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Summary

Geometry of cell to solid substrate interface was studied by optical techniques and through local-
ization of the cell adhesion sites by molecular biological techniques.

Measurement of cell-substrate distance with fluorescence interference contrast (FLIC) microscopy
performed on various extracellular matrix (ECM) protein-coated silicon chip has yielded in a large
range between 15-100 nm, depending on the size as well as on the conformation of the ligand.
The cellular morphology and the efficiency of adhesion were specific to each ECM protein.

Focal contacts in fibroblasts localized by vinculin tagged with green fluorescent protein (GFP)
observed by FLIC microscopy did not exhibit the expected sharp close cell-substrate adhesion.
The classical stripes of vinculin clustering in response to fibronectin induced ruffling of the mem-
brane parallel to but not exactly at the focal contacts. The cells in neuronal culture with smooth
membrane recruited vinculin mainly at cell periphery.

Sites of ligand-receptor interaction was visualized by tagging B1 integrin subunit with GFP and
correlated simultaneously with FLIC microscopy. The presence of grainy distribution of B1 in-
tegrin in fibroblasts adhered to fibronectin corresponded to the region where the membrane was
held at dominating cell-substrate separation. The point contact-like dots of the fusion protein did
not induce any membrane deformation in cells of neuronal culture.

Focal contacts in fibroblasts were observed concurrently by total internal reflection aqueous fluo-
rescence (TIRAF) microscopy and interference reflection microscopy (IRM) to compare the cell-
substrate distance analysis by each technique. Dark patches interpreted as sites of close contact
in these images precisely matched the vinculin distribution localized by tagging with the fluo-
rescence protein. Calculation of the cell-substrate distance at focal contacts by both techniques
reveal sensitivity to local variations in optical parameters, which explains the discrepancies at
these sites from the estimations by FLIC microscopy.
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Chapter 1

Introduction

In an attempt to reduce membrane-substrate separation of a cell cultured on silicon surface con-
sisting of transistors, cell adhesion was studied with an optical method, fluorescence interference
contrast (FLIC) microscopy and a molecular biological method, green fluorescent protein (GFP)-

tagging.
Optimal coating of the silicon chip was searched by plating cells on silicon chips coated with

various extracellular matrix (ECM) proteins. The membrane-substrate distance was estimated
and cell morphology was observed by FLIC microscopy.

Possibility of molecular manipulation of cell adhesion was explored by closely studying adhe-
sion sites, focal contacts. These sites of cytoskeleton-ECM interactions were localized by fusing
GFP to vinculin, a microfilament-associated protein known to be present in highly enriched fo-
cal contacts [4]. The ventral membrane-substrate gap at these sites were determined by FLIC
microscopy.

The molecular binding site of cell membrane with ECM protein was directly localized by tagging
a subunit of a transmembrane receptor, 81 integrin, with GFP. The distribution of B1 integrin
expression was correlated with the membrane-substrate topography with FLIC microscopy.

The complex structure, focal contacts were further studied by comparing other optical meth-
ods, total internal reflection aqueous fluorescence (TIRAF) microscopy and interference reflec-
tion/reflection interference contrast microscopy (IRM/RICM). The correlation experiment with
GFP-tagging of vinculin was repeated with these techniques under common conditions. Funda-
mental optical theories underlying all three methods in applying to cell systems were evaluated.

1.1 Cell-chip junction

In designing optimal material surfaces for implantation and tissue engineering, an ability to pre-
dict and control the interactions of cells with non-biological materials have been crucial. The
cells cultured on artificial material must maintain their differentiated properties and functions in
the new environment for any biological purpose. By constructing a simplified, artificial network
of neuronal cells, behavioral studies of complex brain system may be conducted. In such ex-
perimental setup, individual cellular physiology could be monitored using transistors on which
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Introduction

the cells are cultured. Observation of cellular processes retaining that of in vivo requires that the
experimental setup be also similar to the natural environment for the cells. At the same time, tech-
nical prerequisites for such physiological measurements as performed with transistors consist of
independent conditions. In particular, culturing cells on semiconductors comprising micropro-
cessed structures of transistors brings forward the need of additional defined parameters essential
for signal detections and stimulations. The cell-substrate separation must be reduced as much as
possible and smooth spreading of the cells on the substrate is crucial in performing electrophysi-
ology. These cellular behavior should be enhanced biologically for both purposes, to bring us any
information about how in fact the nature functions and also to mimic the biological system that
could replace the original system for medical purposes. Here, knowledge of the morphology the
cells and tissues assume according to their environment becomes necessary. Only then, develop-
ment of general principles essential to engineer chemically useful implantable devices and tissue
engineered construction design of biocompatible implants and tissue devices become possible.

1.2 Approach

Recent investigations done in biochemistry and molecular biology have been providing and al-
lowing extensive comprehension over how the cells attach to solid surface. Adhesion molecules
that localize the cellular signal to a specific region of the cell surface and extracellular molecules
are known to determine various cellular behaviors, including guidance of migrating cells which
depends on the presence of local cues in the environment. There is exploding amount of informa-
tion on the adhesion molecules that are found to influence morphology and migration of the cells
through cytoskeletal organization and interaction with extracellular cues. The optical and genetic
techniques employed in this study are introduced in this section.

1.2.1 Distance measurements

As mentioned at the beginning, the distance that cells retain from the solid substrate as they ad-
here and undergo cell processes is an important parameter in performing electrophysiology with
transistors. Until now, there exist several optical techniques that enable visualization of the ven-
tral cell surface-substrate interface. Attaining a high resolution in determining the geometry of
cell adhesion in the most biological system has been subject of many optical studies. Interference
reflection/reflection interference contrast microscopy (IRM/RICM) is an interferometry method
that has been applied to cell-substratum separation measurement, since the pioneering cell bio-
logical application by Curtis [21][93]. This method has been used extensively to examine the
closeness of contact between cell membrane and the solid surface, establishing well accepted cell
parameters. Another optical technique, total internal reflection fluorescence microscopy (TIRFM)
or total internal reflection aqueous fluorescence microscopy (TIRAF) have been demonstrated by
theoretical treatment of microscopy to be significantly more sensitive to the small fluctuations
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at the thin membrane-substratum contact layer [84]. However, it is known to be still difficult to
evaluate the absolute distance between cell and substrate with these either techniques. For in-
stance, the pattern of low reflection seen by IRM could be interpreted either as close apposition
to the substrate or as an optically dense region on the cytoplasmic side. TIRFM involves difficul-
ties in calibration due to effect by stray light and adjustment problems. Development of a novel
method of fluorescence interference contrast (FLIC) microscopy has allowed to estimate the ab-
solute cell-separation in in vitro environment. In this method, cells are cultured on a silicon chip
with defined terraces of silicon dioxide [53][11][12]. The plasma membrane is labeled with a
fluorescent dye. Since silicon behaves as a mirror, the fluorescence intensity of the membrane
depends on the distance from the surface due to the interference of the incident and reflected il-
lumination and of the emitted and reflected fluorescence light. Appropriate calibration allows the
use of the intensity to determine the distance with a precision of 1 nm. FLIC microscopy com-
bines the advantages of TIRFM/TIRAF and IRM; the specific labeling of the membrane and the
precision of an interference method. At the same time, the complexity of optical properties of the
cell that hinders accurate evaluation of IRM is irrelevant in this method due to the dominating ef-
fect of the reflecting silicon surface. The optical adjustments critical for multi-angle TIRFM are
not required due to the type of integrated intensity calibration on microstructured silicon chips.

1.2.2 FLIC microscopy and GFP-tagging

There have been many studies of cell adhesion conducted by immunostaining of focal adhe-
sion complexes combined with optical techniques. Most information concerning the geometry
of cell membrane exactly at these sites is provided by the observations on fixed cells. Possible
artifact due to the fixation procedure which may affect the analysis cannot be excluded. Thus
in order to visualize the process of cell adhesion in vitro, the sites of cytoskeletal organization
was localized biochemically by labeling one of its components, vinculin, with green fluorescent
protein (GFP) or its variant, cyan fluorescent protein (CFP). Fluorescence micrographs of these
fusion proteins were followed by observation of the cell-substrate interface at the same position
with FLIC microscopy within a negligible time delay. Pattern of sites of the direct molecular
interaction between integrin and the ECM proteins was visualized in the same manner, but by la-
beling B1 integrin subunit with GFP and by comparing with FLIC micrograph of the same cell.
Through these correlation studies, the effect of vinculin and integrin clustering on static mem-
brane morphology was analyzed. Two methods, IRM and TIRAF were evaluated by performing
the measurements under the same conditions. The same cell system expressing GFP-vinculin was
employed as common parameter for the analysis of the three techniques.

Green Fluorescent Protein (GFP)

Briefly, the autofluorescent reporter molecule from the jellyfish Aequorea victoria is a widely
used tool for visualizing various molecular events in living cells [56]. It contains a fluorescent
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cyclic tripeptide whose fluorescence is preserved in chimeric fusions, thus allows DNA manipula-
tion with molecules of interest only with a concern left not to perturb its expression and functions.
Its relatively benign fluorophore, owing probably to the fact that it is so tightly buried within the
enveloping barrel structure, reduces such risk. Since its discovery, there has been many variations
also commercially available that are optimized for fluorescence microscopy. Enhanced green flu-
orescence protein (EGFP) used in the experiments here contains F64L and S65T mutations, and
has excitation maxima at 488 nm and emission maxima at 507 nm. Another reporter used here,
enhanced cyan fluorescence protein (ECFP) contains K26R, F64L, S65T, Y66 W, N1461, M153T,
V163A, N164H, N212K mutations. Its excitation maxima is shifted to 433 (453) nm and emis-
sion maxima at 475 (501) nm with lower extinction coefficient as EGFP. In chapters following
materials and methods, simple abbreviations, GFP/CFP are used to refer to EGFP/ECFP.

1.3 Biology of extracellular matrix

Extracellular matrix (ECM) is a complex network of secreted extracellular macromolecules thr-
ough which the cells in tissues are in contact. Their constituent molecules including collagens and
glycoproteins, such as fibronectin, laminin and vitronectin are known to modulate cell adhesion,
spreading, growth, morphology, differentiation and life span. Most of these macromolecules are
secreted locally by cells in the matrix. Basement membrane bordering between the endothelial
cells and the connective tissues is found to be in close proximity with cell membranes. Through
specific interactions with cell membrane receptors, they are adapted to each of its own physi-
ological functions. Many of the adhesion molecules contain a sequence of three amino acids,
arginine, glycine and aspartate (RGD), which is found to be a major recognition site of integrins.
The binding of integrin and the RGD sequence is found to be rather transient, where tight ad-
hesion is achieved through many of these weak attachments collectively forming a stronger one
[47].

Basement membrane

A more distinct sheath of the ECM known as basement membrane covers the basal surfaces of
virtually all epithelia. It also surrounds the surfaces of muscle fibers and ensheathes nerves. This
essential layer between tissues forms stable sheets through specific self-assembly mechanisms.
Several of its constituent ligands interact with cellular receptors such as integrins. These interac-
tions influence cells in many ways by controlling cell shape, gene expression, cell migration, cell
proliferation and programmed cell death. It also provides tissue compartmentalization by acting
as barriers to cell penetration and filtration. The major architectural features of basement mem-
branes are characterized by two independent networks. Reticular lamina produced by fibroblasts
of the underlying connective tissue is formed from collagen IV, a highly cross-linked non-fibrillar
molecule, thus considered to maintain mechanical stability. The network is shown also to contain
fibrillar collagens. Basal lamina located immediately adjacent to the cells on the other hand con-
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tains a variety of adhesive ECM glycoproteins, such as some laminin isoforms. It consists mainly
of a non-covalent nature and are thus probably more dynamic.

1.3.1 Fibronectin and its recombinant modules

Fibronectin is the most extensively studied noncollagenous ECM protein. The molecule is found
to mainly promote cellular adhesion to solid substrates and to attach cells to the ECM by binding
to integrin and other constituents of ECM. In vivo, assembly of the soluble dimeric fibronectin
into insoluble fibrils is important in formation of the ECM. Fibronectin is also involved in em-
bryonic differentiation, cell morphology, cell migration, and thrombosis. Fibronectin constitutes
a dimer of similar subunits, each 250 kDa, which are joined by a pair of disulfide bonds near their
carboxyl-termini and are folded into a series of globular domains separated by regions of flexible
polypeptide chain. In electron micrographs, the dimer appears as an approximately 120 nm long
flexible strand [74]. Fibronectins are found in three forms; a soluble dimeric form that circulates
in the blood and other body fluids, oligomers of fibronectin found transiently attached to the cell
surface and highly insoluble fibronectin fibrils formed in the ECM [1]. Here, the second form of
the molecule is concerned by allowing it to adsorb to the cell culturing substrate surface.

Fibronectin molecule comprises an array of about 30 polypeptide modules of three different kinds
(figure 1.1, top left) and consists of domains with various functions such as a binding domain for
collagen and heparin. These specific roles played by the different domains have been analyzed
by cleaving the molecule into its separate domains with proteolytic enzymes or by synthesizing
protein fragments either chemically or by recombinant DNA techniques. This has allowed to
localize the cell-binding activity to the tripeptide sequence, RGD, which is a motif common in
many of extracellular adhesive proteins. It is found that the integrins bind to domains 7-10 in
fibronectin. This central cell-binding domain spans two repeats of type III labeled as 9 and 10,
and integrin binding requires a RGD tripeptide in type III-10 and a PHSRN ’synergy’ site in type
I11-9.

Immunostaining of fibronectin shows that the fibroblast cells produce its own fibronectin. Cell
adhesion to fibronectin through integrin that generates complex signalling events necessary for
various cell behavior is a well investigated process. Upon cell attachment, integrin heterodimers,
®5B1 and ®vB3, are found to bind both to the RGD sequence and to the amino-terminus of
fibronectin [45].

1.3.2 Laminin and its fragments

Laminin is a prominent component of basement membranes [82], the thin extracellular matrices
that surround epithelial tissues at the interface to connective tissues, which appear at the early
stage in embryogenesis. It is also found to occur in some non-basement membrane localizations.
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Figure 1.1: Domain organization of: fibronectin dimer (top left), vitronectin (bottom left) and laminin-1
(right).

This adhesive multidomain glycoprotein is found to promote cell adhesion, spreading, migra-
tion and guidance of nerve cell axons [59]. For instance, laminin is produced in the central
nervous system after injury, where it is found to be involved in regeneration. Until now, vari-
ous laminin isoforms with specific functions are already known. Laminin-1 used in this present
study is isolated from murine Engelbreth-Holm Swarm tumour consists of three chains, ®1 of
400 kDa, B1 and °1 with 200 kDa each, which are held together through many inter- and intra-
chain disulfide bonds. As depicted in figure 1.1, (right) the molecule appears as an asymmetric
cross-shaped structure of approximately 110 nm in length. Characterization of laminin fragments
derived through proteolytic digestion have deduced wide range of active regions with distinct
biological activities [58]. At the long arm of the molecule a strong neuronal outgrowth promot-
ing domain recognized by ®181 and ®vf3 integrin is located. Near the center of the cruciform
molecule is found to be recognized by ®181 integrin in neuronal cells.

E8 fragment

E8 is a laminin fragment derived from the end of the long arm consisting of the globular domain
plus a 32 nm long rod. This fragment is composed of about 1250 amino acid residues originating
from all three chains of laminin [23]. This carboxy-terminus of laminin molecule is found to
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Biology of cell adhesion

have the most wide-spread effects on cells. It contains a neurite-outgrowth and cell locomotion
-promoting sites, as well as heparin binding globule. Mainly integrin ®631, but also ®781 are
shown to bind to this domain.

LN ®1 VIV

LN ®I VI/V is a proteolytic fragment derived from amino-terminal domains VI and V of ®1 chain
in laminin-1 with approximately 20 nm in length. Domain VI comprises mixtures of ®-helix, B-
sheet and random coil and are likely to form globules as also visible in electron micrographs. This
domain is found to be essential for laminin polymerization [25]. Rod-like domain V on the other
hand is rich in cysteines and glycines which create many turns and contain many homologous
repeats. These two domains also contain heparin-binding and ®181 integrin-binding sites.

1.3.3 Collagen type IV and its fragment CB3

The collagens are a family of fibrous proteins and are the major structural component in the
basement membranes. They are most abundant proteins mainly secreted by connective tissue
cells [1]. Type IV collagen molecule, exclusively found in the basement membrane, consists
of a 400 nm long flexible rod and a 30 nm long stiff triple helix with frequent interruption by
non-triple helical segments of 20 or more amino acid residues, and forms sheet-like networks. It
differs from the fibrillar collagen molecules common in other members of the collagen family.
As well as being the primary structural component of most matrices, collagen is sometimes also
adhesive. The triple helical domain contains recognition sites of the ®181 and ®281 integrins in
an area that is stabilized by intermolecular disulfide bonds [24].

One of cyanogen-bromide-treated peptides, CB3, is a 20 nm long fragment isolated from collagen
type IV which contains the RGD sequence and intramolecular disulfide bonds [75]. CB3 has
affinity for ®161 and ®281 integrins, thus its presence is known to disrupt collagen IV assembly
[30].

1.3.4 Vitronectin

Vitronectin is a multifunctional glycoprotein present mainly in blood plasma and ECM as a folded
monomer [77][78]. It has a similar molecular structure as fibronectin containing an RGD se-
quence and is involved in the cell attachment, spreading and migration. Additionally, it is involved
in regulation of the proteolytic degradation of matrix and of clot formation, and also involved in
the immune response, thereby provides a unique regulatory link between cell adhesion and phys-
iological proteolysis [77]. It is a molecule of size 75 kDa and is found to bind to ®vi33, ®VvRAS,
®vB1, ®IIbA3, ®vB6 and ®VAS integrins. This molecule identified as serum protein was shown
to provide for cell attachment in serum-free cell culture media, and to possess affinity to glass
substrate [46]. Subsequent investigations have allowed its purification and determination of its
amino acid sequence, and based on its properties, the name “vitronectin” was proposed [42].
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1.4 Biology of cell adhesion

Cell attachment to ECM protein plays a major role in triggering bidirectional signaling that de-
termine cellular activities such as cell locomotion, differentiation, proliferation and polarization.
For instance, replication of normal adherent cells such as fibroblasts and endothelial cells re-
quires anchorage to a solid substratum coated with ECM protein. In order to better understand
the adhesion process of cells, knowledge of cell structure, biochemistry and physiology, as well
as knowledge of surfaces on which cells are attached to become necessary. In association with
cell adhesion, three parameters are proposed [74]; the minimum force required for detachment,
the area of contact between two adhering surfaces and the typical distance between two adhering
surfaces. Molecular biochemistry has been an intensely studied aspect of the interaction between
cells and their underlying extracellular matrices. This interaction is found to take place in a spe-
cialized region of the plasma membrane called focal contacts.

1.4.1 Focal adhesion

Focal contacts are mostly described as regions where cell-substratum and cytoskeleton-membrane
interactions take place [15]. They are known to serve as sites for coordination between cell
adhesion and cell motility [17]. This structure typically found in tissue culture is comprised of
integrins as the major adhesion receptors and associated cytoplasmic plaque proteins including
actin, talin, vinculin, ®-actinin, tensin, paxillin and a number of protein kinases [49]. Assembly
of the highly organized aggregate of these molecules is regulated both by ECM ligand binding
events and by intracellular signaling events [39]. Actin is the most abundant protein involved
in the construction of the cytoplasmic face of the focal adhesion. Focal contacts are thus major
sites of actin filament attachment at the cell membrane surface that feature dynamic structures,
existing for a limited period of time, as tightly controlled by a finely balanced equilibrium of their
components.

Upon contacting of plasma membrane to the ECM proteins at the periphery of leading lamella,
reorganization or activation of integrin is induced influenced by conformational changes in ECM
motifs. As a default at the other end, cytoplasmic domains of the B-subunits of integrins have
intrinsic signals for focal adhesion localization, but the incorporation of the integrins into fo-
cal adhesions is prevented by the ®-subunits of the heterodimers. This inhibition is relieved by
the ligand binding as a consequence of cell adhesion, and allows the B-subunit cytoplasmic tail
signals to recruit the integrin dimer into the focal adhesion. Previous studies have shown for in-
stance, that the ligand binding controls the localization of 31- and B3-containing integrins [49].
In an appropriate conformation, integrin dimers further recruit cytoskeletal proteins. For effec-
tive focal adhesion assembly, a combination of receptor occupancy and occupancy by ligand are
required. The induced clustering of the receptor triggers a synergistic response that includes the
reorganization of the cytoskeleton and associated cytoplasmic plaque proteins, and the activation
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of local signaling pathways. Possible molecular composition and signalling involved through in-
tegrins postulated based on recent investigations are depicted in figure 1.2 adapted from [34]. In
the earliest stage of this multitude of cascades in fibroblasts, talin is an early structural component
collected into F-actin-rich foci, preceding the accumulation of vinculin. Consequently, ®-actinin
enforces these structures by linking either vinculin/talin or F-actin to the B-subunit of the integrin
complex. The earliest structures are observed as a spot-like concentration of actin at the plasma
membrane. With the help of the cross-linkers, ®-actinin, the terminal portions of actin filaments
are seen tightly bundled near the plasma membrane. Syntheses of the essential components such
as vinculin and ®-actinin are stimulated by cellular contact with the ECM.

Vinculin, 115 kDa in size, are able to form self-aggregates and are found to be highly concen-
trated in focal contacts [33][16]. This way the cytoskeleton become organized to give the cell a
defined structure and further allow diverse signals critical for cell survival to be transmitted from
extracellular environment into the cytoplasmic side, by activation of molecules that reside in fo-
cal adhesions. In highly motile cells, easily distinguishable focal adhesions are often absent, most
likely because of their transient nature and lack of distinctive distribution.

There are several specialized structures in cells attached to ECM, where high level of actin fila-
ments are found as described in [61]. Filopodia are simplest protrusive structure, comprised of
thin cylinders that can extend tens of microns from the main cell body. They contain a tight bun-
dle of long actin filaments oriented in the direction of protrusion. Lamellipodia on the other hand
are thin protrusive sheets that dominate the leading edges of cultured fibroblasts and other motile
cells. Electron micrographs have shown that the characteristic ruffling appearance of fibroblast
leading edges is due to lamellipodia that lift up off the substrate and move backward. The web
of actin filaments that shapes lamellipodia is organized as an orthogonal cross-weave between
two sets of filaments oriented at approximately 45* to the direction of protrusion. In many cell
types, lamellipodia are punctuated at intervals by rib-like microspikes that resemble short filopo-
dia. In the cell body, actin filaments are found in lamella, the region with intermediate thickness
between the nucleus and protrusive structures. Electron microscopy of lamellae of motile animal
cells have shown cortical actin (subplasmalemma) as a loose meshwork of apparently short, ran-
domly organized filaments. Neuronal growth cones are observed to have long homopolar actin
filament bundles with barbed ends primarily in the direction of protrusion.

1.4.2 Integrins

As implicated in the previous section, integrins are major transmembrane receptor by which cells
attach to extracellular matrices, and some integrins also mediate important cell-cell adhesion
events. Expressed as heterodimers, the molecule is found in most mammalian cells. The receptors
have diverse biological functions ranging from stablization of anchorage-dependent cells to the
basement membrane to promotion of cell movement. The integrin-mediated attachment to a
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Figure 1.2: The major signalling pathways activated by integrins through their ® subunits. Specificity of
integrin-ECM and integrin-cytoskeletal interactions is found to be defined by the ®  subunits involved.
(Giancotti, (2000))
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substrate serves as a checkpoint of cell cycle progression. Its distribution and activity can be
regulated in a dynamic manner bidirectionally across the plasma membrane, by a combination of
conformational changes and clustering.

Structure

The heterodimer consists of ®- and B-subunits, each with its own variants. Both subunits are
transmembrane glycoproteins with single hydrophobic transmembrane segment. The molecule
appears with a head extending into the cytoplasmic side between 80-120 A out of 95-130 kDa,
on the extracellular domain of ®- and B-subunits extending 20 A and 180-200 A respectively,
comprised of 130-210 kDa. A structural model introduced in [65] predicts the receptor with
globular head and two stalks that extend from the lipid bilayer approximately 2 nm at cytoplasmic
side and 20-23 nm at extracellular side, respectively. B-subunit has tightly folded amino-terminal
domain of 40-50 kDa contributing to the ligand-binding domain. Divalent cations are essential
for receptor function and ®-subunit which features divalent cation binding sites is responsible
for the affinity and also for ligand-binding. The ®-subunits (120-180 kDa) and B-subunits (90-
110 kDa) interact through non-covalent association with each other to form small cytoplasmic
domains (less than 50 amino acids). B4 integrin is an exception with more than 1000 amino
acids at its cytoplasmic domain. Studies conducted with integrin fragments have shown that the
extracellular domains (>75 kDa for B-subunits, and >100 kDa for ®-subunits) associate to form
the ®B heterodimers. This is supported by the fact that truncated forms lacking transmembrane
and cytoplasmic domains can be expressed and do form functional ® dimers [48].

Function and molecular interactions

Integrin heterodimers provide tight anchoring of cells to the extracellular environment. However,
each molecule is known to bind with both ECM ligands and cytoskeletal elements with low affin-
ity, at Kd € 10-6 M for both integrin-fibronectin and integrin-talin interactions [74]. These weak
interactions are through a large number of binding sites, which form the strong cell-substrate ad-
hesion as a whole. Biochemical investigations have revealed several subunits with their specific
functions and affinities [48]. Majority of the integrins’ ligands are either cell-surface members
of immunoglobulin superfamily or ECM molecules. They are also known to bind to RGD (Arg-
Gly-Asp) sequence present in fibronectin, vitronectin and other molecules featuring EGF-like
domains. Previous studies have indicated that some integrins such as ®561 and ®vB’s recog-
nize Lys-GIn-Ala-Gly-Asp-Val (KQAGDYV) in fibrinogen, and other integrins recognize further
different sequences. Extracellular interactions that lead to occupation of integrin receptors by
their ligands induce conformational change in integrin that would further transmit signals intra-
cellularly. In fibroblasts, a cascade of reactions including tyrosine phosphorylation, cytoplasmic
alkalinization occur upon integrin 31 binding to fibronectin. These events correlates with the par-
allel stimulation of cell spreading, growth and proliferation. There, presence of multiple integrin
binding domains in ECM proteins could cluster the receptors to generate combined signals. Cell
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spreading of fibroblasts, an essential process in this study, is initiated by a contact of fibroblasts
with surfaces coated with fibronectin or other ECM proteins. It induces signaling events including
release of arachidonic acid by phospholipase A2, production of diacylglycerol with subsequent
activation of PKC, activation of the GTP-binding protein Rho with subsequent activation of a
phosphatidylinositol phosphate 5-kinase and activation of protein tyrosine kinases. Here, it is
found that the 8 cytoplasmic domain is sufficient to induce recruitment of other integrins. Recep-
tor occupancy by RGD peptide leads to unmasking of this functionally critical 81 cytoplasmic
domain, further allowing interaction with and recruitment of cytoskeletal components.

At the cytoplasmic side, most integrins thus interact somehow with the actin-based cytoskele-
ton where both subunits are required. This association of integrins with cytoskeletal actin fila-
ments has been shown to be via an indirect linkage involving talin, vinculin, ®-actinin and other
cytoskeletal-associated molecules. The cytoplasmic events involving the integrin heterodimers
are complex and each component is still to be untangled. For instance, there is also an evidence
suggesting that ®-actinin could bind directly to 31 and B3 integrins, by interacting with the 8-
subunits alone [17]. Also, different cytoplasmic domains trigger different functions such that two
integrins which bind the same ligand can provide distinct cellular signals. A comparative studies
have shown that for example, both ®v33 and ®v5 interact with vitronectin, but only the former
co-localizes with vinculin and the ends of actin filaments [87]. A special case, ®634 (with large
34 cytoplasmic domain) is found “concentrated at hemidesmosomes in epithelial cells, where it
most likely interacts somehow with intermediate filaments, which are characteristically associ-
ated with hemidesmosomes™ [48].

The fact that individual integrins are able to often bind more than one ligand implies their func-
tional redundancy; same integrin heterodimer can recognize several ECM proteins and a partic-
ular ECM ligand may be recognized by more than one integrin as well. Binding specificity of
individual integrin heterodimers is dependent on the expression system. This specific affinity for
different ligands comes from the inside-out signaling of the cell in which they are expressed [47].
Conformational changes induced intracellularly by such signaling switches integrin heterodimer
between activated and deactivated states, thereby determine specificity and affinity. This signal-
ing cascade via integrins at its down stream is found also to contribute in matrix assembly.
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Chapter 2

Materials and Methods

First, the genetical techniques used and the steps taken in order to construct the fusion proteins,
EGFP/ECFP-vinculin and EGFP/ECFP-81 integrin (depicted in figure 2.1), are described in this
section. Cell adhesion was studied by introducing these fusion constructs into a mouse cell line
and a primary cell culture prepared from rat hippocampus. Culturing of the mouse cell line and the
primary cell culture along with the procedure to introduce the foreign DNAs to the cells are also
described. Finally, the theoretical background of the three optical methods and the experimental
setup are summarized.

2.1 Generation of fusion constructs

2.1.1 Basic steps

For the construction of all EGFP/ECFP-vinculin and -B1 integrin, the following procedures were
repeatedly carried out:

A bacterial system, E.coli DH5® (Gibco) was used for all plasmid preparations. E.coli were trans-
formed with prokaryotic/eukaryotic expression vector with a gene of interest and also a cDNA
for specific antibody resistance. Bacteria containing the plasmid of interest was then selectively
grown on agar plates with the antibody. Bacterial colonies that survived on the agar plates (i.e. the
ones that contain the recombinant plasmids) were picked to be grown in LB medium containing
the antibody for further amplification. After harvesting the bacterial cells, the DNA was purified

N—— a —C
EGFP/ECFP vinculin
signal
peptide
N—m- — I C
EGFP/ECFP R1 integrin

Figure 2.1: The fusion chimeras used to localize sites of cell adhesion; EGFP/ECFP-vinculin (top) and
EGFP/ECFP-R1 integrin (bottom).
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Figure 2.2: Cloning steps of EGFP-vinculin construct. The cDNA of vinculin from PCR amplification was
ligated into pEGFP-C1 in frame with EGFP cDNA at multiple cloning site between Hindlll and EcoRI.

by a Quick prep for use in further cloning processes, or with QIAGEN Plasmid-Kits (Qiagen,
Hilden) for further use in transfection of mammalian cells.

DNA fragments obtained by PCR amplification were isolated by QIAquick PCR Purification or
by gel electrophoresis followed by QIAGEN Gel Extraction Kit. Digested DNA fragments were
isolated by gel electrophoresis followed by the Gel Extraction Kit. Ligation of DNA fragments
were carried out overnight at 10*C. The correct plasmids were selected as follows; first the lig-
ation product was amplified in E.coli by transformation and then by plating the bacteria on agar
plates with an appropriate antibody. The plasmids were then prepared (with a Quick prep) from
several colonies grown on agar plates. The plasmids from each colony was examined by gel elec-
trophoresis after digesting them with restriction enzymes that result in recognizable fragments.

All restriction enzymes, DNA polymerase, T4-DNA-ligase, alkaline phosphatase were obtained
from Boehringer Mannheim (Mannheim) and New England Biolabs (Schwalbach). All cDNAs
of EGFP and ECFP employed here were from the pEGFP-C1/pECFP-C1 expression vectors from
CLONTECH Laboratories GmbH (Heidelberg).

2.1.2 EGFP/ECFP-vinculin

The cDNA of the fluorescent protein was cloned to the amino-terminus of vinculin in the expres-
sion vector pEGFP-C1/pECFP-C1.
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The ¢cDNA encoding a chicken vinculin [69] in eukaryotic expression vector pJ4 was amplified
by PCR (Expand High Fidelity PCR System, Boehringer Mannheim, Germany). Oligodeoxynu-
cleotides 50 § TTGCTAATAAAGCTTCAGGATCTGGTATGCCCGTCTTCC j 30and
5 § TTAAGAATTCTTATTACTGATACCATGG j 30 were used as primers with the plas-
mid pJ4 as template. As a result, the fragment contained a unique HindIII site (AAGCTT) fol-
lowed by a linker before the start codon for vinculin, so that it would be in-frame with EGFP/ECFP
cDNA. It also created a unique EcoRI site (GAAT T C) after the stop codon of vinculin to enable
ligation into the multiple cloning site of the pEGFP-C1/pECFP-C1 vector. The isolated frag-
ment was then excised at these newly created HindIII and EcoRI sites. This fragment was ligated
into the multiple cloning site of pEGFP-C1/pECFP-C1 expression vectors between HindIII and
EcoRI, behind and in-frame with the EGFP/ECFP ¢cDNA. The inserted vinculin cDNA was se-
quenced in order to confirm the integrity of the PCR amplified product. The steps taken to attain
the final construct of the fluorescent protein tagged to amino-terminus of vinculin is illustrated in
figure 2.2.

2.1.3 EGFP/ECFP-integrin R1

Also the fluorescent protein was cloned to the amino-terminus of 31 integrin subunit. The cDNA
of this subunit consist of start codon followed by a signal peptide sequence of 19 amino acids
(57 nucleotides). This hydrophobic signal peptide sequence at the amino-terminus is found to be
cut off from the peptide by post-translational process during its translocation to the cell surface
[83]. Thus we have cloned the cDNA of EGFP/ECFP directly to the B1 integrin sequence after
this signal peptide in order to avoid digestion that would separate the cDNAs of the fluorescent
protein and B1 integrin. Based on the existing restriction sites in these cDNAs, we have ligated
(1) a foreign signal peptide (from mouse brevican) known to function well in transportation of
transmembrane protein to the cell surface to the amino-terminus of (ii) EGFP/ECFP followed by
(ii1) B1 integrin cDNA without its endogenous signal peptide sequence.

The cloning procedure follows the steps as illustrated in figures 2.3 and 2.4: first, an oligonu-
cleotide 5' j CTCGAGCTACCATGGAATTCTCCGGAGTCGACGCGGCCGC j 3’ was
ligated into pBluescript II KS between its Xhol and Notl in order to create necessary restric-
tion sites, Nhel, Ncol and BspEI in advance. The cDNA encoding for EGFP was cleaved
from pEGFP-C1 at Ncol and BspEI restriction sites and ligated into the pBluescript in the cre-
ated polylinker. The cDNA encoding for B1A integrin subunit in pB1A(N) was PCR ampli-
fied using 5’ § GCGGGATCCTCCGGAGGCCAAACAGATAAAAATAGATGT j 3’and
5' § GCGGAATTCGCGGCCGCGGATTCATTTTCCCTCATACTTC j 3'as primers in
order to create a new unique BspEI site after its endogenous signal peptide sequence at amino-
terminus behind its start codon, and a unique Notl site after its stop codon. The PCR product
of B1A integrin cDNA without the endogenous signal peptide sequence was cleaved with BspEI
and Notl, and consequently cloned in-frame with the start codon of EGFP cDNA, downstream of
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Figure 2.3: Cloning steps of the signal peptide-EGFP-1 integrin fusion construct. All the broken arrows

represent digestion with restriction enzymes.

(i) an oligonucleotide with several restriction sites for the

later use was ligated into a multiple cloning site of a plasmid, pBluescript. (ii) cDNA for EGFP without its
stop codon was isolated from pEGFP-C1, then ligated into the plasmid from (i) between Ncol and BspEI.
(iif) cDNA of 31 integrin excluding its endogenous signal peptide was PCR amplified using pB1A (N) as
a template, which created a BspEl site followed by a linker at the amino-terminus, and then a Notl site
after its stop codon. The PCR product was ligated into the plasmid from (ii) behind EGFP. The next figure

illustrates the last steps.
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Figure 2.4: Continuation of the cloning procedure from the previous figure in constructing the signal
peptide-EGFP-R1 integrin. (iv) cDNA of B1 integrin was isolated from p31A (N) between Hindlll and Bglll
sites, and replaced the ligated PCR product in the plasmid from (iii). (v) The sequence EGFP-31 integrin
in the plasmid from (iv) was excised and ligated into a eukaryotic expression vector that contains a signal
peptide and a poly A, between Nhel and Notl sites behind this signal peptide sequence. An identical steps

were performed parallel also with ECFP.
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the EGFP in the pBluescript. Large part of the PCR amplified B1A integrin (approximately 1.6
kbps) was then replaced by the original cDNA from the plasmid pB1A(N) between HindIII and
BgllII sites. The remaining PCR amplified regions, one before HindIIl and one after BglII sites,
were sequenced to confirm the integrity of the PCR product. The construct EGFP-B1A integrin
was then cleaved with Nhel and Notl to insert into expression vector pRc/CMV between a sig-
nal peptide sequence and a poly A signal at Nhel and Notl sites. The pRc/CMV employed here
consisted of previously ligated cDNA for puromycin, poly A and signal peptide sequence. An
identical construct was also made with ECFP.

2.2 Cell culture
2.2.1 Fibroblasts

For most of the experiments in present studies, mouse fibroblast, GD25 and GD25-B1A cells
were employed. Fibroblasts are connective tissue cells in which large focal adhesion complexes
are often found, that consist of more than 20 different molecules. In connective tissues, the ECM
is generally more plentiful than the cells determining the tissue’s physical properties [1]. At the
interface between an epithelium and connective tissue, the matrix forms a basement membrane
(described in the previous chapter) that also plays an important role in defining cell behavior.

The mouse cell line, GD25 cells lack the B1 family of integrin subunit through null mutation,
whereas GD25-B1A is established by stable transfection with cDNA encoding cytoplasmic splice
variant of murine integrin subunit B1A [28][89]. A gene trap vector was used to obtain targeted
disruption of B1 integrin alleles in a mouse embryonic stem cells [28]. The differentiated B1
integrin-deficient cell line was established by infecting the embryonic stem cells with recombinant
retroviruses that transduced the SV-40 large T antigen followed by ring cloning. Both GD25 and
GD25-B1A cells express restricted integrin heterodimers which allow controlled study of cell-
matrix interactions. Immunoprecipitation of surface-iodinated cells using antibodies specific for
various integrin subunits has shown that GD25 cells express ®v33, ®vB5 and a small amount of
®6B4. GD25-B1A cells are found to additionally express ®3B1, ®581 and ®661 [89].

The GD25 and GD25-B1A cells were cultured in DMEM with glutamax (Gibco BRL, Eggenstein,
31966) supplemented with 10% fetal calf serum (FCS). The cells were harvested regularly by
trypsin-EDTA treatment and resuspended in serum-containing medium to inactivate the trypsin.

2.2.2 Primary neuronal cell culture

Neurons were dissociated from the hippocampi of Wistar rats (Thomae, Biberach) at 18 days ges-
tation [85]. The cells were directly plated on silicon chips (prepared as described in the following
section) placed in a 35 mm Falcon dish. 0.5 ml of cell suspension was plated on silicon chips with
additional 2 ml of DMEM/glutamax I (Gibco BRL, 61965) with 10% fetal bovine serum (FBS)
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(Gibco BRL, 10270) and 1% penicillin/streptomycin (Gibco BRL, 15146) to a final concentra-
tion of 100£10° cells/ml. After settling for 2 hours, the medium was removed to eliminate cell
debris from the preparation and exchanged with fresh medium without penicillin/streptomycin.
The cells were further cultivated for approximately one day at 37*C and in 10% CO; before they
were transfected with the fusion constructs.

2.2.3 Substrates

The substrates for all the experiments, silicon chips, glass plates and coverslips, were silanized
with dichlordimethylsilane in toluol (volume 2:100). After sterilizing them by illuminating with
UV light, the substrates were coated with ECM protein of interest. The protein adsorbed from
solution onto solid surface is found to resemble the in vivo environment of cells [63]. Coating with
ECM protein was done by incubating the silicon chip placed in a 35 mm diameter petri dish with
PBS containing 5-10 1g/ml of the protein overnight at 4*C. The coated silicon chips were washed
twice with PBS, blocked with 1% bovine serum albumin (BSA) in PBS for 2-3 hours and washed
with PBS before plating the cells. Previous studies have shown that BSA adsorbed surfaces result
in elimination of cell attachment [51][88], thus serves to cover silicon oxide surface that are still
free from ECM protein after incubation and to avoid nonspecific binding.

2.2.4 Transient transfection

Both fibroblasts and neurons were transiently transfected by chemical methods a few days prior to
experiments were performed in order to attain a high expression efficiency of the fusion construct.
Figure 2.5 illustrates this procedure.

Fibroblasts

A few hours before a transient transfection of the fibroblasts was carried out, the cells were sup-
plied with fresh culture medium. With calcium phosphate-DNA coprecipitation method, a pre-
cipitate containing DNA, calcium phosphate and HEPES-buffered saline solution was prepared
and incubated at room temperature for 20 minutes. The mixture was then introduced to the cells
(0.1 ml per ml of medium) for 16 hours to one day. After exposing to the DNA precipitate, the
cells were washed with PBS and further incubated in fresh culture medium until high expression
efficiency of the fusion protein was attained. With lipofectamine transfection method, a mixture
of lipofectamine reagent (Gibco BRL, Life Technologies, 18324) and DNA solution at volume
proportion of 3:7 was prepared and incubated at room temperature for 10-15 minutes. During the
incubation, the cells were washed three times with DMEM without FCS and then kept further in
the medium without serum. The DNA-lipofectamine suspension was slowly added to the cell cul-
ture, at 0.1 ml for every 3 ml of medium. The cells were incubated further up to one day before the
medium was exchanged with fresh culture medium containing 10% FCS. Prior to experiments,
the GD25/GD25-B1A cells were treated with trypsin/EDTA, resuspended in serum-containing
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Figure 2.5: The plasmids containing the fusion construct of interest were introduced to the cell culture
(GD25 B1A/GD25 or rat hippocampus) by calcium-phosphate transfection method or lipofectamin trans-
fection.

medium to inactivate the trypsin and further washed twice in PBS by centrifugation. This step of
washing the cells in PBS was for the purpose of avoiding the possibility of serum-derived factors
altering the surface chemistry prior to cell attachment. For measurements, the cells were subse-
quently incubated at 37*C in serum-free medium on silicon chip coated with ECM protein as a
substrate.

Primary cell culture

The culture in a 35 mm dish with a silicon chip was transfected with the fusion protein of interest
by calcium-phosphate-DNA coprecipitation method. Before transfection was carried out, the
culture medium was taken up and kept in the culturing condition in the incubator in order to apply
to the cells after the transfection. The cells were washed twice with DMEM/glutamax I without
serum and then kept in the 1 ml of the same medium. 100 11 of the precipitate as prepared in the
same manner as for the fibroblasts was added to the culture and incubated for 80-90 minutes. At
the end of the incubation, the serum-free medium containing DNA precipitate was removed, and
the original medium which was mean while kept in the incubator was applied to the cells. The
cells were further incubated for approximately one day before the measurements.

2.3 FLIC microscopy

Fluorescence interference contrast (FLIC) microscopy was performed as presented in the previous
work [53][10][11] [12]. Theory behind the technique and its analysis discussed in these works
will be repeated in the following sections. In this method, the cells are seeded on microprocessed
silicon chip surface with a thin layer of silicon dioxide in four different thicknesses, coated with
ECM protein as illustrated in figure 2.6. The cells stained with membrane fluorescent marker,
DilCyg [6] are observed under a microscope. Identical experiments were performed also using
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confocal FLIC microscopy which is described in [10].

Principles of FLIC microscopy
The basic principle behind the technique will be first summarized in this section.

The silicon surface under a layer of oxide behaves as a mirror. In front of the mirror, incident and
reflected lights interfere with one another, thus establish standing modes of electromagnetic field.
The fluorescent dyes embedded near the outer surface in the cell membrane are positioned in
proximity to the silicon surface. Their transition moments of excitation and emission are parallel
to the cell membrane [5]. The fluorescent dyes are excited by the standing wave of incident
and reflected lights. The emission of fluorescent dyes embedded in the lower membrane is also
detected as an interference of reflected and non-reflected light.

In this setup, the separation between the silicon and the dye molecules embedded in the lower
cell membrane consists of oxidized silicon layer, ECM and fluid (culture medium). The length
of pathway through this separation modulates both the intensity of excitation and emission of
fluorescent dyes positioned close to the reflecting silicon surface. A set of oxide steps on the
silicon brings the membrane of an adhering cell to different distances from the mirror, given by the
known thickness of the oxide dox plus the unknown distance dgert between the lower membrane
and the oxide, as illustrated in figure 2.6. Due to differences in the pathway length of the lights
at the four surfaces with different oxide thicknesses, four different fluorescence intensities are
detected in front of corresponding surfaces.

The fluorescence intensities are evaluated and plotted versus the height of the four steps which are
identified by the contrast in reflected light (figure 3.1, right) using an objective with small aper-
ture. The distance between the oxide layer and the lower membrane dgjefe common over all four
known oxide thickness is determined by using theoretical curves that describe the dependence of
fluorescence intensity on the position of excited dyes relative to silicon (mirror). The employed
electromagnetic theory takes into account: 1) the absorption and emission spectra of the dye, ii)
the orientations of dyes transition moments and iii) all directions, polarizations and wavelengths
of the excited and detected light.

2.3.1 Theory

The optical theory employed in this technique will be discussed in several steps in this section.
Excitation

Dye molecules in membrane in front of the silicon dioxide is excited by the interference between
lights incident and reflected against silicon. Relative field strength at the position of dyes, Ein is
obtained by characteristic transfer matrix methods [9][41].

In a layer system, a product of transfer matrix of each layers between the interfaces j and j + 1
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are calculated for both above and below the layer with dye (i.e. membrane). Thus in the case
of FLIC microscopy, Fpeiow With N = silicon, and rae with N = medium (above upper
membrane), and with Pg = Pmembrane, are evaluated for both TM and TE. The characteristic
matrices for the layers depend on the optical properties of the assembly and on the position of
the dye molecule determined by the thickness doy of the oxide and the distance dgjefy between
membrane and support.

The interference term of rpgjow and rapeve defined as if, is then calculated for the layer with the
dye molecule:
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For the incoming electrical field E;, described with a wavelength _in, an angle of incidence
Hin (With respect to the normal) and an angle of polarization °;, (with respect to the plane of
incidence), the local field strength Ej, can be expressed as:
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The probability per unit time Pey for excitation of a dye molecule is determined by integrating
the following components over the wavelength _ jn:

i) the intensity of illumination I (jn) (quanta per area, time and wavelength interval),
ii) the extinction coefficient of the dye "(,in) and
ii1) the modulation of excitation by the interface.

Ead

The modulation is expressed as a square of the local electrical field E;, projected onto the direc-

tion of the transition dipole expresseéi as: 3 2 3
. E% cos l¢ sin AC
eex=4 Efy, © =4 sinplcsinA; (5)
E? M, cos ¢

where [I¢ is the angle of the chromophore to the membrane normal and the dipole of the chro-
mophore with a rotation angle is A.. First, jEin ¢ €exj? is integrated over orientations of the
dye, A., and over all directions and polarizations of the incident light within the aperture of the

microscope, °;,. Finally the total probability of excitation per unit time is given as:
z

Pex _ d,inI (,in) "(,in)hjEin ¢ geszi (6)

Emission

The emission of chromophore is described similarly to excitation owing to the symmetry between
excitation and emission as discussed in [52] and [10]. The detection system instead defines a light
wave with _ ¢ along a plane of incidence at an angle [, with respect to the normal, and an angle
of polarization ° ;. The probability of spontaneous emission into a certain mode of the electrical
field is proportional to the probability of excitation of the same molecular transition by the same
mode.

The probability per unit time Py to detect an emitted quantum from an excited molecule is given
then by integrating over the wavelength _ 4, with dependence on:

i) the quantum yield ®get(, out) of the detector,
ii) the fluorescence spectrum T (_ out) (quanta per wavelength interval) of the dye,

ii1) the relative strength Eg¢ of the local electrical field of that mode that accepts the emitted
photon and

iv) the direction e¢, of the transition dipole of emission.

e

Similar to Pey, Pem is obtained first by averaging jEout ¢ €emj2 over all directions and polariza-
tions of the detected light within the aperture of the microscope, °,,, and the orientations of the
dye in the plane of the membrane, A.. Integrating over the wavelengths of detection, , out:
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4
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Detected intensity

An average flow J¢ of quanta per unit time from a dye molecule is detected under stationary
illumination. It depends on the probability that the molecule is in its excited state and on the
probability of emission to be detected per unit time, Pey,. The population of the excited state
depends on the probability of excitation per unit time, Pey, and the variation in quantum efficiency
near the silicon surface. Incorporating the correction for the quantum efficiency 0 of the dye as
presented in [53] and [10], the fluorescence intensity is calculated with:

Je1 = 06 Pex ¢ Pem (8)

Optical model

For the analysis of the data, five homogeneous isotropic layers are assumed with: i) bulk sili-
con, ii) silicon dioxide (dox = 10-150nm ), iii) extracellular medium, d¢jeft, iv) cell membrane
(dmem = 4nm) and v) cytoplasm. Optical parameters for each layer were employed as described
earlier with refractive indices Nox = 1:460, Nglerr = 1:333, Nmem = 1:450, Neyy = 1:37. The
complex refractive index of silicon (refractive index Ng;, attenuation index - ;) was taken also as
previously described [11]. The refractive index of silica with ngx = 1:460 at 632.8 nm of the
thermally grown oxide was used to determine the thickness of the oxide by ellipsometry.

With the 100£ objective employed with either mercury or xenon lamp, the angle of aperture in
water were 47.3* for excitation at 546 nm and 48.6* for emission at 580-640 nm, corresponding to
numerical apertures 0.985 and 1.0 of the objective, respectively. The lower aperture for excitation
was assigned on the basis of systematic measurements of fluorescence interference with supported
lipid membranes [53]. The evaluation was based on the values with monochromatic excitation
at ,in = H46nm producing an emission spectrum f (_ oy¢) used as measured in a 1 M ethanolic
solution with a maximum at 565 nm. The spectrum of the quantum yield of detection Pget(, out)
was given by the data sheet of the camera and the transmission of the dichroic mirror and the
optical filter [11]. As specified in [10], with confocal FLIC microscopy, 60£ objective was used.
Its numerical apertures for excitation and emission were 0.68 and 0.72, respectively.

Fit of data
The intensity data obtained from the FLIC micrographs are fitted with three parameters:

i) the unknown distance d¢jert of the extracellular cleft between the cell and silicon chip, which
affects mainly the phase of the wave J¢(dox) of detected fluorescence,
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i1) a scaling factor a of the fluorescence intensity, which determines the amplitude of the wave of
detected fluorescence and

iii) a constant increment b; which accounts for background fluorescence, originating in large part
due to the upper side of the cell which was out of focus.

The values of the scaling factor and of the background were calculated from the data analytically.
Then dgjefy is fitted with the function:

F (dox; dcleft) = Pex(dox; dcleft)Pem(dox; dcleft)

given by the optical theory for any setup which describes the observed photons per unit time
according to [11][12][53]:
'Jfl =atF (dox; dcleft) + b (9)

The regression algorithm of Powell adopting the estimate of the standard deviation of dgjeft from
the Marquardt algorithm was employed for fitting [11].

Prerequisites, nature and evaluation of the method

The evaluation of the distance dgjef¢ requires homogeneous staining of the membrane and illumi-
nation, and assessment of homologous regions of cell adhesion on all four steps. The estimated
precision of the averaged distance dgjeft due to systematic and stochastic errors is around 1 nm in-
dependent of its absolute value [11][12]. The technique attains lateral resolution of approximately
400 nm. Since the relevant modes of standing waves level out due to the large numerical aper-
ture of the microscope, any perturbations by the upper membrane are negligible if its separation
is larger than 0.5 Tm from lower membrane. Therefore, perturbations by the upper membrane
is not negligible at flat regions of the cells such as lamellipodia. At the cell periphery, the upper
membrane appears as fringes of alternating intensities.

A complete distance map can be evaluated on selected terraces by solving equation (9) for djeft
after determining a and b on homologous sub-squares [12]. This process is most precise at high

values of the slope,
dF (dox; dcleft) =ddclert (10)

The contrast with respect to height inverts with the sign of this slope; if it is positive, increased in-
tensity corresponds to increased distance, otherwise increased intensity corresponds to decreased
distance. This inversion in contrast enables the distance evaluation to be separated from a possible
but improbable intensity variation from dye angle or inhomogeneous staining.

Chips

The chips used to harvest cells were prepared by microprocessing polished, n-doped (4-8 {2cm)
four-inch silicon wafers (100 surface). After cleaning the wafers by the standard RCA procedure,
a homogeneous layer of silicon dioxide with a thickness of about 145 nm was grown thermally
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Figure 2.6: Schematic illustration of fluorescence interference contrast (FLIC) microscopy of a cell on
checkered silicon chip (not on scale). A cell grows across microscopic terraces of silica coated with ECM
protein. The height of the steps is about 50 nm, their width is 5 *m. The cell membrane is stained with a
fluorescent dye, DilC.g. The fluorescence intensity depends on the position of the dye embedded in the
cell membrane with respect to the standing modes of light.

in an oven at 1000*C (E1200 Lab, Centrotherm, Blaubeuren). Photolithography was performed
with a metal mask with stripes of 5 m width at 10 Tm interval. The silicon dioxide surface free
of photoresist after development was etched in fluoric acid down to around 86 nm. The second
photolithography was done by rotating the mask by 90* followed by removal of oxide around 43
nm. The resulting wafer with a pattern of repeating squares with four different silicon dioxide
thickness was cut into chips (3:4cm £ 1:0cm). The heights of the four oxide square layers of each
side at 5 Tm thus resulted to approximately 10-150 nm at equal intervals, as shown in an insert in
figure 2.6. Before usage, individual chips were cleaned by immersing in H,SO,4 and H,0O; (5:1)
for 15 minutes and then rinsed by Quick dump rinsing. After drying, they were silanized with
dichlordimethylsilane in toluol. The final thickness of silicon dioxide layer was measured by an
ellipsometer (SD 2000, Plasmos, Miinchen) using a refractive index Nox = 1:460 at 633 nm. A
quadruple of reference squares with a size 500Tm £ 5001m arranged on the chip at a separation
of 1 cm were used for this measurement.

Dye and photometry

A homolog of the amphiphilic trimethin-indocarbocyanine dye S27/DilCyg (figure 2.7, left) was
used which is a common dye employed as membrane marker [6]. Shortly before the measurement,
stock solution of dye at 2.5-5 mM in ethanol was diluted in 0.05 M Tris-buffer solution (pH 7.4)
to approximately 1 M. The cell culture medium was exchanged with the solution containing
DilC;g dye, and the stained cells were examined immediately under fluorescence microscope up
to 30 minutes after staining.
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Figure 2.7: Left: Structure of DilCig used to mark the cell membrane for FLIC microscopy. Right:
Structure of the Rhodamine Green used in TIRAF microscopy.

The stained cells were observed with a water immersion objective (100£, numerical aperture 1.0,
Axioskop, Zeiss, Oberkochen) using mercury/xenon lamp (Zeiss). DilC1g was excited monochro-
matically at 546 nm through a dichroic mirror (Q565LP, AHF Analysentechnik, Tiibingen) and a
bandpass filter (546/10 nm, 546FGS, Andover, Salem, NH). Its emission was detected at around
610 nm through a dichroic mirror and a bandpass filter (610/70 nm, AHF). EGFP was excited
through a dichroic mirror (Q495LP, AHF) and a bandpass filter (HQ470/40, AHF) and observed
through a bandpass filter (HQ510/20, AHF) which eliminated any emission by DilC,g. The fluo-
rescence images were obtained with a CCD camera with 752 £ 582 pixels (Sony chip ICX039AL,
HRYX, Theta System, Miinchen).

Confocal FLIC microscopy was performed using the setup presented in [10]. DilC;g and GFP
were excited by the laser beam at 488 nm and their emissions were simultaneously detected by
60£ objective (numerical aperture 0.9 W, Olympus) through two separate channels with appro-
priate filters (610/70 and HQ510/20, respectively, AHF).

2.4 Total internal reflection aqueous fluorescence
microscopy

Total internal reflection aqueous fluorescence (TIRAF) microscopy was performed as described in
[32]. In this setup, the extracellular aqueous volume is stained with rhodamine green (Molecular
Probes; Eugene, USA) (figure 2.7, right), which is excited by evanescent light generated under
the condition of total internal reflection (figure 2.8). This condition is attained if a light beam in
an optically dense medium strikes an interface to a medium of lower refractive index at an angle
of incidence, |{j, which exceeds a critical angle, .
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241 Theory

Here the analysis is confined to the theory described in detail in [37] for the plane s-polarized
wave traveling through a glass penetrating into a layer of water as evanescent wave. A beam
of such light in glass (with a refractive index Ngjass), incident at an angle |l; encounters a planar
boundary with water of index Nyater. Hi and the angle of transmission [i; are related by Snell’s
law:

Nglass SIN Hi = Nyater Sin [y (1)

As the angle of incidence increases, a critical angle, [i. is reached where the angle of transmission
is 90*. The critical angle is determined by rearranging Snell’s law for iy = %:

TR |

. =1 DNwater
Hi = Hec = sinft =
Nglass

Since Nyater < Nglass, Ht becomes imaginary for Y; > [ic, where

Nglass

sin ¢ = sin i

water

and in the expression for phase factor of the transmitted light becomes:

S -
112

sin?pi i 1

Nglass

cos ¢ = 8i

water

Thus reflectivity at the glass/water interface reaches unity as the incident angle |1; approaches the
critical angle, |, and the light emerges in a direction tangent to the boundary. This way total in-
ternal reflection occurs at angles greater than |lc, where no light enters the second medium but
all light reflects back into the first medium. However, the electromagnetic-field in the second
medium does not disappear, but instead appears as evanescent field as some of the incident en-
ergy penetrates through the interface. This evanescent wave propagates parallel to the surface in
the plane incidence as a harmonic wave in the low-index medium. Since its energy decays ex-
ponentially with the distance from the interface, emission from fluorescent molecules dissolved
in the second medium can be stimulated by the evanescent wave in a very restricted zone with a

penetration depth: ¢

Nl

L) S22
d==- Nglass SN Hi 1 Nyater

M (12)

Transfer of the electrical energy to the dyes in a thin layer in a multilayer system of a cell cultured
on a glass substrate is considered in the following section.

Transmitted light through a multilayer system

Mathematical expressions for the electrical energy in the cell-glass gap from Maxwell’s equations
under conditions of total internal reflection illumination are described in detail in [37]. They
have discussed all the conditions likely to arise at the cell contacts assuming a layer system as
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illustrated in figure 2.9. Among the four situations presented, we have considered the two cases;
(a) the waves in all the layers above the glass substrate are evanescent (decaying) and (b) the
wave is continuous (propagating) in membrane and again evanescent in cytoplasm. The squared
amplitude of calculated E (z) is proportional to electrical energy at a particular depth, z in the
water gap, thus the stimulated fluorescence is proportional to the local electric field energy. Thus
j E (2) j? can be expressed according to the simple exponential. The detected fluorescence from
underneath a cell is given by a general e?ression:

F (detert) = coAsIu djzA(z)®(z)c(z)j E (z) j* dz (13)

and of the background ﬂuorescenf::i atA riearby area without a cell:
Fa=on , A0 @e@)] E (z) j dz (14)
where A (z) is the quantum efficiency of the fluorophore, ® (z) and ¢ (z) are molar extinction co-
efficient and concentration of the fluorophores. % is the interfacial area of illumination written

in terms of the cross-sectional area of the incident beam Ai. The analysis of our experiments
bases on the following assumptions;

1) no fluorescence is stimulated from the aqueous medium beyond the cell,

i1) the quantum efficiency and the extinction coefficient of the fluorophore are independent of the
proximity to the totally reflecting interface and spatial orientation, i.e. A (z) ® (z) = A®)

iii) the fluorophore distribution between the limits is homogeneous, € (z) = c.

The assumptions ii) and iii) constitute an ideal case, ignoring spatial variations in fluorescence
emission resulting from fluorophore orientation with respect to the incident beam, fluorophore
proximity with respect to the substratum interface, and molecular aggregation of fluorophore
molecules. Thus the expressions (13) and (14) simplify to:

F (dcleft) = QMSI (dcleft)
F1 =QMSI(1)
and the relative fluorescence would be:

G (dCIeft) = M

(1) (15)

Numerical derivation of the cell-substrate distance

Although the exponential expression for the amplitude of the transmitted electric field and the
integral for the fluorescence emission at the dielectric interface are exact solutions to the field
equations, the expressions are cumbersome to apply to determine the cell-substrate separation. In
most cases, an approximation is made by simplifying the model layer system or expressions for
the fluorescence [14][13]. The values of the decaying evanescent field closely follows a general
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form:
T (2) = Ters (0) exp ( § 2=0ers)

which can be substituted into the integrals (13) and (14) for j E (z) j? [72]. In a case with mem-
brane marking, a fit of membrane fluorescence can be performed by assuming that the effective
values for the transmitted interfacial amplitude squared, Ters (0), and the depth of penetration,
deff, are independent of water gap thickness. This assumption is however, not valid for the case
of fluorescence in water gap, since Ters (0) and dese vary with water gap thickness.

An exact evaluation of this value is presented in [43], where the true field distribution is ob-
tained numerically. For quantitative evaluation, we have observed cell adhesion under TIRAF
for incident light with the electric vector parallel to the surface (s-polarized), and determined
cell-substrate distance based on their algorithm. The s-component was chosen to minimize bire-
fringent effects by restricting the excitation radiation to TE polarization that is parallel to the
net membrane molecular orientation, since the optical axis of lipid membranes is normal to the
membrane surface. The equation (15) for the ratio G (dgjet), of the fluorescence from the layer
between lower cell membrane and the substrate, | (dgjeft), to that from the whole evanescent wave
I 1 cannot be rearranged to yield d¢jert. Here, measured ratio, GM, is fitted to theoretically deter-
mined ratio G as described in [37], in order to obtain d¢jeft by numerical evaluation. Employing
the algorithm from Heavens:

IF GM j G > 0 THEN dgjeft = dejere + 10
IFGM j G > 0 THEN deiert = dotert i 1
IF GM j G > 0 THEN dcjeft = dejert + 0:1

an estimation of dgefe With an accuracy of 0.1 nm can be attained. This process seeks for a
theoretical value G closest to the measured ratio by varying the parameter of interest, djeft. A set
of values of 11 for each image was used to extrapolate accurate values at each position | (dgjeft),
by fitting a Gaussian curve that takes into account the aperture correction. We have obtained G
either for the cases (a) or (b) presented in [37] depending on the model layer system used.

Fluorophore, substrates, photometry

Fibroblast cells prepared under the same condition as for FLIC microscopy were cultivated on
glass slides (24mm £ 60mm £ 1mm) coated either with fibronectin or laminin. These glass
slides were cleaned and silanized in advance as described for silicon chips. After incubating the
cell culture for several hours, the culture medium was exchanged for PBS with rhodamine green,
a membrane impermeable molecule (figure 2.7, right) dissolved at 50 1g/ml and maintained at
37*C shortly before measurements.

In order to quantitatively analyze the cell-substrate distance, the experimental setup for a station-
ary TIRAF as described in [32] was employed. An air-cooled argon-ion laser (PS, AR, Model
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Figure 2.8: Schematic drawing of a cell adherent to the glass interface that is illuminated by the evanes-
cent wave of a total internal reflected light beam.

532, Omnichrome, USA) was used at output power of 11 mW. The generated coherent light
at 488 nm was linearly polarized and passed through a set of neutral density filters (Newport
GmbH, Germany) in order to set the correct irradiation intensity. The laser beam was further
guided by highly reflecting mirrors and with a reduced area of illumination produced with a help
of a converging lens (Newport GmbH, Germany) directed into an inverting prism (BK7, Spindler
& Hoyer, Germany) so that incident angle is 68.285*. We coupled a glass slide with index of re-
fraction at n = 1:52224 to a prism (BK7) with oil. With this setup, the decay length estimated
according to the equation (12) for depth of penetration estimates to 82.6 nm with Ngjass = 1:52224
and Nyater = 1:337. The fluorescence signal collected through an infinity-corrected oil immer-
sion objective (60£) with a numerical aperture 1.4 was passed through a tube lens with a focal
length T (f = 200; 250; 300; 400; Spindler & Hoyer, Germany). The image was focused onto a
CCD chip of a camera system with 12-bit dynamic range and a readout frequency of 12.5 MHz
(CCD, Visicam 1280, Visitron Systems GmbH, Germany) after passing through a long-pass inter-
ference filter (Andover Corp. Lot/GmbH, Germany) for separating fluorescence from scattered
incident light. Spatial resolution of the microscope attained in this setup is described in [32].
Briefly, the object resolution, RL in terms of the numerical aperture NA is given by:

0:61, ex

NA

from which RL = 212:6 at laser wavelength of _ ¢x = 488nm and a numerical aperture NA = 1:4
of the objective is obtained. Taking into account Nyquist’s sampling theorem, the total micro-

RL =

scope magnification M of a diffraction-limited image is given by:
2(pixel size)
RL
from which M = 63 is obtained with above RL and 6:71m £ 6:71m as pixel size of the CCD
chip.

M —
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2.5 Interference reflection microscopy

Since introduced by Curtis [21], interference reflection microscopy (IRM) or reflection inter-
ference contrast microscopy (RICM) [93] has been mainly used to study cell motility and cell-
substrate contacts [7][8][76]. In this technique, images are formed by the interference among the
reflection of light at interfaces between media of different refractive indices.

251 Theory

In a multilayer system, incident light at each interface of changing index of refraction is partially
reflected. From the second interface, the incident light is the transmitted light from the previous
interface, whose strength depends on the optical property of the previous layer. The reflection of
transmitted light repeats for each interface which reaches the detection layer as a superposition
among all the reflected light rays. A multilayer system used in this study is illustrated in figure
2.9. The computation to describe interference among the reflected light rays consists of forming
the vector sum for all waves in medium Ngass that have been reflected from the different interfaces
of the multilayer above. We have calculated the interference for layered homogeneous multiple
thin films based on the optical theory described previously for FLIC microscopy. As stated in [9]
and [41], all the waves present within each layer can be described by transfer matrix obtained in
terms of the other interfaces. Using a model for the multilayer system with known thicknesses
and refactive indices of each film, the reflection coefficients are determined by multiplying all the
transfer matrices, M; (defined by equation (1) in the previous section for FLIC microscopy) of
each layer above the glass surface (detection layer):

Nij1 My My
M =1 M= 11 12
j=1 Ma1 M2

Effective Fresnel coefficients of the light ray emerging into the glass substrate is determined by:

(mll + My ¢ pmedium) ¢ pglass i (m21 + My ¢ pmedium)

(mll + My ¢ pmedium) ¢ pglass + (m21 + My ¢ pmedium)
for both TE and TM, with the elements of the transfer matrix and p, as described also for FLIC
theory. Setting the incident light intensity as |y, the detected light becomes:

£ a
L) =1lot jriej+jr™™Mj?

which is integrated in the glass over the aperture for each ray independently to obtain the total
intensity of the reflected light:

where [y = sin#!(NA=ngass ), based on a rectangular profile function as described in [70]. To
take into account the fact that relatively more light reaches the focus of the objective from larger
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angles, and also to convert from a two-dimensional distribution to a cone of incident light, an
aperture weight function W (i) = sin i is employed as discussed in [38] and also described for
FLIC theory. In the analysis, the relative intensity between the reflected light at the region with
and without cell, lce and lpackground Was employed:
RimE 122 o tm 2"

o JTeen I+ Tear J© W (1) du

cell cell

= Ryt c (16)

I “um % TE 2 i TM i2
background o J Voackground J + ] Fbackground J W (PI) du

IceII

The relative intensities from chosen model systems were calculated setting the optical parameters

as listed in figure 2.9.

n

medium '\'
r]membrane /\
) layer thickness n
r]cytoplasm '
medium infinity 1.333
: upper membrane 4 nm 1.45
nmembrane K/'\

, cytoplasm several ym 1.37
nmedium lower membrane 4 nm or thicker | 1.40-1.45
N water/medium to be fitted 1.33-1.37

glass
glass infinity 1.518

Figure 2.9: Left: A multilayer system used for all the optical techniques. For FLIC microscopy, glass
is replaced by a silicon with thin layer of oxide. In IRM, interference among all the reflected lights from
each interface with changing index of refraction that emerges into the glass substrate is detected. Right:
Parameters for the multilayer system used for the analysis of cell-substrate distance.

2.6 TIRAF-IRM-fluorescence microscopy

A direct comparison of the two techniques, TIRAF and IRM, was done by obtaining images
of the cells expressing ECFP-vinculin with the both techniques sequentially. For this purpose,
we used an inverted microscope (Zeiss Axiovert 100, Germany) equipped with a reflector slider
antiflex with integrated polarization/analyzer system, a technique based on the principle of re-
flection contrast, to separate stray light from detected light [68][70]. Fibroblasts transfected
with ECFP-vinculin a few days in advance were prepared as described in the previous sec-
tion. For the experiments, the cells were cultured in a plexi-ring fixed on a glass coverslip
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Figure 2.10: Microscope setup used for TIRAF-IRM-fluorescence microscopy. For TIRAF microscopy;
AR: argon-laser, L: fiber optics, M: mirror, RS: rotary stage, P: prism, PD: photodiode, F3: longpass filter
(LP520). For IRM; HBO: mercury arc lamp, P,: polarizer, F1: interference and color glass filter, FT:
beam splitter, Pa: analyzer. For CFP-vinculin fluorescence microscopy; F2: bandpass filter (425/40), FT:
dichroic mirror (460LP), F4: bandpass filter (470/30). (adapted from Geggier and Fuhr, (1999))

(24mmE60mm£E0:17mm) which were cleaned, silanized and coated with fibronectin or laminin.
Shortly before the measurement, the culture medium was exchanged with PBS containing 50
1o/ml of rhodamine green maintained at 37*C.

First, a cell expressing ECFP-vinculin was selected under fluorescence microscope through an
objective with a magnification 63£ and a numerical aperture 0.8. An image was made with
a white light illumination for the purpose of recognizing the cell again for subsequent TIRAF
microscopy. Then the 488 nm laser beam was directed into a prism coupled onto one side of
the glass coverslip beside the plexi-ring with the cell culture and TIRAF image was captured.
Subsequently, the objective was exchanged with an oil immersion ANTIFLEX objective (Plan-
Neofluar 63/1.25 Oil Ph3 Antiflex) and the sample was illuminated with a mercury arc lamp (HBO
50W) in order to obtain an IRM image. Monochromatic light of , = 577:0nm was isolated by a
combination of an interference and a colored glass filter (03 FIM 008 and OG 570, Melles Griot).
The light passes through an integrated polarizer and reaches the sample through , =4 plate on
top of the objective as circular polarized light. The interference of the reflected light becomes
again linear polarized through the _ =4 plate, thus selectively observed through a beamsplitter and
then an analyzer [68][70]. Subsequently, a ECFP-vinculin image at the identical focus position
was made using a filter combination of a bandpass filter (HQ 425/40) for ECFP excitation and
a dichroic mirror (Q 460LP, AHF) to separate the excitation and emission, and a bandpass filter
(HQ 470/30) to detect the emitted fluorescence. A schematic diagram of the experimental setup
is shown in figure 2.10.
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Chapter 3

Cell-substrate separation

Cell-substratum distances of fibroblast cells cultivated on silicon chips coated with various ECM
proteins were determined using FLIC microscopy. Most culture dishes contained to a certain ex-
tent, mixed population of various cell shapes even when they were plated on the substrate coated
with the same protein. Cultured in medium without serum, the cells however exhibited distinct
adhesion properties depending on the coating. This explicit morphological characters facilitated
by the attachment to various ECM proteins confirm the specificity of cell-ECM interactions. The
average cell-substratum distances from FLIC microscopy calculations for each ECM protein are
shown in table 3.1. There were large deviations among the cells in the measured distances as well
as in the morphologies in each culture sample as seen in a histogram of figure 3.15.

3.1 Fibronectin

On fibronectin, the cells were pinned out developing smooth contour line along the cell periphery,
and adhered on the surface with homogeneous lower cell membrane. Both fibroblasts and cells in
neuronal cultures separated at around 50 nm from the substrate. In GD25-81A cells, fibronectin
preferentially bind to integrin ®vf33, but also to ®361 and ®561.

Fibronectin facilitated broad spreading of the cell body, which enhanced much larger attachment
area than on laminin. Almost no structure like lamellipodia was found among these cells. The
cells were already spread out smoothly 30 minutes after plating on the substrate as shown in
figure 3.3 (left). Most cells extended very smooth contour around the cell body with some sparse
long and thin filopodia-like extensions. Many cells remained flat and smooth against the substrate
during the first few hours of cultivation in medium without serum (figure 3.1). Some of the cells
with smooth contour exhibited very little filopodia.

The cells cultivated for longer time on fibronectin often formed parallel membrane ruffies (figure
3.3, right). Some of these structures developed between the substrate and the membrane appeared
like vesicles budding away from the cell membrane. Many cells also began to develop very
short hairy protrusions along the cell periphery and also rather irregular cell shapes. Most cells
during the first few hours of cultivation were pinned out in all directions as if the cell bodies
were stretched out with these forces at equilibrium. After certain length of incubation time, there
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Figure 3.1: An example of a GD25-B1A cell attached to fibronectin-coated silicon chip for about 1.5
hours. Left: FLIC micrograph of the cell stained with DilC1g. The areas used to measure fluorescence
intensities for distance calculation are labeled with boxes and corresponding microscopic oxide terraces
(heights from 1-4; 17.0 nm, 57.0 nm, 1057 nm, 147.9 nm). Right: Reflection micrograph with closed Abbe
condenser used to distinguish and assign the terraces 1, 2, 3 and 4 as sketched in the insert. Theoretical
curve fitted to the data points are illustrated in the next figure. The cells attached to fibronectin in general
appeared like a cloth pinned out on a flat surface.
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Figure 3.2: FLIC theory of the cell shown in the previous figure. Left: A theoretical curve with an average
distance between membrane and substrate d.eft = 48 8 0:5nm is fitted to the fluorescence intensities
measured at regions on each oxide step as labeled with boxes in the previous figure. Right: Histograms
of the fluorescence intensities within each of the labeled boxes 1, 2, 3 and 4 fitted by Gaussians.
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Figure 3.3: GD25-R1A cells plated on fibronectin-coated silicon for 30 minutes (left) and 3 hours (right)
after resuspending in medium without serum. The interaction with fibronectin clearly enhances prominent
cell spreading relative to laminin. After a few hours of incubation, the cells on fibronectin also lost smooth
attachment and began to develop regions of larger cell-substrate distance, often over the whole membrane
surface.

were notably many cells which lost the balance of stretching forces and began to develop patches
of detachment. These cells gave the impression of motile cells, where the reorganization of
cytoskeletal structure may be responsible for the perturbation of the spanned smooth membrane.
These ruffles aligned parallel to one another throughout the cell attachment surface, often seen
after longer incubation may be due to the pulling and stretching thought to take place in cell
migration. In contrast, the distance measurement by FLIC microscopy of cultures after various
length of time showed neither significant difference in the width of distribution nor in the mean
value. However, in many cases it became difficult to perform FLIC analysis of the distance
because of the rough membrane after longer incubation.

Reducing the fibronectin molecule by constructing a recombinant module of cell adhesion do-
mains 7-10 unexpectedly did not change the cell-substrate separation (left histogram in figure
3.4). Further, the cell morphology alone appeared unaffected in spite of the absence of second
cell attachment domain near the carboxy-terminus of the molecule (figure 1.1). However, if the
recombinant molecule contained a mutation in the RGD sequence that is considered to be recog-
nized by integrins in cell attachment to fibronectin, there was an apparent change in the membrane
structure. Although many cells indeed were able to adhere to the silicon chip coated with the re-
combinant molecules with a mutation, the ventral cell membrane was not spanned as smoothly as
on the wild-type recombinant module or the full fibronectin molecule.

Variation in separation distances among the substrates could arise from specific integrin subunits
involved in the interaction between the cell membrane and the ECM molecules. For instance,
attachment of GD25-B1A cells to laminin is mediated mainly by ®6B1 integrin heterodimer,
whereas both B1 and B3 integrin subunits are involved in the interaction with fibronectin. A
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Figure 3.4: Left: Histogram of GD25-B1A cells cultivated on fibronectin, recombinant of fibronectin mod-
ule Il 7-10 wildtype and its mutants, 1C, 2C, 3C. No obvious difference among the distances from the
recombinant modules were found. Right: Distances measured for GD25 cells cultivated on fibronectin
and for GD25-B31A cells also on fibronectin, but in the presence of RGD peptide; i.e.: comparison between
B3 and 31 integrin subunit binding to fibronectin.
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comparative experiments between the attachment of GD25 cells to fibronectin, which lack B1 in-
tegrin subunit expression, and the attachment of GD25-B1A cells to fibronectin in the presence
of RGD peptides were performed. The RGD peptides preferentially bind to 3 integrin subunit,
thus enables isolation of the integrin B1-fibronectin interaction in GD25-B1A cells. This way, a
comparison was made between the distances stretched by B3 integrin-fibronectin (in GD25) and
B1 integrin-fibronectin (in GD25-B1A with RGD peptides) interactions. No apparent difference
between the distances spanned by 31 and B3 integrin subunits was observed (right histogram in
figure 3.4).

3.2 Laminin

In the case where the cell attachment was through interaction with laminin, the cell-substrate
separation measured was on average 100 nm for both fibroblasts and neuronal cultures [12]. In
order to avoid the effect of multiple molecular stacking of laminin between the cells and the
substratum, FLIC microscopy was repeated with lower laminin coating concentrations. There
was no change in the distances among cultures on laminin coated at various concentrations (left
histogram in figure 3.5). Optical measurement of adsorbed laminin thickness performed in the
condition without cells and in a dried state has yielded approximately 3-4 nm. The cell-substratum
distance was subsequently measured using the same laminin-coated silicon chip after rehydration,
which still yielded around 100 nm [12].

On laminin adsorbed silicon chip, GD25-B1A cells stretched thin, needle-like filopodia but hardly
any lamellipodia during the first hour. The cells were able to attach to the laminin-coated sili-
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Figure 3.5: Histograms of distances measured by FLIC microscopy with GD25-B1A cells plated on
laminin-coated silicon at various laminin concentrations (left) and cells plated for various lengths of time
(right). The laminin concentrations depicted are the concentration at which the silicon chip was incubated
overnight in PBS with laminin. The cells were prepared as described previously and cultivated in medium
without serum mostly for approximately one hour till they were observed by FLIC microscopy, unless oth-
erwise stated as in the case of experiments in determining the time-dependency (right histogram).

Figure 3.6: GD25-B1A cells allowed to adhere on laminin for 30 minutes (left) and 3 hours (right) after
resuspending in medium without serum. During the first hour the cells attached with flat membrane on the
surface before spreading. In the cell culture incubated for longer than a few hours already contained many
cells with rough structures specially at the cell periphery.

con within half an hour of incubation, however many were still rounded, typically appeared un-
spreaded as shown in figure 3.6 (left). During the first one hour of cultivation, they attached to the
substrate with smooth membrane surface (figure 3.7). Cells cultivated on laminin for longer than
one hour began to possess very rough membrane structure, first in the vicinity of cell periphery,
leaving the center of the cell body rather flat on the substrate surface. The ventral surface often
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Figure 3.7: Typical GD25-B1A cells attached to laminin-coated silicon chip (top). Analysis of distances
for the corresponding cells are done based on the fluorescence intensities within the four rectangular
regions fitted to the theoretical curves (bottom). The fluorescence from DilCyg are the brightest on oxide
1 and 2 when the dye molecules embedded in the membrane are around 100 nm away from the silicon.
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Figure 3.8: FLIC microscopy performed on GD25-B1A cells cultivated on laminin and its fragments, E8
and LN ®1 VI/V. The distance was considerably reduced when the cells were plated on only a fragment of
the whole laminin molecule, to the values corresponding to the fragment size.

became no longer flat throughout the adhesion area, instead it formed ruffles and often patches
of larger separation from the substrate. Such inhomogeneous membrane structure along the cell
periphery around the smooth attachment area at the center of the cell bodies eventually formed
lamellipodia-like structures (figure 3.6, right). After longer incubation than 2-3 hours, some cells
began to lose the flat adhesion area even at the center. In spite of the morphological changes after
longer incubation, the cell-substratum distance was still maintained at around 100 nm as shown
by the right histogram in figure 3.5.

Reducing the laminin molecules down to smaller fragments retaining their cell adhesion property
have yielded considerably smaller cell-substratum separation (figure 3.8). Attachment to a cell
growth and adhesion promoting elastase fragment of laminin, E8, which consist of the carboxy-
terminus long arm from all three laminin chain resulted in average separation of 52 nm. On a
fragment obtained from the ® chain of laminin, LN ®1 VI/V, the distances were slightly smaller
at around 40 nm. The cells were able to attach with homogeneous surface on the substrate coated
with such fragments of laminin molecule, but most of them did not spread a large attachment
area (figures 3.9 and 3.10). Some long filopodia similar to that of cells cultivated on full laminin
molecules were still present on laminin E8 and LN ®1 VI/V. Also, many short filopodia-like
protrusions were found along the cell periphery. On E8 fragment, the cell body possessed strange
round overall shape, however, the cells had surprisingly smooth ventral membrane surface. The
cell periphery appeared quite thin due to the extensive lamellipodia, indicating that the upper
and lower membrane were almost glued together. The cells attached to LN ®1 VI/V had many
short hair-like protrusions at regular intervals along the periphery, but hardly any lamellipodia
was observed. Most cells were attached with very smooth membrane except for some distinct
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Figure 3.9: Typical morphology of GD25-B1A cells cultivated on laminin fragment E8 (1 hour) in medium
without serum (top). Corresponding distance analysis by FLIC microscopy are shown underneath each
figure. The ventral membrane surface is much closer to the substrate than that of the cells on whole
laminin molecule. Now, the regions on oxide 2 and 3 are the brightest, which correspond to distances in
the range around 50 nm.
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Figure 3.10: GD25-B1A cells attached to the laminin fragment, LN ®1 VI/V for 1 hour (top). Not only the
distance, but the appearance of cells also changed, most likely due to absence of other domains of the
native molecule where interaction with cells takes place. The corresponding analysis of distance by FLIC
microscopy at the marked regions are shown below each figure.
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Figure 3.11: GD25-81A cells cultivated on silicon chip coated with collagen type IV. Top: Typical fibrous
membrane can be observed by staining with DilC1g. Bottom: Corresponding analysis of cell-substratum
separation shows a large uncertainty in fluorescence intensities at each oxide thickness due to inhomo-
geneity. The rough membrane made it difficult to determine the representative fluorescence intensity at
each oxide area.

dot patterns. In most cases they adhered with simple round cell shape without distinguishable
contour.

3.3 Collagen Type IV

Although collagen molecules are considerably larger than any other ECM proteins, FLIC mea-
surements with collagen of type IV have yielded distances around 55 nm with a large deviation,
most likely due to flexibility in its tertiary structure. Attachment to collagen type IV promoted
formation of fibrous and inhomogeneous lower cell membrane surface. Unlike on fibronectin,
cell body did not seem to spread on the substrate but instead, simply attached to the solid sur-
face and extended filopodia-like structures similar to the cells on laminin (figure 3.11). The
GD25-B1A cells bind to collagen type IV only through integrin ®381 which recognizes the RGD
sequence. The fibrous surface of the membrane made it difficult to select the representative lo-
cal fluorescence intensity of the membrane embedded DilCyg dye molecules in determining the
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Figure 3.12: GD25-B1A cells attached to fragment CB3 for 1 hour (left) and 2.5 hours (right). The
isolation of cell attachment domain has induced a noticeable change in cell morphology. The cells adhered
fo CB3 seemed to lose the cytoskeletal reorganization seen as fibrous membrane of the cells adhered to
full collagen molecule. Unlike the cells on fibronectin or laminin, these cells maintained the same cell
morphology even after longer period of incubation.

cell-substrate separation. Contrast to the cells on fibronectin and laminin, there was no apparent
change in cell morphology after several hours of cultivation on collagen type IV.

Isolation of a cell adhesion fragment CB3 from collagen type IV, which is approximately 40 nm
long has reduced the cell-substratum distance only by around 10 nm as shown by a histogram in
figure 3.13. Many cells attached to the fragment CB3 developed circular deformation of around
0.5 Tm in diameter away from the substrate towards cytoplasmic side (figure 3.12, left). Apart
from these distinct structures, the cells attached with a very smooth membrane to the surface
resembling the cell culture on fibronectin. However, many cells protruded short filopodia-like
structures all along the cell periphery giving a hairy appearance. The cells also did not give the
impression of spreading or spanning like the cells attached to fibronectin and the adhesion area
was notably smaller. Unlike in the case of cultures on laminin and fibronectin, the cells did not
change their appearances even after 3 hours of incubation (figure 3.12, right). No ruffles were
developed, and the cells stayed attached flat on the substrate.
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Figure 3.13: Histogram of FLIC microscopy performed with GD25-B1A cells cultivated on collagen type
IV and its fragment CB3. Unlike in the case of laminin, reducing the molecular size of collagen down to a
fragment of around 40 nm long did not affect the cell-substrate distance, but at most, reduced on average
by 10 nm.

3.4 Vitronectin

The fibroblasts exhibited similar morphology when plated on fibronectin and vitronectin. The
figure 3.14 (left) represents a typical cell cultured on vitronectin. The cell-substrate separation
was around 40 nm, slightly less than the distance on fibronectin.

3.5 Polylysine

The distance measurements with cells seeded on polylysine represents the case of nonspecific
cell-substratum attachment, established solely through an electrical interaction between the neg-
atively charged lipid membrane and the positively charged polymers. Here, the distances were
determined to be around 10-20 nm.

In contrast to ECM substrates, the cells adhered to polylysine coated silicon chips showed no
variation in appearance among the cultured population. Typical GD25-B1A cell is shown in
figure 3.14 (right). All the cells plated on polylysine coated silicon chip stayed round, appeared
tightly and mechanically glued to the substratum surface. The dorsal membrane at cell periphery
appeared often pulled flat towards the ventral side of the cell.

3.6 Discussion

These experiments with fibroblasts together with the previous studies with neuronal cell culture
[12] suggest that the absolute values of separation between the cell and substratum arise neither
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Figure 3.14: GD25-B1A cells plated on vitronectin (left) and on polylysine (right) for 1 hour. The ap-
pearance of the cells adhered to vitronectin was not distinquishable from the cells on fibronectin. The
cells attached to polylysine appeared all quite similar to each other. At the cell periphery, top and lower
membrane seemed glued together due to the electrical attraction towards the polylysine-coated substrate.
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from the cell type nor from the transmembrane receptor. Rather the distance seem to depend on
the conformation of the adsorbed ECM molecules which mediate the cell adhesion to solid sur-
face. Single laminin molecule extends to around 110 nm and fibronectin molecules are approxi-
mately 120-160 nm in length according to electron micrographs with rotary shadowing technique
[74]. Structural studies of integrin molecules approximate the extracellular length of the stalk
to be 12-20 nm. In order to maintain a space of 100 nm between the membrane and the sub-
stratum, this implies that the laminin molecules cannot simply be lying flat on the solid surface
as measured in a dried state upon binding to the transmembrane receptors. The actual molecu-
lar configuration of laminin and fibronectin upon binding to cell membrane must be investigated
in order to understand for instance the cause of the large difference between the cell-substratum
separations induced by these two ECM proteins of similar lengths. From the studies done on fi-
bronectin molecule by electron microscopy, it is known that the dimer has flexibility in extension
as well as in bending [27]. On the other hand, the rigidity of laminin structure can be suggested
by the combined the knowledge in molecular structures from previous studies and the present

measurements of absolute cell-substratum distances.

cell substrate integrin subunits | mean values (nm) | conditions
GD25-B1A | laminin ®6B1, ®3B1,®6B4 | 91 816

GD25-B1A | fibronectin ®vB3,®5B1,®3B1 | 5086

GD25-B1A | vitronectin ®vB3, ®vR5 4284

GD25-B1A | collagen type IV ®3B1 55812

GD25-B1A | polylysine - 1886

GD25-B1A | E8 laminin fragment ®6B1, ®781 5286

GD25-B1A | LN®1IV/V ®3B1 4088

GD25-B1A | CB3 (collagen IV fragment) | ®381 4387

GD25-B1A | fibronectin ®581, ®361 4386 RGD peptide
GD25 fibronectin ®vh3 5287

Table 3.1: Average values of cell-substratum separation distance measured with FLIC microscopy.
GD25-beta1A/GD25 cells express distinct integrin heterodimers which interact specifically with ECM pro-
teins. The cells were resuspended twice in PBS in order to wash away serum and other adhesion
molecules produced by the cells themselves. Following the wash, the cells were cultivated in medium
without serum on various ECM proteins. The results shown in the table are measurements from cells
cultivated for around one hour.

There are numerous studies done on cell adhesiveness to matrix substrates by cell attachment
assays [89]. These investigations show how well the substrates mediate in retaining the cells
adhered to a solid surface in terms of percent cells withstanding a mechanical stress applied by
washing the samples with buffer solution. Together with the adhesiveness determined by such
studies, the absolute distances measured by FLIC microscopy shows that the laminin molecules
bind cells tightly, at the same time retains them away from the substrate surface with a large
separation. There are also quantitative studies done on the actual strength of the cell-substrate
binding [31]. They report that cell adhesion strength increases linearly with ®5B1 integrin and
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Figure 3.15: Histogram of FLIC microscopy performed with GD25-B1A cells cultivated on various ECM
proteins. The cell-substratum distance was measured at one or more small selected area in each cell
attached to ECM-coated silicon chip. The frequency count was done with data from several experiments
to confirm the consistency of the obtained values.

fibronectin surface density; i.e. change in adhesion strength is proportional to number of integrin-
fibronectin bonds. Here, we could conclude that the strengthening of the cell attachment to the
substrate does not change the cell-substrate separation, since the distance is independent of the
amount of ECM proteins coated on silicon and most probably, even of the number of integrin-
fibronectin bonds.

Serum

Cells cultivated in the presence of serum appeared in general fibrous with rough membrane-
substrate attachment surface, regardless of the type of protein coated on the silicon. In such
conditions, cells adhere to the substrate through nonspecific interactions in the presence of various
ECM components produced by themselves as well as adhesion molecules contained in the serum.

Focal contacts

The topography of the cell-substratum separation distance constructed from the FLIC microscopy
measurements show no focal plaque which should be present as regions of plasma membrane
sharply approaching to the silicon dioxide surface down to 10-15 nm [48][55]. The profile anal-
ysis displayed either homogeneous gap throughout the cell body or inhomogeneity that did not
resemble the structure of previously described focal plaques from the observations made with
IRM.
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A similar study was done on growth cone adhesion to various ECM coating using IRM [40]. They
have investigated the growth cone-substrate association also by observing substrate-associated
membrane. Their IRM analysis have yielded cell-substrate distance for laminin and polylysine to
be greater than that for fibronectin and collagen I'V. They have found that growth cones associate
with laminin and polylysine less than with fibronectin and collagen I'V based on their observation
of membrane association with the substrate. There, they interpreted these regions of membrane
that remain adhered to the substrate after detachment of the growth cones as site of close contacts,
since they appear as dark interference patterns in IRM images. With FLIC microscopy, studies
that provide additional information on the molecular interaction at the cell contact site to the
distance measurement must be performed to understand the difference between the results from
these techniques.
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Chapter 4

Distance maps and vinculin

In order to visually localize the molecular events of cell adhesion to solid surface in living cells,
the green fluorescent protein (GFP) from the jellyfish Aequorea victoria was used to tag vinculin,
a protein found to be present at the site where the cells develop an adhesion structure, focal
contact. DNA-sequence manipulations allow to express the protein of interest with the GFP
tagged either at its carboxy-terminus or amino-terminus without interfering with the expression
and functions of the native protein. For the purpose of present investigation, retention of the
intact expression and transportation of vinculin was a critical factor after the construction of the
fusion chimera. Immunostaining of the native protein was employed as reference to confirm the
expression of the fusion constructs.

As already discussed in introduction, vinculin is an actin-binding protein well accepted as an
identification of focal contacts, as it is usually located at membrane insertion sites of microfila-
ment bundles [62]. The molecule is a single 115 kDa polypeptide consisting of three structurally
and functionally distinct domains; a 90 kDa compact head, a proline-rich hinge region and a 29
kDa rod-like tail [19]. It is a major and ubiquitous component of adhesion plaques and cell-cell
junctions [29]. The molecule plays a key role in stabilizing the linkage between the microfil-
aments and the transmembrane receptors of the cadherin and integrin families. Microfilaments
are major cytoskeletal components involved in determining cell shape, dynamics and adhesion of
eukaryotic cells.

4.1 Fibroblasts

Correlation studies were performed between FLIC microscopy and GFP-vinculin with fibroblasts
cultured on either fibronectin or laminin. GD25-B1A cells showed quite different expression
pattern of GFP-vinculin depending on the ECM proteins. A brief experiment with HEK293 cells
showed no reaction of the fusion protein upon attachment to either fibronectin or laminin.

4.1.1 Fibronectin

Vinculin expressed in GD25-B1A cells adhered to fibronectin were reorganized into classical pat-
tern of stripes which has been understood as focal adhesion plaques. Immunostaining of vinculin
in the cells transfected with the GFP-vinculin fusion construct confirmed the validity of GFP-
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Figure 4.1: GD25-B1A cells transfected with GFP-vinculin construct was seeded on fibronectin in
medium without serum, and fixed with paraformaldehyde after 2 hours of cultivation. Left: Fluorescence
of immunostaining with anti-vinculin followed by Cy3. Right: GFP-vinculin fluorescence of the same cell.
Immunostaining of vinculin was taken as a reference in order to confirm that the expression pattern of
GFP-vinculin precisely represented the distribution of entire vinculin expression in the cells including the
endogenous vinculin.

vinculin fluorescence in showing the complete vinculin expression in these cells (figure 4.1).
Also the expression pattern of the fusion protein was closely compared with the previously per-
formed anti-body staining of vinculin in GD25-81A cells in order to exclude any possibility of
the chimera interfering the general expression and reorganization of vinculin [89].

Figure 4.2: A GD25-81A cell transfected with GFP-vinculin construct. The cells were plated on fi-
bronectin-coated silicon chips for 1.5 hours and observed under microscope. Most cells have recruited
the fusion protein to cell periphery but only into thin stripes. The membrane was still smooth as shown by
DilCyg staining. Left: GFP-vinculin expression, Right: FLIC microscopy.

The cells normally recruited vinculin at the cell periphery during the first one hour (figure 4.2).
After a few hours, thick stripes of vinculin clustering began to appear throughout the cell body.
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Figure 4.3: GD25-R31A cells expressing GFP-vinculin. The cells were cultivated on fibronectin for 3-5
hours in serum free medium. Top row: GFP-vinculin expression. The cells recruited vinculin into pattern
of stripes identical to focal adhesion plaques. Bottom row: FLIC microscopy. Ventral membrane of the
corresponding cells were observed by staining with DilCyg for cell-substrate separation analysis.

The GFP-vinculin images from such culture showed typical pattern of focal adhesion which have
also been observed in IRM images. These stripes of vinculin were often parallel to one another.
This clustering appeared to induce formation of membrane ruffies which also aligned in the same
orientation as the vinculin stripes. Precise analysis of cell-substrate distance at and around the fo-
cal adhesion molecule, vinculin, was done by constructing a topography of selected small regions
of FLIC microscopy image and its corresponding GFP-vinculin fluorescence image (figure 4.4).

The profile analysis was done as described in the materials and methods section in chapter 2.
The regions suited for constructing a cell-substrate distance profile along with the corresponding
typical vinculin pattern were limited due to several factors. First, on fibronectin, cells are on
average around 50 nm away from the silicon oxide surface. This leads to the fluorescence intensity
values of DilC;g emission only on oxide 1 and oxide 3 along the slope of the fitted curve (equation
(10)), where the fluorescence intensity is sensitive enough to the changes in the dye position, i.e.,
to the cell-substrate separation. Secondly, the fluorescence detected from the GFP emission is
also affected by the interference with the reflection (an approximation of the position of GFP
relative to the silicon oxide surface based on its random orientation and using this interference
effect is discussed in a separate chapter). The effect of interference is most visible in the GFP
pattern of the middle cell in figure 4.3. It is clear that the fluorescence detected over oxide 3
and oxide 4 are very weak due to destructive interference, and bright over oxide 1 and oxide 2
due to constructive interference. These factors resulted in limitation of such comparative profile
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Figure 4.4: Top row: Fluorescence intensity of the cell membrane stained with DilC1g around the la-
belled regions (in the previous figure) versus the thickness of silicon dioxide, fitted with a theoretical curve
for distance around box b: 41 nm, box c: 45 nm, box d: 52 nm. Second row: GFP-vinculin expres-
sion and corresponding profile of the distances at the labeled regions. The gray scale representing the
cell-substrate distance is shown at the bottom.
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Figure 4.5: Confocal microscopy of GFP-vinculin transfected GD25-81A cell on fibronectin. At the right,
close up of the region labeled with a box is shown. The third box is the same close up of FLIC micrograph
with the presence of vinculin depicted as green .
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analysis to region over oxide 1. Several examples of representative correlation studies are shown
in figures 4.3 and 4.4.

There was no defined structure of close association between the substrate and basal region of the
cells at exact position of focal adhesion clusters (figure 4.5). The membrane regions correspond-
ing to strong GFP-vinculin patterns usually developed ruffles parallel to the vinculin stripes rather
like a folding of the membrane than a dent approaching the substrate. The pattern of membrane
deformation in the vicinity of focal contacts recognized by the GFP-vinculin fluorescence was
often more complex than the pattern of these biochemically defined focal adhesion plaques. The
membrane deformation consisted of lipid membrane folded either towards the cytoplasmic side
or towards the substrate. In most cases rows of folded membrane were formed both at and around
the GFP-vinculin aggregates as seen around box d in figure 4.4. Additionally, dot-like struc-
tures of around 500-800 nm in diameter were occasionally formed in the neighborhood. These
dot-like membrane structures approaching the substrate were found nearby vinculin aggregates
without apparent general rule in terms of its relative position to the vinculin aggregates (boxes a
and d in figure 4.4). The GFP-vinculin aggregates appeared also as densely distributed dots in
some cells. However such protein clustering seemed not to directly induce membrane deforma-
tion as expected. There was no difference observed when the same experiments were done with
the GD25 cells.

4.1.2 Laminin

On the other hand, attachment to laminin induced vinculin clustering only weakly in these cells.
The fusion protein was mostly expressed diffused without distinct pattern of focal adhesion (figure

Figure 4.6: Left: GFP-vinculin expression in GD25-B1A cells cultured on laminin (2 hours). Typically
the fusion protein was present diffused in the cytoplasm as shown in this figure. Right: Fluorescence
of DilC,1g embedded in the ventral cell membrane. Regardless of whether the cell attached with smooth
membrane as in this case or with rough membrane, the expression of GFP-vinculin was not reorganized
into any pattern in the cells adhered to laminin.
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Figure 4.7: Confocal microscopy of a neuronal culture on fibronectin-coated silicon chip, transfected with
GFP-vinculin. Left: Fluorescence microscopy of GFP-vinculin fusion protein. Vinculin clusters were found
concentrated at the roots of filopodia and lamellipodia. Right: FLIC microscopy of the corresponding cell
shows the filopodia and lamellipodia extending further than the position of vinculin clusters.

4.6). Cultivation up to approximately 6 hours in the medium without serum did not change the
distribution of the fusion protein. This observation indicates that the early stages in attachment
of these fibroblasts to laminin does not involve vinculin reorganization. Only after around 10
hours of cultivation in this condition, some cells began to recruit vinculin into patterns of thin
stripes. The corresponding FLIC microscopy showed development of rough ventral membrane
often with fibrous surface. Due to this inhomogeneous membrane structure, quantitative analysis
of the distance was not possible. Similarly GFP-vinculin was expressed diffused in HEK293 cells
transfected with the same fusion construct. These cells did not react either to fibronectin nor to
laminin.

4.2 Neuronal culture

The level of GFP-vinculin expression was much lower in the case of cells in primary neuronal
culture prepared from rat hippocampus. Occasionally diffused expression in the cytoplasm was
present, but at much lower level than observed in GD25/GD25-B1A cells. The expression patterns
between the cells cultured on fibronectin and laminin were not distinguishable. This is in contrast
to the large difference in cell-substrate distances, where for fibronectin is on average 50 nm and
on laminin, which is 100 nm. This indicates that the variation in the distances may be irrelevant
to the expression pattern of vinculin at the cytoplasmic side. The results presented in this section
are all from experiments with confocal FLIC microscopy.

4.2.1 Fibronectin and laminin

The GFP-vinculin was mainly recruited at the cell periphery and at the tips of filopodia, con-
sistent with previous findings [3]. Some cells with smooth contour expressed the fusion protein
selectively along the contour, as shown in figure 4.10. There were also such GFP-vinculin expres-
sion with filopodia- or lamellipodia-like structures extending from the contour line (figure 4.13,
box ¢). In some cases, vinculin aggregates were found to concentrate at the roots of filopodia and
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Figure 4.8: Neuronal cell culture on fibronectin observed by confocal microscopy. Left: GFP-vinculin
expression in a glia cell. Mostly adhesion pattern of vinculin was observed along the cell periphery. Right:
FLIC microscopy. Despite of sparse vinculin distribution, the membrane shows roughness.
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Figure 4.9: An example of smooth cell adhered on fibronectin. Left: Vinculin expression is restricted to
cell periphery. The level of diffuse expression is much lower compared to that in fibroblast cells. Middle:
FLIC micrograph shows its smooth membrane. Right: Theoretical curve is fitted to the measured fluo-
rescence intensities from confocal microscopy to estimate the cell-substrate distance. Distance = 51 8§ 2
nm.

lamellipodia (figure 4.7 and figure 4.13, box a). This is in agreement with the darker patterns be-
hind the extended brighter mottled band of lamellipodium observed in the IRM images, matching
the indirect immunofluorescent staining for vinculin [22]. Other cells clustered focal adhesion
molecules into stripes aligned parallel to one another and oriented perpendicular with respect to
the cell periphery, which were between 2-5 Tm long (figure 4.11 and figure 4.13, box d).

Previous studies have reported that neuronal cells lack focal contacts where astrocytes form both
point contacts and focal contacts [81]. The occasional focal contact-like stripes found in our
neuronal culture and this report suggest that the cell shown for example in figure 4.11 could be
an astrocyte.
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Figure 4.10: Primary neuronal culture on laminin. The culture was transfected with GFP-vinculin con-
struct 1-2 days after its preparation. The cells were observed by confocal microscopy one day after the
transfection. Left: GFP-vinculin expression. In most cells, the fusion protein expression was limited to the
cell periphery. Right: FLIC micrograph made with confocal microscopy. In the absence of vinculin cluster,
the cell membrane spanned a smooth surface against the substrate coated with laminin.

Many cells developed hairy filopodia which contained vinculin along the protrusion and at the
tips (figure 4.8). An example is shown in a selected area labeled as box d of figure 4.13, where
vinculin is present at the tips of filopodia as previously described with respect to the studies done
in neuronal cultures [3].

In the cell body, only some stripes of vinculin clustering were found in agreement with their
observation. Only rarely there were stripes aligned parallel to one another as observed in the
fibroblast cells. In several cases, the membrane attached to fibronectin observed by FLIC mi-
croscopy indicated very rough cell-substrate interface where vinculin clusters were formed at cell
periphery. However, the position of the protein aggregates and the membrane structure did not
match directly as shown in the close up in the box b of figure 4.13. On laminin, clusters of vin-
culin did not seem to induce membrane roughness (figure 4.13, box e). The cells adhered to
laminin exhibited extremely smooth ventral membrane as shown in figure 4.12.

All together, the cells from rat hippocampus cultured in DMEM supplemented with 10% FBS
were attached to both fibronectin and laminin with rather flat ventral membrane surface, whereas
cells cultivated in neurobasal exhibited much rougher surface. The vinculin aggregates such as
radial recruitment induced rough membrane surface, however, the cell body itself often remained
smooth (figure 4.9). There, the rough membrane structures made it difficult to decipher the exact
distance to the substrate. There were many cases where the membrane was rough without any
presence of vinculin, and in other cases, the membrane was smooth with the presence of vinculin
clusters. There were some dots of vinculin which did not affect the distance at all. But in general,
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Figure 4.11: Confocal microscopy of neuronal cell culture prepared on laminin. The cells were trans-
fected as already described. Left: GFP-vinculin expression showing radial pattern of clusters in an as-
tfrocyte. Right: FLIC microscopy. No apparent membrane structure related to the pattern of vinculin
expression was found.
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Figure 4.12: An example of smooth cells adhered on laminin. Some vinculin clusters are found in the
region marked with box e (left). The corresponding FLIC micrograph (middle) shows no deformation in the
membrane at this location. The cell-substrate distance is estimated to be 97 8 2 nm (right).
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Figure 4.13: Close up of the areas marked in the previous figures. Top row: GFP-vinculin expres-
sion. Middle row: FLIC micrograph. Bottom: FLIC micrograph with overlay of GFP-vinculin distribution.
GFP-vinculin fluorescence pattern above certain threshold level is marked in green, at the same time
conserving the intensity gradient of FLIC micrograph. Box a: Vinculin is concentrated at the root of filopo-
dia-like protrusions. Box b: Vinculin clusters do not correspond to the roughness of the membrane. The
area is over oxide 2. Box c: Vinculin is highly localized at the tips of filopodia. Box d: Vinculin stripes
are aligned parallel to one another and radially from the cell body. Box e: Despite of vinculin clusters, no
deformation is observed in the membrane. The numbers in red represent the oxides.
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strong aggregates of vinculin at the cell peripheries induced a region of rough membrane.

4.3 Discussion

According to previous studies on focal adhesions, sharp deformation of membrane approaching
the substrate were expected precisely at the position where the vinculin molecules are clustered
[4][48][71][79]. Here, the observation done by GFP-tagging of vinculin together with FLIC
microscopy shows complexity in cell-substrate distance as a consequence of reorganization of
adhesion molecules. In fibroblasts, the recruitment of vinculin into aggregations seemed to induce
lipid membrane reorganization which appeared similar to the pattern of molecular clustering. The
induced membrane deformation was however, in most cases, much more complicated than the
classical stripes of focal contacts observed by IRM. The membrane also did not appear to be
pulled towards the substrate. Instead it exhibited ruffles at and around the region of contact site
by forming folding of the lipid membrane which was spread smooth otherwise. According to the
analysis of FLIC measurement, the upward folds towards the cytoplasmic side of the membrane
could be up to 30 nm above the rest of the ventral membrane. The downward folds could be close
to the substrate approximately at 20 nm. These folds did not usually match the position of the
vinculin aggregations.

Earlier immunostaining studies have indicated similarity among distribution of fibronectin label-
ing, expression pattern of cytoskeletal components such as vinculin and actin, and the dark streaks
of IRM image [4][62]. For instance, double-label immunofluorescence experiments demonstrated
coincidence and collinearity between actin and fibronectin in well-spread fibroblasts. Also when
cultured in low serum medium, thereby arresting at G1 phase of the cell cycle, expression of
vinculin in fibroblasts were similar to the pattern of fibronectin fibers at the substrate surface
underneath the cells. This co-distribution was also found to be most prominent in the perinu-
clear region of the cell. These linear fibronectin and vinculin containing adhesion complexes
appear collinear with the major ventral stress fibers, which are the locus of a major type of sub-
strate adhesion complex of stationary fibroblasts. It has also been found that the fibronectin does
not co-distribute with focal contacts in these cells cultured in medium containing more than 5%
serum. Under such conditions, the cytoplasm is actively mobile, the stress fibers are not highly
developed, and focal contacts are in a state of rapid flux.

The cells in the primary culture of rat hippocampus on the other hand expressed vinculin at limited
level, mainly at and along the cell periphery. Some studies done earlier have indicated focal con-
tacts in the absence of many cytoskeletal components such as vinculin, talin and p125FAK . Point
contacts are such commonly observed site of cell adhesion without involvement of cytoskeletal
components in many neuronal cells. In PC12 cells, vinculin is found to only partially co-localize
with such point contacts [3]. The localization of vinculin in the tips of filopodia is suggested as
area of the strongest adhesion of cells to the substrate [92]. The membrane roughness found with-
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out vinculin expression could well be the site functional not in cell adhesion, instead may have
other roles in cell motility. Also, the attachment of fibroblast cells on laminin without vinculin
aggregation may suggest another mechanism of cell adhesion which takes place without associ-
ation with cytoskeletal proteins [20][90]. These two different expression patterns of vinculin in
fibroblasts and neuronal culture implicate the two different functions residing in distinctly dif-
ferent interactions of fibronectin with receptor molecules in motile cells compared to non-motile
cells.

In fibroblastic cells, two types of adhesive cell-substrate contact in culture are specifically de-
scribed; the focal and close contacts [22]. Depasquale et al. [22] have postulated a precursor
of focal contact formed by accumulation of F-actin at the membrane before the contact occurs.
Here, they have followed the sequential events leading to the structural and molecular organi-
zation of the focal contact and associated adhesion plaque and stress fiber complex. They have
observed that the focal contacts defined by dark pattern by IRM images are formed in the pres-
ence of these F-actin accumulations. In the leading lamellipodium, they have detected an F-actin
rich rib, in the absence of vinculin and as bright band in the IRM image. They have interpreted
such cases as a precursor of contact formation. During a time-lapse observation of IRM images,
they have marked several dark patterns which after fixation, matched the F-actin but not necessar-
ily the vinculin staining. This could explain our observation in FLIC images of rough membrane
in the absence of GFP-vinculin. Distribution of contact sites without vinculin must therefore also
be visualized in order to find out whether cells do in fact make close apposition at focal contacts.
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Chapter 5

Distance maps and Integrin 31

In order to locate directly the molecular docking site of the membrane to ECM proteins, B1
integrin subunit was tagged with GFP. This subunit has been implicated as the largest family of
integrins [48]. Mutagenesis studies have suggested that its cytoplasmic domain interact directly
with the cytoskeleton [57][59]. In many cells, B1 family of integrin is in particular found to
play a central role in cell-substrate adhesion, by forming transmembrane links between ECM
components and the actin-cytoskeleton. For example, B1-class integrins specifically have been
shown to mediate neuronal attachment and process of outgrowth in response to several ECM
proteins.

Ligation of GFP cDNA between a signal peptide and the amino-terminus of 1 integrin cDNA
after its endogenous signal peptide results in the expression of B1 integrin with GFP hanging
at the end of its extracellular domain. After the fusion proteins are folded and transported with
an appropriate ®-subunit partner to the cell surface with the help of the signal peptide, they are
cleaved at right after the signal peptide.

In this section, membrane deformation observed by FLIC microscopy is compared to the GFP-
31 integrin distribution, which are sites where the membrane form a link between substrate and
cytosolic proteins that cause membrane trafficking. Fluorescence microscopy of the cells trans-
fected with the fusion construct localize the distribution of the extracellular domain of 31 integrin
bound to ECM proteins as well as being transported to the final destinations.

5.1 Fibroblasts

All the experiments presented in this section are done by confocal FLIC microscopy. The GD25
cells lacking integrin B1 expression was transiently transfected with the fusion construct of GFP
and integrin B1 as described for GFP-vinculin. The transfected cells cultured on silicon chips
for the measurements were prepared also as described in the method section in chapter 2. The
expression of the fusion protein in the cells were observed both in cultures on fibronectin and
laminin.

5.1.1 Fibronectin
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GFP-B1 integrin was seen as dense mesh-like pattern and occasionally also as stripes and small
dots. The larger aggregations often present around and excluded from the cell nucleus are most
probably the fusion proteins on the way to the cell surface. At cell periphery, fluorescence was
observed to the tip of filopodia and along the contour. If the cells were incubated for longer than
one day, the fusion protein was recruited into thin stripes, often radially aligned from the center
of the cell body (figure 5.4). The intricate grainy pattern of 81 integrin expression matched the
roughness of the membrane (figure 5.3). Close comparison between the GFP and FLIC micro-
graphs (figure 5.8, boxes a-d) showed that integrin 81 is present mainly in the areas where the
membrane is separated from the substrate at around 50 nm, which is the average distance cal-
culated (graph in figure 5.2). The regions of upward and downward ruffling of membrane were
devoid of integrin B1. Due to the interference effect, GFP was most visible on oxide 2 and 3.

Some retracted cells have left the fusion protein on the substrate where they were previously
attached to. At the left side of the cell in figure 5.1, fluorescence of the GFP is present as a mesh-
like pattern forming triangular areas. The fluorescence of membrane-embedded DilC;g shows
that the cell has retracted to a slim shape leaving only a few thin filopodia-like protrusions at its
left side. Previous observations indicate that an appreciable fraction of 81 integrins are known to
remain behind the cell through ripping process [71]. Cytoskeletal components however, do not
remain behind with integrin. Consistent with these findings, we have also never found retracted
cells leaving any GFP-vinculin behind.

Figure 5.1: At the left side of the cell, GFP-B1 integrin is left behind on the substrate, indicating that the
cell has been translocated. Since GFP molecule is expressed extracellularly at the amino-terminal of the
B1 subunit, it is not clear whether the entire subunit stayed behind, attached to fibronectin, or only the
extracellular domain is ripped off from the [-subunit.

76



Fibroblasts

N

S

S
T

150

@
S
T

distance =26 + 1 nm

fluorescence intensity [arb. units]
<)
8

o

50 100 150
oxide thickness [nm]

o

Figure 5.2: An example of well-spread fibroblast cultured on fibronectin (2 hours). GFP-B1 integrin
shows grainy distribution with occasional small dots. The position of GFP relative to silicon (mirror) in-
duces an interference effect of the incident and the emitted light that appear as checker board of repeating
dark and light squares.

Figure 5.3: An example of fibroblast with rough membrane. Although cultured under the same condition
on fibronectin, this cell exhibited complicated pattern of adhesion. GFP-B1 integrin expression echoes
somehow the membrane deformation.
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Figure 5.4: GD25 cell with GFP-B1 integrin adhered to fibronectin overnight. The fusion protein appears
in stripes aligned radially from the center of the cell body. This cell still shows relatively smooth membrane
despite of a long cultivation period.

5.1.2 Laminin

The GFP-B1 integrin transfected GD25 cells were plated also on laminin and the expression of
the fusion protein was observed after various length of incubation time. Introduction of GFP-31
integrin allowed the originally 81 integrin deficient cells to bind to laminin through integrin het-
erodimer, ®6B1 [89]. In most cases, the cells required much longer time before the GFP-integrin
31 was recruited to exhibit any clusters. On laminin coated substrates, the GFP-81 integrin fu-
sion protein appeared sparsely during the first hour as dots (figure 5.5) and eventually began to
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Figure 5.5: The early stage of GD25 cell attachment to laminin (1 hour). GFP-B1 integrin is distributed
in diffuse points. The membrane is smooth, approximately 94 nm away from the substrate as estimated
by FLIC microscopy (right). The cell stretches filopodia-like protrusions.
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Figure 5.6: GD25 cell expressing GFP-R1 integrin, cultured on laminin for 2.5 hours in medium without
serum. The fusion protein is distributed in fine points and dots throughout the cell body. There are some
correlating membrane roughness as shown on the right, in the labeled box f.

distribute throughout the cell body several hours after the cells were seeded in medium with-
out serum (figure 5.6). There were no cells which had diffused expression as observed with the
GFP-vinculin expression in the cells cultivated on laminin. This suggests that the GD25 cells
attach to laminin through ®6B1 integrin heterodimer without inducing aggregation of vinculins.
Whether reorganization of other focal adhesion molecules such as talin and paxillin is also ab-
sent in these cells attached to laminin must be investigated further. After overnight cultivation in
the same medium (figure 5.7), the fusion protein was recruited to form thin, often parallel stripes
throughout the cell body. The expression pattern became similar to that of GFP-vinculin and also

Figure 5.7: GD25 cells transfected with GFP-B1 integrin cultured on laminin, overnight in medium without
serum. The fusion protein formed aggregates into parallel stripes similar to vinculin. The membrane
became too rough to recognize the oxide pattern of the chip, as shown in the FLIC micrograph at the right.
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Figure 5.8: Close up of GD25 cells expressing GFP-R1 integrin fusion protein. Boxes a-d are sections
from cells adhered on fibronectin and boxes e and f are that on laminin (taken from the previous figures
of the whole cells). The images at the two bottom rows are obtained in the same manner as explained
for the images of neuronal cells transfected with GFP-vinculin. Box a: Membrane raffling shown in FLIC
micrograph matches the stripes of GFP-R1 integrin (top). Due to the upper membrane effect at the cell
periphery, membrane-substrate distance cannot be determined. Box b: GFP-31 integrin is present mostly
where the membrane-substrate separation is homogeneous. Box c: On oxide 1, almost no fusion protein
is visible due to destructive interference between the incident and reflected emission of GFP. However,
the membrane is rough. On oxide 2, the membrane shows little deformation, but there is a dense cluster
of integrins. On oxide 3, integrin is visible at regions corresponding to certain fluorescence intensity of
the membrane labeling, i.e., to a certain membrane-substrate distance. On oxide 4, GFP fluorescence is
not visible again, due to the destructive interference, and the fluorescence of membrane labeling is also
insensitive to the membrane-substrate distance. Box d: Parallel stripes of fusion protein align with the
membrane ruffling. Box e: Dots of GFP-R1 integrin clusters do not correlate to the membrane structures.
Box f: Close up of oxide 4 in the case of laminin.
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Figure 5.9: An example of a cell in primary culture of rat hippocampus on fibronectin. The culture was
transfected with GFP-31 integrin fusion construct by calcium-phosphate transfection method one day after
its preparation and one day before the images were made. Even on fibronectin, the cells in most cases
exhibited smooth ventral membrane. FLIC micrograph and its fit to theory shows that the cell is around 50
nm away from the substrate.

GFP-B1 integrin on fibronectin. However, these stripes were much thinner than the typical focal
adhesion pattern formed by GFP-vinculin in the cells adhered to fibronectin.

5.2 Neuronal culture

The expression of GFP-B1 integrin fusion protein was also investigated in neuronal cultures. Var-
ious expression patterns were present among the mixture of different types of cells in the primary
cultures prepared from rat hippocampus. There was no noticeable difference in the expression of
31-integrins between the cultures on fibronectin and laminin. Most cells were again smooth with
distance of around 50 nm on fibronectin and 100 nm on laminin. The experiments presented here
were also done with confocal FLIC microscopy.

5.2.1 Fibronectin and laminin

The neuronal culture on fibronectin-coated substrate also exhibited very dense expression of GFP-
31 integrins. Occasionally cells also formed parallel stripes of protein clustering (figure 5.11). As
shown in figure 5.9, mostly the fusion proteins were present as small densely distributed dots
throughout the cell body. At the center, large dot-like aggregates were also formed, as depicted
in box a of figure 5.13. As shown in the bottom two boxes in the figure for this close-up section,
these dots did not induce membrane deformation. Box b in figure 5.13 is an example of clusters
which are formed into stripes at the roots of filopodia similar to vinculin clusters.

Similarly, in many cells cultured on laminin, the fusion proteins were distributed into a dense
mesh-like patterns (figure 5.15) with occasional appearance of thin stripes and large dots (figure
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Figure 5.10: A growth cone projecting onto a glia cell. Both cells are expressing GFP-81 integrin fusion
protein. Grainy expression pattern dominates the distribution of this fusion protein in neuronal culture.
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Figure 5.11: An example of a cell in neuronal culture with integrin 81 subunits clustered into pattern of
stripes, correspondingly with rough membrane.
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Figure 5.12: A cell in neuronal culture on silicon chip coated with fibronectin. The cell expresses the
GFP-B1 integrin in mesh-like pattern with several dot-like clusters. The membrane observed by FLIC
microscopy appears smooth, separated by 50 nm from the substrate.

Figure 5.13: Close up of correlation studies (with neuronal culture on fibronectin) between GFP-B1 in-
tegrin expression and membrane-substrate distance map from FLIC microscopy. The combined images
of the two bottom rows are obtained as described in the previous section. Box a: Large dots do not in-
duce any membrane deformation. Box b: 81 integrin cluster at cell periphery. Box c: Rough membrane
matching the B1 integrin clusters. Box d: Intricate mesh-like pattern of the fusion protein does not disturb
the smooth membrane.
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Figure 5.14: A cell in neuronal culture prepared on a laminin-coated silicon chip. There is a higher
expression of GFP-1 integrin at the center of the cell body than at the periphery.
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Figure 5.15: A cell on laminin. Many cells in neuronal culture show mesh like intricate distribution of
GFP-31 integrin. Despite the presence of integrins, FLIC micrograph shows relatively smooth membrane.
The fit to the FLIC theory yields cell-substrate distance of approximately 94 nm.
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Figure 5.16: An example of a cell attached to laminin with some deformation in lower membrane. There
are many distinct large dots of GFP-integrin 31 clusters.
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Figure 5.17: Close up of several sections of the adhesion pattern of cells in neuronal culture prepared
on laminin. GFP-B1 integrin expression at the top row is closely compared with the FLIC micrographs
at the same position. As described in the previous figures, the positions where GFP is detected above
certain fluorescence intensity is superimposed onto the FLIC picture of DilCis, where DilCig intensity
scale is shown in green instead of gray. Box a: GFP-1 integrin expression in dendritic structures on a
glia cell. Box b: Fusion protein is not expressed in the protrusions. Box c: In some cases, mesh-like
GFP-31 integrin distribution echoed the membrane deformation. Box d: Large dots of fusion protein do
not correlate to the membrane roughness.
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5.16) of molecular aggregations. There were also high expression of the GFP-81 integrin around
the cell nucleus waiting to be transported to the cell surface. Many cell compartments which do
not contain the fusion protein were visible as dark hollow regions. Most stripes were found at the
cell periphery, whereas dots were often found in the cell body.

5.3 Discussion

As mentioned in introduction, cell adhesion is a complex cellular process. This process involves
various molecules with specific functions present at specific stages and with intricate dependence
on one another. In particular, through a variety of post-translational modifications including gly-
cosylation, proteolytic processing, and changes in affinity for ligand binding [48][18], integrin
heterodimers provide vast number of possible combinations of signal pathways that allow trans-
mission of information between extracellular and intracellular environments.

In the following section, the observation from our experiments done with FLIC microscopy and
GFP-tagging of both vinculin and B1 integrin are discussed together with previous studies done
on cell adhesion and integrins.

5.3.1 Cell-substrate distance at vinculin and integrin R1

By comparing the expression patterns of vinculin and integrin 81 in both fibroblasts and neuronal
primary cultures, two different structures of cell adhesion are observed; the focal adhesion plaques
found as vinculin clusters in fibroblasts on fibronectin, and the point contacts found as integrin
1 clusters mostly in neuronal culture on both laminin and fibronectin, and in fibroblasts on
laminin. The images from FLIC microscopy show that the focal adhesion plaques that contain
vinculin induce parallel ruffling of the ventral cell membrane attached to ECM proteins. This
roughness in the membrane could be explained by the organization of filamentous actin into
bundles of uniform polarity lead by the aggregation of vinculin to the inner side of the ventral
membrane [22]. Lack of vinculin clusters in the smooth cell body in neuronal culture contrast to
the extensive vinculin aggregation in fibroblasts with rough membrane suggest that the membrane
ruffling involves reorganization of the microfilaments and structuring of actin filaments that lead
to establishment of focal adhesion plaques.

The point contacts on the other hand induced no membrane deformation in cells of the neuronal
cultures, in agreement with previous IRM studies done with PC12 cells [3]. They have observed

5FAK “and form

that these contact sites lack major cytoskeletal components such as talin and p12
only little microfilament bundling. The FLIC microscopy performed shows that the membrane of
the cells in neuronal culture attach to the surface with the same separation as that of fibroblasts,

but with a very smooth membrane.

In our experiments, the expression of integrin B1 in fibroblasts on fibronectin exhibited patterns
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closely correlated to roughness of the membrane. Estimation of cell-substrate distance by FLIC
microscopy showed that presence of integrin 31 maintains the membrane at the dominating dis-
tance (i.e. around 50 nm) when cultured on fibronectin. The regions where the membrane bulged
either upward or downward lacked integrin 1. Long incubation allowed formation of clusters
both in stripes and occasionally in point forms, suggesting that focal adhesion plaques repre-
sented by vinculin clusters could well co-localize with integrin B1 clusters at later stage despite
of difference between expression patterns of these two proteins at the earlier stage. This could be
explained by sequential processes consisting of dynamic contact involving only integrin and the
ECM proteins, and the further development of stable contact that additionally involves vinculin
and other microfilaments and cytoskeletal components. The latter contacts are therefore scarce in
motile cells such as neuronal cells relative to the well attached fibroblast cells [15][73]. Also, fi-
broblasts attached to laminin are found to be motile and lack focal contacts [71] consistent with
our observation (figure 4.6). Although in some cases point contacts in fibroblasts have been de-
scribed as sites with close apposition to the substrate [64][80][81], these studies show that these
point contacts are quite far away from the substrate. In fibroblasts on RGD peptides, the cell-
substratum distance at point contacts were 90-200 nm, based on electron microscopy of vertical
thin sections. They have defined point contacts as detergent resistant sites which contain little
vinculin and microfilament [80]. 81 integrin ”macroaggregates” on laminin in motile fibroblasts
described in [71] is a similar structure appearing only as faint gray patch in IRM images.

Smooth attachment of cells in the presence of integrin 1 compared to development of membrane
ruffling in the presence of vinculin stripes and integrin B1 in fibroblasts on fibronectin suggest
that,

1) integrin 31 binding to ECM proteins establishes a basic distance between the ventral cell mem-
brane and the substrate, and

i1) development of classical focal adhesion plaques containing vinculin induces ruffling of the
ventral cell membrane.

Such membrane roughness on one hand is perhaps a result of tight attachment of fibroblasts to
fibronectin, and on the other hand is a result of force required for movement at the cell periphery.
The latter case is observed also as restricted but high vinculin expression at the cell periphery in
cells from hippocampal culture, thus indicates involvement of cytoskeletal reorganization also at
filopodia and lamellipodia. This is probably required at the leading edge of motile cells in order
to produce the protrusive and the contractile forces described for cell body translocation [55].

Molecular aspect: focal adhesion, fibrillar adhesion and point
contacts

Focal contacts are often described as ’the best-known class of matrix adhesions in cultured cells”,
visualized by electron microscopy or interference reflection microscopy” [50]. Recent compar-
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ative studies between unimmobilized and immobilized (where it is covalently link to substrate)
fibronectin-coated substrates, have indicated that the physical state of the ECM, not only its com-
position, plays a critical role in the regulation of differential assembly of adhesion sites [50]
[67][90]. Their results have lead to distinction of an additional type of integrin association with
ECM that transmit cell-generated tension from focal contacts, which they have defined as fibril-
lar adhesions. Focal contacts and fibrillar adhesions differ from each other in their cytoskeletal
association and in the composition of the submembrane plaque. These two structures are segre-
gated at later stages, whose dynamics are presented in their subsequent studies [90]. They have
found that in adhesion site of fibroblasts, ®vB3 is mainly bound to vitronectin or to immobilized
fibronectin (thus nondeformable matrix), whereas ®581 is mainly bound to regular fibronectin
coated surfaces. Both integrins are associated through different plaque proteins with actin fila-
ments (F-actin). Since vitronectin provides a rigid substrate, the former does not move due to
these contractile forces. Thus high tension develops, which results in the recruitment of proteins
typical of focal contacts. On the other hand, the ®581 is bound to movable fibronectin matrix,
thus is translocated in tensin rich fibrillar adhesion complexes.

Focal contacts

The focal contacts that are mainly associated with ®v33 are found to exclude fibronectin and con-
tain very little tensin. These sites anchor stress fibers [67] and contain a multitude of cytoskeletal
molecules; there is a high level of phosphorylated tyrosine residues, enriched with paxillin, vin-
culin, ®-actinin and FAK and they localize at the termini of actin stress fibers. Focal contact
assembly depends on the formation of tension, regulated both by intrinsic cytoskeletal contrac-
tility and the properties of the extracellular substrate. They contain ®vR33 regardless of whether
fibronectin is immobilized or unimmobilized [90]. Further more, they have observed that if fi-
bronectin is immobilized, only little amount of fibrillar adhesions are formed, and ®5B31 associate
also with classical focal contacts; i.e. ®581 can also in the absence of ®v3, generate typical,
highly phosphorylated focal contacts. Thus, ®581 is able to associate with two types of ad-
hesions, depending on the degree of matrix ’deformability” or “rigidity”. Additionally, in the
absence of ®581, ®vA3 is also able to assemble fibronectin [67]. These functional redundancies
explain the indistinguishable attachment between GD25 cells and GD25-81A cells in the pres-
ence of RGD peptides, where ®v33 is blocked by the RGD peptides from binding to fibronectin,
i.e., between adhesion to fibronectin through ®vf3 and ®581. Integrin ®5B1 seems to be capable
of switching roles, in order to functionally compensate for low level of integrin ®vf33 expression.
A comparative results on ®581 and ®vf33 integrins, how B1-integrin influences fibronectin matrix
assembly is presented in [91].

In general, focal contacts are found to predominantly contain integrin ®v33 [67], originally found
as vitronectin receptor. In primary fibroblasts, integrin ®vf33 has been shown to remain confined
in focal contacts, for instance on immobilized fibronectin [50][90]. Astrocytes in neuronal cell
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cultures are observed to form focal contacts which additionally contain integrin ®1 when cul-
tured on laminin and ®561 on fibronectin [3][81]. In fibroblasts, also integrin ®1B1 is shown to
accumulate in focal contacts [81].

Fibrillar adhesions

Fibrillar adhesions, which are associated mainly with ®581, bind fibronectin fibrils and align
parallel to actin bundles and tensin. There, distribution of vinculin and ®581 are found to be
largely mutually exclusive on regular fibronectin, possessing high levels of tensin but very little
paxillin and vinculin. In fibroblasts, adhesive contacts in which cell surface integrins bind to
fibronectin fibrils in fibrillar adhesions are maintained even when cell contractility is inhibited
with specific drugs. They are characteristically elongated or beaded structures, located more
centrally in cells. At the initial stage, integrin ®5B1 are assembled at one pole of classical focal
contacts co-localizing with ®v33. Upon this ligand-mediated occupancy and receptor clustering,
studies through immunohistochemistry has shown that they are actively transported along actin
microfilament bundles towards the cell center [67][90]. In fibroblasts, integrin ®581 is implicated
to be involved in matrix assembly by transmitting tension generated by cytoskeleton to ECM [67].

Point contacts

Point contacts are an adhesion structure which has already been extensively characterized in many
cell types, specially in transformed fibroblasts and normal rat astrocytes cultured on RGD and
laminin [81]. These sites do not contain major cytoskeletal components [3] and involve only
little microfilament bundling. Lack of both protein clusters and close contact could explain the
absence of dark spots at these sites in chick skeletal fibroblasts observed by IRM [71]. These
macroaggregates or point contacts containing integrin ®581 are also often found in developing
and regenerating peripheral neurons [3]. They observed that PC12 cells form point contacts with
integrin ®181 and ®3B1, which only partially co-localize with vinculin.

According to previous studies, focal adhesions on fibronectin represented by vinculin do not
necessarily contain B1 integrins, but mostly 33 integrins. This could explain the clear difference
in distribution between vinculin and B1 integrins in GD25/GD25-B1A cells on unimmobilized
fibronectin-coated silicon, since 31 integrin is found to co-localize with focal contacts only when
fibronectin is immobilized on the surface.

Heterogeneous expression of integrin 31 observed in neuronal culture of mixed cell types is prob-
ably due to dependence of 31 heterodimer clustering on cell types; for instance, differences be-
tween fibroblasts and astrocytes are presented in [81]. As stated in the review [34], integrin-ECM
interactions induce several types of intracellular responses. Cell membrane structure is one of
the diverse responses of a particular cell type in a particular state to complex integrin-specific
signalling triggered by a particular ECM-integrin interaction.
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Chapter 6

GFP-substrate distance
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Figure 6.1: A simplified illustration of focal adhesion complex. (adapted from B. Alberts, et al. Molecular
Biology of the Cell, 2nd ed., Garland Publishing, Inc., New York (1989))

In this chapter, analogies and differences between fluorescence of DilCyg and that of GFP in front
of the reflecting silicon surface, which could enable and hinder an estimation of GFP-substrate
distance are discussed. As mentioned in the previous chapters, detected fluorescence intensities
of GFP hanging from both vinculin and B1 integrin also exhibit the interference effect, to which
FLIC theory can be applied. However, the accuracy is limited either because the requirements (as
discussed in chapter 2) for the theory are not fulfilled or due to the difficulties as the following:
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Figure 6.2: Stripes of GFP-vinculin across two oxides could be used to obtain the ratio between fluores-
cence intensities on these oxides. The blue lines border the steps between the four oxides numbered in
red. Destructive interference of the detected GFP in front of oxide 3 and 4, and constructive interference
in front of oxide 1 and 2 can be observed in this example.

(1) assessment of homologous regions of GFP present on all four steps is not possible, thus the
detected fluorescence intensity becomes dependent also on an additional unknown parameter, the
amount of GFP,

(i1) overall, it is not possible to define a representative detected intensities of GFP for all four
oxides; only subjectively chosen data are available for the distance calculation.

Keeping these in mind, a preliminary attempt to make an estimation of distance from both GFP-
vinculin and GFP-B1 integrin to substrate (figure 6.1) will be briefly discussed in the next sec-
tions. An example of analysis to calculate the GFP-oxide distance for the case of GFP-vinculin
in fibroblasts cultured on fibronectin will be presented.

6.0.2 GFP-vinculin to substrate

In principle, the ratios between the detected fluorescence intensities over the four oxides are
sufficient in order to fit the theoretical curve. In the case of interference of GFP-vinculin, a long
stripe of the fusion protein lying over two oxides would enable estimation of such ratios (figure
6.2, right). However, due to destructive interference over both oxides 3 and 4, the stripes of
GFP-vinculin clusters over these two oxides are not visible (figure 6.2). Thus the ratio between
intensities over oxide 1 and 2 are only reasonably obtainable. Often, the edge between two
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Figure 6.3: Estimation of GFP-oxide distance in the case of GFP-vinculin expressed in GD25-81A cul-
tured on fibronectin. Left: An example of fitted curve to the fluorescence intensity of GFP. The data points
are the brightest pixels from each of the four oxides. The data are from the oxides neighboring the box b
of figure 4.4. Right: A result of analysis from 86 distance calculations. Weighted average comes out to
be dgep joxide = 76 8 20 nm.

oxides was difficult to be identified and the transition in fluorescence intensity around the edge
was not clear. Thus although the ratio between fluorescence intensities over oxide 1 and 2 could
be obtained from many data sets, no consistent values were collected. Roughly, the intensities on
these oxides were similar to one another and were much brighter than on oxide 3 and 4.

Another possibility is to consider only the brightest detected intensities over each of the four
oxides that are near one another to fit a theoretical curve. This process requires a statistical
studies based on a large collection of data in order to produce a comfortable estimation. In most
cases, theoretical curves were not able to be fitted optimally to the data points chosen in this
manner, which can be seen by an example of the fitted curve in figure 6.3. For this analysis,
random orientation of GFP molecules were assumed and the calculation was based on

dGFP joxide — dGFP i membrane + dmembrane + dmembraneioxide
where dgrp ; membrane 1S the distance from GFP to the cytoplasmic side of the ventral membrane
and dmemprane Was set to 4 nm. The result varies within a large range; many calculated values are
also with large stochastic errors (figure 6.3, right). The weighted average from the calculation of
86 data sets was dgrp joxide = 76 8 20 nm. This corresponds to dgrp ; membrane = 26 8 26 nm
based on the value of dmembrane j oxide for the case of GD25-B1A cells cultured on fibronectin, as
taken from the table 3.1.

6.0.3 GFP-R1 integrin to substrate

Due to the expression pattern of GFP-B1 integrin fusion protein that lack clusters in the form of
stripes, only the second approach discussed for GFP-vinculin is applicable in this case. In the
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Figure 6.4: DilCig-oxide and GFP-oxide distance according to FLIC microscopy. Rough estimations
are made based on the interference effect of detected GFP intensities from FLIC micrographs of

GD25/GD25-B1A cells on fibronectin (left) and laminin (right).

same manner, GFP intensities over the four oxides could be used to roughly estimate the GFP-
substrate distance. When fibroblasts were cultured on fibronectin, GFP tagged to the extracellular
side of B1 integrin was most visible on oxide 2 and 3 (figure 5.3), which corresponds to a rough
estimation of 25 8 20 nm. Similarly, on laminin, the interference effect of GFP (figure 5.6) has
corresponded approximately to derp joxide = 75 8 20 nm. In figure 6.4, the estimated values are

depicted into a modified version of the illustration adapted from [1].
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Chapter 7

Comparison of distance measurements

According to the well-accepted model, we had expected that the membrane at focal contacts
represented as vinculin would sharply approach the substrate. This notion is based for example,
on the IRM images where focal contacts appear as dark contrast against gray background that
has been interpreted to estimate the distance between the ventral cell surface and the substratum
to be within 15 nm [48][55][71][79]. However, the correlation studies with FLIC microscopy
and GFP-tagging of vinculin and 81 integrin have shown that this is not the case. In order to
find theoretically and experimentally the cause of the different observations with regard to cell-
substrate distance at so-called focal contacts, we have performed similar correlation experiments
with TIRAF microscopy and IRM.

First, a simple evaluation of both techniques with respect to optical parameters of the cell system
is presented; many previous studies have ignored for instance, cell membrane [72], since they
assumed the membrane thickness to be very thin, and further assumed similar optical properties
for cytoplasm and cell-substrate gap as layers of water.

Secondly, results from experiments performed with the same system using GD25-81A cells as for
FLIC microscopy are presented to evaluate TIRAF microscopy and IRM. The culturing condition,
biochemical labeling of focal contact by GFP-vinculin transfection, same substrate treatment and
the same measuring condition for the cells were retained. Due to limitation in the instrumental
setup at this point, we have separated the experiments into two parts;

1) for quantitative analysis of cell-substrate distance by TIRAF microscopy, GD25-B1A cells were
cultivated without transfection by GFP-vinculin, since simultaneous observation of fluorescent
protein was still not possible with this setup. The estimated distances were compared with the
values obtained from FLIC microscopy.

i) simultaneous observation of GD25-B1A cells were done with TIRAF, IRM and CFP-vinculin,
where only qualitative analysis was possible. The images were compared also based on the
TIRAF measurements from part 1).

7.1 Dependence on cell parameters

For the three methods, IRM, TIRAF and FLIC microscopy, effect of refractive indices of mem-
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Comparison of distance measurements

brane and the cell-substrate gap and the membrane thickness on the estimation of distance are
discussed in this section. For this evaluation, calculation is simplified to a case for monochro-
matic incident light disregarding aperture integration and correction at the same time retaining
the actual experimental parameters.

Local increase in the refractive index of cytoplasm at focal contacts are discussed also in previous
studies [7][13][72]. The molecules bound to the cytoplasmic side of the plasma membrane at fo-
cal contacts could become large, stacked to 50 nm, since membrane-bound integrin for example
alone spans from the membrane by around 15 nm [26][65]. To evaluate its influence on calcula-
tion by each theory, we have represented this layer of molecules by a thickening of the plasma
membrane with index of refraction at 1.45. In [8], refractive index of cell membrane is described
at close contacts between 1.354-1.368, at focal contacts between 1.38-1.40 and otherwise be-
tween 1.353-1.368. Represented as an averaged layer of 0-350 nm dense cytoplasm, Bailey and
Gingell have estimated the local refractive index to be 1.38 or 1.40 for cytoplasmic protein con-
centration of 25% or 35%, respectively [7]. Instead of using an averaged value, in our studies,
calculations are performed to compare the site of focal adhesion, as represented as thickening of
the plasma membrane, and the remaining region assuming absence of protein accumulation.

Also discussed in [7] is an local variation in the refractive index of the water gap between the cell
and the substrate due to ECM protein coating. In their models, they have taken the same values as
for the local refactive index for cytoplasm depending on the protein concentration. Additionally,
they have incorporated the glycosylation of the ECM proteins at the cell surface by assuming a
layer of 5-30 nm beside the membrane to have refractive index of either 1.348 or 1.364 for 10% or
20% sucrose solution, respectively. In the present study, this effect of denser medium underneath
the cell is evaluated with a model by increasing the refractive index of the water gap layer from
1.33 to 1.37.

7.1.1 TIRAF microscopy

Since the evanescent field excites the fluorophore in the cell-substrate gap, relative fluorescence to
background increases with increasing cell-substrate gap; the effect of parameters can be observed
in the penetration depth given by the expression (12) in chapter 2. The graphs in figure 7.1 is
based on a calculation incorporating the parameters from our actual experimental setup, where
incident angle is 68.285* and _ jnc = 488nm.

Refractive index of membrane and membrane thickness

For the case of fluorescence in the water gap, in agreement with analysis in [37], detected intensity
increases with increasing refractive index of cytoplasm or membrane. This effect becomes large,
when a stack of protein would be treated as thickening of the membrane, as shown by the graph
in figure 7.1 (left). Thus consistent with the analysis in [54], increasing either the refractive index
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Dependence on cell parameters

or the thickness of membrane reduces the computed distance between substrate and cell.

Refractive index of cell-substrate gap

Variation in refractive index of the water/medium under the cell has larger effect as that of mem-
brane/cytoplasm as shown in figure 7.1 (right). This effect is most prominent in the case of
incident angle close to the critical angle. Increasing refractive index of the medium that contain
fluorophore has opposite effect on the calculated distance as increasing that of the layer above.
Denser medium reduces the depth of penetration of the evanescent field as one sees in the equa-
tion (12). Thus decrease in the field energy results in regions of high refractive index appearing
darker with the same distance. This effect is discussed in [8] and [54]; there, refractive index of
the water gap is characterized between 1.33-1.40 for focal contacts. This local variation in the op-
tical property leads to local variation in the critical angle in the range between 61-67* for attaining
evanescent field in this layer. With refractive index of the water gap 1.33, critical angle is 67.808*
and with 1.40, 64.970*. Thus incident angle in this range may result in locations in the cell im-
age that are not being excited by evanescent radiation. This effect however becomes smaller with
increasing incident angle. However at larger angle, a negative effect takes place; above 74*, back-
ground noise is found to increase when observing ventral cell membrane [14]. Additionally, as
apparent again from the expression for the depth of penetration, the magnitude of field strength
decreases with increasing incident angle [37][44]. Taking these into account, for the present ex-
periment, incident angle high enough was chosen to avoid the above case thus to ensure that
critical angle is attained everywhere, but not too large to avoid decrease in its sensitivity.

The critical parameters in TIRAF microscopy are the refractive index that determine the strength
of evanescent field in the cell-substrate gap. The thickness of the layer beyond the cell membrane
has small effect. Thus adhesion structures with dense ECM protein clusters influence the distance
calculation stronger than the presence of any aggregation of cytoskeletal proteins.

71.2 IRM

Here, an incident monochromatic light at , = 577nm normal to the interface is considered.
The graphs in figure 7.2 are obtained by the equation (16), but omitting the integration over
the aperture, thus also the aperture weight function for both excitation as well as for detection.
Amplitude and phase of the sinusoidal relationship between the detected intensity and the cell-
substrate distance are influenced by the parameters such as refractive indices of membrane and
medium and the thickness of the membrane. Since the intensity of the detected reflection is
strongly dependent on the phase difference between the ray from each interphase, the thickness
of the layer is critical in the calculation. At this wavelength, changes in refractive index of the
membrane or the cell-substrate gap appear to have minimal effect. More critical parameter is
found to be therefore the thickness of a dense layer above the ventral cell membrane, modeled
here as a thickening of the membrane itself.
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Figure 7.1: TIRAF microscopy: Theoretically calculated relative fluorescence intensities for the present
experimental setup (i.e. incident angle is set to 68.285%) without aperture integration of the detected
light. Calculation of cell-substrate distance by TIRAF microscopy depends on the optical parameters of
the layer system used. Left: Dependency on refractive index and thickness of the membrane. The graph
shows that if there is a thick layer (50 nm) of protein with similarly high index of refraction as for lipid
membrane, then the calculated distance deviates only slightly from a model assuming a thin layer (4 nm)
of membrane, specially if a lower index of refraction, nmem = 1:40, is chosen. However, the relationship
between the fluorescence intensity and cell-substrate distance is quite sensitive to refractive index of
membrane. Right: Dependency on refractive index of the cell-substrate gap. The relative fluorescence
decreases with increasing refractive index, which is an opposite dependency as on the refractive index of
membrane.
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Figure 7.2: IRM: Theoretically calculated detected relative intensities for a simplified case of monochro-
matic incident light at _inc = 577nm perpendicular to the interfaces. The refractive index of cytoplasm
is set to 1.37 and thickness of 3 *m. Calculation of cell-substrate distance by IRM depends also on the
optical parameters of the layer system used. Left: Dependency on refractive index and thickness of the
membrane. The graph shows that if there is a thick layer (50 nm) of protein with similarly high refractive
index comparable to lipid membrane, then the calculated distance deviates substantially from a model as-
suming a thin layer (4 nm) of membrane . The effect is similar whether Npmem = 1:40 or 1:45 is chosen;
denser medium reduces the relative reflectivity if the cell-substrate distance is less than around 35 nm,
however the effect switches at this value. Right: Dependency on refractive index of the cell-substrate gap
and on the membrane thickness.
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Figure 7.3: FLIC microscopy: Theoretical calculation of fluorescence intensity of DilC1g embedded in a
cell membrane illuminated at _m, = 546nm perpendicular to the surface and detected by an emission filter
with _em = 570 j 655nm. The fluorescence intensity at each cell-substrate distance is almost identical
regardless of the variation in optical parameters, specially up to around cell-substrate gap of about 75 nm.
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Refractive index of membrane and membrane thickness

IRM images are strongly affected by the optical properties at the cytoplasmic side of the mem-
brane. In agreement with the modelling presented in [7], local increase in refractive index at the
cytoplasmic side represented here as thickening of membrane decreases the detected irradiation
until the cell-substrate distance reaches around 35 nm (figure 7.2, left). If the lower membrane
is further than about 35 nm from the substrate, thickening of the optically dense layer drastically
increases the reflected intensity and also increases sensitivity to the refractive index of that layer.

Refractive index of cell-substrate gap

In the case of interference reflections, increase in the refractive index of the water gap to represent
the presence of ECM proteins has the same effect as for the membrane; higher the refractive index,
lower the reflectivity. The effect becomes more prominent with water gap larger than around 35
nm (figure 7.2, right). As also discussed in [7], the effect of protein coating maybe minimal, since
protein is present in both cell and background areas. ECM protein is however present at higher
concentration at focal contacts corresponding to increase in refractive index. The calculations
still show smaller effect relative to changes in optical properties of the cytoplasmic side.

Looking at the switch of the effect of increasing membrane thickness, one could say that on
laminin, focal contacts could appear darker only due to reduced cell-substrate distance. However
the increase in detected light due to dense cytoplasmic protein clusters could counter balance this
local variation. Thus it is difficult to simply assume that there is no close contact or that focal
contacts are not formed from the IRM images.

In the case of cells attached to fibronectin, the lowest measured reflection at focal contacts in IRM
images could arise from the following three causes; 1) a local increase in density of protein in the
cytoplasm, ii) a high density of ECM clusters under the membrane or iii) a reduced distance be-
tween the membrane and the glass substrate. At the cell periphery with thin cytoplasm, reflection
from the upper membrane may also affect the detected interference intensity.

7.1.3 FLIC microscopy

The simplified case with DilC;g excited by a monochromatic incident light at _j,c = 546nm
normal to a homogeneous layer of silicon dioxide and reflected at silicon is employed here to
demonstrate the effect of optical parameters for the multilayer system. The graphs in figure
7.3 are obtained for a case of no oxide layer and also omitting again the aperture integration and
correction for the excitation and the detection. The result exhibits both properties of the excitation
of fluorophore similar to TIRAF microscopy and of the reflected light at silicon similar to IRM.

FLIC microscopy deals with interference between the incident and the reflection of both excita-
tion and emission. The dependency on the density of each layer between the interfaces becomes
negligibly small, a similar phenomenon seen in IRM. The interference is influenced by the phase
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difference among the interfering fields, which makes it sensible to the thickness of each layer.
Because of the dominating effect of the reflecting silicon surface, this sensitivity is also reduced
to minimal effect. The four oxide steps calibrates the fluorescence intensity to cell-substrate sep-
aration relationship. The selective marking of the cell membrane with DilC;g reduces the effect
of local variation in optical properties of other layers on the detected intensity. The graphs in fig-
ure 7.3 show only minimal deviations due to changes in refractive index of the membrane from
1.40 to 1.45, or that of the cell-substrate gap from 1.333 to 1.37. Specially for the case where
the cell-substrate distance is smaller than around 75 nm, which is the range most relevant to cell
cultures on fibronectin, the choice of the optical parameters have essentially no influence on the
relationship between fluorescence intensity and its corresponding cell-substrate separation. Thus
the detected fluorescence intensity in FLIC microscopy is essentially insensitive to possible local
variation due to clusters of ECM proteins or cytoskeletal proteins, but only to the cell-substrate
distance.

7.2 Analysis of experimental data

7.2.1 TIRAF microscopy

Under the same conditions as the experiments performed with FLIC microscopy as described in
chapter 3, the cell-substrate distance was measured using TIRAF microscopy. As specified in
chapter 2, fibroblast cells were cultivated on glass plates of thickness 1 mm, which were cleaned
and silanized prior to coating with ECM protein. Here, the cell-substrate distance was estimated
for the cases with fibronectin- and laminin-coated substrates. As shown in the following figures
7.4 and 7.5, the distances measured for fibronectin with TIRAF microscopy matched roughly
the values obtained with FLIC microscopy, specially in the cases where the lower membrane
was smooth on the substrate (figure 7.4, right). The calculation based on the theory for TIRAF
microscopy has yielded larger distances for the cells attached to fibronectin with rough membrane,
as depicted by the graph in figure 7.5. The large membrane region is approximately 75 nm away
from the substrate, with recurring closer contacts at around 50-55 nm. Also upward bulging
ranging between 100 nm and even 150 nm were found frequently. According to the line profile of
the distance estimated with TIRAF microscopy, structures which could be identified as patches of
focal contacts in these cells attached to fibronectin were in fact far away from the substrate. The
smallest distances estimated were never under around 40 nm, as demonstrated by the example
in figure 7.4. Since an accurate estimation of the distance based on FLIC theory could only be
obtained for relatively homogeneous membrane region, it is not clear whether this is an actual
discrepancy or is coming solely from the first impression.

The cell-substrate distance for the cells adhered to laminin-coated glass plates obtained from
the TIRAF measurements on the other hand were in closer agreement with that from the FLIC
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Figure 7.4: TIRAF image of a GD25-B1A cell cultivated on fibronectin-coated glass. An example of a
cell adhered to the substrate with smooth membrane. The graph at the right shows the ventral mem-
brane-substrate separation topography along the line labeled in the image over the cell. A fluctuation of

the separation width ranges within around 10 nm. The estimated average separation agrees approximately
with the distance calculated with FLIC theory.
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Figure 7.5: GD25-B1A cell cultivated on fibronectin exhibiting rough membrane attachment to the sub-
strate. Right: Analysis of this TIRAF image indicates that the membrane is at the lowest point, around
50 nm away from the substrate. Upward bulging separates up to 100 nm or greater from the substratum
surface. Focal contacts-like pattern of close apposition spans unexpectedly large cell-substrate gap.
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Figure 7.6: TIRAF image and distance analysis of GD25-81A cell cultured on laminin. The graph in the
middle shows the profile of membrane-substrate distance along the line across the cell body. In agreement
with the values obtained from FLIC theory, the cell is on average around 100 nm away from the substrate.
The graph on the right side shows the distance profile across a lamellipodia structure.

measurements. As shown in figure 7.6, the cells were on average 100-110 nm away from the
substrate, only slightly larger than what is estimated from FLIC microscopy. As shown by the
graph at the right side in figure 7.6, lamellipodia extended from the cell body often appeared
as high fluorescence region at their roots around the cell body, and then became darker at the
extensions. Since lamellipodia are found to be very thin structure, contribution of excited fluores-
cence molecules above the lamellipodia cannot be excluded. Thus these neighboring bright and
dark regions of lamellipodia could be in one way explained, that at the thin root of lamellipodia,
the upper membrane ends well within the penetration depth of exponentially decaying evanes-
cent field, therefore the fluorescence molecules above this upper membrane is also excited by the
evanescent field. The emitted fluorescence by these molecules above the structure addition to
the fluorescence emitted below the cell could account for the unusual bright area between the cell
body and the cell periphery. The effect of fluorescence stimulated beyond the lamella due to pene-
tration of the thin cytoplasmic layer by the evanescent wave is discussed also in [37]. On the other
hand, the outermost periphery of lamellipodia is thick enough, i.e. the upper membrane positions
further than the penetration depth, thus the fluorescence molecules above the upper membrane do
not experience the evanescent field. A more direct interpretation of the interrupting bright region
surrounding the cell body is that the ventral cell membrane is in fact far away at this area and it
becomes closer to the substrate again at the periphery.

As discussed in the previous section, the dependence of calculated distance on membrane thick-
ness at refractive index of membrane between 1.40-1.45 becomes stronger with increasing cell-
substrate gap. For instance, setting Nmem = 1:45, the case for the figure 7.4, the average distance
at the labeled cross section varies from about 50 nm to 40 nm, whereas the distance of a cell
attached on laminin in figure 7.6 varies from approximately 110 nm to 80 nm, in the range of
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membrane thickness between 4 nm and 50 nm. Calculation with higher angle of incidence up to
85* yields also similar modulation in the estimated cell-substrate distance due to varying mem-
brane thickness and refractive index of membrane.

The dependency of the calculated distance on the refractive index of membrane, Npmem, and of
the cell-substrate gap, Nimeqy, are opposite to each other. For a multilayer system with membrane
thickness of 4 nm and Nyeq = 1:337, the estimated distance reduces only by about 2% if Nmem
is varied from 1.40 to 1.45. However, for a model setting Nmem = 1:45 and thickness to be 4
nm, the cell-substrate distance for the cell in figure 7.4 estimated to 50 nm increases to 80 nm if
the Npmeq 1s varied from 1.33 to 1.37. The same variation increases the value for the cell in figure
7.6 from 110 nm to 140 nm. Thus the local variation of optical properties in the region of focal
contacts results in superposition of over- and underestimation of the cell-substrate distance. The
estimated values here indicate that rather the under-estimation dominates at focal contacts (i.e.
in the regions with small distances) appeared as reduction in detected fluorescence intensity if
the distance is determined with the optical parameters that ignore modulation in Nmem, Nmeg and
membrane thickness.

An approximation of cell-substrate distance is presented in [72] for fluorescence in water gap
based on the assumption that cell membrane can be neglected, thus by simplifying a glass/water/
membrane/cytoplasm layer system to a glass/water/cytoplasm system. Further, they have com-
bined the two-phase glass/water and the glass/cytoplasm interfaces to approximate the fluores-
cence intensity excited in the three-phase system. Here, the analysis relies on the assumption that
membrane thickness is much smaller than the incident wavelength. Thus at membrane region
where this assumption applies, the % error of ignoring the membrane layer is confined within
2.5%. It becomes more critical at sites such as focal contacts, which consist of stacking of cyto-
plasmic molecules and ECM proteins.

We have simplified our calculation in several ways; first we did not integrate the detection of fluo-
rescence over the aperture and further ignored any changes in the fluorophore quantum efficiency
as a function of distance from the substratum and orientation to the substratum surface. We have
also neglected any presence of fluorescence excited by scattered light and inhomogeneous flu-
orophore distribution. Significant effect due to the excitation of fluorescence by light scattered
from the solid/liquid interface for protein adsorption is mentioned in [72]. The variation in flu-
orescent dye concentration affects the detected intensity specially at the region of high protein
concentration around focal contacts or of high fibronectin concentration, since it locally excludes
fluorescent dyes [54]. However for small molecules such as rhodamine green (MW = 411), this
effect is minimal.

7.2.2 TIRAF microscopy and IRM
Using the setup as described in chapter 2, images of IRM, TIRAF and CFP-vinculin were ob-

104



Discussion

tained. The distribution of CFP-vinculin matched closely the dark patches in IRM images. TIRAF
images showed similar membrane structure to FLIC images with upward ruffling that aligned par-
allel to the vinculin stripes.

The relative intensities obtained theoretically are used as reference to approximate the cell-
substrate distance from the experimental values of relative intensities. Possible choices of op-
tical parameters that describe the multilayer system is considered specifically for positions with
vinculin clusters in CFP images correlated to dark patches in both TIRAF and IRM images that
represent focal contacts. The graphs in figure 7.10 are calculated for the IRM setup including the
aperture integration and correction with incident ray at _jn,c = 577nm. A very rough approxima-
tions of the cell-substrate distances (figure 7.11) are made for several cell parameter combinations
based on these graphs. The dark patches in IRM co-localized with vinculins, normally interpreted
as focal contacts with membrane closely apposed to the substrate, did not correspond to small
cell-substrate distances. Based on the dependency of relative intensities on the cell-substrate dis-
tance for several optical parameters (graphs in figure 7.10), the dark intensities could not possibly
arise from reduced distances. The list of rough estimations in figure 7.11 shows that the optical
properties chosen for the calculation influence strongly in determining the cell-substrate distance.

7.3 Discussion

As in the analysis of FLIC microscopy, TIRAF microscopy and IRM require a model for the
multilayer system. In these techniques, the estimated distance depends strongly on the optical
parameters chosen for the model used. The model appropriate for each experimental case is not
trivial to be defined. Thus results from these methods are difficult to be interpreted accurately.
Strong influence of cytoplasmic properties on IRM images has been known [7][13]. The exact
architecture of the molecular arrangement around the membrane is required in order to define a
model with accurate varying index of refraction.

The dark pattern seen with IRM could represent either sites of high index of refraction, which
occurs with stacking of protein at the membrane, or sites of close contacts. With GFP/CFP-
tagging, we have seen that the focal adhesion plaques consist of vinculin aggregates which would
alone certainly lead to thickening of the layer with a higher index of refraction. Indeed at focal
contacts, tight microfilament bundles and aggregation of cytoskeletal proteins are formed at the
cytoplasmic side. The point contacts with only little microfilament bundling and aggregation of
cytoskeletal proteins, in fact, appear brighter than the stripes of focal contacts in IRM images,
which could indicate that there is either no close contacts or no major accumulation of proteins
[3][71]. IRM is sensitive to changes in the thickness of a layer with increased refractive index
above and including the cell membrane.

On the other hand, a variation in the thickness of the membrane or the cytoplasm beside the
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Figure 7.7: GD25-81A cell expressing CFP-vinculin construct. The cell was allowed to adhere 2 hours
on fibronectin-coated glass coverslip. The images were obtained with a set-up as described in chapter 2,
subsequently within a few minutes intervals in the order of TIRAF, IRM, then CFP-vinculin image.

Figure 7.8: GD25-B1A expressing CFP-vinculin plated on fibronectin for 4 hours. Vinculin has formed
parallel stripes of clusters that correlate closely with dark patches in TIRAF and IRM images. These
stripes in TIRAF image however are not dark, but rather are at the average fluorescence intensity. The
presence of patterns with higher intensities between the stripes contribute to their darker appearances.
Enlargement of the labeled area, box c is shown in the following figure.
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TIRAF & CFP

Figure 7.9: Close up of focal contacts labeled by CFP-vinculin. Conserving the detected intensity of the
TIRAF/IRM images, distribution of CFP-vinculin clusters are depicted as green in the combined images.
A rough comparison of relative intensities to the background (i) at focal contacts (vinculin) and (ij) at
predominating area of the cell in TIRAF image and the same for IRM image, (iii) and (iv), respectively, are:
in box a: (i) 0.7 (i) 0.9 (iii) 0.4 (iv) 0.8, in box b: (i) 0.8 (ii) 0.8 (iii) 0.6 (iv) 0.9, in box c: (i) 0.5 (ii) 0.6
(iii) 0.6 (iv) 0.8. In TIRAF images, upward bulging similar to that in FLIC images are present between the
parallel stripes of vinculin clusters.
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figure above.
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membrane with increased refractive index has modest effect on the detected fluorescence intensity
in TIRAF microscopy, compared to the effect on reflected light in IRM images. Instead, TIRAF
depends strongly on the refractive index of the layer itself containing the fluorophore and its
bordering layer. A local variation in refractive index of the cell-substrate gap modulates the
detected fluorescence intensity substantially without varying the width of the gap. Since the
presence of local accumulation of ECM protein and receptors result in denser medium at focal
contacts, this reduces the local electric field strength; i.e. dark patches in TIRAF images imply
either close contact or high refractive index between the cell and the substrate. The sensitivity to
local variation in optical properties of the layer system is indicated by a study on close correlation
between vinculin and focal contact defined by TIRF [14]; the area of focal contacts defined as dark
patches in TIRF images is found to increase with increasing incident angle. Here, immunostaining
was used to determine the area of vinculin staining, independently to be employed as a reference.

At the cell periphery, the images from TIRAF microscopy are also difficult to be analyzed for
distance calculation, since we cannot exclude the possibility of fluorescent dyes above the thin
lamellipodia and filopodia contributing to the detected intensity. IRM images at the cell periph-
ery are strongly affected by the reflection from the upper membrane. FLIC micrographs are
influenced by fluorescence of dyes in upper membrane at thin cell periphery.

109






Chapter 8

Conclusions

8.1 Finally...

Cell adhesion studied by well established and by new microscopy techniques together with recent
techniques in molecular biology have provided several new information as well as lead to new
questions with regard to the behavior of cells.

GFP-tagging and FLIC microscopy

Rough membrane in the presence of vinculin in fibroblasts compared with smooth membrane in
the absence of vinculin in cells in neuronal culture suggest that upon cell attachment to solid sur-
face, membrane deformation is caused by cytoskeletal reorganization which involves recruitment
of ”focal adhesion” proteins.

Exclusion of 31 integrin expression at such upward/downward bulges in membrane of fibroblasts
indicate that 1 integrins bound to fibronectin maintains the basic membrane-substrate distance,
50-60nm. Otherwise, membrane ruffling is induced due to cytoskeletal reorganization.

31 integrin-ECM protein (laminin/fibronectin) interaction is not necessarily the cause of mem-
brane deformation described in the previous two statements, since the cells in neuronal culture
exhibited smooth membrane inspite of the presence of 81 integrins.

Correlation among roughness in membrane with 1 integrin and vinculin expression pattern in
fibroblasts on fibronectin shows that adhesion to fibronectin through 81 integrin that further de-
velop aggregation of vinculin do lead to membrane ruffling.

31 integrin-ECM protein interactions are responsible for cell attachment and motility, which fur-
ther leads to recruitment of cytoskeletal proteins such as vinculin. This cytoskeletal reorganiza-
tion seem to induce membrane ruffling that provide forces necessary for attachment or movement.

Vinculin in fibroblasts cultured on fibronectin were clustered into stripes that seem to cause mem-
brane ruffling. Whereas the cells in neuronal cultures consisting predominantly of astrocytes
clustered vinculin only at the cell periphery maintaining rather smooth membrane at cell body.
Previous studies have shown that primary astrocytes from rat and mouse do not express integrin
®v3 [60], but bind to fibronectin via ®vB5 and ®vB8, which do not co-localize with focal con-
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tact or end of actin filaments [87]. On the other hand, fibroblasts bind to fibronectin mainly via
®vB3, and ®5B1 integrin translocates from focal contacts. Our correlation studies show that the
distribution of B1 integrins closely match the membrane ruffling in these cells. It could be that the
translocation of ®561 from the focal contacts containing ®vf3 integrin observed as vinculin clus-
ter causes ruffling of the membrane. In another words, the ruffling could be the site of fibrillar
adhesions, not focal adhesion, which is the reason that vinculin clusters do not exactly match the
membrane roughness but are always in the vicinity, and astrocytes neither form vinculin clusters
nor exhibit membrane ruffling due to lack of the organization of ®vf33 and ®581 integrins.

Distance measurement

Most optical methods require knowledge of membrane components at interface for accurate dis-
tance evaluation, due to sensitivity of the techniques to optical parameters of the layer system
being studied.

”Focal contacts” are plaques of optically dense medium due to high protein concentration extra-
cellularly and intracellularly, and not necessarily sites of close contacts. FLIC microscopy which
is insensitive to optical parameters shows discrepancy in the estimation of the cell-substrate dis-
tance. This discrepancy becomes prominent with methods such as IRM that have stronger depen-
dency on the optical parameters compared to rather insensitive method such as TIRAF.

At cell periphery, it is difficult to evaluate cell-substrate distance all the three methods due to the
thin cytoplasmic layer and high concentration of cytoskeletal proteins such as vinculin.

In IRM images, regions with minimal upper membrane effect can be informative for analyzing
the cytoplasmic structure of the ventral cell membrane. Dark reflections represent either close
apposition of the lower membrane to the substrate or an increase in refractive index right above
the membrane. In TIRAF images, regions of low fluorescence intensities represent either close
contact or an increase in refractive index of the cell-substrate gap. FLIC microscopy provides
the most unbiased estimation of the optical cell-substrate separation regardless of the optical
properties of the multilayer system. If these three techniques can be combined, the knowledge
of the absolute cell-substrate distance would allow analysis of IRM images to determine the
structure of the cytoplasmic side of the lower membrane and TIRAF images to characterize the
optical property of cell-substrate gap at site of cell adhesion visualized by GFP-tagging.

8.2 Perspectives

Construction of the GFP-labeled proteins has been a useful tool in a wide range of studies. Alone
GFP-vinculin and GFP-831 integrin could be applied further to visualize cellular processes in vitro
or in vivo.

Through evaluation of microscopy techniques used in experiments with cell cultures, more accu-
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rate interpretation of data become possible and to take advantage of nature of each method.

In this section, improvements and further studies which could be performed with the techniques
and work as presented here are discussed; first to pursue biological interests and secondly with
regard to further development of the instrumental setup.

Biological studies

Of all, establishment of cell lines stably expressing the fusion construct would improve the con-
dition of the experiments and would widen the possibility for other applications, such as to create
a transgenic mouse that expresses GFP-tagged vinculin or integrin 31. With the two fluorescence
proteins used, GFP and CFP (refer to materials and method section), simultaneous observation
of labeled vinculin and integrin 31 would be possible. If an appropriate, long-term membrane
marker could be developed, a time-lapse study of vinculin and integrin 81 distribution, and mem-
brane architecture could also be simultaneously performed. This would be useful in investigating
growth cone movements and axon guidance.

Development of such an experimental setup can be used to study the roles played by the ex-
tracellular environment on cell adhesion by varying the substrate coating. For example, other
ECM proteins could be used to observe influence of ECM-integrin B1 interaction on distribu-
tion of integrin B1 and vinculin. GFP-labeling of fibronectin [66] and laminin would visualize
ECM assembly induced by binding to integrins. Or as described in [90], dynamics of fibronectin
uniformly adsorbed on the culture substrate being cleared from under the focal contact to be re-
organized into fibrils could be studied. If GFP hangs at one end of the ECM molecule, FLIC
microscopy could be applied to estimate the distance between the GFP and the substrate, thus the
orientation of adsorbed protein relative to the solid surface could be determined. This can be done
for both the molecules under the cell and free of the cell. Since cytoplasmic tail of ®-subunits is
known to be the most varying region that give integrin heterodimers ligand specificity [81], la-
beling of ®-subunit with GFP could be useful in clarifying the relationship between vinculin and
integrin distributions.

Additionally, functional studies could be performed through pharmacological techniques; ago-
nists to interfere with or growth factors to stimulate cell adhesions and motilities could be applied
to observe their influences on the dynamics of the adhesion molecules and the cell membrane.
Also changes in vinculin and integrin distribution and cell-substrate distance with respect to the
stages in cell cycle would be an interesting aspect. Previous studies have shown for example, that
adhesion to fibronectin of mitotic cells as compared to that of interphase cells is reduced. Also,
mitotic cells have been shown to express higher levels of ®vB33 and low levels of ®581 integrins
at the cell surface as compared to interphase cells [2]. In primary culture prepared from rat hip-
pocampus, recognition of cell types would be important in accurate analysis of the experimental
data. Effect of various components comprising the culture medium on cell adhesion should be
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investigated in order to attain a defined condition of the experiments.

Methodical

A feasible following step in improving the experimental setup of the combined measurement
among TIRAF microscopy, IRM and GFP/CFP-tagging is to enable quantitative analysis of the
TIRAF images. The emerging laser light from the optical fibre should be polarized and the prism
to glass coverslip coupling should be optimized in order to avoid disturbance due to interfer-
ence. Then it would be possible to obtain images in this combined setup comparable to that from
quantitative TIRAF microscopy performed in the present study. Since the sensitivity of TIRAF
microscopy changes with varying incident angles, distance dependence of fluorophore concentra-
tion can be directly determined by digitally collecting images over a range of incident angle [14].
Effect of scattered light from the solid/liquid interface for protein absorption that possibly excite
fluorescence can be eliminated also by variable angle TIRAF microscopy [14][36].

Analysis of TIRAF images to evaluate cell-substrate distance should be done with more accuracy
by considering the parameters with regard to the optical setups, such as the fluorophore and the
objective used for detection. The analysis of TIRAF measurements would also acquire more ac-
curacy by incorporating more precise refractive indices of the cell systems. Index of refraction of
biological systems could be measured by TIRF refractometry as presented in [54]. If the thick-
ness of the thin films are known, they could also be obtained by quantitative reflection contrast
microscopy, where all the reflected light is gathered by the objective lens [8].

A time-lapse study as mentioned in the previous section could be performed also with the TIRAF-
IRM-GFP/CFP. TIRAF images at various incident angles, IRM image and image of CFP fusion
protein distribution could be collected periodically over certain period of time from a single cell
to investigate dynamics of cell adhesion and motility. Such time-lapse observation with TIRAF
microscopy is presented in [86][32].

Similar to the TIRAF-IRM-CFP setup, TIRAF-FLIC-CFP microscopy may be possible using
silicon chip as a substrate. The thin layer of silicon dioxide would replace the thin glass coverslip.
Here, total internal reflection could be attained at the oxide/medium interface with a critical angle
of 65.6* (Nox = 1:46) and evanescent wave in the membrane layer could be ensured only if the
incident angle is greater than 83.3*. This setup would allow simultaneous comparison between
membrane and volume marking.

Additionally, comparative studies with surface plasmon resonance (SPR) microscopy, transmis-
sion electron microscopy (TEM) and frozen thin-section electron microscopy should be per-
formed. Preliminary experiments with SPR with similar setup as presented in [35] show that
the cell-substrate distance could be measured with this method by digitally varying the incident
angle. In order to perform correlation study with the distribution of protein expression, its lateral
resolution must still be improved.
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Chapter 9

Appendix

A. Abbreviations

BSA - bovine serum albumin

Da, kDa - Dalton, kilo Dalton

DMEM - Dubecco’s Modified Eagle’s Medium

ECFP, CFP - (enhanced) cyan fluorescent protein

ECM - extracellular matrix

EDTA - ethylene diamine tetraacetic acid

EGFP, GFP - (enhanced) green fluorescent protein

FBS - fetal bovine serum

FCS - fetal calf serum

FLIC - fluorescence interference contrast

HEPES - N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid)
IRM - interference reflection microscopy

PBS - phosphate-buffered saline

RICM - reflection interference contrast microscopy

SPR - surface plasmon resonance

TEM - transmission electron microscopy

TIRAF - total internal reflection aqueous fluorescence
TIRFM - total internal reflection fluorescence microscopy
Tris - tris(hydroxymethyl)aminomethane
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