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ABSTRACT OF THE DISSERTATION

Three-dimensional forces driving amoeboid cell migration and characterization of
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Fast amoeboid migration requires cells to apply mechanical forces on their surroundings
via transient adhesions. However, the role these forces play in controlling cell migration speed
remains largely unknown. We use three-dimensional force microscopy to examine the mechanics
underlying the chemotactic migration of wild-type Dictyostelium cells, as well as mutant strains
with defects in contractility, internal F-actin cross-linking and cortical integrity. We show that
cells pull on their substrate adhesions using two distinct, yet interconnected mechanisms: axial
actomyosin contractility and cortical tension. The three-dimensional pulling forces generated by
both mechanisms are internally balanced by an increase in cytoplasmic pressure that allows cells
to push on their substrate downward without adhering to it. These compressive pressure-induced

forces are not associated to adhesion sites, and may allow amoeboid cells to push off surrounding
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structures when migrating in complex three-dimensional environments. We find a relationship
between the strength of these three-dimensional forces and the migration speed and we show that
the cell migration speed increases with the ratio of the tangential to normal forces. This finding
indicates that the migration speed increases when axial contractility balances cortical tension,
allowing the cells to modulate their three-dimensional shape and move faster.

Additionally, we develop a new methodology for the calculation of the three-dimensional
forces exerted by migrating cells improved by a Lagrange multipliers optimization that provides a
stress field in equilibrium and equal to zero outside the region in which the cell is localized.

Furthermore, we design a novel elastometry technique based on the exact solution of
the elastic equation of equilibrium, the measurement of the deformation exerted by cells when
moving and the application of an optimization algorithm for solving a non-linear least-squares
problem. This novel method enables the characterization of the Poisson ratio of polymer-based
substrates on real time, which is essential for a precise calculation of the traction forces. The value
of the Poisson ratio that we obtain for the polyacrylamide gels used in our experiments is 0.45.
A similar methodology could be applied to calculate the mechanical properties and constitutive

equations for other extracellular environments, which are not perfectly elastic.
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Chapter 1

Introduction

1.1 Background

Cell migration is important in many physiological processes such as embryonic develop-
ment, wound healing, the response of the immune system or the regeneration and repair of tissues
[1][2]. Furthermore, the failure or misregulation of the process of the cell migration results in
pathological processes, such as the metastatic spreading of some cancer cells [3]. Some cardio-
vascular diseases are caused by the disordered movement of cells, for example atheriosclerosis is
caused by interactions between circulating blood monocytes and T lymphocytes with the lining
endothelium that trigger the migration and proliferation of smooth muscle cells in the artery
[4][5]. Besides, some autoimmune diseases such as rheumatoid arthritis or multiple sclerosis are
caused by dysregulation of the inflammatory response [6][7].

Cell migration encompasses the coordination of actin polymerization dynamics, motor
protein-mediated contractility, and the formation and detachment of adhesion complexes necessary
to transmit the internal forces to the extracellular environment [8][9]. Furthermore, it requires
the combination of numerous biochemical and mechanical signals [10]. The cytoskeleton of
the cells is fundamental in this process having mechanical and biochemical functions [11].
From a mechanical point of view, the cytoskeleton provides the structure for the cell and serves

as support of its shape. Furthermore, the cytoskeleton generates the forces required for cell



migration through the polymerization of actin filaments and the contractility of motor proteins
[12]. The cytoskeletal filaments are connected through distributed adhesions to the surrounding
environment and transfer extracellular biochemical and mechanical stimuli to the intracellular
signaling network [13][14][15].

Cells move either individually or collectively. In the case of single cell migration, there
are two distinct types of locomotion: amoeboid and mesenchymal. Mesenchymal migration is
characterized by high adhesion to the substrate. Usually the adhesions formed by mesenchymal
migrating cells are integrin mediated and focal adhesions are clearly defined. This stronger
adhesion leads to higher contractile traction forces [16]. The characteristic shape of the mes-
enchymal migrating cells is elongated [17]. In 3D matrices the movement of these cells is
proteases-dependent and cells secrete metalo-proteases that degrade the extracellular matrix.
Mesenchymal migration is a slow migration mode in which the traction forces are generated
under the lamellipodium [18]. Examples of mesenchymal migrating cells are fibroblasts, smooth
muscle cells, epithelial cells, endothelial cells and stem cells.

In contrast, amoeboid migration is characterized by low adhesion to the substrate and
lack of mature focal adhesions. Consequently, the traction forces exerted by these cells are also
low [16]. The adhesions in amoeboid migration are non-integrin or weak-integrin mediated
[19][20]. The characteristic shape of the amoeboid migrating cells is rounded or ellipsoidal [21]
[17]. These cells are highly motile and protease-independent in 3D matrices. Typically cells
performing amoeboid migration have the ability to change cell shape (blebbing, elongation or
bending). Amoeboid migration can be sub-classified in two types depending on the mechanism
of forward extension of the plasma membrane: Blebbing (cells move by extending membrane
blebs) and protrusion of actin-rich pseudopods (3D finger-like protrusions) [17]. Amoeboid cells
are highly motile, and the contractile traction forces are exerted at the sides, front and back of the
cell body [22] [23] [24]. The group of amoeboid migrating cells is very large and heterogeneous
including unicellular eukaryotic cells such as Dictyostelium discoideum as well as individually
migrating metazoan cells such as neutrophils and dendritic T cells.

Chemotactic migration is the directed movement of the cells in response to chemical



stimuli. An example of amoeboid migrating cells performing chemotaxing are neutrophils, which
in response to chemicals produced by bacteria move to the infection sites as a key component of
the immune response. The chemotactic process is controlled by a complex network of signaling
events that trigger the remodeling of the cellular cytoskeleton and the formation and release of
the adhesions to the extracellular matrix [25]. In the case of amoeboid cells, this process is tightly
spatio-temporarily regulated and coordinated, resulting in a cyclic process [26][27][28]. The
cycle is defined by protrusion of the leading edge through actin polymerization, formation of a
new pseudopod and adhesion of this new pseudopod to the substrate, contraction of the cell body
by interaction of F-actin and myosin, release of the rear adhesions and retraction of the cell body
[24].

In this dissertation we study the chemotactic movement of amoeboid migrating cells.
We perform chemotaxis experiments using Dictyostelium discoideum as a model experimental
system to examine the mechanics of cell movement and to explore in detail the role of each
cellular component involved in this process. Dictyostelium is an excellent model due to the
high conservation of pathways and molecular components with some mammalian cells, such
as mammalian neutrophils [29]. Other characteristic that make Dictyostelium a good model to
explore the function of different components and signaling networks is the accessible manipulation
of its genetics. Dictyostelium is haploid, its genes have only few and small introns which simplifies
the genetic manipulation and facilitates the availability of a wide range of mutant strains with
contractility, adhesion and actin polymerization defects. In addition, this makes easier the
possibility of fluorescently label specific proteins inside the cell and therefore performing real
time imaging of motility and of reporters of signaling pathways. Moreover, Dictyostelium is highly
responsive to chemoattractants, consequently it facilitates the experimental study, and the key
signaling pathways implicated in the directional cell movement are conserved from the amoeba
to higher eukaryotes [29]. Furthermore, the spatio-temporal evolution and organization of the
forces exerted by some mammalian cells migrating in an amoeboid manner and by Dictyostelium
cells are very similar [30].

Unlike mesenchymally migrating cells, Dictyostelium cells do not form localized focal



adhesions. They attach to the substrate through diffuse areas and the molecular basis of the
adhesions is not well characterized yet [31][32]. These cells move with a high velocity and
therefore perform a fast assembly and disassembly of the adhesions, which entails a difficulty
in understanding the molecular processes that control the formation and release of the adhesion

sites.

1.2 Three-dimensional Traction Force Microscopy to study the me-

chanics involved in cell migration

In the last 20-25 years it has been recognized the importance of the study of cell migration
form a mechanical approach. Several methods have been developed for the measurement and
calculation of the forces generated by cells during migration [33][34]. These forces can be
characterized using microscopy-based techniques that rely on the measurement of the deformation
of thin membranes, the measurement of the deflection of micro-fabricated structures, or the
measurement of the deformation of elastic hydrogels [35]. Scientist have realized the importance
of coupling the biochemistry, signaling events and the mechanics involved in the locomotion
process. Unraveling the interplay between the mechanics and biochemistry during migration will
allow to construct better models to predict cellular motion and therefore to get a better control of
the process.

During the past few years, there have been an increasing number of studies using
Traction Force Microscopy (TFM) to study the mechanics of cells crawling on flat surfaces
[36][20][371[38]. The majority of these TFM methods assumed that, while migrating, the cells
only apply in-plane traction forces (tangential to the plane of the substrate) and do not exert
out-of-plane forces (normal to the substrate’s plane) [39][40]. The recent development of Three-
dimensional Traction Force Microscopy (3DTFM) has produced mounting evidence showing that
the normal component of the forces exerted by the cells can be as large as the in-plane (tangential)
component [41][42][43].

The realization that cells generate out-of-plane stresses even when they adhere to plane



surfaces, indicates that the conclusions reached through the analysis performed using two-
dimensional TFM methods may be not accurate. Consequently, it is necessary the study of
the forces generated by cells through 3DTFM methods and the characterization of the error that
the widely used two-dimensional TFM methods may have incurred by neglecting these stresses.

Additionally, there is a wide variability in the results obtained from a population of cells,
and therefore it is crucial to be able to perform statistical analysis and consider a big number of
cells to obtain definite answers to biological questions. In this dissertation, we use the 3DTFM
method developed by del Alamo et al. [43] to study the structural origin of the three-dimensional
forces exerted by amoeboid migrating cells and their function in migration. This method allows
us to perform averages over many cells and over many instants of time through the normalization
of the cell length, which guarantee statistically relevant conclusions and avoid biased results due

to the specific cells selected for the measurements.

1.3 Aims of this dissertation

The actin polymerization at the leading edge of the cells generates the protrusion of
new pseudopods, with the addition of actin monomers at the barbed end of the filaments and
the loss of these subunits at the pointed end. The ability of the cells to generate forces requires
that the cytoskeletal actin filaments are cross-linked and forming a continuos network. The actin
cross-linking contributes to the stabilization of the cytoskeleton by linking the actin meshwork
and therefore plays a structural role. Myosin II (Myoll) is a motor protein that is a very important
F-actin cross-linker. Dictyostelium contains a single myosin II complex that is composed of
two myosin heavy chains, two essential light chains and two regulatory light chains [44]. Each
heavy chain contains a motor domain that allows the protein to slide over the actin filaments
[45]. The C-terminal tail region forms a coiled coil with the second heavy chain molecule. Myoll
accumulates mostly in the posterior edge of the cell and it is important for the retraction of the
cells’ rear part [46][47].

Another important actin cross-linker is the protein filamin. Filamin cross-links the actin



network in an orthogonal manner, and is needed to stabilize newly formed pseudopods in the
anterior part of the cells [48]. Filamin is located mostly at the leading edge of the cells and is
involved in the protrusion stage [49].

The cellular cortex is a major contributor to cellular rigidity [50]. It is composed of
a thin shell of cross-linked actin filaments and myosin motors attached to the membrane and
to the remainder of the cytoskeleton by binding proteins [51]. The cortex is critical to many
biological processes, including cell division and motility [52][53]. The cell cortex coordinates
cell shape changes and locomotion [54], i.e., the cortical tension regulates the internal pressure
balance that promotes bleb formation [55][56]. Additionally, the cortical tension has been shown
to be essential to breaking the symmetry necessary for cell polarization by regulating the forces
transmitted to the extracellular environment [57][58][59].

The leading edge and posterior cross-linking of the cytoskeleton, the cortex, the nucleus,
and its connectivity to the cytoskeleton are the major structural components involved in the
generation of cellular traction forces [60][61][62]. However, the role that each of these cellular
components plays in the generation of the traction forces, as well as in the mechanosensing of the
external environment, is not well understood.

Cells with F-actin cross-linking defects generate lower traction forces that are distributed
more laterally, and move slower than wild-type cells [24][63][64]. Nonetheless, these cells still
generate significant traction forces and are able to migrate using mechanisms that are not fully
understood yet.

Additionally, there is a need to better understand the properties of the cells’ cortex and
how it contributes to the generation of three-dimensional stresses in both stationary and motile
cells. Among the many molecules that play a structural role in the cell cortex, we will focus
on the role that cortexillin and myosin I play in the generation of cellular forces. Cortexillin I
and cortexillin II are members of the a-actinin/spectrin family that are located in the cortex and
are involved in the regulation of cell morphology and cell division [65][66]. On the other hand,
myosin IA and myosin IB are single-headed motors involved in linking cortical and intracellular

F-actin to the plasma membrane [67][68].



Furthermore, the nucleus is the largest and stiffest compartment of the cell and it is linked
to the cytoskeleton, therefore it is also connected to the cells’ adhesion sites [69]. Consequently,
the nucleus might play a function in the generation of the stresses exerted through the adhesion
sites [70]. Particularly, it has been hypothesized that it may be involved in the generation of the
compressive normal forces [71].

The recent development of 3DTFM has showed that the normal component of the forces
exerted by the cells can be as large as the tangential component [72][43]. This finding poses
relevant questions, such as how does the cell generate forces in the direction perpendicular to
the substrate, and how do the various structural components (anterior and posterior cytoskeletal
cross-linking, cortical cytoskeleton and nucleus) contribute to the generation of these forces.

While it is well-known that migrating cells modulate the strength and spatial distribution
of their traction forces to produce the necessary shape changes [73][74], until now, the association
between the forces exerted by cells and migration was not established. The connection between
forces and the efficiency of movement was still unclear and had never been stated. Therefore,
the understanding of the traction forces’ biological function remained widely uncovered. Hence,
a critical question that remained unanswered was what roles do the normal and tangential
components of the stresses play in establishing the efficiency of cell motility, including the
migration speed of the cells. In this dissertation we present the relationship between forces and
velocity of migration for amoeboid migrating cells, which provides the first connection between
forces and migration speed to our knowledge.

This dissertation provides answers to many biological questions from a mechanical ap-
proach. We unravel the structural mechanisms for the generation of the forces and we establish the
relationship between the tangential and normal forces and the velocity of migration. Additionally,
it has been known during many years that the forces that a cell exert during migration are much
larger than the needed to overcome the resistance of the surrounding environment [75]. In this
dissertation we present a mechanistic explanation for the generation of such large forces, as well.

The understanding of the structural origin of the forces in Dictyostelium and their rela-

tionship with the efficiency of migration is key to elucidate the mechanisms of force generation



and their function in the amoeboid type of migrating mammalian cells, such as neutrophils. We
have previously shown that the distribution and dynamics of the tangential traction forces exerted
by differentiated HL60 cells, human promyelocytic leukemia cells that when differentiated behave
similarly to neutrophils [76][77], are very similar to those exerted by Dictyostelium [30]. This
suggests that there may be a common mode of amoeboid migration and possibly conserved
mechanisms between all amoeboid migrating cells.

In addition, we have developed a novel approach in which Fourier Microscopy can
be used to characterize the properties of the extracellular matrix in which cells move and to
measure the forces that cells exert simultaneously on real time. We present a novel elastometry
method based on the exact solution of the elastic equation of equilibrium, the measurement of
the deformation exerted by cells when moving over an elastic substrate and the application of
an optimization algorithm for solving a non-linear least-squares problem. This method is based
on an extended procedure from the one used in Fourier Traction Force Microscopy, with a novel
application as Elastometric Microscopy.

Elastic polymer-based hydrogels are broadly used for the calculation of the traction forces
that cells apply when moving [36][78]. The accurate characterization of their elastic properties is
crucial for a precise calculation of these traction forces. It was assumed that the value of the forces
exerted by the cells didn’t depend much on the value of the Poisson ratio of the substrate over
which they move, but on the contrary the value of the forces is very sensitive to the value of the
Poisson ratio, especially for values close to 0.5, which is the case of hydrogels [43]. We present a
novel method for characterizing the Poisson ratio of polymer-based substrates on real time. A
similar methodology could be applied to calculate the mechanical properties and constitutive
equations for other extracellular environments, which are not perfectly elastic. This methodology
has the potential to be used in the quantification of the interactions between different cells and the

environment in which they move in real time.



1.4 Outline of the dissertation

In chapter 2, we present the experimental techniques that we have used to study the
mechanics underlying the chemotactic amoeboid type of migration. In this chapter we also
explain the analytical methods that we have used for the quantification of the forces and tensions
exerted by amoeboid migrating cells. The method to calculate the forces is based on the solution
of the elastic equation of equilibrium, and requires the measurement of the deformation applied
by the cells when moving in the three spatial directions. In this chapter we present a thorough
analysis of the accuracy that we achieve in the measurement of the deformation field and a study
of the necessary configuration for the acquisition of the images with the microscope in order to
achieve precise measurements of the forces. We also present a comparison between the tangential
traction forces exerted in the plane of the substrate when using a 2D and a 3D Fourier force
methodology.

In chapter 3, we unravel the structural origin of the three-dimensional forces exerted by
amoeboid cells and the connection between the migration speed and the tangential and normal
forces. Additionally, we characterize the location of actin foci, which are actin rich structures
localized in the ventral side of Dictyostelium cells that have been previously reported to be
located in the adhesion sites, and we find the relationship between adhesion sites, pulling and
pushing forces. We study ten different Dictyostelium cell lines, with leading edge and posterior
cross-linking defects, impaired cortical integrity and deficient of connection between the plasma
membrane and the cortical and intracellular F-actin. We also study the function of the nucleus
in the generation of the compressive forces through a cell line that has the nucleus fluorescently
labeled by tagging the protein Histone2B to GFP.

In chapter 4, we present a new method for the calculation of the forces exerted by
migrating cells that accounts for the limitations of Fourier Traction Force Microscopy. These
limitations are that the forces obtained by TFM may not be balanced and we can find some
forces applied outside the region where the cell is located. We perform a Lagrange multipliers

optimization and imposed two constraints for the calculation of the forces. The first one is that
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the forces exerted by the cell need to be in equilibrium, since the cell does not generate a net
force. The second constraint is that the forces must be applied only in the region where the cell is
located, therefore the forces outside the contour of the cell must be equal to zero. Imposing these
two constraints, we obtain results that agree with the physics behind this subject, in contrast to
the ones obtained with unconstrained TFM methods.

In chapter 5, we present a novel methodology for the calculation of the properties of the
extracellular matrix. This technique is based on the solution of the elastic equation of equilibrium,
similarly to the 3DTFM method that we use for the calculation of the cell-substrate forces. This
new Elastometric Microscopy technique allows the measurement of the Poisson ratio of elastic
hydrogels, extensively used in TFM. There is a wide range of values for the Poisson ratio of
polymer-based elastic hydrogels in the literature, and the error made in the measurement of this
value results in large errors in the computation of the forces. Additionally, our technique allows
the simultaneous quantification of the cell-substrate forces applied in real time.

Finally, in chapter 6 we present a summary of the aims and contents of the dissertation.

This chapter provides the general conclusions and final remarks of this study.



Chapter 2

Experimental and analytical
methodology to study the mechanics of

chemotactic amoeboid migration

2.1 Introduction

Several methods have been developed to characterize the dynamics of cells when migrat-
ing over flat substrates [79]. Most of these methods are based on measurements of the deformation
of a flat elastic substrate on which the cells crawl, and the subsequent calculation of the traction
forces from the measured deformation. Dembo et al. used the classical solution of the elastostatic
equation for a homogeneous, semi-infinite medium found by Boussinesq for the elastic solid in
the half-space [34] [80]. Butler et al. calculated the traction forces by performing the Fourier
transform of the displacement field and applying the solution to the Boussinesq equation in
Fourier space to obtain the forces through the inverse Fourier transform [33]. These methods do
not take into account the effect of the finite thickness of the substrate and consider it semi-infinite.
A third method was developed by Yang et al., which consists of using a 3D finite element method

and the effect of a finite substrate is incorporated [81].
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Until recently, traction force microscopy methods were focused on measuring the traction
forces exerted by the cells only in the tangential direction to the plane where the cells were
attached, while the perpendicular component was neglected. The role of the z-component was
supposed to be negligible assuming that the predominant orientation of the contractile fibers of
the cytoskeleton is mainly horizontal. But since cells and their environment are three-dimensional,
it is important to measure the traction forces in the perpendicular direction to the substrate as
well.

There are some methods that have been developed recently in order to measure the
three-dimensional traction forces; they reveal that the perpendicular forces to the substrate are
not negligible. Hur et al. [41] developed a method to measure this perpendicular component as
well as the in-plane components by using a finite element method and applying the constitutive
equations (elastic stress-strain law). Franck et al. [72] calculated the traction forces exerted
by 3T3 fibroblasts from the deformation applied on the substrate directly from the constitutive
equations for a linearly elastic and incompressible medium. To study the mechanics underlying
chemotactic amoeboid migration we used the 3D Fourier Force Microscopy method developed by
del Alamo et al. [43], which consists of an exact, computationally efficient solution of the elastic
equation of equilibrium based on Fourier expansions that obtains the traction forces explicitly as
functions of the substrate deformations. This method takes into account the substrate thickness,
which increases the accuracy of the Boussinesq solution and allows for non-zero net forces. It
also considers the distance between the measurement plane and the surface of the substrate.

We have used diverse experimental and analytical techniques to study the mechanics
of cell migration. This chapter includes a summary of the techniques used for examining the
functioning of the internal cytoskeleton, the cortical region and the nucleus of cells in the
mechanics of chemotatic migration. Furthermore, we performed a thorough analysis for the
accurate calculation of the displacement field applied by these cells to the substratum over which
they move, which is crucial for the accurate calculation of the traction forces that they exert.
Additionally, we present a comparison of the tangential forces and the strain energy calculated for

a cell when using a two-dimensional and a three-dimensional methodology.
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2.2 Cell culture and microscopy

Dictyostelium discoideum cells were grown under axenic conditions in HL5 growth
medium on tissue culture plates. We used ten different cell lines, wild-type Ax3 and Ax2, myosin
II null cells (mhcA”), (generated from Ax3), filamin null cells (abp1207), (generated from Ax2),
cortexillin I null cells (ctxA”), (generated from Ax?2), cortexillin II null cells (ctxB"), (generated
from Ax2), cortexillin I and cortexillin II double null cells (czxA"/B’), (generated from Ax2),
myosin IA null cells (myoA~), (generated from Ax2), myosin IB null cells (myoB~), (generated
from Ax3) and myosin IA and myosin IB double null cells (myoA /B"), (generated from Ax3). All
the cell lines were obtained from the Dicty Stock Center except the myoA™, myoB™ and myoA™/B",
which were generously provided by Dr. Margaret Titus, and in which myosin I genes were
disrupted by recombination, following the procedures found in Peterson et al. [82] and Novak et
al. [67].

MhcA" cells lack the protein myosin II, which localizes at the back of the cell and
acts both as an F-actin crosslinker and as a motor [83]. Abp120 cells lack the protein filamin,
which localizes at the front of the cells and is required for the stabilization of the newly formed
pseudopods [48]. CtxA", ctxB™ and ctxA/B" cells lack the protein cortexillin I, cortexillin IT and
both proteins, respectively. Cortexillin I and cortexillin IT are F-actin-binding proteins, members
of the a-actinin/spectrin family that are located in the cortex of Dictyostelium cells [84]. MyoA™,
myoB™ and myoA /B cells lack the protein myosin IA, myosin IB and both proteins, respectively.
Myosin IA and myosin IB are single-headed actin molecular motors involved in the connection
between the plasma membrane and the cortical and intracellular F-actin [67].

For all chemotaxis applications, cells were taken from axenic exponentially growing or
“log-phase” cultures, by shaking cells in nutrient medium, in an autoclaved Erlenmeyer flask at
150 rpm, 22°C, overnight. The next morning cells were counted using a hematocytometer to
determine the cell density. The aggregation competent cells were prepared by pulsing a 5 - 10°
cells/ml suspension in Na/K phosphate starvation buffer (9.6mM KH;POy4, 2.4mM Na,HPOy,

pH 6.3) with cAMP to a concentration of 30 nM every 6 minutes during 6 hours. Then, the cells
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were diluted in Na/K phosphate buffer to a concentration of 2 - 10* cells/ml and 200 ul of cells
with this concentration were seeded onto the functionalized flat elastic polyacrylamide substrate
and allowed to adhere.

A drawn glass capillary mounted on a micro-manipulator served as the source of chemoat-
tractant (150mM cAMP in an Eppendorf femtotip, Eppendorf, Germany). We acquired images
using a spinning disk confocal microscope (Zeiss) and a cooled charge-coupled device camera
(HQ CoolSNAP; Roper Scientific). The microscope was equipped with a piezo-Z actuator (ASI).

A PC running Slidebook software (3I) controlled the entire setup.

2.3 Blebbistatin treatment of the cells

We dissolved (-)- blebbistatin ( Sigma-Aldrich) into Dimethyl sulfoxide (DMSO) to make
a 100mM stock solution. Then, cells were treated with 50uM blebbistatin by diluting the stock
solution in Na/K phosphate starvation buffer (9.6mM KH;POy4, 2.4mM Na,HPO4, pH 6.3).

When blebbistatin is present, the illumination with a light of wavelength lower than
490 nm causes the generation of free radicals that result in cell damage [85][86]. We observed
that in experiments with blebbistatin, wild-type cells couldn’t move and did not generate forces
when the wavelength of the light was 488nm, even when the concentration of blebbistatin was
very low. Whereas when illuminating the cells with a wavelength of 531nm, wild-type cells
moved and generated forces. Therefore, in the experiments involving blebbistatin we always used
531nm light. In the rest of the experiments, we always used 531nm light as well, except for the
calculation of the actin distribution in which we used 488nm light, and image GFP-labeled actin

for the experiments without blebbistatin.

2.4 Polyacrylamide substrates fabrication

To fabricate the polyacrylamide gels, first we treated the glass coverslips, in order to
allow the attachment of the gels. Initially we placed 22mm #1 square glass coverslips on a

hot plate and added 500ul of 0.1M NaOH. We waited until the liquid was evaporated and a
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uniform layer of NaOH was formed. After this, we covered the coverslips with 100ul of 3-
Aminopropyltriethoxysilane during 5 minutes. Once we rinsed the coverslips with MQ water and
dried them completely, we covered them with 100ul of 0.5% Glutaraldehyde during 30 minutes.
Then we rinsed the coverlids with MQ water and dried them. After this step, the gel can be
attached to the treated glass coverslip.

We fabricated the gels as two adjacent layers in order to improve the signal-to-noise ratio
of the image z-stacks and the displacement field calculation. The bottom layer was made with 4%
acrylamide and 0.056% bisacrylamide [87][88] , 0.2% tetramethylethylenediamine (TEMED)
and 0.05% ammonium persulfate (APS). We put 3.4ul of this mixture in the center of a 12mm
diameter rounded coverslip, and then placed it on top of the treated square coverslip. The top
layer was fabricated in the same manner, but this one contained 0.03% carboxylate modified
red latex beads of 0.1um diameter (Fluospheres, Invitrogen, Carlsbad CA). We put 2.5ul of this
mixture on top of a 12mm diameter rounded coverslip, and we placed it on top of the bottom
layer, in this way all the beads are located in a very thin layer on the surface of the gel. The
gels fabricated in this way have a stiffness around 900 Pa [89]. The two layers were verified to
adhere well to each other under experimental conditions by confirming continuous registration
of the two layers using gels with beads of a second color in the bottom layer. We mounted the
coverslips with the gels in Petri dishes with a circular opening in the bottom using silicon grease
(Dow Corning, Midland, Michigan).

Finally, we made the gels physiologically compatible by cross-linking collagen I to the
surface of the polyacrylamide. We used 1mM Sulfo-SANPAH (Thermo Sci, Rockford, Il) after
UV activation to cross-link 0.25mg/ml collagen I. The gels were incubated overnight at room
temperature. After washing, the gels were stored in Na/K phosphate buffer (9.6mM KH2PO4,
2.4mM Na2HPO4, pH 6.3, same composition as used in the experiments) and antibiotic (40uM
Ampicillin) for up to a week.

We measured substrate thickness by locating the top and bottom planes of the gel and
subtracting their z positions. We located the top plane by maximizing the number of in-focus

pixels of cell outlines [90] and the bottom plane by focusing on streaky patterns left on the surface
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Figure 2.1: Sketch of the method that we used to measure the Young’s modulus of the substrate

with the calculation of the indentation produced by a tungsten carbide ball.
of the glass coverslip during treatment for gel attachment. The thickness of these gels is around
40um. The Young modulus (~ 900Pa) was verified by measurements of the indentation of a

tungsten carbide sphere [91] and independently through atomic force microscopy (AFM).

2.5 Measurement of the Young’s modulus of the substrate

To verify that the published values of the gels’ elasticity corresponded to the ones in our
substrates, we performed sphere indentation experiments and also used AFM measurements. The
Young’s modulus of the substrate is determined by measuring the static indentation depth, Az, of
a tungsten carbide sphere (R=150wm, W=1.898uN, Hoover Precision, East Gramby, CT, USA)
slowly deposited on the substrate [91]. Figure 2.1 shows a sketch of the experimental procedure
used to measure the indentation created by the ball. We applied the equation found by Keer [91]
that calculates the Young’s Modulus, E, as a function of the thickness, 4, the indentation depth, z,

the radius, R, the apparent weight of the sphere, W and the Poisson ratio, G:

3(1—-c?)WR
E=2~ /7 2.1
461()3 ( )
where qg is solved from:
ap* ag ao\’ a\’
=—[1-0.504——-0.225{ — | —0. — 2.2
z R[ 050}1 0 5(h> 0098<h>] 2.2)

We determined z as the depth where the beads displaced by the carbide sphere came
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into focus in a z-stack of images with a distance between planes of 0.4um. The in-focus beads
were detected using the SOBEL function in MATLAB. The Young’s modulus obtained in our

experiments has an average of 910Pa and a standard deviation of 360Pa.

2.6 Computational analysis of the accuracy obtained in the mea-

surements of the displacement field

The point spread function (PSF) is the image of a point that is created by an optical system
and it describes the distribution in three dimensions of light originating from a dimension-less
spot. The core of the diffraction pattern has an ellipsoid shape, and that controls the optical
resolution. For confocal sectioning, the goal is to transmit only the inner core of the PSF, which
defines the optical section. The distance in z that connects the 50% intensities on both sides of an
intensity profile is called the full width half maximum (FWHM), and by convention this is used as
a measure of the thickness of optical sections. The FWHM for the microscope that we used in our
experiments is shown in Figure 2.2 and its value is 1.4um. Therefore, the images that we acquire
with the microscope are a convolution of the actual images and the PSF of the microscope, which
poses a limitation for the accurate measurement of the displacements in the vertical direction.

In order to quantify the accuracy of our method in the calculation of the displacement field
exerted by the cells, we studied systematically the error that was made. We imposed a simulated
displacement field of magnitude similar to the displacement field applied by Dictyostelium cells
to the substrate. In this way, we knew the exact value of the displacement field in each point of the
substrate, then we calculated the displacement field obtained with our method based on correlation
techniques, and the error made in the result obtained with respect to the exact displacement field
imposed. We defined this error as the imposed displacement field minus the displacement field
obtained divided by the displacement field imposed.

< |uexact — Ucalculated|>

error — 100 23)
< ‘”exact | >
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Figure 2.2: Point spread function of the specific microscope that we used in the experiments.
The two red dots indicate the full width half maximum of the microscope.
We tried some treatments of the images, as well, to investigate if the processing of the
images gave a better result for the displacement calculation using our method. The techniques

that we used for the processing of the images were:

e Mean normalization: We normalized the images acquired with their mean intensity.

e Contrast enhancement: We normalized the image contrast using a min-max filter that
determined the upper and lower envelopes of the image intensity, subtracted the lower
envelope and then normalized the image intensity with respect to the difference between
the upper and lower values. We imposed a minimum contrast value to avoid too small

normalization values.

e Interpolation: We interpolated the images in order to have more planes in between the

actual planes.

For a z-stack of images acquired with our microscope of a substrate with beads embedded
in all the volume in which the intensity distribution is the one shown in Figure 2.3, we imposed
the displacement fields shown in Figure 2.4 , and calculated the error that was made with our

method, using eq. 2.3.
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Figure 2.3: Intensity variation with z of the images in the z-stack analyzed. The peak intensity
is located in the surface of the gel, and the intensity decays towards the interior of the gel.
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Figure 2.4: Simulated displacement fields imposed for the posterior calculation with our method.
A) Negative displacement field imposed. B) Positive displacement field imposed.

Figure 2.5A shows the error made when the total z-distance acquired to be used for the
displacement field calculation is 30um, and the planes have a different separation between them,
which results also in a different number of planes acquired. We observed that there is a maximum
value in the distance between planes that is equal to 1um to obtain accurate displacement fields
(Figure 2.5A). When the distance between planes in higher than 1um, the error made in the
calculation of the displacement field is large. This limitation of the z-distance between planes is

due to the section thickness of the microscope.
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Figure 2.5: Percentage mean error calculated using eq. 2.3 for the simulated displacement fields
imposed to the substratum. A) Percentage mean error as a function of the z-distance between
planes, when the total range of images has a depth of 30um in z and therefore the number of
planes changes for each z-distance between planes. B) Percentage mean error as a function of
the z-distance between planes, when the total number of planes used in the calculation is equal
to 22 and therefore the total range of distance in z varies for each z-distance between planes.
C) Percentage mean error as a function of the number of planes, when the z-distance between
planes is equal to 0.9um and therefore the total range of distance in z varies for each number of
planes used in the calculation.

Figure Figure 2.5B shows the error made in the calculation of the displacement field
when we acquired a total of 22 planes, and we varied the z-distance between planes, which results
on a variation of the total z-distance acquired. We observed that the error decreased when the
separation between planes increased and therefore when the total z-distance acquired increased,
until we reached the limit of 1um (Figure 2.5B).

Figure 2.5C shows the error made in the calculation of the displacement field when used
a fix z-distance between planes equal to 0.9um and we varied the number of planes used, which
resulted in a variation of the total z-distance used in the calculation, as well. In this case, we
observed that the error decreased when the number of planes used increased, and therefore we
were capturing a bigger range of the substrate’s thickness since the total z-distance used for the
calculation increased (Figure 2.5C).

Therefore, the conclusion after this systematic study of the error was that in order to
calculate the displacement field exerted by the cells in an accurate manner, we needed to use all
the planes in which there is bead information.

Consequently, there are three requirements for the image acquisition in our experiments

to obtain accurate displacement fields. The first one is that we need to acquire the whole thickness
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Figure 2.6: Representative substrate used in our experiments. A) In-plane view of the beads’

distribution in the surface of the substrate. B) Side view of the substrate. The beads are located

in a thin layer in the center of the z-stack. C) Intensity profile of the z-stack. The beads are

located in the center of the z-stack and we acquire all the range in which there are beads.
of the substrate in which there are beads. The second is that we can not acquire too many planes,
in order to be able to image the whole z-stack fast and to avoid phototoxic effects. And the third is
that we need to use a small distance between planes to get an accurate result of the displacement
field (Figure 2.6A-B). The solution to achieve all these requirements was to put beads only in
a thin layer on the surface of the substrate, so that in less than 9um we acquired all the beads’
information.

For the images in which the beads were located in the surface of the substratum, we
acquired a z-stack of images and the section containing the beads was located in the center of
the z-stack, as shown in Figure 2.6A-B and in the intensity profile of the image z-stack shown in
Figure 2.6C. The maximum intensity of the z-stack was located in the center and we acquired
all the information of the beads in the whole stack (Figure 2.6C). Figure 2.7A-B shows the error
made when using these images in the displacement fields in the normal and tangential direction to
the substrate, when using different image treatments and z-distance between planes. When we
acquired the total thickness in which there were beads, the error made was low in the horizontal
and vertical directions until a distance between planes of 0.7um. When we took only 8 planes

the error was big in the vertical direction when the distance between planes was small because
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Figure 2.7: Percentage mean error for the substrate shown in Figure 2.6. A) Percentage mean
error calculated using eq. 2.3 for the displacement field in the normal direction to the substrate for
different image treatments and z-distance between planes. B) Percentage mean error calculated
using eq. 2.3 for the displacement field in the tangential direction to the substrate for different
image treatments and z-distance between planes.

we were getting only a small range of the bead distribution, whereas the error in the horizontal

direction was not affected. The treatment of the images didn’t provide improved results.

2.7 Calculation of the deformation field

The three-dimensional deformation applied by the cells to the substrate was measured
from the displacements experienced by the 0.1um fluorescent beads embedded in the elastic
substrate. We measured the 3D deformation of the substrate by imaging a thin layer of the
substrate surface where the fluorescent beads were located by using a confocal microscope. We
imaged a z-stack consisting of 24 planes separated 0.4um from each other and acquired images
every 5 seconds. This deformation was measured in the three dimensions through a method similar

to Particle Image Velocimetry (PIV) [92][93] based on correlation techniques. We calculated the



23

substrate deformation through the cross-correlation of each instantaneous image z-stack in which
the substrate was deformed by the moving cells and a non-deformed z-stack used as reference. In
each experiment, the reference z-stack was obtained after the cell moved out of the field of view,
which was easy to achieve, as Dictyostelium cells are highly motile. For the experiments with
ctxA /B cells treated with 50uM blebbistatin, which do not move, we needed to detach the cells
to acquire the reference image. In order to detach the cells we added 2% Sodium dodecyl sulfate
(SDS), and waited for the cells to detach to acquire the reference image.

The instantaneous and reference z-stacks were divided into 3D interrogation boxes of
size 16x16x24 pixels in the X, y and z directions, to balance resolution and signal-to-noise while
minimizing phototoxic effects. We defined the signal to noise ratio as the ratio between the
maximum and the mean values of the cross-correlation. We chose the horizontal size of the
interrogation boxes in order to balance resolution, which decreases with box size, and signal
to noise ratio, which increases with box size. We chose the smallest box which gave a signal
to noise ratio bigger than 4.5. The size, Ax and Ay, of the interrogation window was 16 pixels,
which was the smallest value that gave a signal to noise ratio bigger than 2.5, with a 50% overlap.
These settings provided a Nyquist spatial resolution of 2um. The distance between planes and
number of planes was chosen in order to obtain accurate values of the vertical displacement
field and also to avoid phototoxic effects, for this we used 24 planes and Az_gack= 0.4um, which
satisfies the requirements explained in 2.6. The subpixel resolution was obtained through 3D
gaussian interpolation of the correlation function by minimizing the norm of the parabolic fit to

the logarithmic values of the correlation function.

2.8 Identification of the cell contour

Cell contours were determined from differential interference contrast (DIC) images. The
image processing was performed with MATLAB (Mathworks Inc, Natick, MA). First we removed
the static imperfections and bright non-uniformity by using the average image of the time-lapse

series. We applied a threshold to the resulting image in order to obtain the most intense structures
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Figure 2.8: Contour identification process. A) Differential Interference Contrast (DIC) image
acquired with the microscope. B) Contour detection after the application of one dilation and
erosion. C) Contour detection after the application of two dilations and erosions.

of the image and subsequently applied two dilations and erosions to obtain the contour of the cell.
Figure 2.8 A-C shows the process for the identification of the cell contour. Figure 2.8 A shows
the DIC image acquired with the microscope, while Figure 2.8B-C shows the contour detection
after the application of one and two dilations and erosions, respectively. The coordinates of the

centroid and the principal axes of each cell were calculated using standard MATLAB functions.

2.9 Calculation of the traction forces exerted by the cells in two di-

mensions

The traction forces were calculated by solving analytically the elasticity equation of
equilibrium for a linear, homogeneous, isotropic element of thickness /4 in a Cartesian coordinate
system with the x and y axes parallel to the base of the substrate, which was located at z = 0.
When a cell migrates over the flat substrate, it generates a displacement field, i = (u,v,w). The
measurement plane was located at a distance from the surface /g. The equations governing the

displacement field are:

V(V i)

The boundary conditions are no slip at the bottom of the substrate, ii = 0 at z = 0, since
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Boundary conditions at z=h,
zZ,wW (u, v) = (UM, v°)

Boundary conditions at z=0
(u,v,w)=0

Figure 2.9: Experimental configuration of the experiments and boundary conditions used for

the calculation of the traction forces exerted by the cells in the substrate in two dimensions.
the substrate is attached to a glass coverslip, and the measured displacements at the surface,
(u"0 V) at 7 = hg (Figure 2.9). The other boundary condition is the assumption that the traction
forces exerted by the cells in the perpendicular direction to the substrate surface are negligible, this
is T;; = 0 at z = h. We assume periodicity in the horizontal directions and solve the elastostatic

equation analytically by using Fourier series [90]:

W)= Y Y [ap(@): fup () ap(@)lexplion)exp(ify) @5)

0=—0B=—oco
where o and B are the wave numbers in the x and y directions, and 7, g(z), ¥,(2), We,p(2) are
the complex Fourier coefficients of u, v, w.

We obtain a first-order ordinary differential equation for the z-functional form of these
Fourier coefficients:

dii
dZ’B = Agpllo,p (2.6)
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where:

Wap
dug g
dz
dvep
dz
dweg
dz

2.7)

and Ay g is a matrix, whose coefficients only depend on o,  and ¢ and was found by del Alamo
et al. [90].

We obtained the Fourier coefficients of the tangential stress field on the surface of the
substrate through the constitutive equations by using the Fourier coefficients of the displacement

field and its z-derivatives, obtained from the solution of eq. 2.6 with the aforementioned boundary

conditions:
~ o E dﬁ(xﬁ . A
R xap(h) = m[Tz(h) +i0e g (h)] (2.8)
R E  diy o
taaplh) = 31 g () Bap(h) 2.9)

l4+0) dz

The inverse Fourier transform of the traction forces coefficients on eq. 2.8 and eq. 2.9,
gave the two dimensional stress field exerted by the cell on the substrate surface .

We developed a method to calculate the traction forces exerted in the perpendicular
direction to the substrate in addition to the in-plane traction forces. To do this, we measured the
three-dimensional deformation of the substrate on a thin layer near its surface, and input this

information into an exact analytical solution of the elastostatic equation.
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2.10 Three-dimensional force microscopy: calculation of the forces

exerted by the cells in the three dimensions

The three-dimensional forces exerted by the cells on the substrate were measured using
the three-dimensional Fourier Force Microscopy method described by del Alamo et al. [43].
We measured the three-dimensional deformation of the substrate by imaging a thin layer of
the substrate surface where the fluorescent beads were located by using a confocal microscope,
as explained in section 2.7. We computed the three-dimensional stresses (force per unit area)
generated by the cells on the substrate using the 3D Green’s function of the elastic equation of
equilibrium for a linear, homogeneous, isotropic three-dimensional body, in a similar way as it
was done for the calculation of the two-dimensional traction forces (section 2.9). However, in this
case we used as boundary conditions the three-dimensional displacement field measured at the
surface of the substrate for all three directions, (uho,th,whO) at z = hg, and zero displacement
at the bottom of the substrate, i = 0 at z = 0, for all three directions, as shown in Figure 2.10,
without need of any assumptions.

The 3D Green’s function used to calculate the three dimensional forces was given in
closed analytical form in the Fourier domain by del Alamo et al. [43]. We obtained the Fourier
coefficients of all the stress tensor components by using the constitutive equations for linear
elasticity, and then we performed the inverse Fourier transform to obtain the stress field in
the real space. Given that our Fourier method does not enforce zero stress values outside the
cell boundaries, the finite spatio-temporal resolution of the deformation measurements may
lead to small non-zero values outside of the cell for relatively small, fast moving cells such as
Dictyostelium.

With our 3D method we calculated all the components of the stress tensor, and the stresses

exerted on the surface of the substratum through the Cauchy law:

t=T-7 (2.10)
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Boundary conditions at z=h:
(U, v, w) = (u"°, wh%, whY)

X
Boundary conditions at z=0:
(u,v,w)=0

Figure 2.10: Experimental configuration of the experiments and boundary conditions used for
the calculation of the traction forces exerted by the cells in the substrate in the three dimensions.
where T is the three-dimensional stress tensor and 7 is the unit vector normal to the surface of the
substrate.
The surface of the substrate when it is deformed by a cell, z, can be defined as a constant

thickness £, plus the displacements exerted by the cell over the substrate in the z-direction.
z=h+w(x,y,h) (2.11)

Therefore, the expression that defines the the normal vector to the deformed substrate is

given by:
e Qoo ) 2.12)
vV (@xw)2+ (9yw)2 +1

The stresses in the perpendicular, T,, and tangential, T,, directions to the deformed

substrate are obtained following Cauchy’s law:

T, =@l T )i (2.13)
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—

%= (T-7) — % (2.14)

In our experiments the values of d,w and d,w are small, ranging between 0.05 and 0.1.
Thus, 7 ~ (0,0, 1), and the normal and tangential stresses can be approximated by T, = (0,0,7,;)
and T = (Tz, T2y, 0).

The Fourier coefficients of the tangential stresses, T, and T,y are given by eqgs. 2.8 and
2.9 respectively. And the Fourier coefficients of the normal stresses exerted by the cells on the
surface of the substratum, T, are calculated as follows:

E - . dWy,
(GiCtig,g + Gifop + (1—0) dZ"B) 2.15)

%ZZOLB (h) = m

where E is the substrate Young modulus and it was computed as shown in section 2.5 and G is the
Poison ratio of the substrate and was set equal to 0.45. There is a wide range of measurements in
the literature for the Poisson ration, ¢, ranging from 0.3 to 0.49 [94] [95] [96]. We choose this

value, which is a typical value chosen for TFM studies [97] [98].

2.11 Comparison of the traction forces obtained by using the 2D

and 3D Force Microscopy methods

The measurement of the perpendicular forces to the substrate reveals that this out-of-plane
component of the forces is as large as the in-plane component or even larger, and therefore it
cannot be neglected. The 2D method is not accurate when calculating the tangential traction
forces due to the incorrect assumption that t,, = 0. The error made when applying the 2D method
to the measurement of the tangential traction forces is generally high. We can now characterize
the validity of the results obtained with the 2D method described in section 2.9, that calculates
the traction forces in the substrate plane, but neglects the out-of-plane component of the traction
stresses, through the comparison with the results obtained by using our 3D method described in
section 2.10.

We found that the error made in the calculation of the tangential traction forces with the
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2D method depends on the value of several elements involved in the experiment, such as cell
size, substrate thickness and Poisson ratio. The main parameters that determine the differences
between the tangential forces measured with the 2D and 3D methods are the ratio between the cell
length and substrate thickness, A/h, the Poisson ratio of the substrate, 6, and the ratio between
the magnitudes of the in-plane and the out-of-plane displacements generated by the cells in the
substrate, Wy /Up.

In most of the cases, the error of the horizontal traction forces calculated with 2D methods
is large. Only by using some specific combinations of these parameters we found that the error
of the horizontal traction forces measured with the 2D method is small, and the measurements
are not highly affected by neglecting the out-of-plane component of the forces [43]. The two
experimental configurations in which the error made with the 2D method is not large are given
for specific values of the ratio between the cell length and substrate thickness and the Poisson
ratio. This is the case when the Poison ratio, o, is close to 0.5, and the ratio between cell length
and substrate thickness, A/h, is less than 1. Another configuration that gives small differences
is given when A/h is large, 100 or larger, and & is lower than 0.3. Regarding the ratio between
the magnitude of out-of-plane displacements and in-plane displacements, there are specific cases
in which the error of the measurements calculated with the 2D method is small. This condition
occurs when the ratio between the magnitude of the out-of-plane and in-plane displacement fields,
Wo/Up, is very low. One case is when Wy /Uy < 0.2 and A/h < 10 and another case is when G is
close to 0.5 [43]. In our experiments G is close to 0.5 and A/h is lower than 1. In this manner
these conditions are included into one of the cases in which the error is not large.

To obtain an estimation of the error made with our 2D method for the tangential traction
forces exerted by Dictyostelium cells moving over the polyacrylamide substrates of approximately
40um thickness, we calculated the tangential forces with our 3D method and compare them to the

2D method. The tangential stresses are calculated in both the 2D and 3D method as:

T = /T T T (2.16)
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The error in the tangential stresses calculated with the 2D method can be defined as

follows:
1/2

2D _ 3D 2
S0y ) =GP,y ) Pdxdy] 7 (2.17)

J S35 (e, y, ) dxdy

error; =

Where 120 are the tangential stresses calculated with our 2D method and P are the
tangential stresses calculated with our 3D method. This definition of the error is normalized in a
way that error, would be 100% if ©2° is 0 and ©;” is different than 0.

We calculated the traction forces in the tangential direction to the substrate, T,, exerted by
a representative wild-type Dictyostelium cell, using our 3D method and compared to the tangential
traction forces calculated for the same cell by using our 2D method. Figure 2.11A-B shows the
average traction forces in the horizontal plane for a wild-type cell that are obtained with our 3D
and 2D methods. Figure 2.11C shows the error that is made by using the 2D method for this cell
at each point. The 2D method underestimates the axial forces, parallel to the cell’s major axis,
and overestimates the lateral forces, perpendicular to the cell’s major axis. The error estimated
through eq. 2.17, that is made in the calculation of the tangential traction forces by using the 2D
method for this cell is 21.2%.

The strain energy deposited by the cell in the substratum is equal to the mechanical work
exerted by the cell and it can be determined using the principle of virtual work. The strain energy

exerted by the cell, when calculating the stresses in the three directions, is defined as:

Us toral = ;/OL /OW [Ta(z=h) -u(z=h)+1,(z=h) -v(z=h) +1:(z=h) -w(z = h)|dxdy
(2.18)
where L is the length of the cell and W is the width of the cell.
This total strain energy can be decomposed in its normal, Ug,, and tangential components,
Uy, in order to compare the results for the tangential strain energy obtained with our 3D method

and the results for the total strain energy calculated with our 2D method. The tangential component
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Figure 2.11: Comparison of the forces applied by a representative cell in the tangential direction
to the substrate when using 2D and 3D methods. A) Tangential traction forces obtained by using
the 3D method for a representative Dictyostelium cell. B) Tangential traction forces obtained by
using the 2D method for the same cell shown in panel A. C) Difference between the horizontal
traction forces calculated by using the 3D and 2D methods for this representative Dictyostelium
cell. The red color indicates that the traction forces calculated with the 3D method are bigger
than the ones calculated with the 2D method, and the blue color indicates the opposite, that the
traction forces calculated with the 3D method are lower than the ones calculated with the 2D
method.

of the strain energy is defined as:

Uy = % /0 ' /O Y ez = h) -z = B) + oz = ) - v(z = )] dxdy (2.19)

And the normal component of the strain energy is defined as:

1 rL W
Un=3 [ e =) wie = mlaxdy 2.20)

The definition of the tangential strain energy in this way, eq. 2.19, is equivalent to the
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Figure 2.12: Comparison of the strain energy calculated using our 2D and 3D methods. A)

Tangential strain energy evolution over time, calculated with our 2D and 3D methods for a

representative Dictyostelium cell. B) Total strain energy evolution over time, calculated with our

2D and 3D methods, applied by the same Dictyostelium cell as in panel A.
definition of the total strain energy exerted by the cell when using our 2D method. Figure 2.12A
shows the evolution of the total elastic energy calculated by using the 2D method and the tangential
strain energy calculated with the 3D method over time for this specific wild-type cell. In the
specific case of our experimental conditions, the measurement for the total strain energy calculated
with our 2D method is not very different from the tangential strain energy calculated with our
3D method, mainly because the cell length is smaller than the substrate thickness. This may not
be the case for a different type of cell and a different substrate. However, the total strain energy
measured through our 3D method is the sum of both contributions U and Uy,. Therefore, the

total strain energy is largely underestimated with our 2D method (Figure 2.12B), and the error

made in the magnitude is around 80% when using this method.

2.12 Calculation of the elastic energy exerted by the cells on the

substrate

The strain energy exerted by the cell on the substrate, Uy, is equal to the mechanical work

that the cell is performing in the substrate when moving. Assuming that the substrate is a hookean
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solid, the elastic energy is given by:
- -
v, =5 /T(z — h)-ii(z = h)dS 2.21)
s

where T = (T, Ty, Tz;), are the stresses exerted by the cell on the substrate and i = (u,v,w), are
the displacements applied on the free surface of the substrate. When the stresses applied by
the cell to the substrate are calculated in three dimensions, we can calculate the strain energy
generated by the tangential stresses (Uy) and the strain energy generated by the normal forces

(Usp), as follows:

1 L rW
Uy => / Moz = h) - ulz = h) +Toy(z = h) - v(z = h)]dxdy (2.22)
0 JO
1 L rW
Un=75 [ [ Bale =) wiz = m)dxdy (2.23)

2.13 Calculation of the motility cycle’s period

Amoeboid migrating cells perform a repeated cycle during motion. In order to obtain the
period of this motility cycle, first we obtained the main period of the temporal evolution of the
strain energy as the time between the first and second peaks of the autocorrelation function, Tp.
Finally, we obtained the period of the motility cycle by fitting the time records to a sinusoidal
function, as follows:

f) = a-sin(z%ct—i—c) (2.24)

using non-linear least squares. The calculation of the period was constraint using the initial
estimate of the period, to have a value between Ty /2 and 2Ty. We observed consistently that the
best fit resulted from a sine function of a period similar to the determined with the autocorrelation

function.
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2.14 Cell based reference system

The shape and orientation of the cells are continuously changing in the laboratory
coordinate system where the images are obtained. Thus to perform statistical analysis over
long periods of time and for many different cells, we calculated the instantaneous stresses in
a cell-based reference system which is dimensionless and can be used commonly for all the
cells. This procedure has been thoroughly described previously and allowed us to compile robust
statistics from many cells at different instants of time [90] [24]. We identified the contour of the
cell from the DIC images taken with the microscope in the laboratory reference frame and we
computed the principal geometrical axes of the cell contour and their orientation in the laboratory
coordinate system. The center of the cell-based coordinate system was located in the centroid of
each cell at each instant of time. The coordinates of the center of the cell-based coordinate system
in the laboratory coordinate system were: (x.(7), y.(¢)). In the cell-based coordinate system (&,
1), the axes were parallel to the directions of the principal axes of each cell at each instant of time.
The direction of the horizontal &-axis followed the direction of the major axis of each cell with
the cell front pointing in the positive direction, and all spatial coordinates were rescaled with the
half length of the cell L(¢)/2, making the cell-based reference system dimensionless, as shown in

Figure 2.13. The (§, n) coordinates can be expressed mathematically as:

_ (x=xc(1))cos(8(1)) + (v — ye())sin(8(t))
£ = OIp (2.25)

_ (r=ye(t))cos(6(t)) — (x —xc(t))sin(8(r))
n= L7 (2.26)

where x and y were the coordinates in the laboratory coordinate system, and () was the angle
between the major principal axis of the cell and the x-axis of the laboratory coordinate system, as
shown in Figure 2.13A, E.

To obtain the average stresses, we converted the instantaneous stresses into the cell-based

coordinate system (&,1). Since the distance was scaled with L(¢)/2 in the cell-based coordinate
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Figure 2.13: Calculation of the three components of the stresses in the cell based reference
system. A) Tangential stresses calculated in the laboratory-based reference system. B) Tangential
stresses calculated in the cell-based reference system. C) Axial stresses, x-component of the
tangential stresses (tangential stresses in the direction of the major axis of the cell), calculated
in the cell-based reference system. D) Lateral stresses, y-component of the tangential stresses
(tangential stresses in the perpendicular direction to the major axis of the cell), calculated in the
cell-based reference system. E) Normal stresses calculated in the laboratory-based reference
system. F) Normal stresses calculated in the cell-based reference system.

system, the longitudinal axis of the cell spanned from &=-1 to &=1. The dimensions of the stresses

in this coordinate system needed to be consistent with the fact that their surface integral is a force.

Therefore the forces were scaled with [L(¢)/2]? and have dimensions of force.

2.15 Calculation of correlation coefficients

In order to determine the relationship between the tangential and normal forces we
determined the correlation coefficient between the location of the tangential and the positive
normal forces over time and between the temporal evolution of the magnitudes of the tangential
and normal forces. Additionally, to study the relationship between the nucleus and the negative
compressive normal forces, we determined the correlation coefficient between the location of the
nucleus and the location of the negative compressive normal forces. We calculated the correlation

coefficients in the cell-based coordinate system in order to avoid any influence of the distance that
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the cell has moved in space. In this way, the cell contour was determined in the laboratory-based
reference system and we determined the principal geometrical axes of the cell. The cell-substrate
stresses were calculated in Cartesian coordinates (T, T;y,T;;) and rotated such that the cell major
axis was parallel to the vertical direction. Then, we calculated the axial tension, Tg(E_,, t),in the
cell-based coordinate system by integrating the x-component of the traction stresses in the cell
based reference system across the cell width (y-direction) at each instant of time, and the normal

tension, 7(&,7), by integrating the z-component of the stresses in a similar manner, i.e.

n

TE_,(&HI) :/n Zﬁczi(&vnvt)dn (2.27)

1

2
T.(E.1) = /n T (EM.1)dn (2.28)

The axial and normal tensions, 7¢(€,#) and T'z(, ), defined this way have dimensions of
force per unit length and typically are of the order of nN/um. Using these data, we determined the
position of the maximum axial tension in the front and back halves of the cells, the position of the
maximum normal tension in the front and rear halves of the cell and the position of the minimum
normal tension in between the regions of positive normal tension. To calculate the correlation
between the spatio-temporal evolution of the tangential and normal stresses, we calculated the
Spearman correlation coefficient for these two signals. To calculate the correlation coefficient
between the location of the negative normal stresses and the location of the cell nucleus, we
calculated the Spearman correlation coefficient between the minimum normal tension and the
location of the cell’s nucleus center. To calculate the correlation coefficient for the temporal
evolution of the tangential and normal forces, we calculated the magnitudes of these two signals

at each instant of time and determined their Spearman correlation coefficient.
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Figure 2.14: Kymographic representation of the instantaneous axial stresses exerted by a
representative wild-type cell. The solid red line indicates the location of the front of the cell. The
solid black line indicates the location of the back of the cell. The dashed black lines indicates the
location of the maximum axial tension in the frontal and rear parts of the cell. The instantaneous
contour of the cell and axial stresses exerted are plotted every 10 seconds.

2.16 Space-time kymographic representation of the stresses

First we obtained the contour of the cell from the DIC images, as explained in section
2.8, and we calculated the major and minor second moments of inertia and the orientation of its
axes. We computed the cell-substrate stresses and we rotated them into the cell-based reference
system as described in section 2.14. Then, we kept the major axis of the cell aligned to the
vertical axis of the kymograph which represents the position of the cell. We constructed the
axial stress kymograph by stacking the instantaneous axial stresses coming from consecutive
temporal measurements with the time variable in the horizontal axis and the position in the vertical
axis, as shown in Figure 2.14. The cell contour was determined and plotted together with the
tangential stresses. The locations of the cell front and back were also calculated and plotted.
The instantaneous tangential stress kymograph was constructed in the same way but using the
measured instantaneous tangential stresses instead of the axial ones and the instantaneous normal

stress kymograph was constructed using the measured instantaneous normal stresses.



39

pN/um

1500
1000
500

Axial traction tension

0
S

-500
-1000
-1500

N
S

Distance (uwm)
(o))
S

50 100 150
Time (s)

Figure 2.15: Kymographic representation of the axial traction tension calculated from the axial
stresses exerted by the cell represented in Figure 2.14. The solid red line indicates the location
of the front of the cell. The solid black line indicates the location of the back of the cell. The
dashed black lines indicates the location of the maximum axial tension in the frontal and rear
parts of the cell. The green line indicates the position of the cell’s centroid.

2.17 Tension kymographic representation

We calculated the contour of the cell from the DIC images, as explained in section 2.8.
We calculated the major and minor second moments of inertia and the orientation of its axes. We
calculated the cell-substrate stresses and we rotated them into the cell-based reference system as
described in section 2.14. We then located the major axis of the cell in a direction parallel to the
vertical axis of the kymograph. In this coordinate system we integrated the axial component of
the traction stresses across the width of the cell. Therefore the axial traction tension is calculated

as follows:

v2
Tx(x,t):/y Too(x,y,1)dy (2.29)

1
And we also integrated the normal component of the stresses across the width of the cell

to calculate the normal tension:

V2
Txr) = [ ralenn)dy (2.30)
y

1
The axial traction tension kymograph was then constructed by stacking different temporal
measurements of 7y(x,#) and plotting them in two dimensions with the time in the horizontal axis

and the position in the vertical axis (Figure 2.15). The positions of the maximum axial traction
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tension in the front and rear halves of the cells were determined and plotted. The normal tension
kymograph was constructed in the same way, but in this case by stacking different temporal

measurements of T (x,z).

2.18 Calculation of the nucleus’ volume

We placed cells on a coverslip and waited 20 minutes in order for the cells to adhere to
it. Then, we fixed the cells with 3.7% formaldehyde in Na/K phosphate buffer for 5 minutes.
Subsequently, the cells were washed 3 times for 5 minutes with PBS and 0.0005% Hoestch in PBS
was added during 15 minutes. We then acquired z-stack fluorescent images of the cells’ nucleus
using a spinning disk confocal microscope (Zeiss) and a cooled charge-coupled device camera
(HQ CoolSNAP; Roper Scientific). Using the z-stack images, we performed a 3D reconstruction

of the nuclei and calculated their volume using IMARIS software (Bitplane, Zrich, Switzerland).

2.19 Calculation of the average F-actin distribution

In order to calculate the actin distribution, we transformed the cells with a vector encoding
Lifeact (Abp140 (1-17)-GFP), a 17-amino acid peptide that binds F-actin fused to GFP [99]. In
the case of the experiments involving blebbistatin we transformed the cells with a vector encoding
this 17-amino acid peptide that binds F-actin fused to RFP. We acquired z-stack of fluorescent
images with a confocal microscope (Zeiss) and a cooled charge-coupled device camera (HQ
CoolSNAP; Roper Scientific), to obtain the distribution of the F-actin inside the entire cell. Then,
we calculated the maximum two-dimensional intensity projection in the cell-based reference
system. Once we have the maximum two-dimensional projection for the actin distribution of each
cell we calculated the average F-actin distribution for a large number of cells normalizing the
intensity distribution with the maximum value for each cell, in order to avoid a larger weight in
the average for cells in which the GFP intensity was higher. Therefore the actin intensity in our

average measurements ranged from O to 1.
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2.20 Determination of the actin foci localization

Wild-type cells were transformed with a vector encoding Lifeact (Abp140 (1-17)-GFP),
a 17-amino acid peptide that binds F-actin fused to GFP [99]. Lifeact-expressing wild-type cells
were used for fluorescence imaging of the actin at the ventral surface of the cells. We acquired
z-stacks of green and red fluorescence images to visualize the actin localization of the cells and
the beads’ distribution respectively. The Lifeact fluorescence plane corresponding to maximum
bead fluorescence was used to detect actin puncta or foci. It is straightforward to see that, if the
bead distribution is uniform in z, the Lifeact signal recorded in this plane comes from a very
narrow slice at the surface of the gel, thus allowing to visualize the actin foci on the ventral
surface of the cells without interference from actin structures in the cell interior. These actin
foci have been previously used as indicators of the areas where Dictyostelium cells adhere to the

substrate [100].

2.21 Construction of cells with fluorescently labeled nucleus: H2B-

GFP expressing cells

The sequence of H2Bv2 [101], a histone H2B domain-containing protein, was amplified
from gDNA using the forward primer AAAAAGATCTAAAAAATGGTATTCGTTAAAGGT-
CAAAAG and the reverse primer TTTTTACTAGTGTTTTTGCTTTCAGTTGGATTG. The
H2Bv2 domain was fused to GFP, by cloning into the extrachromosomal vector pDM323 digested
with BgllII and Spel. The H2Bv2 domain was sequenced to ensure mutation-free DNA. Wild-type
cells were transfected with this plasmid to generate H2B-GFP expressing cells for fluorescence

imaging.

Chapter 2 has been in part published in Applied Mechanics Reviews, “Cytoskeletal

mechanics regulating amoeboid cell locomotion” by B. Alvarez-Gonzilez, E. Bastounis, R. Meili,
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R. A. Firtel, J. C. del Alamo and J. C. Lasheras (2014), 66 (5), 050804. It has also been published
in part in Biophysical Journal, by B. Alvarez—Gonzélez, R. Meili, E. Bastounis, R. A. Firtel,
J. C. Lasheras and J. C. del Alamo (2015), 108 (4), 821-832. The thesis author is the primary

investigator in these publications.



Chapter 3

Cortical tension and axial contractility

balance drives amoeboid migration

3.1 Introduction

To move on surfaces, amoeboid cells implement a motility cycle [102] [31] [103], enabled
by the coordination of adhesion turnover, F-actin polymerization and cross-linking, and motor
protein contractility [8]. Unlike slower moving cells that form stable integrin-mediated focal
adhesions, amoeboid cells such as neutrophils and Dictyostelium cells rely on transient, diffuse
adhesions [102]. The motor protein myosin II (Myoll) binds actin filaments to form a network
that can generate the traction forces and is required for efficient cell motility [104]. F-actin
cross-linkers such as filamin reinforce F-actin filaments at the leading edge, stabilizing newly
formed pseudopodia by enabling a space-filling network that can communicate traction forces
between the front and the back of the cell [48].

By definition, traction forces are the forces that a body applies to its tangential surface in
order to propel itself. However, there is a puzzling lack of correlation between the migration speed
of amoeboid cells and the strength of the traction forces, and this strength is much larger than

needed to overcome friction from the overlying fluid [90]. The molecular and structural origins

43
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of the traction forces are also unclear, as migrating cells lacking Myoll or F-actin cross-linkers
are still able to exert significant traction forces [40] [24] [30]. Our biomechanical understanding
of cell movement is complicated further because migrating cells exert significant normal forces
(perpendicular to the substrate) in addition to the tangential ones [41] [105] [42] [106]. The
mechanism whereby the cells are able to generate these strong normal forces is not known nor is
the role of these normal forces in regulating the efficiency of motility.

The three-dimensional organization of cytoskeletal filaments [107] [108] should account,
in part, for the normal forces exerted by the cells, since filaments pulling on the substrate at
an elevation angle create both a normal and a tangential projection. However, the cell’s cortex,
which is composed of a shell of dense cross-linked actin filaments and myosin motors attached to
the membrane and to the remainder of the cytoskeleton [109], may be a greater contributor to
the generation of these normal forces and has been shown to regulate cell shape changes, cell
polarization, and bleb formation during cell movement [54] [110] [59] [55].

By means of a recently developed 3D Force Microscopy technique [43], this study un-
covered distinct molecular origins for the tangential and normal forces in migrating amoeboid
cells. We analyzed wild-type chemotaxing Dictyostelium cells, as well as mutant strains with
actin cross-linking and cortical integrity defects, and demonstrated that once the cells initiate their
migration and polarize, they generate axial traction forces by Myoll contractility, which requires
an internal cross-linked F-actin network. Simultaneously, cortical cross-linking and contractility
(cortical tension) provides an additional mechanism for force generation and cytoplasmic pres-
surization that does not require Myoll. Our findings are consistent with a model in which the
two force-generating cellular domains are mechanically connected by myosin I cross-linking that
enables the communication of forces between the domains.

We found that the balance between axial Myoll contractility and cortical tension is
important to produce the cell shape changes needed for locomotion, as cell migration speed
correlates with the ratio of the magnitudes of the tangential traction forces to the normal ones.
These results reveal a novel role for the three-dimensional cellular forces in establishing the

efficiency of amoeboid cell movement and provide the first mechanistic explanation for the high
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values of cell-substrate forces measured in migrating amoeboid cells.

3.2 Adhesion foci are needed to pull upward and inward but not to

push downward

We measured the 3D forces exerted by Dictyostelium cells when migrating up a chemoat-
tractant gradient over flat elastic substrates through the methodology explained in chapter 2
section 2.10, using the three-dimensional force microscopy method presented in del Alamo et
al. [43]. Figure 3.1A shows the magnitude and spatial distribution of the tangential traction
stresses exerted by a migrating wild-type cell in the plane of the substrate. The magnitude of

these tangential forces is calculated as follows:

T =/t + 1, (3.1

with 1., being the axial stresses in the direction of the major axis of the cell, and 1, being the
lateral stresses in the direction of the minor axis of the cell.

Figure 3.1B shows the magnitude and direction of the normal stresses, T, exerted in
the direction perpendicular to the substrate simultaneously to the tangential stresses shown in
Figure 3.1A. We find that cells exert stresses on the substrate in two diffuse regions located at
their front and rear halves. In these regions, the cells apply inward contractile tangential stresses
(Figure 3.1A) as well as normal stresses pulling the substrate upward (red regions in Figure 3.1B).
Concurrently, the cells also exert downward normal stresses (compressing the substrate) on a
central area located between the frontal and rear regions where the cells pull up (Figure 3.1B).
These patterns are consistently observed in all 3D cell-substrate forces measured over time in
wild-type cells (Figure 3.2A and 3.3A). Figures 3.2A and 3.3A indicate that the locations where
the cell applies tangential traction stresses directly coincide with the locations where the cell
exerts upward pulling normal stresses.

The coordination of actin polymerization and motor protein contractility drives the gener-
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Figure 3.1: Tangential and normal stresses exerted by a wild-type cell on the substrate and actin
foci localization at the cell’s ventral surface in contact with the substrate, plotted every 9 seconds.
A) Instantaneous tangential stresses. The colorbar on the right represents the magnitude of the
tangential stresses. The contour of the cell is plotted in black. The cell moves from bottom to top.
B) Instantaneous normal stresses. The colorbar on the right indicates normal stress magnitude in
the upward (pulling, red) or downward (compressive, blue) direction. C) Localization of the
actin structures at the ventral side of the cell at the same instants of time shown in panels A-B.
The scale bar represents 10 um.

ation of the traction stresses that regulates the cell motility [111] [8] [112]. These traction forces
are transmitted to the substrate at the adhesion sites. The nature of the adhesions in Dictyostelium
cells is still not clearly understood [113] [31], and the molecular receptors controlling adhesion
have not been fully identified [32]. However, actin-rich structures (known as actin foci) have been
previously reported to be localized at the ventral surface of the cell in the adhesion regions of
migrating Dictyostelium cells [100] [46].

To clarify the interplay between adhesions, pulling forces, and pushing forces in migrating
amoeboid cells, we measured three-dimensional cell-substrate forces and the localization of actin
foci in wild-type cells simultaneously by imaging the F-actin fluorescent reporter Lifeact at the
substrate’s surface (Figure 3.1C). Our results indicate that the locations where the cell pulls
upward and inward on the substrate, identified by the red spots in Figure 3.1A-B, coincide with
the location of the actin foci (white spots in Figure 3.1C). No actin foci were found in regions

where the cells are pushing down on the substrate (blue regions in Figure 3.1B). This suggests
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Figure 3.2: Kymographic representation of the tangential and axial stresses and axial tension
applied by a representative wild-type cell. A) Spatiotemporal representation of the instantaneous
magnitude of the tangential stresses as a function of the position along the cell trajectory and
time for a representative wild-type cell. The cell contour is represented in black. The colormap
on the right indicates the magnitude of the tangential stresses. The red and black lines indicate
the instantaneous front and back edges of the cell respectively. Dotted-black lines denote the
location of the maximum front and back absolute value of the axial traction tension, 7, (x,)
(eq. 2.29) B) Spatiotemporal representation of the instantaneous magnitude of the axial stresses
as a function of the position along the cell trajectory and time for the same wild-type cell as
in panel A. C) Spatiotemporal representation of the axial tension, Ty(x,?), as a function of the
position along the cell trajectory and time for the same wild-type cell as in panels A and B. The
green line indicates the location of the cell’s centroid.

that cells need adhesion to pull over the substrate, but can compress it without. The cells pull

upward on locations where they are “mechanically actively” adhering to the substrate, while they
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Figure 3.3: Kymographic representation of the normal stresses and tension applied by a rep-
resentative wild-type cell. A) Spatiotemporal representation of the instantaneous magnitude
of the normal stresses as a function of the position along the cell trajectory and time for a
representative wild-type cell. The cell contour is represented in black. The colormap on the right
indicates the magnitude and direction of the normal stresses. The red and black lines indicate
the instantaneous front and back edges of the cell respectively. Dotted-black lines denote the
location of the maximum normal tension 7(x,t) (eq. 2.30) at the frontal and rear halves of the
cell. B) Spatiotemporal representation of the instantaneous magnitude of the normal tension,
T;(x,1), as a function of the position along the cell trajectory and time for the same wild-type
cell as in panel A. The green line indicates the location of the cell’s centroid.
do not create “active adhesions” on the regions where they are pushing down on the substrate.
Figure 3.2A shows the tangential stresses exerted by a representative wild-type cell in a
kymographic manner (chapter 2 section 2.16). Wild-type cells exert higher axial stresses than
lateral ones, and Figure 3.2B shows the axial component of the tangential stresses exerted by this
cell. Wild-type cells contract axially continuously and most of the time they adhere in two regions
in the frontal and real halves. The axial tensions applied by this cell are presented in Figure 3.2C,
the blue patches indicate front-to-back direction and the red ones indicate back-to-front direction.
The blue and red patches are located always in a horizontal position with respect to the

kymograph axes (Figure 3.2C). This indicates that the adhesion sites where the cell applies the

forces are stationary. This can also be seen through the instantaneous forces shown in Figure 3.2B.
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The adhesion sites remain stationary while the cell protrudes a new pseudopod. During the
protrusion process, the traction adhesions in the front remain stationary and they become a
traction adhesion in the back when a new adhesion is formed in the front, in agreement with [30].
The adhesion in the back stays stationary too, until it is released and the adhesion in the front has
become the new back adhesion.

The dotted black lines in Figure 3.2, indicate the locations of the maximum and minimum
axial tension applied in the frontal and rear part of the cell, calculated using eq. 2.29. These dotted
black lines are parallel to the horizontal axis of the kymograph, which indicates that the location
where the maximum and minimum axial tension is applied remains stationary over time. The
locations in which the lines are not horizontal, indicate a jump in the position of the maximum
and minimum axial tension. This implies in the case of the frontal part of the cell, that the front
adhesion becomes the new back adhesion and that a new adhesion is generated at the front. In the
case of the rear part, it indicates that the back adhesion is released and a former front adhesion is
now the new back adhesion.

Figure 3.3A shows that the locations in which the normal pulling forces are applied
coincide with the locations in which the tangential forces are applied, and they also remain
stationary over time. The cell translocates its body, but the adhesions remain stationary over time.
Figure 3.3B shows the normal tension applied by this cell, calculated through eq. 2.30. The dotted
black lines indicate the locations where the maximum normal tension is applied in the front and
rear parts of the cell. The spatiotemporal evolution of the maximum normal tension applied at the
front and rear parts coincides with the spatiotemporal evolution of the maximum and minimum
axial traction tension applied at the front and rear parts, respectively, as is shown in Figure 3.2C

and Figure 3.3B.
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Figure 3.4: Sketch of the locations of the proteins that we examined inside the cell, and the
interaction with the F-actin filaments.

3.3 Cortical tension is an important contributor to cell-substrate
forces in cells with defects in the leading edge and posterior F-

actin cross-linking

The motor protein myosin II binds actin filaments to form a network that can generate
the traction forces and is required for efficient cell motility [104]. F-actin cross-linkers such
as filamin stabilize F-actin filaments at the leading edge, providing newly formed pseudopodia
with structural integrity by enabling a space-filling network that can transmit traction forces
[48] (Figure 3.4). Cells with F-actin cross-linking defects generate lower traction forces that are
distributed more laterally and move slower than wild-type cells [63][64]. Nonetheless, these cells
still exert appreciable traction forces on their substrate and are able to migrate using mechanisms
that are not fully understood yet [40] [24] [30].

To understand the genesis of these forces, we measured the 3D cell-substrate forces in
Myoll null cells (mhcA”) and filamin null cells (abp1207), and those of their wild-type background
strains (Ax3 and Ax2). To obtain the average tangential and normal forces exerted by each strain,

we used a cell-based reference system with its origin at the centroid of the cell and its horizontal
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Figure 3.5: Average tangential and normal cell-generated force maps for wild-type Dic-
tyostelium cells. A) Average tangential traction forces per unit area (in pN, colorbar on the
right) exerted by Ax3 cells, (N=13 cells). The white arrows indicate their direction. The average
cell contour is represented in gray. B) Average tangential traction forces per unit area (in pN,
colorbar on the right) exerted by Ax2 cells, (N=13 cells). The white arrows indicate their
direction. The average cell contour is represented in gray. C) Average normal forces per unit
area (in pN, colorbar on the right) exerted by Ax3 cells, (N=13 cells). The red color indicates
positive normal forces (the cells pull upward) and the blue color indicates negative normal forces
(the cells push downward). D) Average normal forces per unit area (in pN, colorbar on the right)
exerted by Ax2 cells, (N=13 cells). The red color indicates positive normal forces (the cells pull
upward) and the blue color indicates negative normal forces (the cells push downward).

axis aligned along the front-back axis of the cell, and we normalized spatial coordinates with the
cell length [90] [24], as explained in chapter 2 section 2.14.

In the wild-type strains Ax3 and Ax2, the tangential forces were concentrated on two
areas located at the front and rear ends of the cell (Figures 3.2A, 3.5A-B). The direction of these
tangential forces (white arrows in Figure 3.5A-B) indicates that the cells contracted axially. In
the normal direction, wild-type cells pulled upward at their front and rear, while they pushed

downward on their central region (Figures 3.3A, 3.5C-D). The pulling normal and tangential

forces were of similar strength (Figure 3.5).
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Figure 3.6: Average tangential and normal cell-generated force maps for cells with defects
in the leading edge and posterior cross-linking. A) Average tangential traction forces per unit
area (in pN, colorbar on the right) exerted by mhcA™ cells, (N=13 cells). The white arrows
indicate their direction. The average cell contour is represented in gray. B) Average tangential
traction forces per unit area (in pN, colorbar on the right) exerted by abp120 cells, (N=12 cells).
The white arrows indicate their direction. The average cell contour is represented in gray. C)
Average normal forces per unit area (in pN, colorbar on the right) exerted by mhcA™ cells, (N=13
cells). The red color indicates positive normal forces (the cells pull upward) and the blue color
indicates negative normal forces (the cells push downward). D) Average normal forces per
unit area (in pN, colorbar on the right) exerted by abp120° cells, (N=12 cells). The red color
indicates positive normal forces (the cells pull upward) and the blue color indicates negative
normal forces (the cells push downward).

In contrast to wild-type cells, mhcA™ and abp120™ cells pulled on the substrate in the
tangential and normal directions all along their peripheral cortex (Figure 3.6). This is consistently
shown for all the time points in all the experiments that we performed involving cells with leading
edge and posterior cross-linking defects (Figure 3.7A, 3.8A). The 3D force patterns generated by
cells lacking acto-myosin contraction were similar to those observed for liquid drops when placed
onto soft substrates, which exert upward forces due to surface tension around their edge, and

downward forces due to fluid pressure under their center [114]. These results are consistent with

our previous 2D observations that axial cell-substrate forces mediated by acto-myosin contraction
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Figure 3.7: Kymographic representation of the tangential stresses and axial stresses and tension
applied by a representative mhcA™ cell. A) Spatiotemporal representation of the instantaneous
magnitude of the tangential stresses as a function of the position along the cell trajectory and
time for a representative mhcA™ cell. The cell contour is represented in black. The colormap
on the right indicates the magnitude of the tangential stresses. The red and black lines indicate
the instantaneous front and back edges of the cell, respectively. Dotted-black lines denote the
location of the maximum front and back absolute value of the axial traction tension, 7, (x,)
(eq- 2.29). B) Spatiotemporal representation of the instantaneous magnitude of the axial stresses
as a function of the position along the cell trajectory and time for the same mhcA™ cell as in panel
A. C) Spatiotemporal representation of the axial tension, 7, (x,7), as a function of the position
along the cell trajectory and time for the same mhcA™ cell as in panels A and B. The green line
indicates the cell’s centroid.

are lost in mhcA™ and abp 120 cells [90] [24] [30], and suggest that cortical and membrane tension

generates the three-dimensional cell-substrate forces observed in these cell strains.
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Figure 3.8: Kymographic representation of the normal stresses and tension applied by a rep-
resentative mhcA" cell. A) Spatiotemporal representation of the instantaneous magnitude of
the normal stresses as a function of the position along the cell trajectory and time for a rep-
resentative mhcA™ cell. The cell contour is represented in black. The colormap on the right
indicates the magnitude and direction of the normal stresses. The red and black lines indicate
the instantaneous front and back edges of the cell respectively. Dotted-black lines denote the
location of the maximum normal tension, 7.(x,7), (eq. 2.30) at the frontal and rear halves of the
cell. B) Spatiotemporal representation of the instantaneous magnitude of the normal tension,
T;(x,1), as a function of the position along the cell trajectory and time for the same mhcA cell
as panel in A.

Figure 3.7A shows the instantaneous tangential stresses exerted by mhcA™ cells, we
observed that the stresses lack the front-to-back organization exhibited in wild-type cells. As can
be observed in Figure 3.7A, mhcA™ cells have multiple traction adhesions located around the cell
periphery. The shape of these cells is also less elongated, and they form multiple pseudopodia
all around their perimeter. Moroever, the location of these peripheral traction adhesions usually
coincides with the location of the lateral pseudopodia. In this case, the axial forces are lower than
in wild-type cells (Figure 3.7B), and the lateral forces are as high as the axial ones. Therefore, the
axial tension kymographs for mhcA™ cells do not provide as much information as in the case of

wild-type cells. Similarly to wild-type cells, we observed that the traction adhesions in the front

are stationary, as well (Figure 3.7B-C). However, in the case of the mhcA™ cells, the the tractions
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adhesions in the rear part, are not always stationary. This can be due to the important role of the
protein myosin II in the retraction of the rear part of the cell [104] [40].

The normal pulling forces exerted by mhcA™ cells, are always organized around their
peripheral cortex (Figure 3.8A). Figure 3.7A and Figure 3.8A indicate that the location of the
pulling normal forces coincides with the location of the tangential traction forces. The pulling
normal forces in the front part of the cell remain mostly stationary, contrary to the location of the

pulling normal forces in the back, which does not remain stationary over time (Figure 3.8C).

3.4 Acxial traction forces drive the movement of cells with cortical

cross-linking defects

To examine the role of the cell cortex in the generation of cell-substrate forces, we
analyzed three mutant strains with cortical cross-linking defects: cortexillin I null cells (ctxA"),
cortexillin II null cells (czxB") and cortexillin I and cortexillin I double null cells (ctxA/B’).
Cortexillin I and cortexillin IT are members of the ai-actinin/spectrin family that are located in the
cortex and involved in the regulation of cell morphology [65] and cell division [66][115][116].
Cortexillin I and cortexillin II are F-actin-binding proteins that form complexes with the IQGAP
proteins (IQGAP1 and IQGAP2) and bind the Rac family of small GTPases [117]. These proteins
are enriched in the cortex of migrating cells at the front, back, and lateral sides of the cell [118]
[65], but are not found in the ventral actin foci [65] (Figure 3.4).

Figure 3.9A-C shows that cortexillin null cells contracted axially similarly to wild-type
cells, exerting tangential forces on the substrate that were concentrated at the front and back ends
of the cell. The tangential traction forces exerted by cortexillin null cells are even higher than
those exerted by wild-type cells and they are distributed even less laterally than in wild-type cells
(Figure 3.5B, 3.9A-C). However, compared to wild-type cells, the normal forces were weaker with
respect to the tangential ones and were distributed less laterally (Figure 3.9D-F). These results
suggest that in cells with cortical cross-linking defects, the tangential traction forces mediated by

Myoll contractility are increased and drive cell motion, whereas the cortical tension is weaker and
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Figure 3.9: Average tangential and normal cell-generated force maps for cells with defects in
the cortical cross-linking. A) Average tangential traction forces per unit area (in pN, colorbar
on the right) exerted by ctxA”/B cells, (N=11 cells). The white arrows indicate their direction.
The average cell contour is represented in gray. B) Average tangential traction forces per unit
area (in pN, colorbar on the right) exerted by ctxA" cells, (N=12 cells). C) Average tangential
traction forces per unit area (in pN, colorbar on the right) exerted by ctxB" cells, (N=13 cells).
D) Average normal forces per unit area (in pN, colorbar on the right) exerted by ctxA”/B cells,
(N=11 cells). The red color indicates positive normal forces (the cells pull upward) and the blue
color indicates negative normal forces (the cells push downward). E) Average normal forces per
unit area (in pN, colorbar on the right) exerted by ctxA™ cells, (N=12 cells). F) Average normal
forces per unit area (in pN, colorbar on the right) exerted by ctxB™ cells, (N=13 cells).

is not essential for their movement. Thus, the ctxA™, ctxB™ and ctxA”/B" cells exhibit an opposite
phenotype regarding the generation of tangential and normal forces than the cells with defective
leading edge and posterior F-actin cross-linking, abp120™ and mhcA™ cells.

Our finding that both the tangential and normal forces are higher in the ctxA/B" cells
than in wild-type cells could be unexpected. However, we note that in these cells F-actin levels
are increased [119] and F-actin is localized around much of the cortex of the cell [65], rather than
predominantly in the front as in wild-type cells as shown in Figure 3.10A, C.

To assess the influence of the actin distribution organization in the generation of the

traction forces we calculated the average distribution of F-actin as explained in chapter 2 section

2.19. Figure 3.11 shows the average two-dimensional projection of the F-actin distribution in
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Figure 3.10: Projection of the three-dimensional instantaneous distribution of F-actin in wild-
type, mhcA™ and ctxA/B" cells, the images show the distribution every 5 seconds and the scale bar
on the bottom left represents 10 um. A) Projection of the instantaneous three-dimensional actin
distribution of a chemotaxing representative wild-type cell. B) Projection of the instantaneous
three-dimensional actin distribution of a chemotaxing representative mhcA™ cell. C) Projection of
the instantaneous three-dimensional actin distribution of a chemotaxing representative ctxA /B
cell. The two-dimensional projection of the three-dimensional actin distribution was generated
by using IMARIS software (Bitplane).

wild-type, mhcA™ and ctxA /B cells. In ctxA /B cells the F-actin is organized around the cortex
however, in wild-type and mhcA™ cells it is localized in the frontal region, (Figure 3.10A-C).
Previous studies showed that cells with higher levels of F-actin than wild-type cells, exhibit
also higher traction forces and cells with lower levels of F-actin than wild-type cells exert lower
traction forces [103]. Therefore, the content of F-actin may be correlated to the level of force
exerted by the cell [103]. We suggest that, while these higher cortical F-actin levels lead to
increased forces, the resulting misorganization of the F-actin cytoskeleton impacts the cortical

integrity compared to the cell’s axial contractility.
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Figure 3.11: Average two-dimensional projection of the F-actin distribution in wild-type, mhcA”
and ctxA’/B" cells. A) Average two-dimensional projection of the F-actin distribution in wild-
type cells, (N=14). B) Average two-dimensional projection of the F-actin distribution in mhcA"
cells, (N=12). C) Average two-dimensional projection of the F-actin distribution in ctxA/B"
cells, (N=12).

3.5 Myosin IA and myosin IB are required for intracellular force
transmission between the cortex and the internal F-actin net-

work

The results above indicate that chemotaxing amoebae can exert 3D forces on their
substrate through two distinct cellular domains, one being the leading edge and posterior F-actin
structure and the other being the cortical tension generated by the cellular membrane and cortex.
To examine if these mechanical domains are interconnected or independent, we studied the 3D
cell-substrate forces exerted by myosin IA null cells (myoA~), myosin IB null cells (myoB-),
and myosin IA and myosin IB double null cells (myoA/B"). Myosin IA (MyoA) and myosin
IB (MyoB) are single-headed actin molecular motors with a high affinity membrane-binding
C-terminal tail domain, which are localized at the membrane/cortex of the cells [120] (Figure 3.4).
In these strains, the connections between the plasma membrane, the cortical actin, and the internal
F-actin meshwork are impaired [67].

Our results indicate that myoA™, myoB™ and myoA/B" cells exert axial tangential forces
that are concentrated on two regions at their front and back as observed for the wild-type and
cortexillin null cells in which the cell-substrate force generation is dominated by acto-myosin

contractility (Figure 3.12A-C). However, the normal pulling forces exerted by myoB™ and myoA /B
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Figure 3.12: Average tangential and normal cell-generated force maps for cells with defective
linking between the plasma membrane and the cortical and intracellular F-actin. A) Average
tangential traction forces per unit area (in pN, colorbar on the right) exerted by myoA/B" cells,
(N=13 cells). The white arrows indicate their direction. The average cell contour is represented
in gray. B) Average tangential traction forces per unit area (in pN, colorbar on the right) exerted
by myoA" cells, (N=13 cells). C) Average tangential traction forces per unit area (in pN, colorbar
on the right) exerted by myoB™ cells, (N=14 cells). D) Average normal forces per unit area (in
PN, colorbar on the right) exerted by myoA/B™ cells, (N=13 cells). The red color indicates
positive normal forces (the cells pull upward) and the blue color indicates negative normal forces
(the cells push downward). E) Average normal forces per unit area (in pN, colorbar on the right)
exerted by myoA™ cells, (N=13 cells). F) Average normal forces per unit area (in pN, colorbar on
the right) exerted by myoB- cells, (N=14 cells).

cells were more evenly distributed along the cell periphery, similar to the mhcA™ and abp 120
cells in which cell-substrate force generation is dominated by cortical tension (Figure 3.12D, F).
These results suggest that the acto-myosin contractile compartment of myoB™ and myoA™/B" cells
is not fully coupled to their cortex. Loss of MyoA (Figure 3.12E) affected the cells in a different
manner, causing a traction force phenotype more similar to that of czxB" cells.

Figure 3.13A shows the temporal evolution of the instantaneous magnitude of the tan-
gential traction forces exerted by a myoA/B" cell. These forces are mostly organized in a polar

manner, the axial forces are shown in Figure 3.13B. The magnitude of the tangential forces is

much lower than in wild-type cells. The traction adhesions in the front and rear part of myoA/B
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Figure 3.13: Kymographic representation of the tangential stresses and the axial stresses and
tension applied by a representative myoA /B cell. A) Spatiotemporal representation of the
instantaneous magnitude of the tangential stresses exerted by a representative myoA/B™ cell as a
function of the position along the cell trajectory and time. The cell contour is represented in
black. The colormap on the right indicates the magnitude of the tangential stresses. The red and
black lines indicate the instantaneous front and back edges of the cell respectively. Dotted-black
lines denote the location of the maximum front and back absolute value of the axial traction
tension, Ty(x,?) (eq. 2.29). B) Spatiotemporal representation of the instantaneous magnitude of
the axial stresses as a function of the position along the cell trajectory and time for the same
myoA /B cell as in panel A. C) Spatiotemporal representation of the axial tension, 7,(x,7), as a
function of the position along the cell trajectory and time for the same myoA/B" cell as panels
in A and B.

cells remain stationary, as in the case of wild-type cells. Figure 3.13C shows the axial tension

kymograph for a representative myoA /B cell. The dotted-black lines show the spatiotemporal
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Figure 3.14: Kymographic representation of the normal stresses and tension applied by a
representative myoA”/B” cell. A) Spatiotemporal representation of the instantaneous magnitude
of the normal stresses as a function of the position along the cell trajectory and time for a
representative myoA™/B” cell. The cell contour is represented in black. The colormap on the right
indicates the magnitude and direction of the normal stresses. The red and black lines indicate
the instantaneous front and back edges of the cell respectively. Dotted black lines denote the
location of the maximum normal tension, 7,(x,7), (eq. 2.30) at the frontal and rear halves of the
cell. B) Spatiotemporal representation of the instantaneous magnitude of the normal tension,
T;(x,t), as a function of the position along the cell trajectory and time for the same myoA/B-
cell as in panel A.

evolution of the maximum and minimum axial tension in the frontal and rear parts of the cell,
respectively. These dotted-black lines are parallel to the horizontal axis of the kymograph, which
indicates that the traction adhesions remains stationary over time, similarly to the case of wild-type
cells. However, Figure 3.14A, represents the magnitude and direction of the normal forces exerted
by this same cell. The pulling normal forces exerted by this cell are not organized in a polar
manner, but they are more distributed around the peripheral cortex of the cell.

Additionally, the normal tension kymograph, which shows the spatiotemporal evolution
of the maximum pulling normal tension in the frontal and rear parts of the cell, indicates that

the location where the normal forces are applied is not stationary over time (Figure 3.14B). We
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Figure 3.15: Time fluctuations of the locations and magnitude of the tangential and normal
forces exerted by Ax3 and myoA/B" cells. A) Time fluctuations of the locations of the maximum
tangential and normal tensions in a representative Ax3 cell with respect to the cell center. B) Time
fluctuations of the locations of the maximum tangential and normal tensions in a representative
myoA /B~ cell with respect to the cell center. C) Time fluctuations of the magnitude of the
tangential and normal forces exerted by the same Ax3 cell as in panel A. D) Time fluctuations
of the magnitude of the tangential and normal forces exerted by the same myoA/B™ cell as in
panel B.

observe, that the tangential and normal forces are not applied in the same locations in the case
of myoA /B cells (Figure 3.13C, 3.14B), in contrast with the good correlation in the locations
between the tangential and normal forces that we find for the other cell lines studied.

To further investigate the interconnection between the actomyosin-mediated axial con-
tractility and cortical tension, we assessed the correlation in the magnitude and co-localization of
the tangential and normal pulling forces for each strain, following the methodology explained in

chapter 2, section 2.15. In wild-type cells, the tangential and normal pulling forces co-localized

in space and their magnitudes followed the same temporal evolution (Figure 3.15A, C), leading
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Figure 3.16: Correlation in the location and magnitude of the tangential and normal forces. A)
Spearman correlation coefficient for the spatiotemporal evolution of the location of the tangential
and normal tension in the cell-based coordinate system. B) Spearman correlation coefficient for
the temporal evolution of the magnitudes of the tangential and normal forces. The cell lines and
number of cells (N) are indicated beneath the boxplot. Asterisks denote statistically significant
differences between each specific mutant strain and its corresponding wild-type distribution
(Wilcoxon ranksum test, * p < 0.05, ** p < 0.01).

to high values of the correlation coefficients of co-localization and magnitude, as shown in
Figure 3.16. Similar high correlation values were obtained for the mhcA~, abp120°, ctxA/B",
ctxA™ and ctxB" cells, suggesting that the cortical and the internal F-actin networks are two
independent, yet interconnected generators of cellular force. However, in myoA”/B" cells the
tangential and pulling normal forces did not co-localize, and their magnitudes evolved differently
in time (Figure 3.15B, D). Consequently, both correlation coefficients were significantly lower in
myoA /B than in wild-type cells (Figure 3.16). Loss of MyoB caused a decreased correlation in
co-localization but not in magnitude, whereas loss of MyoA did not cause significant changes in
either measure of correlation between the tangential and normal forces. Taken together, these
results suggest that both MyoA and MyoB play distinct roles in the communication of forces
between the internal F-actin network and the cortex. Loss of MyoA alone is not enough to
significantly alter this communication, which is completely disrupted in cells lacking both MyoA
and MyoB. Additionally, MyoB is involved in the spatial co-localization of the forces generated
by acto-myosin contractility and cortical tension, while MyoA is not.

In addition to the high values of the correlation coefficient for the spatio-temporal evolu-
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Figure 3.17: Strain energy temporal evolution and correlation functions. A) Temporal evolution

of the strain energy generated by the tangential (blue) and normal (red) stresses. B) Auto-

correlation functions of the strain energy generated by the tangential stresses (blue) and of the

strain energy generated by the normal stresses (red) and cross-correlation function of the strain

energy generated by the tangential stresses and by the normal stresses (green).
tion and magnitude of the tangential and normal stresses, we also find that these measurements
are in phase for wild-type, mhcA-, abp120°, ctxA /B, ctxA", ctxB™ and myoA cells. Therefore,
this indicates that the two mechanisms are connected and the fluctuations of these measurements
determine the period of the motility cycle of the cell. Figure 3.17B shows the correlation functions
of the strain energy generated by the tangential stresses and the normal stresses for a representative
wild-type cell (Figure 3.17A), as explained in chapter 2 section 2.12. The oscillatory behavior of
the strain energy defines as well the period of the motility cycle of chemotaxing cells, which is

around 80 seconds for all the cell lines that we have examined except for mhcA™ cells, which have

a longer period [103] [24], as shown in Figure 3.18.

3.6 The tangential to normal forces ratio is higher in cells with cor-
tical cross-linking defects and lower in cells with defects in the

leading edge and posterior cross-linking

We observe that the cell lines with leading edge and posterior cross-linking defects exert
lower tangential traction forces than wild-type cells (Figure 3.19A), but the normal forces have

similar strength (Figure 3.19B). On the other hand, cortexillin null cells exert higher tangential
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Figure 3.18: Period of the motility cycle calculated from the temporal evolution of the strain
energy. The cell lines and number of cells (N) are indicated beneath the boxplot.
traction forces than wild-type cells.
Figure 3.19A shows the magnitude of the tangential forces exerted by the cell lines that

we have examined. This magnitude is calculated as:

L W
It | = / / T2, + 13, dxdy (3.2)
o Jo

where L represents the length of the cell and W represents the width of the cell. Figure 3.19B
shows the magnitude of the normal forces exerted by these same cell lines. The magnitude of the

normal forces is calculated as:

L w
ol = [ [ Iealdxdy (33)
0 0

where L represents the length of the cell and W represents the width of the cell.
We observed that the ratio between the magnitudes of the tangential and normal cell-
substrate forces varied considerably between wild-type cells, cells with defective internal cross-

linking, and cells with cross-linking defects in the cortical region (Figure 3.19C). The ratio
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Figure 3.19: Tangential and normal forces’ magnitude and ratio. (A) Average magnitude of the
tangential traction forces in pN. (B) Average magnitude of the normal forces in pN. (C) Ratio
between the tangential and normal forces” magnitude. The cell lines and number of cells (N)
are indicated beneath the boxplot. Asterisks denote statistically significant differences between
each specific mutant strain and its corresponding wild-type distribution (Wilcoxon ranksum test,
*p < 0.05, ¥ p < 0.01).

between the magnitudes of the tangential and normal forces was quantified as:

<A [TR T >
!

(3.4)
<tz >

Prn =

for each cell, where <> and {} denote respectively spatial and temporal average.

For both Ax3 and Ax2 wild-type strains, we calculated a mean value of p, , equal to 0.68.
The two cell lines with leading edge and posterior F-actin cross-linking defects, abp120™ and
mhcA’, had similar mean values of p; ,, which were both lower than the wild-type value: 0.40 for
mhcA” cells and 0.48 for abp120" cells. On the other hand, the cell lines with cortical cross-linking
defects, ctxA”/B", ctxA™ and ctxB™ also had similar mean values of p; ,, but these were higher than
those of wild-type: 0.92, 0.86 and 0.84 for ctxA"/B", ctxA™ and ctxB", respectively. The cell lines
with defective cross-linking between the membrane/cortex and the F-actin network, myoA/B",
myoA~ and myoB", also exhibited a higher ratio between the tangential and normal forces than the
wild-type cells: 0.82, 0.77 and 0.78 for myoA/B", myoA™ and myoB’, respectively (Figure 3.19C),
these ratios were intermediate between those of wild-type and cortexillin null cells.

For each of these four groups of cell types, the magnitudes of the normal and tangential
forces were linearly proportional, but the value of the proportionality factor varied between groups

(Figure 3.20). The scatter plots in Figure 3.20 clearly show that the ratio between the magnitude



A) , B) o -
Wild type cells Mutants with internal crosslinking defects
(Ax3,Ax2) (mhed:, abp120°)

8000 8000

7000 7000

6000 6000

5000

4000 5 4000

-action force (pN)
Y
3
S
S

3000 3000
&l h

Tangential traction force (pN)

Tangential tr:

2000 2000

1000 1000

°
0 . " R 0 s . R . .
0 1000 2000 3000 4000 5000 6000 7( 0 1000 2000 3000 4000 5000 6000 7000 8000
Normal force (pN) Normal force (pN)
0 b cort ke det D) . _
Mutants with cortical crosslinking defects Mutants with defective membrane/cortex F-actin linking
(ctxA/B", ctxA', cixB) (myoA7B~,myoA- ,myoB")
8000 8000
7000 7000
6000 6000
£ 5000 2 5000
8 <
£ £
5 4000 g 4000
g &
5 o el
E 3000 £ 3000
&
g
I_'2000
2000 ,‘
1000 1000
(]
00 1000 2000 3000 4000 5000 6000 7000 8000 0 1000 2000 3000 4000 5000 6000 7000 8000
Normal force (pN) Normal force (pN)

Figure 3.20: Scatter plots of the tangential versus normal force magnitudes. A) Scatter plot
of the tangential versus normal force magnitudes for wild-type cells (Ax3 and Ax2). The data

points represent N = 26 cells and the red line is the linear least-square fit applied to the data.
The coefficient of determination of the data to the fitting is 0.83, and the slope of the line is 0.60.

To better visualize the correlation, the plane was divided into rectangular tiles of equal area, and
size and color of each data point were scaled according to the total number of data points that
fall on each specific tile (i.e., its rate of occurrence). As a result, darker, larger circles represent
those data points that were observed more often in our experiments, and vice versa. The colors
of the circles in the scatter plots from panels A-D corresponding to each cell line are the same as
the colors used in Figure 3.16. B) Scatter plot of the tangential versus normal force magnitudes
for N = 13 mhcA™ cells and N = 12 abp120- cells. The blue line, which is the linear least-square
fit to the data has a slope of 0.41, and the coefficient of determination of the fitting is 0.69. C)
Scatter plot of the tangential versus normal force magnitudes for N = 11 ¢txA/B", N = 12 ctxA”
and N = 13 ctxB" cells. The coefficient of determination of the least-square fit to the data is 0.94
and the slope is 0.86. D) Scatter plot of the tangential versus normal force magnitudes for N =
13 myoA /B, N = 13 myoA™ and N = 14 myoB" cells. The coefficient of determination of the
least-square fit to the data is 0.89 and the slope is 0.72.
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of the tangential and normal traction forces is constant for each cell type. We observe that for
all cell lines, the data fit straight lines with high coefficients of determination. The slopes of the
straight lines fitted are approximately equal to the mean value of the ratio between the tangential
and normal forces magnitude (0.69 for wild-type cells, 0.41 for mutant strains with leading edge
and posterior cross-linking defects, 0.86 for mutant strains with cortical cross-linking defects and
0.72 for mutant strains with impaired connection between the membrane, cortex and intracellular
F-actin). Therefore, we found that the ratio of the tangential to normal traction forces in migrating
cells is constant for each cell line, but varies between different cell lines.

Mutant strains with cytoskeletal cross-linking defects rely more on the normal forces
than wild-type cells when they move. The mutant strains that have their cytoskeletal contractility
impaired (mhcA™ and abp1207) rely more on the pressure generated through cortical tension for
the release of the back adhesions and the formation of the new protrusion than on the front-to-back
contractility of the cytoskeleton. Mutants with cortical cross-linking defects (ctxA", ctxB~ and
ctxA”/B") rely more on the tangential forces than wild-type cells for their movement, indicating
that the traction forces are mainly driven by the axial and lateral contractility of the F-actin
cytoskeleton. Myosin I null cells rely more on the tangential forces than wild-type cells for their
movement since they have a well-organized F-actin cytoskeleton that provides an efficient, axial
contractility.

Taken together, these results suggest that the cortical and the internal F-actin networks
are two independent, yet interconnected generators of cellular force. Furthermore, the high
scatter in p, , observed in the myoA™/B cell population (Figure 3.19C) implies that the connection
between these compartments requires the proteins MyoA and MyoB, which corroborates the
conclusion that we inferred from the measurements of the correlation factors for the spatiotemporal
evolution of the locations of the tangential and normal forces and for the temporal evolution of

the magnitudes of the tangential and normal forces.
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3.7 The nucleus is not generating the compressive normal forces

Stationary and migrating cells attached on flat surfaces have been shown to exert normal
traction forces that are comparable in magnitude to the tangential ones [121] [41] [42]. However,
how the various structural components of the cell contribute to the generation of these forces
remains in dispute. For all the strains we analyzed, strong normal compressive forces appeared at
one location near the cell center (Figures 3.5, 3.6, 3.9, 3.12). It has been speculated that downward
compressive forces are due to the nucleus in Dictyostelium discoideum [105][71]. Hur et al. have
measured the traction forces in bovine, aortic endothelial cells and also speculated that the nucleus
must play a dominant role in the generation of the downward normal force that they measure near
the cell’s center [41], since it is the largest and stiffest compartment in the cell and it is tightly
connected to the cytoskeleton [122] [123]. Maskarinec et al. and Franck et al. also measured
a downward compression under the nucleus in fibroblasts [42][72]. In contrast, Legant et al.,
working with mouse embryo fibroblasts, did not measure any normal force under the nucleus and
found that both the tangential and normal traction forces were restricted to the leading lamella
[121].

To investigate the possible implication of the nucleus in the generation of downward
normal forces, we simultaneously measured the three-dimensional cell-substrate forces and
determined the location of the nucleus in wild-type Dictyostelium cells expressing H2B-GFP,
which marks the nucleus fluorescently (Dictyostelium wild-type cells with their nucleus tagged
by H2B-GFP, as explained in chapter 2 section 2.21).

Figure 3.21A-B shows a kymographic representation of the instantaneous tangential and
normal cell-substrate forces together with the contour of the cell and the location of its nucleus.
The spatial data are aligned so that the cell axis is parallel to the y-direction at each instant of time,
and data from different instants of time are stacked together in the x-direction as explained in
chapter 2 section 2.16. Using this representation, we observed that there are considerable periods
of time where the nucleus is not located in the area where the cell is compressing the substrate. In

fact, there are long periods of time where the nucleus co-localizes with areas in which the cell is
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Figure 3.21: Kymographs of the tangential and normal stresses’ instantaneous magnitude and
localization of the nucleus. A) Spatiotemporal kymograph of the instantaneous magnitude of
the tangential traction stresses as a function of the position along the cell trajectory and time, for
a representative wild-type cell. The instantaneous magnitude of the tangential traction stresses
(colorbar on the right), localization of nucleus (green) and cell contours (black) are displayed
every 14 s. The grey envelope lines represent the time-evolving position of the front and back
edges of the cells. B) Same as in panel A for the instantaneous normal stresses (colormap on
the right, red color indicates the cell is pulling upwards while blue indicates the cell is pushing
downwards).

pulling upwards (Figure 3.21B).

Interestingly, we found that the normal forces in myoA /B~ cells are approximately 3
times lower than in wild-type cells (Figure 3.19B). We calculated the volume of the nucleus for
these two cell lines, as explained in chapter 2 section 2.18 and we found that the volume of their
nuclei are very similar (Figure 3.22), indicating that the magnitude of the normal compression
forces does not correlate with the size of the nucleus.

We calculated the correlation coefficient between the minimum normal tension exerted
by the cell and the location of the nucleus centroid (Figure 3.23), as explained in chapter 2 section
2.15. Consistent with our observations, we found that the coefficient of correlation between
nuclear position and the location of maximum compressive force is approximately equal to zero

(Figure 3.24). These results indicate that in Dictyostelium cells, the nucleus does not take part
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Figure 3.22: Nucleus volume for Ax3 cells (N = 23) and myoA/B" cells (N = 22), calculated
using IMARIS software.
in the generation of the normal compressive forces exerted during migration. We note, however,
that Dictyostelium cells have smaller nuclei compared to other cell types. Our results do not rule
out that the stiffness of the nucleus may play some role in the generation of normal compressive

forces in mammalian cells or other cell types with a larger nucleus.

3.8 Cortical tension is balanced by increased cytoplasmic pressure

causing compressive forces on the substrate

The cytosol is an incompressible medium with mechanical properties similar to those
of water that can sustain hydrostatic pressure. When the cells migrate, they contract inward
producing an internal pressure that is compensated by the cortical tension. Thus, we postulated
that cell-substrate compressive forces are mediated by an increase in cytosolic pressure that
balances the tension generated at the cell cortex. This model is analogous to the Young-Laplace’s
theory that describes the increase of pressure created by surface tension across the interface
between two fluids.

To test this hypothesis, we estimated the relative intracellular pressure of the different

strains from the measurements of the compressive normal stresses applied by cells on the substrate
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Figure 3.23: Kymographic representation of the spatiotemporal evolution of the axial and
normal tension and location of the nucleus’ centroid. A) Spatiotemporal representation of
the axial tension, Ty (x,?), as a function of the position along the cell trajectory and time for a
representative wild-type cell expressing H2B-GFP. The solid-red line represents the location of
the cell’s front. The solid-black line represents the location of the cell’s back. The dotted-black
lines indicate the location of the maximum and minimum axial tension in the cells’s rear and
frontal part, respectively. The dotted-green line show the position of the cell’s centroid. The solid-
green line represents the location of the nucleus’ centroid. B) Spatiotemporal representation of
the normal tension, 7;(x, ), as a function of the position along the cell trajectory and time for a
representative wild-type cell expressing H2B-GFP. The solid-red line represents the location of
the cell’s front. The solid-black line represents the location of the cell’s back. The dotted-black
lines indicate the location of the maximum normal tension in the cells’s rear and frontal part.
The dotted-magenta line shows the location of the minimum normal tension. The dotted-green
line show the position of the cell’s centroid. The solid-green line represents the location of the

nucleus’ centroid.
and used Young-Laplace’s law to estimate the cortical tension of the cells by applying an
equilibrium of forces in the normal direction, as shown in Figure 3.25A-C. We approximated the
shape of the cell as an equivalent hemisphere of radius R equal to half the cell length, which is a

reasonable assumption for Dictyostelium cells [102], leading to:

<1 >R

5 (3.5)

where < T, > represents the average of the maximum value of the compressive, normal cell-
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Figure 3.24: Boxplot of the Spearman correlation coefficient between the location of the
maximum negative normal tension and the location of the nucleus for Ax3 cells expressing
H2B-GFP (N=8).
substrate stresses generated by a cell at each instant of time. In the context of our experiments,
eq. 3.5 should be taken as an estimation that allowed us to test if the pulling forces exerted by
the cells on their substrate are balanced by a rise in intracellular pressure, rather than a model to
estimate the cortical tension, for which more accurate techniques are available [124].

However, even if our model neglects the non-spherical shape of the cell, the pressure
sustained by the internal cytoskeleton and the regulation of cell-substrate adhesions, the values of
the estimated cortical tension (Figure 3.26) are in good agreement with previous data obtained
by micropipette aspiration. Previous studies calculating the cortical tension of Dictyostelium
wild-type cells reported an approximate value of ImN/m [125][124][126][127]. In mhcA™ cells,
we measured a 25% reduction in cortical tension compared to wild-type cells (Figure 3.26). This
reduction is also in agreement with the 20% decrease previously reported for these mutant stains
from micropipette aspiration experiments [126], and the 30% reduction estimated by needle
poking methods [128]. In the myoA/B" cells, we measured a 64% reduction in the cortical
tension (Figure 3.26), also in agreement with previous micropipette aspiration measurements that
reported approximately a 60% reduction [124][129]. In myoA™ and myoB™ cells we found a 12%

reduction which is equal to the reduction reported by Dai et al. through micropippete aspiration
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Figure 3.25: Sketch of a cell’s internal pressure and cortical tension estimation. A) Sketch

of a cell that undergoes an internal pressure and exerts a deformation on the substrate while

moving. B) Approximation of the cell shape by a sphere of radius equal to the cell’s length.

C) Cortical tension estimation by balancing the force generated by the cortical tension and the

internal pressure of the cell.
[124]. In filamin null cells, Luo et al. found a reduction in cortical tension of approximately
20% using micropipette aspiration [127], whereas in our case, we measured a larger reduction of
46% (Figure 3.26). Kee et al. measured the cortical tension of cortexillin mutant strains using
micropipette aspiration. They found that the cxtB™ cells had a 16% increase in cortical tension,
and that the cortical tension was reduced by 35% and 60% in cxtA™ and cxtA /B’ respectively
[130]. In contrast, we found that the cxtA™ and cxtB~ mutant strains exhibit a decrease of 8% and
5% respectively, and cxtA/B" cells an increase of 10% (Figure 3.26).

Taken as a whole, the above estimates of the cortical tension from the measured values of

the downward compression forces that the cell exerts on the substrate demonstrate that the normal

component of the cell traction forces are mainly due to the cortical tension. Thus, we concluded
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Figure 3.26: Barplot of the cortical tension in mN/m for the cell lines and number of cells (N)
indicated. Asterisks denote statistically significant differences between each specific mutant
strain and its corresponding wild-type distribution (Wilcoxon ranksum test, ** p < 0.01)
that cortical tension in migrating amoeboid cells is balanced by increased cytoplasmic pressure
that causes the measured compressive forces on the substrate.

To further demonstrate this, we performed experiments with wild-type cells immersed
in buffer solutions with different osmolarities. A change in the osmolarity of the surrounding
medium produces a variation in the internal pressure of the cells. Dictyostelium cells do not
accumulate osmolytes to counteract the osmotic pressure applied [131][132]. Instead, they
remodel their cytoskeleton and increase their cortical tension, building a rigid network that
provides an osmoprotective mechanism [133] [134][135]. We measured the compressive normal
stresses in wild-type cells immersed in a 100mM sorbitol medium, and from their magnitude we
calculated a cortical tension of 3.03 £ 1.19mN/m, which is a 31% increase with respect to the
value in the control Na/K phosphate buffer solution. These results demonstrate that the magnitude
of the downward normal forces increases as the cortical tension increases, which is consistent
with the above statement that the normal traction forces are mainly due to cortical tension.

The force generated through the cortical tension has a direction that follows the contact
angle between the cell and the substrate at the edge of the cell (Figure 3.27). The forces that are

generated by the cortical tension have components in the tangential and normal directions. There-
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Figure 3.27: Sketch showing the proposed two mechanisms for the generation of the forces. ¥
is the cortical tension, T. is the traction force exerted by the acto-myosin contractility of the
cytoskeleton, and o is the contact angle between the cell and the substrate.

fore, the tangential forces that we measured come from two contributions, from the cytoskeletal

contractility and from the cortical tension. This could be modeled as:

T =Y % -cos() + T, (3.6)
T, =7- % -sin(Q) (3.7)

where T, is the tangential traction force, T, is the normal force, 7 is the cortical tension, T is
the traction force exerted by the acto-myosin contractility of the cytoskeleton, L is the length of
the cell, and « is the contact angle between the cell and the substrate. In our case, we can not
accurately measure the contact angle between the cell and the substrate. This decomposition
implies that the force that is generated by the cortical tension has one component that is tangential
and another that is normal, and the ratio between these two components depends on the contact
angle a. Therefore, the mutant cells that have defective cytoskeletal cross-linking or disrupted
contractility (mhcA™ and abp1207) would have a T, that is small, and the tangential forces that we

measured would mainly come from the cortical tension.
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3.9 The speed of amoeboid movement correlates with the ratio be-
tween the magnitudes of the tangential and normal cell-substrate

forces

The speed of amoeboid migration is related to the ability of cells to form and release their
adhesions and is limited by the rate at which the cell can make the required shape changes to form
a new pseudopod and retract their rear part [90] [24] [30]. Efficient amoeboid cell movement
requires a contraction driven by the axial forces and a softening of the anterior cortex that allows
the cells to form the new protrusion. Thus, we hypothesized that the cells’ efficient movement
depends on the relative strengths of the front-to-back axial contraction and the force generated
through cortical tension. Consistent with this hypothesis, we found clear indications that the cell
migration speed, v, increases considerably with the ratio of the tangential to normal cell-substrate
forces, p;,, (Figure 3.28). Note that while the cell migration speed is v ~ 6 to 8 um/min when
prn < 0.5, it increases almost 3 fold up to v ~18 to 20 um/min when p; , ~1. Figure 3.28A-B
shows the best least-square fit to the observed dependence of the velocity on the ratio between the

magnitudes of the tangential and normal forces, that was given by the following equation:

v=a-+bp, (3.8)

The exponent that gave a better fit of the data was, ¢ ~ 1.8.

On the other hand, we found no correlation between the velocity of migration and the
magnitude of either the tangential or the normal cell-substrate forces alone, as shows Figure 3.29A-
B. Therefore, we didn’t find any connection between the velocity of migration and the tangential
or normal forces independently. This argument is also supported by the fact that cells with lower
velocities of migration showed reduced fluctuations in their aspect ratio (Figure 3.30), which
may be related to a difficulty in overcoming the cortical tension through the front-to back axial
contractility.

Another possible explanation for the cells moving with lower velocity when the ratio
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Figure 3.28: Scatter plot and box plots of the cells’ mean velocity versus the average ratio
between the magnitudes of the tangential and normal forces. A) Scatter plot of the cells’ mean
velocity versus the average ratio between the magnitudes of the tangential and normal forces.
The colors of the circles in the scatter plot for each cell line correspond to the colors used in
Figure 3.16. The number of cells for each cell line is the same as in Figure 3.16. To better
visualize the correlation, the plane was divided into rectangular tiles of equal area, and size and
color of each data point were scaled according to the total number of data points that fall on each
specific tile (i.e., its rate of occurrence). As a result, darker, larger circles represent those data
points that were observed more often in our experiments, and vice versa. B) Vertical boxplots
indicate the velocity of migration of the cell lines examined. The colors of the boxplot for each
cell line are the same as in Figure 3.16. Horizontal boxplots indicate the tangential to normal
force ratio for the same cell lines. The black line represents the best polynomial least-square fit
to the data (eq. 3.8), with an exponent ¢ ~ 1.8.

of the tangential to the normal forces is lower could be that the normal forces cause the cells
to sink deeper into the substrate. However, we did not find a correlation between the migration
velocity and the magnitude of the deformation that the cell exerts in the normal direction, as
shows Figure 3.29C. Therefore, there is not relationship between the velocity of migration and
the z-displacement generated by the cells into the substrate.

We concluded that the cell migration speed increases when the tangential forces generated
by the axial acto-myosin contractility are able to balance the normal forces produced through
the cellular cortical tension. When this is the case, the cells are able to produce the cell shape

changes needed for locomotion and move faster.
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Figure 3.29: Scatter plot of the cells’ mean velocity versus the average magnitude of the
tangential traction forces, the normal forces and the average magnitude of the displacement
exerted in the normal direction. A) Scatter plot of the cells’ mean velocity versus the average
magnitude of the tangential traction forces. B) Scatter plot of the cells’ mean velocity versus
the average magnitude of the normal forces. C) Scatter plot of the cells’ mean velocity versus
the average magnitude of the displacement exerted in the normal direction to the substrate.
The colors of the circles in the scatter plots for each cell line correspond to the colors used in
Figure 3.16. The number of cells for each cell line is the same as in Figure 3.16. To better
visualize the correlation, the plane was divided into rectangular tiles of equal area, and size and
color of each data point were scaled according to the total number of data points that fall on
each specific tile (i.e., its rate of occurrence). As a result, darker, larger circles represent those
data points that were observed more often in our experiments, and vice versa.

3.10 Cortical tension and cell shape relationship

Cortical tension also plays a major role in controlling cells’ shape. When the cells have
lower cortical tension, they are flatter and more spread out over the substrate compared to cells
with higher internal pressure that have a more spherical shape. In order to calculate the volume of
the cells, we transformed the cells with a vector encoding Lifeact fused to GFP [99] and acquired
z-stack of fluorescent images. We performed a volume rendering for each instant of time using
IMARIS software (Bitplane) and calculated the volume of each cell. The area of the cell was
calculated through the maximum intensity projection of the actin distribution, using MATLAB.
We found that the non-dimensional ratio between the volume and the contact area in wild-type

cells is higher than in mhcA™ cells, suggesting that the cells are flatter when the cortical tension
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Figure 3.30: Cell aspect ratio and change with time of the cell’s aspect ratio. A) Cell shape
aspect ratio (ratio between the cell length and width) for the cell lines and number of cells (N)
indicated. B) Aspect ratio change with time (derivative of the aspect ratio with respect to the
time) for the cell lines and number of cells (N) indicated.
is lower (Figure 3.31). The decrease in volume to contact area ratio in mhcA™ cells with respect
to wild-type cells is 24%, similar to the 25% decrease in cortical tension that we find for these
cells. Figure 3.31 shows that the non-dimensional volume to area ratio of mhcA™ cells is similar

to that of a semi-sphere, whereas for the case of wild-type cells this non-dimensional ratio is

significantly higher.

3.11 Cell migration requires either cortical integrity or acto-myosin

contractility

To study the interplay between the mechanisms generating the axial acto-myosin contrac-
tility and the cortical tension, we examined the migration of cells lacking the cortical cross-linking
and the myosin II mediated contractility. We used blebbistatin, which is a cell-permeable inhibitor
with high affinity and selectivity towards myosin II [136]. Cells treated with blebbistatin have the
myosin II dependent processes inhibited [137]. Blebbistatin binds to the motor domain of myosin
IT and it potently inhibits Dictyostelium myosin II [138].

We calculated the forces generated by wild-type cells chemotaxing in 50uM blebbistatin



81

Volume to contact area ratio

0.9+ " x

0.8+

0.7+ o o
e° °

0.6

0.5+ .-. o°

0.4+ °

0.3+

0.2+
0.1+

3/2

Volume / Contact area

Ax3 mhcA~ Semisphere

Figure 3.31: Non-dimensional ratio between the cell volume and contact area (Volume/Contact
area>/?) for Ax3 cells (N= 12) and mhcA™ cells (N=10) and the value for a semi-sphere. Two
asterisks denote statistically significant differences between medians (p < 0.01).

Na/K buffer, as explained in chapter 2 section 2.3. We found that the magnitude and distribution
of the tangential and normal cell-substrate forces generated by wild-type cells treated with
blebbistatin are very similar to the forces exerted by mhcA™ cells, as shown in Figure 3.32. The
tangential traction forces and the pulling normal forces are localized around the peripheral cortex
in both, mhcA™ cells and blebbistatin-treated wild-type cells. The ratio between the magnitudes
of tangential and normal forces, p;,, in blebbistatin-treated wild-type cells was similar to that
of mhcA™ cells and lower than in wild-type cells, as shown in Figure 3.33. This indicates that
the mechanism generating the cell-substrate forces when blebbistatin is added relies more in the
cortical tension generated by the cells than in the axial contractility.

Blebbistatin reduces the migration velocity of wild-type cells, as expected, and the speed
of wild-type cells in the presence of blebbistatin is approximately equal to that of mhcA™ cells,
as shown in Figure 3.34. Additionally, the average shape of the wild-type cells when they are
treated with blebbistatin becomes more rounded and it is very similar to the average shape of
mhcA~ cells, as can be observed in the average contours from Figure 3.32. Consequently, the
effect of the S0uM blebbistatin treatment in wild-type cells is analogous to that of the depletion

of myosin Il in mhcA™ cells, in terms of shape, speed of migration, magnitude and distribution of
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Figure 3.32: Tangential and normal cell-substrate forces exerted by mhcA™ cells and blebbistatin-
treated wild-type cells. A) Average tangential traction forces per unit area in pN per unit area
(colorbar on the right) exerted by mhcA™ cells, (N=13 cells). The gray line indicates the average
contour of the cells. The white arrows show the direction of the cell-substrate forces. B) Average
tangential traction forces per unit area in pN per unit area (colorbar on the right) exerted by
wild type cells that have myosin II inhibited by blebbistatin (50 uM), (N=11 cells). The gray
line indicates the average contour of the cells. The white arrows show the direction of the
cell-substrate forces. C) Average normal forces per unit area in pN per unit area (colorbar on
the right) exerted by mhcA™ cells, (N=13 cells). B) Average normal forces per unit area in pN
per unit area (colorbar on the right) exerted by wild type cells that have myosin II inhibited by
blebbistatin (50 uM), (N=11 cells).

the tangential and normal forces.

To study the joint effect of the inhibition of the cortical integrity and the acto-myosin
contractility, we treated cortexillin null cells with 50uM blebbistatin. When myosin II is inhibited
by blebbistatin treatment in cells laking cortexillin I, cortexillin II or both proteins, these cells are
not able to migrate over the substrate. We calculated the tangential and normal forces exerted
by ctxA", ctxB™ and ctxA /B cells treated with S0uM blebbistatin, but in this case, since the cells
do not move, the reference image necessary to calculate the forces was acquired by detaching

the cells by adding SDS, as explained in chapter 2 section 2.7. CtxA", ctxB™ and ctxA”/B" cells
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Figure 3.33: Ratio between the tangential and normal forces’ magnitude for mhcA™ cells (N
= 13 cells) and blebbistatin-treated wild-type cells (N = 11 cells). The cell lines are indicated
beneath the boxplot. Asterisks denote statistically significant differences between each specific
cell line and the corresponding wild-type distribution (Wilcoxon ranksum test, ** p < 0.01).
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Figure 3.34: Speed of migration of mhcA™ cells (N=13 cells) and blebbistatin-treated wild-type
cells (N=11 cells). The cell lines are indicated beneath the boxplot. Asterisks denote statistically
significant differences between each specific cell line and the wild-type distribution (Wilcoxon
ranksum test, * p < 0.05).
treated with 50uM blebbistatin generate high contractile tangential traction forces and pulling
normal forces all around the cell periphery, as shown in Figure 3.35. However, although they are
able to generate high forces, they can to move. These cells are not able to modulate their cortical

tension to produce movement. In this case, the cells are not able to generate axial contractions

that counterbalance their cortical tension and therefore they can not migrate. This indicates that
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Figure 3.35: Tangential and normal cell-substrate forces exerted by cortexillin null cells that
have myosin II inhibited by blebbistatin. A) Average tangential traction forces per unit area in
pN per unit area (colorbar on the right) exerted by ctxA/B cells that have myosin II inhibited
by blebbistatin, (N=6 cells). The white arrows indicate the direction of the average tangential
traction forces. The gray line indicates the average contour of the cells. B) Average tangential
traction forces per unit area in pN per unit area (colorbar on the right) exerted by czxA™ cells that
have myosin II inhibited by blebbistatin, (N=5 cells). C) Average tangential traction forces per
unit area in pN per unit area (colorbar on the right) exerted by ctxB™ cells that have myosin II
inhibited by blebbistatin, (N=5 cells). D) Average normal forces per unit area in pN per unit area
(colorbar on the right) exerted by ctxA”/B~ cells that have myosin II inhibited by blebbistatin,
(N=6 cells). E) Average normal forces per unit area in pN per unit area (colorbar on the right)
exerted by ctxA™ cells that have myosin II inhibited by blebbistatin, (N=5 cells). F) Average
normal forces per unit area in pN per unit area (colorbar on the right) exerted by ctxB™ cells that
have myosin II inhibited by blebbistatin, (N=5 cells).

the cortical integrity and the acto-myosin contractility are two counteracting mechanisms for
the generation of the cell-substrate forces and cells can move when one of these mechanisms is
working properly, but they can not if both mechanisms are impaired.

The F-actin distribution in wild-type cells that have myosin II inhibited by blebbistatin
is very similar to the actin distribution of mhcA™ cells and the actin is localized at the cells’
front, as shown in Figures 3.36A and Figure 3.11B. Consequently, this corroborates as well that
blebbistatin has a similar effect than the depletion of myosin Il in Dictyostelium cells.

We showed that the F-actin in ctxA”/B" cells is distributed all around the periphery of

the cells (Figure 3.11C and Figure 3.10C). Nevertheless, the F-actin reorganizes when ctxA/B"



85

actin level

Figure 3.36: Average two-dimensional projection of the F-actin distribution in wild-type cells
and ctxA*/B" cells that have myosin II inhibited by blebbistatin. A) Average two-dimensional
projection of the F-actin distribution in wild-type cells treated with blebbistatin (50 uM), (N=10
cells). B) Average two-dimensional projection of the F-actin distribution in ctxA/B" cells treated
with blebbistatin (50 uM), (N=9 cells).
cells are treated with blebbistatin and in this case it is not localized around the cortex, but it is
evenly distributed inside the cytoskeleton. The F-actin cytoskeleton needs to be organized in a

way that allows the cells to counterbalance the cortical tension through axial contractions, and

when cortexillin and myosin are impaired, the cells fail to initiate the movement.

3.12 Discussion

Fast amoeboid cell migration involves large cell shape changes [102] and requires cells to
apply mechanical forces on their surroundings via transient adhesions [104] [139]. However, the
role of the cell-generated forces in this process is not understood, to the point that a relationship
between the strength of these forces and the migration speed is yet to be found [90] [40]. This
lack of understanding contrasts with the case of slower migrating mesenchymal cells such as
fibroblasts, where the dependence between cell speed and the strength of cell-substrate adhesions
has been demonstrated experimentally [140] and theoretically [141]. Furthermore, amoeboid
cells move in a highly three-dimensional manner and exert three-dimensional forces even while
crawling on flat surfaces [105] [43] [142], but the vast majority of existing measurements of cell-

generated forces are two-dimensional, neglecting the possible role that the forces perpendicular
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to the substrate may play in the migration process.

To investigate the role of the cellular forces in establishing the speed of amoeboid
migration, we measured the three-dimensional forces exerted by chemotaxing Dictyostelium cells
on flat elastic substrates using 3DTFM [43]. We considered wild-type cells and eight different
mutant strains with defective actin cross-linking and cortical integrity. Our measurements suggest
that cells can modulate their three-dimensional shape and move faster if they are able to generate
periodic axial contractions that counterbalance the tension of their cortex. For a long time, the
tangential traction forces exerted by crawling cells were known to be much greater than needed to
overcome the external resistance of the environment [90] [75], but the biological or mechanical
reasons why the cells exert these forces were unknown. Our findings suggest a reasonable
mechanistic explanation for the existence of such large traction forces.

The new three-dimensional force measurements presented in this study revealed that
amoeboid cells exert forces on their substrate using two distinct mechanisms. In addition to the
axial forces mediated by acto-myosin contractility that had been previously described by 2D
force microscopy [90] [24], we demonstrated that the thin actin cortex at the cell membrane can
generate significant 3D forces. The spatial pattern of this cortical force was isolated in cells
lacking internal F-actin cross-linking (mhcA™ and abp1207), which exhibit reduced acto-myosin
contractility. It consists of an annular region of inward and upward pulling at the cell edge,
surrounding a central region where the cell pushes down on the substrate. Similar patterns have
been shown to be caused by liquid drops or liposomes when placed onto soft substrates [114]
[143], where interface tension is the only source for the measured forces. Mathematical models
for the generation of traction forces have suggested the importance of interface tension as well
[144] [145] [146].

Plasma membrane tension is reported to be approximately 1000 times lower than cortical
tension in Dictyostelium [127] [147]. Furthermore, liposomes that have an actin cortex attached
to the membrane can withstand tensions up to 0.3 mN/m when placed onto soft substrates before
breaking [143], which is similar to the cortical tension reported for Dictyostelium. Therefore, the

membrane should contribute little to the generation of 3D substrate forces in comparison to the
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actin cortex. Consequently, the cortical component of the cell-generated forces was found to be
significantly lower than the axial contractility component in strains with cortical cross-linking
defects (ctxA/B", ctxA™, ctxB"), and in strains that are defective in linking the F-actin to the plasma
membrane (myoA /B, myoA~, myoB~).

In Dictyostelium cells, axial contractile forces are generated and transmitted by a dense
F-actin network that is regulated by F-actin cross-linking and acto-myosin contractility [48] [24]
[30]. In the absence of axial contractility, the shape of the cell is rounder and less dynamic, as
expected for a compartment confined by its surface tension, and the frequency of pseudopod
protrusion is decreased [24] [148]. Cells lacking F-actin cross-linkers may rely on the in-situ
modulation of cortical tension to control their shape and migrate [59].

Our measurements indicate that the interplay between the axial contractility and the
cortical tension controls the forces exerted by migrating cells and their speed. Mechanical tension
in the plasma membrane plays an important role in cell migration by spatially confining the
signals for F-actin polymerization [149]. In cells moving by extending thin, stable lamellipodia,
membrane tension has been shown to determine lamellipodial shape and extension rate [54] [150].
However, the actual mechanisms used by migrating cells to actively regulate their membrane
tension are not well understood. Our studies suggest that axial contraction and cortical cross-
linking may contribute to this function jointly. Furthermore, the lack of correlation between
cortical tension and axial contractility that we observed in myoA/B" cells suggests that myosin I
may be necessary for the proper communication of forces between the plasma membrane and the
cortical and intracellular cytoskeletal networks.

The nature and molecular receptors controlling cell-substrate adhesion in Dictyostelium
are not fully identified [31] [113]. However, actin-rich structures often referred to as actin foci are
localized in the adhesion regions of migrating cells [100] [46]. Our study revealed that pulling
forces require formation of firm adhesion to the substrate co-localized with actin foci regions
and are directly transmitted by the actin cytoskeleton [139]. In contrast, we did not observe
actin foci in the regions where cells were generating compressive, normal forces on the substrate.

Because the cell nucleus did not co-localize with these regions either, we concluded that the
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compressive forces are transmitted directly by cytosolic pressure. We corroborated this hypothesis
by estimating the cortical tension using our measurements of normal compressive cell-substrate
forces, and a simple Young-Laplace’s model that assumes that cortical tension is balanced by an
increase in cytoplasmic pressure with respect to the extracellular medium. The cortical tensions
estimated in this manner were found to be in good agreement with previously reported data
measured by micropipette aspiration or cell poking for the cell lines considered in this study [124]
[127] [126] [125].

Thus, our experiments indicate that amoeboid cells can exert strong compressive forces
on their substrate by increasing their cytoplasmic pressure. We previously showed that in
Dictyostelium cells whose F-actin polymerization at the front is impaired by lack of F-actin
cross-linking (abp1207), lateral squeezing generates the required pressure rise to propel their
cytoplasmic material [30]. These results agree with studies showing motion driven by internal
hydrostatic pressure in other amoeboid cells [151] and supports the hypothesis that hydrostatic
pressure is one of the forces driving pseudopod extension during cell crawling [152]. Amoe-
boid cells migrating in three-dimensional matrices may use similar mechanisms to push off
the surrounding obstacles without establishing specific cell-matrix adhesions[153] [154]. Cell
malleability is recognized as an important factor in the migratory efficiency of amoeboid cells
embedded in 3D matrices. Emerging studies suggest that leukocytes squeeze through small gaps
in the extracellular matrix by actomyosin-regulated contractility without significant remodeling
of the surrounding environment; however, the mechanistic details of this process are still not well
understood [155]. Thus, the results of our study could contribute to a better understanding of cell

migration, not only on flat surfaces, but also in more complex environments.

Chapter 3 has been in part published in Biophysical Journal, “Three-dimensional Balance
of Cortical Tension and Axial Contractility Enables Fast Amoeboid Migration” by B. Alvarez-
Gonzalez, R. Meili, E. Bastounis, R. A. Firtel, J. C. Lasheras and J. C. del Alamo (2015), 108 (4),

821-832. The thesis author is the primary investigator in this publication.



Chapter 4

Three-dimensional force measurements
improved by Lagrange multipliers

optimization

4.1 Introduction

Traction Force Microscopy (TFM) is a powerful approach for quantifying the interactions
between cells and their surroundings [72]. The results obtained though Fourier Traction Force
Microscopy have some limitations. A shortcoming is that this method doesn’t impose that the
stress field in each of the three directions needs to be in equilibrium in order to satisfy the second
law of Newton. The net force applied by an isolated cell to the substrate is known to be zero
[156]. However, there are some spurious measurements of the stress field that usually result in a
non-zero net force. This artifact can be taken into account to guarantee a zero net force applied
by the cell on the substrate. Another limitation is that Fourier Traction Force Microscopy doesn’t
restrict the traction forces to be applied just in the area where the cell is located and it doesn’t
force the the traction forces outside the cell to be zero [33].

There are various solutions that have been used to solve these limitations. A simple

&9
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approach to address the first limitation is to subtract the mean value of the displacements to the
entire displacement field, in this way the stress field is in equilibrium. But this solution requires
subtracting a constant value to all the measurements and forces the equilibrium. To solve the
second limitation, Butler et al. [33] developed an approach that consists of an iterative process.
First, they measured the displacement field without any constraint. Second, they calculated the
traction force field with no restrictions and set the tractions outside the cell equal to zero. Third,
they calculated the displacement field induced by this new traction field. Fourth, they defined a
new displacement field by replacing the displacements of the calculated displacement field within
the cell boundaries by the experimentally measured displacement field and repeated these steps
until convergence, which is reached at a tolerance level. A shortcoming of this methodology
is that by doing this the traction force field obtained may not be compatible with the measured
displacement field.

We propose a Lagrange multipliers method for the optimization of the displacement
field obtained through the cross-correlation functions of the z-stack of images deformed by a
migrating cell and the non-deformed z-stack of images used as reference. Besides, we imposed
two constraints for the calculation of the deformation field at each point. The first constraint is
the equilibrium of the displacements and the second restriction is that the traction forces must
be equal to zero outside the cell. By optimizing the value of the cross-correlation function used
to calculate the displacement field applied by the cell at each point, we are also taking into
account the signal to noise ratio of each measurement of the deformation field when we apply the
constrains.

Here, we present the theoretical formulation of an improved TFM method by applying a
Lagrange Multipliers optimization. This method results in a constrained solution of the stresses
exerted by migrating cells that are in equilibrium and applied only in the area where the cell is
located. We show the results of the TFM method improved with Lagrange multipliers optimization
for a representative Dictyostelium discoideum cell and compare them to the results obtained by

using the unconstrained TFM.
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4.2 Methodology and theory

The traction forces exerted by the cells when moving over elastic flat substrates can be
calculated form the displacement field suffered by the beads embedded in the elastic substrate
through an exact analytical solution, by solving the elasticity equation of equilibrium, as explained
in chapter 2 section 2.10. We obtained the z-stack of images needed to perform the three-
dimensional correlation by imaging a range of 9um centered in the plane of the gel where the
beads are in focus. To acquire all the information related to the deformation of the gel, we
acquired a total of 24 planes, one every 0.4um.

The displacement fields applied to the beads were measured by an image correlation
method similar to Particle Image Velocimetry (PIV) [157][158]. This method is based on
correlation techniques, we calculated the displacement field through the cross-correlation between
two z-stacks of images one of the deformed substrate where the cell is applying forces and the other
of the reference z-stack, in which the substrate is not deformed. We used interrogation windows
of 24x24x24 pixels with an overlap of 12 pixels in the horizontal plane to increase the resolution.
In order to increase the accuracy of the displacement estimation, we used the interpolation to
obtain the maximum peak in the cross-correlation function with sub-pixel accuracy. The gaussian
interpolation works for correlation peaks and it is standard in PIV processing [92][93]. We used a
Gaussian regression by minimizing the norm of a three dimensional parabolic fit to the logarithmic

values of the correlation function.

4.2.1 Sub-pixel interpolation through three-dimensional gaussian regression

The sub-pixel interpolation is done through a three dimensional gaussian regression. We

consider a 3D gaussian function:

Z(x,y,z) = aexp[b(x — Ax)> + c(y — Ay)? +d(z— Az)* + e(x — Ax) (y — Ay)+ 4.1)

+ f(x —Ax)(z — Az) + g(y — Ay) (z — Az)]
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with maximum at [Ax, Ay, Az]. This could also be written as:
Z(x,y,2) = explA1 +Asx + A3y +Asz+Asx’ + Ay’ +Ar7" + Agxy+Agxz+ Aoy (4.2)

These 10 coefficients can be derived using a regression analysis. Therefore we need to

minimize the norm of the logarithmic value of the following function :

n n n
L= Z Z Z [Al +A2i+A3j+A4k+A5i2 +A6j2+A7k2+Agij+A9ik+A1()jk+ (4.3)

k=—n j=—ni=-n

- ln(Z(z,],k))]2

To obtain the coefficients Ay, As, ... , A9, we need to minimize the norm of L. This is
done by taking the partial derivatives of this function with respect to these 10 coefficients and
making them equal to zero. It is necessary to take into account the summation when doing these
derivatives. In this way we get the 10 coefficients as a function of n, which is the number of pixels
around the maximum of the correlation function that we use to obtain the gaussian interpolation.
The values of the coefficients obtained through this method, and that we use for the sub-pixel

interpolation, are the following:

n n n

[Y Y Y (192%+19n—15i% — 152 — 15k* — 3)In(Z(i, j, k))]
k=—n j=—ni=—n
Ay = 4.4
! (8n2 + 12n2 + 6n+ 1)(—3 + 4n+ 4n?) ¢4
3L X X in(Z(i),k)
Ay — =—nj=—ni=-—n 45
27 n(Tn+ 1+ 18n2 +20n% + 8n%) *5)
3&Z,Z,Z.rm@@L@ﬂ
A — =—nj=—ni=—n 46
> n(Tn+1+ 1802 +20m3 + 8n) (46)
3L XX ken(Z(i,jik)
k=—n j=—ni=—n (4‘7)

Aq =
T n(Tn+ 1+ 1812 + 203 + 8n)
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(L L % (~15(n2+n—32))n(Z(i, j,k))]

k=—n j=—ni=-n

As = 48
> (S344n+4n2)(8m3 + 12n2 + 6n+ Dn(n+ 1) (48)
[k)Z XY (157 +n=32)n(Z(i, j,k))]
Ac — =—n j=—ni=—n 4.
0T (S344n+4n2)(8n3 + 12n2 + 6n+ n(n+1) “49)
(Y % X (15020 3)In(Z(i,j )
k=—n j=—ni=—n
Ar = 4.10
T (“34+4n+4n) (803 + 120+ 6n+ D)n(n+ 1) (4.10)
9[kZ X X ji-n(Z(i, k)
Ag = . — 4.11
87 n2(8n° +28n* + 8n + 1 + 2512 + 38n3) .11
Ag = S ——— 4.12
7 n2(8n5 +28n* + 8n+ 1 + 2502 +38n3) (4.12)
9[k_2 X X jkIn(Z(i, ] k)]
A1o e ——— (4.13)

B n?(8n3 +28n*+8n+ 1+ 2512 +38n3)

where n is the number of pixels around the maximum of the correlation function that we used to

obtain the gaussian interpolation.

4.2.2 Lagrange multipliers optimization for the calculation of the displacement

field

The traction forces exerted by the cell when is moving over a flat substrate must be in
static equilibrium, therefore the displacements measured with the PIV method need to satisfy this
requirement. The constraint that we used to optimize the measurements of the PIV is that the
displacement field in a box surrounding the cell must be in equilibrium. Since the image that we
take with the microscope can contain more than one cell, in order impose this condition, we need
to find the position of the particular cell, as shown in Figure 4.1A, and locate a box around the
cell, which dimensions we choose to be 3 times the length of the cell. In this box where the cell is
located, there are multiple boxes of 24x24x24 pixels (Figure 4.1B), in which the displacements

are measured through the PIV method.
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Figure 4.1: Detection of the cell’s contour and distribution of the small boxes used for the
calculation of the correlation functions that provide the displacement field at each point. A)
Bright field image of the cell and detection of the contour needed to locate the area where the
cell is. The box taken around the cell is chosen to be square with a size three times the length of
the cell. B) The box surrounding the cell used for the calculation of the displacement field is
divided in small boxes of 24x24 pixels. We calculate the displacement applied in each of these
small boxes.

The cross-correlation function is calculated with the PIV method in each of the small
boxes of 24x24x24 pixels, and it is obtained from the 10 coefficients that determine the gaussian
fitting. Therefore, the functions that need to be maximized in the optimization problem are the
correlation functions calculated for each of the small boxes. In this way, since we are maximizing
the cross-correlation function of each window, the signal to noise ratio of the measurements is
taken into account. The variation of the point used for determining the displacement field for the
measurements with a high signal to noise ratio will affect more the value of the cross-correlation
function maximum value. Consequently, with this method the points with higher values of the
signal to noise ratio are going to be less affected than the ones with lower values. Therefore, the
less accurate values of the displacement field are going to be more modified whereas the values
that should be very accurate, since they have very high values of the signal to noise ratio for the
correlation function would be slightly modified (Figure 4.2).

The constraints imposed to this optimization problem are the equilibrium of the displace-

ment field in each of the three directions and zero traction forces outside the region in which the
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Figure 4.2: Comparison of a cross-correlation function for a sub-window in which the signal to
noise ratio of the correlation is equal to 4.54 and for a sub-window in which the signal to noise
ratio is equal to 2.43.

cell is located. Since the relationship between displacement field and stress field is linear, when

the displacement field is in equilibrium the stress field is in equilibrium too. These constraints

can be formulated as follows:

C =//up’qudy (4.14)
P q
C ://v”’qudy (4.15)
P q
Cs =//wp’qudy (4.16)
P4
Tox =0 4.17)
outside C
Tzy =0 (4.18)
outside C
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T, =0 (4.19)

outside C
where p and g are meant for all the small boxes in which the box around the cell is divided when
we perform the PIV method, in this case we used 24x24 pixels’ windows and C indicates the
contour of the cell.
The correlation function in each of the small boxes is given by equation 4.2. Therefore
we need to maximize the value of this function in each of the small boxes subject to the imposed
constraints. Applying a Lagrange multipliers optimization, the function that is maximized is the

following:

Li=A;+B;+ Ciul-z +Dyv; + Eiv% + Fw; + Giw% + Hyuv; + Jiuyw; + kiviwi+ (4.20)

N N N
T Y w0 Y v A3 Y w4 ety (i, vis i) 4 oA Mg 3Ty, (i, vi wi) +
= =1 =

+ 7\'M+4Ty1 (u,-, Vi, Wl') + ...+ 7\'2M+3TyM (u,-, Vi, W,‘) + ...+

+ }\'2M+4ﬂczl (ui7 V,‘,W,‘) +...+ 7\'3M+3TZM (Mi7 Vi, Wi)

L; are the Lagrange functions and the constants Aj, ..., Asy43 are called Lagrange
multipliers.

The values of the stresses at each point are calculated from the displacement field through
the Green’s function, G, which is given in closed analytical form by del Alamo et al. [43], as
follows:

T, = ZijuiuiAx+ZGvaiViAx+ZijwiWiAx 4.21)
i i i

Ty, = Z Gy i uiAx + Z Gy,vvilAx + Z Gy, Wilkx (4.22)
i i i

T, = Z G uilAx + ZGZ/.V,.V,-AX + ZGW wiAx (4.23)
l 1 L



Therefore, being:

Ty, 1
Gu = Gy 2

Ty, 1
O =5, A

a1y, 1
oo = 3, a2
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(4.24)

(4.25)

(4.26)

The Lagrange multipliers optimization consists on equating the partial derivatives of L;

with respect to u;, v;, wi, A1, ..., Aspri3 to zero and solving the resulting system of equations. In

this case, the system of equation that results from the Lagrange multipliers optimization can be

written in a matrix form, as follows:

Px=gq

4.27)
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Where P is the following matrix:
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where:

The vector x is:
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And the vector q is:

g=|----- (4.50)
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Figure 4.3: Displacement field applied by a representative Dictyostelium cell obtained through
the unconstrained PIV technique. A) Displacement field applied by the cell in the plane of
the substratum in the x-direction (direction of the major axis of the cell) obtained through
the unconstrained PIV technique. B) Displacement field applied by the cell in the plane
of the substratum in the y-direction (perpendicular direction to the major axis of the cell)
obtained through the unconstrained PIV technique. C) Displacement field applied by the cell
in the z-direction, direction perpendicular to the plane of the substratum, obtained through the
unconstrained PIV technique.

4.3 Results

4.3.1 Three-dimensional forces exerted by migrating amoeboid cells calculated

by constrained 3DTFM improved by Lagrange multipliers optimization

When we applied the Lagrange multipliers optimization explained in section 4.2.2 to
the correlation functions computed through the PIV method, we obtained a new displacement
field that satisfies the required constraints. We calculated the displacements field exerted by a
Dictyostelium discoideum cell in the three directions by using the PIV technique and the Lagrange
multipliers optimization method explained in section 4.2.2. Figure 4.3 shows the displacement
field obtained by applying the unconstrained PIV method and Figure 4.4 shows the displacement
field obtained through the constrained method by applying Lagrange multipliers optimization.

The traction forces were obtained in both cases by multiplying the correspondent dis-
placement field with the Green’s function, G, that was given in closed analytical form by del
Alamo et al. [43]. Figure 4.5 shows the traction forces in the three-dimensions obtained by
using the unconstrained 3DTFM method explained in section 2.10. The forces obtained for the

same cell and instant of time through constrained 3DTFM improved by the Lagrange multipliers
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Figure 4.4: Displacement field applied by a representative Dictyostelium cell obtained through
the constrained Lagrange multipliers optimization method. A) Displacement field applied by
the cell in the plane of the substratum in the x-direction (direction of the major axis of the cell)
obtained through the constrained Lagrange multipliers optimization method. B) Displacement
field applied by the cell in the plane of the substratum in the y-direction (perpendicular direction
to the major axis of the cell) obtained through the constrained Lagrange multipliers optimization
method. C) Displacement field applied by the cell in the z-direction, direction perpendicular to
the plane of the substratum, obtained through the constrained Lagrange multipliers optimization
method.
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Figure 4.5: Stress field exerted by a representative Dictyostelium cell obtained by unconstrained
3DTFM. A) Stresses exerted by the cell in the plane of the substratum in direction of the major
axis of the cell, 7., obtained by unconstrained 3DTFM. B) Stresses exerted by the cell in the
plane of the substratum in the perpendicular direction to the major axis of the cell, 1.y, obtained
by unconstrained 3DTFM. C) Stresses exerted by the cell in the plane perpendicular to the
substratum, T,,, obtained by unconstrained 3DTFM.

optimization are shown in Figure 4.6. When we used the 3DTFM method, the results show
stresses applied in a region that is outside the contour of the cell. On the contrary, when we used

3DTFM improved by Lagrange multipliers optimization, the forces are confined in the region

where the cell is located.
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Figure 4.6: Stress field exerted by a representative Dictyostelium cell obtained by Lagrange
multipliers optimization improved 3DTFM. A) Stresses exerted by the cell in the plane of the
substratum in direction of the major axis of the cell, 7,,, obtained by Lagrange multipliers
optimization improved 3DTFM. B) Stresses exerted by the cell in the plane of the substratum in
the perpendicular direction to the major axis of the cell, T, obtained by Lagrange multipliers
optimization improved 3DTFM. C) Stresses exerted by the cell in the plane perpendicular to the
substratum, T,;, obtained by Lagrange multipliers optimization improved 3DTFM.

4.3.2 Comparison of the results obtained by unconstrained and constrained 3DTFM

To compare the results obtained by 3DTFM and by the new method improved by Lagrange
multipliers optimization, we quantified the percentage of unbalance that we measured in the
instantaneous stress field exerted in the three-dimensions by the representative Dictyostelium cell
shown in Figures 4.3 - 4.6. We showed that we measured equilibrium of the forces when we
used the constrained 3DTFM method, contrary to the case in which we used the unconstrained

3DTFM. We defined the relative unbalanced as follows:

dA
9% unbalanced in T, = ‘m -100 (4.51)
Allzx
T,ydA
% unbalanced in T, = ‘m‘ 1100 4.52)
Altzy
dA
9% unbalanced in T, = ‘]% -100 (4.53)
Allzz

We found fairly unbalance in the measurements of the stresses obtained using the 3DTFM



114

method without any constraint, whereas the unbalanced is negligible (~ 0) when we applied the
Lagrange multipliers optimization. Table 4.1 shows the unbalance of the force measurements
that we calculated for this cell with the two methods, when Lagrange multipliers optimization is
applied and when is not. The comparison of these results indicates that the Lagrange multipliers
optimization corrects the existent unbalance.
Table 4.1: Percentage of unbalance in the stresses in the three-directions when using uncon-
strained 3DTFM and when using 3DTFM improved by Lagrange multipliers optimization.
The table lists the percentage of unbalance of the forces measured in the three-dimensions
(T, Tzy, Tzz)» When using the unconstrained and constrained 3DTFM. The percentage of unbal-

ance is significant when using unconstrained 3DTFM, but it is negligible when applying the
constrained 3DTFM improved by Lagrange multipliers optimization.

% unbalance | Unconstrained 3DTFM | Constrained 3DTFM
Tox 23.17 0.0017
Ty 69.53 0.0002
Ty 6.79 0.0021

The strain energy deposited by the cell on the substratum is equal to the mechanical work

exerted by the cell. The total strain energy applied by a cell is defined as follows:

1 L W
US = 5/0 /) (sz(x7y7h)'u(xayvh)+12y(x7yah)'V(x7y7h)+TZZ(xay?h)'W(xvyah))dxa’y (454)

The values of the strain energy when using unconstrained and constrained 3DTFM
are listed in Table 4.2. The value of the strain energy is quite different, the strain energy is
quadratic with the stresses and displacements and integrated through the area. In the case of the
3DTFM improved by Lagrange multipliers optimization, the area in which there are stresses and
displacements is much smaller than when using 3DTFM.

Table 4.2: Total strain energy when using unconstrained and constrained 3DTFM. The table

lists the total stain energy (Us), when using the unconstrained 3DTFM method and when using
the constrained 3DTFM improved by Lagrange multipliers optimization.

Strain energy | Unconstrained 3DTFM | Constrained 3DTFM
U, 0.95 0.43
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4.4 Discussion

The stresses exerted by a cell determine the deformation that it applies on the substratum.
We calculate the forces applied by the cells from the displacement field measured experimentally,
which is called the inverse problem [159]. We solved this problem by solving the elastic equation
of equilibrium by using Fourier series [43].

There are several methods for the calculation of the stresses exerted by migrating cells,
most of them are based on measurements of the deformation of a flat elastic substrate on which the
cells crawl, and the subsequent calculation of the traction forces from the measured deformation
[80][33][81]. But these methods are not ensuring that the stresses are in equilibrium or that
stresses do not appear in the regions outside the cell contour. Our novel approach to calculate the
stresses exerted by the cells is more consistent with the physics behind the problem.

We propose a constrained 3DTFM method improved by Lagrange multipliers optimiza-
tion, that maximizes the values of the correlation functions that provide the displacements applied
at each point of the substratum subject to two constraints, in this way we are obtaining results that
are consistent with the measurements obtained from the experiments. The first constraint is the
equilibrium of the displacement field and therefore the stress field, and the second one is that the
stresses need to be applied in the area in which the cell is located and not outside. Therefore the
results are compatible with the physics of the problem and they also account for the experimental
measurements.

The noise that can appear in the forces calculated with the 3DTFM method is due only
to the noise that appear in the estimation of the displacement field from the images used for
their calculation. Therefore, the only possible source of inaccuracy that can be accounted is the
calculation of the displacement field through the PIV technique. Consequently, we are improving
these measurements with our new methodology.

There are advantages and disadvantages for the 3DTFM method and for this new 3DTFM
improved by the Lagrange multipliers optimization. An advantage of the unconstraint Fourier

Traction Force method is that it gives the forces that are measured from the displacement field by
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using the exact analytical solution of the elastic equation of equilibrium, without imposing any
constraint. Therefore, in this way the forces that are measured are not affected by any imposed
restriction. Another advantage of the unconstrained 3DTFM method is that all the observed data
are used.

On the other hand, the advantages of the 3DTFM improved by the Lagrange multipliers
optimization, are that the stresses are in equilibrium and only applied in the region where the cell
is located. This means that this constraint method results in measurements that are physically
more reasonable, since it ensures that the forces are zero in the regions outside the cell and also
that there is not a net force applied. Single cells are in static equilibrium and the existence of a
net force is due to the unbalanced in the forces attributable merely to errors in the measurement

of the displacement field.

Chapter 4 is currently being prepared for publication, “Cellular Traction Forces Quan-
tification Improved by Lagrange Multipliers Optimization” by B. Alvarez-Gonzilezand, R. A.
Firtel, J. C. Lasheras and J. C. del Alamo. The thesis author is the primary investigator in this

publication.



Chapter 5

Novel elastometric microscopy to

characterize the extracellular matrix

5.1 Introduction

The mechanical properties of the substratum affect cellular behavior and processes
such as locomotion, proliferation, growth, differentiation and spreading [160][161][162]. Cells
can feel the properties of the extracellular environment and regulate adhesion by a process
called mechanosensing [163][164][165]. An accurate calculation of the properties of materials
used as extracellular matrix in real time is essential to study the influence of the environment
characteristics in the behavior of cells. Therefore methods for the quantification of these properties
will contribute to a better understanding of the relationship between cells and their environment.

There is a great interest in unravelling cellular mechanics. Increase attention is being
paid to understand the way cells exert forces in the extracellular matrix (ECM) and their relation-
ship with adhesion and migration [8]. Therefore, many methods have been developed for the
measurement of the forces that cells exert on their ECM when moving, both in two and three
dimensions [80][33][105][90]. Most of the methods for measuring traction forces use elastic

materials [33][41]. Polyacrylamide is an extensively used material in Traction Force Microscopy

117
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(TEM) [81][42][106], due to its elastic properties [166][167][160]. A precise characterization of
the elastic properties of these substrates is essential for the accurate calculation of the traction
forces that cells exert. There is a strong dependence on the calculation of the traction forces on the
value of the Poisson ratio of the substratum, especially in the forces exerted in the perpendicular
direction to the substratum [43]. An accurate method to characterize its value would guarantee
more reliable results.

Polyacrylamide gels exhibit linear elasticity even for 15-25% strains [88][167], these
values are larger than the ones generated typically by cells. The elastic behavior of polyacrylamide
gels is kept in TFM experiments and the constitutive equations for linear elasticity are satisfied
as long as the Young modulus has a proper value so the strain exerted on the gel is lower than
25%. The constitutive equations for linear elasticity depend only on two parameters: the Young
modulus and the Poisson ratio [168]. Since the magnitude of the forces is proportional to the
value of the Young modulus of the substratum, a lot of effort has been made to characterize it
and there are established methods for its measurement [167]. On the contrary, there are not many
studies on the characterization of the Poisson ratio. Flexible polymer hydrogels have been shown
to exhibit a value for the Poisson ratio lower than 0.5, but there is a wide range of values that can
be found in the literature varying from 0.27 to 0.49 [94][95][96]. It has also been suggested that
this value depends on the specific composition of the gel [95][94].

We propose a new elastometry method to measure the elastic properties of polymer-based
flexible substrates used in cell culture studies. Our method is suitable for measuring the elasticity
of gel substrates in situ, which poses a big advantage with respect to previous methods. Existent
procedures don’t allow measuring the Poisson ratio and performing TFM experiments in the
same gel [169][95]. On the contrary, our new methodology enables the simultaneous calculation
of the Poisson ratio of the gel and the traction forces that a cell is exerting when moving over
it. Polyacrylamide gels are not homogeneous [170][171], which suggests the requirement of
a method that allows the characterization of their properties in real time. In this regard, our
method enables calculating the Poisson ratio at each specific location of the gel in which a cell is

moving, and therefore it can be calculated for the time point and location in which the traction
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forces, tensions or other factors related to the extracellular matrix properties are measured in an
experiment.

This novel elastometry method is based on the exact solution to the elastic equation of
equilibrium, the measurement of the deformation exerted by cells when moving over an elastic
substrate and the application of an iterative optimization algorithm for solving a non-linear
least-squares problem. It is based on an extended procedure from the one used extensively in
Fourier Traction Force Microscopy, with a novel application as Elastometric Microscopy. For
the first time, the same principles used in TFM are used for calculating the properties of the
materials used as ECM for cells. We used synthetic displacement fields to asses the performance
of our new elastometry method. The results of the simulations show very accurate results for the
values of the Poisson ratio. We also apply our method for the calculation of the Poisson ratio
of polyacrylamide gels in real time, by measuring the deformations applied by Physarum cells
moving over these substrates. Our method could be extended for the calculation of the parameters
in the constitutive equations of other ECM based on more physiologically relevant materials,
such as collagen. This new methodology opens a wide range of possibilities in the study of cell
migration mechanics. The possibility of real time quantification of the ECM properties could
elucidate the mechanism behind processes, such as the alterations in the ECM properties when

tumorgenic cells are present.

5.2 Materials and Methods

5.2.1 Physarum cell culture

We grew a culture of Physarum polycephalum in agarose plates with oatmeal [172][173].
We took small pieces of this culture, and grew small pieces of Physarum polycephalum on
agarose plates without oatmeal during 10 hours, to obtain a more motile amoeboid cell movement
free of bacteria. From this culture, we cut pieces of approximately 200um, which are in the
amoeboid form (motile stage) [174], with a scalpel and placed them over the polyacrylamide gel.

We removed the surrounding water by using a small glass capillary. We made an agar cap for
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preventing the polyacrylamide gel from drying. To fabricate the agar cap we boiled a 100mM agar
solution and put 100ul of this solution onto a glass coverslip mounted with a washer of 12mm
diameter. When the agar cap was solidified, we placed it on top of the polyacrylamide gel over

which the Physarum amoebae were located.

5.2.2 Substrate fabrication

We fabricated 12mm diameter, polyacrylamide gels of 5% acrylamide and 0.225%
bisacrylamide (Young modulus approximately 8000 Pa [89]) mounted on 12-mm square # 1 glass
coverslips [87][88]. In order to measure accurate displacement fields in the surface of the gel and
in a plane below the surface, we fabricated the polyacrylamide gel as four adjacent layers with the
bottom one containing no beads, a second layer containing 0.07% carboxylate modified yellow
latex beads of 0.5um diameter (Fluospheres, Invitrogen, Carlsbad CA), a third layer containing
no beads, and the fourth one in the surface of the gel containing 0.07% carboxylate modified red
latex beads of 0.5um diameter (Fluospheres, Invitrogen, Carlsbad CA). The layers were verified
to adhere well to each other under experimental conditions by confirming continuous registration
of two layers using gels with beads of a second color in the bottom layer [43]. We mounted
the coverslips with the gels in Petri dishes with a circular opening in the bottom using silicon
grease (Dow Corning, Midland, Michigan). We made the gels physiologically compatible by
cross-linking collagen I to the surface of the polyacrylamide. We used 1mM Sulfo-SANPAH
(Thermo Sci, Rockford, II) after UV activation to cross-link 0.25mg/ml collagen I. The gels
were incubated overnight at room temperature. After washing, the gels were stored in HEPES
buffer and antibiotic (40uM Ampicillin) for up to a week. The thickness of the gels was around
100um and the distance between the two layers containing beads was around 15um. We measured
the exact substrate thickness and the distance between the layers congaing beads for each gel.
The thickness was measured by locating the top and bottom planes of the gel and subtracting
their z-positions and in a similar way the distance between the two layers containing beads
was measured by locating and subtracting their z-positions. Figure 5.1 shows a sketch of the

experimental configuration and Figure 5.2 shows a reconstruction of a z-stack of images taken
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Figure 5.1: Sketch of the configuration of the experiment. Substrate with a layer embedded
with red beads at the surface and with another layer embedded with green beads in a plane below
the surface. A cell moves over the substrate and the deformation that it applies in both layers
embedded with beads is measured.

Figure 5.2: Three-dimensional image of a substratum with two layers of beads in two different
planes. Reconstruction of a z-stack of images taken with a confocal microscope of a substratum
with the surface plane embedded with red beads and a plane located below the surface embedded
with green beads.

with a confocal microscope for this type of substratum.

5.2.3 Microscopy

The three-dimensional deformation in two different planes of the substrate was calculated
form the displacements of the fluorescents beads embedded in each plane. We acquired time-lapse

sequences consisting on z-stacks of images using a Leica DMI6000 B inverted microscope (Leica
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Microsystems, Inc., Buffalo Grove, IL) equipped with a high speed Zyla 4.2 sSCMOS camera
(Andor Technology Ltd., Belfast, UK) and a 20x objective lens. The imaging setup was controlled
by the open source microscopy software Micro-Manager [175][176][177]. To determine the
displacement field in the surface plane, we acquired a z-stack of images consisting on 20 planes
of fluorescent images obtained with a red laser. The middle plane of the z-stacks was located in
the plane of maximum intensity of the beads using the autofocus system. The vertical distance
between planes was 0.5 um. To determine the displacement field in the plane below the surface,
we acquired a z-stack of images consisting on 20 planes of fluorescent images obtained with a
green laser. The middle plane of the z-stacks was located in the plane of maximum intensity
using the autofocus system. The vertical distance between planes was 0.5 um. The position and
shape of the cell at each instant of time was recorded with an additional bright-field phase contrast
image. We acquired the z-stacks containing the fluorescent images of the beads in the red and

green channels and the phase-contrast image of the cell every 60 seconds.

5.2.4 Measurement of the substratum deformation

The z-stacks of images acquired enabled the calculation of the deformation exerted by
the cell in each of the two planes of the substratum embedded with beads. We calculated the
three-dimensional deformation in each of the two planes by cross-correlating each instantaneous
z-stack of images in which the substratum is deformed and a non-deformed z-stack used as
reference. In each experiment, the reference z-stack was obtained after the cell moved out of
the field of view. The instantaneous and reference z-stacks were divided into smaller three-
dimensional interrogation boxes of size 64x64x20 pixels in the X, y and z directions, to balance
resolution and signal-to-noise while minimizing phototoxic effects. Therefore we measured the
three components of the displacement field on the surface of the substrate (z=h) and on a plane
a certain distance below the surface (z=h;). The displacement fields at z=h, uP, are used as
boundary conditions for solving analytically the elasticity equation of equilibrium, and calculating

the deformation field in the whole substratum.
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5.2.5 Method for the determination of the Poisson ratio

A force exerted on the surface of an elastic substrate produces a deformation. This
deformation decays with the distance to the region where the force is applied. Cells placed on an
elastic flat substrate exert three-dimensional forces that result on a three-dimensional deformation
field inside the substrate where they move.

Solving the elasticity equation of equilibrium for a linear, homogeneous, isotropic ma-
terial characterized by its Poisson ratio, ¢, gives the strain and stress tensors everywhere in
the substrate [43]. Therefore the displacement fields for all the z-positions in the substrate pro-
duced by a stress exerted in the surface can be calculated by solving the elasticity equation of
equilibrium:

(1-20)Vu+V(V-u)=0 (5.1

The boundary conditions are zero displacements, u = 0, at the bottom of the gel and the measured
displacement field, u = u®, at the surface of the gel. The inertial stresses can be neglected, since
the ratio between the inertial and the elastic stresses is very small (~ 107!2). We solve the

elasticity equation of equilibrium, eq. 5.1, by using Fourier series.

(= oo

u= Z Z Gggexp(iox)exp(iPy) (5.2)

0=—B=—co

Following the methodology shown in del Alamo et al. [43], we calculate the Fourier transform of

the deformation field as:

ﬁaB(Z) = [U(Xﬁ(z)|VOLB(Z)’W(XB(Z)] = Uaﬁ(z)dzﬁgﬁ (5.3)

where Ugg, Vg, Wgp are three fundamental solutions of the problem, and Uyg(z) is the resolvant
matrix. The vector dzﬁgcﬁ contains the z-derivatives of the displacements Fourier coefficients

at z=0, which are unknown, but can be related to the measured displacements in the surface as
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follows from inverting eq. 5.3:
il = Uop ™' (2) B0 (2) (5.4)

particularizing at z=h, we can calculate dzﬁg[s from the measured displacement fields in the
surface of the substrate:

d00g = Ugp ™" (h)ligg(h) (5.5)

Therefore the Fourier coefficients of the measured displacements at z=h, @i,g(%), can be deter-

mined from combining eq. 5.2 and eq. 5.3 particularized at z=h:
fiop(2) = Uop(x) Uap ™" (h)liop (h) (5.6)

The matrix Uyg = [Ugg(2)|Vop(2)[Wegp] is the following:

o2zcosh(+§)'/2%) | [4(1-0) (02 +B?) —02]sinh{(a2 ) /2]

4(o?+p%)(1-0) 4(a2+p?)*2(1-o0)
Ugp(z) = oBzcosh[(02+B2)"/22]  apsinh[(02+2)!/] (5.7)
4(a?+B?)(1-0) 4(a2+B2)3/2(1-o0)

—iozsinh[(02+p?)"/%7]
4(02+p2)1/2(1-0)
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aPzcosh[(02+B2)/2z]  ofsinh[(0?+B%)1/%Z]

H@HP)(1-0) 4@+ (1)
Vop(2) = | Bzcoshl(@2+B) ] | [4(1-0)(c+5)~Plsinkl(? +5)'/*4 (5.8)
4o F)(1-0) 4o )2 (1-0)

—iBzsinh[(02+B2)'/27]
4(02+p2)1/2(1-0)

—iozsinh[(02+p2)/27]
4(02+B2)1/2(1-20)

Wop(2) = —iBzsinh[(a2+B2)!/2Z] (5.9
2(a2+p2)1/2(1-20)

—zcosh[(02+B%)'/27] | (3—40)sinh[(a2+B%)'/2]
2(1-20) 2(1-20)

Eq. 5.6 provides the value of the displacement fields in the three directions generated at
each plane of the substrate in the Fourier domain. By performing the inverse Fourier transform,
we obtain the displacement fields in the three directions. They are calculated from the measured
displacement fields in the surface of the gel and depend on the z-distance from the bottom of the
gel and on the Poisson ratio’s value. We measured the deformation fields in the three-dimensions
on the surface of the gel, z=h, (ug(x,y), vo(x,y), Wo(x,y)), and by solving eq. 5.6 we compute the
displacement fields in all the substrate positions. We also measured the deformation fields in the
three-dimensions at a certain distance from the surface, z=hy, (uy(x,y), v1(x,y), wi(x,y)). Solving
eq. 5.6 and performing the inverse Fourier transform, we calculate analytically the deformation
fields at z=hy, (uz(x,y), v2(x,y), wa(x,y)).

In order to calculate the Poisson ratio of the substrate, we solve a non-linear least squares

problem using a Levenberg-Marquardt algorithm. We minimize the difference between the
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displacement calculated analytically (uz(x,y), va(x,y), w2(x,y)) and the measured ones at the
same z-position (uy (x,y), v1(x,y), wi(x,y)). We perform an optimization method to minimize
the value of a function that quantifies the difference between the displacement fields analitically
calculated and the measured ones. We have used three different optimization functions to obtain

the Poisson ratio’s value:

Function 1 = [(|u2| + Jug]) (uz —ay), (|va| + |v1]) (va — v1), (|W2| + [W1]) (W2 —Wl)] (5.10)

1/2

Function2:[//(|u1|2(u2—u1)2—|—|V1|2(vz—V1)2+|W1|2(W2—w1)2)dxdy] (5.11)

Function 3 = [1 — corr coeff.(u,u1), 1 — corr coeff.(v,vy), 1 — corr coeff.(wz,w1))] (5.12)

where corr coeff. signifies correlation coefficient between the displacement fields indicated.
Function 1 calculates the difference between the magnitudes of the displacements cal-
culated analytically and the measured ones at z=h; at each point. Function 2 calculates the
square root of the integral of the difference between the magnitudes of the square value of the
displacements calculated analytically and the measured ones at z=h;. Function 3 calculates
the maximum correlation coefficient between the displacements calculated analytically and the
measured ones at z=h;. The solution of the displacement fields (uz(x,y), va(x,y), wa(x,y)) cal-
culated analytically depends on the Poisson ratio, o, since the components of Uyg depends on
o (eq. 5.7-5.9). Therefore, the parameter that varies in the optimization for the minimization of
the difference between the displacements calculated analytically and the measured ones is the
Poisson ratio, 6. The value of the Poisson ratio of the substrate is the value that minimizes the

optimization function.
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5.3 Results

5.3.1 Analysis of the effect of the Poison ratio’s value in the displacement fields

transmitted inside the substratum

The deformation exerted by a force applied on the surface of an elastic substratum
propagates towards its interior. The propagation of this deformation towards the interior of
the substratum is different depending of its Poisson ratio, as can be inferred from eq. 5.6 . To
systematically study the change of the deformation fields in each z-position of the substratum
depending on the Poisson ratio and to avoid errors due to difference in experimental noise, we use
synthetic displacement fields in the three directions. We design gaussian synthetic deformation

fields in the three-directions to simulate the deformation applied on the surface of the substratum

by a cell:
(x-a2 ()2 (x+a2 (1?2
u(x,y,z = h) = Upe u? wo— Upe w2 2 (5.13)
x)? _r-a? ®)? _(r4a)?
v(x,y,z="h) = Ve 2 —Voe # w? (5.14)
xa? (2 W, Kea? o &2 _m)?
Wieyz=h)=e # e —Wper (5.15)

We add a random noise with a determined standard deviation, to approximate these
deformation fields to the experimental conditions, as shown in Figure 5.3A . These synthetic
fields were chosen because they are are similar to the displacement fields exerted by Physarum
cells in the surface of the substratum where they move.

The displacement fields applied on the surface are (ug(x,y), vo(x,y), Wo(x,y)). The value
of the displacement fields for each z-position depends on the value of the Poisson ratio of the
substrate. Figure 5.3B-E shows the decay of the displacement fields with the z-position in two
transversal sections located at the positions A and B indicated in Figure 5.3A for two different
values of the Poisson ratio.

The synthetic displacement fields applied 5um below the surface, (uy(x,y), vi(x,y),

wi(x,y)), are created by the propagation of (ug(x,y), vo(x,y), wWo(x,y)), for the specific Poisson
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Figure 5.3: Simulated displacement field and decay within the z-direction of the substrate for
different values of the Poisson ratio. A) Simulated displacement fields in the three dimensions
applied in the surface of the substratum, given by eqs. 5.13-5.15. B) Decay of the displacement
fields in section A when the Poisson ratio of the substratum is 0.2. C) Decay of the displace-
ment fields in section A when the Poisson ratio of the substratum is 0.495. D) Decay of the
displacement fields in section B when the Poisson ratio of the substratum is 0.2. E) Decay of the
displacement fields in section B when the Poisson ratio of the substratum is 0.495.
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Figure 5.4: Displacement fields in a plane located Sum below the surface for different values
of the Poisson ratio for a gaussian displacement field. A) Simulated displacement fields in
the three dimensions applied in the surface of the substratum, given by egs. 5.13- 5.15. B)
Displacement fields calculated in a plane located Sum below the surface when the Poisson ratio
of the substratum is 0.2. C) Displacement fields calculated in a plane located Sum below the
surface when the Poisson ratio of the substratum is 0.495.

ratio of the substrate using eq. 5.6 and adding a random noise with a determined standard deviation
to approximate them to the experimental conditions. Figure 5.4A shows the simulated deformation
fields assumed to be applied on the surface plane of a substratum and Figure 5.4B-C shows the
deformation fields Sum below the surface of this substratum for two different values of the Poisson
ratio. It can be seen that the propagation of the deformation towards the interior of the substratum
highly depends on the value of its Poisson ratio.

To characterize the influence of the Poisson ratio in the decay of the displacement field

independently of the specific type of the synthetic displacement field, we have examined various

simulated displacement fields. Figure 5.5 shows the influence of the Poisson ratio in the decay of
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the displacement field given by:

(x-a32 (1)? (X=0.194)2  (¥—0.124)2 (X+0.144)2  (¥40.174)2 (x+0.034)2  (¥+0.054)2
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A third type of displacement field that we simulated to characterize the performance of
our method is shown in Figure 5.6. This displacement field decays faster than the previous ones,

and is given by:

Uy Uy
yz=h) = . 5.19
Y (CE Y rewyRs: o1

Vo Vo
y,z=h)= - 5.20
Y e VY E S e o
Wiz =h) = /2 Wo/2 il (5.21)

VAP 2 VEFAR R ey

5.3.2 Analysis of the method’s accuracy

We assumed that the displacement fields applied on the surface are the ones calculated in
egs. 5.13- 5.15, (ug(x,y), vo(x,y), wo(x,y)), with a random noise added as shown in Figure 5.4A.
The displacement fields exerted in a plane Sum below the surface, (uy(x,y), vi(x,y), wi(x,y)),
are calculated form eq. 5.6 using a determined Poisson ratio and adding a random noise. Then
we use our optimization algorithm, and the displacements fields, (uz(x,y), va(x,y), w2(x,y)), that
minimize the optimization function will be the ones that are calculated by using the actual Poisson
ratio of the substratum.

We used in our simulations different values of the Poisson ratio and 15 different synthetic
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Figure 5.5: Displacement fields in a plane located Sum below the surface of the substratum

for different values of the Poisson ratio for the displacement field given by eqgs. 5.16-5.18. A)

Simulated displacement fields in the three dimensions applied in the surface of the substratum,

given by eqs. 5.16-5.18. B) Predicted displacement fields in a plane located 5um below the

surface when the Poisson ratio of the substratum is 0.2. C) Predicted displacement fields in a

plane located 5um below the surface when the Poisson ratio of the substratum is 0.495.
displacements fields of each type, built as explained in section 5.3.1 for each value of the Poisson
ratio. Figure 5.7A-C, shows the average value and standard mean error of the Poisson ratio
calculated versus the exact one for the 15 simulated displacement fields for each value of the
noise standard deviation, when using the three optimization functions indicated in section 5.2.5,
given by egs. 5.10- 5.12. We repeated the same analysis when using the displacement fields
given by eqs. 5.16- 5.18. Figure 5.8 shows the he average value and standard mean error of
the Poisson ratio calculated versus the exact one for the 15 simulated displacement fields with
different random noise of a specific standard deviation added when using the three optimization
functions. For these two types of displacement fields, the accuracy of the method decreases with

the noise level of the simulated displacement fields, mainly when using the optimization functions

1 and 2 and when the value of the Poisson ratio is lower than 0.4. Figures 5.7C and 5.8C show
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Figure 5.6: Displacement fields in a plane located Sum below the surface of the substratum

for different values of the Poisson ratio for a fast-decaying displacement field. A) Simulated

fast-decaying displacement fields in the three dimensions applied in the surface of the substratum,

given by eqgs. 5.19- 5.21. B) Predicted displacement fields in a plane located Sum below the

surface when the Poisson ratio of the substratum is 0.2. C) Predicted displacement fields in a

plane located 5um below the surface when the Poisson ratio of the substratum is 0.495.
that the optimization function 3, which maximizes the value of the correlation coefficient between
the displacement fields, is more robust than the other two optimization functions when the noise
level increases. The standard mean error decreases when the value of the Poisson ratio increases
for the three optimization functions. This method is very precise when the noise level is small
and when the value of the Poisson ratio is bigger than 0.4 for any optimization function used.

We also performed this analysis when using the displacement fields shown in Figure 5.6,

given by eqs. 5.19-5.21. This displacement field decays faster, and in this case the optimization
functions given by eq. 5.10 and eq. 5.11 have a poorer performance as it is seen in Figure 5.9A-B.
However, the results obtained with the optimization function based on the cross-correlation

of the displacement fields, given by eq. 5.12 are very accurate even for high levels of noise.

Therefore, we concluded that the optimization function based on the cross-correlation of the
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Figure 5.7: Comparison of the Poisson ratio calculated with our method and the exact one when
using three different optimization functions. A) Comparison of the Poisson ratio calculated with
our method and the exact one when using the function 1 (eq. 5.10) in the optimization algorithm
for the displacement field shown in Figure 5.4. The mean value and standard mean error are
shown for the Poisson ratio calculated when using 15 synthetic displacement fields based on
eqs. 5.13- 5.15 for each different noise level. We examined six different noise levels depending
on their standard deviation as indicated on the right. B) Same as in panel A when using the
optimization function 2 (eq. 5.11). C) Same as in panel A when using the optimization function

3 (eq. 5.12).
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Figure 5.8: Comparison of the Poisson ratio calculated with our method and the exact one when
using three different optimization functions for thehe displacement field shown in Figure 5.5. A)
Comparison of the Poisson ratio calculated with our method and the exact one when using the
function 1 (eq. 5.10) in the optimization algorithm for the displacement field shown in Figure 5.5.
The mean value and standard mean error are shown for the Poisson ratio calculated when using
15 synthetic displacement fields based on eqs. 5.16- 5.18 for each different noise level. The
noise level depends on the standard deviation as indicated on the right. B) Same as in panel
A when using the optimization function 2 (eq. 5.11). C) Same as in panel A when using the

optimization function 3 (eq. 5.12).
displacement field is the most robust one, and the results obtained through our algorithm using

this optimization function are very accurate, specially if the value of the Poisson ratio is higher

than 0.3 (Figures 5.7C, 5.8C and 5.9C).
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Figure 5.9: Comparison of the Poisson ratio calculated with our method and the exact one when
using three different optimization functions for the displacement field shown in Figure 5.6. A)
Comparison of the Poisson ratio calculated with our method and the exact one when using the
function 1 (eq. 5.10) in the optimization algorithm for the displacement field shown in Figure 5.6.
The mean value and standard mean error are shown for the Poisson ratio calculated when using
15 synthetic displacement fields based on eqs. 5.19- 5.21 for each different noise level. The
noise level depends on the standard deviation as indicated on the right. B) Same as in panel
A when using the optimization function 2 (eq. 5.11). C) Same as in panel A when using the
optimization function 3 (eq. 5.12).

5.3.3 Experimental calculation of the Poison ratio for polyacrylamide gels

To characterize the Poisson ratio of polyacrylamide gels, we measured the displacement
fields exerted in the three dimensions by a Physarum cell moving over a polyacrylamide gel. We
measured the displacement fields exerted on the two layers of the polyacrylamide gel embedded
with fluorescent markers beads, using correlation techniques as explained in section 5.2.4. Once
we have measured the displacements fields in the surface of the gel, (ug(x,y), vo(x,y), wo(x,y)),
we calculate the displacement fields which are the propagation of these fields at a plane below
the surface, located at a distance equal to the one at which the second plane with beads is, using
eq. 5.6, (uz(x,y), va(x,y), wa(x,y)). We measured the displacement fields in the plane embedded
with green fluorescent beads, (uy(x,y), v1(x,y), wi(x,y)), using the same correlation techniques.
Figure 5.10C-F shows an example of the displacement fields exerted by a representative Physarum
cell at the surface of the polyacrylamide gel, (ug(x,y), vo(x,y)), and 16um below the surface
of the gel, (uy(x,y), vi(x,y)). Figure 5.10G-H shows the displacement fields resulting from the
propagation of the ones exerted in the surface when the Poisson ratio of the substratum is the one

calculated by our method for the specific substrate (¢ = 0.45), (uz(x,y), v2(x,y)). We can see that
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Figure 5.10: A) Bright field image of a representative Phyrarum cell at a specific instant of
time. B) Bright field image and contour detection of this cell. C) Displacement field in the x-
direction (direction of the cell major axis), ug(x,y), exerted in the surface plane of the substratum
measured by using our PIV method. D) Displacement field in the y-direction (perpendicular
direction to the cell major axis), vo(x,y), exerted in the surface plane of the substratum measured
by using our PIV method. E) Displacement field in the x-direction exerted in a plane located
16um below the surface of the substratum measured by using our PIV method, uy (x,y). F) Same
as in panel E for the displacement field in the y-direction, vy (x,y). G) Displacement field in the
x-direction calculated analytically in a plane located 16um below the surface for the Poisson
ratio measured for the specific substrate with our method (6 = 0.45), uz(x,y). H) Same as in
panel G for the displacement field in the y-direction, v2(x,y). I) Same as in panel G for a Poisson
ratio equal to 0.2. J) Same as in panel H for a Poisson ratio equal to 0.2.
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Figure 5.11: Poisson ratio determined for nine different experiments using polyacrylamide
substrates. A) Poisson ratio determined for nine different polyacrylamide substrates, obtained by
using function 1 (eq. 5.10) in the optimization algorithm. B) Poisson ratio determined for nine
different polyacrylamide substrates, obtained by using function 2 (eq. 5.11) in the optimization
algorithm. C) Poisson ratio determined for nine different polyacrylamide substrates, obtained by
using function 3 (eq. 5.12) in the optimization algorithm.

the displacement fields shown in Figure 5.10G-H are more similar to the ones in Figure 5.10E-F

than the displacement fields shown in Figure 5.10I-J, which are the displacement fields calculated

from the propagation of the ones exerted in the surface for a Poisson ratio equal to 0.2.

The Poisson ratio of the substrate is calculated through an iterative process of optimization,
consisting on minimizing the difference between the displacement fields calculated using eq. 5.6
and the measured ones in a plane at the same distance below the surface. Since the only unknown
parameter in the function used for the optimization is the Poisson ratio, ¢ (from eq. 5.6), this is
the the parameter that varies in the iteration process. The value of the Poisson ratio that minimizes
the optimization function is the value of the Poisson ratio of the substratum that we are using in
the experiment.

Since we are doing time-lapse recordings, we calculate the displacement fields and
perform the optimization process for each instant of time. Therefore, our method computes
the Poisson ratio of the substrate at each location in which we acquire the z-stack of images.
Figure 5.11 shows boxplots of the Poisson ratio calculated for nine different substrates using our
new elastometry method, when using the three optimization functions in eqgs. 5.10- 5.12. The

variation between the values calculated for these substrates is small. Figure 5.12 shows a boxplot

including all the time points in the nine substrates used for the calculation of the Poisson ratio
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Figure 5.12: Boxplots showing the Poisson ratio of polyacrylamide substrates using three
different optimization functions. A) Poisson ratio of polyacrylamide substrates using the
measurements calculated for nine substrates, obtained through function 1 (eq. 5.10) in the
optimization algorithm. B) Poisson ratio of polyacrylamide substrates using the measurements
calculated for nine substrates, obtained through function 2 (eq. 5.11) in the optimization algo-
rithm. C) Poisson ratio of polyacrylamide substrates using the measurements calculated for nine
substrates, obtained through function 3 (eq. 5.12) in the optimization algorithm.
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Figure 5.13: Poisson ratio determined for nine different experiments using polyacrylamide
substrates through the combination of the displacement fields of six consecutive instants of time
in the optimization problem. A) Poisson ratio determined for nine different substrates, obtained
by using function 1 (eq. 5.10) in the optimization algorithm and through the combination of
the displacement fields of six consecutive instants of time in the optimization problem. B)
Poisson ratio determined for nine different substrates, obtained by the using function 2 (eq. 5.11)
in the optimization algorithm and through the combination of the displacement fields of six
consecutive instants of time in the optimization problem. C) Poisson ratio determined for nine
different substrates, obtained by the using function 3 (eq. 5.12) in the optimization algorithm
and through the combination of the displacement fields of six consecutive instants of time in the
optimization problem.

when using the three optimization functions in eqgs. 5.10- 5.12. The optimization function used
doesn’t influence the result obtained for the Poisson ratio. The mean value that we obtain for the

Poisson ratio is 0.45, regardless of the optimization function used in our algorithm. This result
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Figure 5.14: Boxplots showing the Poisson ratio of polyacrylamide substrates through the
combination of the displacement fields of six consecutive instants of time in the optimization
problem for three optimization functions. A) Poisson ratio of polyacrylamide substrates using
the measurements obtained for nine substrates, using function 1 (eq. 5.10) for the optimization
algorithm and through the combination of the displacement fields of six consecutive instants
of time in the optimization problem. B) Poisson ratio of polyacrylamide substrates using the
measurements obtained for nine substrates, using function 2 (eq. 5.11) for the optimization
algorithm and through the combination of the displacement fields of six consecutive instants
of time in the optimization problem. C) Poisson ratio of polyacrylamide substrates using the
measurements obtained for nine substrates, using function 3 (eq. 5.12) for the optimization
algorithm and through the combination of the displacement fields of six consecutive instants of
time in the optimization problem.

is in good agreement with previous studies that used different methods for its characterization
[94][169][178].

We have also performed the optimization method by taking the displacement fields
obtained for six consecutive instants of time for each experiment and applying our algorithm in
the same manner. Figure 5.13 shows the results for the Poisson ratio obtained for each of the
same nine experiments when we perform the optimization using the displacement fields of six
consecutive instants of time combined and Figure 5.14 shows the mean Poisson obtained for all
the experiments. The optimization through the combination of the displacement fields measured
for six consecutive instants of time in each experiment gives results that are less disperse, specially
when using the optimization function 3, eq. 5.12 (Figure 5.14C). The mean value that we obtain
for the Poisson ratio when the optimization is applied to six instants of time at the same step is

0.45 as well, regardless the optimization function used.
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5.4 Discussion

This study presents a new elastometry method, which poses a novel procedure to charac-
terize the Poisson ratio of flexible polymer-based elastic hydrogels commonly used as extracellular
matrix in cell culture. There are few studies that characterize the value of the Poisson ratio in
elastic hydrogels due to a general assumption that this parameter barely influences the traction
stresses, but on the contrary this has been shown not to be the case [43]. This new method
offers the possibility of calculating the Poisson ratio of elastic hydrogels in real time and the
simultaneous measurement of the traction forces exerted by moving cells.

Elastic polymer-based hydrogels are broadly used for the calculation of the traction forces
that cells apply when moving. The accurate characterization of their elastic properties is crucial
for a precise calculation of these traction forces. When using TFM, the stresses are proportional to
the Young’s modulus of the substratum, and therefore significant efforts are generally devoted to
characterize this parameter. Well established methods have been developed to accurately measure
the Young’s modulus such as indentation, atomic force microscopy and manipulation of spherical
beads [179][180]. On the other hand, many studies assumed that the value of the forces exerted by
the cells didn’t depend much on the value of the Poisson ratio of the substratum over which they
move, but it has been shown that they are highly dependent on this value [43]. The stresses exerted
by cells in both the normal and tangential directions to the substratum are highly affected by the
Poison ratio’s value, specially for the nearly incompressible gels, with Poisson ratio’s values close
to 0.5, that are typically used in TFM measurements. The inaccuracy in the calculation of the
traction stresses due to an error in the value of the Poisson ratio may be much higher than the
inaccuracy due to the same percentage of error in the value of the Young’s modulus [43].

We calculated the accuracy of our elastometry method by using simulated synthetic
displacement fields in the three directions with noise levels of a determined standard deviation.
We showed that the result of the Poisson ratio does not depend on the function used for the
optimization in the algorithm by trying three different functions. Although the mean error in the

calculation of the Poisson ratio increases with the level of noise of the displacements fields used
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in the optimization, we showed that our method is very robust, and the noise in the displacement
fields doesn’t affect the results, specially if the function that is used for the optimization is based
on the correlation coefficient of the two displacement fields. We showed through the simulated
displacement fields that our method provides accurate results for the calculation of the Poisson
ratio of elastic gels.

The experimental procedure shown here for the calculation of the Poisson ratio of
polyacrylamide gels, based on the measurement of the deformation exerted by Physarum cells
and the solution of the elasticity equation of equilibrium, results in an average value of 0.45.
Chippada et al. using the measurement of the displacements of non-spherical magnetic inclusions
moved by a magnetic manipulator obtained a value close to 0.5 for polyacrylamide gels of the
same percentage of monomer [94]. Takigawa et al. measured a value of 0.46, by measuring
the stretch ratio between the elongation of the gel in the directions perpendicular and parallel to
the mechanically stretched one [169]. Bodou et al. measured a value of 0.49 by measuring the
deformation exerted through micropipette aspiration experiments [178]. The average Poisson
ratio that we calculated is the same regardless of the optimization function that we used in the
algorithm.

When using previous methods, the same substratum that is used for the measurement
of the Poisson ratio can not be used for the measurement of the traction forces. With other
techniques, the substrates used for the measurement of the Poisson ratio had to be much thicker
than the ones that can be used in TFM. The internal microstructure of the polyacrylamide gels is
not perfectly uniform [170] [171]. The difference in the internal composition increases with the
ratio of cross-linking to monomer [170] and this inhomogeneous gel microstructure has an effect
on its mechanical properties. Our method allows us to do both measurements, the value of the
Poisson ratio and the traction forces exerted by a cell, simultaneously. Additionally, it has been
suggested that the percentage of acrylamide and bisacrylamide and the amount of ammonium
per sulfate influence the value of the Poisson ratio [95] [94]. Our new method provides a tool
for accurately compute this value for each substrate in real time, which poses an advantage with

respect to other existent methods. We have shown that this optimization method is very accurate
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and robust, when using the optimization function based on the correlation of the displacement
field and for the value of the Poisson ratio of these substrates.

Constitutive equations are necessary for calculating the forces exerted by cells when
moving. Our new method can be extended to calculate the constitutive equations for other
materials that are not purely elastic and have more complex behaviors, but are very relevant
as ECM for cell culture. More physiological environments than polymer hydrogels are fibre-
reinforced materials such as collagen or fibrin [181]. The elastic properties of tissue are associated
with the directions of the collagen fibers and their dispersion [182] [183]. In this case the elastic
materials properties can be formulated in terms of five invariants related to the deformation
gradient tensor [184] [185]. With a similar approach to the exposed here, the deformation gradient
tensor that is produced when a cell is moving inside a collagen matrix can be calculated. Applying
an optimization algorithm that uses these five invariants as the parameters of the optimization, the
specific constitutive equations for the matrix in which the cell is moving could be calculated and
therefore the forces that the cell exerts while moving in the specific substratum.

Another application of our new method could be the study of the interaction between
tumorgenic cells and the ECM. Oncogenic processes commonly trigger the deregularization
and disorganization of the ECM [186] [187]. Our method could be applied for the study of the
changes in the ECM when cancer cells migrate within it. This new understanding could help
to unravel the involvement of the ECM in tumor development [188] [189]. This approach may
allow, as well, the comparison of the mechanical properties of the ECM when non-tumorgenic
cells, such as neutrophils, not secreting metalloproteases move within it and, on the other hand,
when tumorgenic cells are present. The characterization of the behavior of the ECM in real time
and the computation of the changes occurring when metalloproteases are secreted by cells will
clarify the relationship between these processes.

This new elastometry method opens a wide range of possibilities for the characterization
of the mechanical properties and constitutive equations of the substrates at the same time that
TFM methods can be applied for measuring the traction forces simultaneously. The measurement

of the mechanical properties of the substratum in real time offers the advantage of connecting the
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influence of these mechanical properties to the mechanistic behavior and dynamics of the cells

moving in the specific substratum.

Chapter 5 is currently being prepared for publication, “Novel Elastometric Microscopy
to Characterize the Extracellular Matrix Properties” by B. Alvarez-Gonzilez, R. A. Firtel, J. C.

Lasheras and J. C. del Alamo. The thesis author is the primary investigator in this publication.



Chapter 6

Concluding remarks

A brief summary of the main conclusions achieved in this dissertation is presented in this
chapter, although a more detail discussion can be found at the end of each chapter.

The amoeboid type of cell migration requires that cells generate mechanical forces on
their surrounding environment through adhesions that are remodeled in a fast manner [104][139].
The spatiotemporal coordination of the force-generation mechanisms allows cells to protrude
the leading edge and retract the trailing edge with a well-defined frequency, and the speed of
migration is proportional to this frequency [24].

However, the mechanics of amoeboid cell migration and particularly the role that the
cell-generated forces play in this process are far from understood in contrast to the much better
understood mechanism of the mesenchymal type of cell migration, in which the dependence
between migration speed and the strength of cell-substrate forces has been characterized exper-
imentally and explained by mathematical models [140][141]. Nevertheless, in the case of the
amoeboid type of cell migration, previous studies reveal no correlation between the magnitude of
the traction forces and the migration speed [40][90].

To investigate the role of cellular forces in establishing the speed of amoeboid cell

migration, we measured the three-dimensional forces exerted by wild-type Dictyostelium cells,
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as well as eight mutant strains with leading edge and posterior cross-linking defects, deficient
cortical integrity and impaired linking between the membrane and the cortical and intracellular
F-actin, chemotaxing on flat elastic substrates. We calculated these three-dimensional forces using
the 3D Fourier Force Microscopy technique developed by del Alamo et al. [43]. Additionally,
we analyzed the accuracy in the calculation of the deformation field exerted, which is essential
to ensure that we used the optimal configuration for the acquisition of the images, that led to
accurate measurements of the cell-substrate forces. We found that the tangential and normal
components of these forces are comparable in magnitude [105][72],

Previous studies based on two-dimensional Traction Force Microscopy indicated that the
forces generated by Dictyostelium wild-type cells on the substrate are typically concentrated in
two or three well-defined areas at the front and the back of the cell [106], leading to a pattern
of axial contraction directed toward the cell center. Existing measurements of the tangential
forces in mutant strains lacking the proteins myosin II and filamin indicated that these mutant
strains use lateral squeezing to propel the cytoplasmic material, and that the role of the F-actin
polymerization at the front is reduced [30].

Interestingly, the physics of a system as simple as a sessile liquid drop may offer hints
about how a crawling cell may exert normal forces. Liquid drops have been shown to exert normal
forces when placed onto soft substrates, causing the substrate to deform in a similar manner
than the observed for cells: upwards around the droplet edge and downwards under its center
[114][190]. In the case of the drop, the physical reason for this force pattern is well understood,
the surface tension at the interface between the substrate and the droplet is balanced by a pressure
rise inside the drop. In a similar manner, the mechanical tension in the cell membrane and cortex,
and the associated cytosolic pressure can generate both, the pulling and compressive normal
forces exerted by migrating cells in the normal direction to the substrate’s surface.

We corroborated that cortical tension is generating the perpendicular forces to the sub-
strate by estimating the cortical tension of all the cell lines that we have examined. To do that, we
used our measurements of the normal cell-substrate forces and a simple model assuming that the

cortical tension is balanced by an increase in cytoplasmic pressure with respect to the extracellular
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medium, based on the Young-Laplace’s law. The cortical tensions estimated in this manner were
found to be in good agreement with previously reported data measured by micropipette aspiration
or cell poking for the cell lines considered in this study [126][124].

We showed that cells pull on their substrate adhesions using two distinct, yet intercon-
nected mechanisms: axial acto-myosin contractility and cortical tension. The existence of these
two mechanisms and the previously unreported transmission of cortical tension to the substrate
explains the three-dimensional cell-substrate force patterns generated by cells lacking the leading
edge and posterior cross-linking (mhcA™ and abp120°), cells with cross-linking defects in the
cortical region (ctxA”/B", ctxA", ctxB) and strains that are defective in linking the membrane and
the cortical and intracellular F-actin (myoA /B~ , myoA™ , myoB").

The tension of the plasma membrane in Dictyostelium has been measured to be 1000
times smaller than the cortical tension [147], therefore it should make a minute contribution to
the generation of three-dimensional cell-substrate forces.

Furthermore, the lack of correlation between cortical tension and axial contractility that
we observed in the cell lines lacking myosin I in contrast to the high correlation shown in the rest
of the cell lines, suggests that myosin I may be necessary for the proper communication of forces
generated by the cortical and intracellular cytoskeletal networks. Our data is consistent with a
model in which the two force-generating cellular domains are mechanically connected by myosin
I cross-linking that enables the communication of forces between the domains.

The nature and molecular receptors controlling cell-substrate adhesion in Dictyostelium
are not fully identified [31][113]. However, actin-rich structures often referred to as actin foci are
localized in the adhesion regions of migrating Dictyostelium cells [46][100]. Our study revealed
that the locations of the actin foci coincide with the locations where the cell is applying pulling
forces on the substrate, both in the tangential and normal directions. This observation implies
that pulling forces require firm adhesion to the substrate and are directly transmitted by the actin
cytoskeleton. In contrast, we did not observe localization of actin foci in the regions where cells
were generating compressive, normal forces on the substrate, which suggests that adhesions are

not required by the cell to push down on the substrate, and that these compressive forces may be
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transmitted directly by cytosolic pressure rather than by the cytoskeleton.

It was previously speculated that the cell’s nucleus caused the generation of compressive
forces [41][42][105], but we discarded this possibility for Dictyostelium cells due to the lack of
co-localization between the position of the nucleus and the regions where the compressive forces
in the direction perpendicular to the substrate were applied.

In addition, we found that cell migration speed depends on the relative magnitude of the
tangential and normal forces, which reveals a novel role for three-dimensional cellular forces in
establishing the efficiency of amoeboid cell movement. Our measurements uncovered a clear
relationship between the cell speed and the ratio of the tangential to normal forces, suggesting
that cells can modulate their shape and move faster if they are able to generate periodic axial
contractions that balance the tension of their cortex. Thus, from a mechanical point of view, the
normal cell-substrate forces that result from cortical tension could be viewed as an immobilization
mechanism rather than a locomotion facilitator.

For a long time, it has been known that the tangential traction forces exerted by crawling
cells are much larger than those needed to overcome the external resistance of the environment,
but the reason why the cells exert these large forces was unknown. The migration speed increases
when axial contractility overcomes cortical tension to produce the cell shape changes needed for
locomotion, and therefore the cell needs to counterbalance the tension of its cortex through axial
contractions. Consequently, the magnitude of the forces is established so as the cells are able
to move and depends on the cells’ cortical tension. Our findings suggest the first mechanistic
explanation for the existence of such large traction forces.

We have also developed a method to calculate the three dimensional forces exerted by
cells improved by Lagrange multipliers optimization. The results from this method are subject to
two constraints: the forces must be in equilibrium and applied only in the region where the cell is
located. The results obtained with this method are based on the optimization of the measurements
of the correlation functions used for the calculation of the displacement filed. Besides taking into
account the experimental measurements, this method provides results that are more consistent

with the physics behind the problem.
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Furthermore, we have designed a technique for the characterization of the properties of
the extracellular matrix in real time, which allows for the simultaneous measurement of the forces
exerted by cells, as well. This novel elastometry method is based on the exact solution of the
elastic equation of equilibrium, the measurement of the deformation exerted by cells when moving
over an elastic substrate and the application of an optimization algorithm for solving a non-linear
least-squares problem. This method is an extension from Fourier Traction Force Microscopy, with
a novel application as Elastometric Microscopy. Elastic polymer-based hydrogels are broadly
used for the calculation of the traction forces that cells apply when moving. The value of the
forces is very sensitive to the value of their Poisson ratio, especially for values close to 0.5, which
is the case of polyacrylamide gels extensively used in Traction Force Microscopy. We present a
novel method for characterizing the Poisson ratio of polymer-based substrates on real time. The
value of the Poisson ratio that we obtained for the polyacrylamide gels used in our experiments is
approximately 0.45.

We have previously shown that the distribution and dynamics of the tangential traction
forces exerted by mammalian cells moving in a neutrophil-like manner are similar to the ones
in Dityostelium [30]. A natural way to continue the work done in this dissertation would be
to quantify the three dimensional forces generated by amoeboid migrating mammalian cells,
such as neutrophils or some cancer cells, and their relationship with the efficiency of migration.
Furthermore, other extension of this work should be to study the migration in the process of
invasion across three-dimensional matrices and when cells are confined within three-dimensional
environments.

The calculation of the forces applied by cells migrating across or inside three-dimensional
matrices, poses the need of a mechanical characterization of the surrounding matrix that may not
be linearly elastic and could be remodeled by the activity of metalloproteases segregated by some
cells. Our Elastometric Microscopy method could be used to calculate the mechanical properties
and constitutive equations for this type of extracellular environments, which are not perfectly
elastic, since in the case of fibre-reinforced materials such as collagen or fibrin, the material

properties can be formulated in terms of five invariants related to the deformation gradient tensor
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[184][185]. With a similar approach to the exposed in this dissertation, the deformation gradient
tensor that is produced when a cell is moving inside a fiber-reinforced surrounding matrix can be
computed. The specific constitutive equations for the matrix in which the cell is moving could
be determined, as well, applying an optimization algorithm that uses these five invariants as the
parameters of the optimization, in a similar way to the explained in chapter 5.

In addition, we have shown that in the case of Dictyostelium cells, wild-type cells move
slower than mutant strains with deficient cortical integrity or with impaired connection between
the plasma membrane and the cortical and intracellular F-actin, due to the lower axial-contractility
to cortical tension relative values. The relevance of the higher cortical tension values may reside in
the movement of cells inside confined environments. When cells move inside a three-dimensional
matrix, they could need the force generated through the cortical tension to squeeze inside it. A
hypothesis may be that cells with cortical cross-linking defects are unable to move in confined
environments. A fundamental continuation of this study would be to examine the importance
of the cellular cortical tension in the movement inside the matrix. Amoeboid migrating cells,
such as leukocytes squeeze through small gaps in the extracellular matrix and may use similar
mechanisms to push off the surrounding obstacles [153]. Therefore, it is crucial to understand the
mechanisms underlying amoeboid migration within fully confined matrices.

Our novel methodology for the characterization of the properties of the surrounding
matrix has the potential to be used for the quantification of the interactions between different
cells and the environment in which they move in real time. Our new elastometry method allows a
wide range of possibilities for the characterization of the mechanical properties and constitutive
equations of the substrates at the same time that Traction Force Microscopy methods can be
applied for measuring the traction forces simultaneously in real time. The characterization of the
behavior and change of the matrix when moving cells secret metalloproteases, would clarify the
interaction between these cells and the surrounding matrix. This could be applied to understand
the interplay between tumorgenic cells and their surrounding and how the characteristics of the
environment influence the tumor development [189]. This approach may allow, as well, the

comparison of the mechanical properties of the extracellular matrix when non-tumorgenic cells,
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such as neutrophils, not secreting metalloproteases move within a matrix and, on the other hand,
when tumorgenic cells are present.

Quantifying the interaction between the biochemistry and the mechanics underlying cell
migration and its function in setting the speed and efficiency of the motion is fundamental to better
control and predict cell migration. The new findings in this direction could guide the development

of novel therapeutic approaches for efficient treatments of pathological diseases, such as cancer.
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