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general results and analysis of selectin-mediated

neutrophil adhesion
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ABSTRACT The receptor-mediated adhesion of cells to ligand-coated surfaces in viscous shear flow is an important step in many
physiological processes, such as the neutrophil-mediated inflammatory response, lymphocyte homing, and tumor cell metastasis. This
paper describes a calculational method which simulates the interaction of a single cell with a ligand-coated surface under flow. The cell is
idealized as a microvilli-coated hard sphere covered with adhesive springs. The distribution of microvilli on the cell surface, the distribu-
tion of receptors on microvilli tips, and the forward and reverse reaction between receptor and ligand are all simulated using random
number sampling of appropriate probability functions. The velocity of the cell at each time step in the simulation results from a balance of
hydrodynamic, colloidal and bonding forces; the bonding force is derived by summing the individual contributions of each receptor-li-
gand tether. The model can simulate the effect of many parameters on adhesion, such as the number of receptors on microvilli tips, the
density of ligand, the rates of reaction between receptor and ligand, the stiffness of the resulting receptor-ligand springs, the response of
springs to strain, and the magnitude of the bulk hydrodynamic stresses. The model can successfully recreate the entire range of
expected and observed adhesive phenomena, from completely unencumbered motion, to rolling, to transient attachment, to firm
adhesion. Also, the method can generate meaningful statistical measures of adhesion, including the mean and variance in velocity, rate
constants for cell attachment and detachment, and the frequency of adhesion.

We find a critical modulating parameter of adhesion is the fractional spring slippage, which relates the strain of a bond to its rate of
breakage; the higher the slippage, the faster the breakage for the same strain. Our analysis of neutrophil adhesive behavior on
selectin-coated (CD62-coated) surfaces in viscous shear flow reported by Lawrence and Springer (Lawrence, M. B., and T. A. Springer.
1991. Cell. 65:859-874) shows the fractional spring slippage of the CD62-LECAM-1 bond is likely below 0.01. We conclude the unique
ability of this selectin bond to cause neutrophil rolling under flow is a result of its unique response to strain. Furthermore, our model can

successfully recreate data on neutrophil roling as a function of CD62 surface density.

INTRODUCTION

The adhesion of cells to surfaces under conditions of
flow is a principal step in the neutrophil-mediated in-
flammatory response (Harlan, 1975), lymphocyte traf-
ficking (Butcher et al., 1980), and disease processes such
as cancer cell metastasis (Pauli et al., 1990; Rice and
Bevilacqua, 1989). A great deal of research in molecular
biology now concerns itself with how adhesion in each of
these processes is regulated at the molecular level.

For example, adhesion in the neutrophil-mediated in-
flammatory response has received considerable atten-
tion recently (Lawrence et al., 1990; Lawrence and
Springer, 1991; von Adrianetal., 1991;Leyetal., 1991).
In inflammation, neutrophils, when presented with a re-
gion of tissue under infiltration from a foreign invader,
will adhere to the endothelial cells lining blood vessels
adjacent to the infected tissue space, in a process called
margination (Atherton and Born, 1972, 1973; Harlan,
1975). After adhesion, the neutrophils undergo morpho-
logical changes, employ proteases to break down the in-
terendothelial connections and basement membrane,
and crawl into the tissue space to phagocytose invaders
(Harlan, 1975). The accumulation of neutrophils at the
proper site requires local regulation of neutrophil adhe-
sion.

It is known that neutrophils possess many adhesion
molecules (Lawrence and Springer, 1991; Springer,
1990), and it is suspected that local neutrophil accumu-
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lation is regulated by the concerted action of different
sets of neutrophil-endothelial adhesion molecules such
as LFA-1/ICAM-1 or ICAM-2, and LECAM-1/CD62
(or other selectins) (Lawrence and Springer, 1991;
Springer, 1990; von Adrianetal., 1991). Excellent exper-
imental work on determining which of these molecular
pairs might be responsible for neutrophil margination
and arrest in the microvasculature under flow has re-
cently been performed by several groups (Lawrence et
al., 1990; Lawrence and Springer, 1991; von Adrian et
al, 1991; Ley et al., 1991). In these studies, either paral-
lel-plate flow chambers, to generate shear stresses found
in the post capillary venules (1-4 dynes/cm?)
(Lawrence et al., 1990; Lawrence and Springer, 1991),
or direct intravital observation (von Adrian et al., 1991;
Ley et al., 1991) were used to observe neutrophil adhe-
sive phenomena. From these studies, it has been shown
CD62/LECAM-1 binding promotes the initial rolling
and adhesion of neutrophils on endothelia, and LFA-1/
ICAM-1 binding strengthens the adhesion, promoting
arrest and extravasation (Lawrence and Springer, 1991;
von Adrian etal., 1991; Leyetal., 1991). Understanding
the structural and functional characteristics of the
CD62/LECAM-1 pair which make it well suited to
cause adhesion in flow will help elucidate how adhesion
in flow is regulated at the molecular level for neutrophils,
and will likely provide clues as to how lymphocytes and
metastasizing tumor cells regulate their adhesion as well.

A mathematical formalism which can explain cell ad-
hesion under flow would be of great help in quantifying
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FIGURE | Many chemical and physical factors are suspected of play-

ing a role in receptor-mediated cell adhesion to ligand-coated surfaces.
Among the chemical factors are the numbers of receptors, the density
of ligand on the substrate, and the rates of reaction between them (as
well as their affinity for each other). Receptor diffusivity contributes to
the rate of reaction in diffusion-limited binding, and provides an upper
limit outside the diffusion limit. These chemical factors determine the
number of macromolecular tethers formed during collision. Physical
factors which affect the outcome of the interaction include the magni-
tude of fluid forces and torques acting on the cell, which must be coun-
tered by the bonds in the interface; colloidal interactions, which result
in additional forces which affect the local and global motion of the cell
near the surface; the bulk deformability of the cell as a whole, which
indicates how externally applied stresses are transmitted to the cell-sub-
strate interface; and microstructure and micromechanics, which deter-
mines which receptors are close enough to bind the surfaces, and relates
to the forces acting on tethers to their rates of formation and breakage.
The net motion of the cell is a result of a net force imparted on the cell
by these chemical and physical forces.

the relationship between molecular properties of adhe-
sion molecules and adhesion itself. Referring to Fig. 1,
one would ultimately like to describe how a cell which
possesses a certain number of receptors interacts with a
surface of known ligand density, when subjected to an
imposed shear stress. Important factors in such a de-
scription are rates of reaction and affinity between recep-
tor and ligand, the morphology of the cell surface, colloi-
dal interactions between the cell and surface, and me-
chanical properties of the bonds, such as their strength
and response to strain. The objective of such a calcula-
tion would be to describe the translational and angular
velocities of the cell on the surface as various parameters
which describe these factors are altered.

Our primary objective is to define regions in parame-
ter space where one could recreate experimental obser-
vations of cell motion on surfaces, for example, observa-
tions of neutrophil rolling on CD62 surfaces (Lawrence
and Springer, 1991), to determine what must be true
about the CD62/LECAM-1 interaction for it to be a
potent promoter of neutrophil rolling and arrest. An ad-
ditional objective is to develop a method that is suffi-

ciently robust to describe the wide range of adhesive phe-
nomena reported for the motion of cells on surfaces. Of
principal interest is ‘start-stop” type phenomena
(Cozens-Roberts et al., 1990c; Doroszewski, 1980;
Lawrence and Springer, 1991; Schmid-Schonbein et al.,
1987; Tempelman and Hammer, 1990; Tissot et al.,
1991; Wattenbarger et al., 1990; House and Lipowsky,
1991), in which the cell moves in an erratic fashion
(fluctuating velocity) over the surface. We assume these
fluctuations in velocity are due to fluctuations in binding
between receptor and ligand. To characterize these fluc-
tuations, we perform a simulation of cell motion on a
surface, where the trajectory of each cell is followed inde-
pendently and dynamically, and where the molecular
binding, while still determined in principle by intrinsic
characteristics of the adhesion molecules, is also deter-
mined by random statistical sampling of a probability
distributions which describe the binding (or unbinding)
of a particular molecular pair.

Hopefully, such a model would characterize all types
of cell motion of surfaces under flow, including rolling,
tumbling, transient adhesion, and complete attachment.
Although separate groups have calculated the rolling ve-
locity (Dembo et al.,, 1988; Schmid-Schénbein et al.,
1987), or used probabilistic/statistical methods to ana-
lyze adhesion or detachment (Cozens-Roberts et al.,
19905, ¢), no group has yet to combine these ap-
proaches. Hammer and Lauffenburger (Hammer and
Lauffenburger, 1987) used a deterministic, phase plane
analysis to determine whether cells would adhere to a
surface in shear flow after an initial collision, thus, re-
stricting themselves to two types of interaction: arrest,
and all others. Cozens-Roberts and co-workers extended
this work using a probabilistic description of receptor-li-
gand binding which allowed for a homogeneous popula-
tion to be described by a continuous distribution of
bound states, simultaneously allowing one fraction to be
unbound, and another fraction to be bound (Cozens-
Roberts et al., 19904). Once again, no attempt was made
to distinguish between unbound states. Although this
work correctly rendered the force and torque externally
applied by the fluid on the cell (assuming the cell was a
sphere), it assumed for simplicity stresses were uni-
formly distributed over bonds in the cell-substrate inter-
face, which led to the conclusion that a single tether,
regardless of where placed in the cell-substrate interface,
can keep a cell adherent. This is likely not the case, since
Evans and others have shown, in a derivation of the criti-
cal tension necessary to peel a membrane, that receptors
most responsible for retarding the peeling of the mem-
brane are those within a small critical distance of the
cell’s back edge (Dembo et al., 1988; Evans, 19854, b;
Tozeren, 1990). Dembo and co-workers (Dembo et al.,
1988) extended Evans’ work to determine the rate at
which a one dimensional membrane of infinite extent
would peel if exposed to a tension above the critical ten-
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sion. Although an attempt was made to relate hydrody-
namic stresses to membrane tensions in this calculation,
the details of known hydrodynamic solutions for particle
motion near a wall were not included (Dembo et al.,
1988). Furthermore, the membrane in the cell substrate
interface was assumed to be smooth, whereas upon ini-
tial contact, leukocytes are known to be ruffled and
coated with numerous surface asperities (Bongrand and
Bell, 1984; Knutton et al., 1975; Loor and Hagg, 1975;
Picker et al., 1991; Evans and Yeung, 1989; Yeung and
Evans, 1989). Also, this was a deterministic analysis
which did not characterize the effect of fluctuations in
binding on the rate of peeling. Finally, because the inter-
face was assumed to be infinite in extent, binding deep
within the interface was assumed to be at equilibrium.
Because the contact area is finite in extent, significant
binding will only occur if the time scale for reaction is
smaller than the time scale for transit of a receptor
through the interface. If this is not the case, binding
within the interface would not be at equilibrium, and the
extent of binding would be greatly reduced.

This paper improves upon these previous works by
retaining the detailed description of hydrodynamic
forces for a particle near a wall (Hammer and Lauffen-
burger, 1987; Cozens-Roberts et al., 19904, b; Goldman
et al., 19674, b) while, through simulation, characteriz-
ing the statistical fluctuations of receptor-ligand binding.
Because the stress imparted by a bond will depend on its
length, orientation, and position within the cell-sub-
strate interface, our method will lead naturally to a realis-
tic description of the spatial distribution of stresses in the
interface. The cell is modeled as a rough body, and the
interface assumed to be finite in extent, corrections we
feel are essential to properly describe dynamic, initial
leukocyte adhesion.

Using this method, we determine how the mean and
variance of the instantaneous particle velocity, as well as
other statistical measures of adhesion we will soon intro-
duce, are affected by properties of the receptor macro-
molecules, surface microstructure, and binding charac-
teristics between receptor and ligand. Our model can de-
scribe the wide spectrum of adhesive phenomena
observed in experiments, from rolling, to transient adhe-
sion, to firm attachment. In addition, the simulations
allow us to make very specific conclusions about the na-
ture of the CD62-LECAM-1 bond which allows it to me-
diate neurophil rolling.

MODEL FORMULATION

The model geometry and coordinate system are shown
in Fig. 2. A sphere of radius R, is covered by N,,, micro-
villi of radius R, and length L_,. The microvilli are
assumed to be rigid, oriented normal to the surface, and
randomly distributed about the cell surface. For all cases
in which hydrodynamic functions based on the size of

the particles are needed, we use an effective hydrody-
namic radius, defined R, = R, + L. There are R,
receptors of a given type on the cell, also randomly dis-
tributed. We assume the surface has a ligand density of
N, molecules.

We assume the adhesion molecules are springs. The
force a molecule exerts on the cell will depend on the
(x, ¥, z) coordinates of the molecule on both the micro-
villus X, = (X5 Ym» Zm) and on the substrate X, = (x,, y,,
z,). Due to the translation and rotation of the cell, the
vectors X, and X, change with time (see Appendix 1),
and one can describe each bond by a time-varying vector
Xp = X, — Xpp-

To determine the reaction between receptor and li-
gand, we use kinetic rate expressions, appropriate for the
model of an adhesion molecule as a spring (Dembo et
al., 1988), which relate the forward reaction rate k,, and
the reverse reaction rate, ,, to the separation distance x,,
between the microvillus tip and the surface,

_)\2
ke = ?exp(—%) (1)
— — 2
kr=k?exp((a a'sz)k();'," A)), (2)
b

where A is the equilibrium separation distance for the
spring, k, T is the thermal energy (product of the Boltz-
mann constant and temperature), o is the spring con-
stant, ¢, is the transition state spring constant, and the
superscript “o” refers to reaction rates which occur at the
spring’s equilibrium length. These expressions, first used
by Dembo and co-workers (Dembo et al., 1988) assure
that, through microscopic reversibility, the ratio k./k, at
any separation distance is given:

kf k "? U(X m )\)2
T = ex ( T ) (3)

Eq. 3 states that at equilibrium, the likelihood of find-
ing a molecular pair is reduced as the separation deviates
from equilibrium. Likewise, Eq. 1 indicates the ability of
the forward reaction to proceed at separations different
than the equilibrium separation is also reduced. In the
limit ¢,; = 0, the forward reaction would proceed at the
same rate regardless of separation, which leads to the
awkward conclusion that molecules separated by an infi-
nite distance might actually react. In contrast, an infinite
value for o, suggests the reaction might only proceed
when the separation is exactly equal to the spring’s equi-
librium length; this is also an unrealistic limit, for we
would expect some extent of reaction for minor pertur-
bations in separation around the equilibrium length.
Therefore, it seems physically realistic to expect o, to be
finite and nonzero.

Egs. 1 and 3 give rise to an exceedingly interesting
expression for the reverse reaction rate with enormous
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FIGURE 2 In our microvilli-coated hard sphere idealization of a cell’s interaction with a surface, we model the cell as a hard sphere of radius R,,
covered with N, microvilli of length L, and tip area 4,,,. Ry receptors are randomly distributed over the cell surface, and the density of ligand on
the substrate is assumed to be N,. One can monitor the positions of all species in the problem with a cartesian coordinate system whose origin is at
the cell’s center. Also, the spherical coordinates # and ¢ can be used as an alternative indicator of microvilli or receptor positions on the cell surface.
The position of the end of each macromolecular tether attached to the microvillus is given by the vector (X, Y, Zn ); likewise, its position on the
substrate is given (x,, ¥,, Z,). The distance 4 is a time varying quantity that monitors the separation distance between the body, which has an

effective radius R, = R, + L,,,, and the surface.

implications for adhesion. Examining Eq. 2, one sees
that whether the rate of bond breakage (k,) increases
with extension depends on the sign of ¢ — ¢,,. Should ¢ —
a,s be positive, bond extension will lead to an accelerated
rate of breakage, previously termed “slip bonds”
(Dembo et al., 1988). Should ¢ — o, be negative, bond
extension will actually reduce the rate of breakage, a
limit called “catch bonds,” which have been likened to a
finger prison (Dembo et al., 1988). Should it be without
sign, one could consider these *“ideal bonds,” which
break at the same rate regardless of extension (Dembo et
al., 1988). We shall show the magnitude of ¢ — ¢, has a
large effect on adhesion of cells under conditions of flow.

When considering the amount of binding which can
occur between cell and surface, it is reasonable to ask
how many receptors are available for binding, consider-
ing the roughness of the cell surface. Because microvilli
lengths are much longer than the lengths of receptors
themselves (Bongrand and Bell, 1984), it is reasonable
to assume only those receptors at the tips of microvilli
have anything to do with initial adhesion. When one
considers that the tip of a microvillus is ~1072 um?
(Bongrand and Bell, 1984), the net surface area of a
leukocytes is from 400 to 500 um? (Evans and Yeung,

1989; Yeung and Evans, 1989), and the number of ad-
hesion molecules can be 5 X 104 or lower (eg., 2 X
10* LECAM-1 molecules/neutrophil; Lawrence and
Springer, 1991), the mean number of receptors per mi-
crovillus can easily be one or fewer. The number of uni-
formily distributed receptors on tips of microvilli is given
by the discrete Poisson probability distribution for find-
ing n receptors on the tip of a single microvillus,

(ol 25
P(n) = < <

l ) 4)
where R A,,,/ A is the average number of receptors on a
microvillus tip. Appendix 1 outlines how the number of
receptors on each microvillus is calculated from this dis-
tribution.

If a microvillus tip is a given distance x,, from the
substrate, the kinetic rates of forward reaction is given by
Eq. 1. The reverse reaction rate is based on the length of
the spring, |X, |, which replaces x,, in Eq. 2. From these,
probabilities for the forward and reverse reaction be-
tween receptor and ligand in a given time step Af can be
calculated and sampled, as described in Appendix 1.
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Each existing bond is characterized by the vector X,,, and
the force imparted by the spring on the cell is

Fy = o(|%| — Miy, (5)

which can be resolved in each direction, and the asso-
ciated torques can also be calculated (Appendix 1). The
forces and torques due to the adhesion molecules acting
on the cell will, in combination with the hydrodynamic
and colloidal forces acting on the particle, give rise to a
net motion. It is well known that colloidal forces exist
between biological surfaces, some of which are similar to
those seen between inert, nonbiological particles, and
some of which are unique to biological bodies ( Israelach-
vili, 1985). Details of calculating the colloidal interac-
tions are in Appendix 2.

Once all the forces on the cell are known at each time
step, the calculation of the velocities is performed using
specific hydrodynamic functions which relate the ap-
plied forces and torques to the six components of transla-
tion and rotation (Brenner, 1961; Goldman et al.,
1967a,b; Jeffrey, 1915). The relationship between exter-
nally applied forces and torques and motions is written

U = MF, (6)

where
U= (Vy, ¥y Vo, O, 9, Q) (7)
F=(FO+ F, Fo+ F, F2,C, Co, Co+ C3),  (8)

and M is the mobility matrix containing the previously
referenced hydrodynamic functions which depend on
the separation distance between cell and surface, the hy-
drodynamic cell radius R, and solution viscosity, x. In
Egs. 7 and 8, subscripts indicate direction, and super-
scripts “b”, “¢” and “s” indicate forces due to bonding,
colloidal forces and shear, respectively. Inertia is not a
factor in the force balance, because the time scale for
inertial interactions is quite short (7; = m/6wuR,, =
1073 s) due to the small mass and size of the cell, and the
high viscosity of the medium. In each time step of the
simulation, we calculate the extent of binding and the
positions of all existing adhesive bonds, from which we
can calculate the velocity of cell motion.

This serves as a brief outline of the method. Further
details are given in the Appendices 1-3. Appendix 1
gives details of the method; Appendix 2 provides a
method for calculating colloidal forces and provides fur-
ther insight into the role of diffusion in reaction; and
Appendix 3 provides a complete listing of the dimen-
sionless parameters and dimensionless governing equa-
tions in this calculation. Dimensionless parameters are
given in Table 1. These parameters will be reintroduced
and defined in the results section as necessary.

RESULTS

We can calculate the translational velocities V,and angu-
lar velocities €, as a function of dimensionless time 7, but

TABLE 1 Dimensionless parameter values

Symbol Definition Values

a Spring energy/fluid energy 10 to 300

v Spring energy/thermal energy 3 X 10%to 2 X 107

F, Fractional spring slippage —-1tol

K Equilibrium constant 10% to 10®

Xo Forward reaction rate/fluid 1072 to 107
flow rate

8, Reverse reaction rate/fluid 1077 to 1072
flow rate

Nogw van der Waals attraction/ 107'°t0 1078
fluid force

N, Electrostatic interaction/ 108 to 10'°
fluid force

N, Gravitational force/ 1073 to 1073
fluid force

N, Steric stabilization force/ 1073 to 1073
fluid force

Sy Bond length/cell radius 2% 1073to0 1072

03" Debye-Hiickel length/cell radius 2xX10™%t0 1072

8, Glycocalyx length/cell radius 2% 10%t05 x 1073

Bonv Microvillus length/cell radius 1072t0 5 X 107!

by 8y Ligand (receptor) length/ 107210 2.5 x 1073
cell radius

Ay Number of receptors per 0.1t010
microvillus

it would be cumbersome to present plots of such for all
values of parameters used in this calculation. We seek
more concise representations. One useful quantity is the
mean velocity for a single cell, (¥, ). In addition, the
variance of the velocity, var (V,) = ((V(7) — (V(7)))*)
(in cases where the subscript in velocity is omitted, the y
direction is implied), is an indication of the magnitude
of the fluctuation in the velocity about its mean. These
quantities can be determined for any individual cell dur-
ing its trajectory across the surface. We always run the
simulation sufficiently long so that our results for the
averaged translational velocity or variance for a single
cell are not functions of the simulation’s duration.

Because each cell is unique, one can view each individ-
ual cell as a member of a population. If N cells are ob-
served, then one may calculate the population mean and
standard deviation for either the average velocity or the
variance; the population mean will be indicated with an
overbar: “—7”; standard deviations in population-aver-
aged quantities will be indicated with error bars on the
simulation result. In most cases, we have found that N =
10 provides reasonable standard deviations which allow
us to distinguish among population level results with
confidence that the differences are due to true differ-
ences in the physics of binding, and not due to scatter
among the population.

In Fig. 3, we show results from an example, illustrative
simulation up to = = 30 for a set of parameters listed in
the figure caption. The dimensionless parameters used
in the calculation of this figure and Figs. 4-8 are derived
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FIGURE3 We plot the dimensionless instantaneous translational and
angular velocities, and the number of bonds Ng, as a function of di-
mensionless time 7. (4) I7y (solid line) and Ny (dotted line) as a func-
tion of 7. Importantly, there is an initial transient of approximately two
time constants where the cell goes from a completely unencumbered
state to a steadily bound state. { ¥, ) is 0.28. Note the number of bonds,
Ng, is anticorrelated with the velocity; the slowest (fastest) motions of
the cell are associated with the highest (lowest) number of bonds. (B)
{2, as a function of 7. Note ({,) = —0.28, which indicates that after an
initial transient, the cell is rolling, because <Q y= —( ). Parameter
values for this simulation are n,, = 5, F, = 0.1, N,,, =6 X 103,k = 107,
a=1.05X 102, x, = 10, 8, = 1075, » = 5.95 X 10%, 8, = 3.95 X 10,
Nygw=2X 107, Ny=2X 10%, Ny =2 X 1074, N, =2 X 1072, 53" =

1.58 X 1074, 8, = 3.95x 1073 6,—62—197X10" and é,, =9.9 X

1072,

from the mean dimensional parameters listed in Table 2.
The dimensionless velocities are scaled to a hydrody-
namic velocity based on fluid shear rate at the wall, v
(see Appendix 3). The purpose of this figure is to illus-
trate features from the simulations which are common
to all of the results of this paper, and not necessarily to
understand the role of different parameter values on ad-
hesion. All velocities fluctuate on a very short time scale,
although we only show two components of the velocity
vector U (Eq. 7). The notion of acceleration is not quite
appropriate, because the time for change is infinitessi-
mally short (equal to the inertial time scale) following a
change in binding. Fig. 3 A gives the velocity in the direc-
tion of flow, I7y. In addition to Vy, we plot N, the num-

ber of bonds between the cell and surface at 7. At the
beginning of the simulation, ¥, = 0.48, the velocity of an
unencumbered sphere near a surface at the initial separa-
tion of this simulation (Goldman et al., 19675). Almost
immediately after the initiation of binding, the cell be-
gins to move on average more slowly over the surface,
although on a short time scale the motion continues to
fluctuate. This cell never becomes adherent, moving at
its slowest ¥, = 0.15, ~31% of its unencumbered veloc-
ity. Also, V, is inversely correlated to the amount of bind-
ing. Maxima in N, yield minima in ¥, and the opposite
is also true. .

Fig. 3 B gives the angular velocity £, of the cell normal
to the direction of flow, and parallel to the substrate. The
combination of V', and , allows us to address the ques-
tion of whether the cell is translating faster than it is
rotating. If translation exactly equals rotation

~ ~

v, = -9, 9)
If 17', > —Q,, the cell is slipping; if 17y < —4,, it is spin-
ning. The hydrodynamic solution for motion of an un-
encumbered sphere near a surface in simple shear pre-
dicts a substantial slip velocity (Goldman et al., 1967b).

This can be seen at the onset this simulation, where V =
0.48 whereas Q —0.28. Once a bond appears, it would
be extended in the direction of flow as the cell translates
faster than it rotates. This extension would generate a
force which would act counter to the direction of flow
(thus, slowing the particle’s translation) and would gen-
erate a couple on the sphere which would enhance its
rotation (increase rotation in the —z direction). The net
result, short of the bond disappearing, would be for the
bond to apply exactly the correct force and couple to
make the cell roll past it. This is indeed the case; should
any bonds exist between the cell and surface, the cell will
neither slip nor spin, as seen by the equality in magni-
tude in V and €, for all values of 7 for which bonding
exists, and the equality of (¥,) and (-, ), shown as
dotted lines on these figures.

GENERAL RESULTS

We would like to examine general predictions of the
model. In Fig. 4, we examine the effect of the number of
receptors per microvillus, n,,, and number of microvilli
(N, ) on adhesion. An increase in the number of micro-
villi, or in the number of receptors per microvillus de-
creases the population average velocity, (¥, ). In these
simulations, F, = 0.1, which indicates these bonds break
more rapidly when under strain, but are relatively close
to the ideal bond limit. Even with a microvilli surface
coverage equal to roughly 6% of the cell surface (N, =
6,000), and on average 10 molecules per microvillus tip,
the velocity is only 39% below its unencumbered value.

We provide representative traces of the velocity, for
individual cells at each of three different receptor num-
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TABLE 2 Estimates for dimensional parameters of the model

Parameter Definition Value range Mean value Neutrophil value Source

R, Cell radius 2.5-50 um 4.5 um 3.75 um Lawrence and Springer, 1991;
Evans and Yeung, 1989

L, Microvillus length 0.2-2 um 0.5 um 0.5 um Bongrand and Bell, 1984

R; Receptor number 10*-107 5% 10° 2 x 10 Lawrence and Springer, 1991

Ag Excess area 2.0-3.0 2.5 2.1-2.2 Evans and Yeung, 1989

Ny Number of microvilli 500-10,000 6,000 500-8,000 Knutton et al., 1975; Loor
and Hagg, 1975

N, Ligand density 10°-10"* cm™2 10" cm™2 2x 10 cm™ Lawrence and Springer, 1991

L, Bond length 5-50 nm 20 nm 50 nm Springer, 1990

K Affinity 1077-1073 cm? 107* cm? 1075 cm? Bell, 1981; Lawrence and
Springer, 1991

ke Forward reaction rate 1071221077 cm?/s 107" ecm?/s 6 X 10~° cm?/s Hammer and Lauffenburger,
1987; Lawrence and
Springer, 1991

m Viscosity 1-2 g/cm-s 1-2 g/cm-s 1 g/cm-s Lawrence and Springer, 1991

5 Shear rate 50-400 s 100 s~ 180 s~! Lawrence and Springer, 1991

Ay Hamaker constant 1072 erg 1072 erg 1072 erg Bongrand and Bell, 1984

N; Charge density 1 C/em? 1 C/cm? 1 C/cm? Hammer and Lauffenburger,
1987; Bongrand and Bell,
1984

Lan Debye-Hiickel length 8A 8A 8A Bongrand and Bell, 1984

Ap Density difference 0-0.1 g/cm?® 0.05 g/cm? 0.05 g/cm? Bongrand and Bell, 1984

Ay Steric constant 10731073 dynes 107° dynes 107* dynes Bongrand and Bell, 1984

4 Spring constant 0.5-5 dyne/cm 1-2 dyne/cm 1-2 dyne/cm Dembo et al., 1988; Evans et
al., 1991

T Transition state —5-5 dyne/cm 0-2 dyne/cm 0-2 dyne/cm Dembo et al., 1988

spring constant
T Temperature 277-310°K 310°K 298°K Lawrence and Springer, 1991
L,L, Length of ligand and 10-20 nm 10 nm 10 nm Bell et al., 1984
receptor layers
L, Glycocalyx thickness 20-50 nm 20 nm 20 nm Bell et al., 1984

bers from Fig. 4 A (n,, = 1, 5, and 10; N, = 6,000) (Fig.
4 B-D). When the receptor number is small (n,, = 1),
the cell is not very adhesive, but because there are many
opportunities for single binding events, the cell is often
slowed by the binding. The variance is relatively high;
var (V,) = 1.9 X 1073, At n, = 5, the variance goes
through a minimum, var (I7y) =6 X 107*. There are a
fair number of receptors per microvillus tip which pro-
vide a constant, low level of binding sufficient to keep
the cell rolling, but not enough to substantially lower the
cell’s rolling velocity. As the number of receptors is fur-
ther increased (n,, = 10), the overall binding is greater
(resulting in a lower rolling velocity ), and occasionally a
well-endowed microvillus with many receptors appears
which has a large effect in retarding the velocity. Because
there are sufficiently many _of these microvilli, the vari-
ance in velocity increases (var (V;) = 1.85 X 107%). Al-
though we show complete data elsewhere (Hammer,
1992), there is often an identifiable minimum in the
variance when the cells are rolling.

The two parameters which characterize the bond mi-
cromechanics are the fractional spring slippage, F,,
which gives the fraction of the energy devoted to bond
strain which is actually devoted to breaking the tethers,
and ¢, the ratio of the spring constant to fluid energy

(defined in Appendix 3). In Fig. 5, we plot the depen-
dence of the population average rolling velocity on F,
and ¢, in such a way that increasing values of « are repre-
sentative of lower values of fluid shear rate, . The di-
mensionless population average rolling velocity de-
creases as the shear rate decreases (with higher o). These
changes in the dimensionless velocity with « are signifi-
cant, because they indicate the role that chemistry plays
in adhesion with respect to the flow; if the dimensionless
rolling velocity were to remain constant as shear rate
doubled, there would be a doubling in the velocity of the
cell, because the velocity is scaled to the shear rate.

Decreases in the value of F, to lead to an increase in
adhesiveness (Fig. 5). In these simulations, adhesion (V,
approaching 0) becomes significant at higher values of «
when F, < 0.05, and becomes substantial when F, < 0.01
at all shear rates (values of ). It is clear that the response
of bonds to strain is an extremely strong modulator of
adhesion. Fig. 5, B-D shows examples of individual cell
trajectories displaying a wide variety of different cell mo-
tions as both « and F, are altered. Fig. 5 B is an example
of complete adhesion; Fig. 5 C of transient adhesion; and
Fig. 5 D of tumbling, in which a cell never comes to rest,
but displays large fluctuations in its velocity.

Fig. 5 shows lower F, or higher « leads to greater adhe-
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FIGURE4 In these figures (4-D) we study the effect of the number of microvilli (¥, ) and the numbers of receptor per microvillus tip (n,,) on
adhesion. (4) The population average rolling velocity (V,) is plotted as a function of n,, for two different values of N,,,. Expectedly, cells roll more
slowly if there are more receptors or microvilli. (B-D) Three trajectories at different values of n,, = 5 of individual cells for same parameter values
shown in Fig. 4 A that demonstrate the onset of a minimum in the variance at n,, = 5, N, = 6000. ( B) The trajectory at n,, = 1, N,,, = 6,000 shows
little binding occuring relatively infrequently, leading to sizeable changes in the velocity. (C) The trajectory at n,, = 5, Ny, = 6,000 shows substantial
binding sufficient to cause cell rolling, but insufficient to slow the cell down below 17, = (.3, leading to a low variance. This rolling state is designated
state I1, according to the nomenclature introduced later in this paper. (D) The trajectory at n, = 10, N, = 6,000 shows substantial binding which
leads to occasional large excursions to slow rolling (0.1 < I7y < 0.2), therefore increasing the variance. Parameters are as shown or as in the caption

for Fig. 3.

siveness. In addition, higher values of «, generated by
lower shear rates, also lead to an increase of adhesion.
The spring constant, o, appears in both of these parame-
ters, so it is reasonable to ask whether stiffer springs
(higher values of ¢ and hence a), also lead to greater
adhesion. In Fig. 6, we plot the population average veloc-
ity as a function of . The curve labeled F, = 0.1 was
generated by simultaneously varying the transition state
spring constant o, such that F, remained fixed. Al-
though one would expect adhesion to be more likely as
the spring gets stiffer and « increases, the cell rolls faster.
There are two reasons behind this apparent inconsis-
tency. First, because the forward reaction rate at any sep-
aration other than the equilibrium separation decreases
considerably as ¢, is increased, fewer bonds are able to
form as ¢ is increased along this curve. Second, at fixed
F_, the difference ¢ — o, increases as o increases. At any

separation, the rate of breakage increases considerably as
o — o, increases. Therefore, as « increases at constant F,,,
the rate of forward reaction is decreasing, and the rate of
reverse reaction is increasing. The net effect is to have
fewer tethers which outweighs their individual increase
in strength.

We performed a second set of simulations to investi-
gate which of these two effects, the decrease in forward
reaction at higher o,,, or the increase in reverse reaction
at higher ¢ — o,,, was the dominant determinant of the
number of tethers. In this simulation, we allowed F, to
vary, keeping o — o, fixed, and hence, allowing g, to
increase as ¢ (and «) increases. In effect, this will de-
crease the forward reaction rate, but keep the reverse rate
fixed. Here, as « increases, the rolling velocity drops
sharply, suggesting the relationship between bond strain
and the rate of bond breakage dominates over any effect
on the rate of bond formation. Comparing to the case
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FIGURE 5 InFig. 5 A-D, we explore the effect of F,, the fractional spring
slippage, and a, the ratio of spring to fluid dynamic energy, on cell rolling
and adhesion. (4) The population average rolling velocity { V,) is plotted
as a function of F, and «. The expected trends are returned, where rolling
is slower, or adhesion is more likely, if F, is smaller (the bonds break less
quickly when they are extended) or if « is larger (the springs are stiffer, or
the fluid energy is smaller). (B-D) Three example trajectories used to
generate Fig. 5 A which indicate the wide range of observed motions
which can be achieved with this method. (B) A trajectory where F, =
0.01 and & = 52, in which the cell appears largely adherent (state V). (C)
A trajectory where F, = 0.05 and « = 105, in which the cell sometimes
comes to a stop between periods of rolling (transient adhesion; state IV).
(D) A trajectory where F, = 0.03 and « = 52, where the cell is moving
during the entire simulation, but with a widely varying velocity (tum-
bling, state III). State II, rolling, was shown in Fig. 4 C.
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FIGURE6 A plot of the population average translational velocity, { 17, Y, as a function of the dimensionless ratio of spring to hydrodynamic energy,
a, modulated in such a way to isolate the effect of spring stiffness on adhesion. The simulations are carried out in two ways; one in which the
fractional spring slippage F, is held constant, and the other in which the magnitude of slippage is held constant (F,a = 0.52). In the first case, the
actual rate of rolling increases as the springs become stiffer. Despite their increased strength, the springs break more readily in response to extension,
and the cell increases speed. When the spring constant is increased such that the rate of breakage remains constant, F,a = 0.52, stiffer springs have

the expected effect of further retarding cell motion.

where F, was fixed, at any value of «, the ability of bonds
to withstand strain without significantly increasing the
rate of breakage allows stiffer springs to exert a greater
effect on cell motion, therefore slowing the cell down. To
summarize this section, increases in bond strength will
only significantly increase adhesion if the magnitude of
slippage (¢ — o,) (and hence F,) remains small. This
further emphasizes the fractional spring slippage is a key
determinant of adhesion.

The binding between adhesion molecules is often
characterized by an affinity, which in this paper is given
in dimensionless form as «. In Fig. 7, we show a plot of
the mean rolling velocity as a function of affinity in the
range from 103 < ¢« < 10%. Because « is the ratio of for-
ward (x,) and reverse reaction (3,) rates, there are sev-
eral different ways to examine binding at the different
affinities. First, we determined the effect of changing the
forward reaction rate, keeping the reverse reaction rate
fixed, for diffusion limited binding (curve labeled 8, =

5 X 1077; ¢4 = 1; Fig. 7). (The definition of ¢4 is given in
Appendix 2). This curve shows that as the affinity (x,)
increases, binding increases, and the mean velocity de-
creases. Second, to test which is more important for ad-
hesion at the same affinity, to have a faster forward reac-
tion, or a slower reverse reaction, we generated a similar
a curve by altering x,, keeping 3, fixed, but at 1% of the
diffusion limit (8, = 5 X 1077; ¢, = 0.01). At the same
affinity, this curve differs from the previous curve in that
both the forward and reverse reaction rates are two
orders of magnitude lower. The plot shows clearly at 1%
of the diffusion limit, the translational velocity is faster
than when at the diffusion limit, suggesting it is more
important to have a faster forward reaction for adhesion.
This conclusion is substantiated by the third curve on
this graph, labeled x, = 5, ¢4 = 1, on which changes in
affinity are achieved solely through changes in the re-
verse reaction rate. The result of changing the reverse
reaction rate three orders of magnitude is no more than a

Hammer and Apte

Simulation of Cell Rolling and Adhesion 45



B=5°10"
0.44 - .. £=0.01
0.42 - I ‘\\
0.40 —
Na=6*10° n_=5 hR%

—~ ) =52 F=0.1 AN .

& 0.38— [Now=10"  Na10®
526.3410" N,=10? I
va5.96¢10° N,=10*
5,=3.97%10"°

0.36 1
0.34 —
=5
t‘-1
0.32 -
| A AMAARAE AL B B IMAAAAAAAL AL At ENLENL BN LN I AL EMMRAS RASAL B B | LI I
10° 10° 10’ 10°

K

FIGURE7 A plot of the population average translational velocity, (_6, as a function of the dimensionless affinity, «, for three scenarios. In the first
case, (solid line, 8, = 5 X 1077, ¢; = 1) we keep the reverse reaction rate constant while changing the forward reaction rate. These values are selected
for diffusion-limited forward binding. In this case, changes in the affinity would result from a higher density of ligand, or a higher receptor
diffusivity. As the affinity (or forward reaction rate) increases, a sizeable reduction in the rolling velocity results. In the second, (dashed line, 8, =
5 X 107%, ¢s = 0.01), the reverse reaction rate is again held constant, but the forward rate is assumed to be 1% of the diffusion limit. Hence, at the
same affinity («), both the forward and reverse reaction rates are lower by a factor 100 compared to the 8, = 5 X 1077 case. The rolling velocity also
decreases with increasing affinity, but not as sharply as when at the diffusion limit, suggesting a higher forward reaction rate is more important than a
lower reverse reaction rate for adhesion in this case. In the final case, (dotted line, x, = 5 X 1077, ¢4 = 1), the forward rate is held fixed, and the
reverse rate is altered. Here, the rolling velocity is independent of affinity, because it only depends weakly on the reverse reaction rate. Two
conclusions may be drawn in this case: the forward rate is the stronger modulator of adhesion, and the rolling velocity is not uniquely determined by

the affinity itself.

5% change in the rolling velocity, again suggesting adhe-
sion is very weakly dependent on the reverse reaction.
Despite the inclination in the biological literature to as-
sess the effectiveness of an adhesion molecule in terms of
the affinity for ligand, the affinity itself is only weakly
correlated to the dynamic process of adhesion in flow, in
which the rates of reaction, specifically the forward rate
of reaction for molecules of high affinity, plays a large
role in determining the degree of binding.

We have demonstrated the ability of our method to
recreate the wide variety of observations of adhesive be-
havior under flow by showing a variety of different repre-
sentative trajectories in Fig. 4, B-D and Fig. 5, B-D.

There are five basic observable types of behavior, each of
which can be identified by a distinguishing Roman nu-
meral: unbound (1); rolling at constant speed (II) (Fig. 4
C); tumbling, which suggests a largely rolling motion
with very brief periods of adhesion (1II) (Fig. 5 D); tran-
sient adhesion, which suggests significant periods of ad-
hesion during which the cell remains motionless, fol-
lowed by tumbling or rolling (IV) (Fig. 5 C); and adhe-
sion, whose onset is sometimes instantaneous upon
contact of the surface, where the cell is largely motionless
for long periods of time (V) (Fig. 5 B).

Although such qualitative descriptions of adhesion are
useful, it should be possible to devise statistical measures
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which, in combination with the rolling velocity and the
variance, can be used to characterize all of these mo-
tions. The mean velocity and the variance are useful in
characterizing motions I, II, and III, but are ineffective in
characterizing motion IV, and transitions from Ill to V
(extremely brief to complete adhesion). Three simple
measures that we propose are the frequency of adhesion,
F,, defined as the fraction of time possess a velocity 17y <
0.001, and the forward and reverse kinetic constants for
attachment and detachment. The kinetic rate of attach-
ment is defined as the inverse of the mean time before a
moving cell becomes adherent; the kinetic rate of de-
tachment is the inverse of the mean time before an ad-
herent cell begins to move. This gives rise to rather sim-
ple mathematical definitions,

N\'/ >0.001

— y
ke = Ng,>0.001 (10)
= ATi, NY,>0.001
Ny <0001
2 ATi,l\/\‘/,,<0.00|
i=1

In these expressions, Ny (>)o001 1S the number of in-
stances the cell is moving at the indicated velocity before
the inequality is no longer satisfied, and Ar; is the time
the cell was moving at the indicated velocity. The fre-
quency of adhesion is essentially a measure of the ratio of
the kinetic rate of attachment to the kinetic rate of de-
tachment, or the equilibrium constant for attachment. If
this ratio is high, the frequency of adhesion will ap-
proach 1; if it is low, the frequency will approach 0.
We plot in Fig. 8 the variation in F,, k,, and k4 as a
function of « for different values of F, < 0.05, for which
Fig. 5 has already provided information regarding the
mean of the translational velocity in the y direction. In
Fig. 8 A, we show F, increases as « increases or as F,
decreases. This is physically reasonable, because we
would expect the cell to become less adherent (have a
lower value for F,) if the shear rate were higher, or if the
bonds slip to a greater extent. Note in the lower left hand
corner of Fig. 8 4, F, is zero; the cells are not adherent, as
the shear rate is too high and the slippage is too great to
support binding. These trends are mirrored by the for-
ward reaction rate for attachment, k,, shown in Fig. 8 B.
At any degree of slippage (constant F), k, increases as «
increases. The rate of attachment is greater at lower shear
rates, which is physically plausible. But the rate of at-
tachment also increases as F, decreases. This might seem
perplexing, because F, is an indicator of the degree of
slippage and as such tells us how bonds break in response
to strain, not how they form. In fact, for constant o,
lower values of F, mean higher values of ¢,,, which im-
plies the rate of forward reaction should decrease at any

separation. We believe this inconsistency is explained if
one considers adhesion a process which requires the con-
certed effort of many adhesion molecules; a cell will not
attach unless the adhesion molecules, especially those
which form initial contacts, are particularly resistant to
breakage. Therefore, the resistance of bonds to breakage
is subtlely incorporated into the overall measurement of
the attachment rate constant.

In Fig. 8 C, we examine the rate of detachment as a
function of F, and a. Despite large values in the standard
deviation for k4, the mean of k,; shows the expected
trends for F, > 0, where the rate of detachment is greater
when the adhesion molecules slip (higher F), or when «
is lower (eg., higher shear rate). Several of these curves
disappear when « is below a critical value, because in this
region of parameter space, cells never attach, and it is
thus impossible to determine the detachment rate con-
stant. For F, = 0, the rate of detachment is independent
of a, because the rate of bond breakage is unrelated to
bond strain, and hence fluid forces acting to extend the
bonds have no effect in increasing detachment. There
are two contributing factors to the large standard devia-
tion of detachment rate constants. First, in an ensemble
of particles in a region of parameter space close to the
adhesion limit, it is not unusual to find a only subset of
the ensembile adhering. Those cells which do not adhere,
while contributing information to the attachment rate
constant (k, = 0), do not contribute any information to
the detachment rate constant. Whereas N cells may be
involved in determining k,, fewer than N are used to
determine k4, giving rise to a more error prone measure-
ment. Second, an adherent cell with a tendency to detach
may follow a wide variety of paths to motion. Such a cell
may begin to move immediately upon the breakage of a
single tether, or may crawl very slowly over the surface
before moving at a perceptible speed. One can liken this
to the wide variety of paths a ligand may take over a cell
surface as it tries to escape cell surface receptors; the li-
gand can immediately dissociate, or diffuse along the
surface, rebinding with other receptors many times be-
fore dissociation (Berg and Purcell, 1977; Northrup,
1988). Such a wide variety of dissociative trajectories
naturally yields a wide spectrum dissociation times for
the cell, and gives a large standard deviation. ]

Table 3 summarizes the measured values for (V'(y)),
{(V(y) = {V(¥)))*), F,, and k,, and k, for each of the
states I-V defined previously. For state I (unencum-
bered), the values of these measures are clear a priori.
For state II, values are taken from Fig. 4 C, with n, = 5,
and N,,, = 6,000. For states III-V, values for the mean of
the velocity are taken from Fig. 5 4, whereas values for
the frequency of adhesion, and the attachment and de-
tachment rate constants are taken from Fig. 8. (Figs. 5
and 8 are generated with the same parameters). For state
V (adhesion), F, = 0.01 and o = 52; for state IV (tran-
sient attachment), F, = 0.05 and « = 105, and for state
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III (tumbling), F, = 0.03 and « = 52. The table shows
the expected trends for each of these parameters; each
state appears to be uniquely characterized by a different
set of values for the statistical measures, and reinforces
the utility of using these five parameters in quantitatively
characterizing the full spectrum of possible cell motions
on a surface.

COMPARISON TO EXPERIMENT

We use this simulation technique to understand the ob-
servation, recently made by many groups (Lawrence
and Springer, 1991; Lawrence et al., 1990; Ley et al.,
1991; von Adrian et al., 1991) that the initial rolling of
neutrophils on the surface of endothelial cells in the mi-
crovasculature is mediated by binding between selectin
molecules, notably LECAM-1 on the neutrophil surface,
and its counter-selectin, CD62 (GMP-140), on the endo-
thelial cell. Other adhesive molecular pairs, notably
CD18 integrins on the neutrophil, and ICAM-1 on the
endothelial cell, do not cause rolling, despite an equal
affinity between CD62 and LECAM-1 as between CD18
and ICAM-1 (Lawrence and Springer, 1991; Lawrence
et al., 1990). In specific, we wish to understand data
recently published on cell rolling on lipid-linked CD62
and/or ICAM-1 monolayers in a parallel-plate flow
chamber, taken by Lawrence and Springer (1991) in
which a number of the parameters which are suspected
of controlling adhesion, such as CD62 or ICAM-1 den-
sity, or flow rate, were systematically varied.

In matching these experiments, we concentrate on
matching reported rolling velocity data of neutrophils on
CD62 only, because the addition of ICAM-1 to CD62
monolayers only slightly augmented the degree of adhe-
sion, and since adhesion on ICAM-1 layers alone at a
shear stress of 1.8 dynes/cm? was negligible (Lawrence
and Springer, 1991). Our first objective was to discover
the appropriate region of parameter space to match this
data. This endeavor was made possible by the separate
measurement of many of the important parameters gov-
erning adhesion, as shown in Table 2. Several parame-
ters are peculiar to the neutrophil system. First, the num-
ber of LECAM-1 receptors on the neutrophil was re-
ported to be low, 2 X 10* (Lawrence and Springer,
1991), which gives an average number of receptors per
microvilli tip n,, = 0.465. Second, we must consider the
possibility that LECAM-1 molecules are concentrated
on the tips of microvilli, since Picker and co-workers
have presented electron micrographic evidence of this,
using gold-labeled antibody against LECAM-1 ( Picker et
al., 1991). Because only two microvilli were shown in
this paper, it is difficult to make conclusions about the
quantitative level at which receptors are concentrated, or
the uniformity of this effect across a single cell, or among
cells in a population. Finally, the CD62/LECAM-1
bond is quite long, estimated to be ~50 nm, mostly
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FIGURE 8 Three statistical measures are plotted as a function of a: F,,
the frequency of adhesion; k,, the attachment rate constant; and kg4, the
detachment rate constant. (4) The frequency of adhesion F, increases
as « increases, and as F, decreases, as expected. ( B) The kinetic rate
constant for adhesion increases as « increases, and as F, decreases, also
as expected. (C) The kinetic rate for detachment, k,, largely increases
as a decreases, or as slippage (F,) increases. Three salient features of
this graph are that some of the curves at higher values of F, appear
incomplete, because k4 is indeterminant for nonadherent cells; that the
standard deviations are rather large due to the large number of paths a
cell may take before detachment; and that for low F,, k, is independent
of a, because bond breakage is largely independent of strain.

caused by the extreme length for CD62 (Springer,
1990).

Using parameters from Table 2, and reported in
the caption of Fig. 9, we attempted to match the
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TABLE 3 Example values for statistical measures of adhesion for five qualitatively different types of cell motion

State Description )y () = VO F, k, kq
1 Unbound 0.48 0 0 0 ND*
11 Rolling 0.335 6.1 x 107* 0 0 ND*
111 Tumbling 0.19 6x 1073 0.012 0.171 13.61
v Transient adhesion 0.09 7.2 %1073 0.09 1.532 14.83
\% Adhesion 0.005 1.8 %1073 0.249 3.392 10.21

* ND indicates the detachment rate constant could not be determined from this simulation, because the cell never attached.

value of <I7( y)) = 0.00844 reported (Lawrence and
Springer, 1991) at a shear stress of 180 dynes/cm? for a
CD62 density of 200 molecules/cm?. The parameters
which we do not know a priori for this system are a, the
ratio of the spring energy to the fluid energy, because of
uncertainty in the spring constant; F,, the fractional
spring slippage; and n,,, the number of receptors per mi-
crovillus tip, because we cannot discount evidence that
the receptors are concentrated, but do not have any good
quantitative value for the degree of concentration. Addi-
tionally, we do not know x,,, the dimensionless forward
reaction rate, principally because we do not know k9.
For these calculations, we assume the forward reaction is
diffusion-limited (as fast as it can be), assuming the dif-
fusion constant for the receptor is 10~° cm?/s (Axelrod
et al., 1978; Jacobsen et al., 1984). The reverse rate is
calculated using k§ the measured value for the affinity.

As one can imagine, many combinations of the con-
stants «, F,, and n,, can give an appropriate fit to a single
datum point. In Fig. 9, 4 and B, we show four such
combinations. In Fig. 9 4, {(V(y)) was calculated with o
= | dyne/cm, whereas Fig. 9 B was calculated with o =
2 dyne/cm; hence, the two figures are for different val-
ues of a. These values for the spring constant are selected
based on theoretical estimates of the spring constant
(Bell, 1978; Evans 1985a,b; Bell et al., 1984; Dembo et
al., 1988), or measurements of the force to fracture gly-
cophirin molecules from a red blood cell membrane
(Evans et al., 1991). In each of these two figures, one
finds two curves, each labeled with a different value of
n,. Those labeled n, = 0.465 are calculated as if
LECAM-1 receptors are randomly distributed over the
cell surface; those labeled »,, = 2.32 are calculated as if
LECAM-1 receptors are concentrated on microvilli tips
by a factor of five over the randomly distributed case. In
all cases, the calculations are carried out for different
values of F,,. We wish to determine the appropriate value
for F, to describe the single datum point, labeled as a
dotted line on these figures.

In Fig. 9 4, in which « = 69.4, we see for n,, = 0.465,
several values of F, < 0 match the data, all within 1% of
the ideal bond limit (F, = 0). These are the only simula-
tions in this paper extended into the catch bond limit,
but catch bond behavior is not required to match the
data, because F, = 0 appears acceptable. If n,, is in-

creased to 2.32, the requirement on F, becomes less
strict; a value of F, of 0.8% is needed to match the re-
ported data. In Fig. 9 B, and « = 138.7, where n,,, =
0.465, a fractional spring slippage of 0.15% matches the
data. Once again, as n,, is increased to 2.32, the tolerable
fractional spring slippage is increased to 0.8%.

Comparisons between Fig. 9, 4 and B, lead to several
conclusions. For all the parameter sets shown, a recre-
ation of the cited rolling velocity data requires F, for the
LECAM-1/CD62 bond to be less than 1%, exceedingly
close to the ideal bond limit. We reach this conclusion
despite our uncertainty about the degree to which
LECAM-1 receptors are concentrated on microvilli tips
(n,), and the actual value of the spring constant (a). Of
course, the concentration of receptors on the microvilli
tips does relax the constraint on F, somewhat; for exam-
ple, a percentage spring slippage of 0.8% can be tolerated
if the receptors are concentrated, versus 0.15% if they are
not (Fig. 9 B). Finally, the requirement on F, does not
seem to be very sensitive to the spring constant («).
Comparing curves for #,, = 0.232 between Fig. 9, A and
B, one sees the same percentage spring slippage, 0.8%, is
required despite a factor of two difference in the spring
constant.

In Fig. 10, we continue our analysis of rolling velocity
data (Lawrence and Springer, 1991) for the effect of
CD62 density on rolling velocity. Changes in ligand den-
sity are given by changes in x,. For the two sets of param-
eters (n,,, o, and F,) in Fig. 9 B which match the single
reported datum point at 200 CD62 molecules/um?, we
carry out calculations for both 50 and 400 CD62 mole-
cules/um?, for which Lawrence and Springer (1991)
also supplied data. In Fig. 10 4, we used the analysis
from Fig. 9 B, in which n,, = 0.465, « = 138.7,and F, =
0.008, and find extremely good agreement between data
and the calculated simulations results. In Fig. 10 B, we
also use analysis from Fig. 9 B, in which n,, = 2.32, a =
138.7, and F, = 0.0015, and the agreement is much less
impressive. Where n,, = 2.32, each microvillus tip is suf-
ficiently adhesive to overcome deficiencies in the ligand
density; hence, the simulated rolling velocity is weakly
dependent on ligand density, much more weakly than in
the experiments. These results imply that a random,
rather than concentrated, distribution of receptors is bet-
ter able to explain the reported rolling results. However,
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FIGUREY Examination of parameter space of «, n,,, and F,, to determine the appropriate sets of these parameters which could match data for
neutrophil rolling on CD62 selectin molecules at a shear stress of 1.8 dynes/cm? and CD62 density of 200 molecules/um?, given as a dashed line in
these figures (Lawrence and Springer, 1991). In Fig. 9 4, (17,) is plotted for a = 69.4, as a function of F, for two different values of n,,: 0.465 (m,
solid line, corresponding to randomly distributed receptors), and 2.32 (O, dotted line, corresponding to concentrated receptors). In Fig. 9 B, { V,) is
plotted for « = 138.7 as a function of F,, also for n,, = 0.465 (@, solid line) and n,, = 2.32 (O, dotted line). The acceptable values for F, come when
the solid or dotted lines cross the dashed line representing the data. In all cases, F, must be less than 0.01 to match the data. Other parameter values
in these simulations are x, = 0.55, 8, = 2.7 X 107%,» = 8.77 X 10%,8, = 1.17 X 1072, 8, = 1.17 X 107", 8, = 4.7 X 1073, N4, = 10~°, N, = 10°,
Ne=10" N, =107%,83"' = 1.58 X 10™%, and §, = §, = 2.32 X 107>,

50 Biophysical Joumal Volume 63  July 1992



40x10°°

* Data from Lawrence and Springer, 1991
—A- 0=138.7 , n,=0.465

30

10

i

0.2 0.4 0.6

14x10°% -

12

10~

0.8 1.0

* Data from Lawrence and Springer, 1991
-~ 0=138.7 , n,=2.32

1 ¥ 1
0.2 0.4 0.6

%

0.8 1.0

FIGURE 10 Fig. 10, 4 and B are two attempts at matching CD62 ligand density data given by Lawrence and Springer, 1991. As a starting point for
these calculations, we took the two values of F, which best fit the single datum point in Fig. 9 B (a = 138.7) for two different values of n,,, (0.465 and
2.32), and then altered the dimensionless reaction rate x, to accommodate changes in the ligand density. In Fig. 10 4, calculated with n,, = 0.465
and F, = 0.0012, the simulation results (A ) show good agreement with the data (*). In Fig. 10 B, calculated with n,, = 2.32 and F, = 0.008, the
simulation results (4) show relatively poor agreement with the data (*), suggesting it is not necessary to invoke a concentration of LECAM-1
receptors at microvilli tips to explain the trend in rolling data with CD62 density. Other parameters are as in Fig. 9.

it would be naive to conclude as such. The best we can
say is that at least in one case, the model can successfully
predict the observed trend in rolling velocity with ligand
density, and that not all parameter sets which match the
single datum point at a density of 200 CD62 molecules/
wm? match that trend.

DISCUSSION
We have presented a simulation method for the recep-
tor-mediated binding of a microvilli-coated hard sphere

to ligand-coated surfaces under viscous shear flow. The
method allows us to quantify the role cell surface chemis-
try and microstructure play in cell adhesion. Parameters
such as receptor-ligand binding constants, receptor-li-
gand bond strength and response to strain, receptor and
ligand density, and the topology of the cell surface are all
adjustable in our analysis. In addition, we can quantify
the magnitude of the variability in adhesive phenotype
that identically endowed cells can display. It would be of
interest, and a subject of future work, to understand how
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that variability compares to the variability one would
expect from population heterogeneity.

This method is sufficiently robust to describe the en-
tire spectrum of adhesive states from completely nonad-
hesive (unencumbered) to transient adhesion to irrevers-
ible attachment (Cozens-Roberts, 1990¢, Doroszewski,
1980; Lawrence and Springer, 1991; Schmidt et al.,
1990; Tissot et al., 1991; Tempelman and Hammer,
1990; Wattenbarger et al., 1990; House and Lipowsky,
1991). For example, while simulations of rolling
match neutrophil adhesive phenomena (Lawrence and
Springer, 1991), simulations of transient adhesion
match phenomena observed for leukemia cells rolling on
glass (Doroszewski, 1980), and simulations of firm, in-
stantaneous attachment match experiments performed
with glycophorin-reconstituted liposomes on lectin-
coated surfaces (Wattenbarger et al., 1990). Although
further simulations are necessary to make a rigorous
comparison to adhesive phenomena involving smooth
bodies (such as liposomes), the current model suggests
all these manifestations of adhesion can be controlled at
the molecular level without considering differences in
surface morphology. To our knowledge, this is the first
such model which can predict all these states. In addi-
tion, we point out several statistical measures which can
be used to determine each of these states uniquely. Table
3 represents a clear demonstration that each of these
states may be characterized by a unique set of these sta-
tistical parameters.

Figs. 6 and 7 address the role of spring stiffness and
affinity, respectively, on adhesion. We show increasing
spring stiffness leads to an increase in adhesiveness only
if the breakage rate for extended tethers did not substan-
tially increase. This seems to suggest bond breakage is
more important than bond formation in maintaining
adhesion. However, our study of the role of receptor-li-
gand affinity showed that changes in the forward binding
rate had a greater effect on adhesion than changes in the
reverse rate. The explanation of this apparent inconsis-
tency is that both a high forward rate and a low breakage
rate are simultaneously necessary to ensure adhesion will
occur. In the spring stiffness calculations, the forward
rate was sufficiently high, and the rate of breakage was
limiting adhesion. In the affinity calculations, the rate of
breakage was sufficiently low, and the rate of formation
was limiting adhesion.

We have compared our analysis to experimental data
published recently on neutrophil rolling on lipid-linked
substrates of a CD62, an endothelial surface selectin,
which showed that CD62 is unique in its ability to pro-
mote cell rolling, despite its presence is relatively low
density (200 molecules/um?) (Lawrence and Springer,
1991). We predict the CD62 /LECAM-1 bond is respon-
sible for cell rolling because it is unique in its response to
strain, with a fractional spring slippage, F,, below 0.01.
We make this prediction despite some uncertainty about

the degree of concentration of LECAM-1 on microvilli
tips, and the strength of the CD62 / LECAM-1 bond. Fur-
thermore, this conclusion is not subject to change based
on revelations regarding the forward reaction rate be-
tween CD62 and LECAM-1, because we have assumed
the fastest possible reaction rate (diffusion limitation),
and the true reaction rate must fall below this. If the
reaction rate turns out to be slower, this will only place a
more severe constraint on F,. This prediction is consis-
tent with prediction made by Dembo and co-workers,
which indicated F, must be less than 2% to match data
on neutrophil rolling taken using intravital microscopy
(Dembo et al., 1988; Atherton and Born, 1972, 1973).

Finally, by making comparisons between a single da-
tum point and our simulations, we have been able to find
several values of the spring constant («), the number of
receptors per microvillus (7, ) and the spring slippage F,
which provide acceptable fits to neutrophil rolling data.
We urge experimentalists interested in the neutrophil
system to measure each of these parameters indepen-
dently. Thus far, only one of these parameter sets can be
used to successfully recreate observations of cell rolling
on different densities of CD62 (Lawrence and Springer,
1991). It is encouraging that only some of the parameter
sets fit the observed data, because it leaves open the possi-
bility that further experiment and comparison to theory
will allow indirect determination of the intrinsic molecu-
lar parameters for the CD62/LECAM-1 system from
neutrophil adhesion experiments.

There are two limitations to the analysis in its current
form. First, the simulations are lengthy, and it is not
possible to obtain information about the adhesive behav-
ior of an ensemble of cells rapidly. For example, we esti-
mate the simulations presented in this paper alone repre-
sent 6,000 h of computer time using a Digital Decstation
5000 workstation. It would be of interest to develop, in
parallel, an analytical method based on stochastic differ-
ential equation theory (Gardiner, 1985). However, our
observations of the degree of fluctuation in binding even
for cells rolling at apparently constant rates suggest some
statistical method (either simulation or stochastic
theory) is necessary to describe this type of dynamic ad-
hesion. For example, for no cell simulated in this paper
was thé number of receptors bound at any one time
greater than 100, and typical variances indicate fluctua-
tions are 20% of this number or greater. This, coupled
with the argument that the first site of binding is the
microvillus, and that for typical receptor densities the
mean number of receptors per microvillus tip is quite
low, indicates the number of receptors involved is too
small to validate a deterministic model. This argument
has also been forcefully made by Cozens-Roberts and
co-workers (Cozens-Roberts et al., 19905, ¢) to explain
observations on the detachment of antibody-coated hard
spheres from surfaces.

The second limitation is the absence of deformation,
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either on a microstructural or cellular level. Microstruc-
tural deformation can be quite easily incorporated into
this model, by modeling microvilli as viscoelastic ele-
ments with their own viscosity and elasticity constants
(DiMilla et al., 1991). These constants have not been
determined for microvilli, to our knowledge, but reason-
able guesses could be applied to de-ermine the effect of
microstructural deformation on adhesion. These calcu-
lations are also planned. The problem of macroscopic
deformation is more difficult to address, but it may be
possible to impose integral relations for the energetics of
deformation upon the current formalism to calculate the
true force and torque exterted by external flow on a de-
formed structure (Evans and Yeung, 1989; Schmid-
Schonbein et al., 1987; Lipowsky et al., 1991). Such an
extension to this work would be particularly helpful in
tumor cell adhesion, because it is suspected that metasta-
sizing tumor cells have grossly different abilities to de-
form than their nonmetastasizing counterparts ( Weiss,
1990).

Finally, this manuscript suggests that two types of ex-
perimental studies are needed to fully characterize adhe-
sion under dynamic fluid flow conditions. First, model
studies, using cells or hard spheres binding to substrates
of well-defined chemistry in hydrodynamic flows, and
the report of cell velocities in such experiments, would
be of critical importance in verifing the model, as well as
our understanding of the factors which control adhesion.
Second, the measurement of molecular binding con-
stants is of critical importance. Because adhesion in flow
is dynamic, it is important to determine kinetic rate con-
stants for binding of adhesion molecules. It is also wise to
understand quantitatively how adhesion molecules re-
spond to strain, using techniques such as the surface
forces apparatus (Israelachvili, 1985; Helm et al., 1991).
Our simulations tell us the molecular parameters which
are most important in modulating adhesion under flow
are, aside from receptor number and ligand density, k%,
k?, o, and ¢,,. These parameters are difficult to deter-
mine and are not known for any molecular system in-
volved in adhesion, but that will have to change before
our knowledge of cell rolling and adhesion can be com-
plete.

APPENDIX 1

To simulate the binding and breakage of adhesive tethers, consider a
single time step in the simulation, At. For a free receptor located on a
microvillus, a distance x,, from the substrate, and assuming x,, does
not change substantially during this time step (an Eulerian approxima-
tion), the probability that a receptor will become bound during this
time step, P,, is governed by the differential equation,

dP,
77" = k(1 - Py),

(A1)
where 1 — P, is the probability that the molecule is free during the time
interval. Integrating from 0 to At, the probability of binding at the end
of the time step is

P, = 1 — exp(—kAr). (A2)
During each time step of the simulation the probability of binding is
calculated for each receptor on all microvilli tips, and binding is deter-
mined by comparing a random number generated for each receptor to
this probability; if the random number is less than P,, a bond is estab-
lished at the end of the time interval (because we cannot say when in
the interval the bond appeared).

Similarly, the probability that a bond which already existed prior to
the current time step will break during At is

P =1 —exp(—k.At), (A3)
and if the generated random number is less than this probability, the
bond breaks during this interval. In Eq. A3, &, is based on the length of
the bond.

As shown in Fig. 2, we use two coordinate systems to fully character-
ize our problem. A cartesian coordinate system is centered on the cell.
In addition, each microvillus is assigned a unique position on the cell
surface in spherical coordinates. (In this problem, 0 < p <7, 0 <6 <
2w, and points on the cell surface can be given in either coordinate
system with the following relationships: y = R, sin ¢ sin 8, z =
Ry, coso, x = h + Ry (1 — sin ¢ cos 8), where h is the minimum
separation distance between the cell and the surface.) We determine the
instantaneous translational and angular velocities of the cell in all car-
tesian directions. Any cell motion will give rise to motions of its asso-
ciated rigid structures; therefore, one must keep track of the positions
of the microvilli as the cell moves with time. This requires a straightfor-
ward translation between cartesian and spherical coordinates to update
the positions of the microvilli.

We assume the molecules emanate from the center of the microvil-
lus, and do not move laterally across the microvillus tip as a forces are
applied to it; therefore, tracking the position of the microvillus tip X, =
(Xm> Ym> Zm) 18 tantamount to tracking the point at which the adhesion
molecule is tethered to the cell. On the surface, the coordinates of the
surface attachment point are X, = (x,, y,, Z,). We assume the molecule
is rigidly attached to the surface; however, because the coordinate sys-
tem is in the cell's reference frame, translational motion of the cell will
result in a net change in (x,, ¥,, Z,) with time. Each bond is described
by a time-varying vector X, = X, — X,,, from which one can calculate
the force and torque in each cartesian direction from Eq. 5 as

- Xo— X
Fo= o] - 0| 2]
° (X
- Yo =™ Vm
F, = o(|X| — )\)(——_.——)
= (%] %
= Zo ~ Zm
Fo= ollfl - 0| =), (A4)
(X
C, = Ry[F;,sin ¢, sin 0, — F, cos ¢,]
C, = Ry[F; cos ¢, — F, sin ¢, cOS 0]
C, = Ryl F, sin ¢, cos b, — F, sin ¢, sin 0,]. (AS)

The net adhesive force and torque in each direction are calculated by
summing these expressions over all tethers at every time point, and in
combination with colloidal forces (calculated in Appendix 2) are used
to derive the vector of forces ( Eq. 8) and hence, the vector of velocities
using Eq. 6 in the text. After the velocities are known, the positions of
endpoints of each adhesive tether are updated during each time step.
Because the cartesian coordinate system is in the cell’s reference frame,
the positions of the microvilli are determined by rectifying the cartesian
angular velocities (©;) into changes in @ and ¢ with time, and updating
the 8 and ¢ positions of each microvillus and bond. The positions of the
end of the adhesion molecule on the substrate is updated using the
translational velocities of the cell relative to the fixed surface. The equa-
tions necessary to update either the positions of the microvilli tips (or
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end of tethers attached to the cell) or the end of molecules attached to
the substrate, are

o voi=xy.2 (A6)
Ben _ _Ging, 0, + cos 0,0 (A7)
5 = Sin Om, + cos 6,0y
b, _ _ cos m cos 0y ,  COS m sin 0, Q,+9. (A8)
dt sin ¢, sin ¢,

The logic of the simulation is as follows. First, the microvilli are
placed on the surface, by a hard disk overlap algorithm, in which a
position for each new microvillus is generated by random sampling and
if a new disk overlaps any preexisting microvillus, it is rejected. Then,
receptors are placed on the microvilli tips by sampling the cumulative
probability distribution corresponding to the Poisson distribution ( Eq.
4). (Because both of these steps require random number sampling,
they introduce a level of statistical variability). Then, the simulation is
started at ¢t = O for time steps Ar. At each time ¢, random number
generation, in conjunction with the calculated probability for bond
formation Py, is used to determine whether any bonds will form by ¢ +
At. These bonds are placed in their appropriate position at ¢ + Af,
because we can not say when during Af they appeared. Second, any
bonds which already existed at time ¢ are sampled to determine if they
will be broken by ¢ + At, and it is assumed that if they are, they disap-
pear at  + Az. Based on the known velocities of the cell at time 7, the
positions of all microvilli are updated during the simulation, giving
new positions at ¢ + Af. At ¢ + At, the forces imparted by the bonds
which now exist, along with the colloidal and hydrodynamic forces, are
used to calculate the velocity of motion at the time ¢ + A¢. This loop is
completed for each time step, until ¢ = ¢4 is reached. At simulation’s
end, a variety of statistical measures, discussed in the results section,
are used to analyze the translational and angular velocities of motion.

APPENDIX 2

In this Appendix, we indicate how colloidal forces and rates of reaction
are determined in our analysis. For calculating colloidal interactions,
we use the fact that the tip of the microvillus dominates over all other
surfaces (the remainder of the microvillus, or the cell body itself) in
influencing the colloidal interactions, because most colloidal interac-
tions have a very strong decay with distance, and the length scale for
this decay is usually smaller than the length of an individual microvil-
lus (Bongrand and Bell, 1984; Israclachvili, 1985). Therefore, it is nec-
essary to calculate all colloidal forces for each microvillus, and sum
over all microvilli to determine the net colloidal body force.
The van der Waals attraction is given (Hiemenz, 1986):

AHAmv 2 x;3.

67 icrovini

dew = (A9)

Here, Ay is the Hamaker constant. The gravitational body force is
given

Fg = 4/37'-(1’c_pm)1z<::hg, (Alo)
where p_ is the cell density, p,, is the medium density, and g is the
gravitational constant.

It is known that two major forces exist in biological systems at dis-
tances from 50 to 250 A: the electrostatic force, which is often repulsive
(when the charges are of the same sign), and the steric stabilization
force, which occurs due to the overlap of molecular chains (Bongrand
and Bell, 1984). For the electrostatic interactions, we use the expres-
sion derived by Ohshima and co-workers in the limit of small Debye-
Hiickel length (Ohshima et al., 1987),

_ eZZIZZNlNZAmv

F,= e e s’ sinh 6L, sinh 6L,

microvilli

e (All)

Here, eis the fundamental electric charge, L, and L, are the thicknesses
of the molecular layers associated with the cell and ligand layers, z; and
M, are the valencies and charge densities in each layer, ¢, is the electrical
permittivity, and e, is the relative permittivity, and § is the inverse
Debye-Hiickel length. Finally, the steric stabilization force was esti-
mated by Bongrand and Bell from the work on steric stabilization of
Napper (Bongrand and Bell, 1984; Napper, 1983):

Fo=MAmy 2 X327 Xm=<L,
microvilli
=0 Xm = L, (A12)
in which A is a constant determining the strength of the interaction
due to chemistry of the two overlapping layers, and L, is thickness of
the glycocalyx at overlap of layers L, and L,, where L, = L, + L,. The
net colloidal force acting on the body is the sum of Egs. A9-A12,

F;=Fygy+ Fy+ Fy+ Fg, (A13)

where the subscript *“x”* denotes directionality.

We also wish to define the concept of diffusion-limitation in reac-
tion, introduced in the discussion of Fig. 7. We have modeled the sub-
strate as a uniformly reactive surface; therefore the forward reaction
rate k2 is the product of kN, where N, is the density of ligand on the
substrate. It is well known that kg, the overall reaction rate, is properly
expressed (Bell, 1978),

kyiks

k=—""7" Al4
f k+| + k_ ( )
where k., and k_ are forward and reverse rates for encounter between
complimentary molecules, and k,; and k_, are forward and reverse
intrinsic rates of reaction. When k_ > k,,, we are in the diffusion limit,
where
k{ =k, =2xD (A15)
where D is the surface diffusivity of the receptor molecule. One can
generalize this expression to regimes outside of the diffusion limit,
kg = kieg, (A16)
where ¢4 is the fraction of the diffusion limit (Bell, 1981). As ¢, be-
comes smaller than one, we approach the reaction limit. For the reverse
reaction,

k;’=k_Eed. (A17)
ki
In any case, the equilibrium constant can be written
_ kiks,y
K= k.’ (A18)

which is independent of transport considerations.

APPENDIX 3

This section defines the dimensionless scaling and resulting parameters
of the governing equations in this system. Because the motion of cells is
driven by the external hydrodynamic flow, the appropriate time scale is
47!, where 7 is the shear rate. Defining the following dimensionless
translational and angular velocities, and scaling all forces to 6xuy R2,
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and all torques to 6wuy R3,, one obtains a set of dimensionless equa-
tions and associated dimensionless groups, equivalent in information
content to Egs. 1-3, 5-8, and A1-A18. The appropriate scales and
dimensionless groups are

- V. o Q.
T =1y I/l = _l Qi = '_l
Y 7Rch Y
7 oR%, o R%, F =90
= d v = v = =
« 6muy R, kT ° k,T " 7
k?M k? k:’ RTAmv
K=—— o= — == Ay =——
kT o ¥ A
_ AHAmv
M = S6rtuRsy
N = €2z,z,N,N, A,,,032 sinh (8,8,) sinh (8,8,)
o 12 e, mpy
N = 2ApRchg — AssAmv
& Iuy * 67‘7‘:7R:h
5. = Ly o7l = Lan = ! 5 = _LS_
° Rch d Rch 6Rch * Rch
Lo Lz (A19)

6mV - Rch L2 = Rch

We have made an attempt to estimate values of all parameters from
previous sources. These estimates, for both precursor dimensional and
dimensionless parameters, are shown in Tables 1 and 2. Note in Table
2 we have drawn a distinction between general parameters which might
be suitable for all leukocytes, and neutrophils. Using the above dimen-
sionless variables, the governing equations for the systems become: (a)
kinetics of binding and breakage during a time step Ar:

x = xa oxp{ - 5 (5 - 807) (A20)
B=85 exp(% (£ = ab)z) (A21)
P,=1—e (A22)
P =1—eP (A23)

(b) dimensionless forces and torques imparted by bonds (all forces are
scaled to 6wy R2,; all couples scaled to 6muy R3,):

~i=a(|§b| _6b)(lo_:lm); i=x’y,z (A24)
Xp

C, = (F,sin ¢, sin 8,, — F, cos ¢,) (A25)
C, = (F, cos ¢, — F, sin ¢y, cos 6,,) (A26)
”, = (F, sin ¢y, cos 0, — F, sin ¢,, sin 6,,) (A27)

ol xo—xm2+ o m2+ zo_zrnzl/2
be|=(( Y+ (y Ry )2+ ( )»’) . (A28)

ch

(¢) dimensionless colloidal force:

Fe = Nygy 2 %72 + Ny
m
. 1
+ Ny > e %¢Fm N, Z )CTZ- H(as - Xm) '(A29)
m m m

(in this expression, summation is over the microvilli, designated “m™);
" (d) dimensionless force and torque balances:

force in x: F,(h)V, = Zb: F_+ Fc; (A30)
force in y: F;(iz)Vy+F2(iz)flz=§b: F o+ Fs(h);  (A31)
force in z: Fy(h)V, + F,(h)Q, = % o (A32)
torque in x: Fy(h)Q, = Eb: . (A33)
torque in y: F,(h)V, + F,(h)Q, = % % Cp; (A34)
torque in z: F,(h)V, + F/(h)Q, = % Y4 C, + F‘;;h) .(A35)

In these expressions, summation is over the bonds, designated “b.”
F,(h) are hydrodynamic functions. F, through Fj are given by Gold-
man, Cox, and Brenner (Goldman et al., 1967a,b). F; is given by
Brenner (1961), and F; is given by Jeffrey (1915);

and (e) translation and rotation of molecules:

Aoy icxy.z (A36)
dr

4en _ _Gn 60, + cos %03 (A37)
dr

b _ _ cos 0."‘ COS @pm o, — sin 0}“ COS ¢, Q, + 6. (A38)
dr sin ¢, sin ¢,

These equations are solved according to the methodology described
in Appendix 1, although in dimensionless form. The objective is to
solve for the dimensionless translational and angular velocities as a
function of dimensionless time 7.
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