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ABSTRACT

The nature and quantitative aspects of epithelial cell adhesion are reviewed,
and their relevance discussed in relation to the homeostasis of the dento-epithelial
junction.
The design, construction and testing of a m iniaturised parallel-plate shearing
apparatus for the measurem ent of cell adhesion based on the radial flow cham ber
principle of Fowler & McKay (1980) is described.
Cultures of an established epithelial cell line on glass coverslips were exposed
to flow conditions for varying times in the shearing chamber at 37°, 8° and 4°C, and
subsequently photographed under standardized conditions. The critical shear radius
(CSR) was determ ined by densitom etry from a negative film and the minim um
distraction force (MDF) at the CSR calculated using the m easured flow rate and
predeterm ined viscosity values of the m edium.

The calculated m ean MDF values

at 37°C ranged from 1.04 to 1.36 pascals, and was independent of the culture
inoculation density (2.5 x 10s to 106 cells m l1) and the time (range: 5 to 20 min) of
exposure to shearing conditions.
Cell-to-cell adhesion in multilayer cultures was assessed by a cell-separation
index (O) which represented the proportion of cells detached in a specific annulus
per unit shearing force. The minimal force necessary to separate the upper layer(s)
of cells w as calculated to be significantly less than cell-to-substratum adhesion (MDF)
being in the range of 0.43 to 0.64 Pa. M easurements of cell-to-substratum adhesion
at 4°C dem onstrated a three to four fold increase of the MDF (6.19 Pa) com pared to
that at 37°C (1.35 Pa). Part of this adhesion was resistant to mild trypsinisation and
was stabilised by low tem perature, and by treatm ent with concanavalin A or
colchicine.
A classification of cellular adhesion as trypsin-sensitive (TSA) and trypsinresistant adhesion (TRA) on the basis of the different tem perature and protease
susceptibility is proposed

with the corresponding physiological functions

of

"frictional" and "tractional" adhesion respectively.
The implications of the dual adhesion hypothesis are discussed w ith respect
to the integrity of the dento-gingival junction.
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INTRODUCTION

1.1

Cell adhesion in biological systems
Cell contact phenomena have been of interest to, and have been investigated

by, several different disciplines, but the nature and types of cell contact have
rem ained somewhat obscure. Hence the terminology used to describe cell contacts
has given rise to confusion.
It is generally accepted that initial contact between cells, or betw een cells and
a substratum is essentially rapid, random and non-specific (Weiss, 1964, 1970; Gingell
& Vince, 1980), and independent of tem perature in the range 4°C to 37°C
(Attramadal & Jonsen, 1970, 1974; Rabinovitch & DeStefano, 1973; DeGeorge et al.,
1985). However, experiments with mixed cell aggregates (Townes & Holtfreter, 1955)
indicate the existence of a secondary tissue-type specificity once initial contacts have
taken place. Baier (1970) interprets these findings as indicating a differing "quality"
of cell-to-cell contacts.

Curtis (1966) suggested that segregation of aggregates may

be based on quantitative differences in "the value of adhesiveness of the cells".
W hilst w hat is meant by both Baier {op cit.) and Curtis {op tit.) is obscure the
statements emphasize the functional complexity of cell adhesion phenomena.
Studies of cells in locomotion dem onstrate the requirem ent of anchorage to a
substratum . In addition, such anchorage m ust be transient to perm it translocation.
Anchorage of a cell to a rough surface or a three-dimensional matrix can be achieved
by extending cell pseudopodia into available gaps, however attachm ent to a planar
surface m ust be adhesive in nature (Lackie, 1986).
Willis (1967) emphasized the importance of reduced cell-to-cell adhesiveness
by malignant cells to permit dissociation of cells from the tum our mass to form
metastases, where the adhesive specificity between the m alignant and norm al cells
at the im plant site permits the malignant cells to attach and then grow into a
tum our mass. Gail & Boone (1972) have shown that virus-transform ed cells adhere
less tenaciously to a substratum than do normal cells.
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The area of contact between gingival epithelium and tooth enamel is unique
in that viable cells of epithelium are closely related to an inorganic planar
substratum . The adhesion of gingival epithelial cells to the tooth surface is related
to the maintenance of the "gingival attachment" to the tooth surface.

The

detachm ent of gingival epithelium from the tooth has been described as the initial
step in the pathogenesis of periodontal disease (Schultz-Houdt et ah, 1963).
A variety of techniques to examine cell adhesion have been reported,
particularly relating to the adhesion of cells to solid surfaces.

Such studies of the

cell-to-substratum interface have provided valuable information about the mechanism
of cell adhesion.

1.2

D efinitions and term inology of in vitro cell adhesion phenom ena
The subject of cell adhesion is complicated by a multiplicity of term s used by

various authors w hen describing adhesion, e.g. Adhesiveness, Adhesivity, Stickiness,
Attachment, Anchorage, to name but a few.
A definition of adhesion is "to hold fast", which w ould suggest a perm anent
relationship.

If such a principle were to be applied to biological interactions then

all cells w ould be rendered immobile. Therefore, for locomotory cells adhesion m ust
be transient.
Initial cell contact is probably a random event dependent on the prevailing net
surface charge and does not require a metabolic effort from the cell. Non-viable cells
appear to be able to participate in this type of adhesion (Taylor, 1961; Nordling,
1967).
Such interaction could then proceed to a "relative perm anency of adhesion",
w here viability of the cell is essential since metabolism appears to be required to
sustain the contact.

At this stage, mobilisation or aggregation of cell surface

glycoproteins is probably a requirem ent (Rees et ah, 1977).
The life-time of sites of cell contacts is not known, although it is clear that
they m ust be transient to perm it cell locomotion.
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The observation of structural

changes in the membranes of colliding cells w ithin a period of 20 seconds
(Heaysman & Pegrum, 1973) and the life-time of about 10 to 40 m inutes of some cell
contacts (Izzard & Lochner, 1980) w ould suggest a relatively short life-span in the
case of locomotory cells.
Stoker et al. (1968) specify the requirem ent of "anchorage dependence" for
norm al fibroblasts to proliferate in monolayer culture.

Such a requirem ent is

necessary for fibroblastic cells to spread, which initiates the switch from the G„ phase
(cell in a resting state) of the cell cycle. They also report that grow th appears more
dependent on linear extension over a minimal distance rather than general area
extension on the available substratum .

It would appear that the term "anchorage"

in this context refers to the requirem ent of a suitable substratum for fibroblasts to
contact, spread on and adhere to, rather than signifying the relative strength or
longevity of cell-to-substratum adhesion.
Weiss (1970) proposed that cell contact phenom ena (cellular adhesion) be
considered in term s of three basic biophysical processes, namely cell contact, cell
adhesion and cell separation.

Fowler & McKay (1980) reported two stages of

biological adhesion, a prim ary physical short-term reversible stage followed by a
secondary biological stabilization stage. Rajaraman & MacSween (1980) proposed two
types of cell-to-substratum adhesion, an initial (primary) fibronectin-poor adhesion
and a secondary (spreading) fibronectin m ediated adhesion.
For the purpose of this thesis cell adhesion will be considered in terms of: (a)
Primary adhesion, representing the initial phase of cell contact; and (b) Secondary
adhesion, representing a stabilization phase synonym ous w ith cell spreading
involving molecular congruity of cell-to-cell or cell-to-substratum interactions.

1.3

Prim ary adhesion
U nder appropriate conditions most cells will form initial adhesive contacts with

a w ide variety of surfaces including other cells or inert materials.
appears to be of very low or absent specificity.
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This process

W hilst in term s of cell adhesion

phenom ena all mechanisms involve the same set of physico-chemical interactions, it
is convenient to distinguish between non-specific prim ary adhesion and secondary
adhesion which involves steric specificity.
The initial event in prim ary cell-to-cell and cell-to-substratum adhesion depends
on the surface properties of the opposing components. By virtue of charged residues
on integral membrane molecules all vertebrate cells examined possess a net negative
surface charge (Sherbet, 1978; Trinkaus, 1984).
The initial contacts between cells have been considered analogous to those of
negatively charged particles in suspension and Bangham & Pethica (1960) proposed
that long-range forces of attraction capable of operating over relatively large distances
(tens of nanometers) in physiological m edium are im portant in cell adhesion. This
physicochemical theory, supported by Curtis (1966), considers cell contacts as being
determ ined by the balance of electrostatic forces of repulsion between similarly
charged surfaces and the electrokinetic London-Van der W aal's force which causes
attraction between similar bodies. This approach is based on the theory of lyophobic
colloids developed by Derjaguin & Landau (1941), and independently by Verwey &
Overbeek (1948), and is known as the DLVO theory.
The relative strengths of the attractive and repulsive forces dim inish with
distance but follow different pow er laws, the balance between these forces will
therefore vary as a function of the separation.

As a result, two separation zones

m ay be calculated where forces of attraction exceed those of repulsion (Sherbet op
cit.; Lackie, 1986). Cells within a separation distance of 10 to 20 nm (according to
Sherbet, op cit. and Trinkaus op cit.) or 15 to 25nm (according to Lackie, op cit.) are
referred to as being within a secondary attractive m inim um zone in which the net
attractive force is small compared with the metabolic energies required for
locomotion (Gingell & Vince, 1980) and hence perm it reversible adhesion.
W hen cells approach to within less than 2 nm (Lackie, op cit.) or w ithin 0.5 to
2 nm (Trinkaus, op cit.) the zone is referred to as the prim ary attractive minim um
w here molecular contact permits strong hydrophobic interactions. However, to allow
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molecular contact between the lipids of opposing cell surfaces, the unit membranes
m ust align within 2 to 3 x 101 nm; to date it would appear that in the majority of
initial cell adhesions the distance between the unit m em branes is in the order of 10
to 20 nm.

The cell m embrane phospholipids lecithin and cephalin form a stable

suspension of lipid leaflets with a separation of 8.5 nm w hen mixed w ith certain
aqueous electrolytes, a distance coincident with secondary attractive m inim um
(Trinkaus, op cit.).

In addition, the calculated separation distance of this zone

corresponds to the in vivo observations of the separation distance seen in non
specialized areas of opposing cell surfaces (Lackie, op cit.).

Similarly, the tight

junction m em brane separation (which may be regarded as equivalent to secondary
adhesion) corresponds with the prim ary attractive m inim um zone (Lackie, op cit.).
Gingell & Vince (op cit.) and Sugimoto (1981) reported the influence of
electrostatic
respectively.

negativity

on

cell

aggregation

and

cell-to-substratum

adhesion

A decrease in surface negativity resulted in an increase in the

param eters which represented cell adhesion.

A decreased cell-to-glass separation

(representing increased cell adhesion) was apparent w ith an increasing concentration
of divalent cations. This effect was particularly m arked w ith calcium and even more
significant in the presence of serum proteins. Gingell & Vince (op cit.) have shown
that cells adhere to surfaces of glass, metal and liquid hydrocarbon in the absence
of protein or other macromolecules in the medium at low and high ionic strengh.
Cell attachm ent to hexadecane, an inert hydrocarbon, dem onstrates that adhesion can
occur w ithout stereo-specific interaction suggesting that u nder certain conditions
adhesion can be dependent on non-specific physical forces.
However, under physiological conditions there is no convincing evidence to
substantiate a significant role for the processes described by the DLVO theory in cell
adhesion phenomena. Moreover, a num ber of unrealistic assum ptions are m ade in
applying the DLVO theory e.g. that the cell surface is represented by a sphere and
is homogenous at the area of contact. In addition, many regions of opposed plasma
membranes in cell contact areas are 2 to 9 nm apart, that is, in the postulated region
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of electrostatic repulsion yet the cells appear to be in a stable relationship in such
regions. W hether these regions are present at initial contact or develop subsequently
is debatable.
H ughes et al. (1980) proposed that adhesiveness associated w ith intimate sites
of cell contact may be due to a lowered negativity a n d /o r patches of net positive
charge from cell membrane lipid or protein at the site, thereby implying
heterogeneity of the cell surface membrane, whereas the DLVO theory supposes
homogeneity of opposing surfaces.

Long-range physical force theory predicts that

a significant repulsive energy barrier exists before molecular contact can be achieved,
Pethica (1980) proposed that cell surface projections such as microvilli may have the
capacity to penetrate repulsive electrostatic barriers by virtue of a low radius of
curvature or special surface properties such as reduced negativity to facitilate
m olecular contact.

A similar effect may be achieved by cations shielding point

charges (Lackie, op cit.).
O n theoretical grounds the closest kind of adhesion that could occur between
cells w ould involve chemical bonds between opposing surfaces. Such bonding need
not confer specificity if a prevalent molecule were involved.

For example, the

divalent cation calcium may interact with anionic sites on opposing cell surfaces,
such a mode of adhesion is referred to as a calcium "bridge" (for reviews see
M aroudas (1977) and Trinkaus op cit.).
For calcium bridging, opposing sites are required to be w ithin 1 nm, which
does not appear to comply with the m inim um separation distance of 10 to 20nm
between plasma membranes observed with the electron microscope. If however, the
separation between adjacent cells is filled with electron-lucid material, possibly
peripheral components of the glycocalyx or perhaps some intercellular material then
calcium cation bridging w ould be feasible.
M embrane fluidity permitting lateral mobility of peripheral macromolecules
with consequent effects on charge distribution may influence cell adhesion.

Weiss

(1967) proposed that a role for calcium is to stabilize the cell-surface by forming
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cross-linkages within the membranes.
intracellular role for calcium

Trinkaus (op cit.) discusses a possible

which could affect cell adhesion:

cytoplasmic

microfilament contractility requires calcium and if lateral mobility of integral
glycoprotein within the m embrane bilayer is required for cell-to-cell adhesion then
such adhesion would depend on the contractility of subm em brane microfilaments.
Similarly, he (op cit.) speculates that initial adhesions of cells are at the tips of
microvilli or filopodia. These microprotrusions are packed w ith microfilaments which
supposedly control their formation and movement, and hence may be a calciumdependent process.
The evidence to date does not favour any single hypothesis regarding the role
of calcium in cell adhesion.

It is likely that calcium acts in several ways and its

importance is due to the sum m ation of its various activities. O ther possible chemical
bonds between cell surfaces proposed by Trinkaus (op cit.) include hydrogen, ester,
thiol, imine and amide bonds.

Trinkaus (op cit.) favours bonds between the

oligosaccharide chains of the plasma membrane glycoproteins by means of their
carboxyl and amino groups either by electrostatic or by hydrogen bonding (Damluji
& Riley, 1979, Hughes et al, op cit.).
An im portant physical factor that lies at the basis of cell-to-substratum
adhesion is the relative wettability of the surfaces w ith which they are in contact.
Cells do not readily adhere to non-wettable (hydrophobic) substrata such as paraffin
and cellulose acetate, whereas adhesion is favoured to wettable (hydrophilic)
substrata such as glass, other cells and extracellular matrix materials (see section
1.4.1.1).

The interfacial-free energy value (surface tension), influences cell-to-

substratum adhesion (van Dijk et al., 1987).
O n the basis of physico-chemical considerations it is possible that other shortrange physical forces may play a role in cell adhesion (Trinkaus, op cit.) including
hydration forces and steric repulsion, an entropic effect of extended polym er chains
(Gingell & Vince, op cit.).
Whilst it is likely that charged components of the opposing surfaces play a role
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in prim ary cell adhesion, the significance of long-range physical forces at secondary
attractive minimum distances in this process is speculative (Trommler et al, 1985).
W ithin the resolution limits of both electron an d interference reflection microscopy
w ith respect to cell separation distance it appears that the predom inant force is
electrostatic repulsion.

Such a force may help to prevent the fusion of the

phospholipid bilayers at cell-to-cell membrane contacts (Gingell & Vince, op dir, ).
A n im portant component of the adhesive process occurs at sites of molecular
contact w here only a small proportion of the cell surface is involved in short-range
interactions which may involve hydrogen bonding and ionic bridging betw een
adjacent molecules.
Taylor (1961) stated that cell adhesion an d cell spreading are different, in that
cell spreading

requires

metabolism

whereas

adhesion

can

proceed w ithout

metabolism. While spreading requires adhesion the converse is not true.

For the

purposes of this thesis, those stages and characteristics of cell adhesion phenomena
dependent on metabolism are referred to as secondary adhesion.

1.4

Secondary adhesion
Taylor (1961) dem onstrated that both viable and dead cells adhered to glass

in a protein-free medium. However, such adhesion w as not calcium dependent and
was not inhibited by trypsin, but if protein was added to the culture then only
viable cells adhered and subsequently spread, such adhesion w as susceptible to
trypsin and EDTA treatm ent (Takeichi, 1971).
M ost cell strains will not survive in culture, w hether in suspension or
monolayer, w ithout the addition of serum or other macromolecules to the medium.
Thus, aside from their action upon the adhesiveness of cells, serum components
allow the cells to exhibit "normal behaviour" in culture conditions (Witkowski &
Brighton, 1972).
Although all of the essential components of culture media could be described
as factors necessary for growth, the term "growth factor" has been generally used to
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describe a class of agents (usually proteins or polypeptides) which appear to be
responsible for the stimulation of proliferation of both epithelial and mesenchymal
cells (for reviews see Bradshaw & Prentis, 1987; Spom & Roberts, 1988).
The addition of serum is necessary for the majority of cell cultures as the
source of grow th factors. The presence of serum inhibits prim ary adhesion (Nordling
et al., 1963; Grinnell, 1987) but is necessary for prolonged adhesion an d subsequent
spreading to a substratum (secondary adhesion).

Such adhesion is tem perature-

dependent, possibly suggesting a metabolic requirem ent ( Moscona, 1961; Nordling,
1967; Grinnell, 1984).
Grinnell & Hays (1978) have described inhibition of cell spreading by
conditions that interfere with metabolic activity, or block free sulfhydryl groups, or
interfere with microtubules and microfilaments.

They (op cit.) concluded that cell

spreading was a general cellular response which did not depend u pon the binding
of a unique cell surface receptor to the substratum .
Gerish et al. (1980) proposed that different entities of the cell surface m ight be
They (op cit.) found that blocking the

responsible for two types of adhesion.

adhesion of Dictyostelium to glass by a univalent antibody d id not necessarily inhibit
the aggregation of the same cells w ith each other. Subsequent studies using antisera
have dem onstrated both cell-to-cell and cell-to-substratum adhesion disrupting
antibodies in cultures of epithelial cells (Damsky et a l, 1982) and fibroblasts (Decker
et al., 1984).
Trinkaus (1984) stated that the topographic relationship of cells can provide a
rough estimate of the degree of adhesiveness, rounded cells are alm ost invariably
easily freed from surfaces which they contact, cellular or otherwise. Conversely, cells
that are flattened against each other or spread on a substratum are m ore firmly
adherent. W hen several surfaces are available an adhesive cell will tend to adhere
and conform to the surrounding surfaces, as in the characteristic polyhedral cell
contours associated with a closely packed tissue. Thus, if only a planar surface is
available as in a tissue culture vessel, cells will tend to spread and flatten on such
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a surface. D uring secondary adhesion whilst more of the ventral surface of the cell
conforms to the substratum , the cell does not adhere evenly but at discrete loci on
its ventral surface.

1.4.1 C ell-to-substratum adhesion
In vivo, m uch of the substratum is composed of collagen and ground substance
of the extracellular matrix or homologous cells within the same tissue. W ithin the
early embryo however, other cell types m ay serve as a substratum in epiboly, a
process that depends on modification of cellular adhesion during developm ent
(Trinkaus, 1984). W hilst a planar surface is the usual substratum under in vitro cell
culture conditions such a surface is not unknow n in vivo. The yolk syncytial layer
of teleost embryos presents a flat surface on which adhering cells are spread and
flattened. Similarly, comeal fibroblasts are also flattened w hen moving on the flat
collagen m at of the developing cornea (Trinkaus, op cit.). In the adult, the area of
contact betw een gingival epithelium and tooth enamel, an inorganic planar
substratum , is unique.

1.4.1.1 N ature of the substratum
From the literature, it would appear that the nature of the substratum plays
a role in determ ining both w hether a cell will adhere and the strength of the final
adhesion. Carter (1965) dem onstrated that L strain fibroblasts do not adhere readily
to cellulose acetate.

However, when the surface was metallised with palladium in

a gradient, then the cells m oved in the direction of increasing deposition of
palladium.

H e suggested the term "Haptotaxis" for the observed locomotion and

proposed that adhesion differentials w ere responsible for such behaviour.
A sim ilar response to extracellular matrix adhesive glycoprotein concentration
has been reported for cells confronted w ith a limiting concentration of fibronectin
applied as a gradient on a surface.

The cells m igrated tow ards the higher

concentration of fibronectin (Basara et al., 1985).
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Rovensky & Slavnaya (1974) proposed that the attachm ent and subsequent
behaviour of cells is greatly influenced by the geometrical configuration of the
substratum .

They investigated the behaviour of L strain fibroblasts on grooved

surfaces, and found that the cells concentrated in the intervals between the grooves
both on glass and on polyvinylchloride surfaces.
The curvature of the substratum can affect cell behaviour and is the basis of
the response known as "contact guidance" (Dunn & Heath, 1976).

Chick heart

fibroblasts plated onto cylindrical glass fibres w ith a radius of curvature less than
100pm tend to be orientated parallel to the axis of the cylinder.

Similarly, the

alignment of collagen and fibrin fibres on planar surfaces will influence fibroblast
orientation such that the cells are aligned parallel to the fibres (Dunn & Ebendal,
1978).
Chehroudi et al. (1988) reported the effects of a grooved epoxy substratum on
epithelial cell behaviour in vitro and in vivo. V-shaped grooves m easured 17pm in
width, 10pm deep and were separated by flat ridges 22pm wide.

Epithelial cells

derived from periodontal ligament were m arkedly orientated by the grooved surfaces
w hen com pared to the adjacent smooth surfaces where the orientation was random.
This confirmed that the contact guidance response of epithelial cells is similar to
fibroblast cell behaviour described by Dunn & H eath (op cit.). In vivo observations
of Chehroudi et al. (1988) indicated that grooved surfaces tended to im pede epithelial
migration on percutaneous devices.
W hilst the shape of the substratum can influence cell migration

there is no

evidence to suggest any change in the nature of cell-to-substratum adhesion.
Surface roughness in the cell-to-substratum relationship m ust be relative to the
size of the cell, macroscopic defects of the planar surface (as described previously)
and defects which are of the same order of m agnitude as the size of the cell can
influence cell behaviour. However, microscopic defects which m ight be expected to
increase friction do not appear to influence cell behaviour.
The two-dimensional rigidity or deformability of a planar surface can influence
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the nature of cell-to-substratum adhesion.

Harris et al. (1980) dem onstrated both

compression and tension wrinkles of elastic substrata m ade of silicone rubber by
pigm ented retinal epithelial cells. Similar responses have been noted w ith fibroblasts
exerting tension on collagen gels and protein films. The inability of cells to spread
on agar or agarose gels may be due to the lack of rigidity; however, such surfaces
are probably non-adhesive because of their hydrophilicity (M aroudas, 1973).
Baier (1970) in his review of the literature of the cell-to-substratum interface,
considers that prim ary cell contact is correlated to surface wettability, and
particularly to the critical surface tension (cst) value of the m aterial used as the
substratum .
Grinnell et al, (1973) reported that, after incubation for one hour, fibroblasts
attached better to surfaces with contact angles less than 60° (a m easurem ent of
surface wettability) namely, glass, polystyrene, stainless steel, alum inium and
polycarbonate compared to surfaces of polyethylene and polypropylene (contact
angles greater than 60°).
Further evidence for the cst value of the substratum being relevant to adhesion
is provided by the observations of Ivanova & Margolis (1973), and Vasiliev &
Gelfand (1973). These workers used a glass substratum covered by a phospholipid
film (low cst value), fibroblasts adhered to areas of exposed glass only.
Since two hydrophobic surfaces in apposition will tend to exclude the aqueous
m edium

the physico-chemical interaction w ould be therm odynam ically more

favourable, and as a result two phospholipid bilayers in intim ate contact will tend
to fuse (Lackie, 1986). He (op cit.) proposes the role of the hydrophilic carbohydrate
residues on

integral membrane components (the glycocalyx) prevents such fusion

taking place.

Curtis & Biiiiltjens (1973) were able to dem onstrate a difference in

adhesiveness w ith chick ventricle cells by altering the lipid com ponent of the
plasmalemmae.
H arris (1973b) confirmed Carter's observations concerning preferential adhesion
of fibroblasts to substrata. He (op cit.) listed the relative order of preference as glass
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or wettable and sulphonated polystyrene, palladium and cellulose or polystyrene.
H e also suggested that the relative adhesiveness of these materials m ight be related
to the surface charge. Sugimoto (1981), by varying the charge on plastic petri dishes
by coating w ith either a BSA polymer, or BSA + poly-L-lysine or poly-L-histidine
w as able to change the negativity of the surface and as a result influence the speed
of m ouse fibroblast movement.

The decrease in cell speed was associated w ith a

decrease in substratum negativity and an increase in cell-to-substratum contact area,
hence a proposed increase in substratum adhesiveness.
Cell-to-substratum adhesion is affected not only by the properties of the
substratum but also by the surrounding m edium which m ay influence the properties
of the substratum a n d /o r affect the adhesiveness of the cell itself.

Proteins in a

m edium will readily adsorb onto a clean glass or plastic surface and it is to this
layer that the cells adhere, not to the glass or plastic beneath.

If serum is absent

from a m edium , cells adhere rapidly and directly to the glass or plastic but in a way
that shares few characteristics with cell-to-substratum adhesion in the presence of
serum.

However, even in the absence of serum, during the first few hours in

culture, the cells synthesize a macromolecular material which is deposited on to the
substratum and the cells gradually adhere to this exudate (Poste et al., 1973). Such
cell-to-substratum adhesion then resembles that in a m edium containing serum where
the adsorbed serum proteins provide the cells with a more natural wettable
substratum resulting in improved spreading and locomotion of the cells concerned.
A lthough macromolecular layers such as adsorbed proteins can influence the
nature of cell-to-substratum adhesion they do not appear to mask completely the
physical properties of the underlying substratum (Rosenberg, 1963; Trinkaus, op
cit.).

1.4.1.2 Cell-to-substratum bridging m olecules
A ssuming the action of trypsin to be localised at the site of interfacial
adhesion, several investigators have searched for an intercellular material functioning
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as a cell cement or bridging molecule that might be responsible for cell adhesion.
The evidence suggests that secondary adhesion associated w ith cell spreading
depends on specific complementary receptor-ligand type interactions which results
in molecular congruity of the cell to another cell or a substratum .

The search for

such adhesive ligands or bridging molecules in serum has led to much confusion in
the literature over the influence of serum in the m edium on cell-to-substratum
adhesion.
Liberman & Ove (1958), Fisher et al. (1958) and Weiss (1959) reported that
serum or serum fractions were essential in the m edium for cell adhesion and
spreading to a glass substratum . In contrast, Easty et al. (1960) and N ordling et al.
(1963) reported that serum was inhibitory to cell adhesion. Taylor (1961) attributed
the different findings to the timing of observations for adhesion assessment, and
reported that cells adhered more firmly in the absence of serum than in its presence.
A possible explanation was advanced by Curtis (1966), who proposed the
presence of both inhibitory and adherence-promoting proteins in serum which are
susceptible to degradation by cellular enzymes.

He suggested that the inhibitory

protein exceeds that of the promoting protein in m ost sera such that cell adhesion
in m edium containing serum would be delayed com pared to adhesion in proteinfree medium . Culp & Black (1972) described a protein-polysaccharide material which
rem ained tenaciously bound to the substratum following cell removal. They referred
to the material as "SAM" (substrate attached material), and suggested that it might
be im portant in cell-to-substratum adhesion, as the topographic distribution of SAM
on the substratum corresponded roughly to the shape of the cells.

Subsequently,

Rosen & Culp (1977) found that SAM contained an abundance of actin in addition
to the high molecular w eight glycoprotein located to areas referred to as "footpads"
following EDTA-mediated detachment of cells from a glass substratum .

Thus, in

addition to dem onstrating a possible bridging molecule, these authors proposed that
cell detachm ent was not simply a separation at the cell-to-substratum interface but
involved cell surface ruptures leaving part of the cell behind.
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Terry

& Culp

(1974)

provided

further

evidence

that

"SAM"

was

a

glycosaminoglycan where the polysaccharide material was hyaluronic acid covalently
linked to a relatively small protein. Further evidence for an intercellular material of
a glycoprotein nature was reported by Oppenheim er & H um phreys (1971) and Poste
et al. (1973) in their studies of cell-to-cell aggregation and cell-to-substratum adhesion
respectively.
Revel & Wolken (1973) dem onstrated a protein film m easuring some 10 nm
in thickness was adsorbed to a polystyrene substratum from the serum com ponent
used in the culture medium. They concluded, as did W itkowski & Brighton (1972),
that the adsorbed protein allowed the cells to adhere.
The suggestion that there exist adhesive molecules w ith specific cell-binding
capacity which are synthesised by the cell and are either secreted (free) or retained
at the cell-surface (cell-bound) and act in a fashion similar to a receptor-ligand
interaction has been investigated.

Observations consistent w ith this view are that

extracellular material appears to be located between cells joined by 10 to 20 nm
appositions, and that the isolation of material from cells in culture prom otes cell
adhesion. Kuusela et al. (1976) proposed the term fibronectins for a group of closely
related glycoproteins implicated in this type of cellular adhesion. Yamada & Olden
(1978) in their review, describe fibronectins as multifunctional glycoproteins present
on the cell surface, in extracellular matrices, in plasma and in serum which prom ote
cellular adhesion.

In addition, they can serve as attachm ent proteins for cells

attaching to plastic or collagenous substrata.

The two major forms of this

glycoprotein are cellular fibronectin (cell-bound), and plasma fibronectin (free)
(previously referred to in the literature as cold-insoluble globulin, Grinnell et al.,
1980) which can be purified from the cell surface and plasm a, respectively. W hilst
cellular and plasma fibronectin are similar in composition and overall structure they
are not identical, e.g. cellular fibronectins have greater specific activities in cell-tocell interactions and the restoration of a normal phenotype to transform ed cells,
whereas both forms have equal activities in mediating the attachm ent of cells to
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substrata (Yamada et al., 1985).
Cellular fibronectin is not specific to fibroblastic cells, having been detected on
astroglial, epithelial and endothelial cells where its localisation and concentration is
consistent w ith a role in cell-to-cell adhesion and particularly in the attachm ent sites
of cells to substrata.
Both forms of fibronectin bind to native and denatured collagen and can
m ediate the spreading of cells following attachm ent to plastic and collagen substrata,
subject to the presence of divalent cations such as calcium.

Such adhesion is

susceptible to protease digestion (Yamada & Kennedy, 1979).
The complexity of the multifunctional fibronectin molecule appears to be the
result of at least seven structural binding domains along two polypeptide chains
linked at one end by disulphide bonds. Each dom ain is responsible for binding to
a specific ligand including collagen, fibrin, certain proteoglycans such as heparin,
heparin sulphate and hyaluronic acid.

There is evidence that certain gangliosides

m ay act as the cell-surface receptor for the cell-binding domain, of the fibronectin
molecule, 140-kD & 47-kD glycoproteins have also been proposed for this role, for
review see Yamada et a l (op cit).

The ability of fibronectin to interact w ith many

different matrix components simultaneously suggests that it performs a linking role
enabling cells to adhere to collagen and proteoglycan constituents of the extracellular
matrix.
O ther adhesive glycoprotein molecules with similar roles that have been
identified include laminin, chondronectin and vitronectin.
Laminin is a large glycoprotein found in the basement m em brane of epithelia.
The molecule is composed of at least three large polypeptides joined by disulphide
bonds forming the shape of an asymmetric cross.

Each arm possesses a globular

morphology being the binding domains for type IV collagen and heparin, the cell
binding site being located in the central part of the cross (Ott et al., 1982).

In

contrast to fibronectin, laminin does not form fibrils and the cellular receptor
(connexin) has been characterized (Liotta et al, 1985).
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The prim ary function of laminin is to m ediate the adhesion of epithelial cells
to type IV collagen of basement membranes.

This role is not specific to epithelial

cells as other cells associated with basement membranes or basal lamina e.g. smooth
muscle cells and chick embryonic myotubes synthesize laminin (Timpl et a l, 1983).
Chondronectin, a glycoprotein, has been purified from serum and is found in
cartilage, the vitreous hum or of the eye and in chondrocyte-conditioned medium.
C hondronectin has properties that are distinct from, but analogous to, those of
fibronectin and laminin, in that it stimulates the adhesion of chondrocytes to type
II collagen but does not stimulate the adhesion of fibroblasts or epithelial cells.
Thus, it appears that chondronectin is a specific attachm ent factor for chondrocytes
(Hewitt et a l, 1982).
W hilst much emphasis has been placed on the role of fibronectin in cell-tosubstratum adhesion, vitronectin (also known as serum spreading factor), another
glycoprotein of the extracellular matrix, accounts for the majority of the adhesionprom oting activity in serum and particularly in foetal bovine serum used under in
vitro conditions (Hayman et a l, 1985).
Vitronectin and fibronectin are structurally quite different, but along w ith
several

other

extracellular

matrix

proteins

such

as

osteopontin,

collagens,

throm bospondin, fibrinogen and von W illebrand factor, they share a tripeptide cellbinding dom ain containing the amino acid sequence arginine-glycine-aspartic acid
(RGD, Ruoslahti & Pierschbacker, 1987) and a heparin-binding dom ain (Burridge et
a l, 1988).
Smooth-muscle cells demonstrate preferential adhesion to type V collagen, such
adhesion is not dependent on serum, fibronectin or laminin.

In addition, the

adhesion appears to be resistant to trypsin, elastase and collagenase enzym e activity.
However, neuram inidase digestion or concanavalin-A treatm ent can block smoothmuscle cell attachment to type V collagen.

Hence, these data suggest a direct

interaction of a smooth-muscle cell-surface receptor (a glycoconjugate) w ith a type
V collagen substratum (Grotendorst et al, 1982) and provides an example of specific
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cell-to-substratum adhesion without an intermediate ligand such as the adhesive
molecules discussed previously.
Edelman & Thiery (1985) refer to exogenous adhesive molecules responsible
for cell-to-substratum adhesion as SAMs (substrate adhesion molecules) which
includes cell-surface receptors (integrins) and extracellular matrix molecules required
for cell translocation and subsequent stabilization within connective tissue and
epithelia. The abbreviation SAMs is som ewhat confusing as Culp & Black {op cit.)
had previously used the abbreviation SAM to represent "substrate attached material".
In the context of this thesis SAM is used as a term which includes cell components
and extracellular molecules in addition to the adhesive molecules (cell-bound or free)
which Edelman & Thiery {op cit.) term SAMs.
Rao et al. (1983) used affinity chrom atography of plasma m em brane extracts
to isolate and identify connexin the laminin cell-surface receptor. O ther approaches,
namely the use of monoclonal antibody CSAT (cell substrate attachment) which
inhibits cell-to-substratum adhesion of chick cells (Horwitz et a l, 1985; Buck &
Horwitz, 1987) and RGD-containing peptides (Ruoslahti & Pierschbacher, op cit.)
which can promote or inhibit cell-to-substratum adhesion has led to the identification
of at least ten adhesion-promoting proteins, and at least as

m any cell-surface

receptors (integrins) recognizing these proteins (Ruoslahti & Pierschbacher, op cit.).
Buck & Horwitz {op cit.) term ed the cell-surface receptor for cell-to-substratum
adhesion via fibronectin, laminin and vitronectin as integrin, being a transm em brane
molecule found on the ventral surface of cells in sites of close contact adhesion, at
the periphery of adhesion plaques and beneath stress fibres. The integrins constitute
a large family of receptors that have been detected throughout the animal kindgom
(Hynes, 1987; Burridge et al., 1988).

The integrin receptors are heterodimers

consisting of non-covalently linked a and (3 subunits each having a cytoplasmic
domain. The existence of a transmem brane link between the extracellular matrix and
the cytoskeleton had been suspected for some time.

This was based on

morphological evidence and functional studies with fibronectin (Burridge et al, op
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cit.). Integrin has now been shown to bind the cytoplasmic protein talin, which in
tu rn is associated with vinculin, both of which are protein molecules associated with
the actin filament network of the cytoskeleton (Burridge et al., 1987; Ruoslahti &
Pierschbacher, op cit.).
The know n receptors among the integrins require a divalent cation such as
Ca2+ or Mg2* for binding to their ligands.

The fibronectin receptor activity is

destroyed by trypsinization in the absence of divalent cations but resistant to
proteolysis in the presence of Ca2+ (Akiyama & Yamada, 1985).
From this evidence it can be argued that a glycoprotein layer is necessary to
secure cell adhesion to a substratum which approximates to the conditions of cellto-cell adhesion.

Such a requirement for glycoprotein is not confined to those

produced by the cell which suggests that the glycoproteins may not be specific for
different cell types.
Cells with high levels of cell surface fibronectin do not require serum
fibronectin for cell spreading and adhesion (secondary adhesion) w here it appears
to be concentrated in the sites of cell adhesion to a substratum (Yamada & Olden,
1978), whereas cells with low levels of cellular fibronectin (e.g. BHK) require
exogenous fibronectin for rapid cell adhesion and spreading to a substratum (Hughes
et a l, 1979).
The non-adherence of cells to non-polar substrata and the necessity to make
the adherent surface "wettable" is consistent with the view that glycoprotein-mediated
adhesion is via hydrogen bonds (Damluji & Riley, 1979).
A wettable substratum w ould be adherent for glycoprotein such as fibronectin
either in suspension or on the cell surface. The observations of Carter (1967); Harris
(1973b); Rovensky & Slavnaya (1974); Dunn & Ebendal (1978); Sugimoto (1981) and
Chehroudi et al. (1988) indicate however that the m ode of secondary adhesion is
complex even in the presence of an intervening layer of glycoprotein at the cell-tosubstratum interface.
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1.4.13 Structures associated w ith cell-to-substratum adhesion
In vivo, epithelial cells, unlike fibroblasts and leucocytes, form a coherent
population composed of a sheet with polarity and specialized cell junctions defined
by their interaction with other epithelial cells and basem ent mem branes (Kolega,
1981).

W hilst isolated epithelial cells in vitro tend to be a laboratory artefact the

m orphological and physiological features of cell contact phenom ena appear to be
com parable to those found under in vivo conditions.
Bovine kidney epithelial cells cultured to confluency dem onstrate a polarity
com parable to the features of their tissue of origin w ith desmosome-like adhesions
concentrated between the lateral surfaces of adjacent cells (Franke et a l, 1981).
Similarly, cultured keratinocytes maintained in a high calcium m edium form
multilayers which resemble an intact stratified epiderm is w ith desm osom e formation
w ithin one hour (Hennings & Holbrook, 1983).
U ltrastructural (Loor, 1976), interference reflection (Izzard & Lochner, 1976) and
fluorescence energy transfer (Geiger et al, 1982) microscopic studies that have been
m ade on the interaction of cells with solid substrata have provided information
relevant to cell behaviour in vivo (Trinkaus, 1984). It is now accepted that the cell
surface is composed of a lipid-protein mosaic (Singer & Nicolson, 1972) w ith a
complex organisation (Loor, op cit.).
Taylor (1970) reported that only a small portion of the cell surface opposing
the substratum is involved in an adhesive contact. Harris (1973a) calculated this to
be some 15-35% of the available opposed surfaces.

Such observations were

supported by the studies of Abercrombie & Dunn (1975).
The distance m easured by Taylor (op cit.) between cell-to-substratum contacts
w ere between 2-15nm for fibroblast cells (primary and established cell lines) and 1050nm for prim ary epithelial cells. Heaysman & Pegrum (1973) studying chick heart
fibroblasts, described gap junctions with a 5nm separation between cell surfaces of
overlapping cells.

Other parts of the membrane were separated by 25nm.

Associated with the junctions were specialized areas term ed "plaques", which
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developed 20 seconds after collision and appeared fully established by 2 minutes.
Izzard & Lochner (op cit.) using interference reflection microscopy to examine
the relationship of the ventral surface of adhering cells to the substratum classified
three types of regions according to the degree of proxim ity of the plasm a mem brane
to the substratum . The closest regions w ith a 10-15nm separation w ere referred to
as "focal contacts", and more recently termed focal adhesions (Burridge et a l, 1988).
Broader regions with a separation of 30nm were called "close contacts" and other
regions were noted which had a separation of lOOnm or more from the substratum .
Focal contacts were first indentified in cultured fibroblasts, however, m any cells
including platelets, endothelial cells and epithelial cells (Billig et al, 1982) form such
contacts w hen placed on appropriate substrata.

The use of immunofluorescence

techniques in combination with interference reflection microscopy for the detection
of specific cytoplasmic proteins such as actin, a-actinin, vinculin and talin, has
become a routine m ethod for detecting focal contacts especially for studying newlyformed focal adhesions (Geiger et al, 1981; Burridge et a l, op cit.).
The observations that specialised structures associated w ith cell contacts can
develop in any part of the cell membrane within 20 seconds of contact, provides
evidence concerning the dynamic state of the surface membrane.

Given the fluid

nature of the cell membrane, aggregation of surface adhesive sites is possible. Such
clustering would increase the zone of adhesion giving rise to the "plaque" or focal
contact structures seen in micrographs.
"cap formation"

in

lymphocytes

as

The clustering envisaged is analogous to
a

result

of the

interaction

of surface

im munoglobulins with divalent antibodies (De Petris & Raff, 1973)
G arrod (1985) has proposed such a patching phenom enon or "rafting" to
account for the redistribution of desmocollin molecules in desmosom e formation.
Rees et al. (1977) proposed a similar mechanism for adhesion of fibroblasts to a
substratum . They stressed the importance of distinguishing between the contribution
to cell adhesion from internal structures, which they referred to as "grip" and those
from external structures, which they referred to as "stick".
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Included in the "stick"

com ponent are all manifestations of physical attraction between the cell surface and
the substratum .

They suggested that control of adhesion is exercised through the

"grip" component produced by the cytoskeletal organisation of the inner aspect of
the cell membrane.
Rees et al. (op cit.) confirmed the observations of H eaysm an & Pegrum (op cit.)
and Harris (op cit.) concerning the zones of closest contact ("plaques") betweeen the
cell and substratum . They dem onstrated that the formation of "plaques" is probably
d u e to the lateral organization of surface glycoproteins producing an area of "focal
grip", which appeared to be sensitive to trypsin but not to EGTA.

They further

proposed that such areas of focal grip are constrained in an organised configuration
by cytoskeletal components (micro-filament bundles and microtubules) termed
"bracing grip", sensitive to EGTA.
The association of actin filaments, microtubules and interm ediate filaments w ith
focal contacts (Burridge et al., op cit.) agrees with the proposal of Rees et al. (op cit.)
that these structures are associated with cytoskeletal components (contractile
mechanisms) of the cell concerned with cell translocation. However, focal contacts
are most prom inent in stationary cells or slow moving fibroblasts and often absent
from highly m igratory cells, indicating some permanency of adhesion (Lackie, 1986).
Couchm an et al. (1982) w hen studying the migration of fibroblasts from tissue
explants noted that with time cells developed focal contacts and stress fibres where
the change in morphology correlated with a decrease in migration.

Similarly, in

epithelial cells focal contacts tend to occur at the free m argins of epithelial islands
subject to the presence of an extracellular matrix (Garrod, op cit.) w here stabilization
of the focal contact may occur by the deposition of additional com ponents (Singer
et al., 1987). The enzymatic disruption of the matrix results in the reduction in the
num ber or absence of focal contacts (Garrod, op cit.).
There is controversy about the relationship of fibronectin to focal contacts both
in fibroblasts and epithelial cells (see Garrod, op cit.; Burridge et a l, op cit.). Grinnell
(1986) reported that the presence of fibronectin in focal contacts appeared to depend
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on w hether or not the cells were cultured in the presence of serum.

Cells grown

in the presence of serum were able to clear fibronectin from focal adhesions, whereas
cells cultured in the absence of serum were unable to remove the fibronectin from
the substratum ; as a result, fibronectin was detected at sites of focal contact.
Burridge et al. (op cit.) stress the critical role of vitronectin (serum spreading factor),
an extracellular matrix protein in the formation of focal contacts, as it is not cleared
from the sites of focal contacts even when cells are grown in serum.
Radice (1980) rarely found focal contacts between spreading epithelial cells and
the basal lamina w hen observing the basal cells of the epidermis during w ound
closure. Similarly, Couchman et al. (1982) observed close contacts rather than focal
contacts in migrating cells from a tissue explant, the appearance of focal contacts
correlated with a decrease in migration.

From such observations Trinkaus (1984)

proposed that focal contacts represent sites of strong cell-to-substratum adhesion,
whilst close contacts with a separation distance of 20 to 40nm were suitable for cell
movement, i.e. "close enough to give traction but not so tight as to immobilize the
cell".
It is possible that the epithelial basal surface receptors for fibronectin, laminin
and collagen described by Garrod (op cit.) may be the integrins associated w ith close
contacts in cell-to-substratum adhesion particularly as fibronectin-m ediated adhesion
does not appear to be an essential requirement for focal contact function.
Superficially, focal contacts of epithelial cells in vitro resemble the in vivo
intercellular junctions known as zonula adherens and represent adhesions to the
basal lamina (Burridge et al., op cit.).
In addition, there are specialized hemidesmosomes which stabilize the adhesion
of epithelial cells to a substratum both in vitro and in vivo (Billig et a l, op cit.;
Garrod, op cit.), through which transmembrane signalling may take place from the
extracellular matrix to the cell (Burridge et al, op cit.).

Morphologically, close

contacts appear as parallel appositions of cell surfaces with no obvious structural
differentiation equivalent to that of cell junctions.
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Trinkaus (op cit.) proposed a

significant generalization with respect to such contacts; irrespective of the type of
cell, w hether cell-to-cell or cell-to-substratum adhesion, or w hether in vitro or in
vivo, the contacts are generally of the same order of m agnitude i.e. a separation
distance of 10 to 40nm with absent or few desmosomes and focal contacts except
w hen cells are immobile.

1.4.2 Cell-to-cell adhesion
Early theories of the mechanism of intercellular adhesion (Tyler, 1946; Weiss,
P., 1947) proposed that opposing cell surface contacts allowed a specific molecular
interaction similar to an antigen-antibody reaction. They further suggested that such
specific molecular contacts could function as a cell recognition system to account for
cell sorting in mixed cell aggregates and the tissue specificity of morphogenesis.
Roth et a l (1971) extended the theory of complementary molecules, suggesting that
such molecules are glycosyltransferases and their substrates.
M any types of intercellular contacts reviewed by Garrod (1985) and Burridge
et a l (1987) have been implicated as a structural basis for cell-to-cell adhesion a n d /o r
electrical and chemical communication.

W hether the gaps between cell contacts

revealed in EM studies are real or artefacts is still a point of contention. However,
there is increasing evidence to suggest that the gaps are present and are filled with
low viscosity material (Heath & Dunn, 1978).
Edelman (1984) for the analysis of m orphogenic events adopted the strategy
of studying the prim ary process whereby cells adhere to one another i.e. cell
adhesion at a molecular level. Using an in vitro immunologically-based assay, celladhesion molecules (CAMs) were identified (Brackenbury et a l, 1977) namely, neural
cell-adhesion molecule (N-CAM), L-CAM isolated from embryonic liver cells and NgCAM from neurons known to mediate adhesion between neurons and glia. At least
six different CAMs have now been identified (for reviews see Obrink, 1986; Edelman,
1988) including uvomurolin and cadherin (cell-CAM 120/80).

All CAMs are large

intrinsic cell-surface glycoproteins which are mobile in the plane of the membrane.
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They share a num ber of structural features but are distinct chemical species which
accounts for their different activities, cellular distribution and antigenic properties.
The extracellular domains of CAM molecules are linked to carbohydrate and are
susceptible to limited proteolysis. The binding mechanisms of CAMs are specific and
independent of each other, e.g. N-CAM and Ng-CAM are calcium-independent,
w hereas that of L-CAM binding is calcium-dependent. Such binding is homophilic
i.e. the CAM on one cell can bind to the equivalent CAM of an opposing cell, thus
an extrinsic intercellular material or bridging ligand is not required for all types of
cell-to-cell adhesion. CAMs exhibit modulation during developm ent i.e. they appear
in defined sequences in time and in specific spatial orders e.g. prim ary CAMs (NCAM and L-CAM) appear early in embryogenesis whereas secondary CAMs (NgCAM) appear later and only during histogenesis.

Despite the appearance of

secondary CAMs, m odulation of prim ary CAMs continues in later histogenesis. The
tissue distribution of CAMs in the adult is concordant w ith their germ layer origin
and in w ound repair the appearance of prim ary CAMs may be reactivated in the
healing response.
There are several mechanisms of modulation, including change in surface
density

(prevalence

modulation),

distribution

on

the

cell

m odulation), and carbohydrate structure (chemical modulation).

surface

(polarity

Such mechanisms

m ay be responsible for the complex adhesive behaviour of cells (Edelman, op cit.).
The sparser distribution of CAMs in adult tissue is coincident w ith the
appearance of cellular interaction with other molecules such as collagen, fibronectin,
laminin and glycosaminoglycans, e.g. the migration of neural crest cells depends on
the ability of the cells to adhere to fibronectin, during which time the N-CAM and
L-CAM molecules are transitorily lost, reappearing with the cessation of migration
(Thiery et al., 1985).
To date, experiments conducted on the characterization of intercellular material
responsible for cell adhesion has led to the recognition of three categories of
molecules that mediate either transient or stable cell contacts: CAMs which act as
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congruent receptors and ligands between cells in epithelia and in condensed
mesenchyme within and across germ layers (discussed above), substrate adhesion
molecules (SAMs, discussed in section 1.4.1.2), and cell junction molecules (CJMs,
alternative terminology JAMs, junctional adhesion molecules) which are associated
w ith morphologically and physiologically defined junctions and contribute to
intercellular signalling and the stabilization and maintenance of epithelial tissues.
In general there appears to be a calcium requirem ent for the interaction
between integrin and SAMs but divalent calcium is not a general requirem ent for
cell-to-cell binding mechanisms. N-CAM and Ng-CAM binding are Ca2+ independent,
whereas that of the L-CAM family is Ca2+ dependent (Edelman, op cit.). Takeichi et
al. (1985) refers to the requirement for Ca2+ in specific cell-to-cell adhesion in terms
of a Ca2+ dependent cell-cell adhesion system (CDS) and dem onstrated with
monoclonal antibody that CDS is cell type-specific, e.g. antibody which specifically
blocks the epithelial CDS does not react with the fibroblast CDS.
Epithelial cells both in vivo and in vitro maintain a polar organization by means
of three adhesive properties.

In relation to this polarity the basal cell surface

adheres to the underlying substratum (discussed in section 1.4.1.3), between lateral
cell surfaces there is strong cohesion to maintain epithelial integrity and at the suprabasal surface adhesiveness m ust be low when adjacent to a luminal space.
Four in vivo types of ultrastructural adhesive junctions related to cell-to-cell
adhesion have been proposed by Garrod (op cit.), and he also proposed a separate
molecular mechanism identifiable by CAMs where apposition of the plasma
membranes occurs but there is no junctional ultrastructural specialization.

More

recently, CAM-mediated cell-to-cell adhesion has been related to the ultrastructural
adhesive junction called the zonula adherens (Griepp & Robbins, 1988).
Desmosome (macula adherens) formation has been dem onstrated to occur in
vitro (Overton, 1977) and, somewhat surprisingly, such structures m ay form between
different cell types from different animal species (Garrod, op cit.).
Desmosomes formed from different sources dem onstrate different susceptibility
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to trypsin and EDTA treatment. Bovine kidney epithelial cells (MDBK) w hen treated
w ith trypsin and EDTA internalised their desmosomal plaques.
of

desmocollin

staining

approxim ately six and

and

eithteen

subsequent
hours

desmosome

The reappearance

formation

occurred

after subculture concurrent w ith the

developm ent of cell polarity (Garrod, op cit.).
In vitro, mouse keratinocytes can form multilayers resembling an intact
epiderm is and Hennings & Holbrook (1983) reported extensive desm osom e formation
betw een cells within one hour following an increase in calcium concentration in such
cultures.
The inhibition of desmosome formation between MDBK cells has little affect
on the morphology of the multilayer culture, hence alternative adhesive junctions or
mechanisms m ust be available.
In epithelial cells the zonula adherens provides such an alternative junction for
cell-to-cell adhesion.

Whilst the ultrastructural criteria for such junctions are not

entirely reliable the biochemical and immunological m arkers for the cytoplasmic
microfilament components actin, alpha-actinin, vinculin and tropom yosin have been
found in association with epithelial zonula adherens junctions, which in turn links
contractile bands from cell-to-cell (Garrod, op cit.).

Such structures have been

dem onstrated in vitro and are the cell-to-cell adhesive junctions equivalent to focal
contact structures associated with cell-to-substratum adhesion discussed in section
1.4.1.3.
The prim ary role of the desmosome and zonula adherens cell-to-cell junctions
is that of adhesion.

This permits coupling of the cytoskeletal scaffolding between

cells and thus confers stability and mechanical strength on epithelia. In the case of
tight (zonula occludens) and gap (cell-to-cell) junctions the prim ary roles are those
of occluding the extracellular space and facilitation of intercellular communication,
respectively.

However, by virtue of their morphology these junctions m ay also

contribute to cell-to-cell adhesion.
In tight junctions, which are specific to epithelia, the plasma membrane
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com ponents

of

the

lateral

surfaces

of

each

cell

actually

m ake

contact.

Morphologically, the tight junction appears to consist of a variable num ber of parallel
interw eaving strands of intramembranous particles corresponding to grooves in the
outer half of the membrane. Such structures are aligned w ith similar structures in
the adjacent cell membrane (Griepp & Robbins, op cit.). W hilst the appearance of
the tight junction w ould suggest integration of m em brane proteins together with
interdigitation of phospholipid headgroups, the identity of the molecules has yet to
be characterized.
Tight junctions have been demonstrated between epithelial cells in vitro
(Madara & D harm sathaphom , 1985), from such tissue culture systems the evidence
suggests that tight junction formation requires protein synthesis and functioning
microfilaments (Griepp & Robbins, op cit.). The same authors and Trinkaus (1984)
question the direct involvement of calcium ions in regulating the permeability of
tight junction and propose that tight junctions w ith m any parallel strands are less
permeable than junctions with few strands.
In vitro studies have also dem onstrated that epithelial cell polarity is most
pronounced when tight junctions are established and rem ain intact, this has led to
the speculation that they may form a barrier to the lateral diffusion of lipids in the
outer but not the inner leaflet of plasma membranes (van Meer et al., 1986).
Thus, it appears that tight junctions are crucial to the developm ent and
maintenance of epithelial architecture and whilst they can rapidly break and reform
it is unlikely, due to the time-span involved (15 minutes, Trinkaus, op cit.), that they
function in cell translocation. In fact, the evidence suggests their function together
w ith desmosomes is to prevent cell translocation (Trinkaus, op cit.).
Similar to tight junctions, in gap junctions (Revel & Kamovsky, 1967) the
components of the plasma membranes of opposing cells make contact. These areas
of contact contain closely packed protein particles consisting of two coupled planar
lattices of hexamers (connexons) in the form of a cylinder w ith a central channel.
This channel traverses both cytoplasmic membranes of adjoining cells to connect their
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cytoplasmic compartments. The aligned connexons of opposing cells perm it the free
m ovem ent of ions and molecules from cell to cell and constitute areas of lowresistance electrical coupling between connected cells (Loewenstein, 1981). To date,
no stablizing cytoplasmic infrastructure has been detected but, by virtue of their
m orphology gap junctions could participate in cell-to-cell adhesion, although their
prim ary function is cell-to-cell communication.
In vitro studies of gap junction formation in hepatom a cells have dem onstrated
their rapid formation even in the presence of inhibitors of protein synthesis, thus
indicating that the precursor materials probably exist at the cell surface (Epstein et
a l, 1977).
The majority of in vitro studies of gap junction communication by electrical
a n d /o r dye coupling have been reported from embryogenesis m odel systems
(reviewed by Spray, 1985). Whilst unrestricted ionic coupling can be predicted for
tissue such as muscle to enable coordinated and synchronous contraction, the
function of gap junctions in epithelia is not so obvious.

Metabolic cooperation (or

coupling) via gap junctions has been reported, and horm onal stim ulation transm itted
between cells m ediated by the exchange of secondary messenger molecules via gap
junctions have been implicated (Lawrence et a l, 1978).

Such functions are clearly

relevant to epithelia.
Trinkaus (op cit.) has suggested gap junctions could contribute to cell-to-cell
adhesion during cell translocation due to their ability to form rapidly and decay in
a m atter of minutes.
W hilst Edelman & Thiery (1985) refer to both tight and gap junctions as
representing cell junctional molecules (CJMs or JAMs) the structure and function of
specific gap junction molecules remains unknown.

It is generally agreed that the

major component of gap junctions in liver is a 27-kD protein (Young et al, 1987) and
from the sequence data available Revel et al (1985) have predicted trypsin-sensitive
sites.
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1.5 The dento-gingival junction
The junction of the gingival tissues with the erupted tooth is unique, as it
represents the only natural break in the continuity of either the skin surface or the
lining epithelium of the body. Moreover, the attachment of epithelium to the tooth
surface is the only site in the body where epithelium is directly attached to a
calcified planar surface.

This natural discontinuity of the gingival epithelium

represents a vulnerable site and appears to be the initial location of periodontal
disease.
The nature of the structural relationship of the epithelium -tooth interface has
been the subject of controversy.

Orban et al. (1956) modified Gottlieb's (1921)

original concept of the epithelial connection to the tooth surface, which proposed that
the epithelium of the gingival crevice was "organically united" to the enamel or
cem entum of the tooth surface. In contrast, W aerhaug (1952) described the concept
of the "epithelial cuff' and concluded that despite the dynamic nature of the gingival
tissues, the crevicular epithelium was closely opposed but not organically united to
the tooth surface.

Contrary to the "epithelial cuff' theory the electron microscopic

studies of Stem (1962) and Shroeder (1969) presented further evidence of an "organic
union" w ith the demonstration of hemidesmosomes united to a basal lamina located
at the epithelium-tooth interface.
In their definitive m onograph Shroeder & Listgarten (1971) retained the term
"epithelial attachment" assigned by Gottlieb (op cit.) but proposed a different
interpretation of the developm ent and anatomical features of such attachm ent at the
epithelium -tooth interface. Their monograph introduced some order and consistency
to a confused and often contradictory subject and to date remains a classical citation
in periodontal literature.
They (op cit.) described the epithelium of the healthy dento-gingval junction
being comprised of "oral sulcular epithelium" forming the soft tissue wall of the
gingival sulcus and the apically located "junctional epithelium" (JE) which w as firmly
adherent to the tooth surface. Thus, the free surface of the JE is located prim arily
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at the base of the gingival sulcus, most of the lateral aspect of the sulcus being lined
by oral sulcular epithelium.
Ten Cate (1975) acknowledged the role of the "epithelial attachment" in
m aintaining the integrity of the dento-gingival junction but em phasized the
im portance of the connective tissue component. He stressed the significance of the
underlying connective tissue in determ ining the developm ent and norm al behaviour
of the epithelium which it supports.

In addition, the gingival connective tissue

contributes to the integrity of the dento-epithelial junction by m eans of its free
gingival collagen fibre network which enhances the structural adaptation of the free
gingivae to the tooth surface (Stem, 1981).
Prior to tooth eruption the enamel surface is covered by the reduced enamel
epithelium which consists of an inner layer of reduced ameloblasts and an outer
layer of polygonal epithelial cells derived from the odontogenic epithelium.

The

attachm ent of the reduced enamel epithelium to the enamel surface forms the
"primary epithelial attachment" (Schroeder & Listgarten, op cit.; Listgarten, 1972).
These authors considered the extracellular homogenous layer of mucopolysaccharide
material between the enamel and the reduced enamel epithelium as part of a
basement lamina (internal basement lamina) despite the fact that it is interposed
between tissues of the same embryological origin.
D uring tooth eruption, there is a physiological removal of the connective tissue
between the overlying oral epithelium and the tooth (Ten Cate, 1971). Concurrently,
cell division is increased in the basal cell layer of the

superficial oral epithelium.

In addition, cell division is initiated in the cells of the outer layer of the reduced
enamel epithelium which morphologically now resemble squam ous epithelial cells.
These dividing cells provide the germinative layer of the JE (Schroeder & Listgarten,
op cit.) and whilst the oral epithelium may contribute cells to the coronal portion of
the JE its major role is to provide a continuous epithelial lining for tooth eruption
w ithout exposing any connective tissue to the oral environment.

This coalescence

of epithelial cells derived from both the reduced enamel and oral epithelia has
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caused uncertainty as to the exact origin of the JE.

Once formed the JE

dem onstrates a relatively high cell turnover rate (Skougaard, 1965). The recent use
of monoclonal antibodies for specific keratins has dem onstrated differences in the
expression of some epithelial structural proteins which is coincident w ith observed
m orphological differentiation at the developing dento-epithelial junction (Massoth &
Dale, 1986).
W hen reduced ameloblasts can no longer be identified the epithelium is called
junctional epithelium (Shroeder & Listgarten, op cit.) and its attachm ent to the
erupted tooth forms the "secondary epithelial attachment" which morphologically is
sim ilar to the primary epithelial attachment.
Should the JE be eliminated surgically (gingivectomy) a new JE regenerates
from the oral epithelium bordering the wound.

This new JE together w ith its

attachm ent to the tooth surface is structurally comparable to that seen following
norm al developm ent (Listgarten, 1967; Braga & Squier, 1980) thus indicating that the
characteristics of gingival epithelium are determined by a difference in phenotypic
expression due to environmental factors such as the underlying connective tissue and
the adjoining tooth surface rather than a different genotype (Mackenzie, 1987).
The secondary epithelial attachment remains functional despite the continuous
m ovem ent of JE cells along the tooth surface as a result of cytokinesis. Thus, those
cells which participated in the prim ary and subsequent secondary epithelial
attachm ent are replaced and ultimately shed into the gingival sulcus. It is generally
accepted that the terms "epithelial attachment" (Stern, op cit.) and "unit attachment
apparatus" (Kobayashi et al, 1976) are synonymous, and refer to the zone of JE
attachm ent to the tooth surface including the basal lamina, hemidesmosomes and
related structural constituents. Thus, in the erupted tooth the dento-gingival junction
represents a heterogenous, yet interconnected unit including the tooth surface
(enamel or cementum), the dental cuticle, internal basal lamina, junctional epithelium,
external basal lamina and gingival connective tissue (Schroeder & Listgargen, op cit.).
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1.5.1 Junctional epithelium
Junctional epithelium (JE) is a non-keratinizing epithelium w ith no gradient of
cytoplasmic alteration which is characteristic of oral epithelium.

Whilst junctional

and sulcular epithelia are continuous and share the same basem ent m embrane the
JE is structurally distinct from both the sulcular and oral gingival epithelium (Altman
et a l, 1988).
Anatomically the JE forms an epithelial collar some 2 to 3mm in height
surrounding the tooth in the region of the cementum-enamel junction.

It is

com prised of approximately 15 to 30 layers of cells in the region of the gingival
sulcus and tapers to a single cell at its most apical extension. The cells are flattened
in a plane parallel to the tooth surface with the exception of the cuboidal basal layer
cells.
Unlike other stratified squam ous epithelia, JE is only composed of a stratum
basale and a stratum spinosum, (Schroeder, 1969). Based on morphom etric data the
approxim ate relative volume occupied by the cells is 82%, and that occupied by the
intercellular space 18% (Schroeder & Listgarten, 1971; Hashim oto et a l, 1986). The
ultrastructural characteristics are relatively similar throughout the epithelium, with
the exception of the basal cell layer, elsewhere the cells and nuclei are flattened in
a plane parallel to the tooth surface. The cells display a prom inent Golgi apparatus,
large am ounts of endoplasmic reticulum and relatively few tonofilaments particularly
tow ards the apical zone of the JE (Saglie et al, 1979).

The tonofilaments are

approxim ately 5 nm diameter which are loosely distributed or formed into bundles
called tonofibrils. The tonofibrils converge tow ards the attachm ent plaques of both
desmosomes and hemidesmosomes (Listgarten, 1972).
JE cells exhibit a cytoplasmic organization compatible w ith a protein
synthesizing role and McKinney et al (1985) described an abundance of secretory
vesicles in cells of a regenerated JE in association with endosteal dental implants
which they suggested indicated exocytosis.
In contrast to sulcular and oral epithelia, melanocytes and Langerhans cells are
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not a feature of JE. Whilst a few clear cells have been noted they do not exhibit the
typical intracellular structure of either melanocytes or Langerhans cells (Schroeder &
Listgarten, op cit.) and Newcomb & Powell (1986) w ere unable to detect Langerhans
cells in JE nor the pocket lining epithelium of tissue afflicted w ith periodontal
disease.
W ith the exception of the basal cell-basement m em brane interface which is
relatively even, the cell membranes of JE cells fold into num erous microvilli which
are closely intermeshed w ith those of adjacent cells. These cell-to-cell contacts consist
prim arily of desmosomes and occasional tight junctions (Listgarten, op cit.), gap
junctions have also been described (Hashimoto et a l, op cit.).

These authors

described fewer cell-to-cell contacts in JE compared to the stratum spinosum of oral
epithelium with correspondingly w ider intercellular spaces.
W here desmosomes are located the membranes (approximately 10 nm thick)
of adjacent cells are separated by a 20 to 30 nm space. This gap is occupied by an
electron-dense intercellular glycoprotein layer, nam ed the desmosomal core, consisting
of desmocollins and desmogleins.

Antibodies to the desmocollins can prevent

desmosome formation in vitro and the adhesiveness of these molecules appears
sensitive to the chelation of calcium. The desmogleins are transm em brane proteins
which are also thought to be involved in adhesion. A lthough the major portion of
the molecule is on the cytoplasmic side of the membrane the oligosaccharide moeity
of the molecule is oriented towards the desmosomal core.
The cytoplasmic aspect of the desmosome consists of two dense attachment
plaques approximately 12 to 15 nm thick, which abut directly against each of the
tw o adjacent lateral cell membranes. Four non-glycosylated proteins, desmoplakins
I and n , plakoglobin and desmocalmin have been localised in the attachm ent plaques
of desmosomes.

Details of desmosome structure and function are reviewed by

Cowin et al. (1985) and Garrod (1985).
The num ber of desmosomes per unit area in JE is approximately four times
less than that in oral epithelium (Hashimoto et a l, op cit.). The desm osome density

48

decreases from the coronal to the apical region w ithin the JE (Saito et al., 1981).
Tight junctions are not a prominent feature of JE (Saito et a l, op cit.). These
authors observed the occasional tight junction on freeze-fracture replica specimens
only.

The structures resembled small discrete maculae occludens rather than the

continuous belt-like zonula occludens.
In contrast to tight junctions, gap junctions w ere frequently found in
association with desmosomes in JE (Saito et al, op cit.).

Relatively large gap

junctions were found in cells located in the coronal region w ith fewer and smaller
gap junctions between cells in the apical region, thus indicating a m ore limited
potential for ionic and metabolic coupling between the cells of this region compared
to the coronal region of JE and other oral epithelia.
Enlarged intercellular spaces are a feature of JE, and frequently large num bers
of leucocytes are present in these spaces. Their num ber increases in proximity to the
gingival sulcus and may not always reflect the inflammatory state of the adjacent
gingival connective tissue (Listgarten op cit.).

The relative volum e occupied by

leucocytes within JE of hum an gingiva has been reported to range from 1 to 10%
(Schroeder & Miinzel-Pedrazzoli, 1970) and that in rodent JE from 3 to 8.7%
(Hashimoto et al, op cit.).

The wide range covered by these observations is

predictable in that leucocytes are actively traversing the JE and are ultimately
exfoliated into the gingival sulcus.

As a result of inflammation the num ber of

migrating leucocytes increases and can occupy up to 60% of the JE volume
(Schroeder & Listgarten, op cit.).

Such infiltration is accompanied by the

disintegration of the JE with loss of the superficial epithelial cells into the gingival
sulcus.
U nder normal conditions, JE is similar to other epithelia in which there is a
turnover of cells, and represents a tissue in which a steady state exists between cell
renewal and cell loss.

The production of new cells appears to be confined to the

basal layer and cells once directed into the stratum spinosum loose their ability to
divide.
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The JE is a tissue with a high rate of cellular turnover, w hether determ ined
by the renewal or turnover time (Skougaard, 1970) or the mitotic index (reviewed
by Karring, 1973). On the basis of an equivalent mitotic rate of the basal cells the
num ber of cells exfoliated per unit area of available surface is some 6 to 25 times
greater for JE compared to oral epithelium (Listgarten op cit.). M oreover, given the
relative proportion of the desquamative surfaces available through which a
corresponding num ber of cells m ust exfoliate, the rate of epithelial desquam ation
m ust be 50 to 100 times faster for the junctional than the oral epithelial surface
(Listgarten op cit.).
A high cell turnover rate for JE is consistent with autoradiographic evidence
which indicates that the repopulation of the tissue is rapid (Listgarten op cit.; Stem,
1981; Gould et al., 1983).

Also, the density of transferrin receptors (a membrane-

bound glycoprotein which is expressed in cells undergoing rapid proliferation) is
reported to be high (Salonen et al., 1988).

The high cell turnover rate for JE is

probably related to the rapid repair potential required for this region.
N um erous studies have indicated that substances such as, carbon particles 13pm diam eter (Fine et a l, 1969), albumin MW 68 kD (Tolo, 1971), carbohydrates MW
70 kD (Tolo & Jonsen, 1975; Nasjleti & Caff esse, 1984) and thym idine (Jensen &
Folke, 1974) when placed in the gingival sulcus can subsequently be identified in the
subjacent connective tissue or in the vascular system.
W hilst attempts have been made to reduce the permeability of sulcular
epithelium by inducing keratinization (Squier, 1981), it is reasonable to predict from
morphological features, that JE is more permeable than sulcular epithelium and is
probably the major route taken by exogenous substances entering the connective
tissues via the gingival sulcus.

The permeability of JE clearly plays a role in the

aetiology of periodontal disease (Page & Schroeder, 1976). Similarly, the outw ard
flow of substances (gingival fluid) and a migrating leucocyte population (for reviews
see Cimasoni, 1983; Page, 1986; Listgarten, 1986) is also involved in the events that
influence the initiation and progression of periodontal disease and in particular the
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adhesive mechanisms that maintain the structural integrity of JE.
Saito et al (op cit.) proposed that membrane-coating granules contribute to the
perm eability barrier in keratinizing epithelium.

These authors observed similar

bodies (dense granules) in the coronal portion of canine JE.

The morphological

features indicated exocytosis and they proposed that the dense granules in JE
correspond to membrane-coating granules observed in other covering epithelia.
Romanowski et a l (1988) also described membrane-bounded vesicles in rodent JE and
suggested they may provide a protective function by sequestering foreign material,
hence contributing to the permeability barrier.

The evidence suggests that when

exogenous materials are placed in the gingival sulcus they enter the underlying
connective tissue via the JE rather than the sulcular epithelium, irrespective of the
anim al m odel studied (Nasjleti & Caffesse op cit.; Romanowski et al, op cit.).
Furtherm ore, Romanowski et al (op cit.) dem onstrated that the protein tracers
horseradish peroxidase (MW 40 kD) and microperoxidase (MW 18 kD) penetrated
the JE not only within the intercellular space pathw ay but also along the basal
lamina at the JE-tooth interface. The existence of an intercellular space pathw ay is
consistent w ith the absence a n d /o r rarity of tight junctions in JE in view of their
know n function of occluding the intercellular space and controlling trans-epithelial
permeability (Griepp & Robbins, 1988).
W hilst the paucity of desmosomes is also a feature of JE (Hashimoto et a l, op
cit.; Salonen et al, op cit.) the penetration of protein tracer across the contact regions
of desmosomes, as observed by Romanowski et al. (op cit.), w ould indicate that the
desmosome plays little or no role in limiting trans-epithelial permeability.
epithelial penetration (permeability) is probably the sum

Trans-

of active transport

dependent on metabolism (including processes such as endocytosis, pinocytosis and
exocytosis) and diffusion (Nasjleti & Caffesse, op cit.).

Tolo & Jonsen (1975)

dem onstrated that the penetration of radioactive dextran across rabbit oral mucosa
in vitro was markedly decreased by inhibitors of cell glycolysis and oxidative
phosphorylation or by incubation at 4°C.
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Microscopically the border between JE and gingival connective tissue is straight
in health but transforms to one containing projections (similar to epithelial pegs or
ridges) in disease (Stem op cit.). At the JE-connective tissue interface the cells of the
JE basal layer have a cuboidal shape.

Such polarity defines specialized dom ains

(related to function) as follows: a) basal membrane, that part of the cell surface
adjacent to the connective tissue; b) lateral membrane, adjacent m em branes betw een
adjoining cells of the basal layer; c) basolateral m embrane, portion of m em brane
interposed between the lateral and basal membranes; and d) supra-basal* m em brane,
the membrane opposite the basal membrane a n d /o r adjacent to a lumen.
Most epithelia are involved in secretion and absorption (Griepp & Robbins op
cit.).

Secretory products are released by exocytosis

at the supra-basal surface

(exocrine) or the basal surface (endocrine or paracrine). Absorption by endocytosis
can occur at either the supra-basal or basal surfaces.
The basal membranes of the JE basal cell layer rests on a specialised region
of extracellular matrix which is referred to as the basem ent membrane.

This

m em brane is synthesized jointly by the JE and the adjacent gingival connective
tissue.
One component of the basement m embrane visible under the electron
microscope is the external basal lamina (external basem ent lamina, Schroeder &
Listgarten op cit.) which closely follows the basal contour of the JE cells.

The

external basal lamina (EBL) itself consists of tw o major components, the lamina
densa, an electron-dense fibrillar layer approximately 35-60 nm w ide which is
separated from the JE cells by a lamina lucida, an electron-lucent layer approxim ately
30-50 nm w ide (Listgarten op cit.).
The EBL is formed by products secreted by the JE basal cells (Listgarten op cit.;
McKinny et a l, 1985). It is an organized complex of collagen, glycosaminoglycans,

* In cell biology, the term "apical" has been ascribed to this cell surface. To
avoid confusion the w ord apical in this thesis is only used in the context of "towards
the apex of a tooth".
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proteoglycans and glycoproteins, all interacting to produce a stable structure.

The

principal scaffold of the EBL is provided by an open elastic netw ork of type IV
collagen (Salonen & Santti, 1985) a molecule unique to basem ent membranes.
W hilst some types of epithelial cells can interact directly w ith type IV collagen
via specific cell-surface receptors, type IV collagen has binding sites for other
basem ent m embrane constituents known to mediate cell-to-substratum adhesion e.g.
the glycoproteins laminin and fibronectin (discussed in section 1.4.1.2.) and for the
proteoglycan, heparan sulphate.

Heparan sulphate proteoglycans are universal

constituents of basement membrane and have binding sites for other membrane
constituents and several proteases. Griepp & Robbins (op cit.) have described such
m em brane associated proteoglycans as probably being im portant in m aintaining the
selective permeability characteristics of basement membranes.
Vracko (1974) stated that "an intact basal lamina is required for the
maintenance of orderly tissue structure". It defines the spatial relationships among
similar and dissim ilar types of cells.

During the replacement of such cells the

regenerated cells are organized along the framework of the basal lamina.
The EBL serves to unite JE to the adjacent gingival connective tissue and such
anchorage is achieved by hemidesmosomes located in the basal membranes of the
basal cell layer.
Hemidesmosomes possess some proteins which are common to intercellular
desmosomes, and similarly interact by means of tonofilaments, which are possibly
cytokeratin in nature (Salonen, 1986), with the interm ediate filaments of the
cytoskeleton (Garrod, 1985).

On the extracellular face of the JE basal membrane

attachm ent plaques abut the lamina lucida of the EBL.

Here, the cell membrane

consists of an inner and outer electron-dense leaflet the "unit membrane" (each
approxim ately 3 nm) where the outer dense leaflet is located w ithin the lamina
lucida which is sited some 7 nm from the unit m em brane (Listgarten op cit.; Saito
et al., op cit.; G arrod op cit.).
In freeze-fracture replicas of JE, hemidesmosomes can be identified as
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a ggregati°ns °f particles on cell membranes resembling those of desmosomes (Saito
et al., op cit.). The formation of hemidesmosomes, like desm osom e formation appears
to be calcium-dependent and to be regulated by calm odulin (Trinkaus-Randall &
Gipson, 1984) and fibronectin does not appear to feature in their adhesive function
(McKinney et al., op cit.).
The adhesive role of hemidesmosomes at the JE-connective tissue interface
appears to be supplem ented by the presence of anchoring fibrils (Listgarten op cit.).
These are located on the connective tissue side of the lamina densa opposite the
hemidesmosomes. The fibrils are short, curving and cross-striated, approxim ately 2040 nm thick which then fan out into their constituent filaments (anchoring filaments)
as they approach and enter the lamina densa.
traverse

the

lamina

lucida

and

connect

The anchoring filaments appear to
with

the

attachm ent

plaques

of

hemidesmosomes (Saito et al, op cit.; Salonen & Santti op cit.). Thus, there appears
to be a direct filamentous continuity between the desmosome-linked cytokeratin
scaffolding of the JE and the collagen fibre system of the gingival connective tissue.
W hilst Listgarten (op cit.) states that anchoring fibrils are not products of
epithelial cells, there is speculation (Garrod op cit.) as to w hether a substratum
containing anchoring fibrils is necessary for hemidesmosome form ation and w hether
epithelial cells can secrete the constitutents for anchoring filament formation.
Morphologically, the EBL appears continuous w ith the internal basal lamina
around the apical border of the JE (Schroeder & Listgarten op cit.). However, there
is evidence that there are chemical differences between the basal lamina associated
w ith the planar tooth surface when compared to the EBL and other basal laminae
of oral epithelium (Salonen & Santti op cit.).

1.5.2 N ature of the dental substratum
O n the healthy erupted tooth the secondary epithelial attachm ent is mediated
by the internal basal lamina (IBL) of the junctional epithelium (JE) and is capable of
being formed on different dental substrata.

54

In addition, the presence of "surface

coatings" (Listgarten, 1976) interposed between the cells of the JE and the different
substrata complicates the nature of cell-to-substratum adhesion.

Subsequent to

physiological, pathological or therapeutic processes, the dento-epithelial attachm ent
m ay be related to afibrillar cementum, enamel, cementum, dentine or calculus.
The exact origin of afibrillar cementum is uncertain but it appears that its
form ation is facilitated by the direct contact of enamel w ith connective tissue at sites
of degenerative changes in the reduced enamel epithelium during tooth eruption
(Schroeder & Listgarten, 1971). Thus, it is conceivable that afibrillar cem entum is a
product of local connective tissue cells, probably cementoblasts.

It resembles root

cem entum in that it undergoes calcification, exhibits appositional lam inations but
does not contain collagen fibrils, which is typical of cementum. Generally deposition
of afibrillar cementum is confined to areas near the cemento-enamel junction and can
take the form of spurs, islands, and layers or inclusions w ithin root cementum
(Schroeder & Listgarten op cit.).
The chemical characteristics of dental hard tissues have show n the predom inant
inorganic constituent to be crystallites of hydroxyapatite. The enam el of perm anent
teeth is approximately 96% inorganic, where various ions can substitute for the
calcium, phosphate and hydroxyl moieties of the apatite crystal or be adsorbed to
the surface of the crystal.

Sialic acid residues have been identified in the organic

phase and, together with hydroxyapatite, may account for the net negative surface
charge associated with enamel (Neiders, 1972). The physico-chemical properties of
enamel m ay play a role in selective adsorption of cationic substances indigenous to
the oral environment.
In the adult, the dento-epithelial junction is prim arily associated with
cementum.

Similar

to

enamel,

the

predom inant

inorganic

constituent

is

hydroxyapatite, where the crystals are deposited parallel to the collagen fibrils of the
organic matrix. Whilst the organic constituents m ust play a significant role in the
properties of cementum, the surface will be modified following exposure to oral
fluids, as the surface cementum undergoes increased mineralization. However, both
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exposed and unexposed cementum retains a net negative charge, due predom inantly
to surface sialic acid residues (Neiders op cit.)
Following periodontal disease a n d /o r therapeutic procedures cementum may
be resorbed or removed and as a result, the dento-epithelial junction m ay be related
to dentine.

The inorganic constituents of dentine (65%) are less than enamel but

greater than that of cementum. Morphologically there is no evidence to suggest the
m ode of JE attachment is any different from that to other dental hard tissues.
Subgingival calculus deposited on cem entum will sustain an epithelial
attachm ent in the absence of bacterial plaque (Listgarten & Ellegaard, 1973).
Calculus is a complex calcified structure of variable composition, approxim ately 75%
being inorganic material with an organic phase similar to dental pellicle (discussed
below) together w ith non-viable micro-organisms and their microbial matrix. The net
negative surface charge of calculus is higher than that of enamel, cem entum or
dentine (Neiders op cit.).
Following eruption, teeth are covered by an organic film (dental coating).
Similarly, following periodontal disease and therapeutic procedures, previously
unexposed surfaces become covered by an acquired film. As a result, the JE will not
contact a "clean" dental substratum but one covered by a dental coating which
influences the physico-chemical characteristics and hence the nature of cell-tosubstratum adhesion.
Enamel, afibrillar cementum

and cementum, may support a layer of

homogenous, non-laminated material that does not calcify and differs morphologically
in its histochemical reactions from adjacent structures. This material, referred to as
"dental cuticle" (Listgarten op cit.), is probably protein but not a keratin. The dental
cuticle can be of variable thickness (2 to 15 (xm, Schroeder & Listgarten op cit.) and
m ay extend into and beyond the gingival sulcus.

Listgarten (op cit.) proposed that

the dental cuticle is a secretory product of the JE.

It appears resistant to tryptic,

peptic, diastase and hyaluronidase digestion and contains carbohydrate and lipid
fractions. The uncertainty concerning its origin and composition has led to various

56

theories as to its formation, including the suggestion that it is the product of
denatured erythrocytes (Schroeder & Listgarten op cit.). There are m any instances
in which the existence of the dental cuticle is not necessary to m aintain dentoepithelial adhesion (Kobayashi et al, 1976).
Exposure of the tooth surface to the oral environm ent occurs following tooth
eruption, during the pathogenesis of periodontal disease and surgical manipulation
at the dento-gingival junction.
coatings" (Listgarten op cit.).

As a result, the surface is covered by "acquired
In general, the acquired dental pellicles have been

considered to consist prim arily of an organic salivary film (acquired salivary pellicle),
w here the tooth surface is covered by a thin homogeneous film approxim ately 0.1pm
thick with no characteristic ultrastructural features.

The tooth surface on which

pellicle forms is prim arily hydroxyapatite, a complex amphoteric calcium phosphate
salt, in which phosphate groups and calcium atoms are exposed which allows
selective adsorption of both acidic and basic salivary components.

Whilst

electrostatic interactions are critical to pellicle formation other factors such as the
secondary structure of adsorbed proteins are involved (see Fisher et al., 1987).
The acquired dental pellicle even when removed by vigorous pumicing reforms
almost immediately (10 seconds, Busscher et al, 1989), hence bacterial contamination
(or contribution) virtually always involves interactions between surface components
of the organism and components of the acquired dental pellicle rather than the tooth
surface. A similar situation would prevail for the reattachm ent of JE following any
disruptive therapeutic procedure.
The recent use of immunological reagents has perm itted further identification
of pellicle components, such studies indicate that pellicle originates not only from
saliva but also from gingival crevicular fluid (Levine et a l, 1985).

Subject to age,

bacterial and cellular products can also be identified as pellicle constituents. Levine
et al. (op cit.) describes enamel pellicle as containing protein (albumin, lysozyme),
phosphoproteins (proline-rich, cysteine-containing), lipids, glycoproteins (lactoferrin,
im m unoglobulin A, amylase, salivary mucins), glycolipids and lipoproteins.
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The composition of enamel and cementum pellicles is different (Fisher et al.,
op cit.), and probably related to differences in the nature of the tooth surface and
source of adsorbed materials. Crevicular fluid components (serum-derived) appear
to contribute more to cementum pellicle com pared to that formed on enamel.
Despite these differences Fisher et al (op cit.) suggested the carbohydrate
moiety of pellicle may be less variable than the protein to which it is attached. As
a result, the sialic acid-containing saccharides w ould be im portant determ inants of
surface properties, capable of electrostatic interactions, in agreem ent w ith Weiss &
Neiders (1970), who suggested sialic acid groups as being partly responsible for the
net negative surface charge associated with dental hard tissues.
The physico-chemical characteristics of enamel, cementum, dentine and calculus
with respect to adhesion phenomena are similar to glass.

They all possess a

negative surface charge (Weiss & Neiders, op cit.) and dem onstrate relatively high
surface-free energies (sfe, Uyen et a l, 1989). Pellicle formation tends to equilibrate
the sfe values of these surfaces (van Dijk et a l, 1987). However, despite the layer
of adsorbed protein (pellicle) shielding the underlying characteristics, the adherence
of bacteria appears to be influenced by the original sfe value (van Dijk et a l, op cit.).
Such a response may be due to incomplete coverage of the original surface. Similar
responses have been noted when culturing mammalian cells, w here despite an
intervening serum-derived protein layer, the underlying substrata appears to
influence cell growth (Trinkaus, 1984).
Neiders & Weiss (1972) reported that a significantly lower percentage of cells
were detached from dentine than from enamel when exposed to a similar shearing
force. W hilst the preparation of tooth slices for experimentation probably excluded
any orally acquired surface coatings a serum -derived coating w ould have been
acquired during the 24-hour period of culture.
However, Brastins et al (1980) following tooth preparation and culture
techniques similar to Neiders & Weiss (op cit.) reported no difference between
gingival epithelial cell adhesion to sections of enamel, dentine and cementum when
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tested w ith their "debonding apparatus”. They did report a statistically significant
difference between the debonding pressure of cells adherent to polystyrene com pared
to tooth slices. As the period of culture employed by Brastins et al. (op cit.) was less
than 4 hours, it is possible that insufficient time was allowed for the completion of
events associated with secondary adhesion.
Regardless of the apparent complexity of the dental substrata, w ith or w ithout
surface coatings, a basal lamina (internal basal lamina) is always interposed between
JE cells and the dental substratum at sites where the epithelial cells are united by
hemidesmosomes (Schroeder & Listgarten, op cit.’, Kobayashi et al, op cit.).
The thickness of the internal basal lamina (IBL) is reported to be in the range
of 80-120nm (Stem, 1981). Unlike the external basal lamina (EBL) Kobayashi et al
(op cit.) has described a basic 3-part design for IBL: (1) The lamina lucida m easuring
14 ± 3nm which occupies the space between the peripheral densities of the epithelial
cell m embrane and the lamina densa; (2) The lamina densa m easuring 40 ± lOnm
and apparently separated from either a dental cuticle or a "linear border" by (3) a
clear sub-lamina lucida layer measuring 9.5 ± 2nm which is absent in the EBL. The
linear border (unlike dental cuticle) was never observed overlying fibrillar cementum.
As it was apparent on both afibrillar cementum and enamel the authors suggested
that this m ight indicate a separate origin.
Adjacent to the dental substrata, hemidesmosomes contain dense pyram idal
particles along the inner surface of the peripheral density.

Fine filaments extend

from the pyramidal stm ctures on the internal surface of the peripheral density into
the lamina densa.

Kobayashi et a l (op cit.) describe these structures as "units of

integrity".
Saglie et al (1979) described three zones of JE attachm ent to enamel according
to different morphological characteristics.

Spaces between hemidesmosomes were

greater in the coronal and apical zones compared to the m iddle zone w here the
hemidesmosomes also appeared thicker and longer. From these criteria the authors
suggested separate functional roles, the middle zone indicating a major degree of
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adhesiveness and the coronal and apical zones indicative of permeability and
germinative characteristics respectively.
Similarly, Sabag et al. (1981) described two zones (coronal and apical) of the
JE attachm ent to cementum, the coronal zone corresponding to the m iddle zone of
that described for enamel (Saglie et al, op cit.). The num ber of hemidesmosomes per
unit length diminished from the coronal tow ards the apical zone, implying that the
coronal zone represented an area of greater adhesiveness.

Those areas devoid of

hemidesmosomes were represented by a basal lamina (IBL) interface, which
morphologically appeared similar to the EBL.
Salonen & Santti (1985) dem onstrated immunohistochemically the presence of
a thin line of laminin located in the lamina lucida of IBL which appeared to be
restricted tow ards the apical part of the JE attachment.

However, these authors

failed to demonstrate type IV collagen (typical of basement membranes) in IBL
w hereas in EBL type IV collagen was located in the lamina densa. Similar data were
reported for migrating layers of epithelial cells from oral mucosa explants cultured
on Millipore filters.

Laminin was detected, but despite w hat appeared to be a

"normal unit attachment apparatus" with basal lamina, hemidesmosomes and
anchoring filaments, type IV collagen was not identified.
From these observations Salonen & Santti (op cit.) postulated that the chemical
difference between IBL and EBL was due to the influence of inert substrata (tooth
surface or filter) on the extracellular attachm ent products synthesized by the
epithelial cells.
Salonen (1986) using monoclonal anti-cytokeratin antibody provided further
evidence for the influence of inert substrata on JE. The antibody reflects the state
of epithelial differentiation and reacts exclusively with basal cells.

The positive

antibody reaction noted in the apical part of JE supports the concept that it consists
entirely of basal cells. In the coronal part of the JE the antibody reaction was more
intensive adjacent to IBL (tooth surface) than EBL (connective tissue), Salonen (op cit.)
im plied that the tooth substratum influenced the differentiation pattern of JE. This
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hypothesis is supported by the observations of MacKenzie (1984, 1987). He found
that transplanted palatal epithelium when sited adjacent to im planted teeth in m urine
low er jaws lost the keratin and lectin reactivity associated w ith oral mucosa and
acquired that typical of JE.
M ore recently, Altman et al. (1988) using specific monoclonal antibody
immunofluorescence techniques provided additional support for the concept that JE
is a unique tissue, they found a keratin and desmosomal protein pattern which
differed from that of other adjacent oral epithelia.
The invaginated morphology of JE ensheathing a tooth is comparable to an
epithelial ridge projection from the derm al surface of a stratified squam ous
epithelium.

Both projections are surrounded by a basal lamina which, in the

epithelial ridge is identical throughout its length, whereas in JE the IBL and EBL are
chemically different (Salonen & Santti, op cit.) despite appearing continuous at its
m ost apical extension (Schroeder & Listgarten, op cit.).
W hen adjacent to enamel, IBL by definition cannot be regarded as a "basement
membrane" as there is no connective tissue component. Hence, differences m ight be
anticipated in the mode of JE adhesion to the tooth when com pared to that with
connective tissue.

In the adult, JE cells are inherently the same (Listgarten, 1967).

W hen allied to the concept that cells generally are responsible for the products to
which they subsequently attach (Trinkaus, 1984) then any differences in cell response
m ust be due to an extraneous influence which is not available to all cells of that
population.
Such a hypothesis is applicable to the dento-epithelial junction where the
nature of the tooth surface appears to influence the m ode of JE attachment.

For

example, the absence of a connective tissue-derived extracellular matrix could explain
the lack of type IV collagen in IBL (Salonen & Santti, op cit.). However, the same
theory is not applicable when JE is attached to cementum (derived from connective
tissue) therefore, additional factors m ust influence the m ode of JE attachm ent to the
tooth surface.

61

The tooth surface represents a planar substratum and in the case of enamel a
relatively inert planar surface for the attachment of JE. Such a relationship is unique
to any in vivo epithelial cell-to-substratum adhesion.

The nature of the planar

surface can influence the mode of adhesion. Poly et al. (1988) reported that gingival
epithelial cells cultured as multilayers on enamel developed typical "attachment
apparatus" similar to that seen in vivo, whereas sim ilar cultures grow n on a plastic
surface lacked hemidesmosomes.
These authors (op cit.) also reported the presence of laminin, fibronectin and
type IV collagen at the cell-to-substratum interface.

Whilst these cell suspensions

w ere obtained from palatal mucosa which might explain the presence of type IV
collagen (absent in IBL) the probable cause was the m ethod of culture. The feeder
layer system of irradiated 3T3 cells would have masked the influence of the plastic
surface, and possibly either induced the superficial epithelial cells to produce a
typical epithelium-to-connective tissue basal lamina

(basement membrane) or

synthesized type IV collagen prior to the inoculation of the gingival epithelial cells.
W hether serum, a possible fibronectin source, w as present in the culture m edium
w as not disclosed.
In addition to the composition, the form of a substratum can influence the
adhesive behaviour of cells. A planar rigid substratum can affect the num ber and
configuration of focal adhesions together with the size of associated stress fibres
w hen com pared to cells cultured on collagen gels (Burridge et al., 1988). Similarly,
rigidity of the substratum can influence the mode of adhesion, particularly for cell
translocation, since if the matrix is rigid the cell m ust deform (Lackie, 1986).
Thus the evidence would suggest that JE is unique because it is necessary that
the m edian surface of this enshea thing epithelium forms a seal w ith a relatively inert
planar tooth surface. It is the nature of this substratum that determ ines the mode
of epithelial cell-to-substratum adhesion and may also influence the behaviour of the
epithelial cells including cell-to-cell adhesion.
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1.5.3 D ento-epithelial junction adhesion
Listgarten (1972,1980) described the depth of the sulcular epithelium as
representing the "histological sulcus" in contrast to the deeper "clinical sulcus" as
determ ined by probing. He (op cit.) proposed that the junctional epithelium (JE) was
relatively w eak and easily disrupted by probing. The disruption caused by probing
generally occurs w ithin the epithelium rather than at the dento-epithelial junction.
These observations w ould suggest that cell-to-tooth adhesion is stronger than cellto-cell adhesion w hen subjected to the shearing force generated by norm al clinical
probing.
The morphological components responsible for the biological mechanisms which
unite JE cells to the tooth surface are hemidesmosomes and the basal lamina
(Schroeder & Listgarten, 1971).

Whilst little is know n about the strength of

hemidesmosome attachm ents they are assumed to confer adhesiveness (Taylor, 1970;
Cowin et al., 1985).

Evidence is based on such studies as vacuum -induced

vesiculation of skin and the shrinkage effects of hypertonic solutions on epithelial
tissues.

These studies indicate that hemidesmosomes and desm osom es represent

areas of firmer attachm ent to basal lamina or to one another respectively, compared
to adjacent portions of the cell surface (Schroeder & Listgarten, op cit.; Trinkaus,
1984). Saglie et al. (1979) described an adhesive m iddle zone of the JE based on the
num ber, thickness and extension of hemidesmosomes m easured in this region.
The inference that adhesive sites represented by hem idesmosom es form a seal
is questioned by the permeability studies reported by Romanowski et al. (1988).
These authors reported penetration of peroxidase tracer along the site of the internal
basal lamina (IBL) between the JE and tooth surface.

Moreover, this penetration

traversed both hemidesmosomal and desmosomal junctions. W hether the peroxidase
penetrated via the dental or epithelial side of the IBL is not clear, however as
peroxidase was found in the neighbouring intercellular spaces of the JE it m ay be
assum ed the peroxidase was unim peded by the hemidesmosomal attachm ents located
on

the JE side

of the

IBL.

Considering
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the

sem i-perm am ent

nature

of

hemidesmosomes together with the peroxidase exposure-time of one hour it is
unlikely that the localisation of peroxidase at hemidesmosomal sites was facilitated
by their turnover. Thus, it is possible that other areas of JE cell contact w ith the IBL
could operate w ith similar adhesive force, but is less resistant to detachm ent because
such areas lack the morphological integrity associated w ith hemidesmosomes.
In relation to other areas of JE-to-tooth contacts Kobayashi et a l (1976)
speculated that the sub-lamina lucida represented a layer of "adhesion in the
secondary attractive minimum" based on the DLVO theory supported by Curtis
(1966). W hilst the dimension of the sub-lamina lucida layer (9.5 ± 2nm) correlates
with that of secondary attractive m inim um (10-20nm), applying the theory appears
erroneous. C urtis's interpretation of the theory is based on cell surface-to-substratum
distances, which in the case of JE is approximately 80-120nm. Stem (1981) proposed
a similar adhesive role for the lamina lucida (14 ± 3nm) w here the substratum is
represented by the lamina densa and not the tooth surface.
The dem onstration of labelled protein precursors m oving from the JE into the
dento-epithelial junction (Stem op cit.) together w ith the morphological evidence of
a secretory role assigned to JE cells adjacent to a tooth or im plant surface (McKinney
et al, 1985) supports the concept that JE cells produce their ow n basal lamina (IBL),
possibly dental cuticle a n d /o r linear border.

This feature could represent an

additional adhesive mechanism to that associated with hemidesmosom al contacts and
possibly analogous to receptor-ligand interactions discussed in in vitro cell-tosubstratum adhesion in section 1.4.1.2.
Such a concept can be supported by in vivo (Salonen & Santti, 1985) and in
vitro (Terranova & Martin, 1982; Salonen & Santti op cit.; Poly et a l, 1988) studies
which dem onstrated fibronectin a n d /o r laminin at the cell-to-tooth interface.
The structural integrity of IBL appears fundam ental to the maintenance of
dento-epithelial junction adhesion. In gingival inflammation, prior to any epithelialconnective tissue separation there is disruption of EBL subjacent to oedematous
gingival connective tissue (Takarada et a l, 1974).
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Similarly, in addition to the loss of sub-epithelial collagen the breakdown of
IBL are the main factors responsible for the formation of a periodontal pocket (Stern
op cit.) where, simultaneous to the coronal disruption of JE-to-tooth adhesion there
is reconstitution of IBL by apically migrating JE cells, whilst the basal cells attem pt
to reconstitute the EBL over pathologically altered connective tissue.
Subsequent to injury, therapeutic procedures, or surgical excision the dentoepithelial junction including IBL and EBL can completely regenerate de novo,
(Listgarten, 1972; Braga & Squier, 1980). Observations of w ound healing following
gingivectomy (Innes, 1970) and incisional w ounds in the tongue (Sciubba, 1977) have
indicated the appearance of hemidesmosomes and desmosomes respectively, before
the formation of a lamina densa. Whereas surgical separation of JE from the tooth
surface (Taylor & Campbell, 1972) resulted in the appearance of a non-cellular
material (possibly a lamina densa) between the cells of JE and the enamel cuticle
concurrent with the appearance of attachment plaques which were interpreted as
poorly differentiated hemidesmosomes. This new attachment commenced near the
cemento-enamel junction by JE basal layer cells migrating coronally adjacent to the
tooth surface.
These observations, whilst not entirely consistent, suggest at least two modes
of cell adhesion operating at the interface of the dento-epithelial junction.

Such a

hypothesis w ould be relevant to the homeostasis of JE (cells migrating in a coronal
direction) but particularly significant in the apical migration of JE associated with
pocket formation and the long junctional epithelial type attachment (Ellegaard et al,
1976) following some therapeutic procedures.
Subsequent to w ounding, epithelial sheets characteristically spread as an intact
unit both in vitro and in vivo (Trinkaus, 1984). Migration is effected by the marginal
cells of the basal layer extending lamellipodia from their free margin onto the w ound
surface, followed by retraction of the trailing edge creating a small gap in the
epithelial sheet. The first sub-marginal cell then extends a lam ellipodium onto the
vacated substratum thus filling the gap and this sequence of events is repeated
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throughout the epithelial sheet (Radice, 1980). Therefore, subm arginal cells are active
(which includes modulation of cell-to-substratum and cell-to-cell contacts) during the
m igration of the epithelial sheet rather than being pulled passively over the
substratum by actively spreading marginal cells.
If the observations of Radice (op cit.) and Trinkaus (op cit.) apply to the
behaviour of migrating JE cells, then the hypothesis discussed for different modes
of cell-to-substratum adhesion w ould similarly apply to cell-to-cell adhesion at the
dento-epithelial junction.
Several authors (Taylor, 1970; Neiders & Weiss, 1972; Brastins et al., 1980) are
of the opinion that a technique which measures the distraction force necessary to
detach cells from a substratum in vitro can give purposeful information as to the
nature, and factors which might influence such adhesion.

Hence, such studies are

considered to be pertinent to dento-epithelial adhesion and to the structural integrity
of the dento-gingival junction.

1.6

Quantitative aspects of cell adhesion
Attempts to measure the adhesiveness of cells have fallen into two major

categories: 1) Re-aggregation kinetics, and 2) Distraction techniques, both having
dedicated proponents.

1.6.1 Re-aggregation kinetics
These techniques deal with the rates of formation of adhesions between cells.
Suspensions of cells are agitated so that the cells collide and possibly adhere. The
probability that perm anent adhesions will form between cells is related to the degree
of adhesiveness between the cells in suspension. Curtis, (1969) defines intercellular
adhesion as the probability that two cells will form and m aintain an adhesion.

A

direct m easure of adhesive energies in the aggregation of cells can be m ade by
treating the aggregation process as a flocculation.

Curtis reported a comparative

inefficiency of collisions, inferring that the flocculation was slow, and calculated
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adhesive energy values of about 10'10 ergs/cell in cell adhesion.
A num ber of workers; Orr & Roseman (1969); O ppenheim er & H um phreys
(1971); Hornby (1973); Steinberg & Gepner (1973); Ocklind & O brink (1982) and
Edelman (1984) have investigated the adhesiveness of cell-to-cell interaction using the
re-aggregation kinetic model, similar to that proposed by Curtis.
The major disadvantage of the technique is that it does not distinguish
between differences that may be due to an intrinsic adhesive property of the cells
and artefacts introduced by the methods used to dissociate the cells into a
suspension and the viscosity of the medium (Forrester & Lackie, 1984).

However,

it has been argued that if the cells re-aggregate, then the condition of disaggregation
has acted upon the normal mechanism of cell adhesion.
disaggregated cells argues in the same direction.

Viability of the

However, Cassiman & Bemfield

(1975) using a re-aggregation technique, reported that trypsinisation of cells tended
to m ask short term adhesion.

Similarly, Culp & Black (1982) and Curtis (1980)

advised the avoidance of trypsin and other proteolytic agents for the dissociation of
cells as they partially destroyed cell surface proteins and glycoproteins which are
probably implicated in cell adhesion.
Such findings w ould indicate that the time span used for re-aggregation studies
should include a period for the recovery of dam age to cell surface components.
A nother disadvantage of the technique is that re-aggregation studies tend to
be relatively short term, spanning a 30-minute to 3-hour period. It w ould appear
unlikely that such a time scale allows for all types of cell adhesion phenom ena.

1.6.2 Distraction techniques
W hen a force is applied to an established adhesion, separation seldom appears
to take place at the adhesion interface. Ruptures tend to occur in the surface of one
adherend if the cohesive strength of that adherend is less than the other adherend.
Weiss & Lachmann, (1964) using immunological markers, observed residual material
left behind on glass surfaces after cells were detached.
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A lthough the m aterial was

species-specific, it was not shown w hether it represented ruptured cell m embrane
fragments as postulated, or extracellular material secreted

by the cell.

Rees et a l

(1977) reported that some fragments of cell membrane remained attached to the
substratum following cell detachment.
There is evidence that cells may leave a trail of discarded material following
translocation and several techniques have been developed to isolate the most
adherent parts of the cultured cells (Burridge et a l, 1988).

Most m ethods use a

stream of buffer to detach the bulk of the cell while leaving behind cell material
attached to the substratum (Avnur & Geiger, 1981).
If, as the evidence suggests, cohesive weakness could be responsible for cellto-substratum separation, and possibly cell-to-cell separation, then the direct inference
is that separation is not simply the reverse of prim ary and secondary adhesion.
Equally, there is no evidence to dem onstrate that cell separation in vivo is at the
adhesion interface; translocation could take place by changes in the cohesive strength
of the cell membrane.

Weiss (1962) proposed such a hypothesis termed "selective

de-adhesion", w here adhesion is assumed to be general and essentially equal.

He

suggested a mechanical restraint in the surface membrane and its resistance to
rupture maintained the stable adhesion.

Damluji & Riley (1979) discussing the

possible role of calcium in adhesion of cells to solid substrates, refer to a similar
m odel system.

They propose that calcium may function as a restraining agent by

bridging cell components which do not favour adhesion.

The lateral stability

bestow ed on such components prevents them from diffusing into, and disrupting the
adhesive sites.
Steinberg (1964) and Trinkaus (1984) highlighted another difficulty for those
w orkers who attem pt to m easure the force required for cell separation.

They

em phasized that the am ount of force w ould vary according to the m ode in which
a cell is detached from a substratum. A greater force would be required if the cell
w as pulled off the substratum in a vertical direction compared to that required to
peel the cell off the substratum .

They also indicated that the w ork
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(force x

distance) expended w ould be the same for both types of detachment; concluding that
careful determ ination of the force and the time required for detachment, together
with the m anner of detachment, w ould enable more meaningful measurements.
Steinberg's theory is more complicated than he suggests; the calculations are based
on an even distribution of adhesiveness to the substratum .

The observations of

Cornell (1969); Harris (1973a); Revel & W olken (1973); Abercrombie & D unn (1975);
Rees et a l (1977); and Izzard & Lochner (1980) w ould suggest an even distribution
of adhesions is unlikely.

Also, the variety of types of adhesion occurring in the

sam e cell at the sites of contact together with variation of their longevity should not
be overlooked.

Francis et a l (1987) emphasized such complications and proposed

that cell adhesion strength data should include an accurately m easured force with
sim ultaneous m easurem ent of the cell contact area.
Further complications arise when calculating the energy required to separate
a cell from the substratum in that some of the force applied results in deformation
of the cell prior to breaking the adhesion. The am ount of force w ould depend on
the rigidity and plasticity of the various cell components, and they in turn may be
altered by the applied force. However, if the adhesion of a cell to a substratum as
proposed by Rees et al (op cit.) is comprised of tw o components, "grip" and "stick",
w here "grip" is dependent on cytoskeletal elements of the cell, then the energy
expended in disrupting the "grip" component is directly applicable to that required
to detach the cell. As a result, substances that interfere with the motile machinery
could effect the apparent adhesiveness even though the adhesion per unit area
rem ains unchanged (Forrester & Lackie, 1984).
Curtis (1973) proposed that the seepage of m edium into the opening gap of
a cell separating from a substratum m ight produce transient forces larger than the
adhesive force to be overcome.
The artefacts that may be introduced by the m ethod of dissociation (as
discussed previously in section 1.6.1) may also apply to the distraction techniques
w hen used to study short term cell adhesion, (adhesiveness) such as in attachment
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assays.
Physical distraction techniques may well operate by influencing the cohesive
strength of the cell membrane, thereby causing rupture of the membrane.

The

dam age incurred m ay be repaired rapidly, and as a result the viability of the cell
m ight not be affected. There does not appear to be any information regarding the
proportion of cell membrane disruption that is necessary to produce irreversible
dam age to the cell. Despite the limitations of the distraction techniques described,
various workers have nevertheless detected differences in established cell adhesion.
Various distraction methods have been used to estimate or m easure the
strength of cell adhesion in vitro. The num ber of different techniques reported in the
literature w ould indicate that the ideal system has yet to be devised. The techniques
described to date may be divided into two general categories: 1) Physical, and 2)
Chemical.

1.6.2.1 Physical distraction techniques
The majority of these techniques have attem pted to evaluate the force or
energy required to separate cells from a surface (other cells or substratum ) to which
they have already become adherent. Alternatively, a fixed distractive force is applied
to adherent cells and adhesion expressed in terms of the percentage of cells
w ithstanding distraction.

This includes the majority of attachment assays which

divide cells into adherent and non-adherent groups following the use of a weak
distractive force, such as gravity or gentle washing.

These procedures have been

applied to cells in monolayer culture and aggregates and m ay be divided into three
basic categories:

a)

Single cell observations. In these experiments the force required to separate

a cell from another cell or a substratum is measured. Coman, (1944) observed the
degree of bending of a glass microneedle used to pull two cells apart.

Harris,

(1973a) used a similar technique to detect the location of cellular adhesive sites to
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solid substrata. Taylor, (1970) described the Micro-Jet shearing method, where cells
were detached from a substratum by a stream of culture m edium delivered via a
micropipette.

Francis et al, (1987) used a flexible glass micropipette attached by

suction to the cell, the force applied to pull the cell off the substratum was
calculated from the degree of bending of the pipette. The contact zone of the cell
was observed and m easured during the detachment process.

Doroszewski et al,

(1977) using a parallel-plate microchannel flow chamber subjected adherent cells and
cells in suspension to a shearing force.

Observations of cell-to-substratum

interactions were recorded on cine-film and single cell adhesion measurements were
expressed in terms of the velocity of the shearing fluid.

b)

M ultiple cell observations. In these methods a m easured force of known value

is applied and the proportion of cells separated from a substratum or other cells is
measured. Weiss, (1961) described quantitative m easurements of cell adhesion using
a distraction force produced by a shearing device. Hertl et a l, (1984) have described
a centrifugal shearing m ethod which gave a gradient of gravity forces along the
length of a multilayer of cells cultured on a glass slide. Adhesiveness was m easured
in "g7 units.
Fowler & McKay (1980) designed the "radial flow grow th chamber " which
produced a linear gradient of surface shear forces across a test surface to determ ine
the force necessary to prevent bacterial attachment.

Details of the principle and

m ethod are discussed in section 1.7.2.
Easty et al. (1960), George et al (1971) and Corry & Defendi (1981) used a
know n 'g7 force in their centrifugation techniques to detach cells from a surface by
a tensile force. Whilst a distraction force was calculated their results were expressed
as percentage of attached or detached cells.

Similarly, Forrester & Lackie (1984)

using a flow chamber based upon that of Doroszewski et a l (op cit.) expressed their
results as the reduction in the num ber of adherent leucocytes per unit area as a
function of time whilst also giving details of the calculated distraction force which
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operated in the flow chamber.

c)

M ultiple cell observations. In these methods a standardised force of unknown

value is applied and the proportion of cells that is separated from a cell population
or rem oved from a surface determined.

W hether such techniques represent an

assessment of attachment (adhesiveness) or detachm ent subsequent to established
adhesion depends on the period of culture prior to the application of the distractive
force. The nature of the applied distractive force has included the following: Dan,
(1947); Weiss, (1959) and Attram adal & Jonsen, (1970) reported the use of a stream
of culture m edium to detach cells from a glass surface. Taylor, (1961) described an
"attachment chamber " and the use of a standard stroke with an electric knocker to
detach cells from a glass surface of the chamber. Gail & Boone, (1972) described an
"air-blast" m ethod as the detaching force, similarly Brastins et a l (1980) used air
pressure to debond rigid materials from a cell monolayer.

Edw ards & Campbell

(1971) and Grinnell (1976) described the use of a reciprocal shaker as the distraction
force in cell-to-cell adhesion studies and Groves (1980) investigated the use of low
frequency ultrasound as the distraction force in a cell-to-substratum adhesion assay.
The problem with these m ethods is in quantifying the applied distractive force
to facilitate comparison of data. In addition, the distractive force will tend to vary
in an uneven m anner across the test surface. Thus the adhesion measurements m ade
by these techniques suffer from the disadvantage of both lack of a force of known
m agnitude and lack of uniformity of its distribution.

1.6.2.2 Chemical techniques
Proteolytic enzymes and calcium-chelating agents have been used extensively
for the detachment of cells from each other and from non-cellular substrata in
routine cell culture maintenance and experimentation. At the present time, it is not
know n how and where these chemical dissociation agents exert their influence in the
cell-to-cell, or cell-to-substratum interaction.
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Any m ethod of m easuring adhesion

w here the viability of cells is jeopardized, or results in sub-lethal injury or cellsurface derangem ent may give rise to artefacts, and as a result m ust be treated with
caution.
Chemical dissociating agents appear to act in an "all or nothing" m anner,
although some are time-dependent.

Such a response is not amenable to the

evaluation of differing strengths of adhesion that m ight be operating.
The proteolytic enzyme trypsin has been frequently used in studies of cell
adhesion.

It is known that trypsin removes certain cell surface materials (Snow &

Allen, 1970; Poste, 1971), particularly those molecules associated w ith cell adhesion
(Edelman, 1984), and a recovery period of several hours is required to re-synthesize
these com pounds (Weiss & Maslow, 1972). Snow & Allen (op cit.) also dem onstrated
leakage of cytoplasmic macromolecules as a result of trypsin-induced surface
m em brane damage.
Some of the conflicting results reported by different workers w hen comparing
the adhesiveness of transformed and untransform ed cells have been explained by the
different modes of trypsin treatm ent (Cassiman & Bemfield, 1975; Lloyd, 1975).
Revel et al. (1974) have suggested that trypsin, rather than disrupting the
adhesive site, causes a drastic alteration in cell shape m ediated intracellularly.
However, this mechanism seems very implausible because of the improbability of
significant cellular uptake of trypsin.
Divalent cations, in particular calcium and magnesium, have been shown to
be essential for the adhesion of cells (Weiss, 1960).

As a result, chelating agents

such as ethylenediamine tetra-acetic acid (EDTA) and ethylene glycol bis (pam inoethyl ether)-N, N-tetra-acetic acid (EGTA) have been used in adhesion assays.
EDTA chelates both calcium and m agnesium cations, whereas EGTA is relatively
specific for calcium. O ther than by their ability to chelate calcium ions, it is obscure
how these agents prom ote cell detachment.

However, like trypsin, treatm ent with

both EDTA and EGTA is known to remove cell surface material (Culp & Black,
1972). These authors reported that EGTA treatm ent appears to be a milder method
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than EDTA treatment for minimising surface glycoprotein release.
The cell-to-substratum adhesion assay described by Grinnell (1973) included
both EDTA (1.1 mM) and trypsin (0.25%) in a detachm ent m edium, cultures were
subsequently subjected to a reciprocal shaker and the num ber of detached cells
enum erated by turbidity measurements.
The m ode of detachment that is apparent with EDTA and EGTA treatm ent is
similar to that described for trypsin, i.e. there is rounding of the cell prior to
separation (Shields & Pollack, 1974).
The argum ent against the use of chelating agents in assessing adhesiveness is
similar to that proposed for trypsin, although it does appear that trypsin treatm ent
is more dam aging to cell surface material associated w ith the adhesion phenom ena
com pared to EDTA and EGTA.
Some of the chemical techniques in the literature that have been applied to
cells in monolayer culture include those described by Takeichi, (1971); Johnson &
Pastan, (1972), Shields & Pollack, (1974) and for cell aggregates by Edw ards &
Campbell, (1971) and Edelman, (1984).
M any enzymes will disaggregate tissue and cell aggregates, including papain,
pronase, collagenase, elastase, hyaluronidase and neuraminidase.

Some are more

efficient than others, but all require mechanical agitation to be effective. There can
be no doubt that such enzymes weaken cell-to-cell and cell-to-substratum adhesion,
but in a m anner which demonstrates little or no specificity.
More recently, monoclonal antibodies directed against cell suface antigens have
been used to identify specific molecules associated with cell adhesion. Such studies
are combined with an adhesion assay to determine the degree of cell adhesion
inhibition. Edelman (op cit.) used re-aggregation kinetics to identify N-CAM and LCAM molecules. Decker et al (1984) used a centrifugal force on cell monolayers to
investigate the influence of CSAT antibody on cell-matrix adhesion molecules.
Whilst the use of chemical agents may provide inform ation concerning the
nature of cell adhesion phenomena and help to identify specific cell adhesion
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molecules, their use as the distracting agent in the m easurem ent of adhesive strength
m ust be questionable.

1.7

Considerations that determined the nature and design of the
miniaturised parallel-plate shearing apparatus
W hen reviewing the num erous methods that have been proposed to m easure

cell adhesion, it became apparent that a satisfactory system has yet to be described.
Moreover, it is unlikely that any one method would be effective for the m easurem ent
of all types of cell adhesion phenomena.
It is probable those forces responsible for initial (primary) cell-to-cell, and
possibly cell-to-substratum, adhesion are best determ ined by aggregation kinetics in
the m anner proposed by Curtis (1969). However, such studies have frequently been
interpreted on the basis that the rate of aggregation is proportional to the strength
of cell adhesion. Such an assum ption is probably unw arranted.
Studies of disaggregation of cell aggregates m ay also provide a model system
suitable for investigating those forces responsible for m aintaining cell-to-cell adhesion.
In view of the difficulties stressed by Steinberg (1964) it w ould be necessary to
determ ine the energy input in the system and the proportion of energy dissipated
in dissociating the cells. Theoretical equations exist describing the m agnitude of the
attractive energies but the complexity of biological adhesion generally precludes its
calculation from the mathematical models (Fowler & McKay 1980). However, since
it is improbable that disruption of cell membranes is responsible for cell-to-cell
separation, the calculation of the force necessary to dissociate cells w ould perm it a
m easurem ent of adhesive strength.
The use of chemical agents without an additional m easurem ent method to
determ ine the relative strengths of cell-to-cell or cell-to-substratum adhesion does not
seem to be justified.

The estimation and translation of chemical energy expended

in separating cells from a substratum into measurements of adhesive strength w ould
prove a formidable task.

Until more information is available concerning their
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properties and action in the disruption of adhesive bonds, such studies are probably
best applied to the qualitative investigation of the nature of cell adhesion.
There are obvious difficulties in using aggregation kinetics for investigating
established (secondary) adhesion.

The investigation of cell-to-substratum contact

behaviour w ould appear more tractable.

Such a study w ould entail determination

of those forces required for separating the cells from the substratum . The erroneous
belief that cell separation is the reverse of prim ary and secondary adhesion has been
discussed (section 1.6.2), together with other difficulties inherent in this type of
investigation.
It is improbable that fracture of the substratum contributes to cell separation,
and w hether cell separation is facilitated by disruption of the cell m em brane or not,
such separation m ust be related to the strength of cell-to-substratum adhesion. To
date, all reported investigations concerning the m easurem ent of cell adhesion have
been m ade in in vitro model systems.

As a result, the question m ust be posed

w hether such studies are relevant to in vivo behaviour. Trinkaus, (1973) reported in
his study of Fundulus blastoderm that cell locomotion observed in vivo shared many
features with cell movement reported in vitro. It may be argued that cell locomotion
is directly dependent on the phenomena of adhesion, and it is probable that features
of adhesion observed in vitro are relevant to those occurring in vivo.

1.7.1 Proposed requirem ents of a distraction technique for the m easurem ent of
cell-to-substratum adhesion
Many prim ary and established cell lines are "anchorage dependent" (Stoker et
al., 1968) for long term culture, i.e. a substratum is required on which the cells can
spread. Such cultures could provide a suitable in vitro model system for studies of
established adhesion. To investigate possible differences in adhesive strength a cell
separation technique using a physical distraction force appears to be the only
practical approach.
M ultiple samples of essentially identical populations of cells attached to a solid
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substratum are readily obtainable with the use of layer cultures. Also, such cultures
are amenable to the management and hence standardisation of an applied physical
distraction force.
Experimentation restricted to single cell behaviour pose considerable problems
with the difficulties of micromanipulation and the num ber of observations required
to assess the average adhesion value of cells.
The ideal assay should be rapid and reliable, w here the environment, cells,
substratum and distracting force may be readily controlled.

1.7.2 The Radial Flow Principle
The shearing disc device described by Weiss (1961) produced a measureable
radial surface shear force which increased with increasing radius. The apparatus was
later modified to a rotating shallow cone to give a constant shear force over the
whole test surface (Weiss, 1967).
Fowler & McKay (1980) reported that adverse tangential swirl patterns were
produced by rotating discs and these interfered w ith the surface shear forces
associated w ith a true laminar flow pattern. In addition, such devices are difficult
to operate under aseptic conditions and are not amenable to microscopic observation
of the cells during the period of applying the shearing force.
To overcome these disadvantages, Fowler & McKay (op cit.) designed a radial
flow grow th chamber. The design, which has no moving parts, is based on a radial
flow of fluid producing a linear gradient of surface shear across the test surface.
The "radial flow chamber" consists of two parallel discs with a narrow separation
through which fluid is pum ped from the centre.

The inlet is in the centre of one

disc and the fluid flows radially between the discs to a peripheral collection
manifold.
As the cross-sectional area of (fluid) flow increases w ith increasing radius, the
fluid velocity and hence the surface shear force decreases linearly from the centre of
the chamber.

Thus, when a suspension of viable cells is pum ped through the

77

chamber, the radius where the fluid shear permits the cells to settle and adhere,
enables the force necessary to prevent cell attachment to be estimated and hence an
objective measurem ent of adhesiveness is possible. The radial flow growth cham ber
described by Fowler & McKay (op cit.) was designed to investigate the attachm ent
of microorganisms.

A commercial apparatus, the L.H. Fowler Cell Adhesion

M easurem ent Module (CAMM, L.H. Fermentation) has been developed for the study
of cell surface interactions of microorganisms, blood cells, plant and animal cells.
Crouch et al. (1985) have reported the use of CAMM for the m easurem ent of the
detachm ent force for separating fibroblasts from a glass surface.
However, the CAMM presents certain disadvantages for the study of animal
cell adhesion in that; (a) the chamber does not readily perm it microscopic
observation during the application of the hydrodynamic shear forces; (b) the 100 x
6 m m glass discs used as the test surface are cumbersome and expensive to use as
perm anent records of the investigation; (c) in assessing dynamic adhesion of animal
cells the CAMM system requires very large num bers of cells.

In contrast to the

objective of Fowler & McKay (op cit.) in measuring the shear force necessary to
prevent attachment ("adhesiveness") the present interest was the study of shear forces
necessary to detach cells from established animal cell-to-substratum cultures
(distraction technique).

As a result, the concept of a m iniaturised parallel-plate

shearing chamber suitable for m ounting on a phase contrast microscope was
considered.

The accurate calculation of the shear force is only valid if the flow

pattern in the chamber is laminar.

Since flow is turbulent at radii with a local

Reynolds num ber greater than 2,000, the dimensions and conditions inside the
chamber were designed so that laminar flow could be predicted.
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2

MATERIALS AND METHODS

2.1

The A pparatus
In order to perm it the maximum linear resolution it w as decided that the

shearing chamber should be constructed to accommodate the largest circular glass
coverslips readily available (32 m m diameter).

The reduction in the test surface

com pared to the L.H. Fowler CAMM introduced the possibility that the local
Reynolds num ber (Rer) w ould be greater than 2,000 thus producing a turbulent flow
pattern.
The Rer values for anticipated flow rates of 0.2-0.75 1 m in'1 w ithin the radii
of 2-13.5 mm w ere calculated from the formula:

Rer = QK + n r v

(Fowler &

McKay, 1980) where Q = flow rate (1 m in 1); r = radius (mm) and v = kinematic
viscosity (for physiological saline this value is 1.014 centistokes); a unit conversion
factor (Kx), of 1.67 x 104 was employed.

The local Reynolds numbers for

physiological saline calculated for different flow rates are show n in Table 1. These
values indicate that laminar flow w ould be expected to exist in the shearing chamber
w ithin the anticipated usable radii at the proposed flow rates.

2.1.1 D esign and construction of the shearing cham ber and m echanical stage
The shearing chamber was designed to accommodate 32 m m diam eter circular
glass coverslips.

A thickness range of 0.25-0.35 m m was selected (Chance propper

Ltd., No3 coverslip).

The thickness was chosen to dim inish any distortion by

hydrodynam ic forces.

Such coverslips facilitate the culture of established cell

m ultilayers and are amenable to staining and m ounting techniques to provide a
perm anent record.

The following features were considered in the design of the

shearing chamber: (1) the chamber was to be sited on an inverted microscope (Prior,
Model M ark II, W.R. Prior & Co. Ltd.) with the facility of micro-manipulation via
a mechanical stage control; (2) all the materials used in the construction of the
chamber should be bio-compatible and amenable to sterilisation, preferably by
autoclaving.

This requirem ent was compromised to ease construction of the
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TABLE 1 Calculation of the local Reynold's N um ber (Rer) u sin g physiological saline
as the shearing fluid w ith reference to intended conditions a n d proposed dim ensions
of the shearing chamber.

Flow Rate

Radius

(Q, 1 m in'1)

(r, mm)

Local R eynold's num ber
(Rer)

0.75

2

1962

0.75

13.5

291

0.54

2

1413

0.54

13.5

209

0.36

2

942

0.36

13.5

140

0.18

2

471

0.18

13.5
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The Rer values w ere calculated using the formula: Rer = QK, + n rv (v = viscosity
of physiological saline = 1.014 centistokes; Kj = 1.67 x 104 unit conversion factor).
Lam inar flow m ay be assum ed for Rer values below 2000 (Fowler & McKay, 1980).
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prototype m ode described here; (3) transparent perspex was used for the top section
to allow the use of phase contrast optics and to provide a m aterial amenable to
polishing, thus introducing a suitable surface for an undisturbed radial flow pattern;
(4) the design of the assembled chamber incorporated a peripheral trough at the
coverslip boundary to reduce the rebound effect of the radial flow pattern and to
maximise the experimental surface of the coverslip; (5) to allow unim peded
m ovem ent of the chamber across the objective lens the flow entry port was sited at
the top of the chamber, i.e. the reverse of the arrangem ent of the Fowler CAMM.
Some turbulence was anticipated at the site of entry, together w ith the possible
interference with the illumination for phase contrast optics; (6) all tubing was
required to be non-toxic, non-wettable, transparent to enable the detection of air
bubbles, and flexible but sufficiently rigid to m aintain its internal diameter, and to
be sterilisable by autoclave.

All tubing connections to the cham ber were m ade of

stainless steel tube.
The chamber consisted of three sections; the top and mid sections were turned
from perspex blocks and the bottom section was constructed from 3 m m thick
stainless steel sheet. These sections were designed so that w hen assembled a 1 m m
gap was m aintained between the lower surface of the top section and the upper
surface of the coverslip w hen this was located in the bottom section of the chamber.
The m id section of the construction acted as the spacing element and incorporated
the rebates for the O-ring seals, m ade of nitrile rubber (diameter 0.1 inches, Jencons
Scientific Ltd.). The design features are shown in Figures la & lb.
The design, using a spacing element to produce a 1 m m gap, assumes that
there is complete contact between all sections w hen assembled and bolted with the
six retaining nuts (4BA). It was calculated that a difference of 0.2 m m in the height
of the shearing chamber w ould change by approximately 30% the shear force
operating at a given radius.
The O-ring seals prevented complete contact between the sections and a torque
spanner was construced to allow the same degree of compression w hen the chamber
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Figure lb

Assembled

shearing chamber on microscope stage.

Figure lc

Hinged

locating plate of mechanical stage.

1
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was assembled.
chamber.

This minimised the variation in the internal dimensions of the

In addition, the torque wrench reduced the incidence of fractured

coverslips when the chamber was assembled.
A mechanical stage control (J.R. Beck Ltd.) was modified to incorporate a
hinged locating plate and was bolted to the underside of the Prior microscope stage.
Two locating lugs on the hinged plate fitted into holes drilled into the bottom
section of the chamber and this permitted the microscope to be used to observe the
entire coverslip surface during the experiments (Figures lb & lc). The vernier scale
of the mechanical stage (Figure lc) allowed for precise positioning of the chamber
with respect to the field of view and permitted linear measurements between fixed
points.
A TV image of the observed field was produced using a xlO objective lens
with the microscope phototube fitted with a TV camera (National Panasonic Model
WN401).

2.1.2 The flow circuit

A continuous flow pattern pump was selected. Components exposed to the
media were to be suitable for sterilising by autoclave. Initially, a pump (BM 35/3),
Totton Pumps, Totton Electrical Products Ltd.) producing 10 lmin'1 at 2.5m head of
water was tried but to achieve flow rates in the range of 1 lmin'1 within the system
a larger pump (BM 25/5, Totton Pumps) producing 10 1 min'1 at 3.5m head of water
was found to be necessary because of the resistance to flow in the apparatus. This
pump is a magnetically coupled centrifugal glass-filled polypropylene model, the
fixing of the pump body to the motor mounting was modified to allow separation
of the intact pump body for sterilisation purposes.

The pump manufacturers

recommended a mechanical flow control with the pump operating at maximum
output rather than voltage control of the motor. A mechanical control valve was
constructed with one entry and two exit ports; one exit port supplying the shearing
chamber and the other as a direct return to the reservoir. This arrangement was
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found to facilitate the control of air bubbles and permitted the reduction of the
reservoir volume of shearing fluid (approximately 1.5 1) whilst maintaining an
adequate supply to the pump when operating at maximum output. The flow control
valve was fitted with an arbitary scale which was calibrated against a flow meter
(DR/G 0.1-1.7 1 min*1, Jencons Scientific Ltd.) incorporated in the flow system. Other
components of the flow system included a reservoir of 2 1 capacity fitted with a
heater and a thermostat, a bubble chamber which housed a stainless steel mesh (pore
size 0.5 mm) and various tubing connectors and clamps.

The chamber was

incorporated into the flow system using silicon rubber tubing (Portexsil, Arnold R
Horwell Ltd). Tubing of different internal diameters was incorporated by frictional
grip except those connections to the flow-meter into the flow circuit as illustrated in
Figures 2a & 2b.

The entry port was through a tube of 4 mm internal diameter and the outlets
from the periphery of the chamber were initially collected through three tubes and
subsequently through six tubes (1.5 mm internal diameter) and fed into the return
circuit via a 6:1 connector (internal tube diameter 1.5 mm and 4 mm respectively).

2.1.3 Temperature control
The shearing fluid in the 2 litre reservoir was maintained at approximately
37°C with a waterproof aquarium heater and thermostat sited in the reservoir. The
thermostatic control was adjusted by trial and error to maintain the shearing fluid
in the reservoir at 37°C.

For experiments requiring low temperatures a cooling

system was employed. A cooling coil was constructed from stainless steel tubing
(0.25 inches internal diameter, 20 gauge, TP 321, CJA Co. Ltd.,) and connected via
4 mm internal diameter Portexsil silicone rubber tubing to a coil of copper tubing
constructed from 0.25 inches internal diameter microbore central heating piping. The
stainless steel coil was immersed in the reservoir of the flow apparatus and the
copper coil in the freezing bath of a Modulyo freeze drier (Edwards High Vacuum)
containing ethanediol. The cooling circuit was filled through a 50 ml syringe barrel
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acting as a feed and expansion reservoir with a 40% solution of ethanediol GPR
(Hopkins and Williams Ltd.) in distilled water, and circulated with a modified dental
hydropulser (Broxojet 3007). The temperature of the shearing fluid in the reservoir
was maintained at 4°C under flow conditions by operating the Modulyo freezing
bath at -15°C. Temperatures of 8°C were achieved with the copper coil immersed
in a bath of melting ice in saline.

2.1.4 Operation of the flow system
On completion of the modifications to the apparatus described in section 2.1.5
the flow system was operated as follows:The reservoir was filled with 1.51 of shearing fluid and the thermostatically
controlled heating or cooling system allowed to equilibrate the temperature of the ,
fluid in the reservoir at approximately 37°, 8° or 4°C respectively. A coverslip was
located in the rebate of the bottom section of the chamber and a few drops of
shearing fluid were pipetted onto the coverslip and the position checked with a x5
magnifying glass. The mid and top sections of the chamber were then located and
bolted down, and the assembled chamber placed on the microscope stage for
reconnection into the flow circuit with tubing connections at the bubble chamber and
the 6:1 tubing connector (see Points 6 and 8 in Figures 2a & 2b). The problem of
air bubbles circulating within the flow circuit was overcome by using a gravity feed
from the reservoir together with the hand pumping of the tubing to fill the pump
circuit, the chamber circuit was closed and the reservoir return circuit open. The
pump then operated until all the bubbles were dispersed.
switched off and the chamber circuit opened.

The pump was then

Gravity feed, assisted with hand

pumping of the tubing was used to fill the chamber circuit with shearing fluid. The
removal of air bubbles in the chamber was facilitated by tilting the chamber towards
an exit tube, together with a gentle tapping of the bottom section.

Following a

timed exposure to a predetermined and monitored flow rate the pump was switched
off and the chamber circuit closed, the tubing connections at 6 and 8 (see Figures
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2a & 2b) were uncoupled, and the shearing fluid was allowed to drain from the
chamber into a beaker. The chamber was dismantled and the coverslip removed.
The chamber was then prepared as described previously for subsequent experiments.
The time taken for unloading the coverslip from the chamber to the loading of the
next coverslip ready for exposure to shearing conditions varied between 10 and 12
minutes.
At the end of a series of experiments the system was drained of shearing fluid
by uncoupling connections 4, 6 and 8 (Figures 2a & 2b), and washed out by priming
with tap water which was circulated by pump and drained. The system was then
primed with with a 5% Decon detergent solution which was circulated and removed
from the system by repeated dilution with tap water. Subsequently, the system was
primed with distilled water for final rinsing. Components of the flow system were
stripped down for cleaning as necessary e.g. the bubble chamber required regular
cleaning as the stainless steel mesh of the bubble chamber collected debris during
the experiments. The flow apparatus was not sterilised for the purpose of the short
term experiments described, although all the components were amenable to
autoclaving except those constructed from perspex which would have required
sterilisation by irradiation or ethylene oxide vapour.

2.1.5 Preliminary trials and modifications to apparatus
Initial trials with the apparatus using tap water as the shearing fluid
demonstrated that inadequate flow rates were achieved within the shearing chamber.
As a result, several modifications were introduced to increase the flow rates prior
to the final design as represented in Figures la, lb, 2a & 2b.
The flow ciruit resistance was reduced where practicable by reducing the
lengths of tubing and increasing their internal diameter. In addition, the influence
on flow rate of various components which comprised the flow circuit and the effect
of different adjustments were investigated. A range of flow rates with a difference
of approximately 0.2-0.3 1 min*1 were recorded in the shearing chamber flow circuit
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with identical valve settings. The higher flow rate recording was associated with
vibration of the metal float in the flow meter and a similar response was induced
when the flow meter was tilted. As a consequence particular attention was paid to
the vertical positioning of the flow meter and only flow rates associated with quiet
(vibration-free) running were recorded.
It was anticipated that during experiments when coverslips were exchanged
in the shearing chamber a small overall loss of shearing fluid would result in the
reservoir which might affect the flow rate. However, the removal of one litre of
shearing fluid from the reservoir did not influence the flow rate recorded in the
shearing chamber circuit when the pump was operational.
The flow rates recorded in the shearing chamber circuit were reproducible with
the scale fitted to the mechanical flow control valve. This was checked with the
pump switched off between recordings and also when the flow rate was controlled
with the flow control valve with the pump operational.
It was possible to increase the flow rate in the shearing chamber circuit by 0.06
to 0.1 1 min'1 by closing the reservoir return outlet of the flow control valve, i.e.
when the total output of the pump was directed through the shearing chamber
circuit. This manipulation resulted in oscillation of the flow meter metal float which
indicated a possible adverse flow pattern in the shearing chamber circuit.
In order to ascertain the proportion of flow resistance contributed by the
individual components of the shearing chamber flow circuit, the circuit was modified
as shown in Table 2. The flow rates were recorded at pre-set flow control valve
settings for the various adaptations.
The results show that the maximum flow rate measured in the shearing
chamber circuit when all components were included with

the mechanical flow

control valve reservoir return outlet open was 0.4 1 m in1. Exclusion of the shearing
chamber and the 3:1 tubing connector resulted in an increase of flow rate to 0.99 1
min

Thus the shearing chamber and the 3:1 tubing connector were reponsible for

a 60% reduction in the flow rate performance.
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Inclusion of the bubble cham ber enhanced the flow rates recorded w hether or
not the shearing cham ber and 3:1 tubing connector w ere included in the flow circuit.
Increased flow rates w ere recorded w ith the mechanical flow control
valve reservoir return outlet closed (Table 2) but this resulted in vibration of the
shearing cham ber circuitry.

As a result, it w as decided that the desired flow rate

of 1 1 m in'1 should be achieved w ith the mechanical flow control valve reservoir
return outlet open.
D uring the trials leaks developed between the m id- and bottom sections of the
shearing cham ber and investigation revealed that the mid-section h ad w arped,
probably due to a design fault.

A new mid-section w as constructed w ith an

im proved design in which the bottom O-ring seal w as sited at a diam eter of 31.5mm
instead of 32.5 m m and the angle of the bevel of the internal aperture w as increased
from 45° to 60°. This modified bevel angle increased the strength of the mid-section
inner m argin and reduced the possibility of distortion during m anipulations (Figure
la).

However, this modification increased the flow resistance w ithin the shearing

cham ber by reducing the aperture between the m id- an d top sections leading to the
peripheral trough of the chamber.

Flow rates w ere reduced by approxim ately 0.1

1 m in'1. This effect was obviated by introducing a 45° angle bevel on the periphery
of the low er face of the top section (Figure la).

Coincident w ith this modification,

the original pum p (BM 35/3, Totton Pum ps) was substituted w ith a m odel of higher
perform ance (BM 25/5, Totton Pumps) to generate shear forces in the required range.
Flexing of the 0.25-0.35 m m thick coverslip w hen subjected to flow conditions
was anticipated and was found to occur to a significant extent during the trials.
Consequently a perspex support was constructed and added to the bottom section
of the cham ber (Figure la).
Increased flow rates w ere recorded w ith the BM 2 5 /5 pum p and the shearing
cham ber modifications described (Table 3). In addition, the range of the mechanical
flow control valve w as found to be operative in that increased flow rate values were
recorded from setting 5 to zero (Table 3).
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The m axim um flow rate recorded w ith

TABLE 3 C om parison of the flow rates (1 m in 1) recorded in the shearing cham ber
flow circuit w ith the BM 3 5 /3 and BM 2 5 /5 pum p s in com bination w ith the 3 exitp o rt shearing cham ber and the BM 25 /5 in com bination w ith the 6 exit-port shearing
chamber.

BM 2 5 /5 p u m p
w ith 3 exitp o rt shearing
cham ber

BM 25/5 pump
w ith 6 exitpo rt shearing
cham ber

M echanical flow
control valve
setting3

BM 3 5 /3 pum p
w ith 3 exit-port
shearing cham ber

12
12b

0.22
0.28

0.28
-—

0.38
0.48

11
llb

0.37
0.48

0.45
0.70

0.64
_
0.84

10
10b

0.39
0.49

0.48
0.72

0.68
0.90

5
5b

0.40
0.51

0.50
0.75

0.68
0.93d
m

^

_

j

_ ^ J

4
4b

C
c

0.55

3
3b

c
c

0.60
0.75

0.79d
0.92d

2
2ob

c
c

0.68

0.83d

1
*ib

c
c

0.70

i

0
/\h
0

c
c

0.72
0.75

—

—

—

—

---

0.89d
---

0.91d
0.94d

a. Scale setting w here 13 = m inim um and zero = m axim um opening of the shearing
cham ber flow circuit; b. Flow rates recorded w ith the flow control valve reservoir
retu rn outlet closed; c no further increase in flow rates w here noted; d. significant
vibration of flow circuitry noted.
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the mechanical flow control valve reservoir outlet open w as 0.72 1 min*1.

The

original design of the shearing cham ber incorporated three exit ports to the top
section which w ere joined to a separate 3:1 tubing connector fixed to the mechanical
stage (see Figure 3). To further reduce the flow resistance of the shearing cham ber
assembly six exit ports w ere introduced (Figure la) w hich in turn w ere joined
through equal lengths of silicone tubing to a 6:1 tubing connector.

This tubing

connector was fixed to the top section of the shearing cham ber (Figure lb ) which
allowed a reduction in the lengths of tubing from the shearing cham ber outlets.
This arrangem ent also facilitated assembly of the shearing cham ber w hen changing
the coverslips as the six connecting tubes could remain in situ.
W ith this latter modification it was possible to achieve a m axim um flow rate
of 0.91 1 min*1 (Table 3) w ith the mechanical flow control valve reservoir outlet open.
Flow rates recorded above 0.8 1 m in'1 w ere accompanied by some vibration of the
flow circuitry w hether the reservoir outlet was open or closed.

To avoid this it

was decided to operate the shearing chamber w ithin the flow rate range of 0.5-0.8
lmin*1 for the investigations to be described.
Fowler & McKay (1980) had described a central area of turbulence in their
chamber under flow conditions and a similar phenom enon was dem onstrated in the
present chamber by circulating a solution of surfactant (5% Decon, Decon
Laboratories Ltd.).

The central area of turbulence m easured w as 5 to 8 m m in

diam eter and was surrounded by a radial flow pattern of diam eter 27 m m , which
term inated at the periphery of the coverslip w ith an aggregation of bubbles, i.e.
w ithin the boundary trough formed by the m id- an d top sections (Figure 4). The
area an d pattern of the central turbulence could be influenced b y m anipulating the
position of the tubing connected to the cham ber inlet.

As a result, a jig was

constructed and fitted to the bottom section of the cham ber which allowed
reproducible vertical positioning of the entry tube, and hence a constant pattern of
central turbulence throughout the experiments (Figure lb). The vertical positioning
of the inlet tubing interfered w ith the phase contrast optics b u t the quality of the
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Figure 3 Original three exit-port shearing chamber and connector.

Figure 4 Polaroid photograph of central turbulence and radial flow pattern
as demonstrated by circulating a 5% Decon solution.
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image from the transm itted light w as found to be adequate for observations during
experiments (figure 2b).

2.2

Cell line
Experiments were carried out on cultures of a m am m alian epithelial cell line

CNCM-I-221 established in our laboratories.

The cells w ere m aintained as layer

cultures in 25 cm2 area polystyrene flasks at 37°C in a 2% C 0 2 atmosphere.

The

cultures w ere mycoplasma free and w ere routinely subcultured by trypsinisation once
a week a t a seeding density of 2 x 104 cells/flask.
Batches of cells w ere frozen at a concentration of 2 x 106 cells ml'1 in grow th
m edium supplem ented w ith 7.5% Dimethyl Sulphoxide and stored in liquid nitrogen
at passage num bers 16-20.

2.2.1 G row th m edium and shearing fluids
The grow th m edium used throughout the study for routine cultures was
Eagle's m inim um essential m edium w ith Earle's salts (MEM,Flow Laboratories Ltd.)
containing 20mM N-2-Hydroxyethylpiperazine-N1-2-ethanesulfonic acid (HEPES),
penicillin lk units m l'1 and streptomycin 1 m g ml"1 supplem ented w tih 10% foetal
bovine serum (Imperial Laboratories (Europe) Ltd.).
The grow th m edium was supplem ented w ith sterile (autoclaved) Dimethyl
Sulphoxide (DMSO spectroscopic grade, Koch-Light Laboratories Ltd.) at 7.5% for
freezing cells and storage in liquid nitrogen.
The diluent used during subculturing procedures w as serum-free Eagle's MEM.
The shearing fluids used for experimental procedures included: Dulbecco A calcium
a n d m agnesium free phosphate buffered saline (PBSA, Oxoid Ltd.); PBSA w ith lg
l'1 D-glucose (Analar, BDH Ltd.); 0.9% Sodium Chloride (Travenol Laboratories Ltd);
an d Eagle's MEM (Gibco Bio-Cult) w ithout serum and antibiotics (SFM).
The trypsin solution used for sub-culturing was prepared as a 10% stock
solution of trypsin (BDH Ltd.) in 0.8g sodium chloride, 0.04g potassium chloride,
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0.006g m onosodium phosphate, 0.006g m onopotassium phosphate, O.lg D-glucose
(BDH Ltd.) in 100 m l glass distilled water. A 1:1 dilution w ith serum-free Eagle's
MEM w as prepared for use.

2.2.2 Cell culture m aintenance
Cells w ere grow n as monolayers in Falcon T.C.(25cm2) polystyrene flasks
(Falcon Plastics, Becton, Dickinson-UK Ltd.). Following reconstitution of cells from
liquid nitrogen, cells w ere used betw een passage num bers 19 to 31 for the
experimental procedures to be described.
The procedure for subcultivation was as follows: The supernatant m edium of
a confluent m onolayer was decanted, the monolayer exposed to 1 ml of the diluted
trypsin solution at room tem perature until cell detachm ent was observed w hen the
flask w as agitated; once detached, the cells w ere transferred to a centrifuge tube and
suspended in 2ml of Eagle's MEM w ith foetal bovine serum (FBS); the cell
suspension w as centrifuged at 800 rpm (71.5 'g ') for approxim ately 4 m inutes w hen
the supernatant was discarded and the cells resuspended in Eagle's MEM until
evenly dispersed; a 20 pi sam ple of cell suspension w as then dispensed in 10ml 0.9%
sodium chloride (Travenol) for counting using a Coulter C ounter (Model ZB.l,
Coulter Electronics Ltd.).

Eagle's MEM w ith 10% FBS was then added to the cell

suspension to give a cell concentration of 2 x 103 cells ml'1 and each flask was
inoculated w ith 10ml of this final cell suspension. The m onolayers w ere incubated
at 37°C in a 2% C 0 2 atm osphere for 7 days.

2.2.3 Cell cultures prepared for experim ents
Cells w ere cultured on glass coverslips (32 m m diam eter, Chance Propper Ltd.
No3) which had been treated by w ashing in 70% ethanol, thoroughly dried and heatsterilised at 140°C for 1.5 h.

Prior to seeding, the coverslips w ere rinsed in MEM

an d placed in Petri dish lids (Sterilin Ltd., 30 m m x 10 mm) and after seeding with
3 m l cell suspension, the cultures w ere placed in large Petri dishes (Sterilin Ltd., 140
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m m x 18 mm) for incubation at 37°C in a 2% C 0 2 atm osphere.

Following

trypsinisation of stock cultures, as described in section 2.2.2, the coverslips were
seeded w ith 3 m l cell suspensions at concentrations of 104 and 5 x 103 cells ml'1 for
7-day cultures and 106, 5 x 10s and 2.5 x 10s cells m l1 for 24h cultures prior to
experiments.
Prior to experiments the coverslip cultures w ere inspected u n d er phase contrast
microscopy and relevant features noted, such as the density of the cells, any
evidence of spontaneous detachm ent an d the pH of the m edium .
The culture m edium w as decanted from the Petri dish lids containing the
coverslip cultures and these w ere w ashed twice w ith shearing fluid to rem ove debris
and any loosely attached cells. The cultures were left in this fluid, at 37°, 8° or 4°C,
until transferred into the cham ber w ith the aid of a dissecting needle and fine
forceps.

W ith the coverslip located in the rebate of the bottom section of the

cham ber a few drops of fluid w ere pipetted onto the coverslip to prevent
dehydration and the position checked w ith a x5 m agnifying glass. The m id- and top
sections of the cham ber w ere then located and bolted dow n, an d the assembled
cham ber placed on the microscope stage for reconnection into the flow circuit with
tubing connections at the bubble chamber an d the tubing connector (see section
2.1.4).
Occasional coverslip fractures w ere encountered initially, b u t this w as virtually
elim inated w hen the torque w rench was introduced for tightening the cham ber
assem bly nuts.
O peration of the flow system w as carried out as described in section 2.1.4,
after w hich the cham ber w as dism antled and the coverslip rem oved from the bottom
section, w ashed twice in shearing fluid and fixed in 2.5% glutaraldehyde in
Sorenson's buffer (pH 7.4).
All experiments described w ere relatively short-term , i.e. of 2 to 3 hours
duration, and conducted in a routine laboratory environment. Therefore strict aseptic
cell culture techniques w ere not employed.
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The reservoir capacity w as 1.5 - 2 1 and for reasons of economy PBSA, PBSA
+ 0.1% glucose and saline w ere tried as the shearing fluid.

Preliminary

investigations w ith these fluids on cell cultures w ere conducted at room tem perature
and later at approxim ately 37°C which included bench top m anipulations and
shearing procedures. However, spontaneous detachm ent of cells from the coverslips
w as apparent and such detachm ent w as even observed w ith control cultures which
had been subjected to all m anipulations except the shearing procedure.
For convenience, and to comply w ith the routine schedule of the laboratory,
7-day coverslip cultures w ere initially employed.

The problem of spontaneous

detachm ent of cells seem ed to be related to the age of the culture. As a result, 24hour coverslip cultures w ere investigated w ith PBSA plus 0.1% glucose or saline as
the shearing fluid at 37°C. U nder these conditions there w as less spontaneous cell
detachm ent but some still occurred w ith control cultures and the cells appeared
som ew hat rounded com pared to those m aintained in the grow th m edium .

These

observations suggested that the deficiency of divalent cations in the shearing fluid
contributed to the detachm ent of the cultures.
Experiments conducted on 24-hour cultures using serum-free MEM (SFM) as
the shearing fluid and for w ashing cells during the pre- an d post- shearing phase
gave satisfactory results. The SFM and cultures w ere m aintained at 37°C except for
those experiments at 4°C and 8°C w here the cultures and SFM w ere m aintained at
the low er tem perature imm ediately before and after the shearing period. Only the
results of experiments conducted under these conditions are described in section 3.

2.3

M easurem ent of the critical shear rad iu s (CSR)
Microscopic observation of the coverslip cultures un d er flow conditions

revealed that cells detached from the central area of the coverslip leaving a clear
zone w ith cells still attached to the periphery of the coverslip.

The radius of this

clear zone represents the critical shear radius (CSR) w here the shearing force was
sufficient to detach cells from the coverslip.
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2.3.1 C overslip staining and storage
Following overnight fixation in 2.5% glutaraldehyde (TAAB Laboratories) in
Sorenson buffer pH 7.4, the coverslips w ere stained w ith freshly filtered Giemsa's
stain (R66, G urr G.T., BDH Ltd. Diagnostics Division), dehydrated through graded
alcohols, cleared w ith xylol and dried, and m ounted w ith Deepex (R.A.Lamb) on
glass slides (7.5 x 5 cm) for a perm am ent record.

H ow ever, after 6 to 8 weeks

storage it was noted that the stained coverslips developed crystalline opacities w ithin
the m ountant (Figure 5).

This deterioration in optical quality rendered them

unsuitable for densitometric analysis.

It was found that the problem was d u e to

evaporation of the xylol from the Deepex m ountant and that the crystalline opacities
w ere due to air bubbles. This complication was overcome by using an alternative
m ountant, H ystom ount (R.A. Lamb), and sealing the coverslip m argins w ith dental
varnish (De Trey, D entsply Ltd.) to prevent evaporation of the solvent.

2.3.2 D irect m easurem ent of CSR
Two direct m ethods of m easuring the CSR w ere investigated.

First, by

m easuring the clear zone diam eter using the vernier scales of the modified
mechanical stage w ith the specimen visualised by phase contrast optics whilst
assembled in the shearing chamber; and secondly by orthogonal m easurem ents using
a ruler and x5 magnifying glass. The m id-point of the shearing cham ber in relation
to the num erical values of the vernier scale w as determ ined.

After the cells had

been exposed to the shearing force the stage on the microscope was m anipulated
until the m argin of the video image of the rem aining cells w as aligned in the centre
of the field of view.

The distance traversed by the stage w as m easured and

recorded. Four m easurem ents of the clear zone radius w ere m ade at right angles.
The m ean w as calculated and com pared to that m easured directly from the stained
coverslip.

Both methods suffered from a subjective decision w ith respect of

identifying the true margin of attached cells. Frequently the appearance of the cellfree zone presented as an incomplete circle.
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As the microscopic vernier scale

Figure 5 Air bubble formation following 6 to 8 week storage in stained
Deepex-mounted coverslip cultures giving the appearance of crystalline
opacities.
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m easurem ents w ere determ ined by the pre-set axes of the mechanical stage the radii
w ere not necessarily m easured at the ideal position.

W hereas, w ith the direct

m easurem ent of the stained coverslips diam eters w ere m easured at sites w here the
cell-free zone conformed to a circle.
The CSR values determ ined by the microscopic image (7.626 ± 1.044 mm;
n = 15) w ere significantly greater than those m easured directly from the stained
coverslip (6.866 ± 0.784 mm; n = 15; Student t-test:- p < 0.037) i.e. a systematic
overestim ate of about 11%.
Thus, from initial experiments it w as apparent that direct m easurem ent of the
clear central zone to determ ine the CSR w ould prove difficult d u e to the som ewhat
irregular outline of this zone.

In addition, it w as noted that some cells were

dislodged beyond the central clear zone. In m ultilayered cultures, cells appeared to
be detaching from underlying cells beyond the CSR.

A technique such as direct

m easurem ent which only estimates the CSR w ould not provide any information
about other factors such as cell-to-cell adhesion beyond the CSR.
alternative m ethod of analysis was investigated.

As a result, an

Facilities for the densitometric

analysis of dental radiographs w ere available and the system w as m odified to
m easure the intensity of staining on the glass-m ounted coverslip cultures.

2.3.3 D ensitom etric analysis
The term "tenebrosity" was defined as the degree of darkness (cf. luminosity)
produced by a stained m ultilayer of cells on an illum inated glass-m ounted stained
coverslip culture (Figure 6).
The tenebrosity analysis of the stained coverslips was investigated using
Giemsa stain or haematoxylin and eosin (R.A. Lamb) staining together with various
coloured filters, bu t the level of contrast in the video image w as inadequate for
satisfactory analysis.

The contrast was im proved by scanning a black an d white

photographic negative produced from the stained glass-m ounted coverslip.
The illum inated photographic negative produced a reversed im age of the glass-
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Figure 6 Schematic sequence of procedures an d calculations for
determ ining the critical shear radius (CSR) from sheared coverslip cultures.
Transm itted illumination indicated by arrows.
1. Stained glass coverslip culture; 2. Negative film; 3. Lum inosity values
for 32 (0.5 mm) annuli; 4. Relative lum inosity values calculated for 32
annuli, w here experimental luminosity value (x) is expressed as a
percentage of control luminosity value (y), annular zone I = 0 to 2.5 m m
radii, annular zone m = 10.5 to 13 m m radii, the relative lum inosity range
w as calculated from the difference betw een the m ean relative luminosities in
zone I and zone El; 5. CSR was calculated as the first positive increase in
relative lum inosity value equal to or greater than 8% of the relative
lum inosity range value.
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m ounted stained coverslip culture, as a result, the delineation of stained cells was
represented by the transparency of the negative film (Figure 6). Thus, the lum inosity
value of the photographic negative was analagous to the tenebrosity value of the
glass-m ounted stained coverslip culture.

2.3.3.1 Photography
It w as essential to generate the m axim um contrast profiles in the 35 m m black
and w hite photographic negative of the stained coverslips and to ensure that the
conditions w ere reproduced on each occasion.
Several param eters in different combinations w ere investigated, including the
com parison of reflected and transm itted illumination of the stained coverslips,
different films (Pan F, Ilford; Safety film 5060, Kodak), variation in camera stops and
exposure times, different developers (Acutol, Paterson Products Ltd; D76, Kodak) and
developm ent times, and the use of filters.
Initially, visual assessments of the video im age indicated that there w as no
difference between the m ode of illumination and that underexposure w as preferable
to the exposure value indicated by a light meter.
These findings were confirmed w hen the films w ere assessed in term s of
percentage contrast which was calculated from the lum inosity range of the video
image, by the formula: 2 x (dj - d 2) x 100 + (dx + d2) w here dj an d d 2 represent the
m axim um and m inim um lum inosity values respectively.
W hen the percentage contrast of the various combinations of conditions were
com pared it w as apparent that the developm ent tim e w as the m ost significant factor,
in

that the

percentage contrast was

increased by

15-20%

w ith

prolonged

developm ent.
As a result of these investigations the following standardised photographic
procedure was established.

Glass slides w ere num bered an d photographed on a

slide duplicator (Bowens Illumitron, Keith Johnson & Pelling Ltd) fitted w ith a
N ikon FM camera body and a Rodenstock lens. The negatives w ere produced from
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Kodak safety film (5060) using a green filter at f l l stop w ith the transm itted light
flash u nit adjusted to minimal intensity.

The overhead reflected light flash was

disconnected, the magnification pointer adjusted to 14 m m above the 2:3 reduction
m ark and the shutter speed set at 1/60 second.
The films w ere developed in Kodak developer (D 76) for 45 m inutes at 70°C/
a tim e correction was applied for any variation in tem perature.

2.3.3.2 The densitom etric apparatus
The negative film was m ounted in a 35 m m film Illum inator (Phototec) and
scanned by a TV camera (Hitachi, CCTV M odel KP-120U) an d the image viewed
on a TV monitor. A standardised focal distance was m aintained using an extension
ring (13 mm) fitted to the TV camera, the aperture (f 2 or f 1.4) w as set to maximise
the percentage contrast of the video image (see section 2.3.3.1).
aperture setting

was

found

to influence the percentage

The TV camera

contrast value by

approxim ately 4%. The lum inosity values for the pixels for each fram e w ere stored
in a com puter (D.E.C. PDP11-44).

2.3.3.3 The com puter program m e
Analysis was by a special program m e which perm itted three reference points
to be m arked using a joystick control to delineate the circumference of the coverslip
and from this the total surface area for m easuring the intensity of staining was
defined.

The m ean lum inosity per pixel was calculated for scans of annuli at

incremental radii of 0.8 m m giving a total of 20 readings p er coverslip. Com puter
generated hard copies of the lum inosity values a t increasing radii expressed as a
histogram (Figure 7) w ere studied to determ ine a standard m ethod of calculating the
CSR which com pared closely w ith that m easured w ith a ruler from the stained
coverslip.

A num ber of m ethods w ere considered, including:

(a) the CSR value

represented by the intersection of the slope obtained from the values of the cells that
rem ained attached to the coverslip w ith a horizontal line coincident w ith the values
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Figure 7 Photograph of a sheared stained coverslip culture and the

computer-generated hard copy histogram of the luminosity values of
the negative image (tenebrosity) measured for 20 annuli at incremental
radii of 0.8 mm from the centre.
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w here the cells had detached.

It w as considered that the peripheral cell density

m ight also be calculated from the integral lum inosity equivalent to the area outlined
by the slope and the horizontal line.

Accurate positioning of the slope w here

increm ental lum inosity values represented the attached cells proved unsatisfactory.
A nother m ethod (b) based on the CSR represented by a point w here the lum inosity
value w as significantly greater than the total value obtained by the addition of the
preceding m ean values, i.e., w here the cells h ad detached, w as also abandoned as
impracticable.

A third m ethod

(c) w ith the CSR represented by the point of

m axim um increm ent in luminosity, w here increments of lum inosity w ere plotted
against the radius of the coverslip, was also rejected. As well as being impracticable,
neither m ethod (b) or (c) provided any inform ation concerning the cells that
rem ained attached beyond the CSR.
The lum inosity values of the negative w ere dependent on the intensity of
staining, and this in turn was dependent on the num ber of cells attached to the
coverslip.

Despite efforts to standardise all stages of preparation the range of

lum inosity values recorded varied between experiments thus direct com parison of the
lum inosity values betw een experiments w ould have been invalid. Experim ents w ere
planned to investigate m ultilayered cultures at different inoculation densities. It was
concluded that the data described previously w ould not perm it direct com parison
betw een experiments w hen com paring peripheral densities (see section 2.6).

2.3.3.4 Relative lum inosity
The com puter program m e was modified to express the lum inosity values as
a percentage of the equivalent control values w hich w ere determ ined from a
coverslip culture which had been subjected to all the m anipulations except the flow
conditions in the chamber. In addition, to im prove the spatial resolution of the CSR
the num ber of annuli was increased by using incremental radii of 0.5 mm, giving
a total of 32 readings per coverslip (Figure 8).

The m ean lum inosity value was

expressed as a percentage of the control value for the equivalent annulus which

Figure 8 Photograph of a sheared stained coverslip culture and the

computer-generated hard copy histogram of the relative luminosity
values of the negative image (tenebrosity) measured for 32 annuli at
incremental radii of 0.5 mm from the centre.
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perm itted direct comparison between experiments. Com parison of control coverslip
cultures from different experiments show ed insignificant differences between
increments of lum inosity for radii betw een 0-14 m m confirming the validity of the
procedure adopted.

2.3.4 C alculation of the CSR
Com puter-generated m ean relative lum inosity values derived in this w ay and
expressed as histogram s and tabulated data w ere evaluated using three thresholding
m ethods of calculating the CSR.

These m ethods w ere com pared w ith the values

obtained by direct m easurem ent of the stained coverslips using a ruler to assess the
CSR.
The first m ethod defined the CSR as coincident w ith the radius w here the first
five u n it increase of relative luminosity occurred: this 5 unit value was equivalent
to a 10% increase on the lum inosity scale. This m ethod produced a poor correlation
betw een the calculated and m easured values. For convenience of description in the
text specific annular areas of the coverslip cultures are referred to by Roman
num erals I-IV (see Figure 9).

These annular zones are bounded by circles at the

following radii: I = zero to 2.5 mm, II = 9.5 to 10.5 mm, HI = 10.5 to 13 m m and
IV = 13.5 to 14.5 mm.
The other m ethods evaluated involved the calculation of the relative lum inosity
range from the data of each coverslip culture.

This was calculated from the

difference of the m ean of the relative luminosity for annular zone in (i.e., the area
of the coverslip w here the m axim um num ber of cells rem ained) and the m ean
relative lum inosity for annular zone I (i.e. the area of the coverslip w here the cells
had detached).
CSR.

A threshold value of 8% of this range was used to calculate the

The radius coincident w ith the threshold an d the radius immediately

peripheral to it were com pared w ith the radius m easured directly from the stained
coverslip (Table 4). W hilst the m ethod w hich calculated the CSR as equivalent to
the first positive increase equal to or greater than the 8% threshold value resulted
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Annular Zones
Radii (mm)

Internal

External

0.0

2.5

111

9.5
10.5

10.5
13.0

IV

13.5

14.5
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Figure 9 Schematic hemisectional outline of a circular coverslip showing
the four specific annular zones described in the text. In sheared samples
the zones correspond to: I = cell-free central zone; II and HI = zones where
the shearing force is insufficient to detach cells from the substratum (i.e.
peripheral to the CSR); and IV = intact zone of the multilayer.

Ill

in a greater proportion of values which were the same as the equivalent CSR values
m easured directly, the m ethod produced a greater proportion of values which
underestim ated the equivalent CSR values. Conversely, the m ethod which calculated
the CSR as the radius after the first positive increase of the threshold value resulted
in a greater proportion which overestimated the CSR. However, the second m ethod
gave a larger proportion of CSR values within 0.25 mm of the visual estimate (see
Table 4).
Thus, the m ethod by which the CSR was calculated as the radius after the first
positive increase in relative luminosity equal to or greater than the threshold value
(i.e. 8 % of the difference of the mean relative luminosity for annular zone ID and
the mean relative luminosity of annular zone I) was used in calculating the results
described in section 3.

2.4

D eterm ination of the kinem atic viscosity of the shearing fluid
(serum-free MEM)
In order to calculate the force operating at the CSR it is necessary to know the

viscosity of the shearing fluid. The kinematic viscosity for serum-free MEM (SFM)
was determ ined at different tem peratures using a Cannon-Fenske viscometer, Type
B S/1P/C F, size 25, with a calibration constant of 0.001746 (Baird & Tatlock (London)
Ltd) according to the m ethod described in British Standard 188 (1957).

2.4.1 Viscosity apparatus and m ethod
The Cannon-Fenske viscometer is designed to pass an accurately reproducible
volume of liquid through a capillary by the application of a reproducible force. This
force is provided by the pressure of the hydrostatic head due to different liquid
surface levels in the viscometer.

The time taken for a given volume of liquid to

flow through the capillary is proportional to the ratio of dynam ic viscosity to
density. This ratio is by definition the kinematic viscosity of the liquid. Accurate
time-of-flow measurem ent (within 0 .2 %) is essential in the use of the viscometer.
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The viscometer and all glassware in contact w ith SFM was cleaned w ith
chromic acid for at least one hour at room tem perature, thoroughly rinsed with
distilled water, then acetone, and dried w ith air filtered through cotton wool in a
nylon mesh.

Precautions were taken to exclude dust from the apparatus and

sam pling glassware.
The viscometer was placed in the reservoir of the shearing apparatus (figure
2b) using the same tem perature regulation as described in section 2.1.3.

The

tem perature control accuracy of this apparatus (± 0.75°C) did not conform to that
advised by the British Standard (i.e. ± 0.01°C). Samples of SFM filtered through a
0 .2

(xm pore diam eter Gelman Acrodisc were equilibrated at room tem perature for

prim ing the viscometer.
2

The viscometer (Figure 10) was prim ed by inverting tube

into the sample and applying suction to tube 1 until the sam ple was draw n

beyond line F.

The viscometer was w ithdraw n from the sam ple and the SFM

allowed to drain until its meniscus was level with line F. The viscometer was thus
charged w ith a fixed volume (approximately 6 ml) at a know n tem perature which
was recorded.

The viscometer was returned to an upright position and placed in

the reservoir so that tubes 1 and 2 were aligned vertically w ith reference to two
plumb-lines at right angles.

In addition, the sample head was sited below the

surface of the reservoir water. The w ater tem perature of the reservoir was allowed
to equilibrate for one hour at 37°C or 4°C and air bubbles excluded before
m easurem ent of flow times. The procedure was as follows: suction was applied to
tube 2 of the viscometer until the sample was draw n 5 m m beyond line E and the
time in seconds was recorded for the meniscus of the sam ple to pass from line E to
line F. The procedure was repeated five times at 37°C and four times at 4°C on two
separate occasions.

The mean flow times in the tem perture ranges 35.5°C to 36°C

and 3.5°C to 4.25°C w ere 430 ± 1.9 (n = 10) and 955 ± 7.0 (n= 8 ) seconds respectively.
The marginally elevated error range in the flow times com pared to that advised by
the British Standard (0.2%) was ascribed to the w ider tem perature control range of
the reservoir water.
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Figure 10

The Cannon-Fenske viscometer showing tubes 1 and

etched-ringed lines F and E described in the text.
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2,

and

To convert the kinematic viscosity values to centipoise units (centipoise =
centistokes x density) the density of SFM was determ ined at th ree different
temperatures.
A 10 ml glass specific gravity bottle was cleaned as described previously,
w eighed empty and then filled with filtered SFM w hich had been allow ed to
equilibrate at either 10°C, 19°C or 35°C. Attempts to determ ine the density of SFM
at 4°C w ere abandoned as condensation on the exterior surface of the specific gravity
bottle complicated the weighing procedure at room tem perature.

H ow ever, when

the filled specific gravity bottle was cooled from 37°C to 4°C a n addition of
approximately 0.1 m l SFM was required to restore the original volume. Therefore,
a volumetric change of less than 1% occurred when SFM was cooled from 37°C to
4°C.

This volumetric change value was analagous to the 0.7% density change of

SFM determ ined by w eight in the 35°C to 10°C tem perature range.

2.4.2 Calculation of viscosity values for serum-free MEM (SFM)
The kinematic viscosity value in centistoke units w as calculated using the
equation v = Ct w here v = kinematic viscosity; C = viscometer constant 0.001746;
t = time of flow in seconds.

The negligible correction for kinetic energy of efflux

was not applied in calculating the kinematic viscosity.

The kinematic viscosity for

SFM as determ ined with the Cannon-Fenske viscometer at 36°C an d 4°C was 0.751
and 1.667 centistokes respectively.

The density (gem-3) of SFM as determ ined by

weight at 35°C, 19°C and 10°C was 1.00069, 1.00574 and 1.0077 respectively. These
values plus those for distilled w ater at 4°C to 38°C obtained from tables
plotted as a density versus tem perature graph (Figure 1 1 ).

were

Assum ing that the

density to tem perature relationship of SFM corresponds to that of distilled water, the
density of SFM for tem peratures of 36°C and 4°C was estim ated by extrapolation.
The density values (genv3) for SFM at 36°C and 4°C w ere estim ated as 1.0002 and
1.0084 respectively.

From this, the dynamic viscosity values for SFM in centipoise

units (centistokes x density) at 36°C and 4°C w ere calculated as 0.75115 and 1.68100
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Figure 11 Density (gem-3) versus Temperature (°C) plot of serum-free
Eagle's m inim um essential m edium (SFM) and distilled w ater (dH 20).
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respectively. These values are in reasonable agreem ent with the viscosity of 0.00815
poise at 25°C of a similar grow th m edium determ ined by Neiders and Weiss (1972).
The viscosity values for w ater are approximately linearly related to tem perature over
the ranges used during experiments.
dem onstrate this characteristic.

It was assum ed that SFM w ould also

Thus the 0.75115 centipoise value at 36°C was

corrected by 1 .6 % per °C and the 1.68100 centipoise value at 4°C was corrected by
4% per °C to calculate the value applicable to the m easured tem perature of each
experiment (Table 5).

2.5

Calculation of the m inim um distraction force (MDF)
The m inim um distraction force (MDF) is defined as the shearing force

operating at the CSR. The MDF (F) was calculated from the formula:
F = 3.Q.ja.K2 + 7t.r.H 2 where Q = flow rate (1 min'1); ji = viscosity (centipoise)
r = CSR (mm); and H = height between the coverslip and the cham ber top section
(mm).

To express the MDF in N m '2 (pascals) a unit conversion factor (K2) of 16.7

was employed.

2 .6

D erivatives to the m ethod of calculating the cell-separation index (<£>)
A lthough the shearing chamber was prim arily designed to m easure the MDF

of cell-to-substratum adhesion, it was anticipated that some characteristics of cell-tocell adhesion could be investigated under lam inar flow conditions.

Thus,

m ultilayered cultures of different inoculation densities w ere examined.
To investigate cell-to-cell adhesion it was necessary to ascertain the density of
the layer of cells that remained attached to the coverslip after the shearing force had
been applied, i.e. the density at radii peripheral to the CSR.

2.6.1 O ptical reference scale
In order to standardize the procedures between experiments a standard
reference scale on each 35 mm black and white negative film was employed based
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TABLE 5 The Dynamic Viscosity (p.) of serum -free MEM at different tem peratures

centipoise

Tem perature
°C

centipoise

3

1.74824

32

0.79922

3.5

1.71462

32.5

0.79321

4

1.681003

33

0.78720

4.5

1.64738

33.5

0.78119

5

1.61376

34

0.77518

5.5

1.58014

34.5

0.76917

6

1.54652

35

0.76316

6.5

1.51290

35.5

0.75715a

7

1.47928

36

0.75115

7.5

1.44566

36.5

0.74515

8

1.41204

37

0.73914

Tem perature
°C

a. These values w ere determ ined w ith the Cannon-Fenske viscom eter (centistokes)
and density (gem'3) estimation, (Centipoise units = centistokes x density). O ther
values w ere calculated by correcting the determ ined 4°C and 36°C values by 4% per
°C and 1 .6 % per °C respectively.
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on the m ethod used for the comparison of alveolar bone densities from dental
radiographs (Duckworth et a l, 1983).

A comparable system, employing a stepped

wedge, was adapted with a 35 mm black and white negative film as follows: an
alum inium stepped wedge w ith 21 increments of thickness used for testing the
efficiency of X-ray equipment was X-rayed (Model R5, W atsons & Sons (E.M.) Ltd)
using 30 x 24 cm regular screened X-ray film (Kodak) at different kV, mA settings
and exposure times. The radiograph selected for optim um resolution was taken at
60 kV, 50 mA setting w ith an exposure time of 0.8 seconds.

A 35 m m black and

w hite negative film slide was produced of the radiographic image which gave a
reference scale of 15 visible bands.
W henever a black and white negative film of the coverslip cultures was
produced the reference scale slide was also photographed with the slide duplicator
(section 2.3.3.1) using a green filter, f ll stop, the magnification pointer adjusted to
the 2:3 reduction mark, maximum illumination, and the shutter speed set at 1/60
second.

Each 35 mm black and white negative film included 4 to 6 frames of the

reference scale.

The diminished resolution of the optical reference scale resulting

from the preparation of each black and white negative film led to a reduction of the
15 bands apparent on the radiograph to 9 bands on the optical reference scale slide
and 7 bands distinguishable in the video image of the film.
To confirm that discrepancies between the recorded lum inosity values of
different negative films were not due to the densitometric analysis equipment, a
neutral density filter was substituted for the negative in the film illuminator.

The

discrepancy of luminosity values recorded within 0.5 m m annuli zero to 16mm radii
was less than 3%.

In addition, sheared trypsin-treated coverslip cultures resulting

in total cell detachm ent and subsequently processed for densitometric analysis
(section 2.3.3) dem onstrated a discrepancy of less than 2% in recorded luminosity
values w ithin 0.5mm annuli of zero to 13mm radii.

Therefore, in the absence of

cells, the error margin in recorded luminosity values due to the procedures for the
preparation of coverslip cultures and their densitometric analysis was shown to be
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less the 3%.
To test for reproducibility in both

the m ethod

of photography and

densitometric analysis the luminosity values of the video image of the selected bands
of the optical reference scale were com pared within the same negative film (intrafilm
comparison) and between different films (interfilm comparison).
Seven bands of the optical reference scale video image were examined, bands
1&2, 4&5 and 7 represented high, mid- and low range luminosity values respectively.
The m ean (±SD) intrafilm coefficients of variation (n= 6 ) for high, mid- and low range
luminosity values were 1.35 (±1.27), 2.55 (±1.76) and 3.63 (±1.22) respectively.
The interfilm coefficient of variation for high, mid- and low luminosity range
values were 5.19, 4.15 and 8.20 (n=9) respectively.
The lum inosity values of the experimental data described in section 3 extended
between the high and mid- luminosity range described above.

The equivalent

comparison of the experimental luminosity values determ ined from the densitometric
analysis of the same negative film frame on different occasions generated coefficients
of variation as 6.28 (n= 6 ) and 2.37 (n=4).
Hence, it was concluded that the error m argin of the lum inosity values due
to the methodology was less than 7% over the luminosity range employed.

2.6.2 Estim ation of the peripheral cell density
The reference scale was useful to assess standard conditions with respect to
the presentation of the coverslip culture video image prior to analysis. For example,
w hen a significant difference between lum inosity values of different negative films
was noted the reference scale video images were com pared to check w hether the
photographic procedures were responsible.

It was concluded that the variation in

lum inosity values was not due to the photographic procedures but produced by
biological factors such as discrepancies in inoculation density and differences in
proliferation rates of the cultures. This variation between experiments was confirmed
by subjective assessment of the stained control coverslip cultures of different
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inoculation densitites. The staining of cultures inoculated at 106 cells ml '1 appeared
similar to those inoculated at 5 x 10s cells ml'1. However, the staining intensity of
cultures inoculated at 2.5 x 10s cells ml '1 appeared lighter com pared to those cultures
inoculated at 5 x 10s and 106 cells ml'1.
As explained in section 2.3.4 specified areas of the coverslip were designated
as annular zones I-IV as shown in Figure 9.

W hen the average luminosity values

of these zones w ere compared, additional discrepancies in the data were apparent.
For example, w hen the mean luminosity values for annular zones I, II and HI of
control coverslip cultures were compared {Table 6 ), the values tended to increase
w ith decreasing inoculation density i.e., contrary to expectation. The transposition
can be at least partially explained by the m ethod of densitometric analysis since the
range of luminosity values of the video image was maximised by adjusting the
aperture of the TV camera.

The majority of the negatives of those coverslips

inoculated w ith 106 cells ml'1 were analysed with the TV camera aperture set at stop
f2, whereas the negatives of coverslips inoculated w ith 2.5 x 10s cells ml '1 were
analysed at stop fl.4.

Since increasing the TV camera aperture by a stop doubles

the brightness of the image, a two-fold increase in the luminosity values at low cell
densities was registered.
This was confirmed by measuring the m aximum and m inim um luminosity
values of the same negative frame at TV camera aperture stops f2 and fl.4 of sheared
coverslip cultures which had been inoculated at 2.5x10s cells ml'1.

There was no

significant difference between the m axim um to m inim um lum inosity ratios which
were calculated as less than 1.45% (n= 8 ). Direct comparison of luminosity data from
separate experiments was not practicable, consequently procedures for generating
relative luminosity data, i.e. luminosity values expressed as a percentage of the
equivalent control culture luminosity value (Figure 6 ), which w ould perm it interexperimental comparisons, were investigated.
The data studied were obtained from coverslip cultures inoculated at different
cell densities which had been sheared at approximately 0.75 1 m in '1 for 10 minutes
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at 37°C.

The mean relative luminosity values w ere calculated for specific annular

zones of the coverslip.
A nnular zones II and m represented areas of the m ultilayer w hich were
subjected to a shearing force insufficient to detach cells from the substratum (i.e.,
peripheral to the CSR). A nnular zone I represents the area of the coverslip w here
no cells remain attached (i.e., central to the CSR) and annular zone IV represents an
intact area of the multilayer since cells in this zone were assum ed to be external to
the influence of the shearing force, being located in the peripheral trough area of the
shearing chamber.
To test for significant differences the m ean values of these areas were
com pared for coverslip cultures inoculated at different cell densities (Table 7).
Comparison of the m ean relative luminosity values for annular zones El
show ed no signficant difference for decreasing inoculation cell density (Table 7).
Similarly comparison of the ratios relating areas of cells that rem ained attached after
shearing (annular zone II) to cell-free areas (annular zone I) and intact multilayer
areas (annular zone IV) dem onstrated no significant differences (Table 7).
Theoretically, should cell-to-cell adhesion be weaker than cell-to-substratum
adhesion, then the greater the num ber of cells available in the m ultilayer the greater
the num ber of detached cells, i.e., the relative luminosity values should increase w ith
decreasing inoculation density.
W hen the luminosity data of individual control coverslip cultures were studied
it w as noted that the values decreased with increasing radii in the majority of
coverslips. This feature was not apparent in the data for sheared coverslip cultures.
Theoretically, the luminosity value per 0.5mm annulus should be the same
irrespective of the radius in the control coverslip cultures. Therefore, expressing the
data for sheared coverslip cultures as units of relative luminosity (i.e. as a percentage
of the control value in the equivalent annulus) introduced a possible indeterminable
error in the calculation of data to estimate the peripheral density of cells in sheared
coverslip cultures.
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2.6.3 The cell-separation index (O)
The subjective assessment of some sheared coverslip cultures dem onstrated
obvious differences in the proportion of cells that had been detached from the
coverslip.

As a result, the validity of optical density data was investigated to

determ ine quantitively such differences in the peripheral density of cells.
Optical density is defined as the common logarithm of opacity w here opacity
is the reciprocal of transparency. The transparency of a layer of material is defined
as the ratio of the intensity of the transm itted light (It) to that of the incident light
(Ij). Thus opacity = Ij + It.
To determ ine the opacity of annular zone II from the photographic negative
of sheared glass-mounted coverslip cultures, the Ij value was taken as the mean
lum inosity value for annular zone I (Lum. zone I) i.e. the m inim um recorded
lum inosity value w here no cells remained attached to the coverslip. This value was
equivalent to the minim um tenebrosity value of the stained glass-mounted sheared
coverslip cultures (Figure 12). The It value was taken as the mean luminosity value
for annular zone II (Lum. zone II) which was equivalent to the m axim um tenebrosity
value of the stained glass-mounted sheared coverslip culture (Figure 1 2 ).

Thus

opacity of annular zone II = x Lum. zone I + x Lum. zone II and optical density
(ODexp) for annular zone II = log 10 (x Lum. zone I + x Lum. zone II).
The optical density for the equivalent unsheared control coverslip culture
(ODcon) was calculated for annular zone II using the Ij value of the equivalent
sheared coverslip culture (i.e. x Lum. zone I, where no cells rem ained attached) as
the m ultilayer of cells was intact in control cultures.
The relative optical density (RD10) at annular zone II for sheared coverslip
cultures was expressed as the ratio of ODcon to ODexp. The RD 10 value represents
the proportion of cells that remain attached to the coverslip of a multilayer after a
shear force equivalent to that acting at a radius 10 mm from the centre of the
shearing chamber.
The proportion of cells removed from annular zone II after shearing was
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Figure 12 Schematic sequence of procedures and calculations for
determ ining the cell-separation index (O) from sheared coverslip cultures.
Transmitted illumination indicated by arrows;
1.
2.

3.

4.
5.
6.
7.

Stained glass coverslip culture;
Negative film;
Mean luminosity values (x Lum) are calculated for annular zones I
(0 to 2.5 mm) and II (9.5 to 10.5 mm). The mean luminosity of the
experimental zone I is a measure of the intensity of incident light (Ij)
and the m ean luminosity of zone II that of transm itted light in
experimental cultures (It) and that in control cultures (It con);
Opacity of zone II for experimental cultures = Ij + It and control
cultures = Ij + \ con;
Optical density (OD) = log10. Opacity, therefore OD exp = log10.
Ii It and ODron = log10. Ij \ con;
Relative optical density for annular zone II (RDi0) = ODexp -j- ODcon;
Cell separation index (O) represents the proportion of cells removed
from annular zone II per unit shear force at a 10 m m radius (F) and
calculated from the formula (1 - RDtoXF1.
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calculated from the formula 1-RD10. To allow for the variation in recorded flow rates
and tem perature, the shear force acting at 10 mm radius was calculated using the
formula described in section 2.5 and the 1-RD10 value expressed per u n it of shear
force (pascals). The (l-R D ^-P 1 value represents the cell-separation index (<3» and was
defined as the proportion of cells removed in a defined area (annular zone II) per
unit shear force (Figure 1 2 ).
The relative optical density (RD10) and cell-separation index (O) w ere calculated
for coverslip cultures inoculated at 2.5x10s cells ml'1 and sheared at 4°C or 37°C. For
comparison, the RD 10 values and O indices were calculated for selected coverslip
cultures which had received pre-shearing treatm ent with either concanavalin A (con
A) or trypsin (Table 8 ).
The cultures treated with con A (50, 140 fig ml'1) gave RD10 values greater than
one, i.e. no cells w ere detached, which was consistent w ith the visual assessment.
The corresponding negative values for the <E> index were recorded as zero in the
results (section 3.4).
The RD10 values calculated for cultures treated w ith trypsin ranged from zero
(i.e. no cells rem ained attached to the coverslip) to 0.39. These RD 10 values indicate
that the effect of trypsin is dose dependent (Table 8 ), which was consistent with the
visual assessment. The equivalent O index range calculated for these cultures was
0.30-0.50 (Table 8 ), where 0.50 represents the maximum O value for cultures sheared
at 4°C as the force operating at radius 10 mm was approximately 2 pascals.
The RD 10 value calculated for untreated sheared coverslip cultures at 4°C and
37°C was 0.76 ± 0.23 and 0.60 ± 0.19 respectively (Table 8 ).

These values are

interm ediate to those calculated for cultures treated w ith con A and trypsin which
was consistent w ith the visual assessment. The equivalent O indices of 0.12 ± 0.11
and 0.44 ± 0.20 for untreated cultures sheared at 4°C and 37°C respectively also
represented an interm ediate range com pared with the pre-treated cultures.
It was concluded that, within the experimental limits employed, the m ethod
described for calculating the RD 10 value represented a valid quantitative measurem ent
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TABLE 8 Comparison of relative optical density data for annular zone II (RD10)a and the calculated cell separation index (0)b from
untreated and treated (concanavalin A (con A), trypsin) sheared coverslip cultures which resulted in obvious visual differences.
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of the peripheral density of cells, and hence the O index represented a valid
assessment of cell-to-cell adhesion when multilayer cultures were subjected to a
shearing force.
N o correction was m ade for the thickness of the m ultilayer as this effect was
assum ed to be negligible, a reduction in H (H = height between coverslip and the
cham ber top section) of 10 pm increases the calculated shear by 0 .0 2 pascal at a
radius of 10 m m i.e., approximately a 3% error.

2.7

A gents em ployed in adhesion experim ents
Trypsin solutions (Hopkins and Williams Ltd) were prepared from a 5% stock

solution m ade u p in glucose-Ringer solution, the pH adjusted to 7.4 and the
resulting solution filter sterilised using Millipore filters (Millipore (UK) Ltd) with a
pore size of 0.22 pm.

Some coverslip cultures were exposed to 2 ml of trypsin

solution for 5 m in at various concentrations ranging from 50-5000 pg ml'1 in MEM
at either 4°C or 37°C prior to exposure to shearing at 4°C or 37°C in the chamber.
Concanavalin A (Con A, Pharmacia Fine Chemicals) was prepared at various
concentrations ranging from 11-400 pg ml'1 in MEM.

Coverslip cultures were

exposed to 2 m l of the con A solution for approximately 30 min at 37°C prior to
exposure to shearing at 4°C or 37°C.

O ther con A-treated coverslip cultures were

exposed to a 0.05M mannose solution (a-methyl-D-mannopyranoside, (Koch-Light
Laboratories Ltd) in MEM at 37°C for 35 to 50 min or to 2 ml of 5 x 103 pg ml'1
trypsin in MEM for 5 min at 37°C prior to exposure to shearing at 37°C in the
chamber.
Colchicine (B.D.H. Ltd and Sigma Chemical Co. Ltd) was prepared at various
concentrations ranging from 60-600 pg ml'1 in MEM. Coverslip cultures w ere exposed
to 2 ml of the colchicine solution for periods ranging from 60 to 200 m in at 37°C
prior to

exposure to shearing at 37°C.

Some colchicine-treated (107-600 pg m l1)

coverslip cultures were exposed to 2 ml of a 50 pg m l '1 trypsin solution for 5 min
at 4°C or 37°C prior to exposure to shearing at 37°C. For tw o coverslip cultures the
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trypsin treatm ent preceeded exposure to colchicine at the same concentrations and
tem peratures described above.

2.8

Estim ation of trypsin activity
The activity of trypsin was investigated using the m ethod described by Preiser

et al. (1975), which consists of a spectrophotometric assay for the release of the
chromogen from the synthetic substrate sodium-benzoyl-D-arginine-p-nitroanilide
(BAPNA, Sigma Chemical Co. Ltd).

The rate of hydrolysis is indicated by the

absorbance of released p-nitroaniline.
Because of the interference by absorbance of phenol red (the pH indicator
contained in MEM) the estimations were m ade in solutions of PBSA.
The substrate (BAPNA) was prepared as a 5 mg ml'1 suspension in

acetone

and added (50 j l l I aliquots) to the test system in a 3 m l spectrophotom eter cuvette
to a final concentration of 83 pg ml'1.

The assay was carried out using a

spectrophotom eter (Model SP 820, Pye Unicam) to m onitor the extinction of the
incubation mixture at 395 nm (the maximum absorption wavelength of p-nitroaniline
in PBSA) as a function of time using a calibrated chart recorder (Model CR 650S, JJ
Lloyd Instrum ents Ltd).

2.8.1 The influence of tem perature on trypsin activity
Trypsin hydrolysis of BAPNA which was commenced at room tem perature (3
to 4 minutes) and subsequently continued at 37°C for 6 to 8 m inutes dem onstrated
that the rate of hydrolysis (8.57 units, where one unit = AE395 min '1 x 10'2) was not
influenced by the tem perature over the range 20°C to 37°C.

However, w hen the

initial phase of hydrolysis at 20°C was followed by 6 to 7 minutes at 4°C there was
an observable reduction of 44% in the rate of hydrolysis.

Consequently for

subsequent incubations, solutions of trypsin, BAPNA, (final concentrations 416 and
83 pg m l '1 respectively) and PBSA were equilibrated at the tem perature to be
investigated prior to being dispensed in the cuvette. For all comparisons the initial
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velocities of hydrolysis were determ ined (see Table 9).
The initial rate of hydrolysis was reduced from 7.33 units at 20°C to 5.33 units
at 4°C i.e. a reduction of 27%.

2.8.2 The influence of concanavalin A (con A), protein (bovine serum albumin,
BSA) and colchicine on trypsin activity
As the hydrolysis rate of trypsin on BAPNA was unaffected by tem perature
in the range of 20°C to 37°C (section 2.8.1) experiments on the influence of con A,
BSA (fraction V, Sigma Chemical Co. Ltd) and colchicine (Sigma Chemical Co. Ltd)
were conducted at room tem perature (20°C).
The initial velocities of hydrolysis w ere com pared using trypsin (417 pg ml'1)
dispensed to the cuvette containing the agent to be tested and BAPNA (83pg ml*1).
Control incubations w ithout trypsin dem onstrated that none of the agents hydrolysed
the substrate. However, colchicine (72 pg ml'1) was found to absorb light at 395 nm
and it was necessary to adjust the scale baseline prior to the addition of trypsin.
Con A (47 pg ml'1) reduced the initital rate of hydrolysis of BAPNA to 3.66 units
com pared w ith the control value of 7.33 units. Similarly, BSA (47 pg ml'1) reduced
the rate of hydrolysis to 3.80 units (see Table 9). The addition of m annose did not
influence the inhibitory effect of con A or BSA.

The concentration dependence of

the inhibition was consistent with the effect of con A and BSA acting as alternative
substrates to BAPNA for trypsin degradation.
The addition of colchicine did not reduce the initial velocity of hydrolysis of
BAPNA (see Table 9).
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TABLE 9 Effect of tem perature, concanavalin A (con A), protein (bovine serum
album in (BSA)) and colchicine on trypsin activity.

A gent

Concn of
agent

Rate of hydrolysis of substrate
(BAPNA, 83 pgm l'1)

(pgml'1)

Initial velocity
4°C

( A ^ min^xlO'2)
20°C

Control

-

Con A

47

3.66a

BSA

47

3.80a

Colchicine

72

5.33
(n = 2 )

7.33 ± 0.84
(n = 6 )

1 0 .0 0

Trypsin and agents were prepared in PBS; BAPNA was prepared in acetone;
Concentration of trypsin = 416 pg ml'1; a. = the addition of mannose
(3 x 10 pg ml'1) d id not influence the rate of hydrolysis; n - num ber of observations.
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3

EXPERIMENTS AND RESULTS

3.1

O peration of the apparatus
In its final form the apparatus proved relatively sim ple to operate.

The

tem perature of the m edium within the apparatus was thermostatically controlled
w ithin the ranges of 34° to 37°C and 3° to 4.5°C. Experiments at 8 °C were conducted
w ith the copper coil immersed in a bath of melting ice in saline.
Flow rates were m aintained below 0.18 lmin '1 during the prim ing of the
chamber circuit. The maximum flow rate that was achieved in the chamber circuit
w ith the pum p operating and the mechanical flow control valve fully open was 0.91
lm in 1. Since this flow rate caused some vibration, the m axim um flow rate during
the experiments was regulated to approximately 0.75 lmin '1 w ith both the reservoir
and the chamber return circuits open. Variation of the head of m edium held in the
reservoir, and hence the gravity feed, had no discernible influence on the pre
determ ined flow rate set for the chamber circuit when the p um p was operational.
A limitation of the technique is that relatively large volumes of m edium
(approximately 1.5 1) are required to prim e the reservoir which m ight prove
expensive and difficult for the investigation of agents that are only available in small
quantities.

Experiments were conducted on groups of 5 to 6 coverslip cultures

w ithout replenishm ent of the shearing medium. As the m edium was recycled to the
reservoir an increased proportion of detached cells w ere suspended in the m edium
while the shear force was operational. This did not appear to influence the results
which was probably due to the filtration effect of the mesh in the bubble chamber
together with the dilution of the cell suspension in the reservoir.
The optics of the shearing chamber were satisfactory and it was possible to
view cells separating from the glass coverslip under flow conditions. Occasionally,
depending on atmospheric conditions, viewing was im paired by misting or
condensation on the shearing chamber.
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3.2

Observations on cell detachment under shearing conditions
The shearing chamber was prim ed w ith m edium under a controlled gravity

feed of 0.15 to 0.18 lmin'1, no cell detachm ent was observed under these conditions.
W hen the coverslip cultures were subjected to flow conditions it was apparent
that more cells detached with increasing flow rates. M any cells appeared to linger
prior to their separation from the coverslip, being held by a resistant filamentous
attachm ent which allowed the cell to undulate in the stream of the circulating
m edium . Other cells disappeared from view w ith rapid separation of the cell from
the coverslip surface.

A mode of detachm ent which w as observed in multilayer

cultures was the "rolled carpet effect", where a sheet of cells separated from the
underlying layer of cells (Figure 13).

This m ode of detachm ent was particularly

noticeable in 24 h cultures which had been seeded at a high cell density and in 7day old cultures. The use of 7-day cultures was discontinued as these cells tended
to be readily dislodged from the coverslip.
The mode of cell separation described previously w hen observing cell
m ultilayers subjected to a shearing force at 37°C was confirmed by the study of TV
video films which were recorded on two separate occasions.
W hen a force detaches a cell from a surface it is pertinent to know whether
detachm ent was the result of a ruptured cell membrane.

Should this occur, then

cell-to-substratum adhesion would be solely a function of the cell and possibly of
little relevance to cell-to-substratum adhesive strength.
In the present study detaching cells were observed (including TV video film)
to be intact irrespective of the mode of detachment.

Whilst the assessm ent of

detached cell viability was impractical, observation of cells which rem ained attached
to the coverslips after shearing, and subsequently incubated for periods u p to 3
hours, indicated normal viable cultures.
In addition, the routine microscopic inspection of all stained untreated sheared
coverslip cultures confirmed normal cell morphology for 1-221 cells.
Following a centrifugal distraction technique Hertl et al. (1984) observed normal
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RC

R D 10

CSR

Figure 13 Schematic outline indicating (a) control culture, and (b) cell
detachm ent of a m ultilayer culture in shearing cham ber.

D irection of shear

force indicated by the arrow (S); RC = detachm ent of superficial layer
giving rise to the rolled carpet effect; CSR = critical shear radius, a m easure
of cell-to-substratum detachm ent; RD ,0 = relative optical density at radius
10

mm.
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cell viability in both attached and detached cells, thus supporting the above
contention that the adhesion m easured reflects a cell-to-substratum property rather
than the cohesive property of the cell membrane.

They (op tit.) by electron

microscopic examination observed "footprints" on areas of the glass slide w here cells
h ad detached, similar to the substratum -attached material described by Rosen & Culp
(1977). The equivalent examination was not investigated in the present study.
A zone of turbulence was noted surrounding the entry port of the shearing
chamber, this turbulence disrupted the shear in the central area of the cham ber and
cells were often present in this zone (Figure 14).

U nder certain conditions (eg. in

the lower flow rate range) this resulted in a ring of attached cells surrounded by a
peripheral cell-free zone.

W hen this appearance was seen the central ring of

attached cells was ignored when calculating the CSR, i.e. the value was calculated
for the innerm ost radius where cells rem ained attached peripheral to any cell-free
zone.
In an attem pt to eliminate the central turbulence, the connections to the
shearing chamber (see section 2.1.4) were reversed, so that the shearing fluid entered
the cham ber via the six "exit" ports and drained via the central "entry" port. Whilst
this reverse flow pattern appeared to improve the problem of central turbulence, the
technique was abandoned as air bubbles which aggregated at the periphery of the
cham ber proved impossible to eliminate.

3.3

Cell-to-substratum adhesion determ ined by the m inim um distraction force
(MDF)
For each sheared coverslip culture the CSR was calculated from the

densitometric analysis data (section 2.3.3) and checked by direct m easurem ent for any
obvious discrepancy, such as turbulent zone irregularities (section 3.2).
The MDF was then calculated (section 2.5) using the CSR value and parameters
specific to the shearing conditions of the individual coverslip culture.
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Figure 14 Stained coverslip culture after shearing showing the distribution

of residual cells in the central zone resulting from turbulence at relatively
low flow rates (0.6 lmin"1).

Figure 15 Stained coverslip culture showing the distribution of cells after

shearing with phosphate buffered saline for 3 hours at a flow rate of
0.5 lmin'1.
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3.3.1 Influence of shearing tim e and inoculation density on the m inim um
distraction force (MDF)
Detachment of cells from the coverslip was not immediate and a m inim um
period of exposure to flow conditions was necessary for equilibration (approximately
5 min).

Serum was not included in the MEM used as the shearing m edium , as a

result the influence of depletion of nutrients over long periods of exposure to the
shear force m ight be expected to interfere w ith norm al cell-to-substratum adhesion.
However, it w as found that m any cells rem ained adherent following a 3h period of
exposure to phosphate buffered saline at a flow rate of 0.5 lmin '1 (Figure 15). The
time of exposure to shearing conditions had no significant effect on the MDF w hen
com paring exposure times of 5, 10 and 20 min (Table 10).
The MDF was not affected by the density of the culture (Table 10). Inoculation
densities below 2.5 x 10s cells ml'1 were not investigated as the concentration of
staining that w as achieved was insufficient to give adequate film contrast for
densitometric analysis.

3.3.2 Influence of flow rate on the m inim um distraction force (MDF)
The design of the apparatus restricted the range of flow rates which were
acceptable for the accurate determination of the CSR. Flow rates below 0.5 lmin '1
resulted in an irregular central zone of turbulence whilst flow rates above 0.8
lm in 1 caused vibration of the shearing chamber and the tubing.
The effect of variation in the flow rate on the MDF was investigated.

The

results are illustrated in a scatter plot (Figure 16). The calculated MDF was found
to increase w ith increasing flow rate, even w ithin the range of 0.5 to 0.9 lmin '1 and
for this reason attem pts were made to use a constant flow rate of approximately 0.75
lm in 1 for the majority of experiments. The m aintenance of the 1 m m gap between
the coverslip and the top section of the chamber throughout experiments is essential
for the accurate estimation of the MDF.

It was calculated that a difference of 0.2

mm in the chamber gap w ould influence the shear force operating at a given radius
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TABLE 10 The effect of shearing time and inoculation density on the minimum
distraction force (MDF).
MDF (pascals)
Inoculation density
(cells m l1)

Shearing Time (minutes)
5

106

5 x 10s
2.5 x 10s

10

1.30 ± 0.14Z
(n = 14)
1.04
(n = 2)

1.32 ± 0.112*
(n - 1 0 )

20

1.36 ± 0.1 l z
(n = 6 )

1.28 ± o.i6y
(n = 3)

1.36 ± 0.08y
(n = 6 )

-

24 hour coverslip cultures were inoculated with a 3ml cell suspension and sheared
w ith a flow rate of approxim ately 0.75 1 m in '1 at 37°C; M ean MDF (pascals) ± SD;
tt = num ber of observations; Student t-test:-Shearing tim e com parisons z. ms.,
Inoculation density com parisons y. n.s.
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Figure 16 Scatter plot show ing the effect of flow rate on the m inim um
distraction force (MDF). The regression line is described by
y = 0 .6 8 x + 0.78. Coefficient of correlation r = 0.46 (p < 0.025).
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by some 30% and this m ight account for the discrepancy in the MDF values at
different flow rates. The addition of the plastic insert to the bottom section of the
chamber minimised the flexing of the coverslip under hydrodynam ic pressure and
the use of the torque spanner for assembling the chamber was introduced to
standardize

the compression of the O-ring seals to establish the 1 m m gap.

The

technique proved reproducible in that no significant difference was noted when
calculating the MDF of cultures which were subjected to the same shear force under
identical conditions on different occasions (Table 10).
The zone of turbulence opposite the entry port of the chamber was similar to
that described by Fowler & McKay (1980). To avoid this turbulent zone, conditions
w ere adjusted so that the CSR was at least 2.5 mm. On the basis of the data it is
possible to calculate from linear regression analysis that the CSR (mm) is related to
the flow rate (Q) by the expression: CSR = 6.4Q + 2.5 which indicates that the
central entry effect due to turbulence is confined to an area 2.5 m m in radius. The
subtraction of 2.5 mm from the value of the CSR w ould have the effect of increasing
the estimated shear force by a factor of approxim ately 1.5.

However, since this

estimate is based on limited data no correction for the entry effect has been included
for the calculation of MDF.

3.3.3 Influence of tem perature on the m inim um distraction force (MDF)
W hen the m edium was m aintained at 4°C it was possible to view the
m ultilayer under shearing despite the poor visibility due to condensation on the
shearing chamber.

It was obvious that cells did not detach readily from the

coverslip, an observation consistent with the lower CSR value com pared to the
m ultilayer cultures sheared at 37°C. The rolled carpet effect was also noted with 4°
and 8 °C shearing but was not so evident as that at 37°C.
In multilayers m aintained at 4°C for approximately 20 min (including shearing
time) some cell rounding was observed but was not a significant feature of the
multilayer. Even in multilayers maintained at 4°C for an hour, rounded cells, whilst
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m ore apparent, were not a common feature.
Multilayers sheared at 8 °C dem onstrated features similar to those observed at
37°C.

The microscopic study of the stained coverslip cultures confirmed the

observations made during the m anipulation of the viable multilayers.
The MDF values for all cultures irrespective of inoculation density at 37°, 8 °
and 4°C were calculated to be 1.29 ± 0.11 (n=10), 2 .2 2 ± 0.08 (n=3) and 5.51 ± 0.94
(n=10) pascal respectively (Table 11).

The MDF w as found to increase fourfold at

4°C compared to 37°C (Figure 17a & b).

3.3.4 The effect of concanavalin A (con A) and con A + m annose on the m inim um
distraction force (MDF)
Enhanced adhesiveness engendered by treating cell cultures with concanavalin
A has previously been reported (Grinnell, 1973, 1978; Rees et a l, 1977).

To test

w hether the shearing chamber method was able to detect these changes in
adhesiveness at 37°C cultures were treated with con A prior to shearing.

When

these cultures were subjected to flow conditions it was apparent that few er cells
detached compared to untreated cultures. The cell detachm ent that did occur from
the central zone of the coverslip was not immediate (as was found with untreated
cultures) and the rolled carpet effect did not appear to extend to the periphery of
the coverslip.
Inspection of the stained coverslip cultures confirmed a reduced CSR value and
enhanced peripheral staining with con A-treatment, this appeared to be d u e to an
increased num ber of residual cells and cell aggregates at the periphery.

Thus the

influence of con A appeared to stabilise the multilayer cultures as well as increasing
the cell-to-substratum adhesion.
The effect of con A treatment on the MDF is sum m arised in Table 12.

The

results at 37°C dem onstrate an increase in MDF from 1.35 to about 3.3 pascals
for con A concentrations in the range of 11-110 jig m l '1 (Figure 18a & b).

At

140 figml'1 the MDF value was 3.66 pascals, but this m ay have been due to a shorter
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TABLE 11
(MDF).

The effect of shearing temperature on the minimum distraction force

MDF (pascals)
Inoculation density
(cells m l1)

Shearing Tem perature
37°C

106

5 x 10s

8 °C

± 0.082*
(n = 3)

1.23 ± 0.04z
(n = 3)

2 .2 2

1.27 ± 0.15
(n = 3)

2.5 x 10s

-

1.35 ± 0.09
(n = 4)

-

5.09 ± 1.10*
(n = 3)
5.05 ± 1.12
(n = 3)

-

1.05a
(n = 2 )

4°C

4.5a
(n = 2 )
6.19 ± 0.17
(n = 4)

24 hour coverslip cultures w ere inoculated w ith a 3ml cell suspension an d sheared
for 10 m in except a. = 5 min at a flow rate of approxim ately 0.75 1 m in'1; values at
37°C w ere recorded on the sam e occasions as the equivalent low tem perature values;
M ean MDF (pascals) ± SD w here indicated; n - num ber of observations;
Student t-test:-37°C to 8 °C com parison z. p < 0.007,
8 °C to 4°C com parison y. p < 0 .0 2 2 ,
37°C (1.288 ± 0.106, n = 10) to 4°C (5.514 ± 0.942, n = 10) com parison p < 0.0000402.
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Figure 17 Stained coverslip cultures showing the distribution of cells after

shearing for 10 min at 37°C and 4°C.
a.

Untreated cells after shearing at 37°C (calculated MDF = 1.35 Pa);

b.

Untreated cells after shearing at 4°C (calculated MDF = 6.43 Pa).
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period of shear. The action of con A is abolished at a concentration of 400 p g m l 1
which may be the result of saturation of the binding sites and the consequent failure
to cross-link cell surface components. The lowest con A concentration em ployed was
15 jig per 106 cells (i.e. 1.6 x 108 con A molecules per cell) which evidently is
sufficient to saturate all the sites that affect cell adhesion.
The con A effect was reversed w hen such cultures w ere subsequently treated
w ith m annose (Figure 18c and Table 12). The MDF of these cultures was sim ilar to
that of untreated cultures sheared at 37°C.
The influence of con A and low tem perature in cultures sheared at 4°C
appeared to be additive; the resulting MDF w as greater than 8.36 pascals (Table 12)
since no cells were detached peripheral to the turbulent zone.
The influence of treating cells with con A (50 (igm l1) prior to inoculating the
cultures was investigated.

These cultures failed to grow as normal multilayers.

W hen inspected after 24 hours incubation cell aggregates w ere noted in suspension.
It appeared that the influence of con A on cells in suspension w as preferentially to
enhance cell-to-cell adhesion rather than cell-to-substratum adhesion.

W hen these

cultures were sheared the sparse m ultilayer was rapidly detached from the coverslip.
M any of the cells had a rounded m orphology but a few cells w ith a typical epithelial
flattened profile rem ained adherent to the coverslip.

In addition, some cell

aggregates w ere noted and these appeared to oscillate u nder the shear force whilst
rem aining adherent to the coverslip via contacts from one or two cells.
The density of staining achieved w ith coverslip cultures treated w ith con A
prior to inoculation proved inadequate for densitom etric analysis.

3.3.5 The effect of colchicine on the minimum distraction force (MDF)
No obvious difference was observed either in the m ode of detachm ent or the
shearing force required w hen colchicine-treated cultures were com pared to equivalent
untreated cultures. Inspection of the stained coverslip cultures how ever revealed a
reduced CSR com pared to untreated cultures, b u t the difference appeared to be
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TABLE 12 The effect of concanavalin A (con A) and con A + m annose on the
m inim um distraction force (MDF).

Pre-shearing treatm ent at 37°C
First
Con A (30 min)

MDF (pascals)

Second
M annose
(9 x 103 pgm l'1)

Concentration
(p g m l1)

Time
(min)

U ntreated

NIL

Shearing Tem perature
37°C

1.35 ± 0.09a,c
(n = 4)
1.38b
(n = 2 )
3.66b
3.35a,c
3.31a,c
3.29°
1.59b
1.24c
1.59c

400
140
110

50
11

140
50
11

38
50
60

4°C

6.19 ± 0X7**
(n = 4)
-

> 8.36b
-

> 8 .2 0 b
-

24 hour coverslip cultures were inoculated w ith a 3ml cell suspension density 5 x
10s cells m l '1 except a. = 2.5 x 10s cells m l1; cultures w ere sheared for b. = 5 min
and c. = 10 min at approxim ately 0.75 1 m in 1; w here indicated, cultures were
exposed to 2 m l con A or mannose; M ean MDF (pascals) ± SD w here indicated; n
= num ber of observations.

147

Figure 18 Stained coverslip cultures after shearing showing modification of

cell adhesion with concanavalin A (con A).
a.

Untreated cells showing the effect of 10 min shearing (calculated
MDF = 1.44 Pa);

b.

Effect of exposure to con A (50 pg ml"1) for 30 min prior to 10 min
shearing (calculated MDF = 3.30 Pa);

c.

Effect of exposure to con A (50 pg m l1) for 30 min and subsequent
exposure to mannose (0.05M) for 50 min prior to 10 min shearing
(calculated MDF =1.25 Pa).
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independent of concentration.
The MDF of colchicine-treated cultures dem onstrated significant differences
w hen com pared to untreated sheared cultures.
colchicine

(n=4) p<0.01

(Table 13) and

Cultures treated w ith 120 p g ml'1

colchicine

treatm ent

irrespective

of

concentration (i.e. 60, 120, 600 pg ml'1 (n= 8 ) Student t-test:- p<0.0015) w ere
significantly different when com pared to the equivalent untreated cultures (n= 4 ).

3.3.6 The effect of trypsin on the m inim um distraction force (MDF)
Treatment of coverslip cultures w ith trypsin for 5 min at 4°C prior to shearing
did not result in obvious cell detachment, similar observations w ere m ad e w ith
cultures treated w ith low concentrations of trypsin at 37°C.
Cell rounding was observed in trypsin treated cultures un d er shearing
conditions and this appeared to be related to the trypsin concentration and shearing
tem perature. The clearance of cells from the centre of the coverslip appeared m ore
rapid com pared to untreated cultures, and the rolled carpet effect w as noted in all
cultures.

The CSR of trypsin-treated (50 pg m l '1 at 4°C) cultures appeared sim ilar

to that of untreated cultures w hen sheared at 37°C, but greater w hen sheared at 4°C.
The influence of trypsin treatm ent on the CSR of sheared cultures appeared to be
dose dependent.
The effect of trypsin on the MDF is sum m arised in Table 14.

Coverslip

cultures treated w ith trypsin and sheared at 37°C exhibited com plete cell detachm ent
as d id cultures treated w ith 5,000 pg m l '1 trypsin and sheared at 4°C. The m inim um
force operating w ithin the shearing cham ber at 37°C and 4°C w as calculated as 0.68
and 1.54 pascals respectively.
Treatment w ith 50 pg ml '1 trypsin at 37°C prior to shearing at 4°C reduced the
untreated 4°C MDF value (6.19 pascals) to 3.83 pascals (Table 14).

Incubation with

trypsin at 500 and 50 pg m l '1 at 4°C reduced the MDF at 4°C to betw een 3.22 - 3.91
pascals.
The rate of hydrolysis by trypsin of the chromogenic substrate (BAPNA) at 4°C
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TABLE 13 The effect of colchicine on the minimum distraction force (MDF).

Pre-shearing colchicine treatment at 37°C
Concn (pg ml"1)

U ntreated

MDF (pascals)
Shearing tem perature 37°C

Time (min)

1.17 ± 0.04z
(n = 4)

-

60

145, 160

1.39
(n = 2 )

120

175-190

1.38 ± 0.09z
(n = 4)

600

190, 200

1.30
(n = 2 )

U ntreateda,b
1Q7a,b

-

1.30 ± 0.05
(n = 3)

65

1.49

24 hour coverslip cultures were inoculated with a 3ml cell suspension density 106
cells m l "1 except a. = 2.5 x 10s cells m l1; cultures were exposed to 2ml colchicine;
sheared for 5 min except b. = 10 min; Mean MDF (pascals) ± SD where indicated;
n = num ber of observations; Student t-test:-Untreated to colchicine treated (120 jig
ml"1) comparison z. p < 0 .0 1 .
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TABLE 14 The effect of trypsin on the minimum distraction force (MDF).
Pre-shearing trypsin treatm ent
Concn (pg m l1)

MDF (pascals)
Shearing tem perature

Tem perature (°C)

U ntreated
500
50

37
37

5000
500
50

4
4
4

37°C

4°C

1.34 ± 0.08z
(n = 5)

6.19 ± 0.10
(n = 4)

-

Clear 3
3.83

1.29 ± 0.12Z
(n = 4)

Clear 3
3.22
3.91
(n = 2 )

.

1.10

24 hour coverslip cultures were inoculated with a 3ml cell suspension density 2.5 x
10s cells ml'1; w here indicated cultures w ere exposed to 2ml trypsin for 5 min;
cultures w ere sheared for 10 min at approxim ately 0.75 1 m in 1; a. = 1.54 pascals i.e.
calculated force at the boundary of the shearing cham ber at 4°C; M ean MDF (pascals)
± SD w here indicated; n = num ber of observations; Student t-test:-Untreated to
trypsin treated (50 pg m l '1 at 4°C) com parison z. n.s.
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w as found to be reduced by a factor of approxim ately two (Section 2.8.1.) i.e.
equivalent to halving of the enzyme activity.

The m inim um am ount of enzyme

employed in the treatm ent of cells was 13 |xg per 10s cells. Since 500 pg ml '1 trypsin
at 37°C abolishes cell adhesion tested at 37°C, it was surprising to find that
trypsinisation w ith the same concentration of enzyme at 4°C resulted in a residual
adhesion of 1.10 pascals at 37°C (Table 14).

3.3.6.1 The effect of trypsin in association with colchicine and concanavalin A
(con A) on the minimum distraction force (MDF)
Observation of colchicine-trypsin treated coverslip cultures under shear at 37°C
or 4°C indicated a reduction in cell detachment when com pared to cultures treated
only w ith trypsin.

Similar, but less m arked effects were noted w hen comparing

colchicine-trypsin treated cultures to untreated cultures.

Unlike the m ode of cell

detachm ent in untreated cultures, the cells that detached in colchicine-trypsin cultures
appeared to be predom inantly rounded, although, such m orphology w as not a
significant feature when these cultures were inspected after treatment.

The rolled

carpet effect was noted in all cultures subjected to shearing conditions.
Examination of the stained colchicine-trypsin treated coverslip cultures revealed
reduced CSR values compared to trypsin-treated and untreated cultures.
The effect of colchicine-trypsin treatm ent on the MDF is sum m arised in Table
15. Pre-treatment with colchicine increased the MDF at 37°C and this effect was not
abolished by trypsin (50 pg m l1) and was independent of the sequence of treatments.
Thus, pre- and post-treatment with trypsin either at 4°C or at 37°C was ineffective
in reducing the adhesion of the cells under shear at 37°C w hen treated with
colchicine.

Similarly, post-treatm ent with trypsin at 4°C resulted in an increased

MDF (7.46 pascals) under shear at 4°C after treatm ent with colchicine when
com pared to untreated cultures (Table 15).

Investigation of the effect of colchicine

on trypsin activity showed that it does not inhibit the enzyme (Section 2.8.2).
Pre-treatment with con A (50 pg m l1) stabilised the adhesion at 37°C (MDF =
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1.35 pascals) of cells treated with trypsin (5000 |xg ml'1) at 37°C (Table 15).

This

effect is not the result of inhibition of trypsin by con A; investigation of the action
of trypsin showed that the enzyme degrades unbound con A at the same rate as
bovine serum album in (Section 2.8.2).

3.4

Cell-to-cell adhesion determ ined by the cell-separation index (O)
The 'rolled carpet' effect w hen multilayer cultures were sheared was consistent

w ith the hypothesis that vertical cell-to-cell adhesion is w eaker than cell-tosubstratum adhesion.

W hat is observed is that a sheet of cells separates from the

underlying layer of cells (Figure 13) to the boundary of the chamber. This separation
occurred rapidly and was shown to be independent of the shearing time (5, 10 and
20

min) in cultures inoculated with 106 cells ml'1, where no significant difference was

calculated for the O index. Similarly, no significant difference was calculated for the
O indices of cultures inoculated with 106 cells ml'1 and sheared for 5 m in in the
flow rate range 0.35 to 0.77 lmin'1.
The O indices were calculated (Section 2.6.3) for all sheared coverslip cultures
to ascertain w hether those conditions which had been investigated for their influence
on cell-to-substratum adhesion (MDF) had a similar effect on the cell-to-cell adhesion
(O).

3.4.1 R elationship betw een the cell-to-substratum adhesion and the
cell-separation index (O)
The critical shear radius (CSR) was variable and depended on the shearing
conditions i.e. flow-rate and temperature. Consequently, cell-to-substratum adhesion
(MDF) was calculated at different radii of the coverslip, whereas cell-to-cell adhesion
(RD10 and O values) was assessed in a specific area (annular zone II) of the coverslip
irrespective of the shearing conditions. To test w hether the radius at which all cells
w ere detached from the coverslip (CSR) influenced the stability of the adjacent
superficial layer(s) to the shearing force and hence the relative optical density (RD10)
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and <D index, alternative relative optical density values (R D c ^ ) and indices (<X>csr+3)
w ere calculated for a 1m m annulus sited 3mm peripheral to the CSR of the sheared
coverslip.
For coverslip cultures inoculated at different cell densities and sheared at 37°C
the annular zone of 1 m m radius equivalent to the CSR range (6.25 - 7.75mm radii)
plus 3mm (CSR+3) was proximate to annular zone II (9.5 to 10.5mm radii) assessed
for the RD 10 values and O indices. Thus, RD csr+3 values i.e. the proportion of cells
rem aining attached to the coverslip dem onstrated no significant difference from the
RD 10 values (Table 16).

The shear force operating in these annular zones is

approxim ately the same, hence, no significant difference was dem onstrated between
the

O csr+3 and O indices (Table 16).
In contrast, for similar cultures sheared at 4°C, the annular zone II (9.5 to

10.5mm radii) was different, being peripheral to the annular zone for CSR+3mm
radius (CSR range 3.25 - 5.25 mm radii). As a result, the shear forces operating in
these zones (F10, Fcsr^) were significantly different p<0.032 and p < 0.005 (Table 16).
However, the cell-separation indices O and Ocsr+3 calculated for these zones
dem onstrated no significant difference (Table 16). This indicated a difference in the
proportion of cells remaining attached to the coverslip between the annuli of annular
zone II and CSR+3mm as the O index is the product of the relative optical density
(RD) x Force.
W hilst the RD 10 and RD CSR+3 values at 4°C for inoculation densities of 106 and
2.5 x 10s cells m l 1 dem onstrated no statistically significant difference, it was
concluded that within the limits of experimental error inherent in the m ethod
employed, the variability of the CSR range (6.25 to 7.75mm radii at 37°C and 3.25
to 5.25 m m radii at 4°C) did not influence the cell-separation index.
From this it can be concluded that the detachm ent of cells from the coverslip
(cell-to-substratum adhesion) does not influence the stability of cell-to-cell adhesion
of the adjacent superficial layer(s) in cultures subjected to a shearing force.
The observation that the cell-separation indices calculated at different radii of
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Mean ± SD values; Student t-test:-F10 and FCSR+3 comparisons, z. p < 0.032, y. p < 0.005; O and <$CSR+3 comparisons x. n.s.

peripheral to the critical
TABLE 16 Comparison of the cell-separation index (O)3 to an index (OcsR+3)b calculated for an annular zone 3mm
shear radius (CSR).
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QJ

the coverslip (O and <£<^3) exhibited no significant difference w hen cultures were
sheared under similar conditions provides further evidence of the validity of the
m ethod used to assess cell-to-cell adhesion (see Section 2.6.3).

3.4.2 The effect of inoculation density on the cell-separation index (<X>)
The 'rolled carpet 7 effect was noted in all coverslip cultures inoculated at
different

cell densities

when

sheared

under

(Figure 13).

similar conditions

Comparison of cultures inoculated at high and low cell density (106 cf. 2.5 x 10s cells
ml'1) were expected to dem onstrate a significant difference in the proportion of cells
rem oved (i.e. the O index).

Subjective visual assessment of the stained sheared

coverslip cultures indicated that a greater proportion of cells w ere detached in those
cultures inoculated at 106 cells ml '1 compared to 2.5 x 10s cells m l1.
comparison of the RD 10 values and

However,

indices for cultures inoculated at different cell

densities (2.5x10s, 5x10s and 106 cells ml'1) dem onstrated no significant difference
(Table 17).
As discussed in sections 2 .6.2 and 2.6.3 the validity of the <I> index was
dependent on the accurate assessment of the proportion of cells that remained
attached to the sheared coverslip. To test the methodology, a hypothesis was tested
which proposed that a significant difference w ould be detected in either the
proportion of cells that remained attached or the proportion of detached cells in
sheared m ultilayer cultures inoculated w ith different cell densities.
W hen no significant difference irrespective to the m ethods employed to
calculate the index was found, the validity of the index was in doubt.

The

hypothesis assum ed that 24 hour multilayer cultures inoculated at different cell
densities w ould be significantly different. Hence, the possibility that this assum ption
could be erroneous was considered.
1-221

cells are anchorage dependent, i.e. sufficient substratum surface area must

be available for normal growth kinetics within 24 hours of culture.
1-221

Confluency of

cells on a plastic surface is achieved at a density of 1 .2 x 10 s cells cm'2.
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Cultures inoculated at 106 cells ml'1 are equivalent to a cell density of 3.73x10s
cells cm'2, therefore a ratio of x3 confluency was achieved at inoculation with little
or no expected grow th during the subsequent 24 hours. The same conclusion could
be applied to cultures inoculated at 5x10s cells ml'1 as this is equivalent to x l .6
confluency.
However, cultures inoculated at 2.5x10s cells ml'1 are equivalent to a confluency
ratio of 0.78, hence normal growth kinetics could be expected in the subsequent 24
hours.

A possible doubling of this population may be assum ed i.e. to x l .6

confluency, thus cultures inoculated at 2.5x10s and 5x10s cells m l 1 could appear to
have a similar cell density at 24 hours.
In addition, the distribution of cells at inoculation w ould be random , therefore,
the num ber of cells within each layer w ould be different w ith the cell-to-substratum
layer probably being the most densely populated.
W hen no significant difference was dem onstrated between the tenebrosity
values (proportional to cell density) of control 24 hour coverslip cultures inoculated
at different cell densities, it was concluded that the hypothesis was invalid.

As a

result, cultures w ith obvious visual differences of cell density (Table 8 ) were used
to test the validity of the index and this proved satisfactory within experimental
limits.

3.4.3 The effect of tem perature on the cell-separation index (O)
The 'rolled carpet' effect was observed w hen all m ultilayer cultures were
sheared.

This phenom enon was independent of the inoculation density and the

shearing tem perature 4°, 8 ° and 37°C. However, the detachm ent at 4°C and 8 °C did
not appear to be as rapid as that which occurred w hen sim ilar cultures were sheared
at 37°C.
The <t> indices calculated for multilayer cultures inoculated at 106 cells ml '1 and
sheared at 4°C and 8 °C dem onstrated no significant difference (Table 18). Similar O
values were calculated for cultures inoculated at different cell densities (106, 5x10s
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The effect of temperature on the cell-separation
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and 2.5x10s cells ml'1) and sheared at 4°C (Table 18).
A significant difference was apparent for the 0 index calculated at 37°C when
com pared to that at 4°C and 8 °C for cultures inoculated at 106 cells ml'1 where p <
0.0097 and p < 0.0084 respectively (Table 18).

However, comparison of the RD a0

values (i.e. the proportion of cells rem aining attached to the coverslip after shearing)
dem onstrated no significant difference (Table 18, Figure 19b & d).

Therefore, a

sim ilar proportion of cells were sheared from the multilayers at 4°, 8 ° and 37°C.
The O index was defined as the proportion of sheared cells per unit force (pascals),
and because the force operating within annular zone II of the shearing chamber at
4°C was approximately twice that which operated at 37°C the equivalent <X> indices
w ere significantly different.
Whilst a 4°C shearing tem perature resulted in a three to four fold increase in
cell-to-substratum adhesion (Section 3.3.3), a similar effect was not apparent with cellto-cell adhesion as indicated by the proportion of cells that rem ained attached to
the coverslip (Figure 19).

3.4.4 The effect of concanavalin A (con A) and con A + mannose on the cellseparation index (<X>)
Inspection of sheared and control cultures treated w ith con A indicated an
enhanced intensity of staining when compared to untreated cultures (Figure 20c &
d cf. a & b).

The RD 10 value and hence the O index is calculated from the

lum inosity of a photographic negative (Section 2.6.3) and to eliminate the influence
of a con A-enhanced staining in this calculation, RD 10 values of sheared con Atreated cultures were expressed relative to con A-treated unsheared controls instead
of untreated unsheared controls.
The 'rolled carpet7 effect was not observed when con A-treated multilayer
cultures were sheared and inspection of the stained coverslip cultures suggested an
intact multilayer beyond the CSR (Figure 20).

This observed effect was confirmed

w ith the calculation of the O indices for con A-treated sheared coverslip cultures

161

Figure 19 Quadrants of stained coverslip cultures inoculation density 106
cells ml'1 showing the distribution of cells before and after shearing at 37°C
and 4°C.
a.

Control culture at 37°C;

b.

Cells after 10 min shearing at 37°C, calculated MDF = 1.39 Pa,
RD10 = 0.57 and

index = 0.46;

c.

Control culture at 4°C;

d.

Cells after 10 min shearing at 4°C,calculated MDF
RD10 = 0.77 and

index = 0.13.

162

=5.57 Pa,

Figure 20 Quadrants of stained coverslip cultures inoculation density

5 x 10s cell m l1 showing the distribution of untreated and concanavalin A
(con A)-treated cells before and after shearing at 37°C.
a.

Untreated control culture;

b.

Untreated cells after 10 min shearing, calculated MDF = 1.18 Pa,
RD10 = 0.51 and O index = 0.54;

c.

110 jig con A-treated control culture;

d.

140 jig con A-treated cells after 5 min shearing, calculated
MDF = 3.66 Pa, RD,0 = 0.91 and O index = 0.10.

163

which are sum m arised in Table 19.
The O index values of zero indicated an intact m ultilayer of cells in annular
zone II except w hen treated with a low concentration (1 1 pg ml'1) of con A.
The action of con A on the MDF (section 3.3.4) was abolished at a
concentration of 400 pg ml'1. However, the influence of this concentration on the <D
index was m aintained as the multilayer appeared intact (Table 19, Figure 21).
The influence of con A on the <E> index was reversed w hen such cultures were
subsequently treated with mannose (Table 19). The O indices of these cultures were
similar to those of untreated cultures sheared at 4° an d 37°C respectively.
The influence of con A (110 pg ml'1) and low tem perature appeared to be
additive in that <X> = zero w hen sheared at 4°C com pared to <E> = 0.10 w hen sheared
at 37°C (Table 19).

3.4.5 The effect of colchicine on the cell-separation index (O)
The 'rolled carpet' effect was observed w hen colchicine-treated coverslip
cultures were sheared and appeared similar to that in equivalent untreated cultures.
The effect of colchicine on the calculated O indices is sum m arised in Table 20 and
confirmed no significant difference between colchicine-treated and untreated sheared
coverslip cultures.

3.4.6 The effect of trypsin on the cell-separation index «D)
All cells w ere detached from coverslip cultures treated with 50 pg ml '1 trypsin
for 5 minutes at 37°C and 5,000 pg ml '1 trypsin at 4°C and then sheared at 37°C and
4°C respectively.

Hence, when the proportion of cells remaining attached to the

coverslip (RD10) is zero the m axim um O index is approxim ately 1.00 at 37°C
0.50 at 4°C.

and

However, when som e cultures w ere treated w ith trypsin at 4°C and

subsequently sheared at 37° or 4°C, the 'rolled carpet' effect was observed together
w ith cells that remained attached to the coverslip w ithin annular zone II. The effect
of trypsin on the cell-separation index is sum m arised in Table 21.
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24 hour coverslip cultures were inoculated with a 3 ml cell suspension density 5 x 10s cells ml *1 except a. = 2.5 x 10s cells ml*1; cultures
were sheared for 5 min except b. = 10 min at approximately 0.75 1 min*1; where indicated cultures were exposed to 2ml con A o r/a n d
mannose; Mean O ± SD where indicated; n = number of observations.

TABLE 19

S

Figure 21

Quadrants of stained coverslip cultures inoculation density

5 x 10s cells ml*1 showing the distribution of concanavalin A (con A)-treated
cells before and after 5 min shearing at 37°C.
a.

110 pg con A-treated control culture;

b.

140 pg con A-treated cells after shearing,calculated MDF = 3.66

Pa,

RD 10 = 0.91 and O index = 0.10;

c.

400 pg con A-treated control culture;

d.

400 pg con A-treated cells after shearing calculated MDF = 1.36Pa,
RD 10 = 1.13 and

index = 0.00.
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The effect of colchicine on the cell-separation

index (<I>).
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The results indicated that the effect of trypsin is dose dependent, in that the
proportion of cells that remained attached to the coverslip (RD10) was greater in
those cultures treated w ith the lower concentration of trypsin (Table 21).
However, cultures treated with 500 pg ml'1 trypsin at 4°C and sheared at 4°C
together with those treated with 50 pg ml'1 trypsin at 4°C and sheared at 37°C or
4°C, dem onstrated no significant difference in their RD10 values (and hence <Dindices)
w hen com pared to the equivalent untreated sheared cultures (Table 21).
The influence of trypsin on cell-to-cell adhesion (O index) appeared to be
similar to that on cell-to-substratum adhesion (MDF, section 3.3.6).

3.4.6.1 The effect of trypsin in association w ith colchicine and
concanavalin A (con A) on the cell-separation index (O)
W ith one exception, the 'rolled carpet' effect was observed in all colchicinetrypsin treated coverslip cultures sheared at 37°C and 4°C. There appeared to be a
reduction in the proportion of cells detached under shearing conditions when
colchicine-trypsin treated cultures were compared to cultures treated only with
trypsin. A similar effect was noted when such cultures w ere com pared to untreated
sheared cultures at 37°C.
The effect of combined colchicine-trypsin treatm ent on the O

index is

sum m arised in Table 22. Pre- and post-treatment with colchicine of trypsin-treated
cultures appeared to inhibit the influence of trypsin on the O index w hen sheared
at 37°C.

Moreover, in these cultures, with the exception of two observations (low

dose colchicine at 107 pg ml'1), the O indices were found to be less than those for
the equivalent untreated sheared cultures at 37°C (Table 22). As indicated in section
2.8.2, colchicine did not inhibit trypsin activity.
There was no difference in the effect of colchicine-trypsin treatm ent on the <3>
index w hen cultures were sheared at 4°C when com pared to cultures treated only
w ith trypsin or untreated cultures sheared at 4°C (Table 22).
Pre-treatment of cultures with con A (50 pg ml'1) stabilised the m ultilayer from
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O
CN

CN

total removal associated w ith 5,000 jig m l1 trypsin treatm ent at 37°C and shearing
at 37°C (Table 22).

As indicated in section 2.8.2, the effect is not the result of the

inhibition of trypsin activity by con A.
The influence of trypsin on the con A-treated sheared culture at 37°C which
resulted in O = 0.35 was similar to the O index calculated when equivalent con Atreated cultures were subsequently treated with mannose w here <3> = 0.34 (Table 19).
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4

DISCUSSION

4.1

M ode of cell detachm ent
W hen cultures were subjected to flow conditions in the apparatus it was

possible to observe cell detachm ent under a shearing force. In m ultilayer cultures,
the initial separation of an upper sheet of cells from an underlying adherent layer
of cells was observed.

This bore a resemblance to rolling u p a carpet and was

dubbed the "rolled carpet effect". Subsequently, some cells detached suddenly from
the substratum whilst others, having been displaced, rem ained loosely adherent to
the coverslip for several seconds.

These cells detached from the coverslip by a

"peeling" process, frequently being temporarily retained by peripheral filamentous
attachm ents prior to final separation.

Perhaps such sites are m ore adhesive than

others of the cell, which w ould be consistent with the predom inance of focal contacts
observed in the leading lamella necessary for the traction required in translocating
cells (Abercrombie et ah, 1977). These modes of cell separation are similar to those
described by Taylor (1970); Doroszewski et al. (1977); Groves (1980) and Francis et
ah (1987).
The "rolled carpet effect" was similar to the mode of detachm ent observed
w hen trypsinising confluent cultures.

This effect appeared to be due to the

preferential detachm ent of the upper layers of the cultures. This suggests that cellto-cell and cell-to-substratum adhesion contributes differentially to the adhesive
stability of multilayer cultures. In multilayered cultures we m ay distinguish between
three types of adhesive contact: cell contacts which are vertically orientated with
respect to the direction of shear (i.e. from the "dorsal" and "ventral" surfaces of the
cell) which participate in cell-to-substratum (Type Iv) or cell-to-cell adhesion (Type
IP) an d those which are orientated horizontally (i.e. from the "lateral" surface of the
cell) w hich participate only in cell-to-cell contacts (Type IIH, Figure 22).
The "rolled carpet" mode of detachment extended to the periphery of the
coverslip leaving an intact (i.e. undetached) layer of cells beyond the CSR.

This

phenom enon can be explained if the Type IIV cell-to-cell adhesion is weaker than the
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Figure 22 Schematic outline of adhesive cell contacts in a m ultilayer
culture.

Direction of distracting shear force (horizontal) and tensile force

(perpendicular) is indicated by arrow s m arked S and T respectively.
C ell-to-substratum and cell-to-cell contacts which are vertically orientated
w ith respect to the direction of shear are represented as Type Iv and
Type IIV contacts respectively; cell-to-cell contacts orientated horizontally are
represented as Type IIH contacts.
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Type Iv cell-to-substratum adhesion.
W hen subjected to the shearing force the m ode of cell detachm ent from the
substratum appeared to have the following sequence. The cells present a flattened
profile to the shearing force with their long axes parallel to the surface of the
substratum .

The distraction force severed the cell-to-substratum Type Iv adhesion

which resulted in the cells pivoting on their residual Type IIH cell-to-cell contacts.
The cells were then presented to the shearing force w ith their long axes
perpendicular to the substratum surface.

Subsequently, the shearing force severed

the now vertically orientated Type IIH cell-to-cell adhesions resulting in cell
separation and removal in the shearing medium.

The sensitivity of the cell-to-cell

adhesions to orientation in the shearing fluid suggests that the apparent relative
strength of the Type IIH contacts is merely a reflection of the shear vector.

This

w ould also explain the detachment of the superficial layer of cells as an intact sheet.

4.2

M easurem ent of cell-to-substratum adhesion
The m easurem ent of established cell-to-substratum adhesion by a cell-distraction

technique necessitates the application of a force until detachm ent occurs, the force
applied at that moment being considered equal and opposite to the adhesive force
holding the cell in place (Nordin et a l, 1967).

However, consideration of the

methodology is essential for the comparison of data.
Adhesion of cells to a substratum is achieved via num erous adhesive molecular
interactions which can be regarded as orientated perpendicularly from the lower
(ventral) surface of the cell (Figure 22).
In principle, cells can be detached by a tensile (perpendicular) force which
needs to overcome the sum of the individual sites of adhesion simultaneously, or by
a shearing force which cleaves between the cell and substratum severing sequentially
small groups or even individual sites of adhesion (Figure 22).

Clearly, the forces

required for cell detachm ent are quite distinct and comparisons cannot readily be
made.
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Cell-to-substratum adhesion is the result of the stages of cell attachm ent and
cell spreading (primary and secondary adhesion).

These stages are precursors of

proliferation in anchorage-dependant cells (Vogler & Bussian, 1987).
The nature of the adhesion m ust be transient to perm it cell translocation.
H owever, limited information is available on the longevity of individual sites of
adhesion. Although the appearance of defined focal adhesions are a relatively late
event in the cell spreading phase which occurs within the first hour of cell
attachm ent (Grinnell, 1984), observations on the formation of focal contacts during
fibroblast movement have dem onstrated that focal contacts form w ithin 15 to 180
seconds and possess a life-span of 10 to 40 m inutes (Izzard & Lochner, 1980). The
longevity of focal contacts in stationary cells in confluent cultures has been reported
to be u p to 30 m inutes (Lochner & Izzard, 1973).

Francis et al. (1987) observed

changing patterns of cell contact areas during the application of a tensile distraction
force which suggests that cell-to-substratum contacts may generally have a relatively
short life-span.

Thus, it is likely that during a 10 m inute shearing period of a

m ultilayered culture at 37°C some part of the detachm ent of cells will be the result
of a loss of established adhesive sites whilst new sites are given little opportunity
to form.
For the measurem ent of cell-to-substratum adhesion on a quantitative basis,
Corry & Defendi (1981) stressed the importance of the period of time over which the
distraction force operates (what they term the Impulse).

In the present study,

cultures were exposed to the shearing force for sufficiently long periods for
equilibration to occur.

No significant differences in MDF values were found for

shearing periods of 5, 10 and 20 minutes.

In addition, unlike the constant force

m ethod of Corry & Defendi (op cit.) when cultures were exposed to flow conditions
the distraction force decreased linearly across the chamber.
For the majority of experiments cultures were exposed to flow conditions for
10 minutes. Longer periods of shearing were considered inappropriate as serum was
not included in the MEM used as the shearing m edium, consequently the depletion
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of essential nutrients or grow th factors might be expected to interfere with normal
cell-to-substratum adhesion.

Grinnell (1976) reported that w hilst serum had an

inhibitory effect on the initial attachment phase (within 30 mins) of BHK cells to
plastic it was an essential requirement for cell spreading and subsequent growth.
Fibronectin, a serum protein (Yamada & Olden, 1978) has been identified as being
of particular relevance to the adhesion of cells to solid substrata (Grinnell & Feld,
1981).
A monolayer comprised of isolated cells w ithout cell-to-cell contacts w ould
provide the ideal system to study cell-to-substratum adhesion. Unfortunately, with
the present system cultures inoculated with less that 2.5 x 10s cells ml'1 proved
difficult to assess by densitometry.

However, when the influence of higher

inoculation densities was investigated this was found to have no significant effect on
the calculated MDF.
To test the sensitivity of the parallel-plate shearing system in detecting changes
in adhesiveness cultures were treated w ith concanavalin A (con A). Adhesion can
be enhanced by treating cell cultures with concanavalin A (Grinnell, 1973; Rees et al.,
1977) a lectin which binds mannosyl residues.

The MDF of treated cultures was

found to be significantly increased (3.40 pascals) w hen com pared to untreated
cultures (1.35 pascals), and this enhanced adhesiveness was reversed by mannose
(9 x 103 pg ml'1) treatment.
The use of shearing force distraction techniques to m easure cell-to-substratum
adhesion has inherent limitations, in that local forces are generated which in turn
depend in cell thickness together with cell deform ation w hen subjected to the
detaching force.

However, the results dem onstrate that the radial flow chamber

principle is applicable to the measurem ent of established cell-to-substratum adhesion
of cultured mammalian cells.
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4.3

Com parison of cell adhesion m easurem ents obtained w ith the m iniaturised
parallel-plate shearing apparatus w ith other p ublished data
For the purpose of this discussion, only those techniques using a mechanically

generated distraction force are compared.

M easurements of cell-to-substratum

adhesive strength obtained from multiple (monolayer and m ultilayer cultures) and
single

cell values are

compared, w hether

those

obtained

from

single cell

m easurem ents are truly representative of the cell population m ust be speculative.
The measurements reported in this thesis were m ade using a shearing force.
The m ean MDF values of 1.04-1.36 pascals (Table 10) for the detachm ent of 1-221
cells is comparable to the values obtained by Weiss (1961) also using a shearing
m ethod.

He calculated that the force required to detach rat skin fibroblasts under

a shearing force at 20°C was 0.73 pascals.

However, not all the fibroblasts were

detached by exposure to this force and, together w ith the evidence that epithelial
cells dem onstrate greater adhesiveness than fibroblasts (Taylor, 1970), suggest that
their data are consistent with those presented here for epithelial cells. Also, Neiders
& Weiss (1972) reported that a force of 1.92 pascals was required to detach over 50%
of Ehrlich ascites carcinoma cells cultured on flat surfaces of tooth slices w hen
subjected to shearing for 2 min at 25°C.
W hilst the present study was in progress Crouch et al. (1985) reported
m easurem ents of the critical shear force (cf. MDF) causing the detachm ent of cells
from a glass surface using the commercially avaibable LH Fowler Cell adhesion
m easurem ent module. Their results should, therefore, be directly comparable to the
data described in sections 3.3.1 to 3.3.3 of this thesis.
Three fibroblastic-type cells were investigated by Crouch et al. (op tit.) Cultures
w ere inoculated at a similar density of cells as described in section 2.2.3 (cf. 106 cells
ml'1) and incubated for 24 hours before exposure to shearing. The m ean equivalent
MDF value was 4.89 pascals i.e. approximately twice the MDF value for 1-221 cells
calculated in the present study. This difference may be explained by the nature of
the shearing fluid, since Crouch et al (op tit.) used MEM supplem ented w ith 10%
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new born calf serum during the 30 m inute shearing period.

In the present study,

w hilst cells were cultured under similar conditions the shearing fluid was serumfree (SFM).

Enhanced cell-to-substratum adhesion is observed in the presence of

serum (Grinnell, 1976), and Crouch et al. (op cit.) reported a twofold decrease in
shear sensitivity (i.e. equivalent to an increased MDF value) for the attachment of
BHK cells to glass in the presence of 10% serum com pared to serum-free conditions,
but the influence of serum in the shearing fluid on detachm ent of established cellto-substratum adhesion was not measured.
A lthough Crouch et al (op cit.) do not report the tem perature range during the
period of shearing in their experiments, the quoted shearing fluid viscosity value of
1.2 centipose indicates that the experiments were conducted at room temperature.
In the light of the results presented in this thesis on the effect of tem perature the
higher values of cell-to-substratum adhesion found by Crouch et al. (op cit.) may be
partially explained by this factor.
The comparison of the data obtained in the present study w ith other published
data is difficult; the techniques described use different shearing forces or the
param eters m easured are not sufficiently detailed to calculate an equivalent MDF
value (see Table 23).
The shearing techniques of Coman (1944); Taylor (1970) and Doroszewski et
al. (1977) describe similar qualitative features concerning cell detachm ent to those
reported in the present study but quantitative comparisons of the detaching force are
not possible.
Distraction techniques in which the cell detachm ent is achieved by a tensile
force operating perpendicularly to the attachment surface i.e. at right angles to a
shearing force (see Figure 22) are summarised in Table 24.
Fletcher et al. (1979) and Brastins et al. (1980) describe the "Williams blister test"
for m easuring epithelial cell adhesion to various rigid materials including glass,
epithelial and fibroblast adhesion to plastic, cementum, dentine and enamel have also
been described. They m easured differences of perpendicular positive air pressure
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(units of cm water) required to debond samples of rigid materials from an
established cell monolayer cultured on a polystyrene surface. However, the num ber
of cells participating in the cell-to-sample surface adhesion is not reported and the
fact that the cells have established a cell-to-substratum adhesion (to the polystyrene
dish) prior to the application of the test specimens is not discussed.
Theoretically, given that the positive pressure is applied via a 0.457 mm
aperture to glass and plastic discs of surface area 1.0 cm2 and 1.78 cm2 respectively
it should be possible to convert their measurements to pascals (Nm'2).

It is

regrettable that the paper quoting the hydrostatic pressures necessary to debond cells
from these materials omits the dimensions of the manometer, which renders
impossible the calculation of the detaching force in pascal units.
In contrast to the m ethod described by Brastins et al. (op cit.), Francis et al.
(1987) reported the use of hydrostatic suction applied to a single cell to separate
established cell-to-substratum adhesion.

Moreover, the detaching force was related

to the cell surface contact area observed by interference reflection microscopy. These
authors indicated that the net detaching force was equal to the sum of (a) the
hydrostatic pressure acting over the area of contact and (b) m em brane tension.
The mean detaching force required to separate red blood cells from a
hydrophilic surface (glass) was calculated as 1.2xlO'9N acting over a contact area of
0.3 pm 2 which is approximately equivalent to 4x103 pascals. A similar calculation for
the detachm ent of amoebea from a hydrophobic glass surface gives a value of 5.1 xlO3
pascals.

Thus, the values calculated by Francis et al. (op cit.) are 3 orders of

m agnitude greater than the MDF values quoted in section 3.3.
Corry & Defendi (1981) described the centrifugal force necessary to detach
m acrophages and erythrocytes from a glass surface. The glass coverslips were sited
in the centrifuge so that the centrifugal force w as directed at right angles to the cell
monolayer, as a result, a perpendicular tensile force operated to detach the cells from
the substratum .
They (op cit.) reported that when m acrophage monolayers were exposed to a
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constant force of 5.6x1 O'3 dynes the percent of cells detaching increased linearly with
the m agnitude of the impulse (force x time). Their assum ed m acrophage mass value
(5x1 O'11 g) for the above calculation appears an underestim ate w hen com pared to
other published data (e.g. Bell, 1978). The equivalent detaching force in pascal units
using the lymphocyte mass value (3x1 O'10 g) quoted by Bell (op cit.) and the surface
contact area calculated by Hertl et al. (1984) is approximately 4.4xl03 pascals (Table
24). Corry & Defendi (op cit.) quoted 30 jxdyne cell'1 for the detachm ent of hum an
erythrocytes from glass, the equivalent value in pascal units (using the erythrocyte
contact surface area value of 0.3 Jim2 m easured by Francis et al. (op cit.) is
approxim ately l.lxlO 3 pascals (Table 24).
George et al. (1971) also used a centrifugal technique sim ilar to Corry &
Defendi (op cit.) to study the adhesion of hum an erythrocytes to glass.

They

reported that a perpendicular tensile centrifugal force of 5x10 s dynes cell'1 failed to
remove all of the adhering erythrocytes, applying similar criteria described above this
force translates to 1.9xl03 pascals (Table 24). This value, while of the sam e order of
m agnitude, is greater than that reported by Corry & Defendi (op cit.) who found
erythrocyte detachment with a smaller force of l.lxlO 3 pascals. This difference may
be explained by the presence of serum in the centrifugal m edium used by George
et al. (op cit.) but absent from that used by Corry & Defendi (op cit.).
From the results of distraction techniques that apply a perpendicular tensile
force to the cells (Table 24) it is apparent that a distraction force some three orders
of m agnitude greater than that of a shearing force is required to detach cells from
a substratum .
In contrast to the m ethod described by George et al. (op cit.) and Corry &
Defendi (op cit.), Hertl et al. (1984) described a centrifugal technique w here fibroblast
monolayers cultured on glass slides were subjected to a gradient of centrifugal force
parallel to the long axis of the slides.

As a result, the cell monolayers were

subjected to a horizontal centrifugal force in contrast to the perpendicular tensile
centrifugal force in the m ethods of George et al. (op cit.) and Corry & Defendi (op
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cit.). On the assum ption that a centrifugal force horizontal to the cell-to-substratum
adhesion w ould operate in a shearing mode, the results of Hertl et al. (op cit.) have
been included in Table 23.
However, since the distraction force calculated from their results was 5x102
pascals (Table 23), i.e. two orders of m agnitude greater than that obtained with a
horizontal fluid shearing m ethod and one order of m agnitude less than that found
by a perpendicular tensile force technique, it is likely that the application of a
centrifugal force in a horizontal plane produces an effect interm ediate between a
shearing and perpendicular tensile force.
The horizontal centrifugal force may be interpreted as a tensile force acting on
the cell-to-substratum adhesive sites via the mass of the cell. Thus, an angular force
w ould be exerted on the cell membrane resulting in asymmetrical tension between
the adhesive sites, w ith sequential breakage and subsequent peeling of the cell from
the substratum . Such a process of detachm ent w ould be expected to require a force
greater than that required for fluid shearing but less than that observed for a
perpendicular tensile force.
In terms of the most economical explanation of the adhesive interactions of
cells to a substratum the data of the perpendicular tensile force techniques (Table 24)
could be interpreted as indicating that for each cell there exist about 103 adhesive
interactions of the kind m easured by the shearing techniques (Table 23).

Such an

assum ption is consistent w ith the order of m agnitude of the num ber of focal contacts
per cell observable by interference-reflection microscopy (Heath & D unn, 1978).

4.4

Cell-to-cell adhesion
The cell-to-cell adhesion measurem ent represented by the cell-separation index

(<I>) is not analogous to the MDF value assigned to cell-to-substratum adhesion. The
MDF represents an absolute measurem ent of calculated force required to disrupt
Type Iv contacts and hence detach the cell from the substratum , whereas, the O index
represents the proportion of cells detached in a specific annulus per unit shearing
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force.

Consequently, the measurem ent is an estimate of proportion of cell-to-cell

contacts (Types n v and IIH) that remain intact. Therefore, unlike the MDF value the
method does not perm it the estimation of the minimal force necessary to disrupt all
Type IIV cell contacts.
The "rolled carpet effect" which was observed in all untreated sheared
multilayer cultures occurred as a consequence of the disruption of Type IIV cell
contacts.

The minimal force necessary to separate the upper layer(s) of cells was

calculated to be less than the range 0.43 to 0.64 pascals.
The majority of cell-to-cell adhesion studies describe m easurem ents of
adhesiveness using agglutination or binding assays (Bell, 1978) which are not directly
comparable to this study. However, Hertl et al. (1984) using a centrifugal distraction
technique subjected multilayer cultures adherent to glass to a gradient of increasing
force.

They concluded that cell-to-substratum adhesion was approximately 30%

stronger than cell-to-cell adhesion of the superficial layers.
In contrast to the m ethod of Hertl et a l {op cit.) in this study multilayer
cultures were examined under shearing conditions.

The "rolled carpet effect"

dem onstrated that Type IIVcell-to-cell contact adhesion was weaker than Type Iv cellto-substratum contact adhesion.

The minimal force (0.43-0.64 pascals) necessary to

remove the upper layers(s) of cells is equivalent to aproxim ately 30 to 50% of the
MDF value.

Thus, the comparison of cell-to-cell with cell-to-substratum adhesion

strengths estimated by this study indicate that cell-to-cell adhesions are som ewhat
weaker than those quoted by Hertl et a l {op cit.).
The above discussion assumes that cells in the u p p er layer(s) of the multilayer
culture are adherent solely by Type II (cell-to-cell) contacts. However, there is the
possibility that under appropriate circumstances these cells can form Type I (cell-tosubstratum ) contacts via spaces in the lower cell layer.
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4.5

Factors influencing cell adhesion
The data reported in this thesis (see Section 3.3.3) dem onstrate that cells exhibit

increased adhesion to glass at low temperature.
Revel et al. (1974); Shields & Pollock (1974), and Rees et al. (1977) reported
enhanced cell-to-substratum adhesion w hen m onolayer cultures were cooled to 4°C.
However, Revel et al. (op cit.) described rounding of both epithelial and fibroblastic
cells in response to low tem perature, contrary to Rees et al. (op cit.) w ho described
cell flattening at 4°C.
Since the detachment of cells under shear is by a 'peeling' process, the profile
of the cells w hen exposed to the shear force will influence the shear necessary to
detach the cells from a solid substratum , in that the higher profile of rounded cells
w ould effectively increase the shearing force by comparison w ith flattened cells. It
is possible, therefore, that the effect of shear on the cells will be dim inished in
circumstances where cell deformability is decreased.

Thus, part of the increase in

the adhesion of cells at 4°C could have been due to an altered profile of these cells.
However, direct observation of the cells under shear suggested that there was no
obvious difference in the morphology of detaching cells.

A lthough at 4°C

condensation on the shearing chamber hindered detailed observation, cell rounding
or flattening was not a prom inent feature during the period of shearing where
cultures had been exposed to 4°C for periods of 10-20 minutes, except for cultures
which had been pre-exposed to trypsin, in which cell rounding was observed. Thus
the enhanced adhesion m easured at 4°C is not due to a significant flattening of the
cells.
Using the parallel-plate apparatus the cell-to-substratum adhesion of epithelial
cells to glass exhibited a three to four fold increase at 4°C com pared to 37°C. The
m easurem ents of the minim um distraction force (MDF) take into account the change
in density of the distracting fluid, and the calculated MDF was found to vary over
a relatively small range when experiments were repeated on separate occasions.
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Comparison of multilayer cultures sheared at 37°C and

4°C did not

dem onstrate an increase in cell-to-cell adhesion, which m ay have been due to the
relative insensitivity of the index.

Cell-to-cell adhesion was assessed at a 10 mm

radius (RD10/ O values) w here the distraction force at 4°C was calculated to be 2.01
pascals, i.e. 2.3 times greater than that at 37°C. However, the "rolled carpet effect"
was found to extend to a radius of approximately 13mm at 37°C w ith a flow-rate
0.35 lmin'1, and the distraction force in this region (r=13mm) w ould be approximately
0.32 pascals. Similar detachm ent was noted at 4°C, where the distraction force at the
periphery of the coverslip is approximately 1.55 pascals. Thus, it is possible that a
significant increase in cell-to-cell adhesion could have occurred at 4°C but under the
conditions investigated this increase w ould not have been detected.
Reducing the tem perature to 4°C has m any effects on cells.

In addition to

reducing the rate of most metabolic processes, m em brane fluidity is decreased
(Nicolson, 1973; De Petris & Raff, 1973; Grinnell, 1984) and structural elements
deranged, e.g. dissassembly of micro tubules (Olmsted & Borisy, 1973).
We investigated the effect on the MDF near the lipid transition tem perature
(8°C, according to Ueda et al., 1976). The results (shown in Table 11) dem onstrate
that the MDF increased by about 4 pascals between 8°C and 4°C, i.e. there was a
greater effect on the MDF over the lower range of tem peratures (approximately 0.97
pascal per °C) than over the range from 37°C to 8°C (approximately 0.033 pascal per
°C).

These data suggest that the increased adhesion at low tem perature may be

predom inantly

affected

by

reduced

membrane

fluidity,

w ith

a

"transition"

tem perature at 8°C. N ath & Srere (1977) reported "transition" tem peratures of 10°C
and 30°C for the attachm ent of BHK cells to plastic and suggested these tem peratures
represent membrane lipid transition points.
Juliano & Gagalang (1977) proposed a similar explanation of the rapid rise in
percent attached cells in the tem perature range 11-28°C in their study of adhesiveness
of Chinese ham ster ovary cells.
A similar conclusion can be draw n from the effect of con A which cross-links
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plasm a m embrane glycoproteins (Evans & Jones, 1974).

Con A treatm ent at 37°C

substantially increased the MDF.
Contrary to the complete inhibition of cell attachm ent at 4°C (Juliano &
Gagalang, op cit.; N ath & Srere, op cit.), enhancement of established adhesion has
been reported by Grinnell (1973, 1978); Rees et al. (op cit.), and De George et al.
(1985).

The effect of con A in increasing the adhesion of cells at 4°C (i.e. w hen

mobility of adhesive sites w ould be suppressed by the 'frozen' lipid) implies that
part of the effect of the lectin is the consequence of cross-linking cell surface
com ponents to a substratum -adherent glycoprotein, as proposed by Grinnell (1973).
Lectin bridging between cells (Rutishauser & Sachs, 1975; Bell, 1978) m ay also
contribute to the stability of multilayer cultures and this may have influenced the
results. Enhanced cell-to-cell adhesion by lectin bridging was confirmed by the cellseparation index, which indicated that no cells detached w hen sheared multilayer
cultures had been treated with con A over the range of concentration from 50 to 400
pg ml'1 (Table 19).

In contrast to its influence on cell-to-cell adhesion, 400 |ig ml'1

con A abolished the effect of the lectin on cell-to-substratum adhesion (Table 12).
Therefore, it is improbable that the con A-induced stability of the m ultilayer w ould
influence the con A effect on cell-to-substratum adhesion.
The effect of con A on cell-to-substratum adhesion did not appear to be dosedependent over the concentration range of 11 to 140 jxg ml'1. A similar "overdose"
effect of 400 jxg ml'1 w here the effect of the lectin was abolished has been reported
by De George et al. (op cit.).

Bell (op cit.) predicted that high lectin concentration

w ould result in poor binding because of a scarcity of free receptors for forming
lectin-glycoprotein bonds. Similarly, he described the reversibility of divalent lectin
binding by competitive free sugar.
Low tem perature has been reported to cause disaggregation of microtubules
(Olmsted & Borisy, op cit.). If this were a factor responsible for the enhanced cellto-substratum adhesion m easured at 4°C, the effect of colchicine (at 37°C) m ight be
expected to increase the MDF. The results confirm that colchicine has a significant
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effect on the MDF (Table 13).

However, the 20% increase in the MDF value only

represents a small proportion of the fourfold increase m easured at 4°C.
Treatment of cells w ith colchicine has no effect on cell attachm ent (Juliano &
Gagalang, op cit.; De George et a l, op cit.) nor on cell-surface receptor-ligand
interactions (Grinnell, 1984). A possible explanation of the effect of colchicine on the
MDF may be the release of m icrotubular constraints on the lateral mobility of
adhesive sites, thus increasing their relative stability in a m anner sim ilar to the
facilitation of cell-surface receptor "capping" by colchicine treatm ent (Lackie, 1986).
W hile colchicine treatm ent appeared to influence cell-to-substratum adhesion
(MDF) it did not effect cell-to-cell adhesion as indicated by the cell-separation index.
Similar observations have been m ade by Weiss (1972), and by Cheung & Juliano
(1984).
The effect of trypsin on cell-to-substratum adhesion at low tem perature was
also investigated. The data show that there is an increase in the average adhesion
of the cells at 4°C of approximately 4.8 pascals.

Of this, about 3.8 pascals is

insensitive to trypsin (50 pg ml'1 at 37°C for 5 m in prior to shearing), and hence 1.0
pascal of the additional adhesion is trypsin-sensitive. At 37°C the total adhesion is
equivalent to 1.4 pascals of which none is insensitive to trypsin. Pre-treatm ent with
con A stabilises the adhesion of cells at 37°C

giving a MDF of aproximately 3.3

pascals of which 1.4 pascals is insensitive to trypsin ('Tables 14 & 15), yielding a
value of 1.9 pascals for the trypsin-sensitive component.
The effect of trypsin on cell-to-cell adhesion (O index) at low tem perature
dem onstrated features similar to those noted on the MDF values in that the effect
of trypsin was found to be dose-dependent and residual cell-to-cell adhesion was
apparent after treatm ent (50 pg ml'1 at 4°C) w hen shearing was carried out at either
37°C or 4°C (Table 21).
Treatment of cells with trypsin for brief periods results in selective proteolysis
of cell-surface proteins (Juliano, 1973).

By contrast Juliano & Gagalang (op cit.)

reported low dose trypsin (10 pg ml'1) had no effect on early events in cell adhesion
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and as m uch as 100 pg ml'1 trypsin only had a m odest inhibitory effect.

This

suggests that cell-surface protein is not predom inant in the early phase of cell-tosubstratum adhesion.

4.6

D ual adhesion hypothesis
The most economical explanation of the results presented in this thesis appears

to be that they distinguish between two classes of cell adhesion to the substratum:
one set of protease-sensitive adhesion sites which are degraded by trypsin (trypsinsensitive adhesion, TSA); and a second set of sites that are not degraded by trypsin
(trypsin-resistant

adhesion,

TRA).

Their

comparative

adhesive

strength

is

sum m arised in Table 25.
Trypsin-resistant adhesion has previously been observed by Weiss & Kapes
(1966), and Takeichi (1971). The latter author distinguished between trypsin-sensitive
and trypsin-insensitive adhesion. He reported that trypsin-sensitive adhesions took
15 m inutes to form during cell attachment.

Similar observations w ere m ade by

Phillips et al. (1982) who reported that trypsin/EDTA-sensitive adhesions took u p to
2 hours to become established during adhesion of epithelial cells to polystyrene.
Rees et al. (1977) also distinguish between trypsin-sensitive adhesion ("focal grip" in
their terminology) and EGTA-sensitive adhesion (their "bracing grip").
Trypsin-resistant adhesion does not appear to contribute to the m easured cellto-substratum adhesion at 37°C but is evident at low tem perature (4°C). It is also
observed at 37°C after pre-treatment w ith con A (see Table 25). TSA is not greatly
influenced by con A treatment, exhibiting a modest 35% increase in adhesion over
the concentration range of 11-110 pg ml'1. TSA increased from 1.3 to 2.4 pascals
w hen the tem perature of the shearing fluid was lowered to 4°C. The effects of con
A and low tem perature appear to be additive (Table 12) giving MDF values greater
than 8 pascals at 4°C after exposure to 140 pg ml'1 con A.
Exposure of the cells to colchicine (107 & 120 pg ml'1) either before or after
trypsin appeared to shift the adhesion from trypsin-sensitive to trypsin-resistant.
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TABLE 25 C om parative adhesive strengths of trypsin-sensitive adhesions (TSA)
and trypsin-resistant adhesions (TRA) un d er various conditions.

Pre-shearing
Treatm ent

Shearing

M inim um distraction force
(MDF, pascals)

Tem perature
(°C)

TSA

TRA

Total

U ntreated at 37°C

37

1.3

0a

1.3

U ntreated at 4°C

4

2.4a

3.8

6.2

Concanavalin A
(50 pg m l1) at 37°C

37

1.9a

1.4

3.3

Colchicine
(107 pg m l1) at 37°C

37

0a

1.5

1.5

The adhesive strengths show n are the rounded m ean values of the MDF (pascals)
m easured by the m iniaturised parallel-plate shearing m ethod.
a.
These values were not determ ined by experim ent but calculated by the
subtraction of the TRA or TSA MDF value from the total MDF value.
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This apparent conferment of resistance to trypsin by colchicine has been previously
noted by Revel et al. (1974).

Since our observations show that the effect is still

produced after prior trypsinisation we conclude that it is due to stabilisation of the
TRA.

The total increase in adhesion of colchicine-treated cells at 4°C m ay be the

sum of the stabilisation of TRA by colchicine (1.6 pascals) and by low tem perature
(3.8 pascals, see Table 14) added to the low tem perature stabilisation of the TSA
(6.2 - 3.8 = 2.4 pascals, see Table 14), giving a total of 7.8 pascals which is close to
the observed value (7.46 pascals, Table 15). The con A stabilisation of the TRA is
of a sim ilar order of m agnitude to that produced by colchicine, although the value
observed (8.36 pascals) may have been partly exaggerated by the reduced shearing
period (5 minutes).
The characteristics of TSA and TRA suggest a correlation between these two
classes of adhesive site and certain established microanatomical and physiological
features of cell adhesion.
For example, "loose" and "firm" adhesions have been described by Doroszewski
et al. (1977) for lymphocytes when suspensions are subjected to a variable shearing
force.
Possible structural correlations are that TRA may correspond to 'focal' contacts
while TSA correspond to 'close' contacts. Focal contacts are involved in the prim ary
(trypsin-resistant) phase of cell adhesion and are relatively unstable, w ith a life-time
of about 10 min at 37°C (Izzard & Lochner, 1980). These features are consistent with
the behaviour of TRA which are unstable at 37°C, but can be stabilised at low
tem perature.

The estimated life-time of focal adhesions w ould also be consistent

with the duration of the shearing period employed in the majority of our
experiments if it is assum ed that new focal adhesions are given little opportunity to
form during the exposure of the cells to the shearing force.

Reducing the

tem perature may stabilise the TRA by reducing rearrangem ent of the adhesive
molecules in the plasma membrane either by diminishing metabolic activity necessary
for their movement or by altering the fluidity of the membrane, or both. The non
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linear tem perature gradient observed suggests that the major effect is on the viscosity
of the membrane lipid. The effect of con A may reflect a similar phenom enon since
relocation of these adhesive sites w ould be inhibited by surface cross-linking of
glycoproteins.
It is know n that surface elements of focal adhesions bind con A (Chen &
Singer, 1980). If these sites correspond to TRA it may be that the resistance to the
action of trypsin is conferred by glycosylation of the exposed regions.

The action

of colchicine is more difficult to explain since microtubules are not prom inent
com ponents of the adhesive plaques associated w ith focal adhesions (Abercrombie
et al., 1977).

However, microtubules appear to have a function in polarising the

distribution of adhesive sites (Vasiliev & Gelfand, 1981) and the action of colchicine
m ay result from inhibition of redistribution of TRA. TSA may correspond to 'close'
adhesions (Revel et al, op cit.; H eath & D unn, 1978) which exhibit a larger separation
betw een the cell and the substratum (>30nm, compared to 10-15 nm for focal
contacts; Chen Singer, 1980) and may involve a more exposed system of adhesive
molecules, including external components.

These adhesions are involved in the

secondary (trypsin-sensitive) phase of cell adhesion and m ay consist of the
establishment of adhesions to extracellular material.

Such adhesions w ould be

expected to be comparatively stable and, as they are not associated w ith cytoskeletal
structures w ith prom inent contractile elements (Heath & Dunn, op cit.), act as sites
of passive adhesion.
The proposed relationships are sum m arised in Table 26.

The MDF values

quoted were m easured at the respective stable tem peratures and show that TRA is
potentially stronger than TSA. This is in agreem ent w ith the views of Izzard and
Lochner (1976) on the comparative strengths of focal and close contacts in cell-tosubstratum adhesion.
If the proposed interpretation of the adhesion data in terms of two distinct
classes of cellular adhesion, operationally defined by differences in tem peraturedependence and vulnerability to trypsin, is correct, there are im portant functional
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.2

implications w ith regard to cellular behaviour. For example, 'rounding u p ' of cells
at mitosis m ay be the consequence of the localised production, activation or release
of a protease w hich removes TSA whilst TRA remains intact.

This hypothesis

further implies that cells deficient in TRA will exhibit altered morphology and
increased sensitivity to detachm ent by trypsin (cf. N orton & Izzard, 1982).
As indicated in Table 26 cellular adhesions that are insensitive to proteolysis
(TRA) are identified with substratum contacts that are associated w ith contractile
elements of the cytoskeleton and enable cells to translocate (i.e. fractional adhesions).
By contrast, it is proposed that protease-sensitive adhesions (TSA) are not implicated
in the mechanics of cell movement but are passive components of cellular adhesion
to substrata. Such stabilising adhesions w ould prom ote cell flattening ("spreading")
and tend to counteract tractional forces thus restricting cellular translocation (i.e. act
as frictional adhesions).
Since frictional adhesions are considered to involve protein-ligand interactions
of the kind considered by Bell (1978), they could be subject to a considerable degree
of specificity and is probably the type of cell-to-cell adhesion m easured in the
experiments reported in this thesis.

There exists an extensive literature (Edelman,

1984; O brink, 1986) on cell adhesion molecules (CAMs) which relates to this type of
adhesion.
The lack of protease sensitivity of tractional adhesions m ay imply that they
involve less specific physico-chemical interactions such as ionic bonding (Damluji &
Riley, 1979) betw een cell surface components and the substratum .
It is beyond the scope of this thesis to elaborate on the general implications
of the dual adhesion hypothesis but it is evident that the separate characteristics of
tractional and frictional adhesion may have significance to certain developm ental and
pathological phenomena.
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4.7

Im plications for the structural integrity of the dento-gingival junction
The work described in this thesis dem onstrates that reproducible m easurements

of cell adhesion to solid substrata is possible and the shearing m ethod gives data
that reflect the individual adhesion sites of cells and the factors influencing their
strength and disposition. In addition, by draw ing a distinction between the trypsinsensitive and resistant adhesions, the relative effects of agents m odifying adhesion
of cells on motility and structural integrity can be distinguished.

Moreover, the

m ethod provides some information on the relative strength of cell-to-cell adhesions
in m ultilayer systems such as epithelia.
There are m any aspects of dentistry in which a m ore definitive comprehension
of cellular adhesive phenom ena and their rigorous quantitation w ould be beneficial.
These include m any facets of periodontology and oral surgery, especially with respect
to the introduction of implantation materials to which the relative adherence and
motility of both epithelial and connective tissue cells during healing w ould influence
the integrity of the dento-gingival junction.

W ith appropriate m inor modification

of the apparatus, novel materials can be readily tested for their ability to prom ote
and direct adhesion of epithelial cells or fibroblasts. Moreover, the influence of the
oral micro-environment such as the composition and pH of saliva, the effect of
crevicular exudates and modification of adhesiveness by bacterial metabolites, can be
quantitatively investigated using the m ethods described.
Egelberg (1987) in his review of regeneration and repair of the periodontal
tissues, acknowledged the limited information available on the m olecular and cellular
interactions that take place during the critical events of early healing at the soft
tissue/root

surface

interphase, particularly

with

regard

to

the role

of re-

epithelialization. The technique described in this thesis perm its the accurate control
of three of the components of the cell-to-substratum interaction; namely, the
population of cells, the physical nature of the substratum , and the composition of
the micro-environment. The m iniaturised parallel-plate shearing apparatus is readily
adaptable to investigate a w ide range of substratum interactions which may involve
surface-coating materials such as collagen, fibrin or other adhesive glycoproteins.
Visualisation by epi-illumination w ould enable adhesion to opaque materials to be
m onitored and the CSR (see section 2.3) is readily determ ined by orthogonal
m easurem ents following staining of residual cells with a suitable fluorochrome.
Q uantitative fluorimetry w ould also enable the assessment of cell-to-cell adhesion by
the cell separation index (<X>).
Naturally, it is im portant to recognize the limitations of in vitro observations
under

the controlled conditions

existing in

the shearing

system

described.

Nevertheless, the m any significant similarities between adhesion of cells to a range
of solid substrata suggest that the data obtained using the parallel-plate shearing
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apparatus has im portant and direct implications for dentistry.
It has been show n that both epithelial and fibroblastic tissue culture cell lines
adhere in a similar m anner to enamel, dentine and cementum under in vitro
conditions (Powell, 1968; Hatfield & Baumhammers, 1971; Aleo et a l, 1975; W irthlin
& Hancock, 1980). Heaney (1986) reported that the attachm ent of gingival fibroblasts
was the same on plastic or cem entum substrata.

The electron microscopic studies

of Saglie et al (1975) and Salonen & Santii (1985) described closely similar
m orphology of gingival epithelial cells attached to extracted teeth to that of gingival
epithelial cells cultured on glass and Millipore® filter surfaces.
A substratum which is wettable, possesses a net negative surface charge and
a high surface free energy potential will sustain cell-to-substratum adhesion (Baier,
1970).

Such adhesion appears to be independent of the substratum possessing a

specific molecular composition. Glass possesses a net negative surface charge and
Ramsey et al. (1984) and Vogler & Bussian (1987) have dem onstrated that substrata
w ith a high density of surface carboxyl groups favours cell adhesion.
Hydroxyapatite particles carry a net negative charge as does enamel, dentine
and cem entum (Weiss & Neiders, 1970) and are therefore comparable to glass. Van
Dijk et al. (1987) calculated similar surface free energies (sfe) values for enamel and
dentine which were approximately 30% less than glass.

However, following

exposure in the oral cavity for 2 hours similar sfe values w ere calculated for glass,
enamel and dentine. These authors concluded that salivary protein adsorption (i.e.
pellicle formation) was responsible for equalising the sfe values.
W hilst the substratum chemistry could influence in an unspecified m anner the
organic conditioning layer (usually derived from serum in in vitro studies), it is the
molecular properties of this interm ediate layer which appears to influence cell-tosubstratum adhesiveness (Dexter, 1979; Grinnell, 1987).
H eaney (op cit.) reported inhibition of gingival fibroblast cell attachm ent to
(within 60 minutes) and subsequent migration on (up to 5 days) a plastic surface by
an interm ediate layer of m aterial derived from whole saliva and a sulphated
glycoprotein component of hum an saliva (Hogg & Embury, 1979) irrespective to the
presence or absence of serum in the culture m edium . Similar findings w ere reported
for fibroblast-to-cementum adhesion w ith the reversal of this effect by citric acid
demineralisation of saliva-treated cementum.
Heaney (1990) in a subsequent study confirmed the inhibition of fibroblast cell
attachm ent (assessed at 30 min) and reported that inhibition was apparent
irrespective

to

the

sequence

in

the

preparation

of the

salivary

sulphated

glycoprotein/serum conditioning layer. He proposed that such activity m ight be due
to interference with adhesive sites for serum -derived attachm ent molecules such as
fibronectin which may compromise periodontal healing associated w ith the root

196

surface in vivo.
Wikesjo et al. (1990) reported no difference in the healing of periodontal defects
contam inated with saliva com pared to those treated w ith saline w hen assessed by
histometric analysis at 4 weeks.

Heaney (op cit.) assessed fibroblast attachm ent 30

m in after inoculation i.e. prim ary adhesion as described in this thesis. Such adhesion
w ould be non-specific, trypsin resistant (TRA, Dual adhesion hypothesis, section 4.6)
and independent of bridging molecules associated w ith secondary adhesion.

Such

speculation appears justified in that the m ethod of subculture w as trypsinisation
w here the recovery of TSA adhesion sites within 30 m in w ould appear unlikely.
The repetition of these experiments (and similar experiments investigating the
influence of a conditioning layer to a substratum ) using the m ethodology described
in this thesis w ould perm it further elaboration as to w hether all classes of adhesive
sites are inhibited by salivary contaminants and particularly those associated with
secondary adhesion.
Any graft material (substratum) used to reconstitute the norm al anatomical and
physiological state requires to be biocompatible, that is, not cytotoxic and conducive
to norm al cell function.

Cytotoxicity assays concerned w ith cell death (i.e. loss of

reproduction survival) and inhibition of cell m igration are best served by techniques
such as direct cell counts, 3H-Thymidine uptake as described by Stevens &
H am m ond (1988), observed cell m orphology and succinic dehydrogenase activity as
described by Craig & H anks (1988). It is of interest that Craig & H anks (op cit.)
refer to a ranking system of cell attachment which in fact was a m easure of cell
migration patterns.
Assuming that cell adhesion phenom ena are dependent on norm al cell
function, the detection of any change in the range of norm al adhesive behaviour
w ould indicate a physiological disturbance such as sub-lethal injury of the cell. The
m iniaturised parallel-plate shearing apparatus provides an ideal m ethod of detecting
such discrepancies in cell function and particularly those that m ay be induced by the
nature of the substratum surface.

This is particularly relevant to the nature and

hence success of dental im plant materials.
C urrently accepted im plant materials include pure titanium , titanium alloys,
hydroxyapatite-coated titanium and sapphire single-crystal a-alum ina oxide ceramics.
W hether such im plants are totally subm erged or penetrating mucosa with the
objective of either osseointegration (Adell et al., 1986) or an ensheathing fibro-osseous
attachm ent (see review of Ten Cate, 1989) their success is dependent on their
biocompatibility to norm al cell function, particularly those related to healing
responses. Hence the influence of im plant m aterial on cell adhesion phenom ena is
of param ount importance. Such im plant materials are amenable to either machining,
casting or coating to form a disc suitable for use w ith the shearing chamber.
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Possible investigations could include determ ination of surface characteristics
which w ould perm it the optim um phases of both prim ary and secondary adhesion
of epithelial and fibroblast cell types. Dmytryk et al. (1990) have reported decreased
cell attachm ent to a titanium surface which had previously been scaled w ith a
stainless steel curette, and that those cells that rem ained attached had a som ewhat
rounded morphology.

From these observations it w ould appear that the scaled

titanium surface had interfered w ith the secondary phase of cell adhesion concurrent
w ith cell spreading. If such reasoning is correct then a reduced MDF value can be
predicted.

Similarly, increased MDF values may be predicted for any physical

modification a n d /o r treatm ent of that surface likely to enhance adhesion (e.g.
adhesive glycoprotein, discussed later).
As reviewed in section 1.4.1.1 the topography of the substratum can influence
cell behaviour according to a response know n as contact guidance. Ohara & Buck
(1979) studied the influence of a grooved plastic culture surface to the orientation of
both fibroblast and epithelial cells in vitro. They reported that cells tended to bridge
grooves in the range of 2 to 10|xm wide and w hen such grooves were separated by
5 to 30pm the cells aligned parallel to the long axis of the grooves.
Chehroudi et al. (1988, 1989) reported contact guidance in relation to grooved
epoxy resin and titanium-coated epoxy resin surfaces by epithelial cells in vitro.
Additionally, they described that more cells attached to the grooved surface
com pared to a smooth surface and inferred that those cells attached to the grooved
surface w ere more resistant to detachment. Whilst the param eter of num ber of cells
per unit area m ight support the above comment there is no evidence to suggest that
a quantitative measure of cell adhesion relative to the sam e num ber of cells is any
greater to a grooved w hen com pared to a smooth surface.
The investigation of such a proposal could readily be achieved subject to a
possible turbulent flow pattern, using the m iniaturised parallel-plate shearing
apparatus. Plastic TC grade discs could be prepared w ith concentric annular grooves
on one half, the other half being left smooth to serve as a control. Similarly radial
grooves could be prepared on one half of a disc to investigate the effect of groove
orientation w ith respect to the direction of the shear force.

Should the m easured

CSR of the grooved portion be less than that of the sm ooth portion then the
calculated MDF w ould confirm a true enhanced adhesion of the cell to a grooved
surface.
At the dento-gingival junction the m arginal gingivae can be subjected to
shearing type forces during mastication and particularly during the mechanical oral
hygiene procedures of brushing and flossing. Hence the data on cell-to-cell adhesion
are also of significance to the assessment of periodontal health an d pathogenesis of
periodontal disease. Listgarten (1980) described the depth of the sulcular epithelium
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as representing the histological sulcus in contrast to the deeper clinical sulcus as
determ ined by probing. He proposed that the junctional epithelium (JE) is relatively
w eak and easily disrupted by probing, w ith the separation generally occurring within
the epithelium rather than at the dento-epithelial junction.

Van der Velden (1982)

reported the depth of probing at a pressure of 240 N cm'2 (0.024 Pa) w as located at
the tooth-to-connective tissue attachm ent level. O ther studies review ed by Van der
Velden (op cit.) included probing pressures over the range 0.02 to 0.04 pascal where
the probe tip was described as being located a t/o r beyond the connective tissue
attachm ent level or within the JE (Poison et al., 1980). This probing pressure range
represents approxim ately 3% of the shearing force necessary to detach 1-221 cells
from glass (MDF ~ 1.3 pascals, see section 3.3.1).

Thus, together w ith the

observation that cell-to-cell adhesion is considerably weaker than cell-to-substratum
adhesion under shearing conditions the findings reported in this thesis support
Listgarten's (op cit.) concept that the depth of the healthy gingival sulcus, when
m easured by the mechanical shearing force of probing, is determ ined by the relative
weakness of intercellular adhesion com pared to that of the cell-to-tooth adhesion at
the dento-gingival junction.
This relative weakness of intercellular adhesion to a shearing force may be
partly responsible for the tissue change error proposed by W atts (1987) in the lack
of reproducibility of linear probing measurem ents of periodontal diseased sites.
Similarly, this weakness of intercellular adhesion m ay be responsible for the
intrasulcular dam age as a result of tooth brushing reported by Abbas et al. (1990).
Takata & Donath (1988) postulated that an initial event in the pathogenesis of the
periodontal lesion is a split within the JE rather than at the interface w ith the tooth.
Such a defect is followed by degenerative changes in the JE leading to proliferation
and separation from the tooth surface to form a pocket epithelium. Simultaneously
there is migration of the apical portion of the JE. As early events in the formation
of a periodontal pocket is represented by disturbances of cell adhesion phenomena
extensive efforts have been m ade to ascertain the mechanism of cellular adhesion in
health and in particular those factors responsible for their breakdow n in disease.
Taylor (1970), and McKinney et al. (1985) from the electron microscopic
observation of microvesicles, inferred a possible discharge function of those JE cells
which adhere to the tooth surface. Such a function has been supported by in vitro
studies, w here a neutral glycoprotein or possibly an acidic glycosaminoglycan
secretion was suggested in the area of cell contact w ith the interm ediate layer
(derived from serum) in both fibroblast (Mlinek & Powell, 1970) and epithelial cells
(Mlinek et al., 1971) cultured on enamel and cementum.

Philips et al. (1982)

described a microexudate between epithelial cells and a lectin-coated plastic surface
two hours after subculture.

This material appeared to be trypsin-sensitive in that
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attached cells could be removed from the lectin-coated surface by trypsinisation.
Egelberg (op tit.) stated that for successful new attachm ent of connective tissue
(regeneration) to the treated root surface a healing response is required that allows
a limited epithelialization of the interface between that surface an d the healing
granulation tissue. W here the adhesion of the coagulum /granulation tissue to the
root surface is of critical importance. Such objectives which m ay also be applied to
the interaction of dental implants w ith surrounding hard and soft tissue, creates a
dilemma w ith respect to cell adhesion phenomena, in that epithelial cell adhesion
m ust be strengthened yet limited to provide a gingival or mucosal seal and
connective tissue cell adhesion m ust be optimized to cover the previously diseased
root surface or im plant substratum .
It is accepted that careful instrum entation to remove hard and soft deposits
from a root surface previously exposed to the oral environm ent via a periodontal
pocket is essential for successful treatment.

The presence of bacterial endotoxin

and in particular the lipopolysaccharide component (LPS) in subgingival plaque has
been implicated in the developm ent of periodontal disease and interfering w ith the
healing of a periodontal lesion (Fine, et al., 1980). Following a report by Aleo et al.
(1975) that endotoxin contamination of the root surface was cytotoxic to cells, the
procedure of root planing to decontaminate such surfaces has been prom oted
(O'Leary, 1986).
The recent findings of H ughes et al. (1988), Smart et al. (1990) and H ughes &
Smales (1990) have confirmed the presence of LPS on periodontally involved root
surfaces but questioned the necessity of root planing as a therapeutic procedure.
These authors found low concentrations of LPS associated w ith cem entum which was
easily rem oved w ith conservative ultrasonic debridem ent (Smart et al., op tit.). There
are tw o possible implications for cell adhesion phenom ena w ith reference to the
above discussion, namely, the influence of root planing and the effect of low dose
LPS.
Root planing consists of creating a sm ooth surface by repeated curetting in a
plane parallel to the long axis of the root.

W hilst the significance of a smooth

surface is unclear dam age and defects in the form of vertically orientated gouges and
grooves are created on the root surface (O'Leary, op tit., Coldiron et al., 1990).
Defects of 50 |im in w idth or less are not detected clinically (O'Leary, op tit.) and
such a surface is accepted as smooth.

As discussed previously, grooves of this

m agnitude can influence cell behaviour by contact guidance.

Thus, the possibility

arises that these vertically orientated grooves could enhance the re-epithelialization
of the healing periodontal pocket.
The influence of circumferential grooves on epoxy resin and titanium coated
epoxy resin im plants in vivo has been investigated by C hehroudi et al. (1988, 1989).
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They reported that the horizontal grooves produced by micromachining significantly
im peded epithelial dow ngrow th on the im plant com pared to sm ooth surfaced
implants.

The use of the shearing chamber to investigate the influence of grooves

in the substratum on cell adhesion has been discussed previously.

One might

speculate the possible use of laser technology to produce grooves of a suitable
dimension for treating the diseased root surface in the clinical situation.
Bacterial endotoxin is cytotoxic in relatively high dose (Layman & Dietrich,
1987), it disrupts cell membranes via complement activation w ith ultim ate loss of cell
viability. Pitaru et a l, (1990) investigated the possible mechanism by which low dose
endotoxin (25jJ.gml1, considerably higher than concentrations detected by H ughes &
Smales, op cit.) inhibits hum an gingival fibroblast attachm ent to Type I collagen.
They concluded that endotoxin inhibited cell attachm ent by blocking the binding site
on the collagen molecule which is recognized by the cell m em brane receptor.
These authors m easured cell attachment two hours after subculture by
trypsinisation.

Whilst it is unlikely that endotoxin has a direct effect on cell

m em brane adhesive receptors, an indirect effect via complement activation on
cytoplasmic control of surface membrane receptors (similar to metabolic inhibition)
is a possibility.

In addition, w hether sufficient time has been allow ed for the

recovery of TSA mode of adhesion after trypsinisation is debatable. It w ould appear
the m ethodology described in this thesis w ould provide an ideal system to
investigate the effect of low dose LPS on prim ary and secondary adhesion.
Consequent on the recognition of substrate attachm ent molecules (SAMs) the
role of these adhesive glycoproteins for cell attachm ent to the tooth surface at the
dento-gingival junction has received considerable attention. Fibronectin is associated
with the attachm ent of fibroblasts to collagen, other cells and their surrounding
matrix (Kleinman et al, 1981, Yamada et al, 1985). Laminin is utilised by epithelial
cells for adhesion to different substrata and is a significant constituent of basement
m embrane (Terranova et a l, 1980, Venaille et a l, 1989).
Terranova & M artin (1982) reported similar attachm ent glycoproteins at the
dento-gingival junction where positive staining for fibronectin and laminin was
present at the respective connective tissue and JE to cementum interfaces.
In an attem pt to selectively enhance adhesion and thus control cell behaviour
at the dento-gingival junction, the influence of adhesive glycoproteins has been
investigated in vitro (Terranova & Martin, 1982; Fem yhough & Page, 1983; Karp et
al, 1986; Terranova et a l, 1987; Pitaru et al, 1988 and Somerman et a l, 1989).
Provided that the tooth surfaces are clean the majority of these studies have
dem onstrated enhanced fibroblast adhesion w ith fibronectin particularly w hen the
tooth surface is demineralised w ith citric acid prior to fibronectin treatment.
However, they have produced conflicting proposals concerning the influence of
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fibronectin on epithelial cell adhesion.

Terranova et al. (1987) and Terranova &

Wikesjo (1987) reported the inhibition of epithelial cell adhesion an d m igration.

In

contrast, Pitaru et a l (1988) reported that fibronectin did not inhibit epithelial cell
m igration but enhanced m igration on dem ineralised cementum. These observations
illustrate the misconceptions that arise w hen com paring such studies, particularly
w hen the criteria are inappropriately applied to the in vivo situation. The Terranova
studies com prised short term cell attachm ent assays (60 to 90 min) which involves
predom inantly TRA.

W hereas, those of Pitaru et a l (op tit.) involved gingival

explant cultures of 7 days duration in w hich TSA w ould be the m ost significant
com ponent.

The possible influence of trypsinisation on cell surface receptors

(integrins) prior to experim entation has been discussed

previously and

this

For example, Grinnell et al. (1987)

interpretation is consistent w ith other findings.

reported a latent period of 2 days before the expression of fibronectin receptors in
cultures of skin keratinocytes.

Similarly, the expression of keratinocyte fibronectin

receptors in vivo was only apparent w ith their m igration associated w ith w ound
healing.
Laminin has been reported to enhance epithelial cell adhesion and subsequent
proliferation (Terranova et a l, 1987).

H ow ever, unlike fibronectin binding to

dem ineralised root surfaces, lam inin dem onstrates a two-fold greater binding capacity
to undem ineralised w hen com pared to m ineralised root surface (Karp et a l, 1986).
Recently McAllister et a l (1990) have described fibroblast attachm ent proteins
(extracted from cem entum ) which w ere not inhibited by fibronectin or laminin
antibodies but contained the integrin arginine-glycine-aspartate am ino acid (RGD)
tripeptide recognition sequence.

W hilst the RGD tripeptide sequence is com m on to

that for fibronectin it is different from the two pentapeptide recognition sequences
responsible for adhesion identified in Laminin (Kleinman et a l, 1989).
Similar to the findings in vitro some in vivo studies have dem onstrated enhanced
connective tissue attachm ent following citric acid-fibronectin conditioning of the root
surface d u ring surgical procedures (Caffesse et a l, 1985, 1987; Caton et a l, 1986;
Smith et a l, 1987b; Ripamonti et a l, 1987).

H ow ever, others have found no

significant difference (Yeung and Boyatzis, 1990).

Equally, the benefits of lam inin

application to the root surface after surgical exposure w ere questionable in that it
favoured the apical m igration of JE (Smith et a l, 1987a), i.e. the opposite of the
desired objective.
In the above in vitro studies enhanced adhesion was expressed as the num ber
of attached cells per unit time com pared to untreated controls.
adhesion as described in this thesis was not investigated.

The "strength" of

In addition, the dose of

adhesive glycoprotein was based on hum an plasm a concentration (e.g. for fibronectin
0.3 m g m l'1) or selected arbitrarily.

Pearson et al. (1988) have argued that the high
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plasm a concentration of fibronectin w ould easily saturate all the available binding
sites on surgically exposed root surfaces.

Thus the application of exogenous

fibronectin d u ring surgery w ould be superfluous. W hat was not considered was the
therapeutic concentration of adhesive glycoprotein in relation to the cell and
particularly to strength of adhesion and possible overdose phenom ena (such as those
dem onstrated for con A in section 3.3.4).

For example, if enhanced cell adhesion

renders cells incapable of norm al translocation then cell proliferation could be
inhibited, and this w ould have a deleterious influence on healing.
The m iniaturised parallel-plate shearing apparatus provides a m eans to assess
the strength of adhesion in response to adhesive glycoprotein concentration and
overdose effects.

The MDF value calculated at 4°C m ay be taken to represent the

strength of the m axim um num ber of functional adhesive sites in a population of cells
(section 4.6).

The inhibition of a specific group of cell surface receptors (e.g.

connexin for laminin, section 1.4.1.2) by steric blocking, either w ith monoclonal
antibody or saturation w ith specific recognition peptides, w ould reduce the original
MDF value.

Hence, the proportion of those sites w hich contributed to the total

adhesion could be calculated.

Estimating the num ber of cells present and the

m inim um titre of agent for effective blocking, it w ould be possible to calculate the
num ber of cell surface receptors per cell participating in the adhesion (similar to the
con A calculation in section 3.3.4). Such inform ation w ould allow the calculation of
the therapeutic dose

of any adhesive

glycoprotein

and

obviously

overdose

phenom ena.
The role of divalent cations such as calcium on the quantitative assessm ent of
adhesion has not been investigated in this thesis.

The influence of calcium has

obvious relevance to the conditions pertaining at the dento-gingival junction.

For

example, the binding of fibronectin is subject to the availability of calcium ions
(Yamada & Kennedy, 1979; M endieta et al., 1990).

Such investigation could be

readily achieved w ith the m ethodology described subject to a calcium-free shearing
fluid and lanthanum for its exchange reaction w ith calcium (Damluji & Riley, 1979;
Collys et al., 1990).
In view of the contradictory observations from in vivo studies following root
surface treatm ents to enhance connective tissue attachm ent (Alger et al., 1990), the
influence of antiadhesive proteins (Curtis & Forrester, 1984) in serum w arrants
investigation using the described m ethodology.
Epithelial cells have the capacity to proliferate and m igrate to m aintain and
restore the integrity of covering epithelia. The m igratory behaviour is of particular
relevance at the dento-gingival junction w here the apical m igration of the JE features
in the form ation and progression of the true periodontal pocket, gingival recession,
periodontal treatm ent procedures and dental implantology.
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Bjom (1961) stressed the fundam ental role of m igrating epithelium

in

preventing periodontal connective tissue reattachm ent to the root surface following
surgical treatm ent of infrabony defects. Caton & Z ander (1976) presented evidence
that even w ith repair of an osseous defect, confirm ed by re-entry procedures, a long
JE can occur interposed betw een the root surface and regenerated bone (reviewed
by Egelberg, 1987).
Thus, a num ber of techniques have been proposed to maxim ise the potential
of periodontal ligam ent regeneration by the exclusion or lim itation of oral epithelium
from the healing defect.

These have included the placem ent of free full-thickness

palatal grafts over autogenous bone im plants (Ellegaard et al., 1976), the placement
of a physical barrier (guided tissue regeneration) interposed betw een the connective
tissue of a periodontal flap and the curetted root surface (Nyman et al., 1982;
Gottlow et a l, 1986; Caffesse et a l, 1988; Blumenthal, 1988; Salonen & Persson, 1990,
M agnusson et a l, 1990).
The two classes of materials used as barrier m em branes in guided tissue
regeneration (controlled tissue regeneration; selective cell repopulation) are either
resorbable (polylactic acid films (PLA), CitroflexR; collagen m em branes) or nonresorbable (polytetraflourethylene (PTFE), GoretexR, BioporeR).

Both classes of

m aterials are required to be non-cytotoxic in vivo, how ever they have totally different
properties of biocom patability w ith respect to cell adhesion phenom ena.

PTFE

m em branes (non-resorbable) are non-w ettable w ith m inim al or absent surface charge.
Therefore, such m aterials will not sustain cell-to-substratum adhesion and their
unsuitability for phagocytosis can be predicted.

The opposite is applicable to PLA

and collagen d u e to their physical characteristics.

W hilst some success has been

achieved with guided tissue regeneration procedures in controlling epithelial cell
m igration the influence of conditioning layers such as adhesive glycoproteins and the
surface topography (e.g. porosity) have yet to be elucidated (Salonen & Persson, op
cit.).

The quantitative investigation of these param eters w ith respect to both

epithelial cell adhesion

and

that of periodontal progenitor cell populations

(Somerman et a l, op cit.) w ould be w ithin the am bit of the m ethodology described
in this thesis.
Prim ary adhesion as discussed in section 4.6 is charge dependent and w ould
be influenced by the prevailing hydrogen ion concentration (pH).

Alkaline

conditions will favour ionisation of acidic groups (e.g. surface carboxyl groups) thus
prom oting prim ary adhesion. Conversely, an acidic pH will tend to reduce surface
adhesiveness. Secondary adhesion w ould be relatively im m une to such variation in
pH since it is less directly dependent on surface charge.
The low pH of supra-gingival plaque is principally related to the bacterial
production of lactic acid w hen the tooth surface is exposed to fermentable
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carbohydrate. H ow ever, because of its location it is unlikely that the low pH levels
of supra-gingival plaque w ould influence the pH at the JE. This is dem onstrated by
the pH values (range 6.90 to 8.66) m easured by Bickel & Cim asoni (1985). The shift
from 6.90 to 8.66 corresponded w ith increasing gingival inflam m ation. This alkaline
environm ent w ould favour prim ary adhesion (tractional adhesions, section 4.6)
associated w ith cell translocation. Thus, such a factor m ay well play a role in the
apical m igration of JE and the rete ridge hyperplasia w hich occurs w hen JE is
replaced by pocket epithelium.
H ydrolytic enzym e activity of microbial origin has been dem onstrated in
developing plaque but the release of neutrophil and m acrophage lysosomal enzymes
such as acid phosphatases provided a m ore significant contribution (Baboolal et al.,
1970; Cowley, 1972; Sandholm, 1986; Fine & M andel, 1986).

Such enzym e activity

is know n to disaggregate tissues (Rinaldini, 1959) and cell-to-substratum adhesion
(Poste, 1971).
Uitto (1987) has identified a trypsin-like neutral protease in extracts of gingival
tissue.

The detection of protease activity as a prognostic indicator for periodontal

disease in gingival crevicular fluid has been investigated by Cox et al. (1990) and
Beighton et al. (1990).

Increased activity of trypsin, elastase, chym otrypsin and

dipeptidyl peptidase was associated w ith disease. Even acknow ledging the presence
of serum protease inhibitors in the gingival tissue, it is som ew hat surprising that the
total disruption of the JE and its attachm ent to the tooth surface does not occur
during the progression of the periodontal lesion and possibly subsequent to the
treatm ent of such lesions.
A partial explanation may lie in the dual adhesion m echanism proposed in this
thesis (section 4.6).

A lthough TSA (frictional adhesion) w ould be sensitive to the

presence of proteolytic enzyme, TRA (tractional adhesion) will rem ain functional.
As a result, epithelial cells may partially separate from the tooth surface but w ould
possess the potential to translocate via their TRA.

It is likely that such enhanced

m igration w ould favour an apical attachm ent i.e. in an environm ent w ith a
dim inished protease activity, w here TSA w ould perm it the cells to attach and spread.
A sim ilar phenom enon could explain the increased intercellular spaces w ithin the JE
associated w ith the "initial lesion" of gingivitis (Page & Schroeder, 1976) and its
derangem ent evident in a periodontal pocket.
A characteristic feature of the "initial lesion" is an increased m igration of
polym orphonuclear leucocytes (PMNs) via intercellular spaces of the JE (Page &
Schroeder, op cit.; Gillett et al, 1990).

Some m igration is apparent in periodontal

health (Brecx et a l, 1987) and occurs w ithout any significant disruption of the JE.
PMNs discharge lysosomal hydrolases into the surrounding m edium (Allison, 1973;
Sandholm , op cit.), which may facilitate their m igration through JE as intercellular
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TSA is vulnerable to proteolytic activity.
In healthy gingivae there is a high exfoliation rate of junctional epithelial cells
into the gingival sulcus (Listgarten, 1972; Mackenzie, 1987).

A m echanism of cell

separation in the absence of extrinsic proteolytic enzym e activity m ay exist to
facilitate this coronal cell migration. Consistent w ith cell invasion (migration) Chen
& C hen (1987) have reported m em brane bound cell surface proteases involved in the
local degradation of fibronectin at cell-to-substratum contact sites in transform ed cells.
In epithelial cell systems, cell surface peptidases (ectoenzymes) such as
dipeptidyl peptidase can hydrolyse extracellular substrates by virtue of their
topography (Kenny et al., 1989).

These authors propose that by virtue of their

potential to activate or inhibit peptide grow th factors m ediating intercellular
interactions, they have a key role in the control of epithelial grow th and
differentiation.
U ltrastructural

studies

of junctional

epithelial

cells

have

dem onstrated

lysosome-like bodies w ith inclusions suggestive of phagocytic activity (Lange &
Schroeder, 1971). Basal layer cells undergo self-replication w here rounding of such
cells precedes mitosis (Bullough & Laurence, 1964).

H ong &c Brunette, (1987)

reported that proteinase and plasm inogen activator secretion in epithelial cells
derived from porcine periodontal ligament was correlated w ith cell shape. The more
round the cells the greater the am ount of proteinase secreted, a decrease in secretion
w as apparent w ith an increasing cell population density.

Thus, indirect evidence

suggests that junctional epithelial cells have a capacity for localised production or
release of a protease capable of disrupting TSA and enabling cells to migrate. The
m odulation of such enzym e activity and particularly that of cell-surface peptidases
together w ith their respective inhibitors play a critical role in events that control cell
adhesion of JE.

The m ethodology described in this thesis (sections 2.7 and 3.3.6)

w hich enables the control of the local milieu (e.g. pH ) w ould be ideal for the
investigation of such factors.
Poison & Proye (1983) stressed the critical role of the fibrin-to-collagen linkage
as an initial event during w ound healing to m axim ise connective tissue repair to the
root surface. They (op cit.) also stressed that the establishm ent of the fibrin linkage
m ay be critical in preventing the apical m igration of JE. H ow ever, there is evidence
w hich is contrary to this proposal.

In vitro studies of gingival explants have

dem onstrated epithelial collagenase activity (Pettigrew et al., 1980) and fibrinolytic
activity (Groves & Riley, unpublished data).

Sindet-Pedersen et al. (1990) recently

reported significant fibrinolytic activity associated w ith epithelial cells obtained from
sm ears of buccal mucosa.
activator.

This activity is related to cell-bound plasm inogen

From tissue culture investigations they (op cit.) suggest that fibrinolysis

produced by epithelial cells m ay m odulate cell m igration in response to injury. Such
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a proposal is supported by events during the healing of an excised w ound by
secondary intention in vivo, in which the surrounding epithelial cells m igrate over
the derm is underm ining the fibrin clot prior to scab formation. Thus, the evidence
suggests the possibility of therapeutic modification of junctional epithelial cell
m igration by protease inhibitors and the predication that inhibitors of fibrinolysis
such as heparin w ould prevent such migration.
Ten Cate (1989) alluded to the inability of the root surface and local milieu to
induce already differentiated connective tissue cells to assum e the functions necessary
for the regeneration of the periodontal tissues. This phenom enon being particularly
relevant to the inert non-biological materials used to fabricate dental implants.
It is conceivable that future periodontal therapy will include the treatm ent of
the scaled root surface (or dental im plant) with biological response modifiers (i.e.
activators and inhibitors) to prom ote regeneration (or connective tissue attachm ent)
together w ith the norm al seal of the dento-gingival junction.
The procedure for the quantitative m easurem ent of cell adhesion to planar
substrata as described in this thesis provides a suitable m ethodology to investigate
these im portant questions.
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APPENDIX
A.1

D efinitions

A nnular Zones:

Specific annular areas of the coverslip culture are referred to as

annular zones indicated by the Roman numerals I to IV. These annular zones are
bounded by circles at the following radii: I = zero to 2.5 mm, II = 9.5 to 10.5 mm,
HI = 10.5 to 13 m m and IV = 13.5 to 14.5 mm (see Figure 9).

Cell-separation index (<X>):

The proportion of cells removed in a defined area

(annular zone II) per unit shear force from a coverslip culture.

Critical shear radius (CSR):

The radius where the shearing force is sufficient to

detach cells from a circular coverslip. Calculated as the first incremental radius after
the first positive increase in relative luminosity equal to or greater than a threshold
value of 8% of the difference of the mean of the relative luminosity for annular zone
III and the mean relative luminosity of annular zone I.

Dynamic viscosity (|x): The property of a fluid (liquid or gas) of offering resistance
(internal friction) to the non-accelerated displacement of two adjacent layers,
represented as the ratio of the shearing stress to the shear of the motion. CGS unit
poise, cm4g s'1; SI unit m'1 kg s'1

Kinematic viscosity (v): A coefficient defined as the ratio of dynamic viscosity (|x)
of a fluid to its density. CGS unit stoke, cm2 s'1; SI unit m2 s 1

Laminar flow: The property of a shearing fluid between two parallel plates where
the velocity gradient profile is parabolic and the shear force gradient operates in the
absence of turbulence.
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Local Reynolds num ber (Rer): A dimensionless param eter which represents the ratio
of the local linear velocity to the kinematic viscosity of a fluid. In the case of the
system investigated in this thesis calculated for the shearing fluid at specific radii
in the shearing chamber.

Lum inosity: Luminosity is a m easure of the light emitted by a surface. For a nonlum inous surface the luminosity is dependent upon the illuminance of the surface
(opacity) and

its properties of transmittance

(transparency), absorbance and

reflectance.
Transmittance: The ratio of the transm itted light to the incident light expressed
as a percentage.
Transparency: The ratio of the intensity of the transm itted light to that of the
incident light.
Absorbance: The ratio of the absorbed light to the incident light.
Reflectance: The ratio of the reflected light to the incident light.

M inim um distraction force (MDF): The shearing force (pressure) operating at the
critical shear radius (CSR).

Opacity: The reciprocal of transparency.

O ptical D ensity (OD): The common logarithm of opacity.

Prim ary adhesion: The type of adhesion involved in the initial phase of cell contact,
dependent on non-specific surface properties of the opposing components and
independent of cell metabolism.
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Relative lum inosity:

Luminosity value of photographic negative of a sheared

coverslip culture (experimental) expressed as a percentage of the lum inosity value
of the equivalent annulus of an unsheared control coverslip culture.

R elative optical density (RD10): The product of the optical density value calculated
for annular zone II of sheared coverslip cultures (experimental, ODexp) divided by
the optical density value calculated for annular zone II of control (unsheared, ODcon)
coverslip cultures.

Secondary adhesion: The type of adhesion involved in the stabilization phase of cell
adhesion synonym ous with cell spreading involving molecular congruity w ith steric
specificity of opposing surfaces and dependent on cell metabolism.

Shear force: The horizontal pressure (force) exerted at a surface by the lam inar flow
of a fluid.

Shearing fluids:

Physiological distraction media pum ped through the shearing

cham ber for the detachm ent of adherent cells from a coverslip culture.

Tenebrosity:

The degree of darkness (cf. luminosity) produced by a stained layer

of cells adherent to a glass coverslip.
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A.2

G lossary

A.2.1 A bbreviations
BA

British Association screw thread

BAPNA

Sodium-benzoyl-D-arginine-p-nitroanilide

BHK

Baby Ham ster kidney cells

BM 35/3

Magnetically coupled centrifugal glass filled polypropylene pum p
producing 10 lmin'1 at 2.5 m head of w ater at 20°C

BM 25/5

Magnetically coupled centrifugal glass filled polypropylene pum p
producing 10 lmin'1 at 3.5 m head of w ater at 20°C

BSA

Bovine serum albumin

CAMM

Cell adhesion measurem ent m odule

CAMs

Cell adhesion molecules

CDS

Calcium-dependent adhesion system

cf.

Compare

CJMs

Cell junction molecules (JAMs)

CNCM-I-221 Collection Nationale de Cellules et de Microorganisme (Institut Pasteur)
I = index num ber
con A

concanavalin A

CSAT

Cell-substratum attachment antibody

CSR

Critical shear radius

cst

Critical surface tension

dH 20

Distilled w ater

DLVO

Derjaguin & Landau, Verwey & Overbeck

DMSO

Dimethyl Sulphoxide

EBL

External basal lamina

EDTA

Ethylenediamine tetra-acetic acid

eg-

exempli gratia (= for example)

EGTA

Ethylene glycol bis (p-aminoethyl ether)-N, N-tetra-acetic acid

EM

Electron M icrograph

et al.

et alii (= and others)

F

Force, (pascals = Newtons per square metre)
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10

Force (pascals) calculated at a radius of 10 mm

Fcsr+3

Force (pascals) calculated at a radius equivalent to the critical shear
radius plus 3 m m

FBS

Eagle's m inim um essential m edium w ith foetal bovine serum

GPR

General purpose reagent

HEPES

Hydroxyethylpiperazine-N'-2-ethanesulfonic acid

1-221

Established line of mamm alian epithelial cells

IBL

Internal basal lamina

ie

id est (= that is)

in vitro

in experimental conditions

in vivo

in the living state

JAMs

Junctional-adhesion molecules (CJMs)

JE

Junctional epithelium

k

Kilo (103)

L-CAM

Cell adhesion molecules isolated from embryonic liver cells

Lum

Mean luminosity value

M

M olar (concentration)

mM

Millimolar

MDBK

Bovine kidney epithelial cells

MDF

M inim um distraction force

MEM

M inim um essential medium

MW

M olecular weight

n

N um ber of observations

N-CAM

N eural cell adhesion molecule

Ng-CAM

Neuron-glia cell adhesion molecule

ns

N ot significant

ODcon

Optical density control

ODgxp

Optical density experimental

op cit.

O pare citato (in the work previously cited w ithin that section)

p

Probability
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Pan F

Panchromatic fine grain film (Ilford)

PBSA

Dulbecco A, calcium and magnesium free phosphate buffered saline

pH

The negative logarithm of the hydrogen ion concentration

PM N

Polym orphonuclear leucocyte

p ./p p .

page/pages

r

Radius

RD10

Relative optical density at radius 10mm

RDcsr+3

Relative optical density at a radius equivalent to the critical shear radius
plus 3 m m

Rer

Local Reynolds num ber

RGD

Arginine-glycine-aspartic amino acid sequence

rpm

Revolutions per m inute

SAM

Substrate attached material

SAMs

Substrate attachm ent molecules

SD

Standard deviation

sfe

Surface-free energy

SFM

Eagle's m ininum essential m edium w ithout serum and antibiotics

3T3

Mouse fibroblast-like cells

TC

Tissue culture grade

TRA

Trypsin-resistant adhesion

TSA

Trypsin-sensitive adhesion

Type Iv

Vertically orientated cell-to-substratum contacts

Type IIH

Horizontally orientated cell-to-cell contacts

Type IIV

Vertically orientated cell-to-cell contacts
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A.2.2 Abbreviations of units of measurement
W here indicated SI and CGS represents the International system and the centimetregram-second system of units respectively
Length (L)
m
cm
mm
|xm
nm
in

metre
centimetre
millimetre
micron
nanometre
inch

V olum e

1
ml

pi

10*2 metre
10"3 metre
10"6 metre
10'9 metre

(L3)

litre
millilitre
microlitre

10"3 litre
10-6 litre

M ass (weight, M)

g
mg
Mg
D
KD

gram
milligram
microgram
dalton
kilodalton

10'3 gram
lO'6 gram
103 dalton

Time (T)

h
hour
min minute
s
second
D ensity (L^M)

g ml'1
Mg ml'1
g cnV3

gram per millimetre
microgram per millimetre
gram per cubic centimetre

Tem perature
°C

degree Celsius

Force (mass x acceleration, LMT'2)
dyne (CGS) cm g s'2
N
(SI)
newton, m kg s'2
'g '
gravitational units
Pressure (force per u n it area, L'1 M T 2)
N m'2(Sl)
Pa
(SI)

newton per square metre, kg m'1 s'2
pascal, Nm'2

208

Energy, W ork (ITM T*2)
erg (CGS) dyne x cm; cm2 g s'2
joule (SI)
new ton x m; m 2 kg s'2, 107erg
D ynam ic Viscosity (L^M T 1)
poise (CGS) dyne s cm '2; cm'1 g s'1
centipoise
10‘2 poise
K inem atic viscosity (L2 T 1)
stoke (CGS) cm2 s 1
centistoke
10'2 stoke
O thers
°
kV
mA

Degree (unit of angle)
Kilovolt
Milliampere

A.2.3 Symbols
dx

maximum luminosity value

d2

m inim um luminosity value

Aejss

difference in optical extinction at wavelength 395 nm

f

camera aperture stop

H

height (mm) between coverslip and shearing chamber top section

Ii

incident light

It

transm itted light

Ki

Rer unit conversion factor (1.67 x 104)

K2

MDF unit conversion factor (1.67)

[L

dynamic viscosity (poise)

k

pi (3.1416)

Q

flow rate (1 m in 1)

v

kinematic viscosity (stoke)

<E>

cell-separation index

^csr +3

cell-separation index at a radius equivalent to the critical shear radius
plus 3mm

x

mean value

%

percent

>

greater than

<

less than
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A.3

List of Suppliers

A rnold R Horwell Ltd, 73 May grove Road, West Ham pstead, London NW6 2BP,
England
Baird & Tatlock (London) Ltd, P.O. Box 1, Romford, RM1 1HA, England.
B.D.H. Ltd Chemicals & Diagnostic Division, Broom Road, Parkstone, Poole, Dorset,
BH12 4NN, England.
Chance propper Ltd, Smethwick, Warley, England
CJA Co. Unit 4B, Kingston House Estate, Thames Ditton, Surrey, England.
Coulter Electronics Ltd. Northwell Drive, Luton, Beds. LU3 3RH, England.
Decon Laboratories Ltd, Conway Street, Hove, BN3 3LY, England.
Dentsply Ltd, De Trey Division, Hamm Moor Lane, Addlestone, W eybridge, Surrey
KT15 2SE, England.
Edw ards High Vacuum, Manor Royal, Crawley, West Sussex RH10 2LW, England.
Falcon Plastics, Becton, Dickinson-UK Ltd, York House, Empire Way, Wembley,
Middlesex, HA9 OPS, England.
Flow Laboratories Ltd, Woodcock Hill, Harefield Road, Rickmans worth, Herts, WD3
1PQ, England.
Gelman Sciences, 10 Harrow den Road, Brackmills, N ortham pton, NN4 OEZ, England.
Gibco Bio-Cult, Gibco Ltd, PO Box 35, Trident House, Renfrew Road, Paisley, PA3
4EF, Scotland.
Hitachi Denshi (UK) Ltd, Unit 13, Industrial Estate, Garrick Road, London NW9,
England.
H opkins & Williams Ltd, Freshwater Road, Dagenham, Essex, RM8 1RZ, England.
Ilford Photocompany Ltd, 14-22 Tottenham Street, London W1P OAH, England.
Imperial Laboratories (Europe) Ltd, West Portway, Andover, H ants SP10 3LF,
England.
Jencons Scientific Ltd, Cherrycourt Way, Industrial Estate, Stanbridge Road, Leighton
Buzzard, Bedfordshire LU7 8UA, England.
J.J. Lloyd Instrum ents Ltd, Brook Avenue, Warsash, Southam pton S03 6HP, England.
J.R. Beck Ltd - no longer trading
Keith Johnson & Pelling Ltd, Promandis House, 19-21 Conway Street, London W1P
5HL, England.
Koch-Light Laboratories Ltd, Colnbrook, Buckinghamshire SL3 OBZ, England.
Kodak Ltd, Medical Markets Division, PO Box 66, Kodak House, Station Road,
Hemel Hempstead, Herts HP1 1JU, England.
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L.H. Fermentation, Bells Hill, Stoke Poges, Bucks SL2 4EG, England.
M illipore (UK) Ltd, 11-15 Peterborough Road, Harrow, Middlesex HA1 2YH,
England.
National Panasonic, Telesonic Ltd, 92 Tottenham Court Road, London W l, England.
Oxoid Ltd, W ade Road, Basingstoke, H am pshire RG24 OPW, England.
Paterson Products Ltd, 2-6 Boswell Court, London WC1N 3PS, England.
Pharmacia (GB) Ltd, Prince Regent Road, Hounslow, Middlesex TW3 1NE, England.
Pye Unicam, Philips Scientific, York Street, Cambridge CB1 2PX, England.
R.A. Lamb, 6 Sunbeam Road, London NW10 6JL, England.
Sigma Chemical Co. Ltd, Fancy Road, Poole, Dorset BH17 7NH, England.
Sterilin Ltd, Lampton House, Lam pton Road, Hounslow, Middlesex TW3 4EE,
England.
TAAB Laboratories Ltd, Unit 3, Minerva
Aldermaston, Reading RG7 4QW, England.

House,

Calleva

Industrial

Park,

Totton Pum ps, Totton Electrical Products Ltd, Southam pton Road, Cadnam ,
Southam pton S 04 2NF, England.
Travenol Laboratories Ltd, Thetford, Norfolk , England.
W atsons & Sons (E.M) Ltd, N orth Wembley, Middlesex, England.
W.R. Prior & Co Ltd, London Road, Bishop's Stortford, Herts, England.
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