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Abstract

For epithelia, which are lining organs or blood vessels, the mechanical integrity of a
whole cell sheet is indispensable. The question arises, how neighboring cells mechani-
cally work together to build a functioning cell sheet. In order to address this question,
epithelial cells were monitored during layer formation and critical culture conditions such
as temperature to characterize the cell sheet behavior exposed to different environmental
cues. To disturb cell sheet homeostasis, single cells were mechanically manipulated with
a new micro-wounding technique which finally leads to a complete cell failure and sub-
sequently a single-cell wound. Via optical microscopy the closure process was followed
and an efficient purse string mechanism was found for MDCK II cells. The closure was
accompanied by an increase in mechanical pretension, which was detected with atomic
force microscopy. The increase in pretension was also found in cells which are not in
direct contact with the wound but separated by up to three cell widths from the woun-
ding site. This indicates that also small disturbances such as micro-wounding elicit a
coordinated response in cell sheets, most probably mediated by cell junctions. Since the
paradigm organ for wounding is the skin, keratinocyte cells were used for which a ge-
netically modified knock out, lacking the entire keratin network, exists. In these knock
out cells, junction localization and actin architecture was altered. Functional studies
showed that differences in cell-cell coupling and barrier function, measured with electric
cell-substrate impedance sensing, occur. Cells lacking the keratin network also showed
a fragile layer integrity and an increase in wound size indicating an impaired response to
micro-wounding. These changes were attributed to an altered mechanical homeostasis
in individual cells and subsequently also the cell sheet.
In conclusion, this new approach of micro-wounding demonstrated that even single-cell
wounds induce a collective mechanical response in epithelial cell ensembles and that well-
controlled single-cell mechanical homeostasis is crucial for proper cell sheet function.
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1. Introduction

From a biological point of view the human body is a huge accumulation of cells. All
types of cells have to work together to form a functioning body.
The largest building blocks of an organism are the organs which fulfill specific tasks in
the organism (figure 1.1). The skin, for example, has an important barrier function for
the organism to block pathogens or external chemicals to enter the organism. Organs
itself consist of several types of tissues. To build for example the skin, tissues as the
epidermis or dermis are stacked on top of each other and have to function together.
Zooming further in, the epidermis consists of cells, mostly keratinocytes [1]. All these
building blocks on different length scales have to contribute to the functionality of the
larger structures by building cooperative collectives. Especially for the skin, mechanical
properties such as elasticity are important to allow body movements but at the same
time the barrier must maintain. In order to achieve this goal, the whole organ has to act
as a collective entity but also every smaller building block, as the tissue or even single
cells, have to fulfill specific mechanical requirements. A loss of homeostasis on any of
these levels can lead to severe diseases as, e.g., cancer, where cell growth becomes ab-
normal, invasiveness increases and the mechanical phenotype changes [2]. Additionally,
this homeostasis can be disturbed by external stimuli, as for example macroscopic woun-
ding. Mechanisms must exist, which deal with this perturbance. In healthy organisms
a pre-defined signal cascade starts after wounding, which involves several cell types and
signaling pathways in order to close the wound and gain homeostasis again [3].
In this study the events that take place after wounding shall be investigated via examining
epithelial cells which line surfaces and cavities and hence form barriers in an organism.
The method of in vitro wounding of cell cultures allows to monitor how these cells react
to a small disturbance and regain homeostasis again. A deeper understanding on the
cellular and tissue level will help to understand how the small building blocks have to
work together to build a functioning larger collective.
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1. Introduction

Figure 1.1.: To ensure a functioning organism, subunits on several length scales have to work properly
together. The biggest organ in the human body is the skin [1], consisting of several types of tissues
such as for example the dermis and the epidermis. The most outer tissue, the epidermis, itself consists
of several layers as the basal layer or the spinous layer, where mostly keratinocytes as the main cell type
can be found.

1.1. Epithelial cells

The human body consists of diverse types of cells, as for example, muscle cells, epithelial
cells or nerve cells. They all developed from a pluripotent embryonic stem cell through
the differentiation process and became specific in shape and function. Furthermore, al-
most all the cells share the same organelles and structural elements which can be found
in figure 1.2 and will be shortly introduced:

Figure 1.2.: An eukaryotic cell. Eukaryotic cells are surrounded by a membrane build up from a lipid
bilayer. Inside the cell, the nucleus contains the DNA and the nucleus surrounding membrane is
continuous with the endoplasmic reticulum (ER). The rough ER is covered with protein synthesizing
ribosomes while the smooth is not. The golgi apparatus allows vesicle formation for transport processes
and lysosomes are specific vesicles for protein digestion. Mitochondria are major players in energy
supply for chemical processes inside the cell. Cytoskeletal components are only adumbrated and will be
explained in more detail in section 1.2.2.
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1.1. Epithelial cells

Central for these cells is the surrounding plasma membrane which is not as rigid as cell
walls in plant cells but effectively separates the cytoplasm from the extracellular sur-
rounding. To fully maintain cell stability, the cytoskeleton comes into play which will
be explained in more detail in section 1.2.2. For energy supply, membrane surrounded
mitochondria exist while the endoplasmic reticulum (ER) is important for protein synthe-
sis and transport. The rough endoplasmic reticulum is studded with ribosomes, which
are major sites for protein synthesis. Another organelle, the golgi apparatus, engulfs
proteins received from the ER with membrane vesicles to allow transport throughout the
cell. Protein digestion and organelle degradation takes place in lysosomes which contain
specific enzymes for this task. The cells nucleus is involved in the differentiation process
and cell division as it contains the genetic material, the deoxyribonucleic acid (DNA).
This organelle is separated as well by a membrane system, the nuclear envelope. More
detailed information on general cell structure and function can be found in prominent
biology text books as [4].
Considering different types of cells especially in vertebrates, epithelial cells are a very
pronounced cell type. More than 60% of the cells in these organisms are epithelial cells
[5]. Epithelial cells maintain chemical gradients within an organism and separate liquids
from neighboring compartments. Furthermore, they provide the mechanical stability of
this barrier. Epithelial cells can be found throughout the whole body and can adapt
different shapes depending on the location (see figure 1.3). However, all monolayered
epithelia have in common that they are highly axially polarized and have an apical surface
covered with microvilli. Microvilli are membrane protrusions filled with cytoskeletal struc-
tures which increase the membrane surface area allowing increased nutrient absorption
or chemical secretion. Laterally, epithelial cells are tightly connected to the neighboring
cells via cell-cell-junctions (see section 1.2.3). This tight coupling is crucial for efficient
barrier formation. At the bottom of the cell, the basal side, epithelial cells are connected
to the extracellular matrix, the basal lamina.
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1. Introduction

Figure 1.3.: Geometry of epithelial cells. Monolayered epithelial cells, called simple epithelium, adapt
different morphologies depending on their location in the body. (A) Cuboidal cells can be found in the
kidney, (B) squamous cells in the lung alveoli and (C) columnar cells for example in the intestine.

1.2. Contributors to cell mechanics

1.2.1. The cell membrane

The cell membrane consists of a lipid bilayer with a hydrophobic core in the middle of
the bilayer and hence acts as a diffusion barrier. The average thickness of a membrane
is 5 nm [5]. Still, the lipid and protein composition can be very diverse depending
on the place and function inside a cell or the actual cell type [6]. Furthermore, the
architecture especially the packing parameter of the individual lipids determines the
curvature and hence the overall shape of the membrane [7]. In general, the outer
cell membrane is supported by the underlying cytoskeleton building a composite two
dimensional solid sheet. This not only limits diffusion inside the membrane but the
composite creates an overall cell tension comparable to a surface tension in liquid droplets
[8]. The tension regulation has been proven to be a major factor in many cell processes
such as endocytosis rates during mitosis [9] or lamellipodia extension [10]. Only during
tether or bleb formation, where hollow evaginations without cytoskeletal support form,
tension of the membrane alone can be estimated [11].

1.2.2. The cytoskeleton

The cytoskeleton is an integral part inside all animal cells. As mentioned above, animal
cells do not have a cell wall to give mechanical stability and the outer cell membrane
without support also lacks this property. Hence structures inside the cell have to build
a scaffold supporting the fluid-like membrane and dictating the cell shape. Functions
as spatial organization inside the cell, physical and biochemical connection to the sur-
rounding cells and coordinated force generation are carried out by the cytoskeleton [12].
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1.2. Contributors to cell mechanics

The cytoskeleton consists of three different types of filaments, namely actin filaments,
intermediate filaments (IFs) and microtubules (MTs) (figure 1.4), having different in-
trinsic properties which will be introduced in the following. Here, more structural and
biological aspects will be in focus while their contributions to single and collective cell
mechanics will be dealt with in section 1.4 and 1.5.

Figure 1.4.: Cytoskeletal filaments inside the cell. (A) The cytoskeleton is the scaffold for the cell which
can be found at different locations inside the cell and in different shapes. Actin filaments (green) build
the cells cortex underneath the membrane and span lamellipodia in a meshwork like structure. Apical
in microvilli and basal in stress fibers actin filaments are aligned parallel to each other. Intermediate
filaments (blue) build a highly motile and flexible network spanning the whole cell. Microtubules (red)
are stiff rods oriented vertically inside the cell. (B) All three types of filaments show different filament
architecture. While actin consists of one type of globular monomers building two strands twisted around
each other, intermediate filaments more show a rodlike structure packed together from several elongated
subunits. Microtubules build hollow rods consisting of two different types of monomers arranged in 13
distinct lines called protofilaments.

Actin filaments

Actin filaments, also called microfilaments, are the major player for exerting forces inside
the cell and also macroscopically in muscle contraction. They consist of globular 42 kDa
actin monomers which measure 6 µm in diameter and have an intrinsic polarity [13].
Therefore, also the polymer has distinct ends with ≈10 times larger association rate
at the barbed end (plus end) than at the pointed end (minus end) [14]. Furthermore,
the polymerization rates are ATP-dependent [15]. Through polymerizatian, a double-
stranded helical structure with a diameter of 5-9 nm is build [5]. In vitro filament length
of up to 60 µm can be reached but the average length lies around L=20 µm [16]. In
vivo mostly smaller length of a few µm are present [17]. Looking at filament mechanics,
these filaments have a persistence length of about Lp=15 µm and hence behave like a
semi-flexible polymer [18].
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1. Introduction

In cells, these filaments are highly crosslinked and build different types of network struc-
tures depending on the position inside the cell. The crosslinking via special proteins
is either passive as in case of filamin or α-actinin or can be active as in the case of
myosin motors. Here, under consumption of ATP, conformational changes inside in-
dividual myosin molecules enable the motor to walk across actin filaments [19]. Due
to the alignment of lots of motors and actin filaments, the filaments get sheared with
respect to each other and contractile forces can be exerted within the actin structures.
Several other actin binding proteins exist which induce branching, severing or capping
of filaments [20]. Further actin binding proteins which link actin filaments to other cell
structures were found as well: for example ezrin couples actin to the membrane [21]
while plakins link actin to other cytoskeletal filaments [22]. These diverse dynamics and
interactions make actin an important constituent in a lot of physiological processes.
As mentioned above, different types of actin structures exist at different locations in-
side the cell. In the actin cortex being located underneath the plasma membrane, the
actin builds an isotropic and highly crosslinked network with a meshsize ranging from
20-250 nm and a thickness of 50-100 nm [23]. As explained above, this network is con-
nected to the plasma membrane being especially important for tension regulation inside
cells [24].
Basal, actin fibers mainly form thick fibers. The individual filaments are bundled and
thereby build so called stress fibers [20]. Here, myosin is highly active making the stress
fibers powerful contractile structures being important for physically sensing the environ-
ment via focal adhesions (further information in section 1.4).
For migrating cells, lamellipodia and filopodia formation are crucial. Filopodia are finger-
like protrusions where the actin is aligned with the barbed end to the front to probe the
surrounding in front of the cell. Lamellipodia consist of branched actin networks where
the actin related protein 2/3 (Arp2/3) complex is mainly responsible for structure deter-
mination. Lamellipodia build up at the leading edge of the cell, dragging the cell body
along [20].

Intermediate filaments

There exist 5 major subtypes of intermediate filaments (IFs). In epithelial tissue, mainly
type I and II keratins are found in the cytoplasm while in the nucleus type V IFs called
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1.2. Contributors to cell mechanics

lamins are present [25]. All types show a unique polymerization pattern. The monomer
has an extended central α-helical rod domain flanked by specific N- and C-termini.
The monomers self-assemble into coiled-coil dimers, mostly heterodimers. These dimers
antiparallely align with another dimer to form a tetramer which is not polar. Eight
tetramers align next to each other to form unit length filaments with a length of about
65 nm [26]. Linear alignment of these filaments allows to elongate the whole filament
which has a final diameter of about 10 nm [25].
IFs have a smaller persistence length (Lp 6 2 µm) than actin [26]. Their filament
length can reach up to 20 µm [17] being on the order of typical cell sizes. Due to the
small persistence length, they mostly adapt a buckled contour. Similar to actin bundling
proteins, also bundling proteins for intermediate filaments exist such as filaggrin or plectin
[5]. In terms of cytoskeletal features, intermediate filaments build up dense network
structures where filament assembly starts in the cell periphery and filament integration
and bundling enhances during inward movement. In the center of the cell, a mature
network is formed around the nucleus as a perinuclear cage and partial disassembly of
filaments takes place [27].

Microtubules

Microtubules (MTs) are the stiffest of the cytoskeletal filaments. They have a persistence
length of Lp =1000-5000 µm forming a stiff rod inside a cell and reaching length of 5-15
µm [17]. They consist of α- and β-tubulin which form a heterodimer as subunit. These
subunits can assemble into hollow tubes with 13 parallel protofilaments. Because of
the heterogeneous subunit, also MTs have a polarization with the fast growing plus end
consisting of β-tubulin and the minus end of α-tubulin [5].
MTs are important for trafficking and protein transport inside the cell [5]. Due to the
intrinsic polarization, molecular motors being packed with a specific cargo can move
uniformly along the filaments and use them as tracks, mostly to the outer part of the
cell. Additionally, MTs build up the mitotic spindle which separates the chromosomes
during cell division [5]. Also for MTs, associated proteins exist which can induce bundling
and cross linking [22].
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1. Introduction

Figure 1.5.: Junctions at the cells’ periphery. The cell is connected to neighboring cells and the un-
derlying matrix. Most apical, tight junctions consisting of ZO-1 (zonula occludens-1), ZO-2 and trans-
membrane proteins as claudin and occludin are present and regulated by actin fibers. Underneath
adherens junctions formed by E-cadherin, several catenins and vinculin connect mechanically the actin
cytoskeleton of neighboring cells. Intermediate filaments are anchored via desmosomes (consisting
cytoplasmically of plakoglobin, plakophilin and desmoplakin as well as desmocollin and desmoglein
as transmembrane proteins) to their neighbors. Located lateral basal, gap junctions allow chemical
transport between cells via connexons. Anchors to the underlying matrix are either focal adhesions or
hemidesmosomes containing different integrin isoforms as transmembrane proteins. Either vinculin and
talin or plectin and dystonin are members of the cytoplasmic plaque in focal adhesions and hemidesmo-
somes, respectively. Note, that the junctions mostly consist of far more proteins than shown in this
figure, however for clarity only the most prominent ones are depicted here. Subfigures adapted from
[5].

1.2.3. Cell-cell and cell-matrix adhesions

In vivo, the cell is not an isolated object but highly interconnected with other neighboring
cells and also the surrounding environment (figure 1.5). Different multi protein complexes
allow signaling to and sensing from the outside and contribute to different tasks. The
composition of all the protein complexes and their biological relevance will be outlined
in the following while detailed contributions to mechanical aspects follow in sections 1.4

8



1.2. Contributors to cell mechanics

and 1.5.

Gap junctions

Gap junctions allow the cell-to-cell transmission of molecules [28]. At these sites, the
two membranes of neighboring cells come in close contact and the small gap in between
is bridged mostly by the transmembrane protein connexin [5]. Connexins therefore form
a direct passageway between the two cytoplasms allowing inorganic ions and small water-
soluble proteins to diffuse directly from one cell to another.

Tight junctions

Tight junctions are important for the formation of diffusion barriers and thus are crucial
for epithelial cell sheets. They are able to regulate the paracellular transport of water
and can be found at the apical side of epithelial cells. Tight junctions consist of se-
veral proteins being either transmembrane such as claudin or occludin [29] or parts of
the cytoplasmic plaque like ZO-1 (zonula occludens-1) [30]. The extracellular domains
of transmembrane proteins of two adjacent cells build a tight seal holding the two cell
membranes in close proximity [31]. For the maintenance of this binding calcium needs
to be present. Tight junction complexes form rings completely encircling the cells [31].
Besides their function as diffusion barriers, they are also important for establishment and
maintenance of cell polarity [32]. Due to this ring structure, they divide the membrane
in an apical and a lateral/basal part which can contain different transmembrane proteins
and lipid mixtures.
In addition, there is also evidence that tight junctions are connected to cytoskeletal com-
ponents like actin which can actively regulate the diffusion barrier through actomyosin
contraction [33].

Adherens junctions

Adherens junctions directly connect actin cytoskeletons of neighboring cells via a multi
protein aggregate.
The transmembrane protein is E-cadherin where the extracellular part consists of five
repeating domains E1 - E5 which can bind to opposing E-cadherin in a trans-interaction
[34]. As for all classical cadherins, the homophilic binding is calcium dependent [35].

9



1. Introduction

Inside the cytoplasm, E-cadherin is bound to p120-catenin, which further connects to
β-catenin and α-catenin which is finally connected to the actin cytoskeleton. In addition,
several other proteins can be found in this protein plaque [36]. Importantly, α-catenin
can change its conformation to an open state being stabilized by vinculin, which then
provides more actin binding sites and strengthens the cytoskeletal connections [37].
Additionally, adherens junctions dynamically rearrange and build different structures with
the cytoskeleton. On the one hand, they can be either assembled in small spots as
punctate junctions where the actin filaments perpendicularly terminate at the junctions,
hence contraction acts perpendicular to the cell membrane which is discussed to be
important in wound closure [38, 39]. On the other hand, complexes are known where
actin filaments are connected parallel to larger adherens junction complexes. These
regions normally form circumferential belts underneath the tight junctions around cells
and are known as zonula adherens [40]. Dynamical rearrangement and remodelling of
these complexes is highly important for shape changes and movement in epithelial tissue
[41].

Desmosomes and hemidesmosomes

Desmosomes and hemidesmosomes are anchoring junctions connected to the IF network.
Desmosome transmembrane proteins are desmoglein and desmocollin which belong to
the cadherin superfamily [42]. Inside the cell, the protein plaque mostly consists of
plakoglobin, plakophilin and desmoplakin which further connects to IFs [43]. Desmo-
somes are adhesion complexes at the lateral membrane site between two neighboring
cells whereas hemidesmosomes basally connect the IF filament network of one cell to
the underlying matrix, the basement membrane. Furthermore, hemidesmosomes show
a different protein architecture than desmosomes in which integrin heterodimers couple
the membrane to the extracellular matrix (ECM). Inside the cell, plakin proteins such as
plectin and bullous pemphigoid antigens build the protein plaque bridging integrin and
the IF network [44].
Desmosomal adhesion is calcium dependent. However, it was shown that during matu-
ration a hyperadhesive state can be reached [45]. In this state, the adhesion strength
is higher and depletion of calcium does not weaken the interaction. This switch to
a hyperadhesive state is reversible which is important e.g. in reepitheliazation during
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1.2. Contributors to cell mechanics

wound healing where migration of epithelial cells and hence weak cell-cell interactions
are fundamental [46].

Focal adhesions

Focal adhesions (FAs) are the cells’ anchor to connect the actin cytoskeleton to the
ECM. At focal adhesions, integrins are embedded in the membrane which provide bind-
ing sites for ECM proteins. FAs show a complex protein structure with over 50 reported
associated proteins [47]. Important proteins inside the cellular adhesion plaque are paxil-
lin, talin and also vinculin [48]. In a force dependent manner, they rearrange or change
conformation in order to build stable connections to actin stress fibers at the basal side
[49]. During migration the dynamic establishment and rearrangement of focal adhesion
spots is essential [50]. Focal adhesions are known to be sensors of external forces and
force transducers inside the cell [51] which will be further introduced in section 1.4.

1.2.4. Early formation of epithelial cell-cell junctions

Different types of junctions serve different purposes and all of them are necessary for
proper tissue function. Especially the barrier formation and induction of cell polarity are
necessary from early on. Hence, it is not surprising that also junction assembly takes
place in a coordinated way. Proper protein recruitment in early stages is a key to junction
formation.
Upon early contact of two neighboring lamellipodia, E-cadherin and α-catenin are re-
cruited to the site of contact. This induces local actin polymerization prior to the actin
remodeling and formation of the peripheral actin belt [52]. Studies showed, that cis
interactions between cadherins are not necessary for adherens junctions formation but
that the formation of cadherin nanoclusters increases the anchoring of actin [53]. More-
over, independently of existing cell-cell contact, low-density E-cadherin nanoclusters are
present in the cell membrane and are delimited by actin [54]. However, for initial cell-
cell contact and the later formation of tight junctions, E-cadherin trans interactions are
crucial [55, 56]. In calcium switch experiments, ZO-1 can be found in the initial adhe-
sion spots as well due to its binding to α-catenin [57]. Only at later stages the proper
formation of tight junction complexes including ZO-1 at the apical side of cells can be
observed [57]. Capaldo showed that depletion of α-catenin causes long-term disruption
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of tight junctions (TJs) while depletion of E-cadherin only delays the formation of TJ
complexes but does not disrupt established junctions [58].
Going to larger structures, the positioning of TJs within a multilayered tissue is deter-
mined by E-cadherin-induced signaling [59] highlighting the intertwined regulation of the
junctions.
For desmosome formation, individual proteins are transported via vesicles in distinct
stages to the plasma membrane [60]. Stabilization through linkage to intermediate fi-
laments then leads to the formation of a desmosomal plaque [52]. Also for desmosome
formation, a contribution of E-cadherin was found: in early studies it was shown that
blocking E-cadherin delays desmosome formation [56] and in recent studies it was found
that an interaction between desmoglein and E-cadherin facilitates desmosome assembly
[61]. However, desmosomal cadherin in combination with only plakoglobin and desmo-
plakin is already sufficient to form a desmosomal plaque [60].
All these studied showed that on the protein level, E-cadherin is a major player in trigger-
ing very early cell-cell adhesion as it also interferes with desmosome and tight junction
formation.
Upon layer growth, mature adhesions form. The exact time-dependent growth behavior
depends on several factors such as culture surface [62] or seeding density. During matu-
ration, actin and cell junctions rearrange with a mechanism of combined adhesion and
compaction to form a confluent layer as shown with a fluorescently tagged E-cadherin
protein [63]. This regulation and establishment of physical contact between cells is a
major event in collective behavior emergence.

1.3. Cell lines

1.3.1. MDCK II cells

Madin-Darby Canine Kidney (MDCK) cells were derived from the kidney of an adult
female cocker spaniel in 1958 by Madin and Darby. This cell line was firstly characterised
by Gaush in 1966 [64]. The parental cell line showed a lot of heterogeneity [65] so sub-
types were isolated. These nowadays available strains show different characteristics and
should not be confounded [66]. In this study only MDCK II cells were used which stem
from one of these subclones. Together with other strains, they serve as a widely used
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model for epithelial cell polarity and cell junction studies [67, 68]. In addition, several
aspects of collective phenomena are already studied with MDCK II cells as e.g. migration
behavior [69, 70] or growth regimes on elastic substrates [62]. A detailed literature review
of these collective phenomena follows in section 1.5.

1.3.2. Keratinocytes

The second cell line used in this thesis are primary murine keratinocytes isolated from
the epidermis of mouse embryos. Also, a knock out mouse strain was generated in
which the type I keratin gene cluster was deleted [71] (called Kty-/-). This resulted in
a complete loss of keratin filaments in the epidermal cells [71, 72]. Moreover, lentiviral
transduction was used to rescue the knock out cells and reexpress keratin 14 in the cells
[72]. Thereby, three different types of structural different cells are accessible which allow
to dissect keratin contributions to the cells collective mechanical behavior.
Keratinocytes are the most prominent cell type in the epidermis [1] and build a mul-
tilayered structure (see figure 1.1). Cells in a proliferative state can be found in the
basal layer which is in direct contact with the basal lamina. During differentiation they
traverse the spinous and the granular layer until they end up in the most outer cornified
layer as dead cells. During this process, the keratinocytes express different protein pat-
terns. In early differentiation (basal keratinocytes) they mostly contain the keratin pair
K5/K14. In later stages K1/K10 gene expression is dominant [73]. In addition, protein
composition of the desmosomes changes during this process [43].
The epidermis as the most outer layer of human skin is the first structure being affected
upon macroscopic wounding. In the first stage of wound healing, platelets build a plaque
to cover open injuries. Later on keratinocytes are major players and wander into the
wounded area which is accompanied by upregulation of specific keratin isoforms [3, 74]
(detailed information in section 1.6).

1.4. Mechanics and mechanosensing of a single cell

Cells can on the one hand sense and respond to mechanical cues from the outside but
on the other hand also change their internal mechanics and apply contractile forces to
the surrounding.
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Concerning extracellular mechanical cues, it was shown that e.g. stem cells express
different lineage markers after being placed on substrates with different elasticities [75].
These markers were typical for cells which are exposed to the same elasticity regime
in their native environment as of the substrate. Furthermore, a phenomenon called
durotaxis is known which describes the matrix stiffness guided migration behavior of
cells [76]. These two phenomena can be explained by the cells’ ability to sense the
surrounding via the adhesion spots to the substrate. So, the mechanical cue at the
focal adhesion starts biochemical and biophysical processes inside the cell known as
mechanotransduction [77].
Evidence is arising that also cadherin-mediated junctions function in a similar manner
but this time mechanical signals from neighboring cells are sensed at the adhesion sites
[78]. In the following, the aim is to shine light on how cell structures like adhesion sites
and the cytoskeleton respond to these external stimuli and define the cells mechanics
(figure 1.6).

Figure 1.6.: Mechanosensing of cells. Major contributors to mechanosensing are actin coupled adhesions.
At adherens junctions intercellular forces are applied and transmitted while at focal adhesions cell-
substrate forces arise. Internal forces due to myosin (blue) moving along actin filaments lead to internal
contraction of the cell which is counterbalanced at the junctions. Thereby, cell junctions are the first
stages of mechanosensing while the cytoskeleton is also affected by external cues and determines the
overall cell mechanics.

Adhesion sites

The direct contact of a single cell to its surroundings are the adhesion sites and their
protein complexes as described above. These multiprotein aggregates are the first step
in force sensing and transmission. Via microscopy images it can be shown that for ex-
ample adherens junctions or focal adhesions differ in size and distribution depending on
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their surrounding and their maturation state [54, 79]. Application of mechanical forces
can regulate the size of the junctions [80]. Via novel synthesized Förster resonance
energy transfer (FRET) sensors being integrated in the adhesion molecules it is possible
to measure the forces acting within junctional proteins. Forces of 2.5 pN can be found
for vinculin in stable focal adhesions [81] and forces in the same range were also found
for the cytoplasmic domain of E-cadherin [82]. One important aspect in this discussion
is the interaction of the anchoring proteins to the cytoskeleton. In adherens junctions
and also focal adhesions, specific proteins can undergo conformational changes and by
this expose new binding sites and foster the adhesion as e.g. α-catenin, vinculin and
talin [39, 47, 83, 84]. Ligand coated beads brought in contact with either integrins or
cadherins and loaded with force could induce changes in bond strength [85, 86] giving
proof for outside-in signaling at adhesion sites. Moreover, it is stated that bond lifetimes
in the minimal cadherin/catenin/actin complex increase upon force [87]. Neither integrin
nor cadherin adhesion spots are isolated but studies showed that force application upon
E-cadherin can even change focal adhesions and further cell contractility [88]. Vice
versa, substrate traction forces transmitted via integrins can influence tension measured
at cell-cell contacts [89]. Furthermore, recent studies stated that these adhesion sites
compete for the recruitment of vinculin, which is a major player for mechanotransduc-
tion. In early stages, vinculin is predominantly found at focal adhesions, however, upon
monolayer formation, more and more gets recruited to adherens junctions and becomes
a mechanosensitive element there [90]. This transition from cell-matrix to cell-cell ad-
hesions might be a crucial switch mechanism in cell mechanics being also important for
later discussed collective behavior [91].
All these findings show, that the adhesion sites are the first essential key players in
cell mechanosensing and mechanotransduction, especially at the actin coupled adhe-
sion sites. For desmosomes, mechanosensing and -transduction still remains an open
question. Due to its connection to the keratin network, internal cell contractility will
not directly affect these adhesion sites. However it is consensus, that desmosomes are
crucial for maintenance of tissue integrity and morphogenesis [92, 93] especially due
to their ability to form hyperadhesive states. Their remodeling seems to be crucial for
proper tissue homeostasis [94]. During the last years also evidences were gathered which
show that desmosomes might also be able to interfere with mechanotransduction sig-
naling pathways and are not only altered by them (e.g. the hippo pathway [95]). Also
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proteins inside desmosomes fulfill prerequisites to potentially serve as mechanosensors
[95]. Moreover, recent studies showed that through interfering with the IF-desmoplakin
linkage, cell mechanics, cell-cell forces and cell-substrate forces were altered [96]. In
the upcoming years further studies will help to unravel the concrete role of desmosomes
actively participating in mechanosensing and mechanotransduction in cell sheets.
Concerning tight junctions, barrier function efficiency can be altered via external stress
[97] or changes in cellular contractility [98]. Also tight junction positioning within a
tissue is influenced by E-cadherin mediated adhesion and further established contractile
forces [59]. In all cases, actin, which is linked to the tight junction complex [33] is a key
player but direct implications for tight junctions influencing mechanotransduction are
not reported yet. Along the same line, classical AFM studies showed that also apical cell
mechanics change only marginally when ZO-1 alone is depleted [99]. Double knockdown
of ZO-1 and ZO-2, however, seems to increase apical epithelial tension measured via
noncontact acoustic frequency-modulation AFM [100].
All in all, nowadays only adherens junctions and focal adhesions are well identified to
actively initiate mechanotransduction at the cells periphery and thereby influence the
cells mechanical behavior.

Cytoskeleton

The overall cell mechanics are determined by the architecture of cytoskeletal components.
As seen in section 1.2.2, single filaments of the cytoskeleton have different architecture,
filament mechanics and crosslinking which in turn leads to different contributions with
respect to the overall cell mechanics. Bundled actin filaments are rather stiff and in
the presence of myosin, they exert contractile forces. Also the actin cortex at the cells
periphery is a major contributor to cell mechanics [8]. Intermediate filaments are flexible
and less resistant to bending [19] but can be stretched at least 2.6 fold [101]. Stu-
dies showed that microtubules in contrast bear compressive loads inside cells and buckle
under force application [102]. All filaments together build a composite network in the
cell resembling a tensegrity structure [103]. Microrheological analysis of this composite
network shows the elastic and viscous contributions to overall cell mechanics on different
time scales [104], which can be used, e.g., as a marker for the malignancy of cells [2].
The cytoskeleton can rearrange and adapt upon external stimuli. Studies showed that
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after application of cyclic cell stretching, actin stress fibers reorient along the direction
of minimal substrate deformation [105] and the amount of stress fibers and coupling to
adhesion spots changes [106]. Also during rigidity driven differentiation, diverse actin
patterns arise on cells cultured on elastic substrates [107]. Biochemical signaling path-
ways as the hippo pathway or Rho GTPase signaling are believed to be activated in
the sensing mechanism and can induce remodeling of the cytoskeleton [108]. Especially
RhoA and Rac1 are of high importance for actin remodelling and mechanotransduction
[108]. They can be activated by mechanical stimuli and subsequently drive specific
actin remodelling. In this context, Rac is known to promote lamellipodia formation and
emergence of branched actin networks while RhoA in combination with the downstream
Rho-associated kinase are major players in actomyosin contractility [91].
For microtubules it was shown that the outgrowth in the cells periphery is increased
by application of mechanical stress [109]. Moreover, it is known that microtubules are
involved in regulation of focal adhesion size [49] and that they are important factors in
the front-rear polarization of migrating cells [110]. But a direct role for microtubules in
mechanosensing via cell adhesion complexes in cell sheets is not known [108].
Concerning intermediate filaments, strain-stiffening was observed in IF polymer networks
[111] being important for cell integrity during force application. Especially the unique
filament viscoelastic properties make intermediate filaments an important factor for sin-
gle cell mechanics upon deformation [112]. With gene engineering it was found that
keratinocytes lacking the keratin network exhibit softer cell mechanics when cultured on
substrates [72] or when being freely suspended in solution [113]. Also faster adhesion
was observed in cells lacking the keratin network [114]. Moreover, in single migrating
mesendoderm cells, keratin organization is regulated by tension which is applied on cell-
cell contacts [115]. Still, the large number of different IFs would allow to vary mechanical
properties determined by IFs in different cell types [26]. Along this line, studies suggest
that the different keratin expression patterns in keratinocytes during differentiation and
wound healing might imply different compliance of the cells [116].
So, studies are arising which show the importance of IFs in single-cell mechanical pro-
perties. Also for cell sheet migration, an important role is attributed to intermediate
filaments during the last years (see next section) but a general understanding of direct
IF-mediated mechanoresponses inside individual cells is still missing [108].
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1.5. Collective mechanical behavior of epithelial cells

Aspects of single cell mechanics especially as response to external signals were discussed
above. However, several cells have to work together to contribute to a functioning tissue.
This section highlights the resulting cohesiveness and collective behavior emerging in cell
cultures and how signals are believed to be transmitted throughout several cells.
Collective cell sheet migration and tissue mechanics are crucial collective phenomena
especially during wound repair and regeneration.

Substrate adhesion in collective migration

One important aspect in collective migration is the underlying substrate with which the
cells interact through focal adhesions. Faster migration was observed on stiffer substrates
and is explained by the supracellular contractile force transmission [117]. Leader cells in
migrating MDCK cell layers directly induce large traction forces to the substrate while
follower cells are connected via actomyosin cables being under tension [118]. An impor-
tant signaling molecule for leader cell formation but also general collective movement
was identified called merlin, which is member of the hippo pathway [119]. Moreover,
propagating mechanical waves were monitored leading to a coordinated tissue expansion
[120]. Through observation it was found that velocity correlation length can reach up
to 200 µm [69]. Insights into this behavior give studies which found that cell-cell junc-
tions associated with catenins and cadherins are crucial for a coordinated movement on
substrates [121, 122]. Along the same line, intercellular forces measured with monolayer
stress microscopy seem to work cooperatively between neighboring cells in order to allow
collective migration [70].

Actomyosin induced pretension as prerequisite for collective behavior

In general, the interplay between forces at cell-cell junctions and cell-substrate adhesions
seems to be the key to collective migration phenomena. The cells pretensed actomyosin
cytoskeleton inbetween these junction complexes transmits and contributes to these
forces coupled into and exerted by each cell. So, for migrating cell sheets it is stated that
they "can thus be seen as tissues under tension" [123]. This is also nicely demonstrated
with the formation of keratinocyte epithelial bridges, which can span non-adhesive areas
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upon migration on micropatterned surface [124].
But also non-migrating epithelial cells show a tissue-level tension. This was found e.g.
for MDCK II cells cultured on collagen gels by deep AFM indentation experiments [52]
or also for MCF-7 epithelial cells which show an immediate relaxation upon wounding of
an area of 10 cells [125]. Upon layer formation after cell seeding, a first steep increase
in tissue-level tension coincides with the formation of adherens junctions even though
it is noteworthy that traction stresses to the substrate also contribute [52]. These
experiments proofed, that actomyosin activity coordinated by junctions is also crucial for
building tissue-level tension in non-migrating tissues. Additionally, for longer times, it
was found that the monolayer tension stabilizes at a lower steady-state value. During this
time, changes in cellular morphology occur which are prerequisite to gain homeostatic
cell tensions [52].

General tissue mechanics

Furthermore, studies with completely freely suspended monolayers, so without any sub-
strate support, were conducted [126]. They showed that after application of low stress
at the monolayer, the strain reaches a plateau while for high stress a creep behavior
occurs, demonstrating the viscoelastic behavior and a partial fluidization of cell sheets at
large strains. Upon monolayer stretching, each cell elongates in the direction of stretch
and gets thinner. This demonstrates that single cell mechanics determines also tissue
mechanical responses upon stretch. Moreover, cell rearrangements within tissues are
an important factor for tissue mechanics. In homeostatic epithelial tissue, cell division,
extrusion and intercalation are crucial mechanisms to display a tissue fluidity on longer
time scales [127, 128]. Rearrangement of cell-cell contacts is prerequisite to allow tissue
remodeling in living tissues.
Simulations allow to tune the contributions of cell elasticity, cortical contractility and
cell-cell adhesion on epithelial packing and resulting cell morphologies in monolayered cell
sheets [129]. A soft and a hard regime can be classified where either cell-cell adhesion
or contractility inside individual cells, dictate cell shape and tissue properties as wound
closure [130] or tissue elasticity upon stretching [131]. Only a precise balance of these
contributions allows to reproduce experimental results from living cell sheets [129].
This also holds for 3D cell cultures: in 3D keratinocyte cell culture it was found that
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the amount of tension across adherens junctions determines the stability of tight junc-
tions and subsequently proper polarization and function of the epidermal tissue [59].
Especially in 3D systems which are often more comparable to the in vivo tissue, force
homeostasis has to be tightly regulated. Local distortions in cell shape and cortical
tension are necessary for differentiation and delamination in stratifying epidermis [132].
This is accompanied by an increase in cell-cell adhesion to allow junctional rearrange-
ment and a local fluid-like state so that a single cell delaminates from the basal and
enters the suprabasal layer in the epidermis.
So the interplay of cell-cell adhesion and actin-induced contractility are major determi-
nants for collective behavior in epithelial tissue. However as more and more evidence is
arising that also the other cytoskeletal filaments and especially IFs contribute to single
cell mechanics (section 1.4), also collective behavior can be affected by these filaments.

Contributions from intermediate filaments

Especially for collective cell sheet migration and cell sheets upon stretch, a major role of
intermediate filaments was identified during the last years: It was shown that keratin-free
cells exhibit larger invasiveness and increased migration [113, 114]. Also, intermediate
filaments are thought to help sensing the direction and strength of applied forces on
cell sheets [108]. Studies in migrating Xenopus mesendoderm cell sheets revealed an
accumulation of K8/K18 at spots where force application at cadherins happened [115].
Other studies in migrating cell sheets showed, that intermediate filaments can affect cell
migration by regulating traction forces in astrocytes [133] or mesendoderm cells [134].
It is stated that keratin filaments are required to balance stresses in the tissue during
collective migration [134].
Also at high strain in freely-suspended monolayers, keratin filaments are a major fac-
tor for generating a nonlinear mechanical response through filament alignment and
elongation[126]. Another aspect is that specific posttranslational modifications or struc-
tural reorganization of intermediate filaments can influence collective behaviors as mi-
gration or development [17]. Moreover, the amount of human diseases associated with
mutations of IF coding genes shows the importance of IFs for mechanical homeostasis
in tissues and organs [135] but the picture is not complete yet.
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1.6. Micro-wound healing mechanisms of epithelial
cells

Major parts of this section are published in the article Single-cell defects cause a long-
range mechanical response in a confluent epithelial cell layer [136]. Text is taken either
word-by-word or is closely related.
Wound healing and subsequent closure is a very important physiological process in living
organisms [137]. Especially for epithelial cells, which form a tight barrier that prevents
molecules to cross the epithelium and provide mechanical stability [138], the integrity and
tight regulation of the cell layer and their resulting collective behavior are indispensable
[127]. Therefore, proper wound closure also at the µm-scale must be ensured to restore
tissue homeostasis but parameters like wound size [139, 140] and wound geometry [141]
can influence the closing. For closing larger wounds, migration and hence lamellipodia
and leader cell formation are important [140, 142–144]. Contrastingly, for small wounds
of the size of one or only few cells, the wound is mostly closed by a multi-step mechanism
relying on the action of an actomyosin purse string [145–149]. Depending also on the
way of wounding, both mechanisms can be present to different extents [150]. In this
context, Trepat and coworkers used traction force microscopy for wounds of the size of
≈20 cells and thereby found a force pattern that can be explained by a two-stage process
including both mechanisms [151]. At an early stage, leading actin protrusions from cells
adjacent to the wound generate traction forces pointing away from the defect, indicating
that wound closure is driven by cell migration. At a later stage, traction forces also point
inwards due to action of the actomyosin ring lining the wound and generating tension
via focal adhesions to the underlying substrate, which deforms and drags the cell sheet
inwards.
For wounding of a single cell in a confluent MDCK II cell layer, as it is performed in this
study, it was found that an explicit multistep mechanism takes place: initially the dying
cell provides a signal for the adjacent cells by exerting tension on the neighboring cells
through a contractile apical F-actin ring [152, 153]. Then, Rho and Rho-kinase localize
at the wound margin and a multicellular actomyosin purse string is established at the
wound margin [154, 155]. In a next step, myosin light chain kinase is activated and the
actomyosin ring starts to contract, while moving from apical to basal [153, 155]. Lastly,
F-actin protrusions from the neighbors become visible at the basal plane, which leads
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to the final cell extrusion [153, 155]. Caspase activity and the sphingosine 1-phosphat
pathway are essential for the final extrusion process [156, 157].
So the closure process was well studied over the years. But to what extent neighbors
are affected and collective behavior is necessary is less well understood and will be in the
scope of this thesis.
For keratinocytes, single-cell wound healing is largely unexplored. Large wounds, how-
ever, especially in mouse model systems are widely investigated due to their medical
relevance. For reepithelialization, keratinocytes have to migrate to wounded areas. Du-
ring this process, the keratins K6, K16 and K17 are upregulated [158]. A possible
explanation for this upregulation is that these filaments give the cells pliability on the
one hand but sufficient mechanical strength on the other [116]. For homeostatic epider-
mis, it is postulated that K5/K14 heterodimers present in cells in the basal layer support
more pliability, while K1/K10 heterodimers present in cells in the suprabasal layers sup-
port stronger mechanical resilience [116]. K6, K16 and K17, however, are not expressed
in the epidermis under homeostatic conditions in adult humans or mice [74]. In order to
be able to migrate, cell-cell and cell-substrate contacts have to be disassembled [158].
It was shown that PKCα is a major signaling molecule in this process, enabling the cell
to switch from the hyperadhesive state to a weaker adhesive calcium-dependent state
[46]. Besides migration, also a purse string mechanism, similar to the one in MDCK II
cells, was reported already for embryonic epidermal wound closure [74].
In this study, single-cell wounding is applied to keratinocytes to compare the response to
MDCK II cells and to analyze the time course of wound closure. A special focus in this
section will lie on the presence and absence of the keratin network and how this affects
single cell mechanics and collective behavior in the layer upon wounding.
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2.1. Cell culture

The cell lines used in this work were thankfully cultivated by Anja Herdlitschke, Angela
Rübeling and Dr. Tabea Oswald (all University of Göttingen, Germany).

2.1.1. MDCK II cells

MDCK II cells (Strain II, Health Protection Agency, Salisbury, United Kingdom) were
cultured in Earls minimum essential medium (Lonza, Basel, Switzerland) at 37 ◦C and
5 % CO2. 4 mM L-glutamine (Biochrom, Berlin, Germany) and 10 % (v/v) fetal calf
serum (FCS, BioWest, Nuaillé, France) were added to the medium. Every 2-3 days
the cells were subcultured via trypsinization (trypsin/EDTA 0.5 %/0.2 %, Biochrom,
Berlin, Germany). For experiments without sterile conditions, additionally 0.2 mg/ml
penicillin/streptomycin (P/S, PAA, Pasching, Germany) was added to the medium.

2.1.2. Keratinocytes

Gene engineering of mice lacking the entire keratin multiprotein family and further iso-
lation of primary keratinocytes from these mice was performed according to Vijayaraj
[71] in the group of Prof. Magin (Institute of Biology & SIKT, University of Leipzig,
Germany). Stable cell cultures of wild-type keratinocytes (WT), keratin knock-out cells
(Type I, called Kty-/-) and cells re-expressing keratins by lentiviral gene transfer (K14)
were subcultured and passaged by ourself according to the protocol described by Selt-
mann in [113]: Cells were grown in FAD medium (Dulbecco modified eagle medium,
hams F12, low calcium (50 µM), Biochrom, Berlin, Germany, supplements see table 2.1)
at 32 ◦C and 5 % CO2. Every 3 - 4 days they were passaged using trypsin / EDTA
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(0.025 % trypsin / 0.02 % EDTA in PBS, both Biochrom, Berlin, Germany) for few
minutes at 37 ◦C. Cells were seeded in fresh medium at a density of 30,000 cells/cm2

on collagen coated plastic ware. For collagen coating, collagen I (bovine collagen I, Life
Technologies, Carlsbad, USA) was diluted in 0.02 M acetic acid (in ultra pure water,
Carl Roth, Karlsruhe, Germany) and incubated for 30 min at 32 ◦C, so that a surface
coverage of 5 µg/cm2 was achieved for every culture ware. Prior to every experiment,
one day after seeding, FAD was changed to FAD+ medium containing 1.2 mM CaCl2 to
establish proper junctions and induce terminal differentiation, which is blocked in nor-
mal FAD medium. If not stated otherwise, the experiments were performed 48 h after
calcium switch. For K14 cells, 8 µg/ml puromycin (Sigma-Aldrich, St. Louis, USA) was
added to the media at any time.

Table 2.1.: Supplements in FAD medium for keratinocyte cell culture.

Concentration Supplement
10 % (v/v) FCS Gold (neutralized chelex treated,

PAA, Pasching, Germany)
0.18 mM adenine (Sigma-Aldrich, St. Louis, USA)
0.5 µg/ml hydrocortisone (Sigma-Aldrich, St. Louis, USA)
2.5 µg/ml insulin (Sigma-Aldrich, St. Louis, USA)
100 pM cholera toxin (Sigma-Aldrich, St. Louis, USA)

10 ng/ml EGF (Invitrogen, Carlsbad, USA)
1 mM sodium pyruvate (Invitrogen, Carlsbad, USA)

100 µg/ml P/S (Invitrogen, Carlsbad, USA)
2 mM Glutamax (Invitrogen, Carlsbad, USA)

2.1.3. Culture conditions during the experiments

For experiments, cells were seeded in tissue culture treated petri dishes (ibidi µ-Dish,
low, sometimes with grid (Grid-500), Martinsried, Germany) with 3 ml medium. When
keratinocytes were used, also the petri dishes were coated with collagen I. In case of no
CO2 supply during the experiment, 15 mM HEPES (Biochrom, Berlin, Germany) was
added to the culture medium for both cell lines. The heating setup (petri dish heater,
JPK Instruments, Berlin, Germany) was set to either 37 ◦C (for MDCK II cells) or 32 ◦C
(for keratinocytes). Medium was changed every 2 hours to compensate the slow pH
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change observed also in the HEPES buffered medium.

2.1.4. Transfection of E-Cadherin-GFP cells

The experimental procedure described in this section was performed together with An-
gela Rübeling (Institute of Organic and Biomolecular Chemistry, University of Göttingen,
Germnay).
In one experiment, MDCK II cells were transfected with E-Cadherin-GFP plasmid (ex-
pressed in DH5α cells, Addgene, Cambridge, USA). The bacteria were incubated at
37 ◦C overnight on an agar plate before harvesting and culture in LB media (supple-
ments see table 2.2 in deionized water, pH 7.0). Purification was done via the Nucleo-
Bond Xtra Midi EF Kit (Macherey-Nagel, Düren, Germany) following the guidelines of
the manufacturer. The DNA content was checked via agarose gel electrophoresis. Plas-

Table 2.2.: Composition of LB media and agar solution used for plasmid amplification.

Concentration Supplement
0.01 g/ml tryptone/peptone ex casein

(Carl Roth, Karlsruhe, Germany)
0.005 g/ml yeast extract (Carl Roth, Karlsruhe, Germany)
0.01 g/ml NaCl (Fluka, Buchs, Switzerland)
100 µg/ml ampicillin (Carl Roth, Karlsruhe, Germany)

added only for agar plate:
15 g/l agar (Carl Roth, Karlsruhe, Germany)

mid insertion into MDCK II cells was done with a transfection system consisting of Gene
Pulser Xcell (Bio-Rad Laboratories, Munich, Germany) including a ShockPod cuvette
chamber (Bio-Rad Laboratories, Munich, Germany) and a CE module (Bio-Rad Labora-
tories, Munich, Germany). 75 % confluent grown cells were trypsinated (trypsin/EDTA
0.5 %/0.2 %; Biochrom, Berlin, Germany) and centrifuged (4 ◦C, 1200 U/min, 3 min).
The pellet was resuspended in 1 ml ice-cold OptiMEM (Life Technologies, Carlsbad,
USA) and diluted to 2.5 x 106 cells/ml. 400 µl cell suspension was filled in an ice-cold
cuvette (4 mm gap width) and 25 µg of plasmid was added. Electroporation was done
with 250 V and 950 µF as electrical parameters. The suspension was quickly added
to 500 µl culture medium with double amount of FCS (20 % (v/v), BioWest, Nuaillé,
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France) and seeded in a petri dish. One day after electroporation G418 (800 µg/ml, Carl
Roth, Karlsruhe, Germany) was added to kill untransfected cells.

2.2. Wounding strategies for a confluent cell layer

Several types of wounding strategies were employed during this study which will be
described in the following. In general, wounding on the cell scale is not defined properly.
Here, it will be employed as a failure or the general absence of cell neighbors in an intact
surrounding cell layer.

2.2.1. Induction of large wounds

Holes of at least several cell widths are classified as large wounds. Three different
strategies were employed to create these.

Use of a culture insert

A classical way to induce large wounds are culture inserts (figure 2.1 A). Via 2 well
silicone inserts (ibidi, Martinsried, Germany) a defined cell free gap of 500 µm width
can be created when detaching the silicone. 6,000 MDCK II cells in 70 µl medium were
seeded in each chamber and 175,000 cells in 1 ml in the outer part. Cells were cultured
for 2 days before the experiment. For the experiment, the silicone insert was removed
with a sterile tweezer and the medium was changed to HEPES and P/S containing
medium.

Performance of a scratch assay

Scratch assays are easy and well-developed assays for mimicking wound healing [159]
(figure 2.1 B). Via a steril pipette tip (200 µl, Eppendorf, Hamburg, Germany), a scratch
was manually induced in an already confluent grown layer.

Intrinsic wounds in not fully confluent cell layer

Furthermore, intrinsic holes in a cell layer were investigated (figure 2.1 C). Shortly before
complete confluency, small holes are still present in the everywhere else homogeneous
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cell layer. In our case, this was achieved with a seeding density of 125,000 cells/ibidi
dish and culture for 2 days.

Figure 2.1.: Three methods were used to create cell layers with large wounds. (A) Either a culture insert
was used or (B) a classical scratch assay with a pipette was performed. Lastly, (C) not fully confluent
grown cells were used for getting cells without proper neighbor connections.

2.2.2. Induction of single-cell defects

Additionally, single-cell defects were created in a homogeneous confluent cell layer (figure
2.2). If several defects per dish were induced, separation widths of minimal 200 µm were
in between the defects to avoid cross-talk of effects.

Micropipette action

One technique to induce a single cell defect is mechanical wounding of a single cell.
Here, a micromanipulator setup (Femtojet and InjectMan NI2, Eppendorf, Hamburg,
Germany) was used to mechanically scratch across a cell via x-y movements of a glass
capillary (Femtotip, Eppendorf, Hamburg, Germany) (figure 2.2 A). A change in phase
contrast indicates successful wounding.

Laser ablation

The experimental procedure described in this paragraph was performed together with D.
Kong (Institute for Developmental Biochemistry, Medical School, University of Göttin-
gen).
Laser ablation is commonly used on the single cell level but also on the subcellular level
to sever cell compartments very precisely [160]. Here, it was used to induce a single-cell
wound non-mechanically (figure 2.2 B) as a control to the above mentioned method. The
microscope setup did not allow heating for the time of wounding. The laser ablation
setup (DSPL-355/14, 355 nm, 70 mJ/pulse; Rapp Optoelectronic, Wedel, Germany)
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was adjusted so that no cavitation bubble occured destroying the neighbors. This was
achieved with the click and fire mode with 40 pulses within 200 ms and a laser power
of 2 - 3 %. A 40x oil objective (NA 1.3, EC Plan-NEOFLUAR; Carl Zeiss, Oberkochen,
Germany) was used during the ablation. A change in contrast shortly after the laser
pulses indicates success in cell ablation.

Figure 2.2.: Two methods were used to create single-cell defects. (A) Micropipette action mechanically
destroyed a cell while (B) laser ablation was a contact-less method to create a single-cell wound.

2.3. Light microscopy techniques

During this thesis, phase contrast, conventional fluorescence and confocal laser scanning
microscopy were used as light microscopy imaging techniques. As these techniques
are nowadays standard microscopy techniques for a lot of research topics, the physical
principles will not be explained here. For further information, the reader is referred to
prominent text books such as [161].

2.3.1. Cell labeling

Cells were labeled according to a standard protocol:
At the desired time point, cells were washed with PBS-/- before fixation with paraformalde-
hyde (Fluka, Buchs, Switzerland, 4 % in PBS-/-) for 20 min at room temperature.
Permeabilization of the membrane and blocking of unspecific binding was achieved by
adding blocking buffer (5 % (w/v) bovine serum albumin (BSA, IgG free, Carl Roth,
Karlsruhe, Germany) and 0.3 % (w/v) Triton-X 100 (Sigma-Aldrich, St. Louis, USA) in
PBS-/-) for 30 min at room temperature.
Either two step labeling with a primary antibody targeting the specific protein and a
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fluorescently labeled secondary antibody or direct one-step labeling were applied. All
dyes and antibodies were diluted in dilution buffer (1 % (w/v) BSA and 0.3 % (w/v)
Triton-X 100 in PBS) to the desired concentration and incubated as seen in table 2.3.
Between labeling steps, cells were rinsed three times with PBS-/- for 5 min and placed
on a shaker.

Table 2.3.: The antibody targeted structures with incubation time and concentration
of the used antibodies.

Target Reagent Conc. Incubation
time

E-cadherin mouse anti-E-cadherin IgG2a
(BD Biosciences, Heidelberg, Germany)

5 µg/ml 1 h

ezrin mouse anti-ezrin IgG1
(BD Biosciences, Heidelberg, Germany)

2.5 µg/ml 1 h

F-actin Alexa Fluor 488 or Alexa Fluor 546
conjugated Phalloidin
(Life Technologies, Carlsbad, USA)

165 nM 45 min

keratin anti-cytokeratin 14, mouse monoclonal
(Abcam, Cambridge, UK)

1 µg/ml 1 h

podocalyxin
(GP 135)

monoclonal MIgG1
(DSHB Hybridoma Product 3F2/D8)1

5 µg/ml 1 h

DNA 4’,6-diamidino-2-phenylindole (DAPI)
(Life Technologies, Carlsbad, USA)

50 ng/ml 15 min

ZO-1 mouse anti-ZO-1
(Thermo Fisher Scientific, Waltham, USA)

5 µg/ml 1 h

secondary
antibody

Alexa Fluor 488 or Alexa Fluor 546 IgG goat-
anti-mouse
(Thermo Fisher Scientific, Waltham, USA)

5 µg/ml 1 h

2.3.2. Chemicals used during cell experiments

To analyze the single-cell wound closure, one inhibitor and a calcium indicator were used:

1stock 34 µg/ml diluted 1:1 (v/v) in glycerol.

29



2. Materials and methods

Rho-kinase inhibitor Y27632

The rho-kinase inhibitor Y27632 (dihydrochloride monohydrate, Sigma-Aldrich, St. Louis,
USA) was added in a concentration of 10 µM 1 h prior to the wounding experiment.
Also during wound closure it was still present in the medium.

Calcium indicator

The calcium indicator Fluo-4 calcium imaging kit (Thermo Fihser Scientific, Waltham,
USA) was used according to the protocol of the supplier: The probenecid was diluted in
1 ml medium supplemented with HEPES and P/S (called M10F+ media). The loading
solution consisted of 1 % (v/v) power load concentrate, 0.1 % (v/v) Fluo-4-AM solution
and 1 % (v/v) probenecid solution dissolved in M10F+. Cells were washed with medium
before incubation with loading solution at 37 ◦C and room temperature for 20 min. Cells
were washed once more with medium before being used for the experiment. During the
experiment, 1 % (v/v) neuro backdrop background suppressor solution (also component
of the kit) was added to the medium.

2.3.3. Video and image acquisition

Fluorescence and phase contrast microscopy were performed with an Olympus IX 81
microscope (Olympus, Tokyo, Japan) equipped with a 10x objective (UPLFLN 10X2PH,
NA=0.3, Olympus, Tokyo, Japan) and a 40x objective (LUCPLFKN 40XPH, NA=0.6,
Olympus, Tokyo, Japan) and an XM10 camera (Olympus, Tokyo, Japan). For fluores-
cence illumination an EXFO X-cite 120 PC lamp (Excelitas Technologies Corp., Waltham,
USA) and for bright field illumination a 12 V / 100 W halogen lamp (U LH 100, Olym-
pus, Tokyo, Japan) were used. Image acquisition was done with the cellsens dimension
software (Olympus, Tokyo, Japan).
For bright field imaging with the 40x objective, the exposure time was adjusted to 50 ms
and the light intensity to 5 V. For fluorescence imaging, 200 - 400 ms exposure time
and 100 % light intensity were used. When using the 10x objective, the exposure time
was reduced accordingly. For capturing videos, the experiment manager embedded in
the software was programmed in a way that the sample was only exposed to light during
image acquisition. For characterizing the closure process, video acquisition was started
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immediately after wounding with a frame rate of 1 frame per minute. For recording the
wounding process, the live mode was used capturing images roughly every 80 millise-
conds.
Confocal laser scanning microscopy (CLSM) was done with the FluoView1200 sys-
tem (Olympus, Tokyo, Japan) equipped with a 100x oil-immersion objective (UPLFLN
100XO2PH, numerical aperture (NA)=1.3; Olympus, Tokyo, Japan). Diode lasers of
405, 488 and 561 nm wavelength were used for excitation. A scan rate of 20 µs/pixel
was chosen for images with the size of 1024 pixel x 1024 pixel (127 µm x 127 µm). The
laser intensities were set to 2 % and the detector sensitivity (HV-value) was adjusted to
500. Each scan line was scanned twice using the kalman filter option. The pinhole size
was set to 185 µm for slices with a height of 0.5 µm.
Depending on the brightness in the resulting images, slight adjustments of the ima-
ging parameters were performed deviating from the above mentioned standard imaging
parameters.

2.3.4. Video and image processing

Videos and images were mostly processed with ImageJ [162], the exception were images
acquired with high magnification at the CLSM, which were processed with the Imaris
software (Olympus, Tokyo, Japan). Only linear brightness and contrast adjustments
were made during processing.
Geometrical parameters of the wounded cells and their neighbors were measured by
manually selecting cell boundaries from fluorescence or phase contrast images.

2.3.5. Cell labeling and image acquisition protocol for
keratinocyte experiments

The experimental protocol for samples prepared and imaged by Fanny Büchau (Institute
for Biology & SIKT, University of Leipzig, Germany) which are presented in section 3.5,
deviated from the above mentioned protocol and read as follows:
For staining tight junction proteins, fixation was done by incubation for 30 min with ice-
cold ethanol and 3 min incubation with acetone at room temperature before finally three
washing steps were performed with tris-buffered saline (TBS). For staining α-tubulin,
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cells were fixed for 5 min at -20 ◦C in methanol. For all other proteins, cells were
incubated for 10 min at 4 ◦C in 4 % formalin solution (diluted in PBS), then washed 3
times with NH4Cl and once with TBS.
Permeabilization was done via 5 min incubation with 0.1 % Triton/PBS. All antibodies
were diluted in a solution of 1 % BSA in TBS according to table 2.4 and incubated
for 1 h. Between primary and secondary antibody incubation, samples were washed
3 times in TBS for 5 min. F-actin staining with Phalloidin-Alexa488 (diluted 1:40,
PromoCell, Heidelberg, Germany) was performed simultaneously with the incubation of
the secondary antibody. Finally the slides were washed 3 times in TBS for 5 min each,
briefly rinsed in aqua bidest and mounted with Prolong Gold (Invitrogen, Carlsbad, USA).
Images were collected using a AxioImager (Carl Zeiss, Oberkochen, Germany) equipped
with Apotome.2 (Carl Zeiss, Oberkochen, Germany) using a 63x/ 1.4 NA oil immersion
objective and an AxioCam MRm (Carl Zeiss, Oberkochen, Germany). Image analysis and
processing were performed using Zen Software 2012 (Carl Zeiss, Oberkochen, Germany)
and Photoshop CS6 (Adobe Systems, San José, USA).

Table 2.4.: The antibodies inculding dilution used for keratinocyte experiments presented in section 3.5.

Antibody Supplier Dilution Host

primary antibodies:
occludin (OC-3F10) Thermo Fisher Scientific, Waltham, USA 1:250 mouse
ZO-1 Thermo Fisher Scientific, Waltham, USA 1:200 rabbit
claudin1 self-made by AG Niessen (Cologne) 1:400 rabbit
claudin4 Thermo Fisher Scientific, Waltham, USA 1:400 rabbit
E-cadherin (ECCD-2) Invitrogen, Carlsbad, USA 1:1000 rat
p120-catenin (15D2) Santa Cruz, Dallas, USA 1:100 mouse
α-tubulin Abcam, Cambridge, UK 1:1000 rabbit
myosin-light chain 2 Cell Signaling Technology, Danvers, USA 1:100 rabbit
Phospho-myosin-light
chain (Thr18/Ser19)

Cell Signaling Technology, Danvers, USA 1:100 rabbit

tubulin Sigma Aldrich, St. Louis, USA 1:500 mouse
secondary antibodies:
anti-mouse-, anti-rabbit-,
anti-rat-Alexa488, Cy3

Dianova, Hamburg, Germany 1:800 donkey
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2.4. Patterning of confluent cell layers

Defined collagen patterns were created on glass bottom dishes via the microscale plasma-
initiated protein patterning (µPIPP, figure 2.3 A) described by Segerer et al. [163]. The
protocol was established in close cooperation with S. Nehls [164]. Poly-(dimethylsiloxane)
(PDMS) was mixed containing 10 times more base than curing agent (Sylgard Elastomer
Kit, Dow Corning, Midland, USA). The mixture was degassed for 15 min and poured
onto a silicon wafer with the desired pattern. Hardening took place at 50 ◦C within 4 h.
The PDMS stamp was pressed on the glass bottom dish and placed in oxygen plasma
for 1 min. 50 µl of 0.5 mg/ml of PLL-PEG-TRITC (poly(L-lysine)(20 kDa)-grafted
[3.5] with poly(ethylene glycol)(2 kDa) and labeled with tetramethylrhodamine; SuSoS,
Dübendorf, Suisse) was pipetted in the dish close to the stamp and left to dry for 1
h. By capillary forces the solution is sucked between the PDMS giving rise to a regular
pattern (figure 2.3 B). The stamp was removed and after washing with PBS-/- , collagen
(20 µg/ml in PBS-/-) was added for 1 h before finally washing with PBS-/-.
Visualization of collagen was done via antibody incubation. As primary monoclonal
anti-collagen type I antibody (mouse, Sigma-Aldrich, St. Louis, USA) was used in a
concentration of 9.4 µg/ml diluted in PBS-/- and Alexa Fluor 488 (see table 2.3) as
the secondary antibody. For experiments, cells were seeded on the patterns in different
densities and fixed for staining as described earlier in this thesis.

Figure 2.3.: Micro-patterning on a glass according to the protocol by Segerer et al. [163]. (A) PDMS
stamp and the glass are activated in oxygen plasma. PLL-PEG is first used to block sites for cell
adhesion while collagen binds to free spaces after stamp removal and enables cell adhesion there. (B)
Thereby, a regular pattern (PLL-PEG shown in red) can be transferred to the glass.
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2.5. Atomic force microscopy

The atomic force microscope (AFM) was invented in 1986 by Binnig and Quate as an
improvement of the scanning tunnel microscope [165]. Since then it has become a very
versatile tool widely used in science. The basic idea is that a nanometer-sized tip comes
in contact with a surface while the normal forces and the position of the tip are recorded
simultaneously. This allows to image surface topographies on the one hand but also
allows to investigate their mechanical properties on the other hand. Both measurement
modes were used and will be explained here. As this method plays a central role in this
thesis and is not a standard technique in most laboratories, also the fundamentals will
be explained in more detail here.

2.5.1. Basic setup of an AFM

The basic idea of an AFM is shown in figure 2.4 A. The central piece of an AFM,
the cantilever, is brought in contact with the sample. Depending on the interaction
with the sample, the tip will feel an attractive or repulsive force and the cantilever
will bend accordingly. Via a laser directed onto the cantilever, the deflection can be
correlated to a voltage change on a quadrant photo diode. By recording a force curve on
a rigid sample, the proportionality factor between the voltage signal and the cantilever
bending during contact can be calculated. Also the spring constant κ can be derived
with a calibration routine which is based on the thermal fluctuations of the cantilever
[166]. Both parameters are necessary to convert the photo diode signal with the help
of Hookes law to the actual force. In the scanning mode, a certain cantilever bending
serves as a set point which is used to adapt the cantilever height accordingly during xy-
scanning. Therefore, the real surface topography can be converted into a digital image.
In this thesis, only the contact mode is used. Here, the cantilever tip is dragged along
the surface and is in permanent contact to the sample while other imaging modes use
cantilever oscillations to probe the topography.
Force curves were performed so that the cantilever is lowered in z direction onto the
sample. At a certain indentation force set point, the movement is reversed and the
cantilever is retracted again. Both, the indentation part after the tip is brought in
contact with the sample (figure 2.4 A’), but also the retraction part where interactions
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still bend the cantilever downwards (figure 2.4 A”) bears information on the mechanical
characteristics of the sample:
If the sample is as soft as the cantilever, both will be deflected during the indentation. In
this case the contact region is non-linear, which is due to the change in the contact area
of the tip and the sample (figure 2.4 B, black curve). The force-indentation-relationship
is commonly described with the Hertz model (equation 2.1, [167]) or Sneddon model
(equation 2.2, [168]) depending on the tip geometry. In both cases, one fit parameter
is used to calculate the Young’s modulus E of the sample.

F = 4E
√

r
3(1− ν2)d 3

2 (2.1)

F = 2Etanα
π(1− ν2)d2 (2.2)

Here, ν is the Poisson’s ratio (ν = 0.5 for incompressible samples) and d the indentation
depth. For a sphere, the radius r has to be taken into account while for a cone the
half-opening angle α as indenter shape characteristic is considered.
Derivation of this model needs to assume a homogeneous and isotropic material. How-
ever, this is not the case for biological samples. An alternative to analyze force curves,
the tension model, will be explained in the next section.
The cantilever retraction forces shine light on adhesive properties of the sample. This
can be due to ligand-receptor interactions (when the tip is specifically coated with a
protein) or unspecific binding. Here, unspecific binding is used to pull membrane tethers
from the cells surface (figure 2.4 A” and 2.4 B light grey). However, with e.g. cells
glued to the cantilever, whole cell adhesion properties on specific protein coated surfaces
can be measured as well.
After a general introduction of atomic force microscopy, now the applied tension model
and the experimental steps will be in focus.

2.5.2. Tension model

Force curves were analyzed according to the tension model which was previously in-
troduced in the context of cells [8, 169, 170]. In this model, the cell is treated as
a prestressed surface around a liquid body which was already hinted at in earlier sec-

35



2. Materials and methods

Figure 2.4.: Probing the cells’ mechanical properties with an atomic force microscope. (A’) A soft
cantilever is lowered until an indentation set point force at maximal indentation depth d is reached.
To measure the force F, a laser directed onto the cantilever, is used. (A”) During retraction, adhesive
forces due to e.g. membrane tube pulling can be quantified. (B) Fit (blue) of a force indentation curve
(black) allows to quantify the cells’ mechanics. Rupture forces in the retraction curve (light grey) are
visible as sudden force jumps.

tions. For cells aspirated in a micropipette this assumption is obvious and the surface
tension origins from a shell build up by the cytoskeletal cortex and the surrounding
membrane. For adherent epithelial cells, this model can also be applied. Here, the api-
cal part of the cell, which is exclusively probed by the tip, is mostly dominated by the
cytoskeleton-membrane interplay. To account for the origin of the isotropic tension T
resisting indentation, the cells pretension T0 and the area dilatation upon indentation
has to be taken into account (equation 2.3).

T = T0 + KA
∆A
A0

(2.3)

KA is the area compressibility modulus and ∆A is the area change compared to the
initial area A0. For large area expansion, membrane from reservoirs such as protrusions
or caveolae has to be recruited as the membrane would otherwise rupture under expansion
of more than ≈ 3 % [171].
In low indentation T0 is predominant which composes the membrane tension Tm and
tension contributions from the contractile actomyosin cortex Tact (equation 2.4). To
distinguish major contributions, the membrane tension alone can be estimated from
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tether pulling experiments. Here, hollow membrane tubes form which are devoid of an
intact cytokeleton. The tether force Ft measured during tether rupture is related to the
membrane tension as indicated in equation 2.5 [11] and combines contributions from the
membranes’ in-plane tension and contributions from the attachment of the cytoskeleton
to the membrane [8].

T0 = Tm + Tact (2.4)

Tm = F2
t

8κπ2 (2.5)

κ indicates the bending stiffness of the membrane and is on average 20 kBT [172].
During indentation, if conformal contact with a conical indenter and an originally flat
surface is assumed, the following derivation of the tension is valid (figure 2.5):

F =
∫ 2πa

0
TsinΘds = 2πTdcosΘ (2.6)

Here, a is the contact radius at surface level, Θ the base angle, s the edge length of
the cone and d the indentation depth. The flat surface is assumed to have tension
contributions as indicated above for cells (equation 2.3). With the new surface area
An = πas + (A0 − πa2), the total change in area is:

∆A = An − A0 = πd2

sin2Θ
(
cosΘ− cos2Θ

)
. (2.7)

Insertion into equation 2.6 and integration gives the force

F = 2πT0cosΘ · d + 2π2

tan2ΘA0
KA (1− cosΘ) · d3. (2.8)

This shows, that force curves obtained with a conical indenter can be fitted with a
polynomial consisting of a linear and a cubic term. The linear fit coefficient is dominated
by the pretension T0 and the cubic coefficient by the area compressibility modulus KA.
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Figure 2.5.: A cone indenting a flat surface. By assuming conformal contact the tension contributions
can be calculated from geometrical considerations.

2.5.3. Force curve recording and processing

Force curves were recorded with a NanoWizard II/IV AFM (JPK Instruments, Berlin,
Germany). Calibration to measure the sensitivity and the spring constant was done
by applying the thermal noise method [166] for every used cantilever. These were C
levers from MLCT-Cantilevers (Bruker AFM Probes, Camarillo, USA) with a nominal
spring constant of 10 pN/nm. For tether pulling, the cantilevers were first cleaned with
isopropanol and demineralized water before coating. Coating was done by incubation
with 2.5 mg/ml concanavalin A-FITC conjugate (Sigma-Aldrich, St. Louis, USA) in
PBS for 90 minutes at room temperature.
For force indentation experiments, force maps with a resolution of 2 or 4 µm/pixel were
recorded. Individual force curves were performed with a tip velocity of 3 µm/s and a set
point of 1 nN. A dwell of 0.5 s at maximal indentation depth in constant height mode
increased the likelihood of tether pulling. By visual inspection, force curves were baseline-
corrected and a contact point was defined, both with help of a home-written MATLAB
(The MathWorks, Natick, USA) script kindly provided by Dr. Ingo Mey (Institute for
Organic and Biomolecular Chemistry, University of Göttingen, Germany). The contact
regime was fitted with the polynomial

F(d) = T̃0 · d + K̃A · d3 (2.9)

in accordance with the above described tension model. If the contact point could not
be unequivocally assigned or a drop in the force signal was found in the indentation part
(indicating a breakthrough of the membrane) the force indentation curves were excluded
from analysis. In the retraction part, force jumps after a force plateau were measured
to obtain tether forces Ft.
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Statistical analysis was done with the Wilcoxon rank sum test implemented in the
MATLAB-software with ∗ ∗ ∗ indicating p < 0.001, ∗∗ indicating 0.001<p<0.01 and ∗
indicating 0.01<p<0.05.

2.5.4. Topography scans

For topography scans cells were chemically fixed (20 min incubation at room temperature
with 4 % paraformaldehyde (Fluka, Buchs, Switzerland) in PBS−/− and kept in PBS−/−

after washing. Topography scans were performed with a NanoWizard IV AFM (JPK
Instruments, Berlin, Germany) and an MLCT-Cantilever (Bruker AFM Probes, Camarillo,
USA) in contact mode. After equilibration at room temperature, the lowest possible set
point was chosen so that the topography could still be captured. Gains were adjusted
so that no ringing (oscillations in signal due to over-regulation) was observed. A scan
rate of 1 Hz or 0.5 Hz was chosen for these comparably soft samples.

2.6. Electric cell-substrate impedance sensing

Electric cell-substrate impedance sensing (ECIS) was invented in the early nineties by Lo,
Keese and Giaever to monitor the motion of confluent tissue cells [173, 174]. The idea is
that electrodes change their electric properties when cells are cultured on them (figure 2.6
A). By applying an AC current between the working and counter electrode, the frequency
dependent impedance can be monitored over time allowing to judge the cells’ motion and
barrier properties. In an electrode chamber filled only with cell medium, the low frequency
regime is dominated by the electrical properties of the naked electrode having a power-
law characteristic of a constant phase element (figure 2.6 B). At the high frequency
regime the bulk resistance of the medium can be estimated. After seeding cells on the
electrodes, an impedance increase can be monitored which is mainly influenced by the
permittivity of the cell layer, the cell-substrate distance and the membrane capacitance
[175].
For keratinocyte experiments, 8W1E eletrode arrays (8W1E PET ECIS culture ware,
Ibidi, Munich, Germany) and the ZΘ set-up (Applied Biophysics, Troy, USA) were used
with the actual samples placed in an incubator at standard culture conditions. The
electrodes were coated with collagen A according to the coating protocol described in
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Figure 2.6.: The principle of electric cell-substrate impedance sensing. (A) Cells are seeded on gold
electrodes where an alternating current is applied. (B) The impedance spectrum of an empty electrode
(dashed) is mainly influenced by the electrodes electrical properties (low frequency regime) and the cell
medium (high frequency regime). An electrode covered with a confluent cell layer shows a shift to higher
impedance (solid) allowing to assess parameters as cell-substrate distance, membrane capacitance and
the permittivity of the cell layer.

the cell culture section for keratinocytes. A baseline was recorded for 1 h with only 400
µl medium filled in the chambers and under standard culture conditions in an incubator.
Afterwards, the medium was removed and 75,000 cells in 400 µl FAD medium were
inserted in every well. Roughly 30 h after culture, the medium was changed to FAD+

(high calcium) medium to allow junction formation. As controls, one well was left with
only medium and one cell-covered well per cell population was kept with FAD medium.
Measurements were performed at 11 frequencies (ranging from 0.0625 kHz to 64 kHz)
and as fast as possible (≈3 minutes measuring time per well).
For fluctuation analysis, the power spectral density of the detrended impedance signal
of each well was calculated individually at steady-state conditions (t > 120 h) and the
slope arising in a double logarithmic plot was fitted.

2.7. Cell adhesion noise spectroscopy

Cell adhesion noise spectroscopy is a new method applicable for example for proliferation,
adhesion and signaling assays. Parameters as adhesion strength, cytosolic properties and
membrane properties can be monitored over time with a spatial resolution smaller than
a cell radius 2.
The core of cell adhesion noise spectroscopy is a silicon chip with nearly 100,000 small in-
tegrated electrolyte-oxide metal-oxide-semiconductor field effect transistors. When they
2based on the video "Venneos - Cell Analysis beyond Vision"
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are covered with e.g. living cells, one can describe the system electrically as a core-coat
conductor where the medium filled cleft between the cell and the surface is conducting
while the basal cell membrane and the solid-electrolyte interface are insulating coats
(figure 2.7 A) [176]. The voltage fluctuations of an uncovered sensor origin in Johnson-
Nyquist noise and thermal fluctuations leading to a characteristic power spectral density
(figure 2.7 B) [176]. Through the addition of cells, so called specific cell adhesion noise
is added to the spectrum. By analyzing the shape of the added cell adhesion noise,
local cell/membrane changes can be detected when measuring the voltage fluctuations
on every transistor.

Figure 2.7.: The principle of cell adhesion noise spectroscopy. (A) Voltage fluctuations on cell covered
field effect transistors can be electrically described as fluctuations from core-coat conductors. Figure
based on [176]. (B) The power spectral density S allows to judge whether a single transistor is cell
covered (blue) or uncovered (red) and deduce parameters as adhesion strength or membrane properties
(outlier are not shown).

The used setup was a CAN-Q setup (Venneos, Stuttgart, Germany) including chips, soft-
ware and device which was additionally equipped with a top view Axio Zoom microscope
(Zeiss, Oberkochen, Germany). The chips were cleaned according to the manufacturers
protocol. The empty chip filled with only 800 µl medium (containing HEPES and P/S)
was measured first before adding 120,000 cells in 200 µl of the same medium. The chip
containing the cells was kept in an incubator at standard culture conditions and only
for measurements it was inserted in the CAN-Q device. Noise spectra were collected
at different time points for 10 minutes. After 30 h, the old medium in the chip was
replaced by fresh medium.
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In chapter 3.5 results of experiments with keratinocytes are described. All other chapters
show results of experiments with MDCK II cells.

3.1. Impact of culture conditions on MDCK II cells

MDCK II cells can have different shapes and morphology depending on their state.
For example, under long culture, the cells start to transport liquid through their lateral
junctions leading to a loss of adhesion of whole cell patches [177]. In this section,
several changes in appearance are described and visualized which were found due to
specific culture conditions.

3.1.1. Culture medium as critical factor

Under normal conditions, the nucleus including nucleoli and the cell junctions can be
distinguished quite easily in phase contrast images (figure 3.1 A). However, also irregular
junctions, which looked like small blisters between cells, were found during experiments
(figure 3.1 A’). It was observed that in a confluent petri dish, this small blisters formed
earlier in tightly packed regions with a high cell density. By adding fresh medium, the
blisters at junctions mostly vanished indicating that the freshness of the medium and
its supplements was a major factor. If this state was kept too long, and the blisters
increased in size, the effect was irreversible, indicating a severe harm to the cells.
Another irregular appearance included inhomogeneities inside the cells (figure 3.1 B). It
was found out that amphotericin B, which was added in live experiments with unsterile
conditions against fungal infections, caused this appearance. Therefore, it is advised to
not use this antifungal agent in experiments with MDCK II cells. Possible modes of
action are discussed in section 4.1.
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Figure 3.1.: Critical culture conditions during live cell experiments imaged with phase contrast mi-
croscopy. (A) normal MDCK II cells and (A’) the same cells showing a stress response (B) MDCK II
cells treated with the antifungal supplement amphotericin B, containing bright roundish spots in the
cytoplasm. (C) MDCK II cells cultured for 1 h without CO2 supply and HEPES buffer. (D) MDCK II
cells before and (D’) 30 minutes after fluorescence light exposure under standard imaging conditions.
All scale bars: 20 µm.

Another culture supplement in live experiments is HEPES to compensate the missing
buffer effect of sodium bicarbonate and CO2 which is present during normal culture in
an incubator. Absence of HEPES to samples without CO2 supply resulted in an irregular
and more roundish shape of the cells after 60 minutes of culture (figure 3.1 C). Also the
cell junctions looked different in phase contrast microscopy indicating the importance of
pH buffering in live cell experiments.

3.1.2. Impact of light exposure during live experiments

Another, often neglected, harm to cells in live experiments is photo damage. Fluorophor
photobleaching leads to this cell damage, but also high light intensity alone can induce
irreversible damage of e.g. the DNA [178]. With every illumination of the fluorophors
free radicals are generated and diffuse through the medium. Unlabelled MDCK II cells
exposed for 30 min to standard conditions during fluorescence image acquisition (40x
objective, power of 60 mW, 600 ms exposure time, 2 frames per minute, the shutter was
closed between image acquisition) already showed drastic changes (figure 3.1 D’) com-
pared to the state before light irradiation (figure 3.1 D) . As a result of the irradiation,
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the cytosol looked less homogeneous and fragmented and also nucleoli appeared altered.
For phenol red, a common cell culture medium supplement to indicate pH changes, it is
known to fluorescence at an excitation wave length of 440 nm [178]. In this experiment,
medium without phenol red was used but the damage was still visible. One reason might
be the presence of riboflavin and tryptophan in the culture medium [179] but also the
addition of HEPES leads to an increase in cytotoxicity [180]. Therefore, the lowest pos-
sible amount of light exposure and a careful observation of cell behavior is inevitable in
live cell experiments.

3.1.3. Temperature dependent behavior of MDCK II cells

Furthermore, temperature sensitivity of cells could lead to biased results when tempe-
rature is not well controlled during experiments. The data and images shown in this
section were acquired and processed by Linnea Hoheisel during her bachelor thesis at the
Faculty of Chemistry, University of Göttingen.

Microscopy observations at different temperatures

Firstly, the cells were optically characterized with phase contrast microscopy after 2 hours
of incubation at different temperatures. A change in appearance was detected between
44 ◦C and 45 ◦C (figure 3.2 A). At 44 ◦C and below the cell layer looked homogeneous,
however, at higher temperature, local irregularities appeared. In close-ups (figure 3.2
B) the irregular shape of single cells became more obvious and some cells seemed to
form blebs or elongate in one direction. All in all, the layer integrity got disrupted when
incubated at temperatures higher than 44 ◦C for 2 hours. At lower temperatures, the
cells seemed to show irregularities in the cytoplasm as seen in figure 3.2 B. At room
temperature (RT), small blisters resembling these appearing after amphotericin B treat-
ment were observed inside the cell. Already at a temperature of 25 ◦C this effect nearly
completely vanished and the cells appeared very similar to the ones kept at 37 ◦C. These
findings showed that MDCK II cells are very sensitive to temperature changes and ob-
vious shape changes can already be observed with phase contrast microscopy. To gain
further insights in the cells’ response to temperature changes, actin and ezrin which are
both important players in cell mechanics, were fluorescently labeled for these culture
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conditions.

Figure 3.2.: Phase contrast images of MDCK II cells incubated for 2 h at different temperatures. (A) A
change in morphology can be seen at a temperature between 44 ◦C and 45 ◦C. The layer integrity gets
disrupted at these temperatures. Scale bars: 50 µm. (B) Magnifications show that single cells reveal
irrgeluarities in the cytoplasm at low temperatures as room temperature (RT) and a very abnormal
shape including blebbing at 45 ◦C . Scale bars: 20 µm.

Striking changes were seen basal for MDCK II cells. Stress fibers were most pronounced
at 30 ◦C and 37 ◦C (figure 3.3) and the actin appearance was very similar at these tem-
peratures. At room temperature only fragments of stress fibers were visible and round
aggregates appeared.
Furthermore, at elevated temperatures (44 ◦C) no stress fibers were seen at the basal
side. However, it seemed that the lateral actin cortex was more enhanced at these tem-
peratures. This demonstrated that MDCK II actively remodel cytoskeletal components
upon temperature change, which suggests that temperature does also affect cell me-
chanics.
Ezrin, as a major contributor in actin-membrane attachment, did not show obvious
changes in the appearance at the apical side of the cells (figure 3.4). In contrast, ezrin
revealed an enhanced localization at lateral junctions at high temperatures. This nicely
agreed with the observation of increased actin at junctions at high temperatures. At low
temperatures, the appearance was the same as for 37 ◦C.
In conclusion, the cell actively reacted to temperature changes by remodeling inner struc-
tures, but to a different extent depending on the structure. Further, we hypothesized
that this remodeling is accompanied by changes in the cells’ mechanics which was tested
next.
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Figure 3.3.: Confocal images of MDCK II cells cultured for 2 h at different temperatures show a difference
in actin appearance. Actin stainings (green) show proper stress fibers at the basal plane only at mid
temperatures. At room temperature (RT) only a few fragments appear while at higher temperature
none can be seen. At 44 ◦C, lateral junctions seem more pronounced. Scale bars: 20 µm.

Figure 3.4.: Confocal images of MDCK II cells cultured for 2 h at different temperatures and stained for
ezrin at different z-planes. At high temperatures, ezrin is lateral enhanced at the junctions in the center
of the cell. In the apical plane, the ezrin appearance does not change with increasing temperatures.
Scale bars: 20 µm.

Mechanical changes upon temperature change

To determine mechanical changes upon different temperatures, MDCK II cells were
incubated for roughly 1 h in a cell culture incubator at the desired temperature before
being placed in the AFM heating setup and measured at 2 different spots, giving roughly
90 min and 120 min as total incubation time.
The mean tether force Ftether showed a strong dependency on temperature (figure 3.5
A, left). In the range between room temperature and 45 ◦C, the tether force decreased
with increasing temperature. The mean force at 25 ◦C was more than 100 % larger
compared to the mean force at temperatures above 40 ◦C. A closer look at the cumulative
probabilities of the measurement at 90 min incubation time showed that the whole
distribution was shifted to lower values with roughly 70 pN being the minimal tether
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force at 23 ◦C and the largest measured tether force at temperatures above 40 ◦C
(figure 3.5 A, right). With this finding, the tether force showed the most pronounced
effect upon temperature change.
The apparent area compressibilty modulus K̃A (figure 3.5 B) was also decreasing with
higher temperature. However, the value at 25 ◦C seemed to be an outlier. A similar
behavior was observed for the apparent pretension T̃0 but here the outlier was not
larger but smaller as expected (figure 3.5 C). A tendency to lower mean values with
increasing temperature can also be found in this parameter. Looking at the cumulative
probabilities and ignoring the outlier at 25 ◦C, the overall trend of smaller values at
higher temperatures was confirmed for K̃A and T̃0. For K̃A the population was also
shifted while for T̃0 mostly the appearance of larger pretensions (around 0.3 mN/m and
higher) was largely reduced at higher temperatures while the lower boundary of measured
pretensions was similar for all temperatures.
All in all, the measurements at the two different time points showed the exact same
trends even though different areas were measured, pointing to a general and longer-
lasting mechanical change. Summing up, this analysis showed that indeed not only
internal structures but also mechanical parameters are affected by temperature changes.
A reason for the outlier at 25 ◦C might be a phase change in the membrane and will be
further discussed in chapter 4.1. All these results presented in section 3.1 showed, that
MDCK II cells are very sensitive to culture conditions and that critical observation is a
prerequisite for generating reproducible results.

Temperature control efficiency

The microscopy observations described in section 3.1.3 were acquired after incubation in
a standard cell culture incubator while for mechanical measurements the temperature was
controlled with a petri dish heating system supplied by the AFM manufacturer (figure
3.6 A). During data acquisition, inconsistent results appeared which led to a temperature
check of the cell medium which was kept in the AFM petri dish heating system. Figure 3.6
B shows that there was a discrepancy between set point and actual medium temperatures
at different positions in the petri dish under measurement conditions. This finding should
be kept in mind when judging the AFM experiments. However, taken this finding into
account, it even supports the hypothesis that already small temperature changes largely
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Figure 3.5.: Cell mechanics changes upon different temperatures. (A) The tether force Ftether shows the
strongest change with decreasing force for increasing temperature. For (B) K̃A and (C) T̃0 the same
trend is seen but the decrease is less pronounced. The data at 25 ◦C represents an outlier of the trend.
Left: mean of population for two different total incubation times including standard error of the mean.
Right: cumulative probability distributions for all temperatures and an incubation time of 90 minutes.
Figure by Linnea Hoheisel. [181]

affect the mechanical state of cells. If set point temperatures would have been reached
also in the middle of the petri dish, this presumably would have led to larger changes in
the cells’ mechanics.
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Figure 3.6.: Heating efficiency in the used AFM compatible heating system. (A) The heating system
supplied by the AFM manufaturer heats an inserted metal adapter (top left) to the set point temperature
and controls the temperature at this component. A petri dish is inserted in this metal adapter for
experiments. (B) The set point temperature (black dashed line) can not be reached at the edges (blue,
mean and standard deviation of all 4 edges) or in the center (red) of the medium filled petri dish.

3.2. Growth and onset of collective behavior of
MDCK II cell layers

3.2.1. Growth behavior of a MDCK II cell layer

Firstly, the large-scale formation of a MDCK II cell layer was observed with cell adhesion
noise spectroscopy. The growth of the cell layer was followed from the time point of cell
seeding to the full coverage. To highlight the area covered by cells, the integral of the
power spectral density of every measuring pixel is color coded.
Single round cells were barely detectable but small islands were clearly distinguishable
within 50 minutes after seeding (figure 3.7). These small islands stayed local on the
time scale of 10 minutes indicating a low migration rate. However, a significant growth
of cell patches was observed within this time period (white circle in figure 3.7). Over
time the cell clusters grew and coalesced to large cohesive clusters. This showed the
cells tendency to form stable cell clusters: Once contact was established, cells did not
separate from the cluster anymore but stayed local. After ≈ 70 hours a full coverage
was nearly reached.
Next, a closer look at the early formation of cell junctions with fluorescence microscopy
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Figure 3.7.: The formation of an MDCK II cell layer observed with cell adhesion noise spectroscopy.
The setup allows to measure a large area (1.6 x 2.5 mm2) with a comparable small pixel resolution of
6.5 µm (zoom). In a cell experiment, the formation and growth of small clusters very early after seeding
(white circles) to the nearly confluent cell layer after 71 h hours can be detected. The integrated power
spectral density allows to judge the pixel coverage and visualize the growth of the cell layer. Line defects
visible in the early adhesion and the empty chip are due to miscommunication from the chip to the
device and only appear sporadically.

was performed. This is the onset of collective behavior in cell clusters which is crucial
for MDCK II cells.

3.2.2. Early cell-cell junction formation in a growing cell layer

Sample preparation and image recording for results shown in this section were performed
by Philipp Schröder at the Faculty of Chemistry, University of Göttingen [182].
During the establishment of a fully confluent layer, proper cell-cell junctions have to form
which ensure polarity in cells but also communication between the cells. As seen in the
section above, growing MDCK II layers firstly form small islands before these coalesce
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to larger structures. Therefore, at a low seeding density of 10,000 cells/cm2 only small
islands were visible while at a high density of 70,000 cells/cm2 a nearly confluent layer
existed already after 1 day of culture.

Figure 3.8.: Confocal images of MDCK II cells stained for E-cadherin (magenta) and actin (green) at
different seeding densities and culture times. (A) Low seeding densities (10,000 cells/cm2) lead to
small islands 1 day after culture where E-cadherin is mostly localized in the cytoplasm. (B) At a higher
cell density (70,000 cells/cm2) after the same culture time, E-cadherin is located at cell-cell junctions
(white). (C) In low density seeded cells a weak accumulation of E-cadherin at the junctions after 2
days of culture is observed. (D) The least accumulation of E-cadherin in the cytoplasm is visible after
2 days of culture of densly seeded cells. All scale bars: 20 µm.

Comparing E-cadherin appearances of cells seeded with these densities and cultured for 1
and 2 days, large differences became visible. In low densities and 1 day of incubation, E-
cadherin was mostly localized in the cytoplasm and only sparsely at the junctions (figure
3.8 A). In more densely seeded cells, an accumulation of E-cadherin at the junctions
became visible but still a cytoplasmic signal was present (figure 3.8 B). Comparing this
result to a low seeding density after 2 days of culture, the E-cadherin signal at junctions
under the latter conditions was less pronounced. The least cytoplasmic signal was seen
in densely seeded cells after 2 days of culture.
A different picture was seen for ZO-1, an important protein in tight junctions. Already in
small cell islands (1 day of culture, low seeding density) ZO-1 was highly accumulated at
the junctions (figure 3.9 A and B). The signal got even more pronounced, when a higher
cell density was seeded (figure 3.9 C and D). This showed that ZO-1 was exclusively found
at the junctions in this very early state. Tight junctions form a barrier and are known to
maintain surface polarity by separating basal parts from lateral parts [183]. This polarity
allows the cell to have different protein compositions but also differences in lipid mixtures
at these membrane parts [183]. This can be demonstrated with the glycoprotein 135 (GP
135), which is known as a very early apical marker protein [184, 185]. As seen in figure
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Figure 3.9.: Confocal images of MDCK II cells stained for ZO-1 (red) and actin (green) after 1 day of
culture. (A) Already in small cell islands an accumulation of ZO-1 at cell-cell junctions is visible while
(B) in the cytoplasm nearly no signal is detectable. (C) In densly seeded cells the signal at the junctions
is even stronger. (D) ZO-1 is exclusively localized at the junctions. All scale bars: 20 µm.

3.10 A in the xz-plane, GP 135 exclusively localized at membrane parts not touching
the substrate, already in the early state where only islands have formed. When the cells
were denser (high density, 1 day of culture), GP 135 was found exclusively at the apical
membrane, the lateral membrane was devoid of it (figure 3.10 B). Colocalization with
ZO-1 showed that exactly the position of ZO-1 determined the separation of different
membrane compositions, which was demonstrated here with the staining for GP 135
(figure 3.10 C). This implied that also apical-basal polarity is established very early in a
newly forming cell layer.

Figure 3.10.: Confocal images showing apical polarity in cells with different seeding densities. Xy images
and xz sections of MDCK II cells at different seeding densities after 1 day of culture demonstrate the
localization of the apical marker GP 135 (cyan) with respect to ZO-1 (red). Nucleus shown in blue.
(A) Already at a low seeding density GP 135 exclusively localizes at membrane parts not touching
the underlying substrate. (B) With a high seeding density it becomes obvious that also the lateral
membrane is devoid of GP 135. (C) Co-staining with ZO-1 shows that the position of ZO-1 and the
localization of GP 135 give a consistent picture.

Looking at the three dimensional shape of the cells revealed that in early adhesion (high
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density, 1 day of culture) the cells were extended in the xy-plane and very flat (figure
3.11 A). After 2 days of culture the cells were much smaller due to cell division which
takes place roughly once per day for MDCK II cells (figure 3.11 B). Also the cell height
was increased and a lateral extended cell-cell junction was formed building large adhesive
areas.

Figure 3.11.: Actin distribution in densly seeded cells. Xy images and xz sections of densly seeded cells
after (A) 1 day and (B) 2 days of culture stained for actin (green) and the nucleus (blue). During the
second day of culture the cells decrease in area in the xy plane but increase in height, building up a
distinct lateral membrane.

Summing up, large amounts of E-cadherin localized on an overall longer time scale to
the newly forming lateral junction site than ZO-1.
Additionally, Ojakian postulated that the early localization of GP 135 to the apical
domain is due to a tight coupling to the actin scaffold [185]. Indeed, also the actin
cortex rearranged over the time of culture growth. Basal, the actin accumulation at the
cell borders was not very distinct and irregular within 1 or 2 days of culture. Laterally, the
actin signal got more distinct and also the cells shape became more regular as identified
by the appearance of the actin cortex (figure 3.12).
These results indicated that the cell layer and the junctions are constantly rearranged
during growth and even after reaching confluency. The formation of vertically elongated
junction sites enables the cells to increase the contact area to neighbors. This allowed the
cells to form clusters of adhesion proteins and hence stable cell-cell contacts. Especially
the load bearing elements as actin and E-cadherin largely rearranged upon layer growth.
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Figure 3.12.: Actin filaments in densly seeded MDCK II cells after different culture times. (A) Basal
actin gives a spread signal with irregular borders. (B) At a higher lateral z-position where the junctions
are located the cells show a distinct actin signal. (C) 2 days after culture the basal cell shape is still
irregular but (D) laterally, the actin signal is even more distinct and the cell shape is more defined. All
scale bars: 20 µm.

3.2.3. Controlling cell-cell junction geometry using micro
patterning

Quality of micro patterning

Next, the idea was to interfere with this growth process and to create defined junction
lengths with the micro patterning technique µPIPP (microscale plasma-initiated protein
patterning). A regular pattern of PLL-PEG was printed on a glass surface and the sample
was then incubated with collagen I. The resulting pattern can be seen in figure 3.13 A
demonstrating the general success of the method. Detailed analysis of line scans gave
varying results (figure 3.13 B): On the one hand, collagen could not cover the PLL-PEG
coated areas leaving these areas non-adhesive for cells, as expected. On the other hand,
collagen levels were not always elevated at the areas without PLL-PEG. In this case,
increased levels of collagen were found at the borders of the PLL-PEG coated areas.

Distribution of cells on the collagen pattern

Firstly, it was observed that cells did not adhere and spread on solely PLL-PEG coated
areas but remained in a round state (figure 3.14 A). This showed that the PLL-PEG
coating was suitable to completely block cell adhesion which was in accordance with
other techniques from the literature that used PEG [186]. On a pattern including ad-
hesive areas, individual cells did adhere and spread (figure 3.14 B). Moreover, the actin
cytoskeleton adapted to the geometry of adhesive areas (figure 3.14 C). During layer
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Figure 3.13.: Pattern obtained with the micro-patterning method. (A) A regular pattern of PLL-PEG
(red) and collagen (green) is achieved. Scale bar: 100 µm (B) Two examples of fluorescence intensity
line scans demonstrating that collagen is not homogeneously distributed on the PLL-PEG-free areas
while the PLL-PEG distribution is very distinct.

growth, neighbor contacts got established and the cells started to spread to neighboring
adhesive areas (figure 3.15 A). This led to a loss of order. At borders of the establishing
cell layer, the actin still adapted the shape of the underlying substrate pattern but in
cells completely encircled by other cells this distinct actin pattern got lost (figure 3.15
B). After establishment of a full layer, no order in cell arrangement across the pattern
was detected (figure 3.15 C). Even larger non-adhesive areas were fully covered with cells
(figure 3.15 C). At these sites, several neighboring cells were not able to adhere to the
substrate but could only form junctions to neighboring cells. This showed that micropat-
terning works for individual isolated cells but it is not suitable to control junction length
or position in a MDCK II cell layer grown to confluency: if cells are allowed to form
cell-cell contact, adhesion to the substrate does not matter anymore. This finding well
accompanies studies with freely-suspended cell monolayers [126, 187] and highlights the
importance of cell-cell junctions in an epithelial cell layer. Their presence and function is
essential for collective behavior and seems to dominate the cells behavior in homeostasis.

3.3. Classical wound healing essays to create large
wounds

In order to disturb layer homeostasis and monitor changes in the remaining cells, different
methods were tested. Classical wound healing essays to create large defects were tested
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Figure 3.14.: Isolated MDCK II cells on a micropattern. (A,B) PLL-PEG distribution (red) overlaid
with a phase contrast image demonstrating (A) the blocking of PLL-PEG and (B) cell arrangement of
isolated cells on adhesive areas. (C) Actin staining (green) overlaid with PLL-PEG distribution (red)
showing the adaptation of the actin cytoskeleton to the pattern in isolated cells. (A,B) Scale bars: 100
µm, (C) scale bar: 20 µm.

Figure 3.15.: MDCK II cells with neighbor contact on a micropattern. (A) PLL-PEG distribution (red)
overlaid with a phase contrast image of cells with neighbor contact. Upon contact, cells elongate
to neighboring adhesive areas. Scale bar: 100 µm (B) Actin staining (green) overlaid with PLL-PEG
distribution (red) showing the loss of defined actin distribution upon neighbor contact. Scale bar: 20
µm. (C) Overlay of phase contrast image of a confluent cell layer with fluorescence image of the PLL-
PEG pattern (red) demonstrating the full coverage of the surface and the loss of order. Scale bar 100
µm.

first.

Irregular wound edges after a scratch assay

A commonly used method to induce a macroscopic wound is to destroy parts of the layer
through a scratch with a sharp tip, called scratch assay. Here, a cell free gap with a width
of about 500 µm was created (figure 3.16 A). The defect edges were massively affected
using this method. On the one hand, cells neighboring the free gap were detached from
the substrate but still adhered to other cells (figure 3.16 B). Free parts of the layer
floated in the medium and the cells state was far away from normal culture conditions.
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Figure 3.16.: Wound induction via classical wound healing essays. (A) Multicellular wounds created
by a scratch assay exhibit (B) front cells without substrate adhesion or (C) which were exposed to
massive mechanical shear stress. (D) Culture insert induced wounds show intact cells but to close the
wound, mechanisms as (E) lamellipodia formation or (F) contractile actin cables are used leading to
very diverse cell populations. (A,B,C,D) phase contrast images, (E,F) fluorescence migrographs with
actin stained in green. Scale bars: (A,D) 100 µm, (B,C,E,F) 20 µm

On the other hand, where the layer was still attached to the substrate, the cells in
the first rows were deformed heavily in one direction (figure 3.16 C). Most probably
the deformation was in direction of the applied scratch and appeared when neighboring
cells were removed with the tip. All in all, this technique did indeed create a wound in
confluent cell layer, however, the cells neighboring the defect were massively altered by
wounding. This experiment also demonstrated the strength of cell-cell junctions. Even
under these harsh influences and shearing forces the junctions hindered the cells from
disconnecting directly from the layer. Several rows of neighboring cells were affected
before some cells got ripped apart from the layer.

Use of culture inserts

Culture inserts were used which prevented the cell layer from covering the whole surface
of a culture dish. When removing the insert, a macroscopic wound of 500 µm was
created which was subsequently closed by the cells. Initially, the cells at the wound
margin were rather small and round in comparison to the bulk cells (figure 3.16 D).
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After 3 h of migration different wound healing mechanisms became obvious. On the
one hand, lamellipodia were formed (figure 3.16 E). According to Ravasio et al. these
can be found at regions of positive curvature of the migrating layer [141]. Here, thick
actin fibers were interrupted and flat cell protrusions formed. On the other hand, thick
multicellular actin cables surrounded the wound margin (figure 3.16 F). According to the
literature, these can be mainly found at regions with negative curvature [141]. With this
cable and subsequently via actomyosin contractility, the wound margin is pulled forward.
Because of these two mechanisms, the cells’ shape and contractile patterns were very
diverse. The cell layer was under constant movement and remodelling. Therefore, a
comparison to a fully established layer would be misleading. That is why single-cell
manipulation was applied next, where only small disturbances to the cells’ homeostasis
were inserted.

3.4. Single-cell defects in a confluent MDCK II layer

Major parts of the sections 3.4.1 - 3.4.5 are published in the article Single-cell defects
cause a long-range mechanical response in a confluent epithelial cell layer [136]. The
text is taken either word-by-word or is closely related. Figures are rearranged but kept
in the original style. Laser ablation experiments were performed together with D. Kong
(Institute for Developmental Biochemistry, Medical School, University of Göttingen).

3.4.1. Characteristic closure of a single-cell defect

In order to induce a large harm to a single cell in a confluent layer, namely a complete
single-cell failure, micropipette action was used (see figure 2.2). A change in phase
contrast indicated a successful treatment. As response, the wounded cell was lifted
and extruded from the cell layer (figure 3.17 A). Major driving mechanism was the
contraction of the supracellular actomyosin ring acting essentially as a purse string which
was seen 30 minutes after wounding (figure 3.17 B). This was similar to the actin cable
described in section 3.3 in classical macroscopic wound healing essays, but here the actin
formed a complete circle and surrounded the whole defect cell. Finally, the wound was
closed after approx. 100 minutes (figure 3.17 C). The typical rosette formation was
seen in this process due to slight junction elongation towards the defect center (figure
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3.17 D). During the first 10 minutes after wounding, the wound size stayed roughly
constant. This was in accordance with findings from others showing that during this
time frame rho-mediated actomyosin ring assembly happens prior to wound shrinkage
[154]. During wound closure, staining of the apical marker protein GP135 revealed that

Figure 3.17.: Closure of a single-cell defect. (A) Confocal image including xz and yz projections of a
wounded cell which is increased in cell height before extrusion (red: actin). (B) Fluorescence micro-
graphs 30 min and 105 min after wounding reveal an accumulation of actin filaments (red) surrounding
the wounded cell. The filaments remain visible even after the wound is closed. (C) Typical time trace
of the normalized wound size (normalized to initial area of the cell) during closure. (D) Example of cell
shapes before (black, thin) and 50 min after wounding (red, thick) of the center cell showing the typical
rosette formation. (E) Confocal image including xz and yz sections showing that the apical membrane
(stained for GP135, orange) is wrinkled in the wounded cell. (F) Confocal image including xz and yz
sections demonstrating that the wounded cell is nearly devoid of ezrin (purple). Scale bars: 20 µm,
nuclei are shown in blue.

the apical membrane of the defect cell was folded and showed lots of blebs (figure 3.17
E). Moreover, ezrin was absent in the wounded cell, indicating a loss of coupling between
the membrane and actin cytoskeleton (figure 3.17 F).
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3.4.2. Mechanical properties of cells neighboring the single-cell
defect

Force indentation experiments were conducted on cells adjacent to the wound and more
far away to find out whether cells mechanically react to a neighboring single-cell wound.
The apparent area compressibility modulus K̃A of cells did not show a resilient depen-
dency on the cells position, namely neighboring the defect or in an intact cell layer during
seven independently performed experiments (appendix, figure A.1). Hence, the regula-
tion of recruiting membrane reservoirs was not inherently altered by the closing process.
Here, one also has to consider that the values varied over four orders of magnitude. As
the measured K̃A value is dominantly measurable at high strain, i.e. in large indentation
depths, the forces recorded there might also be influenced by cell organelles, like the
nucleus and hence depended on the position of the indentation on the cell.
In contrast, the apparent pretension T̃0 was significantly different in cells neighboring a
wound than in cells of an intact cell monolayer (appendix, figure A.2). Combining all
independent experiments (N=7), a significant increase in the apparent pretension was
visible for cells directly adjacent to a defect compared to control cells in a homogeneous
layer (figure 3.18 A). This result was also reproducible, when the same cells were mea-
sured two times: firstly undisturbed and secondly, after inducing a single-cell wound in
the center of the measurement area (figure 3.18 A’). To rule out that the increase in
T̃0 at the border of the wound was due to perturbations by the cantilever indentation,
exactly the same spot was measured two times with the same time delay needed for
a wounding process but without inducing any defect in the cell layer. No significant
shift was measurable leading to the conclusion that the induced wound is responsible for
an increase in apparent pretension in cells neighboring and hence closing the single-cell
wound (figure 3.18 B). To verify that the effect was independent of the way the wound
was generated, we also used laser ablation to generate single-cell wounds.
Energies of ≈ 80 µJ per cell led to the same wounding and closure process as observed
for the mechanical ablation. Also after induction of the single-cell defect, an increase in
the apparent pretension of neighbors was measurable (figure 3.18 C). This showed, that
the stiffening is an intrinsic process generally occurring in single-cell wound closure.
As stated in section 2.5.2, the cells pretension T0 compiles contributions from membrane
tension and actomyosin contractility of the cortex attached to the plasma membrane.
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Figure 3.18.: Pretension is altered in cells neighboring a defect. (A) Apparent pretension T̃0 of cells next
to a micropipette-induced single-cell wound (red, dashed) compared to control cells in an undisturbed
cell layer (black, solid) (p < 0.001). Shown is the cumulative probability of T̃0 and the corresponding
histogram as an insert. (A’) Comparing the same cells before any disturbance (blue, dashed) and during
closure of a neighboring defect (orange, solid) led to a significant increase (p = 0.034). (B) Measuring
undisturbed cells twice with the same time delay as needed for wounding did not change the apparent
pretension (p = 0.28). (C) Defect induction with a laser ablation setup led to the same effect as
mechanical micropipette action: cells neighboring the defect (red, dashed) display a higher apparent
pretension than control cells in an undisturbed layer (black, solid). (p < 0.001).

In order to disentangle the two contributions and to see which one was responsible for
the increase in pretension, tether forces were measured upon retraction of the cantilever
giving access to the membrane tension.
Tether rupture forces showed no resilient difference between cells neighboring a wound
and control cells surrounded by an intact cell layer (appendix, figure A.3). As a con-
sequence, the measured increase of the apparent pretension T̃0 only originated from
changes in cortical tension.
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3.4.3. Mechanical properties of cells neighboring larger wounds

The question was now, whether the increase in pretension was limited to single-cell
wounds where the purse string mechanism prevails or if closing of a larger cell free
wound showed the same general trend. Therefore, front cells of an incomplete cell layer
(see figure 2.1) exhibiting a clear border and having rather regular cell geometries were
mapped (figure 3.19 A). An even larger increase in the apparent pretension was detected
in adjacent cells to the border (figure 3.19 B). This result showed that even in larger
cell free wounds the pretension increased in adjacent cells most likely due to crawling
of cells close to the wound and dragging neighbors towards the defect in the cell layer.
This was in accordance with findings that cells undergoing the epithelial-to-mesenchymal
transition display higher cortical tension of the mesenchymal phenotype [188].

Figure 3.19.: Mechanical investigation of the migration front of an incomplete cell layer. (A) Phase
contrast image and AFM force map (height reconstruction). Scale bar: 20 µm. (B) Apparent pretension
T̃0 in cells at the migration front (red, dashed) compared to bulk cells far away from a border (black,
solid) (p < 0.001). Shown is the cumulative probability of T̃0 ; insert: histogram.

3.4.4. Spatial extent of altered mechanics in the wounded cell
layer

Spatz and coworkers investigated the force correlation of cells as a function of distance
from a larger wound and found that up to ten cells away traction forces remain increased
[119]. Along similar lines, Trepat and coworkers report that contractile forces are trans-
mitted over supracellular length scales via focal adhesions [151]. Therefore, we asked
the question to which extent cells that are not in direct contact to the defect also display
altered cortical mechanics due to cell-cell mechanotransduction. It was found that the
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apparent pretension T̃0 was still increased in 4th row neighbors (named ’neighbor 4’),
which were separated by 3 cells, hence several tens of microns away from the defect
(figure 3.20 A). Also, for the incomplete cell layer a far reaching mechanical effect was
measurable. Compared to a fully confluent cell layer with its cobblestone morphology,
the cells’ shape was not as well-defined under these conditions. Hence, not the degree
of neighborhood but distance from the wound margin was considered. Here, even up to
90 µm away from the migration front, an increased apparent pretension T̃0 was found
(figure 3.20 B). In the case of the single-cell wound, where the increased pretension was
less pronounced, the effect already vanished when cells more than 100 µm away from the
defect were measured before and after inducing the defect (figure 3.20 C). This means
that the information was spread over greater distances than the diameter of a single cell,
which is probably due to the strong connectivity of MDCK II cells acting as a mechanical
syncytium rather than individual cells (figure 3.20 D). Still, this far reaching mechanical
response goes in line with correlation lengths of several cell widths found for migrating
MDCK II cells [69, 119]. As the disturbance by a single-cell defect is smaller also smaller
spatial extension of the effect was expected. All in all, also cortical mechanics seemed to
highly correlate between cells in close proximity most likely provided by cell-cell contacts.

Figure 3.20.: Cellular mechanics as a function of distance from the wound. (A) Elevated apparent
pretension T̃0 is also measureable in cells belonging to outer shells of the defect (with ’neighbor 1’
being the direct neighbor and ’neighbor 4’ being separated by 3 cells from the wound) and (B) at larger
distances from the migration front of a subconfluent layer displaying clear borders. Shown is the mean
± standard error. (C) The apparent pretension T̃0 stays constant (p > 0.05) when measuring the same
cells before (blue, dashed) and after (orange, solid) inducing a defect in larger distances (more than
100 µm away from measuring area). Shown is the cumulative probability; insert: histogram.
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3.4.5. Constant cell geometries during closure

Another fact is that mechanical properties of cells as measured by force-indentation are
also affected by the cellular morphology such as size and geometry [189]. Therefore,
we also investigated size and shape parameters of the cells during wound closure and
examined whether simple morphological changes could also account for the observed
increase in pretension. The analysis showed that the circularity of cells neighboring
a defect stayed constant over time (figure 3.21 A) and also the aspect ratio revealed
no strong tendency (figure 3.21 B). This showed that the cells do not change their
overall shape during single-cell wound closure in a way that would explain the elevation
in pretension. However, at around 40 min after wounding the variations in the aspect
ratio of adjacent cells increased. At this stage, the individual cells slightly elongated
towards the wounded spot, which was necessary for the typical rosette formation. As
these changes were still marginal compared to the overall cell size and very individual
for every single cell, a switch in morphology did not explain the obvious increase in
pretension. Additionally, the projected area stayed constant over time with only small
variations (figure 3.21 C). This further implied that the area loss during wounding was not
compensated by the direct neighbors alone but was a rather cooperative and collective
process. Therefore, after the wound was finally closed, also the area loss was collectively
compensated by a large number of marginally size changes in more cells than only the
five to seven direct neighbors.

Figure 3.21.: Neighbors of single-cell defects do not change their overall shape. (A) Neither the circu-
larity not (B) the aspect ratio or (C) the size are largely altered during the closure. Induvidual values
are normalized to size of wounding before averaging. Shown is the mean ± SEM for N=5-7 cells per
data point.
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3.4.6. Contributors to the collective closure

The question arose how these collective behaviors were coordinated between cells. Firstly,
calcium signals during single-cell defects were examined. Calcium signaling was already
observed after mechanical induction of larger defects [190, 191]. Fluorescence images
after addition of calcium indicator and wounding showed two different effects. In one
part of the experiments, a traveling calcium wave as described in the earlier studies was
seen within the first minute after wounding (figure 3.22 A). Radial line profiles originating
at the wounded cell showed a gradual intensity decrease in direct neighbors over time
(figure 3.22 B). An increase was probably not seen due to the slight time lag between
defect induction and start of video recording. Cells in larger distance to the single-cell
defect showed their fluorescence intensity maximum at later time points. The wounded
cell displayed a constant level.
Another effect which was observed was that only the wounded cell showed an intensity
increase within the first minute after wounding (figure 3.22 C). Line profiles for this case
indicated that only the wounded cell (positioned in the middle of the line profile) reached
increased levels while the direct neighbors remained a constant calcium level (figure 3.22
D).
All in all, calcium might be an important early signaling mechanism to neighbors in these
single-cell defects in MDCK II layers as well. However, mechanical effects were long-
lasting and other signaling paths contributing at longer time scales have to be activated
as well. Therefore, cell junctions coupled to the actin cytoskeleton were investigated.
In E-cadherin GFP transfected cells, a change in signal was observed within the first
minutes after wounding. The E-cadherin signal was only increased in the wounded cell
(figure 3.23 A). Analysis of line profiles confirmed this finding but also here an increase
in junctional E-cadherin could not be seen (figure 3.23 B). However, the noise level
was quite high and the closure seemed to be not as efficient as in non-transfected cells.
This could either be due to the transfection or to the exposure of fluorescence light as
discussed in section 3.1.2. That is why non-transfected cells were stained for E-cadherin
after wounding and fixation. First an increase in cytoplasmic signal was seen as well while
later also junctional E-cadherin exhibited an increased intensity in the wounded cell (fi-
gure 3.23 C). Both effects vanished after roughly 20 minutes. Also changes in junctions
further away were not detected. In the case of ZO-1 as marker for tight junctions only
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3.4. Single-cell defects in a confluent MDCK II layer

Figure 3.22.: Two calcium signaling characteristics after inducing a single-cell defect. Time indicates
the time after defect induction. (A,B) In some cases a travelling calcium wave can be seen. (A)
Fluorescence images of cells treated with a calcium indicator where the wounded cell is indicated by a
thick arrow. (B) Fluorescence intensity profile along the green arrow indicated in (A) with the defect
cell at the origin. (C,D) In other cases only the wounded cell reveals an increase in intensity. (C)
Fluorescence images of cells treated with a calcium indicator where the wounded cell is indicated by
a thick arrow. (D) Fluorescence intensity profile along the green arrow indicated in (C). Scale bars:
50 µm.

slight irregularities in the distribution around the wounded cell were seen during closure
(figure 3.23 D). To sum up, it seemed that a change in E-cadherin signals happened
suggesting some involvement of adherens junctions during closure. However the effects
took place on a shorter time scale compared to the overall closure. Also changes in
junctions further away from the defect were not detected. Maybe longer lasting effects
around the wounded cell and in cells further away were small and beyond our detection
limit.
Lastly, the importance of contractility was tested by the usage of the rho-kinase in-
hibitor Y27632. During standard closure, a purse string is expected rounding up the cell
contours of the wounded cell. In case of inhibition of the rho pathway, no circular accu-
mulation of actin fibers was seen around the wounded cell (figure 3.24 A). At the basal
side, no stress fibers were detected indicating the successful application of the inhibitor
but the wound site also got diminished most probably due to actin polymerization in the
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Figure 3.23.: Changes in junctional proteins during closure. (A) Fluorescence micrographs (and one
phase contrast) of live imaged E-cadherin-GFP transfected cells at different time points after wounding.
The wounded cell is marked with a thick arrow. (B) Line profiles of fluorescence E-cadherin GFP intensity
across the wounded cell as marked with ablue arrow in (A) for different time points after wounding.
(C,D) Fluorescence micrographs of fixed cells stained for (C) E-cadherin (magenta) and (D) ZO-1 (red)
(nucleus shown in blue) at different indicated time points after wounding. The wounded cell is marked
with an asterisk. Scale bars: 20 µm.

surrounding cells.
In general, both mechanisms of actin purse string and lamellipodia formation through
polymerization could occur which was demonstrated in one example (figure 3.24 B).
However, due to the curvature and size of a single-cell wound, the purse string mecha-
nism is highly favored under normal circumstances [141]. Upon inhibition of rho pathway
however, purse string closure was impossible.
A detailed understanding of the exact signal transduction mechanism and the general
reason for the pretension increase is still missing due to the complexity and contributions
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3.4. Single-cell defects in a confluent MDCK II layer

Figure 3.24.: Contractility during wound closure. (A) Fluorescence micrographs showing that upon
inhibition of rho pathway, the actin (red) purse string as seen in controls vanishes and the wounded
cell does not round up. Actin polimerisation at the basal plane however decreases the wound size upon
addition of Y27632. In controls the purse string is active. (B) In one example of a large cell both
mechanisms of lamellipodia formation (arrows) and purse string can be seen simultaneously as depicted
in the schematic drawing. All scale bars: 20 µm.

from biochemical and physical effects. However, calcium signaling, E-cadherin reorgani-
zation and contractility seemed to be involved in this process of collective wound healing
of single-cell defects.

69





3.5. Influence of keratin deficiency on barrier function and mechanical integrity in
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3.5. Influence of keratin deficiency on barrier function
and mechanical integrity in keratinocyte cell
sheets

Parts of the following section (including figures) are published in the article An intact
keratin network is crucial for mechanical integrity and barrier function in keratinocyte cell
sheets [192]. Text is taken either word-by-word or is closely related. Most fluorescence
microscopy experiments were performed by Fanny Büchau (Institute for Biology & SIKT,
University of Leipzig) which is indicated below the figures.

3.5.1. Absence of the keratin network leads to altered junction
and cytoskeletal architecture

To further understand how collective behavior is influenced by cytoskeletal contributions,
a second cell line was used. These keratinocytes were genetically modified to lack the
entire keratin network. Moreover, keratinocytes are of special interest as they are the
major cell type in the skin, being directly affected by macroscopic wounding. Earlier
studies showed that the absence of the keratin network affects the composition and lo-
calization of desmosomes [193]. In this study we found that other types of junctions are
also affected. For tight junction proteins as occludin and ZO-1, a disturbed localization
at cell-cell junctions was observed 48 h after calcium addition and the proteins were
inhomogeneously distributed along the cell periphery (figure 3.25). In contrast, in WT
cells a continuous signal at the cell periphery was present. For claudin 1 and claudin
4 the localization at junctions of Kty-/- cells was even more perturbed and no elevated
fluorescence signal at the junctions could be detected. These findings suggest that tight
junctions are immature or compromised in Kty-/- cells.
In addition to tight junctions, adherens junctions were also affected in Kty-/- cells (fi-
gure 3.26). The E-cadherin distribution showed an irregular appearance in Kty-/- cells
while in WT cells a continuous fluorescence signal at cell-cell junctions was visible. Also
p120-catenin localization at junctions was impaired in Kty-/- cells, suggesting that the
localization of the full adherens junctions complex is disturbed.
Atomic force microscopy imaging confirmed the impairment of junctions (figure 3.27 A).
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Figure 3.25.: Tight junction protein localization in keratinocyte cells. Fluorescence micrographs showing
the localization of occludin, ZO-1, claudin 1 and claudin 4 in wild-type (WT) and knock out (Kty-/-)
cells. Scale bars: 10 µm. Experiments and image acquisition were performed by Fanny Büchau.

Figure 3.26.: Adherens junction protein localization in keratinocyte cells. Fluorescence micrographs
showing the localization of E-cadherin and p120-catenin in wild-type (WT) and knock out (Kty-/-)
cells. Scale bars: 10 µm. Experiments and image acquisition were performed by Fanny Büchau.

In WT cells the topography of junctions was continuous in height while in Kty-/- cells
distinct elevated structures occurred where neighboring cells were in contact with each
other. Also gaps between neighboring cell membranes were visible which is in accor-
dance with the optical microscopy observations. Deeper structures across the cell body
underneath the membrane were probed simultaneously (figure 3.27 A, zooms). In Kty-/-

cells fibrous structures were present which span the cell. This characteristic could not
be detected in WT cells which showed a homogeneous height profile also across the cell
body.
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To identify these structures, fluorescence stainings showed that indeed the actin architec-
ture was altered in Kty-/- cells (figure 3.27 B). While WT cells showed an increased actin
signal at the cells’ periphery resembling a cortex structure underneath the cell membrane,
Kty-/- cells revealed distinct actin fibers which spanned the entire cell. Concerning mi-
crotubules, no obvious difference in spatial organization of α-tubulin was found (figure
3.27 B).

Figure 3.27.: Impaired junctions and fibrous structures in Kty-/- cells. (A) AFM height scans reveal an
inhomogeneous junction topography in Kty-/- cells while WT cells show junctions which are continuous
in height. Also fibrous structures underneath the membrane of Kty-/- cells becomes visible, which are not
present in WT cells. (B) Fluoresecence micrographs showing the actin reorganization into thick fibers
in Kty-/- cells explaining the structures detected with the AFM. In the microtubule network (staining
for α-tubulin), no obvious change is visible. Scale bars: 10 µm. (B) Experiments and image acquisition
were performed by Fanny Büchau.

Moreover, myosin localization was investigated. For all cells, it mainly co-localized with
actin structures (figure 3.28 A). In WT cells, myosin was homogeneously distributed
at the cells periphery. In Kty-/- cells, the distribution was inhomogeneous and signals
at junctions were only barely visible in fluorescence micrographs. When analyzing the
distribution of active, phosphorylated myosin, the discrepancies between WT and Kty-/-

cells were even more pronounced (figure 3.28 B). Only a spot-like distribution of phos-
phorylated myosin at cell-cell junction position were detected for Kty-/- cells, while in
WT cells the phosphorylated myosin was localized homogeneously across the cells’ pe-
riphery. In summary, keratinocytes lacking the IF network reorganized actin into thick
contractile stress fibers traversing the cell body and showed a mislocalization also of the
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Figure 3.28.: Fluorescence images of myosin localization in keratinocyte cells. (A) Keratinocytes co-
stained for actin and myosin light chain 2 (MLC2) revealing a homogeneous distribution at junctions
only in WT cells but not in Kty-/- cells. (B) Co-staining of actin and phosphorylated myosin light chain
2 (P-MLC2) shows a strong mislocalization in Kty-/- cells compared to WT cells. Scale bars: 10 µm.
Experiments and image acquisition were performed by Fanny Büchau.

actin linked cell-cell junctions comprising tight junction and adherens junctions. Hence,
we hypothesized that with the loss of keratin network and the emergence of this new
phenotype, the characteristics of barrier maintenance and mechanical integrity could not
be maintained within the tissue. To test this hypothesis, we performed functional assays
to probe the integrity of barriers against the environment.

3.5.2. Barrier function is impaired in keratin lacking epidermal
cell sheets

With electric cell-substrate impedance sensing we tested the barrier efficiency of the
cell sheet [175]. This method allows to judge the sealing efficiency of the junctions by
applying an alternating current and monitoring the resulting complex impedance Z due
to current flow through the paracellular space or the membrane. The real part of the
impedance at an in intermediate frequency regime of 200 Hz < f < 5 kHz is indicative for
sealing of the paracellular space by junctions [194] and was evaluated over time. Three
different phases were identified (figure 3.29 A). Before calcium addition, both WT and
Kty-/- cells generated the same low impedance (Phase I named P I) indicative of prema-
ture, leaky cell-cell contacts. Residual impedance originated from cells adhering to the
gold electrodes. Instantaneously after calcium addition, a barrier to ion flux started to
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Figure 3.29.: Electrical cell-substrate impedance sensing (ECIS) measurements reveal a barrier malfunc-
tion due to junction failure upon keratin deficiency. A) Real part of the impedance Z recorded at 1 kHz
as an indicator for junction functionality followed over time for WT (green, N=4), Kty-/- (magenta,
N=4), ‘no calcium’ controls (light green, light magenta, respectively) and empty electrodes (black). B)
Normalized impedance spectra a) directly before calcium addition, b) at start of PIII (start of steady
state in WT cells) and c) at end of PIII (start of steady state in Kty-/- cells) as indicated in A. C)
For fluctuation analysis each individual signal is Fourier transformed (black) and the resulting power
spectrum is fitted with a linear slope (blue).

form in WT cells as inferred from an increase in impedance in P II. At the same time,
Kty-/- cells remained on the impedance values corresponding to those of ‘no calcium’
controls, indicating that no barrier has formed and junction sealing is incomplete for
these cells. Only when WT cells already reached a stable barrier at P III also Kty-/- cells
started to establish a barrier. Upon impedance saturation, lower values were still found
for Kty-/- cells in comparison to those of WT cells. Differences in impedance increase
upon layer formation can be seen for all intermediate frequencies (figure 3.29 B). As
the high frequency regime is mostly dominated by surface coverage and not influenced
by junction formation [194], differences between WT and Kty-/- vanished, therefore in-
dicating that indeed junction formation is the reason for differences in impedance levels
between WT and Kty-/- cells.
Furthermore, a deeper analysis of impedance fluctuations under steady-state conditions
was performed as the signal showed larger fluctuations for WT cells than for Kty-/- cells
(figure 3.29 C). Not only is the variance larger but also the memory of impedance fluc-
tuations is different. The resulting power law dependence ∝ f−β in the power spectrum
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with β being generally between 0.6 and 2.5 is indicative for the presence of a long time
memory effect in the electrical signal [195]; it basically represents the Hurst coefficient
H of the noise (H = (β − 1)/2). A value H in the range 0.5–1 indicates a time series
with long-term positive autocorrelation. This means that a high value in the impedance
time series will probably be followed by another high value and that the expectation
for the future will also tend to be that higher impedance values occur. Values larger
than β > 2 are indicative of fractional Brownian motion. Indeed, the slope in the power
spectrum of WT cells revealed a slope of βWT = (2.02± 0.18) (N=12). This magnitude
in slope indicateed that the fluctuations underlie a memory effect and active noise might
be present. In Kty-/- cells the slope decreased to βKty-/- = (1.75± 0.18) (N=12). In
earlier studies values of around 2 and larger can be found for living cells and different
cell lines while β for the same cells fixed with glutaraldehyde were found to be around
values of less than 1 [195]. This pointed to active contributions at junction regulation
in WT cells while Kty-/- cells showed substantially less activity.
Summing up, also functional analysis of the junctions, in particular the tight junctions,
showed that the barrier function is impaired in Kty-/- cells.

3.5.3. Altered single cell mechanics and inefficient wound
closure in keratin lacking cells

Next, we investigated the mechanical properties of cells in order to find out whether
the change in cytoskeletal architecture mirrored the way cells respond to mechanical
stimuli and to what extent mechanical integrity was compromised in knock out cells. As
keratinocytes are major players in wound healing, we probed these cells with single-cell
wounds. Confluent cell sheets were created by culturing them for 48 h in high calcium
medium before cortices of single cells were scratched with a micropipette leading to a
single-cell wound. Success of the treatment could be inferred from the actin signal in the
harmed cells which was dramatically reduced, indicating a loss of actin structures due to
mechanical destruction of the filaments (figure 3.30 A). In WT cells a keratin network
with only a hole where the micropipette was inserted was still visible, which showed that
the keratin network was able to bear and endure this harsh mechanical treatment while
the actin structures already broke down.
The single-wound assay revealed that defect WT cells retained their shape after woun-
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Figure 3.30.: Micropipette wounding reveals the effects of the changed cytoskeletal architecture. (A)
Fluorescence micrographs including xy and xz projections of actin (red) and keratin 14 (green) in the
wounded cell roughly 20 min after wounding. (B) Phase contrast images with indicated cell outline
1 min after wounding (blue) and 12 min after wounding (red). (C) Individual cell area progression of
defect cells over time for WT (green) and Kty-/- cells (magenta). Normalization was done to the area
shortly before wounding. Scale bars 20 µm.

ding (figure 3.30 B). In contrast, in Kty-/- cells the cell body opened and fragments
got pulled outwards. Also, massive changes in the nucleus appearance became visible.
Detailed size analysis confirmed that the wounded region increased in size in Kty-/- cells
within the first 15 minutes after wounding (figure 3.30 C) while, in contrast, WT cells
started to close the wound by slowly decreasing the area of the wounded cell. This be-
havior might point to a different relaxation process occurring in Kty-/- cells neighboring
the wound early after wounding, compared to the situation in WT cell layers.
Concerning the overall cell mechanics, it was found previously that cells lacking the ke-
ratin network are softer compared to WT cells [72, 113]. However, these were either
AFM measurements on individual and isolated cells or optical stretcher measurements
with round cells in suspension. In this study, the tension model was applied to AFM
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force indentation experiments [8] which were performed on cells grown to confluency
where junctional complexes were built between cells being important for cortical tension
generation [99]. Indeed, we found that the apparent pretension dominated by cortical
tension was decreased in Kty-/- cells (figure 3.31 A) which agreed with the aforemen-
tioned results. The apparent area compressibility modulus dominating large indentation
depths, especially with sharp indenters, was increased in Kty-/- cells (figure 3.31 B).
Probably this was due to the thick actin fibers crossing the cells, which might also be
probed during indentation at large strain.

Figure 3.31.: Comparison of cell mechanics according to the tension model for WT (green, solid line) and
Kty-/- cells (magenta, dashed line). (A) Cumulative histogram of the apparent pretension T̃0 capturing
the resistance to external force at low indentation depth (p <0.001). (B) Cumulative histogram of the
apparent area compressibility modulus K̃A probing larger indentation depths (p<0.001). n = 2441 for
Kty-/- cells and n = 2563 for WT cells.

3.5.4. Loss of mechanical coupling in keratin lacking epidermal
sheets

As collective mechanical integrity and intact cell coupling between keratinocytes is fun-
damental for the function of the skin, both issues were addressed in cells lacking the
keratin network. Recent studies showed that junctional complexes are not only impor-
tant for proper fluid barrier but also they are important for mechanical layer integrity and
tension homeostasis within the tissue [52]. Evidence is increasing that cell-cell junctions
bear loads, transfer forces through the layer [82], and feedback on the architecture of
the actomyosin network (see section 1.4).
Upon mechanical stimulus application during wounding, differences in the mechanical
coupling efficiency between the cells were analyzed. In Kty-/- cells only movements of the
actually scratched cell were visible. In WT cells, movements also in cells and junctions
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considerably further away were detected during micropipette movement (figure 3.32 A)
indicating a mechanical coupling in the cell layer during the stimulus. For Kty-/- cells, no
movement was detected at junctions one cell separated from the stimulus (figure 3.32
B) suggesting that mechanical coupling was compromised. Also, mechanical responses

Figure 3.32.: Cells adjacent to the site of single-cell manipulation respond differently to the micropipette
wounding depending on the presence of intermediate filaments. (A’) Merge of colored (red, green)
phase contrast images taken during micropipette movement of WT cells. Yellow color indicating exact
matching of structures, red image before micropipette movement, green image after movement. (A”)
Light intensity line profiles of the two images at a position of a cell junction one cell away from the
defect (grey bar in A’) indicating junction movement during wounding. (B’) and (B”) Same analysis for
Kty-/- cells during micropipette movement indicating no motion at cell junctions further away from the
stimulus. (C) Cumulative histogram of the apparent pretension T̃0 and apparent area compressibility
modulus K̃A of WT cells neighboring a single-cell defect (red) or in an intact cell layer (black) (both
p < 0.001; n = 2659 (neighbor) and n = 2563 (control)) (D) Cumulative histograms of the same
mechanical parameters for of Kty-/- cells neighboring a defect (red) and control cells in an intact layer
(black) (p = 0.112 and p = 0.288, respectively; n = 2225 (neighbor) and n = 2441 (control)). Scale
bars: 20 µm.

in cells neighboring a single-cell defect were different for cells possessing an intact ke-
ratin network and cells lacking keratin. After defect induction, mechanical changes as
response to a neighboring defect were already detected in MDCK II cells (see section
3.4). This was also the case for WT keratinocytes. Changes to larger mechanical re-
sistance became obvious in both parameters, the apparent pretension and the apparent
area compressibility modulus (figure 3.32 C). In Kty-/- cells however the same single-
cell mechanics were measured in controls cells surrounded by an intact layer and defect
neighboring cells (figure 3.32 D) indicating that the cells did not respond to mechanical
wounding of neighboring cells.
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In summary, not only single-cell mechanics was altered but also coupling between cells
and hence mechanical tissue integrity was disturbed in cells lacking the keratin network.

3.5.5. Insertion of K14 rescues phenotype but not the full
functionality

As seen so far, a complete loss of the keratin network had crucial implications for barrier
formation and functionality, single cell architecture, mechanical homeostasis and elastic
coupling within the layer. In earlier AFM studies it was shown that a K5/K14 rescue cell
line can restore the single-cell mechanics of isolated WT cells [72]. However, in optical
stretcher experiments the creep behavior of rescued cells resembled more closely that of
Kty-/- cells than that of WT cells [113]. Essentially, the question arouse which parts of
the phenotype and functionality observed for Kty-/- cells can be reversed by reexpression
of K5/K14 to match the properties of wild-type cells. From fluorescence staining,
one can conclude that the localization of tight-junction proteins (figure 3.33 A) and
adherens junction proteins (figure 3.33 B) resembled the localization pattern of WT cells.
Continuous fluorescence signals at the site of cell-cell junctions were detected indicating
proper cell-cell contact. Also, the actin cytoskeleton appeared to be more homogeneous
than in Kty-/- cells, most probably building a cortex structure at the cells periphery
(figure 3.33 C). The tubulin distribution seemed to be unaffected by the insertion of
the keratin network and resembled the distribution found for WT and Kty-/- cells before
(figure 3.33 D). AFM topography scans confirmed that no fibrous structures were present
underneath the apical membrane and that the junction topography was not fragmented
(figure 3.33 D). Taken together, the phenotype of junctions and actin of the rescue cells
resembled very closely the one of WT cells. Concerning the barrier efficiency measured
in electrical cell-substrate impedance measurements, an instantaneous barrier formation
was observed in K14 cells after calcium addition as found for WT cells (figure 3.34 A).
Nevertheless, also functional discrepancies to the WT behavior were found in ECIS
experiments. The impedance at 1 kHz at steady-state fell between the one of WT and
Kty-/- cells. From complete spectra it was observed that the increase of impedance
in K14 cells for all intermediate frequencies fell in between the WT and Kty-/- cells
48 h after calcium addition (figure 3.34 B). In the high frequency regime discrepancies
vanished indicating that only frequencies sensitive to junction formation were affected.
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Figure 3.33.: K14 rescue cells show a phenotype which is similar to the one of WT cells. (A) Fluorescence
micropraphs showing that due to insertion of keratin 14, the tight junction proteins ZO-1, occludin,
claudin 1 and claudin 4 relocalize to cell-cell junctions. (B) Also the adherens junction proteins E-
cadherin and p120-catenin can mostly be found at cell junction sites. (C) F-actin in K14 rescue
cells reorganizes into a cortex at the cells periphery and also α-tubulin staining shows a homogeneous
network. (D) AFM height scans confirm a continuous junctions topography and homogenous structures
underneath the apical membrane, resembling a cortex, as in WT cells. (A-C) Experiments and image
acquisition were performed by Fanny Büchau.

Furthermore, fluctuation analysis proved that K14 cells showed the same level of active
noise in impedance measurements as WT cells (with βK14 = (2.07± 0.20) (N=12) and
βWT = (2.02± 0.18), while knock-out cells arrived merely at βKty-/- = (1.75± 0.18)).
Consequently, the ability to form a functioning barrier was only partially restored.
Moreover, the wound size progression after defect induction mirrored the WT behavior
as the wound area is rather constant or even slowly decreasing over time. No relaxation
towards larger gaps as in Kty-/- cells occured upon wounding (figure 3.34 C). Also,
fluorescence imaging confirmed that the artificially inserted keratin network withstood
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Figure 3.34.: K14 insertion partially restores barrier efficiency and mechanical integrity of cell mono-
layers. (A) Real part of the impedance Z recorded at 1 kHz as a representative indicator for junction
functionality followed over time for WT (green, N = 4), Kty-/- (magenta, N = 4), K14 rescue cells
(blue, N = 4) and the empty electrode (black). Shown is the average including standard deviation as
shaded area. (B) Normalized impedance spectra (real part) 48 h after calcium addition. (C) Averaged
cell area changes of defect cells over time for WT (green, N = 4), Kty-/- cells (magenta, N = 9) and
K14 cells (blue, N = 7) including standard deviations (shaded areas). Normalization was computed
with respect to the individual area shortly before wounding. (D) Fluorescence micrographs including
xz and yz sections of actin (red) and (E) keratin 14 (green) after micropipette treatment. (F) Merge
of two colored (red, green) phase contrast images taken during micropipette movement in K14 cells.
Yellow color indicating exact overlay of the two images (red before micropipette movement, green after
movement). (G) Light intensity profiles of the two images at the position of a cell junction one cell
away from the defect (grey bar in (F)) indicating displacement of junctions during wounding. (H,I)
AFM-based mechanical analysis yields the apparent pretension T̃0 and the apparent area compressibilty
modulus K̃A of K14 cells neighboring a defect (red, dashed) and control cells in an intact cell layer
(black, solid). Both p < 0.001, with n = 3932 and 4368 for neighbor and control, respectively. Scale
bars: 20 µm.

the harsh mechanical treatment while actin got disrupted (figure 3.34 D,E).
Furthermore, the mechanical coupling in a K14 cell layer was not completely restored
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compared to the wild-type cells. During micropipette movement, junction movement in
cells further away was detected (figure 3.33 F,G). However, an increase in stiffness of
neighboring cells as a response to wounding as reported for WT cells was not identified
in K14 cells (figure 3.33 H,I).
In conclusion, junction and cytoskeleton functionality could partially be rescued with the
reexpression of K5/K14 in keratinocytes originally lacking a keratin network. The rescued
cells were not fully capable to reestablish an efficient barrier and reach the same level
of coupling as WT cells. The remaining discrepancies might be explained by the lack of
other keratin isoforms or the lower amount of keratin 5/14 in rescue cells compared to
WT cells.
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4.1. Importance of culture conditions on cell
morphology

The cells morphological changes due to different culture conditions were optically charac-
terized (section 3.1). We found abnormal round structures inside the cytoplasm when
MDCK II cells were cultured in medium supplemented with amphotericin B (section
3.1.1). Amphotericin B is used in cell culture experiments without sterile conditions as
it is an antifungal agent [196]. As antifungal agent, it is also used in the clinical context
in patient treatment against fungal infections [197]. However, studies showed that it
has toxic effects in kidney cells of patients [196]. Studies in cell culture systems demon-
strated that amphotericin B disturbs normal ion channel function in MDCK cells [197]
supporting the findings in patient treatment. Especially interactions of amphotericin B
with the plasma membrane are main cause for the associated side-effects [197]. Con-
sequently, it is suggested to avoid the use of amphotericin B, especially in experiments
with the MDCK cell line, which origins from dog kidney.
Furthermore, phase contrast microscopy imaging was used to document changes in
junction appearance of MDCK II cells (section 3.1.1). These changes happened when
the culture medium (according to section 2.1) was not replaced frequently during layer
growth (roughly every 2-3 days, depending on cell densities). It was observed that re-
placing the old medium by fresh medium rescued the normal cell morphology. This led
to the conclusion that either the consumption of essential medium supplements or an
increase in metabolites secreted by the cells most likely caused this problem.
In general, caution should be taken when selecting cell culture medium and supplements,
as it is the most important factor in cell culture [198]. Ingredients can decompose, which
is the case for glutamine [198], or become toxic upon exposure to light. Light exposure
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in general is a critical factor. In our case it led to morphological changes in MDCK
II cells (section 3.1.2). Standard medium ingredients as riboflavin and tryptophan are
known to have phototoxic effects upon light exposure [180]. Moreover, studies exist
for HEPES, a common supplement for experiments without CO2 supply, reporting that
cytotoxic effects may occur [198]. Therefore, exposure to light should be kept to a
minimum.
These results demonstrate that during live cell experiments with MDCK II cells, a de-
tailed observation of the cells’ appearance in phase contrast microscopy can already give
insights into the cells’ state. It is likely that the cells’ biochemical and mechanical state
is affected by the described toxic effects, which might result in uncontrolled and non-
reproducible results when analyzing collective behavior.
In addition, the effect of temperature to protein distribution and cell mechanics were
analyzed (section 3.1.3). It was found that at room temperature and 43 ◦C, actin stress
fibers are barley present. At intermediate temperatures (30 ◦C and 37 ◦C) the largest
amount of stress fibers was detected. Earlier studies found that the extent of actin
polymerisation depends on temperature [199]. The extent of polimerization is low at
room temperature, increases to a maximum located at 42 ◦C and decreases again. This
could explain the low amount of stress fibers we found at room temperature. At higher
temperatures, protein denaturation might happen. For the actin cross-linking proteins
α-actinin and myosin denaturation indeed starts around 44 ◦C [200, 201] which fits to
our microscopy observation at high temperatures.
Temperature also affected the cells’ mechanical properties (section 3.1.3). Especially the
tether force was highly susceptible to temperature changes and decreased with increas-
ing temperature. As tether force can be correlated to membrane tension, which is build
up mostly due to membrane cytoskeleton attachments [8], the linker protein ezrin was
investigated [24]. No obvious changes in the localization of the membrane linker ezrin
were found. Simultaneously, a decrease of the area compressibility modulus and also
a decrease in the apparent pretension was found for increasing temperatures between
room temperature and 37 ◦C.
For the three mechanical parameters which were extracted with the tension model from
AFM experiments, we found good agreements with the literature:
For the area compressibility modulus, this tendency upon temperature increase (between
5 ◦C and 50 ◦C) is in accordance with results from micropipette aspiration experiments
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with red blood cells [202]. Also for the cells’ pretension, a decrease for increasing tempe-
rature (between 22 ◦C and 37 ◦C) was found in neutrophils [203]. However, both values
were determined with different cells which were in suspension and with the micropipette
aspiration technique. AFM experiments on monocytic THP-1 cells confirmed decreasing
tether forces with increasing temperatures (between 16 ◦C and 37 ◦C) [204], coinciding
with our results.
But in other studies using other parameters to describe cell mechanics, deviating ten-
dencies can be found: Sunyer et al. stated that upon higher temperatures (ranging from
13 ◦C to 37 ◦C), human alveolar epithelial cells become stiffer and more solid-like in
rheological experiments conducted with an AFM [205]. Kießling et al. found that in
optical stretcher experiments, MCF-10A breast cells at 37 ◦C are more elastic but at the
same time also more fluid than cells at 25 ◦C or 15 ◦C [206].
Different effects at the molecular level might be temperature sensitive and could con-
tribute to this diverse behavior: Studies which find an increase in stiffness for larger
temperatures attribute this behavior to increased actomyosin activity [205, 206]. At the
same time, protein unbinding rates increase with in increasing temperature, which was
measured e.g. for cytoskeletal protein domains [205] or also the actin-ezrin-membrane
complex [207]. Especially the binding of actin to the membrane is a major contributor to
membrane tension and subsequently the apparent pretension, which we measured in low
indentation regimes with the AFM [8]. Also, a higher membrane fluidity is expected for
larger temperatures due to the increased thermal motion of lipids. The relative amount
of these effects might depend on the specific cell type, but also on the time scales on
which the cells mechanical properties are probed with the specific techniques. For our
cells and setup, we found an overall decrease in all extracted mechanical parameters with
increasing temperatures.
Only at 25 ◦C, the area compressibility modulus and the pretension exhibited an irregu-
larity in the trend. The apparent pretension was lower than values at high temperatures
and the apparent area compressibilty modulus was the highest measured value. This
could be explained with results from earlier studies which showed that at these tempera-
tures a phase transition in the membrane of MDCK II cells happens [208]. So, a drop in
pretension and increase in area compressibility modulus seems to accompany this phase
transition.
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4.2. Junction establishment and onset of collective
behavior during layer growth

It was shown that epithelial cells highly rely on contact to adjacent cells. Junctions were
established very early and once contact between neighboring cells was established the
cells did not separate anymore (section 3.2). Moreover, ZO-1 and E-cadherin localization
was monitored during layer growth: While ZO-1 was localized very early at junctions,
a significant amount of E-cadherin at junctions was only found at later stages. It is
reported from earlier studies that spot-like E-cadherin is required for the early adhesion
(see section 1.2.4). Probably these amounts were beyond our detection limit. Still,
our results fit to the findings of Gumbiner, who found a large fraction of cytoplasmic
E-cadherin [56]. During layer maturation, we found an increase in actin accumulation at
the cells’ periphery and a change of the cells’ height which is in accordance with earlier
studies during layer growth [67]. As contractility at junction sites is a major driving force
in epithelial cell-cell communication (see section 1.5), actin relocalization to growing
cell-cell junctions is a prerequisite to establish such collective behavior.
With the help of substrate patterning, the aim was to force cells in regular contact
geometries with defined cell-cell interfaces (section 3.2.3). As single cells adapted to
the shape of the adhesive areas on the substrate, it was documented that the pattern-
ing method was working well. Also contractile actin fibers arranged according to the
pattern. This observation was in accordance with results from earlier patterning studies
using single cells [209, 210]. Tseng et al. showed that epithelial cell pairs on patterns
(formed like an H) position their junction in dependence of the extra cellular matrix
protein distribution [211]. With our rectangular geometries, two cells on neighboring
adhesive areas formed contact and extended to the adjacent area, leading to a loss of
order. Upon layer growth, the loss of order increased and arbitrary positions across the
pattern were taken. Recent studies might give an explanation to this behavior: Noethel
et al. showed for keratinocytes that vinculin, being present in focal adhesions and ad-
herens junctions simultaneously, might work as a switch between dominant behavior of
one of these adhesion types [90]. They stated, that upon formation of a monolayer, a
mechanosensitive transition from focal adhesions as major signaling hubs to adherens
junctions happens and that this transition is mediated by vinculin. This could explain
our observation that once neighbor contact is established, the guidance by the adhesive
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patches of the substrate gets lost.
Moreover, we found that cell clusters can occupy large non-adhesive areas. For other
types of epithelial cells it was shown that they can build free standing bridges without
any substrate contact underneath [124]. Even though they showed that MDCK II cells
were not able to build these free standing bridges, we demonstrated that MDCK II cells
can form confluent layers over non-adhesive areas.
This approach demonstrated that cells embedded in a layer and having cell-cell interac-
tions do not adapt efficiently to patterned surfaces and cell-cell interactions dominate
the behavior, instead of adhesions to the substrate.

4.3. Classical large-scale wound healing assays

Different strategies were applied to induce wounds and disturb mechanical layer ho-
meostasis in MDCK II cells. A scratch assay and a culture insert assay were used first
as classical large-scale wound healing strategies (section 3.3). In these wound healing
assays, the wounds measured more than 100 µm in width. Earlier studies found that
for these wounds, cell sheet migration takes place and also cells which are not directly
adjacent to the wound respond by specific actin assembly, which indicates collective cell
behavior [144]. With monolayer stress microscopy it was found that stress distributions
at cell-cell junctions are dramatically heterogeneous in migrating MDCK II monolayers
[70]. Especially leader cells at the tip of migration fingers are larger [143] and they
show a higher contractility compared to other cells at the wound border or follower cells
[118]. Additionally, it was found that different wound closure mechanisms exist. Besides
migration, also a supracellular actomyosin cable can be used to close wounds [146]. To
which extent the two mechanisms are used can depend on the stage of wound closure
[151] or also local wound geometry [141].
We found that during closure of wounds created with these essays, the cells’ morphologies
were very diverse (figure 3.16 A-C). Very elongated cells and even cells being detached
from the substrate were found. In case the cells at the wound margin were intact, both
closure strategies of purse string and lamellipodia formation for migration were used by
the cells (figure 3.16 D-F). Concerning mechanical studies it was shown that cell size
and geometry can largely influence the cells’ mechanical behavior even in a confluent
cell layer [164]. Here, the cells are migrating and constantly remodelling over time. This
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leads to very diverse cell morphologies and wound closure strategies as seen in this study.
This diversity most presumably overshadows effects of micro-wounding which is defined
as loss of neighboring cells according to section 2.2. Therefore, classical wound healing
assays were not further taken into account in this study but are still a valuable tool for
analyzing large scale collective behaviors such as cell sheet migration.

4.4. Effects of single-cell defects in MDCK II layers

Parts of the following section (including figure) are published in the article Single-cell
defects cause a long-range mechanical response in a confluent epithelial cell layer [136].
Text is taken either word-by-word or is closely related.
It was found that as response to a micropipette-induced single-cell defect in a MDCK II
cell layer, neighboring cells efficiently close the wound by the well-defined purse string
mechanism (section 3.4.1). Moreover, as response to wounding, a change in their me-
chanical properties was measured (section 3.4.2). We suggest that the increase of the
apical pretension must be evoked by increased actomyosin contractility in the cell cortex
of cells responding to the existence of a neighboring wound. So, not only generation of
contractility in the purse string happens during closure but also in the apical cell cortex.
It is consensus that contractility at the wound margin is a key feature to realize proper
wound closure [153–155]. Also our experiments with the rho kinase inhibitor Y27632
showed that contractility is a prerequisite for proper purse string formation (section
3.4.6). Simultaneously, reinforcement of actomyosin cortex might be due to the co-
herence of the actomyosin cortex supporting the cells plasma membrane at the cell
periphery [212]. As the effect of increased cortex tension was also seen in larger wounds
where the purse string is less dominant, it implies that the contractility of the purse
string might not be the only factor explaining a higher prestress stored in the apical cell
membrane.
Notably, a reduction of cortical tension at cell-cell contacts is required to maintain con-
nectivity and reach homeostasis in a cell layer [52]. This is due to the fact that the
energy gain due to cell-cell-adhesion (e.g. by forming molecular contacts such as those
established by E-cadherins) is not sufficient to enlarge the interfacial area and generate
appreciable adhesion [213]. As cortical tension comprises cell-cell-adhesion [214], it has
to be reduced for proper layer integrity [52]. This can also nicely explain the large pre-
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tension found for front cells at the boundary of a subconfluent cell layer (section 3.4.3).
Here, the tension is largely increased as no layer homeostasis can be established at this
point. Along the same line, disturbing layer integrity by inducing a single-cell wound
seems to disturb homeostasis and leads to a shift in the mechanical phenotype towards
increased cortical tension. This goes also in line with earlier studies showing the same
effect, e.g., for the epithelial-to-mesenchymal transition [188]. There, a mesenchymal
cell displays much larger cortical tension compared to an epithelial phenotype.

Figure 4.1.: Schematically visualized spatial extension of mechanical changes. A manually skeletonized
image shows the affected cells of the single-cell defect, with their assigned shell numbers, before (gray)
and 60 min after (red) wounding of the center cell (X). Scale bar: 20 µm.

Also, the presented findings suggest that a confluent epithelial cell layer mechanically
responds in a collective manner to micro-wounding (section 3.4.4). This mechanical be-
havior of the unperturbed neighbors points towards a mechanical syncytium rather than
an assembly of individual cells (figure 4.1). For larger wounds alterations in cells further
away were already reported [125], however, in this study the wound is small, namely
on the size of a single cell. How exactly tension is transmitted to cells far away from
the defect is still unclear. Both the action of an actomyosin purse string and crawling
cells dragging their neighbors towards the wound are conceivable factors to increase the
tension in the apical sheet. In any case, cell-cell contacts such as adherens junctions
are prime candidates to explain the long-distance transmission of stress: it was shown
that long-scale interactions depend on the functionality of cell-cell junctions [121] and
apical-lateral junction contractility is fundamental for proper cell layer homeostasis [215].
The force-activated enhancement of cell-cell junctions and cadherin-cytoskeletal inter-
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actions might be a key factor for signal transduction via cell-cell junctions [80, 83, 86].
Experiments from this study where E-cadherin was either fluorescently tagged in living
cells or stained in fixed cells showed an increased signal around the defect cell within
the first 20 minutes after wounding (section 3.4.6). This shows that a relocalization of
E-cadherin indeed happens after single-cell wounding. Mechanical changes, however, are
long-lasting and also detectable further away from the wound which can not be explained
by the observed E-cadherin appearance. Also, traveling stress patterns inside the layer,
mediated by cell-substrate adhesion complexes, seem to be involved in epithelial wound
healing on elastic substrates [120, 151]. As both of the adhesion complexes, to the
substrate and to neighboring cells, seem to be tightly coupled in a cell layer [216, 217],
both adhesion mechanisms might be involved at the same time during wound closure.
Moreover, chemical signaling through GTPase activity at cell-cell junctions during wound
closure points to a junction mediated coupling between neighbors [218]. Another factor
are traveling calcium waves, which were observed after wounding [191, 219] and can
induce F-actin reorganization [220] after wounding. We also found calcium responses
after single-cell wounding but these were within the first two minutes after wounding
and hence took place only at the onset of wound closure (section 3.4.6). The calcium
wave was able to travel over several cell widths accounting for the spatial outgrowth of
the mechanical response, but the wave alone can not explain the mechanical response
in the cells’ cortex measured over longer times.
Summing up, these results suggest that the mechanotransduction is relayed over large
distances within an intact cell monolayer. Cortical tension might be used by the cell
layer as a source of information to prompt a large number of cells helping to close the
wound. This far-reaching mechanical effect distributes the burden of single-cell wound
closure over many cells.

4.5. Impact of keratin deficiency on mechanical
homeostasis in keratinocyte cell sheets

Parts of the following section (including figure) are published in the article An intact
keratin network is crucial for mechanical integrity and barrier function in keratinocyte
cell sheets [192]. Text is taken either word-by-word or is closely related.
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The importance of the keratin network for a mechanical homeostasis in epithelial cell
layers was demonstrated (section 3.5). It was shown that its absence not only affected
desmosomes but also tight junctions and adherens junctions were affected (section 3.5.1).
Junctional proteins revealed a relocalization and subsequently a reduced barrier efficiency
of the cell layer was measured. Most strikingly, the cells’ contractile elements rearranged
and thick stress fibers arose that spanned the keratin lacking cells. This change in the
individual cell contractility pattern can explain most of the presented findings during and
after wounding.
It is known that adherens junctions and tight junctions can be regulated by the actin
cytoskeleton [221]: Force positively influences adherens junction size [80] and we saw
that junctions in Kty-/- cells only form at the tips of the fibers. This leads to an irregular
adherens junction-associated protein distribution along the cell-cell junction.
Also for tight junctions, it was shown that actin regulates the barrier efficiency in epithe-
lial cells due to contractile force applied at the junctions [98] which can even influence
tight junction positioning within a tissue [59]. Also establishment of adherens junctions
and tight junctions is locally coupled (see section 1.2.4). If intracellular applied force
at junctions is very localized to distinct spots and consequently irregular positioning of
junctions occurs, a loss of barrier functionality as seen in ECIS experiments can be ex-
plained (section 3.5.2). Moreover, a loss of memory in the impedance signal points to
a less coordinated regulation of junctions over time, which can origin from an impaired
actomyosin contractility. Since we found that the noise in the impedance signal gener-
ated by the barrier is rather Gaussian and therefore uncorrelated compared to the WT
cell layer, absence of concerted action of actively applied forces can be assumed in Kty-/-

cells.
A tight regulation of contractile and load bearing elements is crucial for single cell
mechanics and also collective cell mechanics. According to the tensegrity model, a com-
posite network of filaments with different mechanical properties build up a flexible but at
the same time mechanically stable three-dimensional architecture inside individual cells
[103].
We suggest that with the rearrangement of contractile actomyosin inside the cell, the
cells try to compensate for the loss of keratin filaments to maintain mechanical homeo-
stasis: keratin filaments prevent the cells from rupture upon large strain, which actin
cannot compensate due to different filament mechanics [111]. This was also seen du-
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ring wounding, where mechanical load in WT cells was transmitted to neighboring cells
using junctions further away from the actual micropipette movement (section 3.5.4).
In Kty-/- cells this mechanism is suppressed and only individual cells have to cope with
local mechanical disturbance which can result in increasing gap formation at junctions
or complete rupture. As these cells are able to spread, grow and form junctions, some
kind of mechanical homeostasis necessary for survival is established also in these keratin
lacking cells. However, due to wounding with a micropipette and subsequent loss of actin
filaments, the contractility in one cell was externally disturbed. Then Kty-/- cells were
not capable to rely on established procedure for wound closure and the void increased
resulting eventually in rupture of the cell layer (section 3.5.3).
In general, it could be demonstrated that epithelial cells in a homogeneous homeostatic
layer are in a pretensed state [52] and upon large scale wounding the tissue locally relaxes
as indicated by an initial increase in wound size [125]. However, upon single-cell woun-
ding neither MDCK II cells nor WT keratinocytes showed an increase in the gap directly
after wounding, as found for Kty-/- cells (section 3.5.3). Therefore, we hypothesize that
Kty-/- cells are even under a larger pretension which is released upon micropipette woun-
ding and loss of contractile fibers.
The idea can be illustrated with a spring model accounting for actomyosin contractility
(figure 4.2): In Kty-/- cells, tensed mechanical springs are arranged in series, where one
spring symbolizes a single contractile bundle which is connected to a neighboring spring
at spots where cell-cell junctions are perpendicular to the cell boundary. If all springs
inside one wounded cell (X) fail instantaneously, the springs in neighboring cells recoil to
a new resting length and the wound area increases consequently. In WT cells, however,
a well-connected homogeneously contracted cortex exists which stabilizes the layer even
upon loss of all contractile elements inside one cell. Probably, intermediate filaments act
as shock absorbers that slow down initial relaxation upon wounding.
Hence, in WT cells the junctions stayed local upon wounding before a slow closure pro-
cess started. Here, the neighbors were even able to strengthen their cortex, which was
inferred from the increased mechanical pretension in AFM experiments (section 3.5.3).
K14 rescue cells did not exhibit characteristics of either Kty-/- cells or WT cells but often
showed an intermediate behavior (section 3.5.5). Junctions and cortex were more homo-
geneous than in Kty-/- cells and micropipette movements were transmitted throughout
the layer. Also, the cells exhibited a reduced contractility compared to Kty-/- cells as
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Figure 4.2.: Schematic model of the wound response in Kty-/- cells and WT cells. Actomyosin in Kty-/-

cells is bundled into thick fibers spanning the cell as indicated by springs. Only at the end of the
fibers, cells are connected via cell-cell junctions. In WT cells a contractile cortex exists lining the cell.
Intermediate filaments (green) are distributed inside the WT cells acting as shock absorbers. Cell-cell
junctions with this architecture can be distributed all over the cells’ periphery. Upon wounding and
hence loss of contractile filaments inside one cell (X), different responses occur: In Kty-/- contractile
filaments release tension, shrink to a shorter resting length which leads to a wound increase (red). In
WT cells forces are distributed more evenly so that stable junction positions and resting lengths of the
contractile filaments are possible.

indicated by the wound size progression. These characteristics more resembled the WT
cell behavior. However, tight junction regulation was still altered compared to WT cells
as seen by ECIS measurements and the coupling was less pronounced, pointing to per-
sisting discrepancies to WT cells. One reason might be that the keratin pair K5/K14
is present to a lesser extent in rescue cells than in WT cells [113]. Also, other keratin
isoforms are not or less present than in WT cells. So, the overall keratin amount is lower
in rescue cells than in WT cells, which can explain the incomplete rescue of functionality.
The general hypothesis is that due to lack of keratins, the actin cytoskeletal structure
changes to maintain a stable mechanical phenotype by contractile elements spanning
the cell. As force positively influences E-cadherin recruitment and subsequently junction
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size [80], this could promote junction formation only at the ends of thick actomyosin
fibers. This hypothesis could explain the mislocalization found for junctional proteins
leading to impaired cell-cell adhesion. However, also direct mislocalization of junctional
complexes and subsequent recruitment of actin to distinct spots at the cells periphery
would result in the same phenotype observed here. So, different signaling mechanism
might be plausible which lead to this new phenotype.
Still, with this new mechanical phenotype, the cells are vital as also seen in earlier stu-
dies [72, 73, 113]. However, this phenotype with increased contractility and fragmented
junctions is very fragile. The junctions cannot efficiently seal the monolayer and the me-
chanical integer behavior of the layer is lost. This highlights the importance of keratin
IFs for tissue function and mechanical homeostasis in keratinocyte cell layers.
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In this study, epithelial cells were characterized during layer formation and critical culture
conditions. This allowed to monitor the onset of collective behavior and prerequisites for
proper layer function. It was shown that cell-cell junctions dominate the cells behavior
from an early stage of layer formation. They mature over time and allow the cell to build
a large functioning collective. For live experiments, it was important to characterize the
cells behavior upon different culture conditions such as media supplements and tempe-
rature. These experiments showed that cells are highly susceptible to these conditions
and that they can influence the cells’ mechanical properties.
With the new approach of micro-wounding, homeostatic conditions in a confluent cell
monolayer were locally destroyed. Monitoring the wound responses in such a reduced in
vitro system, allowed to gain a further understanding which contributions are prerequisite
also for complex macroscopic wound healing. In MDCK II cells, single-cell wounds on
the size of ≈20 µm in diameter lead to striking effects. Defect neighboring cells which
close the wound also exhibit an increased pretension. Even though the perturbation is
small, precisely on the size of a single-cell, far-reaching effects can be measured also
in several tens of microns away from the defect. This far-reaching signal transduction
is most probably mediated by the cells mechanosensitive elements as cell-cell junctions
and the cytoskeleton. This study demonstrates that collective behavior is not only re-
stricted to large scale phenomena such as migration but also small disturbances as in
micro-wounding elicit a coordinated response.
We hypothesized that tension generation inside the cells and the layer is an important
signal triggering the collective response after micro-wounding. This was supported by
analyzing the interplay between actomyosin and the intermediate filament network in
homeostatic conditions and after micro-wounding in keratinocytes. In keratinocytes ar-
tificially lacking the keratin network by gene engineering, a new mechanical phenotype
arises to compensate the loss. As a result, a barrier dysfunction and junction mislocal-
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Figure 5.1.: The collective mechanical behavior of epithelial cells was analyzed in this study. Aspects
of layer formation, culture conditions and barrier functionality to characterize collective mechanical
behavior are investigated. Furthermore, the method of micro-wounding was applied to analyze micro
wound healing and the importance of collective behavior for wound closure. This wounding method
further allowed to decipher cytoskeletal contributions and the importance of layer integrity and collective
behavior in wound closure.

ization occurs. With the micro-wounding technique we showed that these cells loose
functional layer integrity which ensures proper wound response in wild-type cells. A me-
chanism was proposed, which relies on an altered tension distribution within these cells
compared to cells containing an intact keratin network. With the tension distribution
inside the keratin-lacking cells, layer functionality and the response to wounding gets
lost. These findings highlight the importance of the intermediate filament network and
subsequently well-controlled single-cell mechanical properties in cell layer homeostasis.
A more general approach for the future would be the use of 3 D cell culture as also
epithelial cells in the body build a multilayered system. This approach would go more in
direction of the in vivo situation. Three dimensional cell culture systems are more and
more advancing and will help to tackle more complex questions of proper cell function
in the human body [222, 223]. Most presumably, collective behavior in three dimensions
will change because adhesion complexes are build and located differently [224] and stress
patterns across cells will change in a three dimensional tissue. Then wounding would
become a three dimensional process where several cell layers are affected and have to
respond. Moreover, co-culture of different cell lines would be useful to mimic the in
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vivo situation even more closely, as several cell types are involved in macroscopic wound
healing in nature.
Adding more complexity to in vitro studies will help to understand collective behavior
also in larger structures such as tissues or organs. Still, a lot of research with reduced
systems is necessary to finally complete the picture of wound healing and collective phe-
nomena in organs or even the human body.
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A. Appendix

Mechanics during single-cell defects

Figure A.1.: The apparent area compressibility modulus K̃A does not consistently change in cells neigh-
boring a single-cell defect (red, dashed) compared to cells in an undisturbed layer (black, solid) indi-
cating that this parameter is not affected by this stimulus. Shown are the cumulative probabilities of 7
independent experiments.
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Figure A.2.: The apparent pretension T̃0 shows a consistent change in cells neighboring a single-cell
defect (red, dashed) compared to cells in an undisturbed layer (black, solid) indicating that this pa-
rameter is highly affected by this stimulus. Shown are the cumulative probabilities of 7 independent
experiments and the histograms as inset.
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A. Appendix

Figure A.3.: The tether rupture force does not consistently change in cells neighboring a single-cell defect
(red, dashed) compared to cells in an undisturbed layer (black, solid) indicating that this parameter is
not influenced by this stimulus. Shown are the cumulative probabilities of 7 independent experiments
and the histograms as inset.
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