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Event-Tracking Model of Adhesion Identifies
Load-Bearing Bonds in Rolling Leukocytes

MARIA K. POSPIESZALSKA,” ALEXANDER ZARBOCK.”" JOHN E. PICKARD.! AND
KLAUS LEY"

“Division of IIlﬂdInIIldll()ﬂ Biology, La Jolla Institute for Allergy and Immunology, La Jolla,
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Miinster, G(‘rmanx fRobert M. Berne Cardiovascular Research Center and D(‘partm(\nt of Bl()n](‘dl(‘d]

Engmeelmg., University of Virginia, Charlottesville, Virginia, USA

ABSTRACT

Objectives: P-sclectin binding to P-selectin gly (‘oprotein ligand-1 (PSGL-1) mediates leukocyte
rolling under conditions of inflammation and injury. The aims of this study were to develop an
efficient, high temporal resolution model for direct simulation of leukocyte rolling and conduct a
study of load -bearing bonds using the model.

Materials and Methods: A stochastic 7-calculus-driven event-tracking model of adhesion (ETMA)
was developed and compared with experimental data. Multiple simulations for each case were
conducted to obtain high-confidence numerical characteristics of leukocyte rolling.

Results: Leukocyte rolling and the underlying P SGL-1 bonds were studied under low
wall shear rate (25-50 s~ ') conditions from measured parameters of leukocyte rolling and bond
properties. For the first time, the location, number, lifetime, history, and kinetics of load-bearing
bonds and their influence on cell rolling were identified and instantaneous cell displacements,
translational and rotational velocities, and cell-substrate distances derived. The model explains the
commonly observed ““stop-start” type rolling behavior and reveals that a few load-bearing bonds are
sufficient to support rolling, while a large number of bonds dissociate before becoming load bearing.

Conclusions: ETMA provides a method for more precise, direct simulation of leukocyte rolling at

low wall shear rates and sets a foundation upon which further refinements can be introduced.

Microcirculation (2009) 16, 115-130. doi:10.1080/10739680302462792

Key worps: leukocyte recruitment, neutrophils, endothelium, molecular bonds, P-selectin, PSGL-1
modeling of leukoeyte rolling, pi-calculus, Gillespie’s algorithm, ETMA

Leukocytes are immune cells involved in host
defense. To reach sites of inflammation, leukocytes
roll along the vascular endothelium (lining the blood
vessel interior surface) by a series of molecular
bonds between the leukocyte and the endothelium
that rapidly form and dissociate. The bonds almost
balance the dispersive forces exerted on the leuko-
cyte by the flowing blood, such that each rolling
leukocyte travels at a fraction of its free-flow
velocity [1].

Human neutrophils, a type of leukocyte belonging to
the innate immune system, have surface ruffles,
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called microvilli (Figure 1A) [6,19], on which the
sialomucin P-selectin glycoprotein ligand-1 (PSGL-
1 or CD162) is expressed [34]. Most leukocyte
rolling is mediated by PSGL-1 binding to P-selectin
(CD62P) expressed on the inflammation-activated
endothelium (Figure 1B). A semianalytic computer
model of rolling has been developed bv Tozeren and
Ley [44], which was refined by Krasik and Hammer
[24]. A direct three-dimensional (3D) computer
model of cell rolling, adhesive dynamics (AD), was
introduced by Hammer and Apte [18], and greatly
developed over time by Hammer and his coworkers
[4.7.6,25]. They introduced a state diagram for
adhesion [8], selectin, and integrin interactions
[4,25], as well as bound state microvillus extension
and tether formation [7]. Yu and Shao [40]
discussed possible endothelial tether formation,
using a modified version of the AD model. Khisma-

tullin and Truskey [23] and Jadhav et al. [22]
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Figure 1. (A) Scanning electron micrograph of a human
neutrophil (from [19], with permission). (B) Microvilli in
the cell-substrate contact zone. There are two load-
bearing bonds (left), and one bond bearing no load
(middle). For simplicity, only one ligand per microvillus
tip is shown.

modeled whole leukocyte deformation, which for cell
rolling at high wall shear rates has been shown
experimentally to be a highly significant factor [9].
All the above models simulate cell rolling by using
fixed time intervals. An inherent limitation of such
models is that the bond formation and dissociation
events are implemented at the end of each time
interval, and the natural sequence of those events
during the time interval cannot be reconstructed.
Therefore, differences in cell behavior because of
particular sequences of events, cannot be identified.

Here, we develop a varying time interval, 3D, direct,
stochastic m-calculus—driven event-tracking model
of adhesion (ETMA) to capture the dynamics of, and
make predictions about, leukocyte rolling. E'TMA is
the first direct rolling model that implements bond
formation and dissociation events at the moment
when they occur, thus simulating the natural
sequence of consecutive events. Based on this model,
we present a case study of human neutrophils rolling
on a uniform substrate of P-selectin, such as may
exist in flow chamber systems. In this study, we
analyzed the formation and dissociation of bonds,
their temporal and spatial distributions, and how
they influence cell motion. In particular, we studied
bonds that become load bearing. The load-bearing
PSGL-1-P-selectin bonds are responsible for the
jerky “‘stop-start” motion seen in rolling. There is
extensive prior literature on computational
[4,7.8,18,22-25,44.40] and experimental studies
[6,26,27.30,31,360.43.,45] of leukocyte rolling. How-
ever, the load-bearing bonds—that is, bonds that
determine the leukocyte’s rolling behavior—have

not been rigorously identified and investigated. We
also examined how changes in wall shear rate, P-
selectin site densities, number of microvilli, and
temperature influence rolling. Finally, we compared
some of the predictions made by the computational
model with experimental data.

MATERIALS AND METHODS
Model Principles

Event-tracking modeling of biological processes
emerged as an application of Priami’s [38] stochas-
tic version of Milner’s [33] m-calculus theory. The
theory of Priami is suitable for a biological system in
which the reaction rates for all possible events at
each point in time are known. The basic idea of
stochastic m-calculus is to model the dynamic
behavior of the system on a race-condition basis.
All the possible events at a given point in time
compete for the next event by each declaring its time
of occurrence (the time is selected according to the
exponential distribution corresponding to the event’s
reaction rate), and the fastest event succeeds. The
winning event is implemented, and the race starts
again. The continuity of exponential distributions
ensures that the probability of having two simulta-
neous winner events is zero. The modeling pro-
gresses by varying time steps, dictated by the time
intervals between consecutive events. The ability of
tracking consecutive events independent of any
predefined time resolution makes the m-calculus-
driven based stochastic simulation highly accurate,
thus providing a better explanation of system
behavior.

The idea of a stochastic n-calculus—driven modeling
of cell adhesion was introduced by Lecca et al. [28].
Their model includes four different bond interac-
tions with constant reaction rates. Since Lecca’s
model does not consider the cell’s motion, only the
instantaneous numbers of bonds were studied in

[28].

Model Assumptions

The subject of our simulation was a human neu-
trophil rolling on P-selectin. The physiological and
biophysical parameters of the process, selected
based on [2,3,6,10,11,17,29,32.34,35,37,40.42,
47], are listed in Table 1. The neutrophil is modeled
as a spherical body, with microvilli distributed
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Table 1. Model parameters for the case study.

Symbol Parameter Value Reference

Ie Cell radius (pm) 3.8 (40)

De Cell density (g/cm®) 1.077 (47)

L Microvillus length (nm) 200 (11)

I'm Microvillus radius (nm) 50 (11)
Microvilli per cell 941, (2,306)" (6)
PSGL-1 length (nm) 50 (29)
PS(IL 1 dlnl(‘lb per microvillus 8, (4)" (35)

P-selectin length (nm) 40 (42)
P-selectin site denblt\ (molecules/pm?) 150, (200, 300)"  (34)

u Suspending medium viscosity (g/ (‘m/ s) 0.01 (17)

p Suspending medium density (g/cm?) 1.025

y Wall shear rate (s ') 50, (25)*

T Temperature (°K) 290, (302.5, 315)"

¢ Glycocalyx repulsion constant (pN) 10 (2)

T Glycocalyx effective thickness (nm) 15 (2)

g Bound state spring constant (dyn/cm) 1 (10)

Ors Transition state spring constant (dyn/cm) 0.98 (10)

A Equilibrium bond length (nm) 70 (10, 37)

k¢ Equilibrium forward reaction rate (s~ ') 1 (3, 32)

K Equilibrium reverse reaction rate (s~ ') 1 (3, 32)

“Additional parameters used in the sensitivity analysis.

randomly on its surface. The microvilli have some
flexibility (they can bend, and they can pivot at their
base [41]). The PSGL-1 molecules (ligands), phy-
siologically existing as dimers, are present on the
microvilli tips [6]. The model ligands are attached at
the microvilli tip centers and each represents a
dimer. The endothelium is modeled as a plane
(plane xy in Figure 1B) expressing randomly
distributed P-selectin molecules (receptors). Due to
fluid flow. the neutrophil translates in the positive a
direction with instantaneous translational velocity,
V. and rotates clockwise about its center in plane xz
with instantaneous rotational velocity, /... The
rotational velocity is calculated as the product of
the cell body radius and angular velocity with which
the cell rolls. We neglected the effect of inertia due
to the low Reynolds number [12]. To reduce the
computational load, we neglected the cell’s small (of
an order of£1 pm., based on our experiments),
instantaneous translations in the y direction and
rotations in planes other than plane xz. We ne-
glected the bound state microvillus extension and
tether formation. Since our analysis was limited to
low wall shear rates, the microvillus extension, if
modeled, would be of an order of a few nanometers
and the microvillus force would be too small to form

a significant tether (unpublished preliminary data
hom our modeling of microvillus deformability,
based on Shao et al [41]). We also did not account

for whole cell deformability, which is negligible at
low shear rates [9,22].

At least one of the spherical or planar surfaces is
assumed to have a compressible layer, called the
glycocalyx, a source of a repulsive force that
prevents the cell from colliding with the plane [2].
The mechanical work, I'(h), needed to overcome
nonspecific repulsive forces to bring a unit area of
cell membrane from an infinite separation from the
planar surface to a separation distance of £ is given
by [2], as shown in Equation 1:

I'(h) = (&/hexp(—h/), (M

where ¢ and t are the repulsion constant and
effective thickness of the glycocalyx, respectively.

The magnitude of the repu]bwe force, F.p, acting on
the cell in the positive z direction is ob‘ramed by
integrating the derivative —I"’(h) over the xy plane.
To accommodate freely bending microvilli, we
calculated the repulswe force assuming a sphere
radius of ro,, =r.+2r,,, where r, and r,,, are the cell
body and microvillus radii, respectively.

In the model, like in flow chamber experiments, the
neutrophil is brought to the vicinity of the plane by
gravitational force, where the first receptor-ligand
bond formation can occur. The gravitational force is
caused by a small difference in density between the
neutrophil and the suspending media. In vivo, a
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similar force may be provided by margination forces
[16]. The mdgmtudo of the gr aVltdn()ndl force, Fypav.

acting on the cell in the negative z direction, is
cal(,ulated [18], as shown in Equation 2:

Fuy = @/3)nlr 4+ L) (p. — p)g, 2)

where L,, is the microvillus length, p. is the cell
density, p is the suspending medium density, and g
is the gravitational constant.

Bond Properties

Bonds form and dissociate, depending on the
separation distance between receptors and ligands,
under probabilistic rules governed by measured
bond kinetics [3,10]. Dembo’s model [10] is used
to calculate the forward (bond formation) and
reverse (bond dissociation) reaction rates, as in
[18,22,23]. If the separation distance, L., between
the microvillus tip center and the receptor base is
greater than the equilibrium bond length, 2, the
forward reaction rate, k¢, is defined as shown in
Equation 3:

ky = kjexpl—o, (L, — A /Qry T, 3)

and the reverse reaction rate, k., is defined as shown
in Equation 4:

k, = kjexpl(c — o, )Ly, — A Qg T, (4)

where &} is the equilibrium forward reaction rate, £°
is the equilibrium reverse reaction rate, ¢ is the
bound state spring constant, o is the transition
state spring constant, kg is the Boltzman constant,
and 7"is the absolute temperature. If the separation
distance, L, between the microvillus tip center and
the receptor base is smaller than or equal to the
equilibrium bond length, 4, then ;= kY and k, =k

Most newly created bonds bear no load initially.
Some dissociate before becoming load bearing. Due
to the cell’s motion, bonds can become load beanng
(i.e., positioned in a straight line with the micro-
villus and stretched be_vond the equilibrium length,
A, as seen in Figure 1B), imposing on the cell forces
in directions opposite to the direction of blood flow
and downward toward the planar substrate, also
adding torque in the y direction about the cell
center. The formation of load-bearing bonds slows
down the cell’s translational motion and can, if these
bonds are sufficient in number, bring the cell to a
stop until one or more load-bearing bonds break.
Dissociation of load-bearing bonds speeds up the

cell’s translational motion, or starts the cell moving
again if it was transiently at rest.

If the length of a bond is greater than A (i.e., the
bond is load bearing at length L.,), the magnitude
of the bond force, I}, = (]1],‘i Fiy, I},). acting on the
cell is calculated according to the Hookedn spring
model, as shown in Equation 5:

Fb - U(Lsep - /"L), (5)

and the bond torque in the y direction about the cell
center is calculated as shown in Equation 6:

T y — (Zm - Zc)Fbx - (Xm - xC)FbZ’ (6)

where x, and z, are the x and z coordinates of the
cell center, and x,, and z,, are the corresponding
coordinates of the microvillus base center. F}, =0
and Ty, =0 for Ly, <. Equation 5 yields values for
Fix and F},,, the bond force components in the x and
z directions. Let Equations 7 and 8 be:

F x — ZFbx? (7)

FBz = Z sz) (8)
and Equation 9 be:

Tyy = Z Ty, ®

where the summation is over all the load-bearing
bonds. Fg. Iy, and Ty, represent the total bond
force components in the x and z directions and total
bond torque in the y direction acting on the cell,
respectively.

Changes in the number of load-bearing bonds cause
fluctuations in the separation distance between the
cell body and the substrate and, therefore, change
the size of the contact area (i.e., a circular area of
the substrate where receptor-ligand bond formation
can occur). In the model, instead of dealing with the
constantly changing size of the contact area, we used
a fixed-size area on the substrate under the cell (i.e.,
test area) where we check for bond formation. The
test area is sufficiently large to accommodate the
limiting case when the cell body would touch the
substrate. The test area is larger than the true
contact area at all times. This has no effect on the
results of simulations, as long as the test area
contains the actual contact area. The computer
keeps track of all the receptors in, and ligands
above, the test area. However, as the cell moves
away from the substrate, more receptors near the
edge of the test area do not participate in rolling,
since they cannot reach any ligands. The volume
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between the test area and the cell body surface is
called the contact zone.

Model Algorithm

The model tracks consecutive events and cell mo-
tion. An update of the cell position between events is
performed, if needed. A time step of 10 ps for wall
shear rates of 50 s~ ' or lower was found to be
sufficient to capture the cell motion, because using a
time step of 1 ps did not significantly alter the
results. If consecutive events occur very often, less
than or equal to At=10 ps apart, the modeling
procedure can be described as follows. At the
beginning of the simulation a spherical cell is
positioned slightly below near the vertical balance
point. The positions for microvillus base centers and
receptor bases in the contact zone are selected
randomly taking into account the microvillus radius
and microvillus and receptor densities. Cell velo-
cities, translational V.1, rotational V.., and vertical
Vier1 (i-e., perpendicular to the substrate) are
calculated. A competition for the first bond forma-
tion event reveals the fist time step, Aty < A ¢, and
points to a receptor-ligand pair that will realize the
event. At the end of time step Ay, the following
four steps are conducted:

Step 1. The selected event is implemented.

Step 2. Positions of the cell center, microvillus
base centers, and receptor bases are up-
dated from Aty and Vg, Vigr, and Viepq.
The new contact zone is organized (in-
cluding selecting microvillus base centers
and receptor bases in the leading, new part
of the zone).

Step 3. New cell velocities, Vo, Vipw, and V.o,
are calculated from the updated positions
and bond forces acting on the cell.

Step 4. Competition for the next event determines
the next time step, Aty < At, and points to
a free (i.e., not bound) receptor-ligand
pair or to a bond that will realize the event.

Repeating Steps 1-4  (using the most recently
obtained time step instead of A#y, and the most
recently calculated velocities instead of Vi.q, Vi,
and /1) a number of times completes the simula-
tion. If the time to the next event happens to be

greater than A ¢, then the next time step is equal to

Load-bearing bonds in rolling leukocytes
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at, and the simulation proceeds, as described
above, with the exception of Step 1 (i.e., no event
is implemented).

Cell Velocities

The cell translational velocity, V4, is calculated from
Goldman’s equations [14,15,24], as shown in Equa-
tion 10:

I/tr = T)’/*(FS +FBX)/(6nﬂ rcD)
— F (T + Fy) /(87 pu rD), (10

with D =F"" T)',* —F" T}"*ﬁ and with the shear force
and torque magnitudes, as shown in Equations 11

and 12:

Fg=6nyr, z, F, (11)
Tg=4nuyr T‘;*, (12)

where [, is given by Equation 7, T}, is given by
Equation 9, p is the suspending medium viscosity, 7
is the wall shear rate, and F'", F*", F=", TV, T*", and
T are functions of z./r. given by Goldman et al.
[14,15]. The cell rotational velocity, V., is calcu-
lated from Goldman’s equations [14,15,24], as
shown in Equation 13:

Vi =F (Tg+ Fy,) /8 p r,D)
— Ty (Fs + Fg,) /(67 1 1.D), (13)

if the right-hand side of Equation 13 is less that V.
Viot = Vi otherwise. The cell vertical velocity, V., is
calculated based on Brenner [5] and Equations 1, 2.
and 8, as shown in Equation 14:

Vver = (Frep - Fgrav - FBZ)/(6n HTem 5)7 (14)

where & is the Brenner correction function of z./rep,
for Stokes Law when a sphere moves near a planar
surface.

Competition for the Next Event

For a free receptor-ligand pair number n (n=1.
2, ... N) with a forward reaction rate of ky,, the time
to its bond formation can be selected as shown in
Equation 15:

t = (1/k)In(1 /a,), (15)

and for a bond number m (m=1, 2, ... M) with a
reverse reaction rate of k., the time to its dissocia-
tion can be selected as shown in Equation 16:
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t. = (/k,)In(1/a,), (16)

where a, and «a,, are numbers selected randomly
from the uniform distribution of values between 0
and 1, N = (Niee) (Mig), and Ny, Vi, and M are the
numbers of free receptors, free ligands, and bonds in
the contact zone, respectively. Equations 15 and 16
reflect the fact that the cumulative distribution
function of waiting time to an event is a uniformly
distributed variable between 0 and 1 [20]. The
winner is a free receptor-ligand pair or a bond that
will react first, that is, in ¢t =min{¢q, to, ... tN, b,
Loy « . bin)-

If there is a set of events having the same reaction
rate, Gillespie’s algorithm [13] is used to reduce the
computational load. For the set of V., possible free
receptor-ligand pairs, each with its L., <A, we
select the time to the next bond formation for the
set, as shown in Equation 17:

tp = [(1/ (N k1 In(1/ay), (17)

and point to the receptor-ligand pair number n.
(nge 1s a positive integer not greater than N, that
will realize the event as one satisfying inequality, as
shown 18:

(18)

where a; and ao are numbers selected randomly
from the uniform distribution of values between 0
and 1. Similarly, using kY instead of &7, for the set of
bonds each with its L,.,, <A, we select the time to the
next bond dissociation for the set and point to a
bond that will realize the event. The winners from
both sets compete (in the manner described at the
beginning of this subsection) with the free receptor-
ligand pairs and bonds not belonging to either set to
establish the next event for the system.

ng — 1 <a,Ny, < n

set — set?

Other Model Properties

In addition to tracking all free microvilli in the
contact zone and all bonds inside and outside of
the contact zone, ETMA tracks all free receptors in
the contact zone and, therefore, imposes no restric-
tions concerning the angle between the bond and the
substrate when the bond formation occurs (i.e., the
angle can differ from 90 degrees). ETMA assigns
flexibility to the microvilli and, therefore, imposes
no restrictions concerning the minimum cell body to
substrate separation distance (i.e., the separation
distance can be less than the microvillus length and
almost as small as the microvillus diameter), allow-
ing the microvillus to bend if the space between the

cell body and the substrate cannot accommodate its
full length. In these cases, we assigned a value of
zero for the vertical, z coordinate of the microvillus
tip center, accounting for microvillus bending and
likely deformation.

RESULTS
Case Study

The subjects of our case study were human neu-
trophils rolling on a planar P-selectin substrate
under the parameters listed in Table 1. The in-
stantaneous displacement and translational velocity,
Vi, observed at a time resolution of 10 pus or better
for one neutrophil in the study (also referred to as
the sample cell) during the first 10.5 seconds of the
simulation are shown in Figure 2A and 2B, respec-
tively. Figure 2C gives a closer look at 0.01 seconds
of the J;, profile. The displacement data of Figure
2A filtered to 30 frames per second, a time resolu-
tion commonly used in experiments, yield a transla-
tional velocity trace similar in character to
experimental results (Figure 2D and 2E). The
neutrophil’s average translational velocity, under
the conditions investigated, is 3.18 pm/s, which
corresponds well with experimental data. An initial
period of time during which the cell approaches the
substrate for the first time (in this case, a period of
0.1 seconds) is excluded from the calculations of
numerical averages.

The scatter plot in Iligure 3A shows the neutrophil’s
instantaneous rotational velocity, V.. versus its
translational, /. The changes in J,, are seen as
individual traces when V. <V}, Otherwise, they all
fall on the V,, =/, line. The average value of ratio
Vo Vie computed for the neutrophil’s rolling is 0.9.
A slip oceurs (slip velocity, Vi, =Ve—/io) when
there are no load-bearing bonds or the total load of
the load-bearing bonds is small. A slip velocity of
10% is within the range of experimental results [44].
The neutrophil’s instantaneous velocity in the z
direction is shown in Figure 3B and 3C. After the
initial 0.1 seconds, the cell’s body rolls on the
substrate at an average separation distance of 164
nm (Figure 3D). This is less than the microvillus
length, so that some of the microvilli must bend
while under the neutrophil.

On average, the rolling neutrophil forms about 18
bonds with the substrate, which is less than pre-
dicted by very early modeling and experimental
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Figure 2. Displacement (A) and translational velocity, /i, (B) for the sample cell discussed in the case study
(parameters as in Table 1). The profiles in A and B are based on 1,216,520 data points each (time resolution better
than 10 ps). The first load-bearing bond appears near ¢ =0.0091 s, and the first, very short pause in the cell’s motion
occurs near £ =0.026 s. (C) High-resolution of a 0.01-second segment of data in B. The numbers along the curve are
the instantaneous numbers of load-bearing bonds. (D) Translational velocity for the same cell calculated from a subset
of the displacement data in A recorded every 1/30 s. (E) Tr anslatwna] velocity of a human neutrophil rolling in our
parallel-plate flow chamber experiment on rmwhlv 100 molecules/pm? of P- selectin at a wall shear rate of DO

recorded at 30 frames/s.

results [21] (Figure 4A, black curve). Fluctuations
in the number of bonds are consistent with the cell
pause and movement stages of rolling. During a
pause the number of bonds generally increases, and
it generally decreases during acceleration. On aver-
age, only four bonds are load bearing (Figure 4A,
red curve). A sudden, large increase in the number
of load-bearing bonds, followed by a slower, step-
type decrease, is a common pattern (Figure 4B). A
comparison with the /,, profile reveals that sudden
large increases in the number of load-bearing bonds
initiate pauses in cell motion (Figure 4B).

In order to understand the nature of patterns such as
those in Figure 4B, we analyzed in detail the sudden
increase (marked with an asterisk in Figure 4B) in
the number of load-bearing bonds, from one load-
bearing bond (of 24 existing bonds) at time ¢y =
0.0528 s to seven load-bearing bonds (of 24 existing
bonds) at time to =6.0536 s. Figure 5A and 5B show
the positions of the bond-receptor bases (i.e., places

where the receptors are attached to the substrate) at
times ¢y and ¢y, respectively. The red circles indicate
the receptor base positions of load-bearing bonds,
while the gray circles indicate the receptor base
positions of other existing bonds. In 0.8 ms, the one
load-bearing bond in Figure 5A is joined by six
newly load-bearing bonds in Figure 5B. There is one
four-bond cluster fullv load- bearmfI and two two-
bond partially load-bearing clu%ter% (all three
marked by solid ovals in Flgure 5B, each containing
at least one red circle), with each cluster correspond-
ing to a different microvillus. In addition, there is
one four-microvillus cluster (marked by a dashed
oval in Figure 5B) that is partially load bearing.
Among the bonds that do not bear any load, there
are one four-bond, two three-bond, and two two-
bond clusters (all five marked by solid ovals in
Figure 5B, each containing gray circles only). Our
simulation shows that the simultaneous existence of
several bonds involving the same microvillus is
typical, and that microvilli can be located close to
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Figure 3. (A) Scatter plot of rotational velocity, V.., versus translational velocity, V. (B) Velocity in the =z direction,
perpendicular to the substrate. A positive velocity indicates that the cell is moving away from the substrate. (C) High
resolution of a 0.015-second segment of data in B. (D) Cell body to substrate separation distance. The diagrams are for

the sample cell discussed in Figure 2A-D.

each other. As a result, when a bond becomes load
bearing, all the other bonds of its cluster become
load bearing approximately at the same time,
causing a sudden increase in the number of load-
bearing bonds. This drastically slows down the cell
motion and often brings the cell to a temporary rest.

Almost all the load-bearing bonds reside in a half-
moon shape on the neutrophil’s trailing side (Figure
5A-5D). Figure 6A is a cumulative map for a sample
of all the 397 load-bearing bonds observed during
the cell’s rolling over 14 seconds. Each bond is
represented by two asterisks, one red and one black,
both with the same ) coordinate. The red asterisk
marks the position of the receptor base with respect
to the cell center when the bond becomes load
bearing (i.e., load position), and the black asterisk
marks the position of the receptor base when the
bond dissociates (i.e., break position). In rare cases
(marked with arrows in Figure 0A), load-bearing
bonds are found on the leading side and, conse-
quently, undergo a compression period of reduced
load due to the cell translation and rotation. The
bond marked with a black arrow dissociates im-
mediately. The other two bonds marked with arrows
undergo load reduction (down to 0 pN for the one
marked with the green arrow) and then load

increases before they dissociate. Each load and
break position is described by its polar coordinates,
radius r and angle ¢ (—n <@ <m), as seen in Figure
0A. Each of the two sets of positions has a relatively
smooth upper boundary (i.e., there are almost no
positions to the left of the boundary). A larger
sample of 4,509 bonds (based on simulations for 10
different cells with a total rolling time of 143
seconds) vyields 95% confidence intervals (Cls) of
0.856+0.003 and 1.05240.003 um for the mean
radius r of the load and break positions, respectively.
The middle 95% of the sample load positions lie
inside the 132-degree (i.e., |@| =606 degree) pie, and
the upper boundary for those positions is approxi-
mately circular at »=0.95 pm. The r value was
computed by dividing the 132-degree pie into 3-
degree slices, for a total of 44 slices. For each slice,
the maximum observed radius was found and the
mean value for the sample of 44 maximum radii was
computed. Similarly, the middle 95% of the sample
break positions lie in the 96-degree (i.e., || =48
degree) pie, and the upper boundary for those
positions is approximately circular at r=1.17 pum.
Angle ¢ is between+10 or+20 degrees for 18 and
36% of load positions and 23 and 46% of break
positions, respectively. Figure 6B—0E describe the
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Figure 4. (A) Total number of bonds (black curve) and load-bearing bonds (red curve) for the sample cell discussed
in Figure 2A-D and 3. (B) High resolution of two 0.6-second segments of load-bearing bond data in A (red curve, left
axis) and corresponding translational velocity profile (black curve, right axis). The ast(‘rl%k marks the sudden increase

in the number of load-bearing bonds analyzed in detail.

sample distributions of radius r and angle ¢ for the
load (red curves) and break (black curves) positions
of the cell’s trailing side.

A study of the bond lifetimes revealed additional
details about the nature of patterns similar to those
in Figure 4B. Figure 7A presents the history of the
seven bonds shown in Figure 5B as load-bearing at
t=06.0528 s. Each bond is represented by a hor-
izontal segment with three points. The left point
marks the time when the bond is formed, the middle
point marks the time when the bond becomes load
bearing, and the right point marks the time when the
bond dissociates. The red segment illustrates the
period of time when the bond is load bearing. The
bonds are formed at different times, but all become
load bearing approximately at the same time.
Therefore, the increase in the number of load-
bearing bonds occurs suddenly. Bonds dissociate at
different times. Therefore, the decrease in the

number of load-bearing bonds occurs gradually, if
no new load-bearing bonds are involved in the
process. The above findings explain the pattern
seen in Figure 4B. Our study shows that while the
bond formation and dissociation events are governed
by probabilistic rules (Equations 3, 4, 15, and 16),
the dynamics of bond loading are strongly influ-
enced by the instantaneous number of load-bearing
bond clusters (because of the concentration of
ligands at the microvilli tips [6] and because of
randomly occurring microvillus clusters). Irregular
fluctuations in the number of these clusters cause the
commonly observed cell “stop-start” rolling beha-
vior.

A total of 6,336 bonds were formed during our
simulation for the 10 cells, with a total rolling time
of 143 seconds. The percent histogram of the
lifetimes for the bonds formed is given in Figure

7B. Of the 6,336 bonds formed, 4,509 lasted
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Figure 5. Distribution of the locations of bond receptor bases (circles) at t =6.0528 s (A) and ¢ =6.0536 s (B), and
also at t =5.603 s (C) and t =5.6121 s (D), for the sample cell discussed in Figure 2A-D, 3, and 4. The load-bearing
bond bases are marked with red circles. In B and D, solid ovals indicate groups of bonds located on the same
microvillus, while dashed ovals indicate partially load-bearing microvillus clusters.

sufficiently long to become load bearing. The
histogram of the durations of the load-bearing stage
for these bonds is given in Figure 7C.

Numerical Descriptions of Cell Rolling

In order to obtain high-confidence numerical char-
acteristics of the cell-rolling process for the set of
parameters, assumed for the case study, we con-
ducted 20 simulations for 20 different cells. Each
simulation generated five to six seconds of cell
rolling. The sample of 20 values was tested for
normality by using a normal probability plot proce-
dure. Our samples represent approximately normal
distributions, resulting in 95% Cls of 3.42+0.51
um/s for the mean translational velocity, 164.54+ 0.5
nm for the mean cell body to substrate separation
distance, 16.6+0.8 for the mean total number of
bonds, 3.7+ 0.2 for the mean total number of load-
bearing bonds, 0.39+0.03 s for the mean bond

lifetime, 694+2.5% for the mean fraction of bonds
that become load bearing, and 0.13+0.01 s for the
mean duration of the load-bearing stage of those
bonds.

Sensitivity to Parameters

We also considered other scenarios that could
change the effectiveness of cell rolling. To investi-
gate how the translational velocity depends on
physiological parameters, we studied cell rolling at
lower wall shear rates of 25 s~ !, higher P-selectin
site densities of 200 molecules/pm? and 300 mole-
cules/um?, and higher temperatures of 302.5 and
315°K. For each new parameter, we performed 10
simulations, conducted and analyzed as described
above, while all other parameters were the same as
in the case study. The cell mean translational
velocity, as a function of wall shear rate and as a
function of P-selectin density. is given in Figure 7D.
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Figure 6. (A) Cumulative map of the load (red asterisks) and break (black asterisks) positions for 397 load-bearing
bonds observed during a 14 seconds of rolling of the sample cell discussed in Figure 2A-D and 3-5. Rare bonds
(marked with arrows) formed on the leading side undergo load reduction (down to 0 pN in case of the green arrow) and
then they dissociate (black arrow) or undergo load increase before they dissociate (green and red arrows). All other
bonds experience load increase over time. Radius r and angle ¢ are position polar coordinates. (B)—(E) Frequency and
cumulative frequency of radius r and angle ¢ for a sample of 4,459 load-bearing bonds observed on the cell’s trailing
side during simulations of 10 different cells rolling for a total of 143 seconds. The red curves describe the load positions,
and the black curves describe the corresponding break positions for the sample bonds. The diagrams are based on 61-
bar (radius) and 10-bar (angle) histograms where the curve connects the top centers of the bars.

together with 95% Cls. As the wall shear rate
decreases or the P-selectin density increases, the
cell mean translational velocity decreases, as ex-
pected [27]. The decrease is statistically highly
significant. Two-sample Student’s ¢-tests applied to
the pairs of samples involved yield two P-values less
than 0.0001 and two others of 0.001 and 0.009. The
same types of tests revealed that the cell mean
translational velocity is not sensitive to changes in
temperature in a range of 290 to 315°K (data not
shown). This leads to the conclusion that human
neutrophil rolling at room temperature on P-selectin
in vitro is similar to rolling at body temperature.

We also increased the number of microvilli per cell
(2,306) and reduced the number of PSGL-1 dimers
per microvillus (4), keeping the other parameters
the same as in the case study. On average, based on
10 cell samples, the rolling neutrophil forms more
bonds with the substrate (31), but only a few bonds
are needed to maintain rolling (5). 95% Cls are
1.49+0.13 pm/s for the mean translational velocity,
1594 1.05 nm for the mean cell body to substrate
separation distance, 31+1.8 for the mean total
number of bonds, 5.3+0.23 for the mean total
number of load-bearing bonds. 0.53 4+ 0.04 s for the
mean bond lifetime, 560+2.54% for the mean
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(A) Lifetime of seven load-bearing bonds at £t =6.0636 s (same bonds as in Figure 5B). Each bond is

represented by a black segment (no load-time period) and a red segment (load-time period). Histograms of the lifetimes
of the bonds formed (B), and of the corresponding load-bearing stage durations (never-loaded bonds excluded) (C),
both based on simulations of the 10 cells rolling for a total of 143 seconds discussed in Figure 6B-E. (D) Translational
velocity, V., as a function of P-selectin density and wall shear rate (insert). All parameters, except the independent
variable, are as in the case study (Table 1). The 95% confidence intervals for the cell mean translational velocity are
given in pm/s. Each interval is based on simulations of at least 10 different cells rolling for five to six seconds each.

fraction of bonds that become load bearing, and
0.174+0.01 s for the mean duration of the load-
bearing stage of those bonds. The bond formation,
loading, and dissociation dynamics are the same as
discussed earlier, with bond clustering (also due to
the concentration of PSGL-1 molecules on the
microvilli tips and the microvillus clusters) shaping
the cell motion. Decreasing the wall shear rate to 25
s~ reduces the mean translational velocity of
1.49+0.13 to 0.44+0.05 um/s (95% CI). Increas-
ing the P-selectin density to 300 molecules/pm>
reduces the mean translational velocity to 0.78+
0.07 um/s (95% CI). Both decreases in the mean
translational velocity are statistically highly signifi-
cant. Two-sample Student’s ¢-tests yield P-values

less than 0.0001.

Comparison to Experiment

There is a limited number of experiments reported
on human neutrophils rolling in flow chambers on

P-selectin at low shear rates (our own unpublished
data, 2007; Lawrence and Springer [27], Yago et
al., [45]), with [27] being the most detailed.
Experimental results can vary due to differences in
the neutrophil isolation and substrate preparation
methods. We did not adjust any parameters to
match experimental data. For each case of shear
rate and P-selectin site density values discussed
below, all other parameters are as in the case study.

Figure 2E shows the translational velocity for a
human neutrophil rolling on P-selectin in our
parallel-plate flow chamber experiment on roughly
150 molecules/pm? of P-selectin at a wall shear rate
of 50 s~ ! (as in the case study). The cell was tracked
with an active-contour—based automatic image-pro-
cessing algorithm at 30 frames per second [39]. The
neutrophil average translational velocity was mea-
sured at 1.52 pm/s, which falls into the slowest 5%
of the model cells.

Our simulations, 10 for each case, at a wall shear
rate of y=50 s~ ', yield 95% Cls for neutrophil



22:37 15 May 2009

[CDL Journals Account] At:

Downl oaded By:

mean translational velocities of 3.42+0.51, 2.18+
0.47, and 1.38+0.4 pum/s for P-selectin site den-
sities of 150, 200, and 300 molecules/pm>, respec-
tively. There is good agreement between these
results and the measurements of [27]. Based on
[27], the mean translational velocities fall between
2.47 and 4.25 pm/s for a P-selectin density of 150
molecules/pm? and between 1.1 and 2. 4}7 pm/s for a

P-selectin density of 300 molecules/pm®. For a P-
qele(’tm density of 200 molecules/ um a case
described in more detail in [27], an interval for
the mean translational velocity estimated from [27]
is 2.47+0.59 um/s, mean+standard error of the
mean (SEM) and includes our model result of 2.18
pum/s for this case. The interval is based on all cells
that rolled in the time period of observation

(approximately 92% of all cells observed).

At y=36 s~ ' 95% CIs for neutrophil mean
translational velocities are 1.23+0.16, 0.974+0.16,
and 0.64+0.1 um/s for P-selectin site densities of
150, 200, and 300 molecules/pm?, respectively. The
mean values are slightly lower that those measured
by [27]. Results of [27] predict the mean transla-
tional velocities falling between 1.9 and 3.6 um/ s for
a P-selectin densrrv of 150 molecules/pm® and
between 1 and 1.9 um/s for a P-selectin density of
300 molec ules/um . For a P-selectin density of 200
molecules/um?, a case described in detail in [27],
the interval given in [27] is 1.94 0.7 pm/s mean+
SEM. The interval is based on all cells that rolled in
the time period of observation (89% of all cells
observed).

There is good agreement between our results and the
measurements of [45]. For a P-selectin site density
of 145 molecules/pum=, a case discussed in [45], five
simulations with y=50 s~ ! yield a sample mean
translational velocity of 3.78 um/s [sample standard
deviation (SD) =0.59 pm/s], while the correspond-
ing data of [45], based on five experiments, are 3.8
pm/s (SD =0.4 pm/s). At elevated wall shear rates,
cells modeled as rigid spheres with nonextendable
microvilli roll faster than experimental cells, with
average translational velocities of 68, 90, 95, and
97% 0{ free stream Velomtv for wall Shear rates of

, 100, 150, and 200 s~ ", respectwely.

DISCUSSION

In spite of tremendous progress in measuring the
molecular and cellular processes involved in lllﬂdﬂl—
mation, the dynamics of leukocyte recruitment
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cannot be fully understood without quantitative
modeling. ETMA allowed for a comprehensive study
of the subgroup of bonds, which at some point in
time, become load bearing and, therefore, determine
the cell’s rolling, which has not been rigorously
investigated before. Although it has been surmised
that load-bearing bonds must be near the trailing
edge, no formal treatment of their exact location can
be found in the literature. Caputo and Hammer [7]
show a cartoon of the location of load-bearing bonds
in their Figure 2, but do not provide any experi-
mental or modeling evidence. Here, we identify the
location, number, lifetime, history, and kinetics of
load- bedrmg bonds and make new predictions
concerning their influence on cell rolling. We also
make new predictions concerning the (ell body to
substrate separation distance, vthh might become
accessible to new expenmentd] te(,hmques in the
future.

Surprisingly, very few load-bearing bonds are
needed to maintain rolling, and about 30% of bonds
are wasted, since they don’t last long enough to
become load bearing. We observe that in addition to
bond clusters due to the concentration of PSGL-1
molecules on the microvilli tips, large microvillus
clusters can occur, as illustrated in Figure 5B and
5D. That is consistent with the scanning electron
micrograph of the cell’s surface shown in Figure 1A.
Since the loading events in a bond cluster were
found to rapidly encompass all available bonds, we
conclude that the number of bond (‘lu@ters ap-
proaching the loading zone determines how ““jerky”
the cell rolling will be. Our nt-calculus—driven ETMA
is an alternative to AD of Hammer and Apte [18].
the only published direct model of leukocyte rolling.
The physics in ETMA are standard, based on
Goldman-Cox-Brenner theory, and are used as in
[44] and AD. However, the modeling method is
quite different from that used in AD.

e ETMA progresses by varying time steps driven by
bond events, while AD progresses by fixed, pre-
defined time steps.

o I'TMA implements each bond event when it
occurs, while AD implements each bond event at
the end of the corresponding time step.

e The occurrence of an event immediately changes
the dynamic state of the system and has direct
influence for the future evolution of the system.
ETMA gives each bond event a chance to have an
individual impact by implementing the events in
their natural sequence, while AD implements
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bond events in the same time step as coincidental,
when they are actually sequential.

e ETMA allows a bond to form and break within
any predefined time interval, such as the AD’s
time step, while AD doesn’t allow for a bond to
form and break within the same time step. The
selection of events in AD depends exclusively on
the state of the system at the beginning of the time
step. Consequently. two selected events, imple-
mented at the end of a time step as coincidental,
cannot involve the same receptor-ligand pair.

o ["TMA provides high temporal reso]utlon of bond
events, while AD (lleV bond events and may
lump them when longer time steps are used.

e ETMA is computationally efficient, minimizing
the number of system updates for maximum
accuracy of event implementation, while AD
becomes computationally costly when short time
steps are used in an attempt to improve accuracy.

ETMA’s event implementation accuracy and com-
putational efficiency constitute an advantage over
the fixed time step of the AD model. No matter how
small the fixed time step, the probabilistic nature of
bond formation and dissociation events may yield
two or more bond events for some time steps. Even
AD simulations using a fixed time step of 0.1 ps [7]
may not be sufficient, since in our case study the
shortest time separation between consecutive events
was 0.0137 ps. ETMA implements bond events
accurately, as they occur, while AD implements
them in groups at the ends of corresponding time
steps, which only approximates the true dynamics of
the system. The AD model is not capable of
achieving the level of temporal resolution of bond
events offered by ETMA, but can improve its
accuracy by shortening its fixed time step to lower
the probability of more than one bond event in each
time step. However, that decreases the computa-
tional efficiency by generating many “empty” time
steps where no bond events occur, which have to be
processed at a computational cost. In ETMA, the
system updates occur when the bond events occur
with additional updates in between, only if needed to
keep track of cell motion.

CONCLUSIONS

ETMA, as presented here, has certain limitations.
Currently, and like other models, we cannot model
leukocyte rolling at high wall shear rates. This is

most likely due to the model’s inability to account
for whole cell and bound state microvillus deforma-
tions, which are significant in these cases. Future
refinements of ETMA will be needed to accommo-
date these cases. Despite its limitations, ETMA
provides a method for a highly precise, direct
simulation of leukocyte rolling. ETMA sets a foun-
dation upon which further leﬁnements can be
introduced that will allow the modeling of leukocyte
rolling at high wall shear rates. with different and
muluple hgands, and for dlﬂerent cell types.
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