g 8
a 10 ¥ 1w
E] =
c £
H ] iz s
H iz
-] ]
!.5 . 8=
a0 ] L
fi ii
& =
¥ s B
4 8
3 ]
3 -0 9 -0
H 3
L] C
B T T - T I
120-180 60-120 0-60 120-180 60-120 060
angle angle

Figure 33: Cell traction forces in reference to the micropost displacement direc-
tion for abbl/avb3 cells with myosin inhibition under static conditions
and under shear stress and with actin disruption under static condi-
tions and under shear stress. The absolute difference for traction forces
with myosin inhibition or actin disruption compared to static condi-
tions or shear stress conditions is shown below. Error bars represent
the standard error of the mean.
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Figure 34: Cell traction forces in reference to the micropost displacement direc-
tion for NIH/3T3 cells with myosin inhibition under static conditions
and under shear stress and with actin disruption under static condi-
tions and under shear stress. The absolute difference for traction forces
with myosin inhibition or actin disruption compared to static condi-
tions or shear stress conditions is shown below. Error bars represent

the standard error of the mean.
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Resulting micropost displacement direction

Figure 35 shows the resulting micropost displacement direction for a5b1, a5b1/avb3,

avb3 and NTH/3T3 fibroblasts under static conditions, under shear stress and un-

der shear stress with myosin inhibition or actin disruption. The resulting micropost

displacement was first calculated for each cell and then the mean value over all

cells was built. The results show the same tendency as the micropost displace-

ment directions shown in figures 29 - 34. Table 4 shows the difference of resulting

micropost displacements for shear stress - static conditions and under shear stress

conditions with and without myosin inhibition and with and without actin disrup-

tion.
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Figure 35: Resulting micropost displacement direction for a5bl, a5bl/avb3, avb3
and NIH/3T3 fibroblasts under static conditions, shear stress and shear
stress with myosin inhibition or actin disruption. Shown is the mean

value with the standard error of the mean.

coordinates in degrees.

The x- axis shows the

67



Chapter 6. Application I: Integrin specific analysis

Table 4: Difference of resulting micropost displacement direction for a5b1l, avb3,
abbl/avb3 and NIH/3T3 cells from Figure 35

Cell type and conditions Difference in
degrees

abbl

difference shear stress - static -5.45 4+ 4.34

difference shear stress - (shear stress + myosin inhibition) | 1.70 + 5.17
difference shear stress - (shear stress + actin inhibition) 2.97 + 6.16
avb3
difference shear stress - static -10.85 £ 4.62
difference shear stress - (shear stress + myosin inhibition) | -10.14 £ 4.86
difference shear stress - (shear stress + actin inhibition) -20.23 £ 5.39
abbl/avb3
difference shear stress - static 7.08 + 4.84

difference shear stress - (shear stress + myosin inhibition) | 10.25 + 5.52
difference shear stress - (shear stress + actin inhibition) 0.51 & 8.09

NIH/3T3
difference shear stress - static 5.43 £+ 4.76
difference shear stress - (shear stress + myosin inhibition) | -2.26 £ 6.31
difference shear stress - (shear stress + actin inhibition) 5.32 £+ 5.69

Cell orientation

Figure 36 and 37 show the relative histograms of the nucleus to Golgi complex
orientation for a5bl, avb3, abbl/avb3 and NIH/3T3 cells. The leading front of
a cell is characterised by the Golgi complex lying in front of the nucleus towards
the cell front. The direction is given by the angle were the Golgi complex lies in
reference to the nucleus.

Compared to the static orientation there is a shift of cell orientation against the
flow direction for all cell types, with the smallest effect for abbl cells. After
myosin inhibition there is a strong shift against flow direction for abbl and avb3
cells, whereas the orientation is nearly random for a5bl/avb3 and NIH/3T3 cells.
The difference in oriented cells between shear stress with and without myosin inhi-
bition shows for a5bl and avb3 cells a shift with the flow. For the a5bl/avb3 and
NIH/3T3 cells the difference shows a shift against the flow with a stronger effect

for the latter ones.
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Figure 36: Relative histograms of cell orientation for abbl and avb3 cells under
static conditions, under shear stress and under shear stress with myosin
inhibition. The difference in oriented cells between shear stress and
static, as well as shear stress with and without myosin inhibition is
shown at the bottom.

70



6.1. Results

relative frequency

relative frequency

absolute difference of relative

a5bl/avb3 static

0.5 1 I
0.4 [
0.3 L
0.2 4 L
0.1 L
04 [
120-180 60-120 0-60
angle
a5bl/avb3 shear stress
0.5 1 1 1
0.4 L
0.3 4 L
0.2 4 L
0.1 L
0 L
120-180 60-120 0-60
angle
Difference shear stress - static
1 1 I
0.4
0.2
- ] L
o - -
2 ] r
; N
3 0 [
E ] L
L]
g 4 L
-0.2
-0.4
T T T

120-180 60-120

angle

0-860

relative frequency

relative frequency

absolute difference of relative

0.

0.4

e 2
w

o
o

frequencies

NIH/3T3 static
1 1 1

120-180 60-120

angle

NIH/3T3 shear stress
1 |

5

[¥]
I TN A T N A

o

120-180

60-120
angle

0=-60

Difference shear stress - static
| I 1

|
— :

T T T
120-180 60-120 0-60
angle

71



Chapter 6. Application I: Integrin specific analysis

a5bl/avb3 shear stress & myosin inhibition NIH/3T3 shear stress & myosin inhibition
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Figure 37: Relative histograms of cell orientation for abb1/avb3 and NIH /3T3 cells

under static conditions, under shear stress and under shear stress with
myosin inhibition. The difference in oriented cells between shear stress
and static, as well as shear stress with and without myosin inhibition
is shown at the bottom.
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Paxillin staining

Figure 38 - 41 show fluorescence images of paxillin stained cells. Shown are a5b1,
avb3, abbl/avb3 and NIH/3T3 cells on microposts under static conditions with
and without myosin inhibition and under shear stress with and without myosin
inhibition. The micropost outline is shown in grey as well as the cell area, whereas
the paxillin staining is shown in orange.

In general two distinct types of focal adhesions are observed. Stripe shaped elon-
gated focal adhesion are placed on top of the microposts that are either short
around 0.5um or can cover almost the entire diameter of a micropost around 5um.
Thin circular shaped focal adhesion are observed to be wrapped around the outline
of a micropost top. The two types are observed solitary or in combination.
Cytosolic paxillin is detected all over the cell, but focal adhesions exhibit stronger

signals on the microposts.

abbl cells show stripe like as well as circular shaped focal adhesion wrapped around
the microposts. After myosin inhibition the focal adhesions are weaker formed and
less elongated. Under shear stress the focal adhesions are strongly build with stripe
like and circular shapes as well as under static conditions. After myosin inhibition
under shear stress the same effect as under static conditions is observed.

Focal adhesions from avb3 cells seem weaker as for abbl cells and with more stripe
like shapes than circular. After myosin inhibition under static conditions they
seem to be weaker pronounced and tend to build also circular shapes. Under shear
stress they are again strongly build and show multiple short stripes on microposts
as for static conditions and circular shaped focal adhesions around the microposts
in addition. After myosin inhibition under shear stress focal adhesion are weaker
and less elongated.

abbl/avb3 cells build stripe like as well as circular shaped focal adhesion on the
microposts, whereas after myosin inhibition they are still observed but less dis-
tinct. After shear stress application they are distinct and again stripe like and
circular shaped. After myosin inhibition under shear stress the stripe shaped focal
adhesions are gone and only small circular ones are left.

NIH/3T3 cells show stripe like focal adhesion on microposts under static condi-
tions, that are weaker and more diffuse after myosin inhibition. After shear stress
application they look thicker than under static conditions and again diffuse after
myosin inhibition under shear stress.

For actin disruption under static conditions there were no clear focal adhesions

visible, but only round cells with cytosolic paxillin stained.
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static conditions myosin inhibition

Figure 38: Paxillin staining of a5b1 cells on microposts under static untreated con-
ditions, with myosin inhibition and under shear stress with and without
myosin inhibition.
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static conditions

myosin inhibition

shear stress shear stress & myosin inhibition

Figure 39: Paxillin staining of avb3 cells on microposts under static untreated con-
ditions, with myosin inhibition and under shear stress with and without
myosin inhibition.
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static conditions

myosin inhibition

shear stress shear stress & myosin inhibition

Figure 40: Paxillin staining of abbl/avb3 cells on microposts under static un-
treated conditions, with myosin inhibition and under shear stress with
and without myosin inhibition.
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static conditions

myosin inhibition

shear stress

Figure 41: Paxillin staining of NIH/3T3 cells on microposts under static untreated
conditions, with myosin inhibition and under shear stress with and with-
out myosin inhibition.
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Figure 42, 43 and 44 show the median values of focal adhesion area, circularity
and angle for abbl, avb3, abbl/avb3 and NIH/3T3 cells. In addition the difference
between shear stress - static condition, as well as shear stress - shear stress and
myosin inhibition are shown. There is a correlation between area and circularity,
smaller focal adhesions showing a more round or dot like shape. abbl cells show
smaller and less elongated focal adhesions after myosin inhibition under static and
shear stress conditions. avb3 cells show a visible difference for myosin inhibition
under shear stress, where focal adhesions are much smaller an less elongated. For
abbl/avb3 cells the same effect is observed as for abbl cells, also for NIH/3T3
cells. avb3 cells show the largest focal adhesion area.

abbl cells show a difference in orientation of the focal adhesions. Under shear
stress they are aligned at an approximate right angle to the flow, whereas after
myosin inhibition and under both static conditions they are aligned transverse to
the flow direction. For abbl/avb3 cells the orientation is at a right angle to the
flow and straight with the flow after myosin inhibition. For avb3 cells the effect is
different, showing a more transverse alignment under shear stress with and without
myosin inhibition. For NIH/3T3 cells the same effect is observed as for avb3 cells.
Since circular focal adhesions cannot show a clear alignment, it is reasonable to

discuss the results only regarding elongated focal adhesions.
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Figure 42: Focal adhesion area for abbl, avb3, abbl/avb3 and NIH/3T3 cells for
, (2) static conditions with myosin inhibition,

, (4) shear stress with myosin inhibition and (5) difference
of shear stress - static conditions and(6) difference shear stress - shear
stress and myosin inhibition. Shown are the median values with the
standard error of the median.
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Figure 43: Focal adhesion circularity for abbl, avb3, a5bl/avb3 and NIH/3T3 cells
for , (2) static conditions with myosin inhibition,
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standard error of the median.
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Figure 44: Focal adhesion angle for a5b1, avb3, a5b1l/avb3 and NIH/3T3 cells for
, (2) static conditions with myosin inhibition,
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6.1.4 Vimentin disruption

Figure 45 shows traction forces for a5bl (n=96), avb3 (n=125) and abbl/avb3
(n=90) fibroblasts after vimentin disruption with acrylamide. Traction forces are
significantly higher after vimentin disruption for avb3 cells (p=6.66e-07). There

is no difference for the other two cell types.

Figure 46 shows traction forces for abbl/avb3 and NIH/3T3 (n=55) fibrob-
lasts after vimentin disruption with acrylamide. There is no signficant difference
for the NIH/3T3 cells and between the two cell types.

Figure 47 shows the relative cell height in pm after vimentin disruption
compared to static untreated conditions for abbl, abbl/avb3, avb3 and NIH/3T3
fibroblasts. The median value of the cell height of 20 cells for each paramater was
used. The cell height is slightly increased after vimentin disruption for abbl cells
and stronger for NIH/3T3 cells. avb3 and abbl/avb3 cells show a small decrease
in cell height.
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Figure 45: Boxplots of the cell traction forces for abbl, a5bl/avb3 and avb3 fi-
broblasts with and without vimentin disruption.
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Figure 46: Boxplots of the cell traction forces for a5b1/avb3 and NIH/3T3 fibrob-
lasts with and without vimentin disruption.

relative cell height in pm

Figure 47: Relative cell height calculated from the median value of 20 measured
cell heights. The relative difference in pm compared to static untreated
conditions is shown after vimentin disruption. Error bars represent the
standard error of the median.
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Figure 48 shows traction forces for abbl (n=53), abbl/avb3 (n=60) and avb3
(n=58) fibroblasts after concurrent myosin inhibition and vimentin disruption.
Traction forces are significantly higher for avb3 after concurrent myosin inhibition
and vimentin disruption compared to the untreated state (p=0.003) and only
myosin inhibition (p=0.001). There is no difference to only vimentin disruption.
Traction forces are the same after concurrent myosin inhibition and vimentin
disruption for ab5bl cells, but significantly higher compared with only myosin
inhibition (p=0.001) and lower compared to only vimentin disruption (p=0.003).
abbl/avb3 cells only show a difference in traction forces between concurrent
myosin inhibition and vimentin disruption and only myosin inhibition (p=8.58e-
06).
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Figure 48: Boxplots of the cell traction forces for avb3, a5bl and abbl/avb3 fi-
broblasts with concurrent myosin inhibition and vimentin disruption.
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Figure 49 - 52 show fluorescence images of paxillin stained cells for abbl, avb3,
abbl/avb3 and NIH/3T3 cells under static conditions with and without vimentin
disruption.

Compared to the untreated state there is no observable difference for the focal

adhesions for all cell types.

vimentin disruption

static conditions

Figure 49: Paxillin staining of abbl cells on microposts under static untreated
conditions and with vimentin disruption.

static conditions vimentin disruption

Figure 50: Paxillin staining of avb3 cells on microposts under static untreated
conditions and with vimentin disruption.
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static conditions

vimentin disruption

Figure 51: Paxillin staining of abbl/avb3 cells on microposts under static un-
treated conditions and with vimentin disruption.

static conditions vimentin disruption

Figure 52: Paxillin staining of NIH /3T3 cells on microposts under static untreated
conditions and with vimentin disruption.
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Figure 53 shows the median values of focal adhesion area and circularity for
abbl cells static (1) and with vimentin disruption (2), avb3 static (3) and with
vimentin disruption (4), abbl/avb3 static (5) and with vimentin disruption (6)
and NIH/3T3 cells static (7) and with vimentin disruption (8). Figure 54 shows
the difference static - vimentin disrutpion in area and circularity for abbl, avb3,
abbl/avb3 and NIH/3T3 cells

There is no change in focal adhesion area for abbl and avb3 cells. For abbl/avb3
cells focal adhesions become smaller and less elongated after vimentin disrup-

tion, whereas for NIH/3T3 cells the area increases and the shape is more elongated.
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Figure 53: Focal adhesion area (top) and circularity (bottom) for

and , avb3 static (3) and with vimentin
disruption (4), a5bl/avb3 static (5) and
and NIH/3T3 cells static (7) and . Shown

are the median values with the standard error of the median.
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(bottom) for abbl cells, avb3 cells, a5b1/avb3 cells and NIH /3T3 cells,
static - vimentin disruption.
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6.1.5 Integrin blocking

We tested the traction force generation of a5bl/avb3 fibroblasts after blocking
one of the integrins, but leaving the other one functional.

Figure 55 shows traction forces for abbl/avb3 fibroblasts after seperate blocking
of abbl (n=100) or avb3 (n=106) integrins. Traction forces of avh3 and abb1 cells
are shown as comparison. After blocking of avb3 integrins and a5bl integrins
the abbl/avb3 cells show no difference to the untreated state or between the two
blocked states. There is a significant difference between abbl/avb3 cells with
blocked avb3 integrins and abbl cells (p=3.19e-04) and abbl/avb3 cells with
blocked abbl integrins and avb3 cells (p=2.43e-05).
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Figure 55: Boxplots of the cell traction forces for avb3, abbl and a5bl/avb3 fi-
broblasts and a5b1/avb3 fibroblasts after blocking of integrin abb1l and
avb3.
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6.2 Discussion

For the specific analysis of the integrin types abbl and avb3, we used cells in
which £ and/or «, class integrins were reconstituted into pan-integrin-deficient
fibroblasts!'®l. This enabled us to manipulate either environmental cues or cell
internal parameters and link the observed effects to the specific integrin type.
As main analysis tool traction force microscopy was used. Three cell types were
analysed with either ; or «, class integrins or a combination of both. Schiller
et al found that abbl integrins were expressed in pKO-{; cells, avb3 and avb)
in pKO-q, cells, and a5bl, avh3 and avb) integrins in pKO-a,/f; cells, whereas
FACS analysis revealed an approximate amount of 170 000 a5bl and 300 000
a,-class integrins on the surface of each cell. Therefore the surface levels for 51, 53

pl14s]

and (5 integrins is equimola As control we used unaltered NIH/3T3 mouse

embryonic fibroblasts, that express all integrin types.

Our results for traction force microscopy revealed that avb3 cells have the
lowest traction forces, whereas abbl and abbl/avb3 cells show no significant
difference. abbl/avb3 cells had the same total traction force as NIH/3T3 cells,
therefore we suggest that the interaction of 3, and «, class integrins might be the
main contributor for maximum traction force magnitude in fibroblasts.

The median sum of traction stress for the four cell types lies between 20.8-26.3
kPa. Previous studies measured average traction forces around 1-3kPa for
migrating NIH/3T3 cells on substrates with Young’s moduli between 6.2kPa and
30kPa A MO8l - One has to consider, that cell traction forces are depending on
the substrate stiffnessB41OUM48I19]  Balaban et al. measured constant stress at
focal adhesions of 5.54+2kPa on substrates with 10-20kPa Young’s modulus!®l.
Previous studies found that the forces exerted at single focal adhesions in
fibroblasts are around 10nN, with a peak value at 30nNPIO  If one focal
adhesion would attach to one micropost, this would account to a traction stress
of 0.46-1.38kPa in our case. Since there are more then one focal adhesion built
out at the top of a micropost, higher traction forces are measured per micropost.
Therefore our results are in agreement with reported values.

Schiller et al. measured traction forces for the reconstituted fibroblasts on
fibronectin coated crossbow patterns with the same spreading area and shape
for all cell types. Experiments on crossbow patterns polarise cells into a low

[170]

contractile front and a highly contractile rea They show in agreement

with our results, that avb3 cells have the lowest traction forces at the rear and

the front. Interestingly, they observed large focal adhesions (6-12um?) for avb3

[148]

cells In agreement we see in our measurement on microposts that the focal
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adhesion area was larger for avb3 cells than for the other cell types. However,
it has to be considered that a positive correlation between focal adhesion size
and tension was observed in stationary cells, whereas the opposite was seen using
migrating cells!® (1561,

In contrast to our results Schiller et al. found, that the forces for abbl cells
were intermediate and highest in a5bl/avh3 cells!™¥l.  They show that the
difference between the latter ones is high on stiffer substrates (35kPa) but that

[148] "~ concluding that adjustment

they were similar on soft substrates (1.4kPa)
of cell contractility to substrate stiffness is mediated through avb3-fibronectin
bonds that are stabilised through actomyosin-mediated tension["*8!. Therefore
tension-dependent stabilisation of avb3 integrins is necessary for sensing of
substrate stiffness. Since the micropost substrate used in our experiments is much
stiffer (1200kPa for the PDMS substrate and a spring constant per micropost of
294nN/pum), we would expect a rather large difference in traction forces between
abbl and abbl/avb3 cells. However, the experiments differ in several aspects
allowing for various explanations why the cells behave differently. Micropost
arrays do not build flat continuous surfaces, they rather have round, flat islands
where cells can adhere to and in between the cell sags and has no possibility to
build out focal adhesions, and therefore has no direct contact to the substrate.
The stiffness can be adjusted like for flat substrates by either varying the elasticity
of the PDMS or the micropost dimensions. One has to distinguish here that
changing the micropost stiffness has a global influence, whereas changing the
PDMS elasticity is working on local scales!™. What plays an important role is
the size of the micropost tops and therefore the adhesion area and the density of

the posts.

The influence of substrate stiffness and geometry on cell traction
forces

We showed that traction forces are higher for all three cell types on stiffer
substrates (294nN/um) compared to softer substrates (202nN/um) with the same
geometry. This is in agreement with several previous studies that showed the
same effect for different cell types 34101 [148][195]

Cells were observed to spread to a greater extent on stiff substrates**!! and that
the spread area has an influence on traction force generation 23111351 [138] [139] [161] [167]
Correlations between traction forces and changes in cell area and shape, focal ad-
hesions and stress fiber assembly have been observed in previous studies[?14711135],
Oakes et al. found that substrate stiffness, focal adhesion number and cell geom-

etry did not influence the strain energy of the cell and therefore the mechanical

work done by the whole cell on the substrate, but cell area alonel"?!!. Although
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stiffer substrates lead to an increase in traction stress magnitude, the strain is
decreased and therefore the mechanical output stays constant!>!. For fibroblasts
on PAA gels it was shown that on soft gels (Young’s modulus <20kPa) the strain
is kept constant whereas on stiffer substrates the stress is kept constant %],
However, Han at al. used micropost arrays to demonstrate that total traction
forces increase with increasing substrate stiffness, but that the effect of substrate
stiffness on traction forces is independent of cell spreading. They also showed
that micropost density rather than cell spreading influences total force generation
and that cells on substrates with a higher micropost density produced larger
total forces, but lower average forces!®”!. We see the same effect, that with
softer substrates (155nN/um), having a higher micropost density but a smaller
micropost radius and therefore the same area as the stiff substrates, the traction
forces were higher, concluding that micropost density rather than stiffness and
spread area has an influence on traction forces. The different observations seem
to depend on the different ways the experiments are conducted and one has to
be careful comparing them. We suppose that several factors, like local and global
stiffness, micropost density or growth area, have an influence on cell traction
forces, but that depending on the conditions one effect might superimpose other
effects.

The traction forces for a5bl cells were significantly lower than for the abbl/avb3
cells on both softer substrates and the avb3 cells were intermediate, but with no
significant difference to both cell types. Somehow the stiffer substrate seems to
trigger a stronger traction force generation for abbl cells, that can be explained

by it’s function as ’catch-bond’, meaning that the bond strengthens with applied
force 1421 [119] [154]

The influence of actomyosin on traction force generation

To analyse the influence of actin and non-muscle myosin II on traction forces for
the two integrin types separately and in cooperation, we disrupted actin with
latrunculin A and inhibited non-muscle myosin II with blebbistatin. As a result
traction forces were reduced in both cases for a5bl cells and abbl/avb3 cells,
as well es for NIH/3T3 cells, although a higher blebbistatin concentration over
longer incubation time (20uM, 3h) was necessary to see an effect for the latter
one. Traction forces for avb3 cells did not change under both conditions. Also
a higher blebbistatin concentration over longer incubation time (20uM, 3h) had
no effect. Focal adhesion area and circularity are unchanged for the avb3 cells in
contrast to the other cell types, where the area is decreased and the circularity
increased, representing a more dot like shape.

The results for the avb3 cells are in contrast to the findings of Schiller et al.
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where they concluded that stabilisation of the avb3-fibronectin bond through
actomyosin mediated tension is necessary for the adjustment of cell contractility
to a defined substrate stiffness!'*®l. They also showed that blebbistatin treatment
reduced protein recruitment to focal adhesions in avb3 cells and that myosin II
and /or stress fibers are required '8!, In areas with high traction forces at the cell
rear on crossbow shapes avb3 accumulates and gets lost after myosin inhibition
with blebbistatin, whereas a5bl containing focal adhesions were still forming 148,
On the other hand avb3 cells show large stress fibers together with low pMLC
levels, low contractility but high active RhoA. RhoA is not activating Rho kinase
and myosin II, but instead it activates DIAP1 (Drosophila melanogaster inhibitor
of apoptosis 1) which enables stress fiber formation!'¥l. Myosin II is known to
interact with actin upon myosin light chain phosphorylation. This maybe a hint
that another mechanism is generating traction forces in this case than actomyosin.
So how can our results be explained in terms of force generation coupled to avb3
integrins alone after non-muscle myosin II inhibition and actin disruption?

abbl integrins are coupled to ROCK and myosin II activation and induce
Mek1/Erk2 and RhoA/Rock/pMLC pathways!'®l. avb3 activates mDia and
therefore actin polymerisation, but high RhoA activity in avb3 cells is not coupled
to Rock/pMLC!8 Both integrins are required to activate myosin II, but only

[148]  Focal

abbl induces signals to mediate RhoA driven myosin II activity
adhesion growth rate is correlated to retrograde flow rate (rearward movement
of actin), but not force, since the rate of lamellar retrograde flow, radial stress
fiber assembly and adhesion growth are unaffected by myosin II and therefore
intracellular tension inhibition??l. Several findings led to the idea that stress
fibers are driving focal adhesion growth. For example, in the absence of myosin II
activity, actin crosslinking was found to be sufficient for adhesion stabilisation 2],
Other groups supposed that actin polymerisation alone and filament bundling
at focal complexes might generate contractile forcesPPAM%8 A previous study
showed that myosin inhibition had little effect on dorsal stress fibers and the small

™ In contrast to transverse arcs and

82]

nascent focal adhesions that attach them!
ventral stress fibers, dorsal stress fibers do not contain myosin II'°<. Beningo et
al. demonstrated that myosin independent nascent focal adhesions located at the
front of migrating fibroblasts are able to generate strong propulsive forces[013],
Tan et al. measured traction forces on flexible microneedles and found small
adhesions <1 pm? with high traction forces, that are equivalent to these nascent
adhesions. In general, force transmitted via stress fibers is proportional to the
active myosin level within these stress fibers, however regarding dorsal stress
fibers the contraction and rearward movement of transverse arcs coupled to the

dorsal stress fibers generates contractile forces and adds to the force generation
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of the small nascent adhesions at the cell front 315611161 " The assembly of dorsal
stress fibers is done by formin (mDial/DRF1)-driven actin polymerisation at
focal adhesions. As mentioned above the RhoA effector mDial correlates with
avb3 integrins 148!,

Shutova et al. treated their cells with latrunculin A in the same way we did
(0.5uM for 30min) and observed a disappearance of lamellipodia and most focal
complexes, but remaining of mature focal adhesions and large actin bundles.
Previous studies showed similar observations for low latrunculin A concentrations

sl We did not observe clear focal adhesions

with no effect on stress fiber
after actin disruption, maybe the cytosolic paxillin interfered with the paxillin
of the focal adhesion due to the shrunken phenotype of the cells, therefore focal
adhesions wrapped around the microposts might be hidden by the background.
Taken together this might explain why we do not see a change in traction forces
for the avb3 cells after myosin inhibition and after actin disruption. Forces
can still be generated by dorsal stress fibers, that remain intact in both cases.
For abbl containing cells, however, traction force generation and focal complex
forming seem to be dependent on actomyosin since this integrin type is coupled
to ROCK and myosin II activation.

However, it also has to be considered that other myosins then non-muscle myosin
IT may participate in force generation. Blebbistatin is an effective inhibitor of
several striated muscle myosins as well as non-muscle myosin IIA and IIB, but
not smooth muscle myosin or myosin superfamily members from classes I, V, and
X7 Some of these molecules were found to be localised at protruding edges of
cells 21 [180],

Furthermore traction forces are not only depending on living contracting cells but
can also be generated by liposomes!™%. Membrane tension during adhesion built
up through internal, hydrostatic pressures is balanced by traction stress on the

substrate. The measured mean stress is around 70Pal*16l,

The influence of externally applied shear stress and actomyosin
on cell traction forces

Cells are able to sense and also respond to changes in mechanical forces and
convert them inside the cell to a biochemical response via tension generation

s We applied fluid shear stress to simulate the

and molecular pathway
influence on cells in physiological terms. Several studies use shear flows in
the range of >1Pa, like it occurs for example in arterial flow. We used much
weaker pressure like it might occur during venous and interstitial flow 15911189 op
during atherosclerosis['%!. Endothelial cells were shown to demonstrate several

differences in morphology or orientation for low vs high shear stress[106![128],
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After application of external shear stress traction forces are increased for all cell
types with the strongest effect on avb3 and abbl/avb3 cells. Previous studies
showed, that shear stress is able to induce integrin activation!™ 172 The integrin
avb3 is known as mechanosensor from previous studies and reinforces under high

tension 11481,

This was shown for substrate stiffness but can be applied to external
generated tension too, e.g. via shear stress. Tzima et al. showed that avb3 is
activated by shear stress and that shear stress regulates Rho activity['™l. a5bl
cells have lower traction forces under shear stress than a5bl/avb3 and avb3 cells.
Focal adhesion area and circularity is unchanged after shear stress application
compared to static conditions for all cells but the NIH/3T3 cells, where a strong
increase in focal adhesion area is observed. For a5bl and a5b1/avb3 cells the focal
adhesions seem to be aligned in an approximate right angle to the flow, whereas
for avb3 and NIH/3T3 cells they are more transverse aligned to the flow. The
results indicate that shear stress triggers an activation of traction force generation
for the avb3 cells.

To look at the orientation of the cells we analysed the position of the Golgi
complex relative to the nucleus. Typically the Golgi complex localises in front
of the nucleus towards the leading edge of a celll'™l. All cells in our experi-
ments show a shift of cell orientation against the flow. A study by Li et al.
showed that shear stress induces polarised FAK recruitment and p-FAK(Y397)

961, Recent studies

phosphorylation at focal adhesions in the leading edge
demonstrated that FAK is required for mechanosensing and persistent migration
of fibroblasts['®!. Polacheck et al. showed that for three dimensional migration
of cancer cells a CCR7-dependent pathway, triggering downstream migration
and an CCR7-independent, but FAK dependent pathway are involved, the latter
one stimulating cells to migrate against the flow. They show that shear stress
induces phosphorylation of focal adhesion kinase at Tyr-397 and hypothesise
that the upstream migration stimulus is provided by flow-induced tension in

sl321 The affinity of avb3 integrins was shown to be increased under

integrin
shear stress as well as activation of FAKI™172 Previous work already observed a
colocalisation of FAK and activated integrins and that FAK activates Src kinase,
which is responsible for modulation of traction forces important for cancer cell
migration 2%l Lo et al. showed that NIH/3T3 cells migrate towards increased
strain, resulting from the tension on integrins!°1.

Microposts are displaced more against the flow direction for avb3 cells. A
tendency for the same behaviour is observed for abbl cells. a5bl/avb3 cells show
a slight shift with the flow and NIH/3T3 cells show an almost equal distribution
of micropost displacement direction. The direction of micropost displacement is

influenced both by actively, e.g. by actomyosin forces or passively, by the shear
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stress. Hydrodynamic shear stress generates pushing forces and simultaneous
rolling resulting in a torque of the cell. Gallant et al. simulated the cell as
spherical object that is under influence of a torque under hydrodynamic shear
force. To get a mechanical equilibrium these forces are balanced by a horizontal
force, vertical tensile bond forces and compressive forces*s!. Truskey and Proulx
approximated the cell shape as a hemispherical cap['®!. The torque dominates
when the spread area is smaller then the radius, meaning an increase in cell height.
For more spread out cells the pushing component dominates®!. Hence, the effect
of micropost bending against the flow might result from a rotational movement of
the cell body due to the shear stress and therefore a shift of micropost bending
towards the flow. To distinguish between active forces generated by the cell itself
and passive forces acting on the cell due to shear stress, we inhibited myosin or
disrupted actin.

Actin disruption and myosin inhibition lower traction forces for all cell types under
shear stress, also for the avb3 cells. Focal adhesion area is reduced after myosin
inhibition under shear stress for all cell types, the circularity is increased and
the angle to the flow is changed. This suggests, that avb3 cells show actomyosin
activation during shear stress application compared to static conditions and that
traction forces in this case are actively generated by actomyosin.

abbl and avb3 cells show an even stronger shift of cell orientation towards the
flow direction after myosin inhibition. The difference of oriented cells under shear
stress and under shear stress with myosin inhibition supposes an active myosin
participation in cell orientation with the flow. We suggest that with active myosin
there is more resistance of the nucleus displacement to the flow, therefore the
nucleus is not pushed with the flow direction and the cells show an orientation
with the flow. abbl/avb3 and NIH/3T3 cells show nearly random cell orientation
after myosin inhibition. Therefore, we suggest in this case an active myosin
influence on the orientation against the flow, because of active migration against
the flow and not just shear stress resistance, as explained for the abb1l or avb3
cells.

Actomyosin was shown to be necessary for the relocation of the nucleus during po-
larisation [*311621[66] and the Microtubule Organisation Center (MTOC) #H1H2]1173],
Tkachenko et al. found that for endothelial cells the nucleus is pushed downstream
by hydrodynamic drag of the blood flow, and therefore serves as sensor for the
direction and magnitude of the blood flow!'%l. By resistance of the actomyosin
cytoskeleton, the sensitivity of polarisation response of endothelial cells to shear
flow is controlled!'%l. Shear stress and therefore hydrodynamic drag pushing
the nucleus downstream is acting on the cells in all cases for our measurements.

A dense actin cytoskeleton is able to block polarisation against the flow, as
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it was shown in previous studies for non-confluent endothelial cells!*%. Also
vimentin contributes to cell stiffening under large strains!'%!. Linkage between
intermediate filaments and focal adhesions is able to sense differences in force
load!®! e.g. in endothelial cells under fluid shear stress vimentin associates with

[171]

avb3 rich focal contacts Under flow they grow thick vimentin bundles and

large focal contacts, suggesting that vimentin might regulate focal contact size in

el For 3T3 fibroblasts it was demonstrated that under shear stress,

this cas
they show a 25-fold increase in cytoplasmic viscosity (meaning a higher resistance
to being deformed by shear stress) and a 4-fold increase in elasticity (meaning a

U This shear induced cell stiffening

decrease in deformability under shear stress)
is gone after inhibition of actomyosin interaction or ROCK inhibition!®.

The two isoforms of non-muscle myosin II, A (NMIIA) and B (NMIIB), have
distinct functions. NMIIB is involved in directed cell movement, front-back
polarity and Golgi and nuclear orientation. Inhibition of NMIIB in fibroblasts

t[100] NMIIA is responsible for retraction and

lead to more random movemen
adhesion disassemble at the cell rear!'”. However, Shutova et al. showed that
even with inhibited non-muscle myosin II, fibroblasts had directed movement, and
long non-contractile cytoplasmic tails, together with microtubule bundling!**9,
Regarding traction force generation, central stress fibers are regulated by ROCK
and NMITA, whereas mechanics of peripheral stress fibers are regulated by
MLCK and NMIIB. Central stress fiber retraction is controled by the motor and
crosslinking functions of NMIIA 24,

Figure 56 shows a draft to better understand the myosin influence on cell
behaviour in response to shear stress, as explained in the following. For abbl cells,
myosin and actin have no effect on the micropost displacement direction, therefore
we suggest that bending of the microposts against the flow must be of passive
nature, due to rolling of the cell body and therefore bending the microposts
against the flow. For avb3 cells myosin and actin have an active effect, triggering
micropost bending against the flow. With functional actomyosin the cell is able to
withstand the shear forces actively, by a more dense and stiff network. However
this might have the indirect effect that cell rolling is enhanced, because of the
higher resistance to the shear stress. Therefore myosin and actin would participate
in the effect of pillar bending against the flow, which is diminished after myosin
inhibition or actin disruption. An explanation why this effect is observed for avh3
but not abbl cells might be the stronger effect of actomyosin activation for the
avb3 cells after shear stress application compared to the abbl cells. The shift of
micropost bending with the flow after actin disruption for avb3 cells might be
explained by a dominating pushing force over the torque. For a5bl/avb3 cells

myosin and actin drive pillar bending with the flow, actin only with a small effect.
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This effect could be explained by the active migration that produces pulling
forces with the flow, triggered by the cooperation of a5bl and avb3 integrins.
For NIH/3T3 cells myosin and actin trigger even distribution of micropost
displacement. After myosin inhibition and actin disruption perpendicular traction
forces are enhanced. This suggests an active participation of actomyosin in even
distribution of traction forces at the front and the rear to drive a controlled active

migration against the flow, as assumed by the cell orientation.

Flow direction

-

a5bl a5bl/avb3 avb3

‘oop B Ton

Figure 56: Myosin influence on cell behaviour in response to shear stress.

Intermediate filaments

Not just actin plays an important role in focal adhesion formation and therefore
cell adhesion and migration, but also intermediate filaments. To study their
effect on integrin specific traction force generation we disrupted vimentin with
acrylamide.

We observed that traction forces did not change for abbl, abbl/av3b and
NIH/3T3 cells, but increased for avb3 cells. Focal adhesions where unchanged in
our observation for abbl and avb3 cells but reduced in area for a5bl/avb3 cells
and highly increased in area for NIH/3T3 cells. However, as already mentioned
before, focal adhesion size does not necessarily correlate with traction force
magnitude.

Vimentin was found to be important for cell motility, invasion and lamellopodia
formation[™. It regulates cell adhesion by entering into focal adhesion sites
and binds to 1 integrins!®!. Vimentin overexpression enhances focal adhesion
turnover™.  Upregulation of plectin and vimentin was shown in various cell
carcinomas, leading to an increase in invasiveness and metastasis potentiall3170],
However, previous studies showed, that missing vimentin leads to more robust

(1881 For plectin-deficient

focal adhesions and strongly bundled stress fibers
fibroblasts similar effects were observed. Plectin is an intermediate filament
crosslinking protein and is able to link intermediate filaments to focal adhesions.

In both cases cellular stiffness, cytoskeletal tension as well as traction forces and
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therefore mechanotransduction were reduced!®!188l Also FAK activation was
reduced leading to increased RhoA (RhoA is known to increase cell contractility,
focal adhesion and actin stress fiber formation) activity and reduced Erk and Src
activity, explaining the increase in actin stress fibers and focal adhesion formation
but decrease in cell migration. It seems to be a compensatory effect, enhancing
actomyosin activity due to the lack of vimentin or plectin!*®®l but with ineffective
outcome.

Since we do not observe a reduction of traction forces in our measurements,
we propose that stronger stress fibers might be build (not tested) and then
compensate for the vimentin loss and together with intact actomyosin prevent
a decrease of traction forces. For avb3 cells even an overcompensation takes
place, correlating with the unchanged traction forces after myosin inhibition or
actin disruption under static conditions. Indeed, after simultaneous vimentin
disruption and myosin inhibition avb3 cells do not show a decrease in traction
forces. Also a5bl/avb3 cells do not show decreased traction forces, suggesting a
stronger relevance of avb3 integrins in this case. abbl cells showed a decrease in
traction forces, therefore suggesting that stronger stress fibers might play a minor
role for this integrin type compared to myosin.

Compared to untreated conditions the cell height increased for a5bl cells and
NIH/3T3 cells and decreased for avb3 and abbl/avb3 cells. Epithelial cells were
shown to flatten after induced vimentin expression!™% and fibroblasts were shown
to be more deformable after vimentin loss!'®2. Somehow the effect that avb3 and
abbl/avb3 cells are more flat seems to be triggered by avb3 integrins, showing
a stronger effect than abbl cells in cooperation. The vimentin loss seems to be
compensated with a stronger actin stress fiber network. Cells were shown to be
more flat with an intact actin network compared to a depolymerised network %7,
Since NIH/3T3 contain other integrins and are more complex in general, the

observed effects might be triggered by other components.
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Integrin blocking

By blocking either avb3 or a5bl integrins in abbl/avb3 cells, we wanted to test,
if traction forces would be the same as for the cell types only expressing one of
the integrins. As result the traction forces did not significantly differ from the
untreated abba/avb3 cells, but from the cell types expressing only one integrin
type. Although we used a high concentration for both blocking peptides, we only
see a trend in traction force change. The concentration for the abbl blocking
peptide was 15uM, the tested 1Csq (half maximal inhibitory concentration) values
from Rechenmacher et al. were 2.3£0.02nM for abbl blocking and 30014+205nM

[136] ' The concentration for the avb3 blocking peptide was 3uM

for avb3 blocking
in our experiment, the IC5q value for avb3 blocking 0.554+0.07nM and for the a5b1
blocking 120427nM!3%, Since the used concentrations in our experiments are
over 5000x higher then the ICs, values we would expect a sufficient blocking of
the integrins. However the traction force measurement did not yield the expected
results. Since both integrins build the cell and it might be that the adhesion of
one is enough, it would be useful to test the traction forces after blocking both

integrins simultaneously .
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lung cells

We studied the effect of external shear stress and the contribution of myosin on
traction force generation of lung epithelial cells. This was of special interest to
us, since fluid wall shear stress is known to play an important role regarding lig-
uid plug formation in lung injury and clinical therapies. Propagation of these
plugs generates shear stress on the epithelial cell layer and therefore influences
cell response in biochemical and mechanical manner, like changes in traction force

[64][75][105] [163] ~ Therefore we looked at the difference between the two

generation
distinct cell lines representing model systems for primary alveolar type I (R3/1 cell
line) and type II (A549 cell line) cells. Alveolar type I cells build the basic struc-
ture of the alveolar wall and permit gas exchange, whereas aleveolar type II cells
act as progenitor cells for the type I cells and are able to secrete pulmonary surfac-
tant that lowers surface tension at the alveolar gas-liquid interface and therefore
control alveolar fluid levels. In addition we analysed the influence of intermediate

filaments, respective vimentin, on traction force generation for the two distinct cell

types.

7.1 Results

For each micropost underneath a cell, the traction stress is calculated from the force
and of the upper face of the micropost. Further, all traction stresses are summed
up for one cell. The data is then plotted as one boxplot per cell type showing
the distribution and the median over all measured cells. The central mark is the
median, the edges of the box are the 25th and 75th percentiles, the whiskers extend
to the most extreme data points, and outliers are plotted as circles. Significant

57 *k

differences are marked with asterisks (* represents p<=0.0 represents p<=1E-

2 and *** represents p<=1E-3).
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7.1.1 External shear stress and myosin inhibition

Figure 57 shows traction forces for R3/1 and A549 lung epithelial cells under
static conditions (R3/1: n=98, A549: n=111), with myosin inhibition (R3/1:
n="72, A549: n=86), under shear stress (R3/1: n=47, A549: n=49) and under
shear stress with myosin inhibition (R3/1: n=>53, A549: n=46). A549 cells show
significant higher traction forces under static untreated conditions than R3/1 cells
(p=0.02). Both cells show reduced traction forces after myosin inhibition for static
conditions (R3/1: p=0.003, A549: p=0.02). Cell traction forces are increased sig-
nificantly for the A549 cells under shear stress (p=1.74e-04), but not for the R3/1
cells. After myosin inhibition under shear stress there is no change of traction
forces for the R3/1 cells, but a decrease for the A549 cells (p=8.78¢-09). The dif-
ference between myosin inhibition under static conditions compared to shear stress
conditions is not significant for both cell lines. A549 cells show significant higher
traction forces under shear stress conditions than R3/1 cells (p=5.52e-06) and for

myosin inhibition under static conditions (p=3.92e-04), but not under shear stress.

Figure 58 shows the absolute difference of the median values for R3/1 and
A549 cells under static and shear stress conditions, with and without myosin
inhibition. R3/1 cells have a higher difference of traction forces after myosin
inhibition under static conditions, whereas A549 cells show a much higher

difference of traction forces after myosin inhibition under shear stress.
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Figure 57: Boxplots of cell traction forces for R3/1 and A549 cells under static
conditions and under shear stress, both with and without myosin inhi-
bition.
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R3/1 A549

median difference in kPa

(1) (2) (1) (2)

Figure 58: Median difference of cell traction forces for R3/1 and A549 cells under
(1) static and (2) shear stress conditions, both with and without myosin
inhibition. The error bars represent the standard error of the median.

Figure 59 shows the micropost displacement direction for R3/1 and A549
cells under static conditions and shear stress and the absolute difference between
static and shear stress conditions. Both cell types show a shift of micropost
displacement direction towards the direction of flow under shear stress, whereas

it is only significant for R3/1 cells (R3/1: 60-120 vs 120-180 p=0.01).

Figure 60 shows the micropost displacement direction for R3/1 and A549
cells under static conditions and shear stress, both with and without myosin
inhibition and the absolute difference between myosin inhibition and the untreated
state for static and shear stress conditions. The difference of shear stress and shear
stress with myosin inhibition shows for R3/1 cells a shift against the flow direction
and for the A549 cells with the flow direction. The difference shows the trend for
A549 cells with the flow direction, but there is a significant difference also under
static conditions. (Static and myosin inhibition: R3/1: 60-120 vs 120-180 p=0.04;
A549: 0-60 vs 120-180 p=0.03; Shear stress and myosin inhibition: R/1: 0-60 vs
60-120 p= 0.05; A549: 0-60 vs 120-180 p=0.03)
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Figure 59: Micropost displacement direction for R3/1 and A549 cells under static
conditions and shear stress. The absolute difference of traction forces
between static and shear stress conditions is shown at the bottom. Error
bars represent the standard error of the mean.
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Figure 60: Micropost displacement direction for R3/1 and A549 cells under static
and shear stress conditions with myosin inhibition. The difference be-
tween untreated state and myosin inhibition for both static und shear
stress conditions is shown at the bottom. Error bars represent the stan-
dard error of the mean.
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Figure 61 shows the resulting micropost displacement direction for R3/1 and
A549 cells under static conditions, under shear stress and under shear stress with
myosin inhibition. The resulting micropost displacement was first calculated for
each cell and then the mean value over all cells was built. The results show the
same tendency as the micropost displacement directions shown in figures 59 - 60.
Table 5 shows the difference of resulting micropost displacements for shear stress
- static conditions and under shear stress conditions with and without myosin

inhibition.

95 90 85 80 75 70

R3/1 static ] F

R3/1 shear stress F

R3/1 shear stress + myosin inhibition—: }

A549 static I | F

A549 shear stress F

A549 shear stress + myosin inhibition—: :_

95 90 85 80 75 70

Figure 61: Resulting micropost displacement direction for R3/1 and A549 cells
under static conditions, shear stress and shear stress with myosin inhi-
bition. Shown is the mean value with the standard error of the mean.
The x- axis shows the coordinates in degrees

Table 5: Difference of resulting micropost displacement direction for R3/1 and
A549 cells from Figure 61

Cell type and conditions Difference in
degrees

R3/1

difference shear stress - static -2.93 £ 741

difference shear stress - (shear stress + myosin inhibition) | -6.17 £ 7.47
A549
difference shear stress - static 1.75 £ 6.02

difference shear stress - (shear stress + myosin inhibition) | 8.87 &+ 6.81

Figure 62 shows the relative histograms of the nucleus to Golgi complex orienta-
tion for R3/1 and A549 cells. The leading front of a cell is characterised by the
Golgi complex lying in front of the nucleus towards the cell front. The direction
is given by the angle were the Golgi complex lies in reference to the nucleus.

Compared to the cell orientation under static conditions R3/1 cells show a clear
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shift of orientation with the flow direction under shear stress, whereas the A549
cells show a shift against the flow direction. The same observation is made under
shear stress with myosin inhibition. Looking at the difference for untreated state
and with myosin inhibition under shear stress, there is a shift for R3/1 ells with
the flow and for the Ab49 cells against the flow.
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Figure 62: Relative histograms of cell orientation for R3/1 and A549 cells under
static conditions, under shear stress and under shear stress with myosin
inhibition. The difference in polarised cells between shear stress and
static, as well as shear stress with and without myosin inhibition is
shown at the bottom.
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Figure 63 shows the relative cell height of R3/1 and A549 cells after myosin
inhibition under static conditions, after shear stress application and under shear
stress and myosin inhibition compared to the static untreated state. After myosin
inhibition under static conditions the cell height is increased for R3/1 cells but
not for A549 cells. Under shear stress the cell height is unchanged for R3/1 cells
but decreased for A549 cells. After myosin inhibition under shear stress the cell
height is increased for the R3/1 cells and decreased for the A549 cells compared to

the static condition, but the same as under shear stress without myosin inhibition.
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Figure 63: Relative cell height for R3/1 and A549 cells after ,
(2) shear stress application and ,
compared to the static untreated state. Error bas represent the stan-
dard error of the median.

Figure 64 and 65 show fluorescence images of paxillin stained cells on mi-
croposts. Shown are R3/1 and A549 cells on microposts under static conditions
with and without myosin inhibition and under shear stress with and without
myosin inhibition. The micropost outline is shown in grey as well as the cell
area, whereas the paxillin staining is shown in orange. For R3/1 cells the focal
adhesions are built as several stripes on top of the microposts. After myosin
inhibition there are less stripes on top of the microposts, but focal adhesions are
wrapped around the microposts. Under shear stress there are still clear stripe
like focal adhesions visible, whereas after myosin inhibition under shear stress,
again focal adhesions tend to build less stripe like forms, but are wrapped around
the micropost outlines. For A549 cells, focal adhesions are wrapped around the
microposts building arc like structures in all cases, whereas they seem weaker

after myosin inhibition under static and shear stress conditions.
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static conditions

myosin inhibition

shear stress shear stress & myosin inhibition

Figure 64: Paxillin staining of R3/1 cells on microposts under static untreated con-
ditions, with myosin inhibition and under shear stress with and without
myosin inhibition.
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static conditions

myosin inhibition

shear stress shear stress & myosin inhibition

Figure 65: Paxillin staining of A549 cells on microposts under static untreated
conditions, with myosin inhibition and under shear stress with and
without myosin inhibition.

Figure 66 and 67 show focal adhesion area, circularity and angle for R3/1 and
Ab549 cells under static conditions and under shear stress, both with and without
myosin inhibition. R3/1 cells show no change in focal adhesion area or circularity
after myosin inhibition and under shear stress compared to the static untreated
state. After myosin inhibition under shear stress the focal adhesion area is
reduced and the shape is less elongated. The angle is similar for all conditions,
showing a transverse orientation to the flow. The Ab49 cells show a reduction
of focal adhesion area for all conditions compared to the static untreated state.

The effect is stronger after myosin inhibition than only under shear stress. The
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circularity is only changed after myosin inhibition under static conditions with a

less elongated shape. The orientation is transverse to the flow.
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Figure 66: Focal adhesion area (top), circularity (middle) and angle (bottom) for

R3/1 cells for , (2) static conditions with myosin
inhibition, , (4) shear stress with myosin inhibition, (5)
difference of shear stress - static conditions and(6) difference shear stress
and shear stress and myosin inhibition. Shown are the median values
with the standard error of the median.
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Figure 67: Focal adhesion area (top), circularity (middle) and angle (bottom) for

A549 cells for , (2) static conditions with myosin
inhibition, , (4) shear stress with myosin inhibition, (5)

difference of shear stress - static conditions and (6) difference shear
stress and shear stress and myosin inhibition. Shown are the median
values with the standard error of the median.
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7.1.2 Vimentin disruption

Figure 68 shows traction forces forces with vimentin disruption for R3/1 (n=57)
and A549 (n=59) cells. There is a significant reduction of traction forces after vi-
mentin disruption for R3/1 cells (p=0.002) and for A549 cells (p=8.19e-04). A549
cells show higher traction forces after vimentin disruption than R3/1 cell (p=0.03).

Figure 69 shows the relative cell heights of R3/1 and A549 cells after vi-
mentin disruption compared to the untreated state. The cell height is unchanged

for both cell types after vimentin disruption.
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Figure 68: Boxplots of cell traction forces for R3/1 and A549 cells under static
conditions and with vimentin disruption.
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Figure 69: Relative cell height of R3/1 and A549 cells after vimentin disruption
compared to static untreated conditions. The error bars represent the
standard error of the median.
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Figure 70 and 71 show fluorescence images of paxillin stained R3/1 and A549
cells under static untreated conditions and with vimentin disruption. R3/1 cells
tend to build more arc like focal adhesions in addition to the stripe formed. For

A549 cells there is no markedly change in focal adhesion morphology visible.

vimentin disruption

static conditions

Figure 70: Paxillin staining of R31 cells on microposts under static untreated con-
ditions and with vimentin disruption.

static conditions vimentin disruption

Figure 71: Paxillin staining of Ab49 cells on microposts under static untreated
conditions and with vimentin disruption.
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Figure 72 shows focal adhesion area and circularity for R3/1 and A549 cells under
static conditions (1) and with vimentin disruption (2). The difference for both
cell types static - vimentin disruption is also shown. The focal adhesion area is
reduced after vimentin disruption for R3/1 cells and increased for A549 cells. The

circularity is unchanged for R3/1 cells and reduced for A549 cells.
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Figure 72: Focal adhesion area (top) and circularity (bottom) for R3/1 and A549
cells under static conditions (1) and with vimentin disruption (2). The
difference static - vimentin disruption is shown at the right side for both
cell types.

Shown are the median values with the standard error of the median.
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7.2 Discussion

Fluid wall shear stress plays an important role regarding liquid plug formation
in lung injury and clinical therapies. Propagation of these plugs generates shear
stress on the epithelial cell layer, influencing cell response in biochemical and
mechanical manner64[711195]1163] * Cells might respond to this stresses amongst
others with a change in their force generation apparatus.

We used epithelial lung cell lines R3/1, as analogue for the alveolar type I cells
and the A549 cell line, as analogue for alveolar type II cells, to study the effect
of fluidic shear stress on traction force generation. In addition we looked at the
different influence of myosin and vimentin on traction force generation for both

cell types.

Cell traction forces of R3/1 and A549 cells and the influence of
myosin

Under static untreated conditions, traction forces are higher for A549 cells
compared to R3/1 cells. The median sum of traction stress for A549 cells is
around 28kPa and for R3/1 cells around 25kPa. Gavara et al. measured a total
force magnitude of 55.04:12.0nN for a cell area of 9934+57um? (corresponding
to 0.06kPa) for non migrating A549 cells, with maximal local tractions of
157.0+17.3Pa and an average traction of 37.045.0Pal>. Another study measured
a net traction force of 200nN on 10kPa polyacrylamide substrate with collagen
coating for A549 cells with an area of 600um? (corresponding to 0.3kPa)l®7.
These results seem very low compared to our measurements. Also previous studies
measured average traction forces around 2-3kPa for migrating 3T3 cells!32/1113],
which is 50 times higher than the total stress measured by Gavara et al. However,
Gavara et al. state that maybe the low traction forces in their measurements
derive from the fact that the cells are stationary and not migrating®!l. Compared
to previous traction force studies on various cell types our data lies in a resonable
range [91132] [50] [101] [113]_

The focal adhesion area is the same for both cell types, whereas the shape seems
to be distinct in terms of more elongated focal adhesions for R3/1 cells, forming
stripes on the micropost tops, and arc like focal adhesions wrapped around the
micropost outlines for A549 cells. Ghibaudo et al. observed the same effect as
we did for the A549 cells, that cells on hexagonal micropost arrays build actin
arcs around the microposts and corresponding focal adhesions!®®!. Although focal
adhesion size and shape is not necessarely linked to traction force magnitude,
the difference between the two cell types is interesting, pointing to a different

organisation of focal adhesion assembly.
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However, one has to be careful comparing these two cells types directly, since A549
cells are derived from primary cancer in contrast to the R3/1 cells. Kraning-Rush
et al. showed an increase in traction forces for A549 metastatic lung cancer

871 Therefore, it is not clear if the higher

cells compared to non-metastatic cells
traction forces for A549 cells might derive from an altered mechanism, due to the
cancer genotype.

Traction forces are reduced after myosin inhibition with blebbistatin for both cell
types under static conditions, with a larger effect on R3/1 cells, supposing that
myosin plays a role in traction force generation for both cell lines. Non-muscle
myosin II isoform expression was shown to be prominent in type I cells and it was
suggested, that it might play a key role in the regulation of type I cell function
and alveolar permeability!'3!). Focal adhesion area is not altered for R3/1 cells as
well as the circularity, but for A549 cells the area is reduced and focal adhesions
are less elongated. Myosin seems to have an effect on focal adhesion formation
of A549 cells but not of R3/1 cells. However, it has to be considered that focal
adhesion size and traction forces do not necessarily correlate, since for example
a positive correlation between focal adhesion size and tension was observed in
stationary cells, whereas the opposite was seen using migrating cells'*56l, The
cell height is increased for R3/1 cells, but remains unchanged for A549 cells,
assuming a different regulation of cytoskeletal arrangement for the two cell types

after myosin loss, for example in terms of actin organisation.

The influence of external shear stress and myosin on traction forces

In vitro models of air-liquid interface flow over cells showed that the applied
stress can injure epithelial cells[PP™I1621191 and Douville et al. showed that fluid
stress transmitted by an air-liquid meniscus has an influence on the increase of
the amount of cell detachment[*®l. Mahto et al. showed that wall shear stress has
an influence on key components of the molecular machinery for the regulation of

ol1%! " Our measurements show,

surfactant secretion of alveolar type II cells in vitr
that under shear stress R3/1 cells do not react with a change in traction forces,
whereas Ab49 cells show a strong increase. Focal adhesion area is unchanged for
R3/1 cells and decreased compared to static conditions for A549 cells. The cell
height is the same as under static conditions for R3/1 cells but reduced for A549
cells. Overall R3/1 cell do not show a reaction to shear stress in contrast to A549
cells. Type I cells cover over 95% of the alveolar surface area, therefore it was
hypothesized that they are exposed to a greater strain than type II cells, which
reside in the relatively protected alveolar corners!®. It is suggested, that type
IT cells are more vulnerable to mechanical induced injury than type I cells®

Previous studies showed, that A549 cells under static conditions or low shear
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stress values (4dyn/cm?) show polymerised and well-organised actin filaments %%,

For higher shear stress values the actin cytoskeleton showed disorganised and
fragmented actin filaments, therefore limiting the number of lamellar bodies
fusion events, necessary for pulmonary surfactant secretion, as for their primary
analogues!'%l. The result suggests that R3/1 cells are more robust against shear
stress, because the purpose of their primary analogue is to build the main part of
the alveolus whereas the type II cells react sensitive, because of their regulatory
function. As well as the alveolar type II cells, the A549 cells have been shown to
produce and release surfactant proteins!!™.

We observed, that the direction of cell polarisation is opposed for both cell lines,
whereat R3/1 cells are polarised with the flow and A549 cells against the flow.
Micropost displacement direction is shifted against the flow for R3/1 cells and for
A549 cells. Since these observations can be influenced passive by the shear stress
and active by cell internal parameters, we also analysed the influence of myosin

on the observed effects.

Myosin inhibition under shear stress has no effect on traction forces of R3/1 cells,
but there is a strong reduction of traction forces for A549 cells. Hence, shear
stress seems to trigger a strong myosin upregulation in A549 cells. After myosin
inhibition under shear stress R3/1 cells show an increase of cell height, as for
myosin inhibition under static conditions. A549 cells have the same height as for
untreated conditions under shear stress, and therefore show no change as under
static conditions. Therefore the cell height is changed in the same way as after
myosin inhibition under static conditions. Focal adhesion area is reduced for both
cell types after myosin inhibition under shear stress, also for the R3/1 cells in
contrast to the static conditions. The focal adhesion angle is similar after myosin
inhibition for both cell types.

The direction of cell polarisation is with the flow direction for R3/1 cells and
against the flow for A549 cells, and therefore the same as under untreated shear
stress conditions. Looking at the difference for polarisation direction under shear
stress with and without myosin inhibition, there seems to be an active myosin
contribution to polarisation direction with the flow for R3/1 cells and an active
myosin contribution for polarisation against the flow for A549 cells. The drag
force of the flow is able to relocate the nucleus downstream. An intact actomyosin
network can resist this force and enable an active relocation of the nucleus
upstream to change the migration direction with the flow #3626 [166] - Thig effect
is reduced after myosin inhibition for R3/1 cells, but not completely disabled,
suggesting that another part of the cytoskeleton is still able to resist the drag

force and maintain an upstream relocation of the nucleus. For A549 cells there
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Chapter 7. Application II: R3/1 and A549 lung cells

seems to be less resistance after myosin inhibition to the drag force of the flow,
explaining the even stronger occurrence of polarised cells against the flow.

For R3/1 cells myosin triggers a shift of micropost bending against the flow, that
correlates with the polarisation direction and therefore could be explained by
active pulling of the cell on the substrate in migration direction, bending the
microposts against the flow. Myosin seems to be responsible to a larger extent
for the orientation of the cell and the migration with the flow, that might be
facilitated by the pushing of the flow and therefore needs less traction forces to
propel the cell forward. For Ab549 cells the microposts are displaced with the
flow by active myosin participation, correlating with the polarisation direction,
therefore the cell actively pulls on the substrate to migrate against the flow. The
overall bending against the flow might be explained by cell rolling 81841169 that
effects both cell types.

In general, shear stress acts in different ways on the two cell types. For
the A549 cells by activating myosin, that triggers an active migration against the
flow that produces larger traction forces, and in the other case for the R3/1 cells
by triggering myosin to migrate with the flow and produce equal traction forces

to the static state.

The influence of vimentin on traction force generation

Vimentin disruption reduces traction forces for both cell types, assuming a
major role of intermediate filaments in traction force generation for both cell
types. Rogel et al. showed that vimentin expression in alveolar epithelial
cells enhances cell migration and therefore wound closures!'3l. Several other
studies also demonstrated a functional role of vimentin in migration of epithelial

381 [601[721 [151] " Dauphin et al. showed in a clinical study, that in non small cell

cells
lung carcinomas vimentin is expressed and is associated with metastases!®?. The
cell height is unchanged compared to untreated conditions for both cell types.
Either vimentin is not a contributor of cytoskeletal arrangement in terms of cell
morphology in this case, or a compensatory effect sets in, maybe concerning the
actin cytoskeleton. Focal adhesion area is reduced for R3/1 cells with unchanged
circularity and increased for A549 cells with a more elongated shape. The opposed
effect seems to be a hint, that different pathways may play a role in focal adhesion
formation in terms of vimentin influence.

The opposite results to the fibroblasts from the previous section are interesting.
We suppose a cell type specific difference between fibroblasts and epithelial cells,

that seems to influence traction force generation differently during the absence of

vimentin, in the special case of our setup.
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osteocyte-like cells

Since osteocytes are known to sense and react to fluid shear stress in the canalicular
system of bones!™ we wanted to study the effect of shear stress on the force
generation of the model cell line MLO-Y4. In addition we studied the contribution
of smooth muscle myosin kinase (SMMK) on traction force generation. SMMK was
of special interest, since a study by Baik et al. postulated, that phasic contractility
in MLO-Y4 cells might be mediated through smooth muscle myosin!”. Further we

analysed the influence of vimentin on traction force generation.

8.1 Results

For each micropost underneath a cell, the traction stress is calculated from the force
and of the upper face of the micropost. Further, all traction stresses are summed
up for one cell. The data is then plotted as one boxplot per cell type showing
the distribution and the median over all measured cells. The central mark is the
median, the edges of the box are the 25th and 75th percentiles, the whiskers extend
to the most extreme data points, and outliers are plotted as circles. Significant
differences are marked with asterisks (* represents p<=0.05, ** represents p<=1E-

2 and *** represents p<=1E-3).

8.1.1 External shear stress and SMMK inhibition

Figure 73 shows traction forces for MLO-Y4 cells under static conditions (n=78),
under static conditions with SMMK inhibition (n=43), under shear stress (n=51)
and under shear stress with SMMK inhibition (n=38).

There is a significant reduction of traction forces under SMMK inhibition com-
pared to untreated conditions (p=0.007). Shear stress increases traction forces
significantly (p=0.003). There is no difference in traction forces after SMMK
inhibition under shear stress compared to only shear stress. Traction forces
for SMMK inhibition under shear stress are significant higher than for static
conditions (p=2.5e-06) and SMMK inhibition under static conditions (p=0.007).
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Chapter 8. Application III: MLO-Y4 osteocyte-like cells

Figure 74 shows the absolute difference of the median values for SMMK in-
hibition and untreated state under static and shear stress conditions. The

difference is larger under static conditions than under shear stress conditions.

Cells were also treated with blebbistatin to inhibite non-muscle myosin II
(Figure 75), but there was no significant difference observable, neither under

static conditions, nor under shear stress.
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Figure 73: Boxplots of the cell traction forces for MLO-Y4 cells under static
conditions, under static conditions with SMMK inhibition, under shear
stress and under shear stress with SMMK inhibition.

median difference in kPa

Figure 74: Absolute difference of the median values for MLO-Y4 cells for SMMK
inhibition and untreated state under static and shear stress conditions.
Error bars represent the standard error of the median.

122



8.1. Results

—untreated
—myosin inhibition
—shear stress
shear stress + myosin inhibition

~
o

(o))
o
*
*
*

(o))
o
(]

Sum of force per pillar area in kilopascal

40 : :
] R I
| 1
30 i |
20 :
! i L
10 L —1=

0

Figure 75: Boxplots of the cell traction forces for MLO-Y4 cells under static con-
ditions, under static conditions with non-muscle myosin II inhibition,
under shear stress and under shear stress with non-muscle myosin II
inhibition.

Figure 76 shows the micropost displacement direction for MLO-Y4 cells under
static conditions and shear stress and the absolute difference. There is a trend for
a shift of micropost displacement with the flow direction under shear stress (no

significance).

Figure 77 shows the micropost displacement direction for MLO-Y4 cells un-
der static conditions und shear stress, both with and without SMMK inhibition
(Static and SMMK inhibition: 0-60 vs 60-120 p=0.03, 60-120 vs 120-180 p=0.03;
shear stress and SMMK inhibition: 0-60 vs 60-120 p=0.002, 60-120 vs 120-180
p=0.05). The difference for SMMK inhibition to the untreated state for static and
shear stress conditions is shown at the bottom. There is a shift to perpendicular
micropost displacement visible after SMMK inhibition and the difference shows a

shift with the flow.
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Figure 76: Micropost displacement direction for MLO-Y4 cells under static con-
ditions and with shear stress and the absolute difference. Error bars
represent the standard error of the mean.
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Figure 77: Micropost displacement direction for MLO-Y4 cells under static
conditions and with shear stress, both with SMMK inhibition. The
absolute differences between SMMK inhibited and untreated state are
shown at the bottom. Error bars represent the standard error of the
mean.
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Figure 78 shows the resulting micropost displacement for MLO-Y4 cells under
static and shear stress conditions, both with and without SMMK inhibitition.
The resulting micropost displacement was first calculated for each cell and then
the mean value over all cells was built. The results show the same trend as for
the micropost displacement directions from figure 76 and 77. Table 6 shows the
difference between shear stress and static conditions and shear stress conditions
with and without SMMK inhibition.

105 100 95 90 85 80

MLO-Y4 static - E

MLO-Y4 static SMMK inhibition - E

MLO-Y4 shear stress -] E

MLO=Y4 shear stress + SMMK inhibition ] F

Figure 78: Resulting micropost displacement direction for MLO-Y4 cells under
static conditions and shear stress, both with and without SMMK
inhibition. Shown is the mean value with the standard error of the
mean. The x- axis shows the coordinates in degrees.

Table 6: Difference of resulting micropost displacement direction for MLO-Y4 cells
from Figure 78

Conditions Difference in
degrees

difference shear stress - static 7.76 £+ 5.51

difference shear stress - (shear stress + myosin inhibition) | 5.39 + 7.99

Figure 79 shows fluorescence images of paxillin stained MLO-Y4 cells on micro-
posts. The focal adhesions under static untreated conditions show an arc like
shape, wrapped around the micropost outline. After SMMK inhibition the focal
adhesions have the same shape. Under shear stress the shape is more stripe
like and the focal adhesions lie on top of the microposts, the same after SMMK

inhibition under shear stress.
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Figure 79: Paxillin staining of MLO-Y4 cells on microposts under static conditions
and under shear stress with and without SMMK inhibition.

Figure 80 shows focal adhesion area, circularity and angle for MLO-Y4 cells for
(1) static conditions, (2) static conditions with SMMK inhibition, (3) shear stress
and (4) shear stress with SMMK inhibition and the difference shear stress - static
conditions (5) and shear stress - shear stress and SMMK inhibition. There is a
trend that the area is larger after SMMK inhibition under static conditions, and
smaller under shear stress. The circularity is slightly larger under shear stress
conditions. The angle of the focal adhesions is transverse to the flow. For circular

focal adhesions the angle cannot be determined correctly.
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Figure 80: Focal adhesion area (top), circularity (middle) and angle (bottom)
for MLO-Y4 cells for , (2) static conditions with
SMMK inhibition, , (4) shear stress with SMMEK
inhibition, (5) difference of shear stress - static conditions and (6)
difference shear stress and shear stress - SMMK inhibition. Shown are
the median values with the standard error of the median.

Figure 81 shows the relative cell height in pm compared to static conditions
for SMMK inhibition, shear stress application and shear stress with SMMK
inhibition. The cell height is reduced after SMMK inhibition under static and
under shear stress conditions. There is an increase in cell height with shear stress

application.
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Figure 81: Relative cell height of MLO-Y4 cells for SMMK inhibition, shear stress
and shear stress with SMMK inhibition compared to static conditions.
The error bars represent the standard error of the median.
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8.1.2 Vimentin disruption

Figure 82 shows traction forces for MLO-Y4 cells under static conditions compared

to cells after vimentin disruption (n=80). There is no significant difference.
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Figure 82: Boxplots of the cell traction forces for MLO-Y4 cells under static
conditions and with vimentin disruption.

Figure 83 shows fluorescence images of paxillin stained MLO-Y4 cells under static
conditions with and without vimentin disruption. There are still focal adhesions
observable after vimentin disruption, although they seem to be more stripe like
and not so much wrapped arround the micropost outlines as under untreated

conditions.

Figure 84 shows focal adhesion area and circularity for MLO-Y4 cells un-
der static conditions with and without vimentin disruption. The focal adhesion

area after vimentin disruption is increased and the shape is more elongated.

Figure 85 shows the relative cell height of MLO-Y4 cells after vimentin dis-
ruption compared to the untreated state. There is a reduction in cell height after

vimentin disruption visible.
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static conditions
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Figure 83: Paxillin staining of MLO-Y4 cells on microposts under static untreated
conditions and with vimentin disruption.
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Figure 84: Focal adhesion area (left) and circularity (right) for MLO-Y4 cells static
(1) and with vimentin disruption (2). Shown are the median values with
the standard error of the median.
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Figure 85: Relative cell height of MLO-Y4 cells after vimentin disruption compared
to the untreated state. The error bar represents the standard error of
the median.
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8.2 Discussion

Osteocytes are known to sense and react to fluid shear stress occurring in the

851 To study the traction force generation under

canalicular system in bones
the influence of external shear stress, we measured traction forces under static
conditions and under the influence of external shear stress, using the osteocyte-like
cell line MLO-Y4.

A large amount of muscle-related proteins were detected in osteocytes!'? and a
previous study by Baikl[” postulates that phasic contractility in MLO-Y4 cells
might be mediated through smooth muscle myosin. To examine that finding,
and to test if smooth muscle myosin might have an influence on traction force
generation in MLO-Y4 cells, we inhibited smooth muscle myosin kinase (SMMK)
under static conditions, as well as under shear stress. In addition, we studied
the influence of intermediate filaments, respectively vimentin, on traction force

generation.

The influence of external shear stress and SMMK on traction
force generation

We observed that MLO-Y4 cells react to fluid shear stress with an increase in trac-
tion forces. Osteocytes are known to act as mechanosensors and previous studies
already demonstrated a sensitivity of MLO-Y4 cells to fluid flow 4 [181[26] [81] [133] [190]
In vitro studies showed upregulation of cell proliferation and release of paracrine
factors after inducing fluid shear stress!™! as well as an active response by an
increase in gene expression and higher expression of the avb3 integrins!?511190,
Also integrin-associated molecules vinculin, OPN and CD44 were found to be
upregulated in MLO-4 cells after fluid flow shear stress!'%l. Ponik et al. showed
that after 24 hours of unidirectional flow robust, organised stress fibers were

[133]

formed under a shear stress of 0.8Pa!*>?l. The magnitude of fluidic shear in bone

(1871 We used unidirectional flow with a low pressure of

tissues is around 0.8-3Pa
0.25Pa, that was still able to induce changes in traction forces after 12 hours of
application, concluding that MLO-Y4 cells react with increased traction forces
even to small shear stress magnitude.

The cell height is increased after shear stress application. Bacabac et al. demon-
strated for MLO-Y4 cells, that a round cell shape was shown on the one hand
to support a less stiff cytoskeleton than flat cell shape, and on the other hand
to be much more mechanosensitive then a stretched out cell shapel®. Previous
studies found that osteocytes in vivo have a round morphology being placed in
ellipsoidal lacunae, that are exposed to fluid low ' [123] " They seem to respond to

rather small strains, therefore implying that cells with a more three-dimensional
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8.2. Discussion

morphology have a higher mechanosensivity!®l. That correlates with the fact, that
in our study MLO-Y4 cells react to rather small shear stress with an increase in
traction forces.

Interestingly the focal adhesions show a different shape after shear stress ap-
plication, with stripes forming on top of the microposts, in contrast to the arc
like elongated structures formed around the micropost outlines under static
conditions. The area is slightly reduced with shear stress application, with an
increase in circularity, agreeing with the observed shape. There is not necessarily
a correlation between the focal adhesion structure or area and force magnitude,
since we saw the opposite behaviour for other cell types (see chapter I and II).
However, the different structures can point to a different pathway involved in
focal adhesion assembly for static and shear stress conditions, leading to different
formation of focal adhesions.

Smooth muscle myosin kinase phosphorylates Serl9 in smooth muscle light
chains and therefore acts as regulatory enzymel'?6l. After inhibition of smooth
muscle myosin kinase, traction forces are reduced under static conditions, but not
under shear stress in our measurements. This suggests an influence on traction
force generation under static conditions, but no involvement under shear stress
triggered conditions.

Under static conditions with SMMK inhibition, focal adhesions show a slightly
larger area, whereas the circularity is unchanged. The cell height is reduced.
After SMMK inhibition under shear stress focal adhesions are unchanged, whereas
the cell height is reduced as under SMMK inhibition under static conditions.
Therefore SMMK seems to trigger traction forces and focal adhesion assembly
under static conditions, but not under shear stress. However, the height is
influenced under both conditions, suggesting that the cytoskeleton might be
influenced in some way by SMMK, whereas under shear stress another pathway
might be involved that is responsible for traction force generation.

There is a shift of micropost displacement direction with the flow direction, that
seems to be partly triggered by smooth muscle myosin kinase. After inhibition
of SMMK, there is a stronger perpendicular bending of microposts observable.
Goldman et al. showed that fluid shear stress regulates migration of smooth
muscle cells by mediation of myosin light chain kinaselSl. We suppose, that
under shear stress active migration of MLO-Y4 cells against the flow takes
place, pulling more microposts with the flow, whereas after SMMK inhibition,
migration is reduced, but active contraction still takes place. The visible increase
in traction forces thus has to be triggered by another mechanism under shear
stress. Since we did not see a reduction of forces after non-muscle myosin II

inhibition with blebbistatin as well under static as shear stress conditions, other
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Chapter 8. Application III: MLO-Y4 osteocyte-like cells

motor proteins might be involved. Since blebbistatin does not inhibit myosin
superfamily members from classes I, V, and X1, one has to consider the
possibility, that one of these myosin might be involved in force generation in this
case. Zhang et al. identified myosin X as integrin binding protein and suggest
that the interaction with integrins might serve to recruit integrins to adhesive site
formation and therefore could function as stabilisator of filipodia structures!™97.
Myosin X was also found to play an important role in the integration of actin
and microtubule cytoskeleton to position the centrosomes and mitotic spindles in

39 Billington et al. found that myosin 18« coassembles with non-muscle

cells
myosin II into mixed bipolar filaments in vitro!*!. They suggest, that myosin 18«
might link together adjacent stress fibers and serve to stabilize stress fibers under

16 Findings like these impose,

low levels of active non-muscle myosin II heads
that other molecular motors than non-muscle myosin II or smooth muscle myosin

migth play a role in force generation on the substrate.

The influence of vimentin on traction force generation

Vimentin disruption has no effect on traction force magnitude in our measure-
ments, suggesting no active involvement in traction force generation. However,
also a compensatory effect might be considered, for example through enhanced
stress fiber formation. Focal adhesions seem more stripe like and the area is largely
increased after vimentin disruption. The cell height is slightly reduced. Previous
studies showed, that missing vimentin leads to more robust focal adhesions and

strongly bundled stress fibers!'®l which might explain our observed results.
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9 Summary and Outlook

We developed an analysis method for micropost array based cell traction force
microscopy and applied it to different cell types under different conditions.

For the detection of microposts in simple phase contrast images, we used the
circular Hough transformation. We tested two different methods of image taking
and analysis, and concluded, that although the trypsin method is more accurate,
the method using a hexagonal grid provides a comparable accuracy and is more
time efficient. We used this method for all further measurements and tested
the accuracy under different parameter settings used for the Hough detection to
determine the optimal parameter setting with the lowest error. Our results yielded
comparable detection accuracy as in previous studies by other groups. Regarding
the fact that we use rather stiff microposts, the detection limit can be pushed even
further using softer microposts that show a larger displacement. Taken together
we established a cost and time efficient and easy to use method for cell trac-
tion force microscopy, using PDMS micropost arrays and Hough transformation

of circular objects together with an ideal hexagonal grid for displacement detection.

With our established method we performed cell traction force measurements
on different cell types and changed several parameters to test the influence on
traction forces.

In the first application we analysed differences in force generation regarding
distinct integrin types. By manipulating either environmental cues or cell internal
parameters we could link the observed effects to the specific integrin type. Our
results for the traction forces are in agreement with reported values. On stiffer
substrates with the same geometry the traction forces were higher for all cell
types. On softer substrates with higher micropost density, but a smaller micropost
radius and therefore the same area as the stiff substrates, the traction forces were
higher, concluding that micropost density rather than stiffness and spread area
has an influence on traction forces. By using different micropost density and
stiffness, these results can be tested more detailed.

We found that while abbl type integrins generate larger forces than av-class
integrins, the effect was opposed after external shear stress application. Since

we did not observe a major role of actomyosin in force generation for av-class
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integrins, but a strong involvement after shear stress application, we conclude
a triggering of actomyosin after external force application on the av-class cells.
After vimentin disruption traction forces are unchanged for a5bl and abbl/avb3
cells, but increase for avb3 cells. We propose that vimentin does not play a major
role in traction force generation in this case, or that a compensation takes place,
leading to an increase of traction forces.

Future measurements might include inhibition of proteins of the focal adhesion
complex to unravel the complex interplay of cell components and their influence

on traction forces in terms of the individual integrin.

In the second application we compared the two epithelial lung cell lines R3/1
and Ab549. We applied external shear stress to simulate mechanical stimulation of
the cells, as it might occur for their primary analogues, e.g. during liquid plug
formation. We observed that R3/1 cells do not react with an increase in traction
forces to external shear stress in contrast to A549 cells. These result suggests
that R3/1 cells are more robust against shear stress, because the purpose of their
primary analogue is to build the main part of the alveolus whereas the type II
cells react sensitive, because of their regulatory function. Myosin inhibition under
shear stress has no effect on traction forces of R3/1 cells, but there is a strong
reduction of traction forces for A549 cells. Hence, shear stress seems to trigger a
strong myosin upregulation in A549 cells. Under static conditions traction forces
are reduced for both cell types after myosin inhibition, with a larger effect on
R3/1 cells, supposing that myosin plays a role in traction force generation for both
cell lines under static conditions. Vimentin disruption reduces traction forces for
both cell types. Regarding the opposite effect observed from the fibroblasts in the
previous chapter, we suppose a cell type specific difference between fibroblasts
and epithelial cells, that seems to influence traction force generation differently
during the absence of vimentin, in the special case of our setup.

For further studies, testing the surfactant release and the correlation with
traction forces under different conditions might help gaining inside, how the force
generating apparatus is involved in the physiological relevant function of alveolar

type II cells.

In the third application we analysed the osteocyte-like cell line MLO-Y4.
We observed that MLO-Y4 cells react to fluid shear stress with an increase
in traction forces. After inhibition of smooth muscle myosin kinase, traction
forces are reduced under static conditions, but not under shear stress in our
measurements. This suggests an influence on traction force generation under

static conditions, but no involvement under shear stress triggered conditions.
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Since non-muscle myosin IT inhibition showed no reduction of traction fores under
static and shear stress conditions, we propose that other myosins may have an
influence on traction force generation under shear stress. This has to be tested in
further measurements. Vimentin disruption has no effect on traction force magni-

tude, suggesting no active involvement in force generation or a compensatory effect.

As conclusion we successfully established a traction force microscopy method
and applied it to different cell types while changing internal cell parameters and
external conditions. This method can be applied to other cell types and adapted
to the according hypothesis. There are many parameters that can be varied,
from micropost stiffness and density, to protein inhibition and changing external
conditions. The broad applicability and usefulness of this method promises plenty

of exciting future studies, thus justifying further research and improvements.
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