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Steric stabilization and cell adhesion
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We present theoretical and experimental arguments supporting the hypothesis that the cell
surface glycocalyx may negatively regulate adhesive phenomena. First, it is recalled that
a repulsive interaction of several thousands of piconewtons may be generated on a contact
area of about 1/100 pm? by a combination of electrostatic and entropic forces (steric
stabilization). Second, electron microscopical data are reported to provide an estimate of the
thickness of the cell coats of murine macrophages and sheep erythrocytes made
phagocytable by exposure to glutaraldehyde or specific antibodies. Using conventional
carbohydrate staining procedures, it is shown that the total thickness of the electron-dark
regions in areas of intercellular contact is lower than the sum of the thicknesses of
electron-dark regions on free cell areas. Further, removing negative charges with
neuraminidase or neutralizing these charges with polylysine may reduce intermembrane
distance in contact areas. Third, it is shown that a decrease of erythrocyte surface charges
with neuraminidase increases their adhesion to murine phagocytes under dynamic, not
static conditions. It is concluded that a major determinant of steric stabilization is the relative
length of adhesion molecules and surface repeller elements, and that repulsion is
particularly important under dynamic conditions. Thus, dynamic effects must be included in

models of steric stabilization.

1. Introduction

The idea of applying basic physical chemical laws to
explain cell adhesion is not new. Indeed, a quarter of
a century ago, when the DLVO theory succeeded in
explaining many properties of colloid suspensions, cell
biologists and physical chemists attempted to apply
similar concepts to biological systems [1, 2]. Although
the DLVO theory could in principle account for weak
and strong adhesion, even some kind of specificity [ 3],
it was rapidly apparent that cell adhesion was mainly
dependent on the presence on cell surfaces of a variety
of dedicated adhesion molecules, including integrins,
selectins, cadherins or members of the immuno-
globulin superfamily [4, 5].

However, several lines of evidence support the con-
cept that cell adhesion may be negatively regulated by
non-specific repulsive interactions involving various
components of the cell surface.

First, in some cases, cell-cell adhesion may not
occur despite the presence of specific ligand and recep-
tors on interacting surfaces. Thus, a subclass of
T lymphocytes bear thousands of CD8 molecules that
can bind to class I major histocompatibility complex
molecules that are ubiquitous in living organisms [6].
However, these lymphocytes do not exhibit obvious
adhesion to all cells they encounter. Similarly, al-
though T lymphocytes bear CD2 molecules on their
surface, they may not adhere to surfaces coated with
LFA-3, a ligand of CD2 [7]. As will be suggested
below, the relative inability of some ligand—receptor
couples to bind when cell-to-cell approach proceeds
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under dynamic conditions [8, 9] may be ascribed to
similar causes.

Second, whereas purely electrostatic repulsion is
a rather inefficient way of preventing colloid floccu-
lation in concentrated electrolyte solutions such as
biological media, this flocculation may be efficiently
prevented by coating particles with soluble polymers.
The importance of this phenomenon, called steric sta-
bilization, was emphasized by Napper [10, 11] and
many basic principles were clarified by de Gennes
[12, 13].

Third, it was recognized that essentially all cells
were surrounded by a carbohydrate-rich atmosphere
that could be stained with standard reagents (phos-
photungstic acid, periodic acid and Schiff’s reagent,
ruthenium red, Alcian blue; see [ 14] for a review). This
region, that appeared as an electron-light exclusion
zone in the absence of specific stain, was called the
“glycocalyx” by Bennett [15] and may be more fre-
quently referred to as the “pericellular matrix” in
recent papers. Note that this structure shares many
components with the “extracellular matrix”, which
may make difficult an accurate definition of the cell
boundary.

These data led Bell and Bongrand [16—19] to esti-
mate the expected order of magnitude of steric re-
pulsions in biological systems and emphasize the
potential importance of this phenomenon.

In the present paper, we briefly review the theoret-
ical basis of this concept. Then, we describe recent
experimental results on (i) the electron microscopical
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structure of the glycocalyx in contact areas and (ii) the
role of this structure in static and dynamic adhesion.

2. Theory
2.1. Significance of forces at the cellular
level

Before we give some estimates of the order of magni-
tude of cell-cell repulsive forces, it is useful to ask
which force is indeed required to inhibit adhesion.
This is obviously dependent on the conditions of
cell-cell encounter:

() In the simplest experimental setup, contact is ob-
tained by sedimentation. The driving force is thus
of the order of a few pN [17, 18]. If centrifugation
is performed, this may be increased by a factor of
1000.

(i1) If cells are considered as rigid bodies with thermal
energy of order kT (k is Boltzmann’s constant and
T is the absolute temperature), they may over-
come a repulsive barrier of width w if the force is
less than kT /w. Tentatively setting w at 10 nm (see
below), the corresponding force is 0.4 pN.

(i) Now, adherent cells may send forward lamel-
lipodia with a pushing strength of several tens of
thousands of pN [20]. This probably sets a max-
imum to the repulsion that can be overcome in
view of forming adhesions. The force likely to be
exerted by a cell surface protrusion is much more
difficult to evaluate.

Thus, a repulsive force lower than 1 pN is not likely
to impair cell adhesion under any circumstances. A re-
pulsion higher than about 10000 pN will probably
prevent adhesion under any conditions.

2.2. Models for the cell surface

2.2.1. Contact area

As will be shown, the most difficult part of an estimate
of surface repulsions is probably to guess what the cell
surface looks like. A first point is that cells do not
resemble smooth spheres at the molecular level. They
are known to possess an excess membrane area made
of multiple folds, protrusions, microvilli, lamellipodia,
with a highly dynamic behaviour. As previously men-
tioned [18], many authors agree that the typical thick-
ness of these structures is of the order of 0.1 pm. Since
lamellipodia are not expected to have a straight lead-
ing edge, and it is unlikely that two lamellipodia will
encounter each other with parallel boundaries, the
typical area of the first encounter between two cells,
and probably between a cell and a flat surface, may be
of the order of 0.01 pm?.

2.2.2. Adhesion molecules

The structure of many adhesion molecules is now well
known. In particular, electron microscopic studies
gave valuable information on the overall molecular
shape of molecules such as immunoglobulins [217],
integrins [227, or ICAMs [23]. The potential import-
ance of length differences between various adhesion
molecules was emphasized in a recent review by
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Figure I The cell surface. Typical details of cell plasma membranes
were drawn with different scales: (a) typical microvillus with surface
bound sugars (each dot represents a hexasaccharide group);
(b) size of typical adhesion molecules. TCR: T cell receptor;
FcR + Ig: Fey receptor (e.g. CD16 or CD32) bound to an IgG
molecule; ICAM-1: intercellular cell adhesion molecule 1, a ligand
of LFA-1 and MAC 1 (CD11a/CD18 and CD11b/CD18) integrins;
CD62P: P selectin; (c) the V-shape molecule may be fibronectin.
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Figure 2 Components of the glycocalyx. A glycoprotein with typical
oligosaccharide chains (narrow strands) is shown on the left. A small
proteoglycan described on hepatocytes is shown on the right. The
saccharide chains are much longer than those of glycoproteins.
They may be more or less extended depending on the linear density
of charged groups such as sulphate.

Springer [4] who drew to-scale many binding mol-
ecules of the immune systems. Examples are shown
in Fig. 1. The length of a receptor may range from
68 nm (CD4, CDS§, CD2, LFA-3) to 40nm (P-
selectin). These differences may have high functional
significance, particularly if the thickness of the cell
surface repulsive layer lies between these values.

2.2.3. Modelling the glycocalyx

Although de Gennes elaborated a very useful frame-
work to describe different configurations of surface-
bound polymers (see [13] for a brief summary), it is
difficult to propose a unique scheme of surface struc-
ture. It is likely that the outer membrane layer is made
of carbohydrate-rich material, including oligosacchar-
ide chains of glycoproteins (typically 10 residues per
chain, 5 nm per residue) and longer chains of proteo-
glycans (see Fig. 2: an intrinsic proteoglycan with
4 chains of about 70 residues was found on the
hepatocyte membrane). As another example, CD43,



a sialic-acid-rich membrane leukocyte surface mol-

ecule looks like a rod of 45 nm length [24]. Its orienta-

tion with respect to the bilayer is not known. There
are several points of additional complexity:

(i) A given molecule may act as both a repeller and
an adhesion structure. Thus, CD43 was reported
to bind to ICAM-1, an adhesion molecule belong-
ing to the immunoglobulin superfamily [25]. The
neural cell adhesion molecule NCAM-1 may bear
large chains of polysialic acid increasing its mo-
lecular radius from 12 nm to 17 nm, resulting in
marked steric inhibition of cell-to-cell approach
[26].

(i1} The conformation of the cell surface polysacchar-
ides is not always known. They may behave as
coiled structures, with a radius proportional to
the 0.6 power of the number of monomers [27].
Alternatively, they may be extended if the charge
density is sufficient.

(iii) In addition to intrinsic molecules inserted in the
plasma bilayer, the cell surface may be coated by
various structures bound by specific receptors or
cooperative non-specific interactions. For ex-
ample, it is not clear whether fibronectin bound to
surface integrins may play a repulsive role in some
situations.

2.2.4. Estimation of forces

The electrostatic repulsion between two cells bearing
realistic surface charge densities (1.6 x 1072 C/m?; i.e.
10° electronic charges/um?) was calculated using (i) a
standard DLVO approach with 2-D distribution of
surface charges and (i) assuming a constant volume
distribution of charges in a region of 10 nm thickness
[17, 18]. As shown in Fig. 3, calculated repulsion was
markedly dependent on the selected model. Steric
stabilization was also estimated by modelling polysac-
charide chains as polymer molecules with a surface
density of about 1 hexose unit per nm? and about 100
residues per chain (see [28] for a discussion of this
assumption). Excluded volume effects were neglected.
Repulsion could thus be calculated with analytic for-
mulae obtained by Dolan and Edwards [29]. A sim-
plified formula was suggested by Israelachvili [30].
The expected repulsion due to rigid molecular rod was
also calculated for comparison. As shown in Fig. 4,
steric stabilization may account for a substantial re-
pulsion between cell surfaces. However, the influence
of this force on adhesion is critically dependent on the
relative size of adhesion molecules and glycocalyx
elements.

In view of previously reported differences between
static and dynamic adhesion, it was of obvious interest
to estimate the potential role of dynamic repulsive
interactions in cell-—cell adhesion.

2.2.5. Hydrodynamic repulsion

The first interaction we consider is purely hydro-
dynamic. When two parallel surfaces approach
each other, viscous forces may hamper the thinning
of the separating liquid film [17, 31, 32]. The force
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Figure 3 Electrostatic repulsion between charged membranes. The
distance dependence of the repulsive force between surfaces bearing
negative charges with a density matching that of biological mem-
branes was calculated assuming (a) surface distribution and
(b) volume distribution of these charges [17].
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Figure 4 Steric stabilization. The distance dependence of the repul-
sive force between surfaces bearing grafted polymer molecules was
calculated with three different models. (a) 100 chains with 100
segments of 0.5nm length each [28], using reported analytical
formulae with excluded volume neglected [29]. (b) Same model, 25
chains of 400 segments each. (c) 100 rigid rods of 15 nm length. The
entropy per chain varies as klIn(d/L) where L is the chain length,
d the distance between surfaces and k is Boltzmann’s constant.

between parallel discs of radius a and distance d may
be approximated as [32]:

F = (3/2ynpa*/d® dd/d: (1)
where p is the medium viscosity. Assuming that g is
50 nm (corresponding to the tip of microvilli) and d is
10 nm with a decrease rate of 10 um/s, the force is
0.3 pN. However, the effective viscosity may be sub-

stantially increased by macromolecules located be-
tween approaching surfaces.

2.2.6. Polymer compression
Considering a model of isolated polymer chains and
applying Kirkwood’s approximation ([13], p. 173), the

143



repulsion generated by chain compression is:

F = érnpR, dd/dt (2)

where R, is the radius of gyration. Assuming that
a microvillus bears 100 chains of 5 nm radius of gyra-
tion (corresponding to a random coil with 100 units of
0.5 nm length; see [287) and dd/dt is 10 um/s, F is
0.1 pN. This value is fairly low, but entanglement
effects between interacting macromolecules may lead
to substantial increase of this value.

2.2.7. Diffusion

Since the diffusion coefficient of pericellular matrix
elements such as fibronectin is expected to be low
[33], it is not known whether repellers may leave
adhesion areas during cell—cell encounters if approach
is fairly rapid. Clearly, more experimental data are
required to assess the molecular distribution of sugar
molecules in cell-cell interaction areas.

3. Materials and methods
Experimental procedures have been described else-
where. Only a brief presentation will be given.

3.1. Cells

Phagocytes were P388D1 macrophage-like murine
tumour cells of DBA/2 origin. Sheep red cells were
provided by Biomérieux (Lyon, France). Immuno-
globulin-coated sheep red cells (IGSRC) were pre-
pared by incubating 2% erythrocyte suspensions in
1/100 polyclonal rabbit anti-sheep erythrocytes anti-
serum (IgG fraction, Sigma, St Louis, USA). Glutar-
aldehyde-treated erythrocytes (GSRC) were obtained
by 24 h exposure to 2.5% glutaraldehyde at room
temperature under continuous agitation. IGSRC and
GSRC were readily bound and ingested by phago-
cytes at 37°C [34] whereas only the adhesion step
proceeded at room temperature (24 °C). In some cases,
erythrocytes were treated with 30 or 300 U/ml
neuraminidase (Tebu) to remove sialic acid for 30 min
at room temperature in pH 7.2 phosphate buffer.

3.2. Static adhesion and electron
microscopy

Two hundred microlitres of a suspension of P388D1
cells (5 x 10 per ml) and erythrocytes (107/ml) in pH
7.2 cacodylate buffer were subjected to centrifugation
in an ependorf centrifuge. This was performed for 20 s
at 2279 (“weak centrifugation”) or 2 min at 3500g
(“strong centrifugation”). Pellets were then fixed with
2.5% glutaraldehyde, then 1% osmium tetroxide.

In some cases, two procedures were performed to
stain the pericellular coat [35]. Ruthenium red was
used at 0.05%. This reagent is a hexavalent cation
that interacts with polyanions and was first used by
Luft [36] to label cell surface sugars. Alcian blue,
a cationic dye, was alternatively used at 0.5% concen-
tration (see [35] for more details). Samples were finally
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embedded in epon. Ultrathin sections were counter-
stained with uranyl acetate and lead citrate for mor-
phological observations done in absence of ruthenium
red or Alcian blue treatment.

Electron micrographs (25000 magnification)
were then digitized with a Logitech Handscanner
(Logitech Inc., Hsinchu, Taiwan) allowing 400 dpi res-
olution with 256 grey levels. Images were then pro-
cessed with a specific software written in the labora-
tory in order to allow manual determination of cell
boundaries [35] and immediate calculation of the
mean thickness of delimited areas. Our analytical pro-
cedure was also used to study previously described
electron micrographs prepared by Dr A. Ryter (In-
stitut Pasteur, Paris) on rat macrophages having
bound glutaraldehyde treated erythrocytes, or ery-
throcytes that had been subjected to both glutar-
aldehyde treatment and charge reduction by
neuraminidase or polylysine [37].

3.3. Dynamic adhesion

Our apparatus was fully described in previous reports
[38,39]. Briefly, macrophages were deposited on
a glass coverslip constituting the bottom of a parallel-
plate flow chamber (17 x 6 x 1 mm). The flow was gen-
erated with an electric syringe holder (Razel Scientific,
Samford, CT, USA, supplied by Bioblock, France, Ref.
K88906) allowing wide variations of the flow rate
(100x range). The chamber was set on the stage of an
inverted microscope (Olympus IM) equipped with
a 100x lens and an SIT videocamera (Model 4015,
Lhesa, Cergy Pontoise, France). Each experiment was
recorded with a Mitsubishi HS3398 tape recorder. All
experiments were replayed in order to determine
(1) the number of erythrocytes passing in contact with
macrophages in a given microscope field during
a standard period of 10 min, and (ii} the number of
erythrocytes remaining stuck at the end of the experi-
ment.

4. Results

4.1. Structural studies

The principle of our study was to evaluate the thick-
ness of the cell coat in contact zones between adherent
cells. We used two alternative procedures for sample
preparation. With conventional fixation, the cell coat
appeared as a transparent area between osmiophilic
bilayers in cell-cell contact areas. However, it was
invisible on free membrane areas (Fig. 5a). Alterna-
tively, when surface carbohydrates were positively
stained with ruthenium red or Alcian blue, the cell
coat was visible in free and adherent arcas. However,
it could not be distinguished from the bilayer (Fig. 5b
and c).

4.1.1. Conventional staining

In a first series of measurements, we studied the effect
of electrostatic charges on the intermembranar dis-
tance in areas of contact between bound erythrocytes
and macrophages. Since cells are known to bear a net



Figure 5 Electron microscopical aspect of macrophage—erythrocyte
contact. (a) A typical image of an immunoglobulin-coated eryth-
rocyte bound by a P388D1 cell is shown. The glycocalyx appears as
an electron light region between apposed osmiophilic bilayers;
() staining with ruthenium red. The apparent membrane thickness
i markedly increased; (c) staining with Alcian blue. Cell surface
contours are more irregular (arrows).

negative charge, sheep erythrocytes were treated with
aeuraminidase (to remove negative sialic groups) or
polylysine (to add positive charges). Both treatments
were shown to very significantly reduce the net nega-
tive charge of these erythrocytes [40]. These cells were
then treated with glutaraldehyde and incubated with
rat macrophages that readily bound them. Samples
were then examined with electron microscopy for
quantitative determination of the interbilayer dis-
tance. As shown in Table I, both neuraminidase and
polylysine treatments reduced the average interbilayer
distance in contact areas.

In order to get more information on the significance
of our results, we determined the pixel-per-pixel distri-
bution of interbilayer distances in contact areas
(Fig. 6). As shown in Fig. 6b, neuraminidase markedly
reduced the frequency of points with apparent contact

TABLE I Width of the electron-light gap between macrophages
and opsonized erythrocytes

Erythrocyte treatment Mean apparent gap width

(nm)

Glutaraldehyde
Glutaraldehyde + neuraminidase
Glutaraldehyde + polylysine

215 + 0.5 (p = 2439)
18.1 4 0.65 (p = 2494)
11.7 + 0.25 (p = 2831)

Control, neuraminidase-treated or polylysine-coated erythrocytes
were treated with glutaraldehyde and incubated with rat macro-
phages that readily bound them. Samples were processed with
electron microscopy and micrographs were digitized and analysed
for determination of the mean distance between electron-dense
bilayers in contact areas. Mean values are shown + standard error
of the mean. Each value was determined from about ten micro-
graphs. Total number of pixels of examined contour in brackets.

between electron-dense bilayers. As shown in Fig. 6c,
polylysine treatment decreased the minimum distance
somewhat less efficiently, but resulted in uniformly
tight apposition of bilayers.

4.1.2. Positive carbohydrate staining

We determined the average thickness of the electron-
dense layer limiting macrophages and erythrocytes
after staining with ruthenium red or Alcian blue. As
shown in Table II, both cell types displayed similar
thickness of their surface layer. However, Alcian blue
labelling resulted in significantly thicker and more
irregular layers (Fig. 5c). The total thickness of ap-
posed membrane couples was then measured in con-
tact areas. As shown in Table III, this thickness was
significantly lower than the sum of the thicknesses
of individual membranes, suggesting that adhesion
required either intermingling or compression of cell
surface layers.

4.2. Functional studies

In order to assess the significance of morphological
studies, it was of obvious interest to determine
whether a decrease of the pericellular coat thickness
was correlated to an increase of binding efficiency.

First, it was shown in previous reports that
neuraminidase or polylysine treatment of erythrocytes
before glutaraldehyde modification dramatically
increased the efficiency of adhesion between these
erythrocytes and macrophages [40] under static
conditions.

Second, neuraminidase treatment of sheep red
blood cells before antibody coating did not increase
their capacity to be bound by macrophages (Table IV).

Third, when immunoglobulin-coated erythrocytes
were driven along phagocyte monolayers, in a flow
chamber operated at very low shear rate (the wall
shear rate was about 1s™1), no adhesion was found
(Table V). However, a neuraminidase treatment that
was unable per se to induce adhesion made antibody-
coated erythrocytes able to bind to phagocytes under
dynamic conditions. Thus, neuraminidase treatment
increased the binding of glutaraldehyde-treated
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Figure 6 Rat macrophages were made to bind (a) glutaraldehyde-
treated erythrocytes, (b) erythrocytes treated with neuraminidase,
then glutaraldehyde, and (c) erythrocytes treated with glutaralde-
hyde, then polylysine. Electron micrographs were used to determine
the distribution of distances between osmiophilic layers in contact
areas (photographs prepared by Dr A. Ryter as explained in [37]).

erythrocytes under static conditions, and enhanced
the binding of immunoglobulin-coated erythrocytes
under dynamic, not static, conditions.

5. Discussion
The first goal of this paper was to present a theoretical
discussion of the relevance of steric stabilization to cell
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TABLE II Apparent thickness of cell membranes after carbo-
hydrate staining

Staining Cell type Apparent membrane thickness
procedure (nm)

Ruthenium red  Erythrocyte  15.1 + 1.1 (n = 46, 5041 points)
Ruthenium red P388D1 18.5 4+ 1.4 (n = 49, 4871 points)
Alcian blue Erythrocyte 322 + 5.9 (n = 19, 2689 points)
Alcian blue P388D1 39.2 £ 5.0 (n = 17, 2571 points)

Erythrocytes or P388D1 cells were stained with ruthenium red or
Alcian blue and processed for electron microscopy. Micrographs
were digitized for computer-assisted determination of the mean
apparent thickness of the electron-dense cell boundaries. Each value
is a mean (+ standard error of the mean) determined on a number
n of different contact regions. The total number of points defined in
these contours is also shown.

adhesion. It is concluded that the cell coat can in
principle generate enough repulsive interactions to
prevent repulsion. The key parameter is the relative
length of adhesion molecules and repellers. The former
is often well known due to reported structural studies
made on individual receptor molecules. More quanti-
tative information is needed on the thickness of the
cell coats. The last point of concern is that estimates of
repulsion forces or energies were obtained with equi-
librium models. As emphasized by Israelachvili [30],
hours may be required to achieve equilibrium config-
urations when polymer-coated surfaces are brought
into close contact. Kinetic effects are thus to be ex-
pected, although our theoretical knowledge of cell
surface structure and polymer dynamics may be insuf-
ficient to obtain safe theoretical estimates for these
effects.

The second purpose of this work was to present
some electron microscopical data concerning the
thickness of the cell coat. Results suggested that mac-
rophages and erythrocytes are coated with a
glycocalyx with an apparent thickness on the order of
20-30 nm. These coats were found to be altered by
adhesion. The closeness of apposition between mem-
brane bilayers could be decreased either by increasing
the adhesive stimulus or by decreasing surface charges.
However, the significance of our results, and parti-
cularly the absolute value of the glycocalyx thickness,
are hampered by at least five technical difficulties.

First, we do not know whether sample preparation
for electron microscopy will preserve the glycocalyx
thickness. Indeed, although the overall change of
sample volumes is usually moderate [41], surface
polysaccharides might display a peculiar behaviour in
this respect. However, a recent comparison between
the numerical values of cell substrate thicknesses as
determined by interference-reflection microscopy and
electron microscopy [42] suggested that the trend of
intermembrane thickness variations might be pre-
served in electron microscopic studies. A clever way of
circumventing this difficulty was found by Rutishauser
who made cell aggregates in ferritin-containing
medium and used the number of ferritin molecules
trapped between apposed membranes as a marker of
cell distance. However, the underlying assumption was



TABLE III Total membrane thickness in macrophages and erythrocytes after carbohydrate staining

Free membrane thickness

Total membrane thickness

Erythrocyte P388D1 Bound area
Erythrocyte + P388D1
Glutaraldehyde-treated erythrocytes 221 + 1.8 31.5+225 19.0 +2.75
n=10 n=7 n=7
1525 points 1011 points 2501 points
Immunoglobulin-coated erythrocytes 18543 283 +4 225+ 175
n=9 n=3_§ n=3_§

1223 points

1285 points 1039 points

Glutaraldehyde-treated or immunoglobulin-coated erythrocytes were bound by P388D1 cells. Samples were processed for electron micro-
scopy, using ruthenium red to stain carbohydrates. The apparent thickness of cell boundaries was determined in free and contact areas. Mean
values are shown together with standard error of the mean and number n of contact areas scanned in each case. The total number of points

defined on boundaries is also indicated.

TABLE 1V Effect of enzyme treatment on the uptake of op-
sonized erythrocytes by macrophages (static conditions)

Erythrocyte treatment Adhesion efficiency (%)

Control 0
Antibodies 46
Neuraminidase (30 U) 1.8
Neuraminidase (3 U) 5.2
N-glycosidase 1.8
O-glycosidase 2.6
Neuraminidase (30 U) + antibodies 50
Neuraminidase (3 U) + antibodies 58
N-glycosidase + antibodies 28
O-glycosidase + antibodies 43

Suspensions of control and treated erythrocytes were deposited on
monolayers of P388D1 cells. After incubation and washing, cells
were examined microscopically for determination of the percentage
of erythrocytes falling on a macrophage that were subsequentially
bound.

TABLE V Effect of neuraminidase treatment on the uptake of
opsonized erythrocytes by macrophages (dynamic conditions)

Erythrocyte treatment Bound erythrocytes (%)

(82 um path, G = 7s7Y)

Control 0 (0/154)
Antibodies 0 (0/113)
Neuraminidase (300 U) 0 (0/108)
Neuraminidase (30 U) 8 (11/133)
Neuraminidase (300 U + antibodies) 39 (21/54)
Neuraminidase (30 U + antibodies) 32 (13/41)

Control or treated erythrocytes were driven along monolayers of
P388D1 cells in a parallel-plate flow chamber under microscopic
control and videotape recording. Individual erythrocytes flowing on
the bottom of the chamber were monitored for determination of the
percentage of cells that were bound to the monolayer during their
passage across the microscope field. Results are shown together
with the number of binding and counted erythrocytes (in brackets).

that ferritin concentration should not be different near
cell surfaces and in bulk medium.

Second, it is clear on electron micrographs that only
a fraction of cell contours are actually involved in
adhesion [35]. The simplest criterion used to define
adhesive areas is to choose a threshold value for the
interbilayer distance. This clearly sets a bias on the
determination of mean cellcell distances.

Third, the objective determination of the bound-
aries of electron-light or electron-dark areas around
cell surfaces is not a trivial problem and sets a resolu-
tion limit to thickness determinations. According to
our experience, the best way of defining cell contours
was to draw them manually on enlarged digitized
images.

Fourth, the actual thickness d of a three-dimen-
sional sheet such as the cell membrane is usually
different from the apparent thickness x measured on
a micrograph. Indeed:

d/cos 6

X =

where 6 is the angle between the cell surface and the
section plane. Both the mean value and standard
deviation of x are dependent on the distribution of 6:

x>y = dj P(©)do (3)
0

if the orientation of the plane is random, it is readily

shown that:

P(©) = sin0de,2 )

which makes the right-hand side of Eqn. 3 a divergent
integral. However, Eqn. 3 is wrong in view of the
following argument: the probability that a random
plane will cut a given contact area is proportional to
the absolute value of cos® (where 6 is the angle be-
tween the plane and the contact area); therefore, the
probability that the angle between a random plane
that cuts a contact area and this contact area be 0 is:

P(®) = sinO|cosB] (5)
which yields, after straightforward integration:
x> = 2d (6)

There is still a bias in Egn. 6, since areas of apposition
between membranes may not be considered as contact
areas when 0 is markedly different from zero (since the
apparent distance is high). Therefore, the average ap-
parent thickness of a contact area probably lies be-
tween d and 2d.

Fifth, although ruthenium red and Alcian blue are
small molecules, the glycocalyx might act as a nuclea-
tion site for the binding of numerous electron-dense
molecules, leading to an overestimate of the calculated
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cell coat thickness. Conversely, it is not proven that
all regions of the glycocalyx are properly stained. In
particular, it is not proven that the glycocalyx is
everywhere accessible to the dye. Thus, it is not too
surprising that ruthenium red and Alcian blue yielded
different images, and a proper calibration of the stain-
ing procedure is needed.

The third goal of this paper was to provide some
experimental data concerning the effect of glycocalyx
manipulation on adhesion. Our data strongly suggest
the following points: cell coat repulsion effectively
inhibited the interaction between macrophages and
glutaraldehyde-treated erythrocytes under static con-
ditions, suggesting that the equilibrium interbilayer
distance was lower than the glycocalyx thickness. Re-
pulsive forces were effective in preventing the interac-
tion between phagocytes and immunoglobulin-coated
red cells under dynamic, not static, conditions. This
would be consistent with the view that (a) equilibrium
interbilayer distance is higher with the latter ery-
throcyte type, and (b) repulsion is more important
under dynamic than static conditions.

In conclusion, the above set of preliminary data
strongly support the view that steric stabilization
plays an effective role in modulating adhesion, and
this is amenable to both structural and functional
studies. More data are required to assess the general-
ity of this concept.
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