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ABSTRACT In this study we examined whether monocytic cell attachment to vascular endothelium was affected by
elevating shear stress at a constant shear rate. Contact time, which is inversely related to the shear rate, was fixed and
viscosity elevated with dextran to increase the shear stress (and hence the net force on the cell) independently of shear rate.
At a fixed contact time, tethering frequencies increased, rolling velocities decreased, and median arrest durations increased
with increasing shear stress. Rolling and short arrests (�0.2 s) were well fit by a single exponential consistent with adhesion
via the formation of a single additional bond. The cell dissociation constant, koff, increased when the shear stress was elevated
at constant shear rate. Firmly adherent cells arresting for at least 0.2 s were well fit by a stochastic model involving
dissociation from multiple bonds. Therefore, at a fixed contact time and increasing shear stress, bonds formed more
frequently for rolling cells resulting in more short arrests, and more bonds formed for firmly arresting cells resulting in longer
arrest durations. Possible mechanisms for this increased adhesion include greater monocyte deformation and/or more
frequent penetration of microvilli through steric and charge barriers.

INTRODUCTION

Monocyte adhesion to vascular endothelium, an important
initial event in atherosclerosis, is mediated via several re-
ceptors (Watanabe and Fan, 1998). Endothelium activated
with the cytokine tumor necrosis factor-� (TNF-�) express
E-selectin, intracellular adhesion molecule-1 (ICAM-1),
and vascular cell adhesion molecule-1 (VCAM-1). Initial
attachment and rolling of monocytes results from binding of
E-selectin to its sialyl Lewis carbohydrate ligand. ICAM-1
and VCAM-1 binding to integrins on monocytes produces
rolling and firm adhesion (Beekhuizen and van Furth, 1993;
Kukreti et al., 1997; Reinhardt and Kubes, 1998; Takahashi
et al., 1994). Monocytes contact the endothelium at a rate
dependent upon the fluid dynamics and adhere through
receptor-ligand bonds with a probability that varies with the
flow rate. A recent theoretical study found that convective
transport can significantly influence the intrinsic rate con-
stant for adhesion (Chang and Hammer, 1999). Correspond-
ing experimental measurements for cell adhesion to surface-
immobilized antigen (Swift et al., 1998) showed that the
rate constant for attachment varied in a manner not pre-
dicted by a model that considers attachment to be controlled
only by contact time.

Adherent cells may firmly arrest or roll across the endo-
thelium. Cell rolling is typically an erratic phenomenon that
involves a balance between bond formation and breakage.
The random nature of leukocyte rolling is due to the non-

uniform distribution of microvilli and adhesion molecules
(Bruehl et al., 1996; Hammer and Apte, 1992; von Andrian
et al., 1995). Monocytes have microvilli that vary in length
to a greater extent than lymphocytes and 72 � 10% of cell
surface L-selectin is located on microvilli (Bruehl et al.,
1996). Clustering of adhesion receptors on microvilli may
be more important at shear stresses above 3 dyn/cm2, where
microvilli are the predominant contact points and more
bonds are needed to capture the leukocyte (Hammer and
Apte, 1992; von Andrian et al., 1995). The stochastic nature
of cell rolling has been incorporated in some models to
predict the fluctuations in velocity (Hammer and Apte,
1992; Zhao et al., 1995; Zhu, 2000).

By analysis of cell detachment kinetics alone, cell adhe-
sion would appear less likely in high-shear environments.
However, neutrophils roll slower and more steadily on
ligand surfaces at higher shear stresses due to the formation
of an increased number of bonds (Chen and Springer, 1999).
This and other in vitro studies have varied the flow rate (and
thus both the shear stress and rate) to investigate changes in
adhesion and rolling (e.g., Lawrence et al., 1997). The role
of applied force has been clearly demonstrated in the de-
tachment process (e.g., Alon et al., 1995, 1997; Smith et al.,
1999). Less is known about the relative contribution of
contact time and applied force on the attachment process.
Neutrophil aggregation studies that mimic adhesion to vas-
cular endothelium have been performed in which shear
stress and shear rate were independently varied using a cone
and plate viscometer and the viscosity elevated with Ficoll
(Taylor et al., 1996). Aggregation increased by �40% with
a doubling of viscosity (from 0.75 to 1.7 cP) at constant
shear rates of either 100 or 200 s�1. This behavior was
reversed at shear rates above 800 s�1, where aggregation
decreased. Correspondingly, adhesion efficiency increased
rapidly with shear stress to a maximum at 5–10 dyn/cm2,
then decreased more slowly. Adhesion was primarily me-
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diated by L-selectin and �2-integrins, which are also impor-
tant in monocyte adhesion.

In this study, the influence of contact time and shear
stress on the initial attachment of monocytes to activated
endothelium in parallel-plate flow chambers was deter-
mined by separately adjusting the flow rate and viscosity.
Flux-corrected tethering frequencies, cell arrests, and roll-
ing velocities were determined. Data were analyzed in terms
of kinetic models for single and multiple bonds. For a fixed
shear rate, the increase in shear stress increased the proba-
bility of bond formation. This resulted in increased adhesion
frequency and decreased the rolling velocity number of
bonds formed, possibly due to more frequent penetration of
steric and repulsive barriers.

MATERIALS AND METHODS

Endothelial cell culture

Human umbilical vein endothelial cells (HUVECs; Clonetics, Walkers-
ville, MD) were maintained in endothelial growth medium (EGM; Clonet-
ics) supplemented with a mixture from Clonetics containing human epi-
dermal growth factor, hydrocortisone, gentamicin, amphotericin B, bovine
brain extract, heparin, and fetal bovine serum (FBS). Cells were grown in
ventilated T-25 tissue culture flasks (Corning, Corning, NY) coated with
0.1% porcine gelatin (Sigma Chemical Co., St. Louis, MO) in M199
(Sigma). Flasks containing confluent monolayers of HUVECs were split
1:3 or 1:4 using trypsin/EDTA and trypsin neutralizing solution (Clonet-
ics). For flow assays, cells were plated on gelatin-coated glass microscope
slides. Slides plated with HUVECs were maintained at 37°C and typically
reached confluency in 4–7 days. HUVECs of passage five or less were
used in flow adhesion studies. On the day of the experiment, HUVEC
monolayers were activated with 100 U/ml TNF-� (Sigma) for 4 h at 37°C.

Monocytic cell line

Mono Mac 6 cells (Erl et al., 1995) were maintained in RPMI-1640
medium (Sigma) supplemented with oxaloacetate, pyruvate, and insulin
(OPI media supplement; Sigma), 10 ml/L minimal essential medium non-
essential amino acids (Gibco/Life Technologies, Gaithersburg, MD), 10%
heat-inactivated FBS (Sigma), 1% antibiotic/antimycotic solution (Sigma),
and 2 mM L-glutamine (Sigma) in suspension. Cells were grown in tissue
culture flasks and split every 2–3 days to maintain a cell concentration of
1.0 � 105 to 5.0 � 105 cells/ml. For flow assays, Mono Mac 6 cells were
resuspended in media at 2.5 � 105 to 3.5 � 105 cells/ml. Mono Mac 6 cells
were used in place of human monocytes due to the large number of cells
required for the flow experiments and the decreased variability between
experiments. Mono Mac 6 cells express many of the adhesion receptors
found on human monocytes (Erl et al., 1995). Other properties affecting
monocyte adhesion, such as cell deformation and receptor avidity, have not
been evaluated for Mono Mac 6 cells to date and therefore may result in
some difference compared with human monocytes.

Flow cytometry

Mono Mac 6 cells were incubated in the absence or presence of 5% dextran
for 2 h at 37°C, then centrifuged at 500� g for 5 min. Cells were incubated
with 5% mouse serum for 10 min to block Fc-specific sites and nonspecific
binding, washed with PBS, and incubated with a 1:20 dilution of conju-
gated primary antibodies in PBS containing 2% bovine serum albumin and
0.1% sodium azide for 30 min at 4°C. The following primary antibodies

were used: CD11b-FITC (clone 44, Sigma), CD18-FITC (clone 6.7,
Pharmingen), CD11a-FITC (clone DF1524, Sigma), CD62L-FITC (clone
FMC-46, Sigma), and CD49d-R-PE (clone 9F10, Pharmingen, San Diego,
CA). CD11a and CD11b are �-integrin subunits that pair with the �-inte-
grin, CD18, to form LFA-1 and MAC-1, receptors for ICAM-1 on the
endothelial cell surface. CD49d is the �-chain for VLA-1, which binds to
VCAM-1 on endothelial cells, whereas CD62L (L-selectin) binds to en-
dothelial carbohydrate chains. IgG1-FITC, IgG1-R-PE, and IgG2bFITC
(Sigma) were the isotype controls. Cells were washed and resuspended in
PBS. For each sample the mean fluorescence intensity per cell and percent
positive population were determined on a FACSCAN (Becton-Dickinson,
Mountain View, CA) at the Duke University Comprehensive Cancer Cen-
ter Flow Cytometry Facility.

Flow assays

Fixed- and variable-height flow chambers were used to establish laminar
shear flow over a HUVEC monolayer. The variable-height flow chamber
has an aluminum bottom plate separated from a Plexiglas top plate by a
500-�m-thick silastic gasket (Dow Corning, Midland, MI) with a removed
rectangular section to form the flow channel. The Plexiglas top plate has a
2.22-cm-wide rectangular recess, which varies in depth from 500 �m at the
inlet to 0 �m at the outlet. The resulting flow channel varies in height from
�1000 �m to 500 �m. The aluminum bottom plate has a rectangular hole
with a groove to hold a glass microscope slide with HUVECs and permit
viewing on an inverted microscope. Flow of RPMI-1640 media through the
chamber was generated using a 60-cc syringe mounted on a syringe pump
(Orion Research M362, Boston, MA). For a given volumetric flow rate Q,
the wall shear rate �̇ (s�1) is

�̇ �
6Q
wh2 , (1)

where w is the width of the chamber and h is the total height. The wall
shear stress �w (dyn/cm2) is related to shear rate by viscosity, �:

�w � ��̇ (2)

Viscosity measurements

Viscosities of the media were determined using a cone-and-plate Brook-
field viscometer (DV-III programmable rheometer, Brookfield Engineering
Laboratories, Middleboro, MA) and data-gathering software (Rheocalc
v1.0, Brookfield). Solutions of varying viscosity were prepared with 2 �
106 MW dextran (Sigma) in RPMI-1640 containing 10% FBS (Table 1).
High-molecular-weight dextran was used to minimize the change in os-
molarity of the medium (5% 2 � 106 MW dextran was determined to
change the osmolarity of 10% FBS in RPMI-1640 by �0.025 mosmol).
Measurements were taken over a range of shear rates at 37°C. Pure
RPMI-1640 media exhibited Newtonian behavior, and its viscosity was

TABLE 1 Viscosity of dextran solutions

Percent dextran in
RPMI-1640

Average viscosity
at 37°C (cP)

0 0.79 � 0.01
1 1.40 � 0.01
2 2.50 � 0.01
3 4.30 � 0.02
4 5.90 � 0.01
5 7.30 � 0.02
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close to the value for water. The 5% dextran media exhibited slight
deviations from Newtonian behavior.

Shear flow experiments

Confluent HUVEC monolayers on glass slides were activated for 4 h at
37°C with EGM media containing 100 U/ml TNF-�. Following incubation,
the HUVEC monolayers were mounted in the flow chamber and placed on
an inverted microscope (Nikon Diaphot-TMD) with a �20 phase contrast
objective. A heat lamp maintained the temperature at 37°C for the flow
chamber outlet and 33°C for the inlet. Therefore, the medium viscosity
varies 8% through the chamber. The HUVEC monolayer was perfused with
media containing 0%, 3%, or 5% dextran at a shear rate of 10 s�1 for 15
min. Next, the HUVEC monolayer was perfused with 3 � 105 Mono Mac
6 cells/ml in media of each viscosity at shear rates of 20, 40, 80, and 120
s�1 for �5 min at each shear rate. Experiments were performed in
triplicate.

To assess the effect of dextran on adhesion, control experiments were
performed as follows. A flow chamber containing a confluent layer of
HUVECs was pre-infused with either 0% or 5% dextran for 5 min at 40
s�1. Adhesion was measured for Mono Mac 6 cells resuspended in either
0% or 5% dextran at shear rates of 40, 80, and 120 s�1 Duplicate control
experiments were performed.

Flow experiments were recorded on videotape using a video camera
(MTI PA-70, Michigan City, IN) and video recorder (Panasonic AG-
1980P, Secaucus, NJ) equipped with a time-date generator (VTG-33,
FOR.A, Cypress, CA). The field of view was 640 �m long (direction of
flow) by 480 �m. Camera gain and black level were set to maximize
contrast between monocytes and background. Mono Mac 6 cells were
tracked across the HUVEC monolayers with the use of a video recorder
with jog-shuttle capability (Panasonic AG-1980P) and a computer-assisted
system. Analysis was performed on a Macintosh computer using National
Institutes of Health Image 1.62a. The hydrodynamic velocity of non-
interacting cells is 14.108�̇ (Barber, 1997). Macro programs were written
to determine cell arrest durations and rolling velocities.

Instantaneous cell velocities

The velocity of individual cells was tracked for the duration that the cell
interacted with the endothelium on a frame-by-frame basis (30 frames/s).
Pause durations were determined from the cell trajectories using a thresh-
old of 15% of the hydrodynamic velocity. This threshold was chosen after
tape analysis as the upper velocity limit of most of the rolling cells. Cells
moving at a velocity above this threshold generally moved at a constant
speed and did not appear to be interacting with the endothelium. This value
is similar to the threshold of 30 �m/s above the lowest rolling velocity used
by Chen and Springer (1999). Most slow rolling cells stayed below this
threshold whereas non-interacting cells predominated above the threshold.
Rolling pauses were defined according to Chen and Springer (1999) as the
time the cells spent between the threshold velocity and an arrest or rise in
velocity above the threshold. Short arrest durations included the time the
cells arrested (from 0.033 to 0.2 s) during rolling. Both pause durations and
short arrests were modeled as a first-order process assuming a single
additional bond was formed with the slope of the natural logarithm of
bound cells versus the time of pause or arrest being �koff.

Tethering frequencies

The tethering frequency, ft, was determined as the number of cells that
adhered to the endothelium per unit time and area and includes rolling and
firmly arrested cells. This frequency was normalized by cell flux to the
surface, which is the product of the cell concentration adjacent to the

surface, �, times the sedimentation velocity, Vs, (Munn et al., 1994):

Vs �
2�	c 
 	�gR2

9�
, (3)

where 	 is the density of the fluid, 	c is the density of the cell (1.07 g/cm3),
g is gravitational acceleration, � is viscosity, and R is the radius of the cell
(6.5 � 10�4 cm). Sampling in the steady-state portion of the flow chamber,
the dimensionless concentration is (Munn et al., 1994)

�

c � 1 �
vsx
uh , (4)

where c is the concentration of cells in the bulk fluid, h is the depth of field
(13 � 10�4 cm), x is the distance along the length of the slide at which
adhesion is measured (3.81 cm), and u is the fluid velocity. Corrected
tethering frequencies were determined by normalizing the dimensionless
concentration against the value at the lowest shear stress and shear rate
condition performed then multiplying by the experimentally determined
tethering frequency.

Forces on adherent monocytes and
tether formation

When a Mono Mac cell of radius R (6.5 �m (Erl et al., 1995)) forms one
or more bonds with counter-receptors on the endothelium, fluid shear
stresses exert a torque (T) and drag force (Fx) on the Mono Mac cell (Fig.
1). The net hydrodynamic force on the cell is balanced by a force (Fb) that
stresses the microvillus of length L and the bonds.

Because the Reynolds number (Re 	 2	R2�̇/�, where �̇ is the shear
rate, 	 is the fluid density, and � is the fluid viscosity) is much less than
one, inertial forces are negligible and the drag force and torque are given
by (Goldman et al., 1967)

Fx � F*x6�R2� (5)

T� T*y4�R3�, (6)

where Fx
s* and Ty

2* are functions of the separation distance of the cell from
the surface. For the case of a cell touching the surface, Fx

s* 	 1.7005 and

FIGURE 1 Model for fluid-induced forces acting on a monocyte rolling
across an endothelial monolayer in laminar shear flow. Fluid flows at a
velocity vx and exerts a drag force Fx and torque T. The cell of radius R is
tethered by one or more bonds on a microvillus of length L. The net
hydrodynamic force on the cell is balanced by a force (Fb) that stresses the
microvillus of length L and the bonds at the tip of the microvillus. The
microvillus is at an angle 
 relative to the surface. The lever arm is of
length l.
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Ty
2* 	 0.94399 (Goldman et al., 1967). By calculating the x component of

the force and performing a torque balance one obtains (Shao et al., 1998)

Fb cos
 � 32.054R2� (7)

Fb/sin
 � 43.916R3�, (8)

Where l is the lever arm and


 � tan�1�Rl � � cos�1� l2 � L2

2L�l2 � R2�. (9)

When the applied force on a microvillus exceeds a critical value of 45 pN,
membrane tethers form (Shao and Hochmuth, 1998). Membrane tether
formation has been observed in vitro under physiological flow conditions
(Schmidtke and Diamond, 2000). After a tether forms, L and l increase and
the net force on the bonds decline. Because the mean lifetime of bonds
declines at higher forces (Alon et al., 1995), tether formation results in
longer bond lifetimes.

For forces below the critical value, the microvillus behaves as an elastic
material (Shao et al., 1998), and the force on the bonds is given by

Fb � k1�L
 Lo�, (10)

where Lo is the length of an unstressed microvillus, 0.35 �m (Shao et al.,
1998). The spring constant for microvilli k1 was assumed to be the same on
Mono Mac 6 cells as it is for neutrophils, 43 pN/�m (Shao et al., 1998).
Once the critical force Fo is exceeded, tethers form according to the
following relation:

Fb � Fo � k2

dL
dt , (11)

where k2 	 11 pN s/�m (Shao et al., 1998).

Kinetics analysis of firm arrests

To determine the effect of tether extension on bond lifetime, we used a
kinetic model for formation of a small number of bonds. Firm arrests were
defined as occurring if a cell moved less than 3 �m for greater than 0.2 s.
The kinetic analysis is based on the assumption that adhesion and rolling
of monocytes on endothelium are mediated by a small number of bonds.
This assumption is supported by a number of experimental and theoretical
studies. Leukocyte arrest durations over purified ligands at low ligand
densities is described by a first-order process suggestive of single bond
formation (Alon et al., 1995). At higher densities, multiple bond formation
appears to occur. A small number of bonds appears to be involved in
leukocyte rolling over purified selectins (Chen and Springer, 1999), mi-
cropipette adhesion assays (Shao and Hochmuth, 1998; Chesla et al.,
1998), and in neutrophil attachment to TNF-�-activated endothelium under
low shear stresses (Kaplanski et al., 1993).

To model firm arrest durations, bond formation is assumed to be a
stochastic process. The initial number of bonds formed is distributed
among the population according to a Poisson distribution. The average
number of bonds formed is 
n�. The probability (P(n)) of initially forming
n bonds is

P�n� �
exp��
n��
n�n

n! , (12)

where n 	 0, 1, 2, 3, . . . .
After these n bonds form during an arrest event, the bonds can disso-

ciate or new bonds can form. The probability of forming i bonds is

(Kaplanski et al., 1993; Cozens-Roberts et al., 1990; Chesla et al., 1998)

dpi

dt � �i� 1�koff
i�1pi � konCL�R
 �i
 1��pi�1


 ikoff
i�1pi 
 konCL�R
 i�pi , (13)

where CL is the surface concentration of ligand molecules, R is the number
of receptor molecules in the contact region, kon is the association rate
constant, and koff

i is the dissociation rate constant for the ith bond. Assum-
ing that all bonds are stressed equally, koff

i equals

koff
i � koff

o exp��F
ikT�, (14)

where koff
o is the unstressed dissociation constant, � is the characteristic

length of stretching, F is the force on the cell, i is the number of bonds, k
is Boltzmann’s constant, and T is the absolute temperature. The total
probability of forming bonds is p 	 
i	1

� pi.
To simplify the analysis, the number of receptor molecules is assumed

to be much greater than the number of bonds formed so that the receptor
number is approximately constant. CL is also assumed to be large relative
to the number of bonds formed. The probability of forming new bonds is
also assumed to be very low during the attachment time, and Eq. 13
simplifies to

dpi

dt � �i� 1�koffpi�1 
 ikoffpi i� 1, 2, . . . , n. (15)

At time 0, pn 	 1 and pi 	 0 for i ranging from 1 to n � 1. Solving Eq.
15 for i 	 1 to n and summing yields the total probability distribution of
bonds when a cell adheres with n bonds formed initially:

p�n, t� � �
i	1

n

exp��ikoff
i t� �

j	1
j�i

n jkoff
j

jkoff
j 
 ikoff

i (16)

For a population of cells adhering initially with a probability distribution of
forming n bonds given by Eq. 12, the probability of adhesion for the
population of attached cells as a function of time, Padh(t), is

Padh�t� � �
n	1

� �exp��
n��
n�np�n�
n!�1 
 exp��
n����, (17)

where the term 1 � exp(�
n�) in the denominator of the Poisson distri-
bution accounts for the fact that only adhesive events are measured.

When the applied force on a bond exceeds a critical value of 45 pN
(Shao and Hochmuth, 1998) membrane tethers may form. After a tether
forms, the force per bond declines with time and bond lifetimes are longer
than they would be if no tether formed.

For computational purposes, the numerical solutions of force versus
time generated by the model of Shao and Hochmuth (1998) were fit to the
following function F	 atb. All fits exhibited values of r2 greater than 0.90.
Inclusion of a time-dependent force requires a numerical solution of Eqs.
15 and 16. Solutions were obtained using a Runge Kutta method on Matlab
(The Mathworks, Natick, MA). Because force is weakly dependent upon
time (b ranged from �0.14 to �0.19), we have found, however, that the
analytical solution (Eq. 16) can be used with F 	 atb. A systematic
comparison shows that for lower shear stresses there is excellent agreement
between the exact numerical result and the use of a time-dependent force
in Eq. 16. At higher shear stresses and higher numbers of bonds per cell the
approximate solution overestimates the approximate numerical solution by
�15%. Because of the computational advantages in nonlinear regression of

Monocyte Adhesion in Shear Flow 1725

Biophysical Journal 80(4) 1722–1732



the model to data (Bates and Watts, 1988), the approximate solution was
used.

Statistical analysis

All results are reported as the mean standard error unless otherwise stated.
Differences among mean arrest durations were determined using a two-
way ANOVA and Duncan test with Statistica for Macintosh software
(Graphpad).

RESULTS

Dextran does not affect monocyte adhesion
molecule surface expression

Flow cytometry for CD11a, CD11b, CD18, CD49d, and
CD62L was performed on Mono Mac 6 cells incubated in
the absence and presence of 5% dextran. Similar mean
fluorescence intensities and percent positive antibody-la-
beled cells were found for the major adhesion molecules of
Mono Mac 6 involved in endothelial cell adhesion. Cells
incubated with dextran were elevated compared with the
control by 1% for CD49d and CD11a, 2% for CD62L, 7.5%
for CD11b, and 11.5% for CD18. These values are within
experimental error, suggesting that number of adhesion
receptors per cell is the same for control Mono Mac 6 cells
and cells exposed to dextran for up to 2 h.

Effect of force at a fixed contact time on
monocyte rolling

When both shear stress and shear rate increased, the average
monocyte rolling velocity increased with flow rate. In con-
trast, when the effect of shear stress was isolated by increas-
ing the viscosity at a constant shear rate, rolling velocities
decreased with increasing shear stress up to 9 dyn/cm2

(Fig. 2).
To assess whether dextran interacted with endothelium

and affected attachment and rolling, rolling velocities were
determined on HUVECs pre-infused with either 0% (0.8 cP)
or 5% (7.3 cP) dextran (data not shown). After pre-infusion,
Mono Mac 6 cells were infused in medium at either 0.8 or
7.3 cP. Pre-infusion led to small changes in rolling veloci-
ties, but the differences were not significant. Thus, the
decrease in rolling velocities with elevated shear stress at
the same shear rate is due to the elevation in force and not
to artifacts arising from the use of dextran. Although 40,000
MW dextran increases the steric barriers and/or electrostatic
shielding of endothelium, which may lead to decreased
leukocyte adhesion (Baldwin et al., 1991), our results do not
indicate that 2 � 106 MW dextran blocks adhesion.

Instantaneous velocities

To investigate the dynamics of rolling, instantaneous veloc-
ities were obtained for all interacting cells infused in 0.8-cP

and 7.3-cP media. For each cell, the velocity was deter-
mined on a frame-by-frame basis from a video captured at
30 frames/s. Cells rolling on HUVECs in 0.8-cP media have
a larger range of velocities than cells in 7.3-cP media (Figs.
3 and 4). At a shear rate of 40 s�1, cell velocities deviate
from the mean to a greater extent for cells in 0.8-cP media
(shear stress 0.32 dyn/cm2) than in 7.3-cP media (shear
stress 2.92 dyn/cm2). However, there are more arrests per
cell at the higher shear stress (7.5 arrests/cell) than at the
lower shear stress (4.7 arrests/cell).

Analysis of step distances, which are the distances trav-
eled by the cell between frames, further illustrates the sta-
bility of rolling. Long step distances represent tumbling
events in which the cell is initially tethered, breaks free and
travels for a distance with no adhesive interactions, and then
tethers again (Chen and Springer, 1999). The cumulative
distribution of step distances at a shear rate of 40 s�1 shows
that cells had a shorter median step distance for the high-
shear-stress case, therefore more steady rolling (Fig. 3 C).
These shorter step distances at the higher shear stress sug-
gest more efficient bond formation. The higher percentage
of longer step distances for the low-shear-stress case illus-
trates the presence of more tumbling events and thereby
more erratic rolling.

This effect is more exaggerated at a shear rate of 80 s�1,
in which cells in low-viscosity medium have tumbling
events that reach much higher velocities than found for cells
in higher viscosity medium (Fig. 4). As seen at 40 s�1, the
presence of more tumbling events in the low-viscosity me-
dium is shown by a higher fraction of longer step distances
(Fig. 4 C). This further illustrates that by increasing the

FIGURE 2 Effect of shear stress at constant shear rate on monocyte
rolling velocities. Mono Mac 6 cells were perfused in RPMI-1640 media
containing FBS over a confluent monolayer of HUVECs on a glass slide.
Rolling velocity was determined as described in Materials and Methods.
Fewer events occurred at the higher shear rates; however, at least 15 events
were analyzed at the highest shear rate, 120 s�1, for each experiment.
Velocities from three experiments were averaged. Error bars represent the
standard deviation from these experiments.
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force and maintaining a constant contact time, cells inter-
acting with the endothelium have more constant velocity
profiles and fewer tumbling events.

Kinetic models were used to analyze rolling below the
threshold velocity and short-term arrest less than 0.2 s for
cells infused at shear rates of 40 s�1 and 80 s�1. At 0.8 cP,
16 cells were analyzed resulting in 117 pauses, and 11 cells
had 52 arrests. At 7.3 cP, 67 pauses from 10 cells and 45
arrests from 6 cells were analyzed. Arrest (Fig. 5 A) and
pause (Fig. 5, B and C) durations were fit well by a single-
exponential model representing dissociation from a single
bond. The dissociation rate constant koff was greater for
cells subjected to higher forces, as reported by others (Alon
et al., 1997; Smith et al., 1999). The dissociation constant

was larger for the short arrest process than the rolling
pauses. Rolling cells must be forming bonds with the cell
surface receptors. For a fixed contact time, formation of a
single additional bond produces rolling pauses and short
arrests. The difference in koff determined from rolling
pauses and short arrests may be due to the involvement of
different receptors.

Tethering frequencies as a function of contact
time and shear stress

The tethering frequency, the number of adhesive events
(rolling or arrest) per unit time and area, was significantly

FIGURE 3 Instantaneous velocities for representative Mono Mac 6 cells
rolling over the HUVEC monolayer in 0 (A) and 5% (B) dextran solutions
at 40 s�1. The horizontal line represents the threshold velocity of 85 �m/s.
(C) Cumulative distribution of step distances between frames for the low-
and high-viscosity cases in A and B. The distribution of steps for both cells
shows a broader distribution and therefore more tumbling events at the
lower-viscosity condition.

FIGURE 4 Instantaneous velocities (A and B) and median step distances
(C) for a representative Mono Mac 6 cells rolling over the HUVEC
monolayer in 0 (A) and 5% (B) dextran solutions at 80 s�1. The horizontal
line represents a threshold of 170 �m/s. The difference in median step
distances at 80 s�1 (C) is smaller than found at 40 s�1 (Fig. 3 C).
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affected by shear rate and shear stress (Fig. 6). All frequen-
cies were corrected for the decrease in cell flux with in-
creasing shear rate and viscosity and normalized against the
lowest viscosity case (0.8 cP). At a fixed medium viscosity,
the normalized tethering frequency decreased with increas-
ing flow rate by an average of 4.9 � 0.3-fold from 40 to 120
s�1. When shear rate was held constant and shear stress
varied, normalized tethering frequencies increased an aver-
age of 11.0 � 2.3-fold as the viscosity increased from 0.8 to
7.3 cP. The tethering frequency was reduced when HUVECs

were incubated with antibodies to ICAM-1 or E-selectin before
infusion of Mono Mac 6 cells. When the shear rate was fixed,
the blocking antibodies had a greater effect upon tethering at
higher shear stresses than at lower shear stresses.

Effect of force at a fixed contact time on
monocyte arrests

Median arrest durations, determined for cells that arrested
without rolling for at least 0.2 s, were affected by the
applied force of the fluid. Median arrest durations decreased
with increasing shear rate. For a fixed contact time, how-
ever, monocytes that adhered to endothelium at higher shear
stresses arrested for longer times (Table 2). Analysis of
variance of the arrest durations indicated that this effect of
shear stress and contact time was significant. At shear rates
of 40 s�1 and 80 s�1, the arrest duration was dependent on
medium viscosity and shear rate. At 120 s�1, the increase in
arrest duration with shear stress was not significant.

The effect of pre-infusion of 5% dextran on median arrest
durations was also evaluated to assess whether dextran
directly affected endothelial cell adhesive properties. Pre-

FIGURE 5 Increases in shear stress at a constant shear rate of 40 s�1

lead to an increase in the bond dissociation constant koff. The data fit the
model for single bond formation well. koff was determined from instanta-
neous velocity profiles using short arrest durations (A) and pause durations
(B), which excluded arrests and velocities above 15% of the hydrodynamic
velocity. Cell dissociation constants, koff, for pause durations at 80 s�1 (C)
do not vary with shear stress as found for 40 s�1 (B).

FIGURE 6 Effect of shear stress on tethering frequencies at fixed shear
rates. When the shear rate is fixed, increasing the shear stress leads to
increased tethering frequencies.

TABLE 2 Median arrest durations on TNF-�-activated
HUVECs for Mono Mac 6 cells suspended in medium of
increasing viscosity

Suspension
viscosity (cP)

Median arrest duration (s) at constant shear rate

40 s�1 80 s�1 120 s�1

0.8 1.31 � 0.13 0.89 � 0.03 0.23 � 0.03
4.3 1.51 � 0.17 1.14 � 0.13* 0.28 � 0.06
7.3 1.83 � 0.12† 1.22 � 0.09§ 0.38 � 0.01

Viscosity was elevated using 2 million molecular weight dextran. All arrest
durations were significant with respect to shear rate to a maximum p 	
0.02.
*p 	 0.08.
†Effect of shear stress at constant shear rate significant to 0.01 compared
with 40 s�1.
‡p � 0.05 compared with 40 s�1 at constant shear rate.
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infusion at a constant shear rate increased the median arrest
duration of cells in 0% dextran by 4.9% and 6.4% and in 5%
dextran by 3.6% and 6.4% at shear rates of 40 s�1 and 80
s�1, respectively. In contrast, the difference in arrest dura-
tions for infusion of monocytes in 0% or 5% dextran ranged
from 20.6% to 26.5%. Except for a shear rate of 120 s�1,
this difference is much less than the difference due to the
change in monocyte adhesion with shear stress. The small
difference between the pre-infusion effect for cells infused
in 0% and 5% dextran implies that only a small percentage
of the pre-infusion effect is due to a direct interaction
between dextran and the endothelium.

The increase in median arrest durations at higher shear
stress appears to be due to formation of more bonds during
the initial contact (Fig. 7). The convex shape at lower shear
stresses is not consistent with a first-order process arising
from breakage of a single bond. Several peaks are evident in
many of the arrest duration histograms, indicating multiple
bonds may form and break (data not shown). The fraction of
adherent cells as a function of time was fit well by a model
that assumed multiple bond formation and no bond re-
formation (Eqs. 15 and 16.)

For a fixed contact time, the resulting average bond
densities increased with increasing shear stress (Fig. 8 A).
Except for the 0.8-cP case, koff

o appears to be independent of
shear stress (Fig. 8 B). Regression of the data failed to detect
a significant trend with shear stress (r2 	 0.41, p 	 0.09).
From this kinetic analysis we conclude that the increase in
median arrest durations at higher shear stress appears to be
due to the formation of more bonds during the initial con-
tact. These results do not, however, exclude the possibility
that different receptors may be involved at shear stresses
below 1 dyn/cm2.

FIGURE 7 The fraction of cells remaining adherent with time for a shear
rate of 40 s�1 and shear stress of 0.32 dyn/cm2 (A), a shear rate of 120 s�1

and a shear stress of 0.95 dyn/cm2 (B), and a shear rate of 80 s�1 with a
shear stress of 5.8 dyn/cm2 (C). Shear stress was elevated using 3% and 5%
dextran. The data were fit to the Bell model, koff 	 koff

o exp(�F/kTi) where
� is the distance over which the bond is stretched, k is the Boltzmann’s
constant, and i is the number of bonds formed (Bell, 1978). The force was
calculated using F 	 atb according to Shao and Hochmuth (1998) assum-
ing two stressed tethers per cell. R2 values were equal to or greater than
0.90.

FIGURE 8 The effect of shear stress and shear rate on the average
number of bonds formed, N (A), and the cell dissociation constant, koff (B),
as determined by a model for multiple bond formation in Fig. 7.
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DISCUSSION

By separately varying fluid viscosity and flow rate, the
contributions of contact time and force on the attachment
and rolling process were isolated. For a fixed contact time,
increasing the shear stress caused monocyte rolling veloci-
ties to decrease, whereas the adhesion frequency and me-
dian arrest duration increased. The kinetic analysis revealed
that short arrests and rolling pauses were due to the forma-
tion of a single additional bond (Fig. 9). This is supported
by the kinetic analysis of short arrests with a high-resolution
system (Smith et al., 1999). At low shear stresses, cells form
a single bond to initiate rolling but are less likely to form an
additional bond immediately. Therefore, these cells roll
quicker in a more erratic fashion as found by Chen and
Springer (1999). At higher shear stresses, single bonds
generally formed as each microvillus contacted the endo-
thelium, thereby maintaining a slow and relatively steady
rolling velocity. The median arrest duration for firmly ad-
herent cells (arrested for at least 0.2 s) increased at higher
shear stresses for the same contact time (Fig. 9). Kinetic
modeling showed that arrests are due to the formation of
multiple bonds. The data suggest that hydrodynamic forces
affect both the formation of the initial bond leading to arrest
as well as subsequent bond formation during rolling and
arrest.

Although the tethering frequency decreased with increas-
ing shear rate for a fixed contact time, the increase in the
frequency of tethering events with applied shear stress (Fig.
6) is not consistent with a model of adhesion solely based
upon convective transport and binding kinetics (Chang and
Hammer, 1999). This difference between experiment and
theory is not due to differences in the flux of cells passing
the field of view, which was corrected to account for
changes in flow rate and viscosity. At constant flux, the
significant increase in adhesion implies a force dependence
upon the binding interaction in addition to a contact-time
dependence discussed by Chang and Hammer (1999).

By holding the contact time fixed as the force varied we
found that once an initial adhesive interaction forms, in-
creased forces at higher shear stresses increase the likeli-
hood that subsequent bonds may form. This is illustrated in
the rolling velocity data (Fig. 2) and instantaneous velocity
profiles (Figs. 3 and 4) in which slower, more steady rolling
occurred at higher shear stresses at the same shear rate.
Chen and Springer (1999) observed a similar result for the
kinetics of L-selectin bond formation when the shear stress
and shear rate varied simultaneously. In these experiments,
rolling appeared to be a two-step process; rapid bond for-
mation and dissociation during a pause followed by a brief
translation at the hydrodynamic velocity. Pauses occurred
with regularity. Our results at 40 s�1 and 80 s�1 exhibit
some of these features (Figs. 3 and 4), although the velocity
fluctuations are not as regular as those observed by Chen
and Springer (1999) due to the topography of the endothe-
lium and nonuniform distribution of adhesion molecules. At
higher shear stresses, velocity fluctuations were much lower
(Figs. 3 B and 4 B), but the rolling velocity between arrests
was much less than the hydrodynamic velocity. For this
case, the higher forces may facilitate bond formation and
reduce the cell velocity. At a fixed contact time, the rolling
velocity at the lowest shear stresses involved pauses or short
arrests followed by a rise to the hydrodynamic velocity.

Kinetic analysis of the lifetime of rolling and brief arrests
indicated that a single bond could explain these events. For
these conditions, rolling is likely due to formation of one
bond that is sufficient to alter the cell velocity. At the higher
shear stresses, the rolling velocity was much slower than the
hydrodynamic velocity and pauses and arrests were more
frequent. The distribution of pause and arrest times fit a
first-order model as found by Smith et al. (1999). For such
low rolling velocities, however, regular and multiple bond
formation must be occurring before a pause or arrest; oth-
erwise, the cell would detach. Because the values of koff for
arrest durations were much larger than the values for pause
durations, it is likely that different classes of receptors are
involved in the arrest and pause processes as found in
previous work on monocyte-endothelial binding under flow
(Kukreti et al., 1997).

It is also possible that different receptors may be involved
at different levels of shear stress because higher koff

o values

FIGURE 9 Monocyte adhesion mechanisms for low and high laminar
shear stress. (A) Firm arrests occur when multiple bonds form. Cells that
arrest firmly at high shear stresses form more bonds and arrest for longer
periods of time than cells that arrest under low-shear-stress conditions.
Rolling cells have more tumbling events in low shear stress (B) than in high
shear stress (C) flow. At low shear forces, rolling cells do not form an
adhesive bond with every cell rotation and therefore detach briefly before
re-establishing a bond with the endothelium. Under high-shear-stress con-
ditions, however, bonds are more likely to form with each cell rotation,
resulting in slower, more regular translocation across the endothelium.
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were obtained at shear stresses below 1 dyn/cm2 (Fig. 8).
Below this shear stress, �4 and �2 integrins may be stronger
mediators of cell adhesion than selectins, which dominate at
higher shear stresses (Konstantopoulos et al., 1998). Mono
Mac 6 cells have been found to be similar to human blood
monocytes in adhesion properties with binding to HUVECs
occurring via ICAM-1, VCAM-1, and E-selectin (Erl et al.,
1995). Human blood monocytes express several adhesion
molecules that may be involved in adhesion to endothelial
cells, including LFA-1 and MAC-1, which bind to ICAM-1;
VLA-4, which binds to VCAM-1; L-selectin; and sialyl-
Lewis x, which binds to E- and P-selectins (Prieto et al.,
1994).

We examined whether the presence of high-molecular-
weight dextran might affect adhesion, possibly by sterically
blocking binding in solution or by becoming entangled with
microvilli. Preincubation of HUVECs with dextran solu-
tions before introduction of Mono Mac 6 cells in the ab-
sence of dextran did not significantly affect the rolling
velocity. Furthermore, rolling was less and tethering greater
in the high-viscosity dextran solutions than in the media
alone. This result is the opposite of what would occur if
dextran were blocking adhesion.

The mechanism by which increased force leads to in-
creased bond formation is unknown; however, there are
several possibilities. The increased force with which mono-
cytes contact the endothelium could cause the monocyte and
its microvilli to deform to a greater extent, thereby creating
greater contact area for adhesion as shown for leukocytes in
vivo and in side-view flow chambers (Cao et al., 1998;
House and Lipowsky, 1988). Leukocyte contact area on a
surface can increase as much as twofold as shear stress is
increased to 20 dyn/cm2 (Dong and Lei, 2000). However,
gross leukocyte deformation was not appreciable at 2.9
dyn/cm2 (Dong and Lei, 2000), corresponding to 7.3-cP
media at 40 s�1. This shear stress resulted in a significant
decrease in rolling velocities from 42 � 3.7 to 31 � 1.4
�m/s. There may be compression of microvilli that does not
translate into deformation of the entire cell.

Alternatively, higher forces may be sufficient to increase
the probability that the cell penetrates steric or repulsive
barriers. The source of this barrier is the glycocalyx, an
outer layer of glycoproteins with a net negative charge on
the cell’s surface. Although endothelial glycocalyx forma-
tion is most likely significantly less in vitro than in vivo,
there are still electrostatic and steric boundaries to over-
come. Gycocalyx thickness ranges from 45 to 81 nm in
rabbit arteries (Haldenby et al., 1994), whereas adhesion
receptors are significantly shorter: ICAM-1 is �18.7 nm
long; VCAM-1, 25 nm; E-selectin, 28 nm; and P-selectin,
40 nm (Springer, 1990). L-selectin on monocytes, however,
binds to surface heparan sulfate proteoglycans on aortic
endothelium (Giuffrè et al., 1997; Koenig et al., 1998).
Glycocalyx fibers are displaced by adhesion events, possi-
bly illustrating that glycocalyx rearrangement must occur to

allow adhesion receptors to bind (Soler et al., 1998). Fetal
calf aortic endothelial cells cultivated in vitro were found to
have a surface charge due predominantly to sialic acid
followed by chondroitin sulfate and heparan sulfate (Van
Damme et al., 1994). Different mechanisms may dominate
for tethering as compared with rolling cells under shear flow
(Finger et al., 1996). The increase in tethering frequencies
with shear stress at constant shear rate may be due to more
frequent penetration of steric or charge barriers, whereas the
decrease in rolling velocity and increase in arrest durations
may be due to the greater contact area and thereby greater
propensity for multiple bond formation.

In summary, these studies indicate that leukocyte rolling
and arrest on endothelium are influenced by both the contact
time and force. As shear rate is increased, the rolling ve-
locity increases, the tethering frequency drops, and the
arrest durations decrease. The applied force on a cell in-
creases the fraction of initial adhesive events, the stability of
rolling, and the duration of arrest events. Such stable adhe-
sions may help explain how monocytes can adhere to arte-
rial endothelium during atherosclerosis and the preponder-
ance of plaque formation with conditions such as
hyperviscosity syndrome (Dobberstein et al., 1999).

A subculture of Mono Mac 6 cells was generously provided by Dr.
H. W. L. Ziegler-Heitbrock (Universitat Munchen).
This work was supported by National Institutes of Health grant HL-57446.
Flow cytometry was performed at the Cancer Center Flow Cytometry
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