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Jestem z tych, którzy wierzą,
że nauka jest czymś bardzo pięknym.
Maria Skłodowska-Curie

I am among those who think
that science has great beauty.
Maria Skłodowska-Curie
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Introduction

Preface
To ask a question. To look for an answer. To study. To doubt. To understand. To
question this understanding. To study again. Finally, to share the new knowledge
with others. All these steps together create the fascinating process of scientific
discovery. Steps in this process are random more often than we are willing to
admit. Yet, one thing is certain. Scientific discoveries almost never appear out of
context of their times. They are inevitably based not only on the contemporary
understanding of the field but also on the technology that is available at that time.
The available technology also defines cell biology. Cell biology aspires to understand the internal architecture and function of cells, the smallest self-contained
bricks of life that either exist as unicellular organisms or combine to build multicellular ones. To study cells we use a plethora of different techniques. Yet, one of
these techniques stands out among the others. It enables us to see, literally and
figuratively, the internal life of a cell. This technique is light microscopy.
Light microscopy is a very old invention. Lens-shaped pieces of glass were used
already in antiquity and their properties were formally described around 1000AD
[1, 2]. The first compound microscope was built by a Dutch family of spectaclemakers, Hans and Zacharias Jansen at the end of the sixteenth century. Although
we can assume that they observed details smaller than anything that had been seen
before, we do not know if they pointed their microscopes towards objects that are
of interest to biology. A few decades later, Antoni van Leeuwenhoek, Dutch cloth
merchant and Robert Hooke, English natural philosopher used their much simpler
microscopes to study, for the first time, the microscopic features of life. They both
published their studies in the seventeenth century [3–5].
The term ‘cell’ was coined by Robert Hook while looking through a microscope
at the structure of cork. Although the compartments or pores that he observed
were no single cells, the term was adopted by biologists and that is how the story
of cell biology began. In the twenty first century the wealth of information that can
be extracted from a single cell by microscopy is staggering. Yet, we are still far from
understanding the complexity of behavior of cells, the origins of their immensely
variable responses, their constant struggle to preserve inner homeostasis and the
consequences of their failure in this quest.
As much as light microscopy empowered biological discoveries, cell biology
shaped microscopy by providing new challenges and directing the development of
microscopy techniques. Microscopy and cell biology shaped each other reciprocally
and are now inseparable. As our knowledge of cells is defined by a mixture of
biological ideas and concepts together with microscopy techniques, so is this thesis.
It tells a story of developing microscopy and image analysis algorithms to study
the intricate structure and function of invadosomes.
11
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Chapter 1

Invadosomes - a perfect challenge for microscopy

1

Why do we study invadosomes?
Cells in a multicellular organism interact not only with each other but also with
extracellular matrix (ECM), a complex mixture of fibrous proteins and gel-like
polysaccharides. The interaction with extracellular matrix is now recognized as
crucial for the function of normal cells as well as for their transformation into malignant ones [6, 7]. One of the tools that cells use to interact with their immediate
physical and chemical environment, the ECM, are invadosomes.
Invadosomes are column-like cellular protrusions that are created by the actin
cytoskeleton and its supportive proteins. Before we can take a closer look at them,
a short explanation is necessary. The name invadosomes is an umbrella term that
encompasses podosomes in non-transformed cells and invadopodia in cancer cells
[8–10]. For an overview in historical perspective, please see Box: Invadopodia, podosomes and rosettes in Chapter 2. In order to avoid any confusion, we will primarily refer to these structures as ’invadosomes’ but the terms ’invadopodia’ and
’podosomes’ may appear in the specific context of cancer cells and non-transformed
cells respectively.
Invadosomes are now receiving widespread attention as they can remodel extracellular matrix in a unique way. Remodeling of ECM is possible due to focal
release of matrix degrading enzymes, and to the invadosome’s ability to exert force.
Therefore, invadosomes are indispensable for many cell types that are involved in
rearranging and maintaining extracellular matrix. For example, osteoclasts, which
specialize in absorbing bone, form prominent podosomes to seal the space where
absorption takes place [11]. Furthermore, it has been shown recently that endothelial cells use circular arrays of invadosomes to sprout new blood vessels [12].
Invadosomes are also important in cell migration. Cells can migrate in many
different ways. They can move either as individuals or collectively. Moreover, they
can also choose between a low-adhesive amoeboid migration mode and a polarized
protrusion-driven mesenchymal mode [13, 14]. Amoeboid migration, which is based
on formation of round protrusive blebs and a highly contractile uropod, is possible
within the extracellular matrix when pores are bigger than ∼10% of the diameter
of the nucleus [15]. However, when tightly-interwoven obstacles, like basement
membrane (a layer of fibrous extracellular matrix that separates endothelial (for
example in blood vessels) or epithelial cells (for example in gastrointestinal tract)
from underlying connective tissue) appear on their way, the cells switch to the
degradative mode of migration and use their invadosomes. The crucial role of
invadosomes in the mesenchymal type of migration has been shown in both normal
and pathological processes. Migrating anchor cells use invadosomes to breach the
12
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basement membrane during development of C. elegans [16, 17]. Moreover, the
capacity of invadosomes to facilitate migration by breakdown of ECM barriers can
by hijacked by metastasizing cancer cells. For example, invadosomes have been
observed in intravasating cancer cells [18].
Defective formation and improper function of invadosomes have been observed
in several inherited disorders [19]. For example, in Wiskott-Aldrich syndrome patients, impaired polymerization of actin leads to a lack of podosomes in macrophages
and subsequent immunodeficiency [20, 21]. Lack of podosomes on macrophages is
also observed in PAPA syndrome patients [22], who suffer from skin and joints
problems [23]. Furthermore, Frank-ter Haar patients suffer from skeletal, eye, and
cardiac abnormalities caused by a mutation in the podosome adaptor protein Tks4
[24, 25].
From these observations a clear picture emerges of the importance of invadosomes for a range of cellular functions. The efforts to understand and control
invadosomes aim to ultimately control degradative capacities of cells in health and
disease. Achieving this goal would, among other benefits, enable us to slow down
and stop cancer from spreading throughout the body. However, the complexity of
the emerging picture would suggest that our expectations need to be tempered.
Although, the presence and the role of invadosomes has been documented in vivo
[17, 26, 27], we now understand that many cells show enormous plasticity in their
modes of movement [13, 28]. Therefore, just blocking the mesenchymal type of
migration, which involves invadosomes, often does not suffice to prevent migration completely, but merely changes the mode of movement. This observation is
in line with the failure of clinical trials with more than fifty inhibitors for metalloproteases, the ECM degrading enzymes [29]. Moreover, although our knowledge
about the molecular makeup of invadosomes steadily increases, our possibilities to
selectively manipulate these structures remain limited. Many proteins are known
to be indispensable for invadosomes, but even marker proteins such as Tks4 and
Tks5 [30] are not fully specific for these structures. There is still a lot to be learned
about invadosomes, their regulation, signaling and internal architecture. It turns
out that we need to understand them better before we can control them.

A brief introduction to invadosomes
Eukariotic cells are capable of producing a whole range of actin-based protrusions,
depending on their mode of movement and surroundings (2D or 3D environment,
chemical composition of extracellular matrix, mechanical properties of the substrate, etc.), which create possibilities for cells to build specific adhesions. As far
as the actin organization is concerned, invadosomes can be placed between lamellipodia, that are often employed in mesenchymal migration on flat surfaces,
13
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Src and invadosomes
The non-receptor tyrosine kinase Src (vSH2
Src) was identified as transforming factor
SH2
of Rous Sarcoma Virus (RSV) more than
45 years ago [31, 32]. A few years later, its
kinase
SH3
cellular counterpart, c-Src was discovered
SH3
P
to be a proto-oncogene [33]. The link of Src
527
with progression of cancer and creation of
distant metastases has been firmly estabP
lished since then. However, despite being
kinase
the oldest and probably most studied oncogene, the role of Src in cell biology is still
extensively studied nowadays.
527
One of the earliest observed Srcmediated phenotypes was the dramatic re- Figure 1.1 – Domain structure of Src.
arrangement of cell adhesions in fibroblasts Left, inactive Src is kept in tightly bound
transformed with RSV [34]. Transformed conformation primarily by the interaction of
phosphorylated tyrosine 527 with SH3 dofibroblasts stopped producing focal adhe- main. Right, activated Src has an open consions and created rosettes of invadosomes formation and is autophosphorylated within
instead (see lowest panel in Figure 1.2). its kinase domain (tyrosine 416). SrcY527F
mutant cannot be phosphorylated on its inSince then, we have learned that Src ac- hibitory site and is primed for activation.
tivity is necessary for formation of both Similarly, v-Src is a truncated mutant that
invadopodia in cancer cells as well as po- lacks its C-terminal inhibitory phosphorylation site.
dosomes and their higher order structures
in non-transformed cells [35–37]. Interestingly, besides potently inducing invadosomes,
Src also plays an important role in all phases of their lifetime, being necessary for both
their assembly and maturation as well as disassembly [19]. For example osteoclasts from
Src(-/-) mice form less podosomes which show increased lifetime and slower turnover [37].
Along the same line, v-Src induces the formation of short-lived invadopodia precursors
in MTLn3 cells [38]. As Src activity may be involved in opposing functions, the challenge
remains to understand its spatio-temporal regulation in invadosomes and to identify its
targets at different stages in invadosome lifespan and in different cell types.
Src becomes activated following the stimulation of receptor tyrosine kinases (for example EGFR) and adhesion receptors such as integrins and E-cadherin (reviewed in [39],
see Figure 1.1). The activity of Src is also regulated by redox potential [40]. Moreover,
increased Src activity has been observed in hypoxic conditions in melanoma cells [41].
Finally, Src activation has been observed as resistance mechanism of cell treated with
anti-cancer drugs, for example in melanoma cell treated with BRAF inhibitor, vemurafenib [42]. Most importantly, the increased Src activity upon EGF stimulation [43],
ROS production [44] or hypoxia [41] is accompanied by creation of invadosomes. Overexpression of active Src mutants (v-Src or SrcYF, see Figure 1.1) bypasses the need for
these Src activating mechanisms and creates useful model cell lines to study invadosomes.
However, the phenotype of active Src may vary between different cell types (Figure 1.2).
Overexpression of SrcYF may induce formation of invadosomes in cells that do not
otherwise show any invadopodia (e.g. in HeLa cervical cancer cells). In contrast, some
other cell lines including osteosarcoma U2OS cells display prominent rearrangement of
actin cytoskeleton upon SrcYF expression but fail to produce invadosomes. Upon expression of SrcYF, cells that normally produce invadopodia (most often beneath the area of
the nucleus when cultured on flat surface), will show prominent peripheral invadosomes
(breast cancer cells, MDA-MB-231) or clusters of invadosomes (melanoma, A375M and
MDA-MB-435 cells).Finally, SrcYF expression in fibroblasts stimulates production of
massive invadosome rosettes (see MEF cells).

1
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Src and invadosomes
Many seminal discoveries on invadosome structure, signaling and function were made
in Src-expressing model cell lines. We also used Src-transformed melanoma cell lines
which produce invadosome clusters to study the (re-)organization of higher order structures of invadosomes (see Chapter 3 and 5). However, one must remember that although
these models are informative and convenient to use, the presence of active Src may change
cells in many ways. Therefore, as with all models we need to formulate our conclusions
cautiously.
cortactin
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actin

SrcYF

MDA MB 231

SrcYF

SrcYF

WT

WT

MDA MB 435

WT

SrcYF
A375M

SrcYF
MEF

SrcYF

WT

WT

SrcYF

WT

SrcYF

WT

WT

SrcYF

WT

Figure 1.2 –

Production of invadosomes upon introduction of SrcYF in different
cell lines.
U2OS, HeLa and MDA-MB-435 cells were transiently transfected (anti-pY staining was used
to identify SrcYF expressing cells (data not shown), transfected cells are marked with white
arrows), while the remaining cell lines stably expressed SrcYF. Scale bar, 20 µm.
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1
Figure 1.3 – Different arrangements of invadosomes.
Starting from left; individual invadopodia, cancer cells usually produce only a few individual
invadopodia, most often in the basal area below the nucleus; clusters, invadosomes cluster most
often at the periphery of the cells as happens for example in dendritic cells; rosettes, circular arrays of invadosomes can be very dynamic as in maturing osteoclasts; belts, a layer of invadosomes
arranged at the periphery of the cell is characteristic for mature osteoclasts.

and the environment-probing filopodia. Lamellipodia are thin, parallel to the substrate and depend on branched actin networks while filopodia are long, slender and
built by actin bundled into parallel fibers. Invadosomes contain both dendritic and
parallel actin networks [45, 46]. In contrast to lamellipodia and filopodia, invadosomes always protrude perpendicular to the substrate and they are capable of
exerting a significant amount of force on its immediate environment [47].
Apart from protrusion, invadosomes also function to adhere to and degrade extracellular matrix [8]. Therefore, in the classical model invadosomes can be divided
into functional domains. The central, stiff core of actin is responsible for protrusion into the ECM. This central actin column is surrounded by an adhesive ring,
which is composed of integrins and adaptor proteins, such as talin and vinculin.
The degradation process is possible thanks to polarized delivery and secretion
of ECM-degrading enzymes, metalloproteases. Although it has been observed that
other adhesive structures like focal adhesions (FA) are also capable of limited ECM
degradation [48], invadosomes are considered to be the major cellular structures
involved in breakdown and remodeling of ECM.
The invadosome lifecycle is divided into three major stages including assembly,
maturation and disassembly (reviewed in [49, 50]). Briefly, in the assembly stage
initially non-degradive precursors are formed that contain a set of proteins typical
for invadosomes, including actin, cortactin, cofilin, N-WASP and Tks5. Then adhesive molecules, such as integrin β1, are recruited together with kinases. In the
maturation phase, potent actin polymerization is activated, for example by stimulation of the NHE1-cofilin pathway [51]. In this phase, intermediate filaments are
recruited to the elongating invadosomes and matrix metaloproteases are secreted
to degrade ECM. Ideally, the structure is disassembled only when the ECM barrier
has been removed.
Invadosomes can organize into higher-order structures, tight cluters, circular
16

Introduction

rosettes or peripheral belts (Figure 1.3). These structures have properties not
present in individual invadosomes. For example, belts of podosomes in osteoclasts
tightly enclose a space between the cell and its substrate, creating a lytic lacuna
into which osteoclast can secrete protons together with bone degrading enzymes.
Within invadosome arrays, the cores of individual invadosomes are tightly interconnected by radial actin fibers (see Figure 2.2). Therefore, each invadosome obtains
information on the behavior of its immediate neighbors and the whole structure
can act in an orchestrated manner. For example, the circular arrays of invadosomes
in rosettes can respond to the mechanical features of the substrate at a scale that
is not available for individual invadosomes [52].

Microscopy techniques to study invadosomes
Invadosomes are ideal structures to study with a range of different microscopy
techniques. They are localized at the basement membrane of cells attached to flat
surfaces, which conveniently can be a glass coverslip traditionally used to prepare
specimens for observations at high resolution with light microscopes (See Box:
Invadosomes in 2D – were we opportunistic or lucky? in Chapter 2). The actin
cores of podosomes have a diameter of around 1 µm while invadopodia are often
smaller, ∼200 nm. Invadosomes can protrude up to several microns into the cellular
environment, depending on how permissive the extracellular matrix is [10, 47].
With this geometry, invadosomes are situated at the border of what can be detected
with classical microscopy techniques. Therefore, to study their localization and
dynamics, as well as their organization into higher order structures, confocal live
cell imaging or TIRF imaging (Total Internal Reflection Microscopy) are the first
methods of choice.
However, with the available optical resolution of around 250 nm confocal microscopy does not provide enough resolution to gain much insight into the spatial
organization of invadosome actin cytoskeleton and its supportive proteins, except
perhaps in the biggest podosomes. Invadosomes have an intricate molecular architecture that changes during their lifetime. Within an invadosome, proteins have
established localizations that define the molecular interactions with neighbors and
enable the proteins to fulfill their unique functions (for details see Chapter 2).
Fortunately, the field of Super Resolution Imaging matured sufficiently in the past
decade to be the method of choice for studying the internal structure of invadosomes. For example, Stochastic Localization Imaging techniques provide us now
routinely with two- or even three-color images with details resolved up to 20 nm.
To gather information about molecular interactions within invadosomes, even
20 nm resolution as provided by Super Resolution Techniques is not enough. Therefore we can turn to functional imaging and use FRET (Förster Resonance Energy
17
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GPCR signaling, invadosomes
and glimpse into Chapter 3

1

G Protein-Coupled Receptors (GPCRs) signaling is an ancient evolutionary mechanism
(Figure 1.4) through which all eukaryotic cells sense their environment [53]. Out of 22000
genes in the human genome, more than 1000 encode GPCRs [54].

agonist

γ
α
GDP

β

α
GTP

γ
β

signal

Figure 1.4 – Mechanism of propagation of signals by GPCRs.
GPCRs are seven- transmembrane proteins that couple to heterotrimeric G proteins. Heterotrimeric G proteins consist of Gα , Gβ , and Gγ subunits localized on the intracellular side
of the membrane. In rest, an inactive Gα subunit is bound to GDP and may associate with
its cognate receptor (left). Upon activation of the receptor by its ligand, GDP is exchanged
for GTP on the Gα subunit, which then dissociates from the other subunits and propagates
the signal downstream to its effectors (right).

Lysophosphatidic acid (LPA) is the agonist for a class of GPCRs. LPA is a bioactive
phospholipid with a wide spectrum of biological functions, ranging from cell survival and
proliferation to migration and blood clotting. LPA is a major constituent of serum [55]
and acts through at least six different LPA-specific receptors, LPA1−6 [56]. These receptors differentially couple to a range of G proteins and therefore show both overlapping
and distinct signaling properties (Figure 1.5).
LPA is produced extracellularly from another serum-abundant lipid, lysophosphatidylcholine by a secreted enzyme, autotaxin (ATX) [57, 58]. Interestingly, ATX was discovered as an ’autocrine motility factor’ for melanoma cells [59]. Since then it has been
shown that besides melanoma many other cancer cells, like carcinoma, lymphoma and
glioma cells, show increased migration towards LPA [60–62]. However, depending on the
set of expressed LPA receptors, cells can also be repelled by LPA [63]. It has also been
shown recently that melanoma cells themselves create local gradient of LPA, which facilitates their dispersal [64]. Given that such a strong link between LPA and cell migration
has been established, it is surprising that reports linking LPA with invadosomes are very
limited. Harper and colleagues showed that overexpression of autotaxin promotes formation of invadopodia in fibrosarcoma cell through LPA4 - Gs - cAMP - EPAC - Rac1
pathway [65]. Furthermore, it was observed that LPA signaling causes the translocation
of Gαi2 to invadopodia, which is linked to Src localization in these structures [66].
Other GPCR agonists that play important roles in migration are endothelins. The
endothelin family comprises three vasoactive peptides, with ET1 being the best characterized. Endothelins are recognized by two receptors, the endothelin A and B receptors
(ETA R) and ETB R), the signaling of which is linked to progression of various tumors
[67]. Endothelin receptors in cancer cells can be activated either in an autocrine or in a
paracrine manner by endothelins produced by stromal cells [68, 69]. It has been shown
recently, that ET1 facilitates migration of ovarian cancer cells by stimulating creation of
invadopodia through activation of PDZ-RhoGEF and RhoC [70].
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Figure 1.5 – Overview of LPA signalling.
LPA signals through four distinct G proteins, Gi , Gq ,G12/13 , and Gs , and their respective
downstream effectors.
In Chapter 3 we show that both LPA and ET1 potently induce transformation of
invadosome clusters into rosettes. To study this process, we use Src-transformed A375M
melanoma cells (see Box: Src and invadosomes) that produce distinct peripheral clusters
of invadosomes. Upon stimulation with LPA or ET1 these clusters rearrange themselves
into dynamic rosettes of invadosomes. Creation of rosettes is mediated by activation of
the Gi signaling axis with no role for cAMP, Ca2+ or MAPK signaling. Interestingly,
this response remains specific for GPCR agonists, as stimulation with RTKs agonists,
VEGF or PDGF, fails to trigger creation of rosettes.

Transfer) based techniques that report proximity of proteins of interest in the
distance range below 10 nm.
Importantly, light can be used not only to observe dynamics, structure and
molecular interactions within invadosomes, but also as a tool to manipulate invadosome function and signaling. For example, caged compounds are biomolecules
which are inactivated by covalent modification of their interacting surfaces with
light-sensitive protective groups. UV-stimulation of caged compounds can deliver
a well-defined amount of stimulus to a selected spot in the cell so as to locally
19
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perturb invadosomes. In this way it provides information about the role of their
individual components or local signaling events.
Below, I will elaborate on each of these techniques with a special emphasis on
what type of questions relevant to invadosome biology can be answered with each
of them.

Imaging of invadosomes in living cells
and automated image analysis of acquired data
Although invadosomes were first detected and described in fixed cells using both
electron and interference reflection microscopy [34, 71], the observation of these
structures in living cells provided superior information on their behavior and function. Invadosomes are easily accessible for studies with confocal and TIRF microscopy, as they remain in contact with the substrate at the ventral membrane of
the cells. TIRF imaging often provides superior contrast for observation of structures in the area of ventral membrane, as it selectively collects light from a thin
layer of 70 - 150 nm close to the glass coverslip. In contrast, the thickness of the
optical slice in confocal microscopy is around 750 nm. Therefore, confocal microscopy is convenient to study invadosomes when actin and associated proteins
are visualized because the actin cores of invadosomes can extend even more than
1 µm into the cytoplasm.
The high actin content in the cores of invadosomes is a convenient marker.
However, to unequivocally identify invadosomes, often other invadosome building
blocks are used, including markers such as cortactin, vinculin, Tks4 and Tks5.
Finally, the colocalization of actin-rich puncta with spots of ECM degradation
also suffices to identify invadosomes [72].
As manual detection of invadosomes based on the presence of their specific
markers is time-consuming and may lead to selection bias, several attempts have
been reported to automate segmentation of invadosomes. Segmentation of invadosomes is a problem of automatic spot extraction and it poses many challenges due
to limited resolution, close proximity of the spots, variable content of markers, the
presence of structured background, etc. Several general approaches can be applied
to address this problem, such as morphological image filtering [73], wavelet-based
methods [74] or machine learning [75]. Some invadosome-specific algorithms have
also been presented, among them sequential local and global thresholding to detect podosome cores [76] or the use of seed-based region-growing and colocalization
with degradation spots in time-lapse experiments [77].
Detection and analysis of invadosomes in time-lapse experiments provide a
wealth of information about their life cycle and the dynamics of ECM degradation. Interestingly, the lateral movement of individual invadosmes is actually
20
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very limited. Despite that fact, some invadosome-specific tracking algorithms have
been developed [78]. The rosettes of invadosomes can show much more dynamic
behavior. However, their lateral movement and expansion are based on continuous
formation of new invadosomes at the outer rim of a rosette and disassembly of
invadosomes inside the rings [79, 80].
The fact that individual invadosomes do not exhibit significant lateral movement, does not mean that these structures are not dynamic. For example, individual invadosomes, organized into groups in macrophages and dendritic cells show
significant oscillations in actin content, stiffness and abundance of ring proteins
[81–83]. To accurately describe this kind of dynamic behavior dedicated image
analysis procedures have been developed [76, 84]. Interestingly, the algorithms
that allow detection and analysis of invadosomes in images acquired with light
microscopes can be adapted to analyze data of mechanical protrusion obtained
with AFM (Atomic Force Microscopy) [84].

Super resolution imaging of invadosomes
Super Resolution imaging of invadosomes is an emerging field but it has already
provided new insights into intricate internal architecture of these structures (for
a brief introduction to Super Resolution techniques please see Box: Principles of
Super Resolution Imaging). Firstly, the fine organization of actin fibers in which
cores of invadosomes are embedded and by means of which they are connected
with each other can be readily observed with Super Resolution techniques [85, 86].
These studies not only confirm the old observations from EM experiments [71] but
also add new details.
Yet, it was our understanding of the organization of invadosome rings that was
most profoundly challenged by Super Resolution studies. New observations suggest
that thinking of invadosomes as cores surrounded by rings is an oversimplification.
Instead, a picture of a highly organized carpet-like structure of traditional ring
components around the cores emerges from these fascinating studies [87]. It has
been reported that vinculin, a classical ring component in the old invadosome
model, is organized in the form of straight strands surrounding the invadosome
core. These strands build together a distinct polygonal structure that is not possible to detect in confocal pictures [88, 89]. Polygonal arrangement of vinculin has
been reported using both SIM and STED techniques and confirmed later in 3B experiments [90]. Moreover, vinculin not only localizes close to the invadosome cores
but also aligns with the actin fibers radiating from the cores [85]. This pattern
was resolved by using a SMLM technique, dSTORM. The arrangement of other
ring components has also been reevaluated and they were found to be organized
differently from vinculin. For example, Van den Dries and colleagues showed that
21
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Principles of Super Resolution Imaging
The finite wavelength of light limits the resolution available in light microscopy. This
most fundamental limitation has been described by Ernst Abbe at the end of the nineteenth century [91] and despite development in technology remained unchallenged for
more than one hundred years. It is only in the past twenty years that a set of techniques has been developed, which each circumvent Abbe’s law to provide images with a
resolution in the nanometer range (Super Resolution Microscopy or Nanoscopy). Several
approaches have been implemented to achieve improved resolution: SIM (Structured Illumination Microscopy), STED (Stimulated Emission Depletion), SMLM (Single-Molecule
Localization Microscopy) and 3B (Bayesian analysis of the Blinking and Bleaching).
The development of STED and SMLM techniques was recognized by the Nobel Prize in
Chemistry in 2014 [92–94].

1

Figure 1.6 – Principle of SIM [95].
A. Two superimposed patterns show appearance of moiré fringes in the form of vertical stripes.
B. A set of frequencies in a reciprocal space that are transmitted by a light microscope. The
radius of a circle is defined by Abbe limit. Low frequencies are represented in the middle, while
high frequencies at the edge of the circle. C. SIM shifts observable frequencies to higher values.
D. Final SIM image is reconstructed from a sequence of images with different grid orientation.

SIM can be considered a technique placed in between standard and Super Resolution
imaging as it offers doubling of normally available resolution. In this technique a sample
is illuminated using a series of known excitation patterns which results in images that
encode the information of both illumination pattern and observed sample in a form of
moiré fringes (Figure 1.6). Such moiré fringes contain lower frequencies than the ones
present in the sample itself and therefore are easy to capture in a microscopy image. Postacquisition processing allows reconstruction of the image of the sample with twice the
standard resolution [95, 96]. Moreover, this technique is photon efficient and compatible
with live cell imaging.

Figure 1.7 – Principle of STED.
In contrast to conventional confocal microscopy in STED emission (blue) is limited to a small
central spot by depletion of excited fluorophores with a donut-shaped STED beam (orange)
resulting in much improved resolution of acquired pictures.

STED is based on the modification of the shape of the effective point spread function
(Figure 1.7). A sample is illuminated by two synchronized laser beams - an excitation
laser beam and red-shifted depletion beam (STED beam). The depletion laser beam
is shaped as a donut with its zero-intensity center coinciding with the focus spot of
the excitation laser. The depletion donut rapidly brings excited fluorophores to their
nonfluorescent ground state by stimulated emission, leaving only the fluorophores at the
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Principles of Super Resolution Imaging
center of the donut to contribute to the image. In this manner, lateral resolution of
down to ∼ 45 nm may be obtained [97]. STED can be used for live cell imaging [98].
However, the amount of light required to achieve optimal resolution in STED can easily
be phototoxic. This problem can be alleviated by using special dyes that combine low
phototoxicity with high photostability [99].
SMLM is an umbrella term for a range of techniques that share a common fundamental principle but differ in technical details (PALM - Photo-activated Localization
Microscopy, STORM - Stochastic Optical Reconstruction Microscopy, GSDIM - Ground
State Depletion Microscopy Followed by Individual Molecule Return, etc.). All above
techniques are based on using special fluorescent probes that can be selectively switched
between bright (’on’) and dark (’off ’) states. Therefore, SMLM techniques utilize sequential activation followed by localization of individual fluorophores to create an images.
This approach circumvents the fundamental limitation of light microscopy, as isolating
individual emitters of a densely labeled sample in time (by detecting them in subsequent
frames) prevents their respective point spread functions (PSF) from overlapping. Spatial
resolution achieved by SMLM techniques reaches down to ∼ 20 nm and is no longer
limited by Abbe theory but depends on the photophysical properties of individual fluorophores. Specifically, the number of photons emitted by a single fluorophore while in
the ’on’ state (blink intensity) and the switching behavior between on- and off-states are
the properties that define the precision of localization of individual emitters and ultimately the quality of the image. Interestingly, SMLM technique can be applied to 3D
imaging by using optical astigmatism. In this approach the PSF is modified in such a
way that it encodes not only x, y, but also z positions of a fluorophore from a samples up
to several microns thick [100]. It provides axial resolution down to ∼ 50 nm. The need
for multiple cycles of activation, excitation and de-activation/bleaching typically means
that extended periods of time are required for imaging and SMLM is therefore not compatible with imaging fast processes in live cells. Moreover, the required high laser power
to push molecules into their dark states is detrimental for living cells. However, a number
of attempts to image live cells using SMLM techniques have been made [101, 102].

Figure 1.8 – Principle of SMLM.
In SMLM only few fluorophores are detected in every single frame (single localizations are
visualized in yellow with a black mark showing their centers). Large series of frames are
collected and the final picture is constructed by plotting together all the center positions of
fluorophores detected in individual frames. The resolution of the final image is not limited by
diffraction but is defined by the precision of each localization. The quality of the SR image
also depends on the density of labeling.

Bayesian microscopy is an interesting technique that depends solely on analysis of a
series of wide field images collected from a sample expressing standard fluorescent proteins. It assumes that every pixel in a picture reports on many overlapping fluorophores
and uses the information from bleaching and blinking events of each of these fluorophores
in subsequent modeling step (3B - Bayesian analysis of the Blinking and Bleaching). High
density fluorescence images are modeled using Bayesian technique to find most probable
localization of all fluorophores present in a sample. In this way it is possible to achieve
resolution of 50 nm in space and 4 s in time [90].
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αMβ2 integrin and talin form homogeneously distributed islets between clustered
cores of invadosomes [85].
SIM microscopy provided us with an insight into invadosome organization in
tissues, for example, their formation in growth cones of neurons [86]. Interestingly,
the architecture of a growth cone is the same for neurons cultured on glass and
those developing in a tissue. The planar architecture is preserved in a 3D environment while filopodia remain aligned with the axis of growth and invadosomes
protrude perpendicular to this axis [86].

What did functional imaging teach us about invadosomes?
Functional imaging aspires to shed light not only on the localization of cellular
components but also on their physical properties, dynamics, interactions and ultimately, their functions within a cell. Functional imaging can be performed with
probes that respond to physicochemical properties of their immediate environment
(e.g., those that change their fluorescent properties in response to changes in pH,
[Ca2+ ], ROS, etc.) or with probes that translocate within a cell when a new binding site becomes available (for example probes that translocate from cytoplasm to
plasma membrane upon creation of specific phospholipids, see Box: PIP3 imaging
and glimpse into Chapter 5.). Other functional imaging techniques include FRAP
(Fluorescence Recovery After Photobleaching), FCCS (Fluorescence Cross Correlation Spectroscopy), FRET (Fluorescence or Forster Resonance Energy Transfer)
and FLIM (Fluorescence Lifetime Imaging).
Various Pleckstrin Homology (PH) domains can be used as translocation probes
to monitor the presence of specific forms of phosphoinositide lipids (PIPs) on
the plasma membrane (Figure 1.9). PIPs are important in the transduction of
various signaling events as they recruit and promote activation of proteins with
specific PIP-binding domains [103]. Selectivity of these domains is based on recognition of number and position of phosphates on the inositol ring. Signaling through
PIPs is very important in formation of invadosomes and their higher order structures. Oikawa and colleagues used a set of specific phosphoinositide-binding domains to show that invadosomes in Src-transformed fibroblasts are enriched in
PtdIns(3,4)P2 and its presence appears to be necessary for the formation of these
structures [104].
FRAP is very useful to look at the dynamics of proteins. In this technique
fluorophores attached to the proteins of interest are bleached in a defined spot in a
cell by a high dose of light. By following the fluorescence recovery in the bleached
spot, the dynamic behavior of the tagged proteins can be retrieved. Thanks to
FRAP studies, we learned that actin shows high turnover within invadosome cores
[79]. Interestingly, actin molecules turn over about 2.5 times in the podosome lifes24
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pan (∼2 min in osteoclasts) whereas cortactin, another invadosome core-building
protein, remains stable within this time frame [79].

1
PIP3 imaging and glimpse into Chapter 5
Phosphatidylinositol (3,4,5)-trisphosphate (PIP3 ) is a signaling phospholipid that plays
a major role in processes like phagocytosis, exocytosis and in cytoskeletal organization.
It is produced exclusively in stimulated cells [105]. Although, many PH domains bind
PIP3 with high affinity, they tend to show low selectivity [106]. Fortunately, PH domain
of GRP1 protein is an exception, as it binds PIP3 with two to three orders of magnitude
higher affinity than PIP2 and have been used to create PIP3 -specific sensor [107]. The
high specificity towards PIP3 is extremely important because even in stimulated cells
PIP2 is much more abundant.

Figure 1.9 – Imaging of PIP3 .
The kinase PI3K produces PtdIns(3,4,5)P3 from the precursor PtdIns(4,5)P2. Once generated,
PIP3 is detected by FP-tagged PIP3 -specific PH domains that translocate from the cytoplasm
to decorate PIP3 at the plasma membrane. The tumor suppressor PTEN dephosphorylates
PIP3 which terminates signal transduction.
In Chapter 5 we use Super Resolution imaging to show that rosettes of invadosomes
consist not only a circular array of invadosomes cores interconnected with each other by
radial actin fibers, but also a lamellipodium-like actin veil, that in contrast to classical
lamellipodia is not restricted to the edge of a cell. We combine imaging of a PIP3 -specific,
GRP1-based translocation probe with image analysis to look at the cross-correlation
between actin and PIP3 signals. In this manner we demonstrate that the ventral lamellipodium is highly enriched in PIP3 and it precedes, in space, the actin-rich region of
invadosome cores. As a consequence, the ventral lamellipodium is not evenly distributed
around the invadosome belt within a rosette but it rather marks the regions of expansion
in moving rosettes.

FRET is most frequently used to report on molecular interactions. FRET is
the non-radiative energy transfer between two fluorophores, termed the donor and
acceptor. The efficiency of this transfer depends on spectral properties of the fluorophores, their distance and on their relative orientation. Therefore, for a well
selected pair of fluorophores, measurement of FRET efficiency readily provides
information about their relative spatial position. The energy transfer can be measured by following changes in fluorescence emission of donor and acceptor (intensity
based methods) or by following changes in the donor fluorescence lifetime (FLIM,
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see Section: Measuring FRET - let’s FLIM ).
Intermolecular FRET imaging detects interaction between two separate proteins and has been used in several studies to unravel molecular interactions within
invadosomes. It has e.g. demonstrated that activated β1 integrin interacts within
invadosomes with Arg kinase which leads to phosphorylation of cortactin and
changes in actin polymerization [108]. Moreover, FRET was used to show that
upon EGF stimulation cortactin releases actin severing protein, cofilin which ultimately leads to elongation of invadosomes [109].

Small Rho GTPases
Rho GTPases are a family of Ras-related proteins that act as molecular switches in
many cellular processes including migration, cytokinesis and gene expression [110, 111].
Analogous to the α subunit of heterotrimeric G proteins (see Box: GPCR signaling),
they are active in the GTP-bound form and inactive while bound to GDP (Figure 1.10).
They are attached to the plasma membranes by prenyl groups at their C-terminus. At the
plasma membrane they can become activated and subsequently stimulate their effectors.
Selected Rho GTPases can be regulated by GDI (GDP Dissociation Inhibitor) proteins
that bind their prenylated tails and sequester them in the cytoplasm in the inactive form
[112].

Figure 1.10 – The GTPase cycle.
Rho GTPases cycle between on (GTP-bound) and off (GDP-bound) states. The transitions
are regulated by GEFs (Guanine Exchange Factors), which activate Rho GTPases by loading
them with GTP, and GAPs (GTPase-Activating Proteins), which promote hydrolysis of bound
GTP and deactivate their targets. Some Rho GTPases, including Rho, can be sequestered in
their inactive form in the cytoplasm by GDI.

The family of Rho GTPases consists of 22 members with RhoA, Cdc42 and Rac1
among the most studied ones [113]. In the classical model, RhoA is responsible for cell
contraction and production of stress fibers [114], Cdc42 activation is necessary for production of filopodia [115], while Rac1 promotes formation of lamellipodia [116]. Although
the Rho genes were serendipitously discovered as early as 1985 [117], it is the development of biosensors for Rho family GTPases in the early 2000s [118, 119] that brought
a breakthrough in the understanding of their biology (see Box: Studying Rho GTPases
with FRET ).

Intramolecular FRET imaging, on the other hand, employs engineered protein biosensors that contain both a donor and an acceptor flurophore. Biosensors
can report on post-translational modifications, interactions with other proteins,
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binding of second messengers, etc. when these cause conformational changes in
the sensors. Studies using FRET-based biosensors provided a wealth of information on the functioning of invadosomes. For example, with FRET-based sensors
we learned about the activity of WASP and N-WASP, which control actin polymerization within invadosomes. It has been shown that N-WASP is activated in
elongating invadosomes [120], while WASP biosensors showed that surprisingly
activity of WASP is independent of its phosphorylation status [121]. Furthermore,
a FRET-based sensor was used to provide evidence that vinculin, a protein that
changes its conformation upon applied force, remains stretched within invadosomes. This observation is very important for possible mechanosensitivity of these
structures [82]. Studying small Rho-family GTPases in invadosomes with sufficient
spatio-temporal resolution is also possible thanks to FRET-based biosensors (see
Box: Small Rho GTPases and Box: Studying Rho GTPases with FRET ). Signaling of Rho GTPases is essential for the regulation of many aspects of the actin
cytoskeleton. Therefore it is not surprising that these small ’molecular switches’
also control functioning of invadosomes. For example, using FRET biosensors reporting on RhoC activity, Bravo-Corderro and his colleagues showed in an elegant
study that RhoC activity is enhanced in the areas surrounding invadopodia and
suppressed in invadopodia cores [122]. This spatial pattern of activation can be
maintained thanks to different distribution of RhoC GEF and GAP proteins and
allows for precise control of cofilin and subsequent actin polymerization restricted
to invadopodia cores. Moreover, a new Rac1 biosensor has been used recently to
show that Rac1 is deactivated during invadopodia formation and its subsequent
activation correlates with invadopodia disassembly [123].

Measuring FRET - let’s FLIM
Above we discussed a set of examples, FRET-based experiments designed to study
invadosomes. These examples clearly demonstrate how important FRET technique
is for our understanding of the architecture and function of invadosomes. There
are several ways in which FRET signals can be measured. These are: by ratio
imaging or sensitized emission [124, 125], by acceptor photobleaching [126] and
by measurement of lifetime of the FRET donor, FLIM [127]. All of the above
techniques have their advantages and disadvantages (for in depth discussion please
see [128]).
Ratio imaging is based on using donor-specific excitation and monitoring the
emission signal of both donor and acceptor. This approach is very easy, suitable for
fast cellular processes and benefits from availability of the many FRET biosensors
that have been specifically designed for ratiometric studies (in particular, the single
chain probes which easily provide fixed stoichiometry). However, ratio imaging is
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Studying Rho GTPases with FRET
FRET is very powerful to follow dynamic and reversible transitions of Rho GTPases as
it provides spatially resolved, rapid and sensitive measurements in living cells. Indeed,
biosensors yielded many new insights into the biology of small GTPases. For example,
biosensors showed unexpected high activity of RhoA at the leading front of migrating
cells [129], while Rac1 activity lagged approximately 2 µm behind [130]. This observation
contradicts the classical model in which RhoA is responsible for contractile and not
protrusive activity of a cell.
Several generations of FRET-based Rho GTPase biosensors are available. For example,
in the first generation of RhoA sensors, the C terminus of the protein was attached to a
fluorophore. Unfortunately, this modification prevented RhoA from interacting with its
regulator, GDI. This lesson learned, in the newer generations of RhoA sensors , the Cterminus remains free (Figure 1.11). However, the underlying idea behind these sensors
remains the same. All Rho GTPases biosensors, both single or dual chain constructs,
contain Rho GTPase itself, a domain of one of its effector proteins that can bind when
Rho GTPase is activated and a FRET pair of fluorescent proteins. Reversible binding of
effector domain results in the change of orientation and proximity of fluorescent proteins
that in turn leads to changes in FRET efficiency. Further improvements in existing Rho
GTPases biosensors, as well as development of specific sensors for other isoforms of Rho
GTPases such as Rac2/3, can be foreseen [113].

Figure 1.11 – Schematic representation of selected designs for Rho GTPase biosensors.
A. Single-chain Raichu design [118, 131] can be used to create biosensors for RhoA, Rac1
and Cdc42. However, in this design, fluorescent proteins are placed at the N- and C-terminus
of the sensor, which abrogates negative control of RhoA by GDI. B. The RhoA single chain
biosensor with fluorescent proteins placed internally [129]. The native C-terminus of RhoA
allows interaction with GDI.

and its contrast suffers inevitably from leak-through and cross-excitation between
donor and acceptor channels. The sensitized emission method is a natural extension
of ratio imaging. In this approach one measures a set of control signals to correct for
the most common technical limitations of ratio imaging. This technique is labor
intensive and still may suffer from registration problems, chromatic aberrations
or photobleaching. Moreover sensitized emission remains semi-quantitative unless
additional measurements are taken to enable calculating FRET efficiency [125].
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Measuring FRET by acceptor depletion is based on comparing donor emission
before and after selective photodestruction of its acceptor. This technique is easy to
implement and is a method of choice when transfer efficiencies are high. However,
acceptor photobleaching is slow and destructive and therefore most suitable for
fixed samples.
Finally, measuring FRET is possible by following the lifetime of donor molecules.
The fluorescence lifetime is the average time excited molecules spend in the higher
energy state. Factors that affect transition from the excited to the ground state
lower the fluorescence lifetime. Therefore, the lifetime depends both on radiative
(emission) and non-radiative processes (e.g., FRET, collisional quenching). Measuring FRET by FLIM is fully quantitative, as changes in the lifetime directly
report on changes in energy transfer. Furthermore, FLIM is extremely robust in
that it is insensitive to the intensity of both excitation and emission and as a consequence to changes in light source brightness, uneven illumination (image shading),
molecule translocations and photobleaching.

siFLIM as a promise for invadosome studies
and glimpse into Chapter 6
In Chapter 5 we investigate the behavior of highly dynamic invadosome rosettes. In Srctransformed A375M cells, stimulation of selected GPCRs, induces formation of dynamic
rosettes that are reminiscent to those present in maturing osteoclasts [79]. Rosettes
can move and remodel at speeds of up to several µm/min, predominantly by creating
new invadsomes at the perimeter and disassembly of invadosomes at its internal rim
[80]. To study FRET changes in such dynamic structures quantitatively requires new
methods of FRET-FLIM imaging. In Chapter 6 we present development of such a new
method - Single Image FLIM (siFLIM). siFLIM uses a new phase-sensitive MEM-FLIM
camera that can simultaneously acquire two phase shifted images and makes it possible
to calculate lifetime values from just a single exposure (image). In this way we are able
not only to minimize excitation, thereby minimizing photodamage and bleaching, but
also to eliminate certain artifacts. Furthermore, in Chapter 6, we test siFLIM in a set of
biological experiments.
There is a range of questions in the invadosome field that can be answered taking advantage of fast lifetime imaging with siFLIM. One example is the transport of
metalloproteases to invadosomes. Precise delivery of metalloprotease-loaded vesicles to
invadosomes is crucial for the degradative activity of these structures. It has been shown
that the metalloprotease MT1-MMP undergoes rapid turnover in invadopodia that depends on the vesicular transport [132]. In Chapter 6, we show that siFLIM is particularly
well suited for measuring FRET in fast moving vesicles. Another question, particularly
well suited from siFLIM, would be observing gradients of Rho GTPase activity across
the moving rosettes of invadosomes.

There are two main techniques to measure FLIM, Time Correlated Single Photon Counting (TCSPC) [133] and frequency-domain (FD)-FLIM [134]. TCSPC is
usually implemented on confocal systems and therefore provides optical sectioning.
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Figure 1.12 – Example applications of caged compounds.
A. Uncaging of an active compound within a cell enables manipulation in a selected subcellular
location. B. Uncaging outside of a cell is useful to locally stimulate selected receptors as well as
to create a gradient of the active compound.

However, due to the low photon flux required, TCSPC is too slow for many biological processes as the acquisition of images with acceptable signal to noise (S/N)
ratio requires collection of many photons per pixel. On the other hand, frequencydomain FLIM is implemented on wide-field microscopes and provides much faster
imaging as all pixels are measured simultaneously. For a more detailed explanation
and comparison of above methods, please see Chapter 6.
However, even frequency domain FLIM is often not fast enough to follow rapid
cellular transitions and signaling events, which leads to artifacts in the calculated
lifetime values. Therefore, we set out to develop a method that would bring the
necessary speed to FRET-FLIM measurements while at the same time retaining
its quantitative benefits. We called this method Single Image FLIM (siFLIM)
and describe it in details in Chapter 6. We discuss possible future applications of
siFLIM in the Box: siFLIM as a promise for invadosome studies.

Using light as a tool
Light can be used not only to observe biological systems but also to manipulate them. Modern microscopes can easily deliver light of selected wavelength and
intensity to diffraction-limited spots at ms-temporal resolution. A beam of light
can thus be used to activate or deactivate small, biologically active molecules and
proteins in defined subcellular locations by photoconversion.
Most biomolecules need to be modified in order to make them photo-sensitive.
Activity of the photo-sensitive molecules is suppressed by introduction of photo30
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labile modifications which can be removed upon illumination at a defined wavelength. Photo-sensitive compounds are most often referred to as ’caged compounds’
although in the majority of cases this term is a misnomer, as the inactivating group
does usually not encapsulate the active compound. Photo-sensitive low-weight
compounds are produced by chemical synthesis [135], whereas light-sensitive proteins can be created by introducing genetic modifications (optogenetics). These
modifications are based on introducing naturally occurring light-sensitive domains
into the structure of the protein of interest.
Genetically-encoded photo-sensitive proteins may be targeted to the correct
subcellular compartments for photo-activation. In contrast, small caged compounds
need to be delivered into the cell compartment for activation. Fortunately, it is possible to develop neutral and lipophilic derivatives of photo-sensitive molecules that
become membrane-permeable [136]. Thus, it is possible to deliver them into a cell
and activate them selectively in defined subcellular compartments (Figure 1.12A),
which wouldn’t be possible with other techniques. On the other hand, uncaging
of an active compound outside of a cell (Figure 1.12B) makes it possible to selectively stimulate certain cells within a population, or to provide local stimulation
to a cell. It may also be used to create chemotactic gradients without need for
complex microfluidic devices [137].

Caged LPA and invadosome rosettes,
glimpse into Chapters 4 & 5
In Chapter 4 we show development of a new photo-activatable lipid - caged LPA (cgLPA).
cgLPA was synthesized with coumarin as the caging group. Coumarin is a fluorophore
itself which provides immediate feedback on the uncaging localization. In a series of
assays ranging from LPA receptor internalization to cell motility measurements, calcium
signaling, activation of Rho GTPase and neurite retraction we show the effectiveness of
this approach.
In Chapter 5 we use this potential to study invadosome rosettes. Owing to the fine
spatiotemporal control of cgLPA release, we were able to show that clusters of invadosomes need to be stimulated directly in order to develop into rosettes and governed
by local signals. Moreover we used cgLPA to create LPA gradients, which allowed us
to detect highly polarized development of invadosome rosettes in the direction of cell
migration.

Caged compounds appeared in biological research almost forty years ago, when
a seminal work introducing photoactivatable ATP was published [138]. Since then,
a broad range of other biologically active compounds has been caged, from ions,
low molecular weight molecules, peptides and nucleic acids to proteins [135]. On
the other hand, the first optogenetic experiments were reported in neurons with
the use of light-sensitive microbial opsins [139]. So far, neurobiology has benefitted
most from these techniques, but other fields are also starting to use them exten31
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sively [140–142]. We developed and characterized a caged version of LPA (cgLPA;
Chapter 4) and used it to facilitate our studies of invadosomes (Chapter 5; See
Box: Caged LPA and invadosome rosettes, a glimpse into Chapters 4 & 5 ).
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Scope of this thesis
The aim of this thesis is to investigate GPCR control over invadosome rosettes. To
understand this fascinating biological process we often had to stop, look around
and, when necessary tools were not readily available, we made an effort to develop
them. With every step that we took to understand invadosome rosettes, we never
went far away from lasers, lenses and image analysis algorithms. With every step
that we took to develop tools and techniques, we never forgot that the ultimate
goal is to understand the biological process.
In Chapter 2 we take a detailed look at the current understanding of the
molecular makeup of invadomoses with specific emphasis on organization of actin
networks within these structures. Moreover, we ask how these actin networks respond to mechanical features of the environment and raise the question as to
whether we accumulated enough prove to call invadosomes bona fide mechanosensors. In Chapter 3 we show that invadosome clusters rapidly develop into rosettes
under control of GPCR signaling. We address which signaling pathways are involved and show that the Gαi axis is dominant in this process. Furthermore, we
study the role of different Rho GTPases in this process. In order to be able to
study invadosome rosettes induced by localized stimuli we introduce caged LPA
in Chapter 4 and validate its potential in different biological assays. In Chapter 5 we capitalize on this development in the studies addressing the dynamic
behavior of rosettes. Moreover, we employ different image analysis algorithms to
quantitatively describe behavior of rosettes and their role in cell migration. Furthermore, we describe the architecture of rosettes in detail using Super Resolution
imaging. Finally, in Chapter 6 we present a new method to measure lifetime
of fluorophores - Single Image FLIM (siFLIM). We develop this method so that
molecular interactions in fast cellular processes, such as development of rosettes,
can be studied quantitatively.
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