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Abstract

Upon myocardial infarction, the natural healing response triggers the fibroblast-to-

myofibroblast transition (FMT). Through this process, fibroblasts acquire a myofibro-

blast phenotype by which they present increased mobility, contractility, and capacity

to produce components of the extracellular matrix. These factors contribute to their

migration towards the injured site and their effective participation in scar formation.

However, the FMT involves a stringent regulation of the mechanics of the cellular cy-

toskeleton and, therefore, of the dynamics of the actomyosin cortex upon directed cell

migration.

As actin nucleators, formins are therefore of central relevance in the study of the

interplay between collective wound healing dynamics and cortical adaptations. In this

thesis, the role of formins is quantified by comparing the behavior and properties of

wild type NIH 3T3 fibroblasts against those of mutant lines with deletions of the formin

isoforms mDia1, mDia3, and of their combination. Atomic force microscopy (AFM) is

employed to retrieve, in accordance to the Evans model, the prestress, area compress-

ibility modulus and fluidity of single cells presenting different degrees of cell adhesion,

hence mimicking different stages of the initial chemotactic migrating process. In parallel,

the Electric Cell-Substrate Impedance Sensing (ECIS) device, in combination with flu-

orescence microscopy, is used to determine the wound closure dynamics of the different

cell lines. Recovery kinetics are analysed in terms of the parameters derived from the

passive electrical properties of the cell layer, namely: surface coverage, cell membrane in-

tegrity, cell-cell and cell-substrate morphology. Changes in the biological activity linked

to formin modulations are further quantified via variance-, micromotion- and detrended

fluctuation analysis of height oscillations in the cellular ventral membranes. Finally,

recent studies have suggested that fibroblasts could close voids via purse-string contrac-

tion, mechanism traditionally ascribed to epithelial cultures. To test their capability to

do so, fibroblast recovery on planar wounds of different sizes is analysed.

Thereby, in this thesis it is shown that the roles of the formins mDia1 and mDia3



are essential to maintain the structural integrity of the cortex. Upon initial adhesion,

fibroblasts fluidise to allow cellular spreading; once stabilised, prestress increases to

maintain structural integrity. Formin deletions lead to structural defects in the cortex

that are reflected in significantly delayed recovery dynamics upon wound formation.

While mDia1 is central in migration and thus recovery kinetics, mDia3 is necessary for

re-establishing mechanical integrity of the cortex. However, wound closure can still be

initiated in their absence. Finally, based on wound size, two regimes are identified in

the closure kinetics; according to fluorescence imaging, the fastest may be provided by

purse-string contraction.
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Nomenclature

AFM Atomic Force Microscopy

Arp2/3 Actin related proteins 2 and 3

BE Bare electrode

Cad Cadherin

CM Cardiomyocyte

CVD Cardiovascular disease

Cx43 Connexin 43

Cx45 Connexin 45

DAD Diaphanous auto-regulatory domain

DFA Detrended fluctuation analysis

DID Diaphanous inhibitory domain

dKo Double knock-out fibroblasts

DMEM Dulbecco’s modified Eagle’s medium

DRF Diaphanous-related Formins

ECIS Electric Cell-Substrate Impedance Sensing

ECM Extracellular matrix

ELC Essential light chain

F-actin Filamentous actin

Fb Fibroblast

FBS Fetal bovine serum

FFT Fast Fourier transformation

FH Formin-homology domain

FMT Fibroblast-to-myofibroblast transition

G-actin Globular actin

GDA Glutardialdehyde

IF Individual fitting routine for the Evans model

mDia1 mDia1 single knock-out fibroblasts

mDia3 mDia3 single knock-out fibroblasts

NA Numerical aperture

NAd Nascent adhesion

NIH National Institutes of Health in Bethesda, Maryland (USA)

PE Pre-exposure

PEG Polyethylenglycol

PSD Power spectral density

RGD Arginyl-glycyl-aspartic acid moiety

PW Pre-wounding

SCFS Single-cell force spectroscopy

SF Serial fitting routine for the Evans model

SI Supplementary information
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SMIFH2 Small molecular inhibitor of formin FH2 domains

SNR Signal-to-noise ratio

TGF-β Tumour growth factor β

TNF-α Tumour necrosis factor α

WT Wild type fibroblasts

WASP Wiskott-Aldrich Syndrome protein

α-SMA α-smooth muscle actin

Experimental parameters

AFM-related

E Young’s modulus

KA Area compressibility modulus

T0 Cortical prestress

β Fluidity coefficient

ECIS-related

Cm Membrane capacitance

fSNR Frequency of optimal SNR or optimal frequency

R Recovery rate

Rb Cell-cell resistance

SPSD PSD slope

t1/2 Recovery half time

Var Variance

Zim Imaginary part of the impedance

Zreal Real part of the impedance

α Cell-substrate distance sensitive parameter

αDFA DFA slope
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Chapter 1

Introduction

Cardiovascular diseases (CVDs) represent, today, the leading cause of death worldwide.

From these, 85 % are consequence of strokes and heart attacks [1], thus carrying a large

social and economic cost. The impact of CVDs is further magnified by the consequences

associated to a natural healing response that, upon myocardial infarction, results in-

sufficient: following recovery, the properties of the scar tissue differ from those of the

healthy organ, hence increasing its vulnerability. Fibrous areas can act as insulators [2] or

perturb wave propagation [3], thus disrupting the transmission of the electrical impulses

that cause heart contraction. Simultaneously, tissue contractility can result negatively

affected due to increased stiffness in scar regions [4]. Furthermore, a deregulated healing

response can lead to fibrosis or even cancer development [5].

These starkly negative consequences underline the need of building up basic knowl-

edge and developing better biomedical strategies to improve the natural wound healing

response in cardiac tissue. To this purpose, large benefits could derive from better

understanding the progression of the natural process. Upon tissue necrosis, several

mechanisms concatenate in order to re-establish tissue homeostasis. During its course,

cardiac fibroblasts undergo a phenotypic adaptation referred to as the fibroblast-to-

myofibroblast transition (FMT) [6], through which they can express large amounts of

extracellular matrix (ECM) components [7] and effectively contribute to scar formation.

The adaptation involves transient increased mobility, cytoskeletal re-organization and

expression of α-smooth muscle actin (α-SMA), increased formation of cell-cell contacts,

and contractile behavior [8]. Accordingly, it is strongly linked to both cortical mechanics

as well as environmental geometrical cues.

Due to the increased migration capabilities and cytoskeletal re-organization, myofi-

broblasts require a stringent regulation of the elements constituting the cellular architec-
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ture. In this regard, the actomyosin cortex becomes especially relevant. The cortex is a

densely cross-linked actin mesh that, by action of myosin II motors, presents a compliant

but contractile structure [9]. It is located underneath the cell membrane, to which it is

connected via several anchoring proteins [10], and provides the cell with resistance to

external deformation. The regulation of the cortex is essential for fundamental cellular

processes such as cell division, migration, adhesion and differentiation [11]. Cortical

dynamics are determined by myosin-mediated contraction but also by the structure of

the actin mesh. Accordingly, the role of actin polymerising factors, such as formins or

the Arp2/3 complex, is of central relevance both to cortical mechanics as well as to the

study of the healing dynamics of cardiac fibroblasts.

Formins modulate the cytoskeleton by nucleating and elongating actin filaments [12],

but can also regulate microtubule dynamics [13]. Within the formin family, composed by

15 members in mammals [13], Diaphanous-related formins (DRFs) are a major subgroup.

DRFs are characterised by the ability to establish auto-inhibition through the interaction

between their Diaphanous inhibitory (DID) and Diaphanous auto-regulatory (DAD)

domains. This interaction can be disrupted by the action of Rho-like GTPases, molecular

switches that participate in the regulation and coordination of several signal transduction

pathways related to cytoskeletal organisation [14, 15]. Research on mutants devoid of

Diaphanous-related formin-1 (mDia1) and mDia3 in model amoeba and melanoma cells

has shown that their absence negatively impacts cellular motility in a cooperative way.

In addition, the deletion of one of the formin forms induces compensatory over-activation

of other family members, hence underlining their fundamental role, reflected as well in

the trans-species evolutionary conservation of formin structure and functionality [16].

In vitro research on fibroblast cultures has identified active cell crawling as their

mechanism of wound re-colonisation [17], characterized by the appearance of leader cells

that migrate towards the injured site via lamellipodia formation [18]. However, the use

of purse-string contraction, believed to be exclusive of epithelial wounds, has also been

recently observed in fibroblasts when forming free-standing bridges in order to overcome

up to 300 µm wide voids [19]. The purse-string mechanism depends on the formation of

supracellular actomyosin cables at the wound periphery to promote closure by collective

cellular contraction [20]. These actin cables have also been detected in the advancing

front of fibroblast tissue growing in 3D clefts [21]. In contrast, using a 3D bioengineered

culture system, M. S. Sakar et al. observed that fibroblasts are able to restore open gaps

in the absence of actin cables via the combination of force-dependent tissue contraction,

cell migration around the wound edge, and de novo synthesized fibronectin scaffolding

[22]. Together, these diverse findings illustrate the need of better understanding the
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capabilities of cardiac fibroblasts upon injury and, as studied in the present thesis, of the

interplay between formin-dependent wound closure and the spreading state-dependent

cortical mechanics.

Thesis objectives

To address this need, this thesis investigates the wound healing dynamics of migratory

NIH 3T3 fibroblasts, the cortical adaptations involved in the corresponding adhesion-

deadhesion cycle, and the role that formins fulfill in this interplay. Within this frame,

four research questions are tackled:

I. How do the rheological properties of the actomyosin cortex adapt during

cell adhesion?

During cell migration, the cellular body polarises and protrusions such as lamellipodia

and filopodia are formed at the advancing front. Subsequently, new adhesions are es-

tablished while those at the rear are disassembled to allow the retraction of the trailing

edge [23]. To study the cortical adaptations stemming from the continuous adhesion

and deadhesion cycles within the migration process, three experimental setups are pre-

pared in order to mimic discrete phases of the cellular displacement based on the type of

cell-substrate interaction. Accordingly, single cells are cultured on substrates promoting

different degrees of cell adhesion. In these scenarios, the properties of the cell cortex

are obtained by analysing the cellular response to compression-relaxation experiments,

performed via atomic force microscopy (AFM), according to the Evans model [9]. Before

proceeding with its application, however, the experimental and analytical limitations of

the Evans model are explored.

II. What is the role that mDia1 and mDia3 play in the regulation of the

cortical adaptations upon (de)adhesion?

Following the methodology described above, the behavior of wild type NIH 3T3 fibro-

blasts is compared to that of modified cells lacking the formins mDia1, mDia3, or their

combination; the corresponding cell lines are referred to as mDia1, mDia3 or dKo (dou-

ble knock-out) cells. In addition, comparison is established between the behavior of

these clones and the impact of the general formin inhibitor SMIFH2 [24] on wild type

fibroblasts.
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III. How is the activity of formins impacting the motile capabilities of fibro-

blasts during cell migration?

In the ambit of in vitro wound healing studies, the Electrical Cell-substrate Impedance

Spectroscopy (ECIS) device, based on the detection of the passive electrical properties

of adherent cells, has been extensively adopted in literature [25, 26, 27, 28]. The ECIS

can cause reproducible wounds that result circumscribed by the surface of the electrodes

embedded in the culture material. In parallel, it can measure the complex impedance Z

generated by the insulating properties of cells when exposed to an AC electric field as

a function of time. Analysis of the resulting frequency spectra can provide information

on the surface coverage, cell membrane integrity, cell-cell and cell-substrate morphology,

and cellular motility of the cultures [25, 26]. Information on cellular viability, and thus

metabolic activity, can also be obtained through the analysis of minuscule fluctuations

in the height of cellular ventral membranes [29]. Due to these features, the ECIS is here

employed to analyse collective cellular dynamics upon wound formation on monolayers

of wild type fibroblast, but also of mDia1, mDia3 and dKo cells.

IV. Are fibroblasts able to close wounds via the purse-string mechanism, and

is gap size a relevant geometrical trigger?

The cellular mechanism employed in epithelial wound closure is regulated by a number

of factors. Throughout different tissues, wound size has been regarded as an important

determinant: while epithelial leader cells initiate re-colonisation of large wounds (over

several cell sizes), smaller gaps in the range of tens of microns are predominantly closed

via purse-string contraction [30]. Accordingly, ECIS-based wound healing assays and

fluorescence imaging of the cellular architecture are combined, upon the formation of

wounds of varying diameter, in order to determine the closure mechanism used in the

process.
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Chapter 2

Background fundamentals

2.1 Cardiovascular diseases

Cardiovascular diseases (CVDs) are, to date, the leading cause of death worldwide and

irrespective of sex. As illustrated in figure 2.1, they encompass a large number of affec-

tions and in 2019 alone, they caused 32 % of all global deaths; from those, around 85 %

were consequence of strokes and heart attacks [1, 31]. Early misdiagnosis of the latter,

which affects nearly 1 out of every 3 patients of acute myocardial infarction1, inevitably

leads to a higher mortality rate; herein, women are 50 % more likely to be misdiagnosed

than men [33]. Consequently, CVDs have a large impact in the worldwide economy with

an estimated total cost of e210 billion per year in the European Union alone [34].

2.1.1 Targeting CVDs

Given the impactful cost that CVDs represent both economically and personally, it is not

surprising that a wide range of strategies have been developed, and are being developed

today, in order to target the affections of the blood vessels and the heart.

Although they may be combined, regenerative strategies can be broadly categorised

into those based on the use of biomaterials, and into those involving paracrine [36] or

cellular therapy. The former, which comprise organ and tissue decellularisation [37], 2D

or 3D scaffolds, hydrogels, and bioprinted tissue constructs [38], are mostly applied in

1The longer a heart attack is left undiagnosed and untreated, the more the heart muscle can be
irreversibly damaged. Ultimately aiming to contribute to the eradication of CVDs, it is within the scope
of this thesis to disseminate the symptoms of myocardial infarction, which include: pain or discomfort
-over days or weeks- in the chest and upper abdomen, in one or two arms or shoulders, in the space
between shoulder blades, jaw, neck and back; shortness of breath, dizziness and sweating; persistent
tiredness, nausea, vomiting and fear [32].
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Figure 2.1: Types of heart diseases. Based on the affected location, CVDs can be broadly classified
amongst those involving the blood vessels, such as coronary artery disease or stroke, and those directly
impacting the heart. Diseases of the vasculature can ultimately transfer to the heart through infarction.
Source: Sprint Medical [35].

order to prevent organ failure progression, addressable only via heart transplantation. In

contrast, approaches based on paracrine therapy, thus involving the introduction of stem

cells or trophic factors -such as cytokines, growth factors or chemokines- that may elicit

a response or the reprogramming of native cells, have a larger potential in preventing

the appearance of CVDs in the first place [39]. However, these approaches require the

development, in parallel, of fitting delivery techniques: while the use of extracellular

vesicles is suitable for proteins, mRNA or lipids [40], the introduction of stem cell po-

pulations demands delivery systems based on pre-formed patches or injectable hydrogels,

which result more invasive and have, to date, difficulties in reaching clinical trials [41].

Beyond the biomaterial/paracrine categorisation, recent years have seen the devel-

opment of a novel third strategy: synthetic cells. This specific branch of synthetic biol-

ogy aims to reverse-engineer and recreate a particular biological function using minimal

biomimetic components: a compartmentalising body such as a giant unilamellar vesicle

(GUV), and a specific proteinic cocktail to carry out the desired function [42]. Resolv-

ing an automated and high yield production of synthetic cells, microfluidic devices are
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primarily employed, which additionally allow a fine control of size distribution and the

formation of internal compartments within synthetic cells [43, 44]. Furthermore, they

are compatible with a number of chemical compositions, relevant for the functionality

of the synthetic constructs: while lipid-based vesicles closely resemble biological cells,

they are relatively sensitive to the presence of multivalent cations and to pH changes; in

contrast, polymersomes, formed by amphiphilic block copolymers, are more stable but

simultaneously restrictive in the encapsulation of biomolecules. Accordingly, a compro-

mise between their properties is often desirable, and microfluidic technology can allow

this via the synthesis of GUVs that are temporarily stabilised with polymersomes, thus

providing them with mechanical integrity for the duration of their functionalisation [45],

the decoration of the synthetic membranes with re-constituted proteins [46], or the for-

mation of organelles [43]. Advancements in this direction can provide synthetic cells

with adhesive molecules to promote mechanical coupling, connectivity to enable com-

munication, and energy sources to drive the system out of equilibrium. Accordingly,

they are key in achieving a higher organisational level via the self-association of indi-

vidual synthetic cells: synthetic tissues or living foams (Fig. 2.2). Such hybrid tissues,

deliverable as injectable composites or extrudable scaffolds, have the potential to provide

support to a wounded tissue while the synthetic cells promote the healing response [47],

and therefore hold great promise in the targeting of CVDs.

Figure 2.2: Synthetic cells and living foams. Synthetic cells are composed of a compartmentalising
body (minimal cell compartment; MCC) that presents re-constituted proteins to provide them with
structure (actin, myosin), connectivity (cadherin), communication (connexin) and an energy source to
drive the system out of equilibrium (ATPase). By interacting with each other, synthetic cells form living
foams that could be used for different therapeutic purposes.
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2.2 Cell populations of the heart

In a lifetime the heart beats, on average, more than two billion times. An intricate

interplay between the mechanical forces and electrical signals is therefore necessary to

ensure the controlled contraction of the organ. Inevitably, this is reflected in the cellular

composition of the heart (Fig. 2.3), formed by cardiac fibroblasts (Fbs), cardiomyocytes

(CMs), smooth muscle cells (SMCs) and endothelial cells (ECs). Fibroblasts are the

most common cells and major producers of extracellular matrix (ECM) in the organ,

thus providing it with scaffolding. Cardiomyocytes, on the other hand, are contractile

and, despite representing only the 30 % of the heart population, constitute 70 % of its

weight due to their large size. Less abundant are SMCs, which support the vascular

system, and ECs, which form the interior lining of tissues such as the cardiac valves

or blood vessels [48]. Despite recent studies contesting the percentiles in the precise

distribution of cell populations [49], the relevance of fibroblasts and cardiomyocytes is

undeniable for the specific function of the heart.

2.2.1 Cardiac fibroblasts

Despite being one of the most prevalent cell types, fibroblasts remain, to date, poorly de-

fined. Such contradiction arises from the fact that there is an absence of distinguishable

markers to track them. Incidentally, any stromal cell that lacks the biological markers

for a more specific mesenchymal lineage falls within the ‘fibroblast’ category [51]. Mor-

phologically, fibroblasts are generally described like elongated spindles with numerous

cytoplasmic projections. As stromal cells and major producers of extracellular matrix,

they are present in connective tissues and provide structure to their surroundings. How-

ever, they also express collagenases that allow degradation and thus remodelling of the

surrounding ECM [52].

One of the most interesting features of fibroblasts is their inherent plasticity: they

are able to alter their function or physiology based on the environmental cues and, as a

matter of fact, they are largely heterogeneous depending on the tissue of origin [51]. It is

in the specific ambit of cardiac wound healing, however, that fibroblasts show one of their

most dramatic adaptations: the fibroblast-to-myofibroblast transition (FMT). Besides

the mesenchymal–epithelial transition (MET) [53] and the reverse process (EMT) [54],

the FMT, described below, is probably the most studied fibroblast adaptation.
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Figure 2.3: Cell populations of the heart. Through the four chambers that form the heart, several cell
types co-exist. Cardiomyocytes and fibroblasts constitute the larger populations, respectively providing
the organ with contractility and structure. While the vascular system is mostly constituted by smooth
muscle and endothelial cells, the epicardium hosts the precursors of the vascular and cardiac fibroblasts.
Pacemaker cells are specialised cardiomyocytes that generate the electrical impulses at the sinoatrial
node (SAN). Purkinje cells then conduct these signals through the atrioventricular node (AVN), located
between the atria and the ventricles of the heart. Reprinted from [50] with permission from Springer
Nature.

2.2.2 Myofibroblasts

Upon myocardial infarction, tissue necrosis triggers the wound healing process, in which

several recovery mechanisms concatenate in order to reestablish the tissue homeostasis

by scar formation. In its course, fibroblasts undergo several phenotypical changes in a

process defined as the fibroblast-to-myofibroblast transition [6]. The FMT encom-
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passes the acquisition of a phenotypic profile in which myofibroblasts can migrate to the

wound and close it while maturating it into a scar. To this purpose, they become tran-

siently more mobile, re-organize their cytoskeletal architecture upon α-smooth muscle

actin (α-SMA) expression, become more static again while establishing cell-cell contacts,

and become contractile [8].

Several chemical and mechanical cues are released upon wound formation that pro-

mote the FMT. Amongst them is the the Tumor Growth Factor β (TGF-β), which is

able to induce the expression of α-SMA in fibroblasts, and consecutively elicit their tran-

sition to myofibroblasts [55, 56]. In parallel, the high tension in the wound induces stress

fiber formation within the cells which, albeit unable to initiate the FMT by itself, has a

synergistic effect [52]. In fact, ECM remodeling and mechanotransduction may present

several positive reinforcing mechanisms to support the phenotypical adaptation. For ex-

ample, fibronectin is able to promote, through the expression of the alternatively spliced

domain A (EDA), the immobilisation of the latent TGF-β-binding protein-1 (LTBP-1),

which binds to TGF-β in the form of the large latent complex (LLC), hence storing the

cytokine in the matrix [57]. As mentioned, myofibroblasts produce large amounts of

ECM components, such as collagen I and fibronectin-EDA, but simultaneously release

matrix metalloproteinases (MMPs) that degrade the ECM. Accordingly, a positive loop

exists by which the mechanical and chemical signals from the ECM induce the FMT and,

thereafter, myofibroblasts produce fibronectin-EDA and MMPs to remodel the ECM and

reinforce the phenotypic adaptation via the release of stored TGF-β [58]. Moreover, the

release of TGF-β can be further reinforced by the activity of other agents such as in-

tegrins, a big family of transmembrane proteins that mediate cell adhesion by binding

to arginyl-glycyl-aspartic acid (RGD) moieties in the ECM. By binding to the LLC and

its proteinases, thus improving enzymatic activity by bringing them to close vicinity,

or by directly generating a conformational change in LLC, integrins can facilitate the

release of TGF-β, which can then reenter the positive feedback loop [59]. This process

is illustrated in figure 2.4.

TGF-β mediated FMT activation

TGF-β is a multifunctional growth factor that can act as a chemotactic agent, enzyme

activator and regulator of collagen deposition [52] and contraction. It elicits, in addition,

concentration-dependent biphasic responses: in human Tenon’s capsule fibroblasts, peak

proliferation and migration are achieved with 10-12 and 10-9 M TGF-β concentrations,

respectively [60].

The cytokine is produced by a number of cell types including platelets, white blood
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Figure 2.4: Fibroblast-to-myofibroblast transition. In normal conditions, fibroblasts do not present
stress fibers and look spindle-like. Upon wounding, mechanical stress promotes the formation of stress-
fibers that terminate in adhesion complexes. As proto-myofibroblasts, they re-organise the ECM by
fibronectin-EDA expression which, together with the cleavage and release of TGF-β, reinforces the ac-
quisition of myofibroblast phenotype. Upon complete transition, myofibroblasts express α-SMA and
generate contractile forces through large focal adhesion sites. Reprinted from [55] with permission from
Springer Nature.

cells, epithelial cells, and fibroblasts themselves [52]. Incidentally, autocrine production

of TGF-β is relevant in preserving fibrogenic activity when the inflammatory process

ceases [55]. Once TGF-β is released from the LLC, it is then free to interact with fi-

broblast receptors and induce the Smad signaling pathway, which can also be activated

via shear stress mechanotransduction [61]. Upon translocation to the nucleus, phos-

phorylated Smad leads to the transcription of target genes [62] like FN1 and LAMA1,

respectively encoding fibronectin 1 and laminin. As major components of the ECM,

both are implicated in cell adhesion, differentiation, migration and signalling [63].

Myofibroblast contractility via α-SMA and myosin activity

As shown in figure 2.4, myofibroblasts differ considerably in morphology with respect to

fibroblasts. Structurally, this is largely associated with the presence of α-SMA. Actins

15



are a highly conserved family of globular proteins that form filaments in the cellular

cytoplasm. Several isoforms exist, and α-SMA, also known as actin alpha 2 (ACTA2), is

one of them. In order to present contractility, actin fibers associate with myosin molec-

ular motors. Like actins, myosins represent a superfamily of proteins with conserved

functionality. In this case, however, several classes with specific roles exist. For exam-

ple, myosin I is ubiquitous and acts in vesicle transport; in contrast, myosin V transports

vesicles and organelles to the cell periphery while keeping them tethered for a prolonged

time [64]. Despite the structural differences associated to the specific functions, myosins

present three elements: 1) a motor domain that interacts with actin in response to ATP-

ase cycling, 2) a neck region with a light-chain-binding domain (LCBD) that functions

as a lever arm, and 3) a tail domain to bind to their specific cargo [65].

This is the case of myosin II as well, which is specifically conformed as an hexamer

of two coiled heavy chains, each associated at the neck domain with a pair of regulatory

(RLC) and essential (ELC) light chains (Fig. 2.5). In the non-phosphorylated form, the

RLCs promote the interaction between the tail and the motor domain, thus rendering

the motor inactive. Conversely, RLC phosphorylation by the myosin light chain kinase

(MLCK) leads to motor activation, eliciting the assembly of hemotypic bipolar filaments

via the anti-parallel interaction and self-assembly of myosin long tails. Single filaments

containing up to around 30 individual myosin II molecules can be found cross-linking

actin filaments or in bundles such as stress fibers (Fig. 2.5) [66].

Cell-cell connectivity in myofibroblasts

During scar-formation and fibrosis, cell-cell contacts undergo remodelling. Gap junctions

connect the cytoplasm of adjacent cells and, in cardiac muscle, ensure heart contraction

via the propagation of the electrical impulse [67]. Like fibroblasts, myofibroblasts are

not excitable cells. However, they are capable of electrically coupling to cardiomyocytes

through the establishment of gap junctions via connexin 43 (Cx43) [68] and 45 (Cx45)

[6]. This coupling allows the passive conduction of the electric signal through the body

of the myofibroblasts, thus supporting trans-scar conduction events by which the electric

signal is transmitted across regions lacking continuity in the cardiomyocyte population

[69]. However, a large volume of the bibliography available ascribes negative effects to

this coupling, including signal dampening, arrhythmia generation and alteration of the

membrane potential of cardiomyocytes [70, 71, 72].

In contrast to fibroblasts, myofibroblasts can also connect stress fibers at cadherin

(Cad) mediated adherent junctions. In fact, both dermal [73] and lung myofibroblasts

[74] show a transition from N-cadherin to cadherin-11, which promotes force and ten-

16



Figure 2.5: Myosin II motors. A) Myosin II motor with three domains: motor, neck and tail. Motor
regions contain ATP and actin binding centers. In the neck region, the RLC and ELC interact with the
myosin heavy chain. B) In the non-phosphorylated form, RLC interaction induces the inactivation of
the motor. C) In the phosphorylated form, the tails of several motors can interact and self-assemble
into coils, thus forming homotypic bipolar filaments. D) Upon interaction with actin filaments, different
mesh structures such as stress fibers or cross-linked actomyosin can be found. Modified with permission
from [66].

sion development through stronger intercellular connections. Even though myofibrast

contractility may hinder electric conduction through the mechanical coupling provided

by the adherent contacts [75], it also up-regulates the progression of the healing process

via wound contraction [8].
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2.2.3 Cardiomyocytes

Cardiomyocytes are the cells that generate the contractile forces that lead to the beating

of the heart. To this purpose, they need to contract and relax in a well orchestrated

cycle via the propagation of the action potential. When resting, cells present a negative

membrane potential: they are more negative on the cytoplasmic side. Working to main-

tain this potential, transmembrane ion pumps regulate ion gradients of Ca2+ and Na+,

predominant at the extracellular space, and of K+, more concentrated in the cytoplasm.

An action potential is a brief reversal of the membrane potential. When Na+ and

Ca2+ travel between cells through gap junctions, they induce a small depolarisation

of the membrane (it becomes less negative). This induces the action of voltage-gated

channels that create a fast influx of sodium into the cell, thus accelerating the membrane

depolarisation. Slow calcium channels open at this higher voltage, causing a slow influx

of calcium that is equilibrated by an output of sodium, thus creating a voltage plateau.

The influx of calcium generates the so-called calcium-induced calcium release at the

sarcoplasmic reticulum (SR), which acts as a calcium reservoir (Fig. 2.6). The free

calcium then elicits cell contraction via its interaction with troponin C, which promotes

the interaction between myosin and actin filaments. When the voltage-gated calcium

channel closes, the potassium pump remains open, leading the membrane potential to

its resting value. Meanwhile, Ca2+ is actively captured in the SR or sequestered from

the cell, and the cell enters in its refractory period before being re-stimulable [76].

Despite their essential function, cardiomyocytes lose their ability to divide around

the time of birth. Very limited restoration preserves the integrity of the adult heart, but

upon ischemia or after important changes in the pressure or volume loads, or in the aged

organ, the restoration capabilities fail [77]. This can be overcome in vitro by studying

immortalised cardiac cell lines like the HL-1 cardiac muscle cell line [78].

2.3 Natural healing response upon myocardial infarction

Upon myocardial infarction, several recovery mechanisms conforming the wound healing

response concatenate in order to reconstitute the damaged tissue by scar formation.

This process consists of four stages, and starts with the formation of a fibrin-fibronectin

clot at the injury site via coagulation and platelet activation. Cytokines and growth

factors released by platelets and damaged cells initiate the second stage, inflammation.

This phase can last for days and induces recruitment and proliferation of neutrophils

and macrophages. Neutrophils are a first defense against bacteria; macrophages sustain

bacteria depletion while removing necrotic tissue and releasing, amongst others, TGF-
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Figure 2.6: Calcium-induced calcium release at the sarcoplasmic reticulum. During the prop-
agation of the action potential, the alteration of the membrane polarisation caused by Na+ and Ca2+

influx causes the opening of calcium channels in CMs. The further increased membrane potential leads
to the calcium-induced calcium release at the SR. Consequently, the free Ca2+ ions generate contraction
of actomyosin filaments until they are sequestered back into the SR via the action of specialised ATPase
pumps like SERCA2a. Modified with permission from [79].

β and platelet-derived growth factor (PDGF). Initiation of the proliferative phase is

defined by fibroblast invasion of the injured region upon cytokine recruitment, followed

by simultaneous propagation and FMT progression. By synthesising large amounts of

ECM [7], myofibroblasts initiate the final phase of remodeling and scar formation [80].

Even after scar formation is completed, however, a mismatch between the physical

properties of the normal and scar tissues is retained: fibrous areas disrupt electrical

excitability by acting as insulating patches [2] or by obstructing wave propagation [3];

simultaneously, tissue contractility is reduced and can negatively affect overall heart

stiffness [4]. Such a precarious balance can result in further complications, which is

highlighted by the fact that myofibroblast over-activation can lead to fibrosis or even

cancer development [5].

2.3.1 Wound closure mechanisms

In vitro two-dimensional wound healing of epithelial cultures has led to the identification

of two distinct closure mechanisms: active crawling and purse-string contraction (Fig.

2.7). Active crawling involves leader cells initiating the re-colonisation of wounds
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through multiple fronts based on lamellipodia formation [18]. In this process, leader

cells become more fibroblast-like through an extensive cytoskeletal re-organisation that

involves the assembly of actin filament bundles tangential to the wound perimeter, and

active lamellae. In addition, cell-cell contacts are re-distributed to allow increased con-

tractility [81]. Purse-string contraction, on the other hand, requires the formation

of a supracellular actin cable at the rim of the wound that is collectively contracted via

the action of myosin II motors [20].

Throughout different tissues, wound size has been regarded as an important factor

in determining the closure mechanism followed by cells. Accordingly, wounds expanding

over several cell sizes are closed via active crawling [18] whereas smaller gaps in the

range of tens of microns to single-cell defects are closed through purse-string contraction.

However, other factors like wound curvature or the physicochemical properties of the

wound microenvironment can influence the behavioral outcome [30].

Figure 2.7: Wound healing mechanisms. Schematics showing active crawling (blue) and purse-string
contraction (red). Arrows indicate magnitude and direction of the cell-generated stress. Reprinted with
permission from [82].

Historically, fibroblasts have been believed to target gap closure exclusively via active

crawling [17]. In fact, the use of the purse-string contraction was considered character-

istic of epithelial wounds. Recently, however, such mechanism has also been observed
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in NIH 3T3 fibroblasts (Fig. 2.8): in order to overcome deep voids up to 300 µm wide,

fibroblasts aligned at the gap periphery and, forming ECM-rich free-standing bridges,

closed the void via contraction of supracellular actomyosin cables aligned at its edge [19].

Supracellular actin cables have also been observed at the advancing front of fibroblasts

closing 3D clefts. In this case, the tensile forces at the edge stabilised the myofibroblast

phenotype even in the absence of supplementary TGF-β. Accordingly, tissue maturation

presented a transitioning gradient from the myo- to the fibroblast phenotype towards

the inner regions of the cleft [21]. In both scenarios, contraction of the cell front was

dependent on myosin II activity and supported by the de novo synthesised ECM scaf-

folding.

Figure 2.8: Wound healing mechanisms of fibroblasts. A) Fibroblasts generate void closure by the
formation of free-standing bridges and collective contraction of supracellular actin cables. Fluorescence
imaging (bottom panel) shows the cellular alignment around the void (nuclei in blue) and the formation
of a continuous actin cable at the gap edge (actin in red). Scale bar: 20 µm [19]. B) Fibroblast tissue
(actin in green; nuclei in blue) advancing in a cleft via actomyosin cable contractin in normal conditions
(left), with myosin II down-regulation upon 10 µM blebbistatin addition (middle) and upon 1 ng/mL
TGF-β addition. Drug addition respectively down- and up-regulates cable formation. Scale bar: 50
µm [21]. C) Wounds in suspended microtissues cause fibroblast recruitment and tangential alignment
at the wound edge; synthesis of fibronectin further promotes cell influx, reinforcing actomyosin cable-
independent wound closure [22]. Panels modified with permission from [19] (© 2022 American Chemical
Society), [21, 22] (CC BY 4.0).

Wound closure of similarly engineered 3D culture systems, however, has also been

accomplished by fibroblasts in the absence of actomyosin cables: microtissues in suspen-
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sion closed wounds by combining coordinated tissue contraction, cell migration around

the wound edge, and the formation of a fibronectin scaffold that allowed both restoration

of the tissue integrity and reparation (Fig. 2.8) [22]. These collectively contrasting obser-

vations highlight the fact that a lot remains unknown on the wound closure capabilities

of fibroblasts and the factors influencing the mechanisms employed in the process.

2.4 Cellular migration and adhesion

2.4.1 Components of the cellular cytoskeleton

The cytoskeleton is a structure that provides the cell with mechanical support and inter-

nal organisation. Accordingly, it is involved in any process requiring shape adaptation or

cellular movement. The cytoskeleton is constituted by filamentous proteins that, based

on size and composition, are divided into three families: microtubules, intermediate

filaments, and actin filaments (Fig. 2.9).

Microtubules are typically formed by thirteen protofilaments of dimeric tubulin

that associate to create a 25 nm wide hollow structure, rendering microtubules the widest

type of filaments. They are anchored to the microtubule organising centers (MTOCs) at

one end while growth continues on the other (+) direction. The primary MTOC is the

centrosome, adjacent to the nucleus. From there, microtubules provide structure and an

intracellular transport infrastructure for secretory vesicles and organelles. During cell

division, they form the mitotic spindles to carry chromosome separation. Intermediate

filaments are formed by a variety of subunit proteins. They are strong and rope-like,

with an average diameter of 10 nm. They are less dynamic than the relatively fragile

microtubules, with which are commonly associated. Intermediate filaments also provide

cohesion to the whole cell sheet, thus preventing rupture under tension. Based on their

composition, the filaments can result cell-specific: neurofilaments are present in neuronal

axons, desmin is characteristic of muscle cells and keratins of epithelial cells. In contrast,

vimentin intermediate filaments tend to co-localise with microtubules in a range of cell

types, and lamins, found in meshworks reinforcing the interior of the nuclear membrane,

are ubiquitous [83].

Actin filaments

Actin filaments (F-actin) are the helical polymerised form of globular actin (G-actin).

They are 6 nm wide and constitute the smaller of the filament types conforming the

cytoskeleton. Actin polymerisation can occur naturally via the spontaneous association
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Figure 2.9: Components of the cellular cytoskeleton. From left to right, actin filaments, inter-
mediate filaments, and microtubules. The upper half of the panel schematises the filaments and the
subunits composing them; the bottom half shows their distribution within a cell based on fluorescence
microscopy. Actin filaments provide the cell with structure; intermediate filaments and microtubules
often co-localise, the later of which depart from the primary MTOC adjacent to the nucleus. Courtesy
of Vic Small, Austrian Academy of Sciences.

of three actin subunits that, once linked, hydrolyse bound ATP to stabilise the filament.

This creates a slow degrading end -the pointed or (-) end- and a fast polymerising side

where new G-actin is bound, the barbed or (+) end. In the cytoplasm, however, G-actin

monomers are sequestered by proteins such as profilin and, when able to form dimers

and trimers, hence polymerisation nuclei, these are unstable. Together, this encumbers

the spontaneous formation of F-actin. Accordingly, the process requires the presence of

nucleators [84], of which three major classes have been identified: the Arp2/3 complex,

actin-binding domain nucleators like Spire [85], and formins [84].

The Arp2/3 complex is an assembly of seven proteins containing the actin related

proteins (Arp) 2 and 3, with similar homology to actin. It is activated by Nucleation

Promotion Factors (NPFs) like the Wiskott-Aldrich Syndrome protein (WASP), which

exists in an auto-inhibited state until it is itself activated via Cdc42. Upon the interac-

tion of the complex with WASP, a conformational change repositions the subunits into a

filament-like disposition, thus allowing it to weakly interact with F-actin. This interac-

tion strengthens when the WASP links to G-actin, which is then nucleated via the Arp2/3

actin homologues causing the branching of the actin filaments [86]. Actin-binding do-

main nucleators are also referred to as tandem WH2-domain-based nucleators. The

WH2 domain is the WASP-Homology 2 domain, a sequence of 17 aminoacids partic-

ipating in actin-subunit recruitment. Spire, for example, contains four WH2 domains

that stabilize linear arrays of four actin subunits. Albeit this organisation seems sub-

optimal since its nucleation activity is lower than that of the Arp2/3 complex, tandem
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WH2 nucleators can interact with other complexes and dimerise into parallel strands

that present increased activity [84]. Due to a more fundamental relevance to the thesis,

formins will be described in more detail below.

Formins

Formins are a large family of proteins that modulate cytoskeleton organisation by

regulating actin and microtubule dynamics [13]. Formins are dimeric multi-domain pro-

teins with varying architecture. However, they are mostly characterised by the formin-

homology 1 (FH1) and 2 (FH2) domains. The FH1 domain is able to recruit actin in

profilin-containing complexes via proline-rich motifs, whereas the FH2 domain forms

a ring-like structure that surrounds the actin filament at the barbed end and elicits

processive elongation. Therefore, unlike the Arp2/3 complex, which leads to branched

organisations, formin nucleates linear filaments (Fig. 2.10). The C-terminal end of the

FH2 domain, in addition, enhances nucleation by direct recruitment of actin monomers

or other nucleation promoters [84]. An FH3 domain, less conserved and common, directs

formins to specific intracellular locations.

Unlike other actin nucleating complexes, formins remain bound at the barbed ends

of the filaments. Accordingly, they can prevent the action of capping proteins and there-

fore elicit both nucleation and elongation of actin filaments, the mechanism for which is

not completely understood. The elongation process is believed to involve transient and

alternating interactions between the two halves of the FH2 dimer ring and the two actin

end-units of the filament. With this movement, the FH2 domain would undergo confor-

mational changes, thus switching between an actin-accepting form and a closed state. It

is also unclear whether within this motion, formins would slip over or rotate around the

actin filaments [13]. Some formins are directly anchored to the cell membranes, which

could limit their rotational capability. For this reason, alternative mechanisms have been

proposed by which formins would follow a star-stepping mechanism or by which they

would rotate in the direction opposite to the filament growth, hence reducing torsion

strain [88].

Within the formin family, the Diaphanous-related formins (DRFs) are a major

subgroup characterised, as shown in figure 2.11, by three domains: a C-terminal Di-

aphanous auto-regulatory domain (DAD), a Diaphanous inhibitory domain (DID), and

an N-terminal GTPase-binding domain (GBD). The DID-DAD interaction leads to DRF

inhibition, which is commonly released by the binding of Rho-like GTPases like Rho [14]
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Figure 2.10: Formin and Arp2/3 mediated actin polymerisation. A) NPFs activate the Arp2/3
complex, which interacts with actin monomers and undergoes a conformational change that allows its
association with pre-existing F-actin to promote nucleation of branched actin filaments. The complex
remains at the minus end of the filament. B) Formin dimers recruit ATP-actin monomers via profilin
interaction and promote filament elongation. The nucleated segment is stabilised by hydrolysis of ATP
in the actin subunits. Formin remains associated to the barbed end of the filament. Reprinted with
permission from [87] (CC BY 4.0).

and Ras [16]. Briefly, Rho GTPases are molecular switches that cycle between two

conformational states in dependence to GTP/GDP association and hydrolysis. They

participate in the regulation and coordination of several signal transduction pathways

related to cytoskeletal organisation [15], and are therefore involved in cell adhesion, po-

larity, migration [90], contractility and cell-cell communication [91]. Rho -encompassing

Rac and Cdc42- and Ras represent 2 of the 5 families in which the small GTPases can

be classified [15].

DRFs comprise 10 of the 15 formin forms in mammals [13] and, with 10 isoforms

(ForA to J), constitute the formin population of the model amoeba Dictyostelium dis-

coideum [92]. Mesenchymal and Dicty cells represent the extremes of a broad spec-

tra in cell migration: mesenchymal cells, like fibroblasts, advance slowly via strong

cell-substrate interactions, protruding lamellipodia at the leading edge and prominent

stress fiber formation; in contrast, amoeboid migration (also observed in cancer and

immune cells) is based on weak substrate adhesion. Accordingly, it is fast and allows

the cell to maintain a rounder shape, hence facilitating a more 3D-like migratory be-

havior in which pseudopods and blebs form the advancing front while myosin II-driven
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Figure 2.11: Structure of Diaphanous-related formins. In the active and dimerised formin config-
uration, the FH1 domain recruits actin-profilin dimers while the FH2 domain, which forms a ring-like
structure, surrounds the actin filament and promotes its elongation. In its inactive form, the DID and
DAD domains associate, resulting in formin inhibition. This interaction can be dissociated with the
binding of Rho at the GTPase binding domain. Modified with permission from [89] (CC BY 4.0).

contractility dominates the rear [13, 92]. Despite these differences, and underlining the

relevance of formins and their conservation through species, mesenchymal and Dicty

cells present formin forms with related functionality. Accordingly, Diaphanous-related

formin-1 (mDia1), mDia2 and mDia3 in mesenchymal cells respectively relate to ForA,

ForH and ForE in Dictyostelium discoideum. In Dicty, ForA, ForH and ForE collabo-

rate to ensure the integrity of the actin cellular cortex; ForA carries this function at

the trailing edge of migrating cells and ForH and ForE localise at filopodia tips. While

triple mutants devoid of these formins are unable to migrate, partial mutations induce

a compensatory over-activation by other formins. In mammalian cells, very similar ef-

fects are observed: mouse melanoma mutants lacking mDia1 and mDia3 show defects

in polarization and migration as a result of a less dense actin cytoskeleton. In addition,

partial deletions lead to compensatory over-expression of the remaining formin [16, 93],

reflecting the essential role of formins in normal cell behavior.

Actomyosin cortex

As described above, the cytoskeleton is a highly dynamic structure formed by filamen-

tous elements such as actin, microtubules and intermediate filaments. However, it also
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encloses a characteristic element that acts like a shell and provides the cell with con-

trol over its architecture: the actomyosin cortex (Fig. 2.12). The cortex is a densely

cross-linked actin mesh that, by action of myosin II motors, presents a compliant and

contractile behavior [9]. In addition, it is bound to the plasma membrane through several

proteins including ezrin, radixin and moesin (ERM), and myosin I motors [10].

Fine control over the cortical behavior is provided by the myosin-mediated contrac-

tion but also by the tailoring of the mesh architecture in response to environmental and

intracellular cues. Accordingly, a balance exists between the concurrent action of actin-

polymerising factors like the Arp2/3 complex and formins (which promote branching,

elongation and de novo synthesis of F-actin), and of capping proteins and actin-severing

and disassembling factors. This organisation provides the actomyosin cortex with adapt-

able thickness and density, required for the proper functioning of the cortex during cell

division, migration and adhesion, differentiation or external deformation [10, 11]. As an

example, in the transition from weak to strong adhesion, the thickness of the cortices

of MDCK II cells increases from 165 nm to 174 nm, whereas cortices of fibroblasts are

over 2-fold thicker; cortical mesh sizes range between 20 and 250 nm [9].

Rheological properties of the actomyosin cortex

Given the importance of cortical adaptability, several models and methods have

been developed to describe the viscoelastic behavior of the actomyosin cortex. To this

purpose, the cortex has been generally described as a contractile shell surrounding an

incompressible liquid, model that has been afterwards applied to the measurements

obtained via atomic force microscopy [94, 95], parallel glass microplate compression [96],

micropipette aspiration or numerical simulations [97], to obtain several parameters that

have become of widespread use.

One of these parameters is the Young’s elastic modulus, which reflects the cortex

stiffness through the ratio of its deformability (or tensile stress) upon an applied tensile

strain. Values have been found in an interval from 0.1 to 100 kPa. This wide range

is consequence not only from the properties intrinsically different throughout a number

of cell types, but also due to the conceptual and mathematical variations introduced

by the models applied [98]. Another parameter is cell fluidity, characterised as a

dimensionless coefficient ranging from 0, representing an ideal elastic solid, and 1, a

newtonian fluid. Typical values for adherent cells fall between 0.2 and 0.4 [99, 100], albeit

in vitro experiments on confluent MDCK II cells, artificial actin cortices and theoretical

interpretation point to values of 0.5 [101, 102]. Cortical prestress -sometimes referred
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to as cortical or active tension [97]-, has shown a wide range of values, from 0.4 to 25

mN/m. It mirrors the actin architecture and the membrane tension transmitted through

myosin-mediated contraction. The area compressibility modulus, on the other hand,

is the 2D elastic modulus of the cortex and describes the time-dependent resistance to

area increase during deformation. It can be calculated based on the mesh size and

thickness of the actin cortex.

Figure 2.12: Adaptations of the actomyosin cortex. The actomyosin cortex is located underneath
the plasma membrane and is formed by an actin mesh enriched with myosin motors. In normal condi-
tions, the cortex provides structure to the cell and generates prestress via its contraction. To carry cell
functions, the cortex needs to adapt tension gradients: during cell migration, the tension is larger at
the rear end to promote cell contraction; during cell division, it is localised at the equator to facilitate
cytokinesis. Asymmetric distributions of the tension gradient lead to asymmetric cell division. Reprinted
with permission from [10] (CC BY 3.0).
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2.4.2 Cellular adhesion

Cell adhesion is key to cell survival, as it provides communication with the surround-

ing microenvironment and neighbouring cells. Cell-substrate adhesion of spreading and

migrating cells starts with the formation of a protrusion at the front edge, the lamel-

lipodium. In this region, actin polymerisation is highly active and forms branched archi-

tectures via the action of the Arp2/3 complex. Under the umbrella of this structure, the

first cell-substrate interactions are established via nascent adhesions (NAds), which are

small and dot-like. However, they involve several molecules including integrins, actin-

linking molecules like vimentin, and the signaling focal adhesion kinase (FAK). Amongst

others, vimentin and FAK present phosphorylated residues that can therefore promote

additional signaling processes. NAds have relatively short lifetimes („ 1 min) depending

on the migratory speed of the cells: the more distal and rear sides of the lamellipodium’s

front undergo actin depolymerisation and therefore, when the lamellipodium advances

and the nascent adhesions enter the degradation area, they are either disassembled or

enter a maturation process to become focal complexes (FCs). FCs are larger and present

non-muscle myosin II dependence, but like NAds, are transient. With the advancement

of the lamellipodium, FCs grow and mature into focal adhesions (FAs). As the number

of FAs increases, they slow down the movement of the lamellipodia through the action

of the myosin motors. Finally, the endpoint of the adhesion maturation is reached with

the formation of fibrillar adhesions, which are associated to bundles of actin filaments

and present lifetimes of several hours [103, 104].

Integrins

NAds represent a first cell-substrate interaction that is established through the formation

of integrin-ECM contacts. Integrins are heterodimers formed by α and β units that form

two-legged conjugates. They are regarded as promiscuous due to their ability to bind to

several ligands, which enables them to sense cues in the cellular environment and initiate

a number of cell functions in response, from proliferation to migration. In general, they

target the ECM via RGD moieties, laminin and collagen [104, 105].

To form NAds, integrins must be first activated through a conformational change.

This can happen via an outside-in or inside-out mechanism. Within the former, acti-

vation is caused due to the binding of transmembrane integrins to extracellular ligands

or by strong membrane deformations, followed by the binding of stabilising adaptors to

the cytoplasmatic tail. Within the latter, cytoplasmatic factors like talin cause integrin

activation for the binding to extracellular ligands. The affinity between integrins and

ligands is also promoted upon integrin clustering, given when several integrins bind poly-
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valent ligands or through cytoskeletal re-organisation. Clustering allows NAds to grow

into bigger adhesion points and is part of their maturation process. After integrins have

clustered, the adaptor protein tensin and FAK are recruited, followed by vinculin, talin,

paxillin, kindlin and α-actinin [105, 106]. The association of the cluster and the local

tension induce phosphorylation events causing the downstream activation of Rho-like

GTPases like Cdc42 and Rac [105] which, as schematised in figure 2.13, promotes actin

polymerisation.

Figure 2.13: Integrin-mediated adhesion. The formation of nascent adhesions requires initial activa-
tion of integrins, upon which they can interact with their ligands. Upon binding, a number of factors are
recruited, leading to actin polymerisation and clustering. The maturation process eventually leads to the
formation of robust focal adhesions. Reprinted from [103] with permission from Frontiers in Physiology
(CC BY).

The process by which cells can detect and adapt to the biophysical properties of the

microenvironment is called mechanotransduction. Through integrin-mediated adhesions,

a mechanical cross-talk is established between the viscoelasticity of the ECM and the

tension within the actin filaments of the cell. The transmission of the resulting forces

can regulate rapid and long-term responses through the activation of signaling cascades

[107]. To give an example in the frame of cell adhesion and motility, integrin association

to high concentrations of fibronectin -abundant, for example, in wounds [80]- inhibits cell

polarisation and formation of membrane protrusions to cease migration in neutrophils

upon their recruitment [108].
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Cadherins

Cadherins are transmembrane glycoproteins that form adherent junctions through Ca2+-

mediated self-association. Once the cell-cell contact is formed, however, the protein also

acts as an anchoring point for actin filaments through the binding of catenin proteins

(Fig. 2.14). In addition, cadherins are tightly related to signaling cascades with speci-

ficity to the cadherin and cell types. Accordingly, the formation of cadherin-mediated

cell-cell contacts can lead to the activation or inhibition of Rho, Rac and Cdc42 GTPases,

with consequences from differentiation to cell migration [109].

Figure 2.14: Cadherin-mediated adhesion. Cadherins form cell-cell contacts and associate with actin
filaments through the presence of several catenin forms (α-, β-, γ-Cat and p120). Inlet: fluorescence
micrograph of mesenchymal cells stained for N-cadherin (green), located at the cell periphery, and actin
(red). Modified from [109] with permission from Springer Nature.

2.4.3 Cellular migration

Cell migration is initiated by a number of cues including chemotactic or electrochemical

gradients, ECM composition, topography and fluid flows. For most eukaryotic cells, mi-

gration starts with the polarisation of the cellular body, which is the elongation towards

the origin of the cue, and the forward protrusion of the cell membrane in the form of

lamellipodia and filopodia. Similar to lamellipodia, filopodia are protrusions at the pe-

riphery of the cell, typically induced via Cdc42, that are composed of F-actin bundles.

However, instead of forming a front, they are individual structures (Fig. 2.15). Both
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lamellipodia and filopodia, and the signals derived from the formation and maturation

of adhesions, influence cytoskeletal organisation via actin polymerisation; at the same

time, the cytoskeletal architecture influences the assembly and disassembly of adhesions

[23].

Figure 2.15: Cell migration. During the process, protrusions are formed at the advancing edge in
the shape of filopodia and lamellipodia. In the latter, nascent adhesions are established, which can
either disassemble or maturate once they enter the lamellum. Mature adhesions are stronger and larger,
bundling several actin filaments in which myosin motors can induce force exertion via contraction.
Modified from [23] with permission from Springer Nature.

At the advancing front, adhesions are under the retrograde tension exerted by the

membrane resistance at the leading edge, and by the action of myosin motors on those

focal contacts or adhesions under maturation at the lamellum, the region behind the

lamellipodia. Accordingly, a competition exists between bidirectional forces that de-

termines the advancement of the cell. For migration to be possible, the adhesions at

the rear of the cell must disassemble so that the trailing edge can retract [23]. In fact,

during cell migration, cortical tension is higher at the back of the cell to power cell

body retraction [10]. Adhesion disassembly is associated with an apparent sliding of
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the adhesions followed by their dispersal. This sliding action involves large numbers of

integrins with fast turnover, suggesting that the anchoring point is constantly renewed in

the direction of movement so that the global intracellular structure of the adhesion can

slide with the cell [110]. Such behavior could be linked to the observation that migrating

cells sometimes leave integrins behind, but not their cytoplasmatic components [111].

Besides this mechanism, proteases like calpain, which are Ca2+-activated, have talin and

the cytoplasmatic domain of the integrin β subunits as substrate, and therefore act as

direct mediators of adhesion disassembly in retracting regions [23].

2.5 Single-cell force spectroscopy

2.5.1 The Atomic Force Microscope

Atomic force microscopy was initially developed as an improvement to the scanning

tunnelling microscope (STM) in order to make the imaging of non-conducting samples

accessible [112]. However, it was soon identified as a powerful tool in the biophysics

field: not only the AFM presented enhanced imaging resolution in the native biological

state of samples, thus minimising sample preparation and related artifacts [113], but

its non-imaging operational mode opened up access to the structural, mechanical and

chemical study of even the smaller molecules.

All this became possible due to the working principle of the AFM, which relies on the

use of the cantilever: a very small tip suspended on a very soft spring that is actuated by

a piezoelectric element allowing its relative motion with sub-Angstrom accuracy [114].

Approaching a sample with a cantilever causes the cantilever’s deflection. As shown in

figure 2.16, this generates a change in the optical path of a laser beam directed to its

surface that is captured by a four-segment photodetector. The corresponding electrical

signal is then translated into deflection values, and the information is used to regulate

the cantilever’s displacement via a feedback loop [115]. This setup allows the device to

access forces in the pico-Newton domain, thus within the range of the forces necessary

to separate ligand-receptor pairs (exemplary table shown elsewhere [116]).

2.5.2 AFM-based sample characterisation

AFM strategies are classically divided into contact, non-contact and tapping modes.

In contact mode, the cantilever is in close vicinity with the surface of the sample. By

dragging the tip over its surface while a feedback loops adjusts the cantilever’s height to

maintain constant deflection, studies on friction or conductive forces can be performed.
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Figure 2.16: Working principle of the AFM. The AFM allows the characterisation of samples
in solution, hence emulating its native state. When the cantilever probe approaches the sample, the
cantilever is deflected, which causes a change in the optical path of a laser directed to its surface. The
displacement of the incident beam on a photodiode receptor is translated into cantilever deflection,
information used in a feedback loop to control the cantilever’s position. Based on [115].

However, given the fragility of the AFM probes, this mode results dangerous for samples

that are not specially planar. To overcome this, the non-contact mode maintains the

cantilever’s tip hovering about 5 - 15 nm above the sample’s surface. Maintaining the

oscillation amplitude via the feedback loop, the mapping of the surface can be performed

with reduced risk. The tapping mode, alternatively, represents a compromise between

the two first modes: the cantilever oscillates while the tip makes repulsive contact with

the surface of the sample at the lowest oscillating point, which mitigates damaging lateral

forces. In addition, it causes less stress to the sample, so it is specially suitable for the

imaging of molecules that are non-covalenty attach to the surface [117].

AFM force curves

In this thesis, the interest lays on the use of the AFM to access the forces generated by

cells as a result of their viscoelastic properties. Accordingly, the AFM is operated in

contact mode. However, upon approaching the sample, the cantilever does not displace

in the x- and y-directions, which would lead to the mapping of the region. Instead, force

curves are obtained by lowering the cantilever towards the sample at constant velocity

until its deflection indicates that a target force has been reached. At this point, the

cantilever is retracted.
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This is reflected in figure 2.17, where exemplary curves on a hard substrate and a cell

are compared. On hard and homogeneous substrates, the force -or deflection- follows

a linear trend with the cantilever’s displacement from the moment it gets in contact

with the sample. In contrast, when probing cells, the hysteresis in the curvature of the

force-distance plot reflects the viscoelastic properties of the biological sample, whereas

the snap on/off events contain information on the affinity and adhesive forces between

sample and cantilever.

Figure 2.17: Exemplary AFM force curves. 1) When the cantilever approaches a hard sample (A),
no deflection is measured until it starts interacting with the surface of the sample and the tip snaps on
onto it (B). If the approaching continues and the sample is homogeneous, a linear increase in deflection
is detected (C) until a set-point force or deflection are reached, upon which the measurement proceeds
with the retraction of the cantilever. The cantilever will remain attached to the surface until the force
deflecting the cantilever exceeds the attractive forces between cantilever and sample; at this point, the
cantilever snaps off (D) and deflection returns to baseline values. Based on [115]. 2) On soft surfaces,
the operation of the cantilever follows the same steps. However, since cells are relatively soft samples
with inherent inhomogeneities and viscoelastic properties, the deflection-displacement curves show non-
linearities (F) due to force dissipation and cellular adaptations. During retraction, adhesive forces may
contribute to the delay of the snap off event (G), after which the baseline values are recovered (E).

Compression-relaxation force curves are a specific type of AFM-based sample

probing. In their acquisition, typical cantilever actuation is followed, with the difference

that upon reaching the target force (compression), the cantilever remains immobile in
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position for a short dwell time duration before being retrieved (relaxation). For the

research presented in this thesis, tipless cantilevers are mostly used to provide a parallel

plate-like compression of the cells (Fig. 2.18).

Figure 2.18: Compression-relaxation force curve. In the time course of the AFM-based measure-
ment, cellular compression (i) is followed by relaxation (ii), during which the cantilever is maintained in
position sandwiching the cell in a parallel plate fashion. The inlet reflects the progression of the cellular
geometry during compression (from dark blue to light green). Courtesy of Andreas Janshoff, University
of Göttingen.

Figure 2.19 shows that during the probing of a sample, the cantilever’s deflection (δ)

is smaller than the displacement z recorded based on the piezoelectric actuation. This

is caused by the indentation of the sample, of depth h. Accordingly: z “ δ ` h. To

retrieve h, the deflection of the cantilever can be subtracted from z upon its calculation

following Hooke’s law, where k denotes the cantilever’s spring constant:

F “ kδ (2.1)

Cantilever calibration

To accurately convert the photodetector’s signal into quantitative values of force, the

cantilever must be first calibrated in order to determine the distance that is actually

deflected given a change in the photodetector’s voltage. Nominative values are provided

by the manufacturer based on the geometry and Young’s modulus of the cantilever and

its material. However, variations during the production process can cause divergences.

In addition, calibration is also affected by the optical path that the detection laser follows
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Figure 2.19: Sample indentation in AFM measurements. Upon entering in contact with the
surface (left), the progressive lowering of the cantilever into the sample (right) for a distance z causes,
simultaneously, cantilever deflection δ and sample indentation h. Based on [115].

within the AFM, sensitive to the refractive index of the immersion medium. Therefore,

the instrument must be calibrated at the start of an experiment.

Several methods exist for carrying out this process. Here, the thermal noise method

is applied [118]: the fluctuations of the cantilever caused by its kinetic energy at a

given temperature are plotted as a function of frequency. The greatest amplitude in

the resulting thermal noise spectrum indicates the resonance frequency of the cantilever,

which depends on its spring constant and follows a Lorentzian shape. The area below

the peak is a measure of the power of the cantilever’s fluctuations; given that the integral

of the power spectrum equals the mean square of the fluctuations in the time series, the

spring constant k can be determined according to the following equation [119], where

kBT reflects the energy value through Boltzmann’s constant, and P is the area of the

power spectrum corresponding to the thermal fluctuations:

k “ kBT {P (2.2)

2.5.3 Modeling compression-relaxation curves

To be able to access the rheological properties of cells from compression-relaxation mea-

surements, a suitable model is necessary. In this thesis, the Evans model is applied [9].

Before proceeding to its description, however, the Hertz model will be explained as a

well-established reference.

The Hertz Model

The hertzian model allows the determination of the Young’s modulus of a sample (E ),

which defines the relationship between an applied tensile/compressive stress (σ) and

the resulting axial strain (ε). The equation to be used in the calculation depends on

the geometry of the indenter, as the Hertz model considers the contact area between
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sample and indenter. However, a generalized force-indentation relation exists based on

Sneddon’s formalism [120, 121]:

F pδq “ αE δβ (2.3)

Here, δ is the indentation depth; α and β reflect the geometry of the indenter and the

sample’s Poisson’s ratio (values for typical geometries can be found elsewhere [122]). In

order to apply eq. 2.3, the system must comply with some assumptions: (1) the sample

is approximated as an isotropic and linear elastic solid that expands, infinitely, in a half-

space, (2) the indenter is not deformable and (3) there are no additional interactions

between sample and indenter. To adhere to the first assumption, the Poisson’s ratio is

set to 0.5, characteristic of an incompressible rubber-like material elastically deformable

at small strains. Upon such considerations, E can be obtained as a fit parameter in the

fitting of force-indentation curves following the expression above.

The Evans Model

The Evans model aims to describe the time-dependent relaxation and deformation of the

cellular cortex upon the determination of the contractility and power law values that

correspond to such behaviour, based on time-independent prestress. The viscoelastic

model is presented and explained at length in “Prestress and area compressibility of actin

cortices determine the viscoelastic response of living cells” [9]. Here, the fundamentals

will be introduced.

Figure 2.20: Actomyosin cortex as a thin shell. A). Actomyosin cortex of a non-spread fibroblast.
The left side shows a stimulated emission depletion (STED) micrograph (actin in green) and the right
side the corresponding reconstruction (brown). White lines indicate the center contour. Scale bar: 500
nm. B) Parametrisation of the actomyosin cortex upon compression between parallel plates. In the
schematics, R0 and Ri respectively indicate the equatorial and contact radii. ΔA reflects the interpre-
tation of the cortex as a minimal surface of constant curvature; β is the angle between the vertical axis
and the normal at the cell surface. Adapted with permission from [9]; © 2020 by the American Physical
Society.
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The structure of the cellular actomyosin cortex is that of a thin shell (Fig. 2.20).

Based on microscopy images, it has a thickness of around 400 nm for fibroblasts. Due

to the thin-sheet structure of the cortex, its bending and shearing contributions -both

dependent on the material’s cross section- can be neglected. Therefore, the cortex resists

deformation only by its prestress and area compressibility modulus. During indentation

experiments, the volume of the cell is constant [123]. Even assuming typical hydraulic

permeability values, no volume changes take place during the experimental time scales.

Upon this consideration, the total force f is axially balanced at the equator of the cell

and can be determined as the difference of pressure acting on the contact surface:

f “ ∆PπR2
i “

2πR0R
2
i

R2
0 ´R

2
i

pT0 `KAαq (2.4)

R0 and Ri are, according to figure 2.20, the equatorial and contact radii of the

compressed cell; α is the areal strain ∆A{A0. The difference of pressure ∆P is obtained

from considering that, in mechanical equilibrium, the function describing the constant

curvature of the cell (λ) is equivalent to the pressure difference across the surface divided

by the isotropic tension (T ):

λ “
∆P

T
(2.5)

Such expression, where T “ T0 ` KAα, can be divided into the meridional and

circumferential components of the curvature and re-written as a function of the cell radius

(r) and the angle with the normal to the cell surface (γ; β in Fig. 2.20), uprq “ sinγ.

By applying the boundary conditions that at the equator upr “ R0q “ 1 and at the

contact region with the parallel plate upr “ Riq “ 0, equation 2.5 eventually leads to:

∆P “
2R0

pR2
0 ´R

2
i q

(2.6)

Going back to equation 2.4, the expression can be transcribed into a non-dimensional

form by using the generic shape function gpξq, where ξ “ zp{Rc with zp the distance

between parallel plates and Rc the radius of the cell in suspension. Accordingly:

f “ RcpT0 `KAαqgpξq (2.7)

The advantage that this poses is that gpξq and αpξq can be approximated by polyno-

mials to obtain analytical solutions that only need to be computed once. These solutions

build up to a general expression for the restoring force during parallel-plate compression

that is suitable both for the compression (0 ă t ă tm; s “ t) and relaxation (t ą tm;

s “ tm and 9a “ 0) intervals:
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f “ gpξqRc

ˆ

T0 `

ż s

0
K̃A pt´ τq

B αpτq

Bτ
dτ

˙

(2.8)

The integral can then be solved by using ξ « v0t{Rc, where v0 is the cell compression

velocity, and, based on the broad distribution of relaxation times that can be observed

on the cortex, by assuming the power law behavior K̃A “ KApt{t0q
´β; t0 is a scaling

parameter. Accordingly, by applying equation 2.8 to the compression-relaxation curves

measured with the AFM, the Evans model gives access to T0, KA and β. The same

mathematical pipeline can be applied to describe the indentation of different cellular

geometries, like capped spheres reflecting the geometry of confluent and adherent cells,

as long as rotational symmetry can be assumed.

Figure 2.21 shows the impact of prestress, area compressibility modulus and cortex

fluidity on compression-relaxation curves. At low indentation depth, prestress leads the

cortical response, while at larger strain, the area compressibility modulus dominates.

Increasing KA impacts the compression at larger strain and increases the amount of

dissipated energy during relaxation. Finally, increasing β leads to a larger slope during

compression and a faster drop of the force in the relaxation.

2.6 Impedance-based wound healing assays

2.6.1 Classical wound healing assays in vitro

Initial work in the field of wound healing research made use of mechanical wounding

approaches, such as the scratch assay, due to the simplicity and accessibility of the

required materials. For this reason, it prevails to-date. The assay consists on scratching

part of a pre-formed cellular layer with a pipette tip, a surgical knife, or the likes, to

thereafter analyse the recolonisation process. The manual application of the wound rests

reproducibility between experiments. For this reason, stamping assays and variations like

thermomechanical damaging were developed to overcome the drawbacks of the scratch

assay [124] and provide flexibility in wound size and geometry.

Depending on the time of interference with the cell layer, experiments can mimic the

formation of a wound or lead to the time-controlled expansion of the surface available

for cell colonisation. For the former, a pre-existing cellular layer must be damaged, like

in the case of the scratch assay (Fig. 2.22), so that the chemical signals associated to

cell death are released, thus involving the pro-inflammatory stress signals TGF-β and

TNF-α [125]. For the latter, a space is made inaccessible during the formation of the
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Figure 2.21: Impact of the cortical parameters on force curves. Computation of compression-
relaxation curves based on the modification of T0, KA and β. Prestress mirrors the actin architecture
and the membrane tension transmitted through their interaction; area compressibility modulus, the 2D
elastic modulus of the cortex, reflects its time-dependent resistance to area increase and therefore, to
deformation. β characterises the shell’s fluidity. A1) Result of varying T0 (0.1, 0.2, 0.5 and 1 mN/m)
with constant KA of 0.1 N/m and β of 0.3. A2) Result of varying KA (0.01, 0.1, 0.25 and 0.5 N/m)
with constant T0 of 0.1 mN/m and β of 0.3. A3) Result of varying β (0, 0.2, 0.4 and 0.6) with constant
T0 of 0.05 mN/m and KA of 0.2 N/m. With increasing strain, the dominating factor on cortex response
transitions from prestress to area compressibility modulus. Reprinted with permission from [9]; © 2020
by the American Physical Society.
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cell layer, for example via the use of a stamp or an electric field, and the obstacle is then

removed to expose the void to be colonised. This is the case of the barrier assay, where

gap closure is hence carried in the absence of paracrine signalling factors related to cell

death [126].

Figure 2.22: In vitro wound healing assays. A) Classical scratch assay. B) Stamp assay with C)
thermal wounding. D) Electrical wounding. E) Laser ablation or optical wounding. Reprinted from
[124] with permission from De Gruyter.

2.6.2 Electrical Cell-substrate Impedance Sensing

Covering a range of gap geometries and sizes, and accommodating the wound and barrier

assays in one single device, the Electric Cell-substrate Impedance Sensing (ECIS) is

a well-established and label-free technique that allows the real-time study of cellular

dynamics. Due to their membrane structure, cells naturally present insulating properties

against the free flow of electrons. Accordingly, when colonising and spreading over

electrodes embedded in culture dishes through which a small AC field is applied, cells

interfere with the electric flow (Fig. 2.23) generating a characteristic complex impedance

(Z ) that can be measured as a function of frequency. This conforms the working principle

of the ECIS.

Adjusting the AC field’s amplitude and frequency, as well as pulse duration, enables

the switch between a passive and non-invasive mode that allows monitoring cell activity

through the recording of its characteristic Z, and an active mode at high frequencies

and amplitudes in which the cells on the electrodes are damaged and a wound is created
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(Fig. 2.23). Alternatively, in the so-called electric fence approach, the high intensity

AC field is applied before the cellular monolayer is formed, which acts as an electric

barrier against their expansion. In this thesis the focus lays on ECIS-based wounding;

more information on the electric fence experimental can be found elsewhere [27, 127]. In

the monitoring mode, a weak current (ă 1 µA) of relatively low cell specific frequency

(from 1 to 40 kHz) is applied between the working and reference electrodes. Under

these parameters, the cell membrane circumscribes the current to flow beneath and in-

between cells in a non-invasive way [128]. When the amplitude is increased to the order

of milliamperes and the frequency ą 40 KHz, the current couples capacitively through

the cell membranes causing electroporation. If the pulse duration is long enough (in the

order of seconds to minutes), the damage of the membrane is irreversible and cell death

occurs in the area constricted by the electrode’s surface [129].

Figure 2.23: ECIS working principle. A) Phase contrast view of MDCK II cells repopulating a
250-µm electrode upon wounding. B) Schematics of the electric flow directionality during the passive
(top) and active (bottom) ECIS modes. In the former, the current is mainly constrained by the cell
membranes and confined under and between cells; in the latter, it couples capacitively through the cell
membranes causing electroporation and cell death. Courtesy of Applied BioPhysics.

By analysing the impedance time courses resulting from the cell coverage of elec-

trodes, enclosed information on both collective dynamics and biological condition can

be retrieved. Collective dynamics reflect gap closure mechanisms in terms of recovery

half time (t1/2) and recovery rate (R), both obtained upon the fitting of the real part

of the impedance to a sigmoidal function. Parameters relating to cellular condition and

cell layer integrity, in contrast, provide insights on the changes and stress that cells un-

dergo in the wound-healing process. These parameters are, specifically, the membrane

capacitance (Cm), the barrier resistance (Rb) and α which, in order, reflect the average

capacitance of the apical and basal cell membranes, the junctional resistance between
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cells, and the inverted distance between the substrate and the basal cell membrane. In

order to retrieve them, the impedance data needs to be fitted to an equivalent electrical

circuit modeling the biological system.

2.6.3 The Lo-Ferrier model

Since the ECIS fundamental methodology was first described by Giaever and Keese in

1984 [130], several models of equivalent electric circuits have been developed with varying

degrees of complexity [131, 132, 133]. Initial work regarded cells as disks. However, the

need to more accurately describe the cellular geometry was already acknowledged [128].

To this purpose, Lo and Ferrier defined a cell as a rectangular box with two half disks

attached at each end. Accordingly, the impedance was modeled as the sum of the

contributions from the separate geometries [25], which led to the following definition:
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(2.9)

The complex impedances Zn and Zm refer, respectively, to the cell-free electrode,

which is modelled as a constant phase element (CPE), and to the characteristic impedance

of the covered electrode. The cell shape is defined upon typical length and width values
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introduced via L and W. To describe the impedance through the edges of the cell body,

hence two half disks, I0 and I1 are modified first kind Bessel functions of order 0 and 1

that portray the wave propagation within a drumhead. Other relevant properties of the

system like the resistivity of the bulk cell culture medium (ρ) and the height between

the substrate and the basal cell membrane (h) are introduced with γ:

γ “

„

ρ

h

ˆ

1

Zn
`

1

Zm

˙
1
2

(2.10)

From equation 2.9, Cm can be retrieved from the membrane impedance Zm following

expression 2.11. Rb accounts for the geometrical description of the cells based on the

rectangle (eq. 2.12) and disk (eq. 2.13) shapes. Finally, α is inversely proportional to h

(eq. 2.14):

Zm “
1

iωCm
(2.11)

Rrecb “

4L

W
` 2π

4L

W
` π

Rb (2.12)
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W
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Rb (2.13)
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2
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¯

1
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To retrieve the parameters, the impedance time course is fitted using an iterative cus-

tom written Matlab (MathWorks, MA, USA) algorithm based on least square analysis.

However, the Lo-Ferrier model assumes a cell-covered electrode. Accordingly, it cannot

be applied immediately after wounding or on partially re-populated electrodes. Fur-

thermore, the fitting needs to be applied in discrete time intervals where the impedance

is quasi-stationary so that average values can be calculated. Therefore, pre-wounding

(20-23 h upon cell seeding) and post-wounding intervals at 45-48 h and 69-72 h are used.
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2.6.4 Cellular micromotions

Cellular micromotions are tiny height fluctuations of the ventral membranes associated

to cellular viability and metabolic activity [28, 134] that can be recorded with the ECIS.

Their analysis requires transforming the frequency time courses into power spectral

densities, and subjecting the micromotions to the study of long-term correlations through

detrended fluctuation analysis (DFA) and computation of the variance in the noise of

the impedance signals [29].

By treating a signal such as the impedance measurement as a statistical average of

its frequency content, hence a power spectral density (PSD), periodical events like the

beating of cardiomyocytes can be detected through peaks in the log-log representation of

the PSD [26]. In the absence of periodic events, the PSD slope (SPSD) itself characterises

the source of the signal with enough sensitivity to differentiate between cancerous and

normal cells [134, 135]. Biological noise is characterised by a non-zero linear slope of

1/f with the frequency f ; in contrast, while white noise is independent of frequency

and therefore originates a horizontal slope, Brownian motion follows a 1/f 2 power law

[136]. The PSD is obtained upon applying a fast Fourier transformation (FFT) to the

fluctuating time series. On the other hand, detrended fluctuation analysis requires,

according to Peng et. al [137, 138], the removal of the linear trend inherent to the raw

data (hence, detrended). Variance, which is a measure of the amplitude of the signal

fluctuations, is then calculated as the difference between the original and detrended

data. This comparison can be done using data intervals, or boxes, of different length.

By plotting the variance against the length of the boxes in a log-log plot, the resulting

slope (αDFA) provides insights on any long-term correlations (αDFA ą 0.5) or strong

correlations (αDFA ą 1) within the signal [29].
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Chapter 3

Materials and methods

In this chapter, the experimental practice is described with the aim to illustrate how

the observations reported and discussed in this thesis were obtained, and to allow the

repetition by the reader to whom it may be of interest.

3.1 Cell culture

3T3 fibroblasts are one of the most relevant cell lines used in wound healing research since

their introduction in 1963 by G. Todaro and H. Green [139]. The isolation of the cell line

was later repeated by G. Todaro on Swiss mouse embryo at the National Cancer Institute

in Bethesda, part of the National Institutes of Health (NIH), thus originating NIH-3T3

fibroblasts. Obtained from the American Type Culture Collection (ATCC; Manassas,

VI, USA), the NIH line was used throughout the experimental herein reported.

Upon arrival in a cryotube, cells were warmed in a water bath (37 ˝C) until ice

crystals were dissolved. Contents were then transferred to a centrifuge tube with 9 mL

of pre-warmed fibroblast (Fb) medium: Dulbecco’s modified Eagle’s medium (DMEM;

Lonza; Verviers, Belgium) with 10 % fetal bovine serum (FBS; Biowest; Nuaillé, France),

1 % L-Glutamine (Lonza), and 1 % penicillin/streptomycin (Biowest). Next, the tube

was centrifuged (1000 rpm for 5 min at 4 ˝C) and the pellet resuspended in 1 mL of

fresh Fb medium. Cell density was determined using a Blaubrand Neubauer chamber

(Marienfeld, Germany) and cells were seeded in a T25 flask, pre-coated with 0.1 %

gelatin, containing 9 mL of fresh Fb medium.

In describing the expansion of 3T3 cells in vitro, their name sets a guideline: 3T3

stands for ‘3-day transfer, inoculum of 3¨105 cells’ for a 20 cm2 dish [139, 140]. The

immortalised cells were seeded accordingly in T25 flasks and cultured in Fb medium at

37 ˝C in a humidified incubator with 5 % CO2. When approaching confluence but still
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in the exponential growth phase, cells were trypsinized (Trypsin-EDTA 0.5 %/0.2 %;

Sigma Aldrich; St. Louis, MA, USA) at 37 °C for 5 min, centrifuged (1000 rpm for 5

min), and resuspended after counting them in a Blaubrand Neubauer chamber in order

to be sub-cultured in fresh flasks to avoid contact inhibition effects [141]. Adherent cells

grow as a monolayer; confluent fibroblast monolayers yield around 40 000 cells/cm2.

When preparing cells for an experiment, the same trypsinization process was fol-

lowed. Upon centrifugation, however, cells were resuspended in the media required by

the experiment, as detailed in the respective methods sections.

Cell culture was performed in the cell lab of the Max-Planck-Institute for Dynamics

and Self-organisation in cooperation with the cell culture facility of the Department of

Physical Chemistry at the Georg-August-Universität Göttingen.

3.1.1 3T3 clones with formin modulation

3T3 clones with formin modulations were provided by Prof. Dr. Jan Faix’s group at the

Medizinische Hochschule Hanover. Upon arrival, clones were immediately centrifuged

(5 minutes, 4 ˝C, 1000 rpm). The pellet was then resuspended in 10 mL of fresh Fb

medium and transferred to culture flasks to proceed with their culture as with wild type

Fbs, hence at 37 ˝C in a humidified incubator with 5 % CO2. Periodic sub-culture was

performed to prevent confluence-related contact inhibition phenomena.

Inactivation of Diaph1 and Diaph3 genes to obtain NIH 3T3 fibroblasts with in-

dividual and simultaneous deletions of mDia1 and mDia3 was achieved, as previously

described by the group, based on adoption of CRISPR/Cas9 technology followed by

deletion verification via immunoblotting [142].

Briefly, the online prediction platform CCTop (crispr.cos.uni-heidelberg.de) was

used to obtain suitable guides for the CRISPR/Cas procedure. Corresponding oligonu-

cleotide DNA duplexes encoding the guide RNA were then inserted into the plasmid

pSpCas9(BB)-2A-Puro from Addgene (Watertown, MA, US; plasmid #62988), with

which cells were transfected. Successfully modified cells were selected via exposure to

puromycin and thereafter amplified.
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3.2 SCFS rheological characterisation

Single-cell force spectroscopy measurements were carried in an MFP-3D AFM (Asylum

Research; Santa Barbara, US) equipped with an extended z -scanner (40 µm nominal

range). The setup was mounted on a bright field IX71 Olympus microscope (Shinjuku

City, Tokyo, Japan) with 10x (UPlanFI, Numerical Aperture (NA) = 0.30) and 40x

(LUCPlanFLN, NA = 0.6) Olympus objectives, connected to a Zyla sCMOS camera

(Andor; Belfast, UK). The whole setup was located inside a TMC Vibration Control

chamber (Ametek; Berwyn, PA, US) over an active vibration isolation module (Accurion

GmbH; Göttingen, Germany). Force measurements were carried using untreated, tipless

ArrowTM TL2 cantilevers (NanoWorld; Neuchâtel, Switzerland; nominal spring constant

(kc) = 0.03 N/m) (Fig. 3.1).

Measurements were done on single cells. To make them accessible to the cantilever

once seeded on the substrates (9 - 20 cm2), cell suspensions had to be diluted in DMEM

to a concentration of 300.000 cells/mL. Media was not supplemented with serum or

hydrogen carbonate for pH stabilisation in order to avoid non-specific interactions that

could cause drifts in the deflection. For this reason, cells could be maintained for an

average time of 3 to 4 h, after which they started to incur into apoptosis. Accordingly,

experiments were stopped before reaching this stage.

During measurements, cells were also maintained at 37 ˝C with an Environmental

Controller (Asylum Research) using two different setups: the first one consisted of a

BioHeater holder (Asylum Research) that sandwiched glass substrates against the AFM

head, thus forming a closed space; the second one was based on the use of a Petri Dish

Heater (Asylum Research) that sandwiched the Petri dishes (#351006; Falcon - Neta

Scientific, Hainesport, NJ, US) used as substrate against the AFM head (Fig. 3.1).

The BioHeater setup required the consumption of less material (by employing glass

disks, it avoided single-use, plastic-based cellular culture dishes and, in addition, needed

less volume of media and cell suspension), but was more prone to temperature drifts,

mechanical damage of both the substrate’s coating and the cantilever holder, and to

cavitation. The Petri Dish Heater, in comparison, required more volume of solutions

and was slower in regulating the temperature of the system. However, the heating was

more stable over time and volume, and it was easier to handle.

Experimentally, measurements started by readying the setup with a bare, cell-free

substrate submerged in media, and by bringing the system to 37 ˝C. Upon placing the

cantilever in its holder, its position and rotation were adjusted through the sum and

deflection feedback loops, which respectively indicate the total amount of light and the
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Figure 3.1: AFM sample holder setup. A) BioHeater system. Glass substrates are placed at the
center of the holder from below, and fastened with a ring that is screwed against the body of the
BioHeater. Media and cells are then added from above and their temperature regulated via the metal
ring circumscribing the sample space. B) Petri Dish Holder (above) and Heater (below). Petri dishes
are clamped against the supports with the black fastener shown in the non-heating holder, which is
magnetically attached via the four magnets visible in the heater system (silver circles). The gap at the
center allows access to the samples. Images provided by Applied Biophysics. C) Cantilever (arrow)
clamped to the adapter of the AFM head over the prism that determines the light path of the laser.
The fluid-retaining black membrane around the blue holder forms a closed space for the sample once it
is sandwiched against the sample holders. Adding a drop of media over the cantilever helps prevent the
appearance of bubbles once it is submerged in the media covering the sample. D) Detail of a cantilever
(ArrowTM TL2) clamped to the AFM support and hovering over the polished surface of the prism. The
sides of the cantilever close to the clamping edge are notched due to its manipulation with tweezers,
which has no effect on the AFM measurement as long as there is no debris attached to the free standing
cantilever tips.
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laser’s beam position on the detector with respect to its center. The cantilever’s spring

constant was then validated following the thermal noise method [118]. Subsequently,

AFM calibration was performed by approaching the substrate and removing bimetallic or

thermal drifts using the resulting force curve as a reference. Cells were then resuspended

and dispersed on the substrate. Temperature was re-adjusted to 37 ˝C and the whole

chamber left to acclimatise for 30 min while cells settled and adhered to the substrate.

To obtain compression-relaxation curves, single cells were located through the mi-

croscope. After taking a micrograph from which the uncompressed cell radius could be

later determined (Fig. 3.2.A), a series of force curves was obtained under the parame-

ters of interest. As depicted in figure 3.2, compression started with the cantilever’s

approach to the cell at a minimally invasive speed of 1 µm/s until a target force of 1 - 2

nN, providing a compromise between contact formation and small cellular deformation,

was reached. At this stage, the measurement of the relaxation caused by the cortical

cellular adaptations proceeded with the maintenance of the cantilever’s position for a

dwell time of 5 seconds, after which it was withdrawn at the initial speed. For validation

purposes, other combinations of speeds (1, 2.5, 5, 10 µm/s) and forces (1, 2, 5, 10 nN)

were tested as specified in Chapter 5.

On a normal experimental day, force curves were obtained on an average of 8 cells

with a maximum of 5 to 10 repetitions per cell to avoid cellular adaptations to the

external load while ensuring the measurement of enough force curve repetitions. At

least two measurement days were dedicated to each experimental category.

Substrate preparation

As mentioned above, two types of substrates (glass disks and synthetic Petri dishes) were

used based on the requirements of the sample heater system employed. The preparation

of the substrates was however independent of the setup, and conditioned only by the

experimental requirements on cellular adhesion. Three states were distinguished: strong

adhesion (i), strong adhesion reduction (ii), and weak adhesion (iii).

In order to measure strongly adherent cells (i), substrates were functionalised

with fibronectin: on the day of the experimental, substrates were exposed to oxygen

plasma for 30 s and then coated with 0.5% fibronectin solution for 1 h at 37 ˝C. After

incubation, functionalised substrates were rinsed with PBS and stored until the AFM

measurement.

To achieve strongly reduced cellular adhesion (ii), substrates coated with

polyethylenglycol (PEG) were used instead [9]. In summary, PEGylation started with

the cleaning of glass substrates with water and ethanol. After letting them air dry,
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Figure 3.2: Tip geometries in the acquisition of a compression-relaxation force curve. A)
Micrograph of a weakly adherent cell, thus round, pressed under a tipless cantilever, and of a strongly
adherent cell in front of it with a more diffuse contour. Scale bar: 25 µm. B) Exemplary force curve
(orange dots) obtained on a weakly adherent Fb fitted to the Evans model (blue line). The purple dotted
line separates the compression (i) and relaxation (ii) regimes of the force measurement. The inlet shows
the geometry of the cell upon the compression between parallel plates; the complete time progression
from an uncompressed to a fully compressed cell is indicated by the blue schematics. C) Geometries
of a weakly adherent cell indented by a colloidal cantilever (left panel), and of a strongly adherent cell,
with capped geometry, indented by a pyramidal tip. Indentation is in both cases of 15 % of the total
cell radius.

they were consequently exposed for 10 s to oxygen plasma, and for 30 min at 77 ˝C

to 3-(trimethoxysilyl) propyl methacrylate vapor (Sigma Aldrich), which contains tri-

alkoxy groups that can hydrolyze in aqueous environments to form hydroxyl groups

that condensate with those present on the activated glass surface. A 30 % polyethylene

glycol diacrylate (PEG-DA) pre-polymer solution was then dispensed onto the center

of the glass substrate and formed into a thin layer by squeezing it with an untreated

cover glass. The pre-polymer solution contained an UV sensitive photo-initiator that

crosslinked PEG-DA molecules via acrylate groups, converting the PEG-DA into a PEG

gel via exposure to 2.19 J/cm2 of 365 nm UV radiation for 60 s. Afterwards the top

cover glass was removed, leaving a 4 µm thick layer of covalently bound PEG.

Weak cellular adhesion (iii) was achieved on bare glass substrates and via RGD

inoculation (Sigma Aldrich; #A8052). In this case, upon cell addition, cells were allowed

to settle for only 10 min, after which soluble RGD was added to a 1 mM concentration

and left for the duration of the measurements.
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Use of myosin II activity-modulating drugs and formin family inhibitor

Beyond cell adhesion, cell mechanics were also modulated via exposure to small molecules

[143]. Actomyosin dynamics were modified through inoculation of calyculin A, a

protein phosphatase inhibitor that promotes myosin II processivity (Sigma Aldrich;

#C5552) [144], and blebbistatin, an ATPase that stalls the motor’s activity (Millipore-

Sigma, Burlington, MA, US; #203389) [145] (Fig. 3.3). Both were applied immediately

after cell addition, calyculin A at a concentration of 0.1 µM and blebbistatin at a concen-

tration of 10 µM. After 30 min incubation, the media was refreshed and measurements

started.

To better describe the functions of the formins mDia1 and mDia3, the small molecule

inhibitor of formin FH2 domain (SMIFH2; MilliporeSigma; #344092) was employed to

globally suppress the activity of formins in wild type Fbs [24]. Once cells had settled

for 30 min upon their addition, SMIFH2 was inoculated at a 10 µM concentration.

Measurements were started 5 min after inoculation. To prevent cortical contractility

and re-organisation, cell fixation was performed by treating the samples with 0.5 %

glutaraldehyde (GDA; Sigma Aldrich) in PBS for 10 min at room temperature. Samples

were then rinsed with PBS and mounted to the AFM submerged in cell media for the

acquisition of force curves.

Figure 3.3: Molecular structures of myosin II and formin activity-altering drugs. Blebbistatin
blocks myosin II heads by forming a complex with low actin affinity [144], whereas calyculin A prevents
myosin-light-chain phosphatases from dephosphorylating myosin regulatory light chains, hence render-
ing myosin II motors hyperactive [66, 145]. SMIFH2 acts as a general formin inhibitor by targeting
the highly conserved FH2 domain [24]. Glutaraldehyde presents carbonyl (–CHO) groups that allow
amine condensation via Mannich reactions, rendering the drug an aggressive crosslinker. Produced in
ChemSketch™.
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3.2.1 Application of the Evans model

Force compression-relaxation curves were analysed following the viscoelastic Evans mo-

del, described in Chapter 2, using a routine implemented in Matlab by Prof. Dr.

Andreas Janshoff.

Two versions of this model exist; for simplicity, they will be referred to as the

individual (IF) and serial fitting (SF) routines. Both required the introduction of the

cell radius. To determine it, ImageJ (Rasband, W.S. - NIH, Bethesda, MD, USA)

[146] was employed on the bright field micrographs obtained for each cell subjected to

compression-relaxation measurements (Fig. 3.2): upon setting the scale based on the

known width of the cantilever (100 µm), cell diameter was determined using the Straight

tool. Furthermore, both versions required conversion of the MFP files into ASCII format,

achieved using a custom Python script.

The SF routine included three sub-routines. The first one was applied individually

to each measurement file to obtain the interval for fitting: first, the general baseline

was removed; then, an initial fitting interval comprising baseline and the compression-

relaxation region was selected, from which the hydrodynamic drift was corrected. The

contact point was indicated manually or selected from an automatic calculation, which

delimited the final fitting interval (Fig. 3.4). The second sub-routine calculated the

geometry of the cell under compression to then be applied in series to a set of measure-

ments, hence providing a fast determination of the parameters T0, KA and β, with the

requirement that they were obtained under the same experimental conditions. Accord-

ingly, information on the experiment type had to be provided regarding 1) dwell time

after reaching the target force upon compression; 2) cellular geometry, based on weak

(spherical) or strong (capped) adhesion force; and 3) type of indenter, differentiating

between tipless (parallel plate), spherical and conical cantilever tips. Once the cell-

cantilever contact geometry was resolved, the cell radius and the approaching-retracting

cantilever velocity were introduced. Each individual file was then processed in series to

calculate the parameters of interest based on the geometry of the indented cell. The

last sub-routine collected and displayed all individual fits in a category (which allowed

to detect and discard any misfits), and determined the mean and SD values for T0, KA

and β, thereby creating the corresponding violin plots.

The IF routine combined only sub-routines 1 and 2. Accordingly, the contact

geometry was calculated for each force measurement, hence slowing the process. In

addition it could not automatically determine the contact point.
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Figure 3.4: Processing of AFM force measurements to obtain fitting intervals. A) Integral
force curve obtained during a compression-relaxation experiment. The baseline selection is highlighted
in orange, incidentally encasing the interval in which contact between cell and cantilever is maintained.
The region containing the compression-relaxation phase, together with a section of baseline, are selected
leading to B), where the hydrodynamic correction is shown in green. C) The selection of the contact
point determines the final interval (orange dots) to be fitted to the Evans model (blue line). The inlet
shows the corresponding region (pink frame) within the original, pre-processed force measurement.

3.3 ECIS-based acquisition of cellular impedance spectra

Time resolved cellular impedance spectra were acquired using the ECIS ZΘ setup (Ap-

plied BioPhysics Inc, Troy, NY, USA) and its associated software by Applied BioPhysics

Inc. As shown in figure 3.5, the setup included a 16 Well Station -with capacity for 2

chips containing 8 culture wells each- that could be placed inside the incubator at 37˝C

and 5 % CO2 throughout the duration of the experiment.

3.3.1 Pre-experimental considerations

To perform the ECIS experimental, the elements of the setup hereafter described were

predefined in order to guarantee consistency and significance, including: cellular seeding

55



Figure 3.5: ECIS setup. The acquisition device includes a chip holder (pink box) with capacity to
encase two chip arrays. The 8W1E chip (yellow box) presents 8 wells with a central working electrode
(blue arrow), where the bright, central spot is the exposed surface (∅ 250 µm), and a larger counter
electrode (yellow arrow). The blue box schematic reflects the current flow during impedance monitoring,
when it is confined under and between cells (red arrows), and during wounding, when larger currents
are created (green arrows) that cause poration of the cell membranes, thus leading to cell death. Images
courtesy of Applied BioPhysics.

density, substrate functionalisation for an optimal interaction with cells, and determina-

tion of an optimal frequency of acquisition.

Cellular seeding density

For ECIS experiments, cells were kept in DMEM complemented with 10% FBS and

1% L-Glutamine in HEPES buffer. Samples were prepared at a concentration of 2¨105

cells per well which, with an electrode area of 0.042 mm2 but a total substrate area

of 0.8 cm2, corresponded to a cell density of 2.5¨105 cells/cm2. This concentration was

adjusted for an optimal growth based on the results of J. Rother et al., who analysed

the impedance time courses of primary rat cardiomyocyte and fibroblast co-cultures

with different cell concentrations and percentages. As shown in figure 3.6, they observed

that maximum Zreal values in a Plateau phase correlated to cells reaching confluence.

While exceedingly low seeding densities presented low maximum impedance values that

linearly increased with time, exceedingly high concentrations showed a Plateau phase

that, at very high cell numbers, was followed by a drop in impedance as a consequence

of accelerated medium consumption and contact inhibition, which prevents cell growth

and causes delayed expression of quickly degraded cell-cell contacts [147].
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Figure 3.6: Optimisation of cell seeding density for ECIS experiments. Normalised Zreal time
courses obtained at a frequency of 4 KHz for CM primary monocultures prepared with different seeding
densities. Optimal seeding density for maximal Zreal values was found at 200 000 cells per well. Adapted
with permission from [147].

Substrate functionalisation

Generally, experiments were performed using 8W1E chips (ECIS Cul-turewareTM, ibidi®,

Fitchburg, WI, USA) presenting, in each of the 8 wells, an active electrode of 250 µm

in diameter (0.049 mm2) and a significantly larger counter electrode. In order to test

the influence of wound area in cellular recovery dynamics, custom chips were employed.

These differed by presenting pairs of wells, each with active electrodes of 31, 63, 127 or

255 µm in diameter. Both chip types were based on a polyethylene terephthalate (PET)

substrate of 0.25 mm in thickness, and an insulating layer of 500 nm.

On the measurement starting day, the wells of 2 chips were functionalised with a

combination of gelatin (0,002%) and fibronectin (0,5%) for 1h at 37˝C. This combination,

which provides a compromise between substrate elasticity and binding site density, was

based on previous work (Fig. 3.7) [26, 147]. After washing off the excess coating with

PBS, the wells were filled with 500 µL of culture medium and placed in the incubator

for acclimatisation and stable baseline acquisition until the experiment could start.

Frequencies for optimal SNR acquisition and wounding

For the measurement of frequency-dependent impedance spectra over time, the ECIS

counts with a series of 11 discrete acquisition frequencies spanning from 62.5 Hz to 64

KHz (62.5, 125, 250, 500, 1000, 2000, 4000, 8000, 16000, 32000, 64000 Hz). Within

this range, an optimal frequency can yield a maximal sample-to-noise ratio (SNR). This
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Figure 3.7: Optimisation of substrate functionalisation for ECIS experiments. Normalised
capacitance (Zim) obtained at a frequency of 64 KHz for co-cultures of primary CMs and Fbs at a ratio
of 25 %/ 75 %, respectively. A) Functionalisation with various gelatin mixtures. B) Functionalisation
with 0.02 % gelatin and various fibronectin concentrations. Adapted with permission from [147].

fSNR is relevant for the analysis of amplitude sensitive measurement types such as the

recording of micromotions, in which the high acquisition rate requires the selection of

a specific acquisition frequency, and thus relies on a well selected impedance amplitude

regime.

To determine fSNR, the impedance of the cell-covered electrode was normalised with

respect to the impedance of the free (thus electrolyte-covered) electrode. By plotting Zreal

against the frequency of acquisition, a Gaussian-shaped peak centered on the frequency

with the best signal to noise ratio was revealed (Fig. 3.8).

For NIH 3T3 monolayers on electrodes of 250 µm in diameter, an optimal frequency

of 8 KHz was found. The optimal frequency is dependent on the cell density and on the

functionalisation of the electrode, but also on the size of the electrode, the cell type and

the media composition. Accordingly, it is specific to the experiment and any changes

in the setup will cause shifts in the amplitude and frequency of the peak. For the fSNR

characteristic of other combinations of cell type and electrode diameter, refer to Table

3.1, provided by L. Mamoyan [148].

In the standard monitoring mode, the electric field employed presented an amplitude

in the order of microamperes and resulted non-invasive to cells. However, the ECIS allows

to modulate the strength of the electric field to milliampere amplitudes in order to cause

wounds via permanent cell membrane permeabilisation. In this work, a 2 min pulse of
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high frequency (10 KHz) and amplitude (1.8 mA) was applied for this purpose. These

parameters were based on previously reported optimisation work in which different pulse

intervals and AC amplitudes and frequencies were tested [26], and that was reproduced

and confirmed for the cell type and conditions of this work [149].

Figure 3.8: Determination of fSNR for the ECIS-based acquisition and analysis of impedance
spectra. Left axis: Zreal of NIH 3T3 WT fibroblasts obtained at the discrete frequencies composing
the acquisition spectra. Impedance measurements were performed upon monolayer formation (pre-
wounding) and during recovery after wound formation (see colored legend). Post-wounding impedance
levels approach that of a bare electrode; after 48 h of recovery, impedance approximates that of the
pre-wounding stage. Right axis: Zreal pre-wounding values normalised with respect to those of the
bare electrode. As indicated by the dotted line, the 8 kHz frequency showcases the biggest change in
impedance, thus yielding the best SNR for the specific experimental conditions.

Table 3.1: Optimal ECIS frequencies of acquisition. Optimal frequencies (KHz) are specific to the
setup and accordingly vary, amongst others, with cell type and electrode size. With decreasing diameter,
the optimal frequency increases due to the constriction resistance. Data courtesy of L. Mamoyan [148].

Electrode Frequency [kHz] corresponding to:

size [µm] WT mDia1 mDia3 dKo

250 8 4 2 8

127 8 8 16 8

63 16 8 8 8

31 16 16 2 16

3.3.2 Impedance-based wound healing assays

The wounding and recovery of various samples was monitored based on the recording of

their characteristic impedance over time. To this purpose, the ECIS was employed using
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the multiple frequency over time (MFT) mode, in which 11 discrete frequencies ranging

from 62.5 Hz to 64 KHz (62.5, 125, 250, 500, 1000, 2000, 4000, 8000,16000, 32000,

64000 Hz) were applied in sequential order. The resulting spectra -obtained sequentially

through the experimental wells- presented a sampling rate of 2.6 min-1.

Prior to starting an experiment, the materials -including pre-functionalised ECIS

chips, cells and media- were placed in the incubator to allow adjustment to 37˝C. Once

equilibrated, the chips were placed in their holder and the ECIS measurement was started

with the acquisition of a cell-free impedance baseline, for at least 30 min, in order to

provide reference for the bare electrode. Subsequently, typical experiments continued

over the course of 4 to 5 days following the steps here described and denoted as 1

through 5 in the exemplary figure 3.9: Cell seeding (1) was performed immediately

after stable baseline acquisition with the inoculation of 100 µL of cell suspension at 106

cells/mL per well. To work always with a constant volume of 500 µL per well, the same

volume was removed right before the inoculation took place. After 24 h, impedance

presented a Plateau that indicated a contact inhibited quasi-stationary state of cell

growth (2). At this point, wounding (3) was initiated by the application of a 1800 µA

current at 100 kHz for 120 - 240 s through the working electrodes. Dead cells and debris

were then removed by thoroughly washing the wells twice with 500 µL of medium before

adding 500 µL of fresh solution. This step required special attention in order to prevent

the damage of the insulating layer of the ECIS chip as well as of the leftover living

cell layer, and yet achieve a successful clearance of the electrode’s surface. Finally, the

recovery progress (4) was monitored over the following 2-3 days until the impedance

values showed recovery (5) by reaching or exceeding the pre-wounding level. Until

terminating the experiment, cells were fed every 24 h with fresh culture medium.

Impedance recording under the influence of the formin inhibitor SMIFH2

Taking the process described above as the basic protocol, ECIS-based impedance mea-

surements were also combined with the use of the small molecule inhibitor of the FH2

formin domain SMIFH2 (Sigma-Aldrich, St. Louis, MO, USA; 344092). The versatility

of the ECIS allows the continuous or pulsed application of a drug at any time point

to assess its influence on cellular micromotions, cell-cell connectivity or electrode cov-

erage dynamics. However, only two approaches were relevant to this work. The first

one consisted on the application of the drug right after wounding: after washing off

cellular debris, 500 µL of the solution containing SMIFH2 at the desired concentration

were added. After 30 min of incubation, the samples were washed twice with fresh me-

dia, and left in 500 µL of fresh media to proceed with the measurement. The other
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Figure 3.9: ECIS-based wound healing assay. A) Typical time course evolution of the Zreal of
NIH 3T3 WT fibroblasts, standardised and obtained at a frequency of 8 KHz. Numbers (in orange)
correspond to the inlet schematics reflecting the experimental steps: fibroblasts (blue cells) are seeded
(1) and allowed to form a monolayer (2), point at which they are wounded (3) and allowed to recover (4),
through FMT progression (pink cells), until pre-wounding values are observed (5). B) Fluorescence (left)
and bright field (right) micrographs of WT fibroblasts (nuclei in blue) cultured on ∅ 250 µm electrodes.
Numbers (top left corner) correspond to the schematics in panel A.

approach consisted on exposure of healthy monolayers to SMIFH2: 24 h after initiating

the experiment, wounding was not performed. Instead, the media was substituted with

the solution containing SMIFH2 at the desired concentration. After 30 min incubation,

the media was refreshed and the experiment continued. SMIFH2 dilutions in culture

media were always prepared fresh on the day of addition. Upon purchase, stock so-

lution was solved in dimethyl sulfoxide (DMSO) at a concentration of 50 mg/ml (133

mM), and stored at -20 ˝C for up to 3 months as recommended by the manufacturer.

Once thawed, consecutive dilutions to achieve the concentrations of interest -detailed in

Chapter 6- were prepared in sterilised PBS in at least two steps.

3.3.3 Analysis of impedance spectra

Standardisation of impedance time courses

Standardising the ECIS data prior to its analysis atoned for the inherent variability in

the electrical properties of the electrodes within a chip, and in the impedance spectra
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resulting from the passive electrical properties of cells. Accordingly, it was specially

relevant for the comparison of recovery time courses obtained on different samples. Fol-

lowing the expression in eq. 3.1, where xMy and xNy are the cell-covered and cell-free

impedance levels measured at the optimal frequency, respectively, the impedance time

course (z(t)) was standardised (S(t)) between 0, reflecting the minimum impedance after

wounding -thus corresponding to the initial electrode impedance before cell inoculum-

and 1, the maximum impedance of the pre-wounded, healthy cellular monolayer.

Sptq “
zptq ´ xNy

xMy ´ xNy
(3.1)

Sigmoidal evolution in recovery curves

In order to compare the recovery rates between samples, a sigmoidal fit was applied

to the previously standardised impedance time courses. As shown in figure 3.10, the fit

described by equation 3.2 was applied in the time interval defined between the wounding

and recovery stages, i.e. taking Amax and A0 as the pre-wounding and post-wounding

impedance values, respectively. By applying the sigmoidal fit, the recovery half time

(t1/2) and the impedance rise rate (R), also referred to as the recovery rate, were re-

trieved.

yptq “
Amax

1` exp p´
t´t1{2

R q
´A0 (3.2)

Figure 3.10: Analysis of ECIS-based wound recovery measurements. A) Standardised impe-
dance time course subjected to a sigmodal fit; t1/2 is indicated. B) Schematic electric circuit based
on the Lo-Ferrier model for a cell layer cultured on a gold electrode. The passive electrical properties
junctional resistance (Rb), the cell-substrate distance sensitive parameter α, and membrane capacitance
(Cm) are highlighted. Rm refers to the cellular membrane resistance and Rbulk to that of the media.
Based on [25, 150].

62



Lo-Ferrier equivalent electric circuit

The passive electrical properties of the cell layer such as Rb, Cm and α -which describe the

cell-cell connectivity, membrane capacitance, and cell-substrate distance, respectively-,

can be determined upon fitting impedance spectra to an equivalent electric circuit model

reflecting the cell-electrode system as a monolayer of particles of defined geometry (Fig.

3.10), as defined by Lo and Ferrier [25].

To apply the fit, segments of 2-3 h at relevant experimental time points were selected

from the impedance spectra, which spanned over the duration of 4 to 5 days, using a

Python-based routine. These were at 21, 45 and 69 h upon starting the experiment,

thus reflecting pre-wounding, 24 and 48 h of recovery. Each of the split files was then

independently fitted to an iterative custom written Matlab (MathWorks, MA, USA)

algorithm based on least square analysis of the Lo-Ferrier’s model. The routine required

the introduction of initial guess values for Rb, Cm and α, and the introduction of pre-

defined values for the series of parameters described in table 3.2.

Table 3.2: Parameters required for the ECIS Lo & Ferrier model. Parameters for the fitting
routine based on the Lo-Ferrier model implemented in Matlab; the values specified are characteristic
of the system, thus employed during data analysis and kept constant. Rb, Cm and α, marked with *,
are guess values that have to be adjusted specifically for each experimental curve until a proper fit is
achieved.

Parameter Description Typical magnitude

Rb (*) Cell-cell barrier resistance 1 – 15 [Ω cm2]

Cm (*) Cell membrane capacitance 10-7 - 10-6 [F cm-2]

α (*) Parameter reflecting cell-substrate height 0.1 – 0.9 [Ω1/2 cm]

r Electrode radius 125¨10-4 [cm]

W Width of the cells 22¨10-4 [cm]

L Length of the cells 46¨10-4 [cm]

ρ Electrolyte resistivity 54 [Ωcm]

Rcons Constriction resistance ρ¨0.25A/r [Ω cm2]

A Electrode area πr2

Cn Bare electrode capacitance 9.4¨10-5 [F cm-2]

n Exponent for the calculation of capacitive
contribution

0.75

ω Angular frequency 2πf
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3.4 Acquisition of cellular micromotions

Recording of cellular micromotions was performed using the Rapid Time Collection

(RTC) mode of the ECIS ZΘ device. In this setup, impedance was recorded for a

minimum of 2 min per sample at 8 KHz -the optimal frequency- and 28 pps, the maximal

resolution given by the technical capabilities of the device. To avoid thermal drifts

and to minimize registration of non-stationary cellular activity, the measurements were

performed right before wounding and, during recovery, at intervals of 24 h always before

refreshing cell media.

3.4.1 Analysis of cellular fluctuations via PSD, variance and DFA

Fluctuations derived of the biological and metabolic activity were studied using a custom

Matlab routine that allowed its analysis based on power spectral density in parallel to

detrended fluctuation and variance analysis, as shown in figure 3.11.

Figure 3.11: Micromotion analysis. A) Time-resolved frequency courses (1) are normalised with
respect to their linear trend and subjected to FFT (2). The slopes of the resulting PSD spectra (3) are
a measure of cell vitality. Adapted from [151] with permission of Informa UK Limited, trading as Taylor
& Francis Group; © 2010. B) Time series of white noise (black), Brownian (red) and biological (blue)
fluctuations (1) are normalised with respect to their linear trend. Once detrended, variance is calculated
and represented in a ln-ln plot against the length of boxes n (2). The slopes of the linear fits (αDFA) are
indicative of long-term memory: αDFA ą 0.5 and ą 1 for correlation and high correlation, respectively.
Adapted from [29] with permission from Elsevier B.V; © 2011.
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Power spectral density-based analysis was initiated with the normalisation of the

measurement against the linear or polynomial fit that better reflected its general tem-

poral evolution. Once the general drift or offset was removed, an FFT was applied to

the time-resolved data using a sliding box of 2K points and an overlap of half a window.

By plotting the resulting spectra against the frequency in a log-log graph, the power law

behaviour, reflected as the PSD slope, was determined in the linear frequency regime

between 2 and 3.5 Hz, known to reflect the regime expected for (net vertical) collective

cellular migration [29].

Detrended fluctuation analysis and calculation of the variance in the noise of the

impedance signal started as well with the subtraction of the general trend. Next, the

data was subdivided in non-overlapping boxes of length n. The local trend within the

box was calculated using a linear least-squares fit, and variance was determined as the

root-mean-square deviation between the original data and the linear fit. For DFA,

the process was repeated with boxes of different n size. The corresponding variances

were represented against n in a log-log plot, which resulted in a linear trend indicating

statistical self-affinity according to varpnq9Πα, where α (αDFA) was the slope of the plot

calculated upon least-squares fitting.

3.5 Immunofluorescence

Immunostained micrographs are highly relevant to this work in order to complement the

information obtained from the ECIS-derived impedance measurements regarding cell

migration and phenotypic adaptations through the FMT. To characterise the former,

samples were fixated right before and after wounding, and at 3, 6, 10 and 17 h of

recovery. To detect migratory patterns, F-actin and myosin were respectively stained

via phalloidin- and antibody-based fluorescent labeling (Fig. 3.12). To identify the

stages of FMT progression, samples were fixated at the pre-wounding stage, and then at

24 and 48 h of recovery. In this case, the staining targeted α-SMA and connexin-43, as

they are expressed by the myofibroblast phenotype (Fig. 3.13). In both cases, nuclear

staining with DAPI was performed as a control and to identify individual cells. The

details on the labels used for staining are detailed in table 3.3 (page 70).

Sample preparation started by washing the cells twice with PBS, followed by a 10 min

incubation at room temperature with paraformaldehyde (PFA) 4%. Samples were then

washed thrice with PBS and stored at 4˝C until immunostaining could be performed. In

some cases, ECIS chips were fixated only partially while the experimental was allowed
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to proceeded in neighbouring sample wells. In this case, the PFA 4% incubation was

done at 37˝C and fixated wells were filled with PBS until the experiment ended and the

process could continue at whole chip level.

Figure 3.12: Fluorescence staining of the actomyosin distribution in fibroblasts. Fluorescent
labels show A) cellular nuclei, B) myosin II and C) actin, highly involved in cell migration (see Table 3.3
for details on the fluorescent labels). Individual micrographs are obtained for each fluorochrome-labeled
cellular component of interest. D) Upon overlaying the micrographs, the composite image has to be
optimised to properly highlight the relevant features (E). Scale bars: 50 µm.
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Figure 3.13: Fluorescence staining of FMT progression markers. Exemplary micrographs of
WT NIH 3T3 fibroblasts for the identification of FMT progression 24 h after wounding. Fluorescent
labels show A) cellular nuclei, B) α–SMA and C) connexin-43 (see Table 3.3 for details on the fluorescent
labels). The photoresist layer covering the substrate of the ECIS culture chips presents auto-fluorescence,
specially when exposed to excitation wavelengths in the range of 540-570 nm [152]. To allow the proper
identification of the cellular features labelled with fluorochromes excited within this range, as it is the
case of Cx43, saturation of the photoresist region may result necessary: cell-cell contacts, indicated by
the intercellular expression of Cx43 (arrows in panel C), are easily detected upon saturation (left side)
of the photoresist background, unlike in the non-saturated (right side) micrographs. D) Bright field
micrograph of a 250 µm wide electrode. E) Micrograph of the same region obtained upon merging the
three fluorescently labelled channels shown from A to C. The left side of the micrograph is optimized
through the adjustment of contrast and brightness while preventing saturation; the right side shows
optimization upon incurring saturation of the photoresist region. Scale bars: 50 µm.

67



Immunostaining proceeded with a 10 min incubation at 37˝C with permeabilization

solution (0.1% Triton-X 100 in PBS), followed by a 30 min incubation in blocking solution

(5% FCS in 0.02% Tween-20 in PBS) in order to saturate nonspecific binding sites.

Samples were washed 2-3 times with PBS after each step, and afterwards stained by

sequentially exposing the cells to the primary and secondary antibodies of interest for 60

min each, with three intermediate washing steps of 5 min with PBS. The details of the

solutions -all of them prepared in 1% BSA in PBS- and antibody combinations can be

found in table 3.3 (page 70). Note that the staining of F-actin was not based on the use

of antibodies but on the use of phalloidin, which inserts itself between actin monomers in

a filament, thus locking them together. Accordingly, it could be applied in combination

with the secondary anti-myosin antibody. For the staining of the cellular nuclei, cells

were incubated with DAPI (4,6 diamidino-2-phenyindole) for only 1 min. In order to

prevent photobleaching of the fluorochromes, sample manipulation was continued in the

dark from the moment the first secondary antibody was used. After staining the samples,

they were stored in PBS at 4˝C.

Imaging was achieved using Olympus equipment: a custom BX53M microscope with

extended z -range in combination with a U-CMAD3 camera, and the associated software

cellSens. The wells within ECIS chips enclose a large culture area compared to the ex-

posed surface of the electrodes. To locate them, small magnification objectives -all from

Olympus- were used to locate them in the sample by exploiting the auto-fluorescence of

the photoresist layer, specifically: water-immersion 10x (UMPLFLN10XW; numerical

aperture (NA) = 0.3) and 20x (UMPLF-LN20XW, NA = 0.5). Once the exposed areas

of the electrodes were located, larger magnification objectives were employed for image

acquisition: 20x, 40x (LUMPLFLN40XW, NA = 0.8) and 60x (LUMPLF-LN60XW, NA

= 1.0). Such setup required the removal of the plastic well delimiters of the ECIS chips

(0.5 cm high) in order to get within the range of focus.

ImageJ was adopted during image processing: first, the different channels were

merged and consequently, color balance, brightness and contrast were adjusted to better

showcase the features of the images. As shown in figure 3.14, brightness is a measure of

the global intensity of the micrograph; contrast indicates the range of brightness, from

lightest to darkest.
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Figure 3.14: Acquisition of a compression-relaxation force curve. A) Micrograph of a WT NIH
3T3 fibroblast monolayer with immunolabeled myosin expression as obtained with the BX53M Olympus
microscope upon adjusting the exposure time and intensity of the light source through the associated
cellSens software. B-C) Effect of lowering (B) and increasing (C) image contrast using the ImageJ
software. D-E) Effect of lowering (D) and increasing (E) image brightness using the imageJ software.
F) Micrograph presented in A) after optimising image contrast and brightness in order to highlight the
myosin distribution within the cell monolayer. The left half of the micrograph is presented in grey-
scale; the right half is artificially tinted to allow the simultaneous presentation of multiple biological
immuno-labelled components in a single micrograph. Scale bars: 50 µm.
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3.6 Statistical analysis

Statistical significance of the differences between experimental data groups was assessed

using the two-sample test routine of IgorPro (Wavemetrics, Portland, OR, USA), mostly

based on the Wilcoxon rank-sum test or the T-test. The routine started with the intro-

duction of the p-value (0.05, 0.01 or 0.001) of interest. Next, a series of tests were used

to determine whether the inputs were normally distributed random samples. First, the

Runs Test was applied individually to each sample in order to determine if they were

randomly distributed, thus revealing any variables with data patterns. This was com-

plemented with the Kolmogorow-Smirnow (KS) and the Jarque–Bera (JB) tests. The

former determined whether it was probable that the two sets of data were drawn from

the same probability distribution. The latter tested if the data sets had the skewness

(symmetry) and kurtosis (heaviness of the distribution tails) of a normal distribution.

If the conclusion of these tests was that the inputs were normally distributed random

samples, the routine continued by determining if their variances were equivalent. If they

were equal, the T-test was applied; if not, or if the previous hypothesis that the inputs

were normally distributed random samples was rejected, the routine ended with the

Wilcoxon rank-sum test instead.

To illustrate the statistical differences within the results of this thesis, r*s refers to a

p-value of the applied test of pă 0.05, r**s to pă 0.01, and r***s to ă 0.001. To illustrate

the size of the samples, n refers to the number of AFM force-curves or to the number of

ECIS impedance time courses within a category, m to the number of experimental days,

and c to the number of cells tested in AFM experiments.

Graphics and figures are based on a color palette adapted for colorblindness [153].
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Chapter 4

Rheological characterization of the
actomyosin cortex

As previously described, the cortex is formed by a mesh of compliant but contractile

actin fibers that result in a composite shell. The contraction of the mesh, regulated by

motor proteins, provides resistance against deformation and thus, a measurable prestress.

At the same time, the power law coefficient β defines the degree of fluidity and energy

dissipation in a deformation process. Accordingly, in order to closely characterise the

rheological properties of the actomyosin cortex, a viscoelastic model is necessary that

correlates the fluidity observed in deformation-relaxation experiments and the cellular

prestress. In this chapter, such model -the Evans model [9], which describes the cell as a

liquid droplet and thus as a viscous fluid with a constant cortical tension following the so-

called liquid-drop model [154, 155, 156]- is applied in order to characterise the rheological

properties of weakly adherent fibroblasts, and to asses how these are influenced by the

activity of cortex-regulating motor proteins. In doing so, experimental limitations of the

model are also determined.

Part of the results herein presented are published in Physical Review Letters under

the title: Prestress and Area Compressibility of Actin Cortices Determine the Viscoelas-

tic Response of Living Cells [9].

4.1 Results

4.1.1 Applying the Evans model

Initial experiments to validate the Evans model were performed on weakly adherent

WT fibroblasts. Accordingly, cells were cultured on glass and PEGylated substrates,
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and tested under standard conditions: set-point force of 1 nN and probing velocity of

1 µm/s. In order to validate the Evans model, two processing routines were applied.

To assess whether the semi-automated version allowed the proper determination of the

rheological parameters of interest, the same set of force curves was analysed using both

the individual (IF) and serial (SF) fitting routines.

This is reflected in figure 4.1. When comparing T0, KA and β for cells on the

same substrate, no significant difference was found as a result of applying either of

the two protocols. However, β values presented a slight, non-significant deviation: the

mean and median of the distribution obtained from cells on glass were marginally higher

when determined by the SF. Despite both substrates leading to weak cellular adhesion

-strongly reduced in the case of PEGylated surfaces, and only mildly reduced on glass-,

rheological parameters significantly differed, with fibroblasts showing increased prestress

and fluidity on the former. KA values showed an increased variability compared to T0 and

β, but with no discernible substrate or routine-dependent trend. It is noteworthy that

the pool of force curves obtained on PEGylated substrates that was analysed with the

IF was smaller because the experimental category was expanded only after performing

the evaluation.

The individual fitting routine applied, simultaneously, both the Evans and Hertz

models. As exemplary shown in figure 4.2, the Evans model was able to describe the force

curve more accurately. This was specially noticeable at the onset of both compression

and relaxation, where the force curve was respectively under- and over-represented by

the Hertz model. As indicated in the same figure, such deviation resulted in distinct β

values based on the model applied: on the same force curve, the Evans model showed

increased fluidity with respect to the Hertz model.

Hereafter, the serial fitting routine of the Evans model was employed in the AFM

measurements presented unless otherwise specified.

4.1.2 Experimental and analytical parameters influencing the Evans

model

In the validation process of the Evans model, several experimental parameters were

tested in order to determine their influence on the measured rheological values. These

included the approach velocity of the cantilever (constant throughout the individual

measurements), the set-point compression force, and the geometry of the cantilever’s

tip. However, other parameters that became relevant during the analytical application

of the Evans model, such as the indentation percentage, the radius of the cell, or the
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Figure 4.1: Comparison of the rheological parameters obtained upon applying the Evans
model through the individual and serial fitting routines. T0, KA and β values are obtained from
WT cells cultured on either glass or PEGylated substrates (1 µm/s and 1 nN) following the individual
(�; cglass = 21, n = 99; cPEG = 7, n = 17) and serial (�; cglass = 17, n = 74; cPEG = 24, n = 60)
fitting routines. Within the same substrate type, no significant difference is found as a result of applying
the different processing protocols; cells on glass, thus with higher adhesion strength, present a lower
prestress and fluidity than cells on PEG, as captured by both fitting implementations (r*s for α ă 0.05,
r**s for α ă 0.01, and r***s for α ă 0.001; mean and median are respectively indicated with - and ˛).
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Figure 4.2: Comparison of the force-curve fits obtained upon applying the Evans and Hertz
models. Both fits are used to describe the same compression-relaxation curve (grey circles), obtained
on a WT fibroblast on glass substrate (1 µm/s and 1 nN). Comparatively, the Evans model (�) leads to
a more accurate description of the force curve, both under low stress and at the start of the relaxation.
The rheological parameters derived of both fits are indicated; the fluidity captured by the Evans model
results higher than that determined by the Hertz model (�).

contact point during the approximation of the cantilever, also influenced the result of

the calculation of T0, KA and β. Accordingly, in this section they will be explored.

In order to determine the optimal cantilever’s approach velocity, thus least in-

fluential to the measurement of the cortical parameters, different velocities were tested

on weakly adherent cells on glass substrates. To this purpose, each cell was serially

measured through a range of approach velocities -namely 1, 2, 5 and 10 µm/s- using a

constant set-point force of 1 nN. Figure 4.3.A shows the resulting T0, KA and β values.

Both prestress and area compressibility showed a decreasing trend with increasing can-

tilever velocity. This became statistically significant between the approaching velocities

of 2 and 5 µm/s, thus creating a threshold between low (1 - 2 µm/s) and high (5 - 10

µm/s) velocities that hints at a possible active cellular response to fast deformations,

hence suggesting that high velocities should be avoided. The coefficient β, however, only

showed increased fluidity at the highest velocity tested, 10 µm/s, presenting a significant

difference compared to that obtained at 5 µm/s.

Figure 4.3.B shows exemplary force curves measured using the different test veloc-

ities (data points indicated with circles), and their corresponding fits upon applying
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Figure 4.3: Influence of the cantilever’s approach velocity on the determination of cortical
parameters. A) Comparison of T0, KA and β parameters obtained upon applying the same compression
(set-point force of 1 nN) at different velocities (n1µm/s = 15, n2µm/s = 16, n5µm/s = 15, n10µm/s = 23)
on WT Fbs on glass substrates. Invasivity of the measurement increases with the cantilever’s approach
velocity: as indicated by the decrease in T0 and KA, and simultaneous increase in fluidity, approach
velocities of 5 - 10 µm/s may trigger cortical adaptations, hence differentiating between low (optimal)
and high velocities (discontinuous orange line). Changes in β become significant only at the higher
approach velocity of 10 µm/s. Significance denoted with r*s for α ă 0.05, r**s for α ă 0.01, and r***s
for α ă 0.001; mean and median are respectively indicated with - and ˛. B) Compression-relaxation
force curves obtained at different velocities and their corresponding fits (solid lines). All exemplary
measurements were performed consecutively on the same cell.
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the Evans model (solid lines). All curves belong to the same cell. Even though with

increasing approach velocity a decreasing trend in the apparent force set-point was vis-

ible, all measurements were performed using a constant target force of 1 nN. At high

velocities, the shape of the compression curve became more linear, thus loosing the char-

acteristic gradual increase of standard AFM-based force-curves obtained on soft matter

like cells. Simultaneously, immediately at the onset of relaxation, the curvature became

more accentuated due to a fast and steep decline in the force measured. Despite these

differences in the shapes of the force-curves, the Evans model was able to capture their

outlines throughout the entire interval of velocities tested.

The influence of the set-point contact force on the cortex rheology was determined

in a similar manner: force set-points of 1, 2, 5 and 10 nN were tested on weakly adherent

WT fibroblasts, both on glass and on PEG substrates. In this case, measurements

performed under approach velocities of 0.5, 1, 1.5 and 2 µm/s were pooled together

as, in order to optimally record the force curves, adjustment of this parameter was

experimentally necessary. As proven above, however, this range of velocities resulted

non-invasive and caused no significant differences in the measurements.

Figure 4.4 shows the evolution of T0, KA and β under the aforementioned condi-

tions. In general, cells on PEGylated surfaces showed increased prestress and fluidity

than cells on glass throughout the tested experimental conditions. On glass substrates,

the use of larger force set-points correlated to a statistically significant increase in the

measured prestress. This trend was also observed on PEG, with the difference that the

measurements performed at 2 nN showed a lower T0 than those performed both at lower

and higher forces. The area compressibility modulus, on the other hand, decreased with

higher compression forces on both substrates. On glass, the trend became statistically

relevant only when comparing the KA values obtained under higher stress to the rest

of experimental groups. In contrast, measurements on PEGylated substrates indicated

that the area compressibility modulus already differed significantly amongst the closer

experimental groups. Finally, regardless of the type of substrate, fluidity increased non-

linearly upon cell compression at higher forces, leading to a stabilisation of β values close

to a 0.6 coefficient.

To illustrate the effect of the force set-point on the compression-relaxation measure-

ments, exemplary force curves are shown in Fig. 4.5. Both on glass and PEG substrates,

the Evans model was able to globally capture the evolution of the force curves. However,

beyond the set-point of 5 nN, an under-estimation of the force trend was visible in the

modelled data at the onset of both compression and relaxation.
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Figure 4.4: Cortical response to the compression force. T0, KA and β of WT fibroblasts on glass
(�; n1-10nN ě 21) or PEG (�; n1-10nN ě 28) substrates, approached at 1 µm/s with different set-point
forces. On glass substrates, cortical prestress and fluidity increase with the loading force. The same
trend is generally observed on PEG substrates, with a deviation for a force of 2 nN. KA values decrease
with increasing load force. Significance denoted with r*s for α ă 0.05 and r**s for α ă 0.01; for simplicity
of the plot, significance corresponding to r***s (α ă 0.001) is only indicated with brackets. Mean and
median are respectively indicated with - and ˛.
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Figure 4.5: Compression-relaxation force curves under different loads. A) Exemplary mea-
surements performed on the same WT fibroblast cell on glass at 1 µm/s and different set-point loads
according to the legend. Curves denote measured data points (circles) and their corresponding fit based
on the Evans model (solid line). B) Equivalent results, obtained from a cell on a PEGylated substrate
at 0.5 µm/s and same interval of set-point forces.

The geometry of the cantilever’s tip as experimental parameter was also tested

as part of the validation process of the Evans model. However, only few experiments

were performed on fibroblasts, resulting in low statistical relevance. For this reason,

instead of determining whether the tip geometry has an influence on the measurement

of the cortical parameters, the interest lays on the application of the Evans model and

the error that the indentation percentage, which reflects the ratio of cellular deformation

with respect to the cell radius, may introduce to the fitting routine.

Accordingly, three force curves measured on the same cell with pyramidal cantilevers

were fitted to the Evans model using several indentation percentages: 7, 10, 13, 16, 20,

50 and 100 %. The averaged results for T0, KA and β are plotted in figure 4.6.A.

No significant deviations were visible within the parameters determined under typical

indentation values, ranging from 7 to 16 %. However, with indentation percentages

beyond 20 %, hence reflecting a large cellular deformation, a divergent trend appeared.

Therefore, indentation beyond 20 % of the cellular radius are not recommended. Figure

4.6.B illustrates the deformation of weakly adherent cells upon contact with pyramidal

cantilever at different indentation percentages.
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Figure 4.6: Influence of the indentation percentage in the application of the Evans model.
A) T0, KA and β as calculated with varying indentation percentages. The individual data points reflect
the mean and standard deviation obtained upon averaging the parameters retrieved from three force
curves performed on the same WT cell (PEG substrate and standard conditions). Indentation values
beyond 20 % cause a deviation in the calculation of T0, KA and β, and are therefore not recommended.
B) Schematics reflecting the geometrical deformation of a weakly adherent cell probed by a pyramidal
cantilever (red shadow) with different indentation depths. Cellular indentation causes simultaneous
deformation at the substrate and cantilever interfaces: with a normalised radius (1 µm), an indentation
of 100 % causes a deformation depth of 0.75 µm by the cantilever and a flattening of 0.25 µm (z direction)
by the substrate. The geometries depicted in B) correspond to the data points framed in yellow in A)
according to the color legend.

In order to apply the Evans model, the radius of the cell must be provided.

However, cells are seldom perfectly circular in their contact area to the substrate. Ac-

cordingly, depending on how the cell diameter is drawn, its value may present a relatively

large variability. This is exemplified in figure 4.7, where the influence of the radius in

the determination of T0, KA and β is evaluated. While T0 and β showed a relatively

low variability with the radius even upon duplication of the real length, KA showed a

strong dependence: an increase of 2.5 µm in the cell radius resulted, approximately, in

a two-fold increase in KA.

Finally, the importance of the contact point -between cell and cantilever- in the

final calculation of T0, KA and β was explored. To this purpose, the same compression-
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Figure 4.7: Influence of the cell radius value in validating the Evans model. A) T0, KA and
β as calculated with varying cellular radii. The individual data points reflect the mean and standard
deviations obtained upon averaging the parameters retrieved from three force curves performed on the
same WT cell on glass substrate and under standard conditions. The values indicated with a purple
frame correspond to the radii depicted in B: 8.55, 8.91 and 9.25 µm. KA doubles with an increase in
radius of 2.5 µm, highlighting the importance of maintaining consistency when measuring the cellular
radii.

relaxation curve was fitted to the Evans model using different manually selected contact

points, as illustrated in figure 4.8, and the corresponding calculations of the rheological

parameters were compared (table 4.1). Despite using different contact points -all of

them in a region where they could be reasonably selected during the processing of the

force curves-, the Evans-fitted data showed comparable trends. Divergences were mostly

localised immediately at the onset of compression, and slight deviations were present at

the beginning and towards the end of the relaxation interval. Taking into account the

values in table 4.1, the use of different reasonable contact points had a small influence.
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Figure 4.8: Influence of the contact point in the application of the Evans model. The same
compression-relaxation force curve, obtained on a WT Fb on PEGylated substrate at 1 µm/s and 2
nN, is fitted to the Evans model using different contact points (colored dots). The corresponding fitted
trends are indicated using the same color legend. Insets aim to highlight regions with visible variability.

Table 4.1: Rheological parameters as affected by the contact point. Values correspond to the
force curve in Fig. 4.8, fitted to the Evans model using different contact points (same legend). The
averaged values (Av) and standard deviation (SD) are indicated to illustrate the deviation caused by
the use of different contact points.

Contact
point

T0 [mN/m] KA [N/m] β

� 0.226 0.571 0.570

� 0.251 0.837 0.586

� 0.260 0.650 0.583

� 0.296 0.607 0.590

Av ˘ SD
0.259 ˘
0.029

0.666 ˘
0.118

0.582 ˘
0.009
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4.1.3 Influence of the myosin II activity in the rheology of the acto-

myosin cortex of weakly adherent cells

The contraction of the actomyosin cortex is regulated by the action of motor proteins

such as non-muscle myosin II. Accordingly, alterations in motor activity should transmit

to the prestress. This was tested by the exposure of cells to two small molecules that

interfere with myosin II activity: calyculin A and blebbistatin. The former is a protein

phosphatase inhibitor that prevents the dephosphorylation of the myosin regulatory

light chains (RLCs). In the dephosphorylated form, RLCs induce myosin inactivation.

Accordingly, calyculin A leads to hyperactivation of myosin II motors [66, 145]. In

contrast, blebbistatin is an ATPase that stalls the motor’s activity by blocking myosin

II heads through the formation of a complex with low affinity for actin [144]. Cortical

parameters obtained upon exposure to these drugs are shown in figure 4.9, where the

effect of the fixating agent GDA is also displayed as a reference since, due to its cross-

linking activity of aldehyde groups, it indirectly inhibits contractility and motility by

stiffening the cell membrane.

Fibroblasts became stiffer upon exposure to calyculin A, as shown by an increase

in T0 and KA that was accompanied by a decrease in fluidity. In contrast, exposing

cells to blebbistatin led to a very small decrease in prestress compared to the untreated

fibroblasts. The mean of the distributions in the violin plots of Fig. 4.9 are detailed

in table 4.2. Fixation of the cytoskeleton by GDA-based cross-linking led to a drastic

stiffening of the cell as reflected by the elevated prestress and decreased cortex fluidity.

Upon exposure to calyculin A and GDA, fibroblasts present a similar area compressibility

modulus, suggesting that the activity of hyperactive myosin motors generates a cortex

with high resistance to compression-extension changes, similar to the effect of a stiff and

cross-linked cellular membrane.

In figure 4.9, exemplary curves showing the effect of the different small molecules are

also presented. The use of GDA or calyculin A, which led to a stiffening of the cortex,

caused a more linear compression compared to the classic force curves obtained from

untreated cells. The decrease in fluidity was also observed in the relaxation region

of the curve, where a smaller and more horizontal drop in the measured force was

observed. Comparing the same reference force curve to the result of adding blebbistatin

to the media showed a minor variation, mostly localised at the onset of compression and

relaxation, with an increase of the curvature, thus indicating KA adaptation.
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Figure 4.9: Influence of the myosin II activity on the rheology of the cortex. A) T0, KA and β
of WT fibroblasts on PEGylated substrates. Comparison is done between untreated cells (n = 61) and
fibroblasts exposed to blebbistatin (n = 104), which does not cause a significant difference, and calyculin
A (n = 100) and GDA (n = 10), which leads to the stiffening of the cortex (significance denoted with
r*s for α ă 0.05, r**s for α ă 0.01, and r***s for α ă 0.001; mean and median are respectively indicated
with - and ˛). B) Exemplary force curves showing the cortex stiffening caused by exposure to calyculin
A (�) and GDA (�). Untreated cells (�) are kept as a reference in C) where they are compared to
blebbistatin-treated fibroblasts (�).
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Table 4.2: Influence of the myosin II activity on the rheological parameters. The table reflects
the mean and SD values of the distributions in the violin plots of Fig. 4.9 for WT Fbs on PEGylated
substrates (reference values) and cells exposed to calyculin A, blebbistatin and GDA.

Condition T0 [mN/m] KA [N/m] β

WT � 0.779 ˘ 0.385 1.14 ˘ 1.47 0.488 ˘ 0.117

Cal � 0.967 ˘ 0.550 6.01 ˘ 5.61 0.366 ˘ 0.090

Blebb � 0.680 ˘ 0.307 1.76 ˘ 1.48 0.475 ˘ 0.105

GDA � 5.43 ˘ 2.08 5.66 ˘ 2.31 0.175 ˘ 0.071

4.2 Discussion

The Evans model is a robust tool in the characterisation of the cellular cortex. Through

a range of experimental conditions, even upon cortical perturbance through the expo-

sure of drugs like blebbistatin or calyculin A, it is able to successfully relate the cortical

prestress to the fluidity of the cell, and determine T0, KA and β. However, as all models,

it presents experimental considerations beyond which its accuracy may decrease, such as

the implementation of different fitting routines and the introduction of batch-processing,

experimental parameters like approach velocity or set-point force, and analytical param-

eters like the cell radius, indentation percentage or contact point.

Hereafter, a consistent methodology, optimised based on the experimental and ana-

lytical limitations of the Evans model, will be defined. Upon this, the cortical response

to the exposure of blebbistatin, calyculin A and GDA will be discussed.

4.2.1 Comparison of the fitting routines implemented for the analysis

of force curves based on the Evans model

To provide coherence in the presentation and discussion of results throughout this thesis,

one of the two fitting routines existing in the application of the Evans model had to be

determined as the standard protocol. This was relevant due to two main reasons: 1)

the processing of force curves is time consuming (both for the IF and SF), so repetition

should be avoided when possible; 2) the process itself should have no influence on the

results, but to reduce possible sources of uncertainty during evaluation, compared data

sets should be acquired using the same protocol.

As shown in figure 4.1, applying either of the IF or SF to the same experimental

group did not lead to significant differences, albeit slight deviations amongst the mean
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and median values may appear. In addition, the distribution shown by the violin plots

on glass substrates was mostly preserved between fitting routines for all three parameters

of interest; on PEGylated substrates, comparison was restricted due to the difference in

sample sizes. Accordingly, the use of the IF or SF did not influence the results of applying

the Evans model and the decision was therefore based on the practical advantages that

either of the fitting routines may have presented during the processing of the force curves.

In this regard, both followed the same general process: each force measurement had to

be individually processed in order to remove drifts and drag-related artifacts from the

baseline, the interval to be fitted had to be manually selected, and the contact point

indicated. The difference laid on the fact that the individual fitting routine calculated

the geometry of the compressed cell for each file, whereas the serial routine determined

the geometry once and then applied it to serially process a group of files. The SF was

therefore faster and more convenient as, in addition, allowed the quick visualisation,

and therefore comparison, of the force curves of an experimental category. Considering

these advantages, the serial fitting routine was established as the standard protocol and

the results presented in this thesis were obtained upon its application unless otherwise

specified.

4.2.2 Experimental and analytical constraints of the Evans model

Originally, the SF was developed for the batch-processing of force curves with the aim

to simultaneously analyse all the measurements belonging to an experimental category.

However, some experimental limitations had to be considered in this regard.

As observed in Fig. 4.3, the use of low approach and retraction velocities (1 -

2 µm/s) in the measurement of force curves did not lead to differences in the resulting

rheological parameters. This was not the case for moderate (5 µm/s) or high (10 µm/s)

velocities, which led to the sensing of significantly more pliant cortices, thus suggesting

a fast adaptation to prevent membrane rupture.

This indicates that experimental cantilever velocities should be limited to ď 2 µm/s,

which is also required in order to avoid artifacts due to the presence of hydrodynamic

drag forces. These forces, which appear as a result of the viscous friction between the

cantilever and the liquid media in which the measurements are performed, show a linear

dependence with the speed of the cantilever [157]. Accordingly, they are negligible only

at low speeds. In addition, the presence of drag forces in the characterisation of weakly

adherent single cells may cause their displacement out of the compression area during

the approach phase. This is specially relevant during parallel plate compression with
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cantilevers of rectangular beam, as this geometry provides higher drag forces than for

triangular cantilevers [158].

The use of varying set-point forces, as illustrated in Fig. 4.4, led to important

variations in the rheology of the actin cortices. By increasing the compression force, a

cortical modulation may be triggered in order to resist or adapt to the increasing external

load. Simultaneously, deeper regions of the cellular body may be probed, hence regis-

tering contributions from the cellular organelles in the resulting force curves. For cells

on glass substrates, already within a difference of 1 nN in the set-point force, significant

differences (α = 0.05) were observed in T0 and β. This highlights the importance of

delimiting the experimental conditions to low forces, specifically below 2 nN. In the case

that adjustment of this parameter is experimentally necessary for the optimal recording

of the force curves, attention needs to be put on any analytical deviations that may

come from pooling data acquired under different set-point forces.

Interestingly, both on glass and PEGylated substrates, cell fluidity showed a plateau

in the coefficient β with increasing set-point forces, whereas prestress preserved a linear

trend. This suggests that once fluidity cannot increase anymore, prestress rises to prevent

further cellular deformation. The saturation regime should be avoided to allow detection

of cortical adaptations through the three parameters of interest T0, KA and β.

As discussed by Cordes et al., and demonstrated by indenting MDCK II cells with

conical and colloidal cantilever tips of various sizes, the Evans model is independent

of the indenter geometry [9]. Here, the focus lies on determining the influence that

the indentation percentage, parameter required during the application of the Evans

model, has on the calculation of T0, KA and β . The indentation value is tied to the

set-point force and is determined as the indentation depth with respect to height of

the cell. In the AFM setup here used, only the top view of the cell was accessible,

meaning that the indentation distance could not be optically determined. Alternatively,

indentation can be calculated from the cantilever’s z -displacement and Hooke’s law (eq.

2.1). However, in this process, the cantilever’s deflection needs to be known, and this

value may be affected by drifts in the baseline. Accordingly, for a proper evaluation of

the rheological results, it is important to determine whether they may be affected by

deviations in the indentation values. As shown in figure 4.6, T0, KA and β were only

significantly distorted with indentation percentages beyond 20 %. Larger indentations

correlate to set-point forces beyond those used in this thesis, establishing a limit that

albeit more relevant for the general handling of force indentation experiments, is also

important for the consistent application of the Evans model.
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Two other analytical parameters were tested: the cell radius and the contact point.

Regarding cell size, figure 4.7 shows the importance of consistency in determining cellu-

lar radii, specially involving KA. As a simple approach, variability in T0, KA and β can

be reduced by systematically drawing the cell diameter through the longest, shortest,

or averaged diameter. Considering the batch-processing feature of the SF routine, the

radius is introduced for the general calculation of the geometry of the compressed cell

and is thereafter serially applied to the grouped measurements. Accordingly, only cells

with comparable radii should be processed together. Seeking consistency in the deter-

mination of the contact point between cell and cantilever is also important, albeit its

influence is considerably smaller than that of the cell radius. This becomes challenging

when testing different experimental conditions because force measurements may present

different curvatures at the onset of compression as reflected in figure 4.5, where the mis-

alignment between force curves is partially due to a lack in consistency in contact point

indication. The implementation of an improved and automatic sub-routine could there-

fore reduce the variability associated to contact point selection by optimally determining

its location.

In the application of the Evans model, a compromise between minimal invasivity

and cell-cantilever contact formation -especially challenging for weak adhesiveness- must

be reached. Based on the results above, these standard conditions are defined by low

approach velocities (ď 2 µm/s) and set-point forces (ď 2 nN), which also relate to low

indentation percentages (ď 20 %). In addition, to limit variability during the systematic

analysis of force curves, specially in KA, consistency is required in the indication of cell

radius and contact point.

4.2.3 Comparison of the Evans and Hertz models

Experimentally, the validity of a viscoelastic model can be determined by testing whether

it is independent of the geometry and size of the cantilever’s tip. Based on this principle,

Cordes et al. validated the Evans model by indenting confluent MDCK II cells with

probes of different size and geometry. Simultaneously, they observed that the Young’s

moduli obtained upon applying the Hertz model to the same measurements decreased

with increasing indenter size, and varied according to its geometry [9]. This poses a

constraint in the application of the Hertz model, as different geometries are optimal

for different applications: while pyramidal tips provide high resolution in the mapping

of topographies and elastic moduli of samples, colloidal tips provide a larger contact
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surface, thus limiting the risk of cell damage by distributing forces [159].

Furthermore, figure 4.2 shows how the Hertz model was unable to accurately describe

the force curves especially at low strain, where the prestress dominates, and directly at

the onset of relaxation. More importantly, as shown in the same figure, the Evans model

led to fluidity coefficient β values that are larger than those determined by the Hertz

model. Theoretical approximations to in vitro experiments on reconstituted bio-networks

indicate that the relaxation times of transiently cross-linked actin networks correspond

to β coefficients of 0.5. Accordingly, the Evans model provides fluidity values closer to

these observations in comparison to the β coefficient of 0.2 reported in the bibliography

for living cells, characteristic of glassy dynamics [102].

In conclusion, the Evans model is able to more accurately determine the rheological

properties of the actomyosin cortex by relating the cellular prestress to its fluidity. Using

standard experimental conditions and maintaining coherence in the analytical processing

of the force measurements, the Evans model consistently describes the compression-

relaxation phases of the force curve over the entire duration of the measurement.

4.2.4 Influence of the myosin II motor activity on the rheology of the

actomyosin cortex

The cellular response to deformation is considered to be predominantly controlled by

the structure of the actin mesh and by the network of non-muscle myosin II motors

conforming the actomyosin cortex [10] [160]. This hypothesis is further supported by the

findings in the viscoelastic characterisation of ex vivo isolated apical cell membranes on

porous substrates, which show that activation of myosin II motors leads to a behaviour

closer to that of living cells [101]. Calyculin A and blebbistatin are small molecules

known to modify the activity of myosin II motors. While the former increases motor

processivity [66, 145] and is therefore expected to generate higher prestress at the expense

of fluidity, the latter stalls myosin II activity [144], thus promoting increased fluidity due

to the loss of transient actin cross-links.

Observing figure 4.9, the effect of exposure to calyculin A was in agreement with

the aforementioned. However, the use of blebbistatin did not induce a significant ef-

fect -but at least a trend- with respect to untreated cells. In comparison, equivalent

experiments on MDCK II cells by Cordes et al. show a clear change in the behaviour of

the cortex upon exposure to the same drugs [9]. This suggests that fibroblast could be

more resistant than MDCK II cells to the effect of drugs that alter the regulation of the

actomyosin cortex, which is not unreasonable given the important structural function
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that fibroblasts perform in the tissue. Cellular polarity or cortical thickness may play

an important role in determining cortical sensitivity. In this regard, stimulated emission

depletion (STED) images have shown that weakly adherent fibroblasts present a cortex

with an average thickness of „400 nm, whereas for MDCK II cells, the thickness is of

„160 nm [9]. Such difference may reduce the sensitivity to blebbistatin and calyculin A

in fibroblasts. The use of GDA, which generates solid-like shells by protein cross-linking,

caused a drastic stiffening of the actomyosin cortex on both cell types. Interestingly, the

resulting area compressibility modulus was comparable to that of fibroblasts exposed

to calyculin A (Fig. 4.9), indicating that the cross-linking of the membrane and the

over-activated contraction of the actin shell lead to a similar resistance to the increase

of cellular surface.

Given the changes induced in the cellular rheology upon alteration of the activity

of non-muscle myosin II motors, it is further supported that the cellular response to

external stress is governed by the interplay between the components of the actomyosin

cortex.

Conclusions

In conclusion, a clear standard methodology has been described in this chapter for the

application of the Evans model to compression-relaxation force curves obtained on sin-

gle cells. As a result, prestress, area compressibility modulus and fluidity, parameters

describing the rheological properties of the actomyosin cortex, can be accurately de-

termined. By using this model, the influences on cortical dynamics of blebbistatin and

calyculin A, which alter the activity of non-muscle myosin II motors, and of GDA, which

causes protein cross-linking, have been analysed, offering further proof that the cortical

response to deformation is predominantly regulated by the activity of myosin II motors.
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Chapter 5

Influence of formins on the
actomyosin cortex throughout
cellular adhesion

In the previous chapter, the Evans model and its robustness were validated in the con-

text of rheologically characterising the actomyosin cortex of weakly adherent fibroblasts.

However, the rounding of cells is rather constrained to specific stages of the cell cycle

such as mitosis [161], cell death [162], or tissue developmental events [163]. Even in

cell migration, despite lifting from the substrate [164], cells maintain a non-globular

but polarised shape with an elongated body showing leading and trailing edges [165].

Therefore, in the exercise of characterising the actomyosin cortex, the study of strongly

adherent cells becomes relevant. In this chapter, the relation between the degree of ad-

hesion and the cortical properties of fibroblasts is determined. In addition, since changes

in cellular shape correlate to the re-organisation and re-assembly of the actomyosin mesh

[10], the influence of formin proteins, which participate in the nucleation and elongation

of linear actin filaments, is assessed by comparing the properties of wild type fibroblasts

to those of cells lacking mDia1, mDia3, or both isoforms.

5.1 Results

5.1.1 Actomyosin cortex adaptation with the degree of cell adhesion

In order to validate the Evans model, force measurements were obtained on cells cultured

on archetypical substrates leading to weak and strongly reduced cellular adhesion. These
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were, namely, glass and PEGylated surfaces which, as shown in figure 4.1 of Chapter

5, already led to considerably different cortical prestress and fluidity. Cell adhesion

is largely governed by the interaction between integrins and proteins located at the

extracellular matrix [166]. One of the most relevant recognition motifs for such ligand-

receptor interplay is the Arg-Gly-Asp (RGD) peptide. Accordingly, the use of soluble

RGD in culture prevents the cell-substrate interaction by blocking the integrin receptors,

whereas when functionalised onto a surface, the motif promotes cell adhesion [167]. This

is precisely what naturally occurs with fibronectin, a major ECM component rich in RGD

amino acid sequences that thus promotes cellular adhesion and spreading [168].

Therefore, in order to compare the rheological properties of cells presenting different

degrees of adhesion, the use of soluble RGD peptides and fibronectin-coated substrates

was added to the use of bare glass and PEGylated surfaces already employed in Chapter

4. This is reflected in figure 5.1 and the corresponding table 5.1.

As shown, weakly adherent cells showcased a broad distribution of prestress values

that encompassed that of strongly adherent cells as well. Within weakly adherent cells,

which led to lower T0 values, the addition of adhesion-inhibiting RGD caused a slight

increase, albeit non-statistically significant. A similar trend was reflected in the fluidity

values, being those observed on strongly adherent cells equivalent to those on glass.

The area compressibility modulus showed a progressive increase with adhesion strength;

highest values where therefore observed for strongly adherent fibroblasts, and lowest for

cells on PEGylated substrates.

Table 5.1: Influence of the degree of cellular adhesion on cortical parameters. The table shows
the mean and SD of the distributions of Fig. 5.1 for WT fibroblasts presenting different degrees of cell
adhesion according to the seeding conditions employed.

Substrate T0 [mN/m] KA [N/m] β

PEG
0.779 ˘
0.385

1.13 ˘ 1.47
0.488 ˘
0.117

Glass +
sRGD 1 mM

0.324 ˘
0.260

1.58 ˘ 2.25
0.453 ˘
0.088

Glass
0.297 ˘
0.192

2.83 ˘ 4.81
0.448 ˘
0.107

Fibr
0.429 ˘
0.200

4.05 ˘ 8.08
0.446 ˘
0.115
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Figure 5.1: Dependence of cortical properties on the degree of cellular adhesion. Comparison
of T0, KA and β parameters obtained on cells cultured on substrates leading to increasing degree of
adhesion. From left to right, ranging from strongly reduced (˛) to weak (*) and finally to strongly
increased (#) adhesion. Prestress values span over an interval delimited at the low end by those obtained
on glass -with or without RGD- and those obtained on PEGylated substrates. Within weakly adherent
cells, fluidity of cells on glass increases upon 1 mM RGD addition and is higher for Fbs on PEGylated
substrates. Strongly adherent Fbs show fluidity values similar to those of cells on glass; compared to
weakly adherent cells, they present intermediate prestress and a higher area compressibility modulus.
Significance denoted with r*s for α ă 0.05, r**s for α ă 0.01, and r***s for α ă 0.001; mean and median
are respectively indicated with - and ˛. All measurements were performed at standard conditions of 1
nN force and 1 µm/s; nGlass = 74, nRGD = 27, nPEG = 60, nFibr = 141.
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5.1.2 Relevance of formins in cortex regulation of weakly adherent cells

To establish a reference for the study of the influence of formins on the properties of

the actomyosin cortex, initial experiments compared the behavior of WT Fbs to that

of double knock-out (dKo) cells -thus lacking the mDia1 and mDia3 isoforms- and of

WT cells exposed to the general formin inhibitor SMIFH2. SMIFH2 targets the formin

homology 2 (FH2) domain of formins, hence preventing their actin nucleating and fil-

ament elongating activity. The results of such comparison, performed under standard

conditions on PEGylated substrates, are shown in figure 5.2. Upon formin inhibition,

cortical prestress was drastically reduced. This applied to the two experimental condi-

tions of dKo cells and WT cells exposed to SMIFH2. Regarding KA and β, however,

the two formin-modulated categories presented different behaviours: while dKo cells did

not show significant differences with respect to WT untreated cells, fibroblasts exposed

to SMIFH2 presented a significant increase in KA and decrease in β.

Figure 5.2: Influence of formin-modulation on cortical properties. Comparison of T0, KA and
β parameters between WT fibroblasts and cells with modulated formin-activity, including dKo Fbs and
WT cells exposed to SMIFH2. Prestress values decrease upon formin inhibition, but KA and β only
result affected by the exposure to SMIFH2. Significance denoted with r***s corresponds to α ă 0.001;
mean and median are respectively indicated with - and ˛. Measurements were performed at standard
conditions on PEGylated substrates; nWT = 60, ndKo = 25, nSMIFH2 = 44.
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5.1.3 Influence of formin modulations in the adaptation of the acto-

myosin cortex of strongly adherent cells

Upon initiating the experimental on strongly adherent cells, the duration of the measure-

ments was optimised to ensure that strong adhesion was fully established throughout

the acquisition time. Accordingly, changes in the cortical parameters of the pool of cells

measured in a day (9 to 10 per cell line) were qualitatively analysed as a function of time.

To this purpose, for each cell tested, the resulting T0, KA and β values were averaged

and presented against their acquisition time in figure 5.3.

For each parameter and cell line, the general trend was determined based on least

square analysis. As a result, a linear regression was calculated for each experimental

condition, collected in table 5.2. Cell fluidity remained relatively stable (small slope

compared to initial value) for the duration of the experiment, showing small differences

in the temporal trend between cell lines. In contrast, prestress and area compressibility

modulus showed a higher variability in time with different trends for WT, mDia3 and

mDia1-lacking cells; prestress of mDia3 showed a higher increase rate, albeit measure-

ments were performed in a shorter time interval. Given the linear trends identified upon

qualitative analysis, measurements on strongly adherent fibroblasts were performed dur-

ing a 2 h interval in an attempt to maintain reduced but consistent distributions of

T0, KA and β, and initiated 30 min after cell seeding (1 h upon preparation of the cell

suspension) to ensure cellular spreading.

Table 5.2: Linear fits describing the temporal evolution of the rheological parameters of
adherent cells. The equations of the linear fits representing the temporal evolutions of the parameters
showcased in Fig. 5.3 are shown. Time in hours.

Cell type T0(t) [mN/m] KA(t) [N/m] β(t)

WT 0.350 + 0.065t 4.339 - 0.419t 0.585 - 0.033t

mDia1 0.228 + 0.103t 0.317 + 0.331t 0.726 - 0.073t

mDia3 0.113 + 0.292t 0.932 + 0.335t 0.605 - 0.039t

dKo 0.143 + 0.117t 3.261 + 0.320t 0.563 - 0.042t
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Figure 5.3: Temporal evolution of the cortical properties of adherent cells. Each marker
represents the averaged values measured on a single cell (see legend for the cell line). To better illustrate
the temporal changes, a linear fit is provided for each data set (dotted lines). Time of 0 h corresponds
to the preparation of cell suspension; within the first hour, cells are transported and seeded to the AFM
substrates.

The rheological parameters of strongly adherent WT, mDia1, mDia3 and dKo fi-

broblasts are shown in figure 5.4. Prestress values were lower for WT cells and increased,

in this order, for mDia3, mDia1 and dKo cells. Between WT and mDia3 Fbs, however,

differences resulted non-statistically significant. Fluidity of the two single knock-outs

was also higher than for WT, but in this case, both comparisons resulted statistically

significant. In contrast, fluidity of WT and dKo Fbs remained comparable. The trend

in β was inversely reflected in KA: higher moduli were found for WT and dKo Fbs, and

lower KA was found for mDia1 cells.
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Figure 5.4: Cortical properties of strongly adherent cells with different formin modulations.
Cellular prestress is lower on WT and mDia3 Fbs, and increases for mDia1 and dKo cells. KA and
β show mirrored trends: cellular fluidity is lower on WT and dKo cells, with very similar values, and
higher for mDia1; the contrary is observed for KA. Significance is denoted with r*s for α ă 0.05, r**s
for α ă 0.01, and r***s for α ă 0.001; mean and median are respectively indicated with - and ˛. nWT =
140, nmDia1 = 138, nmDia3 = 99, ndKo = 80.

5.2 Discussion

5.2.1 Cortical parameters in relation to the degree of cell adhesion

Throughout their lifespan, cells in vivo regulate adhesion according to their biological

needs as an intrinsic part of their natural behavior: during tissue formation or mitosis,

cells become round at the expense of their attachment to the substrate and neighboring

cells. In addition, strongly adherent cells lift from the surface in order to display directed

migration towards or away from a myriad of cues. Incidentally, the wound healing process
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leads to the expression of an important number of chemical cues, like pro-inflammatory

cytokines, ECM components or TGF-β, that dictate migration through chemotaxis [169].

To understand various dynamical or non-lineal processes, the use of different sub-

strates and chemical cues to regulate cellular adhesion in vitro has become a common

practice in the field of biophysics. In this thesis, PEGylated substrates, glass surfaces,

and fibronectin-coated supports were used to promote, respectively, highly reduced,

weak, and strong cellular adhesion, thus mimicking the complexity of three stages within

the adhesion process. Additionally, cells cultured on glass were also exposed to soluble

RGD (Fig. 5.1), which led to cortical properties that fell between those of weakly ad-

herent cells, thus on glass, and those with strongly reduced adhesion, hence on PEG

(Table 5.1). The use of soluble RGD at concentrations close to 1 mM has been shown

to extensively prevent cellular adhesion [170], whereas higher concentrations of 2 mM

have completely prevented it [171]. Accordingly, results upon RGD addition showed an

increased reduction of cellular adhesion with respect to cells on glass.

Based on the influence of the culture surface, results indicate that upon establishing

the first interactions with the substrate (transition from PEG to glass in Fig. 5.1),

fibroblasts underwent a significant relaxation of the cortical prestress and a decrease

in fluidity. Upon spreading (glass to fibronectin in Fig. 5.1), the cortex stiffened up

considerably but fluidity was maintained. Throughout the process, KA consistently

increased with the adhesion strength.

In order to understand these adaptations, it is important to consider that in spread-

ing fibroblasts, membrane surface can increase up to 80 % with the doubling of the

cell-substrate contact area [172]. Such a substantial change demands a stringent regula-

tion of the cellular architecture in order to avoid the rupture of the plasma membrane: in

the absence of reservoirs and depending on its composition, membrane integrity cannot

be maintained beyond „3-5 % dilation of its initial area [173].

The plasma membrane is known to be linked to the actomyosin cortex through

several proteins including ezrin, radixin and moesin (ERM), and myosin-I motors [10,

11]. These tethers determine the membrane-to-cortex distance to the scale of single actin

nucleators, which also provides control over formin activity [174]. Accordingly, an active

interplay can be expected between the membrane and the actomyosin cortex. In fact,

rather than a passive physical scaffold hosting actin polymerization, the membrane may

act as an effective regulator of cell spreading: lateral protrusions are reversely sacrificed

for the directional stretching of epithelial cells [175]; moreover, reduction of membrane

tension, disruption of the actomyosin cortex, or loss of its molecular linkers to the cell

membrane promote formation of lamellipodia and blebs [176, 177].
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Physically describing this interplay, the cortical prestress (T0) encapsulates cortical

(Tc) and membrane (Tt) tensions according to:

T0 “ Tc ` Tt (5.1)

At the same time, Tt arises from in-plane tension due to membrane inextensibil-

ity, and from the tension generated by the membrane-cortex attachment sites. Using

AFM-based tether pulling experiments, Pietuch and Janshoff [178] described the cortical

adaptations of spreading epithelial MDCK II cells through the characterisation of Tc,

Tt and the apparent area compressibility modulus (K̃A). In contrast to the area com-

pressibility modulus (KA) used in this thesis, K̃A accounts for wrinkles and membrane

folds that constitute a real surface area larger than the geometrical one.

For MDCK II cells it was thus found that upon initial contact with the substrate,

cells remained very round and presented high stiffness. Immediately after (next 5-10

min), Tc, Tt and K̃A showed a decrease. Simultaneously, the membrane protrusions

that would establish the initial substrate adhesion area were formed as a mechanism to

restore T0 upon the increase in available membrane (drop in Tt and K̃A); at the same

time, imaging of the basal cellular membrane showed disruption of the F-actin organi-

sation, which facilitated the re-organisation and expansion of the cell. With increasing

spreading, membrane reservoirs within the cell were consumed, thus leading to an in-

crease and stabilisation, upon depletion, of K̃A. At the same time, formation of stress

fibers reinforcing a stable adhesion led to an increase in Tc and Tt [178].

When comparing these literature results, relevant for non-migratory epithelial states,

to the observations reported in this thesis for WT fibroblasts, several parallels were

found. Figure 5.1 shows that with increasing adhesion strength, T0 underwent a sig-

nificant drop followed by a strong increase, hence reflecting the same trend observed

on MDCK II cells. Interestingly, while epithelial cultures showed a higher cortical ten-

sion after complete adhesion, prestress in fibroblasts was higher when the cells remained

rounded upon the first contact with the substrate. Accordingly, strongly adherent fi-

broblasts could preserve higher adaptability in the cortical response than epithelial cells.

Changes in β through the adhesion process showed a trend similar to T0: upon initial

adhesion, a significant decrease in fluidity was followed by an increase during cellular

spreading. Even though at the final adhesion stage β was significantly lower than for

cells on PEG, the fluidisation observed in the transition from weak to strong adhesion

has also been recognised on MDCK II cells, in which the process has been identified as a

possible mechanism to allow extensive cytoskeletal re-organisation and expansion while

avoiding membrane rupture during lateral stretching [179].
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Regarding KA, a progressive rise in the resistance to increase the surface of fibrob-

lasts was detected with the adhesion strength. In the transition from weak to strong

adhesion, intracellular membrane reservoirs are depleted [177, 178] while the actin ar-

chitecture is re-organised with the enrichment of the cortex and the formation of stress

fibers stemming from newly formed focal adhesions. The stabilisation of the spread

cytoskeleton thus correlates to increased KA values, as observed in figure 5.1.

Overall, results indicate that in suspension, fibroblasts simultaneously present a

high prestress and fluidity, and low KA values, which provide the cell with a cohesive

shell to maintain a globular structure, while preserving its adaptability to interact with

the surroundings and establish contacts with a surface in order to initiate the adhesion

process. At this stage, the cellular prestress relaxes to allow the adaptation of the

actin architecture to transition from a globular to a capped cell shape. Simultaneously,

blebs and protrusions are form to establish a first contact area between the cell and

the substrate. This requires the consumption of the membrane reservoirs in the form of

wrinkles and folds, which causes a small increase in KA and a decrease in fluidity. With

progressing adhesion and spreading, thus transitioning from weak to strong adhesions,

fibroblasts fluidise which, in agreement with bibliographic sources, allow cells to tolerate

extensive cytoskeletal re-organisation and expansion [177, 178, 179]. Once the expansion

of the cell-substrate contact area is complete, likely linked to the depletion of intracellular

membrane reservoirs [177, 178], enrichment of the cortex and higher levels of actin

architecture, such as stress fibers, are synthesised, thus causing a progressive increase of

cortical prestress and KA until stabilisation of the cytoskeleton is achieved by the fully

adherent cell.

5.2.2 Influence of formin modulation on the actomyosin cortex

As active regulators of the polymerization of actin filaments, formins represent an im-

portant element in the maintenance and regulation of the cellular cortical properties.

As shown in figure 5.4, the absence of any formin isoform had a direct impact in T0,

KA and β. These results are reproduced in figure 5.5 and table 5.3, where the measure-

ments performed by V. Scheller on weakly adherent cells presenting equivalent formin

modulations are included.

Original results on WT and dKo weakly adherent cells have already been presented

in several figures throughout this and the previous chapters. However, to ensure coher-

ence within the category of weak adhesion in figure 5.5, the measurements performed

by V. Scheller on WT and dKo fibroblasts are presented instead. These results were

104



Figure 5.5: Comparison of the cortical properties of weakly and strongly adherent cells
with different formin modulations. Through both degrees of cellular adhesion, cortical prestress
increasingly deviates from WT behavior for mDia3, mDia1 and dKo cells. For weakly adherent cells, KA

follows the same trend, which results inverted in β. For adherent Fbs, fluidity increases for the single
knock-outs, but not for dKo cells; the contrary is observed in KA. Measurements on weakly adherent
cells are provided by V. Scheller. Significance is denoted with r*s for α ă 0.05, r**s for α ă 0.01, and
r***s for α ă 0.001; T0 distributions of weakly adherent knock-out lines show statistically significant
differences with all other categories corresponding to r***s. Mean and median are respectively indicated
with - and ˛. For weakly adherent cells and in order of T0, KA and β: nWT = 104, 40, 15; nmDia1 = 171,
18, 30; nmDia3 = 96, 40, 42; ndKo = 109, 42, 8. For strongly adherent cells: nWT = 140; nmDia1 = 138;
nmDia3 = 99; ndKo = 80.

105



also evaluated following a fitting routine preceding the ones employed in this thesis,

but despite small variations, no major differences were found between the two sets of

measurements. In agreement with figure 5.1 and albeit the wide distributions within

experimental categories, a significant increase in cortical tension is observed between

weak and strong adhesion.

Table 5.3: Cortical parameters of weakly and strongly adherent cells with different formin
modulations. The mean and SD values of the distributions in the violin plots of Fig. 5.5 are indicated.

Cells T0 [mN/m] KA [N/m] β

W
ea

k

WT 0.377 ˘ 0.224 6.92 ˘ 8.60 0.373 ˘ 0.099

mDia1 0.198 ˘ 0.115 3.91 ˘ 5.46 0.436 ˘ 0.217

mDia3 0.257 ˘ 0.130 9.04 ˘ 15.0 0.451 ˘ 0.197

dKo 0.158 ˘ 0.135 2.15 ˘ 2.31 0.504 ˘ 0.149

S
tr

on
g

WT 0.429 ˘ 0.200 4.05 ˘ 8.08 0.446 ˘ 0.115

mDia1 0.532 ˘ 0.262 1.51 ˘ 1.37 0.546 ˘ 0.099

mDia3 0.450 ˘ 0.428 1.92 ˘ 1.87 0.523 ˘ 0.089

dKo 0.559 ˘ 0.265 4.09 ˘ 5.55 0.438 ˘ 0.092

Within weakly adherent cells, the lack of any of the formins studied led to an increase

in fluidity. While for single knock-out lines the increase was comparable, it was still lower

than the increase observed for dKo fibroblasts. In contrast, cortical prestress and KA

presented a similar trend in which the biggest change with respect to WT behavior was

given for dKo fibroblasts followed by mDia1. Accordingly, mDia3 cells showed the closest

behavior to WT fibroblasts. Such trend, though mirrored, was also observed regarding

cortical prestress on adherent cells since formin modulations led to higher values than for

WT cells. On the other hand, while cellular fluidity increased for the single knock-outs,

fluidity of dKo cells remained close to that of WT cells; KA followed the reverse trend.

The properties of the actomyosin cortex thus resulted mostly impaired in the ab-

sence of mDia1, either as single knock-out or, even more significantly, as dKo, hence

underlining the isoform’s essential role in cortical maintenance and regulation. Even

though a more extended discussion on the mDia1 and mDia3 functions will be provided

in chapter 8, results on weakly adherent cells indicate that the absence of formins led to

structurally deficient cortices that rendered the cells vulnerable to external deformation.

Therefore, it could be expected that for strongly adherent fibroblasts, cortical deficien-

cies would be similarly reflected. Instead, results indicate that the prestress of strongly

adherent cells was higher in the absence of formins.
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Despite the clear impact that formin-nucleated actin filaments have in the rheological

properties of the cortex, they constitute as little as 10 % of the total amount of fibers

[180]. In the resulting mesh, isotropic and anisotropic regions coexist, simultaneously

presenting both aligned and randomly oriented actin bundles [181]. Since myosin II

motors move towards the plus end of actin filaments [182], the orientation of the actin

mesh provides a balance between cortical contraction and relaxation.

In the absence of formins which, together with the Arp2/3 complex nucleate the

bulk of the actin filaments, the cortical network consists mostly of branched structures

[183]. Experimental simulations have shown than in such networks, the relaxation times

are slower than for meshes rich in long (formin-nucleated) filaments due to the confine-

ment of myosins between branches [184]. Accordingly, it is possible that in the absence

of mDia1 and mDia3, a higher prestress is detected on strongly adherent fibroblasts due

to the lack of long actin filaments relieving the contraction of branched structures. Fur-

thermore, mDia1 and mDia3 are known to show compensatory activity in the lack of one

or the other [16]. It is thus conceivable that in an adherent state, their absence triggers

alternative mechanisms of actin polymerisation and contraction, beyond the involvement

of the Arp2/3 complex, that reinforce the generation of a high prestress.

Experimentally, due the defective cortices of strongly adherent cell lines presenting

formin knock-outs, higher prestress could also be measured due to the unforeseen con-

tribution of cellular organelles. During the characterisation of the actomyosin cortex of

weakly adherent fibroblasts, the AFM cantilever approaches the round cell from atop,

which leads to a parallel plate-like compression. On strongly adherent cells, which show

a capped or fried egg shape, the cantilever is instead directed to the area delimited be-

tween the cellular periphery and the nucleus, as this guarantees that the force sensed

by the AFM is contributed by the cortex and not by the substrate or the nucleus itself.

However, as shown in figure 5.6, knock-out fibroblasts present very flattened bodies with

widespread morphologies. Accordingly, since there is no smooth transition between the

nuclear area and the cellular lamellipodia, the identification of the optimal region for the

acquisition of the force curves can result challenging. Furthermore, dKo cells show the

spontaneous formation of transcellular macroapertures (TMs), which consist in tunnels

traversing the cellular body and connecting the apical and dorsal membranes (Fig. 5.6);

based on empirical observations, their formation is promoted by the stress generated

during compression-relaxation measurements.

Due to this challenges, and favoring a compromise to ensure coherence between the

measurements performed on strongly adherent WT, mDia1, mDia3 and dKo cells, the
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force measurements were performed by directing the AFM cantilever towards the central

region of the cell as shown in the schematics of figure 5.6. The cellular nucleus is highly

anisotropic and presents a wide interval of Young’s moduli in the order of 0.1 to 103

Pa [185], thus in the range of the modulus of actomyosin cortices as determined by the

Hertz model (Fig. 4.2). Accordingly, due to defective cortices and to the experimental

methodology, the prestress values measured on strongly adherent knock-out cell lines

could present the rheological contributions of the cellular nuclei.

Figure 5.6: Imaging and cantilever directionality during AFM measurements. A) Bright
field imaging of strongly adherent WT, mDia1, mDia3 and dKo Fbs on fibronectin-coated substrates.
Images are not modified to reflect original experimental conditions: upon adhesion, knock-out Fbs flatten
against the surface, often hampering their localisation. While mDia1 and dKo cells generally show a
fried egg shape, mDia3 Fbs present larger morphological variability, sometimes retaining a polarised-
like disposition. WT fibroblasts present elongated bodies, but are typically polarised with a spindle-like
shape (right panel). B) Transcellular macroapertures on dKo Fbs (triangles). These tunnels are dynamic
and are spontaneously formed and closed, albeit their appearance is seemingly promoted by the stress
induced during probing. Scale bar of micrographs: 50 µm. C) Schematics reflecting the cantilever’s
approach towards the cell; albeit tipless cantilevers were experimentally used, they are schematised with
a tip to better illustrate the cell-cantilever contact region. Round cells are approached from the top (i); to
determine the cortical rheology on adherent cells, the cantilever should be directed to the region between
cellular nucleus and lamellipodia (ii). Do to the morphology of adherent knock-out cells, consistency
between measurements is achieved by probing the cells closer to the central region of the cell (iii).
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5.2.3 Cortical properties upon SMIFH2-based formin inhibition

The use of SMIFH2, a known formin-inhibitor, was used to compare its effect to the

behavior of WT and dKo cells on PEGylated substrates. As shown in figure 5.2, upon

exposure to SMIFH2, the cortical properties of WT cells changed drastically with a

relaxation of the prestress, an increase in KA and a decrease in fluidity. In comparison,

dKo cells only presented a decrease in prestress with respect to non-treated WT cells, but

to a comparable level to that caused by the presence of SMIFH2. The differences between

the behaviour of dKo cells and WT cells exposed to SMIFH2 could come from the fact

that the inhibitor has a broad scope of effect beyond mDia1 and mDia3 inhibition.

However, as recently discovered, SMIFH2 is also able to inhibit the activity of several

forms of myosin [186]. Therefore, it is plausible that, in agreement with Chan et al. [187],

the effect of SMIFH2 may have led to a decrease in cellular fluidity via the inhibition of

myosin II activity, thus masking the formin inhibition.

Conclusions

Upon contact with a surface, fibroblasts in suspension undergo a relaxation of the pre-

stress to allow the transition to a capped cellular geometry. Simultaneously, blebs and

protrusions are formed, which establish a first contact area with the substrate. At this

point, the cell fluidises to sustain the expansion of the cell membrane. Once the cellular

spreading is complete, enrichment of the cortex and formation of stress fibers causes a

progressive increase of the cortical prestress and KA until stabilisation of the cytoskeleton

is achieved by the fully adherent cell.

For mDia3, mDia1 and dKo cells, increasing defects in the architecture of the ac-

tomyosin cortex lead, in a weakly adherent state, to higher susceptibility to external

deformation. For adherent fibroblasts, these defects are maintained. However, a pre-

stress higher than that observed on WT cells is measured. In the absence of long actin

filaments nucleated by formins, which provide a fine balance between compression and

relaxation of the cortex, highly contracted branched actin filaments could lead to the

high T0 values measured. Furthermore, due to the widespread and planar morphology of

knock-out fibroblasts and the resulting methodological adaptations in the acquisition of

force-curves, prestress could include the rheological contributions of cellular organelles.

In this case, the contribution would be larger with increasingly defective cortices, thus

progressively higher for mDia3, mDia1 and dKo cells. The use of SMIH2, while it causes

low prestress similar to that observed for dKo cells, also induces a decrease in fluidity,

which could be caused by the off-scope inhibition of myosin II motor activity.
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Chapter 6

Relevance of formins in wound
healing

Until now, the focus of the research laid on the characterisation of the dynamics and

regulation of the actomyosin cortex as a function of the degree of cell adhesion, and in

relation to the role of mDia1 and mDia3.

In this chapter, the influence of the formins is analysed in regard to the collective

kinetics of fibroblasts in the wound closure process. To this purpose, the WT and dKo

cell lines are monitored during recovery upon injury using the Electric Cell-Substrate

Impedance Sensing (ECIS) setup. Furthermore, results are compared to the effect of

the general formin inhibitor SMIFH2, and to the behavior of single mDia1 and mDia3

knock-outs. The time resolved frequency spectra acquired with the ECIS are analysed

based on the model developed by Lo & Ferrier in order to characterise the properties of

the cell layer; micromotions resulting from the height fluctuations of the cellular basal

membranes, which provide an indicator of cell vitality, are moreover studied. Finally,

fluorescence microscopy is employed to correlate the findings with the morphological and

phenotypical adaptations of the fibroblast cultures.

6.1 Results

6.1.1 FMT progression upon impedance-based wounding

The ECIS is a well-established and label-free technique that allows the real-time study

of cellular dynamics based on the impedance spectra that the passive electrical proper-

ties of cells generate upon exposure to an electric field. In this chapter, the following

methodology was employed to access the collective kinetics of fibroblast cultures during

111



recovery: when a fibroblast monolayer was formed 24 h upon cell seeding, a high ampli-

tude and frequency electric pulse was applied in order to create a wound circumscribed

to the surface of the working electrode embedded in the cultureware. Recovery was then

monitored until impedance values returned at least to pre-wounding levels.

Upon wounding, certain physicochemical cues such as alterations of the ECM or the

release of cytokines like TGF-β induce the fibroblast-to-myofibroblast (FMT) transition,

which involves a phenotypical adaptation by which fibroblasts transiently become more

mobile, express contractile cytoskeletal components such as α-SMA and, at longer time

scales, produce cell-cell contacts. In order to confirm that the FMT took place after caus-

ing an impedance-based wound on fibroblasts monolayers, the presence of the adherent

junction protein connexin-43 (Cx43) and α-SMA was assessed via immunofluorescence

assays at relevant time points: before wounding, and at 24 and 48 h of recovery.

As shown in figure 6.1, in the pre-wounding stage (PW), expression of Cx43 was

low and unspecific, mainly located close to the cell nucleus where it circulated between

the endoplasmic reticulum and the Golgi apparatus as part of its synthesis process.

However, already at the PW stage it was also visible between adjacent cells, albeit at low

level, where gap junctions had been formed. During recovery, both the concentration

and intercellular expression of Cx43 increased progressively in time. The same was

observed for α-SMA which, although it could be already detected in the PW stage, both

its expression and organisation in fibrillar structures became increased and ubiquitous

throughout the re-colonised area as recovery advanced. The time-dependent increase of

both markers was indicative of a progressing FMT. Nuclear staining showed occasional

multilayer formation 48 h post-wounding, and increased cell density.

6.1.2 Recovery kinetics of WT and dKo fibroblasts upon impedance-

based wounding

Impedance spectra were initially acquired on WT and dKo cells cultured on 250 µm

wide electrodes. Figure 6.2 shows the averaged real part of the impedance time courses

obtained following the ECIS-based methodology described above for both cell types.

As shown, WT fibroblasts recovered pre-wounding impedance values within the first

24 h of recovery, showing thereafter an overshoot that seemingly stabilised around 48 h

after wounding (time = 70-80 h in Fig. 6.2). In contrast, fibroblasts with the double

formin knock-out presented a significant delay. Upon applying a sigmoidal fit to the

recovery interval of the real part of the impedance, the recovery half time t1/2 of dKo

cells indicated that recovery was delayed approximately 13 h with respect to WT cells:

t1/2(WT) = 15.07 h ˘ 4.56 and t1/2(dKo) = 28.53 h ˘ 14.95.
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Figure 6.1: FMT progression during wound recovery. Micrographs showcase the expression of
Cx43 (yellow) and α-SMA (red) in WT cells (nuclei in blue), spanning from a pre-wounding stage (PW)
to 24 and 48 h of recovery. Left micrographs display the integral electrode surface (250 µm in diameter);
green frames correspond to the magnifications on the left (scale: 25 µm). In the pre-wounding stage,
Cx43 is mostly diffuse around the cell nucleus as it is synthesised but, as arrows indicate, it is also present
between cells where gap junctions have been formed randomly at low level. During recovery, Cx43 is
increasingly expressed and found between cells (arrows). Similarly, α-SMA expression progressively
increases during recovery, for which the formation of fibrillar structures is also increasingly observed.
Nuclear staining indicates that upon recovery, the cell layer has higher cell density and the size of the
nucleus decreases. Occasional cell multilayer is also observed with overlapping nuclei.
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Figure 6.2: Recovery time course of wounded WT and dKo fibroblasts. The averaged real part
of the impedance, acquired at the optimal frequency of 8 KHz, is standardised between the impedance
values of the pre-wounded monolayer (1) and the cell-free electrode after wounding (2). Mean values
(solid line) and standard deviations obtained from the averaging of 6 and 8 impedance courses gathered
on 3 independent experiments are respectively presented for WT cells (�) and dKo fibroblasts (�).
After monolayer formation, a high intensity and frequency pulse (1.8 mA at 10 kHz for 2 min) is applied
in order to create a wound (grey area), upon which cells are allowed to repopulate the electrode and
thus recover. DKo fibroblasts present a slower recovery, reaching pre-wounding values with a delay of
approximately 13 h compared to WT fibroblasts.

In order to relate the recovery of impedance values to the actual cell-coverage of

the electrode upon wounding, fluorescence micrographs were obtained during the first

24 h of recovery. Figure 6.3 depicts this process for WT fibroblasts by showcasing their

intracellular distribution of actin filaments and myosin.

In the healthy and intact monolayer, actin filaments were clearly visible at the

cellular peripheries, though a number of thinner filaments could also be seen forming

mesh-like arrangements throughout the cellular bodies. Myosin was expressed at low

basal levels and was diffusely distributed within the cells; dot-like aggregations were

also associated to the nuclei. Right after wounding, a gap constrained to the surface

of the working electrode (250 µm in diameter) and devoid of cells was observed, thus

highlighting the efficiency of the impedance-based wounding process. Upon injury, the

levels of myosin were immediately increased at the periphery of the wound and thin

filaments became visible, often co-localised to the actin filaments. Within the first 6

h of recovery, a number of fibroblasts began the re-colonisation of the electrode with

no apparent leading front or collective arrangement. Migration of individual cells pro-

gressed simultaneously with highly polarised and elongated bodies, and by transversely

advancing from the wound periphery. In these cells, long myosin filaments could be seen

along the polarised cellular body, thus parallel to the direction of migration. In com-
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Figure 6.3: Actomyosin distribution in WT cells during gap closure. Micrographs showcase
actin filaments (red) and myosin (green) distribution in WT cells (nuclei in blue) at different time points
of the wounding and recovery process. Upon formation of a monolayer (pre-wounding) actin filaments
are abundant at the cell periphery. Right after causing an impedance-based wound (time = 0h), the
area delimited by the electrode surface (250 µm in diameter) is depleted from cells, which then start
re-colonisation. 6 and 10 h after wounding, myosin is expressed in large amounts and myosin fibers are
visible; actin is mostly located at the nascent adhesions and leading edge of advancing cells. After 17
h, the electrode surface is completely repopulated; myosin expression decreases and actin filaments, still
highly concentrated in the growing adhesions points, become more common at the cell periphery.
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parison, while actin filaments remained visible mostly at the cellular periphery, several

discrete and dense actin aggregations appeared where cell-substrate adhesions were be-

ing formed. This distribution was also observed at the 10 h time point, when almost all

the electrode surface was re-populated. Here, the number of actin focal points was in-

creased and presented higher incidence closer to the areas of the electrode that remained

depleted. After 17 h, the electrode was virtually re-colonised and the actin focal points

became larger. In many cases filaments that followed the perimeter of the cellular body

were also observed. Myosin concentration was decreased compared to the 6 and 10 h

micrographs, but remained present in the form of filaments that often co-localised to the

actin arrangements. Upon recovery, and in contrast with the pre-wounding monolayer,

cellular overlapping could be occasionally detected.

The same analysis was applied to dKo cells in figure 6.4, where direct comparison

is also established with the recovery of WT cells depicted in figure 6.3. Already in the

pre-wounding stage, WT and dKo cells showed clear morphological differences: dKo fi-

broblasts spread over larger areas and formed less densely packed monolayers with gaps

between neighbouring cells. In the cell-cell contacts between these gaps, actin aggre-

gations were observed. Besides this, actin filaments were also present at the cellular

periphery or as filamentous meshes throughout the cellular body. As in WT fibroblasts,

myosin was expressed at low basal levels and appeared associated to the cellular nuclei.

Upon wounding, dKo cells initiated the re-colonisation of the electrode by migrating

towards the depleted surface with no clear leading cells or collective organisation. Simi-

larly to WT fibroblasts, dKo cells became elongated. However, dKo cells showed a less

predominant direction of polarisation with respect to the wound edge, and remained

widespread. In this state, dense myosin fibers could be seen throughout the cellular

bodies following two distinguishable organisations: fibers were either specially dense,

straight and parallel, or thinner and following the curvature of the cellular morphology.

Small intracellular voids within the actomyosin mesh were visible in some of the cells

falling in the second category. Overall, and comparing both recovery time points, dKo

cells presented a clear delay in the re-colonisation of the depleted electrode.

Regarding the voids observed in the cytoskeletal organisation of some dKo fibrob-

lasts, these could reflect the formation of transcellular macroapertures (TMs). As de-

scribed and shown in figure 5.6 of chapter 5, TMs consist in the spontaneous formation

of tunnels connecting the dorsal and basal cellular membranes. Figure 6.5 highlights

the appearance of these voids in a low density dKo cellular layer, where multinucle-

ated fibroblasts and the widespread morphology characteristic of dKo cells can also be

observed.
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Figure 6.4: Comparison of actomyosin distribution between WT and dKo cells during gap
closure. WT and dKo cells form distinct monolayers: dKo fibroblasts spread over larger areas and
present gaps (arrows) between adjacent cells. During recovery, dKo cells show large and thick myosin
fibers throughout the cellular body (asterisks) and, in some cases, gaps (triangles) in the fibrous cytoskele-
tal mesh. Upon wounding, both cell lines re-populate the gap via crawling in a direction perpendicular to
its periphery, process in which dKo fibroblasts present a migratory delay with respect to WT fibroblasts.
Staining: actin filaments (red), myosin (green) and nuclei (blue). Wound gap: 250 µm.
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Figure 6.5: Detection of transcellular macroapertures in immunofluorescently labelled dKo
cells. The distributions of actin filaments (red), myosin (green) and nuclei (blue) are indicated in a low
seeding density dKo layer. Magnifications (corresponding from left to right to sections 1 to 3) highlight
voids (arrows) in the actomyosin organisation of several cells. Inlet 1 (left) shows a small TM adjacent
to two nascent voids. As shown in inlets 2 and 3, TMs can appear in different regions within the cellular
body. Nascent voids are predominantly circular; as they grow in size, the regularity in the perimeter is
lost (top arrow in inlet 3). Asterisks indicate multinucleated cells. Scale bars: 50 µm.
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6.1.3 Recovery of layer integrity upon wounding of WT and dKo fi-

broblasts

To better understand the effect that the passive electrical properties of the cells caused

on the time-resolved frequency spectra, these were analysed applying the Lo and Ferrier

model [25]. This model describes the system using an equivalent electric circuit with spe-

cific parameters that relate to physiological elements and that can be quantified, namely:

cell-cell connectivity, reflected by Rb; membrane capacitance, Cm, related to cell surface

rigidity and membrane lipid composition; and cell-substrate distance, inversely propor-

tional to α. The evolution of these parameters for control and wounded WT and dKo

cultures is collected in figure 6.6. For simplicity, the pre-wounding (PW) values corre-

sponding to the intact monolayers (24 h after cell seeding) are pooled together for the

wounded and non-wounded categories since they represent the same experimental con-

dition and are statistically equivalent. This is done, separately, both for WT and dKo

fibroblasts. Furthermore, figure 6.6 only shows statistical significances between experi-

mental categories obtained on the same cell line; the complete statistical comparison is

shown in figures 1 and 2 of the supplementary information (SI; page 193).

The junctional resistance Rb represents cell-cell connectivity and, accordingly, is a

measure for the expression of proteins restricting the ion flow through the intercellular

cleft. As such, it reflects tight junctions and, at a lesser extent, adherent and gap con-

nections. In this model system, no tight junctions are expressed, and Rb thus reflects a

combination of the latter two. For WT control fibroblasts, Rb values increased progres-

sively throughout the duration of the experiment as a result of monolayer maturation

and formation of cell-cell contacts. On wounded samples, a drop in the resistance was

found after 24 h of recovery; after 48 h, Rb increased over PW levels indicating recov-

ery, but remained lower than for control cells at the same time point, hence pointing at

delayed cell layer maturation. The same pattern was observed for dKo fibroblasts, with

the difference that for equivalent conditions, the Rb values of dKo fibroblasts were con-

sistently higher than for WT cells and presented broader distributions, which could hint

at a tight relation between formin activity and formation of adherent and gap junctions.

The plasma membrane acts as a capacitor by providing a dielectric interface be-

tween the extracellular space and the cytoplasm, two electrolytic media. As such, its

capacitance Cm depends on the surface area, sensitive to surface rigidity and membrane

ruffling, and on the membrane’s dielectric properties, determined by membrane compo-

sition. Accordingly, it is relevant in the regulation of resting potentials and in cellular

stimulation. Generally following the inverted behaviour of Rb, Cm values of control WT

and dKo fibroblasts progressively decreased with time throughout the experiment. The
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Figure 6.6: Evolution of Rb, Cm and α of WT and dKo fibroblasts upon growth and recovery.
Parameters are obtained upon applying the Lo-Ferrier model to impedance time courses of control and
wounded WT (�; n = 20, m = 14 and �; n = 2, m = 2) and dKo cells (�; n = 7, m = 7 and �; n =
33, m = 7). For control WT Fbs, Rb increases in time with respect to initial monolayer values (PW;
dotted line). 24 h after wounding (t = 0 h), Rb is decreased and, 24 h later, PW values are recovered.
DKo fibroblasts present the same pattern, but their characteristic Rb values are overall significantly
higher than their equivalent WT categories. In control WT and dKo samples, Cm values decrease in
time. Upon wounding, the same is observed for WT Fbs; in contrast, dKo present an increase in Cm

that is later lowered to PW levels. Reflecting the inverted cell-substrate distance, α values present high
variability. For control WT cells, α values decrease with time, whereas upon 48 h of recovery, are highly
increased. In contrast, control dKo Fbs show high α values that result significantly decreased upon
wounding. Significance denoted with r*s for α ă 0.05, r**s for α ă 0.01, and r***s for α ă 0.001.
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same trend was observed for the wounded WT samples, with no statistical differences

with respect to the corresponding control; in contrast, 24 h after wounding, Cm values of

dKo fibroblasts were significantly increased when compared to PW values, which were

re-gained upon 48 h of recovery. Accordingly, wounding caused a transitory increase in

the capacitance of dKo cells. In general, this cell line also showed lower Cm values than

WT cells, hence pointing at the involvement of mDia1 and mDia3 in the regulation of

membrane roughness.

The height of the cleft between cells and substrate is inversely proportional to α

which, upon applying the Lo-Ferrier model, can be retrieved from the time resolved

impedance spectra acquired with the ECIS. In figure 6.6, a clear difference could be

observed between the positive controls of WT and dKo cells: while the former presented

narrow distributions, the high variability in dKo samples suggests the involvement of

formins in the regulation of the cell-substrate distance. The medians of the distributions

are detailed in table 6.1. As indicated, α decreased in time for WT control samples.

Upon wounding, a significant drop was also observed; however, it was followed by a

high increase in α by the 48 h time point, hence suggesting that cells lifted from the

substrate during the first recovery stage to then approach it in a second wound-healing

phase. Similarly, upon wounding dKo fibroblasts, α showed a significant decrease with

respect to PW levels followed by a small increase. In this case, however, values remained

significantly lower than PW levels, possibly indicating a delayed or impaired regulation

of the cell-substrate distance in the absence of formins.

Table 6.1: Comparison of α values in control and wounded samples of WT and dKo fibrob-
lasts. The table illustrates the median and mean absolute deviations of the α distributions (units of
Ω

1/2 cm) determined following the Lo-Ferrier model and presented in Fig. 6.6.

Category α(PW) α(24h) α(48h)

WT ct. 0.114 ˘ 0.444 0.055 ˘ 0.523 0.030 ˘ 0.655

WT rec. / 0.011 ˘ 0.003 1.62 ˘ 0.28

dKo ct. 1.89 ˘ 1.30 3.30 ˘ 1.33 0.121 ˘ 1.862

dKo rec. / 0.030 ˘ 0.269 0.056 ˘ 0.996

Cellular micromotions in wound recovery

As a result of the metabolic activity, the ventral membranes of adherent cells undergo

minuscule height fluctuations that mirror the activity of the living systems but that also

enclose signatures of long-term correlations in motility. This biological noise, referred to
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as micromotions, is readily monitored by the ECIS and can be analysed based on three

parameters: αDFA, variance and SPSD. The evolution of the three factors is presented,

for control and wounded samples of WT and dKo fibroblasts, in figure 6.7.

Figure 6.7: Cellular micromotions of WT and dKo fibroblasts upon growth and recovery.
Values are presented for WT (�; n = 5, m = 5) and dKo (�; n = 3, m = 3) cells during wound closure
and for their respective positive controls (�; n = 22, m = 6 and �; n = 7, m = 5). Control WT and
dKo samples show similar αDFA and SPSD values; var is higher for dKo, indicating increased number
of fluctuations in the absence of formins. Upon wounding of WT Fbs, small variations are observed
with a significant decrease in αDFA by the 48 h time point accompanied by a decrease in |SPSD|, hence
suggesting lower metabolic activity in the reconstituted and densely populated cell layer. In contrast,
wounded dKo cells show a significant peak in αDFA in the 24 h stage, reflecting the active wound closure
process. Significance denoted with r*s for α ă 0.05, r**s for α ă 0.01, and r***s for α ă 0.001.
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The parameter αDFA relates to the appearance of long-term memory effects within

the micromotions which, in the context of time series, involve the presence of strong de-

pendences between present and past values that are far removed in time, hence highlight-

ing their correlation. Shape fluctuations in cytoskeletal reorganisations and adhesions

are important factors in determining αDFA. Variance (var) mirrors the magnitude of the

basal membrane fluctuations, hence reflecting cellular dynamics [29]. Finally, SPSD is

characteristic of the type and source of the cues contributing to the micromotion signal;

biological noise is characterised by a non-zero linear slope of 1/f with the frequency f,

whereas Brownian motion follows a 1/f 2 power law and white noise is independent of

frequency [136].

In figure 6.7, WT and dKo control samples showed comparable αDFA and SPSD, but

higher var for the latter, indicating that the lack of formins could lead to increased

number of fluctuations in the cell-substrate cleft. For WT control cells, a decrease

in αDFA and in the absolute SPSD values were observed by the third day of culture,

possibly reflecting a decrease in cell activity driven by cell-cell contact inhibition in the

densely populated monolayer. In contrast, for the same time interval, αDFA and var

of control dKo fibroblasts showed higher values with respect to the initial monolayer,

hence indicating an increase in the number and magnitude of fluctuations that could also

be affected by the increment in the height of the cell-substrate cleft. Upon wounding

of WT fibroblasts, var remained comparable to the PW values while αDFA and |SPSD|
decreased, possibly indicating a fast reconstitution of cell layer integrity and reduced

motility in the increasingly dense population. In contrast, for dKo cells, var and SPSD

remained similar to dKo control values and αDFA increased significantly during the first

24 h of recovery to return to the PW level in the next 24 h interval, thus reflecting a

decrease in micromotions upon gap closure. Overall, the sensitivity of the parameters

describing micromotions increased, in order, from SPSD to var and αDFA.

6.1.4 Influence of formin inhibitor SMIFH2 on the properties of fi-

broblast cultures

In order to gain deeper understanding of the influence of formins in wound-healing dy-

namics, the general inhibitor SMIFH2 was employed. This drug targets formin homol-

ogy 2 (FH2) domains, hence preventing formin-mediated actin nucleation and filament

elongation. Accordingly, WT fibroblasts were exposed to 30-min pulses of SMIFH2 at

different concentrations ranging from 1 to 66 µM. Thereafter, the drug was washed off

and the cellular behaviour monitored for the following 48 h. Figure 6.8 shows Rb, Cm

and α for WT control samples (already presented in figure 6.6), and for 24 and 48 h after
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exposure to SMIFH2. For simplicity, pre-exposure (PE) values, hence corresponding to

the intact cell layer 24 h after seeding, are only shown for control samples since they

represent equivalent experimental conditions without statistical deviations.

Figure 6.8: Parameters derived from the Lo-Ferrier model upon exposure of WT cells to
SMIFH2. Values are presented for control samples (�; n = 20, m = 14) and cells exposed to different
concentrations of the formin inhibitor (FI) SMIFH2 (indicated in µM; n ě 3, m ě 3). Pre-exposure
(PE) values determine the properties of the initial monolayer (baseline indicated with dotted line) and
provide a reference for control (FI 0) cells and samples exposed to SMIFH2. 24 h after exposure to the
drug (�), Rb and Cm show, respectively, lower and higher values compared to control samples; after 48
h (�), exposed samples recover the behavior of control Fbs except for high SMIFH2 concentrations (ě
15 µM). Even at low drug concentrations, α presents higher sensitivity, which leads to an increase in
variability and magnitude, hence reflecting a reduction in the cell-substrate distance, 48 h upon exposure.
Significance denoted with r*s for α ă 0.05, r**s for α ă 0.01, and r***s for α ă 0.001.
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As described, control samples presented an increase in Rb with time due to cell

layer maturation and cell-cell contact formation. Within the first 24 h upon exposure

to SMIFH2, a non-significant decrease in Rb was found for all drug concentrations. Af-

ter 48 h, the samples that had been exposed to 1 to 10 µM SMIFH2 showed recovery

of Rb to levels comparable to those of control samples; upon exposure to 15 and 20

µM concentrations, recovery was still observed at the 48 h interval, but Rb values re-

mained significantly lower. Fibroblasts exposed to 66 µM SMIFH2 showed no significant

differences in Rb with respect to control cells, possibly pointing at a saturation effect.

The general trend established by the adaptations observed in Rb was inversely re-

flected by Cm. Accordingly, Cm decreased with time for control samples, and the same

pattern was reflected upon exposure to SMIFH2, albeit with non-significantly higher

Cm values especially 24 h upon exposure. Only upon addition of SMIFH2 at 20 µM, a

significantly higher Cm was observed with respect to control values at the 48 h inter-

val, hence indicating that the general inhibitor has a larger impact in the regulation of

the cell-cell contacts than in membrane ruffling. Upon exposure to 66 µM SMIFH2, a

saturation effect was also observed.

Regarding α, control samples showed a decreasing trend with time that reflected

an increase in the cell-substrate cleft with the degree of cell layer maturation. Upon

exposure to SMIFH2, a clear change was observed between the 24 and 48 h intervals,

hence indicating a high sensitivity to the drug in the mechanism regulating the cleft’s

height. Table 6.2 presents the median values of the α distributions in figure 6.8.

Table 6.2: Adaptation of α in WT fibroblasts upon exposure to SMIFH2. The table illustrates
the median and mean absolute deviations of the α distributions (units of Ω1/2 cm) determined following
the Lo-Ferrier model and presented in Fig. 6.8. Prior to exposure (t = 0 h), the intact monolayer
presented a median α value of 0.114 ˘ 0.444 Ω1/2 cm.

Concentration α(24h) α(48h)

0 µM (control) 0.055 ˘ 0.523 0.030 ˘ 0.655

1 µM 0.071 ˘ 0.501 0.553 ˘ 0.748

5 µM 0.022 ˘ 0.598 0.043 ˘ 0.943

10 µM 0.035 ˘ 0.023 0.054 ˘ 0.635

15 µM 0.031 ˘ 0.028 0.090 ˘ 0.792

20 µM 0.108 ˘ 0.053 0.035 ˘ 0.481

66 µM 0.042 ˘ 0.009 0.022 ˘ 0.019

Within the first 24 h after exposure to SMIFH2, α decreased, for all drug concentra-

tions, with respect to PE control values. 48 h upon exposure to a concentration range

125



from 1 to 15 µM, α increased with respect to the previous 24 h and presented a large

variability, albeit with no statistically significant deviations, also with respect to control

samples. At higher concentrations, thus 20 and 66 µM, the adaptation of α followed

that of control samples, possibly reflecting saturation at lower drug concentrations due

to the increased sensitivity of this parameter to the role of formins.

Cellular micromotions upon exposure to SMIFH2

Analysis of the corresponding cellular micromotions showed, in figure 6.9, different trends

in the evolution of the parameters of interest in relation to SMIFH2 exposure. After

addition of low drug concentrations (1 - 5 µM), αDFA, var and |SPSD| presented slightly

lower values with respect to control samples both at the 24 and 48 h interval. However,

differences resulted non-significant, thus indicating a low influence in micromotions at

this concentration range. Upon addition of 15 to 20 µM SMIFH2, an inhibitory effect

was detected in the progressive decrease of |SPSD| with increasing concentration: after

exposure to 20 µM, |SPSD| was higher 48 h after recovery than 24 h upon exposure, thus

indicating an increase in biological activity at the later stage; exposure to 66 µM led, in

contrast, to lower |SPSD| values at the 48 h interval. Accordingly, the lack of recovery

at the highest concentration could result from the incapacity of Fbs to overcome the

effects linked to such SMIFH2 dose. Correspondingly, var and αDFA remained low after

exposure to 66 µM of SMIFH2, but 24 h upon addition of 20 µM, both parameters

showed a peak in metabolic activity with important long-term correlations, which could

reflect the cellular effort in counteracting the influence of the drug.

With intermediate concentrations (10 - 15 µM), |SPSD| showed an increase with

concentration in which values at the 48 h interval remained comparable to those observed

24 h after exposure, whereas for control samples, a progressive decrease was observed

with time. For the same SMIFH2 concentrations, var remained comparable to control

samples except for a high distribution 48 h upon exposure to 10 µM, whereas in the

case of αDFA , higher variability was observed: while for a 10 µM SMIFH2 concentration

αDFA increased at the 48 h interval with respect to the previous 24 h, for a 15 µM

concentration, αDFA remained constant and lower than PE values at both time points.

Overall, high SMIFH2 concentrations over 20 µM showed an inhibitory or even

toxic effect in Fbs cultures, whereas almost no influence in the micromotions was de-

tected below 5 µM concentrations. Accordingly, intermediate values caused SMIFH2

concentration-dependent effects in the cellular fluctuations, as reflected in the increased

variability in the three parameters.
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Figure 6.9: Cellular micromotions of WT fibroblasts exposed to SMIFH2. Values are presented
for control WT cells (�; n = 22, m = 6) and cells exposed to different concentrations of the formin
inhibitor (FI) SMIFH2 (indicated in µM; n = 3, m = 3 for FI 1-5 µM; n = 2, m = 2 for FI 10-66
µM). Pre-exposure (PE) values determine the properties of the initial monolayer (baseline indicated
with dotted line) and provide a reference for control (FI 0) cells and samples exposed to SMIFH2.
Drug concentration-dependent effects are observed, through an increase in the variability of the three
parameters 24 (�) and 48 (�) h upon exposure, in the interval of 10 to 20 µM. Significance denoted
with r*s for α ă 0.05 and r**s for α ă 0.01.
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Determination of IC50 for the influence of SMIFH2 in WT cultures

In the fields of pharmacological and toxicological research, the use of the half maximal

inhibitory concentration (IC50) is widespread, as it provides a measure of the potency of

a substance by defining the concentration required to alter a particular biological process

by 50 %. Accordingly, classical IC50 curves show sigmoidal trends between the intervals

defined by the concentrations that provide maximal and minimal biological action, also

based on individual cellular activity.

Even though SMIFH2 concentration-dependent effects have been shown in the pa-

rameters describing cell layer integrity (Rb, Cm and α) and in those describing micromo-

tions (αDFA, var and SPSD) through figures 6.8 and 6.9, no characteristic IC50 patterns

were observed. Figure 6.10 shows the standardised maximum real part of the impedance

values of WT fibroblasts 48 h after exposure to different SMIFH2 concentrations. For

each concentration, the plot indicates the mean and standard deviations obtained from

averaging the measurements of three independent impedance courses. Upon exposure

to the lowest concentration tested, 1 µM, Zreal values showed a small decrease that led,

within the 5-20 µM SMIFH2 interval, to comparable Zreal values and a stable Plateau

with a slight deviation at 15 µM. By applying a sigmoidal fit to the distribution, a

very narrow curve indicated concentration-dependent effects centered at the 1 µM; be-

yond the 5 µM, only a saturated effect could be observed. Accordingly, figure 6.10 led

to IC50(SMIFH2) = 1 µM, with which Zreal would present higher sensitivity than the

parameters derived from the Lo-Ferrier model and those describing cellular fluctuations.

Figure 6.10: SMIFH2 IC50 of non-wounded WT fibroblasts. The standardised maximum values of
the real part of the impedance of WT fibroblasts, 48 h after exposure to different SMIFH2 concentrations,
are shown. Data points indicate mean and standard deviation (n = 3; m = 3). A sigmoidal fit (orange
line) shows concentration-dependent SMIFH2 effects around the 1 µM concentration (IC50), whereas
beyond 5 µM, a saturation is observed in the impact on Zreal values.
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6.1.5 Influence of formin inhibitor SMIFH2 in the wound healing of

fibroblasts

Based on the IC50 curve obtained upon exposing integral cell layers to SMIFH2, the

same process was followed for wounded samples. Accordingly, 24 h after cell seeding,

a high amplitude and frequency electric pulse was applied in order to create a wound,

after which the cellular debris was washed off to then perform a 30 min incubation with

SMIFH2. After the pulsed exposure, the media was refreshed and the recovery of the

samples monitored for the following 48 h.

Figure 6.11 shows the IC50 curve obtained based on the recovery half times of the

resulting impedance spectra, centered at a drug concentration of „0.6 µM. Beyond 1-5

µM, a Plateau was observed. Over a concentration of 15 µM, a secondary effect was

detected, possibly linked to cytotoxic or saturation effects.

Figure 6.11: IC50 of wounded WT fibroblasts exposed to SMIFH2. The recovery half time (t1/2)
of WT fibroblast cultures wounded and consecutively exposed to different SMIFH2 concentrations for
periods of 30 min are shown; exposure causes a delay in recovery with an IC50 value of 0.611 ˘ 0.389
µM. The decrease in t1/2 upon addition of 20 µM SMIFH2 points at a secondary effect in combination
to the wounding process. Data points indicate mean and standard deviations (n ě 3; m ě 3).

Micromotion analysis was performed on wounded samples upon exposure to two

SMIFH2 concentrations: 10 and 20 µM. The resulting αDFA, var and SPSD values are

compared in figure 6.12 to those of control and wounded samples (introduced in Fig.

6.7 and described in detail in page 121). Addition of 10 µM SMIFH2 upon wounding

caused no significant differences in αDFA and var with respect to wounded samples, albeit

the former was slightly higher at the 24 h time point. In contrast, absolute SPSD values
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showed a significant increase compared to wounded samples but not compared to control

samples. Addition of 20 µM, on the other hand, caused a small decrease in |SPSD| but

significant decreases, with respect to control samples, in αDFA and var. Accordingly,

results suggest recovery progression upon exposure to 10 µM SMIFH2, but not after

exposure to 20 µM.

Figure 6.12: Micromotions of WT fibroblasts upon exposure to SMIFH2. Values are presented
for control WT cells (�; n = 22, m = 6), wounded samples (�; n = 3, m = 3) and samples wounded and
sequentially exposed to SMIFH2 (�; ; n = 3, m = 3). Upon wounding and SMIFH2 addition, recovery
is observed only for the 10 µM drug concentration. Significance denoted with r*s for α ă 0.05, r**s for
α ă 0.01, and r***s for α ă 0.001.
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6.2 Discussion

In a cell wounding scenario, a number of mechanical [52] and chemical [56, 57]

cues are relevant in the initiation of the healing response and in the promotion of cell

migration towards the injured area in order to close it and reinstate, to the extent

possible, its original properties. In the case of fibroblasts, these cues also elicit the

fibroblast-to-myofibroblast transition [55], in which a cytoskeletal re-organisation takes

place upon the expression of α-SMA [6] and increased number of cell-cell contacts [8].

All together, the healing response bestows a demanding toll in the maintenance and

re-organisation of the cellular architecture. For this reason, proteins involved in the

synthesis and turnover of the cytoskeletal elements become relevant. This is the case of

formins, which participate in the nucleation and elongation of actin filaments.

Within this context, the role of mDia-family formins in the wound healing dynamics

of NIH 3T3 fibroblasts has been investigated in this chapter by comparing the behavior

of wild type cells against that of fibroblasts lacking the isoforms mDia1 and mDia3, and

against that of wild type cells exposed to the generic formin inhibitor SMIFH2, therefore

also capable of influencing the third family member mDia2.

6.2.1 Recovery kinetics of WT and dKo fibroblasts

Fibroblasts simultaneously carrying mDia1 and mDia3 knock-out forms present a delayed

recovery upon wounding with respect to wild type cells. This was shown in the impedance

time courses of figure 6.2, where an interval of approximately 13 h separated the two

cell lines in reaching pre-wounding Zreal values. Therefore, while necessary for optimal

recovery kinetics, formins are not essential in initiating wound closure.

A comparison between the influence of the double formin modulation and a par-

tial silencing is presented in figure 6.13, where the impedance time courses and derived

recovery half times of WT and dKo cells are contrasted against results obtained on sin-

gle mDia1 and mDia3 fibroblasts, provided by V. Scheller [149]. As shown, all forms of

formin deletion led to significant delays in t1/2 with respect to WT cells. This was mostly

accentuated in mDia1 followed by dKo cells; based on comparison of the medians, the

absence of mDia3 led to a delay of only 1 h. Accordingly, the role of mDia1 is especially

relevant to recovery kinetics, whereas mDia3 becomes specifically significant, in this con-

text, in the absence of mDia1, hence suggesting that it presents a compensatory function

in agreement with previous reports [16]. Even though a more detailed discussion on the

roles of formins will be provided in chapter 8, it was already shown, in chapter 5, that
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the cortices of weakly and strongly adherent cells lacking mDia1 presented important

structural defects, further accentuated in dKo fibroblasts and, at a lesser extent, in

mDia3 cells. This parallelism between closure kinetics and cortical dynamics underline

their interconnection and point at a strong link between optimal migration and the role

of formins, especially mDia1.

Figure 6.13: Wound recovery time courses and derived t1/2 of fibroblasts with different formin
modulations. Top: averaged real part of standardised impedance time courses for WT (�), mDia1
(�), mDia3 (�) and dKo (�) fibroblasts (n ě 6; m ě 3). Bottom: recovery half time determined upon
applying a sigmoid fit to the recovery time courses. From left to right, t1/2 (median ˘ mean absolute
deviations) are 14.3 ˘ 3.8; 21.2 ˘ 6.4; 15.1 ˘ 5.8; 31.3 ˘ 13.3. Here, time = 0 is defined by the wounding
time. Significance denoted with r*s for α ă 0.05, r**s for α ă 0.01, and r***s for α ă 0.001. As both
panels indicate, all formin modulations cause a significant delay in recovery; this is magnified in mDia1
cells and specially in dKo cells.
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With the objective of correlating recovery impedance time courses to the progression

of electrode re-colonisation, fluorescence microscopy was employed. In the resulting

micrographs, morphological dissimilarities could be already observed between WT and

dKo cell lines upon monolayer formation (Fig. 6.4). Even though both showed similar

actomyosin distributions with F-actin prominent at the cellular periphery and basal levels

of myosin expression, dKo fibroblasts spread over larger areas, thus leading to less densely

packed monolayers. In addition, they presented gaps between adjacent cells around

which actin aggregates, rather than filamentous structures, could be observed. Actin

filaments use cell-cell contacts such as cadherin-mediated adherent junctions as anchoring

points [109]. It is conceivable that higher concentrations of cell-cell interactions were

established in the areas where the membranes of neighbouring dKo fibroblasts became

into contact, thus forming clusters of high actin concentration; the formation of cadherin-

mediated contacts is moreover formin-dependent and directly involves the participation

of mDia1 in epithelial cells [188, 189]. Accordingly, in the absence of mDia1 and mDia3,

stability of cadherin-mediated junctions could result impaired, further contributing to

the discontinuity in cell-cell interactions.

Micrographs also reflected the differences in recovery rates between WT and dKo:

for equivalent time points, dKo cells showed reduced extent of electrode re-population.

This delay was especially noticeable at the 10 h time point when while WT had covered

almost the entire electrode area, only around 50 % of its surface had been re-colonised

by dKo cells (Fig. 6.4). In the wound closure process, WT and dKo fibroblasts shared

the same migratory mechanism as, based on figures 6.3 and 6.4, both initiated electrode

re-colonisation via active cell crawling. Accordingly, cells became polarised and migrated

towards the gap through lamellipodia formation [18], process in which F-actin nucleation

is essential [190]. In the lamellipodia, a large number of adhesions with a high turnover

rate are formed as a double approach to sense the environment and anchor the cellular

displacement [23]. This was reflected in the appearance of small, dot-like actin aggre-

gations towards the leading edges of the cells that revealed the formation of nascent

adhesions. In the transition from 6 to 10 h intervals for WT fibroblasts, these actin

aggregations grew in size, indicating maturation into focal and fibrillar adhesions [103,

104], and became less associated to the leading edge of cells. Incidentally, several cells

became more widespread and lost the highly directional organisation of actin bundles

characteristic of cell migration [18], thus indicating a shift from directional motility to

static adhesion in the advanced re-colonisation stages.

In order to provide traction forces during migration, the expression of myosin was

increased after wounding. As shown in figures 6.3 and 6.4, myosin motors were then

arranged in filament-like structures associated to F-actin, hence promoting bundling and
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contractility of stress fibers [191]. Upon monolayer reconstitution, myosin expression was

down-regulated close to pre-wounding basal levels (17 h interval in Fig. 6.3). In dKo

cells, the association of myosin in filamentous bundles after wounding was increased with

respect to WT; at the same time, even in the migratory state, dKo cells remained more

spread. Accordingly, an unbalance between the internal forces and cortical tension of

cells lacking mDia1 and mDia3 formins could lead to the formation of the transmembrane

macroapertures observed in figures 6.4 and 6.5. In addition, the widespread morphology

of dKo cells, both when static and during migration, suggest an impaired ability to

become polarised, which could lead to the formation of multiple cell fronts in detriment

of the migratory speed. Both topics will be further elaborated on in chapter 8.

6.2.2 Recovery of cell layer integrity upon wounding

In order to assess the passive electrical properties of the cell layer throughout the wound-

healing process, the Lo-Ferrier model was applied to retrieve the physiologically relevant

parameters Rb, Cm and α which, respectively, relate to cell-cell connectivity, membrane

rigidity or composition, and cell-substrate distance [25].

As shown in figure 6.6, WT control samples presented a progressive increase in Rb

with time, indicative of cell-cell contact formation and layer maturation. The chemistry

of the cell membrane is tightly linked to the cell cycle [192], which enters into arrest

upon contact inhibition of proliferation in a confluent state. Accordingly, cell layer

maturation could lead to adaptations in the lipid composition of the cell membrane that

could cause, together with a reduction in the membrane roughness, the gradual decrease

observed in Cm. Control dKo samples followed the same general trend. However, they

presented lower Cm values that decreased at a lower rate over time, thus indicating formin

involvement in the regulation of membrane roughness and smoother cellular surface in

their absence. Strikingly, they also presented Rb values that were globally higher than for

WT. As shown in the micrographs of figure 6.4, dKo fibroblasts formed cell layers with

gaps between neighbouring cells, hence showcasing an intercellular space less obstructed

by cell-cell contacts that, accordingly, should have resulted less restrictive to the flow of

the electric current. Furthermore, the formation of cadherin-mediated adherent junctions

is formin-dependent [188, 189], which would be expected to contribute to a reduction

of Rb in dKo cells. However, due to the impaired cell-cell communication, contact

inhibition of proliferation could be down-regulated, leading to increased cellular density

and even multilayer, factors that would increase Rb. Although these could explain the

increase of Rb with time in dKo cells, micrographs 24 h after cell seeding do not indicate

cell crowding but rather a less dense cellular layer. Overall, results rise an interesting
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experimental question for which additional work will be necessary in order to provide

an answer.

Upon wounding, no significant differences could be detected in the recovery of WT

fibroblasts with respect to control samples. In contrast, 24 h after wounding dKo cells,

these presented significantly lower Rb and higher Cm values. Cm was fully recovered

after 48 h, whereas for the same interval, Rb presented a significant delay since val-

ues corresponded to the 24 h time point in dKo controls. As shown in figure 6.1,

the impedance-based wounding process elicited the FMT response, which led to an in-

crease in the intercellular expression of Cx43 gap junctions. Expression of Cx43 and

cadherin-based cell-cell contacts are sequentially related to FMT progression [26, 147,

193] which, due to the involvement of formins in the establishment of the latter [188,

189], contributed to the delay in Rb observed for dKo cells. Accordingly, in the absence

of mDia1 and mDia3, the recovery of the cell layer integrity was impaired especially for

Rb, whereas upon wounding WT fibroblasts, these reinstated normal cell layer properties

without delay.

The height (h) of the cell-substrate cleft is inversely proportional to α according to

the following expression, where W is the cell width and ρ the resistivity of the culture

medium in the confined space:

h “
ρ

´

2α
W

¯2 (6.1)

Based on this equation, table 6.3 shows the cell-substrate distance corresponding

to the α distributions of figure 6.6. Control samples showed little variation in the cleft

over time: WT fibroblasts presented a distance of approximately 4 µm with respect

to the electrode surface, whereas dKo cells remained closer at 0.1-0.2 µm. Specifically

for WT fibroblasts, the cell-substrate distance was relatively large in comparison to

values reported in the bibliography, usually in the range of 30-100 nm [25, 150]. These

deviations could arise from the choices in parameterisation when describing the cellular

geometry, as it has a direct impact in the definition of the electric path under the cell

and can lead to over- or under- estimations of the parameters [150]. However, they could

also appear due to changes in the resistivity of the electrolyte in the cleft caused by the

cellular metabolic activity.

Applying eq. 6.1 to the 24 h recovery intervals led to h distances beyond the sensi-

tivity of the ECIS method, which could result from important changes in the electrolyte

resistivity due to the intense metabolic activity during the first stages of recovery and
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Table 6.3: Cell-electrode distance of WT and dKo fibroblasts. The table illustrates the height
(average ˘ standard deviation; µm units) of the cell-substrate cleft calculated upon the average values
of the α distributions in Fig. 6.6 following eq. 6.1. Cleft height is indicated for control WT and dKo
samples, and for cells 48 h upon wounding. After recovery, WT fibroblasts approach the surface, whereas
dKo remain lifted.

Parameter PW (t=0) 24 h 48 h

WT ct. 4.45 ˘ 6.55 4.86 ˘ 10.2 3.06 ˘ 5.90

WT rec. / / 0.250 ˘ 0.062

dKo ct. 0.293 ˘ 0.276 0.114 ˘ 0.078 0.230 ˘ 0.282

dKo rec. / / 1.35 ˘ 2.37

migration. Furthermore, intercellular gaps and poor cell-cell connectivity in the still

recovering and semi-confluent monolayer could hamper the application of the Lo-Ferrier

model, hence leading to the high h values. Accordingly, these are not included in table

6.3. Qualitatively following table 6.1, α values indicated that 24 h after wounding, WT

and dKo fibroblasts lifted from the substrate. This observation is in agreement with

literature reports describing the lifting of the cell sheet upon injury [26] or for processes

resembling the FMT such as the epithelial-to-mesenchymal transition after exposure to

TGF-β [29]. By the 48 h time point, cells approached the substrate again. Interestingly,

the cleft under the WT cell sheet resulted smaller than for dKo cells, indicating the in-

volvement of formins in the regulation of the distance and, possibly, reflecting a delayed

recovery with respect to WT cells.

6.2.3 WT and dKo cellular micromotions during wound recovery

Fluctuations in the height of the ventral membrane can be analysed by transforming

the impedance time course for a selection of frequencies into a power spectral density.

Detrended fluctuation analysis allows the calculation of αDFA, which is a measure of long-

term correlations in the impedance time course, whereas computation of variance (var)

and the slope of the power spectral density (SPSD) relate to the number and magnitude

of the fluctuations, and to the source of the signal [29, 136]. In order to carry the

measurement of cellular micromotions with the ECIS, it is important to look at results

in relation to the brown/white noise obtained on cell-free electrodes as it provides a

baseline for the system. For the setup employed, αDFA, var and SPSD values corresponded

to 0.776 ˘ 0.136, 0.051 ˘ 0.034 and -1.17 ˘ 0.34, which were significantly different from

the values presented in figure 6.7, and thus confirmed their portrayal of biological noise.

Incidentally, while the αDFA and SPSD baselines were very similar for WT and dKo cells,
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the latter presented significantly higher variance throughout the different experimental

conditions. Therefore, the amplitude of the impedance fluctuations hinted at a higher

biological activity in the absence of formins, which could also reflect transmembrane

tunnel dynamics.

For WT control cells, αDFA and |SPSD| decreased with time, which could result from

a decrease in cell activity due to cell-cell contact inhibition in the densely populated

monolayer. Surprisingly, the same trend was observed upon wounding, whereas an in-

crease in fluctuations would have been expected during migratory and wound-closure

events. This is especially relevant for αDFA which, as a measure of long-term corre-

lations, was expected to increase due to the cytoskeletal adaptations and turnover of

cellular adhesions involved in the FMT and migratory processes [29, 135]. As indicated

by the fluorescence imaging and the parameters derived from the Lo-Ferrier model, WT

fibroblasts were able to re-populate 250 µm circular wounds and reinstate pre-wounding

cellular properties in a short period close to 24 h. It is therefore possible that the peak

in micromotion activity was given before the 24 h recovery time point. In contrast, dKo

fibroblasts presented a significant delay both in wound closure and in the recovery of

the properties of the initial monolayer. This difference could have allowed the observa-

tion of the increase in αDFA 24 h after wounding, which would reflect the long memory

effects due to cytoskeletal re-organisation and migration, and the sequential decrease

to pre-wounding levels by the 48 h time point. Interestingly, dKo control fibroblasts

presented an increase of the three parameters at the later stage. Due to the impaired

cell-cell and cell-substrate connectivity caused by the absence of mDia1 and mDia3, it

is possible that dKo cultures presented an increased rate of cell death combined with an

absence of contact inhibition which, in this case, would have triggered higher activity in

the neighbouring cells, hence leading to the increase in αDFA and var.

6.2.4 Effect of SMIFH2 exposure on the cell layer properties and mi-

cromotions of WT cultures

In this chapter, the influence of the generic formin inhibitor SMIFH2 on WT cultures

was tested in a concentration range of 1 to 66 µM. Such range encompasses typical IC50

values for different species (5-15 µM), including mice [24].

Based on figure 6.8, SMIFH2 affected cell-cell formation only upon a concentration

over 15 µM since, beyond this range, a significant decrease in Rb was observed 24 after

addition of the drug. Between this and the 48 h time points, Rb then increased at

a similar rate with respect to control samples, hence showing recovery. However, due

to the decrease in the junctional resistance 24 h after SMIFH2 exposure, Rb values
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remained lower than for control samples when comparing the 48 h intervals. Similar

observations were made regarding adaptations in Cm, but this parameter resulted less

sensitive: differences between control and exposed samples 48 h after drug addition were

significant only for concentrations beyond 20 µM.

In contrast to Rb and Cm, α showed sensitivity to SMIFH2 already at low con-

centrations. The drug caused, similar to wounding, the lifting of the cell sheet and

its sequential approximation to the substrate. Table 6.4 shows the height of the cell-

substrate clefts for the range of SMIFH2 concentrations tested. 24 h after addition of

the drug at concentrations over 10 µM, h values were out of the sensitivity scope of the

ECIS. The same was true for the 48 h interval upon addition of SMIFH2 66 µM. Accord-

ingly, these values were not included in the table. As discussed above, the deviations

could indicate the need of optimising ρ which, based on the experimental conditions in

which the results were unrealistic, could be highly affected by the metabolic response

to the presence of SMIFH2. Furthermore, cellular rounding caused by the drug could

generate unconstricted electric flows that could therefore interfere in the application of

the Lo-Ferrier model [28].

Table 6.4: Cell-electrode distance of WT cells upon exposure to SMIFH2. The table illustrates
the height (average ˘ standard deviation; µm units) of the cell-substrate cleft calculated upon the α
distributions in Fig. 6.8 following eq. 6.1. Cleft height is indicated for control samples and WT cells 24
and 48 h after exposure to SMIFH2. Drug addition causes cell sheet lifting; sequential approximation
to the substrate is impaired at high SMIFH2 doses.

Concentration 24 h 48 h

1 µM 4.70 ˘ 9.30 0.867 ˘ 0.927

5 µM 4.03 ˘ 8.36 0.992 ˘ 1.315

10 µM / 3.00 ˘ 5.46

15 µM / 1.27 ˘ 1.72

20 µM / 5.81 ˘ 11.64

According to table 6.4, the increase in SMIFH2 concentration resulted in a dimin-

ished approximation of the cell sheet to the substrate 48 h after drug addition. Overall,

the parameters derived from the Lo-Ferrier model indicated increasing formin participa-

tion in the regulation of membrane roughness, cell-cell connectivity, and cell-substrate

space. Therefore, the high sensitivity of α should relate to a high sensitivity in cellular

micromotions.
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For the same range of SMIFH2 concentrations, micromotion analysis showed a broad

spectrum of responses, thus confirming their higher sensitivity to the effects of the drug.

Cellular responses deviated from the fluctuations of control samples upon exposure to

low concentrations over 5 µM. Beyond this point, an increment in αDFA and |SPSD|
indicated an increase in the biological activity and in the long-term correlations. As

discussed above, FMT progression could lead to higher αDFA due to the cytoskeletal

reorganisation that it involves. In these experiments, however, SMIFH2 was added to

the intact monolayer 24 h after cell seeding. Accordingly, in the absence of wounding, the

FMT should have not been triggered. Nevertheless, formins are involved in the regulation

of a large number of cytoskeletal components such as the cellular cortex [16], cell-cell

interactions [188] and cell-substrate adhesion via lamellipodia and filopodia formation

[194]. Furthermore, formins can associate to microtubules to increase their stability [195,

196]. This relation has also been specifically identified for mDia2 [197], which is lethal in

the knock-out form but can be transiently silenced via SMIFH2. Through this formin-

microtubule interaction, it has been observed that SMIFH2 can lead to microtubule

depolymerisation [198]. Altogether, the broad scope of the SMIFH2 affects the cellular

architecture, which therefore causes an increase in the long-term correlations, and hence

in αDFA. Moreover, recently it has also been observed that SMIFH2 presents the off-

target inhibition of members of the myosin family [186], which could have caused the

reduction in var observed upon SMIFH2 addition but not for dKo fibroblasts. However,

the alteration of non-muscle myosin 2A relates to an IC50 of „ 50 µM. Accordingly

it is more likely that in dKo cells, compensatory activity of other formin forms led to

increased var values whereas, due to the general inhibition caused by SMIFH2, the

compensatory effects did not take place.

Above 20 µM concentrations and, specially for 66 µM, cytotoxic effects were reflected

in the combined decrease in |SPSD|, αDFA and var. These observations are in agreement

with the results of Rizvi et al., who reported SMIFH2-elicited cytotoxicity in NIH 3T3

fibroblasts with an IC50 of 28 µM [24].

The IC50 value of 1 µM determined in figure 6.10 illustrates even higher sensitivity

to the influence of SMIFH2 in the increase of the real part of the impedance than in

micromotions. The trend differs from that observed in the Rb values at the 48 h time

point in figure 6.8, hence indicating the presence of other factors, besides Rb, contributing

to Zreal. Testing a wider range of SMIFH2 concentrations close to the IC50 value found

and with increased number of replicates could lead to the identification of IC50 curves to

describe the changes in the passive electrical properties of the monolayer and the cellular

micromotions.
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6.2.5 Influence of SMIFH2 addition upon wounding of WT fibroblasts

Addition of SMIFH2 immediately after wounding WT cultures led, based on the result-

ing recovery half times (Fig. 6.11), to similar but slightly higher sensitivity to the drug:

IC50(SMIFH2) = 0.611 ˘ 0.389 µM. Formins actively participate in the regulation of the

cytoskeletal architecture specially during migration, when cellular polarisation, filopodia

and lamellipodia formation, and adhesion turnover become specially relevant. Accord-

ingly, formin inhibition in a recovery scenario is expected to cause a bigger impact in

the cellular behavior, thus in agreement with the results.

Interestingly, even in the Plateau phase of the IC50 curve, SMIFH2 addition caused a

smaller impact in the recovery half time compared to the absence of mDia1 and mDia3 in

dKo cells (t1/2 = 31.3 ˘ 13.3 h), hence reflecting the fast recovery of the cellular normal

behavior once the drug was removed, compared to the effect of the sustained inhibition

of the two isoforms. Furthermore, upon the exposure to SMIFH2 concentrations below

20 µM, recovery impedance time courses resulted similar to those presented in figure

6.13, where the stabilisation of Zreal was given for values larger than those of the initial

monolayer. This was not the case for the wounded samples exposed to 20 µM SMIFH2,

for which recovery was initiated with a significant delay, and stabilisation of Zreal (de-

termining the interval to be fitted by a sigmoidal curve to calculate t1/2) showed values

lower than those of the initial monolayer. Accordingly, while recovery progression was

observed, it was not completed during the experimental duration and the corresponding

t1/2 in the IC50 curve reflects only partial recovery.

The influence of SMIFH2 in the cellular micromotions within the Plateau and the

secondary effect detected in the IC50 curve are analysed in figure 6.12. As described

above, the wounding of WT cultures led, compared to control samples, to similar trends

due to their fast recovery. Specially 48 h after wounding, fluctuations decreased due to

cellular crowding and derived contact inhibition effects. Upon combining wounding and

SMIFH2 addition, fluctuations changed. For the 10 µM concentration, |SPSD| reflected

a peak in biological activity 24 h after wounding and drug addition, hence suggesting a

delay in recovery with respect to wounded samples due to the influence of SMIFH2. With

this delay, correspondingly higher αDFA and var could have been expected. However,

due to the formin inhibition provided by SMIFH2, cytoskeletal adaptations following

the FMT and the polarisation of migrating cells, together with the magnitude of the

ventral fluctuations, would have resulted impaired, thus leading to the low αDFA and

var. Still, 24 h after wounding and drug addition, αDFA was significantly higher than
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for the second recovery interval, indicating higher long-term correlations due to the

cytoskeletal re-organisations.

The addition of 20 µM SMIFH2 to wounded samples caused a significant decrease in

αDFA, var and |SPSD| that remained comparable between the two recovery time points.

Accordingly, the combination of treatments caused a large impact in the cellular vitality,

which was not recovered for the duration of the experiments. Despite this, wound closure

was still observed albeit with a great delay, as described above regarding t1/2 in the IC50

curve.

Conclusions

In the absence of formins, wound closure results increasingly delayed for mDia3, mDia1

and dKo fibroblasts. WT and dKo cells present important morphological differences,

such as extended cell-substrate contact area and discontinuous distribution of cell-cell

contacts between adjacent cells, that generate specific passive electrical properties in the

intact monolayers. Upon wounding, Rb and Cm are recovered by WT cells in the first

24 h, whereas for dKo fibroblasts, recovery is significantly delayed, hence indicating the

participation of mDia1 and mDia3 in the regulation of cell-cell adhesions and membrane

roughness. Upon wounding, the cell sheet lifts to later approach the substrate. This

process is also delayed in dKo fibroblasts, which additionally present ventral fluctuations

of higher magnitude. Addition of SMIFH2 to WT cultures causes impaired regulation

of Rb and Cm upon drug concentrations above 15 and 20 µM. Inversely reflecting the

height of the cell-substrate cleft, α shows higher sensitivity. The same is true for cellular

micromotions, which indicate a decrease in the fluctuations and, hence, in metabolic

activity, upon exposure to SMIFH2 concentrations over 20 µM due to cytotoxic effects.

In a range between 5 and 15 µM, concentration-dependent effects are observed. Addition

of SMIFH2 upon wounding generates higher sensitivity to the drug. Still, recovery takes

place -with increasing delay- except after exposure to SMIFH2 20 µM, case in which it

is significantly impaired.

Overall, wound closure by fibroblasts is given even upon formin inhibition. Accord-

ingly, despite necessary for optimal recovery, it is not essential to initiate the process.

Addition of SMIFH2 causes a significant reduction of cellular micromotions, whereas for

dKo cells, the effects of the inhibition are specially relevant in the recovery of the cell

layer integrity.

141



142



Chapter 7

Influence of gap size on wound
closure dynamics

In order to investigate the recovery kinetics of NIH 3T3 fibroblasts and the role that

formins play in the process, initial ECIS-based wound healing assays compared cell lines

with different formin modulations on 250 µm wide circular wounds. In this chapter,

the study is continued with a shift of focus towards the influence of wound size, an

important factor in determining the closure mechanism undertaken by cells during the

healing process [18, 30]. Studies on 2D epithelial cultures have led to the identification

of two distinct strategies: active crawling of individual, highly polarised cells, and purse-

string contraction via the formation of a supracellular actin cable at the leading edge

of a cellular collective. The latter has been traditionally ascribed to epithelial wounds,

but recent studies challenge this view due to the identification of actomyosin cables in

fibroblast populations closing voids [19] or advancing on 3D clefts [21].

Accordingly, and aiming to contribute to this open topic, this chapter focuses on

analysing the effect of wound size on the recovery of NIH 3T3 fibroblasts via the use of

ECIS-based wound healing assays in combination to fluorescence microscopy.

7.1 Results

7.1.1 Influence of wound size on the recovery rate of fibroblasts with

different formin modulations

In order to study the influence of wound size on recovery dynamics, ECIS chip arrays

combining electrodes of 31, 63, 127 and 255 µm in diameter were employed in the follow-
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ing experimental methodology: 24 h after cell seeding and upon monolayer formation,

a wound circumscribed to the electrode area was formed by exposing the cell layer to a

high intensity and frequency electric pulse, after which the recovery process was mon-

itored for the following 48 h. It is noteworthy that the smallest electrode diameter,

31 µm, falls in range with the size of a single cell. Due to the fact that the Lo-Ferrier

model was developed for cell layers, it cannot be applied to the resulting impedance time

courses, hence not included in the following results and discussion. On the other hand,

measurements performed on the largest electrode of the array, 255 µm wide, were pooled

together with those obtained on the 250 µm wide electrodes used for the experiments

described in the previous chapter due to the comparability of the results.

Accordingly, figure 7.1 presents the recovery rates observed for WT, mDia1, mDia3

and dKo fibroblasts closing gaps of 250, 127 and 63 µm in diameter upon fitting the

impedance time courses to a sigmoidal curve.

Figure 7.1: Dependence of the recovery rate of fibroblasts on the wound size and formin
modulation. Values are presented for WT (�), mDia1 (�), mDia3 (�) and dKo (�) fibroblasts upon
recovery from wounds spanning over a diameter range of 250, 127 and 63 µm (n ě 13, ě 5, ě 3; m ě

4). Regardless of the wound size, WT fibroblasts present the fastest recovery rate, followed by mDia3
cells and, with a larger delay, by mDia1. With respect to WT cells, mDia1 and dKo are significantly
slower only in the closure of the largest wound size. Significance denoted with r*s for α ă 0.05, r**s for
α ă 0.01, and r***s for α ă 0.001.

Within this range of wound sizes, a similar pattern was repeated for all wounds by

which WT fibroblasts resulted the fastest in closing the open gaps, followed by cells
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lacking the mDia3 formin isoform and, with a larger delay, by cells lacking mDia1. Such

differences were more noticeable on the 250 µm diameter gaps, where WT and mDia3

cells presented a significantly faster recovery than mDia1 and dKo cells. In contrast, no

statistically significant differences were observed within the 127 µm wounds and, within

the 63 µm wounds, only when comparing the two single formin knock-outs. When

comparing the behavior of the different cell lines across the range of wound sizes, only

dKo fibroblasts presented a significantly faster recovery rate in the closure of 63 µm gaps

than in the closure of 250 µm wounds. However, a decrease in the recovery rate with

wound size was also observed for mDia1 cells.

Focusing on WT fibroblasts, figure 7.2 expands on the previous results by includ-

ing recovery rate values obtained together with V. Scheller on 100 and 50 µm wide

electrodes. As shown, a distinction appeared in the recovery rate when comparing the

results obtained on 250 and 127 µm electrodes against those obtained on smaller elec-

trodes by which larger wounds were closed slowlier. Accordingly, a wound size-depending

discrimination in the recovery rate was found, with a threshold around the 100 µm wide

gap.

Figure 7.2: Recovery rate of WT fibroblasts on wounds of different size. Values are presented
for WT fibroblasts upon recovery from wounds spanning over a diameter range of 250 (n = 20), 127 (n
= 5), 100 (n = 7), 63 (n = 4) and 50 (n = 4; m ě 3 for all categories) µm. Larger wounds are closed
slowlier, than smaller wounds, being the discriminating threshold around 100 µm wide gaps. Significance
denoted with r*s for α ă 0.05, r**s for α ă 0.01, and r***s for α ă 0.001.
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7.1.2 Identification of closure mechanism based on fluorescence mi-

croscopy

In order to identify the closure mechanism undertaken by WT fibroblasts during the

healing of wounds of different sizes, fluorescence micrographs were obtained at different

time points of the first 24 h of the recovery process. Figure 7.3 shows the re-colonisation

of 250, 127 and 67 µm wounds, and the actomyosin distribution within the cells during

the process.

As discussed in the previous chapter, 250 µm wide gaps were closed via the active

crawling mechanism, characterised by the lamellipodia-based migration following leader

cells. In the case of 127 µm wide gaps, almost no recovery could be observed 3 h after

applying the wounding. However, at the 10 h time point, migrating cells with clear

body polarisation and localised, discrete actin aggregations where focal adhesion were

being formed could be observed. Despite the difference in wound size, and based on a

qualitative assessment, at the 10 h time point both the 250 and 127 µm wide wounds

presented a similar degree of area re-colonisation.

Focusing on the 67 µm wound, a divergent actomyosin distribution could be observed

at the 3 h time point. In this case, myosin expression was highly localised following the

periphery of the wound, and co-localised to actin filaments following the same disposition.

The asterisk in the micrograph indicates a region where the co-localisation is better

observed. Additionally, deformation of the cellular nuclei towards the center of the

wound, hence centripetal, was observed on the fibroblasts at the wound perimeter. After

17 h of recovery, the entire surface of the wound was repopulated and showed multilayer

formation, already detected at the 3 h time point where a small number of cells overlaid

close to the wounded area as indicated by the triangles.

7.2 Discussion

7.2.1 Wound closure mechanisms of fibroblasts

In the in vitro study of 2D epithelial wound healing cellular dynamics, two closure mech-

anisms have been identified: cell crawling and purse-string contraction. In the first one,

leader cells initiate migration towards the wounded area through multiple fronts in order

to re-colonise it [18], whereas in the second one, cells at the edge of the wound establish

supracellular actomyosin cables that allow gap closure via their collective contraction

[20]. Both strategies were first identified in epithelial cultures, which constitute tissues
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Figure 7.3: Actomyosin distribution in WT fibroblasts closing gaps of different sizes. Stain-
ing: actin filaments (red), myosin (green) and nuclei (blue). Micrographs present wounds of 250, 127
(both obtained at 40x magnification) and 67 (100x magnification) µm in diameter; inlets indicate post-
wounding time stamps. Cellular polarisation and actin localisation at focal points suggest that larger
wounds are closed via cell crawling. The centripetal nuclear deformation (arrows) observed on the 67
µm wound micrograph (3 h time point), together with the co-localisation of myosin and actin struc-
tures (*), potentially indicate the progression of a purse-string-like closure. Triangles point at multilayer
formation.
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prone to injury due to their barrier function, and have therefore become a widespread

subject in the in vitro study of wound healing dynamics. In contrast, fibroblasts have

been considered to target wound closure only via cell crawling [17], contributing to the

idea that purse-string mechanism is exclusive to epithelial cells. However, recent findings

challenge this view, as the architectural organisation characteristic of the purse-string

strategy has been observed in fibroblasts on distinct scenarios: supracellular actomyosin

cables have been identified in fibroblasts forming free-standing bridges in order to over-

come up to 300 µm wide voids [19] and, in 3D systems, they have been detected in the

advancing front of fibroblasts closing 3D clefts [21].

In an effort to better understand the wound closure capabilities of fibroblasts in 2D

systems, ECIS-based wound healing assays have been used in this chapter in order to

assess the influence of wound size on the cellular response. Wound size is known to be a

decisive parameter -together with wound curvature and the physicochemical cues in the

surrounding microenvironment- in determining the closure strategy that cells will follow

upon injury: while epithelial cell crawling is commonly observed in the healing of large

gaps expanding over several cell sizes, smaller wounds in the range of tens of microns

to single-cell defects are closed through purse-string contraction [18, 30]. Accordingly,

by employing ECIS chip arrays combining electrodes of different sizes, thus leading to

circular wounds of different diameters, the ability of fibroblasts in producing supracellular

actomyosin cables to close a gap via the purse-string mechanism was investigated.

In figure 7.1, the recovery rates of WT, mDia1, mDia3 and dKo fibroblasts on

wounds 250, 127 and 63 µm wide were presented. In contrast to the recovery half

time, which is dependent on the wound size as is delimited by the time interval defined

between the wounding and recovery time points, the recovery rate is constant throughout

the recovery process, which renders the parameter more suitable for the comparison of

the recovery dynamics on wounds of different sizes. A lower recovery rate relates to a

faster gap closure, thus leading to the same trend between this parameter (Fig. 7.1)

and the recovery half time (Fig. 6.13). Accordingly, both figures show that on 250 µm

wide gaps, the faster recovery was given for WT cells, closely followed by mDia3 and,

significantly slower, by mDia1 and dKo cells. As discussed in the previous chapter, such

results indicate that the mDia1 isoform is specially relevant to cellular migration. At

the same time, the extensive delay in dKo recovery suggests that the single knock-outs

may present compensatory effects.

The same pattern between cell lines was observed on the smaller wound sizes, but the

differences became non-significant. In fact, on the smallest gap, almost no differences

were observed between WT, mDia3 and dKo cells. It is thus conceivable that if the
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smallest wound size promoted gap closure via purse-string contraction, dKo cells, which

present defective migration, could result less impaired with respect to WT fibroblasts

since motility would be less relevant to the healing process.

Interestingly, figure 7.2 indicates that the fastest recovery rate is given for the thresh-

old wound diameter of 100 µm, thus rising the question whether the two mechanisms,

cell crawling and purse-string contraction, could be simultaneously executed to provide

a faster wound closure.

Although based on these results wound size is identified as a relevant parameter in

promoting the purse-string mechanism in fibroblasts, it could have been supported by

another geometrical cue: ECIS chips present an insulating layer that is 500 nm high,

thus generating a step between the electrode (wounding area) and the surrounding cell

layer. Even though for large wounds this increment results negligible, it is possible that

the smaller the electrode, the more influential the step results by being detected by the

cells as a 3D-like structure or an element of substrate micropatterning which, in turn,

could elicit the activation of the purse-string mechanism.

7.2.2 Influence of the wound closure mechanism on the integrity of the

resulting cellular layer

Assuming correlation between the closure mechanism and the differences in recovery

rate, it is also conceivable that variations would arise in the properties of the semi-

recovered cell layer. To test this hypothesis, the Lo-Ferrier model [25] was applied in

order to compare the Rb, Cm and α parameters of WT, mDia1, mDia3 and dKo cells on

wounds corresponding to the two distinct regimes shown by figure 7.2, specifically, 250

and 100 µm wide. These results are presented in figure 7.4, where the values acquired

48 h post-wounding are normalised to the pre-wounding levels.

In this figure, a clear difference in the recovery of the pre-wounding levels as well as

in the effect of the suppression of formin isoforms was observed in dependence to wound

size. On smaller wounds, recovery of the pre-wounding Rb and α values was found for

all cell lines, whereas Cm values were only recovered by WT cells. This suggests that

the cell lines containing formin deletions could present alterations in the surface of the

cell membrane or in its lipid composition. Interestingly, after 48 h of recovery, mDia1

cells showed higher values than at the pre-wounding stage, whereas the inverse behavior

was shown by mDia3 and dKo cells, thus suggesting involvement of the formin isoforms

in different cellular functions.

On larger wounds, only Rb values were recovered by all cell lines except for mDia3
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Figure 7.4: Cell layer properties upon recovery on wounds of different sizes. The parameters
Rb, Cm and α, derived from applying the Lo-Ferrier model and obtained after 48 h of recovery on
250 (n ě 4; m ě 3) and 100 (n = 3; m = 3) µm wide wounds, are relativised with respect to the
pre-wounding levels for WT (�), mDia1 (�), mDia3 (�) and dKo (�) fibroblasts. The evolution of
the parameters indicates different behaviours in dependence to wound size and formin modulation. On
smaller wounds, pre-wounded values are recovered by WT cells and exceeded by mDia1 cells, whereas on
large wounds, WT cells present recovery of only Rb values, whereas dKo cells show pre-wounding values
for all parameters. Significance denoted with r*s for α ă 0.05 and r***s for α ă 0.001.
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cells. In fact, WT fibroblasts presented Rb ě 1, which could indicate fibrosis progression.

This phenomena is not observed on the smallest wound size, hinting at the possibility

that fibrosis could be linked to the active crawling closure mechanism. Alternatively, it is

also possible that in small wounds, the cell-cell connectivity is not significantly disrupted.

In addition, and as discussed in the previous chapter, the lower Cm and α values could be

consequence of the increase in cell density upon recovery, which could lead to a smaller

degree of cell spreading and fluctuations in the cell-substrate distance. In this case, the

morphological differences of the dKo cells, which spread over larger areas, could justify

the differences with respect to WT behavior. All together, the different patterns in the

evolution of Rb, Cm and α upon the healing of wounds of different sizes support the idea

that cell layer integrity reflects the co-existence of different mechanisms in gap closure.

Aiming to provide visual support to the observations pointing at the ability of fi-

broblasts to close wounds via the purse-string mechanism, immunostaining of the acto-

myosin structures of WT fibroblasts was performed at different time points while closing

wounds of 250, 127 and 63 µm in diameter. As established, WT fibroblasts closed 250

µm wide wounds via cell crawling. Fluorescence micrographs showing re-colonisation

progression on 127 µm wide gaps indicated that the same mechanism was followed, since

actin aggregations at the focal adhesions forming at the advancing front of polarised

cells were identified, hence in agreement with the characteristics of the mechanism. In

contrast, micrographs on 67 µm wide wounds did not show polarised cells migrating

towards the center of the wound. Instead, fibroblasts at the perimeter of the wound had

smooth edges -hence no protruding migrating cells- and, in addition, some of them pre-

sented centripetal nuclear deformation, which could be a consequence of lateral tensions

following the wound perimeter. Such forces could be provided by the contraction of

actomyosin cables, the presence of which is supported by the increased expression and,

more importantly, the co-localisation of myosin and actin markers at the wound edge.

In order to provide conclusive proof that fibroblasts are able to heal wounds following

the purse-string closure mechanism, a quantitative evaluation of the fluorescence micro-

graphs with increased number of experimental replicates should be performed. However,

together with the behavioral differences observed on wounds of different sizes provided

by the analysis of the recovery rate and of the properties of the cell cultures upon re-

covery, the qualitative analysis of the fluorescence micrographs here presented is enough

to suggest that the purse-string mechanism may not be exclusive to epithelial cells, and

that fibroblasts may be able to follow it for the closure of small quasi-2D wounds. In this

regard, when studying the healing mechanisms of wounded fibroblast cultures, Sakar et

al. were able to observe purse-string contraction-mediated wound closure only on sus-

151



pended cultures. In contrast, and as demonstrated via blebbistatin assays that inhibited

the action of myosin II motors and therefore prevented the contraction of actomyosin

cables, 2D cultures followed a different mechanism [22], presumably cell crawling. Possi-

bly, the reason behind it is that in their 2D assays, the scratch-based wounds that they

performed had dimensions of 100 x 200 µm2, thus exceeding the size of the geometrical

cue triggering the purse-string mechanism. However, it is also possible that the relevance

of the height step generated by the insulating layer of the ECIS chips, hence missing in

the setup of Sakar et al., provides a sensitive triggering effect.

Conclusions

In summary, even though the purse-string mechanism has been traditionally ascribed

to epithelial cultures, recent literature and the observations herein presented support

the idea that fibroblasts may be able to exert it as well. In this chapter two distinct

recovery dynamics have been shown in dependence to wound size: with a boundary

diameter around 100 µm, fibroblasts closing small wounds present a faster recovery rate

than on large wounds. Based on fluorescence imaging, which allowed the identification of

actomyosin structures characteristic of cell crawling and purse-string contraction, both

mechanism would take place, respectively, in the closure of large and small wounds. This

idea is further supported by the differences in integrity of cell layer upon recovery from

wounds of different size. In this regard, the comparison of cell lines with different formin

modulation suggest that each formin isoform may play specific roles depending on the

closure mechanism, further discussed in the next chapter.
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Chapter 8

Transectional discussion

Throughout the four results chapters composing this thesis, the findings on the cortical

properties and the wound healing dynamics of WT, mDia1, mDia3 and dKo fibroblasts

have been individually presented and analysed. Biophysically, however, both aspects

are tightly related: the wound healing process involves cell migration [52], proliferation

and even cell differentiation [7], the three of which require extensive cell morphology

adaptations and, therefore, a stringent control and regulation of the actomyosin cortex

[10, 11]. Accordingly, the aim of this transectional discussion chapter lays on examining

the correlations between the two biological aspects -the cortical rheology and the wound

closure dynamics of fibroblasts- and, in addition, determine the relevance of formins in

the subject.

8.1 Impact of cortical rheology in wound healing dynamics

In the first two results chapters of this thesis, the rheological properties of the actomyosin

cortex of fibroblasts were described in dependence to formin modulation and degree of

cell adhesion. Simultaneously comparing both aspects, figure 5.5 indicated that for

weakly adherent cells, the lack of formin isoforms led to lower pre-stress while, for

strongly adherent fibroblasts, the contrary was observed. These differences increased, in

this order, for mDia3, mDia1 and dKo cells. Accordingly, from the two isoforms, mDia1

resulted more essential for the maintenance and regulation of the actomyosin cortex.

Moving to the results chapters focusing on the collective dynamics of fibroblasts during

wound recovery, figures 6.13 and 7.1 indicated that for a range of wound sizes, the lack

of mDia1 led to longer delays in recovery than the lack of mDia3. The fact that the

pattern in cortical rheology arising from the different formin modulations was conserved
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in the dynamics of wound closure, specially when involving mDia1, hints at a strong

correlation between the two cellular aspects.

A bidirectional regulatory interplay exists between the cortical stress and the mem-

brane tension [177, 178]. In translocation events such as migration, however, this re-

lation is poorly understood. Generally, a higher displacement speed and directionality

has been observed in cells upon increasing their membrane tension. Mechanistically, this

phenomena has been ascribed to the ability of the tensed membrane to confine cellular

protrusions, such as lamellipodia, towards a specific front. Figure 8.1 illustrates this

regulatory activity, synergistically inhibiting protrusion formation far from the leading

edge, and confining neighbouring protrusions to further promote cell polarisation [177].

Excessive membrane tension, however, can result detrimental to cell migration.

Actin polymerisation is stalled against the membrane [177, 178], but if adhesion to

the substrate is also weakened, high membrane tension can also cause retrograde cellu-

lar flow: slippage between the cytoskeleton and its substrate adhesion complexes leads

to cellular displacement away from the leading edge [177]. Accordingly, and exclusively

considering the membrane contribution in the process, an intermediate tension could

optimally promote migration speed as illustrated in figure 8.2.

Figure 8.1: Contribution of the cell membrane tension to cell polarity. The degree of membrane
tension can allow the co-existence of several lamellipodia fronts (low tension) or promote their coalescence
and directionality (high tension). Reprinted with permission from [177].

Fully spread dKo fibroblasts present a characteristic tent-like morphology that is

acquired upon expressing several lamellipodial fronts pointing at different directions,

thus displaying lost polarity. As shown in the results of this thesis, the latter, charac-

teristic as well of single mDia1 and mDia3 knock-outs, could be the result of a very low

membrane tension (Fig. 8.2). This could interfere with cellular migration and lead to
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Figure 8.2: Influence of membrane tension in migrating speed. Very low membrane tension leads
to defects in polarisation that act in detriment of migration, whereas very high membrane tension can
interfere with actomyosin polymerisation or cause retrograde flows, thus pointing at an intermediate
membrane tension leading to optimal migration speed. Reprinted with permission from [177].

the slow recovery rates observed in ECIS-based wound healing assays when compared to

WT fibroblasts (Fig. 6.13). Due to their tent-like spreading, dKo fibroblasts also present

a cell-substrate area that is significantly larger than that of spindle-like WT fibroblasts.

To support such expansion of the geometrical area, it can be assumed that upon adhe-

sion, dKo cells retain little to no internal membrane reservoirs, and membrane tension

is maximised. Membrane tension Tt arises from its in-plane stress due to membrane in-

extensibility, and from the tension resulting from its attachment sites to the actomyosin

cortex [177]. Accordingly, even if the membrane is expanded to its limit, membrane

tension could be relatively low if its attachment to the actomyosin cortex is impaired

due to loss of formins, thus allowing the co-existence of multi-directional protrusions in

a widespread tent-like dKo cell.

As already advanced in the introduction of this section, the lack of Diaphanous-

related formin isoforms led to a pattern in the rheology of the actomyosin cortex (Fig.

5.5) that was linked to the recovery rate of large wounds (Fig. 6.13). Normal behaviour

(WT) was specially impaired by the lack of mDia1, which presented a negative synergistic

effect with mDia3 in dKo cells.
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In the following sections, the specific roles of mDia1 and mDia3 will be briefly

presented, to later discuss their specific contribution to the regulation of cortical rheology

and wound closure kinetics.

8.1.1 The roles of mDia1 and mDia3

In the last years, mDia1 has been described, together with the Arp2/3 complex, as the

larger contributor to cortical actin [180, 183]. Even though mDia1-nucleation produces

only 10 % of the cortical filaments in HeLa cells, these account for 20-25 % of the total

actin network since they are 10 times longer than the filaments produced by Arp2/3

[180]. Such different distributions suggest that the actions of the two actin-nucleators

produce actin architectures with specific functions within the actomyosin cortex. Scan-

ning electron microscopy analysis has further indicated that mDia1 inhibition leads to

inhomogeneous cortices with areas of high filament density and 100-200 nm gaps devoid

of actin filaments. In contrast, depletion of Arp2/3 leads to cortices with longer filaments

[183]. Fritzsche et al. have suggested that the long mDia1-nucleated filaments provide

mechanical integrity by distributing stress loads over length scales comparable to that

of the cell size [180]. In fact, in combination with the Rho-associated kinase ROCK,

which has a bundling function, mDia1 carries stress fiber formation [199, 200]. Com-

putational modeling analysis has indicated that decreasing the density of crosslinks in

stress fibers could result in the dissipation of myosin contractility by causing slippage

of actin filaments, hence impairing the transmission of forces from and to the ECM

[201]. It is possible that the lowering of F-actin density in stress fibers caused in the

absence of mDia1 led to similar results. It is worth noticing that Arp2/3 can also nu-

cleate stress fibers. However, while those nucleated by mDia1 connect the dorsal cortex

to the substrate, Arp2/3 leads to transverse arcs connected at the lamella [200]. These

observations are in line with a a role of mDia1 crucial in the overall regulation of the

actomyosin cortex.

In order to sense their external environment, cells form filopodia. These highly dy-

namic protrusions are cooperatively formed between formins and the Arp2/3 complex:

Arp2/3 creates a base of branched actin, from which long filaments can then be nucle-

ated by mDia2 or mDia3 [202]. However, it has been also suggested that while these

isoforms could initiate nucleation, mDia1 could be responsible for filament elongation

[194]. Similarly, cooperation between the actin nucleators has also been found in the

formation of lamellipodia though, in this case, mDia1 localises in nascent and mature

membrane ruffles to provide the base for sequential Arp2/3 branching. Formation of
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membrane ruffles is believed to be mDia2- and mDia3-independent [190].

Both mDia1 and mDia3 have been linked to the regulation of microtubule anchoring

in a non-redundant manner [203]. Microtubules participate in cellular migration by

contributing in establishing directionality of cell polarity [204], and in the regulation of

adhesion turnover [203], both essential for effective migration. Via the interaction with

microtubules and the nucleation of actin filaments, mDia1 is able to direct recruitment

of the molecular machinery necessary to promote cellular polarisation and disassembly

of focal adhesions [205].

In B16-F1 mouse melanoma cells, expression of active mDia1 and mDia3 has been

localised at the rear cortex of polarised cells [16]. During normal cell migration, cortical

tension is higher in this region, powering cell body retraction [10]. It can therefore

be argued that if the cortical mesh is compromised, it will have a negative impact in

the effective retraction of the cell body during migration, thus potentially reducing the

speed of cell displacement.

8.1.2 Influence of mDia1 and mDia3 in the regulation of the cortex

and wound closure kinetics

Even though a disparity exists between the level of description and extent of knowledge

on mDia1 and mDia3 functionality, literature reflects their tight involvement in the

regulation of the cellular cytoskeleton both in static and dynamic scenarios.

Considering the contribution of mDia1 to the bulk of the cortical actin, the result-

ing impoverished cortex in its absence would be expected to present less resistance to

external deformation. This is exactly what the rheological properties obtained from

compression-relaxation force curves on weakly adherent fibroblasts reflected in figure

5.5. At a minor extent, the same was observed for mDia3, hence indicating its (smaller)

contribution to the nucleation of cortical actin. In contrast, for strongly adherent cells,

an increase in the prestress was observed. As previously discussed, however, this stands

in agreement with the effects of a defective cortex since it could make accessible the con-

tribution of cellular organelles in the force measurements. In addition, in the absence of

long actin fibers, the activity of myosin motors could cause the excessive contraction of

the cortex due to defective force distribution within the cell.

Both mDia1 and mDia3 participate in cellular polarisation and in the retraction of

the rear end of the cell body. The hampering of either process would result in impaired

migration and undefined polarised front. Additionally, mDia1 regulates lamellipodia and
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adhesion turnover. Accordingly, its absence further obstructs the process by limiting the

formation of new adhesions at the cell front, and by retaining the focal adhesions at the

cell rear. These differences in the involvement of mDia1 and mDia3 could explain the

increased delay observed in the recovery of mDia1, compared to the recovery of mDia3.

Moreover, the two isoforms participate as well in the formation of filopodia. In the

absence of formins, these structures can be formed by the over-activation of secondary

components [202]. MDia1 and mDia3 also present compensatory over-expression upon

deletion of one of the forms [16, 93], which probably extends to other formins. Accord-

ingly, both aspects could contribute to the increased magnitude in the micromotions of

dKo cells (Fig. 6.7) which, upon exposure to the general formin inhibitor SMIFH2, is

no longer detected.

Finally, in the absence of mDia1, stress fibers promoted by the Arp2/3 complex

could result more prominent. In U2OS osteosarcoma cells, Arp2/3 leads to transversal

arcs that are thicker compared to mDia1-nucleated stress fibers. This difference could

justify the prominent actomyosin structures observed in migrating dKo cells (Fig. 6.4).

In conclusion, and based on the observations made in this section and on the re-

sults presented throughout this thesis, the following interconnection between cortex and

wound closure is proposed: in the absence of mDia1 and mDia3, the actin mesh con-

forming the cortex is impoverished which, in strongly adherent fibroblasts leads to an

excessive cortical contraction facilitated by the absence of long actin fibers capable of

force distribution. Simultaneously, and triggered by the chemical cues inducing a wound

closure response, migrating cells present defective polarisation with multiple fronts, and

defective rear end contraction. In cell lines lacking mDia1, this migration is further

impaired by a reduction of the focal adhesion turnover at the rear of the cell, which

retains the cell anchored in position, and lamellipodia formation at the advancing front.

Collectively, these defects cause delayed wound closure for mDia3 and, at a major ex-

tent, mDia1 cells. In the absence of both isoforms, hence preventing compensating

over-expression of the remaining form, dKo cells show even more impaired recovery.

8.2 Role of formins in the wound closure mechanisms

The involvement of formins in cellular migration, relevant during wound closure via cell

crawling, has been thoroughly discussed. Their participation in the purse-string mech-

anism, however, is less clear. Purse strings are involved in several biological processes,
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including cell division, morphogenesis, and single- and multiple-cell wound healing [206].

Consensus is that formins, as Rho effectors, are involved in the process, but which specific

forms and the underlying generalised mechanism are still open topics.

In eukaryotic cytokinesis, mDia2 depletion leads to 40 % failure of cell division due

to interference with nucleation and elongation of actin cables, whereas in the absence

of mDia1 and mDia3, the process is not significantly affected [207]. Interestingly, the

indirect participation of the Arp2/3 complex has been shown to be necessary for optimal

cell division in Caenorhabditis elegans: in the absence of the complex, formins nucleate

excessive cortical F-actin, detrimental to the necessary geometrical adaptations [208].

Accordingly, not only the role of the formins directly participating in the formation of

the cables could be relevant for optimal purse-string contraction also in mammals.

Regarding the mechanism itself, purse-string contraction could involve different

strategies. For example, wounding of C. elegans’ dermis has shown closure via actin

rings that are independent of myosin II activity. In this case, microtubule recruitment

at the wound periphery is necessary for the formation of Arp2/3-mediated actin rings

that close the gaps in the skin of the worms via branched actin polymerisation [209].

Both in single- and multiple-cell wounds, microtubules have also been shown to be es-

sential for actomyosin recruitment and wound closure in Xenopus laevis frog oocytes

and tadpoles. In both cases, microtubule disposition is perpendicular to actomyosin

direction, hence resembling their distribution during cytokinesis [210].

Furthermore, purse string contraction can take place both in the presence and ab-

sence of substrate adhesion. For this reason, it is also unclear to which degree purse

string and lamellipodial formation can cooperate during wound healing. Both mecha-

nisms have been observed taking place during gap closure in MDCK II epithelial sheets.

In apoptotic extrusion, early formation of lamellipodia allows the orientation of acto-

myosin purse strings, which are discontinuously distributed. Le et al. ascribe the ratio

of the two structural arrangements to an equilibrium between radial forces pointing out-

wards, provided by lamellipodia, and tangential or radially inwards, originating from

the purse-string cables. Towards the end of the closure, the balance favors lamellipodial

protrusions [211]. A similar progression has been observed during wound closure, with a

balance between lamellipodial protrusions and purse-string cables. In this case, Ajeti et

al. observed that in the transition from one architecture to the other, the average force

is maintained and that the actin filaments in the lamellipodia are integrated as cable

filaments when the lamella overcomes the lamellipodial edge [212].

Such a mechanistic variability with respect to the canonical myosin II-dependent

contractile actin cable, summarised in table 8.1, indicates the possible existence of sec-
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ondary approaches for wound closure that could result activated in the down-regulation

of formins. One of the essential characteristics of actomyosin cables is that these are

supracellular structures that connect the cells at the rim of the wound. Accordingly, the

strain is transmitted through the cells, which requires of cell-cell connections that allow

the anchoring and propagation of the cables and constricting forces: adherent junctions.

In fact, interference with E-cadherin-based adherent connections leads to disrupted ac-

tomyosin cables in epithelial wounds [213], which can render closure fully dependent on

lamellipodia extension [211].

Results presented in this thesis have shown that in the absence of mDia1 and mDia3,

no significant delays can be observed in the closure of small wounds, believed to be car-

ried via purse-string contraction. Together with the literature available, these suggest

that it is unlikely that either of the isoforms actively participates in the formation of ac-

tomyosin cables. However, they could participate in the organization of the microtubules

supporting the formation and orientation of the purse-string, which could lead to the

small delays in recovery observed in knock-out cells (Fig. 7.1). Furthermore, absence

of mDia1 could negatively impact wound closure if lamellipodia did indeed contribute

to the process. This cooperation could be more pronounced in the closure of wounds of

intermediate size, hence at the threshold differentiating closure dictated via cell crawling

or purse-string contraction. Accordingly, for these wounds (100-127 µm), delay in mDia1

cells should be more pronounced due to the participation of the isoform in lamellipodia

formation [190] which, in fact, is reflected in figure 7.1. Finally, as previously discussed,

dKo cells present impaired cell-cell connectivity due to the involvement of mDia1 in the

formation of cadherin-mediated contacts [188], and due to the favorable effect that ad-

herent and gap junctions present in their formation [193]. Therefore, mDia1 knock-outs

could present delayed recovery due to the direct interference with the formation of the

supracellular actomyosin cable in the presence of defective adherent junctions.

8.3 Transcellular macroapertures

NIH 3T3 fibroblasts presenting the double mDia1 and mDia3 knock-outs are charac-

terised by their spreading tent-like morphology, but also by the spontaneous formation

of transient transcellular macroapertures (TMs). As shown in figure 8.3 (also previously

in 6.5), these appear as tunnels of varying sizes connecting the apical and basal cellular

membranes until, eventually, are closed.
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Figure 8.3: Transcellular macroapertures. Phase contrast live imaging of WT and dKo NIH 3T3
fibroblasts. DKo cells present a tent-like morphology and can show several TMs simultaneously (red
arrows) that are independently closed. Scale bar: 50 µm; time indicated in h:mm.

The formation of transcellular tunnels in homeostatic conditions is common and

contributes to the balance of body fluid and particle exchange in the endothelium,

the inner cellular lining separating blood vessels from the neighbouring tissues. These

transendothelial cell macroapertures (TEMs) can be also triggered by pathogens as a

mechanism to rupture the endothelial barrier. This is the case for the bacteria Staphylo-

coccus aureus [214] and Bacillus anthracis, responsible for anthrax disease [215]. Despite

producing toxins with different molecular targets, both pathogens inhibit the function
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of the small GTPase RhoA, which regulates actomyosin contractility and formation of

stress fibers [216]. As shown in figure 8.4, due to the disruption of the cortex, the intox-

icated cells acquire a spread tent-like morphology -like dKo fibroblasts- that leads to an

increase in membrane tension. Boyer et al. have suggested that TEMs could therefore

arise from pores formed by the contact between the apical and basal cell membranes,

the fusion of which would be promoted by the flattening and spreading of the cells and

the depletion of actin stress fibers [214, 216].

Figure 8.4: Transendothelial macroapertures. TEM closure in human umbilical vein endothelial
cells (HUVECs) presenting fluorescently-labeled actin. A) Effect of intoxication with epidermal cell
differentiation inhibitor (EDIN), produced by Staphylococcus aureus. Upon intoxication, cells lose their
normal elongated morphology to acquire a tent-like architecture. A single cell can present several TEMs
simultaneously (arrows). Reprinted with permission from [214]. B) Effect of intoxication with the
edema toxin produced by Bacillus anthracis. Inlets at the bottom panel show the TEM closure via the
formation of actin-rich waves. Reprinted with permission from [215]. Scale bars: 10 µm.
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Once the formation of a TEM has been initiated, its widening resembles viscous

liquid dewetting. Accordingly, it is accompanied by the formation of an actin-rich rim

around the gap that, due to its stiffness, stabilises TEM expansion. Simultaneously, its

curvature promotes the recruitment, in a time frame of 0.2 s, of the I-BAR domain of

the protein Missing in Metastasis (MIM), which triggers the recruitment of Arp2/3 and

sequential polymerisation of branched, lamellipodia-like actin membrane waves that will

close the TEMs [215, 217] (Fig. 8.4).

Given the morphological similarities between the dKo fibroblasts and the intoxicated

endothelial cells, it is conceivable that both transcellular tunnels could share a common

mechanism. However, while TEMs are actively induced by toxins or internally regulated

cellular processes, the aperture of TMs is passive. Furthermore, some phenomenological

differences exist. TEMs show a maximum size upon which their enlargement stops („10

µm) regardless of the pathogen inducing their formation [214, 215]; additionally, the

total duration of TEM opening and closure is below 10 min [215, 216]. In contrast, as

shown in figures 6.5 and 8.3, TM occurrence overcomes both limits: besides expanding

over lengths beyond 10 µm, TMs can remain open over 1-3 h. This differences suggest

that fibroblasts undertake a different closure strategy in order to seal TMs. In this

regard, MIM knock-out cells have shown a delay in TEM closure of 30-80 min [215].

The resulting proximity to life-times characteristic of TMs suggest that their closure

could be passively achieved.

The size constraint in TEMs is facilitated by the rigidity of the actin ring formed

at the edge of the tunnels. In dKo cells, the formation of the ring could be disrupted,

which would facilitate the expansion of TMs beyond 10 µm. Furthermore, in advanced

stages, TMs lose the circular smoothness characteristic of TEMs, which supports the idea

that the formation of the actin ring could be impaired in dKo cells. Inhomogeneities in

the density of the cortex caused by the lack of mDia1 [183] could further promote the

initiation of TM formation by facilitating the contact between the apical and basal cell

membranes of dKo cells.
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Summary

In this thesis, the relevance of mDia1 and mDia3 formins in wound healing dynamics of

NIH 3T3 fibroblasts and in the cortical adaptations involved in the adhesive process have

been investigated. To guide the research, four questions were stated at the beginning of

this work. In this summary, they will be answered while highlighting the main results

of the thesis.

I. How do the rheological properties of the actomyosin cortex adapt during

cell adhesion?

While in suspension, fibroblasts adopt a globular shape through cortex contraction that

leads to high prestress, but simultaneously preserve high fluidity to readily interact with

the surroundings and initiate adhesion. When this happens, cellular prestress decreases,

thus allowing the formation of a first cell-substrate contact area. At the same time, this

relies on a low membrane tension that supports the formation of blebs and protrusions.

To spread, the cell fluidises and ensures membrane integrity. Depletion of membrane

reservoirs promotes the re-organisation of the cortex and the formation of hierarchical

actomyosin structures. Consequently, prestress increases with the stabilisation of the

cytoskeleton.

To carry this characterisation work, the experimental and analytical methodologies,

based on the application of the Evans model, were optimised. In the process, the in-

fluences on cortical dynamics of blebbistatin and calyculin A, which alter the activity

of non-muscle myosin II motors, and of GDA, which causes cross-linking and stiffen-

ing of the membrane, were analysed, further supporting that the cellular response to

deformation is dominated by myosin II motor activity and contractility.
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II. What is the role that mDia1 and mDia3 play in the regulation of the

cortical adaptations upon (de)adhesion?

In the absence of formins, and especially in the lack of mDia1 which, together with the

Arp2/3 complex, nucleates the bulk of actin filaments, the cortex results impoverished.

In a weakly adherent state, this translates into an increasing degree of vulnerability to

external deformation for mDia3, mDia1 and dKo cells. In an adherent state, cortical

deficiencies additionally lead to slower relaxation times of the cortical shell due to the

absence of long, linear and formin-nucleated actin filaments.

III. How is the activity of formins impacting the motile capabilities of fibro-

blasts during cell migration?

The migrating process can be simplified, based on its inherent adhesion-deadhesion cycle,

into the transition from strongly to weakly adherent cells and vice versa. While both

mDia1 and mDia3 are necessary for the formation of filopodia at the advancing edge of

migrating cells, and they co-localise at the rear end to promote adhesion turnover, mDia1

is additionally involved in cellular polarisation and rear end retraction. Furthermore, due

to the cortical defects in the spreading state, knock-out fibroblasts present an unbalanced

adhesion strength that further hampers motility. As a consequence, migration results

increasingly impaired in the absence of mDia3 and of mDia1. Additionally, both isoforms

show compensatory effects, which causes a higher defective motility in dKo fibroblasts.

IV. Are fibroblasts able to close wounds via the purse-string mechanism, and

is gap size a relevant geometrical trigger?

In this thesis, the ECIS has been employed, for the first time, in combination to elec-

trodes of varying diameters, immunostaining and formin knock-out cell lines, to assess

the possible connection between geometrical cues and the wound closure mechanisms of

fibroblasts. As a result, two closure rates have been identified in relation to the wound

size. While larger gaps are closed via cell crawling at a slower pace, structural elements

of the purse-string mechanism, traditionally ascribed to epithelial cultures, have been

identified in the closure of small wounds, thus supporting recent literature reports. Fur-

thermore, both mechanisms could co-exist in the threshold wound diameter (100 µm),

hence contributing to a faster closure.

Due to the essential role that formins play in cellular motility, their impact in the

closure of small wounds, directed via purse-string contraction, is significantly reduced.
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In conclusion, this work has demonstrated the close interplay between cortical me-

chanics and recovery kinetics of fibroblasts, and the relevance of formins in the regulation

of both processes. The answers to the four research questions stated above contribute to

the basic knowledge that, one day, may lead to the development of effective biomedical

strategies to enhance the natural healing response, and thus reduce the risk of derived

complications such as hypertrophy or fibrosis. With this, the present thesis ultimately

aims to contribute to the eradication of CVDs, limiting their prevalence and impact in

the worldwide population.

As a personal and final comment, a day may come when this goal is achieved.

However, it is not this day. Accordingly, the author would like to remind the reader that

today’s lifestyle, where a poor diet, stress and long working hours tend to combine with a

lack of physical exercise, is a major factor leading to the suffering of CVDs. Hypertension,

high cholesterol and smoking are still regarded as the main risk factors, accompanied by

sedentary behavior, consumption of alcohol and refined sugars, overweight, obesity, and

diabetes. Accordingly, it seems to be a good ending note to remind you, the reader, to

lead a healthy life and thus make you a participant in the eradication of CVDs.

167



168



Bibliography

[1] World Health Organization (WHO). (2021). Cardiovascular diseases (CVDs). Retrieved from

www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds). (Accessed:

14.09.2021)

[2] Ripplinger, C. M., Lou, Q., Li, W., Hadley, J., & Efimov, I. R. (2009). Panoramic imaging

reveals basic mechanisms of induction and termination of ventricular tachycardia in rabbit

heart with chronic infarction: Implications for low-voltage cardioversion. Heart Rhythm,

6 (1), 87–97. doi:10.1016/j.hrthm.2008.09.019

[3] Liang, C., Wang, K., Li, Q., Bai, J., & Zhang, H. (2019). Influence of the distribution of

fibrosis within an area of myocardial infarction on wave propagation in ventricular tissue.

Sci. Rep. 9 (14151). doi:10.1038/s41598-019-50478-5

[4] Burlew, B. S., & Weber, K. T. (2000). Connective Tissue and the Heart: Functional Signif-

icance and Regulatory Mechanisms. Cardiol. Clin. 18 (3), 435–442. doi:10.1016/S0733-

8651(05)70154-5

[5] Parichatikanond, W., Luangmonkong, T., Mangmool, S., & Kurose, H. (2020). Therapeutic

Targets for the Treatment of Cardiac Fibrosis and Cancer: Focusing on TGF-β Signaling.

Front. Cardiovasc. Med. 7 (34). doi:10.3389/fcvm.2020.00034

[6] Baum, J., & Duffy, H. S. (2011). Fibroblasts and Myofibroblasts: What are we talking about?

J. Cardiovasc. Pharmacol. 57 (4), 376–379. doi:10.1097/FJC.0b013e3182116e39

[7] Frantz, C., Stewart, K. M., & Weaver, V. M. (2010). The extracellular matrix at a glance. J.

Cell Sci. 123 (24), 4195–4200. doi:10.1242/jcs.023820

[8] Hinz, B. (2016). The role of myofibroblasts in wound healing. Curr. Res. Transl. Med. 64 (4),

171–177. doi:10.1016/j.retram.2016.09.003
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[103] Stumpf, B. S., Ambriović-Ristov, A., Radenovic, A., & Smith, A.-S. (2020). Recent Ad-

vances and Prospects in the Research of Nascent Adhesions. Front. Physiol. 11, 574371.

doi:10.3389/fphys.2020.574371

[104] Vicente-Manzanares, M., & Horwitz, A. R. (2011). Adhesion dynamics at a glance. J. Cell

Sci. 124 (23), 3923–3927. doi:10.1242/jcs.095653

[105] Van der Flier, Arjan. (2001). Function and interactions of integrins. Cell Tissue Res. 305,

285–98. doi:10.1007/s004410100417
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SI figure 1: Evolution of junctional resistance of WT and dKo cells upon growth and recovery.
Rb values obtained upon fitting discrete intervals of impedance time courses to the Lo-Ferrier model are
presented for WT (�; n = 2, m = 2) and dKo (�; n = 33, m = 7) cells that have been wounded
and for their respective positive controls (�; n = 20, m = 14 and �; n = 7, m = 7). With respect
to the characteristic Rb of the initial monolayer (PW; t = 0 h), indicated with the dotted line, the
junctional resistance of undisturbed WT fibroblasts increases until the end of the experiment as a result
of monolayer maturation and formation of cell-cell contacts. In contrast, wounded cells show a decreased
resistance after 24 h of recovery that surpasses, though non-significantly, the PW Rb values after 48 h.
DKo fibroblasts present the same pattern. However, their characteristic Rb values are overall significantly
higher than their corresponding equivalents on WT cells. Significance denoted with r*s for α ă 0.05,
r**s for α ă 0.01, and r***s for α ă 0.001.
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SI figure 2: Evolution of the Lo-Ferrier parameters Cm and α of WT and dKo cells upon
growth and recovery. Values are presented for WT (�; n = 2, m = 2) and dKo (�; n = 33, m =
7) cells that have been wounded and for their respective positive controls (�; n = 20, m = 14 and �;
n = 7, m = 7). In control samples, Cm values decrease in time, both for WT and dKo cells. Upon
wounding, the same pattern is observed for WT fibroblasts. In contrast, dKo cells present an increase
in capacitance that is later lowered to pre-wounding (PW; t = 0 h) values (dotted lines). Inversely
reflecting the basal-substrate distance, α values present high variability. For WT cells, α values decrease
with time on control samples, whereas upon 48 h of recovery, are highly increased. In contrast, control
dKo samples show high α values that result significantly decreased upon wounding. Significance denoted
with r*s for α ă 0.05, r**s for α ă 0.01, and r***s for α ă 0.001.
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