Biophysical Journal Volume 69 October 1995 1387-1401 1387

Localized Contact Formation by Erythrocyte Membranes:
Electrostatic Effects

N. E. Thomas and W. T. Coakley
School of Pure and Applied Biology, University of Wales, Cardiff CF1 3TL, Wales

ABSTRACT The topology of the contact seam of human erythrocytes adhered by dextran, an uncharged polymer, has been
examined. Particular attention has been paid to the influence of electrostatic intermembrane interactions since their
magnitude and range can be accurately estimated. Normal celis formed a continuous seam, whereas erythrocytes with
pronase-modified glycocalices formed localized contact points on adhesion in 72 kDa dextran in buffered 145 mM NaCl. The
dependence of the inter-contact distance A on dextran concentration [D] over the range 2-6% w/v, was given by A =
C[D] %92, where C was a constant. The index of [D] was independent of dextran molecular mass over the range 20 to 450
kDa. The inter-contact distance for pronase-pretreated cells in 6% w/v 72 kDa dextran increased from 0.78 to 1.4 um as
[NaCl} was reduced through the range 145 to 90 mM and the suspending phase was maintained at isotonicity by using sorbitol
to replace NaCl. The formation and lateral separation of the contact points are discussed from the perspective of linear
interfacial instability theory. The theory allows a quantitative explanation for the experimentally observed dependence of
inter-contact distance and of disturbance growth rate on change in electrostatic interaction. The results suggest that the
dominant wavelength, determining the inter-contact distance, is established on approaching membranes when the layers of

cell surface charge are separated by a perpendicular distance of <14 nm (bilayer separation of 24 nm).

INTRODUCTION

The understanding of the physical chemistry of the pro-
cesses that occur when cells approach each other has in-
creased significantly in recent years as, on the biological
side, more becomes known about the fine structure of the
cell glycocalyx (Coakley et al., 1991; Fisher, 1993) and, on
the physical side, inter-surface forces which are also impor-
tant in cell interactions can be measured at surface separa-
tions on the order of nanometers (Fisher, 1993; Israelachvili
and McGuigan, 1988; Patel and Tirrell, 1989).

The adhesion of erythrocytes by macromolecules and
polymers has been widely studied as a model system in
which to examine membrane interactions (Coakley et al.,
1991, 1994; Fisher, 1993). Early work (Jan and Chien,
1973a,b; Katchalsky et al., 1959) identified the types of
polymer and established the best experimental conditions
with which to achieve adhesion. Later reports clarified the
strength of cell adhesion (Buxbaum et al., 1982; Francis et
al., 1987). Recent studies in this laboratory have concen-
trated on the topology of the seam of adhesion (Coakley et
al., 1994). It has been shown that in one outcome of eryth-
rocyte-erythrocyte adhesion the seam of contact is contin-
uous (Skalak et al., 1981; Darmani and Coakley, 1990),
whereas in a second outcome spatially periodic discrete
local regions of contact are separated laterally by distances
of the order of 1 um (Coakley et al.,, 1985; Darmani and
Coakley, 1990; Thomas et al., 1993, Sung and Kabat, 1994).
The contact seam topology depends on the type of macro-
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molecule mediating adhesion and on the extent to which the
net normal pressure between the membranes has been mod-
ified, e.g., by enzymic pretreatments that reduce the cell
glycocalyx surface coverage and/or reduce surface charge.
Normal cells show spatially periodic contacts in polylysine
(Thomas et al., 1993), whereas dextran forms a continuous
adhesive seam in normal cells (Baker et al., 1993; Skalak et
al., 1981) and forms spatially periodic contacts in pronase-
pretreated cells (Baker et al., 1993; Darmani and Coakley,
1990). It has been shown that experimental procedures (e.g.,
polymer concentration change, glycocalyx modification)
that increase the net attraction between cells reduce the
inter-contact distance, whereas the inter-contact distance
increases when the experimental procedure decreases the
net attraction (Baker et al.,, 1993; Darmani and Coakley,
1990; Thomas et al., 1993; Coakley et al., 1994). This
interest in contact topology was stimulated here by the
ubiquitous appearance of localized point contacts in mem-
brane adhesion in natural systems (Coakley and Gallez,
1989; Ward and Hammer, 1992). It parallels studies else-
where of the contributions of the mechanical properties of
receptors (Evans, 1985; Ward and Hammer, 1992) and of
receptor movement (Ward and Hammer, 1992) implicit in
the appearance of localized or continuous regions of mem-
brane contact in vivo.

There is increasing experimental evidence that the occur-
rence of spatially periodic contacts when erythrocytes are
drawn together under a net attractive interaction is consis-
tent with the predictions of interfacial instability theory for
destabilization of a thin liquid film (Coakley et al., 1994).
The interfacial instability approach treats the two interacting
membranes and the intermembrane water layer as a thin
fluid film separated from two continuous phases (formed by
the cytoplasms of the interacting cells) by transition zones,
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modeled as two-dimensional surface phases with appropri-
ate physicochemical properties such as surface tension and
surface charge (Gallez and Coakley, 1986). Knowledge
gained from extensive studies in the field of colloid and
interface instability (e.g., the approach and coalescence of
bubbles and drops) (Ivanov, 1980) can then be applied to the
behavior of interacting membranes (Dimitrov, 1982; Gallez
and Coakley, 1986). The most general technique of stability
analysis is to solve the equations of change for various
perturbations of a specified initial state. This approach pre-
dicts not only the conditions for which instability will occur
but also the rates of growth or decay of various disturbances
(Miller, 1978). The deformation of a plane interface arising
from a small perturbation can be expressed as a Fourier
integral so that it suffices to determine the response of the
system to simple sine or cosine disturbances. If a sine or
cosine disturbance of any wavelength may grow then the
system is unstable. In a system that is unstable over a range
of wavelengths the wavelength with the fastest growth rate
will dominate the instability growth.

Linear instability analysis, which is restricted to situa-
tions where the vertical displacement of the thin film sur-
face is small compared to the thickness of the film, which
again must be small compared to the wavelength of the
disturbance, is applied below because of the guidance pro-
vided by its analytical solutions. Numerical solutions have
been obtained by Gallez (1994) for the high-amplitude
nonlinear dynamic behavior of an unstable aqueous film
between a membrane and a solid substratum. In the linear
analysis the development, with time ¢, of a single-frequency
vertical disturbance (of initial amplitude ¢,) of the surface
of a cylindrically symmetrical thin film is described (Ivanov
and Dimitrov, 1974) by { = {(r) - ¢, where r is a radial
coordinate and ® (the sum of the real and virtual angular
frequencies) is the complex angular frequency of the per-
turbation. If g, the real part of w, is negative the disturbance
will die out with time and the system is stable; if g is
positive the displacement will grow exponentially and the
interface is unstable. An initially flat film can become
unstable through the growth of 1) a bending mode where the
film profile becomes sinusoidal but remains of constant
thickness or 2) a squeezing mode where the central plane of
the film remains flat but spatially periodic variations in film
thickness develop and grow (Wendel, Gallez and Bisch,
1981; Prevost, Gallez and Sanfeld, 1983). It is the lat-
ter spatial periodicity of film thickness that concerns us
here.

Dimitrov (1982), as part of an analysis of squeezing mode
stability for a thin film where the resistance to deformation
was effected by bending elasticity B and membrane tension
T constructed an equation for the component of the hydro-
dynamic pressure due to wave motion of amplitude { in the
film. The expression reduced to the forms by Brochard and
Lennon (1975) and Ivanov and Dimitrov (1974) for the
cases where membrane tension and bending elasticity re-
spectively were taken as zero. He obtained an expression for
6¢/6t from which a growth rate ¢ was derived. Ruckenstein

Volume 69 October 1995

and Jain (1974) and Prevost and Gallez (1984) isolated
conditions for bending and squeezing mode development
for a charged aqueous film with tangentially immobile
surfaces. Gallez and Coakley (1986) generalized these re-
sults for the case of a nonthinning aqueous layer between
two interacting cells to give the following expression for g:

q = (h2k¥/24m)(2dP1/dh — Ko — K'B) (1)

where A is the thickness of the undisturbed film, k£ = 27/
with A as the disturbance wavelength, 7 is the film viscos-
ity, B is the membrane bending modulus. The total surface
tension o = 20g + o + 0,, with oy as the pure surface
tension and oy and o4 as the contributions of repulsive and
attractive interactions to surface tension (Gallez and Coak-
ley, 1986). The total or net disjoining pressure Py is the sum
of the different normal membrane-membrane interaction
pressures due, for instance, to the van der Waals (Pyy),
electrostatic (Pg), hydration (Py), glycocalyx stereo-repul-
sion (Pg), and dissolved-macromolecule induced attraction
(P,). Equation 1 is identical to that obtained by Dimitrov
(1982) except that surface tension o is retained above
whereas Dimitrov generalized to a membrane tension 7. The
criterion for a positive growth rate g and thus for the growth
of a squeezing mode instability is that the second bracketed
term of Eq. 1 should be positive. Therefore the squeezing
mode stability criterion is given by

It can be seen from criterion 2 that an aqueous intermem-
brane film is more likely to be stable when bounded by
membranes of high surface tension and/or high bending
elasticity. The stabilizing contributions of these parameters
is reduced when k is small, i.e., at long wavelength (k =
2m/X). The dependence on a intercellular water layer thick-
ness k£ of a number of the contributions P(h) to the net
normal interaction pressure P can be described, excluding
the case of van der Waals attraction, by terms of the form

P(h) = Py~ exp(—h/L) ?3)

where Py is a constant and L is a characteristic length for the
interaction. When the pressure is repulsive (P, positive) the
contribution of the first derivative of P(h) terms as in Eq. 3
(or indeed for any function where repulsion increases with
decreasing separation) to Criterion 2 is positive and there-
fore stabilizing. When the pressure is attractive the contri-
bution is destabilizing. The derivative dP/dh of disjoining
pressure is the second derivative of the net interaction
potential, so that a high positive curvature of the interaction
potential profile will be destabilizing. The explanation of
how perturbations of a thin film of thickness %, at which the
curvature of the interaction potential profile is positive,
release potential energy to drive the spontaneous growth of
a squeezing wave is discussed in more detail elsewhere
(Coakley and Gallez, 1989).
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The wavelength that will dominate disturbance growth in
an unstable film is obtained by differentiating g (Eq. 1) with
respect to k and setting dg/dk = 0 to give

A = 2n{or/dP/dh (4.2)

when B in Criterion 2 can be ignored compared with o and

A = 2n{B/dPy/dh]"* (4.b)

when o5 can be ignored compared with B. When a squeez-
ing wave of wavelength A grows exponentially on the
intercellular water layer it follows that the membrane will
make localized contact at points separated by the distance A
along the membrane. If the formation of localized mem-
brane contacts is to be described as an interfacial instability
phenomenon then the experimentally determined inter-con-
tact distances should be a measure of A. It follows also from
Eq. 4 that, where it is possible to quantify dPr/dh at the
onset of growth of the dominant instability, a log-log plot of
A against dPr/dh should have a slope of —0.5 or —0.25 if
membrane stretching or membrane bending respectively
determine the outcome of the membrane interaction. The
relative importance of stretching and bending resistance is
of general interest in the understanding of membrane inter-
actions (Lipowsky, 1995).

Criterion 2 gives the stability condition against squeezing
wave growth for a film of fixed average thickness & (a
nondraining film). When membranes approach each other
under a net attractive interaction, drainage of intermem-
brane water will occur, so that the average film thickness
decreases with time. The stability of both draining and
nondraining thin aqueous layers between membranes was
analyzed by Dimitrov (1982). The draining film treatment
was confined to the case where the only interaction consid-
ered between electrically neutral lipid bilayers was the
long-range van der Waals attraction. Dimitrov recognized,
however, that significant insight into the instability process
can be obtained from the simple solutions (Eqgs. 1-4) avail-
able for the case of a nondraining film. These solutions will
guide the discussion later in this paper.

It has been shown that the inter-contact distance depends
on variables such as polymer concentration and the extent of
enzyme pretreatment (Coakley et al., 1994) in a way that is
consistent with the prediction that increased net attraction
destabilizes the intercellular aqueous layer. It is difficult,
however, to obtain good estimates of the combination of P,
and L (Eq. 3) for those cases from the literature. Neverthe-
less, some attention is given here to the dependence of A on
polymer concentration where, for a fixed polymer molecu-
lar mass and therefore essentially fixed L (Eq. 3), P, de-
pends on polymer concentration through P, The main
thrust of this paper is to investigate the adhesion outcome
for variation in electrostatic interactions where L is known
and P, can be reasonably estimated.

It has been known for some time that the increased
electrostatic repulsion associated with a decrease in sus-
pending phase ionic strength inhibits simple adhesion of
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normal erythrocytes suspended in a solution of the un-
charged polysaccharide dextran of molecular mass 74 kDa
(Jan and Chien, 1973a,b). The experiments reported below
were carried out at a similar molecular mass of 72 kDa
dextran. Erythrocytes were pretreated with pronase to an
extent that increased net intermembrane attraction but re-
tained sufficient surface charge to allow reasonably strong
intermembrane electrostatic interaction. The suspending
phase ionic strength was then changed to accurately modify
L in Eq. 3.

The results show that inter-contact distance is sensitive to
electrostatic repulsion in a way that is consistent with 1) the
results of previous experiments in which intermembrane
interaction was modified by different means and 2) with the
predictions of interfacial instability theory. Estimates of the
cell separation at which the dominant instability is estab-
lished and of the growth rate of that instability (Eq. 1) are
obtained.

MATERIALS AND METHODS
Erythrocyte preparation

Human erythrocytes were obtained by finger prick into 10 ml of phosphate-
buffered saline (PBS; i.e., 145 mM NaCl and 5 mM phosphate, pH 7.32)
containing, to avoid cell crenation, 0.1 mg - mi~! bovine serum albumin
(BSA) (BDH Ltd.). The cells were centrifuged at 1000 X g for 1 min. The
supernatant and buffy coat were removed by aspiration. The cells were
resuspended and washed in the above PBS/BSA to give a concentration of
3.5 X 107 cells * ml~ ! when finally resuspended in PBS/BSA. Experiments
were completed within 2 h of finger puncture.

Pretreatment of cells with pronase and exposure
to dextran

Volumes (typically 1 ml) of the cell suspension were added to equal
volumes of pronase (0.4 mg-ml~! or 1.0 mg - ml~!) (Boehringer Mann-
heim) in PBS to give the final enzyme concentrations quoted in the Results.
The cell/pronase preparations were held at room temperature for a known
time with occasional shaking. The samples were then diluted 5X in PBS,
centrifuged at 1000 X g for 1 min, and washed in 10 ml PBS before final
resuspension in 1.0 ml PBS. This suspension was then mixed with 1.0 ml
72 kDa dextran (Sigma, Ltd.) in PBS and held at room temperature for 30
min with occasional shaking. The polymer concentrations quoted in the
Results were the concentrations in the final solutions. Where required the
polymer-treated cells were fixed in suspension by addition of 1 ml of 6%
w/v glutaraldehyde (EM grade, Sigma, Ltd.) in PBS and held at room
temperature for 10 min. The fixed cells were washed and resuspended in
PBS.

In the first of two separate experiments designed to search for any
influence of cell manipulation on the reproducibility of membrane contact
seam topology, four 1.0-ml samples were taken from the bulk blood
suspension (at point A, Fig. 1) and subsequently processed separately as
described above. In the second experiment a 4.0-ml volume of cell sus-
pension in PBS/BSA was mixed with an equal volume of enzyme solution.
The cell/pronase preparations were held at room temperature for a known
time with occasional shaking. The sample was split into four 2-ml samples
(at point B, Fig. 1) and processed in parallel from that point onward.

Cell-suspending phases of reduced ionic strength consisted of 5 mM
phosphate buffer, 120 mM NaCl with 60 mM sorbitol (pH 7.24), or 90 mM
NaCl with 101 mM sorbitol (pH 7.11). The human erythrocyte membrane
is impermeable to sorbitol (Freedman and Laris, 1981). The suspending
media were designed to maintain constant cell volume and constant intra-
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PBS/BSA

CENTRIFUGE AT 1,000g FOR 1min
RESUSPEND AND WASH IN 10ml PBS/BSA.
RESUSPEND TO 3.5x10e7 CELLS/ml.

N

Tmi CELL
SUSPENSION

+ Tml ENZYME.

DILUTE EACH SAMPLE X 5 IN PBS,
CENTRIFUGE AT 1000g FOR 1 min,
WASH IN 10mis PBS.

RESUSPEND IN 1ml OF PBS.

1ml OF
PRONASE
CELLS. SOLUTION.

\_/

OCCASIONAL SHAKING OVER 30 min AT ROOM TEMP.

FIXWITH 1mi
OF 6%
GLUTARALDEHYDE

N/

FIGURE 1 Experimental procedure for preparation of blood suspension,
treatment with enzymes and exposure to dextran. Point A shows where, in
one experiment, four 1.0-ml samples of blood were taken and subsequently
processed in parallel. Point B shows where in one experiment a 4.0-ml
sample of blood suspension was incubated with 4.0 ml of enzyme solution,
and four 2.0-ml samples were subsequently processed in parallel.

cellular chloride concentration when the extracellular chloride concentra-
tion was varied. Chloride and hydrogen ions are in Donnan equilibrium
across the erythrocyte membrane (Hoffman and Laris, 1974). Conse-
quently, any reduction of extracellular chloride ion concentration would
alter the intracellular pH and the hemoglobin charge. Chloride ions and
water would then leave the cell. To avoid the resulting cell volume and
transmembrane potential change the extracellular pH was adjusted, as
previously described (Hoffman and Laris, 1974; Doulah et al., 1984) The
osmolality of the solutions was measured with a freezing point depression
osmometer (Advance Instruments).

Light and electron microscopy: scoring of
adhesion and of lateral contact separation

Dextran-treated cells (fixed or unfixed) were examined by differential
interference contrast microscopy with an oil immersion X63 objective
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(Nachet). The percentage of adhered cells was calculated from light mi-
crosopy examination of 200 cells per sample. The percentages of the
adhered cells in edge to edge contact with partial overlap (Pa), fully
overlapping adhered cells with parallel membrane contact (P), cells with
spatially periodic contacts of Long (> 1.8 um), Med (1.8 um > Med >
1.2 wm), and Short (Short < 1.2 um) lateral separations were also
calculated.

For electron microscopy preparation glutaraldehyde-fixed cells were
centrifuged at 1000 X g for 1 min, resuspended in 3% glutaraldehyde in
PBS, and held at 4°C for 30 min. The cells were washed and resuspended
overnight in 0.1 M phosphate buffer. The cells were then washed and
post-fixed in phosphate-buffered OsO, (140 mM NaH,PO,, 96 mM NaOH,
45 mM glucose, and 4 uM OsO,) for 1 h at 4°C. Cells were dehydrated by
serial washing and resuspension in increasing concentrations of ethanol
(50%, 70%, 90%) for 15 min each at 4°C and finally in 100% ethanol for
30 min at room temperature. Samples were transferred to suspension in
100% Spurr resin, through a series of Spurr/ethanol steps, over 1 week. The
final overnight infiltration was in 100% Spurr with rotation in a fume
cupboard. Fresh Spurr was added and the sample was rotated for 24 h
before polymerizing aerobically overnight in an oven at 60°C. Sections (60
nm) were then cut and examined using a Jeol Jem 100S TEM at 80 kV. The
lateral inter-contact separation distance along the seam of cell adhesion
was measured from transmission electron micrographs. An average inter-
contact distance was calculated for each seam from 10 agglutinates (ap-
proximately 15 seams in total). An overall average inter-contact distance
for the regime under which the cells had been exposed to polymer was then
calculated.

Electrophoretic velocity measurements

Cell suspension (1.0 ml) (3.5 X 10 cells - ml™") was diluted 10X in PBS,
centrifuged for 1 min, and resuspended in 10 ml of PBS. This suspension
was loaded into a 40-mm-long rectangular cross section (10 mm X 1 mm)
glass electrophoresis cell in a modified (Sutherland and Pritchard, 1979)
Mark II cytophorimeter (Rank Brothers, Bottisham, Cambridge) and ex-
posed to a 5-mA current. The velocity of enzyme-pretreated cells, mea-
sured in the stationary layer, was expressed as a percentage of the velocity
of control erythrocytes to give an index of the amount of remaining cell
surface charge (Schnebli et al., 1976).

Calculation of electrostatic repulsive pressure

The interactions involved in the close approach of two erythrocyte mem-
branes will be considered as those of two glycocalyx-coated interfaces
separated by an aqueous electrolyte. The glycocalyx consists principally of
the charge-carrying glycophorins, which reach out about 5 nm from the
bilayer, and the band 3-associated 7 kDa polysaccharides, which reach out
10-14 nm (Viitala and Jarnefelt, 1985).

The general term for the electrostatic repuision between two
plane surfaces separated by a distance & in a symmetrical monovalent
electrolyte of counterion concentration n, ions - m~2 is given by (Hiemenz,
1986)

Pg(h) = 64nekgTy, exp(—h/x™") &)

where kg is Boltzmann’s constant and T is absolute temperature. The
distance h for calculation of Pg(h) in the particular case of a glycocalyx is
taken to be the separation distance between the outer edge of the glyco-
phorins, which protrude about 5 nm from the bilayer (Viitala and Jarnefelt,
1985), because the sharp fall in potential profile with distance from the
bilayer begins in that region (Donath and Voigt, 1983). At a temperature of
25°C and an electrolyte ionic strength I, « ' and v, respectively, are given
by (Hiemenz, 1986)

K1=431% 1070 X (21)7% (6)
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and
Yo = (expleyrn/2kT) — 1)/(expleyn/2kT) + 1)  (7)

where e is the electronic charge and ¢y, is the electric potential at the
surface.

An estimate of the erythrocyte surface potential, calculated as the zeta
potential of a sphere of uniform surface charge density, gives a value of 14
mV for cells in 145 mM saline (Haydon and Seaman, 1967). It has
frequently been observed that the electrophoretic mobility of blood cells
suspended in solutions of neutral polymers in saline is significantly higher
than that expected for cells in suspending phases of elevated viscosity
(Baumler and Donath, 1987). This result led to the suggestion that the
surface potential of cells in dextran is higher than that of cells in saline
(Brooks, 1973a). More recently (Baumler and Donath, 1987; Donath et al.,
1989) the high electrophoretic mobility of cells in dextran has been
attributed to the reduced viscosity (compared to the bulk phase viscosity)
of a dextran depletion layer at the cell surface, thus removing the need for
the assumption of a high cell surface potential in dextran. Treatments of
how the volume distribution of charge within the glycocalyx influences
erythrocyte electrophoretic mobility suggest that the potential fall with
distance from the bilayer is small through the charged region of the
glycocalyx (Donath and Voigt, 1983) and that the potential at the edge of
the charged volume is smaller than the classically calculated value of 14
mV (Levine et al., 1983). Within the limitations of present models of the
glycocalyx and its spatial charge distribution the value of iy, at the edge of
the glycophorins (i.e., 5 nm from the bilayer) will be taken below to be 7
mV for normal erythrocytes in 145 mM NaCl.

RESULTS
Enzyme pretreatment of cells

Experiments were carried out to characterize surface charge
removal by different pronase concentration/time regimes.
Fig. 2 shows that the charge removal (calculated from
electrophoretic velocity change) produced by 0.5 mg/ml
pronase initially increased with time but did not depend
detectably on exposure time in the range 10—30 min, in
agreement with earlier experiments (Baker et al., 1993;
Darmani and Coakley, 1990). The figure also shows that the
charge removal for a 20-min exposure did not depend
strongly on pronase concentration in the range 0.2-0.5
mg/ml.

Light and electron microscopy observations showed that
the contact seam of normal (not pretreated with enzyme)
erythrocytes in 6% w/v 72 kDa dextran was continuous and
parallel (Fig. 3a). The contact seam of pronase-pretreated
cells showed local spatially periodic regions of cell contact
(Fig. 3 b). The inter-contact distances, the percentage of
cells that adhered during exposure to dextran, and the elec-
trophoretic velocity changes for cells treated with 0.2 or 0.5
mg/ml pronase for 20 min before exposure to 6% w/v 72
kDa dextran in PBS are shown in Table 1. The result that
exposure to 0.2 or 0.5 mg/ml pronase for 20 min before
suspension in 72 kDa dextran removed similar amounts of
charge but gave marked differences in inter-contact distance
(Fig. 2, Table 1) is consistent with an earlier conclusion that
nonelectrostatic consequences of pronase pretreatment of a
glycocalyx make a significant contribution to changes in
membrane interaction between cells suspended in 450 kDa
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FIGURE 2 The dependence of percentage surface charge loss (based on
electrophoretic velocity measurements) on (@) treatment time with pronase
at a concentration of 0.5 mg'ml~! (the 95% confidence limits are based on
the means of 3—-14 samples at the different times); and (b) pronase con-
centration at a treatment time of 20 min. The two 95% confidence limits
shown are based on the means of three sets of samples, each processed and
measured on the same day.

dextran solutions in 145 mM NaCl (Darmani and Coakley,
1990).

A previous qualitative assessment of the inter-contact
distances in pronase-pretreated erythrocytes over a wide
range of experimental conditions showed that the separa-
tions were among the shortest for 6% w/v 72 kDa dextran
(Baker et al., 1993). Based on the results of Fig. 2 and Table
1, pretreatment with 0.5 mg/ml pronase for 20 min was
chosen as a standard preparatory step in the examination of
the effect of ionic strength on inter-contact distance in the
present study because this regime 1) gave a short inter-
contact distance of 0.96 pm in 6% w/v dextran in PBS, thus
providing scope to detect an increase in inter-contact dis-
tance with increasing electrostatic repulsion; 2) retained
sufficient surface charge to expect significant change in
electrostatic repulsion with ionic strength (Table 1); and 3)
gave an electrophoretic velocity change (surface charge
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FIGURE 3 Transmission electron micrographs showing, for cells ex-
posed to 6% w/v 72 kDa dextran in PBS, (a) the plane parallel contact seam
in normal cells and (b) the spatially periodic contact seams of cells
pretreated with 0.5 mg/ml pronase for 20 min. The bars represent 1 pm.

removal) that was not sensitive to small variations in the
pronase concentration/time regime (Fig. 2).

The contact seam of pronase-pretreated
erythrocytes exposed to 6% w/v 72 kDa dextran
in buffered 145 mM NaCl

The average inter-contact distance of 0.96 um for cells
pretreated with 0.5 mg/ml pronase before exposure to 6%
w/v dextran (Table 1) implies a high incidence of Short
category inter-contact distances in the sample examined. As
part of a check on the reproducibility of indices of contact
separation from different experiments the percentage of
contact seams showing Short inter-contact distance was
determined for different samples. A histogram of the fre-
quency of occurrence of different percentages of Short
distance is shown in Fig. 4 for 37 samples, each prepared on
a different day. The incidence of Short distance was greater
than 60% for most (28/37) of the samples. However, low
incidences of Short distances were also recorded (Fig. 4).
There was no correlation between measured electrophoretic
velocity change and incidence of Short inter-contact dis-
tance in 17 samples for which both parameters were deter-

TABLE 1 Changes in inter-contact distance, electrophoretic
velocity, and the percentage of adhered cells for samples
treated with different concentrations of pronase for 20 min
and then exposed to 6% w/v of 72 kD dextran in PBS

Mean contact

Pronase separation Adbhered cells Decrease in
concentration *95% conf (%) *95% electrophoretic
(mg/ml) limits (pm) conf. limits velocity (%)
0 N.A. 21+ 11 0
0.2 231031 38 £23 336
0.5 0.96 + 0.08 48+ 6 36+ 12

The 95% confidence limits for (1) the inter-contact separation were based
on 15 measurements from single samples; (2) the adhered cells were based
on 4, 4 and 16 measurements respectively for the increasing pronase
concentrations, and (3) the electrophoretic velocity were based on mea-
surements from three samples.
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FIGURE 4 Frequency histogram of the percentages of adhered cells per
sample showing Short inter-contact distances after pretreatment with 0.5
mg/ml pronase for 20 min and exposure to 6% 72 kDa dextran for 30 min
in PBS. The total number of samples examined was 37.

mined (15 of the 17 values of electrophoretic velocity
decrease lay in the range 28—42%).

Experiments were carried out to determine whether the
variation reflected in Fig. 4 arose from small differences in
the manipulation of the cells in the course of experiments or
was associated with day-to-day variation in the properties of
the blood samples. Four separate samples prepared from the
bulk cell suspension (point A in Fig. 1) were subsequently
processed normally and examined by light microscopy. A
second experiment was carried out by preparing four sepa-
rate 2.0-ml samples from an 8-ml cell/enzyme preparation at
point B of Fig. 1. The means of the data in Fig. 4 and of the
two sets of four samples were 65.0%, 65.8%, and 83.0%,
respectively, and their standard deviations were 26.3%,
13.5%, and 11.0%, respectively. The standard deviations of
the sets of four measurements were similar to each other and
were of the order expected from a Poisson distribution of
counts when, typically, about 100 of the 200 cells examined
per sample had adhered to another cell and 60—80% of the
contact categories were short. A variance ratio test for the
data of Fig. 4 and a pooled variance for the two sets of data
based on four points each implied (p < 0.05) that a signif-
icant component of the variation in the data of Fig. 4 was
related to day-to-day variation rather than to variation
within experiments. For this reason where change in inter-
contact distance with experimental varible is presented be-
low the data are shown, where possible, as a change of
response on that day, i.e., the presentation is essentially of
paired data, eliminating day-to-day variation.

lonic strength effect on inter-contact distance of
pronase-pretreated cells in 72 kDa dextran

There was no detectable difference between the average
percentages of pronase-pretreated cells that had adhered
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after exposure to 6% w/v dextran in suspending medium
containing 145, 120, or 90 mM NaCl (Table 2).

The electron microscope measurements of Table 2 show
that the average inter-contact distance increased for decreas-
ing ionic strength of the suspending medium. Light micros-
copy observations of the cell clumps showed that the mode
adhesion category in 145 mM NaCl was the Short-separa-
tion spatially periodic contact (Fig. 5). The percentage of
adhered cells in the Short category was significantly smaller
(p < 0.01) for cells in 120 mM NaCl with sorbitol, and the
distribution had shifted to longer separation categories (Fig.
5). The mode category for cells in buffered 90 mM saline
with sorbitol was plane parallel contact (P) without local-
ized contacts.

The paired comparisons of Fig. 6 confirm the significance
of the decrease in Short category as the NaCl concentration
is decreased and the increase in parallel contacts in 90 mM
NaCl.

The contact seams of two samples examined after sus-
pension in 70 mM NaCl with sorbitol had no short lateral
separations, whereas 80% and 91% of the agglutinates had
continuous parallel contacts. In a set of nine samples where
the NaCl concentration was 60 mM there were five results
in which no seam had short contacts and more than 90% of
all agglutinates formed continuous seams. Four of the nine
samples showed a high incidence (48% < Short < 72%) of
Short lateral separation contacts. Two of these four samples
were part of sets of experiments carried out at different
NaCl concentrations on single batches of cells. The inci-
dence of Short contacts in the 90 mM samples from those
sets was zero. Such significant increases in Short category
with decreasing [NaCl] did not occur in any of the 15 series
of concentration experiments carried out in the higher
(145-90 mM) range. We return to the occurrence of this
short wavelength disturbance in the Discussion. Erythro-
cytes in 50 mM NaCl with sorbitol showed a stomatocytic
form (Doulah et al, 1984; Glaser, 1982). These more
rounded cells made adhesive contact in 6% dextran, but the
contact did not spread, making it impossible to investigate
contact seams in salt concentrations below 60 mM.

TABLE 2 Electron microscopy determinations of the
average inter-contact distance for cells that were pretreated
with 0.5 mg/ml pronase and exposed to 6% w/v 72 kD
dextran in buffered 145 mM NaCl, in buffered 120 mM NaCl
with 30 mM sorbitol, or in buffered 90 mM NaCl with 110 mM
sorbitol

NaCl Concentration (mM) 145 120 90

Average inter-contact 080006 089*008 142=*012
distance (pum) 075004 095+0.08 1.39=*0.16

Adhered cells (%) 46% * 4% 2% 9%  49% * 5%

The results were obtained from two separate experiments. The results
include a 95% confidence range for each average separation value. The
average percentage of cells (with 95% confidence limits) that had adhered
in suspension is also shown for 31, 6, and 15 samples in 145, 120, and 90
mM NaCl, respectively.
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Chiloride ion concentration and contact formation

In a series of experiments the incidence of the different
adhesion categories was established for cells suspended in

145mM

Relative %
80

Pa P Long Med Short

80

60

Pa P Long Med Short

80

Pa P Long Med Short

Agglutinate type

FIGURE 5 Mean percentage frequency of occurrence (*1 standard error
of the mean) of different forms of contact formed when cells pretreated
with 0.5 mg/ml pronase for 20 min adhered on exposure to 6% w/v 72 kDa
dextran in buffered 145 mM NaCl (top), in buffered 120 mM NaCl with 30
mM sorbitol or in buffered 90 mM NaCl with 110 mM sorbitol. The results
are means from 32 samples in 145 mM NaCl, 6 samples in 120 mM NaCl,
and 15 samples in 90 mM NaCl. The contact categories were Pa (parallel
seams in cells in edge-edge contact), P (parallel seam in cells in rouleaux),
Long (>1.8 um), Med (1.8 um > Med > 1.2 pum), and Short (<1.2 um)
inter-contact distances.
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145mM - 120mM

Relative %
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Pa P Long Med Short

145mM - 9SOmM

60 -

40 -

-60 L . . ; :
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Agglutinate type

FIGURE 6 Means (*1 standard error of the mean) of four paired com-
parisons of the percentage frequencies of occurrence of contacts formed in
pronase-pretreated cells exposed to dextran in buffered 145 mM NaCl with
cells in (a) buffered 120 mM NaCl with 30 mM sorbitol and (b) buffered
90 mM NaCl with 110 mM sorbitol. The experimental conditions and
contact categories are as in Fig. 5.

buffered 145 mM NaCl and in buffered 90 mM NaCl made
isotonic either with sodium gluconate or with sorbitol. Fig.
7 shows the differences obtained from paired comparisons
of the results in suspending phases containing either 145
mM or 90 mM NaCl. The incidence of short inter-contact
distances is lower and continuous parallel contact is higher
in the low ionic strength 90 mM NaCl with sorbitol, in a
manner that is consistent with the results of Figs. 5 and 6,
whereas the incidences of the different categories for cells
in 145 mM NaCl and in 90 mM NaCl with 55 mM sodium
gluconate are essentially the same for both suspending
phases. This result shows that the different categories of
contact result from ionic strength change rather than from
the chloride ion concentration dependence (Hoffman and
Laris, 1974) of erythrocyte transmembrane potential.
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90mM with gluconate
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FIGURE 7 Means of six paired comparisons of the percentages of dif-
ferent contact categories formed in pronase-pretreated cells exposed to
dextran in buffered 145 mM NaCl with cells in buffered 90 mM NaCl
made isotonic with sodium gluconate or with sorbitol. The error bars
indicate one standard error of the mean.

Influence of concentration of 72 kDa dextran on
adhesion of pronase-pretreated cells

Pronase-pretreated cells (0.5 mg/ml for 20 min) were ex-
posed to different concentrations of 72 kDa dextran. The
percentage of suspended cells that adhered under the differ-
ent conditions are shown, together with the average inter-
contact distance, in Table 3. The relative frequencies of the
different forms of contact of the adhesion seams are shown
in Fig. 8, and the electron micrographs of Fig. 9 are repre-
sentative examples of the contact seams in the different
dextran concentrations examined.

The dependence of lateral contact spacing in pronase-
pretreated cells on the concentration of 72 kDa dextran
(Table 3) is shown together with earlier data for cells in 450
kDa and 20 kDa dextran from Baker et al. (1993) in the
log-log plot of Fig. 10 a. The slope of the best fit straight
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TABLE 3 The average inter-contact distances and the
percentages of adhered cells {with 95% confidence limits) for
pronase-pretreated cells in different concentrations of
dextran in PBS

[Dextran] (% w/v) 2 4 6

Ave. inter-contact 1.93 £ 0.21 124 £ 0.18 097 = 0.11
distance (pum)*

Adhered cells (%)* 46 * 18 53*15 42 + 11

*The measurements of inter-contact distances were obtained from an
experiment based on a single blood sample. The average distances were
based on about 15 determinations of inter-contact distance from electron
micrographs, as described in Materials and Methods, for each dextran
concentration.

*The percentages of adhered cells were calculated from counts in experi-
ments carried out with fresh blood on three different days.

line through the eight data points was —0.62, with a 95%
confidence interval of 0.05, giving a relationship of the form

A= C-[D] % (8)

where C is an unknown function of both molecular mass
and pronase pretreatment conditions. The exponent of [D] is
independent of molecular weight over a molecular mass
range of 20—450 kDa. The pronase pretreatments for ex-
periments with the different molecular mass polymers were
selected so that the inter-contact distance data were spread
over the range from the upper experimental limit of about 3
um (set by the size of the erythrocyte) to the lower limit of
about 0.8 um, toward which the inter-contact distance tends
for cells in dextran (Baker et al., 1993; Darmani and Coak-
ley, 1990). Because the pronase pretreatments for the data
subsets of Fig. 10 a were not the same, it follows that the
common dependence of A on [D] does not imply that
inter-contact distance is independent of molecular mass at a
fixed dextran concentration. For comparison, Fig. 10 b
shows a log-log plot of inter-contact distance against poly-
mer concentration for erythrocytes adhered by exposure to
228 kDa polylysine (Thomas et al., 1993). The slope of the
plot is —0.50. (The data from Baker et al., 1993, and
Thomas et al., 1993, included in Fig. 10, have not previ-
ously been presented in log-log form.)

DISCUSSION
Modifications of membrane interaction

Jan and Chien (1973b) showed that modification of elec-
trostatic interaction through reduction of suspending phase
ionic strength for normal cells or through surface charge
depletion by pretreatment of cells in 145 mM NaCl with
neuraminidase markedly affects the probability of adhesion
by 74 kDa dextran. Whereas the adhesion probability for
cells in 145 mM NaCl with 6% w/v dextran increases with
pronase pretreatment in the present study (Table 1), the
more prolonged pretreatments result in an adhesion proba-
bility that is essentially independent of cell intéraction mod-
ifiers such as dextran concentration at fixed ionic strength
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FIGURE 8 Mean percentages (+1 SEM, three experiments) of different
categories of contact formed when cells pretreated with 0.5 mg/ml pronase
adhered on exposure to 2%, 4%, and 6% w/v 72 kDa dextran in buffered
145 mM NaCl.

(Table 3) or ionic strength changes at fixed dextran concen-
tration (Table 2) over the ranges of these variables tested.
The principal effect of the above interaction modifiers was
to change the inter-contact distance.

In establishing the interfacial instability framework
within which this result will be discussed we will first
examine the magnitude of the two stabilizing terms k’o-
and k*B in Criterion 2. k (= 2m/A) is calculated for A = 1.5
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FIGURE 9 Electron micrographs of typical contact patterns for enzyme-
pretreated cells exposed to (a) 2%, (b) 4%, and (c) 6% 72 kDa dextran. The
bars represent 2 um.

um because this wavelength was taken as an upper limit for
the disturbances that could grow for the Table 1 pretreat-
ment and dextran solutions employed through most of this
study (Table 2). Published values for the erythrocyte mem-
brane bending modulus B range from 4 X 107*° J to 1.4 X
1071° J (Evans, 1983; Peterson et al., 1992). Its value is
taken here as 3 X 107° J. The literature does not provide
such a narrow range for estimates of oy. Mclver and
Schurch (1982) showed that incorporation of erythrocyte
glycophorins into a lipid bilayer changed the interfacial
tension from 5 X 107> N m~™" to 107® N m ! and that the
lower value was also the interfacial tension of intact eryth-
rocytes. They suggested that the magnitude of the interfacial
free energy appropriate for the thermodynamic analysis of
interactions at biosurfaces depended on the location of the
relevant interface. They associated the higher order of mag-
nitude (5 X 1073 N m™!) with processes involving the
bilayer properties. The values of k%, _, s um Or based on the
o estimates of Mclver and Schurch (1982) are 9 X 10"
and 2 X 107 J m~* for lipid bilayer and intact erythrocyte,
respectively, whereas the estimate of k*,_ 5 ,m B, at 10°J
m™*, lies between these values.

Interfacial instability and polymer concentration
effect on inter-contact distance

Polymer concentration, the only constraint varied in obtain-
ing the intercontact spacings for each subset of data in Fig.
10, influences the stability criterion 2 through its contribu-
tion P, to P in dPy/dh. This contribution, taken to be of the
form of Eq. 3 or essentially of any form that has a constant
P, multiplied by a concentration-independent term that in-
creases with decreasing separation, depends on how poly-
mer concentration is related to Py. The interpretation of the
indices —0.62 and —0.50 in the context of Eq. 4 therefore
depends crucially on this relationship. A linear relationship
would favor a surface tension controlled instability mecha-
nism (Eq. 4a), whereas a relationship in which disjoining
pressure increased with the square of polymer concentration
would emphasize bending control (Eq. 4b). The relationship
will now be considered.

Dextran (Chien et al., 1977) and polylysine (Katchalsky
et al., 1959) adsorb to erythrocytes. Cross-linking (bridging)
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FIGURE 10 The polymer concentration dependence of the the average
inter-contact distance: (a) Cells pretreated with 0.5 mg/ml pronase for 60,
20, or 15 min and exposed to (X) 20 kDa, (M) 72 kDa, or ((J) 450 kDa
dextran, respectively. (The 72 kDa data are from the present work; the
remaining data are from Baker et al., 1993). (b) Normal erythrocytes
exposed to 228 kDa polylysine (Thomas et al., 1993). The error bars are
95% confidence limits on wavelength determinations from a single
suspension.

by dextran (Jan, 1979) and polylysine (Marra and Hair,
1988) can, it has been argued, bring about adhesion of
erythrocytes and particles, respectively. Polymer depletion
layers at a particle surface, such as shown for erythrocytes
in dextran (Donath et al., 1989), can induce particle floccu-
lation. Indeed, Snowden et al. (1991) experimentally sepa-
rated polymer bridging and depletion flocculation mecha-
nisms for silica particles suspended in aqueous solutions of
an adsorbing polymer. In discussing the relationship be-
tween polymer concentration and P, we therefore need to
consider polymer cross-linking for polylysine and both (van
Oss et al., 1990) polymer cross-linking and depletion floc-
culation mechanisms for dextran-induced adhesion.
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The attractive depletion flocculation interaction potential
between particles is directly proportional to the osmotic
pressure of the suspending polymer solution (Vincent et al.,
1986). The relationship between dextran concentration and
osmotic pressure can be calculated from published virial
coefficients (Vink, 1971) for dextrans of the weight average
molecular mass of about 40 kDa and 500 kDa, respectively.
These molecular weights cover much of the 450-20 kDa
range of the data in Fig. 10 a. The calculations show that for
the threefold dextran concentration increase (2-6% w/v) in
Fig. 10 a the osmotic pressure increases are 9.5 (= 3%%)
and 4.9 (= 3'%) fold for T500 and T40, respectively.
Because the relationship between osmotic pressure and dex-
tran concentration therefore depends on molecular size it
follows that the slopes of the log-log plots for the different
molecular weight subsets in Fig. 10 a should depend on
molecular mass if the adhesion mechanism was simply
related to depletion flocculation potential. This expectation
is not borne out by inspection of the data of Fig. 10 a.

Cross-bridging of particles by adsorbed particles is a
complex phenomenon, which in addition to an attractive
interaction can involve stereo-repulsion (Luckham and
Klein, 1990) and surface free energy changes (Rossi and
Pincus, 1988) due to the polymer adsorption and further
electrostatic interactions for polyelectrolytes (Marra and
Hair, 1988). Mica force balance studies and theoretical
treatments for irreversibly adsorbed polymers provide semi-
quantitative guidance on the outcome of these interactions.
As polymer coverage of apposed surfaces increases it be-
comes more difficult for an adsorbed polymer to encounter
a vacant adsorption site on the second surface, so that for a
given surface separation there is a coverage at which attrac-
tion is a maximum (Rossi and Pincus, 1988; Luckham and
Ansarifar, 1990). For the above irreversible adsorption case
the surface coverage at thermodynamic equilibrium is inde-
pendent of the concentration of dissolved polymer. In con-
trast, because dextran (Brooks, 1973b; Chien et al., 1977)
and polylysine (Katchalsky et al., 1959) adsorb reversibly to
erythrocytes, surface coverage depends on concentration of
free polymer in solution. The adsorption of 70 kDa dextran
to erythrocytes essentially increases in a linear manner with
polymer concentration up to 6% w/v and more slowly
thereafter, without reaching a limit, even at 20% w/v dex-
tran (Brooks, 1973b; Chien et al., 1977). Electrophoretic
mobility measurements (Thomas et al., 1993) imply that
polylysine adsorption increases asymptotically toward a sat-
uration level at polycation concentrations significantly
higher than the 1.0-5.0 pg/ml values required for the lateral
separations of Fig. 10 b. Thus because surface coverage
tends to asymptotic values with increasing polymer concen-
tration and attraction grows to a maximum value with
surface coverage and then declines (Rossi and Pincus,
1988), it follows that the contribution of cross-linking to the
attractive disjoining pressure will grow at a decreasing rate
as polymer concentration is increased. Therefore it may be
concluded that the —0.62 and —0.50 regression coefficients
would not move toward the —0.25 value associated with a
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bending modulus controlled mechanism were it possible to
plot wavelength against disjoining pressure in Fig. 10.

To summarize this section: Despite the fact that the
concentration of polycation required for adhesion is about
X 107* that of dextran (Fig. 10) the —0.50 and —0.62
indices for the relationship between inter-contact separation
and polymer concentration are quite similar. The indices are
compatible in sign and magnitude with predictions of inter-
facial instability theory for the dependence of intercontact
separation on the gradient of disjoining pressure. Consider-
ation of a depletion flocculation mechanism for dextran
provides some support for bending control, but an associ-
ated prediction that regression coefficients should be mo-
lecular mass dependent is not borne out by experiment. For
a polymer cross-linking (bridging) mechanism the indices
are more consistent with tension rather than bending
control.

Electrostatic effects and the value of h for
growth of the dominant disturbance

The cells exposed to different NaCl concentrations in the
present study had all been pretreated to the same extent with
pronase and been exposed to the same concentration of 72
kDa neutral polymer. We therefore assume that the only
variation, with change in electrolyte concentration, in Cri-
terion 2 above arises from electrostatic effects. One source
of variation comes from the electrostatic repulsive contri-
bution (Pg, Eq. 5) of the remaining surface charge to the net
interaction Pr. Change in electrolyte concentration also
modifies the negative contribution o, of the electrical free
energy of formation of the double layer to the membrane
tension oy (Prevost and Gallez, 1984) where

opL = —[exy¥/47] - [sinh(kh) — kh}[cosh(kh) — 1]
)

and € is the dielectric constant of the electrolyte.

The contribution of the gradient of Pg to —dPy/dh (Cri-
terion 2) is shown for different values of 4 in Fig. 11 a. The
ionic strengths of the 145, 120, and 90 mM NaCl solutions
buffered by 5 mM phosphate were taken as 0.15, 0.125, and
0.095 with k! values (Eq. 6) of 0.787, 0.862, and 0.989
nm, respectively. The distance 4 for calculation of P and of
op Was the separation distance between the outer edge of
the glycophorins, which protrude about 5 nm out of the
bilayer (Viitala and Jarnefelt, 1985). The surface potential
Yo (Eqs. 7 and 9) for charge-reduced, pronase-pretreated
cells in 145 mM NaCl was approximated as 4 mV, the
product of the part of surface charge surviving pronase
pretreatment (0.6; Fig. 2) and the control cell surface po-
tential (7 mV; Materials and Methods). The ¢y, estimate was
changed with %3 (Hiemenz, 1986) for the small potentials
and the limited changes in ionic strength of this work.

Fig. 11 b shows the dependence of kx— s ,um XOp. ON h.
The value of kj_, s um XB is also shown in Fig. 11 as a
guide to the magnitude of terms influencing Criterion 2.
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FIGURE 11 The dependence of (@) the contribution (2k.Pg) of the
gradient of the electrostatic repulsion pressure to —2dPy/dh (Criterion 2)
and (b) |k, 5 um XOpy| ON separation k for cells in 145, 120, and 90 mM
NaCl. The horizontal line gives the value of k*A = 1.5 um xB (Criterion 2).

The modulus of the sum, EI, of the two electrical contri-
butions k3 _, 5 wm XOpy. and 2k-Pg to Criterion 2 is shown in
Fig. 12. Inspection of Figs. 11 and 12 shows that for cells in
145 mM NaCl EI makes a net destabilizing contribution,
through the negative effect of k7_, 5 um XOp, to Criterion
2 for values of # > 10 nm and a net stabilizing contribution,
through the positive effect of 2«-Pg, for values of A < 10
nm. The corresponding change for cells in 90 mM NaCl
occurs at £ = 12.1 nm. We noted (Results) that a high
incidence of short lateral separations of local contacts in a
number of samples in 60 mM NaCl occurred against the
trend toward plane parallel contacts in lower ionic strength
media. As ionic strength is decreased the destabilizing con-
tribution of op; (Eq. 9) will increase and dominate the
stabilizing repulsive interaction as 4 ranges above 12 nm.
The net increase in destabilizing contribution as ionic
strength is decreased from 90 to 60 mM is 5 X 10’ J-m™*
at h = 18 nm. This contribution may explain the occurrence
(Results) of instability in some of the samples examined at
the lowest NaCl concentration (60 mM).
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FIGURE 12 The modulus of the sum, EI, of the electrical contributions
k2_.s um X0y, and 2x.Pg to Criterion 2 for NaCl concentrations of 145
(- —-) and 90 ( ) mM as a function of 4. The change from positive
stabilizing to negative destabilizing values of EI occurs, for increasing h, at
10 nm for 145 mM and at 12.1 nm for 90 mM NaClL

The experimental observation that when the NaCl con-
centration was decreased to 90 mM more than half of the
contact seams in adhered cells showed continuous (category
Pa or P) rather than localized contact (Fig. S5) and that the
two samples at 70 mM (Results) showed less than 7%
localized contact (category Long or Med only) implied that
a threshold NaCl concentration ([NaCl],) exists where elec-
trostatic repulsion is sufficient to ensure that Stability Cri-
terion 2 is not breached during adhesion. If a value for
[NaCl], is assumed the change A(EI) in the electrostatic
contribution to Criterion 2 at higher salt concentrations can
be calculated for any value of A.

Rather than confine consideration of the relationship be-
tween intercontact separation, physical properties of the
membrane, and dP/dh to the specific forms of Eq. 4 we
will examine how the experimental data relate to the fol-
lowing more general equation of the form of Eq. 4, i.e.,

A = 2m(S)M(A(ED) ™ (10)

S in Eq. 10 becomes o1 or B, and M becomes 0.5 or 0.25 in
Egs. 4a and 4b, respectively. A(E) = A(|— 2dPg/dh +
Kap. ), rather than dPg/dh alone, features in Eq. 10 because
the inclusion of oy signals the values of & for which the net
electrostatic contribution becomes more destabilizing as
ionic strength decreases (Fig. 12).

Values of M and § obtained from linear regressions of
log(X) (data of Table 2) against log(A(EI)) for a [NaCl],
range from 90 to 60 mM and a separation range of 13-2 nm
are given in Table 4. A requirement placed on [NaCl], was
that it should be less than 90 mM. The choice of the upper
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TABLE 4 Paired values of M and S derived for A = 2#(S)"(A(El)) ™ (Eq. 10) from a log-log plot of the inter-contact distances of
Table 2 against change in the electrostatic contribution to the stability criterion (Criterion 2) for different values of the threshold
NaCl concentration for stability (INaCl],) and the glycocalyx separation h

h (nm) 2 4 6 8 10 12 13
[NaCl}, (mM)
89 0.189 0.208
13x 1073 7.4 X 1072
88 0.201 0.216 0.231 0.254
7.2 X 107% 2.7 X 107% 47 x 107 29 X 1071
87 0.217 0.239 0.259 0.28 0.313
13 x 1072 2x10718 55 x 107" 8 x 1076 39 x 107"
85 0.233 0.275 0.276 0.339 0.374 0.429
6.6 X 1078 6.9 x 107 1.7 x 107" 1.1 x 1071 13 x10°° 39 x 1078
83 0.274 0.327 0.371 0.417 0.469 0.555
1.8 x 1078 6.9 X 1071° 41 x 1078 7.6 X 1077 7.8 X 107° 2x107*
80 0.329 0.403 0.469 0.541 0.659 0.798
3x10°° 7% 107° 3.5 x 107* 5.4 % 1073 1.5 X 107! 143
75 0.415 0.53 0.643
72 X 1073 0.1 3.89
60 0.653 2.61
104 3 x 107
limit on # was guided by the reversal of sign of the net Log,yS
electrostatic contribution to stability at around 12 nm (Fig. -
12). This separation is within the 21 nm (3 X R, where R,
is the radius of gyration of 72 kDa dextran (Snabre et al., ] .
1985)) reach of surface cross-linking by polymers (Patel 0
and Tirrell, 1989). "o
Table 4 shows that M has values around 0.25 as [NaCl], ] °
and # are decreased from 88 to 85 mM and from 12 to 2 nm, °
respectively. The S value of 2.9 X 10~'° when [NaCl], is 88 A W s 88
mM and 2 = 12 nm is close to published values of the . . Ny :;
bending modulus B (Evans, 1983; Peterson et al., 1992). . = 83
M has values around 0.5 as [NaCl], falls from 83 to 75 107 i = 80
mM and & decreases from 12 to 4 nm (Table 4). The 1.
associated values of S (Table 4, Fig. 13) fall within the x
range 5 X 107> N'm™" to 107% N m™! suggested by Mclver i
and Schurch (1982) for the interfacial tension of erythrocytes. IFe
S and M values for [NaCl], = 60 mM and » = 12 nm are a
included in Table 4 to show that for a situation where the 20 4,
value of M, at 2.61, has no physical meaning in the context 1
of the linear interfacial instability theory, the associated S
value of 3 X 107 has no physical meaning in terms of -25 L LI B S B B R

bending modulus or surface tension.

Fig. 13 illustrates the constraints placed on the values of
§ associated with different values of M by the prescribed
choices of [NaCl], and 4 in Table 4. Table 4 and Fig. 13 then
show that there are conditions, compatible with experimen-
tal results, that give indices for a relationship between
wavelength and the electrostatic contribution to the stability
condition which accommodate either index of Eq. 4 and that
the restricted ranges of S associated with each of these
indices contain realistic values for the membrane bending
modulus or for membrane tension. For electrostatic interac-
tion then, within the limits of linear theory and the assump-
tion of a fixed film thickness for the growth of instability,
Table 4 allows the instability mechanism but cannot on
its own favor bending or tension controlled instability
mechanisms.

02 03 04 05 06 07 08
M

FIGURE 13 The clustering of the paired values of M and S derived for
A = 2a(SYM(A(ED) ™ (Eq. 9) from a log-log plot of the inter-contact
distance measurements of Table 2 against change in the electrostatic
contribution to the stability criterion (2) for different values of ([NaCl},)
and h. The data are identified here for the different values of [NaCl),.
Corresponding values of 4 can be obtained through M and [NaCl], in Table
4.

The rate of growth of the dominant disturbance

An estimate of g, the rate of evolution of the dominant
disturbance, can be obtained from Eq. 1: ¢ = 1.64(h3/
A’n) + (2dPy/dh — IZ o — k* B). The film thickness k; is



1400

taken as (¢ + 10) nm because & for the electrostatic inter-
actions was measured from the edges of the glycophorins
that protrude from the bilayer by S nm. Consider first where
(Table 4) M = 0.254 and S = 2.9 X 107°J for [NaCl}, =
88 M and A = 12 nm. The average, A(EI), of the values of
A(EI) associated with the different ionic strengths of Table
2 was 1.7 X 10® J m™* for these values of [NaCl], and of .
Taking A = 1 um, = 0.001 kg m~* s~ for the viscosity
of the aqueous intermembrane layer, by = 22 nm and A(EI)
= 1.7 X 10® I m™* to serve as the second bracketed term on
the right-hand side of Eq. 9, gives ¢ = 1.75 s~ . The time
(3/g) for growth of a disturbance is then 1.7 s. This time is
larger than, but of the same order as, the measured time of
0.48 s to complete cell doublet formation in pronase-pre-
treated erythrocytes agglutinating in 2% w/v 450 kDa dex-
tran (Darmani and Coakley, 1990). For a case where M =
0.50 and § = 107* N m™! ([NaCl], = 80 mM and & = 7
nm), the value of A(EI) = 5 X 10’ J m™ and 3/q is 7 ms.
That local membrane contact can occur in vivo in times
consistent with the above values for q is shown when
vesiculation occurs in sea urchin egg within a small part of
1 s of initiating the acrosome reaction (Dan, 1967). Vesic-
ulation in the acrosome reaction involves the formation of
hybrid vesicles produced by regular local contact formation
and fusion between apposed sperm head and outer acroso-
mal membranes (Russell et al., 1979).

CONCLUSIONS

Inter-contact distance increases when ionic strength change
increases the repulsive component of the electrostatic con-
tribution to the interfacial stability criterion. This result is
consistent with previous studies where different procedures
modified inter-membrane interactions. The experiments re-
ported here for different ionic strength suspending phases
provide, for the first time, a system for which the charac-
teristic length L of the contact separation determining inter-
action is accurately known. Instability theory calculations,
informed by experimentally determined limits on saline
concentration, allow relationships between measured inter-
contact distance and the electrostatic contribution to the
stability criterion which accommodate bending or tension
controlled instability mechanisms but do not, as yet, select
against either. The growth of the disturbance that deter-
mines lateral separation occurs when the glycophorins of
interacting membranes are separated by distances that may
be less than but are unlikely to be significantly greater than
12 nm. The growth rates of dominant instabilities, calcu-
lated from electrostatic interactions, are consistent with
experimental observations of cell adhesion times.

The index for the dependence of inter-contact distance on
dextran concentration was independent of molecular mass
and was similar to the index for dependence of inter-contact
distance on polycation concentration in other work where
red cell adhesion was achieved with lower (X10™%) poly-
mer concentrations. Uncertainties in the current understand-
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ing of the relationship between polymer concentration and
disjoining pressure hampers unequivocal assignment of the
stability control to membrane tension or membrane bending
mechanisms.

The support provided for an interfacial instability mech-
anism in achieving synchronous localized close approach of
opposite membranes emphasizes, through the dP./dt term,
the role of curvature of the potential profile in addition to
the usual emphasis on depth of the potential minimum when
considering membrane interactions.
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