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Glossary/Abbreviations 

Glossary/ Abbreviations 

Actio: abundent protein that forms actin filaments in all eucaryotic cells. The monomeric form is 
sametimes called globular of G-actin; the polymerie form is filamentous of F-actin 
Actio filament (microfilament): helical protein filament formed by the polymerization of globular actin 
molecules. A major constituent of the cytoskeleton of all eucaryotic cells 
AFM: Atomie Force Microscope 
Buffer: a liquid which resists changes in pH 
Cell cortex: specialized layer of cytoplasm on the inner face of the plasma membrane. In animal cells it is 
an actin-rich layer responsible for cell-surface movements 
Cell culture: to grow cells in vitro 
Cell division: separation of a cell into two daughter cells. In eucaryotic cells it entails di vision of the 
nucleus (mitosis) closely foliowed by di vision of the cytoplasm (cytokinesis) 
Cellline: an established in vitro cell type (usually immortal or transformed) 
CLSM: Confocal Laser Scanning Microscopy 
Confluence: the measure of density of a cell culture 
Confluent: where all cells are in contact all around their periphery with other cells, and no available 
substrate is left uncovered 
Cytoplasm: contents of a cell that contained within its plasma membrane but, in the case of eucaryotic 
cells, outside the nucleus 
Cytoskeleton: system of protein filaments in the cytoplsam of a eucaryotic cell that gives the cell shape 
and the capacity for directed movement 
Cytosol: contents of the main campartment of the cytoplasm, excluding membrane-bounded organelles 
DNA: polynucleotide formed from covalently linked deoxyribo-nucleotide units: serves as the carrier of 
genetic information 
Fixative: chemica! reagent such as formaldehyde used topreserve cells for microscopy. Samples treated 
with these reagents are said to he "fixed", and the process is called fixation 
In vitro: cell growth outside the body ('in glass') 
In vivo: cell growth within the body ('in life') 
Medium: a buffered selection of components to support the growth of cells outside their normal 
environment 
Monolayer: growth of adherent cells on substratum 
Nucleus: prominent membrane-bounded organelle in a eucaryotic cell, containing DNA organized into 
chromosarnes 
Passage number: the number of times a culture has been subcultured 
RHEC: rat heart endothelial cell 
Sterilize: remave microbial contaminants 
Subconfluent: less than confluent. All of the available substrate is not covered 
Subculturing: the perpetuate a cellline by reseeding a small number of cells into fresh medium 
Trypsinization: to use the enzyme trypsin to remave adherence proteins from cell surfaces 
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Summary 

Summary 

Endothelial cells (ECs) cover the inner surface of blood vessels and form a continuous 
monolayer. ECs have an important harrier function and can synthesize and secrete biologically 
active compounds into the vascular campartment and/or the sub-endothelial matrix. Cells of the 
vascular system and especially ECs are constantly exposed to mechanical (hemodynamic) farces 
due to the flow of blood. Under normal physiological conditions synthesis and secretion of 
bioactive molecules by ECs are regulated by the hemadynamie farces generated by the local 
blood flow. However, under pathological circumstances, hemadynamie farces are also involved 
in the pathogenesis of a variety of vascular diseases such as atherosclerotic lesions. 

lt is well known that the shape and orientation of ECs depend upon the direction of blood flow 
and that tbraughout the arterial tree their morphology and structure differ locally. lt is obvious 
that cytoskeletal structures, which determine the shape of cells, are also affected by blood flow. 
One of the most striking consequences of endothelial realignment by flow is the increased 
resistance of the cell surface to deformation. Rather than stiffening of the membrane itself, the 
cytoskeletal elements (especially actin filaments) just beneath and attached to the membrane 
rearrange to a more rigid configuration. 

In vitro, shear stress can be generated by pumping a fluid across endothelial cell monolayers 
under controlled kinematic conditions, usually in the laminar flow regime. Such an experimental 
setup allows for detailed investigation of endothelial cell behavior. 

A parallel plate flow chamber is developed which allows a controlled and well-defined flow 
environment. Applying a shear stress of 0.7 Pa for 12 hours resulted in cytoskeletal 
rearrangement in the endothelial cells although cell orientation remained unchanged. The 
changes of the cytoskeletal structures as a consequence of a laminar flow regime are visualized 
using a confocallaser scanning microscope (CLSM). The morphology and mechanica! properties 
of the endothelial cells measured using an atomie force microscope (AFM) did not change after 
exposure to shear stress of lOh. These properties could however only be measured on the lowest 
cells of an endothelial cell monolayer because of the limited AFM Z-range. 
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Chapter 1 Introduetion 

Chapter 1 

Introduetion 

In blood vessels in our body, shear stress is a determinant factor for the behavior of endothelial cells, 
which cover the internal blood vessel wall. The endothelial cells have an important signaling function 
towards the underlying vascular walls. Mechanica! signals are transformed into biochemica! stimuli 
for e.g. the vascular smooth muscle cells. When endothelial cells are subjected to shear stress, a 
diverse set of responses are generated; some are extremely fast, whereas others develop over rnany 
hours. Changes in ionic conductance and intracellular free calcium only take seconds. These rapid 
responses are foliowed after several hours by altered gene expression (growth factors, endothelin and 
regulators of fibrinolysis) and major structural reorganization (cytoskeletal redistribution and cell
shape change) if the farces are sustained (Davies 1993). 

In vitro, shear stress can be generated by pumping a fluid across endothelial cell monolayers under 
controlled kinernatic conditions, usually in the laminar flow regime. Such an experimental setup 
allows for detailed investigation of endothelial cell behavior. 

The purpose of this study is to visualize and measure the changes of the internal skeleton and surface 
of endothelial cells under shear stress. The first aim was to develop a parallel plate flow chamber 
which allows a controlled and well-defined flow environment based on the chamber geometry (fixed) 
and the flow rate (variable). To visualize the changes of the cytoskeletal structures as a consequence 
of a laminar flow regime, a confocal laser scanning microscope (CLSM) is used. Changes in 
morphology and mechanica! properties of endothelial cells due to shear stress are measured using an 
atomie force microscope (AFM). 

This first chapter is an introduetion to the research project. Chapter 2 describes endothelial cells and 
their function. The principle of the confocal laser scanning microscope is described in chapter 3 and 
of the atomie force microscope in chapter 4. The parallel plate flow chamber is described in chapter 5. 
The results are given in chapter 6 and discussed in chapter 7. The final conclusions and 
recomrnendations are given in chapter 8. 



Chapter 2 Endothelial cells 

Chapter 2 

Endothelial cells 

2.1 General introduetion 

All living creatures are made of cells, small membrane-bounded compartments filled with a 
concentrated aqueous salution of chemicals. In the human body there are over 200 types of cells. 
These are assembied into a variety of types of tissue such as epithelia, connective tissue, muscle and 
nervous tissue. Most tissues contain a mixture of cell types, which however all retain the common 
characteristics of the eukaryotic stem cell i.e., a cell in which the nucleus is surrounded by a nuclear 
membrane. The nucleus contains most of the cell's DNA, enclosed by a double membrane layer. The 
DNA is thereby kept in a campartment separate from the rest of the contents of the cell, the 
cytoplasm, where most of the cell's metabolic reactions occur. In the cytoplasm, moreover, many 
distinctive organelles can be recognized, e.g. mitochondria. All eukaryotic cells have an internal 
skeleton called the cytoskeleton, that gives the cell its shape, its capacity to move, and its ability to 
arrange its organelles and transport them from one part of the cell to another. The diverse activities of 
the cytoskeleton depend on the presence of three types of protein filaments, i.e. actin filaments, 
microtubuli, and intermediate filaments (Fig. 2.1). Each type of filament is formed from a different 
protein subunit, actin for actin filaments, tubulin for microtubuli, and a family of related fibrous 
proteins such as vimentin or lamin for intermediate filaments. 

a) b) 

!fMu f"Mu lfM -

L--1 
25 )lm 

c) 

25 )lm 

Pi gure 2.1 The three types of protein filaments that form the cytoskeleton, a) actin filaments, b) 
microtubulus and c) intermediate filaments. 

Actin filaments appear as flexible structures with a diameter of 5-9 nm that are organized into a 
variety of linear bundles, two-dimensional networks and three-dimensional gel-like networks. 
Although actin filaments are dispersed tbraughout the cell they are most highly concentrated in the 
cortex just beneath the plasma membrane. Microtubuli are long, hollow cylinders made of the protein 
tubulin. With an outer diameter of 25 nm they are much more rigid than actin filaments. Intermediate 
filaments are ropelike fibers with a diameter of around 10 nm. 



Chapter 2 Endothelial cells 

2.2 V asenlar endothelial cells 

Endothelial cells (ECs) cover the inner surface of blood vessels and farm a continuous monolayer 
(Fig. 2.1). In the heart they comprehend 2-3% of cardiac cell mass and 90% of the ECs are of 
capillary origin. ECs have an important harrier function and can synthesize and secrete biologically 
active compounds into the vascular campartment and/or the sub-endothelial matrix. 

Figure 2.1. Slightly oblique section through an arteriole from rat mesentery, showing a characteristic 
three-layered walt texture: ( 1) endothelium with internat elastic lamina (=infima), (2) a single layer of 
smooth muscle cells constituting the media, and ( 3) an outer connective tissue layer, the adventitia .. 
(Picture taken from 'Histology, co lor atlas of microscopy anatomy ', Sobotta/Hammersen). 

Cells of the vascular system and especially ECs are constantly exposed to mechanica! (hemodynamic) 
farces due to the flow of blood. The farces generated in the vasculature include the frictional force or 
a fluid shear stress ('tw) caused by blood flowing tangentially across the endothelium, a tensile stress 
( <iM and <izz) caused by circumferential vessel wall deformations and a net normal stress (p) caused by 
a hydrodynamic pressure differential across the vessel wall (Fig. 2.2). Physiologic levels of venous 
and arterial shear stress range between 0.1-0.5 Pa and 0.6-4.0 Pa, respectively (Bronzino, 2000). 

Under normal physiological conditions synthesis and secretion of bioactive molecules by ECs are 
regulated by the hemadynamie farces generated by the local blood flow. These molecules can, for 
instance, regulate the resistance of the underlying smooth muscle cells so that blood vessels can dilate 
or constrict. However, under pathological circumstances, hemadynamie farces arealso involved in the 
pathogenesis of a variety of vascular diseases such as atherosclerotic lesions. 
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p 

endothelial cells 

Figure 2.2 Mechanica[ (hemodynamic) farces due to theflow of blood (velocity v) acting on 
the endothelium, i.e. normal stress p, circumferential and axial stretching ê!J1J and Ezz and 
fluid shear stress rw. (Rutten, 1998). 

An atherosclerotic lesion begins with the accumulation of neutrophils and smooth muscle cells in the 
intima. As the lesion progresses, the intima is filled with faam cells containing lipids. As a 
consequence, the intima area increases and gradually a thick fibrous plaque is formed. The plaque bas 
a cap composed of faam cells embedded in a matrix of elastic fibers and other connective tissue 
components overlying extracellular lipids and cell debris. Eventually the plaques become calcified. In 
vivo studies of the distribution of atherosclerosis and the degree of intimal thickening have shown 
preferential plaque localization in low-shear regions (Fig. 2.3). Places where atberogenesis is likely to 
occur have a relatively complex geometry, a fairly large Reynolds number and a lower than average 
wall shear stress (regions of arterial branching and sharp curvature). Flow in the vascular system is 
larninar, but in those localized regionsof complex geometry, extremely complex time dependent flow 
patterns can develop (Bronzino, 2000). 

low shear 
stress region 

stress region 

high shear 
stress region 

• wall thickening and 
atherosclerotic plaque 

Figure 2.3 Flow pattem in region of arterial branching. (Bronzino 2000) 



Chapter 2 Endothelial cells 

2.3 Effects of shear stress on endothelial cells 

It is well known that the shape and orientation of ECs depend upon the direction of blood flow and 
that throughout the arterial tree their morphology and structure differ locally. In straight and 
unbranched regions, ECs are elongated and aligned in the direction of blood flow by wall shear stress 
developed by the blood flow. Conversely, they are almost round or polygonal with no preferred 
orientation in flow dividers where flow condition is complex and wall shear stress is relatively low. 

It is obvious that cytoskeletal structures, which determine the shape of cells, are also affected by 
blood flow. In low-shear regions of blood vessels or under static cultured conditions, F-actin 
filaments, which are one of the major cytoskeletal structures within the ECs, mainly localize at the 
periphery of the cells. This is referred to as 'dense peripheral band' (DPB). Within shear-experienced 
cells, bright F-actin bundies are observed in the central part of the elongated cells, which orient to the 
flow applied. These central F-actin filaments, called 'stress fibers', are the main cytoskeletal 
components that prevent the cell from being largely deformed by the forces of the flow. 

One of the most striking consequences of endothelial realignment by flow is the increased resistance 
of the cell surface to deformation. Rather than stiffening of the membrane itself, the cytoskeletal 
elements (especially actin filaments) just beneath and attached to the membrane rearrange to a more 
rigid configuration. 
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Chapter 3 

Co nfocallaser scanning microscopy ( CLSM) 

3.1 Principle 

The in vention of the confocal microscope is usually attributed to Marvin Minsky who built a working 
confocal microscope in 1955. All modern confocal microscopes employ the principle of confocal 
imaging patented in 1957. The major application of confocal microscopy in biomedical sciences is 
for imaging either fixed or living tissues (cells) that have been labeled with one or more fluorescent 
probes. When these samples are imaged using a conventional light microscope, the fluorescence in 
the specimen away from the region of interest interferes with the resolution of structures in focus, 
especially for those specimens that are thicker than approximately 2 11m. 

Confocal microscopes differ from conventional (wide-field) microscopes because they do nat "see" 
out-of-focus objects. Figure 3.1 gives a schematic illustration of the operating principle of both 
microscopes.On the left the principle of a wide-field microscope is presented. A light souree in 
conjunction with a condenser distributes light uniformly across the area of the specimen under 
observation. Light rays emerging from three points in the specimen are shown. The detector farms an 
image from the sum of all the simultaneously arriving light rays. Also the rays coming from points 
below the plane of focus contribute to the image, giving a blurred image at the detector. The right
hand si de of figure 3.1 shows a confocal microscope. A point souree of light is produced by a pinhole 
placed in front of a light source. The point of light is focused by an objective lens into the specimen, 
and light that passes through it, is focused by a second objective lens at a second pinhole, which has 
the samefocus as the first pinhole, i.e., it is confocal with it. The second pinhole prevents light from 
above or below the plane of focus from striking the detector. Camparing the confocal microscope to 
the light microscope, there are two modifications, i.e., the area "seen" by the detector in a confocal 
microscope is limited and the area illuminated by the light souree is limited. 
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Chapter 3 Confocallaser scanning microscopy (CLSM) 

Detector 

Objective 
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Confocal 
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~ 
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~'t-- pinhole 
'. / 

' Light souree t 
Figure 3.1 Schematic illustration of the operating principle of the conventional wide field microscope 
and the confocal microscope. Light rays from three points in the specimen are shown. The dashed 
lines emerge from two points in the focal plane, one centrally located ( darker dashed line), the other 
off-axis (lighter dashed line). The third point is on-axis but located below the plane of focus ( dotted 
lines). In the wide-field microscope, the detector farms an image from the sum of all the 
simultaneously arriving light rays. In the confocal microscope only the light rays from the on-axis in
focus point in the specimen reaches the detector (Picture taken from Spector D.L., "Cells, a 
Labaratory manual, volume 2: Light microscopy and eelt structure" ). 

3.2 Confocallaser scanning microscope 
LSM 510, Zeiss 

Figure 3.2 shows an illustration of the configuration of a typical confocallaser scanning microscope 
(CLSM). The instrument consistsof a conventional fluorescence microscope (enclosed in the lower 
rectangle) to which a confocal scanning unit (upper rectangle) has been attached, comprising a pair of 
scanning mirrors, a laser, some wavelength-selective filters, a pinhole aperture, and a photomultiplier. 
The laser illumination is directed down the phototube of the microscope, ha ving been deflected by the 
rapidly oscillating scanning mirrors so that it sweeps across the specimen in a raster pattem. 
Fluorescent light emitted by the sample passes back through the phototube, is "descanned" by the 
scanning mirrors, and passes through the dichroic beam splitter (which removes any reflected laser 
light) to the pinhole aperture. Light originating from the focal plane passes through the pinhole to the 
detector, but all other light is blocked. By rnaving a sliding prism, the user can switch to visual 
(nonconfocal) observation through the usual binocular eyepieces, using the normal microscope 
condenser for illumination. 

7 
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confocal attachment Laser 
r-------~-----------
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Figure 3.2 Diagram illustrating the configuration of a typicallaser scanning confocal microscope. 
The instrument consists of a conventional jluorescence microscope ( enclosed in the lower rectangle) 
to which has been attached a confocal scanning unit (upper rectangle). 

Samplescan be investigated in a three-dimensional way by constructing series of focal x-y sections 
(the so-called z-series). One way to present this data is by showing orthogonal sections (figure 3.3). 

section 
xz plane 

xz plane 

yz plane 

xy plane 

section result, 
yz plane 

Figure 3.3 Orthogonal sections through endothelial cells, triplet of mutually perpendicular sectional 
images. 
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The CLSM used is a Zeiss LSM 510. The available laser wavelengtbs are 458, 488 and 514 nm 
(argon laser) and 543 nm (HeNe laser). There are different filter combinations available. The filters 
and objectives that should be used depend on the type of fluorophores imaged. 

3.3 Phase contrast microscopy 

Most living cells and unstained fixed cells are difficult to visualize using bright-field microscopy, 
because in those cells the absorption differences among the cellular structures are minimal and 
differences in refractive index or thickness cannot be detected. To enhance the contrast, phase 
contrast (Ph) microscopy can be used. When the light passes through a (living) cell, the phase of the 
light wave is changed according to the cell's refractive index: light passing through a relatively thick 
or dense part of the cell, such as the nucleus, is retarded; its phase, consequently, is shifted relative to 
light that bas passed through an adjacent thinner region of the cytoplasm. Phase-contrast microscopy 
exploits the interference effects produced when these two sets of waves recombine, thereby creating 
an image of the cell's structure. The difference between a bright-field and a phase-contrast image of 
ECs is shown in figure 3.4. In the phase-contrast image the nucleus and even nucleoli are clearly 
visible. 

Figure 3.4 Picture on left taken using bright-field microscopy, right picture taken using phase 
contrast microscopy (bovine aorta endothelial (BAE) cells). 
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Chapter 3 Confocallaser scanning microscopy (CLSM) 

A phase-contrast image and a fluorescence image can be recorded simultaneously and viewed 
separately as wellas combined in one image as shown in figure 3.5. 

a) 

c) 

Figure 3.5 Fluorescence (a), phase contrast (b ), and combined ( c) picture of RHECSO. 
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Chapter 4 

Atomie Force Microscopy (AFM) 

The atomie force microscope (AFM) (Binnig et al., 1986) enables the imaging of living cells intheir 
native environment, at a magnification and resolution markedly higher than can be achieved by light 
microscopy (LM). The AFM measures cell topography by rnaving a sharp tip mounted on the end of a 
flexible cantilever across the surface of the cell. The AFM can also be used to measure elastic 
properties of cells. 

4.1 Introduetion 

Scanning probe microscopes (SPMs)- the principle of which is shown in figure 4.1 -are a family of 
instruments for measuring properties of surfaces. In their first applications, SPMs were used solely for 
measuring surface topography but nowadays they arealso employed to measure many other surface 
properties. The scanning tunneling microscope (STM) was the first SPM and was recognized as 
having atomie resolution capability in 1981. The STM works by mechanically scanning a very sharp 
conducting tip over the surface of a conducting sample using a piezoelectric scanner. 

sample -
image 

Figure 4.1. Schematic diagram of scanning probe microscopy (SPM) system 

The ability of STM to measure surface morphology is very good. Unfortunately, there are some 
limitations, the most significant of which is that the surface of bath the tip and sample must be very 
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Chapter4 Atomieforce Microscopy (AFM) 

good conductors. This severely limits the classes of materials that can be studied. This problem led to 
the introduetion in 1989 of the frrst commercially available atomie force microscope (AFM), the 
NanoScope® AFM. Like the STM, the AFM uses a very sharp tiptoprobe and map the morphology 
of a surface. However, in AFM there is no requirement to draw a current between tip and sample, 
which is required in STM. In case of the AFM, the tip is mounted on the end of a long cantilever with 
a low spring constant. In contact AFM, the tip-to-sample spacing is held fixed by maintaining a 
constant and very low force on the cantilever, pushing the tip against the sample. 

4.2 Contact AFM concept 

The most important part of the AFM is a sharp tip mounted on a small, flexible cantilever (Fig 4.2). A 
laser beam is reflected from the end of the cantilever to a photodetector. The AFM system keeps the 
tip in contact with the sample surface. The sample is scanned with the tip in X and Y direction. 
Features on the sample surface will deflect the cantilever, which in turn changes the reflectory 
direction of a laser beam which is spotted on the cantilever. Consequently, the position of the laser 
spot on the receiving photodetector will diverge from its central position. This change is read by a 
feedback loop, which moves the cantilever in Z-direction to restore the laser spot to its original 
position. The feedback system is used to keep the tip-sample interaction constant such that the tip 
forces are maintained at a constant value. To construct a 3D-image, the feedback system is monitored 
while the tip scans in X-Y direction. By correlating the feedback systems' status to the scanner motion 
at each point, an image of the sample emerges. 

cantilever 
with tip 

photodetector 

feedback system 

Figure 4.2 Contact AFM concept. 

laserbeam 

piezo 

z 
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Chapter 4 Atomie force Microscopy (AFM) 

The photodetector or PSD (Position Sensitive Detector) consists of a four quadrant photo-sensitive 
array. The four elements are combined to provide different inforrnation depending on the operation 
mode. Essentially the four elements combine to form the sum signal which is the total voltage 
generated by the photodetector. The amplified differential signal between the two top and the two 
bottorn elements provides quantitative inforrnation about the cantilever deflection. Sirnilarly, the 
amplified differential signal between the sum of the two left and the two right photodiodes provides a 
measure of the torsion of the cantilever. The latter signal is only used in lateral force rnicroscopy 
(LFM). 

4.3 Force eaUbration curve 

The loading force, the force exerted on the sample by the cantilever, can be set by assigning a certain 
value to the setpoint parameter. The setpoint parameter defines the desired voltage (and, therefore, the 
desired deflection of the cantilever) for the feedback loop. The setpoint voltage is constantly 
compared to the present photodiode cantilever deflection to calculate the desired change in piezo 
position. The force used during scanning can be deduced from the force calibration curve. Force 
calibration curves are presented in so-called force plots and are used to measure tip-sample 
interactions and to deterrnine optirnal setpoints. 

----------------
' -

' 
"' 0~ <:V: 

A. approach B. jump to contact C. contact 

i 
D. adhesion E. pull-off 

Figure 4.3. Five steps of force calibration. 

To construct a force calibration curve, the X and Y voltages applied to the piezo tube are kept zero 
while a triangular waveform is applied to the Z piezo tube. As a result of the applied voltage, the fixed 
end of the cantilever moves up and down relative to the sample (Fig. 4.3). As the piezo with the 
cantilever moves up and down, the cantilever deflection signal from the photodiode is monitored. 
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cantilever 
-..;r..-"..----... --.;.A;;.._ __ ~ spring force 

E 

Z position 

Figure 4.4. Force plot: the labeled points on the curve are illustrated infigure 4.3. 

In its approach (starting at point A), the tip does nat touch the surface, resulting in the horizontal non
contact line (Fig. 4.4, line A-B). Optica! effects, leading to a sinusoirlal asciilation or a slight slope 
can disturb this line. As the tip approaches the surface, it may jump into contact (point B). This jump 
results from attractive farces between tip and sample and can sametimes heseen as a small downward 
movement in the force curve (point B). Once the tip is in contact with the surface and the fixedendof 
the cantilever is brought closer to the sample, the cantilever will deflect. If the force curve is taken on 
a rigid surface, the deflection is proportional to the movement of the cantilever by the piezo (the 
deflection is small relative to the lengthof the cantilever legs). If the surface is soft, the tip may indent 
into the surface at this point. In this case, the slope or shape of the contact part of the force curve (B
C) can provide information about the elasticity of the sample surface. 

Mter loading the cantilever to a desired force value, the process is reversed. As the cantilever is 
withdrawn, adhesion or honds formed during contact with the surface may cause the tip to adhere to 
the sample (D) at some distance further than the initia! contact point on the approach curve (B). At 
point E the adhesion is braken, and the tip is released from the surface. 

The reason for the large adhesion in ambient air is that most samples in air are covered by a thin layer 
of water or other condensed contarninants. These contarninants aften farm a capillary bridge between 
the tip and sample, generating large adhesive farces. When the entire cantilever is completely 
submerged in liquid, these capillary farces disappear. 

A force calibration curve on a rigid surface, submerged in liquid, basically has two linear regions, i.e. 
a horizontal region where the cantilever deflection is constant (the tip is off the surface) and a sloped 
region where the tip is touching the surface and the deflection is proportional to the movement of the 
cantilever by the piezo. In the case of a soft surface the deflection will he smaller as a result of sample 
indentation (Fig. 4.5). 
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Figure 4.5. The deflection ofthe cantilever on a soft surface is smaller compared to the deflection on 
a rigid surface due to indenfation of the tip into the surface. 

Both the elasticity of the sample and the stiffness of the cantilever (spring constant) determine the 
slope and shape of the contact part of a force curve. The influence of both factors is shown in figure 
4.6a through c. Figure 4.6a shows a force curve taken on a surface that is soft relative to the spring 
constant of the used cantilever. On soft surfaces, the deflection of the cantilever is small because the 
tip indents the surface. In figure 4.6c, a force curve is shown taken on an infinitely stiff surface or 
taken with a too small spring constant. As a result, the indentation equals zero. In figure 4.6b, the 
spring constant of the cantilever and the elasticity of the sample are of the same order of magnitude. 
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Figure 4.6 lnfluence of spring constant of the cantileverand the softness of the sample on the slope 
and shape of the contact part of a force curve. 
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These considerations are important when choosing a eertaio cantilever for irnaging as well as for 
elasticity measurements. A flexible cantilever will be less harmful to delicate samples but when it is 
too compliant, it will respond to rnany srnall forces. It will generate noise and jump to contact if there 
are large attractive forces acting. For most measurements, it is best to choose a cantilever spring 
constant that is approxirnately in the same order of magnitude as the stiffness of the sample. 

On soft surfaces in aqueous solution both the contact line (B-C-D, Fig. 4.4) and non-contact line 
exhibit a scan rate-dependent hysteresis (Fig. 4. 7). At low scan rates, the approaching and retracting 
curves lie close to each other. However, at higher scan rates, there is a substantial difference. The 
hysteresis between the approaching and withdrawing portion of the non-contact line arises from the 
viscosity ofthe medium in which the measurement is made (Hoh, 1993). The hysteresis in the contact 
part is caused by the viscous contributions from the cell. 
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Figure 4. 7 The hysteresis between the approaching and retracting force calibration curve is 
dependent of the scan rate. The approaching curve runs above the retracting curve. 

4.4 Measuring elastic properties 

One approach to measure elastic properties of soft samples with the AFM by recording and analyzing 
force curves has been introduced by Tao and Lindsay (1992), and is basedon the Hertz model (1881). 

For modeling the elasticity, the indentation should be plotted as a nmction of the loading force. The 
loading force can be calculated by multiplying the measured cantilever deflection with by the force 
constant of the cantilever. The indentation of the tip into the sample can be calculated by subtracting 
the measured deflection on a soft surface from the known response of the cantilever on a rigid surface, 
(Fig. 4.8). 
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Figure 4.6. Force plot, representing a force calibration curve, on a rigid surface and on a soft 
surface. Indenlation is the theoretica! deflection on a rigid surface minus the measured deflection on 
the soft sample. The contact point is the point where the tip first touches the sample surface. 

Force versus indentation curves can be modeled by the Hertz model (Hertz, 1881) descrihing the 
elastic deformation of two surfaces touching under normal load. Hertz calculated the elastic 
deformation of two spherical surfaces touching under load, Sneddon (1965) extended this calculation 
for different geometries. The model of Sneddon is also referred to as the Hertz model, to distinguish it 
from other models, which include other effects such as adhesion or plastic deformation. 

The model prediets a functional dependency between the toading force F and the indentation ö for the 
simplified geometry of a stiff four-sided regular pyramid with incHnation angle rt/2-a (the AFM tip) 
indentingin a soft flat (isotropic, linearly elastic) surface (the cell) in the following way: 

(4.1) 

where E is the Young' s modulus and v is the Poisson ratio of the soft materiaL E then is given by 

(4.2) 

By fitting the Hertz model to the data, the local Young's modulus (elastic modulus) of the sample can 
be calculated (Radmacher, 1997). 
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Figure 4.9 Relation between the loading force F and the indentafion 8 given by the Hertz model for 
the simplified geometry of a stiffpyramid (the AFM tip) indentingin a softflat sulface (the cel!). 

There are several difficulties in analyzing force curve data as described above. The most important 
problem is the precise determination of the contact point between tip and sample. The contact point is 
needed to calculate the indentation (Fig. 4.8). If a sample is soft relative to the detection sensitivity of 
the AFM, the sample will deform in response to the tip before the cantilever deflects measurably. 
Therefore, the right contact point will not easily be detected, which leads to errors in the estirnation of 
the elastic modulus. 

To avoid the problem of the determination of the contact point, only a part of the force curve can be 
fitted (Figure 4.10). Takinga part well above the contact part solves the problem. The indentation can 
be written in terms of the contact point position Zcontact> the z position and the deflection d: 

8 = (Zcontact- z) - d (4.3) 

The force F can be written as 

(4.4) 

with ca factor which is proportional toE. Combining 4.3, 4.4 and F=kd gives 

Z + d = -l-.Jd + Zcontact (4.5) 

In a force calibration the z position and the deflection are measured, thus fitting the above function 
using a least squares metbod gives the factor c and Zcomact· From c the elastic modulus can be 
calculated. 
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Figure 4.10 Force curve ofwhich only a part isfitted according to the Hertz model. 

4.5 AFM on cells 

The AFM can be used to image (living) cells in an aqueous solution. Because the tip is pusbed onto 
the sample, not only the surface structure can be visualized but also structure lying just beneath the 
membrane. 

There are mainly two aspects that make consistent imaging of living cells with AFM difficult i.e., the 
physical properties of the cell and the natura} environment of the cell in culture. Physically the cell 
surface is very soft so it can be easily damaged by the tip. The force applied on the tip during 
scanning should not be too high, because then it will cause a large deformation of the cell by the tip. 
On the other hand, it should not be too small, because then there will be no good contact between tip 
and cell surface. The second problem is the natura} environment of the cell in culture. Normally it is 
stored in a temperature controlled incubator, pH is held constant by applying 5% C02 in the air. 
However, under the AFM, a special housing needs to be designed in order to control temperature and 
pH. 

Chemica} fixation of cells is the easiest way to measure cells with the AFM. Fixation of cells with 
glutaraldehyde or paraformaldehyde results in a rapid stiffening of the cell surface. Thus examination 
of the cells becomes easier and fine structures can be visualized at the surface even using scanning 
forces in the nanonewton range. Of course, by fixation, only the structural information is relevant, but 
information on the viscoelastic properties of the cell membrane is lost. 

AFM imaging was done using a dimension 3100 SPM system (Digital Instruments, Santa Barbara, 
CA). The instrument is equipped with a light microscope system that provides direct visualization of 
the sample. So it is possible to review the substrate to which living or fixed cells have attached and to 
locate potentially interesting individual cells or cell clusters. The cells were cultured on a glass slide. 
This slide is placed on a beamsplitter to allow illumination from below (Fig. 4.11 ), thereby increasing 
the cell image contrast when viewed through the light microscope from above. 
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Figure 4.11 Experimental set-up atomie force microscope. 
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Chapter 5 

Experimental set-up 
To examine the influence of shear stress on cultured endothelial cells, a parallel-plate flow chamber 
was built. This device and its working principle is described in 5 .1. The applied flow and shear stress 
in the flow chamber are discussed in 5.2. 

5.1 Parallel plate flow chamber 

The main two components of the parallel plate flow chamber are a stainless steel bottorn plate and a 
polycarbonate housing. A glass slide (76x26x0.15 mm) can be placed on the stainless steel bottorn 
plate and forms the bottorn of the flow section. The polycarbonate housing is placed on top of it and 
fixed with two mounting brackets as shown (Fig 5.1b). Between the bottorn plate and the housing, a 
silicon 0-ring is placed, to prevent leakage. The flow chamber has a flow section which is 0.9 mm in 
height, 16 mm width and 99 mm in length. 

a) b) 

Figure 5.1 a) Components of parallel plate flow chamber, 1) stainless steel bottorn plate 2) 
polycarbonate housing 3) two mounting brackets with jour screws 4) silicon 0-ring 5) Level 
adjustment screw b) Flow chamber with inflow reservoir (6) and outflow reservoir (7) 

The blood substituting liquid medium enters the inflow column of the flow chamber and fills the 
inflow reservoir to a certain level (a schematic drawing of the flow chamber is given in figure 5.2). 
An overflow column keeps the level in the inflow reservoir at a constant value. The medium flows 
through the channel to an outflow reservoir which has also an overflow column. Tuming the level
adjustment screw can change the height of this column. The fluid flow through the channel is the 
result of the hydrastatic pressure difference between the two reservoirs. 
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Figure 5.2. Top view (upper drawing) and side view ofparallel-plateflow chamber. 

The flow chamber is connected to a closed flow circuit as shown in figure 5.3. The medium is 
pumped into the inflow column using a roller pump. The medium from the overflow columns of the 
inflow and outflow reservoirs is returned to the flask. The medium is kept in a jacketed round-bottom 
flask which can be heated with hot water. The medium is kept at 37 oe in a 5% C02 balanced 
hurnidified air environment. 



flow chamber 

roller pump r.===:::::::--

water 

Figure 5.3 Schematic drawing ofthe experimental set-up. 
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For visual inspeetion of the endothelial cells on the glass slide during various flow protocols, the flow 
chamber can be placed on the confocal microscope. This is shown in figure 5.4. 
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Figure 5.4 Photograph of experimental set-up, flow chamber on confocallaser scanning microscope. 

The transparency of the polycarbonate housing allows direct microscopie examination of the adhering 
cells during shear-stress exposure. The cells can continuous be monitored to check for cell 
detachment. The shearing device is mounted on a movable x-y-stage. This x-y-stage allows 
microscopie examination of the entire glass slide. 
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5.2 Determination of the wall shear stress 

The flow of a Newtonian fluid, a fluid for which the dynamic viscosity 1-l is independent of the rate of 
shear du/dy, is described by the Navier-Stokes equations. When an incompressible fluid passes along 
a straight channel of constant cross-section (Fig. 5.5), provided the flow is steady, the velocity profile 
eventually attains a form, which is independent of the axial coordinate (x). The flow is then said to be 
fully developed. As a consequence of the definition of the fully-developed condition, velocity 
derivatives with respect to the coordinate in the axial direction are zero, and transverse velocity 
components disappear. 

z 

Figure 5.5 Cross-section of straight channel. 

In Cartesian coordinates, consideration of the momenturn equations in the y- and z-directions shows 
that the pressure p is independent of y and z. The flow is fully specified by the momenturn equation in 
the axial direction ( velocity component u) 

a2u a2u 1 dp 
-+-=-- (5.1) 
ay2 az2 J1 dx 

which is Poisson's equation, together with the appropriate boundary conditions. For a rectangular 
section given by -b<y<b and -a<z<a the local velocity distribution is given by (Ward-Smith, 1980) 

1 dp[b2 2 4 ~ (-1t cosh(Nnz) ] u=--- - y -- L- -- cos(Nny) . 
2}1 dx b n=O N~ cosh(Nna) 

(5 .2) 

The volumetrie flow rate is 

Q = 4abU = _ _!._ dp [_iab3- ~ Ï tanh(N na)], 
J1 dx 3 b n=O N5 n 

(5.3) 

where 

(2n + 1)7r 
Nn = . 

2b 
(5.4) 

The shear stress 't at the bottorn and the top of the channel is proportional to du/dy, the velocity 
gradient normalto the plane of shear. The shear stress there is given by 

du 
r = }1- (5.5) 

dy 
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where the constant of proportionality, IJ., is known as the dynamic viscosity. Equation 5.5 is known as 
Newton' s la w of friction. 

By collecting the fluid flowing through the channel over a given time, the volumetrie flow rate, Q, can 
be measured. Using the equations 5.3 and 5.2, dp/dx and the velocity u(y,z) can be calculated (Fig. 
5.6). By differentiating equation 5.2 toy, the shear stress 't can be calculated (equation 5.5) . 
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Measurements and results 

6.1 Materials and methods 

cell culture 

The cells used originated from the continuous CEC (cardiac endothelial cell) line RHEC 50. This cell 
line possesses the same characteristics as primary cultures of freshly isolated CEC and EC in situ 
(Dormans-Linssen, 1993). The cells were seeded in 25 cm2 culture flasks with Dulbecco's modified 
eagle medium (Biochrom) containing 15 % fetal bovine serum (Biochrom) and 2 % hepes buffer 
(Biochrom KG). When confluent, 3-4 days after seeding, cells were exposed to 0.05 % trypsin-EDTA 
(Biochrom) and passagedat a 1:4 split ratio in flasks. 

sample preparation 

ECs were seeded on sterile glass slides (76x26x0.15) and incubated for 3 days. Befare placing a glass 
slide with cells in the shearing device it was rinsed with PBS (phosphate buffered saline). Mter 
exposure to a period of shear stress, the flow chamber was disassembied and the glass slide with the 
cells taken out. The cells were immediately fixed in 4% formaldehyde in PBS for 10 min. A control 
monolayer that was not subjected to any shear stress was fixed at the same time. The glass slides were 
used for topography and elasticity measurements with the AFM or incubated with FITC-conjugated 
phalloidin (Sigma) to stain F-actin filaments for visualization with the CLSM. 

shear experiments 

The slides with the cells were placed into the shearing device and exposed to a certain period of shear 
stress. By collecting the fluid flowing through the channel over a given time, the volumetrie flow rate 
Q and the shear stress 't could be calculated. During the experiments the maximal achievable flow rate 
was 90ml/min resulting in a shear stress of 0.7 Pa. The cells were exposed to shear stress either for 6 
or 12 h. 

fluorescent staining 

To stain the F-actin filaments, the cells were wasbed in 0.05% PBS!fween-20 and then permeabilized 
in 0.5% Triton X-100 in PBS for 5 min at 4°C. Mter washing with 1% BSA/PBS (Bovine Serum 
Albumin), the cells were placed in a dry incubator with 1% BSA/PBS during 1 min at 37°C. The cells 
were incubated with FITC-conjugated phalloidin for 1 h. Cells were wasbed for 15 min in 0.05% 
PBS!fween-20. 
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For using the 63x oil immersion objective it is necessary to place the slide on an object slide for extra 
rigidity. The glass slide is placed upside down on an object slide, which has a cavity which is filled 
with PBS/DABCO (anti fading). The edges of the sample are sealed with nail polish. 

filled with 
PBS/DABCO 

Figure 6.1 Schematic representation of sample preparation of CLSM examination. 

6.2 Results CLSM 

The objectives used are arranged in table 1. 

Table 1 Used objectives 
Objectives Numerical Immersion phase contrast 

aperture medium 
10x plan-neofluar 0.30 arr -
20x LD achroplan 0.40 air Ph2 
40x LD achroplan 0.50 arr Ph2 
63x plan-apochrornat 1.4 oil -

FITC conjugated phalloidin bas an excitation wavelengthof 490nm and an emission wavelengthof 
520-525 nm. The microscope track configuration used is shown in figure 6.2, showing an emission 
filter LP 505 and a dichroic mirror HFT 488. The ernission filter transmits light with wavelengtbs 
larger than specified. The dichroic mirror reflects light of the selected wavelength and transmits light 
with other wavelengths . 

LP SOS 

Ch 1 , photomultiplier 

HFT 488 ~~------IL __ jex<:ita1tion, 488nm 

sample 

transmission 

Figure 6.2 Microscope track configurationfor FITC conjugated phalloidin, with emissionfilter LP 
505 and dichroic splitter HFF 488. 
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6.2.1 Fluorescence intensity 

Application of shear stress of physiological magnitude to ECs results in the formation of actin stress 
fibers. To investigate the increase of the cytoskeletal protein actin, the fluorescent response of sheared 
and non-sheared cells is compared. Cells were exposed to shear stress of 0.7 Pa for 6 and 12 h. The 
two samples together with a sample which was held in static conditions were fixed and stained with 
FITC-conjugated phalloidin. Confocal images were made of the three samples with the same laser 
excitation, values for pinhole diameter and detector gain. In figure 6.3, two images are shown, the left 
image of cells that were held under static conditions, the right image of cells that were exposed to 
shear stress for 12h. 

no exposure to shear 12h exposure to shear 

Figure 6.3 Difference in intensity, pictures taken with same laser excitation, pinholes and gains. 

It is evident that the fluorescence intensity of the F-actin increased after exposure to shear stress for 
12h. After 6h the intensity did not change. 

6.2.2 F -actin filaments 

Figure 6.4a-f shows representative pictures of phalloidin stained F-actin filaments in endothelial cell 
monolayers subjected to shear stress for 0,6 and 12h, respectively. For cells not exposed to shear 
stress, thin F-actin filaments were mainly Jocalized at the cell peripheries, although some filaments 
were seen as star-like configurations in the center of the cell. The angle of filaments was observed to 
be randornly distributed. After 6h of shear stress the actin filaments are oriented in the direction of the 
long cell axes. The filaments at the cell periphery have largely disappeared. After 12h of shear stress 
thick actin filaments have formed at the cell periphery. 

?Q 
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a) b) 

c) d) 

e) f) 

Flow direction 

Figure 6.4 Pictures of F-actin filaments of endothelial cells exposed to shear stress of 0. 7 Pa for 0, 6 
and 12h. Scan size 230x230 f..lm .. a, b) Oh: thin F-actinfilaments were mainly localized at the cel! 
peripheries, although some filaments we re se en as star-like configurations in the center of the cel!. 
The angle offilaments was observed to he randomly distributed. c, d) 6h: F-actinfilaments are 
oriented in the direction of the longest cel! axes. Filaments at the cell periphery largely disappeared. 
e, f) 12h: thick actinfilaments are localized at the cel! periphery. 

'2() 
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To investigate the distribution of actin filaments in the sheared ECs confocal sections were made. In 
figure 6.5 four sections are shown. The distance between the sections is 1.2 )lm. The height at which 
the sections were taken is shown by the verticalline in the right hand side of the picture (indicated by 
arrows). The section in figure 6.5a is taken near the glass slide, thick actin filaments at the cell 
periphery are visible. On the top of the cells some bundies of actin filaments are observed (arrows) 
shown in figure 6.5c and d. 

a) 

c) t 

Figure 6.5 Confocal sections through endothelial cells. The vertical fine (indicated by arrow) on the 
right hand side of the pictures indicates the height of the .xy plane. Section a) is taken near the glass 
slide, thick actinfilaments at the cell periphery are visible. On the top ofthe cells some bundies of 
actinfilaments are observed (arrows). Scan size 160x160J1m 

~1 
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6.2.3 Cell orientation 

Cell orientation was characterized by the angle enclosed by the longest cell dimension relative to the 
flow direction. The angle is zero for cells that are oriented parallel to the flow direction and 90 deg for 
cells oriented perpendicular to the flow direction. The cells were exposed to 12 hof shear stress of 
0.7 Pa. In figure 6.6, the first image at t=O is shown. In figure 6.6b the cell orientation is depicted for 
420 cells. In figure 6.7, the last image is shownat t=12h, the cell orientation is depicted in figure 6.7b 
for 370 cells. 

Figure 6.6 Orientation of cells before exposure to shear stress. Scan size 650x650jlm. In the right 
image the cell orientation is depicted by white lines. 

direction of flow 

Figure 6.7 Orientation of cells after 12 h exposure to 0. 7 Pa shear. Scan size 650x650J1m. In the right 
image the cell orientation is depicted by white lines. 

1') 
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The distribution of the angles of orientation is shown in figure 6.8 for the two images above. The 
average value for the angle of orientation for cells at t=O is 49±23 deg. For the cells at t=12 h the 
average value is 52±25 deg. It is concluded that the cells do nat align to the flow direction within 12h 
by a shear stress of 0.7 Pa. 
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Figure 6.8 Distribution of angles of cell orientation before and after exposure to shear. 

6.3 Results AFM 

All AFM imaging was performed in constant force mode, meaning that a feedback loop controts the 
Z-height of the piezo such that the cantilever deflection is kept constant. The loading force is 
proportional to the deflection via the cantilevers spring constant. Due to the finite response time of the 
feedback loop there will be a remaining variation in the cantilever deflection especially at steeply 
ascending or deseending surfaces. The resulting deflection image is obtained simultaneously with the 
true height image and can be considered as a directional derivative of the topography of the 
investigated sample. Small surface corrugations will be clearly visible. 

Which cantilever to choose for measuring cells? 

For imaging and elasticity measurements, deflection and indentation should be of the same order of 
magnitude. By combining the equation for the loading force F=kd and equation 4.1 which gives the 
relation between the force and the indentation predicted by the Hertz model, an estimation can be 
given forthespring constant of the cantilever to be used as follows : 

(4.6) 

taking d::::Ö= 1 OOnm and &:50kPa, the order of magnitude for k is 

k = 0(]_ l E 8) = 0(10-2
) N/m. 

4 tan(a) l-v2 (4.7) 
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For our experiments the cantilevers used were silicon nitride cantilevers with integrated pyrarnid tips 
(200-!..tm-length and 16-J..Lm-width triangle cantilever) which had a springconstant of 0.06 N/m. 

For imaging Barbee (1994) found that with loading forcesof 1 to 10 nN, engagement was maintained 
without significant change in the measured contours of cells. The averaged loading force during our 
measurements was 3 nN. 

Furthermore, before accurate deflection data can be obtained the sensitivity had to be calibrated. The 
sensitivity is the cantilever deflection signal versus voltage applied to the piezo and is set in the force 
calibration mode. Sensitivity is equal to the slope of the force curve while the tip is in contact with the 
sample surface. 

Before starting a measurement, the AFM needs time to stabilize after the sample is placed under the 
AFM and the tip is lowered into the liquid. In figure 6.9a the position of the laser spot is shown as 
function of the time after the tip is lowered into the liquid. It is important that the spot is stabilized 
because the sensitivity depends on the position on the photo detector (as shown in figure 6.9b). So 
after placing the sample under the AFM, 90 rninutes is waited before starting a measurement. 
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Figure 6. 9 Left panel: position of laser spot on photodetector as a function of time after lowering the 
tip into the liquid. Right panel: Sensitivity as function of the position on the photodetector. 

6.3.1 Topographical imaging of ECs 

The height of the investigated CECs ranged roughly from 2 to 10 J..Lm. The maximum AFM height 
range is lirnited by the stroke of the piezoelectric transducer to approxirnately 6J..Lm. It is therefore 
important to have the piezo fully extended when measuring on the lower cell periphery so that it can 
reach the upper cell edge (at the level of the cell nucleus) fully retracted (figure 6.10a) . The figure 
illustrates that if the piezo is already fully retracted on the cell periphery (figure 6.10b ), the tip can not 
reach the upper side of the cell nucleus. 

distance --I-!~:!!$~--_!~~~-----·-------
fixed by 
motor fixed 

Figure 6.10 a) piezo extended on the lower cell periphery and retracted on the cel! nucleus. b) when 
the piezo is retracted on the cell periphery, the nucleus cannot be measured. 
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a) b) 

6J..Lm 1 50nm 

3J..Lm : 25nm 

,0 Jlffi 
1 Ünm 

d) 

Figure 6.11 AFM images of RHEC 50. Cells havenotbeen exposed to shear stress. a) Height image 
and corresponding b) de.flection image, scan size 75 J.lm. c) height and d) de.flection image, scan size 
50 J..Lm. Scan rate for both images 70 pmls. The black areas(white arrows) in figure b are caused by 
the limited rang of the piezo. The tip cannot re ach the surface at those places. In the de.flection images 
structures are se en that are caused by cytoskeletal filaments that are lying just beneath the membrane. 

Because of the large difference in height between the regions above the cell nucleus and periphery, on 
large scans it is difficult to distinguish details of the surface topography details in the height images as 
shown in figure 6.11a and c. Such surface details can be visualized better in the simultaneously 
monitored cantilever deflection signal, that produces an effect similar to a high-pass filter in which 
quantitative height information is lost. In these figures (b and d), cell boundaries are clearly visible. 
For low-frequency undulations (cell scale), the deflection image is proportional to the slope of the 
surface in the scan direction (light grays indicate a positive slope, and dark grays indicate a negative 
slope), creating a shaded appearance. The dark areas indicated by the white arrows in figure 6.11b are 
caused by the lirnited range of the piezo that is unable to reach the surface. The height of the cells 
shown ranged between 2.5 and 4 J..Lm. As indicated by the black arrows in the deflection images 
structures can be seen that are identified as cytoskeletal actio fibers just beneath the cell membrane 
(Haga, 2000). 
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Figure 6.12 shows a height and deflection image of RHECs that were exposuretoa shear stress of 0.7 
Pa during 10h. The height of the cells ranged from 2.6 to 4.2 jlm. In the deflection image structures 
that correspond to cytoskeletal structures beneath the membrane (black arrows) are clearly visible. 

Üj1m 

Figure 6.12 Height (a) and deflection (b) image of RHECs that have been exposed toa shear stress of 
0. 7 Pa for 1 Oh. Scan size 65 J.lln, scan rate 70J.Lmls. Structures in dejlection image indicated by the 
arrows are caused by cytoskeletal filaments lying just beneath the membrane. 
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6.3.3 Elasticity measurements 

To investigate the influence of the increase of F-actin filaments on the elasticity of the cells, elasticity 
measurements were performed on two different samples. One sample was a glass slide with cells that 
were exposed to shear stress of 0.7 Pa for 10h. The cells on the other sample were not exposed to 
shear stress. Mter exposing one sample to10h of shear stress bath samples were ftxed following the 
same procedure. Elasticity measurements were done on the top of the cells using the force volume 
mode. In force volume mode a topographic image of an area of a sample is obtained as well as an 
array of force curves over the same area. The area measured was 2x2Jlm. In this area 256 force plots 
were taken. In ftgure 6.13, 256 force curves are shown. The sloped non-contact line is probably 
caused by laser reflection and interference pattem from the sample. This slope is highly reproducible, 
i.e. the approach curve is almast identical to the retraction curve in the non-contact region. Therefore, 
it is possible to compensate for most of the error by fitting a function to the approach curve and 
subtract it from both curves. 
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Figure 6.13 256 force curves taken on the cell nucleus. a) The sloped non-contact line is probably 
caused by laser reflection and interference pattem from the sample. b) A function is fitted and 
subtracted from the force curves. 

Force volume measurements were performed on 7 cells for bath samples. The calculated values for 
the elasticity modulus E are shown in figure 6.14. No significant difference in elasticity is observed 
between cells that were exposed to shear stress and cells that were nat exposed to shear stress. 
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Figure 6.14 Values for the elasticity modulus E for cells exposed to shear stress of 0.7 Pa for JOh 
(right panel) and cells that havenotbeen exposed to shear stress (left panel). 
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Chapter 7 

Discussion 

The present thesis describes our attempts to characterize the changes - if any - in the cytoskeletal 
structures and arrangement and in cell elasticity in cultured endothelial cells as a consequence of a 
varying duration of constant shear stress. The results of our experiments show that within the 
investigated time domain no changes could be detected in cell elasticity although a significant 
increase in F-actin was observed. 

Parallel plate flow chamber and shear experiments 

Experience leamed that the flow chamber was adequately designed to fulfill the requirements of our 
experiments on endothelial cells. The temperature and pH of the medium which flows through the 
channel was controlled by keeping the medium in a flask which was held at 37°C and in a 5% C02 

balanced humidified air environment. The transparency of the polycarbonate housing allowed direct 
microscopie examination of the adhering cells during shear-stress exposure. The cells did not detach 
from the glass slide during the shear experiments of 12h showing that the environment for the cells in 
the flow chamber was satisfactory. The maximal achievable volumetrie flow rate was 90 ml/min, 
resulting in a shear stress 0.7 Pa. This value corresponds to the lowest value of physiological arterial 
shear stress. The only problem we encountered was caused by the proteins in the medium. Due to air 
bubbles in the tubes between the overflow reservoirs and the flask excessive foam was formed in the 
flask. This however could he solved by placing a bubble filter between the tubes allowing air to 
escape and by placing clamps on the tubes. 

Spatial reorganization of EC cytoskeleton 

The content of the axial cytoskeleton actin protein largely increased after 12h exposure to 0. 7 Pa shear 
stress. This was determined by camparing the intensity of fluorescence of phalloidin stained F-actin 
filaments of sheared and unsheared cells. This increase however was nat observed after 6h exposure. 

For cells not exposed to shear stress thin F-actin filaments were mainly localized at the cell periphery, 
although some filaments were seen as star-like configurations in the center of the cell. The angle of 
filaments was randornly distributed. For cells exposed to shear stress of 0.7 Pa for 6h F-actin 
filaments were oriented in the direction of the longest cell axes while the filaments at the cell 
periphery largely disappeared. Cells exposed to shear stress for 12h showed the reappearance of thick 
actin filaments at the cell periphery. 

These observations are in agreement with observations made by other investigators (Kataoka (1998), 
Galbraith (1998)). In most experiments described a higher shear stress was applied (1.5-2 Pa). F-actin 
reorganization was already apparent in those experiments after 20 min exposure to shear stress. This 
confirms that the onset of reorganization is very sensitive to the magnitude of the applied shear stress 
(Davies, 1981). 
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Reorientation of endothelial cells 

The angle of cell orientation did notchange for ECs exposed to shear stress of 0.7 Pa for 12h. This is 
in agreement with Dewey (1981). These investigators found that after 1, 6 and 24h exposure to 0.8 Pa 
no significant change in cell orientation occurred. By 48h, however, cell configuration was uniformly 
changed to an ellipsoid form with the major axes aligned in the direction of flow. 

Topographical imaging with AFM 

In our experiments the topographical imaging of ECs was severely hampered by the limited AFM Z
range. Only the lowest cells of the EC monolayers could be imaged. The topography of these cells 
after exposure to shear stress showed the same characteristics as cells not exposed to shear stress. The 
surfaces appeared smooth when observed in deflection mode. Some fibrous structures were seen 
which were identified as cytoskeletal actin fibers just beneath the cell membrane (Haga, 2000). 
Barbee and colleagues (1994) did find differences in topography between sheared and unsheared ECs. 
The surface of unsheared cells appeared smooth while sheared cells displayed an extensive fibrous 
network. The cells in their experiment were exposed to shear stress of 1.2 Pa for 24 hours and were 
elongated and aligned with the direction of the flow applied. The cells in our experiment were not 
elongated and aligned to the flow and in the lowest cells no stress fibers were observed, explaining the 
smooth surfaces of the sheared cells. 

Elasticity measurements with AFM 

Elasticity measurements were performed on top of sheared and unsheared cells using the AFM. Cells 
were exposes to shear stress of 0.7 Pa for lOh. As explained above, only the lowest cells could be 
investigated. Force calibration curves were taken giving a relation between the indentation of the tip 
in the cell and the loading force. The Hertz model, which is usually applied in AFM studies to analyze 
this relation, was used to calculate the Young's modulus. We found no significant differences 
between the values calculated on sheared and unsheared cells. 

It is known that the cytoskeletal structure and the content of actin filaments have an important effect 
on the local mechanica! properties of the cell surface (Sato, 1996). In our experiments, after 10h of 
exposure to shear stress, most of the actin filaments were localized at the cell periphery while the 
elasticity measurements were performed on the top of the cell. This explains why no difference was 
found in the elastic modulus of sheared and unsheared cells. 

lt should also be pointed out that the measurements were performed on fixed cells. Fixation of cells 
results in a stiffening of the cell membrane. However, it is expected that an increase in actin filaments 
just beneath the cell membrane will still influence the elasticity of the cell measured while the 
indentation of the tip into the cell during the measurements was larger than 600 nm. 

Sato et al. (1987b, 1996) first noted that the mechanica! stiffness as measured by the pipette aspiration 
technique, increased in endothelial cells exposed to shear stress. Cells exposed to shear stress 
demonstrated a mechanica! stiffness significantly greater than that of control cells, the difference 
being a function of both the level of shear stress and the duration of exposure. The parameter of 
stiffness was approximately two to four times greater when shear stress of 3 Pa was prolonged from 6 
to 24 hours. The cells also contained thick bundies of actin filaments . Using the AFM Sato (2000) 
modeled the force curves by a quadratic equation F=aÖ2+b8. The parameters, a and b, increased 
significantly in the upstream side of the cell at 6h exposure (2 Pa). At 24h exposure, parameters 
increased at alllocations in the cell. 
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The Hertz model, which is widely applied in rnadeling force curves, is based on the classica! 
infinitesimal strain theory. The fundamental assumptions of the theory are that the sample is a 
homogeneous, isotropic, linear elastic half-space subject to infinitesimal small strains. Each of these 
assumptions is questionable for AFM indentation studies in biologica! specimens. The AFM 
indentation has recently been classified as a finite indentation problem (Costa and Yin (1999)), 
because the strains are large in the vicinity of the indenter even for small indentations relative to the 
sample thickness. Costa and Yin compared their numerical results with the predictions of the classica! 
theory for infinitesimal strains and found that AFM indentation of soft biologica! materials usually 
will not satisfy the conditions of the infinitesimal theory. However the values calculated for theelastic 
modulus with the Hertz model can be used to compare elasticity between e.g., fixed and living cells or 
sheared and unsheared cells. 
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Chapter 8 

Conclusions and recommendations 

8.1 Conclusions 

The results of this thesis show that the paraHel-plate flow chamber that was built as shearing device, 
provided a well-controlled and defined flow environment. This particular flow chamber can be placed 
easily be placed on a CLSM for continuous monitoring of the endothelial cells during shear 
experiments. Applying a shear stress of 0.7 Pa for 12 hours resulted in cytoskeletal rearrangement 
although cell orientation remained unchanged. 

With the AFM used only the lowest cells of the endothelial cell monolayer could be imaged. The Z
range of the Dimension 3100 is limited to 6 IJ.m by the piezo-electric transducer. Due to this 
inconvenience we were not able to conclude whether or not changes in topography occurred in cells 
higher than 41J.m. Although cytoskeletal arrangement was found the cell surfaces of the lowest sheared 
and unsheared cells showed identical topography characteristics. 

The Hertz model was used to calculate the Young's modulus of elasticity from force calibration curve 
data as measured by the AFM. In our opinion, this model is reliable for calculating eventual 
differences in elasticity between sheared and unsheared cells, although the AFM indentation does not 
fully fulfill the assumptions of this model. As explained above, only low cells could be investigated 
due to the limited Z-range of the used AFM. The elasticity of cells exposed to a shear stress of 0. 7 Pa 
for lOh did not differ from the elasticity of unsheared cells. 

8.2 Recommendations 

The onset of reorientation of endothelial cells depends on the level of shear stress and the duration of 
exposure. According to findings in the literature, at this shear stress level, 0.7 Pa, cell reorientation 
only occurs when the experiments are prolonged to 48h. Another possibility is to increase the shear 
stress by enlarging the flow section. The height of the flow chamber is 0.9mm, which gives a maximal 
achievable shear stress of 0.7 Pa. Higher stresses can be achieved by changing the height of the 
chamber. For example, by increasing the height to 2mm, the shear stress can be enlarged to 1.6 Pa. 

In order to visualize the rearrangement of the F-actin filaments the cells had to be fixed before they 
were stained with phalloidin. Transfection of the endothelial cells with GFP would allow continuous 
visualization of the cytoskeleton in living cells. With the 63x oil immersion bjective 3D 
reconstruction canthen be made of the cytoskeleton during exposure to shear stress. This would give 
a large contribution to understanding the behavior of endothelial cells when exposed to shear stress. 

Furthermore, as the used AFM has only a limited Z-range, it should be considered to adapt the system 
with a larger Z-range. Common heights of cells range between 5 and 15 IJ.m. In order to interpret 
force-indenlation data, more appropriate models should be considered, classifying the AFM 
indentation as a fmite indentation problem. 
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