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ABSTRACT L-selectin-mediated leukocyte rolling has been proposed to require a high rate of bond formation compared to
that of P-selectin to compensate for its much higher off-rate. To test this hypothesis, a microbead system was utilized to
measure relative L-selectin and P-selectin bond formation rates on their common ligand P-selectin glycoprotein ligand-1 (PSGL-
1) under shear flow. Using video microscopy, we tracked selectin-coated microbeads to detect the formation frequency of
adhesive tether bonds. From velocity distributions of noninteracting and interacting microbeads, we observed that tether bond
formation rates for P-selectin on PSGL-1 decreased with increasing wall shear stress, from 0.14 6 0.04 bonds/mm at 0.2 dyn/
cm2 to 0.014 6 0.003 bonds/mm at 1.0 dyn/cm2. In contrast, L-selectin tether bond formation increased from 0.017 6 0.005
bonds/mm at 0.2 dyn/cm2 to 0.031 6 0.005 bonds/mm at 1.0 dyn/cm2. L-selectin tether bond formation rates appeared to be
enhanced by convective transport, whereas P-selectin rates were inhibited. The transition force for the L-selectin catch-slip
transition of 44 pN/bond agreed well with theoretical models (Pereverzev et al. 2005. Biophys. J. 89:1446-1454). Despite catch
bond behavior, hydrodymanic shear thresholding was not detected with L-selectin beads rolling on PSGL-1. We speculate that
shear flow generated compressive forces may enhance L-selectin bond formation relative to that of P-selectin and that L-
selectin bonds with PSGL-1 may be tuned for the compressive forces characteristic of leukocyte-leukocyte collisions during
secondary capture on the blood vessel wall. This is the first report, to our knowledge, comparing L-selectin and P-selectin bond
formation frequencies in shear flow.

INTRODUCTION

Capture and rolling of leukocytes on the blood vessel wall is

mediated by the selectin family of adhesion receptors and

characterizes the initiation of inflammation (1). During the

acute phase of the inflammatory response, leukocyte rolling

is governed largely by interactions between P-selectin

expressed on the surface of endothelial cells and P-selectin

glycoprotein ligand-1 (PSGL-1) on leukocytes (2). In ad-

dition, leukocyte L-selectin catalyzes transient aggregation

of leukocytes on vascular endothelium through PSGL-1 and

other mucin-like ligands expressed by the adherent leukocyte

(3–5). The L-selectin-PSGL-1 adhesive interaction fre-

quently results in the incoming leukocyte adhering down-

stream of a previously adherent leukocyte, a process called

secondary capture. In both the primary capture and the sec-

ondary capture pathways, the role of the selectin is to initiate

adhesion through fast binding reactions.

Experimental measures have shown that in solution

P-selectin and L-selectin have rapid on-rates relative to known

antibody-antigen reactions (6,7). A three-dimensional (3-D)

on-rate of 4.4 3 106 M�1s�1 has been determined for

P-selectin with PSGL-1 (7). The on-rate constant for L-selectin

with soluble glycosylation-dependent cell adhesion mole-

cule-1 (GlyCAM-1), a molecule related to PSGL-1, has been

determined to be ;30-fold slower (;105 M�1s�1) (6). It

should be noted that the selectin ligand was different in each

of these experiments (neutrophil-derived PSGL-1 for P-selectin

and mouse derived GlyCAM-1 for L-selectin). In contrast,

laser trap data suggest that the specific two-dimensional (2-D)

on-rates for P-selectin and L-selectin are similar at 1.7 mm2/s

in the absence of physiologic shear forces, although statistical

bounds could not be placed on that value (8).

Compounding the differences in estimates of selectin on-

rates derived from biochemical and optical trap assays, the

analysis of leukocyte rolling on either peripheral node

addressing (PNAd) or immobilized GlyCAM-1 has resulted

in a diametrically opposed conclusion regarding their rel-

ative magnitudes. Since L-selectin off-rates during leukocyte

rolling are an order of magnitude higher than those of

P-selectin, it has been inferred that L-selectin must have a

higher on-rate than P-selectin to maintain stable rolling (9–11).

This conclusion was based on a comparison of leukocyte

rolling on PNAd or GlyCAM-1 versus P-selectin at equivalent

adhesion strengths in a resistance to detachment assay (9).

Similarly, the higher neutrophil tethering rate on L-selectin

versus P-selectin substrates at comparable site densities has

been inferred to represent a higher intrinsic on-rate of L-selectin

for PSGL-1 than P-selectin (12).

To estimate the relative tether bond formation rates of

P-selectin and L-selectin to their common ligand, PSGL-1,

we developed a cell-free assay in which beads coated with

selectin could interact discretely with low site density PSGL-

1 substrates, thereby allowing visual detection of the forma-

tion of selectin tether bonds. The cell-free assay minimizes
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any effects of cell deformability on selectin binding and

increases the likelihood that binding events are governed by

small numbers of receptors due to the geometric constraints

of the contact patch (13–15). With uniform contact area, it

can be inferred that the tether bond formation frequency will

scale with the selectin molecular bond formation rate

(13,14). To establish objective bounds for the beginning

and end of a selectin binding event, we experimentally

determined velocity distributions for both noninteracting and

interacting particles in the parallel plate flow chamber.

Based on measured velocity distributions, we found that

tether bond formation rates for P-selectin decreased over the

range of shear stresses 0.2–1.0 dyn/cm2 (20–100 s�1 wall

shear rate). In contrast, L-selectin tether bond formation

rates, although initially slower than those of P-selectin, in-

creased as flow rates increased. Eventually, L-selectin bead

binding rates surpassed those of P-selectin as flow was

increased. Despite evidence of catch-slip bond dynamics,

L-selectin microbeads failed to give rise to the shear threshold

phenomenon as it is manifested with leukocytes and plate-

lets. Our results suggested that convective transport effects

enhanced L-selectin bonding frequency with PSGL-1 while

inhibiting P-selectin binding to PSGL-1.

MATERIALS AND METHODS

Reagents and protein isolation

Recombinant P-selectin and L-selectin, containing the lectin, epidermal

growth factor, and six and two consensus repeat domains, respectively,

fused to a human immunoglobulin G (IgG4), were purchased from R&D

Systems (selectin-IgG; Minneapolis, MN). All other reagents were

purchased from Sigma (St. Louis, MO).

PSGL-1 was purified from HL-60 cells as previously described (15,16).

PSGL-1 purification was verified by sodium dodecylsulfate-polyacrylamide

gel electrophoresis and a functional flow chamber assay using the criteria of

rolling by HL-60 cells and 300.19 cells transfected with L-selectin. Site

densitieswere estimatedby anELISA-based europium-streptavidin assay (17).

Microbead preparation

Polystyrene microbeads (5.9 6 0.4 mm) were purchased from Polysciences

(Warrington, PA). L-selectin-IgG or P-selectin-IgG was conjugated to the

beads using either passive adsorption or carbodiimide chemistry (15). For

passive adsorption, beads were washed three times with 0.1 M borate buffer,

pH 8.5, and incubated for 4 h with the appropriate selectin-IgG in 0.1 M

borate buffer for 4 h at room temperature under end-to-end rotation. After

washing with 0.1 M borate buffer, the microbeads were incubated overnight

in 1% Tween-20 solution at 4�C under end-to-end rotation to block

nonspecific adhesion. For covalent coupling, carboxylate-modified polysty-

rene microbeads (Polysciences) were prepared following the manufacturer’s

instructions. The microbeads were incubated in a prescribed amount of

L-selectin-IgG or P-selectin-IgG in borate buffer overnight at room temper-

ature with end-to-end rotational mixing (15). The selectin-coated microbe-

ads were then blocked with a Tween-20 solution as described above.

Selectin site densities on beads were estimated by flow cytometry using

calibrated fluorescent microbeads (18,19).

Before use in the laminar flow chamber assay, the microbeads were

centrifuged and resuspended in assay media (Hank’s balanced salt solution,

10mMHEPES, pH7.4, and 2mMCaCl2) at a concentration of 53 105 beads/

ml. As a C-type lectin, CaCl2 is required for selectin binding to PSGL-1 (20).

Flow chamber assay

Polystyrene slides were cut from bacteriological petri dishes (Falcon 1058,

Fisher Scientific, Pittsburgh, PA), and diluted PSGL-1 was passively

adsorbed to the slide and allowed to incubate at room temperature for 2 h.

Slides were blocked for nonspecific adhesion overnight at 4�C with 1%

Tween 20 in HBSS. Covalent coupling of PSGL-1 to plastic was found to

have no effect on microbead adhesive dynamics (15). The wall shear stress

of the parallel plate flow chamber (Glycotech, Rockville, MD) was

determined by the gasket dimensions, which were 0.01 inches thick and

1 cm wide. Cell or bead suspensions were drawn into the chamber at room

temperature using a PHD 2000 programmable syringe pump (Harvard

Apparatus, South Natick, MA) (Fig. 1). The chamber was mounted over an

inverted phase-contrast microscope (Diaphot-TMD; Nikon, Garden City,

NY) at 403 magnification (1 pixel ¼ 0.185 um).

Counting bead tethers/s was as follows with an adjustment for bond

lifetime: (n� 1)/f(tn � t1)�+tbig, where n is the number of tether bonds, t1
is the time of the first tethering event, tn is the time of the last tethering event

in the field of view, and tbi is the duration of the ith tether bond. The

recursive formula is valid for n $ 2, as beads with one tethering interaction

were excluded from the analysis due to uncertainty as to the time and

distance to the next tethering event. Tether bond frequency normalized on

a distance basis was estimated by the distance between successive tethers

for beads that formed at least two tether bonds in the field of view.

Data acquisition and high speed video analysis

Images from all experiments were recorded using the Photron PCI

FastCam (Photron USA, San Diego, CA). The noninterlaced images were

stored in the PCI’s memory board and transferred directly to the hard drive

of a Dell Dimension 8400 (Dell, Austin, TX) in audio video interleave

format. High spatiotemporal resolution images (250 frames/s) were loaded

into Image J, and particles were tracked using a normalized cross cor-

relation algorithm (21). Centroid interpolation was used to achieve sub-

pixel resolution (22).

Statistical analysis

Data are expressed as the mean 6 SE unless otherwise stated. Statistical

significance in the differences in bond formation rates for each site density

and substrate was verified using a one-way analysis of variance. Values of

FIGURE 1 Schematic diagram of L-selectin- or P-selectin-coated bead

flowing over a PSGL-1 substrate. Recombinant selectin IgG molecules were

adsorbed to 6 mm polystyrene microbeads at 500 ng/ml. PSGL-1 was

randomly adsorbed to the floor of the flow chamber at bulk concentrations of

1, 10, or 100 ng/ml. Geometrically, microbeads translate convectively in the

x-direction, parallel to the floor of the flow chamber. g ¼ wall shear rate

(s�1). Experimentally, the viscosity of the fluid is 1 cP, so that 1 dyn/cm2

wall shear stress ¼ 100 s�1 wall shear rate.
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p , 0.05 were considered statistically significant. The goodness-of-fit of

normal and lognormal distributions of noninteracting beads was assessed

using the x2 test statistic with (1 � a) ¼ 0.95.

RESULTS

Tracking and validation of noninteracting particles

Polystyrene microbeads were coated with identical densities

of L-selectin or P-selectin and flowed over a 1% Tween-20-

coated plate to determine near-wall, noninteracting particle

velocities (Fig. 1). Near-wall velocities followed a linear

relationship (R2 . 0.99) with increasing shear stress,

agreeing well with the two velocity-flow relationships

predicted by the asymptotic analysis and the method of

reflections for a bead separation distance of 100 nm (23)

(Fig. 2). The good fit of the measured velocities of micro-

beads with the velocity-flow relationship predicted by the

two equations suggested that the beads were within 100 nm

of the surface.

Instantaneous velocity fluctuations are frequently used to

infer the existence of short-lived selectin bonds between the

microbead and surface (10,16,24–26). To assess the impact

of spatiotemporal limitations in particle tracking on apparent

velocity fluctuations, we calculated the apparent diffusion

coefficient of the polystyrene beads in flow. Convective

transport dominated bead motion in the direction of flow (the

x-direction) (Fig. 1) with a Peclet number . 1000. In the

y- and z-directions, negligible convective transport contrib-

uted to bead motion and diffusive fluctuations dominated

displacements. We collected y-direction displacements and

fit them to a Gaussian distribution (Fig. 3 A). The distribution
had a mean of 0 mm and a standard deviation of 0.025 mm.

The root mean-square (RMS) displacement in the y-direction,
on small timescales ranging 4–160 ms, provided an estimate

of the diffusion coefficient of the microbead. Using the equa-

tion Æy2æ ¼ 2Dt (27), we obtained a diffusion coefficient of

0.038 6 0.002 mm2/s by fitting an exponential equation to

the experimentally determined diffusion coefficient values at

long time points (Fig. 3 B). Assuming a bead separation

distance of 100 nm from the coverslip, this measurement is

higher than the diffusion coefficient of 0.026 mm2/s pre-

dicted by simulation using a modified Stokes theory for a

bead diffusing near a planar surface (28).

At our highest time resolution, 4 ms (i.e., a single video

frame at 125 frames per s), we overestimated the diffusion

coefficient (0.0816 0.002 mm2/s) (Fig. 3 B), likely an effect
of the low signal/noise ratio (SNR) characteristic of high

magnification optical microscopy. At 4 ms time resolution,

our measured SNR of 3.5 correlated with detectable error

and bias in tracking (21). Expanding the time window for

y-displacement observation minimized the effects of shot noise

and resulted in a higher SNR (.5). By tracking a nominally

stationary bead, we estimated the limit of resolution of our

tracking program to be 0.034 mm. Based on this resolution

limit and the diffusion coefficient value measured on a time

basis of 8 ms, we estimate that our tracking program can the-

oretically achieve accuracy in velocity measurement to within

0.034 mm/8 ms � 4 mm/s. Such velocity uncertainty limits

the reliability of bond lifetime measures based solely on

small-scale velocity fluctuations, as used in a number of

previous studies (25,26,29,30).

FIGURE 2 Experimentally measured velocities of noninteracting mi-

crobeads on a 1% Tween-20-coated surface. Microbeads coated with either

P-selectin or L-selectin IgG were flowed over a 1% Tween-20-coated sur-

face to obtain a population of noninteracting velocities. The average velocity

is plotted as a function of wall shear stress. Data points represent the average

of at least 20 beads in each of three independent experiments (mean 6 SE).

Average velocities follow a linear relationship with wall shear stress (R2 .
0.99). Theoretical predictions for near-wall velocities using the ‘‘method of

reflections’’ (solid line) and asymptotic, lubrication theory (dashed line)

outlined by Goldman, Cox, and Brenner (23) are shown.

FIGURE 3 Measurement of diffusion of microbeads. (A) Distribution of

y-displacement (Fig. 1) of noninteracting microbeads in shear flow. The

population of displacements is normally distributed with mean 0 mm and

standard deviation 0.025 mm (p , 0.05). Displacements of exactly zero are

included in the 01 bin. (B) The diffusion coefficient of the microbead was

calculated from the RMS displacement in the y-direction using the equation

Æy2æ ¼ 2Dt. Because of interpolation limits in our tracking program, 4 ms

time intervals were too small to measure Brownian motion, inflating the

diffusion coefficient. By expanding the time window, we were able to

compute a diffusion coefficient of 0.038 mm2/s. Data shown are the result of

at least 15 microbeads (mean 6 SE).
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Detection of discrete selectin interactions

Beads coated with L-selectin or P-selectin IgG were flowed

over a plate coated with either 1 ng/ml, 10 ng/ml, or 100 ng/

ml PSGL-1 at a range of shear stresses of 0.2–1.0 dyn/cm2.

Using a europium-streptavidin assay, site densities on the

plate varied proportionally with solution concentration and

were estimated to be 0.2–20 sites/mm2 for the range of

concentrations tested (17). L-selectin and P-selectin site

densities on the bead were determined to be 70 sites/mm2

using flow cytometry. L-selectin beads interacting with 10

ng/ml PSGL-1 are shown in Fig. 4, A–F. Discrete interac-

tions can be visualized as the particle velocity drops below

free stream values and is particularly evident at 0.4 dyn/cm2

wall shear stress and above. Between interactions, beads

flow at hydrodynamic velocity matching experimental

velocities measured for noninteracting beads, suggesting

the absence of adhesive bonds (Fig. 2). No statistically

significant differences in interaction frequency or duration

were observed between beads coated with L-selectin or

P-selectin using either passive adsorption or covalent cou-

pling (data not shown).

To identify a bond formation event, distributions were fit

to the experimentally measured velocities of noninteracting

particles. A normal distribution fit noninteracting particle

velocities at 0.2 and 0.3 dyn/cm2, whereas a lognormal

distribution was fit to beads at 0.4 dyn/cm2 and above (p ,
0.05 for each shear stress). Empirically, the distribution of

free velocities was well matched by a lognormal distribution,

except at the lowest shear stresses, where a normal distri-

bution provided a better match to the data. At the lowest

shear stresses, we were unable to collect a significant number

of beads far enough from the wall to constitute a lognormal

distribution. Most likely, this is due to particle settling before

initiation of flow.

A cutoff velocity was established by constructing a 99%

confidence interval on the noninteracting velocity distribu-

tions for each shear rate to rigorously separate bonding

interactions from Brownian motion in the z-direction or other
sources of random particle movement. The lower bound of

the interval (a ¼ 0.005) was used as the critical velocity,

which necessarily is a function of the local flow profile,

particle size, and distance from the surface. At or below this

critical velocity, there was a more than 99% chance that the

bead was outside the bounds of normal velocity fluctuations;

and therefore the bead was determined to be in the inter-

acting state. Above the critical velocity, the bead was defined

to be noninteracting. It should be noted that a 97% con-

fidence interval had to be constructed at 0.2 dyn/cm2 (a ¼
0.015 cutoff) since the experimentally measured mean

velocity was so close to zero.

The population of interacting beads contained a distinct

subpopulation of velocities that fell below the critical

velocity derived from the distributions of the noninteracting

beads (Fig. 5). An overlay of the curves representing the

velocity distributions of noninteracting beads on the popu-

lation of interacting beads was used to establish the velocity

criteria for a bonding event. At the lowest shear stress tested

(0.2 dyn/cm2), interacting velocities were difficult to resolve

from the noninteracting distribution. Notably, 1.5% of the

noninteracting population of velocities at 0.2 dyn/cm2 fell

below our accuracy limits of 4 mm/s. It is possible for a

noninteracting particle undergoing Brownian motion to

move near enough to the surface for its velocity to drop suf-

ficiently to be interpreted as a bond event, leading to over-

estimation of the frequency of interactions at the lowest shear

stress. At all other shear stresses tested, interacting subpop-

ulations clearly fell outside the best-fit line of the noninter-

acting distribution (Fig. 5).

FIGURE 4 Representative individual L-se-

lectin bead histories interacting with PSGL-

1 (A–F). Microbeads of 6 mm, coated with 500

ng/ml L-selectin IgG, were flowed over a plate

coated with 10 ng/ml PSGL-1. Beads drop to

velocities near zero when a bond is engaged

and return to hydrodynamic velocity between

bond events. Velocities were recorded at 250

fps with a 403 objective (1 pixel¼ 0.185 mm).

Similar measurements were taken with L-selectin

at 1 and 100 ng/ml and P-selectin (not shown).
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Comparison of L-selectin and P-selectin tether
bond formation rates and tether bond lifetimes

With the establishment of a statistically determined bond

event, we set out to compare the bead binding rates (tether

bond formation rates) of P-selectin and L-selectin with their

common ligand, PSGL-1. A bead binding rate based on an

event per time basis (Fig. 6, A and B) was used to

characterized the flux of beads, as it was sensitive to both

the bond lifetime as well as the probability that the bead

would form subsequent interactions after the initial tether

bond. The binding rate on a per time basis was determined by

counting the number of interactions in a time window

spanning the initiation of the first binding event to the end of

the last binding event within the field of view minus the

duration of the bonds. This method may overestimate the

true bond formation rate on the per time basis, especially for

those beads with infrequent interactions. The large majority

of beads generated more than two interactions in the field of

view (.90% for all cases), and the overestimation dimin-

ishes as more interactions are observed.

FIGURE 5 Velocity distributions of interacting and

noninteracting microbeads. Velocities of 6 mm noninter-

acting microbeads are plotted in a histogram (shaded).

A normal (A and B) or lognormal (C–F) distribution was fit

to each population. Goodness of fit was assessed using a

x2 test with p , 0.05 for each wall shear stress. As an

example, velocity populations from 6 mm beads coated

with 500 ng/ml L-selectin interacting with 10 ng/ml PSGL-

1 are shown (open). A bimodal distribution is obtained

with the interacting beads. One part of the population

closely resembles the noninteracting beads, and the other

population lies to the left of the best-fit line (black). This
subpopulation of interacting velocities falls outside of the

99% confidence interval and, thus, is a population of bond

events.
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Binding events normalized on an event per distance basis

(Fig. 6, C and D) report the distance between repeated in-

teractions of the microbead as it flows over the PSGL-1

surface. Bead binding normalized on a per distance scale

most closely approximates a chemical kinetic rate. In both

measurement approaches, beads (less than 10% of the near-

wall population) that had only one interaction in the micro-

scope field of view were discarded from the analysis pool

because of the uncertainty of the distance or time before the

next successful tethering event. The effect of discarding the

single interaction population may result in a slight overes-

timation of the tether bond frequencies.

For L-selectin, tether bond formation rates increased on

both the per time (s�1) and per distance (mm�1) scale with

shear stress (Fig. 6, A and C). At the lowest site density of

PSGL-1 (1 ng/ml adsorption concentration,;0.2 sites/mm2),

L-selectin tether bond formation rates increased from 0.836
0.2 s�1 up to 1.86 0.2 s�1 and from 0.0186 0.005 mm�1 up

to 0.031 6 0.005 mm�1. At a higher site density of 100 ng/

ml PSGL-1 (;20 sites/mm2), L-selectin bond formation rates

increased from 4.1 6 2 s�1 up to 17.2 6 3 s�1 and from

0.136 0.05 mm�1 to 0.186 0.04 mm�1 (Fig. 6, A and C). As
flow was increased, L-selectin beads were observed to re-

attach with increasing frequency on the two highest densities

of PSGL-1. At the lowest density of PSGL-1, the frequency

of L-selectin bead bond formation was relatively insensitive

to increasing flow.

For P-selectin, bond formation rates decreased monoton-

ically over the range of shear stresses and site densities tested

on both the per time and per distance scale (Fig. 6, B and D).

FIGURE 6 Bond formation rates and apparent off-rate

of L-selectin or P-selectin microbeads interacting with

PSGL-1. L-selectin- (A and C) or P-selectin- (B and D)

coated microbeads were flowed over 1 ng/ml (circles), 10

ng/ml (squares), or 100 ng/ml (diamonds) PSGL-1 over a

range of wall shear stresses. Using statistically determined

definitions, bond formation rates were measured on a per

time (A and B) or per distance (C and D) scale. Note that

the y axes are different for C and D. The bond formation

rates increased for L-selectin and decreased for P-selectin

over the range of wall shear stresses tested. The inset in D

shows bond formation rates for P-selectin on 1 ng/ml

PSGL-1 using the same scale as C. At 1 and 10 ng/ml,

P-selectin had the higher bond formation rate up to 0.7 dyn/

cm2 wall shear stress. Above 0.7 dyn/cm2, L-selectin had

the higher rate. Apparent off-rates were measured (E and

F) and, at each PSGL-1 site density, the apparent off-rate

for L-selectin was 2–10-fold higher than P-selectin. Catch

bond behavior was recorded for L-selectin at all PSGL-

1 site densities, but not for P-selectin.
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P-selectin bond formation rates were significantly higher

than for L-selectin below 0.7 dyn/cm2 wall shear stress. At

1 ng/ml PSGL-1, P-selectin bond formation rates dropped

from 3.2 6 1 bonds/s (0.14 6 0.04 bonds/mm) at 0.2 dyn/

cm2 to 1.6 6 0.3 bonds/s (0.014 6 0.003 bonds/mm) at 1.0

dyn/cm2. At 100 ng/ml, bond formation rates dropped from

10.16 1 (s�1) (3.86 1 mm�1) at 0.2 dyn/cm2 to 5.86 1 s�1

(0.55 6 0.1 mm�1) at 1.0 dyn/cm2. For discrete P-selectin

interactions with PSGL-1, these data represent a 1.7–1.9-fold

decrease of the bond formation rates on a per timescale and a

6.9–10-fold decrease on the per distance scale. Normaliza-

tion by the time basis showed a smaller decrease with in-

creasing flow because of the compensatory effect of a greater

flux of beads of P-selectin beads compared to L-selectin

beads. Individual P-selectin beads were always less likely to

form attachments as flow was increased and the distance

between binding events increased precipitously for even the

highest PSGL-1 density at wall shear stresses of 0.7 dyn/cm2

and above (Fig. 6 D), in contrast to the case with L-selectin.

L-selectin at the highest PSGL-1 density tested supported

a significantly higher probability of bead recapture subse-

quent to forming a tether bond than did P-selectin at 1.0

dyne/cm2 wall shear stress. P-selectin beads were less likely

to immediately reattach to PSGL-1 as flow was increased

(Fig. 6 A compared to B).

Comparison of L-selectin and P-selectin tether
bond lifetimes

Using the statistical definition of a bond formation event

(Fig. 5), we compared the tether bond lifetimes of P-selectin

and L-selectin microbeads to previous work as a control for

the internal consistency of our bond lifetime measures

(24,25,31). Off-rate constants were determined from the

cumulative pause time distribution using 4-ms bins. Recep-

tor-ligand dissociation kinetics follows the relationship�dC/
dt ¼ koff C, where C is the concentration of receptor-ligand

complexes (see Supplementary Material). The natural log-

arithm of the number of events remaining bound was plotted

as a function of time, and the slope of the line was determined

to be the off-rate (32). Excluding the shortest pauses or

increasing bin size did not alter apparent off-rate values. It was

important to establish that our criteria for a definition of a

bonding event met several previously established tests, most

significantly that of quantal behavior suggestive of either

single bonds or uniform-sized bond clusters and that of the

recombinant selectin receptors functioned consistently with

the native forms reported in previous studies (16,26,33–36).

The apparent off-rates of L-selectin beads on PSGL-1

were calculated from the duration of discrete interactions

(Fig. 6 E). There were no statistically significant differences

(p. 0.2) in the off-rate measured at 1 ng/ml (;0.2 sites/mm2)

or 10 ng/ml PSGL-1 (;2.0 sites/mm2), indicating few mul-

tivalent interactions. At all shear stresses, the apparent off-

rate at 100 ng/ml PSGL-1 (;20 sites/mm2) was lower than

the other site densities (p, 0.05), suggesting the presence of

some multivalent interactions (37,38). We observed catch-

slip bond behavior for L-selectin-PSGL-1 interactions at all

site densities as shown by the drop in apparent off-rate from

0.2 dyn/cm2 to 0.3 dyn/cm2 followed by an exponential

increase with increasing wall shear stress (Fig. 6 E). The
minimum of the off-rate curve was located at a shear stress of

0.3 dyn/cm2 for the two lower site densities and at 0.4 dyn/

cm2 at the highest site density. Using previously described

methodologies (15) and assuming a tether arm length of 100

nm based on the combined selectin-PSGL-1 bond length, a

wall shear stress of 0.3 dyn/cm2 corresponds to a 33 pN force

on the bond and 0.4 dyn/cm2 wall shear stress corresponds

to a 44 pN force on the bond.

No statistically significant differences were measured in

the apparent off-rate of P-selectin on PSGL-1 at wall shear

stresses below 0.5 dyn/cm2 for all site densities tested (p .
0.05), suggesting that we were measuring single bonds—or

at least small numbers of bonds that in aggregate behave with

population dynamics of single bonds (Fig. 6 F). The values
of the P-selectin off-rate at the lowest PSGL-1 density com-

pare well with previous observations (15). Statistically signif-

icant differences were measured for the apparent P-selectin

off-rate above 0.5 dyn/cm2 for the two highest PSGL-1 site

densities (100 and 10 ng/ml) (p , 0.05). At the highest

PSGL-1 site density (100 ng/ml;;20 sites/mm2), the apparent

off-rate measurements indicate that we are likely observing

a mixture of mono- and multivalent interactions. Optical noise

limited our ability to resolve discrete bond interactions at

shear stresses below 0.2 dyn/cm2, the regime in which catch

bonds have been observed for P-selectin (31).

L-selectin and P-selectin bead flux

To assess the macroscopic behavior of L-selectin and

P-selectin beads rolling on PSGL-1, we measured bead rolling

flux (the number of rolling beads/area in 1 min) on 250 ng/ml

PSGL-1 (Fig. 7). The bead flux measure reports a combi-

nation of bead tethering frequency and duration of interac-

tion. We used two methods to introduce beads into the flow

chamber. One previously described procedure is referred to

here as the ramp method; it required the beads to undergo a

presettling interaction at ,0.2 dyn/cm2 wall shear stress

before adhesion was measured after step increases in wall

shear stress (30,39). The second procedure we used is

described as the washout method. With this method, the flow

chamber was completely cleared of beads between increases

in shear stress, and the beads were allowed to flow into the

chamber for 3 min before counting. This method reproduced

the protocol for analyses of leukocyte-tethering frequency

and accumulation rates performed in many laboratories

(40,41).

A monotonic decrease in rolling bead flux as assayed by

the washout method was observed for both L-selectin and

P-selectin beads as flowwas increased from 0.2 to 1.0 dyn/cm2
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wall shear stress (Fig. 7). The P-selectin microbead rolling

flux was significantly higher than that of L-selectin beads for

wall shear stresses up to and including 1.0 dyn/cm2. The

P-selectin bead rolling flux was most dramatically greater than

that of L-selectin in the ranges where P-selectin microbead

binding frequency was greater than that of L-selectin (com-

pare Fig. 6, C and D, high site density curves). As L-selectin
tethering frequency increased relative to P-selectin with in-

creasing flow, the gap between L-selectin and P-selectin

bead rolling fluxes closed.

The greater lifetime of P-selectin-PSGL-1 tether bonds at

low shear stresses (, 0.6 dyn/cm2) amplified the effect of the

higher probability of P-selectin tether bond formation rela-

tive to L-selectin, resulting in a much higher P-selectin bead

flux (the number of beads rolling/area). As the P-selectin

bond/mm formation rate dropped with increasing flow and

the L-selectin bond/mm formation rate increased, the gap

between P-selectin and L-selectin bead fluxes narrowed to

the point where the bead fluxes were almost identical at 1.0

dyn/cm2 wall shear stress.

With the ramp method we observed that the L-selectin

bead flux increased as flow was stepped to 0.3 and then to 0.4

dyn/cm2 wall shear stress. Above 0.4 dyn/cm2, the L-selectin

bead flux decreased with increasing flow. The increase in the

number of L-selectin beads rolling between 0.2 dyn/cm2 and

0.4 dyn/cm2 followed the pattern expected for L-selectin-

mediated shear thresholding of leukocytes, though the

changes between 0.2 and 0.3 dyn/cm2, and 0.3 dyn/cm2

and 0.4 dyn/cm2 did not meet significance as assessed

through a paired Student’s t-test (p. 0.1) (Fig. 7). The rapid

attenuation of L-selectin bond lifetimes with increasing shear

and the depletion of near-wall microbeads appeared to have

muted the impact of flow-enhanced tethering frequency. For

L-selectin, the maximum bead rolling flux occurred between

wall shear stresses of 0.2 and 0.4 dyn/cm2. In a cell system,

the maximum rolling flux is typically observed in the wall

shear stress range of 0.7–1.0 dyn/cm2 (42,43).

DISCUSSION

The focus of this study was to determine the relative tether

bond formation rates of P- and L-selectin under conditions

that might give insight into the role PSGL-1 plays in both

secondary capture of leukocytes on the blood vessel wall and

in mediating capture events directly to P-selectin-expressing

endothelium. Unique to our approach was directly compar-

ing L-selectin and P-selectin tether bond formation rates with

their common ligand, PSGL-1, in a system in which all the

receptors were immobilized and therefore constrained to

interact in two dimensions (33,44). By immobilization on a

microbead, L- or P-selectin could interact with substrate-

anchored PSGL-1 under identical hydrodynamic conditions.

Impact of convective transport on selectin tether
bond formation rates

Unexpectedly, L-selectin and P-selectin bond formation

rates were strongly but oppositely influenced by convective

transport. Apparent bond formation rates for P-selectin, as

assessed from the frequency of bead interactions with the

PSGL-1-coated substrate, declined steadily as flow increased

until successful bead binding events became undetectable at

wall shear stresses above 1.0 dyn/cm2. In contrast, L-selectin

formation rates were much lower than those of P-selectin

below 0.7 dyn/cm2 (70 s�1) wall shear stress. Above 0.7 dyn/

cm2, convective effects became dominant and L-selectin

rates surpassed those of P-selectin.

The prevailing paradigm in the immunological literature

suggests that the on-rate for L-selectin must be higher than

P-selectin to maintain stable rolling since the unstressed off-

rate for L-selectin is 7–10-fold higher than P-selectin (9,11,

36,45). Given the similarity of hydrodynamic and transport

effects between the leukocyte rolling assay and our micro-

bead rolling assay, we expected bond formation probabilities

for L-selectin to be higher than those for P-selectin. How-

ever, we found that to be true only at a wall shear stress of 0.7

dyn/cm2 and above. Biochemical assays, in contrast, suggest

that in the absence of hydrodynamic forces, the P-selectin-

PSGL-1 on-rate is more than an order of magnitude higher

than L-selectin with the high endothelial venule ligand,

GlyCAM-1 (6,7). In our assay system incorporating hydro-

dynamic forces, the enhancement of L-selectin on-rates by

FIGURE 7 L-selectin and P-selectin bead flux measurement on PSGL-1.

Microbeads (500 ng/ml L-selectin or P-selectin coated) were flowed over a

250 ng/ml PSGL-1-coated surface. The number of beads rolling in 10 fields-

of-view within 1 min was counted using two different methods. A bead was

considered rolling if at least five bond events took place in five cell diameters

of movement. In the wash method (dashed), beads were completely clear

from the floor chamber before increasing the wall shear stress. In the ramp

method (solid), beads were not cleared from the flow chamber in between

shear stress increases.
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shear coupled with the inhibition of P-selectin on-rates ap-

peared to reconcile these two disparate observations.

Adhesion receptor binding probability has been proposed

to be a function of the applied force on the bond, with some

modeling approaches suggesting force inhibits binding and

others suggesting force may enhance binding (13,14,46–50).

Recently, it was shown that neutrophil binding probability to

ICAM-1 increased linearly with contact stress, underscoring

the importance of force in adhesive bond formation pro-

cesses (47). In the bead assay, as flow is increased the po-

tential compressive force on any newly formed bond will

increase substantially along with increases in proximate

receptors and ligands. To explain the significant increases in

L-selectin bond formation with flow, we hypothesize that the

on-rate for the L-selectin-PSGL-1 bond is a function of

applied compressive force and that, contrastingly, the on-

rate for the P-selectin-PSGL-1 bond is a very weak function

of compressive force or is essentially constant. In support of

this concept, it has recently been shown that L-selectin bonds

have a higher mechanical spring constant than P-selectin

bonds (46). Mathematical models predict that bonds with

higher spring constants respond more rapidly to applied

external forces (14). Also consistent with our hypothesis, it

has been speculated that the on-rate for P-selectin-PSGL-1

bonds may be insensitive to compressive load and, thus, more

highly dependent on the encounter time between ligand and

receptor than the on-rate for L-selectin-PSGL-1 bonds (51).

Relative effects of convection and diffusion on
selectin tether bond formation

The Peclet number for a surface-anchored adhesion molecule

predicts whether convective transport plays a prominent role

in binding relative to diffusive transport (13,28). If we take U
to be the translational velocity of the sphere in shear flow, R
to be the sphere radius, and V to be the rotational velocity,

we can compute a slip velocity, v, where v¼U� RV (21). In

our case, v ; 0.5U, so that, for a 6-mm sphere, we obtain a

slip velocity of ;13–75 mm/s over our range of tested shear

stresses. Based on the diffusivity of a protein anchored to a

cytoskeleton (10�11 cm2/s) and a characteristic length of the

receptor (;100 nm) and using the equation Peclet ¼
[characteristic length][slip velocity]/[receptor diffusivity],

we calculate a Peclet number of ;1300–7500 for the

receptor on the surface of the bead, suggesting the impor-

tance of convective transport. Nevertheless, diffusion pro-

cesses may still be important for the adhesion receptor’s

binding pockets to find each other and ‘‘close the deal’’. It

should be recognized that when adhesion molecules are

immobilized their length and multidomain structure may still

allow considerable mobility of the binding pocket. The

difference between an immobilized and free receptor is that

the diffusive transport of the binding pocket becomes

dependent on the length and mobility of the receptor’s

domains rather than the diffusivity of the entire molecule.

Obviously, beads do not precisely simulate the diffusive

behavior of receptors in the phospholipid bilayer of the cell

membrane. However, PSGL-1 has a high degree of cytoskel-

etal association (52,53) and may not freely diffuse enough

to be able to measure substantially different molecular

kinetics.

Consistent with the analysis of Chang and Hammer (13),

our data strongly support a model in which the relative

motion of two surfaces enhances receptor binding probabil-

ity, at least for L-selectin. P-selectin-PSGL-1 bonds may, in

contrast, be much more highly sensitive to encounter time

and therefore less likely to be amplified by convective

transport. Given the smaller spring constant for P-selectin

(46), we would expect a slow force response to manifest

itself in a bond formation probability more dependent on en-

counter time.

Dependence of leukocyte hydrodynamic shear
thresholding on selectin catch-slip bonds

It has been suggested that catch-bonds are responsible for the

L-selectin shear threshold phenomenon (25,31). The phe-

nomenon is typically characterized by an increase in cell

rolling flux that peaks in the range of 0.7–1.0 dyn/cm2 wall

shear stress. Interestingly, the peak of the leukocyte shear

threshold curve does not match the minimum in the off-rate

data for either L-selectin (Fig. 6 E) or P-selectin (31).

Theoretical models have predicted that the L-selectin catch-

slip transition (the minimum in the off-rate) should occur at a

bond force of ;48 pN (54), which agrees well with our

experimental measurements of 45 pN for the catch-slip

transition of L-selectin-PSGL-1. Other investigators have

reported that the catch-slip transition takes place at 110 pN

(25). The discrepancy between our measures and previous

work may be due to the low frequency of multivalent in-

teractions between L-selectin with PSGL-1 in our assay

design. Supporting the possibility of high levels of multiva-

lency in previous studies is the inability of microbeads to

reach hydrodynamic velocity between tether bond formation

events (25).

Assuming that single bonds govern cell adhesion and that

catch bonds play a significant role in the manifestation of the

shear threshold phenomenon, it would be expected that the

peak of the shear threshold curve would match the minimum

in the off-rate data. Since we were unable to observe bead

shear thresholding experimentally in an interaction domi-

nated by single bonds, it is possible that multiple contacts are

formed in a cell system, possibly as a result of cell defor-

mability or the presence of microvilli. If multiple bonds are

present during a leukocyte tethering event, the load would be

distributed and it is possible that each bond, individually,

would fall into the catch-bond regime. We cannot, at this

time, directly match the findings from our cell-free assay to a

cell system because of uncertainties in the bond numbers in

the contact zone of each system. Nevertheless, our data
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suggest that although catch bonds may be important, other

factors such as force-amplified bond formation by way of

convective transport (13,26,43) or shear dependent increases

in bond number (55) may make significant contributions to

shear thresholding.

Impact of Brownian motion on the estimation of
bond lifetime and tether bond formation frequency

As part of this study, we developed a statistical framework for

analyzing velocity fluctuations to assess the frequency and

duration of selectin bonding events. Other groups have used

acceleration fluctuations to determine lifetimes of events (25)

or velocity thresholds based on an arbitrary percentage

(usually 50%) of theoretical hydrodynamic velocity (30). In

both of these approaches, the deviation from the normal

velocity fluctuations of a noninteracting particle is used to

determine the beginning and end of a bonding event. How-

ever, due to limitations in tracking at high video acquisition

rates, we were unable to resolve discrete bond events using an

acceleration threshold, especially at low shear stresses. The

50% velocity threshold approach also proved problematic at

high video acquisition rates due to a combination of optical

noise and Brownian motion of the flowing beads. Brief

bonding events may appear indistinguishable from the velo-

city fluctuations as particles diffuse into faster or slower

streamlines near the wall.

We addressed the problem of real and apparent Brownian

motion effects on bead velocity fluctuations by generating

velocity distributions in flow of both bare and selectin-coated

microbeads. The distributions captured the variation in

microbead velocity that occurred due to both apparent and

real Brownian motion as well as adhesion bond formation.

Using the corrected bead diffusion coefficient and measured

tracking noise of 634 nm allowed us to conclude that our

particle tracking was accurate to 4 mm/s. Velocities #4

mm/s therefore could not be reliably interpreted as a bond

formation event. Causes of the discrepancy between our

experimental diffusion coefficients and the theoretical mod-

ified Stokes-Einstein approximation may include environ-

mental factors such as surface roughness and unsteadiness of

flow.

Relationship between bead rolling flux and
apparent tether bond formation rates

It may seem paradoxical that we observed an increase bond

formation rate for L-selectin on PSGL-1 and, at the same

time, a decrease in rolling flux over the range of shear stresses

tested. It should be noted that the initial contact of a leukocyte

or selectin-coated microbead and subsequent rolling contact

appear to be distinct events, with the former requiring capture

from free flow and the latter resulting advantageously from

the lower separation distances and slip velocities between the

surface-bound ligands (56–58). The flux measurements

provided us with an indicator of how well L- or P-selectin es-

tablished the first adhesion of the microbead to the PSGL-1

substrate. From our data, increasing shear decreases the prob-

ability that the first successful contact will be made in both

L-selectin and P-selectin binding. However, once the first con-

tact is made, shear enhances bond formation rates between the

bead and substrate with L-selectin but not P-selectin. Taken

together, our data highlight the importance of individual bead

histories in measuring bond formation rates.

The extrapolation of bead adhesive dynamics to a specific

on-rate constant will require both model and experiment to

more fully characterize the time-variant interaction zone

during bead tethering and rolling in flow. Although it is not

currently possible to extract a specific 2-D on-rate from the

bead assay as described in this report, we were able to ob-

serve the effects of convective transport on P- and L-selectin

tether bonding frequencies in a system in which the contact

area, encounter time, and respective surface ligand densities

were identical. To estimate the specific 2-D kinetics of ad-

hesion receptor binding, we would need at a minimum the

accurate determination of the area of interaction, the time of

interaction, and the number of molecules available for inter-

action. Previous work using micropipette binding frequency

analysis has generated binding probability curves that can

relate binding frequency of surface-immobilized IgG with cell

surface CD16A to an estimate of the on-rate, given assump-

tions of contact area, site densities, and the known solution

phase affinity of the interaction (59,60). A similar approach

using PSGL-1-expressing cells and immobilized P-selectin

has further suggested that 3-D kinetics and 2-D kinetics are

sensitive to molecular orientation in some assay systems (33).

Given the challenges of converting the solution phase affinity

for selectins to two dimensions, the large uncertainties of

accurately determining the contact area-time relationship,

plus the possibility that the 2-D affinity of a selectin might

be different under flow conditions, we chose to focus on the

dynamic adhesion behavior of cell-sized microbeads to

report selectin tether bond formation rates.

CONCLUSIONS

Our data present several interesting possibilities for future

studies. We have shown that, for L-selectin-PSGL-1 interac-

tions, convective transport enhances bond formation rates

after the first bond has been formed. Physiologically, L-selectin-

PSGL-1 interactions in postcapillary venules mediate leu-

kocyte secondary capture, an amplification mechanism for

adhesion to endothelium (5,61,62). It is uncertain at this point

whether these unique properties of the L-selectin-PSGL-1

bond facilitate adhesion at high shear stresses or if shear-

induced increases in bond number play a role in successful

secondary capture events. Because of the deformability of

a cell, increases in shear stress could increase the number of

available bonds with the reaction area, thereby boosting the

probability that the first bond could form.

Analysis of Selectin Interactions in Shear Flow 1043

Biophysical Journal 94(3) 1034–1045



In summary, this work highlights two key components of

the nature of P-selectin and L-selectin interactions with PSGL-1.

First, the on-rate for L-selectin interactions appeared more

sensitive to compressive load compared to that of P-selectin.

Second, the on-rate for P-selectin was significantly higher

than that of L-selectin at low shear stresses but not at higher

flow rates where secondary capture mechanisms dominate

leukocyte tethering (63). The amplification of L-selectin-

PSGL-1 binding rates by shear and induced compressive

forces may in part determine whether leukocyte primary cap-

ture (governed by P-selectin-PSGL-1 interactions) or sec-

ondary tethering (controlled by L-selectin-PSGL) is the principal

mechanism bywhich leukocytes are recruited to the vessel wall.
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