CHAPTER 16

Adhesion of Cdlls

P. BONGRAND

Laboratoire d’'Immunologie,
Hopital de Sainte-Marguerite,
BP29, 13277 Marseille Cedex 09, France

(11995 Elsevier Science B.V. Handbook of Biological Physics
All rights reserved \olume 1, edited by R. Lipowsky and E. Sackmann

755



Contents

LoINtrodUCHION .. 757
2. Representative models of cell adhesion ............ i 758
2.1. Interaction between cytotoxic T lymphocytes and target cells ..................... 758
2.2. Neutrophil adhesion to endothelium ........ ... ... i 761
2.3. Interactions between cells and artificial surfaces ............. ... . ... 764
3. Biophysical characterization of cells ....... ... . i 769
3.1 Cell shape Control .. ... 770
3.2. Cell surface roughness. the submicrometer scale ............. ... ... 773
3.3. Relevance of the concept of surface tension to biological membranes ............... 776
3.4. Molecular structure of thecell surface ... i 777
4. Models for the sequential steps of cell adhesion ........ ... ... ... i i 783
4.1, Cel-cell approaCh .. ..o 783
4.2. Initiation of adheSioN .. ... ..o 790
4.3. Analysis of the ‘equilibrium’ shape of cell-cell contacts .......................... 794
4.4, Cell-Call Sparation ... ...ttt 795
CONCIUSION ..ottt ettt e e 796
RE I ENCES . .. e 796

756



1. Introduction

Cell adhesion is a fascinating process. First, it plays a key role in many situations
of biological and medical interest. Secondly, it is probably the best cell function
to be considered for biophysical modeling from the micrometer to the molecular
level. Thirdly, studying the biophysical aspects of cell adhesion leads to face many
important problems of physics and physical chemistry as well as cell physiology.

There are at least two ways of approaching the problem of cell adhesion. A first
strategy would be to perform a thorough study of a simplified model likely to share
some fundamental properties with biological systems. Far reaching results were
obtained along this line by studying adherence-induced deformations of individual
conjugates made between lipid vesicles and/or red cells of known mechanical proper-
ties [28, 66]. As another example, detailed studies of the motion of antibody-coated
red blood cells in controlled hydrodynamic flow yielded important information on
the formation and rupture of intercellular bonds [169].

The aforementioned approaches yielded very useful data, and improved both bi-
ological and physical knowledge. However, several parameters likely to influence
the adhesive properties of nucleated cells cannot be explored with model vesicles or
even erythrocytes. Thus, the lateral displacements of adhesion molecules depend on
cytoskeletal constraints [168] and active cell processes [176] that are clearly quite
different in blood leukocytes and red cells. Further, whereas erythrocytes are fairly
smooth at the submicrometer level, nucleated cells are studded with a variety of
protrusions, blebs, ruffles, microvilli or lamellipodia with complex mechanical be-
havior and an obvious influence on adhesive interactions [129]. It seems therefore
warranted to study biologically relevant models with available experimental and the-
oretical tools, even if data interpretation is less clearcut than with simpler systems.
Indeed, understanding cell adhesion first requires that we identify the key parameters
influencing this process and obtain reliable order-of-magnitude estimates for them.

The aim of the present review is to gather biological and biophysical data that
are widely scattered in the literature, in order to allow biophysicists with a genera
knowledge of cell biology to assess the relevance of current physical concepts to
cell adhesion. Hopefully, this might be useful to anyone willing to start research in
this field. Therefore, we refer the reader to other reviews for a basic description of
intermolecular forces [98] and their relevance to biological systems [22—-24] as well
as methods for studying cell adhesion [42].

First, we shall discuss some biological models of cell adhesion (with a bias related
to the author’s field of interest) in order to convey a quantitative feeling for the
phenomena we are willing to study.

Secondly, we shall review some experimental data that may help build a working
model of the basic ‘adhering cell’.
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Thirdly, we shall discuss the sequential steps of cell adhesion and current physical
theories that are relevant to the involved mechanisms.

2. Representative models of cell adhesion

It is difficult to describe cell adhesion in some detail without referring to well de-
fined biological models. Indeed, quite different parameters are expected to play a
critical role in diverse situations. For example, the rapid adhesion of leukocytes to
endothelial cells in flowing blood should not be modeled in the same way as the
slow spreading of fibroblasts on culture dishes.

We shall describe three models of potential interest for biophysicists with some
basic references allowing easier access to recent literature. Completeness was delib-
erately sacrificed for the sake of clarity.

2.1. Interaction between cytotoxic T lymphocytes and target cells

Cytotoxic T lymphocytes (CTLs) are able to recognize specific targets with exquisite
specificity. Thus, they can detect infected cells expressing minute amounts of vira
components on their membrane. The cytotoxic process involves sequentia steps that
were described in several excellent reviews [18, 93]. First, the CTL binds to the
target, forming a ‘conjugate’ (fig. 1). Then, during the following 10-15 minutes,
it inflicts on the target an irreversible damage, called the ‘lethal hit': this probably
includes a combination of events such as secretion of lytic molecules (e.g., perforin),
fas-based signalling, possibly mechanical damage [86, 93]. The letha hit does not
provoke immediate morphological transformation of the target [93, 181]. However,
a few tens of minutes after the recognition stage, the CTL spontaneously separates
from its prey [148] which will disintegrate during the following 2—3 hours.

Many studies were devoted to the binding stage of T cell-mediated cytotoxicity.
Adhesion may occur within a few seconds after intercellular contact, and electron
microscopy revealed tight interactions between membranes in contact areas [103].
In a quantitative kinetic study, CTLs and target cells were centrifuged and different
samples were processed at regular intervals for optical and electron microscopical
study [76]. Numerous conjugates were found as soon as 60 seconds after contact
formation, with a maximum 30 minutes later. Maximum membrane apposition was
achieved within one minute, with apparent contact areas of the order of 10-20 pm?.
(These areas were defined as the regions where CTL and target membranes were
separated by a gap thinner than 250 nm on electron micrographs.)

In other series of experiments, the mechanical strength of adhesion was estimated
by subjecting conjugates to calibrated laminar flows of increasing velocity. The
shear rate required to disrupt 50% of conjugates was about 100,000 s~ [26, 27],
corresponding to a maximum separating force of [22]:

F = 19.2ua°G = 3 x 1078 newton (1)

where 4 is the medium viscosity, a is the cell radius and G is the shear rate. This
represents an upper limit for the actual separating force since cell doublets were
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Fig. 1. Interaction between a cytotoxic T lymphocyte and target cell. A typical conjugate made between

a murine cytotoxic T' lymphocyte (CTL) of C57BL/6 origin and a specific target cell (S194 myeloma

cell) was processed for electron microscopy as described in ref. [76]. Extensive membrane apposition is
apparent in the contact area. Bar is 1 um.

probably oriented at random with respect to the velocity gradient, and this gradient
was not spatially uniform. 1t was shown that this force was close to the cell membrane
resistance, and conjugate disruption was often associated to target rupture [26].

In other studies [165, 172], conjugates were formed between individual CTLs and
targets maintained on the tip of glass micropipettes by moderate aspiration. After 10
minute contact, the pipette holding the CTL was pulled away by micromanipulation,
with increasing pressure. The minimal aspiration pressure required to break the
conjugate was recorded. The maximal axial pipette force was about 4 x 10~° N.
This is not inconsistent with hydrodynamic data since

i) marked differences are found between diverse populations of CTLs and target
cells, and

ii) the hydrodynamic force was exerted on the conjugates during a very brief

time, and an inverse relationship was found between the minimum intensity
and duration of application of the force required to rupture cell-substrate bonds
[128].

In addition to the availability of quantitative data, the CTL model is of partic-
ular interest since extensive studies were devoted to the identification of adhesion
molecules involved in conjugate formation. Adhesion is indeed achieved by com-
bination of several binding mechanisms. See table 1 for more information on some
important adhesion molecules.
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Table 1
Properties of some molecules involved in leukocyte adhesion.
Name Distribution Ligand(s) Length  Structure Functiona properties Reference
(namometer)
Intercellular adhesion Leukocyte, LFA-1 18.7 single chain 90-110 kd [160, 161]
molecule 1 (ICAM-1) endothelium
Lymphocyte, function Leukocytes ICAM-1, 2, 3 20 o chain 180 kd regulated by cell activation [97, 160]
associated 32 chain 95 kd transduces costimulatory signa
1 (LFA-1, CD11a4/CD18)
E-selectin (ELAM-1) Endothelia cells siayl lewis X 28 protein 115 kd [19, 160]
T cell receptor T lymphocytes peptide+ 8 multichain, recognition several activation [182]
histocompatibility by hetorodimer 2 x 30 kd  pathways
molecule
CD8 (Lyt2/Lyt3) T lymphocyte  class | ~ 20 homomultimer adhesion+signal transduction  [20, 160]
subpopulation  histocompatibility 34 kd
Major histocompatibility — ubiquitous peptide <10 B2-microglobulin + Signal ? [21]
class | molecules and CD8 « chain 45 kd
(HLA-A, B, C)

We list some properties of adhesion molecules referred to in text. ICAM-1 belongs to the immunoglobulin superfamily. LFA-1 is a 32 integrin found
on leukocytes together with MAC-1 (Mol, CR3, CD11b/CD18) and p150/95 (CD11c/CD18). The recently defined selectin family includes E-selectin,
P-selectin (CD62, PADGEM, GMP140), transiently expressed by activated platelets and endothelial cells, and L-selectin (LAM-1, MEL-14) expressed on
leukocytes.

L-selectin is the major ligand of E-selectin on neutrophils.

puesbuog d
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First, specific recognition results from the association between T-cell receptors on
the CTL and antigenic structures on the target. In physiological situations, these
structures are usually complexes made between class | major hiscocompatibility
complex (MHC) molecules and oligopeptides resulting from partial degradation of
foreign material. In this case, only a minor fraction of the hundreds of thousands of
MHC molecules [112] on the target membrane may be associated to a polypeptide
antigen. Indeed, asfew as 200 such complexes may suffice to allow recognition [35].
However, for practical reasons, many experiments were done with CTLs specific for
allogeneic cells. In this case, a different proportion of target MHC class | molecules
may serve as binding sites (this was the case in aforementioned determinations of
binding strength).

The exquisite sensitivity of CTL recognition is due to the frequent involvement
of accessory ligand molecules. Thus, CD8 molecules on the CTL will bind MHC
class I molecules on the target. It was indeed shown that the overexpression of
CD8 on transfected cell lines was sufficient to induce conjugate formation [139].
The accessory role of CD8/MHC interaction in CTL-target binding is supported by
experimental data suggesting that CTLs with high affinity antigen receptor were less
dependent on CD8 than CTLs with lower affinity [110].

In addition, CTLs are endowed with several accessory antigen-independent adhe-
sion pathways [158]. LFA-1 molecules expressed on the CTL membrane will bind
to ICAM molecules that are present on many target cells (table 1). A peculiarity of
this adhesion system is that LFA-1 molecules must be activated before they can bind
their ligand. Many activation pathways were described, including T-cell receptor
(TCR) engagement after ligand recognition [140]. Other adhesive couples, such as
CD2 (on the CTL) versus LFA3 (on the target) were described [158]. However, a
more complete description of CTL adhesion would not fall within the scope of the
present review.

A fina point of interest in this model is the demonstration that conjugate for-
mation usually results in marked redistribution of adhesion-involved and adhesion-
independent molecules in cell-cell contact area. This redistribution was expected as
a thermodynamic consequence of binding affinity and lateral mobility of membrane
molecules [16]. Further, micromanipulation experiments showed that the affinity be-
tween CTL and target membranes increased when the contact area decreased, during
contact disruption [172], which might be viewed as a consegquence of the increase of
bond density in the shrinking contact area. Finaly, qualitative [109] and quantitative
[6] immunofluorescence studies demonstrated about twofold increase of adhesion
molecules in contact areas between target cells and CTLs.

2.2. Neutrophil adhesion to endothelium

The adhesion of blood granulocytes (fig. 2) is of high interest for several reasons.
First, this is a key event in acute inflammation. Secondly, our knowledge of the
adhesion molecules involved in this model exhibited a dramatic progress during the
last few years[191]. Thirdly, many biophysical studies were done on the mechanical
properties of blood granulocytes [134], thus allowing easier elaboration of quanti-
tative models for adhesion. Fourthly, the physiological conditions of granulocyte



762 P. Bongrand

adhesion are relatively well known. Indeed, many remarkable studies were done
on blood flow in capillary vessels, using intravital microscopy [11, 123, 154, 166].
This point is of importance, since it is now widely accepted that different binding
molecules can be involved in adhesion at rest and under dynamic conditions [14].
Here are some points of interest.

In normal blood, about 50% of granulocytes are adhering to the vessel surface
(this is the so-called marginated pool), and half are flowing. Local adhesion may be
rapidly induced by a complex modulation of the expression of adhesive molecules
on the surfaces of granulocytes and endothelial cells.

There are two main groups of adhesive interactions [191]: first, leukocyte 32-in-
tegrins (i.e. LFA1 also called CD11a/CD18, Mac-1 or CD11b/CD18, and p150-95
or CD11c¢/CD18) will bind ICAMs that are congtitutively expressed on endothelial
cells (table 1). As mentioned above, some kind of leukocyte activation is required
for this binding. Secondly, lectin-sugar interactions may occur. Lectin molecules
are inducible P-selectin (GMP140, CD62, PADGEM) and E-selectin (ELAM-1) on
endothelial cells and L-selectin (LAM-1) constitutively expressed by neutrophils (see
[160] for an illuminating review on these adhesion molecules). All these selectins
were recently reported to recognize a common carbohydrate epitope that may be
expressed by different molecules on cell membranes [77].

Now, leukocyte-endothelium adhesion is expected to be easiest in postcapillary
venules where the shear rate G is minimal (see fig. 3 for definitions). Reported
values of the wall shear rate Gy, in these venules range between 100 and 1000 s1
[11, 123, 154, 166]. According to the definition of Gy, the fluid velocity at distance
d from the vessel wall is the product Gwd. As will be explained below, the velocity
of a cell of radius a close to the vessel surface is expected to be in the order of

Fig. 2. Granulocyte-endothelium interaction in a laminar chamber flow. Human granulocytes (arrow)
were subjected to a laminar shear flow (shear rate 4 s—1) in a previously described chamber [170]. The
chamber floor is coated with human umbilical endohelial cells [193]. Bar is 10 pm.
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Fig. 3. Laminar flow through a cylindrical pipe. The velocity ¥ is everywhere parallé to the duct axis.

At any point M separated from this axis by a distance r, one has v(r) = 2Q(a? — r2)/7a*, where Q

is the flow rate (in m3/s) and a the duct radius. The velocity is thus zero at the wall and attains is

maximum on the axis. The shear rate G = |dv/dr| is linearly dependent on r, with its maximum value
at the wall and zero value on the axis.

Gwa if there is no tight apposition between the cell and the endothelium. Hence,
the velocity of atypical flowing granulocyte of radius 4 um is expected to be higher
than several hundreds of pm/s. Also, the viscous force exerted on a bound spherical
cell of radius a is[22]

F = 32,ua2G'W 2

where 4 is the medium viscosity, a the cell radius and G the shear rate. This yields
a dragging force ranging between 5 x 1078 and 5 x 10~7 N.

Now, a remarkable observation made in in vivo studies [123, 166] was that a no-
table proportion of granulocytes ‘rolled” with a translation velocity ranging between
10 and about 50 um/s, i.e. about ten times lower than expected. This rolling phe-
nomenon was inhibited by infusion of polyelectrolytes such as protamin and sulfated
polysaccharides [166].

Recently, much information was obtained on this phenomenon by Lawrence and
Springer who studied the movement of neutrophils subjected to a laminar shear
flow along a surface coated with various amounts of purified ICAM and P-selectin
molecules, acting respectively as ligands for the leukocyte 32-integrins and LAM-1.
This was done in a flow chamber allowing continuous monitoring of cell move-
ment [111]. The tranglation velocity U of many leukocytes moving close to the wall
was about 500 pm/s when the wall shear rate was about 250 s~1, corresponding to a
ratio U/Gwa of about 0.5 (where a is the cell radius). This result may be compared
to theoretical estimates obtained by Goldman et al. [78] who studied the movement
of a neutrally buoyant sphere subjected to a laminar shear flow near a plane surface
(fig. 4). The estimated value of U/Gwa varied between 0.68 and 0.45 when the ratio
d/a between the cell-to-surface gap and the cell radius varied between 0.045 and
0.003 (i.e. 0.18 yum and 12 nm for a cell of 4 um radius). Although the relevance of
Goldman'’s results to the movement of actual cells may be questioned (see [170] for
an experimental check of the theory), it may be concluded that the aforementioned
velocity is indicative of a rather unconstrained motion.

Further, when the surface was coated with P-selectin, a proportion of cells exhibited
much lower trandational velocities of afew pm/s, with visible rolling. However, the
P-selectin could not induce strong adhesion: if the flow was stopped and resumed
several minutes later, cells started to roll again.



764 P. Bongrand
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Fig. 4. Motion of a sphere subjected to a laminar shear flow near a plane surface. The motion of

a neutrally buoyant sphere subjected to a laminar shear flow near a plane surface was determined by

Goldman et a. [82]. The displacement is a combination of a trandation with velocity U paraléel to the

wall and angular velocity 2. When the distance § between the sphere and the wall becomes small, the
dimensionless ratios U/Gr and £2/G decrease very slowly, as /Ing.

In contrast with the above data, when activated leukocytes were driven along an
ICAM-1-coated surface with substantial flow rate, no rolling nor attachment was
observed. However, if cells were deposited on the same surface under static con-
ditions, they readily spread within 5 minutes, and they remained bound when the
flow was resumed. Finally, attachment under flow conditions could occur when the
surface was coated with both ICAM-1 and P-selectin. Hence, selectins can induce
rapid but transient adhesion, whereas integrins can form strong adhesions provided
the interaction time is fairly long. Possible explanations for the different behavior
of these molecular species will be discussed in section 4.

2.3. Interactions between cells and artificial surfaces

The increasing practice of cell culture was a strong incentive to study the mechanism
of interaction between different cell populations and culture dishes (fig. 5). Also, the
use of artificial polymersfor medical purpose (e.g., asimplantsin dentistry or surgery,
as contact lenses in ophtalmology, as dialysis membranes in nephrology) triggered
strong interest for the relationship between the surface properties of polymers, cell
adhesion and spreading. In the present section, we shall describe some basic data.
Biophysical approaches relevant to these problems will be reviewed in section 4.

2.3.1. Surface energy

Much experimental evidence suggests that nonspecific physical properties related to
surface energy play an important role in the interactions between cells and polymer
surfaces in a protein-free environment. We shall first recall some basic definitions
[4, 24].

The surface energy v of a homogeneous substance is simply the free energy in-
crease associated to the formation of a free surface of unit area in vacuum. The
interfacial energy v1» between two media (1) and (2) is the free energy required to
create an interface of unit area between both media. The work of adhesion between
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Fig. 5. Cell adhesion to flat surface. Cells from the P388D1 murine macrophage-like cell line were

deposited on a glass coverdip. A fluid phase fluorescentmaker (fluoresceinated dextran) was added in

the bulk medium and cells were examined with a confocal laser scanning microscope, thus allowing
direct visuaization of sections perpendicular to the coverdips. Bar is 18 um.

media (1) and (2) is the work done by the system when two free surfaces of media
(1) and (2) are brought into contact. Clearly,

Wi2 =7+ 7 — Y10 ©)

Now, in situations of biological interest, adhesion is performed in agueous solution
(thisis medium 3). The work of adhesion between two media (1) and (2) embedded
in a third medium (3) is given by

Wi = Y13+ Va3 — 12 )

The surface energies of liquids and the free energies of liquid/liquid interfaces
can be measured directly. However, direct experimental determination of the surface
energies of solids is much more difficult to achieve. The most widely used procedure

Fig. 6. Definition of contact angles. A droplet of aliquid L is deposited on a plane solid surface S. The

third phase may be a vapor (V) or aliquid immiscible with L. Experimental determination of the contact

angle 6 between the solid surface and a plane tangent to the upper droplet surface on the three-phase-line
provides a relationship between the three interfacia energies (SL, SV and LV).
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consists of measuring the contact angle of liquid droplets on solid surfaces (fig. 6)
and using the Young-Dupré equations

YLv €06 + v — ysv = 0. 5)

Hence, only the difference (ys1 — ysv) can be measured. Much work was devoted
to the derivation of ‘combining rules’ allowing determination of all parameters. Un-
fortunately, whereas this approach met with some success when polymers and simple
organic liquids were considered, its relevance to biological systems is questionable
due to the multiplicity of specific interactions that cannot be accounted for by these
formulae (see section 4 for more details).

The simplest combination rule, that apply to series of apolar media, may be written
as

Y12 = (\/7_1 - \/7_2)2- (6)

This formulais a consequence of the assumption that the work of adhesion between
substances (1) and (2) is a product of material parameters characteristic of (1) and
(2). See section 4.2.1.

Combining equations (6) and (3) yields the work of adhesion between two materials
(1) and (2) embedded in medium (3):

Wi = 2(y75 — vi) (Vs — v72)- (7

Thus, the work of adhesion will be positive (i.e. the mediawill stick together) unless
v1 < 3 < 72 OF v2 < v3 < 1. If the surface energy ~3 of the bulk medium is equal
to the surface energy of one of these substances (say 1), the work of adhesion will
be zero, and thus will not depend on the surface tension of the other material.

Now, we shall review some experimental data: a very interesting series of exper-
iments were performed by Van Oss and coworkers [138] who studied the adhesion
of blood neutrophils and platelets to a series of polymer surfaces (the contact angle
of water on these surfaces varied between 110 and 24 degrees). The medium was
a saline solution supplemented with various amounts of dimethyl sulfoxide with a
surface free energy ranging between 63.2 and 72.8 mJm? (15% and 0% dimethyl
sulfoxide respectively). In accordance with simple theoretical predictions, adhesion
was respectively increasing, constant or decreasing when the substrate surface energy
was increased if the medium surface energy was respectively lower than, equal to
or higher than the estimated free energy of the cell surface. Similar results were
obtained when glutaraldehyde-treated erythrocytes were used as test particles [3].
The influence of the substrate free energy on the adhesion and spreading of different
cell lines was later confirmed by other authors [151].

However, the above studies revealed that cell adhesion occurred when the esti-
mated work of adhesion was zero, which suggested that other unaccounted interac-
tions might play arole in cell-substrate binding [3].
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2.3.2. Surface charge

It has long been shown with electrophoretic measurements that mammalian cells
bear a net negative charge [133]. Electrostatic repulsion may thus in principle inhibit
adhesion between cells and negative surfaces. For the sake of clarity, quantitative
calculations will be described in section 4, and we shall now review some notable
experimental results.

First, it was unambiguously demonstrated that cell-cell or cell-surface adhesion
could be efficiently inhibited by electrostatic repulsion in solutions of low ionic
strength (say 1 mM NaCl or less). This was shown in very elegant experiments
by Gingell and Todd who studied the equilibrium position of glutaral dehyde-treated
erythrocytes sedimenting on a charged oil-saline interface [81]: at low ionic strength,
red cells remained about 100 nm above the interface, which would have efficiently
prevented the formation of specific bonds.

However, in physiological media (i.e. about 150 mM NaCl and afew mM divalent
cations), electrostatic repulsion between charged surfaces is screened by counterions
with an exponential decay of characteristic length closeto 0.8 nm (this is the Debye—
Hickel length). It is therefore of interest to consider experiments performed at
physiological ionic concentration. Sugimoto [163] studied the behavior of fibroblasts
deposited on two different surfaces. glutaraldehyde-polymerized bovine abumine
had a high negative charge. When polylysine was added to the polymerizing mixture,
the surface charge was decreased by more than 50% as assessed by electrophoretic
mobility determinations. When cells were deposited on the less negative substrate,
they flattened and became immobile. Electron microscopical studies revealed much
tighter apposition between cell and substrate surfaces when polylysine was added.

Similar results were obtained in a study made on the interaction between rat
macrophages and sheep erythrocytes that had been made hydrophobic by glutaralde-
hyde treatment: the negative charge of these erythrocytes was decreased either by
coating them with positively charged polylysine molecules or by removing nega-
tive siadic acid groups by neuraminidase treatment. In both cases, the efficiency
of macrophage-particle adhesion was dramatically increased [30], and electron mi-
croscopy revealed tighter apposition between macrophage and erythrocyte surfaces
when the negative charge was decreased [29, 129]. Concordant conclusions were ob-
tained by Rutishauser and colleagues who studied the tightness of apposition between
neural cells bound by intact or desialylated Neural Cell Adhesion Molecules [149].

Electrostatic repulsion may thus modulate the tightness of cell-cell or cell-substrate
adhesion.

2.3.3. Other cell surface properties

Margolis and colleagues studied the adhesion of mouse fibroblasts to lipid films ad-
sorbed on glass surfaces [120, 121]: Adherence was better with gel-crystalline than
with fluid phases. In other experiments performed by Springer and colleagues, lym-
phocytes were deposited on solid surfaces coated with adhesion molecules (LFA-3 or
ICAM) that were either immobile or free to diffuse: similar spreading was obtained
in both cases [32].
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2.3.4. Macromolecule adsorption

An important point concerning the interpretation of experimental data is that solid
surfaces exposed to serum-containing media will rapidly become coated by a layer
of adsorbed molecules [13]. This possibility cannot be ruled out when experiments
are conducted in protein-free solution, since most cells congtitutively release diverse
macromolecules that can serve as intermediates for substrate adhesion. As an ex-
ample, fibroblasts secrete fibronectin, a protein made of two subunits of 250,000
molecular weight that possesses multiple binding sites and readily adheres to poly-
mer surfaces [87] as well as specialized membrane receptors on the fibroblast (see
[40] for more details on these molecules). Similarly, glycosaminoglycans such as
hyaluronic acid or chondroitin sulphate may mediate cell adhesion [155] by adhering
to both cell membranes and culture surfaces.

Clearly, the physiological importance of the intrinsic physico-chemical properties
of substrates might be questioned if they are coated with alayer of biological macro-
molecules in al physiologically relevant conditions. However, two points must be
noticed. First, the properties of tested surfaces may influence the nature of adsorbed
molecules by influencing the competition between solute substances [2, 41]. Sec-
ondly, adsorbed proteins may exhibit conformational changes that may depend on
the substrate properties [159]. Indeed, severa authors suggested that the surface
structure of adsorbed molecules might reflect the nature of the underlying substrate
[2, 151].

2.3.5. Mechanical properties of cell-substrate adhesion
Many authors attempted to measure the mechanical strength of cell-substrate adhe-
sion. We shall present some representative results.

The micromanipulation approach consisted of detaching adherent cells with a flex-
ible micropipette. Suitable calibration allowed quantitative derivation of the applied
force from the pipette curvature as measured immediately before detachment. This
procedure was recently used by Gingell and colleagues [78] who measured at the
same time the strength of adhesion and the area of tight apposition between cells
and substrate (they made use of interference reflection microscopy). The strength of
adhesion between Dictyostelium discoideum and an hydrophobic substrate (silanized
glass) was of the order of 10 nanonewton, with a close contact area of 1-4 pm?.
In other experiments, McKeever used the same approach to measure the strength of
adhesion between macrophages and glass surfaces: the reported value was about 100
nanonewton [125].

Following another approach, Bongrand and colleagues deposited adherent cells
in glass capillary tubes. After a suitable adhesion time, cells were subjected to
hydrodynamic flows of increasing strength. In some cases, viscous dextran solution
had to be used in order to ensure that the flow be laminar. The main conclusions
were as follows:

i) the minimal flow rate required to detach cells was dependent on the duration
of force application.

ii) A tangentia force on the order of 50 nanonewton per cell was required to
separate macrophage-like P388D1 cells from glass surfaces [128], similar
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values were obtained when blood granulocytes were separated from glass
surfaces coated with various molecular species such as albumin, fibronectin,
concanavalin A or polylysine [127] and human melanoma cells were detached
from fibronectin-coated glass surfaces [8].

A third approach consisted of subjecting adherent cells to a centrifugal force.
Easty and colleagues could separate murine tumor cells from glass substrates with a
centrifugal acceleration in the order of 1,000x g parallel to the substrate plane. The
corresponding force was thus about 0.1 nN [57]. Corri and Defendi centrifuged glass
surfaces bearing adherent macrophages or red cells. The minimal force required to
break cell substrate adhesion was 56 nanonewton for macrophages and less than 0.1
nanonewton for erythrocytes [37]. Interestingly, the authors noted that the minimal
separating force was decreasing when the duration of application was increased. Us-
ing a similar experimental setup, McClay and colleagues [124] found that adhesions
between chick embryo cells could be ruptured by a force of about 0.1 nN. How-
ever, when these cells were deposited on polylysine-coated surfaces, they resisted a
centrifugal acceleration of 3,000 g, corresponding to a force higher than 3 nN.

In conclusion, we described three general models of cell adhesion in order to
help the reader evaluate the significance of the problems discussed below. These
examples showed that biological adhesion is mediated by an impressive number
of ligand molecules and that binding may be modulated by nonspecific physical
interactions.

3. Biophysical characterization of cells

The first step to a biophysical modeling of cell adhesion is to build a quantitative
description of the cell features likely to play arolein this process. This goa is made
difficult by the diversity of living cells. If we consider only a single cell type, the
interest of our description will be restricted by the difficulty of assessing its relevance
to other models. On the other hand, gathering conclusions from studies performed
with widely different cell species is not warranted. Therefore, we shall try to keep
an intermediate way: we shall essentialy refer to leukocytes (i.e. lymphocytes,
monocytes and granulocytes) that are ideally suited to studies done at the individual
cell level. Occasiona data concerning other cell populations will also be provided
for comparison.

We shall sequentially consider three different scales: first, the micrometer scale, i.e.
general cell shape control as studied with conventional optical microscopy. Secondly,
the submicrometer scale, as observed with electron microscopy, since an important
step of cell adhesion is the tight apposition of binding surfaces in order to alow
molecular bonding. Finally, we shall describe the molecular organization of the
cell surface, with an attempt to describe general physical properties without delving
into a description of individual molecular species. Clearly, present knowledge does
not allow the derivation of quantitative relationships between the three organization
levels we mentioned.
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3.1. Cell shape control

Many cell types are fairly spherical when they are maintained in suspension under
resting conditions (however, some cell populations may display micrometer-sized
protuberances that cannot be neglected, see, e.g., [170]). Spontaneous deformations
can be induced by biochemical stimuli in absence of any adhesive interaction. Thus,
exposing suspended neutrophils to chemotactic factors such as formyl methionyl
peptides will induce spectacular cell polarization within a few minutes (fig. 7).

Now, if a rounded cell is deposited on a substrate, it will exhibit some kind of
flattening (fig. 5). This deformation may involve several mechanisms. First, the cell
may flatten under the mere influence of gravity. Secondly, adhesive cell-substrate
interactions may act as a tensile force triggering cell spreading with strong analogy
to the spreading of aliquid droplet on a solid surface as a consequence of the balance
between interfacial forces. Thirdly, the cell may send active lamellipodia that will
be secondarily bound by the substrate. Since adhesive interactions may deliver
activating signals, it is very difficult to discriminate between these mechanisms [43].
However, it may be useful to estimate the minimal force required to deform a cell
in absence of known activation, since such deformation may be a prerequisite to
adhesion in some circumstances.

Many procedures were used to study bulk cell deformability, including centrifuga-
tion on a surface with measurement of induced deformation [94, 131], determination
of the resistance to indentation with a moving stylus [141, 142] or aspiration into a
glass micropipette. The latter method was probably the most widely used during the
last ten years and provided a wealth of information of granulocyte deformability. The
main conclusions are as follows. When atypical granulocyte of about 4 um diameter
is sucked into a pipette of, e.g., 2-3 um diameter with a pressure higher than some
threshold value [67], it forms a protrusion that will enter the pipette and grow with
a velocity depending of the pressure and pipette size. If the pipette is large enough
(e.g., 4 um diameter), the cell will readily acquire a sausage-shape and flow into the
pipette. If the pipette diameter is smaller, the deformation will be limited by a maxi-
mum extension of the apparent membrane area that may increase by afactor of about
two [72]. If the pressure is reversed, the cell will be expelled and it will resume
its spherical shape within severa tens of seconds ([164], see fig. 8). All authors
observed both viscous and elastic behavior, and severa quantitative models were
elaborated to account for measured deformations. In a remarkable work, Schmid—
Schonbein and colleagues [154] studied the small deformations induced within a
few seconds by moderate aspiration. They modeled cells as homogeneous standard
viscodlastic solids (fig. 9) and readily solved the equations of deformations. They
were thus able to derive three material constants: the elastic stiffness coefficients
k1 = 275 dyn/cm?, k, = 737 dyn/cm? and a viscosity coefficient ;1 = 130 dyn-s/cm?.
In another series of experiments, Evans studied large granulocytes deformations [67]
and results were consistent with the model of a tensile surface (about 0.01 dyn/cm
tension) surrounding a highly viscous fluid (a later figure for the viscosity was about
1,000 dyn-s/em? [72]). Later reports led the authors to propose more sophisticated
models, with a combination of a stressed surface and visco-elastic interior, in order
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Fig. 7. Cél shape control. Human granulocytes were fixed and labelled with a fluorescent phal-
lacidin derivative to revea actin microfilaments. They were then studied with confocal laser scanning
microscopy and series of 16 sections separated by a distance of 1 um are shown. A: resting cell main-
tained in suspension. It is spherical. B: cell pretreated with a chemoattractant for 15 minutes. It exhibits
marked polarization with a microfilament concentration at the cell leading edge. Bar is 18 pum.
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Fig. 8. Simple models to represent cell mechanica properties. The following mechanica model may

be considered to represent the properties of a volume element of a solid body. (A) elastic medium with

spring constant k. The force F' is proportional to displacement (x — xg), where zg is the unperturbed

length. (B) viscous medium, the force is proportional to the rate of deformation dz/dt. (C) Maxwell
solid. (D) Standard viscoelastic medium.

Fig. 9. Cell shape recovery after micropipette aspiration. A murine macrophage-like P388D1 cell was
sucked into a micropipette, then expelled and observed while it recovered its spherical shape. It is shown
0s(A),5s(B), 11 s(C) and 16 s (D) after expulsion. Bar is 4 um.

to account for mechanical cell behavior during aspiration and shape recovery [56,

164, 173].
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Since a more complete discussion of cell shape control would not fall into the
scope of the present review, we shall add only a few points.

Whereas proposed models may satisfactorily account for cell deformations caused
by a restricted range of applied force intensity and duration, it may be dangerous
to use material parameters to predict cell behavior under conditions widely different
from those used to derive these parameters.

It was often stressed that individual cells might display quite diverse behavior.
Indeed, studying single cells makes apparent the danger of considering only mean
values determined on cell populations.

Many different cell specieswere studied with the micropipette aspiration technique.
In the author’s laboratory, rat macrophages[129], macrophage-like [131] or lymphoid
[76, 131] and basophilic [96] cell lines and human melanoma cells [8] were studied
with this technique. An important conclusion is that very marked differences may
be found between cells in an apparently homogeneous cell population.

Interestingly, the spontaneous traction exerted on their substrate by epithelial cells
was quantified: fibroblasts deposited on an elastic surface exerted a constant traction
on the order or 0.001 dyne/cm along the advancing margin [89]. More recently, the
contractile force of fibroblasts and endothelia cells was estimated at 4.5 x 104 and
6 x 104 dyne/cm? respectively (i.e. on the order of 0.045-0.06 dyne/cm on the cell
margin, assuming a cell thickness on the order of 1 um [106]. These estimates are
fairly close to the values reported for neutrophils, and may represent a minimum
order of magnitude for the adhesive energy required to induce the formation of a
substantial contact area between a cell and an adhesive substrate in absence of active
deformation.

A final point of interest is the mechanical strength of cell membranes. Although
marked differences are found between tested cell populations, following our experi-
ence, membrane rupture is not an uncommon event when cells of 4-7 ym diameter
are subjected to a sucking pressure of 25 cm H,O with a pipette of 2-3 pum inside
diameter (see, e.g., [8]). The corresponding tension is about 2 dyne/cm. Obvioudly,
the membrane resistance sets a limit to the strength of cell-cell and cell-surface
adhesion.

3.2. Cell surface roughness: the submicrometer scale

The interpretation of quantitative data on cell contact formation and binding strength
is crucially dependent on the actual area of membrane regions involved in adhesion
[88]. Further, the electron microscopic study of cell surfaces reveals the presence of
numerous protrusions of variable size that are often inapparent when cells are ob-
served with conventional microscopy. Finally, when contact areas between adherent
cells are studied with electron microscopy [76, 129] it often appears that the distance
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Fig. 10. Apparent and actual adhesion areas. Figure A represents a typical substrate-bound cell de-
picted with the resolution of conventional optical microscopy. The apparent free area (AFA) is the
area of a portion of a sphere and the apparent contact area (ACA) is a disc. Figure B represents a
portion of the figure depicted with the resolution of electron microscopy. The electron microscopic
free area (EMFA) is larger than the apparent free area due to the presence of numerous cell surface
asperities. In the apparent contact area, only a fraction of the cell membrane is separated from the
surface by a gap compatible with molecular bonding. This defines the electron microscopic contact
area (EMCA). It is not easy to determine whether the whole EMCA is involved in binding. Figure C
represents a binarized image of an electron micrograph representing a portion of the interaction area
between concanavalin-A-agglutinated rat thymocytes [31]. Bar is 0.1 um.

between the phospholipid bilayers of the plasma membranes is very irregular, with
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a combination of zones of apparent molecular contact (the distance between bilayers
is in the order of 2040 nm) and regions where membranes are separated by a
gap of several hundreds of nanometers that is obviously incompatible with adhesion
between membrane intrinsic receptors (see next section).

In order to clarify this point, it is important to give a precise definition of the
parameters we are studying (fig. 10): First, the apparent cell area may be defined as
the area of a smoothed cell where only details visible with optical microscopy are
retained. Thisareaissimply 4w R? for aspherical cell of radius R. Second, the actual
membrane area is the bilayer area. This may be derived from quantitative processing
of electron microscopical images, using basic formulae of stereology [61]. Similarly,
the apparent binding area it the area of the region where cells appear bound when
studied with optical microscopy. The electron microscopic binding area is the area of
the region where the intermembrane distance is compatible with molecular adhesion.
This last definition requires several points of caution. Firgt, it is not proven that
there are actual molecular bonds in a region where the intermembrane distance is
consistent with bonding. Secondly, since the relative orientation of a microscopic
section plane and interacting membranes is random, the apparent intermembrane
distance as estimated on micrographs is expected to be higher than the actual distance
(it may be shown that the mean apparent distance is about twice the actual distance
[76]). Thirdly, it is difficult to assess the influence of sample processing for electron
microscopy on intermembrane distance.

We shall now describe some experimental data relevant to the control of cell
roughness.

An important result emerging from numerous observations made on living cellsis
that they deform with constant volume, variable apparent area and constant actual
membrane area. Indeed, it has long been demonstrated that erythrocytes deformed
with essentialy constant area, since membrane rupture occurred after a few percent
relative area increase [71]. Further, the observation of the deformation of mes-
enchyme cells suggested that the formation of a protrusion inhibited the appearance
of other protrusions, due to a mechanical resistance of the membrane [184]. Also,
electron microscopic studies confirmed that microvilli and blebs acted as reserve
surface membrane [63]. It was estimated that the actual membrane area of masto-
cytoma cells was between 50% and 100% higher than the apparent area [105]. The
excess area of blood cells compared to spheres of equal volume was reported to
range between 44% and 130% [34]. These estimates were fairly consistent with the
report that the maximal apparent area increase of blood granulocytes sucked into mi-
cropipettes was in the order 110-120%, supposedly corresponding to full membrane
extension [72].

The size of cell surface asperities may be readily estimated from electron micro-
graphs. the length of protrusions was 0.4-0.5 ym in mastocytoma cells [105] and
kidney fibroblasts [63]. Values as high as 2 um were found on a T-cell hybridoma
with particularly large protrusions that appeared in optical microscopy [170]. This
must be considered as a maximum value. The thickness of protrusions was about
0.1 xm in aforementioned studies. These values seem representative of images found
on many cell types.
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An important point is that cell surface protrusions may resemble sheets or cylin-
ders, depending on cell type, with similar appearance on transmission micrographs.
Scanning electron microscopy may be useful to derive the three-dimensional cell
shape.

An important problem is to determine the mechanical properties of cell surface
asperities: micropipette aspiration studies cannot tell us whether the cell membrane
must be viewed as a flaccid surface subtended by the subplasmalemmal cytoskele-
tal network, or whether each asperity is endowed with mechanical resistance and
individually resists smoothing (as was assumed in [129]). Indirect evidence is pro-
vided by immunofluorescence studies. cell protrusions were demonstrated to contain
actin as well as cytoskeletal and membrane binding structures such as vinculin, talin,
a-actinin and filamin [45]. Hence it seems reasonable to ascribe these asperities
material parameters similar to those derived for bulk cells. However, more precise
studies are needed to understand the behavior of these asperities during the first steps
of contact formation.

3.3. Relevance of the concept of surface tension to biological membranes

The concept of surface tension proved very useful to relate the adhesion-induced
deformations of liquid droplets or lipid vesicles to interaction energies [4, 69]. It
is thus warranted to ask whether this can be applied to nucleated cells such as
leukocytes.

An important difficulty is that there is no rigorous experimental means of discrim-
inating between the membrane and cytoplasm resistance to deformation. Therefore,
the derivation of a surface tension from deformation measurements requires some
assumptions concerning the mechanical properties of the cell interior. The experi-
mental observation that many cells

i) are spherical in suspension, and

ii) recover to the spherical shape after deformation (figs 7, 8) strongly supportsthe
proposal by Evans [67] that the mechanical properties of blood granulocytes
might be accounted for by the model of a highly viscous liquid surrounded
by a tensile membrane.

According to this concept, the relationship between the effective membrane ten-
sion and apparent cell area increase might be derived from the equilibrium value
of the length of protrusions obtained by sucking cells into micropipettes with vary-
ing pressure. The finding by Evans that granulocytes entirely penetrated through a
pipette when the suction pressure was higher than a threshold level inversely related
to the pipette diameter and required to obtain the formation of a spherical protrusion
strongly suggested that the tension was fairly constant (provided the membrane was
not fully extended). This tension ranged between 0.01 and 0.035 dyne/cm. How-
ever, when macrophages, activated lymphocytes or melanoma cells were subjected
to micropipette aspiration, the growth of the cell protrusion often stopped before
complete cell entry into the pipette. It is not clear whether this arrest was due to
an actual increase of membrane tension concomitant with apparent area increase, or
a blockade when the cell nucleus or some other cytoplasmic structure entered the



Adhesion of cells 77

pipette tip (this point is emphasized in ref. [8] see also fig. 12). This may impair
the significance of empirical relationships obtained between apparent surface tension
and apparent membrane area increase [76, 129].

Further, the concept of membrane tension is useless at the electron microscopical
level. If we assume that the plasma membrane is a folded sheet of low mechanical
resistance deposited on an underlying ‘ contractile carpet’ [67], the thermodynamic
cost of creating a small contact region with a smooth surface will be zero for a
leukocyte, in contrast to an erythrocyte that exhibits an intrinsic biconcave shape.
This difference may account for the well known difficulty to make erythrocytes stick
to rigid surfaces as compared to other cell types.

Another possibility would be that the polymorphism of membrane lipids in leuko-
cytes might favor the occurrence of a variety of microdomains with different curva-
tures, allowing each lipid molecule to find an ideally suited environment. In this case,
a folded appearance would be favored. Clearly, more work is required before we
understand the mechanisms responsible for cell surface roughness at the micrometer
and submicrometer level.

3.4. Molecular structure of the cell surface

We shall only review some peculiar properties with an obvious relevance to cell
adhesion. The point we wish to address may be summarized as follows. suppose
the distance between two cells is gradually decreased. It is probable that they will
first exert some mutual repulsion (otherwise, spontaneous agglutination would occur
in absence of any specific bonding). The force/distance law characterizing this
repulsion must depend on many parameters, including the density of charges and
membrane-bound stabilizing polymers, and the mobility of these molecules. Indeed,
if contact is made slow enough, repulsive molecules are expected to depart from
the contact region or gather into restricted areas, as predicted in view of theoretical
considerations [16] and suggested by electron microscopical evidence [149].
The following data may be of interest in this respect.

3.4.1. Bulk composition of plasma membranes

Estimates for mean membrane composition were suggested in previous reviews [7,
23, 24]. More details can be found in standard textbooks on cell membranes [80].
The basic structure of the plasma membrane is a phospholipid bilayer where intrinsic
glycoproteins and glycolipids are embedded. A reasonable order of magnitude for
the composition is 45% protein / 45% lipid / 10% carbohydrate. Assuming a mean
phospholipid/cholesteral ratio of 0.72, the mean area for (1 phospholipid + 0.72
cholesterol) is 0.77 nm? [114], corresponding to a molecular weight of about 1,000.
Modeling proteins as globular units of 4 nm diameter and 50,000 molecular weight,
the occupied area is about 2.75 x 10° cm? per gram (i.e. 0.45 g protein and 0.45 g
lipid), with 25% of the total area occupied by proteins.

Another estimate may be useful: assuming that water represents about 70% of the
mass of a standard cell [113], the dry mass of atypical leucocyte of 4 um radius and
1.077 g/lcm? density is about 8.7 x 10~1 g, with a corresponding membrane area of
400 pm? (i.e. twice the apparent area). The plasma membrane therefore represents
1-2/100,000 of the total cell dry weight.
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3.4.2. Intrinsic membrane glycoproteins

Since many adhesion receptors are intrinsic membrane proteins, it is important to
have a general feeling of their shape and flexibility. Members of the immunoglob-
ulin superfamily are an important example of such proteins. They are made of one
or several domains of about 2.5 x 2.5 x 4 nm, with fairly high rigidity and bound
by structures of variable flexibility. Thus, surface immunoglobulin G found on B
lymphocytes may protrude by about 10 nm above the bilayer, with easy rotation
of the external antigen binding sites [175]. Class | mgor histocompatibility com-
plex molecules that are found on nearly all cell species have a similar size (with a
3-domain chain associated to 52-microglobulin). ICAM-1 molecules, that have an
obvious adhesive function, are made of two seemingly rigid rods of 11.8 and 6.9 nm
length separated by afairly flexible region [161]. Human fibronectin receptors were
described as intrinsic membrane proteins with an extracellular region of 12—14 nm
length. Hence, intrinsic membrane proteins may be viewed as structures of 10-20 nm
length with limited flexibility.

3.4.3. The glycocalyx

Electron microscopic studies have long reveaed that in nearly al tested cells the
phospholipid bilayer of the plasma membrane was coated with a low density region
of varying depth [178], ranging between a few tens and several hundreds of nanome-
ters [122, 178, 187]. This ‘fuzzy coat’, or ‘glycocalyx’ was first revealed by the
occurrence of a gap between plasma membranes in contact regions between adherent
cells [122]. This was later reported to be stained with various procedures such as
periodic acid Schiff (PAS), phosphotungstic acid (PTA), Colloidal iron or thorium,
ruthenium red, alcian blue, and it was suggested that this region had relatively high
polysaccharide content. Other biochemical studies showed that most membrane car-
bohydrates were oligosaccharidic chains bound to glycoproteins or glycolipids. They
are made of less than eight [36] to 20 [178] monosaccharide units, corresponding to
an extended length lower than 5-10 nm.

Thus, the structure extending outside the 20 nm region next to the phospholipid
bilayer represents a minimal fraction per weight of the membrane. It includes gly-
cosaminoglycansthat are made of repetitive monosaccharide units: hyaluronic acid is
made of several thousands repeats of a characteristic disaccharide sequence (N-acety!
glucosamine 314 glucuronic acid)31-3. Similarly, chondroitin sulfate is made of
hundreds of units [108]. These chains are relatively unbranched [10]. Since their
conformation may play an essential role in adhesion, we give some basic results and
refer the reader to more complete references for additional details [10].

The conformation of long flexible polymer chains received much attention, and
basic ideas are described in the classical book by Flory [75]. This conformation
is essentially dependent on the interaction between the solvent and repeating units.
If there is no free energy variation associated to the transfer of monomers into
solvent (this is the case for so-called 6 solvent conditions), the chain conformation
is well approximated by classical random walk models, and the end-to-end distance
is proportional to the square root of the number N of monomer units. Now, if the
transfer of monomer units into solvent results in a net free energy decrease, the net
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repulsion between the monomers will provoke a relative expansion of the chain, and
the molecular size will increase as a power of N that will be higher than 0.5. This
property can be used to study polymer conformation by measuring the viscosity of
dilute polymer solutions. The starting point is Einstein’s formula that states that the
viscosity p of a suspension of rigid spheresis

1= po(l+ 2.50) (8)

where pq is the viscosity of the pure solvent and & is the fraction of the total volume
occupied by the spheres [60]. It may be shown that individua polymer molecules
behave like hard spheres. Thus, defining the intrinsic viscosity as

psp = 1M = o) / oc ©

where ;1 and o are the viscosities of the polymer solution (of concentration ¢ ex-
pressed in g/d1) and pure solvent respectively, it is found that this parameter is
related to the molecular size of polymers following the empirical Mark—Houwink
formula

pop = KM® (10)

where M is the polymer molecular weight, and « is an empirical coefficient that is
close to 0.5 in a # solvent and is expected to be higher than 0.8 if the polymer is
rigid and rod-like rather than coiled.

The Mark—Houwink coefficient was about 0.8 for hyaluronate and was sometimes
higher than 1 for chondroitin sulfate [10]. It is concluded that water is probably a
good solvent for polysaccharides constituting the cell coat. This point is of impor-
tance if we wish to predict intercellular forces during cell-to-cell approach.

Another point of interest is the mode of attachment of glycosaminoglycans to the
cell surface. They may be bound to core proteins, forming proteoglycans [189].
These proteins may be inserted in the membrane with a transmembrane and in-
tracellular regions, or covalently bound to a phosphatidyl inositol group. Also,
glycosaminoglycans can interact with other elements of the pericellular matrix [91,
189]. Thus, fibronectin binds to heparin [136]. Also, the CD44 membrane protein
has an affinity for hyaluronic acid [90]. Interactions between glycosaminoglycans
were also described [10]. In conclusion, glycosaminoglycans may be viewed as long
unbranched chains firmly anchored to plasma membranes with multiple low affinity
binding sites to this membranes. Functional interactions were also reported between
proteoglycans and submembranar cytoskeletal elements [188].

An important point is the concentration of these sugars in the pericellular matrix:
thisis difficult to quantify since the cell coat may be partially removed by rather mild
procedures such as washing in denaturing medium [44] or possibly in physiological
solutions [33]. Taniguchi and colleagues assayed |leukocyte associated glycosamino-
glycans [167]: they found 36 ng uronic acid per 100 ml blood. Estimating blood
leukocyte concentration at 6 x 108/ml with 400 ym? actual membrane area per cell,
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Table 2

Some physical properties of a standard cell.
Parameter Order of magnitude
Radius (sphere) 4 ym
Density 1.077
Apparent membrane area 200 pm?
Actual membrane area 400 pm?
Length of microvilli 0.5-2 um
Thickness of microvilli 0.1 ym
Electric charge —0.024 Coulomb/m?

Membrane tension (at rest —ref. [67]) < 0.02 mN/m
Membrane tension (10-20% apparent

area increase — ref. [129]) 1 mN/m
Glycocalyx thickness 50 nm
monosaccharide density in externa

glycocalyx zone 0.5 residue/nm?

Some parameters relevant to cell-cell adhesion were evaluated to
dlow a quantitative assessment of different forces likely to influ-
enceinitial contact. Note that the estimates for surface tension are
heavily dependent on the choice of a mechanica model to inter-
pret experimental data (see 3.3).

the uronic acid concentration would be about 0.5 monomer/nm?. In another study,
the concentration of uronic acids and hexosamines were 23.5 and 20.4 nmole per
10 mg dry weight of SV40-transformed green monkey kidney cells [119]. Using
a tentative estimate of 2 x 10~13 g per xm? membrane area, we obtain about 0.5
monomer per nm?, in accordance with the aforementioned estimate. We assumed
that essentially all assayed molecules were localized on the cell surface, which is
supported by the finding that most cell sulfated proteoglycans may be removed by
proteolytic treatment [147].

Other components of the cell coat are proteins such as fibronectin or laminin. The
fibronectin molecules is made of two strands of 61 nm length, bound at their ends
with a fixed angles. They display limited flexibility with three preferential bending
sites [62]. More than 100,000 fibronectin molecules were reported to be bound by
fibroblasts with an affinity constant of 3.6 x 108 M [126]. The binding of such
molecules to the cell surface may involve multiple low affinity binding sites since
this was competitively inhibited with the Arg-Gly-Asp-Ser (RGDS) tetrapeptide that
displayed an apparent affinity constant of 6 x 10~* M for their binding site [144].
These figures may be useful since the RGDS sequence is involved in many adhesive
interactions.

Laminin is also a component of the extracellular matrix that may bind to the
cell surface. It appears as made of three short rods (36 nm length) and one long
arm (77 nm) of limited flexibility bound on one end [62]. The above estimates are
summarized in table 2.

3.4.4. Satic distribution and mobility of membrane molecules
Cell cell adhesion is expected to depend i) on the nature of cell surface molecules
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that will first meet when two cells collide each other, and ii) the possibility that
adhesive molecules get matched and concentrated in contact areas.

We shall first consider the static distribution of membrane molecules. We shall
not describe the polarization of some cell populations that grow in an anisotropic en-
vironment (e.g., thyroid cells with apical and basal sides). Although the membrane
molecules of suspended leucocytes are often considered as randomly distributed,
some reports suggest that it may not be the case. Thus, Abbas and colleagues
[1] analyzed the distribution of surface immunoglobulins on murine B lymphocytes
and found that it was non-random to a high degree of statistical significance, with
small clusters and patterns of interconnecting networks. Many authors compared
the density of potentially adhesive molecules on microvilli and flat membrane areas.
Concanavalin A, a lectin with a specificity for a-methyl mannose, was uniformly
distributed on rat lymphocytes [183]. Similarly, membrane immunoglobulins were
uniformly distributed on murine lymphocytes [115] but they were concentrated on
the microvilli of ATP-depleted murine spleen cells[50]. More recently, the L-selectin
adhesion molecule was found to be concentrated on the tip of neutrophil microvilli
[143]. Interestingly, the activation of human neutrophils with phorbol esters con-
comitantly induced spontaneous clustering and functional activation of complement
receptors [52]. Finally, a point that may be of interest is that a local concentration
increase of acetylcholine receptors induced their aggregation on muscle cells [162].
These data strongly support the view that at least some membrane molecules are
non-randomly distributed, and that this may influence adhesion.
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Fig. 11. The cell surface. The cell surface is represented on the left (A) with submicrometer resolution.
A typica microvillus of 0.1 pum thickness is studded with intrinsic membrane proteins. The monosac-
charides of the cell glycocalyx are represented as individual points with realistic density. However,
these points are much larger than individual hexasaccharides: otherwise, thay would not be visible. Fig-
ure B represents a region of the cell surface with molecular resolution. The large V-shaped extracellular
structure might represent a part of a fibronectin molecule (no fibronectin receptor is shown). Glycoca
lyx structures are represented with fairly realistic size and density. They are parts of long chains that
intersect the plane of the drawing.
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The mobility of membrane molecules received much attention. The most popular
method of studying molecular movementsis probably based of fluorescence recovery
after photobleaching (FRAP; [152]). Briefly, a population of membrane molecules
are tagged with fluorescent groups and the beam of a laser matching the excitation
wavelength of the fluorophore is focused on a limited area (in the order of 1 um?)
of the cell surface. The laser power is transiently increased in order to bleach flu-
orescent groups. The same area is then illuminated with lower intensity, and the
variations of fluorescence are recorded. It is thus possible to derive the diffusion
coefficient of fluorescent groups, and the fraction of mobile molecules in this pop-
ulation. The diffusion coefficient of severa membrane molecules on lymphocytes
(surface immunoglobulin or Thyl molecule) was in the order of 3 x 10~1° cm?/s
with a proportion of mobile molecules ranging between 50% and 90%. This value,
which is representative of experimental data obtained on many proteins, was claimed
to be about tenfold lower than the hydrodynamic limit [168], and the diffusion co-
efficient of membrane molecules was increased in ‘blebs' induced on the membrane
of muscle cells or on spectrin-depleted erythrocytes [107], thus strongly suggesting
that the mobility of cell surface molecules was essentially limited by lateral con-
straints and interactions with submembranar cytoskeletal elements. This hypothesis
was later tested by comparing the diffusion coefficient of wild-type molecules and
engineered molecules with substantial deletions of intracytoplasmic domains. sur-
prisingly, similar diffusion coefficients were obtained for normal and deleted class |
histocompatibility molecules [58], viral proteins [157] or epidermal growth factor
receptor [117]. However, the mobility of class Il mgor histocompatibility antigen
was substantialy increased after removal of cytoplasmic domains [180]. The appar-
ent discrepancies between af orementioned results can be resolved if it is suggested
that the mobility of membrane molecules is limited by i) extensive interactions be-
tween the extracellular domains of most molecules and ii) interactions between the
intracytoplasmic domains of some molecular species and cytoskeletal elements. This
concept is supported by recent experimental data. The diffusion constant of class |
major hiscocompatibility molecules (L?) that were either native or deprived of 1,
2 or 3 glycosylation sites was determined [185]: D increased from 6 x 10~1° to
17 x 10~19 cm?/s. In other experiments, chimeric molecules with transmembrane or
glycophosphatidylinositol linkage and extracellular domains from Thy-1 molecule,
placental alkaline phosphatase or vesicular stomatitis virus G proteins were studied.
It was concluded that ectodomains accounted for the major part of resistance to
displacement [190]. Further, lymphocytes were transfected with genes coding for
wild-type CD8 molecules or CD8 molecules with extensive deletion of intracellular
and transmembrane domains. They were exposed to anti-CD8 antibodies in order
to induce capping [174]: similar redistribution of cytoskeletal elements was found,
suggesting that interactions between Cd8 molecules and microfilaments were mostly
mediated by interactions between extracellular domains of membrane molecules [9].
Finaly, a recent study made on the movements of cell surface histocompatibility
molecules labeled with colloidal gold [58] revealed that the long-distance displace-
ments were limited by a dynamic (temperature dependent) barrier, restricting the
amplitude of most movements to less than 1 pm. In conclusion, cell surface glyco-
proteins comprise a substantial fraction of immobile elements (diffusion constant less
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than 10~12 cm?/s) and afraction of similar importance with a diffusion constant rang-
ing between 1019 and about 3 x 10~° cm?/s. Movements are essentially restrained
by extensive interactions between extracellular domains of membrane molecules and
occasional interaction between some intracellular domains and cytoskeletal elements.
Finally, it must be recalled that cross-linking membrane molecules may result in en-
hancing their interactions with microfilaments [74] and large scale redistribution (as
exemplified by the capping phenomenon [174]).

Conclusion. We have now reviewed some biophysical properties of living cells, with

Fig. 12. Solid-like behavior of a cell. Human melanoma cells were sucked into micropipettes [8]. The
tip of protrusions (arrows) is not spherica, indicating that the cell did not behave as a liquid. Bar is
8 um.
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a particular emphasis on leucocytes. The quantitative estimates of different cell
parameters will be used to discuss the relevance of different theoretica models to
the adhesive behavior of these cells. A tentative sketch of the cell surface is shown
on fig. 11.

4. Models for the sequential steps of cell adhesion

We shall now discuss the relevance of different theoretical models to the adhesion of
nucleated cells. As emphasized in the first section of this review, our point is not to
describe basic concepts and results obtained by physicists and physical chemists, but
to make use of available data to select the theories that seem most relevant to cell
biology. We shall consider sequentially the following steps of the adhesive process:

— Céll-cell or cell-substrate approach.

— Initial bond formation.

— Cell membrane reorganization in contact areas.

— Ceéll-substrate detachment.

4.1. Cell-cell approach

The probability of bond formation between two cells or a cell and a solid surface
bearing complementary moleculesis obviously dependent on the mutual force exerted
by approaching structures. The complexity of cell membranes would make hopeless
any rigorous attempt at achieving an ab initio derivation of these forces. Indeed, we
may quote the introductory sentence of the celebrated book by Eyring and colleagues
[73] “In so far as quantum mechanics is correct, chemical questions are problemsin
applied mathematics. In spite of this, chemistry, because of its complexity, will not
cease to be in large measure an experimental science ...”.

The complexity of cellular and colloidal systems led many authors to focus on
particular noncovalent interactions that may not be independent. Thus, in a recent
paper [176], Van Oss reviewed 17 interactions that might be reduced to a lesser
number of more ‘fundamental’ forces. We shall only mention a few approaches to
cell interactions.

4.1.1. Conditions of contact formation

In order to estimate quantitatively the relevance of a given interaction to cell ad-
hesion, we need some guidelines for performing rough calculations. In view of
aforementioned data, the initial contact should involve the tip of microvilli. Thisis
indeed supported by morphological studies made on the initial step of platelet aggre-
gation [79], mutual adhesion of embryonic neural retina cells [17] or concanavalin
A-induced fibroblast agglutination [186]. The initial contact area should thus be in
the order of 0.01 ym? (or 10~ m?).

The minimal binding energy required to influence cell adhesion is in the order of
kT (where k is Boltzmann's constant and 7' is the absolute temperature), since bond
formation cannot occur if cells are not maintained against thermal agitation. The
corresponding value is about 4 x 10-2 J.
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Further, a repulsive force cannot influence adhesion if it is weaker than the sedi-
mentation force (during in vitro experiments), i.e. about 10~ N. Also, it is likely
that under in vivo conditions where cells are often bound to matrix components, the
minimal force required to influence the formation of new adhesions is the protru-
sive force of cell microvilli. Although this is not well known, a reasonable order
of magnitude is about 10~ N, corresponding to the force required in order that a
cylindrical microvillus of 0.1 um diameter progress against the basal tension of a
resting neutrophil [72]. This force is similar to the sedimentation force under mild
centrifugation.

Finally, it must be noted that a reasonable value for the interbilayer distance during
the association of membrane intrinsic receptors is twice the size of extracellular
domains, i.e. between 10 and 20 nanometers.

The above estimates will be used to test the relevance of severa interactions to
cell adhesion.

The experimental success met by the DLVO theory of the stability of lyophoid
colloids (independently elaborated by Derjaguin and Landau, and Verwey and Over-
beek) prompted its application to biological systems [39]. The basic idea was to
consider the balance between Van der Waals attraction and electrostatic repulsion
(see, e.g., [24] for a review with reference to biological cells).

4.1.2. Electrodynamic attraction
The unretarded force F' between two parallel lipid bilayers with thickness a and
distance d is attractive, with intensity (per unit area)

F = (A/6r)(1/d® - 2/(d + a)® + 1/(d + 2a)*) (11)

where A is called the Hamaker constant. Its value is of the order of 5 x 10-2 Jin
aqueous medium [98]. The corresponding energy W is given by

W = —(A/127)(1/d? + 1/(d + 2a)? — 2/(d + a)?). (12)

Considering two lipid bilayers of width 0.45 nm and area 0.01 xm? separated by
a gap of 10 nm width, the attractive force and energy are respectively 1.3 picoNew-
ton and 1.1 kKT respectively (table 3). These values are negligible under standard
experimental conditions.

4.1.3. Electrostatic repulsion

Since cells bear a net negative charge, they are expected to exert a mutual repulsion.
In biological media, this repulsion is much lower than it would be in vacuum, since it
is screened by water (with arelative dielectric constant of about 80) and electrolytes.
In dilute solutions, it may be shown that the presence of free ions resultsin dividing
the interaction potential between two charges at distance r by a factor of exp(Kr),
where 1/K is the ‘Debye—-Hickel length’ (see, e.g., [24] for a brief review). This
parameter can be calculated with the formula

K= (Z ciq? /akT) e (13)



786 P. Bongrand

where the summation is over all ion species of concentration ¢; (molecules/m3) and
electric charge g;, & isBoltzmann’'s constant, ¢ is the dielectric constant of water and
T is the absolute temperature. In 150 mM NaCl solutions, the limit of validity of
the simple theory is reached, but this can be used when electric fields are low. The
Debye-Huickel length is about 0.8 nm and the interaction force and energy per unit
area between two parallel plates with surface charge and separation d is [24, 98]

F ~ (20%/¢) exp(— K d), (14)

W = 2(0?/cK) exp(— K d). (15)

Considering two plates with surface charge equal to 0.02 C/m? and distance 10 nm,
and 0.01 xm? area, F and W are respectively 4.2 x 1014 N and 0.008 k7. These
values are too low to influence bond formation.

However, the above calculation is based on the unwarranted assumption that the
negative electric charge of cell membranes is concentrated near the phospholipid
bilayer. If this charge is considered as scattered over the whole glycocalyx, another
treatment is required. The simplest procedure is to consider these charges as uni-
formly distributed in a layer of thickness L. Since the charge density is low, we
may use the ssimplest form of Debye-Hiickel theory, and write the interaction energy
between two charges ¢ and ¢’ separated by a distance r as

W = (qq' /4mer) exp(—Kr). (16)
The electrostatic energy of the cell coat is then readily calculated as
W = 02/2:K°L (17)

where ¢ is the equivalent surface charge density (i.e. volume density multiplied by
cell coat thickness L). If we assume that cell coats are uniformly compressed when

Table 3
Order of magnitude of several intercellular forces (for a contact area of 10~14 m? and inter-
bilayer
distance of 10 nm).

Interaction Force (piconewton) Energy (KT units)
Electrostatic:

— charges on lipid polar groups 0.04 0.008
Electrostatic:

— uniform volume distribution 72 125

Van der Waals attraction 1 1
Compression of surface anchored chains 9 50

Single molecular bond 5 10-20

The magnitude of several interactions was evaluated as described. It is concluded that cell-
bound polyelectrolytes may prevent bond formation in usua conditions of encounter.
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the cell surfaces are separated by a distance d lower than L, the interaction energy
may be readily calculated as

W = o0?(4/d—2/L)/2:K?. (18)
Taking L as 20 nm and d as 10 nm, we obtain the estimates
F = 30 nanonewton, W = 124 kT

for the repulsive force F and the energy W for an interaction area of 10~ m2.
These values are not negligible. However, we used very crude assumptions and more
refined estimates might be needed. As will be discussed now, the most satisfactory
approach from a theoretical point of view might be to use the framework of polymer
theory and consider cell surfaces as coated with bound polyelectrolyte layers.

4.1.4. Cell-cél repulsion as an example of steric stabilization

The need to prepare stable colloid dispersions is often encountered in industrial prac-
tice. Indeed, micrometer size hydrophabic particles will spontaneously agglutinate in
aqueous media unless some repulsive interaction prevents mutual approach. Hence,
it may be argued that the problem of living cells may be to prevent useless adhesion
as well as initiating purposeful contacts.

Electrostatic stabilization is achieved by coating colloid particles with charged
groups. However, this is known to be inefficient in ionic solutions such as biological
media [137] due to the screening of repulsive forces by counterions. Under these
conditions, agglutination may be prevented by coating particles with adsorbed or
grafted macromolecules. This is (unfortunately?) called steric stabilization. Much
experimental and theoretical work was done to clarify this phenomenon. We refer
the reader to recent reviews for more information on polymer physics [46], polymer
at interfaces [47, 48] and especially steric stabilization [137]. We give only a brief
summary of the problems encountered when applying these concepts to cellular
systems.

The basic framework for describing long flexible chains is described in Flory’s
book [75]. A chain may be visualized as a sequence of N linear segments of
length [ with free rotation at the intersections. If rotation is hindered by molecular
interactions, it is possible to consider an ‘equivalent’ chain with N’/ segments of
length I with free rotation (N’ < N and I’ > [). The chain static conformation may
be viewed as a weighted average of a large set of conformations. The probability
P(c) of each conformation ¢ is given by

P(c)=exp(— F(c)/kT)/Z (19)

where the partition function Z is given by

Z =Y exp( - F(c)/kT) (20)
{c}
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where k is Boltzmann’'s constant, T is the absolute temperature ant F(c) is the
free energy contribution of segment-segment, segment-solvent and solvent-solvent
interactions. The partition function Z is related to the total free energy F by the
standard formula

F = —kTIn(Z). (21)

Note that dynamic aspects are not considered.

If solvent and monomer groups are similar, al F(c) are identical. This situation
usually occurs at a well defined temperature (since F(c) is usually dependent on T')
which is called the § temperature. One may also refer to a 6 solvent. All configura
tions are then equivalent, which makes easier the determination of Z with statistical
techniques (see [5] for a compact presentation as a prerequisite to dynamica stud-
ies). The ‘root mean sguare end-to-end distance’ (i.e. the square root of the mean
square of end-to-end distance) is thus simply [v/N. Another quantity of interest is
the radius of gyration (Ry), thet is defined as usual as the sgquare root of the mean
squared distance between the center of gravity of the chain and monomers.

Rg = 1/(N/6). (22)

Now, the number of possible configurations is reduced by the constraint that only
one monomer can be located at a given point. The partition function is further re-
duced in non-@ conditions. As indicated in section 3, water is a good solvent for
polysaccharides found on the cell surface. This means that monomer-monomer in-
teractions result in afree energy increase. This leads to a reduction of the probability
of occurrence of more compact configurations, and the radius of gyration varies as
NO6 rather than v/N.

Consider now cell-to-cell approach. This may result in a free energy increase for
several different reasons:

i) When theintercellular distance isless than twice the extended length of surface
chains, there is a reduction of possible configurations and increased weight
of monomer- monomer interactions. In a good solvent, this results in a free
energy increase that may be viewed as a mixing free energy.

ii) If the extended length (V1) of chains is higher than the interbilayer distance,
some configurations are made impossible, and compact configurations, with
monomer-monomer interactions, are favored. This interaction may be viewed
as a chain compression effect.

iii) The interaction is made more complex if intermolecular associations (specific
or non specific, see below) occur between cell surfaces. In this case, bridges
may be formed between surfaces and negative free energy variations can be
observed. Also, if surface chains are adsorbed rather than anchored, desorp-
tion or adsorption phenomena can occur. It isvery difficult to account for these
phenomena, however, we shall neglect them in the present section. This sim-
plification may be valid if intermolecular associations are treated separately,
and if cell-cell approach is too rapid to allow adsorption or desorption.
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As emphasized by Israelachvili in his recent monograph [98], there is no universal
‘ready-to-use’ theory of steric stabilization. Also, the presence of charged groups on
cell surface polymers makes more difficult the application of many current models.
Therefore, in view of available results, we propose the following approach, while
emphasizing that more work is clearly needed in this domain:

First, it was noted that several hours were required for equilibrium during the
mutual approach between mica surfaces bearing polymer molecules in a good solvent
[100]. Hence, it seems warranted to neglect polymer adsorption and desorption
during thefirst steps of cell-to-cell approach and refer to interactions between surfaces
with grafted, non-adsorbing polymers.

Secondly, if we model cell surface polymers as linear molecules with 1,000 units of
monomers each and an mean of 0.5 monomer per nm?, the mean distance between
chains is in the order of 1/,/(0.0005) = 45 nm. This is not very different from
the glycocalyx thickness, which suggests that chains may be considered as fairly
independent (this is the so-called ‘ mushroom regime’ defined by de Gennes).

If we neglect chain-chain interaction, we may estimate the compression contri-
bution to cell-cell repulsion by making use of a theory elaborated by Dolan and
Edwards who first treated the 6-solvent case [54] and later extended their calcula-
tion to a more general situation allowing monomer-monomer repulsion and excluded
volume effects. The latter theory was much more complex and did not yield sim-
ple analytical formulae [55]. Since we are mainly interested in order-of-magnitude
estimates, we shall use the results obtained in the first paper. The authors obtained
two different formulae with complementary ranges of validity. For large separations
d of the plane surfaces (greater than Iv/N), the free energy was found to be

F=—kTIn(1-2exp(—3d?/2N1?)). (23)

For small separations (d smaller than about 1.71/N), they obtained

F= —kT( In (dy/(3/87N)/1) — wzlzN/Gdz). (24)

This result was very conveniently simplified by Israelachvili [98]. When the distance
between the cell surfaces ranges between 2Ry and 8Rg, where Ry is the radius of
gyration, the repulsive free energy per chain is

W =~ 36kT exp(—d/Ry). (25)
Assuming a monomer density I" of 0.5 monomer per nm? and a mean number of
1,000 monomers per chain, the interaction between two cells separated by a gap of
10 nm with a contact area of 0.01 um? is

F = 180kT exp(—10/ Ry) (26)

where Ry is expressed in nanometer. A minimal estimate of Ry for standard cells
would be about 8 nm, assuming a value of 0.6 nm for I (this is the length of an
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hexasaccharide group [102] and using equation (22). The minima value of W
would then be about 50k7 with a corresponding force of 50k7'/Rg ~ 8.8 x 1012
newton. It is concluded that steric stabilization may significantly impair the contact
between cell microvilli. It is thus warranted to look for more precise data on these
interactions. In this respect, it is worth recalling that the occurrence of fairly long-
ranged repulsion between surfaces bearing adsorbed electrolytes was demonstrated
experimentally with Israelachvili’s surface force apparatus [118].

4.1.5. Other interactions

We refer the reader to specialized reviews for more details on diverse interactions
that are not obviously relevant to nucleated cells [98]. We only mention some of
these forces.

When the distance between two molecularly smooth surfaces is of the order of
several diameters of solvent molecules (i.e. 0.2 nm for water), very strong forces
may be generated by the ordering of these molecules in sequentia planes parallel
to the surfaces. Repulsive [116], attractive [99] or even oscillatory [98] forces were
thus described. The intensity exhibits a fairly exponential decay with a characteristic
length in the order of severa tenths of nanometer. These interactions are not likely to
play arole in cell-cell adhesion, since the interbilayer distance remains fairly high,
and interacting surface are not molecularly smooth. However, these interactions
might play arole in membrane fusion.

When the distance between two flexible surfaces is decreased, the shape fluctua-
tions due to thermal agitation may be somewhat inhibited, which resultsin arepulsive
force [92]. This interaction may be significant when very flexible structures such
as lipid vesicles or erythrocytes are considered [70]. However, this must be much
weaker when nucleated cells are considered, since their membranes are much more
rigid.

Finally, the exclusion of macromolecules in the intercellular space may result in
osmotic attraction. The force per unit area is simply nkT, where n is the macro-
molecule concentration in the bulk medium. The adhesive energy per unit area is
nkT D, where D is the diameter of macromolecules. Considering plasma as a rep-
resentative medium, the major macromolecule is albumin with a concentration in
the order of 3.9 x 10?2 moleculesm?® and a diameter in the order of 5 nm. The
corresponding force and energy for an interaction area of 0.01 um? are respectively
1.6 x 10~1! newton and 20kT. However, the exclusion of these molecules from
contact area may depend on the tightness of adhesion [135]. Indeed, the possibility
of performing immunoflorescence labeling in regions of contact between cytotoxic
T lymphocytes and target cells suggests that molecules as large as immunoglobulin
G (MW 150,000) are not always excluded from adhesion areas [6].

4.2. |nitiation of adhesion

4.2.1. Surface energy approach
We shall only add some comments to the experimental results described in sec-
tion 2.3.1.
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A thermodynamic approach would seem in principleideally suited to obtain general
results concerning complex systems. Thus, it seems reasonable to try and derive
the work of adhesion between cell surfaces from parameters measured on isolated
cells. The aforementioned finding that equilibrium may not be reached before a very
prolonged contact does not suffice to invalidate this approach, since many empirical
procedures may be used to deal with systems that were in fact out of equilibrium
(see for example discussions concerning contact angle hysteresis [4]).

The simplest approximation, first discovered by Raleigh and further emphasized
by Good and colleagues [84] was to express the work of adhesion between two
substances (1) and (2) as

Wiz = pyp, 27)

where p; and p, are intrinsic parameters of media (1) and (2). This formula yields

T2 =71 +7% 2V 12 (28)

connecting the interfacial free energy ~1» of the (1-2) interface to the surface energies
v and v of (1) and (2). It was soon recognized that this relationship only held
between limited series of liquid media and it was suggested to split surface energies
into several components. The most popular procedure was to discriminate between
London (‘dispersion’) and polar components (see, e.g., [104]) and write

y="+" (29)

Thus, the surface free energy of water (73 m¥m?) was written as a sum of a
minor dispersive component (21 mJm?) and a major polar component (52 mJm?).
Equation (23) is then replaced with

Y2 =M1+ Y2 — 2/ 79 = 24 /45 (30)

Other more sophisticated formulae were used (e.g., harmonic mean instead of
geometric mean) without marked conceptua difference. A significant progress was
the introduction of the concept of monopolar surfaces by Van Oss and colleagues
[117], who emphasized the difference between molecules with a dipolar moment,
and molecules with the capacity to form hydrogen bonds, either as proton donors or
acceptors. They suggested that numerous biopolymers were in fact ‘monopolar’, by
acting essentialy either as electron donors or electron acceptors. Thus, they wrote
the surface energy of a medium as

y=AW oyt 4y (3D)

thus defining a Lifshitz—Van der Waal s term, a proton-donating and a proton-accepting
term. Finaly, they suggested that the three interfacial components of a surface might
be determined experimentally by contact angle determinations, using as test liquids
diodomethane (an essentially apolar substance), dimethylsulfoxide (a liquid with an
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essentially zero proton- donating component) and, e.g., water, wherey* and v~ were
set equal for the sake of convenience.

However, severa problems make difficult the application of the aforementioned
concepts to biological systems.

Firstly, the combination rules we mentioned can be subjected to direct experimental
check only if al tested phases are liquid, thus allowing straightforward determination
of al interfacial energies. However, the study of the surface properties of solids is
much more difficult to achieve. Thisis amagjor difficulty, since the behavior of solid
surfaces may be quite different from that of liquids [5] and cell surfaces cannot be
treated as liquid structures. The impossibility to perform a direct test of theoretical
formulae makes it difficult to assess the value of new ideas.

Secondly, even the incomplete measurements that can be performed on solid sur-
faces raise specific problem. Thus, the contact angles measured on cell monolayers
depend on the conditions of preparation of these monolayers, which supports the sug-
gestion that we are not dealing with equilibrium parameters [130]. Several authors
studied the surface properties of biological cells by studying their partition between
two immiscible phases [156]. This approach is quite attractive, but the derivation of
guantitative parameters from experimental data is not straightforward.

Thirdly, whereas usual surface energies are in the order of several tens of mJm?,
the intercellular interaction energies are much lower (see section 2). This means that
there is a need for very accurate combination rules. These are not available at the
present time.

Fourthly, it must be reminded that ‘ specific’ interactions are not accounted for by
the thermodynamic approach. This may be a problem with biological systems since
many low-affinity interaction between complementary structural groups are proba-
bly involved in cell-cell interactions (e.g., interactions involving RGDS sequences
described in section 2).

In conclusion, whereas the thermodynamic approach met with some success in
describing the interaction between cells and polymer surfaces (see in this respect an
interesting attempt as relating the thermodynamic approach to DLV O theory [179]),
more work is needed before it may be used to assess the importance of nonspecific
interactions between cells bound by specific ligands.

4.2.2. Consideration of ligand-receptor bonds
A fairly simple and powerful theoretical framework was suggested by George Bell
[15] who emphasized severa important ideas.

First, he obtained estimates for the kinetics of bond formation between membrane-
associated molecules. The basic idea was to use the forward and reverse kinetic
constants k¢ and &; for the equilibrium

A+ B = AB. (32)
The ratio k¢ /k, represents the equilibrium constant K, which was considered as

independent of diffusion constants: this assumption allowed to use for K the range
of values measured for association between soluble molecules. The approximation
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was to neglect the difference between soluble and membrane molecules with respect
to the free energy increase due to the loss of degrees of freedom as a consequence of
complex formation. It was thus possible to estimate a reasonable order of magnitude
for the maximum rate of bond formation as

dNp/dt < 1.3 x 102Ny Np pm—2 (33)

where N, N; and N, are the numbers of complexes (1-2) and free molecules (1 or
2) on interacting cells per squared micrometer.

An other important point was the estimate of the maximum strength of a molecular
bond: Bell estimated at about 10~11 newton the force required to uproot a receptor.
This value was very close to experimental estimates later obtained by Goldsmith
[169] and Evans [66].

Another concept emphasized by Bell [15] was an estimate of the effect of tension
on the lifetime of a molecular bond. Using experimental data obtained on the lifetime
of material samples subjected to varying loads [192], Bell suggested the following
formula for the rate of bond dissociation:

ker = ko eXp(I'F /KT Np) (34)

where F is the total disruptive force, Ny is the number of bonds (the force is thus
F/Ny per bond) and I' is a constant that was taken as 0.5 nm.

The framework suggested by Bell was extended by Hammer and Lauffenburger
[88] who considered the dynamic adhesion of cellsto adhesive substratesin a viscous
shear flow. They took care of the mobility of cell surface receptors and stress applied
to molecular bonds. They were thus able to define a rate-controlled high affinity
regime and a affinity-controlled low-affinity regime. In a later paper, this model
was extended to a probabilistic framework accounting for the fluctuations of bond
number [38]. This point was of obvious importance since adhesion can be initiated
by very few bonds, and initial attachment is heavily dependent on the duration of
the first bond. The authors concluded that the previous deterministic approach could
underestimate the time needed for cell attachment and overestimate the time required
for cell detachment.

The aforementioned approach was extended along different lines by Dembo and
colleagues [49] who coupled the equations for deformation of an elastic membrane
with eguations for the kinetics of bond formation. They introduced the concept of
‘catch bond’ by noticing that the disruption of a stretched bond might be in principle
slower than that of an unstressed bond. This is consistent with thermodynamic
principles if the formation of stressed bonds is also much slower than the formation
of unstressed ones. This concept isimportant since it suggests the interest of studying
the effect of stress on the kinetic constants of bond formation and dissociation. This
may be useful to understand the significance of different ligand-receptor couples
recently demonstrated on the membranes of different cell populations. This may
also be important to understand the conditions required for ‘rolling’ as described in
section 2. However, more experimental data are required to support the validity of
this interesting concept.
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4.3. Analysis of the ‘equilibrium’ shape of cell-cell contacts

Electron microscopical studies of cell-cell contact areas demonstrated that the exten-
sion of the adhesive area [31] or the tightness of apposition between bound mem-
branes [29] were increased when the adhesive bond density was increased [31] or
nonspecific repulsive forces were decreased [29, 129]. It was thus tempting to build
a model for the equilibrium shape of intercellular contact. Bell and colleagues [16]
described a model of cell-cell adhesion with a balance between bond formation by
mobile ligand and receptor molecules and nonspecific repulsion. Using phenomeno-
logical expressions for the repulsive force and bond elasticity, they estimated the
equilibrium contact area and intermembrane distance with complete neglect of the
cell mechanical behavior. Hence, this approach yielded a thermodynamic limit for
the contact area. They stressed that active movements of one or another of the cells
could however influence the kinetics of contact formation.

Other models of adhesion between solid surfaces described binding as a balance
between adhesive surface forces and mechanical resistance of the surfaces. A basic
model was described by Johnson and colleagues [101] to account for the adhesion of
two solid elastic spheres with contact forces. They cleverly adapted Hertz's theory
for the contact deformation of two spheres pushed against each other by a known
load P. The main results of the adhesion theory may be sketched as follows. The
radius a of the contact disc between a sphere of radius R and arigid plane is

a=(R/K)(P+ 3R+ \/—6I'tRP + 9I'2r2R?) (35)
where I' is the work of adhesion per unit area and K is given by
K= (l - 0'2)/(7TE) (36)

where o is Poisson ratio and E is Young modulus. Another result is that the force
required to separate surfaces is

P = —-3I'tR/2. (37)

A difficulty with this theory is that infinite stress was predicted at the rim of the con-
tact disc. This led Derjaguin and colleagues to introduce noncontact forces [51] (in
fact, the first author of the latter paper had studied the effect of contact deformation
on adhesion as soon as 1934, see [51]). These theories proved a sound basisto study
the adhesion of solids, and they were subjected to experimental check [95]. Also,
they were used to account for the interaction between rough surfaces by modeling
asperities as protrusions with spherical tip and varying length [85]. These theories
prompted later attempts at accounting for the modification of cell surface roughness
in regions of contact with smooth surfaces. Rat macrophages were made to bind
smoother glutaraldehyde-treated erythrocytes, and electron micrographs were used
to measure the roughness of the macrophage membrane in free and contact areas.
Then, assuming that the major part of the macrophage resistance to smoothing was
located in microvilli, the adhesive energy was derived by considering the balance
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between macrophage mechanical properties and adhesive forces [129]. However, the
validity of the basic assumption was, admittedly, very difficult to check thoroughly.

A more rigorous approach was undertaken by Evans who derived the work of
adhesion between the smooth surfaces of lipid vesicles or erythrocytes by measur-
ing the encapsulation of a more rigid vesicles by a flaccid one, and considering the
equilibrium between adhesive energy and mechanical resistance of interacting sur-
faces [69]. Also, he provided theoretical models of membrane-membrane adhesion
where he incorporated the effects of membrane resistance to bending and tension
as well as bond stretching. In the case of a continuum of molecular cross-bridges,
the classical Young equation was found to be consistent with the model [64]. When
he used a discrete distribution of cross-bridges, two interesting conclusions were
reached [65]. First, the minimum tension required to separate adherent membranes
might be different from the maximum tension induced in the membrane during con-
tact formation. Secondly, he demonstrated the existence of lateral forces exerted on
bonding structures, which might result in bond accumulation in contact zones dur-
ing cell-cell separation. This possibility was strongly supported by the finding that
increased membrane tension increased during the separation of lectin-attached red
cells [68] as well as conjugated cytotoxic lymphocytes and target cells [172]. The
latter experimental study prompted the elaboration of a dynamic model of conjugate
formation involving a latera diffusion of membrane molecules [171].

In conclusion, it seems now well established that the structure of cell-cell contact
area is dependent on severa well defined parameters such as bond energy, lateral
mobility of binding molecules, bond elasticity, mechanical resistance of the cell
membrane, nonspecific repulsion between interacting cells. Many models were elab-
orated to integrate these parameters into an unified theoretical framework. The main
difficulty is that specific approximations are required to make these models tractable.
This is possible only if the experimental values of numerical parameters or the be-
havior of empirical force/distance curves are known. However, these parameters are
not known with sufficient accuracy at the present time. Also, it islikely that different
biological systems behave in quite different ways, and a single workable model may
not account for al situations of physiological interest. However, much progress was
done during the last years and a reliable modeling of cell-cell initial adhesion no
longer seems an impossible goal.

4.4, Cell-cell separation

Many aforementioned reports demonstrated that cell adhesion does not behave as
a reversible process. Indeed, initial contact is rapidly followed by severa active
processes such as reorganization of membrane molecules, cytoskeletal concentration
in adhesive regions, and possibly glycocalyx reorganization in order to minimize
repulsion. It is therefore not surprising that the minimal force required to prevent
bond formation may be much lower than the force required to detach bound cells
(see, e.g., [128]). Indeed, cell separation may often be considered either as an active
process where the cell chooses to release its ‘grip’ [146]. Alternatively, forced cell
detachment may reflect membrane rupture rather than bond dissociation (see, e.g.,
[26]). Hence, the process of cell separation will not be further discussed in the
present review.
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Conclusion

The aim of thiswork was to describe present experimental and theoretical knowledge
on the initial steps of cell adhesion. Since this encompasses many different fields of
physics and biology, we chose to present a brief and incomplete sketch of available
data, in order to make important issues more apparent. Our hope is that this will
help biophysicists to enter the fascinating field of cell adhesion.
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