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Abstract

This thesis focuses on the analysis of the role of adhesion between substrate and cell and factors of

Quorum sensing on the migration of Dictyostelium amoeba. Tools to automate the recordings of video

microscopy and image analysis have been developed to work with very large samples of cells and to

quantify cell migration. A microfluidic device for cell detachment in hydrodynamic flow combined with

a motorized stage has allowed a statistical study of adhesion but also the dynamics of detachment. The

analysis of the migration of Dictyostelium in non nutritive medium highlights the role of density on cell

differentiation and migration capacity. We observe the presence of a maximum speed of migration after

6 hours of starvation. We show that the adhesion to glass is twice as low in deprivation buffer as in

the nutrient medium. The experiences of migration in growth medium revealed the presence of a factor

of detection of density secreted by the cells and regulating their random migration. The diffusion coef-

ficient, the persistence of the movement and morphology of cells vary depending on the concentration

of this factor. This factor does not affect cell adhesion but only the dynamics of detachment. Finally,

the testing protocol developed allowed us to make a comparative study of migration by varying other

parameters such as surface or the chemical composition of experimental medium. This work concludes

by outlining the possible role of adhesion to the migration of Dictyostelium in nutrient medium.

Résumé

Cette thèse est centrée sur l’analyse du rôle de l’adhésion cellule-substrat et des facteurs de détection

de Quorum sur la migration amibienne de Dictyostelium . Des outils pour automatiser les enreg-

istrements de vidéomicroscopie et l’analyse d’image ont été développés afin de travailler avec de très

grands échantillons de cellules et de quantifier la migration cellulaire. Un dispositif microfluidique de

détachement cellulaire sous flux hydrodynamique combiné une platine motorisée a permis une étude

statistique de l’adhésion mais aussi de la dynamique de détachement. L’analyse de la migration de

Dictyostelium en milieu non nutritif met en évidence le rôle de la densité sur la différentiation des cel-

lules et leur capacité de migration. Nous observons la présence d’une vitesse maximale de migration

après 6h de carence. Nous montrons que l’adhésion sur verre est deux fois plus faible en milieu carencé

qu’en milieu nutritif. Les expériences de migration en milieu nutritif ont révélé la présence d’un facteur

de détection de densité sécrété par les cellules et régulant leur migration aléatoire. Le coefficient de

diffusion, la persistance du mouvement et la morphologie des cellules varient en fonction de la concen-

tration de ce facteur. Ce facteur ne modifie pas l’adhésion cellulaire mais uniquement la dynamique

de détachement. Enfin, le protocole d’analyse développé nous a permis de faire une étude comparative

de la migration en faisant varier d’autres paramètres tel que la surface ou la composition chimique du

milieu expérimental. Ce travail se conclue en exposant le possible rôle de l’adhésion sur la migration

chez Dictyostelium en milieu nutritif.
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Preface

Cell adhesion and migration processes have focused more and more studies during the last

decades. Even if the knowledge of such systems has increased considerably, many questions

remain open. In particular, the precise role of cell-substrate adhesion on migration is still under

debate in the case of amoeba cells. The initial goal of this work was to bring some answers

on the interplay between migration and adhesion by a quantitative analysis of cell motility. At

the beginning of my thesis, it was very difficult to get reproducible results. A large part of

my work has then been dedicated to develop rigorous methodologies to quantify cell migration

and adhesion. Careful and precise cell culture is the necessary first step of good research in

cellular biophysics. This is particularly important for Dictyostelium , as modifications of cell

phenotype occur rapidly if cell density in cell culture is too high. Also, understanding that

cell density was one of the major parameter regulating migration was a major improvement

in reproducibility of our results. Developing automated statistical analysis was necessary to

perform multiple experiments and gather large amount of data within the same experimental

day. We used microfluidic device to quantify adhesion. A good control of the exact shear flow

and a sufficiently large stress range was not easy to obtain. Different microfluidic designs were

tested in the course of my thesis. Only the final version is developed in this manuscript. Due

to lack of time, I could not take the full advantages of this device to test all desired experi-

mental parameters. In particular, a systematic study of adhesion during development was not

performed.

At first, we aimed at measuring both adhesion and migration within the same experimental

set-up. However, quantifying cell migration in microfluidic channels is not straightforward

as cell migration can be greatly affected (i) by the small dimensions found in microfluidic

devices leading to a fast concentration increase of molecules secreted by cells if the medium

is not renewed, or (ii) by the mechanical stimulation induced if a high enough shear flow is

applied, leading to bias in cell migration trajectories. Therefore, we have decided to analyze

v



cell migration and adhesion separately (migration is measured in a separate open dish). Results

obtained are developed in Chapter 3, 4 and 5.

Chapter 1 is a description of the biological architecture of cells. It summarizes the main

proteins involved in the motility process of eukaryotic cells and explains the coordinated steps

required for cells to move. Moreover, state-of-the-art of Dictyostelium cells migration and

adhesion is given.

In chapter 2, we start by the description of the tools developed to quantify cell motility.

The study of Dictyostelium cells motion requires large amount of data and precise statistical

analysis. We define a diffusion coefficient that characterized cell motion. We then, study the

relationship between this parameter and cell shape as well as cell persistence. Dictyostelium

cells motion in nutrient medium and in the course of development is presented in chapter 3

and chapter 4, respectively. We present how the cell density is a key component tuning cell

motion as well as cell morphology in both nutritive and starved condition, with antagonist

effects though.

In parallel, we have developed a microfluidic device to quantify cell detachment and to

have insight into cell adhesion. Thanks to the parallelization provided by the microfluidic set-

up developed, it is also possible to get statistically relevant results within a single experiment.

Recording time lapse video of cells submitted to shear flow, we are able to quantify cell ad-

hesion as well as the detachment kinetics by counting cells remaining in the channel at each

successive frame. Results are presented in chapter 5. Finally, by comparing cell motion in

various environmental conditions (either studying cell motion on different substrates or study-

ing cell adhesion mutants), preliminary conclusions of our understanding of cell migration and

adhesion interplay for amoeboid cells are discussed in chapter 6.
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Chapter 1

Introduction

Cell motility ability requires the coordination of complex mechanisms. After de-

scribing of how migration and adhesion are connected, we will introduce the basic

biological features needed for cell motility. Particularities will be given for differ-

ent type of eukaryotic cells. Then, we will present in detail, Dictyostelium cells, the

model system we choose in this thesis. We will especially discuss the cell machinery,

cell adhesion and quorum sensing in Dictyostelium .
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1. INTRODUCTION

1.1 Cell motility

Whereas mobility is defined by the motion of an object, motility refers to the ability of cells

to move actively. Therefore, the coordination of complex molecular mechanisms and energy

consumption are involved in the process.

Setting apart cell species having specific organelle for motion (cilia or flagellum of sperm

cells or certain bacteria), it exists a lot of species that require adhesion on solid substrate to

move. Fibroblasts, leukocytes, keratocytes and amoebae belong to the crawling cells group.

Crawling of eukaryotic1 cells on flat surfaces is underlained by the protrusion of the actin

network, the contractile activity of myosin II motors, and adhesion to the substrate regulated

by complex biochemical networks.

1.1.1 Migration and adhesion interplay

Figure 1.1: Migration Vs. Adhesion. Migration of fibroblasts (A) and leukocytes (B) on 2-D

and within 3-D environments as a function of adhesive strength to the substrate. (A) Haptokinetic

migration model as established from fibroblasts. In migrating fibroblasts, migration efficiency in

both 2-D and 3-D environments is similarly dependent on adhesive interaction to the substrate.

Three prototypic migratory states are indicated by numbers. (B) Four different migratory states

observed for leukocyte migration on 2-D and within 3-D substrates. As a major difference, leuko-

cyte crawling might persist in 3-D environments after adhesion blocking, whereas fibroblast-like

migration is dependent on adhesion in both 2-D and 3-D migration models. From (1)

In the haptokinetic model (i.e., adhesion-dependent) of the migration of fibroblasts across

1Eukaryotic cells are characterized by the presence of one or several nuclei, contrary to prokaryotic cells, which

have no nucleus.
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1.2 Mammalian motility machinery

ligand-coated surfaces, migration efficiency follows an inverse-U function relative to the adhe-

sive force between the cell and the underlying substrate (Fig. 1.1). Maximum migration rates

are achieved at intermediate strength of adhesion to the substrate, allowing the formation of new

interactions at the leading edge, while preexisting bonds are sufficiently released at the trailing

edge (1, 2). Increasing adhesion, leads to speed reduction, as the rear detachment is impeded.

On the other hand, reducing substrate adhesion to a minimum, causes a loss of contact to the

substrate. As net interaction and traction forces are further lowered, partial detachment and

rounding up of the cells are accompanied by nonproductive oscillatory membrane dynamics

and impaired migration. In mammalian cells, adhesion and de-adhesion events are represented

by the assembly and disassembly of transmembranous junctions containing adhesion receptors,

extracellular ligands, and cytoskeletal elements, called focal adhesions (1). These junctions

control cytoskeletal assembly and turnover, adhesion and migration, and related signaling.

1.1.2 How do cells move

The cell migration process can be decomposed in three successive steps (Fig. 1.2). In a first

step, from an initial state at which it adheres to the substrate the cell spreads in one direction

by forming a protrusion. In a second step, this spreading region is fixed on the substrate via the

creation of new adhesion structures. In a third step, the cell retracts from the rear, thus migrating

towards the spreading region. The protrusion generated at the cell front region requires two

processes: the membrane deformation, and the reorganization of the cytoskeleton. This latter

is produced by actin filaments polymerization, which pushes the membrane forward. Myosin-

II are recruited at the rear of cells and cross linked with actin filaments, thus contracting the

rear of cells. Contractions combined with the rear detachment allow the cell to move forward.

1.2 Mammalian motility machinery

Cell migration are integrated processes requiring in most cell types the coordinated assembly

and disassembly of integrin-mediated adhesions (through focal adhesion-related structure) and

their coupling to the actin cytoskeleton dynamics (3, 4). In this section, the organization of

the cell cytoskeleton, the focal-adhesion-related structure and in particular the structure of in-

tegrin proteins and their role in migration and adhesion will be described. Finally, due to its

importance for cell migration, we will describe the myosin II motor protein.

3



1. INTRODUCTION

Initial state

Spreading

Adhesion

Retraction

Microtubules

Stress fibers

Actin

old adhesion structures 

new adhesion structures

Actin polymerization 

at the front

Adhesion of the 

spreading region

Cell retraction 

from the rear

Figure 1.2: Scheme of cell motion. A single cell moving across a two-dimensional substrate is

shown in cartoon form (time increases down the page). Detailed morphology varies between cell

types, but the same basic types of motility can be distinguished. In cells where the processes occur

simultaneously, the morphology is constant during locomotion.

1.2.1 The cytoskeleton

The cytoskeleton, a system of microscopic filaments or fibers, present in the cytoplasm of eu-

karyotic cells, can be defined as the cell scaffold, which enables to maintain the cell shape

and organizes other cell components (Fig. 1.2). It plays an essential role in various biological

processes, such as intracellular transport, cellular division, and cell motility. Cytoskeletal el-

ements interact extensively and intimately with cellular membranes (5). Three major types of

filaments make up the cytoskeleton: actin filaments, microtubules, and intermediate filaments.

1.2.1.1 Actin

Actin filaments, the thinnest filaments of the cytoskeleton, are the major components of the

cytoskeleton (6), and account for the cell mechanical stability and motility (7). Actin filaments

occur as constantly changing bundles of parallel fibers. They help cells to maintain their shape,

to adhere to surfaces, to move, and assist in cell division during mitosis.

4



1.2 Mammalian motility machinery

Actin filaments are composed of linear polymers of actin1 subunits, and generate forces by

elongation at one end of the filament coupled with shrinkage at the other, causing net movement

of the intervening strand. They also act as tracks for the movement of myosin molecules

that attach to the microfilament and walk along them. Actin filaments assume a variety of

configurations depending on the type of cell and the state it is in. They extend a considerable

distance through the cytoplasm in the form of bundles, also known as stress fibers since they

are important in determining the elongated shape of the cell and in enabling the cell to adhere

to the substrate and spread out on it. Actin filaments can exist in forms other than straight

bundles. In rounded cells that do not adhere strongly to the substrate (such as dividing cells

and cancer cells), the filaments form an amorphous meshwork that is quite distinct from the

highly organized bundles. The two filamentous states, actin filament bundles and actin filament

meshworks, are interconvertible polymeric states of the same molecule. Bundles give the cell

its tensile strength, adhesive capability, and structural support, while meshworks provide elastic

support and force for cell locomotion.

10 μm

A B

Figure 1.3: The eukaryotic cytoskeleton. (A) Schematic representation of the cytoskeleton of a

cell in tissue culture. The three main polymer systems are shown: the actin filament arrays (red);

the microtubules (blue) and the intermediate filaments (green). (B) Endothelial cells under the mi-

croscope. Nuclei are stained blue with DAPI, microtubules are marked green by an antibody bound

to FITC and actin filaments are labeled red with phalloidin bound to TRITC. Bovine pulmonary

artery endothelial cells (Free Pictures from ImageJ).

1The actin protein is the main structural component of actin filaments in all eukaryotic cells.
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1. INTRODUCTION

It is now well known that actin polymerization often entails a retrograde flux of actin along

the substratum, leading to a relative speed of the interior of the cell with respect to the substrate.

Several studies on distinct systems have shown that the retrograde flow speed is anti-correlated

with cell speed (8). Moreover, it was proposed a while ago (9) that force transmission of

actin polymerization to the substratum is due to a molecular clutch of proteins. The more

the clutch is engaged the smaller the retrograde flow and the higher the speed and the force

on the substratum. Alternately, the frictional coupling with the substrate could be essentially

non-specific.

1.2.1.2 Microtubules

Microtubules are cylindrical structures that exhibit a cytoplasmic distribution distinct from

actin filaments. Microtubules originate in structures that are closely associated with the outside

surface of the nucleus known as centrioles. The major structural protein of these filaments is

known as tubulin. Unlike the other two classes of filaments, microtubules are highly unsta-

ble structures and appear to be in a constant state of polymerization-depolymerization. They

play key roles in intracellular transport (they help to transport organelles like mitochondria or

vesicles) as well as in the mitotic spindle (10).

1.2.1.3 Intermediate filaments

Intermediate filaments provide structural support for the cell. They anchor the nucleus within

the cell and give the cell its elastic properties. These filaments, around 10 nanometers in

diameter, are more stable (strongly bound) than actin filaments, and heterogeneous constituents

of the cytoskeleton (10). Like actin filaments, they function in the maintenance of cell-shape

by bearing tension. Intermediate filaments organize the internal tridimensional structure of the

cell, anchoring organelles and serving as structural components of the nuclear envelop. They

also participate in some cell-cell and cell-matrix junctions.

1.2.2 Focal Adhesion-Related Structures

Cell adhesion is essential for many important cellular processes, such as tissue organization

and differentiation, embryonic development and, as we have seen in the previous section, cell

migration. Distinct types of adhesions structures between cells and the extracellular matrix

(ECM) have been identified (12, 13).
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1.2 Mammalian motility machinery

Figure 1.4: Different types of cell extracellular matrix contact structures. (A) Elongated focal

adhesions (FAs) in a stationary adhesive cell. (B) Peripheral focal complexes (FXs) and anchoring

FAs in a protruding cell. From (11)

Focal adhesion-related structures include two main types of structures: focal complexes

and focal adhesions (Fig. 1.4). Initially, during cell migration, focal complexes (0.5 to 1 µm

dot-like contacts) are formed along the lamellipod. These complexes are not directly linked

to stress fibers. They can mature into large and stable focal adhesions (3 to 10 µm). Focal

adhesions are protein complexes, mainly composed of actin filaments, integrins1, and some

other proteins like vinculin, paxillin and talin (4, 14). It connects the actin cytoskeleton to the

extracellular matrix through integrins. Focal adhesions are linked to stress fibers. They are

used as anchor by the cell, which can push or pull itself over the extracellular matrix. During

the cell migration, a given focal adhesion gets closer and closer to the cell trailing edge. Once

at the trailing edge, it will be dissolved in order for the cell to continue its motion (see Fig. 1.2).

1.2.3 Integrins

Integrins are the principal receptors used by animal cells to bind to the extracellular matrix.

They are heterodimers and function as transmembrane linkers between the extracellular matrix

and the actin cytoskeleton (15). Integrins also function as signal transducers, activating various

intracellular signaling pathways when activated by matrix binding. Integrins and conventional

1integrins are transmembrane proteins. It will be described in more detail in the following section 1.2.3
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1. INTRODUCTION

signaling receptors often cooperate to promote cell growth, cell survival, and cell proliferation.

Integrins are crucially important because they are the main receptor proteins that cells use

to both bind to and respond to the extracellular matrix (16). An integrin molecule is com-

posed of two noncovalently associated transmembrane glycoprotein subunits called α and β

(Fig. 1.5). At least 18 α and 8 β subunits are known in humans, generating 24 different

heterodimers. Moreover, because the same integrin molecule in different cell types can have

different ligand-binding specificities, it is likely that additional cell-type-specific factors can

interact with integrins to modulate their binding activity.

Figure 1.5: Some of the proteins that form focal adhesions. The transmembrane adhesion

protein is an integrin heterodimer, composed of an α and a β subunit. Its extracellular domains

bind to components of the extracellular matrix, while the cytoplasmic tail of the β subunit binds

indirectly to actin filaments via several intracellular anchor proteins. (10)

Integrins function as transmembrane linkers, mediating the interactions between the cy-

toskeleton and the extracellular matrix that are required for cells to grip the matrix. Most

integrins are connected to bundles of actin filaments. After the binding of a typical integrin

to its ligand in the matrix, the cytoplasmic tail of the β subunit binds to several intracellular

anchor proteins, including talin, α-actinin, and filamin (Fig. 1.5). These anchor proteins can

bind directly to actin or to other anchor proteins such as vinculin, thereby linking the integrin to

8



1.2 Mammalian motility machinery

actin filaments in the cell cortex. Given the right conditions, this linkage leads to a clustering of

the integrins and the formation of focal adhesions between the cell and the extracellular matrix.

It seems that integrins must interact with the cytoskeleton to bind cells strongly to the ma-

trix. The cytoskeletal attachment may help cluster the integrins, providing a stronger aggregate

bond. Integrins can mediate cell-matrix adhesion without forming mature focal adhesions. In

both cases, however, the transmembrane adhesion proteins may still bind to the cytoskeleton.

For integrins, this kind of adhesion occurs when cells are spreading or migrating, and it re-

sults in the formation of focal complexes. For such focal complexes to mature into the focal

adhesions that are typical of many well-spread cells, the activation of the small GTPase Rho1

is required (17). The activation of Rho leads to the recruitment of more actin filaments and

integrins to the contact site.

1.2.4 Myosin II

Motor proteins use the energy of ATP hydrolysis to move along microtubules or actin filaments.

They mediate the sliding of filaments relative to one another and the transport of membrane-

enclosed organelles along filament tracks. All known motor proteins that move on actin fil-

aments are members of the myosin superfamily (10). Motor proteins bind to a polarized cy-

toskeletal filament and use the energy derived from repeated cycles of ATP hydrolysis to move

steadily along it. Dozens of different motor proteins coexist in every eucaryotic cell. They

differ in the type of filament they bind to (either actin or microtubules), the direction in which

they move along the filament, and the cargo they carry. Many motor proteins carry membrane

enclosed organelles such as mitochondria, Golgi stacks, or secretory vesicles to their appropri-

ate locations in the cell. Other motor proteins cause cytoskeletal filaments to slide against each

other, generating the force that drives such phenomena as muscle contraction, ciliary beating,

and cell division.

The cytoskeletal motor proteins associate with their filament tracks through a head re-

gion, or motor domain, that binds and hydrolyzes ATP. Coordinated with their cycle of nu-

cleotide hydrolysis and conformational change, the proteins cycle between states in which they

are bound strongly to their filament tracks and states in which they are unbound. Through a

1The Rho family of GTPases is a family of small (∼ 21kDa) signaling G protein. The members of the Rho
GTPase family have been shown to regulate many aspects of intracellular actin dynamics, and are found in all

eukaryotic organisms
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mechanochemical cycle of filament binding, conformational change, filament release, confor-

mational relaxation, and filament rebinding, the motor protein and its associated cargo move

one step at a time along the filament (typically a distance of a few nanometers). The identity of

the track and the direction of movement along it are determined by the motor domain (head),

while the identity of the cargo (and therefore the biological function of the individual motor

protein) is determined by the tail of the motor protein.

Myosin II1 is responsible for generating the force for muscle contraction. This protein

forms bipolar filaments that cross-link actin filaments and stiffen cell protrusions. It is an

elongated protein that is composed of two heavy chains and two copies of each of two light

chains. Each of the heavy chains has a globular head domain at its N-terminus that contains

the force-generating machinery, followed by a very long amino acid sequence that forms an

extended coiled-coil that mediates heavy chain dimerization (Fig. 1.6). The two light chains

bind close to the N-terminal head domain, while the long coiled-coil tail bundles itself with

the tails of other myosin molecules. These tail-tail interactions result in the formation of large

bipolar thick filaments that have several hundred myosin heads, oriented in opposite directions

at the two ends of the thick filament.

Figure 1.6: myosin-II. A myosin II molecule is composed of two heavy chains (each about 2000

amino acids long (green) and four light chains (blue)). The light chains are of two distinct types,

and one copy of each type is present on each myosin head. Dimerization occurs when the two α

helices of the heavy chains wrap around each other to form a coiled-coil, driven by the association

of regularly spaced hydrophobic amino acids. The coiled-coil arrangement makes an extended rod

in solution, and this part of the molecule is called the tail. From (10)

Only actin polymerization is required for cell spreading whereas myosin-II activation, al-

lowing contraction and retraction of cells rear through the actin-myosin complex, is necessary

for efficient cell migration. Myosin II was further shown to mediate posterior contraction en-

abling the rear of the cell to detach from the substrate and move in concert with the leading

1also called conventional myosin
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1.3 Different type of 2D-cell migration

edge. Although myosin II-deficient cells are principally able to generate pseudopods and un-

dergo locomotion on surfaces, the migration velocity as well as mechanical force generated at

the leading edge of myosin II-deficient cells is reduced as a consequence of reduced cortical

stiffness, delayed posterior release of adhesive bonds, and rear retraction (18).

1.3 Different type of 2D-cell migration

Three main classes of migration mechanism have been extensively analyzed: (i) slow moving

cells such as fibroblasts; (ii) highly motile cells with quasi-steady cell shape and movement

mainly perpendicular to cell major axis such as keratocytes; (iii) highly motile and deformable

cells with movement mainly parallel to cell major axis, such as amoeba cells, crawling neu-

trophils, lymphocytes or metastatic cells. The table 1.1 summarizes the order of magnitude of

migration and adhesion for 3 different type of cells.

V(µm/min) Adhesion (Pa) Traction forces

(nN)

References

Fibroblasts 1 10 900 (19, 20, 21)

Keratocytes 30 1 10 (22, 23, 24)

Amoeba [3-12] 1 [30-70] (25, 26)

Dictyostelium [4-10] 1 [3-5] (27, 28)

Table 1.1: Order of magnitude of migration (typical cell speed), adhesion (typical shear stress

necessary for cell to substrate detachment) and force exerted by cells on soft substrate for various

type of cells.

1.3.1 Fibroblasts-like cell motility

When polarized, fibroblasts are slow moving cells. Their speed is around 1 µm/min on a

collagen substrate. As all eukaryotic cells, they have microtubules, intermediate filaments and

actin filaments. This type of cell forms strong focal adhesions, where actin filaments converge

to form tensile fibers. These actin filaments are necessary to exert forces required for motility

on a surface (30). In fibroblasts, microtubules are involved in cell polarization (31). Indeed, the

depolymerisation of their microtubules leads to the depolarization of cell shape and an increase

in the contractility of the cytoskeleton and actin organization (32).
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Figure 1.7: Diverse shapes of motile cells. (A) Phase contrast image of a live stationary kerato-

cyte. The cell body is at the center, surrounded by a flat lamellipodium. (B) Phase contrast (top)

and fluorescence (bottom) images of a motile keratocyte fixed and stained with phalloidin to visu-

alize actin filaments. The broad lamellipodium at the front has a characteristic criss-cross pattern of

actin staining, while bundles of actin appear near the cell body at the rear. (C) Fluorescence image

of a cultured mouse embryo fibroblast fixed and stained with phalloidin. Fluorescence signal from

the lamellipodial actin meshwork and from linear actin structures, including arcs at the base of the

lamellipodium, linear stress fibers and peripheral bundles is visible, together with autofluorescence

from the cell nucleus. (D) A human neutrophil surrounded by red blood cells chasing a bacterium.

Bars, 10 µm. From (29)

1.3.2 Keratocyte-like cell motility

Keratocytes are the predominant cell type in the epidermis. These cells use a single large lamel-

lipodium along their front side arc to rapidly crawl in relatively straight lines while maintaining

their characteristic half-moon shape with the cell body containing nucleus at the rear. Their mi-

gration speed is up to 30 µm/min. Lee at al.(33) have shown that while intermediate filament
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1.3 Different type of 2D-cell migration

and microtubules are located around the nucleus only, the large lamellipodium is rich of actin

filament. Branched actin filaments are distributed within lamellipodium of these cells (34)

along with Arp2/31 complexes situated at the branched points of the actin filaments, enabling

the Arp2/3-dependent actin polymerization to drive the advance of the lamellipodium. Fila-

ments of myosin II align along the concave rear cortex, and mechanical analysis demonstrated

that the largest traction forces are detected perpendicular to the left and right cell margins (35).

Notably, lamellar fragments of keratocytes, which are devoid of nucleus and of a microtubule

cytoskeleton, can still move unidirectionally, indicating that these structures are dispensable for

the movement (36). Application of a small external force converts a lamellar fragment in the

stationary state to the locomotive state (37). Still, it is unclear how the pseudopodium-forming

site is determined and how polarization is maintained.

1.3.3 Amoeboid-like cell motility

Mammalian cells moving using amoeboid-type motility are fast cells including mainly neu-

trophils and metastatic cells. The unicellular organism Dictyostelium that was used as cell

model during this thesis shares many features in common with such cells. Dictyostelium speci-

ficity will be described in more details in the next section. We will focus in this section on

mammalian amoeboid motility. Amoeboid migrating cells share one morphological feature

that defines them as amoeboid: during locomotion they constantly change shape by rapidly

protruding and retracting extensions that have been originally described as pseudopods or false

feet (38). In amoeboid cells, the movement is hypothesized to be driven by weak-interaction

with the substrate, and cell generated forces have been assumed to involve mainly adhesion-

independent forces (1). Movement is generated by cortical filamentous actin, whereas mature

FA and stress fibers are lacking (1, 39). However, physical contact with the environment (fric-

tion) is still necessary for the cell to translate internal traction forces generated by polymeriza-

tion or contraction into directed forward motion. It has recently been suggested that, in confined

3D geometries, the intracellular actin network expanding by polymerization can not only pro-

pel the cell forward but also generate enough friction laterally by pushing the cell membrane

against the walls of the confinement, making specific surface anchoring dispensable (38, 40).

Few studies have also described the migration via leading edge bleb formation (41, 42). As a

newly formed and protruding bleb is free of actin filaments that generate retrograde forces, it is

1Arp2/3 is a protein found in most eukaryotic organisms and plays a key role in actin polymerization
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entirely unclear whether and how blebs might transduce traction forces onto the substrate: once

the bleb adhered to the substrate, the anterograde forces of the expanding bleb would rather

push the cell body backward than pull it forward. It has been shown that amoeboid cells can

mechanically adapt to the adhesive properties of their substrate by switching between integrin-

mediated and integrin-independent migration (43). As far ar neutrophils are concerned, they

have been shown to display amoeboid-type of migration when moving towards the source of

bacterial infection. Neutrophils have receptors to detect small amount of peptides N-formyles

derived from bacterial proteins. As little as 1% of variation in concentration of peptides can

be detected by neutrophils and guides them toward bacteria for phagocytosis (44). Neutrophils

are usually round but polarized easily with a chemotactic stimulation, expending lamellipod

at the front and an uropod at the back, thus migrating on a substrate at high speed (around

10 µm/min). As eukaryotic cells, their cytoskeleton contains actin filaments, microtubules and

an intermediate filament network. Actin filaments are largely recruited in the forwarding front

and are necessary for cell migration. When cells are polarized, actin filament and myosin-II are

required to develop and maintain cell asymmetry of microtubules networks in the cell body.

1.4 Dictyostelium Discoideum

1.4.1 Dictyostelium Life Cycle

Dictyostelium is a soil-living amoeba first isolated by Raper et al. in 1935 (45). Dictyostelium is

a primitive eukaryote that is able to differentiate from unicellular amoebae into a multicellular

organism and then into a fruiting body within its lifetime (Fig. 1.8). In the wild, Dictyostelium

can be found in soil and moist leaf litter. The primary diet ofDictyostelium consists of bacteria,

which are found in the soil and decaying organic matter. The amoebae feed on bacteria by

phagocytosis.

It is a great convenience to be able to grow Dictyostelium in a broth medium rather than on

live or dead bacteria. AX2 is an axenic strain which can grow in a simplified medium (HL5

medium) without bacteria (47). Independently another Dictyostelium axenic strain, AX3, has

been isolated by WF Loomis. AX3 gave rise to a number of derivatives and contains a large

duplication that is not present in AX2. Both strains grow well in the defined minimal medium

(HL5). In this thesis, DH11 strain is used. When nutrients are available, Dictyostelium lives,

1DH1 was made by Dale Hereld in the Devreotes lab. It’s an AX3 derivative with the entire coding sequence

of pyr56 removed using a PCR-constructed splint and FOA selection.
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1.4 Dictyostelium Discoideum

Figure 1.8: Dictyostelium life cycle. Schematic view of unicellular growth and multicellular

development of Dictyostelium cells.

1 mm

Figure 1.9: Dictyostelium development. Structures formed during development, arranged

chronologically from left to right: mound, tipped mound, first finger, slug, mexican hat, mid-

culminant and fruiting body. From (46)

divides and grows as single-cell amoeba (with an averaged diameter of 10µm, if it is considered

spherical). This growth phase is called vegetative stage.

Exhaustion of the bacterial food source triggers a developmental program (Fig. 1.8 and 1.9),

in which up to 100,000 cells aggregate by chemotaxis towards cAMP (Fig. 1.10). Morphogen-
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Figure 1.10: Dictyostelium chemotaxis. All cells are labeled with a marker for the F-actin cy-

toskeleton, tagged with GFP. (A) Migration of amoebae towards a micropipette filled with cAMP

(position indicated by white dot). (B) Formation of an early aggregation centre. (C) Cells stream-

ing during aggregation. From (46)

esis and cell differentiation then culminate in the production of spores enabling the organism to

survive unfavorable conditions (Fig. 1.8). Dictyostelium offers unique advantages for studying

fundamental cellular processes with the aid of powerful molecular genetic, biochemical, and

cell biological tools. These processes include signal transduction, chemotaxis, cell motility, cy-

tokinesis, phagocytosis, and aspects of development such as cell sorting, pattern formation and

cell type differentiation. Dictyosteliumwas also described as a suitable host for pathogenic bac-

teria in which one can conveniently study the process of infection (48). The recent completion

of the Dictyostelium genome sequencing project strengthens the position of Dictyostelium as

a model organism. The completed genome sequence and other valuable community resources

constitute the source for basic biological and biomedical research and for genome-wide anal-

yses (49). Together with a powerful armory of molecular genetic techniques that have been

continuously expanded over the years, it further enhances the experimental attractiveness of

Dictyostelium and positions the organism on the same level as other fully sequenced model

organisms like S. cerevisiae, Caenorhabditis elegans, or Drosophila melanogaster.

1.4.2 DictyosteliumMotility Machinery

Even if Dictyostelium is a primitive eukaryote, it shares many similarities with mammalian

cells (hence its importance as model system of amoeboid migration). Dictyostelium cells

are fast-moving cells (∼ 10µm/min) with an irregular shape changing very dynamically. In

many aspects, they follow the classical extension- retraction cycle (Fig. 1.2) with steps 1 and
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2 (spreading and adhesion) probably occurring simultaneously due to the absence of mature

adhesion complexes in Dictyostelium and the probable importance of non-specific adhesion. In

this section, we will first describe in more details this extension-retraction cycle for the vari-

ous developmental stages of Dictyostelium adhesion. In particular, we will present results on

cell speed, shape and traction forces oscillations, on more detailed pseudopod dynamics and

we will discuss the role of actin polymerization and myosin II in this basic motility. We will

then focus on the main adhesion proteins found in Dictyostelium and summarize the scarce

knowledge of the adhesion-migration interplay in this cell type.

1.4.2.1 Coordinated shape changes and traction forces during Dictyosteliummotility

InDictyostelium , it is known that pseudopodia are periodically induced at points on cell periph-

ery, as if they were driven by an internal oscillator (50). Due to the main extension-retraction

cycle, cell speed oscillates with a 1-2 min period both in the vegetative (51) and aggregating

phase (52).

In the vegetative state, cells present correlated cyclic changes in term of speed, shape (be-

tween an elongated form and a more rounded one) and forces (Fig. 1.11). Forces are always

oriented centripetally. They are minimal when the cell is rounded. When the cell elongates,

the force gradually increases until the rear starts to retract and the force decreases. Forces are

especially large when the front and rear are symmetric. However, one observes more often

a front-rear asymmetry in shape and force with a higher forces in the uropod balanced with

smaller forces distributed over a larger area in the front (Fig. 1.14). For the whole vegetative

cells examined in (28), the average durations of one cycle was 95± 25 seconds from force or
shapes time series. With a rapid extension (E) plus a rapid retraction (R), one can find generally

twice more peaks of speed than peaks of force as indexed in Fig. 1.11.

In the aggregating phase, cells are faster, more elongated and more persistent. They also

exhibit periodic speed, shape and force changes with a period time T comprised between 1 and

2 min (53). Interestingly, cell speedV is inversely proportional to T and could be approximated

by the hyperbola VT = λ where λ is of the order of the cell size (20 µm) (53). Barnhart et al.

observed the same relation for fish epithelial keratocytes and presented a simple mechanistic

model providing theoretical grounds for a linear relation between cell speed and frequency in

which periodic retraction of the trailing edge is the result of elastic coupling with the leading

edge (54).
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Figure 1.11: Time Series of forces, speed and shape (area and major axis) of an AX2 Dic-

tyostelium cell in the vegetative phase. (Left) Force maps on a very soft polyacrylamide elastomer

substrate (E = 400 Pa). Frame number is indicated on bottom right of each panel. Time interval

is 6 sec between two recorded frames; small arrows indicate the direction of cell motion; large

arrows refer to cell protrusions. The sequence that lasts for 2.4 min shows a cell initially rounded

that extends a large pseudopod towards the bottom right (arrow), exerts large symmetrical forces

(F0 ≃10 nN) at maximal elongation and afterwards slowly retracts from its initial position (see
arrow) and becomes rounded again (not shown). (Right) Plots as a function of time of the overall

absolute value of the force (blue), cell area (red), cell major axis (green) and cell speed (orange).

Peaks of speed are indexed with the subscript R or E to indicate whether they correspond to retrac-

tion or extension events. Bars, 5 µm. From (28).

The extension-retraction cycle ofDictyostelium aggregating cells has a 3D cyclic z-axis ex-

tension (Fig. 1.13). First, a dynamic pseudopod, which lasts for about 30 seconds is extended,

then, the pseudopod either retracts, or attaches to the underlying substrate and pulls the remain-

der of the cell body towards it (52). Pseudopods can form on and off the substrate. Ones which

initially form on the substrate, or those which form off the substrate and subsequently contact

it, are more likely to become the new expanding anterior end of a cell, while pseudopods that

form off the substrate and do not subsequently contact it are retracted (55). Large retraction or

extension peaks are neither observed in the evolution of traction forces nor in the evolution of

cell major axis (Fig. 1.12). The front-rear asymmetry in shape and force observed generally for

vegetative cells is not so obvious for aggregating cells. The largest forces measured here are

not always located at the outermost boundary of the rear, with even transient absence of forces
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Figure 1.12: Time Series of forces, speed and shape (area and major axis) of two AX2 Dic-

tyostelium cells in the aggregating phase. (a)-(g) Force maps on soft polyacrylamide elastomer

substrates (E = 1150Pa). Frame # is indicated on bottom right of each panel. Time interval is 6 sec

between two recorded frames; small arrows indicate the direction of cell motion; large arrows are

discussed in the text. The first cell (a-d) is moving straight and slightly turning left at the end of

the sequence while in (d)-(f) the second cell is suddenly turning. (h)-(i) Plots as a function of time

of the overall absolute value of the force (solid line), cell centroid speed (circles), rear edge speed

(bullets), cell area (open squares) and cell major axis (black diamonds) for cell 1 (h) and cell 2 (i).

The overall force is about F0 =3 nN during straight trajectories or slow turns and increase during a

sudden turn. Bars, 5 µm. From (28).

at the rear (Fig. 1.12d,e,g). This indicates that the uropod of these cells is more loosely bound

to the substrate and even partially floating. Forces are generally not detectable in the newly

extended long pseudopods but very large in turning cells (Fig. 1.12f) or retracting pseudopods

(Fig. 1.14).

1.4.2.2 Actin-based and myosin II-based propulsive forces in migrating Dictyostelium

cells

Like other eukaryotic cells, actin filaments and microtubules are part of the cytoskeleton of

Dictyostelium cells. However, these cells do not posses intermediate filament. Although micro-

tubules are involved in the stability of pseudopod formation and play a role in the directionality

of movement (56), Dictyostelium cells can move and stay polarized without them (57). Actin
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Figure 1.13: Description of the behavior cycle of AX3 Dictyostelium aggregating cells crawl-

ing in buffer. (A) Time plot of instantaneous velocity of a representative amoeba smoothed to

delineate velocity peaks and troughs. The behavior cycles and the two phases of each cycle (phases

I and II) are demarcated at the top of the plot. Peaks are noted by vertical lines. (B) Cartoon of

consensus cell behavior in phases I and II of the behavior cycle. The nonparticulate cytoplasmic

zones of pseudopods are shaded. Arrow, direction of centroid translocation. Abbreviations: aps,

anterior pseudopod; lps, lateral pseudopod; ur, uropod. From (52).

filaments are recruited in the front of the cells emitting protrusions and are necessary for cells

motility. Indeed, Dictyostelium cells become round and cannot migrate if they are exposed
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to drugs such as Latrunculin-A that depolymerize actin networks. It is well known that cell

migration is a complex process mediated by dynamic changes in the acto-myosin cytoskeleton.

It is now generally thought that actin polymerization at the leading edge provides a critical

driving force for extension of most eukaryotic cells including Dictyostelium cells (39, 58, 59)

whereas the detachment and retraction of the rear of the cell from the substratum is thought

to be induced by contraction via myosin II-dependent processes (18, 28, 53, 58, 59). Past im-

munofluorescence and more recent fluorescence studies have revealed the presence of distinc-

tive organizations of filamentous F-actin: (i) highly branched in three-dimensional meshworks

in pseudopodia, (ii) cortical bundles or meshworks with increased thickness towards the rear

(cortical actin), and (ii) radial arrays or actin foci emerging from postulated adhesion sites

(58, 60, 61, 62). Myosin-II on the other hand is mainly present at the cortex with an increasing

concentration at the rear part (uropod) and transiently in retracting pseudopods in randomly

moving Dictyostelium cells (28, 58). Myosin II is thus traditionally assumed to cause the con-

traction of the posterior, and to inhibit the formation of lateral pseudopods which could impair

directed migration (50). However, it has been shown, that myosin II-knockout mutants, even if

slower than wild type, were still able to move (53, 63) indicating that cells use also myosin-II

independent propulsive force (i.e., actin polymerization). This general picture of the role of

actin and myosin-II is now well documented by traction force microscopy experiments.

Fig. 1.14 presents the co-localization of myosin II and large retracting forces in the rear and

retracting pseudopods using a myosin II-GFP expressing Dictyostelium strain (28). Lombardi

et al. found in vegetative cells a period of increasing force in the uropod followed by a sudden

drop after abrupt uropod retraction (within 5 seconds) allowing for protrusion in the front to

begin rapid recoil retraction mode, (63). On the other hand, myosin II is clearly absent from the

traction area of the long starved cell indicated with an arrow in Fig. 1.14g. Here, the propulsive

force likely results from the reaction force to actin polymerization in the neighborhood of the

leading edge. The exact mechanisms of such a reaction force are not yet fully understood and

the exact coupling between actin and the substrate is not clearly identified inDictyostelium (see

next section).

1.4.2.3 A relation between migration efficiency and adhesion in Dictyostelium ?

As already stated, the initial question of this thesis was to investigate whether the well estab-

lished adhesion/speed relationship for fibroblastic cells (Fig. 1.1) occurred for highly dynamic

amoeboid cells. While fibroblasts adhere and exert forces through focal adhesions, no structure
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Figure 1.14: Co-localization of myosin II and forces using AX-2 cells expressing GFP- myosin

II. (a)-(d) Vegetative cell presenting both a rounded shape with peripheral force distribution (a)-

(b) and an asymmetric shape and force distribution (c)-(d). (e)-(f) Starved cell with an asymmetric

force distribution. (g)-(h) Long starved cell with a retracting pseudopod (large arrows in (g)). In

each case, note the good co-localization of forward directed retraction forces with myosin II but

not of propulsive forces (compare arrowheads in (e) and (f)). Bars, 5 µm. From (28).

similar has been found in Dictyostelium . According to Uchida et al., Dictyostelium adhesion

to substrate is done through actin foci (61). They are very dynamic structures that appear

and disappear at the surface on the substratum during cell migration. Reflection interference

microscopy revealed that the ventral cell membrane was closer to the substratum at sites of

actin foci (Fig. 1.15A). Bretschneider et al. found similar actin structures and showed that

they contain the Arp2/3 complex which favors actin branching (60). Such actin foci may also

contain the putative membrane proteins of Dictyostelium . Interestingly, Uchida et al. found

that the instantaneous velocity of cells was inversely proportional to the number of actin foci

(Fig. 1.15B). It was also shown that the starved cells speed slightly decreases on surfaces of

increasing adhesiveness (18), and other studies suggest a negative correlation between average

speed and average traction force (28).

Dictyostelium cells adhere to extracellular matrix molecules and can also adhere to plain or

coated solid materials. Cell adhesion has been thoroughly quantified by Bruckert et al. (64). By
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submitting cells to radial hydrodynamic flows, they have shown that adhesion of Dictyostelium

cells to glass is influenced by the composition of the medium bathing the cells. Coating the

glass surface with components of the HL5 nutritive medium reduces the value of adhesion to

one fifth of its value in Sörensen buffer (SB). Addition of 50 mM maltose (one component of

HL5 medium) to SB decreases cell detachment threshold stress threefold (64). The simplest ex-

planation is that a lectin1-like adhesion protein(s) could contribute significantly to non-specific

adhesion to glass. Charges and hydrophobicity of the surface have also been shown to play

an important role in Dictyostelium adhesion. In SB, a 4-fold increases in cell detachment was

observed between glass substrate and positively charged surfaces (glass coated with a silane

bearing NH2-groups that are protonated at neutral pH, APTES, see section 2.2.2). Similarly,

a glass coated with a hydrophobic silane (DDS) induce a 3-fold increases in cell detachment

(64). Importantly, according to studies from this group, cell detachment depends on cell size

and physico-chemical properties of the substrate, but is not affected by depolymerization of

the actin cytoskeleton (using an analog of Latrunculin A). They emphasize the importance of

detachment kinetic. We will come back on this point more specifically in the chapter 5.

BA

Figure 1.15: Actin Foci. (A) Distribution of actin. Several actin foci were observed on the ventral

membrane of the cell. Scale bar: 5 µm. (B) The instantaneous velocity of cells was inversely

proportional to the number of actin foci. The number of actin foci and instantaneous velocity were

examined in sequential images of eight cells. From (61).

1Lectins are sugar-binding proteins involved in the regulation of cell adhesion in animals cells
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1.4.2.4 Adhesion proteins in Dictyostelium

Several membrane proteins have been identified to mediate adhesion in Dictyostelium . Some

of these proteins are similar to β -integrins (Sib proteins), which mediate interaction of eu-

karyotic cells with extracellular matrix proteins (65, 66). Dictyostelium also possesses many

proteins known to be part of adhesion structures in higher eukaryotes, such as talin (67, 68),

paxillin (69), coronin (70), ERMs, FAK, myosins (71), Phg1, Phg2 (72) and Src-like tyrosine

kinase (73).

Phg2 seems to play a specific role in signaling actin polymerization and depolymerization

at places where the amoeba comes into direct contact with a substrate (72). Paxillin1 homo-

logue is localized at actin foci and implicated in controlling cell-substrate interactions and cell

movement (74). Talin null cells adhere weakly to substrate (72).

The receptor Phg1 is a hydrophilic receptor (75). As for now, the molecular nature of its

ligand is unknown, but it is present in nutritive media, because Phg1 null mutants are adhesion

defective in this medium. Cells lacking Phg1 protein are unable to bind to glass in the pres-

ence of HL5 medium, while in the presence of SB, the threshold stress is comparable to that

of wild-type cells. The simplest explanation is that Phg1 is the only adhesion protein medi-

ating Dictyostelium adhesion to glass when the plasma membrane lectins are saturated. The

secondary structure of this protein is indeed suggestive of a receptor, having both extracellular

and intracellular domains. Interestingly, several Phg1 isoforms are present in Dictyostelium

genome and homologues are found in the Drosophila and human databases. The role of these

proteins in the other species has not yet being determined.

Sib2 proteins (65, 66) are transmembrane proteins involved in the adhesion ofDictyostelium

cells and link to talin. Experiments of Cornillon et al. (66) suggest that SibA and SibC act as

redundant adhesion molecules at the cell surface and that the variable levels of expression of

SibC participate in the regulation of cell adhesion. When cells are cultured in suspension in

Fresh medium, SibC is highly expressed, while it is down modulated when cells are adher-

ent to petri dish in conditioned medium. Accordingly, SibA mutant cells are more sensitive

than wild-type (WT) cells to these environmental cues (because their adhesion relies on SibC),

while SibC mutant cells respond minimally to environmental cues because SibC expression is

abrogated.

1Paxillin is a key regulator component of focal adhesion sites in mammalian cells
2Similar to Integrin β
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1.4 Dictyostelium Discoideum

Along with Sib protein, SadA1 has been identified as a molecule of cell to substrate ad-

hesion of Dictyostelium vegetative cells (76, 77). The cell-substrate adhesion protein SadA is

active only during vegetative growth whereas SibA is constitutively expressed. The table 1.2

resume the localization and expression of main adhesion protein of Dictyostelium .

Dictyostelium

protein

localization cycle References

Phg1 Transmembrane not expressed in

SibA mutant

(75)

Phg2 Transmembrane not expressed in

SibA mutant

(72)

SibA Transmembrane Vegetative only (65, 66)

SibC Transmembrane Vegetative and

starved cells

(65, 66)

SaDA Transmembrane Vegetative (76, 77)

Paxillin Internal all stage; peaks dur-

ing slug formation

(74)

Talin Internal all stage (67, 68)

Table 1.2: Some proteins involved in Dictyostelium adhesion to substrate.

1.4.3 Dictyostelium and Quorum Sensing (QS)

There appear to exist factors secreted by cells in higher eukaryotes that function as quorum sen-

sors2, so that as the number or density of cells of a specific type increases in a tissue or the body,

the concentration of the factor increases, allowing the cells to sense their number or density.

QS3 has been described in detail for many bacterial systems (78), fungi (79), Dictyostelium

(80) and was recently suggested to regulate ovarian cancer metastasis (81). For instance, a ma-

jor problem in treating cancer is the phenomenon of tumor dormancy: often, when a patient has

a primary tumor and metastases, surgical removal of the primary tumor appears to stimulate

cell proliferation in the metastatic foci. This postsurgery proliferation appears to be due to the

tumor cells secreting an unknown quorum factor that inhibits their proliferation, so that when

1Substrate Adhesion Deficient A
2Quorum sensors are also known as cell density sensors
3Quorum Sensing. QS is accomplished by simultaneously secreting and sensing autocrine factors that accu-

mulate in the extracellular space in a cell-density dependent manner.
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a major source of the quorum factor (the primary tumor) is removed, the resulting reduction

in the levels of the factor allows the metastases to proliferate faster (80). QS mechanism has

also been shown to play a role in wound healing and fibrosing diseases such as cardiac fibro-

sis, pulmonary fibrosis, and end-stage kidney disease (82). QS have been identified in human

blood serum protein, and clinical trials using this secreted factor are currently underway (83).

The simple Dictyostelium developmental cycle provides an excellent system in which to study

eukaryotic QS. Understanding the mechanism of QS in cell model such as Dictyostelium is

therefore of great interest and will hopefully help us to elucidate the physics and biochemistry

of development in higher eukaryotes.

During growth, unicellularDictyostelium amoebas monitor their cell density relative to that

of their bacterial food source by secreting a glycoprotein called prestarvation factor (PSF) at

a constant rate (80, 84). When the ratio of PSF relative to that of bacteria exceeds a certain

threshold, cells stop proliferating and initiate the expression of early developmental genes like

discoidin (in a dose-dependent manner) that are required for its aggregation and coordinate the

initiation of multicellular development (85). It is important to note that PSF are not observed

in the case of axenically growing Dictyostelium .

Early on during aggregation, gene expression requires the activity of cAMP-dependent pro-

tein kinase (PKA) (86), and a high PSF to food ratio is thought to upregulate the translation

of the PKA catalytic subunit PKA-C (87, 88). Upon starvation, cells signal each other that

they are starving by secreting an array of cell density-sensing factors such as the glycoprotein

conditioned medium factor (CMF) (84, 89, 90). As more and more cells secrete this factor, the

concentration of the factor rises, and when the concentration goes above a threshold, cells start

aggregation with relayed pulses of cyclic adenosine monophosphate (cAMP) as a chemoattrac-

tant (91).

CMF stimulates gene expression in parallel with PSF, and both signals potentiate cAMP

signaling by inducing genes involved in cAMP synthesis and detection (85, 92). The cAMP

pulses also regulate the expression of many genes that are specific to early development.

For example, among the newly activated genes are those encoding adenylate cyclase A1,

cAMP receptors2 and the extracellular cAMP phosphodiesterase PdsAwhich hydrolyzes cAMP.

These proteins, together with PKA and RegA, an intracellular cAMP phosphodiesterase with

response regulator, form a biochemical network that generates pulses of cAMP (93). Once

1ACA, an enzymes which synthesizes cAMP
2cARs, Gprotein coupled receptors that detect cAMP
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1.4 Dictyostelium Discoideum

these proteins are functioning, a few starving cells start to emit cAMP pulses. Surrounding

cells respond by moving towards the cAMP source and by relaying the pulse to more dis-

tant cells. Chemotaxis and signal relay together then cause the rapid aggregation of cells into

multicellular mounds. This process forms a number of groups of up to 105 cells. The top of

the mound continues to emit cAMP pulses and is pushed upwards by the movement of cells

underneath (94). The group size is controlled by counting factors (CF) that mediate cell den-

sity sensing during the late aggregation and regulate myosin II distribution, motility and cell

adhesion (95).

More recently, Gomer et al. show that AprA and CfaD are secreted proteins that function

as autocrine signals to inhibit cell proliferation of Dictyostelium in nutritive condition (82).

In the AprA/CfaD system, a chalone1 pathway was found where the chalone signal has two

components that need each other for activity and thus act as message authenticators for each

other. A quorum-sensing molecule (unfortunately not purified) was reported by Cornillon et

al. to regulate cell adhesion in vegetative Dictyostelium cells (66). At high cellular densities,

a strong decrease in cell adhesion and in the expression of the adhesion protein sibC was

observed.

None of these studies have analyzed to our knowledge the role of Quorum Sensing on cell

motion and cell shape in nutritive condition. In this manuscript, the role of Quorum-sensing

factors in the regulation of cell motility has been unambiguously demonstrated, and will be

described in detail in Chapter 3.

1any internal secretion that inhibits a physiological process or function
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Chapter 2

Protocols

In this chapter we present the tools we developed to study cell motility and cell de-

tachment. We used large glass slides with 4 independent well allowing us to study

simultaneously different parameter influencing cell migration. We developed a new

microfluidic device to quantify cell adhesion and cell detachment kinetic. Statistical

analysis was performed using Matlab software.
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2. PROTOCOLS

2.1 Motility

2.1.1 Strain & culture.

Dictyostelium DH1 were grown in HL5 medium (formedium, UK; composition in Tab. 2.1)

in plastic culture dishes (Falcon, 10 cm diameter) at 21◦C. Cells adhere to the plastic bottom

of dish and feed by pinocytosis1. In this condition cell division is about 8 hours. We culture

Dictyostelium DH1 cells as follow: we subculture when the cells are subconfluent or reach a

maximal density of 1× 106 cells/mL, which takes ∼ 2 days, for DH1 strain. We then make a
1:100 to 1:200 dilution into 10 mL fresh HL5 medium and add to a new dish. Cell subculture

has to be limited in time (∼ 1 month) to avoid any spontaneous mutation and experimental re-
productibility issues. A new Dictyostelium culture is start from a frozen stock of cells prepared

before in the laboratory. After harvesting around 1× 107 cells by centrifugation (600g for 5
min) of suspended cells confluent culture, we resuspend it in 1 mL of HL5 medium with 10%

of Dimethyl sulfoxide2 (DMSO) in a liquid nitrogen storage vials. Finally we store the vials in

a −80◦C freezer.

Peptone Yeast Ex-

tract

Glucose KH2PO4 Na2HPO4

g/L 14 7 13.5 0.5 0.5

Table 2.1: Nutrient medium HL5 composition (formedium)

2.1.2 Cell starvation.

Once cells are at confluence during standard culture procedure we wash the cells with 10 mL

Development buffer (DB, see composition in Tab. 2.2) three times and concentrate them in

3 mL of DB (i.e. 2,4×106 cells/mL in a 3,5 cm petri dish, corresponding to a cell density
of 2,4×105 cells/cm2 and a cell-cell distance of 20 µm: cells are in contact with each other).

Starvation time corresponds to the time the cell spent in concentrated DB.

1Pinocytosis is used primarily for the absorption of extracellular fluids. The cell takes in surrounding fluids,

including all solutes present
2DMSO may also be used as a cryoprotectant, added to cell media to prevent cell death during the freezing

process.
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2.1 Motility

Mw g mM mL

NA2HPO4,2H20 141.96 0.71 5

KH2PO4 174.18 0.68 5

H20 989

MgSO4 0.002 10

CaCl2 0.02 1

Table 2.2: Developmental buffer composition

2.1.3 Microscopy

Vegetative cells were harvested at a density of 1× 106 cells/mL, suspended in fresh medium
and plated on glass coverslip at various densities (between 50 cells/cm2 and 3×104 cells/cm2)
at 21◦C.

Figure 2.1: Cell migration device. Four wells with about 2 cm2 surface are sealed on a glass

slide and filled with 2 mL of medium or buffer. Medium can be eventually exchanged with our

syringe pump (left). This setup allows the simultaneous recording of four different experimental

conditions. Various parameters are the cell density, the substrate, the surrounding medium and cell

strain.

Glass coverslips (Scientific Glass LABS LTD, 76x52 mm) were rinsed with 70% ethanol

and HL5 medium. Custom-made wells (Fig. 2.1) were sealed on a glass coverslip allowing

four different assays in parallel (each of area S≃ 6cm2, volume V0 ≃ 2mL). Renewing the cell
medium was possible using a syringe pump (PHD ULTRA infuse/withdraw, Harvard Appa-

ratus) connected to one or two wells. Cells were observed with an inverted light microscope

(Nikon TE2000) using a 4x objective (field of view 2.2×1.7mm, at a resolution of 1.61 µm/px)

in a home-made temperature-controlled chamber (21◦C). A motorized x-y stage (Märzhäuser)

enabled to record in parallel up to 20 regions (e.g., 5 different regions in each well). Images
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2. PROTOCOLS

were captured at 30 seconds intervals for 8 to 12 hours with a cooled CCD camera (CoolSNAP

HQ2 Monochrome Roper Scientific) and the dedicated TE2000 software NIS Elements AR.

2.1.4 Image Processing

Recorded movies were binarized (Fig. 2.2) using ImageJ software with a custom made macro.

Binarized movies were analyzed using Matlab to obtain individual cells positions (mass cen-

troı̈d position ), size and orientation. In appendix A., noise on tracked positions due to camera

and stage repositioning errors are carefully evaluated. From the mean-squared displacement of

fixed dusts, we measured a total error of σT ≤ 1.5µm.

Figure 2.2: Cell contour detection. Detail (≈ 10%) of one field of view obtained by bright field
microscopy using a 4x objective lens (A) which is superimposed with cell contours identified by

our ImageJ script (B). In (C) the corresponding binary image is displayed.

2.1.5 Motility Assay

In typical motility assays, cells were placed on glass coverslips in a well filled with 2 mL of

nutrient medium (nutritive conditions for vegetative cells) or DB buffer (starved conditions).

After 1 hour letting cells settle on glass, they were tracked during 10 hours at Δt = 30 seconds

intervals. In aging experiments, cells were tracked during 10 hours, resulting in 1200 images.

Images are organized in stacks of 100 images as 50 minutes is the lowest time interval to get

a reasonable diffusion coefficient (see chapter 3) An example of typical cell tracks is shown in

Fig. 2.3.

Other ’Aging’ experiments were performed using highly conditioned medium (HCM, from

cell cultured during 24 hours) or moderately conditioned medium (MCM, from cell cultured at

experimental density for 4 hours). For flow experiments, cell medium was renewed with fresh

HL5 (experiments with vegetative cells of chapter 3) or fresh DB (experiments with starved

cells of chapter 4) using either an exponential flow ramp renewing medium from 0 up to 0.5

32



2.1 Motility

Figure 2.3: Cell tracks. Examples of cell trajectories lasting 50 min obtained at a cell density

of 12000 cells/cm2 in nutritive condition. Starting points are represented by red arrows. Scale Bar

= 100µm.

mL/min either a constant flow rate renewing up to 2 mL/min.

2.1.6 Measurement of motion parameters

For a set of N cells tracked during ttot = NtimesΔt, the mean-squared displacement (MSD, see

Appendix E.) is calculated as a function of the time lag t (see dark thick line in Fig. 2.4):

〈ρ2(t)〉= 〈(xi(t0+ t)− xi(t0))2+(yi(t0+ t)− yi(t0))2〉, (2.1)

where we take the average over N and over all possible t0 using overlapping intervals (96).

Standard deviation (SD) and standard error of the mean (SEM = SD/
√
N) are computed to

evaluate error bars and dependence on timelapse microscopy parameters (time interval, number

of cells..., see Chapter 3). We also calculated the MSD of individuals cells (see green lines in

Fig. 2.4).

MSD were fitted with Eq.(3.1) for time larger than 5 min. Error on the fitted diffusion

constant D was estimated from the SEM of the MSD at 15 min. We used the instantaneous

velocity of the cell i at time t, �vi(t) = (�ri(t +Δt)−�ri(t))/Δt to calculate the normalized or

non-normalized autocorrelation function of the velocity C(t) = Z(t)/Z(0) and Z(t) = 〈�vi(t0+
t).�vi(t0)〉 respectively.

MSD can be represented in different forms (Fig. 2.5). We choose to represent cell migration

as MSD/t throughout the manuscript for observational convenience. It shows clear difference
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Figure 2.4: Mean Squared Displacement. Mean Square Displacement (MSD) as a function of

time lag t in log-log scale. Green lines: individual MSD for each tracked cells, revealing the large

dispersion of our population. Black bold line: AverageMSD of all tracked cells
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Figure 2.5: Mean Squared Displacement representation. MSD representation in a linear scale,

a log-log scale and a representation ofMSD/t as a function of time t. For two distinct situations: (i)

normal diffusion at long times with persistence at short times (green line), (ii) apparent anomalous

superdiffusion (at least during the recorded period, black line).

between 2 experiments and it easily exhibit whether cells have reached random diffusion at

some time (a plateau is reached at long times, see Fig. 2.5). Note that the linear representation

hides any eventual anomalous diffusion.

Bimodal analysis was performed as described in (97). Briefly, the turn angle φ was defined

as the angle between 2 successive centroı̈d vector displacements. If, at least, 3 successive |φ |
are below a threshold set as 45◦, this portion of the trajectory is considered as persistent. Oth-

erwise, it is random. An example of sorted trajectory using the bimodal analysis is represented
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Figure 2.6: Cell tracking and Bimodal analysis. Typical tracks of persistent mode (in red)

and random mode (in black) along a cell trajectory lasting 50 min (time step between two points,

δ t = 30 sec),starting point (green square).
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in Fig. 2.6 with persistent tracks in red and random tracks in black. For each cell, we computed

the proportion of time spent in persistent mode tP/ttot , the mean distance of each persistent

track LP and the total distance traveled in persistent mode ∑LP. Error bars on these quantities

represents SEM.

2.1.7 Statistical analysis

Wilcoxon non parametric tests were used to analyse statistical differences between groups. P

values < 0.05 were considered significant (* indicating p< 0.05, ** indicating p< 0.01).

2.2 Adhesion

2.2.1 Device fabrication

We used standard multilayer photolithography procedures (98, 99) (see appendix D.) to create

the microfluidic device with four parallel channels shown top-viewed in Fig. 2.7A.

The photo mask pattern as shown in Fig. 2.7B was drawn with CleWin4 (WieWeb soft-

ware). The mask was transfered onto a glass plate as substrate. Firstly, we applied one negative

photoresist layer (LAMINAR Aqueous Resist E9220, thickness 50 µm) and exposed it to UV

light. This helps the further layers to stick properly. Then, 1, 2 or 3 layers of the same negative

photoresist were put on the substrate and covered with the mask before exposing to UV light.

This lead, after development with a carbonate solution (8.5 g CO2−3 /L H2O, heated to 67
◦C),

to profile heights of 50, 100 or 150 µm respectively. We verified this height with a surface

profiler.

The developed master was first silanized (ALDRICH Octadecyltrichlorosilane, 90+%) to

ease unpinning PDMS afterwards, then covered with reticulating PDMS (10:1 ratio PDMS:

reticulate, using SYLGARD 184 Silicone Elastomer and the associated curing agent), and baken

for two hours at 75◦C. The reticulated PDMS was ablated from the master, pierced for in-

/outlets with a Harris Micro-puncher 0.5 mm diameter, treated with O2-plasma (53 W, 2.5 min,

200 mTorr, distance from cathode about 5 cm) and irreversibly sealed to an equally treated clean

glass plate (Scientific Glass LABS LTD, 76x52 mm, constituting the surface on which the cells

adhere later). All operations so far had been done in a clean room (Team Microfluidics, Institut

des Nanotechnologies de Lyon) to avoid contamination. Just after sealing, the channels were

wetted with 0.22 µm-filtered ethanol to decrease surface tension and avoid bubble formation.
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Figure 2.7: Microfluidic device with four independent branches. A. Photograph of the device,

sealed on a 76x52 mm glass slide. The four channels are labeled with numbers. Inlet-outlet-

distance is 50 mm. In- and outlet can be interchanged to avoid a high hydrodynamic pressure for

large widths which occurs at the inlet site (see appendix B.). B. Photolithography mask (detail).

The colored rectangles correspond to the visual field of different shear stress zones we used for our

later discussed model experiment. C. Shear stress (log-scale) related to the position in the tapered

channel for a low flow rate Q= 5 mL/h. The corresponding letters are represented in subfigure B.

The square on the top left shows the highest possible shear stress that could be attained at this flow

rate.

2.2.2 Channel coating

The glass surface was used directly or further coated with (3-Aminopropyl) Triethoxysilane

(APTES, Sigma-Aldrich). For APTES-coating, 1% APTES in 5 mM aqueous acetic acid was

injected in the chamber. A stop-and-go flow of the solution was maintained for 20 min. The

APTES-coated channels were then washed with distilled water before drying at 100◦C for

15 min. The channels were then thoroughly rinsed with fresh cell medium and used directly.
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2.2.3 Flow creation

Both inlet and outlet of the four channels of our device were connected to flexible tubes (POR-

TEX Fine Bore Polythene Tubing 0.28 mm inner diameter), the inlet being connected to a

switchable T-connectic, allowing easy cleaning and exchanging of hand- and pump-driven sy-

ringes. The tightly closed system allowed a precise measurement of fluid flow by collecting

and weighing the liquid that had passed by.

For precise flow control, we used a syringe pump (PHD ULTRA infuse/withdraw, Harvard

Apparatus) with up to four BRAUN Omnifix 20 mL Luer Lock syringes. Of major importance

were tight syringes with a rubber piston which shows no stick-and-slip behaviour, in order to

assure a steady-going flow. With 20 mL syringes, experiments of up to 3 hours with a flow rate

of 6−7 mL/h could be easily managed.

2.2.4 Cell injection

Dictyostelium discoideum DH1 were grown in HL5 medium (formedium, UK) in plastic cul-

ture dishes (Falcon) at 21◦C as explained above. Vegetative cells were harvested at a density of

1 ·106 cells/mL, suspended in fresh medium and injected into the microchannel via the channel
outlet using a micro-pipette. A careful injection of about 24 µL into the outlet with the inlet

being kept open was sufficient to obtain cell densities of (4± 1) · 104 cells/cm2. The injected
volume exceeds the volume of one channel (14 µL) to assure the coverage of those parts of the

channel which are far from the injection point. A settling time at the surface of 30 min was

chosen to enable cells to adhere to their substrate.

2.2.5 Microscopy

A low resolution 4x objective was chosen to get high statistics in single experiments. Images

were captured automatically along a path scanning the different positions (and therefore the

different applied stresses), as visualized schematically in Fig. 2.7B by colored rectangles. The

microscopy setting and environment are the same as in the migration part. Images were cap-

tured automatically along a path scanning the different positions (and therefore the different

applied stresses), as visualized schematically in Fig. 2.7B by colored rectangles. One image

contained typically 500−1500 cells. A scanning path with 52 positions (4 channels, 13 posi-
tions each) took about 45 s, which determined the temporal resolution of detachment kinetics

recording. A lower number of channels and of positions per channel enabled much higher time
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Figure 2.8: Detachment efficiency. The cumulative lognormal threshold-stress distribution func-

tion (cdf), fitted with eq. 5.4. Detachment efficiencies for Dictyostelium in fresh medium at flow

rate Q = 5 mL/h (blue triangles and fit), and Q = 10 mL/h (red circles). Every datapoint for the

Dictyostelium data in fresh medium corresponds to one position in Fig. 2.7. σ1/2 can be read off at

the point where the dashed line intersects the fits.

resolution. Higher spatial resolution (20x) but with lower statistics could be accomplished

without change of the setting as well.

It turned out that setting out of focus the lenses delivered an optimal performance in prac-

tice: even if the precise cell shapes were not visible any longer, the cells were easier to dis-

tinguish from device impurities, thus facilitating subsequent cell counting. Typical images

obtained are shown in Fig. 2.9.

2.2.6 Image Processing

To count the number of cells for each image and each timestep, the recorded movies were

analyzed with the free, platform-independent program ImageJ using a custom-written batch

algorithm based on the Find maxima routine which gave the number of cells (and the cell posi-

tions, if tracking was desired) for each image. It is therefore possible to represent the number of

detached cells as a function of the shear stress applied to quantify cell adhesion (Fig. 2.8).The

exact calculation of applied shear stress in such geometry is given in Appendix C. The super-

position of 2 experiments of detachment at different shear flow shows the high reliability of
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our device to quantify cell adhesion (Fig. 2.8).

The data obtained were further analyzed with a single MATLAB program which calculated

the cell density (in cells/cm2), the cell detachment in dependence of time and the parameters

which characterize a cell population and its detachment kinetics (see Chapter 5). We thereby

used the free MATLAB fitting toolbox EzyFit.

2.2.7 Cell counting and wall shear stress reliabilities

B

Figure 2.9: Detail (≈ 10%) of one field of view within the microfluidic chamber before detachment
by shear stress, using a 4x objective lens. The right hand side shows as single dots the cells

identified by our ImageJ script.

Image acquisition with microscopy and treatment with ImageJ were done as described in

detail in the previous section 2.2.5. Fig. 2.9 shows ≈ 10% of a field of view. It shows the high
reliability of our cell counting method for Dictyostelium .

Within the same program, error calculus was done, effecting error propagation for stress

incertitudes and analysis of the statistical error due to finite number of cells, both by means

of straightforward resampling methods (see Appendix B.). The MATLAB-Code with a work-

ing data sample is available upon request. The two main possible error sources affecting the

measured number of detached cells and the estimated wall shear stress are discussed:

1. Statistical and counting errors (a limited number of cells creates a statistical error).

2. Physical incertitudes and device approximations of the wall shear stress (flow velocity

field and thus shear stress values may be modified by PDMS deformation due to internal
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pressure; temperature-dependency of viscosity can affect the shear stress as well; also

channel width and thus shear stress are not constant over a given field of view).
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Chapter 3

Vegetative cell Migration

In this chapter, Dictyostelium was used as a model system to investigate the interplay

between spontaneous amoeboid cell motion in nutrient solution and cell density. Cell

migration has been quantified thanks to large data set and analysis from statistical

physics. This analysis shed light on the heterogeneity within a given cell population,

and the necessity to use large number of cells and long recording time to get reliable

information on cell motion. In average, motion is persistent for short periods of time

(t ≤ 5min), but normal diffusive behavior is recovered over longer time periods. The
persistence times are positively correlated with the migrated distances. The adapta-

tion of cell migration to cell density highlighted the role of a secreted quorum sensing

factor (QSF) on cell migration. Using a simple model describing the balance between

the rate of QSF creation and the rate of QSF dilution, we were able to gather all experi-

mental results into a single master curve, showing a sharp cell transition between high

and low motile behaviors with increasing QSF. This unambiguously demonstrates the

central role played by QSF on amoeboid motion in the growth phase. Cell motion

analysis in response to this QSF can then be a useful parameter to fully quantify and

compare cell response in different conditions.
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3.1 Introduction

Cell movement has been classically described as a persistent randomwalk following the Ornstein-

Uhlenbeck process (100) (see Eq. 3.1). This model derives from Langevin equation of motion,

with white-noise. Accordingly, cells follow a directed motion over a short time range, while

recovering normal Brownian diffusion over longer periods. The cross-over defines a persis-

tence time (101). More recently, many studies have pointed out the existence of anomalous

behavior (i.e., even at long time scale, the cell do not show Brownian motion) in mammalian

cells (102), and amoebas (103). None of these studies has investigated nor suggested the role

of quorum sensing (QS) mechanisms in the regulation of spontaneous cell movement. It is

however interesting to note that in the absence of external signals (very diluted conditions),

Li et al. (104) have found a much faster migration than others using the same cell type but a

higher cell density (103, 105).

It is well known that individual Dictyostelium cells exhibit variable motile properties and

that even their average properties are often changing from one experiment to the other depend-

ing on unidentified parameters (66, 95). It is therefore important to be able as much as possible

to investigate the dependence of cell motile properties on different experimental parameters in

parallel.

In this chapter we investigate in a quantitative manner the role of cell density on the random

motion of vegetative cells using a very large data set. The role played by cell-density on spon-

taneous cell migration was analyzed thanks to statistical analysis of cell centroid displacement

over time in different experimental conditions. First, cell density has been varied in a large

range (from 50 cells/cm2 to 3× 104 cells/cm2, density experiments) corresponding to mean
cell-cell distances ranging from 1300 µm down to 70 µm). Second, the evolution of cell mi-

gration was analyzed over time (aging experiments), in conditioned media and under controlled

flow conditions (flow experiments). We have characterized the motion with different parame-

ters classically used for the analysis of motion of colloids in complex fluids or biological cells

(mean square displacement, velocity autocorrelation, persistence time, bimodal analysis). Our

results demonstrate the role of QS factors (QSF) secreted by cells in the spontaneous migration

of amoeboid cells.
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3.2 Results

3.2.1 A random motion with persistence

Dictyostelium cells were generally tracked during periods of 50 min. The motorized stage of

the microscope performed a loop of up to 20 frames with a time interval of 30 sec between two

loops. A first qualitative analysis of cell motion can be done by displaying trajectories with a

common starting point (Fig. 3.1B and C).

This graph shows the absence of any bias in the trajectories and the amplitude of the fastest

cells. For this particular experimental condition (i.e., cells submitted to a perfusion flow at

Q = 30 mL/h), in 50 min, the fastest cells are exploring a region of 150 µm in diameter. For

another condition (i.e., cells at similar density but without flow), cells are slower (the fastest

cells are exploring a region of 75 µm in diameter) but still migrate randomly (Fig.3.1C).

To quantify the randomness of these trajectories, it is useful to compute mean squared

displacements (MSD, see Eq. 2.1, the calculus is given in appendix E.). This can be done for

each cell (represented as a green line in Fig. 3.1E) and a mean MSD can be computed (thick

black line in Fig. 3.1E). These individual MSD are log-normally distributed. The first striking

characteristic is the large dispersion of individualMSDs already noticed a long time ago in the

pioneering work of Potel and MacKay (106).

Due to the stochastic nature of both diffusion process and cell migration, large statistical

variances are expected, even for very precise measurements (107). According to Qian et al.,

large variances may also arise from the finite number of cells N, the time interval Δt between

two recorded images and the total recording time ttot . We analyzed the effect of these different

parameters on the variance of the computed diffusion constant (Fig.3.2).

The standard deviation SD of the effective diffusion constant (De f f = MSD/4t at t = 15

min) is calculated as a function of N with a random sampling of N trajectories over the 1280

cells tracked for this particular experiment (other parameters: ttot = 50 min, Δt = 30 sec). It

does not depend on the number of cells N used for the statistics (Fig.3.2A, Inset). The standard

error of the mean (SEM) and the relative standard error (RSE=SEM/mean) on the MSD are

therefore decreasing with N as N−1/2. The RSE is about 4.5% at N = 900, 13.5% at N = 100

and increases dramatically if N ≤ 50 (Fig.3.2A). A large statistics is therefore essential to get
accurateMSD values.
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Figure 3.1: Cell track analysis. (A) MSD divided by time lag as a function of time lag for 3

typical cell conditions: red crosses, fast moving cellsD= 14.7µm2/min; blue crosses, intermediate

moving cells D= 9.6µm2/min; black crosses: slow moving cells D= 4.7µm2/min. Solid line are

fits with the Fürth’s formula. This plot reveals an overshoot at 2 min. The slower the cells, the

larger the overshoot; (B-C) Typical cell tracks, with their origins brought to a common point, are

shown for (B) a condition of fast cell displacement (under a perfusion flow of 30 mL/h), and (C)

a condition of slow cell displacement (same cell density without flow). (Scale Bar= 100µm); (D)

Velocity autocorrelation C(t) as a function of time lag for the same cell conditions as (A), showing

a negative peak at 2 min; (E) Mean Square Displacement (MSD) as a function of time lag t in

log-log scale. Green lines: individualMSD for each tracked cells, revealing the large dispersion of

our population. Black bold line: AverageMSD of all tracked cells.

The evolution of SD with the recording time ttot was also computed (Fig.3.2B). The SD of

three different effective diffusion constants (De f f =MSD/4t, with time of interest equals 5, 15

and 30 min respectively) remains stable for recording time larger than around 3 times the time

of interest. As it is important to computeMSD up to times where cell motion recovered normal

diffusion, it confirms that a long recording time is compulsory to analyze cell motion exhibiting

long persistence time (96). In our case, the maximum persistence time was found to be around

5 min, and the MSD/t curve exhibits clear asymptotic behavior for time larger than 15 min. A

minimum recording time of 45 min was thus chosen. As far as the time interval Δt is concerned,

SD of the De f f (with time of interest equals 15 min) was computed (Fig.3.2C). Importantly, the

SD remains stable even for time interval Δt = 5 min. In conclusion, to get statistically relevant
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Figure 3.2: Error due to number of cell N, total time ttot and time interval Δt. (A) RSE of

De f f =MSD/4t at t = 15 min Vs. N calculated by generating and averaging 1000 ramdom samples

of N among the full recorded cells. Inset: Standard deviation of De f f Vs. N (same procedure). The

black line represent the average of 1000 random samples and diamonds a single random sample.

(B) Standard deviation Vs. ttot for De f f calculated at 5 min (blue), 15 min (black) and 30 min (red).

(C) Standard Deviation of De f f calculated at 15 min as a function of time interval Δt.

results on the diffusive behavior of cell motion, it is important (i) to analyze MSD of a large

number of cells (typically larger than 500), (ii) to record cell motion during a time larger than

8-10 times the expected persistence time, (iii) a time interval of the order of the persistence

time is sufficient. The use of smaller time interval does not increase the accuracy of the results.

For each condition analyzed, the plot of the mean MSD Vs. time lag t shows two apparent

slopes in a log-log scale (Fig. 3.1E). It is linear at long times (t ≥ 20min) indicating normal
(random) diffusion. At short times, it scales as tβ with an exponent β larger than one indicating

a persistent motion. However data cannot be fitted over all times with the standard expression

of random motion with persistence relation (Fürth’s formula) (100):

〈ρ2(t)〉= 4D
(
t−P

(
1− e−t/P

))
(3.1)

where D and P are the diffusion constant and persistent time respectively. This is clearly evi-

denced by aMSD/t representation (Fig. 3.1A) which shows the presence of an initial overshoot
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near about t = 2 min. This overshoot has never been reported to our knowledge in previous

studies but the reason could be that theMSD/t representation is not classically used. In log-log

or linearMSD plots, we cannot indeed notice this singularity.

The presence of this overshoot is correlated with the presence of a negative peak in the

velocity autocorrelation function (C(t)) near 2 min (Fig. 3.1D). We have carefully checked

that both are not due to noise on centroid positions due to stage repositioning or camera errors

(Fig. 5 in appendix A.). The negative peak ofC(t) corresponds to an excess of turn angles larger

than 90◦ near 2 min: there is a significant probability that a cell moving in a given direction

retracts backward after two minutes. It will be interesting to analyze pseudopod activity for

those cells by using a larger spatial and temporal resolution but we could not perform this

analysis during this thesis.

For times greater than 2 min, the cell centroı̈d displacements show some slight persistence

as velocity autocorrelation is significantly larger than zero especially for fast moving cells (red

curve in Fig .3.1D). For times much larger than the overshoot, it is possible to get a reasonable

estimate of the persistence P and of the diffusion constant D by fitting the mean MSD with

the Fürth’s formula. The reported value of D throughout the manuscript correspond to values

obtained by fitting data with a lower cut-off at t = 5min. The fit indicate that the larger the

diffusion constant D, the larger is the persistence time, P (Fig.3.3A). Assuming a linear cor-

relation between these two fitted parameters, we can estimate an intrinsic instantaneous speed

S =
√
2D/P = 4.3µm/min from the slope. The existence of a linear relation would indicate

that the long term migrated distance is caused by the ability of cells to maintain movement in

a chosen direction, not by the increase in their intrinsic speed.
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3.2.2 Bimodal analysis

We also analyzed the statistics of the persistence portions of the trajectories with a bimodal

analysis (see chapter 2 which was reported to be very helpful to describe the different kinds of

motility from random to directed (97, 108). The bimodal analysis is based on the condition that

three successive directional angle are below an arbitrary threshold. The arbitrary cut-off value

of 45◦ used in Bimodal analysis is compatible with the maximum fluctuations in cell direction

of persistent portions of Dictyostelium cells (104). Fig.3.3B-D show the relation between D

and the proportion of time spent in persistent mode tP/ttot , the mean persistent run length LP or

the cumulated distance in the persistent mode ∑LP respectively. Each point corresponds to the

average value over all cells of a given experiments. Experiments with faster cells have a larger

mean tP/ttot but also a larger LP. As a result the cumulated distance migrated in the persistence

mode which is a combination of both tP/ttot and LP is very dependent on the conditions. The

bimodal analysis may be also performed for each cells and the distribution of persistent param-

eters for the whole cells of a given experiment may be calculated. Cell distributions obtained

from 3 typical cell conditions (from fast to slow migrated distance) are shown in Fig. 3.4. His-

tograms can be accurately fitted with a Gaussian distribution. Even if the distribution is very

large, clear differences of the average values of each persistence parameters are found. This

bimodal analysis confirms the strong correlation between persistence and diffusion constant.
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Figure 3.3: Cell persistence is correlated with Diffusion Coefficient D. All variables are plotted

as a function of D which is obtained (as well as the persistence time P) by fitting MSD with the

Fürth’s formula at long times (t ≥ 5min). (A) Persistence time P (values larger than the time interval
of 30 sec were considered); (B-C-D) Parameters obtained from a bimodal analysis; (B) Ratio of

time spent in persistent mode over total tracking time; (C) Length of persistence LP (distance end-

to-end of each individual persistent portion of cell trajectory); (D) cumulative LP, summed over all

cell trajectory. Squares correspond to ’Aging’ experiments, circles to Flow experiments. 〈〉 denotes
averaging over all tracked cells in a given condition. Error bars represents SEM. The solid line in

(A) is a linear fit P= aD (a= 0.11, R2 = 0.54).
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Figure 3.4: Individual cell distributions of the persistence parameters obtained from a bi-

modal analysis. tP/ttot is the proportion of time spent in persistent mode, LP is the mean persistent

run length and ∑LP the cumulated distance in the persistent mode. Three different experiments

corresponding to the ones of Fig. 3.1A are represented: in red (A-C), histograms of fast moving

cells; in blue (D-F),histograms of cell moving at intermediate speed; in gray (G-I), histograms of

slow moving cells. The solid line is a fit of each histogram with a Gaussian function. All fits of

a given parameter are superimposed in (G-I) to better visualize the differences between the three

experiments. Histogram reveals large distribution of cells within an experiment but clear differ-

ences between mean values of each parameters, reinforcing the use of large statistics to describe

cell motility. The faster the cells, the larger are the persistence parameters.
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3.2.3 Cell shape and cell migration are correlated

Although we used a low spatial and temporal resolution (1.59µm/pix and 30 sec respectively),

the overall cell shape as well as main modes of deformation can be easily detected by our Im-

ageJ script (Fig.2.2). Two typical fast and slow cells are displayed in Fig. 3.5A. Cell shape

were here characterized with the roundness parameter r (r = 1 indicates a circular cell, r << 1

a very elongated cell). The larger the diffusion constant, the lower the roundness parameter r

(Fig.3.5B). The diffusion constant D was found to be positively correlated with the changes in

roundness Δr during 30 sec (Fig.3.5C) indicating that fast vegetative cells (see red box) were

also changing frequently their overall shape between a long and a more rounded shape while

slow cells remained mostly rounded because they were extending very small protrusions (see

blue box).
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Figure 3.5: Cell shape is correlated with migrated distance. (A) time lapse of 2 cells (upper and

lower rows: slow and fast, respectively). Despite the low resolution, we can distinguish easily that

the fast cell is more elongated and more active than the slow cell. Cell roundness (B) and roundness

difference (C) between two successive images are correlated with the diffusion constant (positively

and negatively respectively). Squares correspond to aging experiments, circles to experiments with

a flow. The two colored boxes highlight two special groups of cells, very slow and fast respectively.

Roundness is defined as 2(
√
A/π)/M where A is the cell area and M the cell major axis length

(both are determined with Matlab). Each point corresponds to the average over all cells tracked

during a single experiment. The more elongated the cells are (Roundness< 1) the faster they move.

Roundness difference quantify the cell deformation activity. The larger is this activity, the faster

move the cells.
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3.2.4 Cells move faster at low cell density

It is well known that starved cells acquire aggregation competence by exchanging signals with

others at high cell density (109). Aggregation competent cells are highly polarized, very persis-

tent and move fast (28). Surprisingly, vegetative cells behave in the opposite way: they move

faster at low cell density. We checked this by measuring the mean MSD in a wide range of

cell densities between 50 and 3.104cells/cm2 (Fig.3.6A). The diffusion constant at the lower

investigated density is five times larger than at the highest density. Differences are statistically

significant (see inset of Fig.3.6A).
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Figure 3.6: Cell motility depends on a QSF secreted by cells. The diffusion coefficient D is

decreasing with cell density and experimental time, highlighting the role played by a QSF factors

in cell motion. Error bars represent SEM. (A) D plotted as a function of the experimental cell

density. Cells were recorded during 50 min, 1.5 hours after cells were washed in a fresh HL5

medium. Inset: Average D values and corresponding SD error bars obtained for different cell

density ranges; (B) ’Aging’ assay: as time increases QSF increases andD decreases; (C), Evolution

of D when medium is changed during experiment starting from Highly conditioned Medium (left

part, during time [150-300 min], low D), moderate conditioned medium (middle part, during time

[350-500 min], intermediate D) and fresh medium (right part, during time [550-700 min], rapid

increase in D, followed by an exponential decrease); (D) Evolution of D with flow Q. A home-

made macrofluidic chamber enables renewing the flow. Applied flow is changed with exponential

step (green line, vertical right axis). D is first decreasing (corresponding to a state where QSF cell

emission is overcoming QSF flow dilution), then increasing (corresponding to a state where QSF

flow dilution is overcoming QSF cell emission). When flow is stopped after 700 min, D rapidly

decreases (corresponding to a rapid increase in QSF concentration)
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3.2.5 Cell migration is regulated by a QS factor secreted by cells

Several tests were performed in order to check whether the dependence of cell migration on

cell density could be regulated by an unknown factor secreted by cells.

First, we measured the evolution of theMSD over time (”aging” experiments). For that, cell

trajectories were continuously recorded during 12 hours and the MSD calculated during time

intervals of 50 min. Time zero corresponds to the time when cells were washed and plated on

the sample dish in fresh HL5 medium. The diffusion constantD decreases from 8 to 3 µm2/min

over 12 hours (Fig.3.6B) whereas initial cell density is 9000cells/cm2 at t = 0. Clearly this

change is not accounted for by the increase of the cell population (due to cell division) which

is roughly only doubling during that experimental period, corresponding to a minor effect on

D at a given time (Fig.3.6A), and suggests the presence of a factor secreted by the cells over

time.

Second, we studied the effect of various conditioned media (Fig.3.6C). Highly conditioned

medium (HCM) conditioned by growing cells in the exponential phase during 2 days strongly

reducesD at 2µm2/min as compared to cells at the same density (C= 12000 cells/cm2) in fresh

medium (Fig.3.6A). Notice that D is very stable over 200 min. After that period of time, the

medium of the same sample dish was exchanged for a moderately conditioned medium (MCM

conditioned by cells at the same sample density,C= 12000 cells/cm2 during 4 hours). This ex-

change induced an increase of D up to 4µm2/min with little change during 200 min. This value

is equal to the one obtained after the same period for aging experiments (Fig.3.6B). Finally,

the medium was once more exchanged to fresh HL5 and D suddenly jumped to 8µm2/min

and slowly decreased with time with the same dynamics than in aging experiments (Fig.3.6B).

These experiments indicate that (i) the more conditioned the medium the slower the cell mi-

gration, (ii) migration rate saturates at very large conditioning and (iii) cells quickly reset their

migrating properties as soon as buffer is modified (within the 50 min time interval necessary to

record reliableMSD measurements).

Third, we perfused the sample dish with fresh medium with series of steps of increasing,

albeit slow, flow rates (Fig.3.6D). The duration of each step was 50 min and its amplitude

roughly exponentially increasing up to 30mL/hours where flow was stopped while cell trajec-

tories were still recorded. With a high initial density (C = 12000cells/cm2) and for very slow

flow rates (3 first steps), D is first decreasing but afterwards it increases with increasing Q up

to 18µm2/min. Once the flow is stopped D immediately falls down. It is known that shear
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stresses above 0.1 Pa trigger active actin cytoskeleton remodeling and shear-flow induced ve-

locity along the flow direction (110). In our experiments, the higher applied wall shear stresses

(σ ≃ ηQ/Wh2 where η , h and w are medium viscosity, dish height and width respectively) are

much smaller, in the mPa range. We also checked that trajectories of perfused cell are isotropic

(Fig.3.1B) excluding therefore any shear-flow induced effect.

All these experiments unambiguously demonstrate that cells are sensitive to an unknown

quorum sensing factor (QSF) secreted by cells. This QSF accumulates in the medium (aging

experiments), can be partially removed by an external flow (dilution) or can be concentrated up

to level saturating cells (highly conditioned medium).

3.2.6 A simple kinetics model to describe the QSF concentration for each exper-

imental situation

With simple assumptions, it is possible to model the ratio of the number N f of secreted QSF

over some synthesis rate α . The first assumption is that N f quickly reaches an equilibrium

in the full sample volume. It holds if diffusion and or convection due to the motorized stage

motion or the external perfusion if any are quickly equilibrating the density with respect to the

typical 50 min experimental time for a MSD run. The second assumption is the hypothesis

of exponential growth for the number of cells N : N = N0exp(t/τ) with τ = T/ln2. This

assumption is well verified experimentally with T ≃ 8 hours even for cells in the experimental
sample dish (3.7).

0 100 200 300 400 500 600 700
0.8

1

1.2

1.4

1.6

1.8

2

2.2
x 10

4

time (min)

N
b

 o
f 
c
e

lls
 /
c
m

²

 

 

Figure 3.7: Cell growth. Dictyostelium cell proliferation is not affected by experimental con-

dition. Cells migrating in HL5 on glass substrate are counted every 50 min (black circles). the

number of cells is fitted by N = N0exp(t · ln(2)/T ) (orange line) with a doubling time T ∼ 8 hours.
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If we assume that the number N f of secreted QSF quickly reaches an equilibrium in the

full sample volume, the variation of N f over time t is described by the following differential

equation:
dN f

dt
=
dN f

dt

∣∣∣∣
synthesis

+
dN f

dt

∣∣∣∣
dilution

(3.2)

The right term represents a competition between the synthesis of QSF by cells and the dilution

of QSF by the applied flow in the well. The synthesis term depends linearly on the number of

cells Nc(t):
dN f

dt

∣∣∣∣
synthesis

= αNc(t) (3.3)

where α is the rate of emission of QSF by cells (supposed constant). The dilution term is

simply related to the applied flow rate Q and the sample well volume V0:

dN f

dt

∣∣∣∣
dilution

=−QN f
V0

(3.4)

We assume a classical exponential growth to describe the number of cells Nc(t):

Nc(t) = Nc(0).exp(
t

τ
) (3.5)

where Nc(0) is the initial number of cells at t = 0 and τ = T.ln(2) with T the doubling period.

In the case of aging experiments (Q= 0) we obtain:

N f (t)

α
= τ .Nc(0).(exp(

t

τ
)−1) (3.6)

where t is the time after cells were plated in fresh medium (N f (0) = 0). In the case of flow

experiments we have:

N f (t)

α
=

{
τ .Nc(0).

[
1− exp(−tA

τ
)− V0

V0+Qτ

]}
exp(

−Qt
V0

)

+

{
Nc(0)V0τ

V0+Qτ

}
exp(

t

τ
) (3.7)

where tA is the waiting time before flow application (∼ 1hour), t the starting time, when the
flow Q was applied and Nc(0) the number of cells at t = 0.

The solution N f /α is a sum of two exponentials. These two exponentials explain why D

is first decreasing at low Q (aging is dominant) and increasing at high Q (dilution is dominant,

Fig.3.6D). With these equations it is possible to represent all MSD measurements as a func-

tion of the same common variable N f /α which spans over more than 6 decades (Fig.3.8). The
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Figure 3.8: QSF density triggers cell motility: Merge of all experimental results. Diffusion

Coefficient D is plotted as a function of calculated N f /α (with α , the rate of QSF secretion)

for all experimental points: ’aging’ experiments (square), cell density experiments (triangle), flow

experiments (circle). All data are well fitted by the following equation D= D0exp(−N f /(αλ ))+

Dend ; with D0 = 11.2µm2/min, Dend = 2µm2/min, λ = 3 ·106, R2 = 0.82. For clarity we reported
only error bars on 3 representative experiments.

agreement between very different types of experiments (variable initial cell density N0, aging

or experiment with a dilution rate) is very satisfactory. Interestingly the diffusion constant D

shows two plateau values: a maximum value of about 12 µm2/min occurs at low QSF concen-

trations (very diluted cell density or dilution at high flows) while a minimum plateau value at

2 µm2/min occurs at large QSF concentrations (HCM or aging experiments at very long times ).

3.2.7 Cells do not organize spatially at high density.

Even though experiments reported above indicate that cells regulate their motility according to

a global QSF concentration, one may ask if cells detect their nearest neighbors and organize

themselves accordingly.
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Figure 3.9: Effect of the local density. Local density has little effect if any on the effective

diffusion constant defined from t=15 min as De f f = MSD(15
′)/(4× 15′). Data originate from

different regions of the same sample dish with different local cell densities. Red bullets correspond

to the region of low local density (1000 cells/cm2), black bullets to a high local density (19000

cells/cm2) and green bullets correspond to a region with an intermediate density probably more

representative of the mean density within the well (4000 cells/cm2). Cells with a local low density

move slightly faster than cells with a local higher density at least 2h after cells were transferred to

fresh medium. The difference however is small as compared to the changes with time due to the

aging effect.

To shed light on this question we first measured migration rates in sample dishes presenting

an inhomogeneous cell density. Fig.3.9 shows that indeed cells with a low local density (red

dots) move faster than cells with a high local density (black dots) at least 2h after cells were

transferred to fresh medium. The difference however is small compared to the changes with

time due to the aging effect (more than two-fold decrease of D during 500 min) and tends to

vanish with time. This experiment indicates therefore that local QSF inhomogeneities quickly

diffuse and cells mainly feel a global concentration of QSF. Finally, we checked that the diffu-

sion constant value is independent of cell density in HCM. Very diluted cells (not shown) move

with the same very low diffusion constant than cells at higher density (Fig. 3.6C) indicating that

local cell-cell distances is not triggering the migrative properties of cells.

The second measurement is the pair correlation function g(r) which quantifies the proba-

bility per unit length (normalized by the cell density) of finding another cell at a distance r from

the reference cell. At short distances, g(r) is zero due to the finite volume of cells. At long

distances, a flat or an oscillating landscape may be encountered. A flat landscape at g(r) = 1
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Figure 3.10: Pair correlation function analysis rules out any cell-cell structuration. Three typical

experiments are presented: black line correspond to slow cells (conditioned medium experiment of

Fig. 3C), blue line correspond to cells moving at intermediate speed (aging experiment) and red

line to fast cells (flow experiment). The pair correlation function is defined as g(r) = 〈 n(r)
ρ4πr2Δr

〉cells
where n(r)is the mean number of cells in a ring of width Δr at distance r, ρ is the mean cell density.

(A) g(r) at t=300 min for ρ = 16000cells/cm2. Fast cells are randomly organized (flat landscape).

Slow cells present a peak at r= 25µm which is significantly lower than the mean cell-cell distance

obtained from the mean density ρ . This structuration is probably due to a lack of diffusion of

cells after cell division (i.e., clustering effect) not a real self-organization. (B) Normalized area

under the curve defined as
(∫ 200
10 g(r)dr

)
/190 as a function of time t. A value larger than one

indicates an excess of cells with respect to the average density at short distance (i.e., clustering

effect). Clustering seems to progressively increase with age (see blue line, aging experiment).

After t = 300 min for black line, HCM (highly conditioned medium from 2 days in culture) was

exchanged to MCM (moderately conditioned medium for 4 hours) and cell clustering decreases

toward the same level than a population that has been producing itself the same MCM medium

(blue line). If the medium is continuously renewed (red line) the normalized area is close to one

and does not change significantly with time.

indicates that cells are randomly distributed. An oscillating landscape indicates that they tend

to occupy preferential positions because they feel each other. The first maximum in the curve

corresponds to the mean nearest neighbor distance. Fast cells submitted to a constant flow do

not show any structure indicating a completely random distribution (Red squares in Fig.3.10).

Slow cells in HCM show a peak at about 25 µm. Cells moving at intermediate speed in HL5

show a less pronounced peak at about 40 µm. The location of these peaks is much smaller

than the mean cell-cell distance calculated from the overall cell density (i.e., 70 µm). The fact

that the peak position increases with D indicates that it is related to a diffusion limited process:

after a division, cells cannot separate significantly if they are too slow (i.e., clustering effect).

Clustering increases progressively with age and is very high in HCM (Fig. 3.10B). So far, these

experiments do not support any self-organization of cells in territories.
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Figure 3.11: Quorum sensing factor triggers Dictyostelium migration. Diffusion Coefficient

D is plotted as a function of calculated N f/α . three different conditions are represented: wild type

DH1 on glass substrate (black circles), SibA mutant (a subset of integrin like proteins is missing)

on glass (red squares), Wild type DH1 on APTES-coated glass (cyan diamonds). All data are fitted

(line) by the following equation D= D0exp(−N f /(αλ ))+Dend . Error bars represent SEM.

After having define a clear experimental frame and found that QS was involved in vege-

tative Dictyostelium motility we decided to test and quantify comparatively Dictyostelium on

glass coated with APTES as well as Dictyostelium Ko-SibA mutant. We obtained the same

correlation between the Diffusion coefficient and cell persistence as well as with cell shape.

Fig. 3.11 show that the response to QSF (i.e. the sharp transition between fast and slow moving

cells) is not altered for Ko-SibA mutant on glass nor wild type DH1 cells on APTES coated
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3. VEGETATIVE CELL MIGRATION

glass. However, the plateau defining fast cells and slow cells (i.e. at very low or very high

concentration of QSF, respectively) are different. The analysis of QS response appears thus as

a robust parameter to compare quantitatively cell motility.

First, for low number of QS factors, Dictyostelium cells move faster on glass than on a

surface bearing NH2 groups (APTES) (high motility at D= 11.2 vs. 3.9 µm2/min for APTES

and glass, respectively). The role of SibA protein in cell migration is also evidenced. For low

number of QS factors, Dictyostelium cells are slow down if the SibA protein is not present

(D= 6.8 µm2/min vs. 11.2 µm2/min for ko-SibA and wild type, respectively). For high num-

ber of QS factors, the differences vanishes, with a slightly higher motility for Ko-SibA cells

compared to Wild-type cells as curves are crossing each other. It should be interesting to know

if this difference arises from a difference in cell adhesion. Dictyostelium adhesion has been

quantified during this thesis using a microfluidic system described in detail in chapter 5. Gath-

ering information on chapter 3 and 5, preliminary scheme on the adhesion-migration interplay

for amoeboid cells will be then discussed in the general conclusion.

3.4 Discussion

3.4.1 Presence and detection of Quorum Sensing Factors QSF

We have shown in this study that a number of QSF directly governs cell migration. Thanks to a

simple model based on rate of secretion and dilution (due to flow), all data could be reasonably

fitted by a single master curve (Fig.3.8). We mention again that data were obtained from a large

set of independent experimental conditions (aging, constant and variable flow, stagnation, and

conditioned media). Even with a very large variability in the individuals migrating properties,

it is remarkable to see that the average migration rate is clearly governed by this QSF. The role

played by such a factor in cell motility in the vegetative stage has never been reported to our

knowledge. Even though we are unable to determine the absolute concentration of QSF in our

experimental conditions, we can get information on cell sensitivity by analyzing the master

curve. It is accurately fitted with an exponential decay with constant. For low QSF concentra-

tion, cells move with a constant high rate (D= 11.2µm2/min) up to N f /α = 3×105 min/cm2.
At this point, there is a sharp transition towards a lower rate of motion (D= 2µm2/min), when

N f /α = 107 min/cm2. Using Eq. (3.6), we can estimate the corresponding cell density range

for cells plated 2 hours before in fresh medium: from 2.5×103 cells/cm2 to 2.5×104 cells/cm2

corresponding to a mean cell-cell distance of 186 µm and 53 µm respectively. It is interesting
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to compare the lower critical cell density (2.5×103 cells/cm2) to the number of cells required
for aggregation. It has been reported that a critical cell-cell distance of less than 100µm (i.e.,

104 cells/cm2) is necessary for cells to relay signals during chemotaxis and form aggregation

streams. Increasing the distance between cells hinders their capacity to sense each other and

relay cAMP signals (111). Cells appear to have at least similar if not higher sensitivity to QSF

than to cAMP. When cells are reaching the upper critical cell density (2.5× 104 cells/cm2),
there is no further modification on cell motion, that stays low. This could be related to a satura-

tion of receptors occupancy (equivalent to the one found during chemotaxis, where cell motility

is depressed above a concentration in cAMP of 10 µM, corresponding approximately to 105

cells (55)).
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Figure 3.12: Fast response of cell speed to medium rapid exchange. Instantaneous cell speed

is calculated as vinst =
√
MSD(30 sec)/30 sec. Speed was first averaged during 50 min in highly

conditioned medium (HCM, 1st bar) and in fresh medium (2nd bar). The third bar corresponds to a

speed calculated between 10 and 12 min after HCMmedium was exchanged to fresh medium while

the second bar corresponds to an average value between 10 and 60 min after HCM was exchanged.

The speed after changing HCM is largely increased especially when it is calculated immediately

after the medium exchange (3rd bar).

It has to be pointed out that local cell density has a small influence on cell migration speed

compared to the global concentration of QSF factor (Fig.3.9) and that we could not detect any

self-organization of cells in territories (Fig.3.10). This is similar to chemotaxis, where sig-
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3. VEGETATIVE CELL MIGRATION

nals relayed during aggregation (and hence locally modified with cell density) do not regulate

individual cell speed (111). We do not know at this stage the exact nature of this QSF. It is

admitted that gene regulation for synthesis of proteins usually takes about 30 min whereas

protein phosporylation takes about 2 min 1. A preliminary experiment suggests that it is not

a protein synthesis. When changing the medium of experimental chamber from conditioned

medium to fresh mediumwithin 12 minutes the instantaneous velocity is significantly increased

(Fig. 3.12). Several tests are now necessary to determine the size of this QS factor (to know

whether it is a protein or a molecule, thanks to dialysis or ultracentrifugation technique), and

its electrostatic and hydrophobic affinity (thanks to exchange resins). Also, it should be inter-

esting in future studies to analyze if this effect is related to the quorum-sensing mechanisms

regulating adhesion found by Cornillon et al. (66). Indeed, adhesion and migration are closely

related in mammalian cells (112), and presumably also in Dictyostelium (61). First results an-

alyzing the effect of QSF on adhesion are shown in chapter 5.

3.4.2 Consensual and novel aspects of Dictyostelium dynamics.

It is difficult to compare quantitatively the numerous studies on Dictyostelium cell motion as

experimental conditions (substrate, cell density, strain, buffer composition) were different. A

general trend however is that amoeboid cells exhibit a correlated random walk: the direction

of a cell’s current movement is correlated with that of its movement in the past, and cells

therefore move with persistence (106, 113, 114). Van Haastert and Bosgraaf have extensively

studied the ordered extension of pseudopods and found that they are of two types (115): (i)

splitting pseudopods extended at small angles and preferentially alternating to the right and

left, causing the cell to take a persistent zigzag trajectory; (ii) de novo pseudopods extended in

a random direction. The ratio of splitting pseudopods to de novo pseudopods determines the

persistence of cell movement. Starved cells are faster than vegetative cells not by extending

more pseudopods and/or increasing their speed but by moving longer in the same direction

(116). At small times, cells exhibit a complex dynamics with no simple exponential decay

of the velocity autocorrelation and non Gaussian velocity distribution (103, 104, 105, 114). At

large times, in the case of aggregation competent cells, cells might be attracted by some nascent

aggregation centers eventually not visible outside the recorded field of view. In the absence of

1C.Anjard, personal communication
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external signals, MSDs become satisfactorily fitted by the simple Fürth’s formula (Eq.(3.1)) at

times much larger than the persistent time (104). If the experiments do not last long enough to

self-average properly and to detect the long term features of highly persistent cells, it is difficult

to distinguish true superdiffusion from correlated random walk (114, 117).

Due to the low magnification choice, it was not possible to observer accurately pseudopod

dynamics, however we confirm for true vegetative cells in growth medium (HL5) the former

conclusions on cell centroid motion: cells exhibit a correlated random walk with a persistence

time of a few minutes. To fully observe this long term behavior, it is necessary to fit MSD up

to about 15 min and to track cells during at least three-fold this period (Fig.3.2). ’Fast’ cells

(with large D) are more persistent than ’slow’ cells. However, at short times we have found an

interesting non-monotonous behavior in the velocity autocorrelation, with a negative peak at 2

min. This peak which has never been reported in the literature seems related to a tendency for

many vegetative cells to retract initially extended pseudopods. Notice that it could be related

to the oscillatory component of the velocity detected in Li et al. (114) although this oscillatory

component was superimposed to a larger amplitude time average component of the velocity.

3.5 Conclusion

This chapter clearly emphasizes that vegetative Dictyostelium cells display a classical persis-

tent random motion at long times (i.e., cells are persistent until a cross-over where they recover

random diffusion). Extreme care has to be taken to analyzeMSD curves. Both the total record-

ing time and the number of analyzed cells have to be large enough in order to obtain reliable

statistics and reliable estimates of diffusion constant and persistent time. In agreement with

numerous studies of Dictyostelium cells in a buffer, the diffusion constant appears strongly

(positively) correlated with the persistent time indicating that cells modulate their migrated

distance possibly by the proportion of persistent runs and not by their intrinsic speed. We

demonstrate for the first time in the vegetative state that these quantities are regulated by a quo-

rum sensing factor (QSF) secreted by cells. The molecular structure and the physiological role

of this QSF remain to be elucidated but the existence of such a unique relation between cell

motility and a QSF concentration and the reported methodology to obtain it (automated mul-

tisite cell tracking) offer opportunities to compare quantitatively various mutants and various

environmental conditions (surface adhesion, stiffness of the substrate, medium composition).
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Chapter 4

Cell in the course of development

The social amoeba Dictyostelium provides an experimentally accessible and simple

model system to investigate chemotaxis and development. When they are starved,

cells enter their developmental cycle. They start to signal each other by several quo-

rum sensing factors and cAMP, they aggregate and form a multicellular structure.

The evolution of cell motion and shape is analyzed here during the first steps of de-

velopment (up to 8h of starvation, i.e., streaming and aggregation stages). Cells were

collected at different times of starvation tS from the same high density starved plate

(20×106 cells/mL in DB), plated at different densities and in different buffers under
the microscope and analyzed using the same tools than in the previous chapter (au-

tomatized timelapse to acquire large data sets, statistical analysis of trajectories). Cell

motile properties strongly depend on cell density and starvation time. At early stages

(tS ≤ 2 h), cells are surprisingly slow and rounded. At late stages (tS ≥ 3 h), cells
are more elongated and move faster than vegetative cells especially when they are

plated at high cell densities. They display anomalous diffusion and seem sometimes

attracted towards nascent aggregation centers. However, if cell density under the mi-

croscope is reduced or if cell medium is exchanged with fresh buffer, cells become

slower and rounded again even at late stages suggesting a dedifferentiation process.

The results are discussed in relation with the literature data.
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4.1 Introduction

At developmental stages, cell dynamic is mainly governed by cAMP sensed and relayed by

the cells. Once starved, cells are becoming aggregative competent: they are more elongated

and move faster than vegetative cells, attracted towards aggregation centers emitting waves of

cAMP. Only few studies focused on a quantitative and comparative analysis of cell migration

in the course of development. These studies often used different strains, substrates and buffers,

different starvation conditions. The purpose of this chapter is two-folds. First, assuming that

cell-substrate adhesion is regulated in the course of development, a detailed study of cell motil-

ity at different developmental stages ofDictyostelium is useful to investigate the initial question

of this thesis (i.e., how migration is affected by adhesion ?). Second, as exemplified in the pre-

vious chapter, cell density may affect cell motility. To our best knowledge, this parameter was

never investigated in migration studies in the course of development. However, Gregor and

Sawai showed that it greatly affect cAMP production (109). In this introduction, I will present

key elements of cAMP signaling and relay, and the state of the art on experimental results on

cell shape, speed, traction forces and cAMP production in the course of development.

4.1.1 cAMP signaling and relay

4.1.1.1 cAMP expression, function and regulation

Growth and development are two distinct life cycles for Dictyostelium cells. The processes

of growth and differentiation therefore need to be coordinately regulated in the early stages

of Dictyostelium development in the growth-to-differentiation transition (GDT) (84). During

exponential growth, Dictyostelium cells start synthesizing prestarvation factors (PSFs). PSFs

function as quorum-sensing molecules (118). They induce the prestarvation response, which

includes expression of genes related to cAMP signaling and developmental aggregation, to

prepare cells for early development events before the onset of starvation. When nutrients are

depleted, secretion of PSFs is discontinued. At this time, if the cell density is high enough,

cells start secreting a diffusible 80 kD glycoprotein called conditioned medium factor (CMF),

which induces the expression of early developmental genes and cell-type-specific prespore and

prestalk genes (89, 119). As more and more cells secrete CMF, above a threshold, cells start

aggregation with relayed pulses of cyclic adenosine monophosphate cAMP.

Most part of Dictyostelium development is regulated by cAMP, especially the aggregation

stage (Fig. 4.1). In common with other highly motile, chemotactic cells, such as neutrophils,
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Dictyostelium sense the chemical gradient through G-protein coupled receptors, in this case the

cAMP receptors (or cARs). cAR proteins are evenly dispersed around the cell (120), and GFP

FRET (fluorescence resonance energy transfer) analysis demonstrates that G-protein activation

occurs with no significant difference from the external cAMP concentration (121).

Figure 4.1: Roles of intracellular and secreted cyclic adenosine monophosphate (cAMP)

during Dictyostelium development. The transition from growth to aggregation requires release

of protein kinase (PKA) from translational repression. At this stage, PKA triggers a basal level of

expression of genes required for aggregation, such as cAR1, PdsA and ACA, which enable the cells

to synthesize and secrete cAMP pulses. In addition to inducing chemotaxis and cell aggregation,

the cAMP pulses further upregulate the expression of aggregation genes. from (122)

As a secreted signal, cAMP controls cell movement and differentiation throughout the

developmental program, but in its more common role as intracellular messenger, it mediates

the effect of many other developmental signals. The main intracellular target for cAMP is

cAMP-dependent protein kinase or PKA, wich consist of a single regulatory (PKA-R) and a

single catalytic subunit (PKA-C). During canonical PKA activation, cAMP binds to PKA-R,

which causes PKA-R to dissociate from PKA-C, leaving PKA-C in its active form. However,

because PKA-C is active on its own, the ratio of inhibitory PKA-R to active PKA-C molecules

is also an important determinant for PKA-C activity (Fig. 4.1). PKA activity is not required for

growth, but it is essential for the transition from growth to aggregation (123).
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4. CELL IN THE COURSE OF DEVELOPMENT

Once synthesized, PKA-C activates full expression of early genes such as discoidin I, and a

basal level of expression of genes that are required for aggregation, such as the cAMP receptor

cAR1, the extracellular cAMP phosphodiesterase PdsA, and the adenylate cyclase ACA (86).

cAR1, PdsA, ACA and several other proteins, among which PKA and the intracellular cAMP

phosphodiesterase RegA, form a biochemical network that can generate cAMP in an oscilla-

tory manner (93). The cAMP pulses are initially secreted stochastically by a few starving cells

and elicit three responses: (i) cAMP-induced cAMP secretion, also called cAMP relay, which

results in propagation of the cAMP pulse throughout the cell population; (ii) chemotactic move-

ment of cells towards the cAMP source, resulting in cell aggregation; and (iii) upregulation of

aggregation genes, causing all cells to become rapidly competent for aggregation.

4.1.1.2 Influence of cell density on cAMP production

Recently Gregor, Sawai and co-workers made a major advance to elucidate the onset of the

cAMP oscillations triggering cell aggregation (109). Using fluorescence resonance energy

transfer (FRET) based sensor, they were able to directly monitor cytosolic cAMP in live Dic-

tyostelium cells. In small cell islands (100-200 cells in a circular spot of≃ 400µm in diameter,

i.e., 0.5 ∼ 1× 105 cells/cm2), cells began to emits cAMP pulses synchronously 5 hours after
nutrient deprivation with pulses occurring first sporadically every 15 to 30 min and two hours

later periodically every 8 to 6 min. The entire population is participating in the firing from the

first pulse (109).

To probe in more details the extracellular conditions necessary to initiate periodic pulses,

after 4 to 6 hours starvation in shaken suspensions 2× 107 cells/mL, cells were plated at dif-
ferent densities in a perfusion chamber and perfused with buffer (no added cAMP) to ensure a

uniform and controlled environment. At sufficiently high densities (≥ 105 cells/cm2) and under
moderate flow speed (≃ 1 mL/min), cells periodically fire approximately once every 6 min on
average, which was typically observed in the intact population. With decreasing cell density

(≤ 5×104 cells/cm2), the synchronized pulses become sporadic and finally cease (109).
These findings indicates that the onset of synchronized pulses occurs by a switch like re-

sponse of individual cells to an external threshold concentration. The initiation is highly dy-

namic and collective, and cannot be attributed to a few leaders among the population. As ran-

dom cells continue to emit pulses sporadically, extracellular cAMP accumulates so that, cells

become transiently oscillatory, some local aggregation centers appear and the pulses emitted

from such a location become self-sustainable and are periodically emitted.

70



4.1 Introduction

4.1.2 Dictyostelium in the course of Development: Changes in cell velocity, shape

and traction forces

4.1.2.1 Cell velocity and cell shapes

The velocity of single Dictyostelium (AX3 strain) in the absence of a chemotactic signal has

been first analyzed in details during growth, development, and dedifferentiation by Varnum et

al. (124). These authors demonstrated that the velocity remains low and even significantly

decreases for a 6 hours period preceding the onset of aggregation in axenically grown cells

(V = 4.5, 4, 3.8, 3.9µm/min at 0, 2, 4, and 6 hours after starvation respectively). The ve-

locity presents a two-fold increase at 7 hours (V = 8.4µm/min) corresponding to the onset of

aggregation where cells are very elongated and quickly moving in streams during natural ag-

gregation. It then decreases from the formation of loose aggregates (from 8 hours) to very low

levels (V = 3µm/min) at early culminate stage (Fig. 4.2). These authors also demonstrated that

if the buffer around cells at 7 hours is exchanged for buffered dextrose solution, the velocity

quickly decreases because cells dedifferentiate.

Recent studies using automated tracking protocols characterized not only the speed, but

also the full mean squared displacements (MSD) as a function of time (103) and shape changes

(pseudopod activity) (116) at several developmental periods. Qualitatively, results differed sig-

nificantly from the ones of Varnum et al. (124) indicating that different starvation conditions

might impact the results. Takagi et al. measured the MSD of AX2 cells replated on glass at

8× 103cells/cm2 after a 0, 1, 2.5, 4 and 5.5 hours starvation period in shaken conditions and
with 100 nM pulsed cAMP. MSD displayed always anomalous diffusion. Except at 1 hour

where cells exhibited the lowest migrated distance during 15 min, they found that motility and

persistence were gradually increasing with starvation time (103). Van Haastert and Bosgraaf

et al. directly starved AX3 cells in 6-wells at 2× 104 cells/cm2 (116). They also observed
a gradual increase in migrated distance at 15-min with starvation time. They did not search

for anomalous diffusion behavior but their important contribution was to develop a computer

algorithm that identifies the size, timing and direction of extending pseudopodia. In particular,

they found that cells either extend front splitting pseudopodia at a small angle and preferen-

tially alternating to the right and left (zig-zag step), or at random directions (turn). On average,

vegetative cells extend 1.8 zig-zag steps and 1.6 turns per minute, giving a total pseudopod fre-

quency of 3.4/min. Cells starved for 5 hours do not extend many more pseudopodia (3.9/min),

but extend much more zig-zag steps (3.4/min) relative to turns (0.5/min). The increase of
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the step/turn ratio in starved cells strongly influences the length of the nearly straight runs (i.e.,

persistence). Finally, the size of extended pseudopods (≃ 5µm) does not change between vege-

tative and starved cells arguing that cAMP controls cell polarization rather than direct induction

of actin polymerization (125).

Figure 4.2: Mean velocities during development. Exponentially multiplying cells were washed

free of axenic medium and dispersed on parallel development filters. At the noted times, cells were

disaggregated and tested for motility. Each data point represents the mean velocity for at least

15 independently monitored amoeba. The ripple (R), loose aggregate (LA), tight aggregate (TA),

finger (F), and early culminate (ECI) stages occurred at 7, 8, 11, 13 and 14 hr, respectively, for

axenically grown cells. from (51)

4.1.2.2 Traction forces

The distribution of forces exerted by migrating Dictyostelium amoebae at different develop-

mental stages was measured by Delanoë-Ayari et al. (28) using traction force microscopy. They

have found remarkable differences in cell shape, speed, as well as in traction force magnitude

and force distribution in three different phases of the unicellular stage of AX2 Dictyostelium

cells.

In the vegetative state (HL5 medium), cells present cyclic changes in term of speed and

shape between an elongated form and a more rounded one (Fig. 4.3). The forces are larger in
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Figure 4.3: Force exerted by AX2 cells in the course of Development. Traction forces have

been evaluated for vegetative, pre-aggregating and aggregating Dictyostelium cells in DB on very

soft polyacrylamide elastomer substrates (E ∼ 400 Pa).Bars, 5µm. From reference (28).

this first state, especially when they are symmetrically distributed at the front and rear edge

of the cell (see also Fig. 1.11). Elongated vegetative cells can also present a front-rear asym-

metric force distribution with the largest forces in the crescent-shaped rear of the cell (uropod).

Pre-aggregating cells (DB buffer), once polarized, only present this last kind of asymmetric dis-

tribution with the largest forces in the uropod. Neither the force distribution of pre-aggregating

cells (t = [4−6]h) nor their overall magnitude are modified during chemotaxis, the later being
similar to the one of vegetative cells (F0 ∼ 6nN). On the contrary, both the force distribution
and overall magnitude is modified for the fast moving aggregating cells (t = 7h).

An inverse relationship between average speed and average force is found. The aggregating

cells are twice faster but exert almost twice less force than the pre-aggregating or vegetative

cells (28).

4.2 Results

The protocol and statistical methods used to study cell migration in the course of development

are described in Chapter 2.
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4.2.1 Cell migration during development

We have analyzed the migration of starvedDictyostelium cells at different stages of their devel-

opment. Cells were collected at different starvation times at 20×106 cells/mL in development
buffer (DB). They were plated under the microscope at constant effective cell density of 1500

cells/cm2 in DB, recorded and tracked during 50 min in a stagnant buffer where cAMP con-

centration is likely to increase in the course of development. Surprisingly, freshly starved cells

in DB are very slow.
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Figure 4.4: (A)MSD/t as a function of time lag t in the course of development at 1500 cells/cm2

in stagnant buffer. MSD is calculated from 50 min trajectories every 2.4 hours. The slope at long

time does not always reach 0 due to chemotaxis. An apparent diffusion constant D∗ is evaluated

from the MSD at 15 min. The highest D∗ is reached after 6 hours of starvation. (B) Velocity

autocorrelation C(t) as a function of time lag for the same cell conditions as (A) after 1.2 hours of

starvation and 6 hours of starvation, respectively. Error bars represent SEM.

Their migration recovers normal diffusion after a time lag of about 1 minute with a mean

diffusion constant much slower than the one found in fresh nutrient medium (D= 1.5µm2/min

Vs. D = 11,2µm2/min for DB and fresh nutrient medium, respectively). This slow behav-

ior is also found in the velocity autocorrelation curve (Fig. 4.4B) which exhibits a negative

peak more important that in nutrient medium. These freshly starved cells appear to frequently

retract newly extended pseudopods and as a result are little migrating. As starvation time in-

creases, cells gradually increase their speed (migrated distance at a given time) and become

more persistent. The cells are faster at 6 hours which corresponds probably to the onset of

aggregation (124). At this time, anomalous diffusion is found (i.e., MSDs scale as tβ with

an exponent β = 1.2 even after hours) (Fig. 4.4A). Meantime, the velocity autocorrelation

(Fig. 4.4B) shows a very slow decay time (td ≥ 5 min by fitting this part of the curve with an
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exponential function). In that case, we believe that anomalous diffusion is due to chemotaxis

as we could detect the initiation of some aggregation centers. For larger times (i.e., 8.4 hours),

cell speed decreases dramatically as previously found (124).
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Figure 4.5: Cell shape is correlated with apparent diffusion constant D∗ (A) Mean cell round-

ness is negatively correlated with the diffusion constant.Roundness is defined as 2(
√
A/π)/M

where A is the cell area and M the cell major axis length (both are determined with Matlab).

The more elongated the cells are (Roundness< 1) the faster they move. (B) mean roundness varia-

tion (absolute value) between 2 successive steps is positively correlated with D∗. All variables are

plotted as a function of D∗ which is obtained by MSD at 15 min interval. Circles represents the

data from Fig. 4.7A and Fig. 4.11B after 5 ∼ 6 hours of starvation. Diamonds represents the data
from Fig. 4.7A after 1 hour of starvation. For both, color code represents cell density (red: 400,

green: 1500, blue: 2000, cyan: 4000, violet: 6000 cells/cm2 and black: 2000 cells/cm2 with buffer

renewal). Error bars represents SEM.

We use the roundness parameter to quantify cell polarization. Cell roundness (quantifying

cell polarity) is inversely correlated with D∗, while roundness variation (quantifying cell defor-

mation activity) is correlated with D∗ (Fig. 4.5): the more the cells is elongated and the more it

actively deforms, the larger is the diffusion constant.

As in the vegetative phase, we observe a correlation between apparent diffusion constant

and cell persistence parameters calculated with the bimodal analysis (Fig. 4.6): the faster the

cells are, the longer is the time spent in persistence mode (tP) and the longer are the persistence

lengths (LP). The faster the cells are, the less they change their direction of movement between

two successive steps.
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Figure 4.6: Cell persistence is correlated with apparent diffusion constant D∗. Average pa-

rameters obtained from a bimodal analysis for the whole experiments with starved cells: (A) Ratio

of time spent in persistent mode over total tracking time. (B) Length of persistence LP (distance

end-to-end of each individual persistent portion of cell trajectory). (C) ∑LP is the cumulated dis-

tance in the persistent mode. 〈〉 denotes averaging over all tracked cells in a given condition in a
single experiment. All variables are plotted as a function of apparentD∗ which is obtained byMSD

at 15 min interval. Circles represents the data from Fig. 4.7A and Fig. 4.11B after 5 ∼ 6 hours of
starvation. Diamonds represents the data from Fig. 4.7A after 1 hour of starvation. For both, color

code represents cell density (red: 400, green: 1500, blue: 2000, cyan: 4000, violet: 6000 cells/cm2

and black: 2000 cells/cm2 with buffer renewal). Error bars represents SEM.

4.2.2 Effect of cell density during development

Using the device described in 2.1.3 we can study the effect of effective cell density on cell mi-

gration during starvation. We quantified this effect in the course of development by repeating

the previous experiment (MSD at different starvation times) for effective cell densities ranging

from 400 to 6000 cells/cm2 (corresponding to cell-cell distances of 500 to 130 µm, respec-

tively).

The apparent diffusion constant (D∗, migrated distance after 15 min divided by 4×15 min)
as already described, depends greatly on the starvation time but also on the effective density

(Fig. 4.7A). For each effective cell-density investigated, maximal apparent diffusion constant

(onset of aggregation) always occurred 6 hour after starvation. However, strong differences in

the amplitude of apparent diffusion constant are found: the denser the cells are, the faster they

move (from 25 µm2/min to 62 µm2/min at 400 cells/cm2 and 6000 cells/cm2 respectively).

Cells after 1 and 6 hours of starvation described in Fig. 4.7A are represented in Fig. 4.5

and 4.6 by diamonds and circles, respectively using the same color code to identify cell den-
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Figure 4.7: Apparent cell diffusion constant as a function of starvation time and effective cell

density during development in stagnant buffer. (A) Each line represent a different cell density:

(red line) 400 cells/cm2, (green line) 1500 cells/cm2, (cyan line) 4000 cells/cm2, (violet line) 6000

cells/cm2. D∗ is dependent of cell density. (A-B) Cells are tracked in DB over 50 minutes every

2.4 hours. Error bars represent SEM. (B) Cell trajectories in DB after 6 hours of starvation at two

different densities: (green line) 1500 cells/cm2, (violet line) 6000 cells/cm2. The more developed

(larger) trajectories appear similar but the experiment at the lowest density present more cells with

little migrated distances. 50 cells tracks in DB during 50 minutes. Scale bar: 100 µm.

sity. There is a clear increase in all persistence parameters and in the absolute roundness and

roundness variation, due to the cell density. At the onset of aggregation (∼ 6 hours of starva-
tion), cells are more polarized, more active and more persistent than during the first hour of

starvation. These features correspond to the typical phenotype of aggregation competent cells.

Cell trajectories after 6 hours of starvation for cells at 1500 cells/cm2 and 6000 cells/cm2

are represented in Fig. 4.7B. Despite a 1.5 fold difference in the average apparent diffusion

constant D∗, the area covered by the more developed cell trajectories are identical. Some cells

are able to move as fast even if the condition are not optimal (i.e. low density). Therefore, this

difference observed on D∗ cannot be explained by a global increase in motility but rather by a

ratio of slow/fast moving cells which decreases when density increases.

4.2.3 Evidence of heterogeneous cell population

Figure 4.8 shows a zoomed view of two migrating cells in the same experimental dish, at x4

magnification in DB after 5 hours of starvation at 200.106 cells/mL. Despite the low magni-
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A

B

Figure 4.8: Zoomed view of an aggregation competent cell (A) and a non-aggregation competent

cell (B). One can easily notice two different phenotypes. Both cells have been observed in the same

experimental dish.

fication we can easily distinguished two phenotypes based on the Dictyostelium shape: the

elongated cell is an aggregation competent cell and the round one is probably not.

After 6 hours of starvation distribution of cell deformation as a function of density (Fig. 4.9)

confirms the idea that under starvation there are two subpopulation of cells: the one actively

changing their shape and the other less.

This is also confirmed by the analysis of the distribution of percentage of time spent in

persistence mode of individual cells (Fig. 4.10). Three very different experimental conditions

leading to different apparent diffusion constants are examined: high, intermediate and very low

apparent diffusion constant (corresponding respectively to an experiment at high cell density

(6000 cells/cm2) in stagnant buffer, at a low cell density (400 cells/cm2) in stagnant buffer, and

at an intermediate cell density (2000 cells/cm2 with buffer renewal impairing cAMP signaling).

Most of the very slow cells (black bars) spend less than 10% of their time in the persistent. They

are random. On the other hand, the whole very fast cells (violet bars) are persistent more than

10% of their time. In case of cells with intermediate apparent diffusion constant, the time spent

in persistence mode is widely distributed: some cells are very random, some are very persistent.

This is a supplementary evidence that the decrease in average motility for the cell population is

rather a shift in the proportion of slow/fast subpopulation of cells. Considering that most cells

were differentiated when we take few mL from the mother petri dish, it is tempting to conclude

that we observe dedifferentiation if we reduce cAMP production by decreasing cell density.

In order to directly check this hypothesis, we measured in parallel the migration of cells

in stagnant buffer and after buffer renewal at constant cell density. Fig. 4.11 shows a stricking

effect of medium renewal on cell motility. Cells clearly explore less their environment when
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Figure 4.9: Cell deformation distribution. Normalized distribution of roundness variation

< Δroundness > for cells after 6 hours of starvation as a function of cell density (squares). As

the density increases the ratio of highly deformable cells (|〈Δ roundness〉| ≥ 0.2) increases. In
accordance, the ratio of less active cells (〈Δ roundness〉 ∼ 0) decreases. Line are centered normal-
ized Gaussian fit. Colors represents different density (given in the inset, black: 2000 cells/cm2 with

buffer renewal). The area under curve is normalized to 1. Inset: mean value of cell deformation

increases with cell density.

cAMP is washed away at 5 hours starvation (Fig. 4.11A) and are far less motile for all starvation

times (Fig. 4.11B). As it takes a 50-min period to measure the apparent diffusion constant and

as we waited a little that cells recover from the change of medium, we can conclude that

dedifferentiation takes less than 1 hour.
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Figure 4.10: Histogram of cell persistence. Percentage of time spent in persistent mode after 6

hours of starvation deduce from a bimodal analysis of more than 30 cells for each conditions. (red

bars) 400 cells/cm2 in a stagnant buffer; (violet bars) 6000 cells/cm2 in a stagnant buffer; (black

bars) cell under buffer renewal at 2000 cells/cm2. The proportion of highly persistent cells increase

with the density.

4.3 Discussion

The results about the motile properties of starved cells found in this chapter are in many ways

complementary than the ones found in the literature.

In the literature, allDictyosteliummigration experiments were performed with starved cells

in a phosphate (PB) or development buffer (DB). In our case freshly starved cells present a

surprisingly low diffusion constant of 1.5 µ2/min, and a negative peak in the autocorrelation

function. Varnum et al. found very low speed during the first hours of starvation (124). Takagi

et al. obtained also smaller MSDs for 1h-starved cells than vegetative cells. But the results

of these different studies are difficult to compare quantitatively because of different experi-

mental conditions. The population is also probably very heterogeneous with a majority of

very slow cells yet undifferentiated and a few very active early differentiated cells. Some cells

may indeed quickly enter in a development stage (presumably the ones that are close to the
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Figure 4.11: Effect of cAMP removal on cell migration. (A) Typical cell trajectories when cells

were transferred under the microscope after 5 hours starvation in DB (5 hours at 20×106 cells/mL
in DB). (B) apparent diffusion constant D∗ as a function of starvation time. Blue line corresponds

to migration in stagnant buffer (where cAMP is produced and degraded by cells), black line cor-

responds to buffer renewal (cAMP is removed). All experiments presented here were conducted

at 2000 cells/cm2 under the microscope. Less developed trajectories and lower apparent diffusion

constant under buffer renewal indicate that cells quickly dedifferentiated and lost their aggregation

competence in the absence of cAMP. Scale bar: 100 µm.

growth/differentiation checkpoint (GDT point) in their life cycle (84)).

For longer starvation time, cells acquire progressively aggregation competence by exchang-

ing signals, becoming very polarized and very motile (95). Anomalous super-diffusion process

reported in that stage (< ρ2 ≃ tβ with beta > 1) seems to be related to development, with in-
crease of both persistence time and velocity (103, 105). However, as explained in the previous

chapter, to be sure to reach the normal diffusion regime (i.e. plateau of theMST/t curves), it is

necessary to track trajectories during 8-10 times the expected persistence time. In this work, we

believe we investigated long enough times to conclude that in average diffusion is anomalous.

However, this average behavior may be greatly influenced by a few very ballistic cells attracted

by nascent aggregation centers while most of the cells are still random at long times especially

the slow ones not fully differentiated or dedifferentiated. This point will be interesting to be

clarified in the next future.

Complementary studies analyzing cell migration at the onset of aggregation (5h starved
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cells at a density of 2× 107 cells/mL, with exogenous pulses of 75 nM cAMP every 6 min-

utes) and tracked at high cell density (cell-cell distance of 40∼ 100 µm) have also confirmed

the anomalous behavior, with an exponent β stabilized around 1.5 in the presence of cAMP

gradients (generated by other streaming cells, or delivered via a micropipette (111)). This

group analyzed independently the role of signal relay and developmental stage in the speed

and directional persistence of aggregation-competent cells using aca- mutant cells (aca- cells

are able to sense and respond to the presence of exogeneous cAMP, but cannot secrete it). aca-

cells in uniform cAMP concentration exhibit anomalous superdiffusion in the first 3 minutes

(β ≃ 1.5, corresponding to the formation of pseudopods in the vicinity of former ones), but
normal diffusion is recovered after 10 minutes (β ≃ 1), indicating that direction of pseudopods
formation is lost. They found no differences in this behavior when comparing cells at different

developmental stage (5h and 6.5 h). This study confirms that the direction of pseudopod for-

mation is regulated by signal relay rather than developmental stage. The timescale is similar

to the one found in this thesis, with a decrease of the exponent β after 10-12 minutes. Gregor

and Sawai showed by FRET that decreasing cell-cell distance below 50 µm, the synchronized

cAMP pulses emitted by starved cells (4-6 hours) become sporadic and finally cease (109). By

analyzing cell migration and shape at larger cell-cell distance (ranging from 130 to 500 µm),

our study complement this analysis and revealed that even if cells are unable to form streams

at this cell density (a minimum cell-cell distance of 100 µm is required for stream formation

(111)), cell shape and motility strongly depend on cell-cell distance, and hence on cell-cell

signaling. We do not know at this stage if this signaling is due to cAMP signal relay, or if the

effect is a quorum sensing phenomena (that could be regulated by CMF).

The importance of signaling is also confirmed by the perfusion experiments. Upon perfu-

sion (impairing any signaling between cells), cells reset their differentiation state within less

than 1 hour. This is in agreement with the measured drop in velocity of Varnum et al. af-

ter changing the medium of 7-hours developing cells (124). For cells replated at intermediate

densities (1500 to 4000 cells/cm2 in Fig. 4.7), distribution of time spent in persistence mode,

together with distribution of cell shape variation evidenced the existence of at least two sub-

populations of cells: (i) fast cells, moving very often in persistent mode and changing their

shape very dynamically, (ii) slow cells, moving more often in random mode and with moderate

change in their shape. Note that the transition between this two extreme cases is not sharp and

there is rather a continuum of cells evolving toward the fast mode. This could be due to the low

sensibility of our current experiments (spatio-temporal resolution could be greatly improved by
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dedicated experiments) or could have again a biological origin (existence of a large variability

in cell properties). It is indeed well known that the more they were differentiated, the longer it

takes for cells to dedifferentiate (84). In any cases, the fast/slow cell mode denomination is a

way to easily and clearly described the existence of different subpopulations of cells, one fully

differentiated and aggregation competent, one dedifferentiated.

——————————————————————
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Chapter 5

Cell under hydrodynamic shear stress

We have developed a method for studying cellular adhesion by using a custom-

designed microfluidic device with parallel non-connected tapered channels. The de-

sign enables investigation of cellular responses to a large range of shear stress (ratio

of 25) with a single input flow-rate. For each shear stress, a large number of cells

is analyzed (500-1500 cells), providing statistically relevant data within a single ex-

periment. Besides adhesion strength measurements, the microsystem presented in

this paper enables in-depth analysis of cell detachment kinetics by real-time videomi-

croscopy. It offers the possibility to analyze adhesion-associated processes, like mi-

gration or cell shape change, within the same experiment. We examined quantitatively

cell adhesion by analyzing kinetics, adhesive strength and migration behavior or cell

shape modifications. We find that the threshold stresses, which are necessary to de-

tach the cells, follow lognormal distributions, and that the detachment process follows

first order kinetics. In the vegetative state, for glass substrate, cells are found to ex-

hibit similar half-adhesion threshold stresses (σ1/2, stress necessary to detach half
of the cell) in fresh HL5 and Conditionned Medium (CM defined in chapter 3), but

very different detachment kinetics (cells detach faster in CM than in HL5), revealing

the importance of dynamics analysis to fully describe cell adhesion. Cell adhesion is

found to decrease in the course of development, with a half-adhesion threshold stress

two fold lower for 6-h starved cells compared to vegetative cells.
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5.1 Introduction

Cell adhesion is a key process in many physiological and pathological situations. It is essential

for many important cellular processes, such as tissue organization and differentiation, embry-

onic development and, as we have seen in the previous chapter, cell migration. Cell adhesion

is known to trigger cell growth (126) and cell migration (127). During tumor progression,

cancer cells are able to tune their adhesion in order to escape from primary tumor site and

colonize other organs (128). Many cells are also sensitive to external forces, in a process gen-

erally called mechanotransduction (129). In blood circulation, shear stress is the most common

mechanical stimulation sensed and transduced by the cells. Shear stress has been shown to

influence adhesion of immune system cells (e.g. leukocytes (130) and neutrophils (131)), and

gene expression in endothelial cell (132, 133), which alters adhesion on vessel walls of metasta-

sizing cancer cells (134). Cell adhesion has been thoroughly investigated for mammalian cells,

and many proteins and signaling pathways are known (135). On the other hand, mechanical

aspects of cell adhesion are still under intensive theoretical and experimental considerations

(136). Cell adhesion strength is usually estimated using controllable external forces that enable

gradual cell detachment (137). This can be performed using centrifugal forces (18, 138, 139),

or other macroscale set-ups such as radial flow-chambers (140), spinning disks (141) and rect-

angular parallel-plate flow chambers (142, 143). More recently, microfluidic-based adhesion

chambers have been developed with tunable ranges of applied hydrodynamic forces, enabling

real-time analysis of cell detachment kinetics (144, 145, 146), including cancer cell experi-

ments (147, 148). Microfluidic dimensions require only small amounts of cells and reagents,

and allow laminar flow, high throughput and the possibility of parallelization. Most of these

devices, however, have a rather biological approach and therefore are satisfied with yielding

the same results that could be achieved similarly by macroscopic approaches, that is counting

the fraction of cells that detaches when exposed to a specific shear stress (137). Little effort has

been made so far to resolve the time dependence of this fraction, i.e the detachment kinetics,

which have been the object of mathematical and numerical modeling in several biophysical

papers (149, 150, 151, 152).

We aim at filling that gap with a simple microfluidic device consisting of four independent

channels enabling investigation of cell detachment in a large shear stress range (more than 1

order of magnitude), with a single input flow rate. Microfluidic set-ups enable time-lapse in-

vestigation not only on detachment kinetics, but also on cell motion under shear stress. We
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show how this can be used to enhance the understanding of cell adhesion. Both kinetics of

cell detachment and cell motion are investigated using Dictyostelium . Thanks to the versatil-

ity of the microfluidic-device presented in this work, it is possible to get results on adhesion

strength for different cell types (MDA-MB-231 breast cancer cells were also tested with the

device) with only minor experimental modifications. First results regarding cell adhesion for

Dictyostelium in the vegetative state are presented and compared with cell adhesion in the

course of development.

5.1.1 State of the art: cell adhesion experiments

Figure 5.1: Macrofluidic and microfluidic devices. (A) Variable-height flow chamber (21).

(B) Variable-width linear shear stress flow chamber ((153)) (C) Eight-channel parallel microfluidic

network for Endothelial cells adhesion assays. (D) Parallel microfluidic networks with variable

shear flow chambers (146). From (137).

Classical cell culture flow systems designed to study adhesion often easily allow cell count-

ing under different shear stresses and at different timepoints, but may require substantial mod-

ifications to allow proper visualization via microscopy to permit accurate predictions of indi-

vidual cell-to-surface bond strengths. Parallel plate flow chambers are also the most commonly

used apparatus for endothelial cells shear stress response studies. In adhesion assays, cells are

loaded into the flow chamber, allowed to adhere, and then applied shear stress is incrementally
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increased to produce a ramped shearing protocol. Because flow chamber geometry is uniform

throughout the device and samples of adhered cells are treated with the same conditions for

a given experiment, these chambers are limited to studying a single experimental condition at

once. Parallel plate flow chambers have been modified to allow the same flow rate to simultane-

ously generate different shears at different locations. Variable-height flow chambers rely on a

sloped top plate such that shear stress varies as a function of height, h(x), along the x-direction

of the bottom plate (Fig. 5.1A). The variable-width flow chamber designed by Usami et al.

(153) employs a tapered channel where side walls follow an inverse function, thus producing a

linear shear stress gradient from inlet to outlet (Fig. 5.1B). Both systems permit simultaneous

application of a range of shear stresses, but the tapered channel is easier to fabricate because of

the uniform height, and thus lends itself well to microfabrication techniques.

Alternatively, one can take advantage of radial and circumferential flows to create ranges of

shear stress from the non-uniform velocity fields. Radial flow can be generated by either diver-

gence from a single point source, or convergence to a sink. If flow is confined by parallel plates,

velocity and shear stress are both dependent on radial position alone. Circumferential flows

may also be developed to generate similar shear stress gradients in the radial position. These

fluid flow principles have been implemented for cell adhesion studies in a myriad of designs,

including radial flow chambers (140), and spinning disc apparatuses. Although variable shear

stress devices can produce a range of shear rates using a single volumetric flow rate, all these

systems suffer from the major drawback that only one combination of cell type and specific

surface can be tested at one time. Many bioengineering studies involve investigating multiple

cell types on different surface functionalizations to screen for appropriate biomaterials and sur-

face coatings that provide optimal adhesion of a given cell type. Yet none of these macroscale

devices can determine adhesion strength metrics (e.g., critical wall shear stress) for multiple

cell and surface conditions at once. Recent developments in microfluidics have demonstrated

that such capabilities are indeed possible. Examples of microfluidic devices for adhesion stud-

ies are plentiful. Kantak et al. (154) were one of the first to take advantage of parallelization

in microfluidics and the convenience of soft lithography by investigating platelet adhesion to

different fibrinogen-coated substrates on four individual straight microchannels on the same

chip. By applying different surface coatings in each, Kantak and co-workers demonstrated

one of the most basic advantages of microfluidics, i.e., increased efficiency of experimentation

by parallelizing multiple conditions. Keeping the microchannels separate ensured no cross-

contamination between samples. Young et al. (144) adopted a similar configuration with eight
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parallel interconnected microchannels, and used it to reveal differences in adhesion properties

of vascular and valvular Endothelial cells (Fig. 5.1C). Flow analyses in these types of networks

relied on principles of hydraulic resistance. While these designs reduced the number of con-

nections, they introduced the possibility of cross contamination between connecting branches

of the network. Despite these designs have benefited from parallelization, shear stress must

be manually adjusted by changing flow rate in the system. By varying the length over width

ratio in interconnected channels with similar pressure drop, it is nevertheless possible to submit

cells simultaneously to different shear stress, with a single input flow rate (145). Alternatively

Gutierrez and Groisman designed a microfluidic device (Fig. 5.1D that incorporated variable

shear stress flow chambers in a parallel configuration, combining the efficiency of multiple

shear rates within one chamber with the flexibility of multiple experimental conditions across

separate chambers of the same device (146). We tested such approaches, but a general problem

with complex interconnected channel systems is, that a defect in one of the channels changes all

hydrodynamical resistances and impairs the local flow rate estimates. Parallel channel systems

bring along also other disadvantages, such as difficulties to dispose of air bubbles or prob-

lems with seeding the cells uniformly in the parallel branches. All these drawbacks could be

avoided or downsized by our device which uses simple tapered channels without interconnec-

tions, corners and acute angles, as shown in Fig. 2.7. Based on this design,we have developed a

microfluidic device to quantify cell adhesion as well as cell detachment kinetics that answer the

drawbacks of macroscale device and allow parallelization of four different condition. (155).

5.2 Results and discussion

5.2.1 Device design and rationale

Tapered shapes of the channels enable the exploration of a wide range of shear stresses along

the channel direction x. Our tapered device which is shown in Fig. 2.7 is characterized by a

linearly decreasing width w given as w(x) = wmin+
x
L
(wmax−wmin) (wmax = 5 mm and wmin =

200µm, channel length L= 36 mm). As the tapering slope is small (dw/dx≈ 0.13), the classic
wall shear stress expression (137) (at the bottom of the channel where the cells adhere) for a

rectangular tube of width w≫ h (h is the channel height) can be locally applied:

σ(w(x)) = η
dv

dz z=0
=

6ηQ

h2w(x)
(5.1)
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where η is the viscosity and Q the flow rate. In our case, w≫ h is not fulfilled for all

channel positions, and a 3D analysis of the velocity field is necessary (the calculus is given in

appendix C. Master thesis of Peter Rupprecht.)

In a single experiment, the maximal range of shear stress is given by the ratio σmax/σmin =

wmin/wmax = 25. This is large compared to microfluidic devices of similar design, for instance

σmax/σmin = 8 in (146).

With h varying between 50, 100 and 150 µm, andQ up to 50 mL/h, wall shear stresses up to

100 Pa can be realized; however, the device is designed to work best at 0.1−5 Pa, which covers
the physiological range (137). To increase the shear stress range for one experiment, different

flows can be applied for parallel channels by using syringes with different inner diameter.

The large dimensions lead us to revisit microfluidic assumptions, notably laminarity. The

Reynolds number can be calculated using the average flow velocity U = Q/(wh) and the hy-

draulic equivalent diameter for rectangular channels Dh = 2hw/(w+h):

Re= ρUDh/η = ρ2Q/(η(w+h)) (5.2)

Laminar flow can be assumed for Re < 2000 (156). For this work, we have Re < 5, thus

indicating laminar flow. The use of large glass slides (52x76 mm) enables to have 4 independent

tapered channels in parallel. This offers the possibility of exploring different cell types and/or

environmental conditions (coating, medium) in a single experiment. This can be pivotal for

cell biology experiments where results from different conditions should be compared as much

as possible from the same experimental day.

After cell injection and scanning path selection of the motorized stage (Fig. 2.7B), the ex-

periment starts when both the syringe pump infusing at a constant flow rate Q and timelapse

videomicroscopy are switched on (t = 0). The image treatment described in the protocol chap-

ter (chapter 2) results in the typical cell detachment curves displayed in Fig. 5.2. Each curve

represents the proportion of detached cells as a function of time for a given position along the

channel. The initial cell number decreases exponentially, before reaching an asymptotic regime

where almost no cell detachment is detectable. Due to limited recording time, the asymptotic

regime is not fully reached for Dictyostelium in fresh medium (Fig. 5.2A) at low stress ranges,

but can be observed in highly conditioned medium (HCM) (Fig. 5.2A, green open circles). The

meaning of these asymptotic states will be discussed later on in the framework of a threshold

stress model. For each experiment, channel height and/or flow rate are adjusted in order to
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Figure 5.2: Detachment curves with first order kinetic fits. A. Cell detachment curves for D.

Discoideum DH1 in fresh medium, fitted with first order kinetics. The letters on the right show

the channel position (cf. Fig. 2.7) which is used for the corresponding detachment curve. Higher

shear stresses correspond to greater detachment. The detachment curve for 0.50 Pa (letter G) is

highlighted by larger dots, the detachment curve for DH1 in highly conditioned medium (HCM) at

the same shear stress is drawn in green open circles. This shows that the final detachment is very

similar for both conditions, whereas the kinetics are much faster for HCM. B. Detachment curves

for MDA-MB-231 human breast cancer cells. The more significant fluctuations are due to a lower

cell concentration and image treatment.

cover the whole range of detachment from complete detachment up to almost zero detachment

(100 µm and 5 mL/h for Dictyostelium cells.

5.2.2 Mathematical description of adhesion and detachment

For describing the adhesive behavior of these two cell lines, we mostly follow (140); similar

ideas were also used by (148). Three major assumptions are made: (1) There is a threshold

shear stress σt for each cell, which, if exceeded, leads sooner or later to the detachment of the

respective cell. (2) This threshold stress is lognormally distributed over a given population. (3)

The detachment dynamics follow first order kinetics.

The lognormal threshold stress distribution f (σt) is specified by its median σ1/2 (the stress

at which half the cell population detaches) and the dimensionless distribution width σ̃ :
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f (σt) =
1√
2πσ̃σt

exp

(
−
ln2(σt/σ1/2)

2σ̃2

)
(5.3)

The cumulative distribution (i.e. the integral of f (σt)) gives the proportion of cells which

will be detached by a given stress σ ; we call this proportion the detachment efficiency e(σ),

e(σ) =
∫ σ

0
f (σt)dσt =

=
1

2

[
1+Erf

(
ln
(
σ/σ1/2

)
√
2σ̃

)]
. (5.4)

The first order kinetics presuming threshold stresses - dn/dt = −kn for cells with σt < σ

and dn/dt = 0 for σt > σ - lead to a time-dependent expression for the percentage of detached

cells (140):

n(t) = e(σ)(1− exp(−k(σ)t)) . (5.5)

The detachment efficiency, which stands for for the percentage of detached cells for t = ∞,

links the kinetics with the threshold stress distribution eq. 5.4.

5.2.3 Adhesion threshold for amoeboid cells follow lognormal distribution

DH1glass

(FM) 1

DH1glass

(FM) 2

DH1glass

(FM) 3

DH1glass

(FM)

DH1glass

(HCM).

DH1APTES

(FM)

σ1/2 [Pa] 0.30 ±
0.02

0.31 ±
0.02

0.30 ±
0.02

0.32 ±
0.02

0.32 ±
0.02

0.65 ±
0.03

σ̃ 0.47 ±
0.08

0.54 ±
0.08

0.54 ±
0.08

0.48 ±
0.07

0.48 ±
0.08

0.52 ±
0.07

Table 5.1: Left: Reproducibility among channels. Adhesion strength distribution parameters for

three parallel channels with same conditions (Dictyostelium DH1 cells in fresh medium on glass

substrate). Right: Results for adhesion on glass in fresh medium (FM), on glass in highly condi-

tioned medium (HCM), and in FM on an APTES-coated surface.

The experimentally obtained detachment curves shown in Fig. 5.2 are very well fitted with

first order kinetics for each cell line, leading to a stress dependent detachment rate k (Fig. 5.3B).
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5.2 Results and discussion

The detachment efficiency which corresponds to the asymptotic state value in Fig. 5.2 is plotted

as a function of σ in Fig. 5.3A. The experimental values for each cell line are fitted by the

lognormal cumulative distribution function.

The occurrence of lognormal distributions for biological quantities is well-known and also

successfully applied for adhesive strength distributions (140, 148), but not well-understood.

There is not only a single standard generative model which produces lognormal populations,

but several possible mechanisms which can lead to lognormality. Yet, key idea is the accumu-

lation of multiplicative (and not additive, which leads to normal distributions) random effects.

For cellular objects, these multiplicative random effects may occur by asymmetrical cell di-

vision or external random effects whose impact depend on the actual state of the cell. We

refer to (157) for a biology-oriented introduction to generative models for lognormal distribu-

tions. Our data (Fig. 5.3A) fit very well to the lognormal cumulative distribution function and

therefore give support to the idea of lognormal distributed threshold stresses for single cells,

independently of the cell type.

5.2.4 Quantitative comparison of detachment parameters

For a quantitative discussion of adhesion parameters and to assess the precision and the robust-

ness of our device, we investigate two main possible error sources:

1. Statistical and counting errors δN ; a limited number of cells creates a statistical error

when data are described by a given distribution law as given in eq. 5.3.

2. Physical incertitudes and device approximations of the wall shear stress δσ : flow velocity

field and thus shear stress values may be modified by PDMS deformation due to internal

pressure; temperature-dependency of viscosity can affect the shear stress as well; also

channel width and thus shear stress are not constant over a given field of view.

A detailed discussion of these main error sources and their estimate (Master thesis of Peter

Rupprecht) is given in appendix B. As far as the second error source is concerned, δσ mostly

depends on the channel height error (δh(x) ≃ 2 µm and is almost independent of x). However,

a proper measurement of h(x) by confocal microscopy was performed for high shear stress

conditions; in a first approximation, deformation increases linearly with channel width (cf.

supplementary information, where we refer in detail to (158) for a theoretical framework). To

estimate the error of the fit parameters σ1/2 and σ̃ in eq. 5.4 due to the limited experimental
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Figure 5.3: Detachment efficiency and detachment rate for different experiments. A. The cumula-

tive lognormal threshold-stress distribution function (cdf), fitted with eq. 5.4 for four datasets, listed

from left to right: Dictyostelium on glass substrate in highly conditioned medium (green, down-

ward pointing triangles) and in fresh medium (blue, upward pointing triangles), in fresh medium

on APTES-coated substrate (red, crosses), and MDA-MB-231 on collagen-coated substrate (black,

circles). Every datapoint for the Dictyostelium data in fresh medium corresponds to one position

in Fig. 2.7. Error bars are shown for one condition each for Dictyostelium and MDA-MB-231 to

give an idea of magnitude. σ1/2 can be read off at the point where the dashed line intersects the

fits. B. Detachment rates k, obtained by first order kinetics fits. The color/symbol code is the same

as in subfigure A. Stress errors are the same as for subfigure A, fit errors for k are of the size of the

symbols. Data points without significant detachment (APTES for σ < 0.5 Pa) could not be fitted

properly and were left out. Data points are connected as a guide for the eye.

sample, i.e. the finite cell number, we used a numerical resampling method. Combining the

primary error sources as root of the squares, we are able to give a total error estimation. For

best conditions for Dictyostelium , it is about 6% of the value for σ1/2 and 13% of the value for

σ̃ .

Reproducibility among different parallel channels was verified with good accordance of

adhesion strength from one channel to another, see Tab. 5.1, left hand side.

94



5.2 Results and discussion

It is therefore possible to fully use the independent channels of our device in parallel to

compare simultaneously the cells from the same culture in different environments. In Fig. 5.3,

three different conditions for Dictyostelium are shown. Dictyostelium in fresh HL5 medium

on glass substrate yields σ1/2 = 0.32 Pa. Coating the glass substrate with APTES increases

adhesion strength significantly to σ1/2 = 0.65 Pa; this increase has already been reported by

(140).

Another possibility besides surface treatment to modify detachment of cells, is modifying

the medium. Highly conditioned medium (HCM) is obtained from Dictyostelium cell cultures;

the medium therefore is enriched with various biomolecules that are naturally produced by

Dictyostelium in cell culture. Some of these molecules can dock to extracellular receptors,

which impedes non-attached receptors to interact with the substrate. We discussed this in the

context of cell migration (see chapter 3), where we observed lower motility and more rounded

cells for Dictyostelium in HCM (27). For adhesion, we found no difference for σ1/2 for fresh

medium and HCM, see Fig. 5.3A. By contrast, detachment kinetics were much faster in HCM

(Fig. 5.3B and Fig. 5.2A, highlighted curves). These findings suggest that attachment and re-

attachment of receptors, which is reduced by HCM as described above, plays an important role

in the detachment process, but does not significantly determine the threshold stress value for

our experiments with Dictyostelium , i.e. the decision if a cell is detached at a given stress or

not. This example illustrates the need for having access to detachment kinetics. It enabled to

highlight differences in cell detachment which are not revealed by σ1/2 values.

In (140), experiments with Dictyostelium were carried out in buffer (whereas we used HL5

medium); buffer media are of simple constitution, the number of parameters which may in-

fluence an experiment is reduced. On the other hand, a buffer is not a natural environment,

leading to complications like osmotic shocks and starvation. We found that adhesion is weaker

for Dictyostelium in HL5 compared to values given by (140) for experiments using buffer. The

difference is about one order of magnitude. This indicates that adhesive contacts are strength-

ened in buffer medium. Due to lower applied shear stresses, detachment in HL5 is much slower

(Fig. 5.2A,5.3B) than in buffer. In buffer, (140) found typical detachment times of ≈ 5 min,
whereas we got characteristic times of 1 hour (Fig. 5.2A). As shown in Fig. 5.3B, kinetics are

generally faster with increasing shear stresses.

Also, we did preliminary experiments to study cell adhesion in the course of Development.

We performed a comparative study of adhesion in DB after 1h and 8 hours of starvation (see

95



5. CELL UNDER HYDRODYNAMIC SHEAR STRESS

Annexe F.). We found that cell adhesion significantly decreases with starvation time with a

σ1/2 = 0.54±0.04Pa and 0.33±0.03Pa after 1 hour and 8 hours of starvation, respectively.
Finally we performed preliminary experiments with two Dictyostelium mutants: ko-SibA

which lacks subset of integrin like proteins and MaM4, a mutant currently studied in Pierre

Cosson laboratory (Geneva, Switzerland) with unknown function. Measured σ1/2 are 0.16±
0.03 Pa and 0.29±0.02 Pa, respectively for those two mutants.

5.2.5 Cell tracking, migration, detachment mode

In addition to kinetics resolution and the possibility of parallel experiments, our device is also

adapted to measurements of adhesion and cell tracking simultaneously. This allows to enhance

the comprehension of detachment kinetics by analyzing cell shape modifications and migra-

tive behavior. Dictyostelium , as stated above, are detached on a typical timescale of up to 1

hour for an applied hydrodynamic stress close to σ1/2 in fresh medium. The detachment for

Dictyostelium is described by (149) as a peeling process which begins with the onset of the

experiment. In this model, the microscopic peeling velocity vp, which is a function of some

microscopic parameters, is connected with the detachment rate k and the peeling time τ using

the cell dimension lc: k ∝ 1/τ = vp/lc. Our tracking analysis however shows that cells are able

to migrate normally during up to 1 hour before detachment. The trajectories show diffusive be-

havior for low shear stresses and only partially directed flow-driven movement for high stresses

(Fig. 5.4B-D).

The motility of Dictyostelium is therefore not disabled by shear stresses, and the peeling

process does not start with flow onset, but at a stochastically determined moment. This is

clearly visible on the cell of Fig. 5.4A submitted to a very high applied shear stress (2.6 Pa ≈
4σ1/2). It first moves by extending several forward but also lateral pseudopods (see arrows in

Fig. 5.4A) but finally stops migration, rounds up and is detached. It is therefore not possible

to link microscopic and macroscopic kinetics within the framework of (149) for Dictyostelium

in natural-like environment (HL5 medium). This conclusion would not have been possible

without the possibility to track the motion of cells.

5.3 Conclusion

We have designed and tested a simple 4-channel tapered microfluidic device for cell adhesion

strength measurements based on the analysis of cellular response to varying hydrodynamic
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Figure 5.4: Dictyostelium cells motility during a detachment experiment on APTES coated sub-

strate. A. Detachment of a single Dictyostelium cell at 20x magnitude, at 2.6 Pa: despite the very

high stress, the cell extends also lateral pseudopods (arrows) and migrates. Finally the cell rounds

and detaches. The arrow in the last frame indicates the flow direction. B.,C. Centered trajectories

of at least 150 cells submitted to a shear stress of 0.25 Pa (B) and 0.70 Pa (C) respectively over 52

min. Cell migration is almost random at low shear stresses, whereas it is strongly biaised in flow

direction for higher shear stresses. Flow direction is given by arrows. D. Mean directionality of

cell movement as a function of applied shear stress, indicating to which extent migration is aligned

with flow direction. Directionality is defined as the angle between the flow direction and the cell

movement direction over a 52 min interval. Therefore, cos(θ) = 1 indicates fully biased cell move-

ment in flow direction, cos(θ) = 0 indicates random direction of migration. The chosen positions

B. and C. are represented by black arrows, σ1/2 = 0.65 Pa by the red arrow.

shear stresses. Compared to other recent microfluidic shear stress designs, our device offers a

larger shear stress range and a better and very precise detachment kinetics measurement. The

device was also tested on a breast cancer cell line (MDA-MB231) (155). This allowed us to

confirm that first order kinetics and lognormal distributions for the proportion of detached cells

are very general laws describing well either amoeboid Dictyostelium and mesenchymal breast

cancer cells.

We would like to stress here that kinetics (Fig. 5.2) could be obtained by a single exper-

iment, observed at more than 200 time-steps. In contrast, (140) did one experiment for one

experimental data point. We hold this for a major improvement of our device: evidently, it

reduces the effort; secondly, it can be checked if an asymptotic state is attained in a single

experiment. Generally, it is often preferable to acquire biological data for one issue at the

same time for reasons of comparability. This allows to distinguish variations due to biological

heterogeneity of a sample and those due to other changes of experimental parameters.

Another advantage of our device is the possibility to track cells (single cells or few hundreds

as well) and therefore to better understand adhesion through migration analysis. In addition,

visualization during experiments gives feedback over possible problems and allows to show

e.g. the mode of detachment, which can bring forward cell detachment modeling. Because

each channel is fully independent of the others, the effect of several environmental parameters
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(substrate coating, buffers, drugs . . . ) on adhesion and migration can be tested simultaneously.

Besides, influence of shear stress on other parameters of interest can be easily measured without

device alterations. For instance, influence of shear stress on cell division for Dictyostelium was

an issue that occurred while testing our device. It is a versatile tool that could be used to analyze

not only detachment strength and kinetics for different cell types in varying environmental

conditions, but also putative shear stress dependent cell behavior such as cell motion.
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Chapter 6

Conclusion & Perspectives

Throughout this work I have shown that individualDictyostelium cell migration is de-

pendent of various parameters. I will state here the major results of our work. Thanks

to the methods we develop to characterize cell migration as well as cell adhesion,

some novel aspects of migration have been highlighted: (i) if no taxis is involved, cell

move purely diffusively, (ii) cell migration is strongly influenced by cell density, (iii)

major migration changes during development are due to an increase of persistence

and an increase in cell activity, rather than a modification of the intrinsic velocity.

As far as the migration-adhesion interplay is concerned, the picture stays unclear af-

ter this thesis. Nevertheless, the results suggest that adhesion has a minor effect on

migration compare to other environmental cues.
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6.1 Development of efficient tools for statistical analysis of cell mi-

gration and adhesion

During this work, we have developed tools to automate the recordings of video microscopy

and image analysis. This improvement allows us to work with very large samples of cells and

to quantify cell migration on a population level. A reliable and reproducible diffusion constant

over months for each experimental conditions required at least 100 cells (∼ 100000 positions)
due to large distribution of cell behavior. To the light of our results, averaging 10 cellsMSD as

often done in the literature (103, 104, 105) seems inappropriate to quantify migration, even if

very long recording time are used.

We were very precocious of cell culture condition and our method allowed us to get repro-

ducible results. Parameters such as cell diffusion constant, cell persistence and cell roundness

were gathered for different environmental conditions (the substrate, the medium, and the type

of cells). In parallel, we developed a microfluidic tapered channel device to quantify cell de-

tachment in hydrodynamic flow. This device combined with a motorized stage has allowed a

statistical study of adhesion but also the dynamics of detachment. Using 4 channels in parallel

allows us to study various parameters simultaneously and gather large data, necessary to have

reproducible results. We could quantify cell adhesion as well as cell detachments kinetics.

A major improvement is the possibility of live tracking cells to have better insight into cell

detachment kinetics whereas it is not possible other systems (140).

6.2 New aspect of dicty cell dynamics

6.2.1 Random migration of Dictyostelium is purely diffusive

The true nature of cell motion is still largely controversial: many groups have found anomalous

diffusion experimentally and made hypothetical explanation of this phenomenon (102, 103). In

light of the work done during this thesis, it is likely that the experiments that found anomalous

diffusion often did not last long enough to detect the long term features of highly persistent

cells (102, 103, 105). Cell traces were typically only a few cell-diameters long. Under these

conditions, it is difficult to distinguish true superdiffusion from correlated random walk (117).

Our statistical analysis of cell migration answered this question. It is now clear if no taxis

phenomena1 are involved, that cells always reach random diffusion as long as the tracking time

1Here, taxis referred to all environmental cues that may bias cell trajectories such as chemotaxis or haptotaxis
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is long enough compared to the persistence of cells.

6.2.2 Antagonist effect of cell density on cell migration for vegetative and starved

cells

The analysis of the role played by cell-density in the course of development highlight crucial

differences in cell-cell signaling between vegetative and starved state. While cells move faster

at low cell density in nutritive conditions, the opposite behavior is found in development: cells

move faster at high cell density. The experiences of migration in growth medium revealed the

presence of a QSF secreted by the cells. This QSF appears as a major variable regulating their

random migration. The diffusion coefficient, the persistence of the movement and morphology

of cells vary depending on the concentration of this factor. Studying cell migration in the course

of development confirmed that cell migration is strongly dependent on cell-cell signaling and

that the highest rate of migration is reached after ∼ 6 hours of starvation. It highlights the role
of density on cell differentiation and migration capacity. At this stage, cell density triggers in

concert QS sensing (via CMF) and cAMP signaling.

6.2.3 Individual cells do not change their mode of locomotion in the course of

development

Our work revealed that cell migration is positively correlated with persistence (Fig. 6.1) and

negatively correlated with the cell shape (Fig. 6.2). By plotting the mean persistence length

as a function of the diffusion coefficient for the whole cell stages (vegetative in black and

starved in red), all experimental points are gathering in a single straight line (Fig. 6.1A). This

is the main results of bimodal analysis: cells increase their persistence instead of their speed to

explore larger areas (i.e., increasing their D) (Fig. 6.1). This statement is true whether the cell

is in nutrient medium or in the course of development. It is consistent with results obtained

by the pseudopod analysis of Van Haaster et al. (116): starved cells are faster than vegetative

cells not by extending more pseudopods and/or increasing their speed but by moving longer

in the same direction. Surprisingly, Fig. 6.1B shows that for an identical D cells spend less

time in persistent mode in DB than in HL5. However, these group of data concerned either

dedifferentiated cells, or early starvation times (0-2h), where the majority of cells are rounded

(see Fig. 6.2), and slower than in nutritive medium. It nevertheless suggests that in these

extreme cases, there would be a small intrinsic difference in cell speed. For longer starvation

time, cells are more elongated (see Fig. 6.2) and move faster.
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Figure 6.1: Persistence characterization. Bimodal analysis results for cells in HL5 (Black

squares) and in DB (red squares). Error bars represents SEM. (A) Cells follow the same law for

both conditions. (B) for identical D∗ cell in Development have a lower ratio of persistence than cell

in HL5. (C) As the cumulative persistence length is roughly the product of mean persistent length

(A) times persistent ratio (B), the difference here is due to the difference in persistent ratio.
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Figure 6.2: Shape analysis. Cells in HL5 (Black squares) and in DB (red squares) follow the

same law for both roundness (A) and roundness variation (B). Error bars represents SEM.

Fig. 6.2 shows that correlation between cell diffusion and cell shape are identical in DB

and HL5.

Both bimodal and cell shape analysis are highlighting the fact that Dictyostelium cells

motion is amoeboid like in all experimental conditions we explored (i.e., fast shape variation

and rate of migration directly related to the length of persistence). For example a Keratocyte

like type of motion would present a saturation of cell roundness variation with increasing D as

there is no cell cycle of extension retraction unlike in amoeboid mode. Therefore it is also an

interesting method to define migration mode.

6.2.4 Migration-Adhesion interplay

Throughout this work we have shown that individual Dictyostelium cell migration is depen-

dent of various parameters and in particular, it is dependent on cell density and cell starvation

time. The methods developed in this thesis to quantify cell migration allowed us to make a

comparative study of migration by varying other parameters such as surface or the chemical

composition of experimental medium. As far as starved cells are concerned, we showed that

cell adhesion decreases with the time of starvation whereas the migration rate increases (ap-

pendix F.). This is consistent with the evolution of traction forces that also decrease in the

course of development (28). Nevertheless, changes in cell adhesion are much smaller than
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changes in cell migration (2 fold decreases in cell adhesion (σ1/2) compare to 50 fold increases

in apparent diffusion constant)). It seems therefore that cell adhesion as a minor effect on cell

migration as compared to other environmental cues such as cAMP signaling.

For longer developmental time, similar cell speed and persistence were found for cells

migrating outside or inside cell-streams (111). In that case biochemical and mechanical mod-

ifications induced by cell-substrate versus cell-cell adhesion does not influence cell migration.

Cells in the same developmental stage move similarly, no matter the interaction with the sub-

strate. It indicates that cell migration is once again mainly governed by soluble factors and

molecules rather than regulating by cell-substrate or cell-cell adhesion.

In the following, we will try to outline in more detail the possible role played by adhesion

in migration of Dictyostelium in nutrient medium. To that goal, we studied migration of ko-

SibA mutant cells and migration on APTES coated substrate in both fresh medium and highly

conditioned medium (see Fig. 3.11). Our set-up was also used to quantify cell migration and

adhesion of a new mutant currently under investigation in the group of P. Cosson: Mam4. For

every experimental conditions, cell adhesion has been quantified in parallel. As a first attempt

to draw a picture of the adhesion-migration interplay in Dictyostelium , one can represents

the average diffusion coefficient (that quantify cell migration) as a function of shear stress

necessary to detach cells (representing cell adhesion, Fig. 6.3).

From this graph, it is rather difficult to give a clear answer concerning the interplay be-

tween cell migration and adhesion. We will therefore, discuss different possibilities. First, it

has been shown that the stress necessary to detach half of the cell population is independent of

the cytoskeleton dynamics (140). It is therefore rather a measurement of passive cell-substrate

interactions that does not take into account the dynamic of adhesion-de-adhesion coupled to

myosinII-actin activity. This is also confirmed in this thesis, as for every mutants and sub-

strates used, despite a 3 to 10 fold decrease of D, QSF barely affects the shear stress neces-

sary to detach half of the cell population but modify drastically the dynamics of detachment

(Fig. 6.4A).

To get insight into this dynamic, it is thus tempting to compare the kinetics of cell de-

tachment. However, no better correlations between the diffusion constant and the detachment

rate are found (Fig. 6.4B). From this analysis, one logical explanation of the results could be

that Dictyostelium is mainly moving via an independent-adhesion mechanism, mainly gov-

erned by factors and molecules secreted and sensed by the cells. This is consistent with a

104
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6. CONCLUSION & PERSPECTIVES

recent model, where cell speed were found to be roughly constant for a large range of val-

ues of adhesive forces (159). In their model, cell motion can be described by a contraction-

relaxation-protrusion cycle (as opposed to the classical extension (driven by actin)-retraction

(driven by myosinII) cycle). The cell speed is determined by the ratio of the displacement

per cycle and the period of this cycle. In that case, it would indicate that migration is mainly

driven by actin polymerization at the front, rather than myosin-II contraction at the rear. In

accordance to this model, even if a good colocalisation of traction forces and myosin-II was

found for both vegetative and aggregation-competent cells (28), other studies have shown that

in aggregation-competent cells, most rearward traction stresses emerged at spots where ac-

cumulation of F-actin took place and did not involve myosin II (59). In addition, entirely

polymerization-driven protrusions were demonstrated in Dictyostelium (18, 41), as well as in

other amoeboid cells such as T lymphocytes (160), leukocytes (161) and dendritic cells (40)

upon blockade of myosin II. The shear force of polymerization was apparently sufficient to

protrude the membrane. It is also similar to the polymerization-driven protrusion in nematode

sperms (162), where polymeric filaments are used for locomotion. Remarkably, these cells

were still able to migrate in low-adhesive 2D or confined environments.

To validate this hypothesis, rather than modifying the substrate, it would be interesting in

future studies to take advantage of the statistical analysis developed in this thesis to rigorously

compare cell migration and cell adhesion on mutant lacking some key components driving the

cytoskeleton dynamic such as myosinII, TalinA or PaxB (Dictyostelium ortholog of paxilin).
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AND JEAN-PAUL RIEU. A quorum-sensing factor in vegetative Dic-

tyostelium cells revealed by quantitative migration analysis. (Accepted

in PLoS One), 2011. 11, 95
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BERTRAND FOURCADE, AND FRANZ BRUCKERT. Shear flow-in-

duced detachment kinetics of Dictyostelium discoideum cells from

solid substrate. Biophysical Journal, 82(5):2383–2395, 2002. 86, 88, 91,

92, 93, 95, 97, 100, 104
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APPENDIX

A. Migration Error Analysis

Noise on positions: Origin and effect on MSD and velocity autocorrelation func-

tion

In our experiments, there are two sources of error when recording cell centroid positions: (i)

camera error σC and (ii) repositioning error of the stage σR. Camera error is due to the cumu-

lated effect of finite pixel size and changes in illumination and contrast affecting the threshold-

ing procedure. It can be reduced by using a larger lens magnification and a larger pixel array

of the camera. Experimentally, one may evaluate this error by recording non moving dusts or

fixed cells while not using the motorized stage: σC ≃ 0.5 and 0.1µmwith a 4x or 20x objective

lens respectively. This noise is uncorrelated with itself in time and can be treated as an inde-

pendent white noise. The repositioning error of the stage depends on the stage speed and travel

range and is independent of the magnification. It could be correlated with itself in time: the

stage used in the experiments sometimes drifts slowly in a given direction. For the experiments

presented here we measured a drift of about 0.5µm/min.

In principle it is possible to subtract this drift to the individual cell positions. At short times,

each error source affects MSD and velocity autocorrelation function (C(t) or Z(t)) but this

effect remains minor and cannot explain the overshoot observed in the MSD nor the negative

peak of Z(t) near 2 minutes. This is demonstrated by Fig. 5. In (A), theMSD/t curves for dusts

and cells at two different magnification (4x and 20x) are represented. At 2 min, the amplitude

of noise is clearly smaller than the overshoot amplitude as measured by the difference between

MSD/t and the best fit using the Fürth’s formula (Eq.(3.1) in the main manuscript). Correcting

cell positions with the stage drift has a minor effect on the MSD of cells as well (diamonds

in Fig. 5A). The Velocity autocorrelation function of dusts shows a negative peak but with a

slightly smaller amplitude than the negative peak of cells and it is shifted to lower times (i.e.,30

sec) (Fig. 5B). Cells are therefore truly presenting a tendency to move in opposite directions

at two minutes intervals. In conclusion, one can consider that the noise on tracked positions

due to camera and stage repositioning errors estimated from the mean-squared displacement of

fixed dusts is σT ≤ 1.5µm with the 4x objective lens and our fast moving motorized stage.
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Figure 5: Noise on positions. (A) MSD/t Vs. t at 4x (blue squares) and 20x (green squares)

magnification calculated for cells in the vegetative state (data of chapter 3). MSD/t of fixed dusts

are represented by red and green dots for 4x and 20x respectively. Black diamonds represent

MSD/t calculated from cells trajectories corrected with the drift of dust coordinates. Dotted lines

are fits using the Fürth’s formula (Eq. 3.1) of MSD/t. The fit is calculated from data points in

the range 500-1000 sec but is represented in the full range 0-1000 sec to appreciate the overshoot

height. (B) Velocity autocorrelation Vs. time for cells at 4x (blue squares) and 20x (green squares)

magnification, and dust at 4x magnification (red line). The inset gives a larger view of the negative

peaks. Concerning dusts, the negative peak due to camera and repositioning errors occurs around

30 seconds (the time interval used to record dusts movement). Cells speed autocorrelation shows a

negative peak around 2 min which cannot be explained by position errors.
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APPENDIX

B. Adhesion error analysis

Two main possible error sources affect the measured number of detached cells and the esti-

mated wall shear stress.

1. Statistical and counting errors

2. Physical incertitudes and device approximations

Statistical and counting errors.

A limited number of cells creates a statistical error when data are described by a lognormal

cumulative distribution function (cdf).

e(σ) =
1

2

[
1+Erf

(
ln
(
σ/σ1/2

)
√
2σ̃

)]
. (1)

To estimate the error of the fit parameters (σ1/2 and σ̃ ) in eq. 1 due to the limited ex-

perimental sample, i.e. the finite cell number, we used a numerical resampling method. Our

resampling method for error estimation is the following: (a) Fit the data points to obtain σ1/2

and σ̃ of the distribution (b) Take for each stress position (cf. Fig.1 in the main paper, red

rectangles) the number of cells at the start. (c) Create a random sample of this size according

to the lognormal distribution with the parameters of step (a). (d) Fit the lognormal cdf to these

sampled points. (e) Repeat (c) and (d) some 1000 times in order to get a distribution of sampled

fit parameters. The variance of this sampled fit parameters leads to the error for σ1/2 and σ̃ .

At good conditions (well-chosen stress range, high cell density), we got statistical fit errors

(2 · standard dev) of 2% of the value for σ1/2 and 7% of the value for σ̃ for Dictyostelium . For

MDA-MB-231 with lower densities, errors were at 5% of the value for σ1/2 and 13% of the

value for σ̃ .

As second statistical error, image treatment has to be considered. Cells are able to migrate

under shear stress. Therefore, cell trajectories can be tangent among themselves, so that two or

more cells are hardly perceptible as two single cells. However, by optimizing the parameters of

the Find Maxima routine of ImageJ (cf. materials&methods), we reduced this error to less than

1% of the total cell number even for high cell densities up to 5 ·104cells/cm2; furthermore, it is
not a systematic error, a fluctuating one and is averaged out by fitting over data points. Thus,
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compared with other uncertainties, this has little effect. Same applies for the error due to image

edges: cells on the edges might leave the field of vision without having been detached. Yet the

typical number of cells on the edges is rather low (about 5−20 compared to a total cell number
of 500−1500 per image), and the fluctuations (i.e. migrating into/out of field of vision) of this
number are even lower. A detachment fit which uses typically 150− 300 images/datapoints
downsizes this fluctuations even more.

Physical incertitudes and device approximations.

We now list all possible errors and approximations that contribute to the wall shear stress error

(δσ ): absolute estimate of channel height or relative height changes due to PDMS deformation,

temperature-dependency of viscosity, and non-constant channel width and thus non-constant

shear stress for a given field of view.

Lack of stress homogeneity is considered to be a drawback for tapered channels(137). For

2.2x1.7 mm fields of view, the width-depending stress varies within this field with a standard

deviation of the stress smaller than 5% of the stress value for 19 of 24 zones, guaranteeing

stress-homogenity. Taking the same field of vision for the device of (146), the same condition

would only be the case for 3 of 8 zones, what brings out the advantages of a larger design.

For simple cell detachment experiments, however, absolute stress homogenity over one field

of vision is not vital. Since threshold stresses are smoothly distributed (we use lognormal

distributions), this distribution can be approximated as linear for the stress range of one field of

vision. Hence, averaging out the variations is reasonable. It has to be kept in mind that channel

positions with rather constant stress should be used for strongly varying distribution parts and

vice versa. We checked that a reduction of the field of view from 2.2x1.7 mm to 2.2x0.85 mm

(i.e., a twice smaller window size along channel direction x) yielded indeed no differing results

for detachment experiments.

As second possible error source, flow in microfluidic channels induces internal pressures

that can alternate considerably channel dimensions. Because of the coupling of channel defor-

mation and fluid flow, an analytical analysis is rather difficult. (158) introduces a dimensionless

deformation number Nd related to maximal channel deformation Δhmax/h:

Δhmax
h

= c1Nd = c1
Δpw

Eh
(2)
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where Δp is the pressure difference between inside and outside, w and h are the channel

width and height respectively, E is the Young’s modulus of PDMS, and c1 is a number of order

of magnitude 1. To estimate Nd , one needs to estimate the hydrodynamic pressure difference

between the point of interest and the outside pressure p0: Δp = QRH . The hydrodynamic

resistance RH consists of three parts: the resistance of the tapered channel RH1 , the resistance

of the transition piece RH2 (see Fig. 6), and the resistance of the outlet tube RH3 .

The resistance for a tapered channel is calculated in eq. 8 below, whereas the resis-

tances for rectangular and circular tubes, RH2 and RH3 , can be found in standard hydrodynamic

textbooks(163). This leads to a pressure drop Δp(x):

Δp(x) = Q ·

⎛
⎝8ηLc

πr4
+
12ηLt
h3wt

+
12ηL(x)

h3

ln
(
wout
w(x)

)

wout −w(x)

⎞
⎠ (3)

where Lc is the length of the circular outlet tube, 2r its inner diameter; Lt is the length of

the transition piece, wt its width. L(x) is the length of the part of the tapered channel which

lies between the considered point and the outlet (and which therefore contributes to the local

pressure), wout is the width of the tapered channel next to the outlet (this can be 200 or 5000 µm,

depending on the way we orient the channel).

Figure 6: Contributions to the inner pressure by the hydrodynamic resistances at a given point x

in the channel (vertical arrow). The white arrow indicates flow direction. Only channel parts/tubes

downstream from the position x are relevant. The transition piece (RH2 ) consists of two parts, which

are approximated as rectangular channel pieces both.

The deformation number Nd as estimation for Δhmax/h calculated from the pressure drop

calculation, together with experimentally measured Δhmax/h are shown in Fig. 7. By taking

E = 1 MPa for reticulated PDMS, the condition Nd ≪ 1 is fulfilled for our experiments with

Dictyostelium cells, but not or experimental conditions with MDA-MB-231 (Fig. 7, black dot-

ted line, Q= 17 mL/h, h= 50 µm). The calculation predicts a non-negligible swelling of up to

15% of the channel height. We confirmed and quantified this swelling by confocal microscopy

(Leica SP5) using a fluorescein solution flow. Experimental data Δhmax/h are presented as up-

ward looking black triangles in Fig. 7. We therefore corrected channel height h and the velocity
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B. Adhesion error analysis
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Figure 7: Channel deformation Δhmax/h, measured by confocal microscopy. Black upwards look-

ing triangles for experimental conditions used for MDA-MB-231, blue downwards looking trian-

gles for conditions used for Dictyostelium . The cubic fits (solid lines) are used for calibrating our

experiments. The dashed line gives the deformation number Nd for MDA-MB-231 conditions and

shows that Nd can be used as an upper estimate for deformation.

field in the spirit of (158) by fitting with an third order polynomial curve (black curve in Fig. 7)

the measured heights. Note that the dotted line which represents Nd is no exact theoretical

model for Δhmax/h (since Δhmax/h = c1Nd , and c1 depends on w in non-trivial manner(158)),

but an order of magnitude estimation.

However, in principle, alternate PDMS type and curing conditions allow to attain E ≈
4 MPa (158). Furthermore, the transition piece of our design is comfortable as it helps for

bubble issues, but it is not vital. Its removal together with the higher Young’s modulus leads

to much smaller deformation numbers Nd , yielding errors for the channel height of less than

2%. In addition we interchanged in- and outlet position compared to Fig.1 to decrease the

hydrodynamic pressure for the more sensitive channel part with larger widths. This can be

reasonable means to control deformation if confocal microscopy is not available.

We also quantified the swelling for experimental conditions forDictyostelium (Q= 5 mL/h,

h= 100µm), blue downwards looking triangles in Fig. 7. The swelling Δhmax/h is everywhere

less than 2%. Since the channel height at the side-walls is significantly less modified than in

the middle of the channel, the channel deformation can be estimated as 〈Δh〉/h ≈ 2/3Δhmax/h

(cf. the paper of (158)) and can be neglected with reasonable error ([0.5−1.5]µm).
Confocal microscopy offers a comfortable way to measure relative height variations, but

can hardly give an absolute height value (due to refractive index mismatch). For that we used

a surface profiler with a precision of about 1 µm. In combination with the deformation error

for h, we can estimate the absolute channel height error δh ≈ 2 µm, independently of position

x along channel direction.
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The shear stress can be influenced by several other parameters: flow rate, temperature,

channel width. Channel width incertitude has less effect than height, since it appears only lin-

early in the stress expression and lateral dimensions are easily measurable by any microscopy.

Our syringe pump delivers a very precise flow rate control. Temperature-dependent error is

given by the temperature dependency of the viscosity of water. Temperature-dependent vis-

cosity values are from the NIST Chemistry WebBook(164). For error calculus, we interpolated

linearly between data points. We do the error propagation into the stress by propagation of

uncertainty using the derivative of the stress with regard to the respective size and combine the

independent errors as root of the squares.

Using typical uncertainties for our device (δh ≈ 2µm, δT ≈ 1◦C), we get δσh ≈ 4% and

δσT ≈ 2.4% of the stress value. The error of σ depending on the channel height h is clearly

dominant.

To propagate the error δσ into the fit parameters, we use again a resampling method as

described above for the statistical error. Concretely, we take samples with σ distributed as

Gaussian1 with standard deviation δσ as root of the squares of δσh and δσT .

The resulting errors are typically 5% of the value for σ1/2 and 10% of the value for σ̃ .

Combining the primary error sources as root of the squares, we are able to give a total

error estimation. For best conditions for D. Discoideum, the main error is due to physical

uncertainties. It is about 6% of the value for σ1/2 and 13% of the value for σ̃ . For MDA-MB-

231, due to low cell densities, the statistical error prevails, but the order of magnitude of the

total relative error remains the same.

1A Gaussian distribution of errors is not evident, but in our case surely a good enough approximation.
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C. Shear stress calculus

C. Shear stress calculus solving the 3D Navier-Stokes equation for

a rectangular channel

The classic wall shear stress for rectangular channels with w≫ h is given as

σ(w(x)) = η
dv

dz z=0
=

6ηQ

h2w(x)
. (4)

If the condition w≫ h is not fulfilled (for our design, wmin = 200µm, h = 100µm for

Dictyostelium experiments), the Navier-Stokes (NS) equation has to be solved in 3D. This had

already been done in the middle of the 20th century, and we will hold on to a paper by (165)

which brings out the symmetry with respect to w and h in his solution.

The starting point is the x-component of the NS equations; inertial terms have been ne-

glected, the pressure gradient can be supposed to be locally linear:

∇2vx(y,z) =−Δp

ηL
(5)

With a fourier series analysis for vx(y,z), we get the components of the fourier series de-

velopment, and further using the boundary conditions v(z= 0 or z= h) = 0 and v(y= 0 or y=

w) = 0, we get

ux(x,y,z) =
16

π4
Δp

ηL ∑
n,m odd

knm sin

(
nπ

y

w(x)

)
sin

(
nπ
z

h

)
, (6)

with the factor

knm =
1

nm
(

n2

w(x)2
+ m2

h2

)

which we use here to cut short the formula within the article.

The shear stress is then given as σxζ = η ∂vx
∂ζ . As the cells adhere at the bottom of the

channel (z = 0), the derivative with respect to ζ = z is the only one to be considered, since

σxy(z= 0) is zero because of the term sin
(
nπ z

h

)
. The expression for the shear stress therefore

is

σxz(x,y,z= 0) =
16

π4
Δp

L
∑

n,m odd

knm sin

(
nπ

y

w(x)

)
nπ

h
. (7)
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Hydrodynamic resistance of a tapered channel

The hydrodynamic resistance RH is useful to know for 1) calculating the internal pressure in

microchannels (see deformation analysis above) 2) calculating the flow rates via Q = Δp/RH ,

when a given pressure drop is applied (e.g. flow creation by gravity), and not a given flow rate

(what we did with syringe pumps).

For tapered channels, Δp/L is not constant. For slow variations of w(x) = w0+ (w1−
w0) · x/L, a piecewise rectangular geometry can be approximated for tapered channels. Q =

wh3Δp/(12ηL) for rectangular channels transforms to Q = w(x)h3/(12η) dp
dx
. dp/dx can be

integrated, and the relation Δp= QRH allows then to identify the hydrodynamic resistance

RH =
12ηL

h3

ln
(
w1
w0

)

w1−w0
(8)

122



D. Soft lithography and production of a microsystem

D. Soft lithography and production of a microsystem

To make microfluidic systems, we use mainly PDMS1, a polymer of the family of siloxanes

whose preparation in the laboratory is quick and easy. It is a viscoelastic solid, that is to say,

it behaves like a viscous liquid at high temperatures while it has the same properties as elastic

solid at low temperatures.

To fabricate microfluidic systems in PDMS (Fig. 8), one must first make a mold called

master. To do this, we use a photosensitive dry resin. We first carefully wash the glass slide

on which we want to do the master, and we deposit two layers of dry resin Etertec HQ-100

[21] of 50 microns thick each. Next, we overlay a mask previously created on a computer and

printed with extreme accuracy representing the microsystem to be reproduced (see Fig. 2.7).

We expose it under a UV lamp, then heat it thirty seconds on a hotplate at 75◦C so that only

the resin exposed to light crosslinks. After that, we develop with calcium carbonate (CaCO3 9

g/L), which removes the resin not exposed to UV without altering the master created. Finally,

we treat the master by silanization: We place it in a vacuum bell with 25 µL of silane for three

hours. The latter is absorbed by the surface of the master to facilitate the detachment of PDMS

which comes later. Once the master is in our possession, it can be used to mold the PDMS. We

prepare a solution containing silicone elastomer and 10% crosslinker agent, which is degassed

with a vacuum pump and then is deposited on the previously created master. Although the

crosslinking takes place naturally within 48 hours, you can speed it up by putting the system

in the oven at 75◦C for 1 hour. The microsystem is then removed from the mold. At the inputs

(represented by circles), the PDMS is drilled from side to side to facilitate the future connection

of the tubes to the microchannels. We then glue the microsystem on a glass slide byO2 plasma.

1polydimethylsiloxane
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Figure 8: Schematic of the steps in the fabrication of a microsystem.
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E. Mean squared Displacement Equation

E. Mean squared Displacement Equation

In order to understand the role of inertia in Brownian motion, Ornstein solved the Langevin

equation (100):

mẍ=−γ0ẋ(t)+Fthermal(t) (9)

where, m is the inertial mass of the Brownian particle. The force from the surrounding

medium is the sum of two terms: Stokes friction γ0ẋ, and a random thermal force (Fthermal(t) =

2kBT γ0)1/2η(t) with Gaussian white-noise statistical properties,

〈η(t)〉=
〈
η(t) j(t

′)η(t)k(t
′′)
〉
= δ j,kδ (t

′− t ′′) (10)

Equation 9 can be rewritten as

P
∂v

∂ t
=−v+(2D)

1
2η (11)

where D is the diffusion coefficient. P∼=m/γ0, and is referred as the persistent time, which

characterizes the time of the velocity auto-correlation function and may be understood as the

time for which a given velocity is remembered by the system.

Z(t) = 〈v(0) · v(t)〉= D

P
exp−

|t|
P (12)

A new relationship between mean-square displacement and time was found by solving

Equation 11:

MSD=
〈
ρ2(t)

〉
= 2nD(t−P(1− exp− t

P )) (13)

where n = 2 in the case of 2D migration. Equation 11 is about the simplest possible kind

in mathematical modeling. The persistent random motion it describes is termed the Ornstein-

Uhlenbeck process (OU-process), and has served as the standard reference for cell motility

since its discovery.
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F. Adhesion in the course of Developments: preliminary results

We studied cell adhesion in the course of development using device described by (145). Briefly,

each channel is composed of two different rectangle of opposite width and length. By adjusting

the length of Large channel and small channel we keep a constant hydrodynamic resistance and

therefore get different shear stress for each part. in this case the shear stress applied is defined

as:

σ =
6Qη

wh2
(14)

It was the first device we developed, and besides the advantages that shear stress was strictly

constant in each part of the device, the interconnection between branches and low range of

stress possibly applied with a single flow rate as well as cell density heterogeneity in each

channels force us to develop a new and more versatile device. Despite all these drawbacks,

we could perform a comparative study of cell migration in DB either after 1 hour of starvation

either after 6 hours was performed. The idea was to have a first idea of adhesion/migration

interplay by comparing results obtained in chapter 4 concerning migration with adhesion. We

measure the number of detached cells every 30 seconds after flow was applied, and quantified

cell adhesion using σ1/2 after 70 min (Fig. 9). We found that cell adhesion significantly de-

creases with starvation time with a σ1/2 = 0.54±0.04 Pa and 0.33±0.03 Pa after 1 hour and
8 hours of starvation, respectively.
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Figure 9: Adhesion in the course of development. mean shear stress necessary to detach 50% of

cells as a function of time of applied flow. Cells after 8 hours of starvation (black squares) adhere

less than cells after 1 hour of starvation (red squares).
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