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Abstract— The adhesiveness of BALB/c 3T3 cells and their SV40 virally transformed
counterparts as assessed by aggregation kinetics was found to vary as a function of cell
culture density and aggregation conditions. In culture, SV3T3 cells were found to have
a faster growth rate and a smaller cell volume than 3T3 cells. Although both cell types
displayed increasing adhesiveness with increasing culture density, the adhesiveness of
SV3T3 cells was consistently lower than that of 3T3 cells of comparable culture density
when the cells were aggregated under shear rate conditions < 45/sec. When the shear
rate was increased from 90 to 450/sec, however, the aggregation profile inverted, with
the 3T3 cells becoming less adherent than the SV3T3 cells. The ability of the
transformed SV3T3 to remain adherent under conditions of relatively high shear may
facilitate extravasation during the process of tumour spread.

INTRODUCTION

THERE has been a pervading view in tumour
cell biology that decreased cellular adhesiveness
is correlated in some way with tumorigenic or
metastatic potential. This view has its foun-
dations in the earlier work of Ludford[l] and
Cowdry[2], but it was not until the studies of
Coman[3-5], who measured the force required
for cell detachment from the substrate, that the
proposed correlation gained tacit acceptance. It
has become apparent over the last few years,
however, that the adhesive behaviour of both
normal and transformed cells is more complex
than was originally thought. It now seems likely
that the generalization that decreased ad-
hesiveness is a property of tumorigenic cells
is a misconception which has arisen from too
few studies on too few cell types. Wright et
al.[6], for example, have found that a number
of transformed tumorigenic cell lines are in
fact more adhesive than their non-transformed,
non-tumorigenic counterparts as assessed by
the rate of aggregation of reciprocally shaken
EDTA-dissociated cells. A similar correlation
between lung-colonizing potential of tumour
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cells and their adhesiveness has been demon-
strated by Winkelhake and Nicolson[7] and
Raz et al.[8]). These authors found, using
the collecting lawn method {9] or a modification
of the aggregation technique to induce cell
collisions[10], that B16F10 malignant mela-
noma cells (with a relatively high lung-col-
onizing potential) are more adhesive than
B16F1 cells (with a relatively low lung-colon-
izing potential). This correlation between
colonizing potential and cell adhesiveness is in
contrast to the results reported by Bubenik et
al.[11], which imply an inverse correlation be-
tween cell surface adhesiveness (measured by
latex particle adhesion) and malignancy in cer-
tain murine fibroblastoid cell lines. In contrast
to all of these reports, Dorsey and Roth[12]
found no correlation in their study of ad-
hesiveness and malignancy using the collecting
aggregate technique[l3] to examine the ad-
hesiveness of 3T3, SV-3T3 and 3T12 murine
cell lines.

The few examples described above illustrate
the variations which underlie current research
techniques employed in measuring cellular
adhesiveness. Although adhesiveness might be
expected to vary with method of
assessment[14], it also varies with cell type[12],
dissociation procedure[15-17], culture
density[18], serum concentration[19], cell
products [20], temperature [21], time [14, 22],
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junctional development[20] and various ions,
drugs and routine media additives such as
glucose and glutamine [16). The effects of many
of these variables are of obvious importance
when attempts are made to generalize between
the results of different laboratories. In the
present report we have employed standardized
procedures to study the effects of culture den-
sity and shear rate on the adhesiveness of
BALB/c 8T3 cells (clone A31) and their SV40
virally transformed counterparts. Adhesiveness
was measured kinetically by following changes
in total particle number as normal or trans-
formed cells were -aggregated within the
confines of a Wells-Brookfield cone-plate vis-
cometer.

MATERIALS AND METHODS

Maintenance of cell lines

BALB/c 3T3 cells (clone A31) and their
3T3B/SV40-transformed counterparts were
obtained from Flow Laboratories (Scotland)
and were maintained as monolayer cultures in
plastic 75 cm? tissue culture flasks (Sterilin Ltd)
in a culture medium consisting of Dulbecco’s
minimum essential medium supplemented with
10% foetal calf serum, 2mM L-glutamine,
501U/ml benzyl penicillin and 50 pg/ml
streptomycin sulphate (Flow Labs). Cultures
were kept at 37°C in a humidified atmosphere
of 95% air and 5% CO, Subconfluent
monolayers were subcultured every third day
by the transfer of 0.2 X 10° cells per 75 cm? flask.
To remove cells from culture flasks,
monolayers were washed with 5 ml Ca**/Mg*'-
free phosphate-buffered saline (CMF-PBS) and
subsequently treated for 5min at 37°C with
2ml of CMF-PBS containing 0.1% trypsin
(Difco 1:250) and 0.5mM EDTA (ethy-
lenediamine tetra-acetic acid, disodium salt).
The resulting cell suspension was treated with 4
vols of culture medium and centrifuged in the
cold (4°C) for 3 min at 150 g. The cells were
then resuspended as required and a 40-ul
sample was added to 20ml Isoton (Coulter
Electronics Ltd) before counting on a Coulter
counter model ZB (aperture size 200 um,
attenuation = 8, aperture current=0.25mA,
lower threshold = 10, upper threshold = 100)
coupled to a Coulter Channelyzer model C1000
with XY recorder. Cell suspensions prepared in
this manner were consistently > 85% single cells
and >95% viable as assessed by trypan blue
dye exclusion. Nodal cell volumes were deter-
mined directly from the Coulter Channelyzer
volume distribution curves, whereas mean cell
volumes were determined from the distribution
curves by the application of Simpson’s rule [23].

Samples of cell suspensions in culture medium
at various passage numbers were supplemented
with 10% dimethylsulphoxide, adjusted to 2 X
10° cells/ml and stored in liquid N, vapour until
required.

For experimental purposes both 3T3 and
SV3T3 cells were seeded at either 0.2 X 10° (low
density) or 0.9 X 10° (high density) cells per 9 cm
diameter petri dish (Nuclon, growth area
60.8cm?) in 10 ml culture medium. For cell
adhesion studies, single cell suspensions were
prepared as described above except that the
final resuspending medium was supplemented
with 20 mM Hepes buffer (N-2-hydroxyethyl-
piperazine-N'-2-ethane sulphonic acid).

Assessment of adhesiveness

Cell adhesiveness was measured by following
the aggregation kinetics of single cell suspen-
sions subjected to known laminar shear con-
ditions with the confines of a Wells-Brookfield
cone and plate viscometer (model LVT-C/P;
cone angle 0.8°). The shear rate was varied
between 4.5 and 450/sec in 7 steps and the
sample chamber of the viscometer was water
jacketed and maintained at 37°C by a Colora
closed system temperature circulator (model
K4). All working surfaces of the viscometer
were siliconized prior to use with 5% DC1107
silicone oil (Asschem Ltd) in ethyl acetate.

Single cell suspensions were adjusted to a
constant volume fraction of 37.92% based on
nodal cell volumes. The volume fraction was
equivalent to about 1-4 X 10° cells/m! and takes
into account the fact that cells change in
volume during culture in vitro. A 1-ml sample
of cell suspension was placed in the viscometer
cup and aggregation was assessed by the drop
in total particle number (cells plus aggregates)
with time as the cells adhered to each other
[24]. Results are expressed as the aggregation
index N/N,, where N, = number of particles at
time ¢t =0 and N, = number of particles at t =
10, 20 or 30 mins.

RESULTS

Growth characteristics

The growth characteristics of 3T3 and
SV3T3 cells seeded at low (0.2x10% or high
(0.9 % 10°) densities are shown in Fig. 1. The
SV3T3 cells have faster growth rates at both
low and high densities when compared to 3T3
cells. Although both cell types show a decrease
in nodal cell volume with increasing culture
density, SV3T3 cells are considerably smaller
than their non-transformed counterparts at
comparable densities (Fig. 2).
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Fig. 1. Growth characteristics of 3T3 (squares) and SV3T3
cells (circles) seeded at low (solid symbols) and high cell densities
(open symbols). SV3T3 cells have faster growth rates at both low
and high cell densities. Results shown in Figs 1 and 3-5 are from
representative experiments carried out in duplicate. Qualitatively
stmilar results were obtained in 2—4 repeat experiments. Data are
not pooled because of quantitative variation resulting from
different final cell densities and different foetal calf serum batches
(37 and our unpublished observations).

Adhesion as a function of cell culture density
SV3T3 cells are less adhesive than 3T3 cells
of comparable culture density (Figs 3a, b). Both
cell lines, however, display increasing ad-
hesiveness with increasing culture density.
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Fig. 2. Changes in nodal cell volume of 3T3 (@) and SV3T3

cells (O) as culture density increases. 3T3 cells are larger than

their  transformed counterparts at comparable densities.

Lines of the form y=—12095log,x+8153.9 and y=

—791.5 logiox + 5504.6 were fitted to the 3T3 and SV3T3 data,
respectively, by regression analysis.
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Fig. 3. Adhesiveness of 3T3 (squares) and SV3T3 cells (cir-

cles) as a function of culture density. 3T3 cells are generally more

adhesive than SV3T3 cells at comparable culture densities

whether original seeding was from low (solid symbols) or high
innocula (open symbols).

These studies were carried out at a fixed shear
rate of 45/sec.

Adhesion as a function of shear rate

When cells were subjected to shear rates
varying between 4.5 and 450/sec, the aggre-
gation profile was found to alter dramatically
(Figs 4a, b). Adhesiveness decreased as the shear
rate increased, but SV3T3 cells were less sen-
sitive to the effects of increasing shear. These
differences in shear-related adhesive behaviour
between 3T3 and SV3TS3 are illustrated in Fig.
5, where the aggregation profiles for both cell
types are compared at N, =20 min. SV3T?3 cells
are generally less adhesive than 3T3 cells at low
shear rates (=<45/sec) but become relatively
more adhesive at high shear rates ( < 90/sec). In
these experiments, cultures of 3T3 and SV3T3
cells were set up under identical conditions and
final cell densities were within the range of
1.2-2.3 X 10° cells/cm?.

DISCUSSION

In our analysis of the adhesive behaviour of
3T3 cells and SV3T3 cells we have adopted a
set of standard procedures to prepare >85%
single cell suspensions. We subsequently
aggregated these cells in a serum-containing
medium within the defined conditions
generated by a cone and plate viscometer. We
chose a convenient and well-studied cell line
for our experiments and employed a 0.1%
trypsin/0.5 mM EDTA harvesting procedure
routinely. According to Cassiman and
Bernfield [15], however, 0.05% trypsin/0.02%
EDTA treatment masks any differences be-
tween the adhesiveness of 3T3 and SV3TS3 cells
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Fig. 4.  Adhesiveness of (a) 3T3 and (b) SV3T3 cells as a
function of aggregation shear rate. 3T3 cells are poorly adherent
at shear rates > 225/sec, whereas SV3 T3 cells remain adherent
up to shear rates of 450/sec. X =4.5/sec; A =11.25/sec; O =
22.5/sec; O = 45/sec; A = W/sec; B = 225/sec; @ = 450/sec. In
Fig. 4a the results from 4.5/sec overlie those from 11.25/sec.
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Fig. 5. Adhesiveness of 3T3 (@) and SV3T3 (O) cells as a

function of aggregation shear rate. Adhesiveness of each cell type is

compared after 20 min of aggregation to illustrate the greater
adhesiveness of SV3T3 cells at higher shear rates.

(as assessed by the rate of rotary aggregation)
since both cell types become of low adhesive-
ness. When harvested by 0.02% EDTA alone,
however, the SV3T3 cells were significantly
more adhesive than their non-transformed 3T3
cells. Unfortunately, EDTA treatment alone
does not yield a single-cell suspension, and thus
Cassiman and Bernfield [15] found it necessary
to filter their preparation to remove aggre-
gated cells. It could be argued that this process
removes an adherent cell population, especially
if the yield of single cells is low and that results
obtained using this procedure do not reflect
the adhesiveness of the cell population as a
whole. Evans and Proctor [25] have provided
evidence from a theoretical analysis of the col-
lision processes occurring during aggregation
that supposedly ‘homogeneous’ populations
may in fact be composed of sub-populations of
cells of varying adhesiveness. Furthermore,
Cassiman and Bernfield [15] and numerous
other authors have analysed aggregation under
serum-free conditions which could be expected
to affect both cell survival and the rate of
aggregation. In some cell systems, for example,
serum decreases cell adhesion [26], whereas in
others, serum promotes it [27].

Using a culture medium containing 15%
foetal calf serum, Gail and Boone [28]
measured cell contact time for both 3T3 and
SV3T3 cells, and found that 3T3 cells spent
about 3 times as long in contact as SV3T3 cells.
The authors argued that contact time reflects
mutual adhesivity, although alternative
behavioural processes such as contact paralysis
independent of adhesiveness may be in opera-
tion. Nevertheless, these basic results reflect the
observations of McNutt and Weinstein (quoted
in [28]) that SV3T3 cells have fewer observable
junctions than 3T3 cells, and thus may be
expected to display lower adhesiveness.

It is clear that our understanding of the
adhesive behaviour of normal and virally
transformed cells remains controversial and
that the extent to which this may be attribut-
able to variations in technique is uncertain.
Furthermore, our results suggest that even
when comparable systems are employed (e.g.
rotary aggregation), disparate results may be
obtained if there is any deviation in shear con-
ditions. We have found that the relative ad-
hesive values of 3T3 and SV3T3 cells may in-
vert at higher shear rates (> 90/sec), with 3T3
cells becoming relatively less adhesive. The abil-
ity of SV3T3 but not 3T3 cells to adhere under
high shear conditions may reflect fundamental
differences in membrane rigidity. SV3T3 cells
have 50% more cholesterol content than 3T3 cells
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and thus are more rigid than their non-trans-
formed counterparts [29]. This increased rigidity
of transformed cells may allow them to adhere
under conditions of high shear which would
otherwise inhibit adhesiveness. Several studies
[30-34] have provided evidence that increases in
membrane rigidity are associated with increases
in cell adhesiveness. However, this relationship
may not be straightforward since, despite
significant variation in rigidity between 3T3 and
SV3T3 cells, differences in adhesiveness only
become apparent at shear rates above about
90/sec. The biological significances of our obser-
vation that SV3T3 cells remain adhesive under
relatively high shear conditions can only be
alluded to, but the possibility exists that during
tumour spread this adhesive behaviour of trans-
formed cells might facilitate extravasation from
blood vessels where high shear rates are to be
expected.

We have also found that cell adhesiveness
increases along with an increase in culture
density up to about 10° cells/cm®. Edwards and
Campbell [21] and O’Neill {18] found that
confluent BHK21 Clone 13 cells harvested with
trypsin/EDTA aggregated more than cells from
less dense cultures. In a later paper, however,
O’Neill and Burnett [19] found that EDTA-
harvested 3T3 cells aggregated more in sparse
than in dense cultures whereas the aggregation
of SV3T3 cells was relatively unaffected by cul-
ture density. All of these studies were carried
out in serum-free medium using different assay
methods, so that direct comparison is not pos-
sible. Nevertheless, it is of interest that Inbar et
al. [29] found that membrane rigidity increases
with culture density. Our results showing an
increase in cell adhesiveness with culture den-
sity are thus not unexpected in the light of the
proposal discussed earlier that increased rigi-
dity may be correlated with an increase in ad-

hesion. Furthermore, Bosmann and Lione [35]
found that the ability of B16 malignant
melanoma cells to form lung cononies in-
creased with culture density. This increased
frequency of lung colony formation may reflect
an underlying increase in cell adhesiveness as
the cells become more densely distributed.

Our observation that a decrease in cell
volume occurs as the cells become more den-
sely distributed may be pertinent to the
mechanisms underlying the accompanying in-
crease in cell adhesiveness. For example, a
decrease in cell volume may lead to a concen-
tration of the postulated cell surface moieties
responsible for cell adhesiveness, in much the
same way as has been argued for concanavalin
A binding sites [36], thus resulting in an in-
creased probability of adhesions developing.

It is apparent from the foregoing that cell-
cell adhesiveness is an exceedingly complex
phenomenon and that the underlying cellular
and molecular events are poorly understood.
Using the standardized procedures outlined
above, we have presented evidence which cor-
relates adhesiveness with both the conditions of
culture and of aggregation. Because these
variables are often not taken completely into
account, it is not surprising that confusion
exists as to whether virally transformed cells
are more or less adhesive than their non-trans-
formed counterparts. OQur results suggest that
in unsynchronized cultures of similar culture
density, SV3T3 cells are less adhesive than 3T3
cells at low shear rates (=<45/sec) but become
more adhesive at higher shear rates (=< 90/sec).
Apart from suggesting a possible explanation
for disparate results in different studies, high
adhesiveness of some transformed cells at shear
rates near those expected in blood vessels
might facilitate extravasation during tumour
spread.
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