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ABSTRACT. The tnedium viscosity may alter the cellular reaction to topography
which may affect cell growth, morphology and movement. This rescarch had
investigated the effect of the diffosion processcs on the reactions of cells to
topography, cells grew iu medium with high viscosily on plane and grooved
topography, The viscosity was changed hy adding viscous macromolecules 1o the
nomal medium. Cells were examined in the presence of a varety of
couacenfrations of macromolecales, such as dextran, ficall, palyvinylpyrrolidone,
Methylcellulose and Carboxymethylcellulose to the normal medium, which
differed in their size and capacity lo elevate thud viscosity, and chemical nature.
The medium viscosity was delermiued by measuring its flow time relative (0
waler, using an Ostwald viscomefer. A novcl feature of these studies is
combining measurement of the medium viscosity with the osmolarity of all
studied media. The osmotic ¢lfect could be discounied. Diffusion was altered by
raising viscosity of lhe medium, which affects the reactions of cells 1o
topography. Results from this study had shown that ccll morphology is dircctly
affected when cells are grown in medium of high viseosity by decreasing ccll
length and reducing its mobility. It seems (hat mncdium viscosity affects the
cytoskeleton by limiting its assemhly and operation. Recovery experiments have
shown that cells were still alive in high viseosity media and after they recovered
in erdinary medium they spread and aligned again. In conclusion, these resulls
support the hypothesis that diffusion effects around the cells may be important in
cells reaction to topography, which suggest that clevated medivin viscosity is
pertinent 1o biochemical and cellular functions.
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Introduction

The nature of the interactions of a cell with other cells and with a substrate is an important
problem in Biology. To grow cells in tissue culture is one method of studying thesc
interaetions. When mammalian cells are grown in vitro, most cells do not divide unless
they are attached to a solid surface. This surface is commonly covered with an adsorbed
layer of serum protein (Penttinen et @/, 1958; Saxen & Penttinen, 1965; Giaever and Ward;
1978).
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Therefore, it is possible to grow mammalian cells in vitro, where the cells act more
like independent organisms with a gencration time of approximately 24h. For many
purposes, it is sufficient, cheaper and more practical to study cells in tissue culture rather
than in an intact animal (Carrel, 1912; Giacver & Keese 1986). Early experiments by
Harrison (1907), offered reproducible techniqucs that have been generally accepted as
marking the true beginning of tissue culture.

Culture medium is uscd to mainfain the cells. The medium is an aqucous solution of
salts, cell growth factors, vitamins, antibiotic agents and possibly serum (Wilkinson and
Schut, 1998).

On other hand, Biclogical cells are also strongly influenced by thc topography of the
surface on which they livc, both in eell culture and in vivo. They are guided along micron
sized grooves and change their shapc becoming more elongated (Brunette er al, 1983;
Clark et al, 1990; 1991; Wojciak ef al, 1996). Thesc cffects can be used for cellular
engineering to dctermine the behaviour of cells and in particular to make prostheses for
medical purposes (Wilkinson and Schut, 1998).

Topographical Reactions

Cells naturally respond to chemical and topographie cues. The response of cells to
topography has been recogniscd for many ycars.

Many types of cclls rcact to surfaee topography (Table 1). One type of such rcaction
is termed contact guidancc. Contaet or topographic guidance refers to the reactions of cells
to substrate surface morphology and includes alteration in their shape, orientation,
adhesion, gene expression, and polarity of their movement (Wood, 1988; Curtis & Clark,
1990). There are at least two components to the reaction, first the alignment of the celis to
the substratum and second thc migration of the cells aligns along the substratum features
(Wojeiak et al, 1995).

The reaction of cells to topography occurs during development or in natural tissue
rcgeneration, where extracellular matrix or other cells provide the topographical cues
(Curtis & Wilkinson, 1997; Carrel, 1912; Giaever & Keese 1986).

For an overview of the types of cells, which rcact to topography and their reactions,
see Tables 1 and 2.

Table (1).  Cell types reacting 10 topography (Curtis & Wilkingon 1998).
Chondrocytes and Osleocyles
Endothelia and Epitena
Epithelia and Mesenchyme
Fibroblasts and Smooth muscle cells
Leucocytes, Lymphocytes and Macrophages
Neurons and Qligodendrocyles
Some tumour cells
Fungi

Table (2).  Effects on cells of contacting topography (Curtis & Wilkinson 1998).
Orientation: align and normal to topograpby
Extension enhanced
Accelerated movement: Polarised movement
Capture (movement stopped at a particular feature)
Effect on adhesion: Activation of Tyrosine phosphorylation, actin polymerization, Vinculin
accumulation over the groove edge, Phagocytic activity and Fihronectin m-RNA expression
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Cell adhesion

Cell adhesion is a erucial for assembly of individual cells into the three-dimensional
tissues of animals. A variety of cell adhesion mechanisms are responsible for assembling
cells with their connections to the internal cytoskeleton, determining the overall
architeeturc of the tissue.

Barry et al. (1996) riviewed the funetional units of cell adhesion as typically
multiprotein eomplexes made up of three general classes of protein; the cell adhesion
molecules/adhesion reeeptors, the extracellular matrix (ECM) proteins, and the
cytoplasmic plaque/peripheral membrane protens. The cell adhesion receptors are usually
transmembrane glycoproteins that mediate binding interactions at the extracellular (EC)
surface and determine the specificity of cell-cell and ccll-ECM recognition. They include
members of the integrin, cadherin, immunoglobulin, sclcctin, and proteoglycan
superfamilies. At the EC surface, the cell adhesion receptors recognizc and interact with
either other cell adhesion receptors on neighbouring cells or with proteins of the ECM.
ECM proteins are large glycoproteins including the collagens, fibronectins, laminins, and
proteoglycans that assemble into fibrils or other complex macromolecular arrays.

At the intracellular surface of the plasma membranc, cell adhesion receptors
associate with cytoplasmic plaque or peripheral membrane protcins. Cytoplasmic plague
proteins serve to link the adhesion systems to the cytoskeleton to regulate the functions of
the adhesion molecules, and to transduce signals initiated at the cell surface by the
adhesion receptors.

The adhcsive interactions betwecn a cell and its surrounding ECM regulatc its
morphology, migration, growth, and differentiation (Burridge and Wodnika, 1996).

It was shown that surface topography could affcet cell adhesion (Curtis & Clark,
1990; Chehroudi & Bruncttc, 1995; Curtis & Wilkinson, 1998).

Cell shape

There is evidence that surfacc topography can alter cell shape (Weiss, 1945;
Brunette, 1988; Clark, 1989; Cherhroudi ef al, 1995). Two amongst the main effccts that
appear to control cell behaviour and morphology in tissue culture are, according to Curtis
and Varde, 1964, the effect of population density on both overlap and cell spreading
{Abercrombie and Dunn, 1975) and secondly the effect of the topography on overlap
behaviour, population density and cell spreading.

Since there have been many suggestions that topographical reactions of cells may
play a role in embryogcnesis, regeneration and wound healing, it is thought that
topography can affect cell morphology and eecll behaviour (Bard & Higginson, 1977,
Newgreen, 1989; Wylie ef ¢/, 1979; Webb et al, 1995; Curtis & Clark, 1990).

Clark, 1994 studied the role of the local environment in influencing the behavior of
cells and found that the topography of a substratum could dramatically alter eell shape and
guidancc. This was dependent on number of factors including step height or groove depth,
the density of the cue, cell type and cell density.
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Diffusion between cells

In general, matter diffuses from a region of higher to lower concentration. In
inquiring how molecules move it is instruetive to review a property of the free diffusion of
natural moleeules.

In his random-walk model Einstein (1908) showed that free diffusion and Fick's law
are accounted for by the random thermal agitation of individual molecules.

A molecule does not need to know' what its neighbors are doing, it does not need to
know of the existence of a gradient; by moving randomly to the right and to the left with
equal probability biased by concentration differences it will make 1ts contribution to the
diffusion flux (Hille, 1971).

Passive diffusion

In the ease of free diffusion of a neutral molecule, the gradient in potential energy is
equal to the gradient in chemical potential, which is said to be "Fickian". Conversely, any
departure from Fick's law for neutral molecules is often taken to indicate non-passive
diffusion processes. The case of Fickian diffusion can be exploited further to dcfinc some
additional useful terms and an important theoretical problem (Sjodin 1971).

The diffusion eocfficient (D; ) according lo diffusion Fick's law is D; = U; RT, the
proportionality coefficicnt U; is thc mobility of speeies I, R 1s the gas constant and T is the
absolute temperature.

Molecules in solutions move in a random fashion due to the continual buffeting that
they receive in collisions with other molecules. This movement causes molecules to diffuse
over intracellular distances n a surprising short time (Alberts et a/, 1994).

Diffusion in the extracellular space

Extracellular space is filled by an intricate network of macromolecules constituting
the extracellular matrix. This matrix is composcd of a variety of versatile proteins and
polysaccharides that are secreted locally and assembled into an organised meshwork in
close association with thc surfacc of the cell that produced them (Alberts ef al, 1994). In
between lies the tissue fluid often called the tissue ultrafiltrate.

The matrix plays an active and complex role in regulating the behaviour of the cells
that contact it, influencing their development, migration, proliferation, shape, and function.
The extracellular matrix has a correspondingly complex molecular composition (Alberts e¢
al, 1994).

The macromolecules increase the viscosity of the extracellular space. In most
connective tissues the matrix macromolecules are secreted largely by fibroblasts. The two
main classes of cxtracellular macromolecules that make up the matrix are 1.
polysaccharide chains of glycosaminoglycans (GAC), which usually linked to proteins to
form proteoglyocans, and 2. fibrous proteins of two functional type: mainly structural (e.g.
collagen and elastin) and mainly adhcsive (e.g. fibronectin and laminin). The
polysaccharidc resists compressive forces on the matrix, and the collagen fibres provide
tensile strength.

The aqueous phase of the polysaccharide gel permits the diffusion of nutrients,
metabolites, and hormones between the blood and the tissue cells (Alberts ef al, 1994).
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The polysaccharide chains fill most of thc extracellular spaces, providing mechanical
support to tissues whilc still allowing the rapid diffusion of water-soluble molecules and
the migration of cells (Alberts es af, 1994). This is because of thc extended nature of GAC
chains, and their hydrophilic properties, which can restrict the movement of large
molecules through the matrix but allow relatively free diffusion of small molecules
(Boubriak et af, 2000).

The diffusion displacement distances are comparable with cellular dimensions,
raising the possibility that the measurements of water diffusion might provide a means of
exploring cellular integrity and pathology (Eriksson er af, 2001). Tissues with more
hindered diffusion in one direction than another are said to be anisotropie whereas
diffusion 1s the same in all directions in isotropic tissues.

Pathological proccsses that change the microstructural cnvironment, increased or
decreased extracellular spacc and loss of tissue organisation, result in altered diffusion
and/or anisotropy. Increased diffusivity could be caused by a cell loss resulting in
incrcased extracellular space (Eriksson ef al, 2000).

Diffusional transport of solutes through matrix can be characterised by diffusion and
partition cocfficients (Marouds and Urban, 1983).

Boubriak et af, 2001 studicd the effect of matrix composition on solute diffusion in
rabbit sclera, they have found that (1) diffusion and partition coefficients are sensitive to
solute molecular weight, decreasing as MW increases; (2) diffusion and partition
cocfficients are sensitive to tissue hydration, increasing as hydration increases; and {3)
removal of glycosaminoglycans has only a small cffect on cither diffusion or partition
coefficicnt.

Viscosity

Liquids exhibit resistance to flow known as viscosity. In general, it i1s the property of
resistance which opposes the rclative motion of the adjacent portions of the liquid and can
consequently be regardcd as a type of internal friction (Glasstone, 1948).

Bryant Chase et al, (1998) suggested that increased viscosity of a solvent decreases
chemical reaction kinetics.

The movement of an objeet under a given force i1s slowed as viscosity increases.
Thus the movement of a cell through intercellular space may be retarded by high viscosity
media. Are effects of high viscosity media due to this or to effects on diffusion?

The coefficient of viscosity v 1s defined as the force per unit area, dynes-seconds per
sq. em.{dyne-scc/em’ ), required to maintain unit differences of velocity, i.e., 1 cm. per sec.
{cm/sec), between two parallel layers 1 cm. apart (Glasstone, 1948). In order to maintain a
uniform velocity a steady forcc must, therefore, be applied to overcome the influence of
the viscosity of the liquid. It has been found (Stokes, 1850) that if a small spherc of a
radius r travels at a velocity u through a fluid, gas or liquid, having a coefficicnt of a
viscosity n, the force applied which just balances that viscosity, is given by Stokes's law

f=6rnu
Centipoisc (Cp) = 0.01 poise (unit of absolute viscosity = gm/sec x em).

One mcthod for the direct measurcment of viscosity requires the determination of the
rate of flow of liquid through a capillary tubc of known dimension (Glasstone, 1948). The
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method commonly employed involves an instruinent known as a viscometer of which
several types are available.

Fluid inhibiting internal friction (transport of momentum) is said to be viscous. The
viseosity of medium is modificd in many studies by the addition of wvarious
macromoleeules to the medium (Hovav er g, 1987; Yedgar & Reisfeld, 1990; Tuvia et of,
1997, Annitage & Packer, 1998).

Although variation of solvent viscosity is a useful probe applied in studies of protein
dynamies, enzyme function, effect of plasma viscosity on blood cells, mcchanism of
muscle eells, and also in bactcrial motility as illustrated below, it has not been used to
study cell reaction to topography.

It is important to study the viscosity of the medium when study the reaction of cells
to topography because gap formed between lowcer side of the cells and the topography.
This gap may contain a highly viscous medium, which affects the movement of molecules
into and out of the cell. This may be an explanation for the hypothesis that cells react with
planar topography more easier than they can react to rough topography. Alternatively il
may increase the cell energy expenditure so much that it can not move.

Viscosity effects have been studicd in blood plasma as well as in the extraceliular
fluid. Plasma viscosity is elevated in various pathological statcs, due to inereased levels of
protein and other macromolecules (Yedgar & Reisfeld, 1990). They found that sceretion of
lipoproteins and lysosomal enzymes by liver cells 1s inhibited as a function of thc medium
viscosity. Cormrcspondingly, elevation of the plasma viscosity of hyperlipidemic rats
reduced lipoprotein level. Elcvated viseosity of blood and plasma is eonsidered a risk
factor for cardiovascular diseases and has been studicd mainly in relation to
microcirculation and hemodynamics (Tuvia et af, 1997).

In addition there are many studies on the effect of medium or plasma viscosity on
blood cells, Hovav et al's study. They studied the eftect of medium viscosity on lysis of red
blood cells (RBC's) by snake venom phospholipasc A2 (PLA2). PLA2 and Ca'" were
added to cells suspcnded in viscous medium (o induce hemolysis. It was found that
hemolysis is inhibited in direct proportion to increasing viscosity of the extracellular fluid.
This phenomenon was observed with aggregated as well as disaggregated RBC's. In the
presence of Ca ™" -cell-cnzyme complex that was suspended in viscous medium, RBC lysis
was also inhibitcd as the medium viscosity was increased. The authors proposcd that the
viscosity of the cell surface aqueous environment regulate the action of PLA2 on RBC's
membranes.

Kon et a/ (1987) studicd quantitatively the cffect of shear force (depending on shcar
rate and the viscosity of the extracellular medium) and the hcmatocrit of crythrocytc
suspension on RBC deformation using a cone-plate rheoscope with various kinds of cells.
They found that the increasc of suspension viscosity at higher hematocrits (Hts) generally
cnhanced the ellipsoidal dcformation of cells, in the same manner as increasing thc
suspending medium viscosity of a diluted cell suspension.

Kullmann ef af (1999) had shown that raising the viscosity of the extracellular
medium could modulate the diffusion cocfficicnt, providing an cxpcrimental tool to
investigate the role of diffusion in activation the synaptic and extrasynaptic receptors in the
brain.

Onc suggestion was cclls may spread on topography readily because diffusion under
them is altcrcd. Medinum must be pushed out as cells spread over a surface help the cells.
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This could be expeeted because eells might fail to conform to a deep topography as well as
they do to a planar surface. If diffusion is important, viseosity should be important as well
because diffusion rates and the viseosity of the medium are closely linked.

Therefore the reaetion of cells to groove/ridge topography in media with different
viscosity was examined in this project.

If diffusion processes are involved in the reactions high viscosity media should alter
cell reaction to topography. The simplest feature of the reaction of cells we have examined
is the morphological reaction of changes in cell length and width.

In general, the extracellular fluid viseosity may play an important role in regulation
of cellular and biochemical proccsses, Thus viscosity may also affect other fundamental
properties of the cells.

Therefore, viscosity needs to be carefully considered in experimental design and
interpretation of reaction of eells to topography.

Materials and Methods

Cells and Cells Culture Materials

1. Epitenon cells:

Epitenon fibroblasts were isolated from rat flexor tendons of male Sprague dawley
rats according to the method described by Wojciak and Crossan(1995). The eells were
cultured in ECT medium,

2. Mouse Endothelial B10D(2) cells:
They werc isolated from mouse using the method reported by Curtis (1998) as
described below:

Originally these werc isolated from murine B10D2 strain pulmonary cells by
growing explants of lung tissue in the Ham's F10 medium unti! appreciable outgrowths had
developed. The explants were then removed manually. The outgrowth cells were grown to
near confluency and then trypsinised to form ccll suspensions. Macrophages remained
adherent at this stage and the cell suspension appeared to contain a mixture of fibroblasts,
cpithelia and endothelial cells. When these cells had grown to confluency they were
trypsinised and the cell suspension treated with Dynal magnetic beads (450 grade) bearing
the Swainsonia leetin specific for mouse endothelia. These beads were prepared in-
house. The cells were incubated with a 100:] ratio of beads to cells for 1 hour at 37°
C. Then magnctic scparation was started and the fibroblasts and epithclia, which had not
attached beads, were removced. The beaded cells werc placed in a culture and as they
divided they emerged from their bead coats and spread out as colonies of cells. These were
grown to confluency, subcultured and the bead extraction repeated.

The cells were then subcultured again and the following tests used to establish their
identity. They were found to be LDL-receptor positivc, Swainsonia-lectin binding
positive, Factor VIII positive, to have Weibel-Palade bodies, to have normal chromosome
counts and appearance, to be cytokeratin-ncgative and to have 'cobblestone’ morphology
at confluency though arcuate morphology at low density. Collagen types were consistent
with an endothclial nature.
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These tests were carried out by Professor A. Curlis and the line then maintained in
the laboratory by repeated passage and/or storage at -70°C.

3. Media:
The mcdia were used in this project are ECT media for epitenon cclls and Ham's F10
tor endothelial cells.

4. Reagents uscd to change medium viscosity:

Viscosity of the medium was varied by adding to the normal media (ECT or
Ham'sF10) various macromolecules that diffcr in size, chemical nature, and in their
capacity to incrcase fluid viscosily as:

Ficoll with molecular wcight (400,000), Dextran Mw (503,000) and Dextran Mw
(2,000,000) all with different concentrations low, mid and high. Same polymers with low
molecular weight where used as a control this are Dextran Mw (9,000), Ficoll Mw
(70,000).

5. Measurement Instruments:

Viscometer:
The U-tube Ostwald viscometer was been used to measure the medium viscosity.

Refractometer:
An Abbé Refractomgcter has used to measure the refractive index for all media used
in IRM experiments.

The Abbé Refractomeler is a precision optical instrument comprising two glass
prisms, betwcen which the test liquid is sandwiched as a thin film, illuminated by white
light source (a lamp).

Osmometer:
The GONOTEC digital micro-osmometer was used to measure the media osmolarity
at freezing point depression.

6. Light microscopy examination and imaging analysis:

Each group of cells were plated onto grooved substrata with groove width 5um-
10pum in high viscosity media (medium viscosity was altered by adding high moleeular
weight molecules to the normal media as mentioned before) and control media and
incubated at 37°C for 24h. Cells were fixed in 4% formaldehyde for 5 min at room
temperature after double washing with 1x PBS each for 5 min. Then cells were stained
with Coomassie blue for 5-10 miu followed by repeated washing from tap water.

The cell length and great width of 50 cells each in cxperimental and as control were
measured in cach kind of media using an ocular micrometer and stage micrometer. Results
have bcen calculated and compared with the corresponding values from the statistical
tables.

[mages typically were recorded ﬁsing a CCD camera and saved in PC computer.
Images processed using NIH Imagc 1.62n3 computer program.

The data was analysed using StateView 4.02, CA-Cricket Graphlll and Excel Microsoft
computer programs.
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Results

Viscosity measurements of the media used

Measurements shown in Table 3 indicate that the viscosity of the medium
significantly increased as the eoncentration of high molecular weight molecules increased
in the solution compared with the viscosity of water, ECT mcdia and tbe low molecular
weight molecules that were used as controls.

Table (3).  Viscosity measurements.

Media name ) Viscosity [cP]
Waler as a control 0.69
ECT normal media _ 075
0.3%Dextran 9,000 ~ 0.75
| Low 2%Dextran 9,000 ) 0.82
Low 4%Dexiran 9,000 0.88
Low 0.5%Ficall 70,000 ) 0.75
Low 2%Fieoll 70,000 ) 0.82
Low 4%Ficoll 70,000 ] 0.94
4%Dextran 503,000 _ 2.58
2% Dextran 503,000 1.57
0.5%Dextran 2000,000 1.07
2%Dexiran 2000,000 2.33
0.5%Paolyvinylpyrrlidone 360k 1.26
0.5%Polyvinylpyrrolidone 40k 0.82
0.5 % Carboxymethylcellulose 48.09
2 %Methyleellulose(MC) 9.37
0.5 %Methylcellulose 1.37
2%Ficoll 400,000 1.07
4%Ficoll 400,000 1.32
8% Ficoll 404,000 2.58
Olive oil ' 3143
Dimethylpolysiloxane (silicone oil)5 cm.st 3.52
Dimethylpolysiloxane 100 cetistok 76.88

Therefore, the possibility that the effect of medium viscosity on the reaction of cells
1s associated with the osmotic pressure must be considered. To examine this hypothesis the
medium osmolarity was measured for all used media.

The real viseosities of the media were obtained (centi Poises) from Fick's law:
n/P = At
Therefore (1) is the viscosity, P is the density, A is a constant related to the viscometer
tube dimensions and t is the flow rate of solution in the tubc.
Osmolarity Measurements

The osmolarity measurements were measured using the Gonotec digital micro-
osmometer (030) Lo measure freezing points depression, as shown in Table 4.
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Table (4). The osmolarity measurements.

Media name Concentration | Osmolarity {(m Osm/kg)
Control ECT media 330
Ficoll 70,000 4% 338
Ficoll400,000 1% 334
Ficolid00,000 4% 356
Ficoll400,000 8% 358
Dextran 503,000 1% 330
Dextrany 503,600 % 330
Dextran 2000,000 0.5% 329
Dextran 20600,000 2% 335
Recovery experiments

Of interest is the finding that cells are still alive after incubated in high viscosity
medium as obtained from the recovery expenments as shown in Figure 1 & 2.

Cells after recovery grow and appcar to restore their validity. This confirms the
suggestion that cells strong enough to live in a viscous conditions. Bares 2.5 um.

Ivdedpelial condreg

Recovery

Fig. (2). lmages show Epitcnon cells
1- Control ECT medium for 24h
2- 2%Dextran 2000,000 for 24h
3- 3- ECT as a recover for 24h

Fig. (1). Images show Endothclial cells B16D2.
1- Control Ham's F10 for 24h
2- 6% Ficoll 400,000 for 24 h
3- Ham's F10 as a recover for 24h.
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Morphological reactions

Morphometry:

The reaction of cells to topography is reduced so that the average of length of cells
decreased as medium viscosity is increased for all reagents as shown in the related Figures
and Tables.

Experiments were done on 5-10um groove ridges and on planar controls. The media
used are of various viscosities.

1. A study of the morphology of epitenon cells on grooved topography:

The effect of high molecular weight molecules:

By studying the effect of different concentrations of Dextran (with high molecular
weight) on the length of the epitenon cells, it was found that the low concentration of
Dcxtran did not affect significantly the viscosity of the media, and it did not affect the
epitenon cell morphology significantly.

But the higher concentration of Dextran (P<0.0001 in all), the higher is the viscosity
of the media and therc is significant effect on the length of cells, but not on the width as
shown in Table 5, Figure 3 and 9.

By studying the effect of different concentration of Ficoll (400,000) on the tength of
the epitenon cclls. It was found that the length of the cells was affected by Ficoll
concentration as shown in Table 6, Figure 4, 10 and 11.

The effect on the width of the epitenon cells:

While the width of the epitenon cells showed no cffects when the medium viscosity
increased using low or medium concentration of high molecular weight reagents, the width
of the cells showed a similar significant increase when using high concentration of the high
viscous reagents, cells in this medium appeared rounded, non-spreading with
approximately same width and length.

In the very high concentration of reagents as seen with Ficoll (8%) the cells appear
shrunken with small width (see Fig 11).

The effect of low molecular weight molecules used as a control:
By studying the effect of low molecular weight polymer (e.g. Dextran with mol.wt
9,000) on the length of epitenon cells we found that there is no significant effect on the

length of epitenon cclls incubated in low Dextran at different concentrations as shown in
Table 7 and Figure 5 and 12.

Table (5).  The effect of high molecular weight Dextran on epitenon cell length,

Dextran cone. l;:i;aﬁ; 321?:3:3 P-value exp/cirl
Centrol 1 81 42

Dextran 1% 503,000 71 27 0.8391
Dextran 2% 503,000 70 27 0.8424
Control 2 Dextran 2m 96 33

Dextran 4% 503,000 44 4] <0.0001
Dext0.5% 2000,000 51 26 <0.0001
Dextran 2% 2000,000 30 27 <0.0001
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“Table (6).  The clfect of Ficoll (mol. wt. 400,000} on epilenon cell length.
Cone. Average length (um) of S0 cells Standard deviation. P-value cont. &exp.
Control | 04.42 43.2
Ficoll 4% 35.13 15.4 <(0.0001
Ficoll 6% 24.93 6.6 <0.0001
Ficoll 8% 21.81 5.4 <0.0001
Conirol 2 103 43
Ficol) 0.5% g0 22 0.0008
Ficoll 2% 59 21 <0001
Table (7). Low mal. Wr. (9.000) Dextran used as a control.
Dextran conc. Average length (pm) of 50 cells | Standard deviation P-value
Control 1 normal ECT 93 39
Dextran 0.5% ) A
Mol.wt 9,000 85 29 (012
Dextran 2%
Mol.wt 9.000 88.9 38 0.39
Dextran 4% )
Mol.wt 9,000 89 26 0.004
Tablc (8).  Low molcenlar weight Ficoll (70,000) used as a control.
Ficoll conc, Average lenpgth (um) of 50 cells Standard deviation P-value
Control 2 87.4 43
Ficoll 0.5%
Mol. wt. 70,000 878 62 o017 |
Ficoll 2%
Mol. wt. 70,000 86.7 37 0.301
Ficoll 4% "
Mol. wt. 70,000 ” 37 031
Table {9).  Ficoll effect on cndothelial cells.

Eicoll Cone. Standard deviation. Average length {(um) of 50 cells P-value
Ham's F10 725 178.2
Ficoll 2% 457 113.5 0.002
Ficoll 4% 53.6 30 0.037

| Ficoll 8% 4.7 13 <0.0001
This indicales that 1he length of the cndolhelial cells decrcase with the increasing of Ficoll concentration as shown in the
Figure 7.

Tablc (10).  Dexiran ¢ffect on endothelial cells.
Dextran Conc.&Mw. | Standard deviation. Average length (pm) of Sl cells P-value |
Control Ham's F10 814 177.9 L
Dextran0.5% "
Myw.2000.000 73.6 142.9 0.485
Dextran 1% r
M. 2000,000 50.6 94.5 0.001
Conirol Ham's F10 57 163.7
Dextran2%
3 7. .
Mw.503,000 62 1277 564
Dextran 4%
43 87 :

Mw.503,000 o 055

This indicates that the length of the endothelial cells decreases wilh increasing Dextran concentration as shown in the

Curve:
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Table (11). Ficoll effect on cndothelial cells on plane topography.
Ficoll Standard P-value |
Cone. deviation. Average length {(pm) of 50 cells
Ham's F10 389 100
Ficoll 4% 37.8 559 0.883
Ficoll 8% 1.8 10.3 <0.0001
High mol.wt.Dextran
125
y= -70.924L0OG(x) + 74.106
Lon <
T 75
E
g
gn S(1 -
0 I I L
2 — :‘r -~ 2 L

viscosity(ep)
Fig. (3). The curvc shows thai the epitenon eell length decreases if thc Dextran coneentration inereases.
Standard deviation of the regression coeffieient (55) = - 0.781 and ¢ = 25.18
Fieoll 400,000
125
y= -141,133LOGH) + 71.496
U=
? 75
g ' —{— length(micron)
E
£
17 =
g
b T T T T
viscosity(cP)
Fig. (4).  The curve shows the relation between the cell length and the viscosity of ficoll medium. Standard

deviation of the regression coefficient (s5) — - 0.888 and ¢ = 53.05
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Low mol.wt.Ficoll

125
y =75.132L0G(x) + 95959
. -M—‘—_
T 75— )
5
E
=
B 50 -
£
25 -
0 | Y T Y T
- W o W ) 1] b
< r = it = ot
L -] = =
viscosity(cp)

Fig. (5). The curve shows the relationship between viscosity (different concentration of low mol. wi.
Dextran) and epitenon cell length. Standard deviation of the regression coeffieient (sb) = - 2.687

and r = 0.054.
Low mol.wt.Ficoll
125
y = 75.132LOG{(x) + 95959
100 =
M" .
£ 75
:E
4=
T 50 -
g
25 -
0 Y Y T T T
= i = 2 2 = -
= - =
viscosity(cp)

Fig. (6). The curve shows the relation between viscosity (with different concentrations of low mol. wt.
Fieoll) and the Epitenon cell length. Standard deviation of the regression coeflicient (sb} =
(.9000 and { = 43.60.



The Effect of the Medium viscosity on the Cefls Murpholugy in Reaction of Cells o Topography-1 £]

on)

Length average(micr

Ficoll 400,000(Endothelial)
204

= 105,604

_—
LA
L rl

2

wn
k=

T
« - " ~ “
Lol ~

Viscosity (cP)

Fig. (7). The curve shows the decrease of endothelial length average with increase of medium vw:oslty
Standard deviation of the regression coefficient (sh} = - 0.873 and 1 = 90.72.

Endothelial Dextran 2000,000

P Jengihwin)

Hy
= -159.888LOGx) + 150.616

175 =
T 10
a
=
B
g 125 -

1040 —

T L T |H 1

viscosity (cp)

Fig. (8). The curvc shows the decrease of endothelial length average with the inereasc of medium viscosity.
Standard deviation of the regression eoefficient (sh) = -0.795, and ¢ = 53.05 is calculated from
Snedecor and Coehran, 1980 as ¢xample;
t=5h =_-42.171 =53.05
sh -0.795
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Doxzx

Fig. (9). Light mcroscopy images (20x-Objective) ol
Epiwcnon eells grown on quarlz grooved lopography with
depth 5-8um and 5um wadth in Dextran with mol.wit
2000,000 and Control ECT mediwn for 24h.

Fixed and stained with Coomassie bluc Control.

Dextran conc.0.5%

Dextran conc.2%

Scale bars 5pun for all images.

Number above scalc bar indicates groove width.

Fig. (10). Light microscopy images (20x-
Objeclive} ol Epitenon cells grown on quartz
grooved topography with depth 5-8um and 5-
l0pum width in Ficoll 400,000 and Control
ECT medium for 24h,

Fixed and stained with Coomassie bluc
Conlrol.

Ficoll cone.0.5%.

Ficoll cone.2%.

Ficoll conc.4%.
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Control

Fig. {12). Light microscopy images (20x-
Objcctive) of Epitcnon cells grown on quartz
grooved topography with depth Spm and Spm
width in Dextran with mol.wt 9,000 and Conirol
ECT media for 24h.

Fixed and stained with Coemassic blue

1 Control

2 Dextran with eonc.2%

Fig. (11). Light microscopy images (20x-Objective)
of Epiteuon cells grown on quartz  grooved
topography with depth 5-8um and 5-10pm width in
Fieoll 400,000 and Cootrol ECT medium for 24h.
Fixed and stained with Coomassie blue

a- Control

b- Ficoll conc.6%

¢- Ficoll conc.8%

The effect of low molecular weight molecules used as a control:

By studying the effect of low molecular weight polymer (e.g. Dextran with mol.wt
9,000) on the length of epitenon cells wc found that there is no significant eftect on the
length of epitenon cells incubated in low Dextran at different concentrations as shown in
Table 7 and Figure 5 and 12.

By comparing this experiment with the prcvious experiments on high molecular
wcight dextran we show that the epitenon ccll length 1s affected by the medium viscosity
and not by the chemistry of the polymers because all the five polymers of high molecular
weight had the same effects at similar viscositics.
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By studying the effect of low polymer (Ficoll with mol. Wt. 70,000) on the epitenon
cells length, the results are similar to low molecular weight dextran, see Table 8 Figure 6

and 13.

0.5%Ficolt70,000

Fig. (13). Light microscopy images (20x-
Objective} of Epitenon eells grown on quartz
groove topography with depth 5pum and 3-10um
width in Ficoll with mol.wt 70,000 and Control
ECT media for 24h.

Fixed and stained with Coomassie hlue

1. Ficoll 0.5%.

2. Ficoll 2%.

3. Ficoll 4%

Fig. (14). Light microscopy images (20x-
Objcctive) of Endothelial cells BIOD(2) grown
in Dextran with mol. wi. 503,000 for 24h on
quartz grooved topography with depth Suin and
Sum width.

Fixed and stained with Coomassie blue:

3. Control (Ham's F10)

4, Dextran eonc. 2%

5. Dextran conc. 4%
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Fig. (15). Light microscopy images (20x-
Obijective) of Endothelial cells B10D(2) grown
in Dextran with mol.wt. 2000000 for 24h on
quartz grooved topography with depth 5um and
5pn width.

Fixed and stained with Coomassie bine:

3. Control (Ham's F10)

4. Dexitran conc. 0.5%

5. Dextran eonc. 1%

Fig. (16). Light microscopy images (20x-
Objective) of Endothelial cells BIOD (2) grown
in Ficoll with mol.wt. 400,000 for 24h on qnartz
grooved topography with depth Sum and Spum
width,

Fixed and stained with Coomassie blue:

1. Control (Ham's F10}

2. Ficoll conc.2%

3. Ficoll conc.4%

4. Ficoll conc.8%.
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Endothelial Ficoll 400,000 on planar structures

125

10 -

= 75

g 75
=
=
€=
e
=

2 50|

25

1]

= -165.769LOG(X) + 78.089

{1

viscosity(Cp)

Fig. {(17). The curve shows the decrease of endolhelial length

average with increase of medium  viscosity.

Standard deviation of the rcgression coefficicnl

fsh) = - 0.961 and ¢ = 22.3 for all Ficoll 400,000
resnles.

Fig.

—_— Tenpihiumi

Cantral
Endoihellal

Ficoll 4X

g
Ficoll 8X P . A

® e

*‘ , PN
. |
> e

{18). Light microscopy images (20x-

Objective) of Endothelial cells BIOD2Z grown on
glass plane cover-slip in Ficoll 400,000 and
control Ham's F10. Fixcd and stained with
Coomassie blue.

1.
2.
3.

Conlrol.
In Ficoll 4%.
In Ficoll 8%

It is clearly obscrved that there is a difference between
coutrol and experimental cells:

The control cells appear spread with well developed
lamellipodia. While the cells were grown in 4% Ficol!
appear 1o have some ability 1o spread and grow, cclls
were grown in Ficoll 8% appear 1o lose their abilily Lo
grow or spread Lo the subsiratum.
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Relativnship hetween cell length/inedium viscosily

125
100 -
—1— Low Ficoll
)
En 75 1 ~—&-  Low Dextran
-7
= —O— me
& 50 -
& . .
—i— High Ficoll
25 | —H— High Dextran
{) T T T T T T T T
vi = ool wm e
= - o4 =~ -r

viseosily ¢P

Fig. {19). The curves indicate that cell length dcercases when the viscosity of the medium increascs. The
standard deviation of the regression coefficient ranged between 0.78 to 0.961. Comparing this to
the length of the cells grown in low molceular weighl reagents (low dextran standard deviation of

the regression coeflicienl = - 2.687 and low ficoll Standard deviation of the regression coefficient
= (.900).

1t is reasonshle to assume that diffusion is being reduced when the viscosily is raiscd. The
relation between viscosity and‘;lil'fusion can be ohtained from the Stokes-Einstein equation:

Student's 1 test was applied to compare the cell length of control and experimental
cclls. The test indicates that the effect of high viscosity medium on cell length was
statistically significant {(P<0.0001).

These results indicate that when there is no significant increase in the viscosity of the
medium there is no effect on cell length. But when the viscosity was increased (viscosity >
1¢.P) appreciably the ccll length was reduced (P <0.0001).

To confirm our resulls more we used another typc of cells, murine capillary
endothelial B10D2 and the same results that were observed with epitenon cells were
shown. See Table 9-11 and Figures 7- 8 and 14-18.

For all subsequent results (Table 5-12) P values are obtained form StatView 4.02
Program and ¢ values calculated according to Snedecor and Cochran(1980) as:

t=b/sb

Where, b 18 the regression coefficicnt of the viscosity and sb is the Standard deviation of
the regression coefficient oblained by StatView 4.02 program.

2. A study of the morphology of Endothelial cells grown in highly viscous media on
grooved topography

The effect of Ficoll (mol.wt.400,000) on endothelial cell length:

By studying the cffect of different concentration of Ficoll on the length of the
cndothelial cells. It was found that the length of the cells was affectced by Ficoll
concentration, scc Table 9 and Figures 7, 10, 11, 13 and 16.
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The effect of Dextran (mol.wt.2000.000 and 503,0000) on endothelial cell length:

By studying the effect of different comcentration of Dextran on the length of the
endothelial cells. it was found that the length of the cells was affected by Dextran
concentration, see Table 10 and Figures 8,9, 12, 14 and 13.

3. A study of the morphology of Endothelial cells grown in highly viscous media on
planar topography as a control

The effect of Ficoll (mol.wt.400,000) on endothelial cell length:
It was found that the length of the Endothelial cells (B10D2) was affeeted by Fieoll
concentration when cells were grown on plane topography, see Table 11 Figures 17- 18.

Conclusion

Cell length decreased in medium with high viscosity see for example picture 3 & 4 in
Fig 10 and picture b & c in Fig 11 for Epitenon cells and pictures 3 in Fig 15 and pictures 3
& 4 in fig 16 for Endothelial cells.

Whearse changes in the morphological reactions occurred less frequently when cells
were cultured in low molecular weight Dextran 9,000 or Ficoll 7000 with low and high
concentrations, see the pictures in Fig 13 & 14.

Equation : D = kT /6anr

Where D is diffusion coefficient, T is temperature, r is the radius of an 1on, 1 1s Coefficient
of the viscosity by ¢.P. and k is Boltzmann constant=1.38066.

Diffusion in turn may affect the topographical reaction of cells.

Most of eclls became less spread when grown in highly viscous medium (as shown
in the curve figure 19 which summarises these results).

Of special interest is the finding that cells are still alive after incubated in high
viscosity medium as obtained from the recovery experiments, see Fig 1 & 2.

The viscosity in turn affects diffusion around cells, and therefore may affect the
morphology of the cells.

This study indicates that the reaction to topography is reduced as the medium
viscosity is increased for the high concentration of all reagents used in the experiment and
that can be tested by further experiments.

Discussion

This project has studied the effects of the viscosity of the medium on the reaction of
cells to topography. The reasons for doing this are to:

1. Consider the role of diffusion in cellular reaction to topography.

2. Look at cells in an environment resembling intercellular conditions where medium
viscosity is fairly high.

3. Control the condition that permits the correct growth of celis in the laboratory first
and then inside the body.
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4. Control cell adhesion, position and orientation which are vital to give correct
growth and eell function.

5. Study conditions (ehemicals and topographical cues) that allow making constructs
from living cells outside the body for subsequent implantation.

The medium viscosity has been changed by adding viscous macromolecules to the
culture medium. The effects of viscosity appear to be linked to changes in cell
morphology, spreading, movemcnt and on theoretical grounds to mechanical interactions
with the substratc.

Because high concentrations of solutes were added to experimental media, it must be
a concern that physiological effeets could be due to altered osmotic or chemical activity.

It is clear from the data that the contribution of the reagents used to the total osmotic
pressurc was small. Thus the osmolarity of the medium did not ¢hange too mueh after
adding high molecular weight reagents. The fact that despite different chemistries the
viscosity incrcasing reagents have similar effects argues that the chemistry of these
reagents is not important in this study.

Thus viscosity but not colloid osmotic pressure is implicated in the response.

There may also be effccts resulting from the extra force needed to extend a cell into a
high viscosity medium, but we have no evidence on this as yet.

In this study, only two cell typcs were used to invcstigate their reaetions in the
presence of high viscons media. The cells demonstrated fairly similar reactions to
topography. Both cell types can be affected by medium viscosity which results in changes
of cell morphology and the rate of cell movement.

To understand the effects of medium viscosity wc must first analyse the meehanisms
by which viscosity alters cell morphology or movements.

Contact guidance refers to the reactions of cclls with the topography of their
substratum, as discussed in the introduction. The present investigations on the mechanism
of contact guidance focus on the dynamic effect of high viscous media in relation to
morphological, as explained below.

Viscosity as a probe of cell reaction to topography

The major result of this study is that the morphotogical reactions to topography and
the movement of cclls on topography were both markedly slowed when the medium
viscosity is increased, thus viscosity is a pertinent variable. The inverse dependenee of
reaction of cells to topography on viscosity strongly implies diffusional limitations to those
reactions. As slower reactions were obtained for near-osmolar conditions of it is inferred
that viseosity most likely affects the diffusional motions of moleeules in and out of the
space between cell and substratum. This in turn could nearly have exchange rates
compared with a cell in suspension and make exchange rates similar to those in the body.
The results suggest that such diffusional motions need to be more carefully considered in
experimental design of cell reactions to topography because it will affect the space
between cells and topography.

Cells are able to orient themselves in response to external signals. The sensitivity of
cells to signal gradients may be extremely high. Cell polarisation initiated by gradients of
an external signal is then stabiliscd by global reorganisation of the cytoskeleton. Change in
the external conditions of cells may be affecting the cell polarisation by affecting the
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redistribution of pseudopodia due to the reorganisation and orientation the whole
cytoskeleton. Viscosily effects in narrow gaps on the outside of the eell may affect cell
polarisation (papers of IRM study II and cytoskeleton study 111, under construciion).

Variation of medium viscosity

In these studies the medium viscosities were altered by adding small conceutrations
of different macromolecules to the normal media (ECT and Ham, F10), such as Ficoll,
Dextran, Mcthylcellulose and Carboxymethylcellulosc.

Tuvia et al (1997) studied the effect of mcdium macroviseosity on cell membrane
fluctuations. They modified the solvent viscosity by the addition of high concentrations of
small co-solvents such as glycerol and sucrose, producing relatively high viscosity levels.
They considered the possibility that the effect of macroviscosity on cell function is
transduced through a direct effect of extracellular fluid macroviseosity on cell membrane
dynamics.

Tuvia in his study, determined the medium viscosity by measuring its flow lime,
relative to water, using an Ostwald viscometer at 25° C. The same method was used in this
study tfo measure the medium viscosity but at more relevant temperature (37°C). He also
uscd Dextran and Carboxymethylcellulose to increase the medium viscosity, the same

macromolecules are being used in this study.

Chase et al (1998) also used an Ostwald viseometer to measure the viscosity of fibre
solutions relative to that of water in order to correlate dircetly muscle fibre mechanisms
with bulk solution viscosity (at 12°C). In their study relative viscosity (w/ng) was
calculated according to;

/Mo =tp/ topo
Where t is the flow time measured in the viscometer, p is density, and the subcript 0
indicatcs measurements on water. They estimated the relation of viscosity and diftusion by
the cquation

D = kT/6lnr

Where k is Boltzmann's constant and T is absolutc temperature, r is the radius of a sphere
and D is diffusion coefficient.

This is the same equation that is used to estimate the relationship between viscosity
and diffusion in the present study.

Previously many workers suggested that many types of cells react to microtopgraphy
and nanotopography by changes in important cell bchaviour processes including: cell
morphology, adhesion, changes in movement, contact guidance, and tissue organisation
(Chehrouidi & Brunette, 1995; Brunetie ef a/, 1988; Curtis & Clark, 1990; Singhvi ef 4i,
1992), activation of tyrosine kinases (Nobes er al, 1995; Wojciak-Stothard er al, 1996),
condensation of actin cytoskelcton {Rovensky & Samoilov, 1994; Oakley & Brunettc,
1993), and changcs in gene expression {Ohara and Buck, 1979; Oakley and Brunette, 1995
Webb et al, 1995, Meyle et al, 1994).

Since it is easy to observe the morphology of the cell, most of the data here refers
simply to morphology and its concomitant orientation.

Other workers suggest that eells do not conform to many topographies as closcly as
they would to planar surfaces (Dunn & Brown, 1986; Brunette, 1986; Clark et al, 1987,
Curtis & Clark, 1990; Qakley & Brunette, 1993). The reason for this could be that the cells
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arc under tension between attachments to groove edges and that this tension pulls the
plasmalcmma away from the groove bottom.

Effect of medium viscosity on extracellular matrix

The growth and development of an entire population society of cells could be
eontrolled through struetural alterations of extracellular matrix (ECM) that produce
assoeiated ehanges in eell shape and assoeiated physieal foree redistributions (Ingber ¢r &/,
1981).

Ingber and Folkman (1987) stated that the extracellular matrix serves as a local
"solid state" regulator of soluble growth factor action through its ability to modulate cell
and nuelear structures, Another study from Maehesky and Hall (1997) mentioned that
adherence of cells to extracellular matrix mediated through integrins 1s essential for normal
cell development and movement.

Madri and Williams (1983), found that purified ECM molecules can modulate the
growth and organisation of the capillary cndothelial cells ir vifro.

These suggestions seem important in the present study because the high viscosity
mediwmn could affect the thickness of the extracellular matrix. The matrix beeomes redueed
in thickness by high viscosity molecule interpenetration by adding or removing water and
in turn affects the diffusion of molccules into/ or out of the cells and also could affect the
adhesion of cells to the matrix, which 1s reflected in the reduction of cell movements.

Boubriak et af (2000) found that the permeability coefticicnt of rabbit sclera of ECM
decrcases with an inerease in molecular weight solute {10 and 40 kD dextran). This finding
could possibly be explained by the incrcase i asymmeiry of the molecular shape with
increase in dextran MW. Dextran are random coil extended polymers that do not have
well-defined configuration, it can however take on asymmetric configurations. The
resistance to motion of asymmetrical particles is characterised by the frictional eoefficients
along the principlc axes. Extended molccules would cxpericnce less resistance moving
lengthwise than moving broadside, with the diffusion coefticient describing this 'end-on'
movement dependent on the degree of asymmetry of the particle. In free solution the
diffusion ratc of asymmetrie molecules correlatcs predominantly with the long axis,
becausc the molccules move randomly. In a matrix, an oricntation cffcct causes restriction
of broadside movement while offering little resistance lengthwise. The rate of diffusion of
asymmetric molecules in a matrix appears to correlaie mainly with the dimensions of the
short axis, thus leading to an increase of diffusion rates in matrix in comparison with free
solution.

It would therefore be anticipated that diffusion of solute through the ECM would
decrease with the increase of matrix viseosity.

Explaining the morphological reaction results

These studies have reported changes in cell morphology or shape when cclls were
cultured in medium of high viscosity. Cell length was decreased when the concentration of
high molecular weight reagent increased in the incubated medium.

There were several routes by which cells might respond to high viscosity of the
medium one possibility is that cells shrink in presence of thick medium as shown in the
morphology experiments.
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General relevance to other aspects of cell biology.

The topography around cells may be that of surrounding cclls, intercellular materials
or biomaterials. The reactions to topography include cell oricntation, rates of movement,
and activation of the eells (Curtis and Wilkinson, 1997). Few studies have reported that the
changes in cell shape can influence the gene expression {Chou e al, 1995), therefore it
would seem reasonable to investigate the cffect of medium viseosity on gene expression.

Ccllular responses to medium viscosity may share common mechanisms involving
cellular morphology; movcments and responses to mechanical force (Abercrombie &
Dunn, 1975; Heath & Dunn, 1978; Brunette e a/, 1988, 1995; Elson, 1988; Curtis &
Clark, 1990; Harris, 1994; Elson ef al, 1998). For normal cclls, this mechanism could play
an important role during embryonic development and wound healing, allowing cellular
proliferation or growth to be regulated in response to changes in chemical properties of the
environment.

This study was the first report on how medium viscosity affects the reaction of cells
to topography, which includes the morphological, locomotory responses, and the
mechanism of these reactions. It is rcasonable to continue this study by looking at the
effeets on cell function at the molecular level.

It would also be of interest to investigatc the morphological reactions in greater
detail, using electron microscopy. This would allow observation of cell spreading and
polarisation at high resolution.

The adhesion pattern seems to be detcrmined by the locomotory state of the cells
(Verschuercn, 1985). However, it is important to study the adhesion regions in the cells
were they contact the substrate in thc presence of medium of high viscosity because they
are firm attachment structures that hold the cell in place and in its spread shape. This could
be done using immunofluorescencc of adhesion related proteins, such as integrins or
vinculin.

Physical properties contribution possibility, rule out the importance to examine thesc
propertics in the presence of highly viscous medium e.g. forces.

One of the practical considerations stcmming from this work is that viscosity necds
1o be carefully considered in both the design of rcaction o topography expcriments and
interpretation of experimental data.

References

Abercrombie, M. and Dunn, G.A. (1975): Adhcsion of fibroblasts to substratum during
contact inhibition observed by interference reflection microscopy. Experimental Cell
Research, 92: 57-62.

Alberts, B., Bary, D., Lewis, J.,, Raff, M., Roberts, K., and Watson, J.D. (1994):
Molecular biology of the cell, second edition. Garland Publishing Inc. New York &
London, 139-142.

Armitage, J.P. and Packer, H.L. (1998): Bacterial motility and chemotaxis. Motion
analysis of living cells. Eds Soll, David and Wessels, Deborah (LCPD 0-471-15915-
8 Wiley-Liss Inc) Chapter 1: 1-24.

Bard, J.B.L. and Higginson, K. (1977): Fibroblast- Collagen interactions in thc formation
of the secondary stroma of the chick cornea, Journal of Cell Biology, 74: 816-827.



The Effect of the Medinm viscosity on the Cells Morphology in Reaction of Cells fo Topography-i 93

Barry, D., Alberts, B., Lewis, J., Raff, M., Roberts, K., and Watson, J.D. (1996}
Molecular biology of the cell, fourth edition. Garland Publishing Inc. New York &
London.

Boubriak, O.A., Urban, J.P,, Akhatar, S., Meek, K.M. and Bron, A.J. (2000): The
etfect of hydration and matrix composition on solute diffusion in rabbit selera.
Experimental Eye Research, 7T1: 503-514.

Brunette, D.M., Kenner, G.S., and Gould, T.R.L. (1983): Titanium surfaee orient growth
and migration of cell from human gingival explants. Journal of Dental Research, 62:
1045-1048.

Brunette, D.M. (1986): Fibroblasts on mieromachined substrata orient hierarchically
grooves of different dimensions. Experimental Cell Research, 164: 11-26.

Brunette, D.M. (1988): The effect of surface topography on cell migration and adhesion.
In:" Surface characterization of biomateriales”, edited by B. D. Ratner; Elsevier
science Publishers B. V., Amsterdam, 203-218.

Bryant Chase, P., Denkinger, T.M., and Kushmerick, M.k, (1998): Effect of viscosity
on mechanics of single, skinned fibres from rabbit psoas muscle. Biophysical
Journal. 74; 1428-1438.

Burridge, K. and Chrzanowska-Wodnika, M. (1996): Focal adhesion, eontractility, and
signaling. Annual Review of Cell Developmental Biology, 12: 463-519.

Carrel, A. (1912): On tbe permanent life of tissues outside the organism. Jouwrnal
Experimental Medicine, 15: 516-528.

Chase, B.P., Denkinger, T.M. and Kushmerick, M.J. {1998): Effect of viscosity on
meehanies of single, skinncd fibres from rabbit psoas muscle. Biophysical Journal;
74: 1428-1438.

Chehroudi, B., and Brunmette, D.M. (1995): Effects of surface topography on cell
behavior. In Encyelopedic handbook of biomaterials and bioengineering. Part S.
Materials., ed. D. J. T. Donald L. Wise, David E. Altobelli, Michael J. Yaszenski,
Goseph. D. Gresser, Edith R. Schwartz. pp. 813-842. Vol. 1. New York: Marcel
Dekker.

Clark, P., Connolly, P., Curtis, A.S.G., Dow, J.A.T., and Wilkinson, C.D.W. (1987):
Topographical control of cell behaviour, I. Simple step cues. Development, 99: 439-
448.

Clark, P., Connolly, P., Curtis, A.S.G., Dow, J.A.T., and Wilkinson, C.D.W. (1990):
Topographical control of cell behaviour 11. Multiple grooved substrata. Development,
108: 635-644.

Clark, P., Connolly, P., Curtis, A.8.G., Dow, J.A.T., and Wilkinson, C.D.W. (1991):
Cell guidance by ultratine topography in vitro. Journal of Cell Science, 99: 73-77.

Clark, P. (1994). Cell behaviour on micropatterned surfaces. Biosensors and
Bioelectronics, 9: 657-661.

Curtis, A.S.G. and Clark, P. (1990): Thc cffect of topographic and mechanieal propertics
of materials on eell behaviour. Crifical Review in Biocompatibility, 5: 343-362.
Curtis, A.S.G. and Wilkinson, C. (1997): Revicw: Topographical control of cell.

Biomaterials, 18: 1573-1583.

Curtis, A.S.G. and Wilkinson, C. (1998): Topographical control of cell migration.
Motion analysis of living cells Eds Soll,, David R. and Wessels, Deborah (LCPD 0-
471-15915-8 Wiley-Liss Inc) Chapter 7: 141-155.

Curtis, A.S.G., and Varde, M. (1964): Control of cell behaviour. - topological factors. .J.
Naitl. Cancer Res. Inst. 33: 15-26.



94 F. A Khorshid

Dunn, G.A. and Brown, A.F. (1986): Alignment of fibroblasts on grooved surfaces
described by a simple geometric transformation. Journal of Cell Science, 83: 313-
340.

Einstein, A. (1908): The elementary theory of the Brownian motion. Reprinted in
Investigation on the Theory of Brownian Movement, 1956, Dover Publ,, Inc., New
York.

Elson, E.L. (1988): Cellular mechanism as an indicator of cytoskeletal structurc and
function. Annu. Rev. Biophys. Biol. Chem., 17: 397-430.

Elson, E.L., Felder, S.F., Jay, P.Y., Kolodney, M.S. and Pasternak, C. (1998): Forces
and mcchanieal propertics in cell locomotion. Motion analysis of living cells Eds
Soll,, David R. and Wesscls, Deborah (LCPD 0-471-15915-8 Wiley-Liss Inc);
Chapter 4: 67-84 Eriksson, S. H., Rugg-Gunn, F. J., Symms, M. R., Barker, G. ],
and Duncan, J. S. (2001): Diffusion tensor imaging in patients with epilepsy and
malformations of cortical devclopment. Brain, 124: 617-626.

Giaever, I. and Keese, C.R. {(1986): Usc of eleciric fields to monitor the dynamical aspect
of cell behaviour in tissue culture. /EEF Transactions on Biomedical Engineering
BMFE-33 No, 2: 242-247.

Giaever, I. and Ward, E. (1978): cell adhcsion to substrates containing adsorbcd or
attached IgG. Cell Biology, 75 No 3: 1366-1368.

Glasstane, S. (1948): Texthook of Phvsical Chemistiv. Second cd. Macmillan and CO. Lid.
London.

Harris, A.K. (1994): Locomotion of tissue culture cclls considered in relation to ameboid
locomotion. fit. Rev. Cytol., 150: 35-68.

Harrisou, R.G. (1907): Observations on the living dcveloping nerve fiber, Proceeding
Society of experimental Biology, (N.Y) 4: 140.

Heath, J.P. and Duun, G.A. (1978): Cell to substratum contacts of chick fibroblasts and
their rclation to the microfilament system. A correlated interfcrence-reflexion and
high-voltage electron-microscope study. Journal of cell science, 29: 197-212.

Hille, B. (1971): Voltage clamp studies on myelinated impulse in the squid giant weon. in
Biophysics and Physiology of Excitable membranes. Published by Van Nostrand
Rcinhold Company, New York. 230-246.

Hovayv, E., Halle, D. and Yedgars, S. (1987): Viscous macromolcculcs inhibit erythrocyte
hemolysis induced by snakc venom phospholipase A2. Biorheology. 24(4): 377-384.

Ingber, E., Madri, J. and Jamieson, J. (1981). Role of basal lamina in neoplastic
disorganisation of tissue architecture, Proceeding of National Academy of Sciences,
USA. 78: 3901-3905.

Ingber, E. and Folkman, J. (1987): Reguiation of endothelial growth factor action: sold
state control by extracetlular matrix. Mechanisms of Signals Transduction by
Hormones and Growth Factors, pp 273-282. Alan R. Liss, Inc..

Kon, K., Maeda, N. and Shiga, T. (1987): Ervthrocyte deformation in shear flow:
influences of internal viscosity, membrane stiffness, and hematocrit. Blood, 69(3):
727-734.

Kullmann, D.M., Min, M., Asztely, F. and Rusakov, D.A. (1999): Extracellular
glutamate diffusion determines the occupancy of glutamate receptors at CAl
synapscs in the hippocampus. Philosophical Transactions of the Royal Society.
London, B. 354: 395-402.

Machesky, L.M. and Hall, A. (1997): Rolc of actin polymerisarion and adhesion to
cxtracellular matnx in Rac-induced cytoskcletal reorganisation. Journal of Cell
Biologv, 138: 913-926.



The Effect of the Medium viscoxity on the Celfs Morphology in Reaction of Cefls to Topographv-1 95

Madri, J. and Williams, S. (1983). Capillary endothelial cell cultures: phenotypic
modulation by matrix components. Journal of Cell Biology, 97: 153-165.

Maroudas, A. and Urban, J. (1983): [r vitro methods for studying articular cartilage and
invertebral disc. In Skeletal research. (Kunin, A. and Simmons, D. J Eds), pp. 135-
181, Acadcmic Press, USA.

Meyle, J., Gultig, K., Brieh, M. Hammerle, H. and Niseh, W. (1994): Contact guidance
of fibroblasts on biomaterial surfaces. Journal of Materials sciences: Materials in
Medicine, 5(6-7): 463-466.

Newgreen, D.F. (1989): Physical influences on neural crest ccll migration in avian
embryos: Contact guidance and spatial restriction. Developmental Biology, 131: 136-
148,

Nobes, C.D., Hawkins, P., Stephens, L. and Hall, A. (1995): Activation of the small
GTP-hinding proteins rho and rac by growth factor rcceptors, Journal of Cell
Science, 108: 255-233.

Qakley, C. and Brunette, D.M. (1993): The sequence of alignmen! microtubules, focal
conlacts and actin filaments in fibroblasts spreading on smooth and grooved titanium
substrata, Journal of Cell Science, 106: 343-354,

Qakley, C. and Brunette, D.M. (1995): Rcsponse of single, pairs, and clusters of
epithelial cells to substratum topography, Biochem. Cell Biol. 73: 473-489,

Ohara, P.T. and Buck, R.C. (1979): Contact guidance in vitro: a light, transmission and
scanning clcetron microscope study. Experimental Cell Research, 121: 235-249.
Penttinen, K., Saxen, E., Saxeu, L., Toivonen, 8. and Vainio. T. (1958): Importance of
the growth medium on the morphological behaviour, inductive action and

immunology of cells. Annals Medical Experiments Fenn. 36: 27-46,

Rovensky, Y.A. and Samoilov, V.1. (1994): Morphogcnetic response of culured normal
and transformed fibroblasts, and epitheliocytcs, to a cylindrical substratum surface.
Possiblc role for the actin filament bundle pattern, Journal of Cell Science, 107:
1255-1263.

Saxeu, E. and Penttinen, K. (1965): Differences in the effect of individual human scra on
cell culture. Journal National Cancer Institute, 35: 67-74,

Singhvi, R., Kumar, A., Lopez, G.P., Stephanopoulos, G.N., Wang, D.1.C., Whitesides,
G. M. and Ingber, D.E. (1994): Engineering cell shape and function. Science, 246:
696-698.

Sjodin, R.A. (1971): lon transport across excitable cell membrane. in Biophysics and
Physiology of Excitable membranes. Published by Vau Nostrand Reinhold
Company, New York. 96-124.

Tuvia, 8., Almagor, A,, Bitler, A, Levin, 8., Korenstein, R. and Yedgar, S. (1997): Cell
membrane fluctuations are regulated by medium macroviscosity: Evidence for a
metabolic driving force. Biophysics, 94t 5045-5049.

Verschueren, H. (1985): Interference reflection microscopy in cell hiology: Methodology
aud application. Journal of Cell Science, 7%: 279-301.

Webb, A. Clark, P., Skepper, J., Compston, A. and Wood, A. (1995): Guidance of
oligodendrocytes and their progenitors by substratum topography. Journal of Cell
Science, 108: 2747- 2760,

Weiss, P. (1945): Experimenis on cell and axon orient. on in vitro : the role of colloidal
exudates in tissue organization. Journal of Experimental Zoology, 100: 353-386
Wilkinson, A.H.F. and Schut, F. (1998): Digital Images Analysis of Microbes, Imaging
Morphometry Fluorometry and Motility Technigues and Applications. John Wiley &

Sons. UK. Chapter 1-3. pp 3-89.



96 F. A, Khorshid

Wojciak, B., Crossan, J., Curtis, A.S.G. and Wilkinson, C.D.W. (1995). Grooved
Substrata Facilitate [n-Vitro Healing Of Completely Divided Flexor Tendons.
Journal of Materials Science-Materials In Medicine Wojciak Stothard, B., Curtis, A.
S. G., Monagham.W., McGrath, M., Sommer, 1. and Wilkinson, C. (1995): Role of
the cytoskeleton in the reaction of the fihroblasts to multiple grooved substrata. Cel/
Motility and the Cytoskeleton, 31: 147-158.

Wojciak Stothard, B., Madeja, Z., Korohoda, W., Curtis, A. and Wilkinson, C. (1995):
Activation of macrophage-like cells by multiple grooved substrata, Topographical
control of cell behaviour. Cell Biology International, 19: 485-490.

Wojciak Stothard, B., Cnrtis, A., Monagham.W., Macdonald, K. and Wilkinson, C.
{1996): Guidance and activation of murine macrophages by nanometric scalc
topography, Experimental Cell Research, 223: 426-435.

Wood, A.T. (1988): Contact guidance on microfabricated substrata: the response of teleost
fin mesenchyme cells to repeating topographical patterns. Journal of Cell Science,
90: 667-681.

Wrylie, C.C., Heasman, J., Swan, A.P. and Anderton, B.H. (1979): Evidence for
substrate guidance of primordial germ cells. Experimental Cell Research, 121: 315.

Yedgar, S. and Reisfeld, N. (1990): Regulation of cell membrane function and secretion
by extracellular fluid viscosity. Biorheology, 27(3-4): 581-588.



The Effect of the Medium viscosity on the Cells Morphology in Reaction of Cells fo Topography-1

[ —aeluall 7 shall aa Llelis (U8 LD JC5 o das gl Aa 31 80

Bl sa Gl
Lolall & gaall apd Aol S g0 ¢ dasi¥ly LIRS el j 5aa 5 45 pde
el we Gllal deals o bl S ¢ Ll o Ln ¥ i
Gn groall Ly yoll dSkeall — 522

fatenkhorshidi@kaau.edu.sa or fatenkhorshidi@vahoo.com s FLVRTY

W el o Al WAT 48 pab g3 daul Aag) S5 aliluaf
oAl LCs, WA ol gai 8 i O Les lgde et AD 2 oghudl s
S pay

ame AN CBeli e L el GLES g aad) 1aa e (ia el
Jte dag il Adle il ja Al haw gl Aa g3l st S S 5 ) 0as s Al
o st e S50 S5 b e eopalg n Sisd g oSl ) Syl

— s a5l dlle Sl el e ddliae O 38 5 alaaial & il B
s LS Al diagda g dans gl A p ) it o a0 jf g e Jall a8 Cilias
A Glie alasiuly eLall Apally Teal 5o 320ty Sl Aa 5 S

RV PR VLTS PO - UREC I G [ PN U 7 P WE S (R P P
Aalad Je 455 gttt il

e > Laa dgladdl Aa g3l p il o sall Ll Auals jan b
e bl Al et il il e Al 2 gl ae LAY Jelis
Shlds Ll bl el da gl Adle Gl A piad A LAY 5 el Jgal
e ja
e g all L Sed e i el da 5 <l Sl of paug
rdaall 5 S Al 5 g



98 F. A Khorshid
el A e Jllae o chas AN LAY ol Aadlaadl & san el
) ALY sld apile by 8 Lghaiy Caolatd S8y da Y
b oo AN Jgm LW Al G 0l e il il sda ae
& e Jale Sl day B jlicd 2 5y gl Qe 2 glall ae LGN Jeld
A e el Ay kel il )





