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ABSTRACT Activated neutrophils aggregate in a shear field via bonding of L-selectin to P-selectin glycoprotein ligand-1
(PSGL-1) followed by a more stable bonding of LFA-1 (CD11a/CD18) to intercellular adhesion molecule 3 (ICAM-3) and Mac-1
(CD11b/CD18) to an unknown counter receptor. Assuming that the Mac-1 counter receptor is ICAM-3-like in strength and
number, rate processes were deconvoluted from neutrophil homoaggregation data for shear rates (G) of 100–3000 s�1 with
a two-body hydrodynamic collision model (Tandon and Diamond, 1997. Biophys. J. 73:2819–2835). For integrin-mediated
aggregation (characteristic bond strength of 5 �dynes) in the absence of L-selectin contributions, an average forward rate of
kf � 1.57 � 10�12 cm2/s predicted the measured efficiencies for G � 100–800 s�1. For a selectin bond formation rate
constant equal to the integrin bond formation rate constant, the colloidal stability of unactivated neutrophils was satisfied for
a reverse rate of the L-selectin–PGSL bond corresponding to an average bond half-life of 10 ms at a characteristic bond
strength of 1 �dyne. Colliding neutrophils initially bridged by at least one L-selectin–PSGL-1 bond were calculated to rotate
from 8 to 50 times at G � 400 to 3000 s�1, respectively, before obtaining mechanical stability in sheared fluid of either 0.75
or 1.75 cP viscosity. Thus for G � 400 s�1, the interaction time needed for the rotating aggregates to become stable was
relatively constant at 52.5 � 8.5 ms, largely independent of shear rate or shear stress. Aggregation data and the colloidal
stability criterion can provide a consistent set of forward and reverse rate constants and characteristic bond strengths for a
known time-dependent stoichiometry of receptors on cells interacting in a shear flow field.

NOMENCLATURE

A mobility function along line of centers of the
particles

A0 initial contact area
Acoll swept collision area

a1, a2 radii of the colliding particles
B mobility function normal to the line of the

centers of the colliding particles
C correction to Stokes’ law taking into account

presence of second sphere
Di diffusion constant of receptors on the

membrane
G shear rate
fc characteristic bond strength

FA van der Waals attractive force
FR electrostatic repulsion force

Fdrag drag force
kf forward rate of bond formation
kr reverse rate of bond formation
Ni number density of aggregates of size class i
Nb bonds per unit area

Ncrit critical number of bonds needed to hold
aggregate together

Nrec number of receptors per unit area
v volume

Veff relative velocity between the aggregates
s dimensionless distance between the aggregates
t time

t* dimensionless time
Ti interaction time

Greek letters

�(i, j) collision frequency between particles of size
classes i and j

�G Smoluchowski collision frequency
� collision efficiency (empirical)

�h hydrodynamic collision efficiency
�r�h overall collision efficiency (including

hydrodynamic and receptor effects)
�� time-averaged collision efficiency
� effectiveness factor
� size ratio of the colliding aggregates
� collision time

�rot time of rotation
� dimensionless separation distance between the

colliding aggregates

INTRODUCTION

At sites of inflammation, neutrophils roll on the endothe-
lium and subsequently develop firm adhesions before their
migration out of the vascular space. Neutrophils adherent to
the endothelium can mediate the capture of neutrophils
flowing near the vessel wall (Bargatze et al., 1994). Fur-
thermore, free flowing homoaggregates of neutrophils and
heteroaggregates of platelets and neutrophils may partici-
pate in certain cardiovascular disorders. Several recent stud-
ies have defined the receptor mechanisms that support neu-
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trophil homoaggregation (Taylor et al., 1996; Walchek et
al., 1996; Okuyama et al., 1996; Guyer et al., 1996). LFA-1
(CD11a/CD18) binding to intercellular adhesion molecule 3
(ICAM-3) as well as Mac-1 (CD11b/CD18) binding to an
unknown receptor can facilitate integrin-mediated homoag-
gregation without L-selectin at shear rates below 400 s�1.
Below 100 s�1, the role of L-selectin–PSGL-1 binding is
minor, because little inhibition of aggregation was observed
with blocking Fab against L-selectin at this shear rate (Tay-
lor et al., 1996).

Neutrophils present L-selectin on the tips of the mi-
crovilli. Both L-selectin and ICAM-3 are released from the
cell surface after neutrophil activation on the time scale of
minutes (Taylor et al., 1996; del Pozo et al., 1994). Mac-1
and LFA-1 are not active on the resting neutrophil surface.
Upon activation, Mac-1 and LFA-1 antigenic levels in-
crease dramatically to �150,000 Mac-1/cell and �40,000
LFA-1/cell. Only �10% of this antigen is considered to be
active (Diamond and Springer, 1993). Moreover, the bind-
ing avidity of active Mac-1 and LFA-1 may undergo some
down-regulation at later times.

For experiments conducted at a defined shear rate, the
measured collision efficiency, �, based on fMLP-induced
aggregation over the first 30 s for purely integrin-mediated
neutrophil homoaggregation (anti-L-selectin Fab present),
drops nearly 100-fold as the shear rate increases from 100 to
800 s�1. The collision efficiency is a ratio of the number of
successful collisions/number of total collisions predicted by
Smoluchowski collision theory. Integrins alone appear to be
insufficient to mediate aggregation above 400 s�1 when
L-selectin plays an important role in facilitating aggregation
of fMLP-stimulated neutrophils (Taylor et al., 1996). Inter-
estingly, the value of � goes through a maximum at G � 400
s�1. This is consistent with observations of CD62P,E,L-
mediated rolling displaying a maximum with shear stress
presumably due to stress-mediated delivery of microvilli to
the rolling contact area or torque enhancement of bonding
(Finger et al., 1996; Lawrence et al., 1997). High-resolution,
high-speed imaging of the rolling contact area or the colli-
sional contact area in shear flow has not been reported.

In the present study, we calculate the collision efficiency
�, an empirically determined parameter in the studies of
Taylor et al. (1996), by systematically taking into account
effects due to hydrodynamics and receptor interactions. The
hydrodynamic effect on the collision frequency is calculated
by considering neutrophils and their aggregates as solid
spheres and performing trajectory calculations to obtain the
far-upstream cross-section area. Particle flux through this
cross section allows prediction of the particle collision
frequency. Particles in collision with other particles, caused
by the shear fluid flow, are bound together if enough time is
available for formation of integrin and selectin bonds. The
successful collision frequency, including both receptor and
hydrodynamic effects, has been included in a population
balance framework to predict the size evolution of the
neutrophil aggregate population.

This approach allowed deconvolution from the aggrega-
tion data of fundamental rate constants for receptor bonding
interactions that have time-dependent stoichiometry. The
method provides a tool for the study of the rate of bond
formation as it is influenced by receptor number and pre-
vailing hydrodynamic forces during bond formation. Cell
aggregation studies conducted in a viscometer allow the
probing of interactions on a millisecond time scale that is
well suited for understanding selectin and integrin bond
dynamics.

THEORY

Collision efficiencies

We have used the methods developed by Tandon and Dia-
mond (1997) to estimate the neutrophil collision efficiency,
including both receptor and hydrodynamic receptor interac-
tion effects, for a given combination of shear rate, fluid
viscosity, and time-dependent receptor numbers (LFA-1,
Mac-1, L-selectin, PSGL-1, ICAM-3). The overall collision
efficiency, �r�h, is the ratio of successful collisions relative
to the number of collisions estimated by the Smoluchowski
equation for linear trajectories without viscous interactions.
Using linear trajectory analysis, Smoluchowski (1917) de-
fined, for the collision frequency for two spheres of volume
u and v (or radii a1 and a2) undergoing shear-induced
aggregation,

�G	u, v
 	
G



�u1/3 � v1/3�3 or �G 	

4G

3
�a1 � a2�

3 (1a)

where G is the shear rate. We present methods to system-
atically predict the collision efficiency �r�h, which is an
empirically determined premultiplier of �G that fits the
aggregation data (Bell et al., 1989a,b; Huang and Hellums,
1993a,b,c; Taylor et al., 1996; Belval and Hellums, 1986;
Neelamegham et al., 1997). The empirically determined
efficiency �, either the instantaneous or time-averaged value
��, includes effects of both shear flow hydrodynamics and
neutrophil receptor biology. To delineate the effects of
hydrodynamics and receptor binding on the population dy-
namics, a modified collision kernel is defined as

� 	 �r�h�G 	 �r�h�G (1b)

where �h is the hydrodynamic collision efficiency and �r is
the receptor binding efficiency. The product �h�G gives the
actual collision frequency, considering detailed flow fields
around the colliding spherical particles. �r represents the
fraction of actual collisions (�h�G) that results in receptor
binding leading to successful aggregation of the colliding
particles. The successful collision kernel, �(u, v), is used in
a population balance equation (PBE) to predict the evolu-
tion of number densities of particles of different sizes. The
PBE defines the rate of change of number density, Ni, of
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neutrophil aggregates comprising i singlets and is given as

�Ni

�t
	

1
2 �

j�1

i�1

�	j, i  j
NjNi�j  Ni �
j�1



�	i, j
Nj (1c)

where �(i, j) is the successful collision frequency between
aggregates comprising i and j singlets, respectively. The
first term on the right-hand side (RHS) of Eq. 1c represents
the birth of particles with i singlets by aggregation of
particles having fewer than i singlets (the factor 1

2
prevents

double counting). The second term of the RHS is associated
with the death of the particles with i singlets as a result of
their aggregation with other particles to form even larger
particles. Integration of Eq. 1c by the Runge-Kutta-Mercer
method with appropriate initial conditions yields the evolu-
tion of aggregate number density distribution with time.
Disaggregation of stable aggregates is not considered.

For our calculations, we consider the radius of a neutro-
phil singlet to be 3.75 �m. The distance that the aggregates
must approach each other for a collision to occur is dictated
by the neutrophil surface roughness and is estimated to be

400 nm (average length of the neutrophil microvilli). For a
spherical coordinate (r, �, �) system, the relative trajectory
of two spherical particles of arbitrary radii a1 and a2 (� �
a2/a1, � � 1) in a shear field of strength G (Vx � Gy) (Fig.
1 A) is described by the equations (Batchelor and Green,
1972; Zeichner and Schowalter, 1977; Adler, 1981a,b; Van
de Ven, 1989; Wang et al., 1994; Tandon and Diamond,
1997)

ds

dt*
	 s�1  A	�, �
�sin2� sin � cos � �

C	�, �
	FA � FR


3
�a1
2G	1 � �


d�

dt*
	 �1  B	�, �
�sin � cos � sin � cos �

d�

dt*
	 cos2� 

B	�, �


2
cos 2� (2)

where s is the dimensionless distance between the sphere
centers [s � r/a� , a� � (a1 � a2)/2], � is the size ratio of the
two particles, � is the dimensionless separation distance
between the particles (s � � � 2), and t* is the dimension-

FIGURE 1 Schematic of two un-
equal sized neutrophils or their aggre-
gates (of radius a1 and a2) in a spherical
coordinate (r, �, �) system (A). The
interaction of the particles is investi-
gated in a linear shear field given by
Vx � Gy, where G is the local shear rate
of flow. (B) Schematic of different far
upstream cross section. The Smolu-
chowski upstream area is calculated
considering neutrophils following lin-
ear trajectories, and the hydrodynamic
cross-section is determined from de-
tailed hydrodynamics interactions be-
tween colliding aggregates. Whereas
the particle flux through the hydrody-
namic cross section represents the col-
lision rate between aggregates of radii
a1 and a2, the fraction of these colli-
sions that is successful is represented
by the flux through the upstream cross-
sectional area labeled “receptor,” which
allows direct determination of �r and
�r�h.
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less time (t* � Gt). In Eq. 2, FA and FR are the attractive
and repulsion forces defined by DLVO theory, A(�, �) and
B(�, �) are the mobility functions along the line of centers
and normal to the line of centers of the two spheres, respec-
tively, and C(�, �) is the correction to Stokes’ law taking
into account the presence of the second sphere. The mobility
functions are obtained as previously described (Tandon and
Diamond, 1997) for singlet-singlet (� � 1) to singlet-sixmer
interaction (� � 0.55). The van der Waals attraction (Ha-
maker constant � 10�19 J) and electrostatic repulsion
(�0 � �15 mV) are included for completeness but have
little effect on the hydrodynamics, because the particles are
so rough. Equation 2 is used to carry out trajectory calcu-
lations (back-integration) to generate the far upstream area.
Only particles flowing through the cross section defined by
�h in Fig. 1 B are capable of colliding with the target
particle. The flux through this upstream area is used to
calculate the collision frequency. However, not all colli-
sions result in successful binding of the colliding aggre-
gates. Only those collisions that provide sufficient time to
form enough receptor-mediated bonds to hold the colliding
particles together can result in successful aggregation. Only
particles flowing through the cross section defined by �r in
Fig. 1 B are capable of forming stable aggregates during the
primary collision. For two particles brought together by
shear flow with collision at (��, ��) on the target character-
ized by characteristic time of collision, �(��, ��), and swept
collision area, Acoll(��, ��), a successful binding event takes
place if

��
0

�

Acoll

dNb

dt
dt� � Ncrit where Ncrit 	

Fdrag

fc
(3)

fc is the characteristic force needed to break a bond, Fdrag

[Fdrag � 6
�a1Veff(1 � �)] is the drag force, and Veff(��,
��) is the relative velocity at the instant of collision at ��,
��. The very rapid bond loading rates of 5–150 pN/ms at
G � 100–3000 s�1 help justify the simplified but useful
model of bond breakage characterized by a single parame-
ter, fc (see Appendix I). The swept collision area, Acoll, is
calculated by considering that there is an initial contact area
(A0) between the aggregates at the instant of contact at ��,
�� (defined by particle roughness overlap), which increases
modestly as the approaching particle progresses around the
target to a position of � � 0 while a growing contact area
Acoll for bond formation is swept out (Fig. 1 B). At � � 0 the
doublet experiences maximum shear and must satisfy the
force criterion in Eq. 3 to reside within �r. The value of A0

is 16.11 �m2 based on 400-nm roughness, whereas Gold-
smith et al. (1981) have imaged the contact in a rotating
neutrophil doublet at low shear of 7.5 s�1 to have a diameter
of 4.2 �m and an area of 14 �m2. For a nearly head-on
collision the value of Acoll grows to 29.3 �m2 at � � 0.
Collision time, �, is the time needed to sweep the collision
area and is estimated by calculating the characteristic dis-
tance and velocity along the direction of approach of par-

ticles for each collision at ��, �� on the target surface. The
geometrical considerations used to calculate Acoll and � have
been discussed by Tandon and Diamond (1997) (see Ap-
pendix II). As described by Tandon and Diamond (1997),
the concept of the swept area allows the contact area to
grow during the collision because of the cells’ deformation
(smearing/sweeping) over each other from the instant of
contact (at ��, ��) to � � 0, when the “swept” contact area
between the doublet is exposed to maximum shearing
stresses extremely rapidly. In reality, there are compressive
forces on the doublet due to normal forces as the doublet
rotates during the collision. This compression would in-
crease the contact area, especially for nearly head-on colli-
sions and less so for glancing collisions—this dependence is
captured to a first approximation in the calculation of Acoll.

The rate of formation of receptor-mediated bonds per unit
area is calculated using the formalism of Bell (1979):

dNb

dt
	 2kf	Nrec, i
	Nrec, j
  krNb (4)

where kf and kr are the forward and reverse rate constants
for the bond formation, and Nrec,i and Nrec,j are the number
of active receptors i and j per unit area on the opposing
colliding aggregate surfaces. For integrin-mediated binding,
the reverse rate constant is considered to be very slow
(t1/2 � 10 s) and is taken to be zero, whereas kr for
L-selectin-mediated binding is calculated based on the half-
life of 10 ms (see Results), consistent with high-speed
imaging of a 14-ms pause time of neutrophil rolling on
PSGL-1 (Smith et al., 1997). Following Bell’s formalism
(1981), the rate constant kf is estimated from the diffusion
limit rate of association of receptors in two dimensions as

kf 	 � � �2
	Di � Dj
� 	Di 	 Dj
 (5)

where � is the effectiveness factor and Di and Dj are the
diffusion constant of receptors on the opposing membranes.
A value of kf (and thus �) is determined by matching the
value �r�h with the experimentally determined value of the
overall efficiency relative to the Smoluchowski frequency.

Integrin-mediated aggregation

In the absence of L-selectin, the neutrophil aggregation at
low G can be mediated by LFA-1 binding ICAM-3 and
Mac-1 binding a putative ICAM-3-like receptor whose
number and strength are identical to those of ICAM-3.
Up-regulation of �2-integrins has been modeled considering
that Mac-1 and LFA receptors are in the ratio 4:15, with
their total numbers per neutrophil increasing linearly from
1583/cell (8.33% of maximally active) at 0 s to 6333/cell
(33.33% of maximally active) at 25 s and increasing linearly
again to 10,856/cell (57% of maximally active) at 100 s, in
accordance with the flow cytometer data of Taylor et al.
(1996) for 1 �M fMLP stimulation of neutrophils at t � 0
s. The 100% maximum activity of LFA-1 and Mac-1 was
taken as 10% of the maximum antigenic level (150,000
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Mac-1/neutrophil; 40,000 LFA-1/neutrophil) (Diamond and
Springer, 1993). The number of ICAM-3 receptors was
considered to remain constant at 50,000/neutrophil at the
early times before disaggregation begins after �100 s. The
rate of bond formation per unit area for integrin mediated
aggregation is given as

dN b
intg

dt
	 2kf

intg	NLFA�1	t

	NICAM�3


�2kf
intg	NMac�1	t

	N“ICAM�3”


kf
intg 	 �intg � �2
	Di � Dj
� (6)

Aggregation mediated by selectin and
integrins simultaneously

Neutrophil aggregation mediated by L-selectin binding with
PSGL-1 in conjunction with integrins has been modeled
considering 50,000 L-selectin and 10,000 PSGL-1 dimer
receptors per neutrophil, using the data of Moore et al.
(1991) as an upper estimate of PSGL-1 (20,000 per cell) and
dividing by a factor of 2 for the role of P-selectin multimers
in the measurement. The rate of formation of selectin bonds
per unit area is given as

dN b
sel

dt
	 2kf

sel	NL�Selectin
	NPGSL�1
  kr
sel	N b

sel


kf
sel 	 �sel � �2
	Di � Dj
�; kr

sel 	 ln 2/t1/2 (7)

For this case of binding through multiple receptors, the total
drag force is distributed among the bonds as

F drag
intg 	

N b
intg

N b
intg � N b

sel Fdrag and F drag
sel 	

N b
sel

N b
intg � N b

sel Fdrag

(8)

and the critical number of bonds needed to hold the collid-
ing aggregates by selectin and integrins is calculated as

N crit
intg 	

F drag
intg

f c
intg and N crit

sel 	
F drag

sel

f c
sel (9)

Two aggregates brought together by the shearing flow are
held together if

�0
� Acoll	dN b

intg/dt
 dt

N crit
intg �

�0
� Acoll	dN b

sel/dt
 dt

N crit
sel � 1 (10)

However, if the above criterion is not strictly satisfied
during the duration � of the primary collision, any doublet
with at least a single L-selectin–PSGL-1 bond is allowed to
rotate as a metastable aggregate under the action of the
shear flow. This is equivalent to introducing an ensemble-
averaged contribution of L-selectin stochastic behavior
needed to model the experimental data (see Results and
Discussion). The rotation of the aggregates provides extra
interaction time Ti for bonding to hold the colliding particles

together, i.e., integrals on the LHS of Eq. 10 are carried over
longer interaction times Ti, such that

Ti 	 � � nr�rot (11)

where nr is the number of rotations and �rot is the average
time of rotation, given by

�rot 	
5


6G
(12)

We calculate the functional behavior of nr(G) and Ti(G) by
matching the calculated collision efficiencies with the ones
observed for neutrophil aggregation in a cone-and-plate
viscometer (Taylor et al., 1996).

The efficiencies reported by Taylor et al. (1996), along
with their Smoluchowski-type expression (Eq. A1 in Taylor
et al., 1996, �G � (16G/3)[ri � rj]

3), do not match the
reported “% Aggregation” data when used with the popu-
lation balance equation. However, these reported efficien-
cies were consistent with a different expression used by
Neelamegham et al. (1997), where the Smoluchowski pre-
multiplier parameter had been taken to be 2/3 (Eq. 5 of
Neelamegham et al., 1997) instead of 16/3. For our defini-
tion of shear-induced collision of spheres following linear
trajectories without any hydrodynamic interaction, we use
the expression in Eq. 1 that is universally identified as the
Smoluchowski collision rate (Manley and Mason, 1952;
Swift and Friedlander, 1964; Chang and Robertson, 1976;
Friedlander, 1977; Bell et al., 1989a; Williams and Loyalka,
1991; Huang and Hellums, 1993a; Tandon and Diamond,
1997), i.e., Eq. 1 in terms of particle radii as �G � (4G/3)
[ri � rj]

3. Based on this relation, using methods discussed
above, we matched the predicted efficiencies to the cor-
rected measured collision efficiencies, which are one-half
the values reported in figure 5c of Taylor et al. (1996). The
reported values of the efficiency in Taylor et al. (1996) can
be obtained using the nonstandard premultiplier of 16/3 and
using the diameter of the neutrophil as its radius. To match
the time-averaged efficiencies of experiment, the average
collision efficiency, ��, over the first 30 s is calculated by
integrating the overall collision efficiency �r�h(�, t) over
t � 0–30 s and � � 0.55–1.

RESULTS

Selectin- and integrin-mediated cell interactions are largely
studied by observations of neutrophils skipping, rolling, and
arresting on endothelium or defined surfaces (Lawrence and
Springer, 1991). The rheological dynamics of the contact
area in neutrophil aggregation in shear flow may be some-
what different from those found in rolling adhesion exper-
iments. We have explored neutrophil homoaggregation me-
diated by �2-integrins and L-selectin accounting for two-
body collision hydrodynamics, multiple receptor
interactions, and time-dependent stoichiometries of the re-
ceptors. Neutrophil aggregation data were analyzed for the

Tandon and Diamond Neutrophil Aggregation in Shear Flow 3167



shear rates of 100 s�1 to 3000 s�1 for the set of parameters
in Table 1.

Integrin-mediated aggregation

In Fig. 2, we show one quadrant of the far upstream cross
sections for the case of neutrophil aggregation mediated by
integrins (LFA binding ICAM-3 and Mac-1 binding a pu-
tative ICAM-3-like receptor) at G � 100 s�1. If two neu-
trophils of radius a1 and a2 follow linear trajectories without
any hydrodynamic interactions (Smoluchowski collision
theory), the far upstream area (marked as �G in Fig. 2) is a
circle of radius (a1 � a2). However, when hydrodynamic
interactions between the colliding aggregates are included,
only particles flowing through the cross section marked as
�h are capable of coming into contact with the target parti-
cle, whereas the others actually flow around the target
without collision because of hydrodynamic interactions.
Smoluchowski theory overpredicts the collision frequency
and is corrected by the hydrodynamic efficiency, �h (defined
as the expected collision rate including hydrodynamic ef-
fects normalized with Smoluchowski collision rate). At G �
100 s�1 and a neutrophil concentration of 106/ml, the initial
collision kernel (�h�G) with hydrodynamic interaction is
41,119 (�m)3/s for singlet-singlet interaction (�h � 0.731).
For 106 neutrophils/ml, the initial collision rate at G � 100
s�1 based on �h�G is 20,560 collisions/ml/s. Thus aggrega-
tion data from experiments contain a wealth of data aver-
aged over more than 100,000 collisions, thus justifying the
ensemble-averaged kinetic formalisms of Eq. 4. To calcu-
late these efficiencies, the neutrophil surface roughness was
set at 400 nm (length of the neutrophil microvilli), the
distance within which the aggregates must approach each
other for a collision to take place (or the jump-off from the

particle surface for starting the back-integration of the tra-
jectory equations). In Fig. 2, only the particles flowing
through the successful collision area (�r) are the ones that hit
the target at an appropriate ��, �� and have enough time to
form enough �2-integrin bonds (kf � 1.57 � 10�12 cm2/s or
�intg

LFA1 � �intg
Mac1 � 0.00125 for Di � Dj � 10�10 cm2/s) for

successful aggregation. The flux through this cross section
is used to calculate the overall efficiency of aggregation,
�r�h, relative to the Smoluchowski frequency �G.

The overall efficiency for integrin-mediated neutrophil
aggregation at low shear rates between 100 and 400 s�1 as
a function of time because of up-regulation of Mac-1 and
LFA receptor numbers for singlet-singlet (� � 1) and sin-
glet-sixmer interactions (� � 0.55) are shown in Fig. 3 A.
To calculate these efficiencies, a single value for the
�2-integrin effectiveness factors kf � 1.57 � 10�12 cm2/s
(�intg

LFA1 � �intg
Mac1 � 0.00125 for Di � Dj � 10�10 cm2/s) was

used over the range of shear rates such that the predicted
time-averaged overall efficiencies were in good agreement
with the (corrected) observed efficiencies of neutrophil ag-
gregation (Taylor et al., 1996) (Fig. 3 B). Interestingly, this

TABLE 1 Parameters for neutrophil aggregation

Parameter Value Reference

Neutrophil
concentration

106/ml Taylor et al. (1996)

Neutrophil radius 3.75 �m Neelamegham et al. (1997)
Hammer and Apte (1992)

Neutrophil surface
area

176.71 �m2 4
r2

Neutrophil volume 220.89 �m3 4
r3/3
�2-integrin bond

strength
5 �dynes Bell (1981), Lauffenburger

and Linderman (1993)
Diffusion constant of

receptors
10�10 cm2/s Bell (1979)

Mac-1 per neutrophil 150,000 Diamond and Springer (1993)
LFA-1 per neutrophil 40,000 Taylor et al. (1996), Granger

and Schmid-Schonbein
(1993)

ICAM-3 per
neutrophil

50,000 Granger and Schmid-
Schonbein (1993)

PGSL-1 per
neutrophil

10,000 Moore et al. (1991)

L-selectin per
neutrophil

50,000 Taylor et al. (1996)

FIGURE 2 Smoluchowski (�G), hydrodynamic (�h), and successful re-
ceptor aggregation (�r) far upstream cross section for neutrophil singlet-
singlet collisions mediated by 10,855 integrins/cell (LFA-1, 2285/cell;
Mac-1, 8570/cell) at 100 s post-fMLP activation without L-selectin at a
shear rate of G � 100 s�1 and viscosity of 0.75 cP. The Smoluchowski
upstream area is calculated considering neutrophils following linear tra-
jectories, and the hydrodynamic collision area is determined from detailed
hydrodynamics interactions between colliding aggregates. Whereas the
particle flux through the hydrodynamic cross section represents the colli-
sion rate between aggregates of radii a1 and a2, the fraction of these
collisions that is successful is represented by the particle flux through the
�r upstream cross-sectional area. For calculating the cross-sectional area for
successful aggregation, the effectiveness factor of �2-integrin interaction
was taken to be �LFA-ICAM3 � �MAC1-“ICAM3” � 0.00125. For comparison,
the receptor cross section for integrin-mediated aggregation is shown for
neutrophils at 25 s post-fMLP activation when only 6333 active integrins
(LFA-1 � Mac-1) per cell are present.
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forward rate constant is in agreement with the estimate of
10�12 cm2/s of Shao and Hochmuth (1997) for neutrophil
CD18 binding to an anti-CD18-coated bead controlled by
micromanipulation. With kf � 1.57 � 10�12 cm2/s as an
estimate of the rate processes of the integrins at low shear
rate of 100 s�1, where L-selectin has little role in facilitating
aggregation, it is possible to explore the utility of this
kinetic parameter in describing aggregation at higher shear
rates under conditions when L-selectin is antagonized with
anti-L-selectin antibody. Consistent with the role of primary
collisions (thus excluding secondary orbits or rotation of
metastable doublets) as the dominant interaction mechanism
for integrin mediated aggregation, kf � 1.57 � 10�12 cm2/s
(�intg � 0.00125) predicted the nearly hundredfold decrease
in the measured, time-averaged collision efficiency as the
shear rate increased from G � 100 to G � 800 s�1 (Fig. 3
B). The calculated time-averaged overall efficiencies �� were
used with the population balance equation (Eq. 1) to predict
the evolution of aggregate number densities of different
sizes. The calculated number densities as a function of time
were then used to calculate the “% Aggregation Function,”
defined as (Taylor et al., 1996)

% Aggregation

	 �1 
S

S � 2D � 3T � 4Q � 5P � 6Sx��
(13)

where the neutrophil aggregate number densities are given
by S � singlets, D � doublets, T � triplets, Q � quartets,
P � pentuplets, and Sx� � sextuplets and larger aggregates.
The calculated evolution of “% Aggregation Function” is
shown in Fig. 3 C for shear rates of 100, 200, and 400 s�1.
Also shown in the plot is the observed “% Aggregation” at
different times in the neutrophil aggregation experiments of
Taylor et al. (1996). The predictions and experiments are
seen to be in good agreement within a few percent of
aggregation at 10 and 30 s.

An additional and independent method for estimating the
value of �intg is to apply the condition of colloidal stability
for unstimulated neutrophils that have a low but finite
number of active �2-integrins. In this approach (Tandon and
Diamond, 1997), the head-on collision at �� � �� � 
/2 at
the stagnation point on the back side of the target particle
due to the collapsing orbit of a secondary collision will have

the apparent integrin rate constant kf was calculated to be 1.57 � 10�12

cm2/s. Successful collision efficiency averaged over the first 30 s and size
ratio parameter, �, for integrin-mediated aggregation is shown in B. Also
shown in the figures are the collision efficiencies for integrin-mediated
neutrophil aggregation observed in the experiments of Taylor et al. (1996).
In C, the calculated overall successful efficiencies (�r�h) are used in a
population balance to predict the evolution of number densities of neutro-
phil aggregates of different sizes. These have been used to calculate the “%
Aggregation Function” and are reported for different shear rates along with
the observed evolution of “% Aggregation Function” for integrin-mediated
neutrophil aggregation in the experiments of Taylor et al. (1996).

FIGURE 3 The evolution of successful collision efficiency (�r�h) as a
function of time (in accordance with the up-regulation of integrin receptor
numbers with time) for the first 100 s for integrin (LFA-1 � Mac-1)-
mediated neutrophil aggregation at different shear rates is shown in A for
singlet-singlet (� � 1) and singlet-sixmer (� � 0.55) collisions. The value
of the effectiveness factor of integrin–ICAM3 interaction was taken to be
�LFA-ICAM3 � �MAC1-ICAM3 � 0.00125. For this value of �intg � 0.00125,
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the maximum time for bond formation and is assigned a
value of kf-max such that the criterion in Eq. 10 is just
satisfied. All collisions except perfect head-on collisions
achieved by secondary collision fail to provide successful
aggregation. In Table 2, we report the values kf-max for
which the population of unactivated neutrophils will be just
stable for different values of active receptor concentrations
(from 20 to 400 active LFA-1 and 75 to 1500 active Mac-
1/neutrophil) on the unstimulated neutrophil surface at a
shear rate of 50 s�1. We found that the estimated values of
kf-max for colloidal stability are in the same range as the
value of kf determined to predict the aggregation data of
Taylor et al. (1996) in Fig. 3 B. At G � 50 s�1, neutrophils
with up to �600 active �2-integrin receptors will fail to
aggregate for kf � 1.57 � 10�12 cm2/s. Once more than
�4% of the maximum concentrations of active Mac-1 and
LFA-1 are exposed, corresponding to only 0.4% of the total
CD11a and CD11b antigen levels, the cells are predicted to
aggregate, albeit slowly.

L-Selectin-mediated interactions

Neutrophil aggregation mediated simultaneously by �2-in-
tegrins and L-selectin displays extremely complex behav-
iors. Facilitation of neutrophil aggregation by L-selectin
involves its binding to PSGL-1 dimer receptors on the
surface of the opposing neutrophil. There are �50,000
L-selectin and �10,000 PSGL-1 receptors per neutrophil.
L-selectin alone is not sufficient to mediate aggregation.
However, in the presence of �2-integrins, L-selectin causes
a marked enhancement of aggregation (Taylor et al., 1996),
especially at G � 400 s�1. The rapid formation of short-
lived L-selectin bonds is considered to facilitate the slower
but more stable integrin bonding as aggregation proceeds in
a shear field. Metastable aggregates held together by L-

selectin likely rotate in the shear field and have more time
for formation of the integrin bonds needed to hold the
aggregates together in a stable manner. We do not consider
disaggregation processes due to receptor shedding or down-
regulation in the first 30 s.

To estimate the parameters (kf
sel, kr

sel, f c
sel) needed to

model L-selectin–PSGL-1 binding, we calculated the over-
all efficiency, �r�h, for singlet-singlet interaction (� � 1)
mediated by L-selectin alone at G � 100 s�1, for various
combinations of these parameters (Table 3). It is known that
L-selectin does not mediate appreciable aggregation by it-
self. The half-life of the L-selectin–PSGL-1 bond has re-
cently been reported to be �10–15 ms (Smith et al., 1997)
as measured by high-speed imaging of rolling neutrophils
on PSGL-1, although longer half-lives of �150 ms are
observed if imaged at video rates (Alon et al., 1997). For the
half-life of L-selectin–PGSL of 10 ms and kf

sel equal to
kf

intg, a value of f c
sel of 1 �dyne resulted in essentially no

aggregation (� � 0.001), consistent with experimental ob-
servations of colloidal stability of resting isolated neutro-
phils. We have used these values to model selectin-mediated
neutrophil aggregation. Values of kf

sel � kf
intg are less likely

(but not impossible), given the kinetic advantage of mi-
crovilli presentation of L-selectin. Interestingly, Shao and
Hochmuth (1997) reported that neutrophil L-selectin and
CD18 bind to anti-L-selectin and anti-CD18 on beads, re-
spectively, at similar on rates. At values of kf

sel � 1.57 �
10�12 cm2/s and fc

sel � 1 �dyne, half-lives of 100 ms and
1000 ms will result in appreciable aggregation (� � 0.001)
of resting neutrophils. Similarly, if the selectin forward rate
constant is 5 or 10 times faster than that of kf

intg, for
nonappreciable aggregation of resting neutrophils, the se-
lectin bond strength would need to be on the order of 0.1
�dynes (1 pN), a value too small to be likely (for short
durations under stress) based on the micromanipulation data
and rolling adhesion data that are available for the L-
selectin bond strength.

L-selectin- and �2-integrin-mediated aggregation

In Fig. 4, we show the far upstream cross section for
primary collisions for aggregation mediated by integrins
and L-selectin simultaneously at G � 400 s�1. The overall
efficiency, �r�h, corresponding to the �r primary collision
cross section relative to �G substantially underpredicts the
observed efficiencies of Taylor et al. (1996). Also shown in
Fig. 4 is the upstream cross section for all primary collisions
that result in at least one L-selectin bond, the flux through
which would substantially overestimate the measured effi-
ciency. This is seen in Fig. 5 A for the efficiency for primary
collisions (nr � 0) and for the efficiency for all primary
collisions with at least one L-selectin bond (nr � ). In our
calculations, we estimate the average rotation number of
metastable aggregates needed for a given shear rate to
match the collision efficiencies of neutrophil aggregation
observed in the experiments of Taylor et al. (1996). In Fig. 5

TABLE 2 Value of effectiveness factor, �intg, at which the
neutrophil populations are just stable for increasing numbers
of LFA-1 � Mac-1 receptors on the neutrophil surface

% of maximally active
LFA-1 plus Mac-1 �max

kf-max � 1012

(cm2/s)

0.5 0.006 7.54
1 0.003 3.77
2 0.001 1.26
3 nonaggregating 0.001 1.26

4 aggregating 0.0007 0.88
5 0.0006 0.75
6 0.0005 0.63
7 0.0004 0.50
8 0.0003 0.38
9 0.0003 0.38
10 0.0003 0.38

The total number of maximally active Mac-1 and LFA-1 are 19,000/
neutrophil, corresponding to 10% of the total surface antigen concentration
for LFA-1 and Mac-1 (40,000 LFA-1 and 150,000 Mac-1). At G � 50 s�1,
neutrophils with up to �600 active �2-integrin receptors will fail to
aggregate for �intg � 0.00125.
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A, we present the time-averaged overall collision efficiency
�r�h for different average rotation numbers nr in the shear
rate range between 100 and 3000 s�1 and at a buffer
viscosity of 0.75 cP. Also shown in the plot are the cor-
rected collision efficiencies observed in the experiments of
Taylor et al. (1996). Whereas at the lowest shear rates (100
s�1 and 200 s�1) the observed efficiencies could be
matched by primary collision phenomena that result in shear
stable aggregates, longer interaction times requiring doublet
rotation are needed to explain the observed efficiencies for
shear rates of 400 s�1 and above. The number of rotations
is calculated to increase from 8 to 50 as the shear rate
increases from 400 to 3000 s�1. The corresponding effi-
ciencies for different rotation numbers nr(G) and at different
shear rates at the higher viscosity of 1.7 cP are shown in Fig.
5 B. Based on Fig. 5, A and B, average roll numbers, nr(G),
were calculated as a function of shear rate such that the
predicted efficiencies matched the observed collision effi-
ciencies. The calculated average roll numbers, nr(G), and
average interaction time, Ti(G) � nr(G) � �rot, where �rot �
5
/6G for buffer viscosities of 0.75 cP and 1.7 cP, are
plotted in Fig. 5 C. Interestingly, the number of rotations
was seen to be largely insensitive to a 2.27-fold increase in
buffer viscosity and a consequent increase in the drag force
on the aggregates. The calculated interaction times were
almost constant, falling in the narrow range of 44 and 65 ms
(52.53 � 8.5, n � 8) for shear rates between 400 s�1 and
3000 s�1 and for buffer viscosities of 0.75 cP and 1.7 cP.
This interaction time may reflect a characteristic time when
L-selectin bonding is essentially at equilibrium in the con-
tact area or when integrin bonding can stabilize a firm

adhesion. In our calculation of selectin-facilitated aggrega-
tion, 95.3% and 98.9% of the L-selectin–PSGL-1 bonds at
equilibrium will be formed at 44 and 65 ms, respectively
(Fig. 5 D). At equilibrium, we predict that only 0.025% of
L-selectin is actually bound (13 bonds) in the contact area of
29.3 �m2. The 50-ms interaction time may also represent
several half-lives for a group of L-selectin bonds to decay to
stochastic levels (0, 1, or 2 bonds).

With the values of nr(G) and interaction time Ti � nr(G) �
�rot that predict the measured collision efficiencies of acti-
vated neutrophils through L-selectin, LFA-1, and Mac-1
interactions (Fig. 5 C), it is possible to predict the extent of
aggregation that exists at a given shear rate when one of the
integrins is blocked by antibody. At G � 400 s�1, a total of
eight rotations was required for the activated neutrophil to
aggregate at the measured efficiency in the absence of any
blocking antibodies (Fig. 5 A). When blocking antibody
against LFA-1 is present (Fig. 6), the collision efficiency at
400 s�1 is reduced only slightly, and the percentage aggre-
gation facilitated by L-selectin is impaired by only a few
percent, both in the experiments of Taylor et al. (1996) as
well as in the simulation using nr(G � 400 s�1) � 8 without
LFA-1. It is likely that the kf of Mac-1 is slightly overesti-
mated, but a more refined determination of the Mac-1
forward rate constant would be justified when the counter-
receptor is known or both L-selectin and LFA-1 are antag-
onized in concert. When blocking antibody against Mac-1 is
present, the percentage aggregation that is facilitated by
L-selectin is impaired more dramatically in the experiments

TABLE 3 Sensitivity of the overall efficiency (�r�h) to
different parameters for the L-selectin–PSGL-1 bond (kf

sel,
kr

sel, fc
sel)

kf
L-sel

fc
(�dynes)

Efficiency (� � 1)

t1/2 � 10
ms

t1/2 � 100
ms

t1/2 � 1000
ms

1 � kf
intg 0.1 �0.001 �0.001 �0.001

0.5 �0.001 0.0136 0.0202
1.0 �0.001 0.0942 0.105
5.0 0.142 0.346 0.381

5 � kf
intg 0.1 �0.001 0.0136 0.0202

0.5 0.130 0.27 0.29
1.0 0.290 0.414 0.414
5.0 0.563 0.594 0.609

10 � kf
intg 0.1 0.006 0.094 0.105

0.5 0.290 0.414 0.414
1.0 0.449 0.510 0.510
5.0 0.646 0.650 0.650

kf
intg � 1.57 � 1012 cm2/s (�intg � 0.00125).

The fact that resting neutrophils do not aggregate in a shear field requires
�r�h � 0.001 as a condition of colloidal stability. The combination of kf

sel �
1.57 � 10�12 cm2/s, f c

sel � 1 �dyne, and t1/2 � 10 ms was seen to be
consistent with the experimental observation of no aggregation of resting
neutrophils. This set was used to model neutrophil aggregation with
contributions by L-selectins.

FIGURE 4 Smoluchowski (�G), hydrodynamic (�h), and successful re-
ceptor upstream (�r) cross-sectional area for the case of neutrophil aggre-
gation mediated by selectin and integrin simultaneously is shown for G �
400 s�1. Only particles flowing through the area denoted �r provide
sufficient time to form enough bonds during primary collision to hold the
colliding neutrophils together. Also shown in the figure is the cross section
for all collisions that result in at least one L-selectin bond (�r, nr � ).
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of Taylor et al. (1996) and in the simulation using nr(G �
400 s�1) � 8 without Mac-1. Over the first 30 s of aggre-
gation at 400 s�1, when metastable aggregates rotate eight
times on average, the model predicted aggregate formation
in the presence of L-selectin with 1) both LFA-1 and Mac-1,
2) LFA-1 alone, or 3) Mac-1 alone. Even in the presence of
L-selectin facilitation of doublet formation at 400 s�1, the
kinetics and strengths of the individual integrin contribu-
tions in Fig. 6 are accurately predicted on the basis of
integrin properties obtained independently of L-selectin
(Fig. 3 B).

The calculated efficiencies were used in a population
balance framework to predict the evolution of number den-
sities of aggregates of different sizes. We present the num-
ber densities for the first 35 s at G � 800 s�1 in Fig. 7. Our
predictions were in agreement with the flow cytometry
measurements of Neelamegham et al. (1997) for the first
10 s but tended to underpredict the number densities for
aggregates with sizes smaller than sextuplets at times
greater than 30 s. This underprediction can be explained by
disaggregation of the largest aggregation bin (6�). The
largest aggregates (6�) may have increased lability and
sensitivity to hydrodynamic forces in the experiment that
are not accounted for in the model in Eq. 1c.

L-selectin- and �2-integrin-mediated aggregation
at G � 100 s�1

The experimentally observed aggregation of activated neu-
trophils at 100 s�1 is unusually inefficient (� � 0.1) com-
pared to that observed at G � 400 s�1, where � � 0.4 (see
Fig. 5, A and B) (Taylor et al., 1996). As Taylor et al. (1996)
indicate, this likely involves cell deformation or enhanced

FIGURE 7 The evolution of number densities of neutrophil aggregates
of different sizes for neutrophil aggregation at 800 s�1 in the presence of
L-selectin is shown along with the observed number densities in the cone
and plate viscometer neutrophil aggregation data of Neelamegham et al.
(1997).

FIGURE 6 The predicted evolution of “% Aggregation” at G � 400 s�1

(nr(G) � 8) for activated neutrophil or when LFA-1 or Mac-1 was blocked
by anti-CD11a or anti-CD11b. Also shown in the figure is the observed %
Aggregation in experiments of Taylor et al. (1996), for aggregation without
antibody (■), with antiCD11a (F), and with antiCD11b (}).

FIGURE 5 Calculated overall efficiency (�r�h) for activated neutrophil as a function of shear rate for primary collisions and different number of rotations
(nr) for aggregation mediated by �2-integrins and selectin simultaneously at the fluid viscosity of 0.75 cP (A) or 1.7 cP (B). Also shown in the plots are
the observed collision efficiencies (Taylor et al., 1996). In C, the number of rotations (circles) and the interaction times (squares) (Ti � number of
rotations � rotation time) were obtained by matching the calculated efficiencies with the observed collision efficiencies at each shear rate from A for 0.75
cP viscosity (open symbols) and from B for 1.7 cP (solid symbols). The observed interaction time (�50–60 ms) corresponds to a characteristic time when
L-selectin–PSGL-1 bonding is at 95% of equilibrium (D).
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microvilli delivery to the contact area, as in Finger et al.
(1996) and Lawrence et al. (1997), and is not expected on
classical kinetic considerations, because bonds have the
most time to form during the primary collision at G � 100
s�1. At higher G, the force of compression during doublet
rotation is increased (see Appendix I). In Fig. 8, we present
simulations of aggregation involving L-selectin, Mac-1, and
LFA-1 at G � 100 s�1. If L-selectin can bond at the rate
observed in high shear experiments of G � 400 s�1, then
aggregation is significantly overpredicted for interaction
times of �50 ms (nr � 1) or for aggregation mediated only
by primary collision (nr � 0). This can be seen in the overall
efficiencies given in Fig. 5 A at G � 100 s�1, where primary
collisions and one rotation both overpredict the measured
value. If L-selectin bonding is neglected (kf

sel � 0), then
aggregation at G � 100 s�1 of activated neutrophils without
blocking antibodies or with anti-LFA-1 is accurately pre-
dicted; however, aggregation with anti-Mac-1 present is
underpredicted (Fig. 8). At G � 100 s�1, the simulations
indicate that L-selectin bonding is not fully functional (Fin-
ger et al., 1996; Taylor et al., 1996; Lawrence et al., 1997)
at the rate seen at G � 400 s�1 (Fig. 5 C). We predict that
it may be possible to observe the attenuated contribution of
L-selectin at G � 100 s�1 if Mac-1 is antagonized in the
presence and absence of L-selectin antagonism. Without
Mac-1 antagonism, the relatively small L-selectin contribu-
tions are largely masked by the sufficient Mac-1 mediation

of aggregation during the primary collision at G � 100 s�1.
The simulations indicate that above 400 s�1, L-selectin is
fully functional, and the observed maximum (Taylor et al.,
1996) in efficiency in Fig. 5, A and B, is due to a shift from
aggregation mediated by primary collisions (where L-selec-
tin activity is attenuated) to aggregation mediated by L-
selectin facilitation of metastable aggregates that rotate for
�50 ms at G � 400 s�1. The attenuation of L-selectin
function at G � 400 s�1 corresponds to about a twofold
reduction in kf

sel to predict the observed LFA-1-mediated
aggregation in the presence of active L-selectin, but with
Mac-1 antagonism (simulation not shown).

DISCUSSION

For an apparent kf
intg � 1.57 � 10�12 cm2/s (�intg �

0.00125), we were able to predict the collision efficiencies
of neutrophil aggregation mediated by only �2-integrins
(Mac-1 and LFA-1), which were consistent with the effi-
ciencies observed in the experimental setup of Taylor et al.
(1996) for shear rates between 100 and 800 s�1. For the case
of aggregation in the presence of L-selectin at G � 400 s�1,
we calculate that metastable aggregates are formed that
rotate for �50 ms under the influence of the flow field,
providing more time for binding. We found that the average
interaction time (number of rotations � time of rotation)
was between 45 and 65 ms, largely independent of the shear
rate and buffer viscosity. This characteristic time may re-
flect a characteristic time for L-selectin–PSGL-1 bonding to
equilibrate. In Table 4, we summarize the calculated kinet-
ics and strength of a different set of receptors that predict
the measured neutrophil aggregation under flow conditions.
We calculate that the aggregation of neutrophils at low
shear rate (G � 400 s�1) likely proceeds by primary colli-
sions. As the shear rate increases, L-selectin becomes fully
functional, to allow metastable aggregates to rotate for �50
ms to become stable by �2-integrin bonding.

Selectin bonding is stochastic and displays significant
shear stress dependency, both in the probability of bond
formation and in the probability of bond breakage. As a
deterministic model, the three-parameter model for L-selec-
tin function (kr, kf, fc) did not simultaneously predict all four
criteria imposed by experimental observation: 1) unacti-
vated neutrophils do not aggregate in flow; 2) L-selectin
alone cannot mediate aggregation of activated neutrophils;
3) L-selectin enhances homoaggregation at all shear rates;
and 4) L-selectin function increases as the shear rate (or
shear stress) is increased. The three parameters describing
L-selectin were chosen to satisfy criteria 1 and 2, using kr

derived from direct experimental observation of Smith et al.
(1997). Criterion 3 required relaxation of the force criterion
(Eq. 10) at the end of the primary collision by allowing
doublets that merely satisfy a kinetic criterion of the pri-
mary collision (number of L-selectin bonds � 1 from Eq. 7)
to survive transiently for some longer interaction time Ti

(Eq. 11). These metastable doublets must satisfy or fail to

FIGURE 8 The predicted evolution (——) of “% Aggregation” in the
absence of L-selectin at G � 100 s�1 for activated neutrophil or when
LFA-1 or Mac-1 was blocked by anti-CD11a or anti-CD11b. Also shown
in the figure is the observed % Aggregation in experiments of Taylor et al.
(1996), for aggregation without antibody (■), with antiCD11a (F), and
with antiCD11b (}). If L-selectin can bond at the rate observed at high
shear experiments of G � 400 s�1, then aggregation is significantly
overpredicted for primary collisions (nr � 0) or one rotation (nr � 1, –––).
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satisfy the force criterion (Eq. 10) imposed at some later
interaction time Ti. This four-parameter model of selectin
function corresponds to introducing the ensemble average
of a stochastic process. It was remarkable to observe that a
single interaction time of �50 ms described the aggregation
phenomena observed between G � 400 and 3000 s�1.
Ideally, a stochastic model, as in Chang and Hammer
(1996), that satisfies the above four criteria would yield a
mean doublet lifetime of 50 ms when averaged over the
distribution of collisions. No attempt was made to develop
a model to meet criterion 4.

With regard to criterion 4, we have found that reducing
the L-selectin kf by a factor of 2 can predict exactly the
neutrophil homoaggregation at G � 100 s�1 mediated by
L-selectin and LFA-1 (with anti-CD11b present). However,
at G � 100 s�1, reducing the L-selectin forward rate by half
overpredicted by �7 Percent Aggregation the Mac-1-medi-
ated aggregation at 90 s with anti-CD11a present and over-
predicted by �9 Percent Aggregation at 90 s the aggrega-
tion in the absence of any blocking Fab. Given that we
likely have slightly overestimated the kf of the Mac-1–
“ICAM-3” reaction as previously discussed in regard to Fig.
6 (also note the slight overprediction of � in Fig. 3 B at G �
100 s�1), these overpredictions in Percent Aggregation at
90 s would be reduced substantially by using a slightly
slower kf for the Mac-1–“ICAM-3” reaction. With distinct
values of kf for the LFA-1 and Mac-1 reactions and a
reduced kf for L-selectin (� kf/2), the model does provide
quantitative prediction for aggregation at G � 100 s�1

mediated by L-selectin � LFA-1 � Mac-1.
We have used the concept of a characteristic force to

break a bond to estimate the number of bonds needed to
hold the colliding aggregates together as originally pro-
posed by Bell (1981). In general, the number of bonds
needed is a complex function of loading rates, the time over
which the force is applied, and the nonuniform loading of
bonds (Chang and Hammer, 1996; Dembo et al., 1988).
However, when the loading rates are rapid enough (�1
pN/ms or higher), then the concept of an average charac-
teristic force needed to break a bond appears to be useful in
explaining some but not all of the average aggregation
properties of platelets and neutrophils in flow. For the case
of collisions between neutrophil singlets at G � 100 s�1,
forces and loading rates are calculated (Appendix I) to be on
the order of 10 pN and 5 pN/ms, respectively, suggesting
that the assumption of characteristic bond strength is a
reasonable one. The predicted forces and loading rates scale
linearly with increase in the shear rate. We made no attempt

to model the time-dependent force loading of a deformable
and variable-sized contact area held together by discrete
reversible bonds that can diffuse in the contact area. Thus
Eq. 10 contains the kinetics and mechanics of bond forma-
tion and disruption and utilizes a constant off rate for stressed
bonds. Whereas integrin function is well described by Eq. 10
(see Fig. 3), L-selectin function required an additional param-
eter, Ti, to predict the observed phenomena.

The theoretical approach developed for platelet �3 inte-
grin GPIIb/IIIa gave kf � 1.78 � 10�11 cm2/s (Tandon and
Diamond, 1997) when used to simulate platelet consump-
tion data of Bell et al. (1989a,b), whereas neutrophil �2

integrins were calculated to have kf � 1.57 � 10�12 cm2/s
in the absence of L-selectin interactions. Interestingly, the
calculated value of kf for �2 integrins is potentially under-
predicted and may be closer to the calculated platelet �3

value, because recent evidence (del Pozo et al., 1994) indi-
cates that ICAM-3 is slowly released by neutrophils over
several minutes, and its surface concentration is not kept
constant at larger times, as assumed in the present calcula-
tions. Moreover, the �3-integrin forward rate determination
assumed that plasma fibrinogen was instantaneously equil-
ibrated with active GPIIb/IIIa, which thus gives an upper
estimate of kf by reducing the amount of unbound GPIIb/
IIIa available for bonding. If �2 and �3 integrin association
rates are relatively similar in reality for neutrophils and
platelets, then the model successfully deconvoluted receptor
kinetics, stoichiometry, cell size, and hydrodynamics for
aggregation studies conducted with very different cell types
in different laboratories.

To calculate the L-selectin parameters (kf
sel, kr

sel, f c
sel) for

modeling L-selectin facilitation of aggregation, we have
used parameters based on the observation that resting neu-
trophils that present L-selectin and PSGL-1 do not aggre-
gate appreciably in flow. The half-life of the L-selectin–
PSGL-1 bond has been recently reported to be �14 ms
(Smith et al., 1997), as measured by high-speed imaging of
rolling neutrophils. This half-life is significantly smaller
than the half-life of a P-selectin–PSGL-1 bond (Alon et al.,
1995). For the half-life of L-selectin–PGSL of 10 ms and
kf

sel � kf
intg, a value of f c

sel of 1 �dyne predicted no aggre-
gation (� � 0.001), consistent with experimental observa-
tions of colloidal stability of resting neutrophils. At values
of kf

sel � kf
intg and f c

sel � 1 �dyne, half-lives of 100 ms and
1000 ms would result in appreciable aggregation. Evolu-
tionary pressure may select against L-selectin mutations that
provide for longer-lived L-selectin–PSGL-1 bonds (t1/2 �
100 ms), because the aggregation of resting neutrophils is

TABLE 4 Summary of neutrophil receptor kinetics

A B # A(t)/cell* # B/cell � kf (cm2/s)
kr

(s�1)
fc

(�dynes) Ṅb(t) (#/�m2/s)*

LFA-1 ICAM-3 333 3 2285 50000 0.00125 1.57 � 10�12 — 5 0.083 3 0.574
Mac-1 “ICAM-3” 1250 3 8570 50000 0.00125 1.57 � 10�12 — 5 0.311 3 2.13
L-selectin PGSL-1 50000 10000 0.00125 1.57 � 10�12 69.3 1 2.49

*Time-dependent values are given for t � 0� s to 100 s after 1 �M fMLP stimulation.
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highly disadvantageous. We have not explored the neutro-
phil colloidal stability criterion for kf

sel � kf
intg, because

selectins are recognized to form bonds faster than integrins
because of their presentation on the microvilli. Still, issues
of receptor number also influence the interpretation of se-
lectins as faster bonding molecules than integrins, espe-
cially in aggregation studies, where compression of the
doublet may give excellent membrane contact.

We have developed a method to systematically predict
the effects of hydrodynamics, �2-integrin, and L-selectin
bond formation and dissociation rates on the neutrophil
aggregation efficiency. The method is useful for deconvo-
luting fundamental reaction parameters and may provide
insight into neutrophil adhesion to the vessel wall under
flow. Neutrophil recruitment at the site of inflammation
involves neutrophil rolling on the cell surface, followed by
adhesion (Lawrence and Springer, 1991). Further capture of
additional flowing neutrophils by adherent neutrophils oc-
curs via L-selectin (Bargatze et al., 1994). We are now
extending these methods to develop tools for a better un-
derstanding of heterotypic aggregation between platelets
(Tandon and Diamond, 1997) and neutrophils in shear flow.

APPENDIX I: CALCULATION OF FORCES AND
LOADING RATES

To illustrate the forces and loading rates, we have used the formulation of
Tha and Goldsmith (1986) to calculate the forces (shear, normal, and total)
and loading rates for two sphere singlets acting as a doublet. The shear and
normal forces have been calculated to be (Tha and Goldsmith, 1986)

Fshear 	 �yz�Ga1
2�	cos 2�y cos �y


2 � 	cos �y sin �y

2�1/2

Fnormal 	 �x�Ga1
2 sin2 �z sin 2�z (A1)

where �yz and �x are reported in Tha and Goldsmith (1986) and �i and �i

are the azimuthal and radial angles with respect to the ith axis. Shear and
normal forces at G � 100 s�1 (� � 1), along with the loading rates, were
calculated for the angle �� � tan�1 (2 tan(
/6)) corresponding to the
average rotation time and are reported in Fig. 9.

Aggregates rotating as doublets experience these complex time varying
normal forces (Fnormal) and shear forces (Fshear) depending on the position
relative to the shear field and the plane of the rotation (Fig. 9). To
incorporate this information as part of the calculations would require
computationally intensive forward integration in time as the aggregate
rotates with the force laws applied at every position during rotation for
every combination of (��, ��). Because such calculations were not practi-
cal, we chose to use an average drag force (Fdrag) instead for our calcula-
tions. Fdrag is on the order of the total force acting on the aggregates and
has an implicit dependence on (��, ��) through Veff(��, ��).

APPENDIX II: CALCULATION OF COLLISION
TIME � AND COLLISION AREA Acoll

The collision � for a given collision initiated at ��, �� on the target surface
is calculated by defining a characteristic distance and velocity along the
direction of approach of particles at the instant of contact. It is thus
estimated to be

� 	
a1	1 � �
sin �� sin ��

vx
(A2)

where the x component of the velocity vx at the instant of contact is given
as a function of Vr, V�, V� as

vx 	 sin � sin �Vr � cos � sin �V� � cos �V�

at ��, ��
(A3)

To calculate the swept contact area Acoll, a roughness on the order of �r is
associated with the aggregates (400 nm for singlets). The magnitude of the
roughness dictates the initial contact area. The diameter of the contact area,
Dc, and initial contact area, A0, are calculated to be

Dc 	 2	a1 � �r
sin �1 and A0 	 
�Dc

2 �2

(A4)

FIGURE 9 Hydrodynamic forces Fshear, Fnormal, and Ftotal (A) and cor-
responding force loading rates dF/dt (B) for a doublet of equal sized
neutrophil rotating from � � �
/4 to 
/4 (C) in the � � �� plane at G �
100 s�1.
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where

�1 	 cos�1�	a1 � �r
2 � a1	a1 � 2a1� � 2�r


2	a1 � �r
	a1 � a1� � �r
 	 (A5)

The contact area diameter, Dc, multiplied by the swept arc length, gives
Acoll for collisions initiated at ��, �� and completed at � � 0 for a primary
collision:

Acoll 	 Dca1
	cos �
2 � 	sin � sin �
2 tan�1	tan � sin �

(A6)
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