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low-enhanced cell adhesion is an unexplained phenom-
enon that might result from a transport-dependent
increase in on-rates or a force-dependent decrease in

off-rates of adhesive bonds. L-selectin requires a threshold
shear to support leukocyte rolling on P-selectin glycoprotein
ligand-1 (PSGL-1) and other vascular ligands. Low forces
decrease L-selectin–PSGL-1 off-rates (catch bonds), whereas
higher forces increase off-rates (slip bonds). We determined
that a force-dependent decrease in off-rates dictated flow-
enhanced rolling of L-selectin–bearing microspheres or
neutrophils on PSGL-1. Catch bonds enabled increasing

F

 

force to convert short-lived tethers into longer-lived tethers,
which decreased rolling velocities and increased the regu-
larity of rolling steps as shear rose from the threshold to an
optimal value. As shear increased above the optimum,
transitions to slip bonds shortened tether lifetimes, which
increased rolling velocities and decreased rolling regularity.
Thus, force-dependent alterations of bond lifetimes govern
L-selectin–dependent cell adhesion below and above the
shear optimum. These findings establish the first biological
function for catch bonds as a mechanism for flow-enhanced
cell adhesion.

 

Introduction

 

Cell adhesion occurs under kinetic and mechanical con-
straints, which are particularly evident during lymphocyte
homing or leukocyte trafficking into sites of inflammation
(Vestweber and Blanks, 1999; McEver, 2001, 2002). Flowing
leukocytes tether to and roll on vascular surfaces, a process
that requires rapid formation and dissociation of adhesive
bonds. Due to the hydrodynamic environment, these bonds
are subjected to forces that affect their off-rates. Interac-
tions of selectins with cell surface glycoconjugates mediate
leukocyte rolling. L-selectin, expressed on leukocytes, binds
to ligands on endothelial cells and on other leukocytes.
P-selectin and E-selectin, expressed on activated platelets
and/or endothelial cells, recognize ligands on leukocytes or
platelets. The major leukocyte ligand for P-selectin and

L-selectin is P-selectin glycoprotein ligand-1 (PSGL-1; McEver,
2001, 2002).

Selectins require a threshold shear to support cell adhesion
(Finger et al., 1996; Alon et al., 1997; Lawrence et al., 1997).
As shear drops below the threshold level, fewer flowing cells
tether, and the cells roll more rapidly and begin to detach.
The shear threshold requirement for L-selectin to support
rolling is particularly striking and may prevent inappropriate
leukocyte aggregation during vascular stasis. Other cell
adhesion systems also exhibit flow enhancement. For exam-
ple, platelets require arterial flow rates to adhere to von
Willebrand factor on damaged vascular surfaces (Savage et al.,
1996; Doggett et al., 2002). In addition, many enteric bacteria
require a minimum flow rate to adhere to intestinal epithelia,
which likely prevents pathological attachments to bladder
mucosa during stasis (Thomas et al., 2002). Therefore, flow-
enhanced adhesion is a biologically important process that
may be used by many cells.
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The shear threshold requirement seems counterintuitive
because increasing shear elevates the dislodging force applied
to adhesive bonds. Nevertheless, cells roll more slowly and
more regularly until an optimal shear is reached where rolling
velocity is minimal. This paradoxical phenomenon has not
been satisfactorily explained despite the widespread interest
that it has generated. The prevailing hypothesis is that bond
formation is enhanced by a flow-dependent increase in the
on-rates of adhesive bonds. This might occur by shear rate–
dependent transport of adhesion molecules to their ligands so
that new bonds form before previous bonds dissociate (Finger
et al., 1996; Chang and Hammer, 1999; Chen and Springer,
1999), or by shear stress–dependent enlargement of the cell
surface contact area that brings more adhesion molecules into
proximity so they can form new bonds (Lawrence et al.,
1997; Evans et al., 2001; Zhao et al., 2001). An alternative
hypothesis is that force slows bond off-rates, which lengthens
bond lifetimes and thus stabilizes rolling. Most workers dis-
missed the latter possibility because “catch bonds,” whose
lifetimes are prolonged by force (Dembo et al., 1988), had
not been experimentally demonstrated. By contrast, “slip
bonds” (Dembo et al., 1988), whose lifetimes are shortened
by force (Bell, 1978), have been observed frequently, particu-
larly in interactions involving selectins (Alon et al., 1995,
1997; Evans et al., 2001; Ramachandran et al., 2001; Dog-
gett et al., 2002). One paper showed that shear stress in-
creases bacterial adhesion to target cells, but did not establish
whether alterations in on-rates or off-rates of adhesive bonds
cause this effect (Thomas et al., 2002). Nevertheless, it was
speculated that catch bonds confer flow-enhanced bacte-
rial adhesion, whereas shear rate–mediated transport enables
flow-enhanced leukocyte adhesion (Isberg and Barnes, 2002).
However, subsequent analyses demonstrated that P-selectin
and L-selectin form catch bonds with PSGL-1 at forces that
begin at the respective threshold shear that supports leukocyte
rolling and end at the respective optimal force where bond
lifetimes reach maximum (Marshall et al., 2003; Sarangapani
et al., 2004). At forces above the optimal values, P-selectin
and L-selectin dissociate from PSGL-1 with characteristics of
slip bonds. Transitions from catch bonds to slip bonds might
explain why rises in shear first increase rolling regularity while
slowing rolling velocities, and then decrease rolling regularity
while increasing rolling velocities. The catch–slip bond tran-
sition occurs at a higher force range for L-selectin than for
P-selectin, consistent with the higher shear threshold for
L-selectin–dependent rolling (Marshall et al., 2003; Saranga-
pani et al., 2004). The experimental demonstration of catch
bonds suggested (but did not prove) that they contribute to
flow-enhanced adhesion. Indeed, a recent report dismisses the
catch bond mechanism and proposes that L-selectin tethers
that form at the shear threshold are stabilized by a transport-
mediated increase in bond number (Dwir et al., 2003).

Here, we measured the independent effects of transport,
tether force, and contact area on transient tether off-rates
and on rolling of L-selectin–bearing microspheres or cells on
PSGL-1 below and above the shear optimum. Our results
demonstrate that catch bonds govern rolling below the opti-
mal shear, whereas slip bonds govern rolling above the opti-
mal shear. These data identify catch bonds as a fundamental
mechanism underlying the shear threshold phenomenon.

 

Results

 

Governing parameters of adhesion under flow

 

We studied rolling of neutrophils or microspheres bearing
L-selectin on immobilized soluble PSGL-1 (sPSGL-1) at
flow rates below and above the optimal value. To examine
the mechanisms for the shear threshold requirement, we ex-
ploited the biophysical parameters that govern adhesion un-
der flow (Fig. 1). Shear stress, the product of shear rate and
viscosity, applies a resultant force 

 

F

 

s

 

 and a torque 

 

T

 

s

 

 to the
adherent sphere (or cell), both of which increase as the roll-
ing sphere slows and reach maximum when the sphere stops.

 

F

 

s

 

 and 

 

T

 

s

 

 are balanced by tensile forces on the adhesive
bonds at the trailing edge of a tethered sphere (

 

F

 

t

 

), which al-
ter the off-rates of the bonds, and by compressive forces at
the sphere bottom (

 

F

 

c

 

), which enlarge the contact area of a
deformable cell, but not of a fixed, nondeformable cell or a
rigid microsphere (Fig. 1 A). At the same shear rate, increas-
ing the viscosity increases the shear stress, and in turn the
tether force on a sphere of constant size. At the same shear
stress, more force is applied to the adhesive tether of a large
sphere than a small sphere. At low L-selectin or sPSGL-1
densities, a sphere can form a transient adhesive tether but
then returns to the fluid stream after the tether dissociates.
At higher densities, the sphere rolls as new bonds replace
those that dissociate at the trailing edge. A rolling sphere
stops when the adhesive bond (or bond cluster) can with-
stand the force required to balance the maximal 

 

F

 

s

 

 and 

 

T

 

s

 

(Fig. 1 B). After dissociation of this bond (or the last bond
in a bond cluster), the sphere accelerates as it pivots on a
newly formed bond upstream and then decelerates as force
develops in the bond. The sphere stops again if the new
bond lives long enough to generate sufficient force to
counter the maximal 

 

F

 

s

 

 and 

 

T

 

s

 

. If the bond dissociates pre-
maturely, the sphere accelerates again before it can stop.

We correlated transient tether lifetimes, which allow de-
termination of off-rates of single adhesive bonds, with de-
tailed rolling properties below and above the flow optimum.
To examine the contributions of on-rate and off-rate to the
shear threshold requirement, we independently altered wall
shear rate, wall shear stress, tether force, and contact area at
flow rates below and above the optimal value. Thus, we
compared media with or without 6% Ficoll, which changes
viscosity, and hence wall shear stress and tether force by 2.6-
fold without changing wall shear rate; compared micro-
spheres with radii of 3 or 1 

 

�

 

m, which changes tether force
by ninefold without changing wall shear stress; and com-
pared deformable neutrophils with rigid microspheres or
fixed neutrophils, which changes contact area without chang-
ing tether force (Fig. 1 A).

 

Transitions between catch bonds and slip bonds 
govern mean rolling velocities below and above the 
optimal force

 

First, we studied mean rolling velocity, a global measure of
rolling adhesion that changes as flow increases from the
threshold to and above the optimal value. This parameter,
measured at 30 frames per second (fps), was plotted against
wall shear rate, wall shear stress, and tether force (Fig. 2). Es-
sentially identical data were obtained when rolling was mea-
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sured at 250 fps. The density of monomeric sPSGL-1 was
140 sites/

 

�

 

m

 

2

 

 in the data shown here. A 2.3-fold increase in
sPSGL-1 density on the flow chamber floor lowered rolling
velocities, whereas a threefold decrease in L-selectin density
on microspheres raised rolling velocities. However, alter-
ations in molecular densities did not change the shapes of
the plots or shift the relative positions of the minimum val-
ues of the plots (unpublished data). In the experiments
shown, we altered viscosity by including 6% Ficoll of
400,000 M

 

r

 

 in the media. Inclusion of 9% Ficoll of 70,000
M

 

r

 

 increased viscosity by the same amount and produced
identical changes in the velocity curves (unpublished data).
The matching results with Ficoll of different sizes suggests
that Ficoll acted solely through alterations in viscosity rather

than through unsuspected effects on L-selectin bonds. All
plots exhibited similar biphasic curves in which the rolling
velocity first decreased, reached a minimum, and then in-
creased—a characteristic of the shear threshold phenome-
non. The slopes of the ascending curves were steeper for
microspheres and fixed neutrophils than for unfixed neutro-
phils. This suggests that fixation-sensitive cellular features,
which may include increased contact area, stabilize rolling as
shear is increased above the optimum (Yago et al., 2002).
The minimal rolling velocity was slightly lower for micro-
spheres (Fig. 2, A–C) than for neutrophils (Fig. 2, D–F),
perhaps because of the lower L-selectin density on neutro-
phils (see Materials and methods). Plots of rolling velocity
versus wall shear rate shifted for media of different viscosi-
ties, indicating that velocity did not scale with this transport
parameter (Fig. 2, A and D). On the other hand, plots of
rolling velocity versus wall shear stress matched closely for
microspheres (Fig. 2 B) or neutrophils (Fig. 2 E) of the same
radius despite the different viscosities used. Velocity versus
wall shear stress plots shifted horizontally for microspheres
of different radii (Fig. 2 B). This shift was due to differences
in tether force applied to microspheres of different radii be-
cause all velocity curves aligned when plotted against tether
force (Fig. 2, C and F). This scaling property demonstrates
that tether force directly governs rolling velocity both below
and above the optimal flow rate.

Tether force most likely governs rolling velocity by regu-
lating the off-rate of bonds between L-selectin and PSGL-1,
thereby changing their lifetimes. To test this hypothesis, we
measured transient tether lifetimes at 250 fps on low densi-
ties of monomeric sPSGL-1 (

 

�

 

10 sites/

 

�

 

m

 

2

 

) that did not
support rolling when measured at 30 or 250 fps. The tether
lifetimes were used to derive off-rates (

 

k

 

off

 

), which were plot-
ted against wall shear rate, wall shear stress, and tether force
(Fig. 3). A faster camera speed of 500 fps generated identical
data, indicating that the 250-fps speed was sufficient for ac-
curate measurements. By contrast, a standard camera speed
of 30 fps yielded lower apparent off-rates that reflected a fail-
ure to detect short tether lifetimes, although the plots ob-
tained had the same shapes and same minimum positions
(unpublished data). Like the rolling velocity curves, the 

 

k

 

off

 

curves scaled with tether force but not with wall shear rate or
with wall shear stress unless the spheres were the same size
(Fig. 3). This is expected because kinetic off-rate at the mo-
lecular level should depend directly on force. That tether
lifetime failed to scale with shear rate further excludes trans-
port-dependent formation of new bonds as a mechanism to
prolong tether lifetime at suboptimal flow rates. The off-
rates most likely reported dissociations of single bonds be-
cause tether lifetimes were measured on very low densities of
monomeric sPSGL-1 that did not support dimeric interac-
tions (Marshall et al., 2003; Sarangapani et al., 2004). The
off-rate curve closely matched previous data obtained with
atomic force microscopy and with limited transient tether
lifetime determinations (Sarangapani et al., 2004). The off-
rate and rolling velocity curves shared the same shape, de-
creasing in tandem as force increased in the suboptimal
range and increasing in tandem as force further increased
above the optimal value. Indeed, the ratios of rolling velocity
to off-rate were nearly constant, and were independent of

Figure 1. Parameters of rolling adhesion under flow. (A) The rolling 
motions of a microsphere or neutrophil of radius r are governed by 
the balance of the resultant force (Fs) and torque (Ts) exerted by the 
flowing fluid, the tether force (Ft) applied through L-selectin–PSGL-1 
bonds, and the contact force (Fc). The conversion of wall shear 
stress to Ft using the indicated variables is described in Materials 
and methods. Elevating the viscosity by addition of 6% Ficoll 
increases shear stress by 2.6-fold and therefore increases Ft on a 
sphere of constant size, as illustrated by the comparative lengths 
of the thin and thick vectors for Ft on the small sphere. At the same 
shear stress, Ft is ninefold greater for a sphere of 3-�m radius than 
for a sphere of 1-�m radius, as illustrated by the comparative lengths 
of the thin vectors for Ft on the large and small spheres. (B) A rolling 
sphere stops when the adhesive bond sustains the full load required 
to balance the maximum Ft and Ts. After the bond dissociates, the 
sphere accelerates as it pivots on a newly formed bond upstream 
and then decelerates as force develops in the bond. The sphere 
stops again if the new bond has sufficient strength to withstand 
the full load and lives long enough to survive loading, or it accelerates 
if the bond dissociates prematurely.
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tether force across all conditions tested (unpublished data).
This remarkable quantitative correlation suggests that transi-
tions between catch bonds and slip bonds govern rolling ve-
locity across the flow optimum. In particular, the optimal
flow rate that provides the lowest rolling velocity is deter-
mined by the optimal tether force that provides the maxi-
mal lifetime for the L-selectin–PSGL-1 interaction, where it
transits from a catch bond to a slip bond.

 

Transitions between catch bonds and slip bonds govern 
stop-and-go instantaneous velocities below and above 
the optimal force

 

Off-rate may regulate mean rolling velocity by controlling
the time a sphere stops (pauses) between two consecutive
movements, the frequency of the stops, and/or the relative

times the sphere spends in the stop and go phases. To test
these hypotheses, we examined continuous rolling motions
of individual microspheres and neutrophils recorded at high
temporal resolution (250 fps). Frame-by-frame displacements
were used to obtain time courses of instantaneous velocity.
Fig. 4 illustrates the velocity profiles of representative micro-
spheres of 3-

 

�

 

m radius rolling on sPSGL-1 for 1 s in media
without Ficoll at tether forces below and above the optimum.
The top left panel of Fig. 4 depicts the comparative velocity
profiles of microspheres flowing over a human serum albu-
min (HSA)-coated surface at wall shear rates up to 50 s

 

�

 

1

 

(potential tether forces up to 60 pN), where velocity fluctua-
tions of free-flowing particles could be accurately deter-
mined. The transient L-selectin–PSGL-1 interactions pro-
duced a cyclic stop-and-go pattern of rolling motions that

Figure 2. Tether force governs rolling velocity 
below and above the flow optimum. Mean 
velocities of L-selectin–bearing microspheres of 
3- or 1-�m radii (A–C) or of unfixed or fixed neu-
trophils (D–F) rolling on sPSGL-1 (140 sites/�m2) 
in the absence or presence of 6% Ficoll were plot-
ted against wall shear rate, wall shear stress, and 
tether force. A logarithmic scale was used to plot 
the broad range of wall shear rates and wall shear 
stresses, whereas a linear scale was used to plot 
tether forces. The data represent the mean � SD 
of five experiments.

Figure 3. Tether force governs off-rates of tran-
sient tethers below and above the flow optimum. 
Off-rates (koff) derived from lifetimes of transient 
tethers of L-selectin–bearing microspheres of 3- or 
1-�m radii (A–C) or of unfixed or fixed neutrophils 
(D–F) to low density sPSGL-1 (�10 sites/�m2) in 
the absence or presence of 6% Ficoll were plotted 
against wall shear rate, wall shear stress, and tether 
force. A logarithmic scale was used to plot the 
broad range of wall shear rates and wall shear 
stresses, whereas a linear scale was used to plot 
tether forces. The data represent the mean � SD 
of five experiments.
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corresponded to the events modeled in Fig. 1 B. This gave
rise to instantaneous velocities that fluctuated with periodic
accelerations and decelerations over a much wider range than
the narrow Brownian fluctuations in velocity of free-flowing
microspheres. As flow increased, the free-flowing velocity
profiles rose with similar fluctuation levels and no stops. By
contrast, the rolling velocity time courses were punctuated by
stops where the instantaneous velocity decreased to zero.
Rolling at low flow rates was highly irregular, with frequent
accelerations and decelerations of small magnitude but very
few sporadic stops. These irregular motions resulted from
weak and short-lived but specific interactions between L-selec-
tin and PSGL-1, as they were readily distinguished from
free-flowing motions. As force increased toward the optimal
value, the velocity fluctuations intensified and became more
regular. More decelerations converted into stops, which be-
came longer, indicating progressively stronger and longer-
lived interactions between L-selectin and PSGL-1. As flow
increased beyond the optimal value, the trend was reversed.
The velocity fluctuations diminished and became less regu-
lar. Fewer decelerations converted into stops, which became
shorter, indicating progressively weaker and shorter-lived in-
teractions between L-selectin and PSGL-1. Similar rolling
profiles were obtained at 125 fps, demonstrating that the
measurements had adequate temporal resolution. Profiles ob-
tained at 83, 50, and 30 fps had progressively fewer fluctua-
tions because more and more brief rolling steps failed to be
detected (unpublished data). As a result, cells or micro-

spheres appeared to glide along the surface rather than to roll
with a distinct stop-and-go pattern, indicating that these
lower frame speeds lacked sufficient temporal resolution.

 

Transitions between catch bonds and slip bonds explain 
multiple parameters that quantify rolling behavior

 

To quantify the above observations (see Fig. 4), we segre-
gated the 250-fps rolling time courses into stop and go
phases as modeled in Fig. 1 B. A rolling step was defined as a
cycle of acceleration and deceleration above a threshold that
distinguished it from the narrow velocity fluctuations of
free-flowing microspheres or neutrophils (see Materials and
methods). Acceleration of a rolling microsphere or neutro-
phil indicated a decrease in the adhesive forces that resulted
from dissociation of the rear-most bond(s). Deceleration in-
dicated an increase in adhesive forces loaded on a bond(s)
that formed between the chamber floor and the bottom of
the microsphere or neutrophil as it was being translocated to
the rear end. Note that the rolling step might or might not
include a period of zero velocity that was defined as a stop.
Although a rolling step without a stop remained in the go
phase by definition, it represented a specific L-selectin–
PSGL-1 interaction that lasted long enough to decelerate the
rolling motion, but not to decrease the velocity to zero.
Nearly a thousand stop and go events were collected from
10–15 microspheres or neutrophils that rolled continuously
for 1 s at each flow rate. From these events we derived the
following parameters: mean stop times, stop and go frequen-

Figure 4. Changing features of instantaneous 
rolling velocity below and above the flow optimum. 
Shown are instantaneous velocities of representative 
L-selectin–bearing microspheres of 3-�m radii 
rolling on sPSGL-1 (140 sites/�m2) in the absence 
of Ficoll at wall shear rates (s�1) and corresponding 
tether forces (pN) below and above the optimum. 
The data were recorded at 250 fps. The top left 
panel shows the comparative instantaneous velocities 
of microspheres freely flowing over an HSA-coated 
surface at wall shear rates up to 50 s�1 (potential 
tether forces up to 60 pN), where velocity fluctua-
tions could be accurately measured.
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cies, fractional times spent in the stop or go phases, and frac-
tions of steps with stops.

First, we analyzed 3-

 

�

 

m microspheres rolling on PSGL-1
or flowing freely over HSA in media without Ficoll. At flow
rates where free-flowing velocities over HSA could be mea-
sured, the stop frequency was zero (Fig. 5 A), whereas the go
frequency was unity because the microsphere remained in
the go phase during the entire 1-s observation time (Fig. 5
D). Accordingly, the mean stop time (Fig. 5 B), the frac-
tional stop time (Fig. 5 C), and the fraction of steps with
stops (Fig. 5 E) were zero, whereas the fractional go time was
unity (Fig. 5 F). This demonstrates that our method distin-
guished nonspecific flowing motions from specific rolling
motions, which plotted as biphasic curves. The specific
curves were readily explained by the off-rates of L-selec-
tin–PSGL-1 interactions that exhibited transitions between
catch and slip bonds. As flow increased across the optimal
value, the mean stop time first increased and then decreased
(Fig. 5 B), suggesting that transitions between catch and slip
bonds govern lifetimes of transient tethers that arrested the
spheres from the fluid stream, measured at very low PSGL-1
densities (Fig. 3), as well as lifetimes of rolling tethers that
stopped the spheres from pivoting motions, measured at
higher PSGL-1 densities. Mean rolling velocities (Fig. 2 C),
transient tether off-rates (Fig. 3 C), and reciprocal mean
stop times (reciprocal of Fig. 5 B) had similar biphasic
curves and had the same tether force optimum. This sug-
gests that both transient tethers and rolling tethers repre-
sented either single bonds or the same small number of
bonds under our experimental conditions. The stop fre-
quency for rolling microspheres first increased, reached a
maximum, and then decreased (Fig. 5 A). Conversely, the go
frequency first decreased, reached a minimum, and then in-
creased (Fig. 5 D). The shapes of the stop and go frequency
curves were complementary because the stop and go phases
were mutually exclusive. In the catch bond regime, increas-
ing force toward the optimal level produced stronger L-selec-
tin–PSGL-1 bonds with less frequent premature dissocia-
tion. The longer-lived bonds allowed greater adhesive forces
to develop, which more frequently decelerated the sphere
motions into full stops and thus reduced the frequency of

entry into the go phase. In the slip bond regime, further in-
crease in force beyond the optimal level produced weaker
L-selectin–PSGL-1 bonds with more frequent premature dis-
sociation. The shorter-lived bonds failed to allow sufficient
adhesive forces to develop, which less frequently decelerated
the sphere motions into full stops and thus increased the fre-
quency of entry into the go phase. As a consequence of the
changing mean stop time, stop frequency, and go frequency,
the fractional time a microsphere spent in the stop phase
first increased as the tether force rose to the optimum and
then decreased as the tether force rose above the optimum
(Fig. 5 C), whereas the fractional go time first decreased and
then increased (Fig. 5 F).

The biphasic curve for fraction of rolling steps with stops
revealed how transitions from catch bonds to slip bonds reg-
ulate rolling regularity (Fig. 5 E). At suboptimal flow rates,
bonds were weak and short lived, which might cause a
sphere to decelerate but not stop because their premature
dissociation caused the sphere to accelerate to start the next
rolling step. These bonds enabled a sphere to roll with lower
instantaneous velocities of much wider fluctuations than a
free-flowing particle, yet with few and sporadic stops, giving
rise to the irregular velocity profile (Fig. 4). Increasing force
toward the optimal level converted the weak and short-lived
bonds to stronger and longer-lived bonds. This increased the
fraction of steps with stops from nearly zero to 

 

�

 

0.8 (Fig. 5
E), giving rise to the more regular velocity profile (Fig. 4).
Increasing force beyond the optimal level reversed this trend,
resulting in a decrease in the fraction of steps with stops and
in the less regular velocity profile.

 

Scaling of rolling parameters with tether force excludes 
transport as a mechanism to govern rolling regularity

 

If transitions between catch and slip bonds primarily regulate
rolling behavior, the biphasic curves of rolling parameters
should scale with tether force, but not with wall shear rate or
with wall shear stress unless the microspheres or cells are the
same size. On the other hand, if increased bond formation
by transport primarily regulates rolling behavior, the bipha-
sic curves should scale with wall shear rate but not with wall
shear stress or with tether force. If increased bond formation

Figure 5. Quantification of rolling parameters 
below and above the flow optimum. Stop fre-
quencies (A), mean stop times (B), fractional stop 
times (C), go frequencies (D), fractions of steps 
with stops (E), and fractional go times (F) for 3-�m 
microspheres rolling on PSGL-1 or freely flowing 
over HSA in the absence of Ficoll were plotted 
against tether force (linear scale). The data were 
recorded at 250 fps.
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by flattening of the cell contact area primarily regulates roll-
ing behavior, changing deformability by fixing cells or using
rigid microspheres should drastically alter rolling. To test
these predictions, we measured the rolling parameters as a
function of wall shear rate, wall shear stress, tether force, and
cellular deformability by using media of different viscosities,
rigid microspheres of different radii, and fixed and unfixed
neutrophils. The plots of stop frequencies (Fig. 6) and mean
stop times (Fig. 7) scaled with tether force, but not with wall

shear rate or with wall shear stress unless the spheres were the
same size. The plots of go frequencies, fractional stop and go
times, and fractions of steps with stops also scaled with tether
force (unpublished data). The lack of scaling of these param-
eters with wall shear rate rules out transport as a mechanism
to regulate rolling. Similar to Fig. 2 and Fig. 3, differences
among plots of rigid microspheres, fixed neutrophils, and
unfixed neutrophils were detectable but small, especially in
the catch bond regime, ruling out increased bond formation

Figure 6. Tether force governs rolling stop fre-
quencies below and above the flow optimum. 
Nearly a thousand stop events measured at 250 
fps for each flow rate were collected from 10–15 
L-selectin–bearing microspheres of 1- or 3-�m radii 
(A–C) or unfixed and fixed neutrophils (D–F), each 
continuously rolling for 1 s on sPSGL-1 (140 sites/
�m2) in the absence or presence of 6% Ficoll. The 
stop frequencies were plotted against wall shear 
rate (logarithmic scale), wall shear stress (logarithmic 
scale), and tether force (linear scale).

Figure 7. Tether force governs rolling stop times 
below and above the flow optimum. The mean 
stop times of the rolling microspheres and neutro-
phils described in Fig. 6 were plotted against wall 
shear rate (logarithmic scale), wall shear stress 
(logarithmic scale), and tether force (linear scale).
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by flattening of the cell contact area as a major contributor to
the shear threshold requirement. These combined data dem-
onstrate that transitions between catch bonds and slip bonds
govern both rolling velocity and rolling regularity across the
tether force optimum. In particular, catch bonds enabled in-
creasing force at suboptimal flow rates to convert weak,
short-lived tethers into stronger, longer-lived tethers that in-
creased the frequency and duration of stops.

 

Discussion

 

We have defined the first biological function for catch
bonds, which lengthen their lifetimes in response to increas-
ing force. The quantitative correlation of transient tether
off-rates with mean rolling velocities and multiple measures
of rolling regularity, and their parallel scaling with tether
force, demonstrate that L-selectin uses catch bonds to de-
crease rolling velocity and increase rolling regularity as tether
force increases from the threshold to the optimal level.
These observations reveal catch bonds to be a key molecular
mechanism for the flow enhancement of L-selectin–medi-
ated cell adhesion (Finger et al., 1996; Alon et al., 1997).

As tether forces entered the catch bond regime, all curves
that quantified rolling behavior were similar for rigid micro-
spheres, fixed neutrophils, and unfixed neutrophils. The in-
sensitivity to cell deformability indicates a direct effect of
force on adhesive bond lifetime rather than an indirect effect
of force on cellular features, which might increase the on-
rates of adhesive bonds (Lawrence et al., 1997; Evans et al.,
2001; Zhao et al., 2001). As tether forces entered the slip
bond regime, mean rolling velocities rose more rapidly for
microspheres and fixed neutrophils than for unfixed neutro-
phils. This represents the ability of fixation-sensitive cellular
features to lower the effective force on adhesive bonds de-
spite increasing wall shear stress (Yago et al., 2002). These
cellular properties may include deformation that increases
the adhesive contact area, facilitating new bonds that distrib-
ute the applied force, and extrusion of long membrane teth-
ers that reduce the tether angle and thus the tether force
(Firrell and Lipowsky, 1989; Shao et al., 1998; Lei et al.,
1999; Schmidtke and Diamond, 2000; Rinker et al., 2001;
Park et al., 2002; Smith et al., 2002). Cellular modulation of
the force applied to slip bonds is particularly important at
higher wall shear stresses than studied here, where more
bonds are needed to maintain rolling (Chen and Springer,
1999; Smith et al., 2002; Yago et al., 2002). In contrast,
molecular elasticity measurements reveal that applied force
stretches L-selectin no more than 20 nm in the catch bond
regime (unpublished data), which is insignificant relative to
the micrometer dimensions for microvillous stretching and
tether extrusion. At wall shear stresses below the optimal
level, rolling is primarily regulated by molecular properties,
specifically catch bonds, rather than by cellular properties.

In a recent report, off-rates derived from lifetimes of labile
leukocyte tethers on L-selectin ligands measured at a 2-ms
resolution were reported to be both high and insensitive to
changes in flow until the threshold was reached, after which
off-rates abruptly dropped independently of changes in vis-
cosity (Dwir et al., 2003). The authors concluded that L-selec-
tin tethers are stabilized by shear rate–dependent rotation of

leukocytes that increases bond number rather than by force-
dependent prolongation of bond lifetime. We have been
unable to confirm the results from this work. Our bipha-
sic off-rate curves across the flow optimum tracked with
tether force rather than wall shear rate, and we readily ob-
served gradual rather than abrupt changes in the off-rates in
both catch and slip bond regimes as flow increased. Further-
more, we measured the same force dependence for catch–
slip transitional bonds between L-selectin and PSGL-1 using
atomic force microscopy, a flow-independent method (Sa-
rangapani et al., 2004). The discrepancies in our results and
those of the previous work do not reflect differences in tem-
poral resolution or in the choice of L-selectin ligands. We
also observed catch–slip bond transitions when measuring
tether lifetimes at a 2-ms resolution and on low densities of
PNAd, a group of lymph node–derived ligands for L-selec-
tin. The biphasic off-rate curves obtained on low density
PNAd quantitatively correlated with the biphasic mean roll-
ing velocity curves obtained on higher density PNAd, and
both sets of curves scaled with shear stress rather than shear
rate (unpublished data). The previous work did not examine
whether shear rate or shear stress affected L-selectin–depen-
dent rolling (Dwir et al., 2003). Significantly, we found that
tether force, not shear rate, governed rolling velocity and
rolling regularity below and above the flow optimum. We
conclude that force-induced prolongation of L-selectin bond
lifetime is essential for flow-enhanced cell adhesion. How-
ever, transport-induced increases in bond formation might
also contribute to the shear threshold requirement. This may
be especially important for flowing cells to tether, as in-
creases in shear rate just above threshold levels might aug-
ment encounters between L-selectin and its ligands without
unduly reducing the time required for molecular docking.
Enhanced tethering by a transport mechanism might coop-
erate with catch bond stabilization of rolling to increase the
number of adherent cells. Cells rolling irregularly at very low
shears where bond lifetimes are still very brief might also rely
on transport to form new bonds. Further analyses are re-
quired to address these possibilities.

Catch bonds might regulate other forms of flow-enhanced
adhesion. Interactions of the bacterial adhesin FimH with
mannosylated ligands promote adhesion of bacteria to epi-
thelial surfaces under flow. Shear stress, but not shear rate,
augments attachment of erythrocytes bearing FimH ligands
to immobilized FimH-bearing bacteria (Thomas et al., 2002).
The effect of shear stress is consistent with force-induced pro-
longation of FimH–ligand bonds, but it might also result
from flattening of the erythrocyte contact area that favors
new bonds. Therefore, well-controlled measurements of sin-
gle bond dissociation under force are needed to determine
whether FimH–ligand interactions indeed behave as catch
bonds. Catch bonds might also explain why a minimum
shear is required for the glycoprotein Ib complex to support
platelet attachment to von Willebrand factor on disrupted
vascular surfaces (Savage et al., 1996; Doggett et al., 2002).
Under flow, catch bonds likely contribute most when the
lifetimes of unstressed adhesive bonds are very short and
when adhesion molecule densities are limiting. This would
prevent inappropriate cell adhesion during stasis or undesired
binding of a soluble ligand, whereas even a modest prolonga-
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tion of bond lifetime might confer flow-enhanced adhesion.
The shear threshold requirement for cell adhesion can be
overcome by increasing adhesion molecule density or by mo-
lecular alterations that increase bond on-rates or decrease
bond off-rates (Finger et al., 1996; Puri et al., 1998; Dwir et
al., 2003). Leukocyte adhesion to P-selectin exhibits only a
modest shear threshold requirement (Lawrence et al., 1997)
because the lifetimes of P-selectin–PSGL-1 bonds are longer
than those of L-selectin–PSGL-1 bonds (Alon et al., 1995,
1997; Mehta et al., 1998; Marshall et al., 2003; Sarangapani
et al., 2004). However, very low forces do elicit catch bonds
between P-selectin and PSGL-1, which might contribute to
regulation of rolling at low flow rates (Marshall et al., 2003).

Determining how force-induced structural changes affect
bond lifetimes remains a challenge for the future. A proto-
type may be how force applied to the COOH-terminal

 

�

 

-helix of the 

 

�

 

L

 

-integrin I domain appears to stabilize its
high affinity conformation and enable cell rolling under flow
(Salas et al., 2002). Catch bonds may also affect cell proper-
ties in nonflow environments. Because virtually all adherent
cells are subjected to mechanical stress, catch bonds could
conceivably alter cell locomotion, spreading, and polariza-
tion. Catch bonds might also regulate interactions between
molecular motors and cytoskeletal proteins (Veigel et al.,
2003). Therefore, it is possible that catch bonds contribute
to other biological functions that remain to be defined.

 

Materials and methods

 

Proteins and cells

 

The following proteins have been described: L-selectin–Ig containing the
lectin domain, EGF domain, and both consensus repeats of human L-selec-
tin fused to the Fc moiety of human IgG (Sarangapani et al., 2004), recom-
binant human sPSGL-1 (Yago et al., 2002), and anti–human PSGL-1 mAb
PL1 (Yago et al., 2002). Anti–human IgG Fc pAb was from CHEMICON In-
ternational. Anti–human L-selectin mAb DREG-56 was purified from hy-
bridoma cells from the American Type Culture Collection. Human neutro-
phils were isolated as described previously (Ramachandran et al., 2001).

 

Coupling of L-selectin–Ig to microspheres and sPSGL-1 to 
flow chambers

 

Polystyrene microspheres (1- or 3-

 

�

 

m radius; Polysciences) were adsorbed
with anti–human IgG Fc antibody in 500 

 

�

 

l HBSS, blocked with HBSS
containing 1% HSA, and incubated with L-selectin–Ig. Microspheres were
stored at 4

 

�

 

C in PBS containing 0.1% sodium azide for up to 5 d. The den-
sity of L-selectin, measured by flow cytometry with mAb DREG-56, re-
mained constant during this period. Uniform L-selectin densities were
maintained for all experiments. Neutrophils had 57,000 

 

�

 

 7,000 (

 

n

 

 

 

�

 

 3)
L-selectin molecules per cell, as measured by binding of 

 

125

 

I-labeled DREG-
56 (Yago et al., 2002). The relative densities of L-selectin on neutrophils
and microspheres were measured by flow cytometry. Assuming a smooth
surface for each particle (which under-represents the surface area of neu-
trophils with their many microvilli), a neutrophil radius of 4.25 

 

�

 

m, and a
uniform distribution of 57,000 L-selectin molecules on the surface of each
neutrophil (which ignores the concentration of L-selectin on microvillous
tips [Bruehl et al., 1996]), the L-selectin surface densities (sites/

 

�

 

m

 

2) were
251 for neutrophils, 707 for 3-�m microspheres, and 2,440 for 1-�m mi-
crospheres. Biotinylated sPSGL-1 was captured on streptavidin (Pierce
Chemical Co.) adsorbed to flow chamber floors. Site densities of sPSGL-1
were determined by binding of 125I-labeled PL1 (Yago et al., 2002).

Flow assays
Microspheres or neutrophils (106/ml in HBSS containing 1% HSA) were
perfused at various flow rates over sPSGL-1 in a parallel-plate flow cham-
ber (Ramachandran et al., 2001; Yago et al., 2002). To increase the viscos-
ity in some experiments, 6% (wt/vol) Ficoll (400,000 Mr; Sigma-Aldrich)
was added to the media. The viscosity of the media was measured as 1.0
cP (no Ficoll) or 2.6 cP (6% Ficoll of 400,000 Mr or 9% Ficoll of 70,000

Mr) at RT in an Oswald dropping pipette viscometer (Fisher Scientific). In
some experiments, microspheres or neutrophils were perfused in media
containing 20 �g/ml DREG-56 or PL1 or 5 mM EDTA. All tethering and
rolling events were specific because they were eliminated by inclusion of
mAb or EDTA in the media.

Transient tether lifetimes were measured on low densities of sPSGL-1
that did not support rolling or skipping (Sarangapani et al., 2004). Images
of transient tethers were captured with a Fastcam digital video camera (Su-
per 10 K; Photron) at 250 or 500 fps. Images were replayed in slow mo-
tion, and durations of transient tethers were measured using frame-by-
frame analysis. For each off-rate curve, five sets of lifetimes (�100 tether-
ing events in each set) were measured at each wall shear stress. Off-rates
were derived from each set as the negative slope of the linear fit to the ln
(number of events with a lifetime 	t) vs. t plot, which resulted in �0.9 cor-
relation coefficients, R2, for all fits. Off-rates were also estimated respec-
tively from the reciprocals of the mean and SD of tether lifetimes (Marshall
et al., 2003; Sarangapani et al., 2004), which gave consistent results.

Rolling step analyses
Mean rolling velocities were measured by tracking individual micro-
spheres or neutrophils frame by frame (30 fps) with videomicroscopy with
a 20
 objective. Images were processed on a Silicon Graphics worksta-
tion using the Nanotrack analysis system in the Isee program (Isee Imag-
ing Systems). The computer image algorithms mapped the digital image of
a sphere to obtain subpixel resolution of its centroid (1 pixel � 0.625 �m
at the magnification used). Rolling velocities were averaged over the pe-
riod that the particles were tracked (Yago et al., 2002). For more detailed
analysis of rolling behavior, images were continuously captured at 250
fps. The displacement of the sphere center along the flow direction in any
two consecutive image frames was divided by the time elapsed (4 ms) be-
tween the two frames to calculate the instantaneous velocity, as exempli-
fied in Fig. 4. To simulate camera speeds of 125, 83, 50, and 30 fps, only
displacements in every other frame, every third frame, every fifth frame,
and every eighth frame were selected and divided by the time elapsed (8,
12, 20, and 33 ms) between 3, 4, 6, and 9 frames to calculate instanta-
neous velocity. Several Excel (Microsoft) macros were written to further
analyze these data using modifications of a previous method (Chen and
Springer, 1999). The instantaneous velocity data were numerically differ-
entiated to obtain the instantaneous acceleration. A step was defined as a
cycle of acceleration and deceleration, which might or might not include
a stop phase. A particle was defined to be in the stop phase if the instanta-
neous velocity was no greater than the mean noise level of the image
analysis system, which was determined by tracking the instantaneous ve-
locity of a set of stationary particles in a control experiment and was set at
zero. Except for the lowest flow rates, all rolling steps resulted from spe-
cific L-selectin–PSGL-1 interactions because the particle velocities ana-
lyzed were far lower than those of particles freely flowing over HSA sur-
faces at the same shear (Fig. 4). At the low end of some curves, the mean
velocity of a rolling particle was comparable to that of a free-flowing par-
ticle. To distinguish specific from nonspecific interactions under such
conditions, a step was defined as a cycle of acceleration and deceleration
whose magnitude exceeded a predetermined threshold. The threshold
was chosen to separate acceleration and deceleration caused by dissocia-
tion and formation of bonds from those caused by Brownian fluctuations
in velocity (Pierres et al., 2001). In the data in Figs. 5–7, a threshold of
2,500 �m/s2 was chosen because the mean acceleration of a rolling parti-
cle was above 3,000 �m/s2, whereas that of a free-flowing particle was
below 800 �m/s2. Threshold values above 1,000 �m/s2 were sufficient to
remove nearly all falsely identified pivot and stretch events from the ve-
locity profiles of free-flowing particles. Threshold values ranging from 0
to 2,500 �m/s2 yielded similar values for specific rolling parameters, indi-
cating the ability to detect all but a negligible fraction of rolling steps me-
diated by the weakest specific interactions.

For each condition analyzed, the following statistics were calculated
from nearly a thousand stop, go, and step segments segregated from 10–15
microspheres or cells, for each of which rolling at a given shear was con-
tinuously recorded for 1 s: stop and go frequencies, mean stop times, frac-
tional stop and go times, and fractions of steps with stops.

Conversion from wall shear stress to tether force
To relate the force on the rear-most tether to wall shear stress, we mea-
sured lever arms for microspheres of 3-�m radii and for neutrophils by a
flow reversal method (Yago et al., 2002). This method lacked sufficient res-
olution to accurately measure the lever arm for microspheres of 1-�m radii
due to their small size. The conversion between wall shear stress and
tether force for 1-�m microspheres was derived from that for 3-�m micro-
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spheres by dimensional analysis. The motion of a sphere of radius r in a
fluid of viscosity � subject to a simple shear flow of shear rate �

.
 near a pla-

nar surface can be described by the changes in time of the position x and
rotational angle � (Fig. 1 A), which are governed by two equations that
balance the respective forces and torques acted on the sphere (Tissot et al.,
1992; Zhao et al., 2001):

(1)

Eq. 1 has already been nondimensionalized by scaling x by r and t by 1/ �
.

such that all coefficients represent values for a sphere of unit radius,
fluid of unit viscosity, and shear flow of unit shear rate. The drag coeffi-
cients hij (i, j � 1, 2) weakly depend on the gap distance between the
sphere and the wall only; their values, which have been solved from fluid
mechanics theory (Goldman et al., 1967), represent the forces (h1j) and
torques (h2j) that the fluid exerts on the sphere due to its unit translation
(hi1) and rotation (hi2) velocities. The first terms on the right-hand sides of
Eq. 1 represent the force and torque due to shear. The last terms account
for the fact that the sphere is tethered to the wall by a force Ft with an in-
clined angle � (Fig. 1 A), assuming that the rear-most tether provides all
tensile force. Ft � 0 when the rear-most tether dissociates, which reduces
Eq. 1 to a widely used theory (Goldman et al., 1967). In the presence of a
tether, Ft � 0 is a function of x and �, and depends on tether properties. It
seems reasonable that tether properties would be the same for micro-
spheres of radii of 1 and 3 �m as they were mediated by the same molec-
ular interactions, but would be different for microspheres and neutrophils
because the latter have microvilli. It follows from Eq. 1 that rolling mo-
tions of microspheres of different radii in media of different viscosities sub-
ject to different shear rates are dynamically similar as long as they have
the same dimensionless number Ft/(r

2��
.

). Physically, this number mea-
sures the relative importance of tether force and shear force. It increases as
force develops and approaches maximum as the sphere approaches a
complete stop when d(x/r)/d(�

.
t ) � d�/d(�

.
t ) � 0 (with corresponding pa-

rameters denoted by a subscript ∞),

(2)

which should be the same for microspheres of different radii but different
for microspheres and neutrophils because their tethers have different prop-
erties. Eq. 2 also defines a relationship between �∞ and �∞. It follows from
geometry (Fig. 1 A) that

(3)

Using lever arm values measured from flow reversal experiments, x /r �
0.344 for 3-�m microspheres and 0.720 for 4.25-�m neutrophils, we can
solve � � 75.9� and 62.3� for 3-�m microspheres and neutrophils, re-
spectively, from Eq. 2 and Eq. 3. We then find from Eq. 2 Ft /(r

2��
.

) � 13.2
and 6.89 for 3-�m microspheres and neutrophils, respectively. Because
their tethers have the same properties, Ft /(r

2��
.

) for the 1-�m micro-
spheres should be the same as that for the 3-�m microspheres. Thus, the
tether forces per unit wall shear stress are Ft /(��

.
) � 13.2, 119, and 125

pN/(dyn/cm2) for 1-�m microspheres, 3-�m microspheres, and 4.25-�m
neutrophils, respectively. The lever arm values were insensitive to wall
shear stress in the 0.5–2-dyn/cm2 range tested where the conversion fac-
tors so determined would remain constants.
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