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ABSTRACT Leukocyte capture and rolling on the vascular endothelium is mediated principally by the selectin family of cell
adhesion receptors. In a parallel plate flow chamber, neutrophil rolling on purified selectins or a selectin-ligand substrate was
resolved by high speed videomicroscopy as a series of ratchet-like steps with a characteristic time constant (Kaplanski, G.,
C. Farnarier, O. Tissot, A. Pierres, A.-M. Benoliel, M. C. Alessi, S. Kaplanski, and P. Bongrand. 1993. Biophys. J. 64:1922—
1933; Alon, R., D. A. Hammer, and T. A. Springer. 1995. Nature (Lond.). 374:539-542). Under shear, neutrophil arrests due
to bond formation events were as brief as 4 ms. Pause time distributions for neutrophils tethering on P-, E-, L-selectin, or
peripheral node addressin (PNAd) were compared at estimated single bond forces ranging from 37 to 250 pN. Distributions
of selectin mediated pause times were fit to a first order exponential, resulting in a molecular dissociation constant (k) for
the respective selectin as a function of force. At estimated single bond forces of 125 pN and below, all three selectin
dissociation constants fit the Bell and Hookean spring models of force-driven bond breakage equivalently. Unstressed k
values based on the Bell model were 2.4, 2.6, 2.8, 3.8 s~ ' for P-selectin, E-selectin, L-selectin, and PNAd, respectively. Bond
separation distances (reactive compliance) were 0.39, 0.18, 1.11, 0.59 A for P-selectin, E-selectin, L-selectin, and PNAd,
respectively. Dissociation constants for L-selectin and P-selectin at single bond forces above 125 pN were considerably lower
than either Bell or Hookean spring model predictions, suggesting the existence of two regimes of reactive compliance.
Additionally, interactions between L-selectin and its leukocyte ligand(s) were more labile in the presence of flow than the
L-selectin endothelial ligand, PNAd, suggesting that L-selectin ligands may have different molecular and mechanical
properties. Both types of L-selectin bonds had a higher reactive compliance than P-selectin or E-selectin bonds.

INTRODUCTION

Under flow conditions, neutrophil tethering to the endothe-arrangement of sialic acid and fucose, called sialyl L&wis
lial lining of the blood vessel is mediated by various com-for molecular recognition. While sharing many common
binations of L-, P-, and E-selectin, depending on the naturelements, the tissue distribution and regulation of the three
of the inflammatory stimulus (Ley and Tedder, 1995).selectins are quite different, possibly reflecting their critical
When ordered in close succession, the formation of transientivolvement in a number of immunological processes (Kan-
selectin bonds by neutrophils results in rolling on the en-sas, 1996). P-selectin is induced on endothelium and plate-
dothelium, ultimately leading tg8, integrin (CD18) medi- |ets by inflammatory mediators (McEver et al., 1989) and its
ated arrest and firm adhesion. Itis hypothesized that in ordgeykocyte ligand, P-selectin glycoprotein ligand-1 (PSGL-
to support tethering under shear, selectins have high rates §j is preferentially located on the tips of leukocyte mi-
bond formation and dissociation relative B integrins.  croyilli (Moore et al., 1995). E-selectin is expressed on the
While ineffective under venular flow condition§, inte- g, itace of cytokine-stimulated endothelial cells and binds to

grins nevertheless have bond formation rates sufficient t%arbohydrate ligands on leukocytes (Lenter et al., 1994:
ligate co-receptors expressed on inflamed endothelium ONG8hibbs et al.. 1996 Wagers et al., 1997) L-selecii'n Iike'

ielectms hav;: S|n|t_|ated rlcglénlg (I\t/on Arl;drlr?n e;chal.,_ 129;]; F{SGL-l, is constitutively expressed on the tips of leukocyte
awrence and springer, ). Itmay be hypothesize Ghicrovilli. L-selectin can bind PSGL-1 (Guyer et al., 1996;

the effects of shear forces on molecular kinetics may contro| . o
the outcome of adhesive interactions (Bell, 1978; HammgwaICheCk et al., 1996b; Spertini et al., 1996) and other

and Apte, 1992; Tozeren and Ley, 1992). liggr;own II|gal1(nds (Futhlbrlggg tetlal.l,( 19536;I Rimos e_t taI.,
All three selectins share identical tandem domain ar--228) On egd(_)_cytes 0 mediate 1eu (E)c;;]e(-jeu ()lgyte(;n er
rangements and have very high levels of sequence homofictions In addition to recognizing carbohydrate ligands on

ogy. Additionally, their ligands require a highly specific endot_hellum (Zakrzewicz et al., 1997). Penphergl nod_e ad-
dressin (PNAd, also known as MECA-79 antigen) is a
conglomerate of mucin-like sialoglycoproteins expressed on
Received for publication 21 December 1998 and in final form 31 Augusthigh endothelial venules (HEV) that mediates L-selectin
1999. dependent rolling (Lawrence et al., 1995) and directs lym-
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proaches such as micromanipulation (Evans et al., 1995kt al., 1996; Alon et al., 1997; Lawrence et al., 1997), we
shear flow chambers and centrifugation assays (Piper et ahypothesized that improved temporal and spatial resolution
1998; Kaplanski et al., 1993), optical trapping (Schmidt etwould allow direct measurement of adhesive interactions
al., 1993), atomic force microscopy (Fritz et al., 1998),too brief to have been previously detected, therefore clari-
surface force apparatus (Leckband et al., 1994), and morfging the role of reactive bond compliance in L-selectin
recently, dynamic force probes (Merkel et al., 1999). Inmediated rolling.
contrast to micromechanical approaches, direct measures of
molecular equilibrium and kinetics by methods such a
surface plasmon resonance cannot readily include the effe ATERIALS AND METHODS
of blood flow-induced forces on bond lifetimes (van der Isolation of P-selectin, E-selectin, L-selectin, and
Merwe and Barclay, 1996). Fluid shear in a parallel platePNAd substrates
flow chamber generates forces and loading rates on cell _ o .
. . . . . . Human P-selectin was purified from out-dated platelet lysates as previ-
adhesive bonds not un!lke the situation in vivo when Ieu'ously described (Lawrence et al., 1997). Human E-selectin was purified
kocytes encounter the inflamed vessel wall or each othekom chinese Hamster Ovary (CHO) cell lysates transfected with wild-type
Leukocyte rolling on purified selectins or cultured endothe-human E-selectin cDNA as previously described (Lobb et al., 1991; Law-
lial cells in vitro has been resolved by videomicroscopy agence etal., 1997). L-selectin was purified from human tonsil (provided by
a series of discrete steps, or pauses, hypothesized to be dofeR- S. Larson, University of New Mexico, Albuquerque, NM) lysates by

; DREG-56 lonal antibody (mAb) affinity chromat hy (Kishi-
to bonds that temporarily prevent further downstream mo- monoclonal antibody (mAb) affinity chromatography (Kishi

. moto et al., 1991). The human tonsil was homogenized in 20 mM Tris, pH
tion (Alon et al., 1995; Goetz et al., 1994; Lawrence et a|.,8.0; 140 mM NaCl; and 0.025% azide (TSA, pH 8.0) with 5 mM EDTA,
1997). The insight that adhesive bond dissociation constant® mMm leupeptin (Sigma, St. Louis, MO), 0.1 U/ml aprotinin (Sigma), and
can be estimated from the distribution of pause times ob1% Triton X-100. The lysate was then centrifuged at 2000 rpm and 33,000
served during singular Ieukocyte adhesive interactions ha®m for 15 min and 1 h, respectively. After centrifugation the Iysatg was
been used to quantify the effect of force on bond |ifetimes{’assed- over a column of CNBr-activated Sepharose 4B_ (Pharmacia Bio-
. .~ “tech, Piscataway, NJ) coupled to DREG-56 (2 mg/ml) twice. The column
(Alon et al., 1995; Kaplanski et al., 1993) and determineyas washed with TSA (20 bed volume), pH 8.0, containing 1% octyl-
molecular mechanical properties based on the Bell andlucopranoside (OG; Sigma Chemical Co.). L-selectin was eluted with 50
Hookean spring models of force-driven molecular dissoci-mM acetate (% the bed volume), pH 3.0, containing 1% OG; and
ation (BeII, 1978: Dembo et al., 1988: Kuo et al., 1997)_ neutralized wit 1 M Tris, pH 9.0, 1% OG (15% vol/vol). PNAd was

. . . . urified from human tonsil lysates with MECA-79 mAb affinity chroma-
Recent reports and biophysical modeling studies havéography as previously described (Berg et al., 1991).

hyPOtheSized .that Se_lemin'mediated |eUk9Cyte rolling re- “site densities of adsorbed selectin proteins were determined by satura-
quires a relatively high level of bond stiffness (or low tion binding radioimmunoassay using mAbs DREG-56 for L-selectin
reactive Comp"ance) Compared to monoclonal antibody.(Ki.Shim(')tO et al., 1991), G1 for P-selgctin (gift from Dr. R. P. McEver,
antigen interactions (Tempelman and Hammer. 1994: AloﬁJnlversny of Oklahoma, Oklahoma City, OK) (Geng et al., 1990), and
tal. 1995: Dembo et al.. 1988). P-selectin b Zj h ’ b BB11 for E-selectin (a gift from Dr. R. Lobb, Biogen, Inc., Cambridge,
€ 6_1" » embo etal., ) .'Se ?C Inbonas have eef\WA) (Lobb etal., 1991). The mAbs were iodinated with lodobeads (Pierce,
estlmalted tO. have a bond separation distaneesf0.30 A, ~ Rockford, IL) to a specific activity of 1Q.Ci/ug for DREG-56, 7uCi/ug
as defined in Bell's model (Bell, 1978), a value that is for G1, and 5uCi/ug for BB11.
considerably lower (producing a stiffer bond) than the only
estimate ofo that exists for a monoclonal antibody-antigen
interaction, that of CD15, where = 0.8 A (Chen et al.,
1997). Mathematical models of leukocyte rolling adhesionThe mAb against human purified P-selectin, G1 (IgG1,gIml), was
(Hammer and Apte, 1992; Tozeren and Ley, 1992) have'sed to block P-selectin-dependent adhesion of neutrophils to immobilized
%selectin. The mAb against human purified E-selectin, BB11 (IgG1, 10

suggested that the reactive compliance of a selectin bon;ug/ml), was used to block E-selectin-dependent adhesion of neutrophils to

would correlate positively with rolling velocity, i.e., & S€- j,mobilized E-selectin. DREG-56 (1gG1, 6g/ml), a mAb against hu-
lectin with higher reactive compliance would mediate fasterman purified L-selectin, was used to block adhesion between neutrophils
rolling. However, whether or not the reactive compliance isand immobilized L-selectin. Plates with P-, E-, or L-selectin were incu-
an important determinant of rolling velocity has been un-bated with 10ug/mi of blocking mAbs (G1, BB11, DREG-56, respec-
clear for the special case of L-selectin bonds (Alon et al.;!ve'y) for 15 min after assembly into the flow chamber. Plates were then
. . . insed with assay media for 3 min at 1.25 ml/min (1 dyrfgin prepa-

1997, 1998). Under increasing levels of force, it has beenion for cell perfusion.
reported that L-selectin dissociation constants do not in-
crease nearly as rapidly as E-selectin or P-selectin dissoci- o . .
ation constants, suggesting that L-selectin has a much lowdYeutrophil isolation and cell lines
bond-reactive compliance than the two other selectins, Y&torty to eighty million human neutrophils were obtained from 60 ml
supports much faster rolling interactions (Alon et al., 1997).heparin (10,000 U/ml) anti-coagulated whole blood. Neutrophils were
This observation suggested that bond compliance may ndgolated with a one-step density separation consisting of 94% Mono-Poly
correlate with characteristic leukocyte rolling velocities asReslving Medium (MPRM, ICN Biochemicals, Aurora, OH) and 6%

. . . sterile water (Taylor et al., 1996). After isolation, the neutrophils were
prewously hypotheS|zed (Hammer and Apte, 1992',Tozere@uspended in Hanks’ Balanced Salt Solution (HBSS) without calcium and
and Ley, 1992). Because the duration of L-selectin bondsagnesium, supplemented with 10 mM HEPES, pH 7.4, and 0.1% human

may be on the order of standard video capture rates (Taylaferum albumin (HSA), and placed on ice. For flow assays, the neutrophils

Antibodies
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were taken as needed from this reserve and washed into HBSS with 2 mM-kt + const. This allows the determination kj; from the slope of the

CaCl,, 10 mM HEPES, pH 7.4, and 0.1% HSA at room temperature.  natural log of number of interactions versus the duration of each event, or
For studies on the effect of L-selectin shedding on transient neutrophipause. A high degree of fit of the linear regression suggests that a quantal

tether lifetimes, a murine pre-B lymphocytic cell line, 300.19, was used (aunit of bond(s), either a single bond or a threshold number of uniform

gift of Dr. T. F. Tedder, Duke University, NC). One group of 300.19 cells bonds (bond cluster), mediates the detected pauses in the motion of

was transfected with L-selectin (300.19L), while the other group was aneutrophils. In the case of neutrophil-endothelial cell interactions, the

mutated variant with L-selectin that could not be shed (300.19Lns) (Chertondition of low site density has been achieved by infusion of partially

et al., 1995). Both shedding and nonshedding L-selectin transfected 300.1$hturating concentrations of blocking antibodies to reduce effective site

cells were cultured in RPMI Medium 1640 with 10% fetal bovine serum density (Kaplanski et al., 1993). One important qualification should be

(FBS) and 10 mM 2-mercaptoethanol (GIBCO-BRL, Grand Island, NY). noted regarding the existence of multiple bonds in the contact patch on the

neutrophil’s motion under flow conditions. If additional bonds form and

their location is such that they are not loaded by the fluid stresses, then they

are not influencing the duration of the pause. Unloaded bonds are never-

theless positioned to bear loads once the bond at the trailing edge releases,

Polystyrene slides were cut from bacteriological petri dishes (Falcon 10583nd this is how rolling is likely supported.

and the diluted adhesion molecules were applied to the plates and allowed

to adsorb fo 2 h atroom temperature. The slides were then blocked for

nonspecific adhesion with 3% HSA in TSA overnight at 4°C. The site

densities of the adhesion molecules used as a substrate were determinedBESULTS

radioimmunoassay to a limit of 50 sitgsh?, the lower limit of detection ) . .

in our binding assay. Site densities for lower amounts of immobilized R€lative capture rates and rolling velocities for

selectin were then estimated by proportional dilution. The P-selectin sitd1eutrophils interacting with P-selectin

densities used were 25 sitgaf? (1:650 dilution), 12 sitegim? (1:1350  or L-selectin

dilution), and 9 siteg/m? (1:1800 dilution). The E-selectin site densities

used were 25 sitegm? (1:800 dilution), 12 siteg/m? (1:1667 dilution), ~ P-selectin or L-selectin was adsorbed to the lower wall of a

and 9 sitegtm? (1:2222 dilution). The L-selectin site densities used were flow chamber at the same site density to compare neutrophil

170 sitesum? (1:5 dilution), 85 sitegtm? (1:10 dilution), and 50 sites/ tethering (capture) rates under flow conditions. In this sys-

wm? (1:17 dilution). The PNAd dilutions (from a stock at 1@@/ml) used . . . . )
were 13, 1:6, and 115, which gave approximately the same level of t?m' selectin ,presenta“on_' denS|ty, and anChorage are iden
adhesion as the L-selectin dilutions used in the bond lifetime estimaté'f:al SO th?..t direct comparisons may b? made at comparable
studies. The purified human adhesion molecules were diluted in 50 mvsite densities. Therefore, immobilization of P-selectin and
Tris, pH 8, and 0.025% azide. In many cases, immobilization of adhesior]_-selectin in a flow chamber serves to simulate the condi-
f?CtEPtOfS ‘t)” pﬁ_‘?’é‘é’fggé?f;e(shﬂgg”ilf)ic_a?t b?CkgTOU”Zzue_toi”tberaC“Odrt?ons in which primary and secondary neutrophil capture
of the neutrophi ac-1) integrin. Firm adhesion observe .
in our system was comparable to that observed on lipid bilayers and wasrm:"(:hanIsm_s can be compared (Ba_rgatze _ett al., 1994)' .
~0.1% or less of the total number of interactions. Neutrophils were perfused_ovezr immobilized L-selectin
The chamber was mounted over an inverted phase-contrast microscojggdsorbed at a density of 170 sitesi, at wall shear stresses
(Diaphot-TMD; Nikon, Garden City, NY) at 20 magnification. For each  ranging from 0.5 dyn/cfto 5.0 dyn/cn for 2 min at each
SUbSt;;‘te S“ge{ 5tm' Oga_ 0-5:)/0tTévefe”'§° in TtSA ?g“_“'otrr‘] Wf)‘ls plfrfuseﬁ‘low condition to determine the tethering rate (FigAjL
%i;pegifi“ajr::;o?” ineubated for > min fo aid in the blocking Of\jaytrophil accumulation on L-selectin was dominated by
primary tethers that were detected at wall shear stresses as
high as 5.0 dyn/cf significantly higher than previous

Data acquisition and cell tracking pbservatlons of P-selectin and E—s_electln tethering in vitro

_ in flow chamber assays. Neutrophils perfused over immo-
A Kodak MotionCorder Analyzer, Model 1000 camera (Eastman Kodakpy;jizeq p-selectin at the same site density tethered over a
Co., Motion Analysis System Division, San Diego, CA) was used for high fsh f than L-selecti d with h
temporal resolution of neutrophil adhesive events with the substrateé.ower range of shear OrC?S an L-selectin, and with a muc
Neutrophils perfused over L-selectin and PNAd were viewed at a framdower rate of accumulgtlon at wall shear stresses of 1.0
rate of 240 frames/s (fps). Cells on P-selectin and E-selectin were viewedyn/cnt and greater (Fig. ). Only at wall shear stresses
at 48 fps. Images were recorded on VCR tapes for cell tracking analyses gelow 1.0 dyn/crﬁ near the shear threshold for L-selectin

a later time. . o _ __mediated rolling (Finger et al., 1996; Lawrence et al., 1997),
Pause times for neutrophils interacting with L-selectin, P-selectin, E-

selectin, and PNAd were acquired using a computer tracking progran)lN‘?"S E-selectln CaPture, e‘cf'C'en.Cy great?_r than thI’OL-lgh L-
coded in MATLAB 5 (Dr. W. F. Walker, University of Virginia), which sel?(.:tm- NeUtrOPh" rolling on either purified L-selectin or
uses a sum-of-absolute-difference algorithm to identify the cell in consecpurified P-selectin was completely blocked by the appro-

utive image frames. Video memory from the high-speed camera wagpriate antibodies (DREG-56 or G1, respectively, data not
played back at standard video rates for archiving on VHS tapes. Imageghown)

from the VCR playback were then captured onto a computer (Apple, Inc., | der t | trophil rolli f id f
Cupertino, CA) with NIH Image v.1.62. The amount of time a cell n order 1o analyze neutrophil rolling tor evidence o

remained bound was determined by counting the number of image framediSCrete, quanta_-l patterns of momentary a'jreStx WhiC.h have
in which it remained stationary. Assuming the selectin bonding event cabeen hypothesized to depend on selectin bond lifetime
be modeled as a reversible, bimolecular reaction suchAhaB = C, the (Kaplanski et al., 1993; Alon et al., 1995), neutrophils
rate of bond formation can be described ly/dt = ko(A)(B) ~ k(C).-  rglling over immobilized L-selectin, P-selectin, E-selectin,
When the probability of a second bond formation during the lifetime of the PNAd tracked bv high uti id .

first bond is low due to the sparse substrate density of adhesion receptorg)r were r?‘C e y Igh-resolution Y' eom'_C.rOSCOpy
the product,,(A)(B) is negligible. The expression foGdt simplifies to (240 fps) at low site densities. Representative position traces

ko«C = —(dC/dt) which can be integrated, giving the equationdp= of individual neutrophils are shown. At the low site densi-

Laminar flow adhesion assay
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A correlate with overall PNAd activity (Purl et al., 1995,

100 1997). Neutrophil translocation velocities over immobilized
L-selectin ranged from 50 to 1326m/s, while P-selectin and
E-selectin translocation velocities werguéh/s and 6um/s,
respectively. The order of magnitude differences in trans-
S pScectin location velocity at a wall shear stress of 2.0 dyrfcm

suggests that pause times of L-selectin and the vascular

selectins may be significantly different at venular levels of
fluid shear.

~3
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Neutrophil Tethering Rate (#min/mm?)
') W
u- S

* Pause times for selectin-mediated rolling as a
00 1.0 20 30 40 50 eoo function of wall shear stress

(=]

Wall Shear Stress (dyn/cm?) Inasmuch as neutrophil rolling on low site densities of
selectins and selectin ligands was characterized by discrete
ratchet-like steps resolvable by videomicroscopy, the mag-

B nitude of pause times was analyzed to identify a character-
25 % ‘ istic time of interaction (Fig. 2) (Kaplanski et al., 1993;
' . . Alon et al., 1995). The pause time for neutrophils interact-
20 , k- 2232222 ing with P-selectin, E-selectin, L-selectin, or PNAd at 0.5-
N I G [p—-— Leselectin 2.0 dyn/cn? wall shear stress was calculated from the dis-
2 15 tance-time trajectories of tracked neutrophils. This allowed
> estimation of the intrinsic time constant of the selectin bond.
2 10 Based on previous observations of bond lifetimes for P-
= selectin and E-selectin (Alon et al., 1995; Kaplanski et al.,
5 1993), an image frame capture rate of 48 fps was chosen,
60% faster than standard video rates of 30 fps.
0

Neutrophils interacting with P-selectin and E-selectin
substrates at densities of 9 si@sf had very similar de-
clines in pause time variation with increasing wall shear
FIGURE 1 Relative neutrophil capture rates of immobilized L-selectin Stréss. The pause times for the P-selectin substrate fell 31%
and P-selectin at comparable site densities contrasted with rolling velocias wall shear stress was increased fourfold (Fig),2vhile
ties. () Neutrophils were perfused over substrates expressing either imthe pause times for the E-selectin substrate fell 49% for the
mobilized L-selectin (170 sitggin?) or P-selectin (150 sitegm?) for 3 same fourfold increase in flow (Fig.B). For the range of

min at the indicated wall shear stressé®). Distance-time plot of individ- . " . .
ual neutrophils rolling on immobilized L-selectin (170 siiesP), P- site densities examined (9-25 Sltelsfz) the mean pause

selectin (25 sitegim?), E-selectin (25 sitepin?), and PNAd (7ug/mi  time did not increase significantly, suggesting that within
concentration, 115 dilution) at 2.0 dyn/crhwall shear stress and resolved the range of site densities tested, bond cluster lifetimes were
at 20< magnification (smallest resolvable step size was @B). The not strongly dependent on site density (data not shown).
symbol (X) at the top and left in the plot indicates the time required to\1a5 pause times were briefer than previously reported
_travel 2_5;Lm _at crltlc_al veIo_c_lty. The pauses occurring for thc_e neutrophil (Alon et al 1995) possibly due to the use of higher
interacting with the immobilized L-selectin last only a few video frames " _’ 5 9
and are therefore difficult to see in the distance-time tracking at the scalé€mporal and spatial resolution that allowed quantification
used. Data in&) represent the mean of three independent experiments a0f a population of selectin-mediated pauses previously
each flow rate. Data inB) represent individual tracks of representative ndetected.
rolling neutrophils on the indicated substrates. The pause times for neutrophil adhesive events with the
L-selectin substrate were approximately half the value of
those for P- and E-selectin at a wall shear stress of 0.5
ties of selectins and selectin ligands examined, the stochasgyn/cnf. However, as flow was increased to 1.0 dynfcm
tic nature of rolling was readily evident, consisting of skipswall shear stress, L-selectin-mediated pauses became al-
punctuated by pauses, even at image acquisition rates of 24fost an order of magnitude briefer than those of P- and
fps (4 ms/frame). The pause times for neutrophils interactE-selectin, necessitating the use of frame capture rates of
ing with E-selectin or P-selectin were significantly longer 240 fps, eightfold faster than standard video rates (Fig. 2).
than those mediated by L-selectin, even though the sit&@he pause times for the L-selectin substrate at 50 gite%/
densities were considerably lower (FidBL As aresult The dropped from 0.074 to 0.012 s as wall shear stress increased
PNAd site density is unknown because it consists of severdtom 0.5 to 2.0 dyn/crh(Fig. 2 C). Data were pooled for the
glycoproteins with L-selectin ligand activity, though CD34 L-selectin site densities of 50 and 85 sijes” at a wall
(a component of PNAd) concentration has been shown tehear stress of 0.8 dyn/érin order to increase the number

0 0.5 1.0 1.5 2.0 2.5
Time (s)
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A B
0.20 0.20
P-selectin E-selectin
0.16 0.16
g 012 0.12
=
FIGURE 2 Pause times (meah SE) of neutrophil & 0.08 0.08
tethers on selectins or PNAd as a function of wall shearE ) )
stress. A) Neutrophil pause times on P-selectin at 9
sitesfum?. (B) Neutrophil pause times on E-selectin at a 0.04 0.04
site density of 12 sitep/m?. (C) Neutrophil pause times
on L-selectin at 50 sitegm® (D) Neutrophil pause 0 0
times on PNAd (115 dilut?gg) /i riﬂnimum?)f 2??cells 0.3 1.0 2.0 0.5 1.0 2.0
! i ) . Wall Shear Stress (dyn/cm?) Wall Shear Stress (dyn/cm?)
with 35 interactions (PNAd substrates) were averaged at
each condition, with most averaging 40 cells anti20 C D
interactions (pauses). Rolling neutrophils would have  0.20 0.20
multiple pauses while rolling through the microscope L-selectin PNAd
field of view. Image acquisition rate for neutrophils 0.16 0.16
rolling on P-selectin and E-selectin was 48 fps, while for@
ne_ut_rpphlls interacting with L-selectin or PNAd the ac- E 0.12 0.12
quisition rate was 240 fps. i
2 0.08 0.08
S
A
0.04 0.04
0
6.5 06 08 1.0 20 0.5 1.0 2.0
Wall Shear Stress (dyn/cm?) Wall Shear Stress (dyn/cm?)

of interactions analyzed, as the pause time did not varyethering on PNAd at a wall shear stress of 2.0 dyf/cm
significantly with site density. The pause times for the (Fig. 3). There was no statistical difference in the mean
PNAd substrate were longer than those for L-selectin subpause times of the 300.19L and 300.19Lns cell lines teth-
strates, dropping from 0.061 to 0.024 s as wall shear stresring on PNAd, suggesting that L-selectin shedding did not
increased from 0.5 to 2.0 dyn/én(Fig. 2D). modulate pause times. Rather, it appears that the duration of
L-selectin-mediated pauses likely represents an intrinsic

biomechanical property.
Comparison of pause times for selectin-mediated property

neutrophil rolling: effect of L-selectin shedding
on pause time 0.16

The contribution of L-selectin proteolytic cleavage (shed- 2.0 dyn/cm?
ding) to the unusual brevity of L-selectin-mediated interac-

tions was examined by quantifying the mean pause times of ~ 0-12
a murine B cell line transfected with a mutated form of @
L-selectin resistant to shedding (Chen et al., 1995). Inhibi-g&
tion of shedding has been demonstrated to lower the roIIing?i 0.08
velocity of neutrophils on isolated PNAd and on venules in &
the mouse cremaster muscle, possibly because L-select®
proteolysis is required for rapid bond dissociation (Wal- 0.04
check et al., 1996a; Hafezi-Moghadam and Ley, 1999).
300.19 cells were transfected with either wild-type L-
selectin (300.19L) or a mutated form of L-selectin lacking 0 -
the protease recognition site (300.19Lns). The pause time Psel.  E-sel.  L-se.  PNAd PNAd  PNAd
for neutrophil tethers on immobilized L-selectin at a wall ] 300.19 Lsel, 300.19 Losel.
shear stress of 2.0 dyn/émas 0.013+ 0.001 s (meant Neutroptils shedding  non shedding
S.E)’ while for tethering on PNAd at 2.0 d.yn/amne pause FIGURE 3 Pause times (mean SE) of neutrophils and 300.19 L-
t_'me was 0.024+ 0.001 s (mean- SE) (Flg: 3). The cell selectin transfectants interacting with substrates at 2.0 dynati shear
lines 300.19L and 300.19Lns had pause times of 0.825 stress. Pause times for 300.19L transfectants and 300.19Lns (nonshedding)
0.003 s and 0.024 0.003 s (mean: SE), respectively, for transfectant interactions with PNAd substrate at a dilution :&. 1
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Distribution of pause times for selectin-mediated shear stresses were increased from 0.5 to 2.0 dy(Eim.

neutrophil adhesive interactions allows 4B). R? values for the interactions with E-selectin were
determination of selectin dissociation constants significantly lower than for the other substrates examined
under force and may reflect the effect of pooling multiple ligands for

. . L : E-selectin on the neutrophil surface that may have different

To estimate the dissociation constarks) of selectins, the biophvsical properties. At this time. a specific alvcoprotein

duration of individual neutrophil tethers with purified se- lopnysical properties. 1S fime, a specilic glycoprotel
gand has not been described for E-selectin analogous to

lectins and selectin ligands was determined by automatit PSGL-1-P-selectin int tion. N thel despite th
tracking. P-selectirk,, values increased with increasing € ~1--selectin interaction. Nevertneless, despite the

wall shear stress (Fig. &), consistent with previous obser- possible existence of multiple E-selectin ligands, E-selectin
vations (Alon et al., 1995). Dissociation constants for P_dissociation constants scale to similar magnitudes as P-

selectin at 9 sitegm? varied from 5.73 to 10.22°¢ for ~ Selectin dissociation constants (Fig. 4). _
wall shear stresses of 0.5-2.0 dynfdffig. 4 A). Maximum D|s§OC|at|on constants for neutrophils tethe_rmg on L-
wall shear stresses during selectin tethering were twice a€!ectin were strikingly different from those derived for P-
high as in previous studies so bond lifetimes could be2nd E-selectin (Fig. &), increasing ninefold with only a
quantified over a broader range of forces. The higlgst doubling of wall shear stress. The neutrophil tethers to
estimated for P-selectin was twice that reported using PL-Selectin at 50 sitepim” producedk, values that ranged
selectin immobilized in a lipid bilayer (Alon et al., 1995). from 10.2t0 101.5 s' as wall shear stresses were increased
This finding indicates that neutrophil tethers were not influ-from 0.5 to 2.0 dyn/crfi (Fig. 4C). The dissociation con-
enced by longer duratioB, integrin-mediated interactions and Stant for 0.8 dyn/crhwas calculated from data pooled from
that the biomechanical responses of theemor was not 50 and 85 sitegim?® of L-selectin to give a greater number
altered significantly by immobilization onto polystyrene. of interactions. Assuming a monoexponential decay of
Dissociation constants for neutrophils interacting withbonds, the probability of a bond lasting longer than a given
E-selectin were similar to those for P-selectin (FigB)4 period of time QAt) can be estimated by, = 1 —
with the values fork,4 increasing with increases in wall exp(—ky*At) (Hammer and Apte, 1992; Tees and Gold-
shear stress. At an E-selectin site density of 9 git@é/  smith, 1996). In the case of L-selectin interactions with the
dissociation constants ranged from 3.60 to 7.86as wall  neutrophil L-selectin ligand;-80% of the pauses detected are

A B
6 6
shear stress

*g 5 (dyn/em?) ky@Eh R 5 si(lsz)\,;/sctl;ezs)s kysh R

> X - 0.5 5.73 0.82 - 0.5 3.60 0.57

= X

w4 x\oéss& e 1 788 0.90 41 e 1 7.03 077

o0 |omoos e ) 1022 0.95 w2 7.86  0.63
FIGURE 4 The distributon of 33 3
pause times for neutrophils interact- E 2 )
ing in a transient manner with four 3 P-selectin E-selectin
substrates at the lowest site densities 2 1 1
evaluated. The dissociation rate con-
stant, ki, is equal to the negative 0 0 i RSON OB ==
slope of the linear regression for the 0 0.25 0.50 0.75 1.00 0 0.25 0.50 0.75 1.00
corresponding distributionsA) Dis- Pause Time (s) Pause Time (s)

sociation kinetics for P-selectin sub-

strate at 9 siteg/m? at indicated wall

shear stressesB) Dissociation kinet-

ics for E-selectin substrate at 9 sites/ C D
wm? at indicated wall shear stresses.

(C) Dissociation kinetics for L-selec- 6 shear stress 6 shear stres
tin substrate at 50 sitgsi? at indi- ‘é 5 @yniem?) Kot H R? 5 dyn /cmz)s k(G R
cgtgd we_ill s_hear stressef)(Disso- § ® - 05 10.75 0.79 - 05 9.45 0.37
ciation kinetics for PNAd substrate at o 4 % - 08 47.84  0.67 4% -e- 1 2294  0.58
a dilution of 1: 15 and indicated wall :0 b -G - 1 90.71 0.95 cepees 2 25.99 0.75
shear stresses. S35 a2 10150 0.90 3tk

= R

=2 2%

_g IR\ ; L-selectin :x PNAd

G20 B 1 W
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briefer than one standard video frame of 33 ms at 0.8 dyn/cmdistributions of pauses with higher estimated dissociation
wall shear stress. Compared to the severalfold increagg;in constants. The slowest dissociation constant (at 25 sites/
at flows up to 1.0 dyn/chwall shear stress, there was a um?) was similar to those derived from neutrophil interac-
near-plateau ik values between 1.0 and 2.0 dynfcm tions on lipid bilayer immobilized P-selectin (at 5 sites/
While the dissociation constants for the PNAd substratg,m?) (Alon et al., 1995). Increasing wall shear stress
increased more with the increase in wall shear stress than Broduced an increase in the P-selectin dissociation constant
and E-selectin substrates, the proportional changkin for each site density. Even at 25 siesf, neutrophil
values was less than that observed for the L-selectin Sulyy|iing may therefore be mediated by a significant popula-
strate. At a 115 dilution of PNAd, the ld|ssomat|on CON-tion of single selectin bonds at wall shear stresses as high as
stants mgreased from 9.45 to 25.99 sas wall shear 5 dyn/cn?. The dependence d on site density likely
stressgs mcreasqd from 0.5 to 2.0 dyri/dfig. ,4 D). L- reflects a combination of two types of effects. One, there are
selectin bonds with PNAd were less susceptible to forc%ncreased numbers of multiple bond events. Two, with

thqn the interaction of L gelectm with its ligand on ngutro higher site densities, the average ratchet step becomes
phils, but more susceptible to force than P-selectin and . e )

. : smaller and in some cases more difficult to detect—leading
E-selectin. An apparent plateau k; was evident for

neutrophil interactions with L-selectin, PNAd, and P-selec-0 @ Perceived longer pause as two shorter events are ob-

tin. Spatial aliasing does not appear to account for theserved as one longer event. This results in a slight decrease

plateau effect inasmuch as it was observed for both PNAY the estimated values. These two effects nevertheless
and immobilized L-selectin, and P-selectin, all with widely 2PPear to be small as shown by the relatively small changes

differing dissociation constants. in estimated; values. . o
E-selectin dissociation constants (FigBpwere similar

o o o in magnitude to the P-selectin dissociation constants, al-
Variation of measured selectin dissociation rate though the trend between site densities was not as clear,
constants with site density and wall shear stress possibly due to a smaller number of interactions that were

To further characterize the dependence of selectin dissocfiha@lyzed. Dissociation constants for neutrophils interacting
ation constants with force, we measured the seleigfin ~ With E-selectin in general increased with increasing wall
values for three site densities where quantal patterns dihear stress. One observed decreask,jnas wall shear
pauses were observed. For neutrophil adhesive events wigiress increased appeared to be a consequence of small
the P-selectin substrates, dissociation constants varied by sample size. E-selectin medy,; values as a function of
most a factor of 2 between P-selectin site densities 9 and 2&all shear stress were very similar to mdqg values for
sitespum? (Fig. 5A); with the lower site densities producing the P-selectin substrates.

15 ; 15
i A 2
=5 1 shebim: — 1N
12} =ovekeres 25 sites/im? 121 serleeee 25 sites)’lum2
FIGURE 5 The effect of wall shear stress ¢
on the dissociation kinetics of neutrophils v% 9 9
interacting with four substrates at various =4 6
site densities.A) Dissociation kinetics for
P-selectin substrate at 9, 12, and 25 sites/
5 . - 3
um© for increasing wall shear stress (0.5,
1.0, and 2.0 dyn/cR). (B) Dissociation ki- 0
netics for E-selectin substrate at 9, 12, and 0 2.5 0 2.5

0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
25 siteshm? for increasing wall shear Wall Shear Stress (dyn/cm?) Wall Shear Stress (dyn/cm?)
stress (0.5, 1.0, and 2.0 dyn/8m(C) Dis-
sociation kinetics for L-selectin substrate at
50, 85, and 170 sitegMm? for increasing C D
wall shear stress (0.5, 1.0, and 2.0 dyn/ 120
cr?). (D) Dissociation kinetics for PNAd
substrate at dilutions of:15, 1:6, and 13 100

for increasing wall shear stress (0.5, 1.0, % g

~—#— 1:15 Dilution

1
= © = 1:6 Dilution
100 =& 1:3 Dilution

80
and 2.0 dyn/crf). The error bars representa
95% confidence level on the slope of the =460 60
linear regression for each distribution of 40 40

adhesive events.

— © — 85 sites/{lm? 20
wveederees 170 sites/im?

0
2.5 0

0
0

0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
Wall Shear Stress (dyn/cm?) Wall Shear Stress (dyn/cm?)
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The dissociation constant ranged from 101.58fer the
L-selectin substrate at 50 sitpsh® to 80 s * at 170 sites/
um? at a wall shear stress of 2.0 dynfen(Fig. 5C).
Distributions of pause times did not vary as much with site
density as P- or E-selectin bonds, possibly due to the rela-
tive brevity of L-selectin bonds. Dissociation constants for
neutrophil adhesive events with PNAd substrates were in-
dependent of PNAd surface concentration.

Analysis of response of selectin dissociation
constants to force based on Bell and Hookean
spring models of reactive compliance

Determinations of L-selectin, PNAd, and P-selectin disso-
ciation constants at intermediate levels of force were under-
taken to generate estimates of bond reactive compliance
based on Bell and Hookean spring molecular models of
force driven dissociation (Bell, 1978; Dembo et al., 1988).
Over the range of estimated single bond forces from 37 to
125 pN (see Fig. 7 foiF, calculation), the dissociation
constants for all four substrates were fitted to the Bell model
using the Levenberg-Marquardt algorithm, a nonlinear,
least-squares fitting routine (Fig. 8,andB). The algorithm
searches for the coefficientsksT and kS that minimize
chi-square %?) in the expressiorky = KzexpFy/ksT).

The parametes characterizes the bond interaction distance
or distance between receptor ligand interfaces at which the
bond rapidly dissociates. A larger correlates positively
with a higher reactive compliance and a bond’s susceptibil-
ity to force-driven dissociation. The product of the Boltz-
mann constantk;) and absolute temperatur€)(scales the
exponential to the thermal energy. Over the range of 37
pN/bond to 125 pN/bond, thg? values for the fits of the
Bell equation to the values df were good (Table 1).
However, including the value d&f at 250 pN resulted in a
highly significant deterioration in thg?® values of all the
substrates except E-selectin, which had the smallest varia-
tion in k., with force. The large deterioration igf values
suggested that at least two regimes of force driven dissoci-
ation existed (Table 1 legend), hence only the values of
dissociation constants at 125 pN/bond and lower were used
to establish the parameters bond reactive compliance and
K (Fig. 6, A andC; Table 1).

lines) models for all four substrates. The inset plot is scaled to show
unstresse#l i estimates. Dissociation constants were estimated from pause

FIGURE 6 Comparison of selectin dissociation constants as a functiortime distributions for flow rates corresponding to 37-250 pN of force on
of force. () Dissociation constants of selectin and selectin ligand sub-the adhesive bond/crossbridge. For conversion of the wall shear stress to
strates for neutrophils tethering on L-selectin, PNAd, and P-selectin ardorce in the parallel plate flow chambéf, was calculated to be equal to
compared. Over the range of bond forces from 37 to 125 pN, the dissoci125 pN/dyn/cm. The Bell model, in whictk, is modulated by the force

ation constants were fit by the Bell modealo{id lineg using the Leven-
berg-Marquardt algorithm (see Methods and Resul). Bissociation

on the bond, is described by the relationskjp = kKSyexp@F/ksT), was
fitted to experimentally determined dissociation consta@sis the zero-

constants for neutrophils tethering on E-selectin, P-selectin (repeated fromstress dissociation constant for the selectin bdgdjs the Boltzmann

panelA at different scale), and PNAd (repeated from pafehre com-
pared. The Bell model predictions are indicated by solid lin€$.Gom-
parison of the Bell dashedand dotted liney and Hookean springs6lid

constant, andrl is absolute temperature. The Hookean spring model is
described by the relationship, = Kexpf, FZ/2xksT), wheref, is the
fractional spring slippage, anlis the bond spring constant.
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TABLE 1 Effect of sampling rate and magnification on estimates of selectin bond lifetimes

Bell Model Hookean Spring Model
Frame Stressed Bond Separation Spring Constant/
Rate (100 pN) UnstressedS; Length @) UnstressedCy Fractional Slippage/f,
Substrate (fps) kot (57H (s™ A) (s™ (N/m)
P-selectin 48 6.3 2.4+ 0.47 0.39+ 0.08 3.70+ 0.51 2.50+ 0.61
30 2.4% 0.93~ 0.40+ 0.08"* ND ND
E-selectin 48 5.0 2.6+ 0.45 0.18+ 0.03 3.35+ 0.47 9.12+ 1.9
30 2.1* 0.5-0.7~ 0.31+ 0.02* ND ND
L-selectin 240 36 2.8+ 0.72 1.11+ 0.12 8.20+ 0.17 0.90+ 0.1
30 1d 7.0-9.7 0.24+ 0.0 9.7+ 0.66 6.31+ 0.96
PNAd 240 16 3.8+ .097 0.59+ 0.10 7.42+ 1.27 1.80+ 0.37
30 10.9~ 6.6"" 0.20+ 0.01" 8.8+ 0.2* 7.1+ 0.4*

Indicated substrates were adsorbed to polystyrene slides fitted to the wall of a parallel plate flow chamber. Neutrophil interactions wesedoacgettb
software using a digital camera at the indicated frame rates (fps) and observed m2@ification (values in bold). Measures of reactive bond compliance
(bond separation distance) as defined in the Bell modefdrdfractional slippage divided by the bond spring constant) in the Hookean spring model were
derived by a nonlinear least-squares fit of the dependenég;ain the force/bond over the range of 37-125 pN. Both the Bell model and the Hookean
spring model estimates deviated considerably from measured dissociation constants at forces above 125 pN. Chi-squasél fealaesegenberg-
Marquardt fit of the Bell model increased with the inclusion of the 250 pN data point for P-selectin from 1.43 to 6.7; for E-selectin from 0.32 to 2.63; fo
PNAd from 9.93 to 55.6; and for L-selectin (interacting with the neutrophil L-selectin ligand) from 4.9 at 88 pN to 27.4 at 125 pN to 1624 at 250 pN. As
with the Bell model, they? for the Hookean spring model deteriorated significantly with the inclusion okheralue at 250 pN. The? for E-selectin
increased from 0.2 to 1.23, for P-selectin increased from 2.11 to 8.84, for PNAd-increased from 8.65 to 94.2, and for the L-selectin subsedtidncreas
0.69 to 2162. For the calculation of the force on the bond, the lever arm was assumed garbev&h the neutrophil radius set at 4.28n, resulting in

an estimate of, as 125 pN per 1 dyn/cfrwall shear stress.

ND, Not determined.

*Alon et al., 1997.

“Alon et al., 1995.

SKaplanski et al., 1993.

TAlon et al., 1998.

Curves ofk g versus forceK,) on the selectin bond based  Analysis of P-selectin at slightly higher frame rates (1.6-
on the tabulated parameters of the Bell model are plotted ifiold) and higher microscope magpnification (2-fold) resulted
Fig. 6, A andB to illustrate the deviation of the Bell model in higher values for the dissociation constants, but the
from measured as forces increase past 125 pN per bondderived bond reactive compliance was very close in mag-
Fig. 6C plots a comparison of the Bell model and the nitude to previous estimates (Alon et al., 1995). In the case
Hookean spring model (see Table 1 for bond mechanicshf E-selectin, overalk, values were also higher, but the
Comparison of the models in Fig.@illustrates that in the  astimated reactive compliancer)( for E-selectin was
force range for which the parameters were derived, botiyjightly smaller than previously reported. Analysis of the
models fit eQU|vaIentI2y, with the Hookean spring model change in L-selectilk,; with increasing force between the
having slightly lowery” values (Table 1). _ range of 37-125 pN suggests that L-selectin bonds are more

As shown in Table 1, the estimates effor P-selectin, g,scentible to force-driven dissociation than P-selectin or
E-selectin, and the two classes of L-selectin ligands, PNAqE-selectin bonds. Estimates &f, for all four substrates

and _the neutrop_h|l IT—seIectln ligand(s), are compared W'tr\Nere surprisingly close to each other based on fitting the
previous determinations at 30 fps andxLfhicroscopy. The Bell model to the data

most significant difference observed, attributable to the Table 1 contains a comparison of the Bell model and the

higher temporal and spatial resolution analysis, was for th%ookean spring model (Dembo et al., 1988) for bond me-

neutrophil tethers on immobilized L-selectin, which has a hanics. The Hook . del for f dri bond
bond interaction distance (reactive compliance) valuesfor chanics. The rookean spring model for force-driven bon
dissociation was developed to introduce a bond potential

that is fivefold greater than previously reported (Alon et al., X e
1998). Similarly, the L-selectin-PNAd bond interaction dis- PaS€d on the distance between the recognition interfaces
tance ¢) is approximately threefold greater than previously"‘(’)Ith an Zassumed functionality of a springky; =
reported (Alon et al., 1997). At the lowest forces and flow Xo€XP(.Fi/2kkgT). The parametefy, = [(k — Kg)/«] is the
rates examined, the values fég, were fairly close to fractional spring slippage, or the component of bond stretch-
previous estimates for L-selectin. The response of L-seledNd energy that goes into increasing the rate of bond disso-
tin bonds to force indicated that tensile stresses shorte@iation (Kuo et al., 1997). The spring constant for the bond
bond lifetimes far more than predicted by the effects ofis k and the spring constant for the transition state of the
thermal forces (Brownian motion) exclusively, as illustratedbond isk,s. Over the estimated bond forces ranging from of
in Fig. 6,A andB and in Table 1, wherk., at 100 pN/bond 37 to 125 pN/bond, the dissociation constants for all four
is tabulated and compared to estimated zero shear dissoatbstrates were fitted to the Hookean spring model using the
ation, K. Levenberg-Marquardt algorithm.
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DISCUSSION between dissociation constants of two L-selectin ligands

0 f th isually distinctive int i bet also appear to exist and may have functional consequences
ne of the most visually distinctive Interactions be Weenregarding maintenance of stable rolling interactions. How-

Igukocy_tes and endotheh_um is the series of tra_nS|ent Sele(‘éver, the role of L-selectin ligands in controlling the kinetic
tin-mediated bond formation events that results in Ieukocytearld biophysical properties of L-selectin bonds has been
rolling. The focus of this study was to determine the effect, 1o in"particular the role of reactive compliance in the
of force on the duration of L-, P-, and E-selectin bonds, a, o iction of rolling velocities. Due to the brevity of L-
critical parameter in the biophysical characterization leukogg|atin honds relative to standard video rates, a significant
cyte rolling. Using high-speed video microscopy<(8tan- 5 ation of adhesive events may have been undetected in
dard, 240 fps), we made a direct comparison of dissociatiol.e\ioys analyses of the force response of L-selectin bonds
rates of bonds formed by neutrophils with four different z;qn et al., 1997, 1998: Puri et al., 1998), particularly at
substrates: P-selectin, E-selectin, L-selectin, and PNAd, ahow rates over 0.8 dyn/cfwall shear stress. Inclusion of
receptors specialized for initiating leukocyte capture in &g hopylation of previously undetected pauses briefer than
variety of immune responses. PreV|c_)us studies of E_—se_lect|§3 ms and higher temporal resolution of pause events at
(Kaplanski etal., 1993) and P-selectin bond cluster lifetimesonger hond lifetimes results in significant differences in
(Alon et al., 1995) were substantially confirmed using thegstimates of the response to force of L-selectin bonds in
higher-resolution video. In contrast, L-selectin bond with NeUparticular (Alon et al., 1997, 1998). Over the range of
trophil L-selectin ligands were observed to be significantly37_1og pN/bond, the L-selectin bond with its neutrophil
more labile in the presence of shear forces than either of thf?gand has an estimated bond separation distangenpre
two vascular selectins. Additionally, bond lifetimes of o than fivefold greater than previous determinations. Rather
classes of L-selectin ligands—one expressed on leukocyt§fan being a bond less responsive to stress, L-selectin in-
and one expressed on HEV of peripheral lymph nodes—wergsractions with its neutrophil ligand appears to have much
found to have significant differences in reactive complianceygre of a “slip” bond characteristic than either P-selectin or
demonstrating that selectin ligands may control certain biog_selectin bonds. In contrast to L-selectin interactions with
physical properties of the interaction (Puri et al., 1998). its neutrophil ligand, L-selectin interactions with HEV
Presentation of P-selectin and L-selectin on a substrate i(PNAd) endothelial ligands had significantly greater bond
shear flow simulates two types of adhesive interactions thaifetimes and a lower reactive compliance, in contrast to
are hypothesized to regulate leukocyte accumulation: Pprevious results (Alon et al., 1997, 1998). Both P-selectin
selectin-mediated primary capture to endothelium and Land E-selectin have a lower bond reactive compliance than
selectin-mediated secondary capture of flowing leukocyteshe |-selectin neutrophil ligand and PNAd, suggesting that
by previously adherent leukocytes (Bargatze et al., 1994¢hey formed stiffer bonds that were less sensitive to break-
Kunkel et al., 1997; Walcheck et al., 1996b; Alon et al., agge by applied force. It has been shown that L-selectin
1996). Based on a comparison of neutrophil capture rates ihteractions with CD34 modified by borohydride treatment
shear flow, it may be hypothesized that the L-selectin bonthas radically different kinetic and biomechanical properties
formation rate with its neutrophil ligand under flow condi- (Puri et al., 1998). While L-selectin-CD3K; was not
tions are faster than that of P-selectin with PSGL-1. Inajtered, several biophysical properties, notably the require-
contrast to the faster tethering rate of the neutrophil L-ment for shear flow for L-selectin rolling, were absent and
selectin ligand relative to the PSGL-1-P-selectin interactionthe reactive compliance was increased, suggesting that bio-
L-selectin tethering of neutrophils to CD34 (a component ofchemical equilibrium properties were independent of bio-
PNAd/MECA-79 antigen) has comparable tethering rates tenechanical properties. Consistent with this interpretation,
P-selectin and E-selectin (Puri et al., 1997). However, thehe k; values extrapolated from both the Bell model and
non-CD34 PNAd component of L-selectin ligand activity Hookean spring model for all three selectins were remark-
(Alon et al., 1997) supports neutrophil tethering at a highembly close together, while large differences kg were
level wall shear stress similar to the neutrophil L-selectinpbserved to arise once the bonds were under force. It also
ligand(s). Certain L-selectin ligands therefore appear tappears that selectin ligands may control or influence char-
support higher tethering rates than P-selectin interactionscteristic bond lifetimes, as is suggested by the observed
while others are indistinguishable from E- and P-selectindifferences in reactive compliance between PNAd and the
No data are available at this time on L-selectin-MAdCAM-1 |leukocyte L-selectin ligand.
tethering rates or bond lifetimes to compare to either the Measured dissociation constants from neutrophil tether-
vascular selectins or other L-selectin ligands to establish thing events at 250 pN/bond were considerably lower than
full range of cellular tethering rates that different L-selectin predictions ofk,s derived from both Bell and Hookean
ligands might support (Berg et al., 1993). spring models. The apparent plateaukjy values above
Differences in tethering rates between L-selectin ligandsl25 pN/bond forces levels suggest distinct force domains
are suggestive of differencesky, based on the hypothesis might exist where the Bell and Hookean spring models are
that forward bond formation rates strongly control attach-inappropriate (Alon et al., 1997). Whether this is a molec-
ment of cells under conditions of flow (Tempelman andular, mechanical effect or one that is influenced by leuko-
Hammer, 1994; Swift et al., 4998). Likewise, differencescyte deformability is unclear at this time. It has been hypoth-
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esized (Shao et al., 1998) that as a selectin bond experienceslependent on distance between the bond and the forward point
mechanical load above 64 pN, its microvillus anchorage poingat which the neutrophil is balanced against the substrate, which
will stretch, changing the moment arm acting on the bond (se@ turn is dependent on microvillus length. In effect, the bond
Fig. 7). The estimated force acting on a selectin bond is verys somewhat shielded from the full effect of the increased shear
force and would be able to support adhesion at higher flow
rates. The resultant force on the bond as the microvillus
stretches would be predicted to increase less than expected for
a stiff cell or microvillus.

An alternative explanation of the plateau kg values
with increasing force is that the mechanical loading rate
may influence apparent bond strength, as suggested by both
theoretical and experimental analysis of biotin-streptavidin
bonds (Izrailev et al., 1997; Merkel et al., 1999). By varying
molecular force loading rates over several orders of magni-
tude, the rupture force of the biotin-streptavidin bond was
observed to increase with loading rate, ranging up to 170 pN
at a loading rate of 60,000 pN/s. It was hypothesized that
rapid loading allowed detection of short-lived, but relatively
strong interactions that must be overcome in order for a
receptor to dissociate under force (Evans and Ritchie, 1997;
Merkel et al., 1999). At a wall shear stress of 2.0 dyrficm
the loading rate on a selectin bond may be high enough, on
T the order of 18 pN/s (200 pN/0.002 s), to sample a popu-
B A lation of the transition states with deeper potential wells.

The bond rupture forces sampled in the rolling assay appear
as strong as the biotin-streptavidin bond despite equilibrium
affinities at least four orders of magnitude lower. Interest-
ingly, when the biotin-streptavidin bond is loaded at 60,000
pN/s, its lifetime varies between 1 and 3 ms, slightly below
the median L-selectin bond lifetime of 10 ms with its
neutrophil ligand, but is nevertheless considerably briefer
than the other selectin interactions analyzed in this report.
Unlike the biotin-streptavidin bond, the selectin binding site
is not buried within a cleft of the receptor, but instead is

Fb situated on a relatively small patch on the top of the N-
terminal lectin domain (Graves et al., 1994). It is not known
TF how the lectin domain of a selectin deforms under mechan-

B _9_ I e ical stress, but its twax-helixes are located on opposite

L faces of the domain and the anti-paralleisheets are
aligned somewhat vertically on the third face, leaving the
FIGURE 7 Free body diagram of neutrophil in static equilibrium and the Pinding site located within a series of loops lacking a
estimation of force on a single bond\)(A leukocyte in momentary, static  defined secondary structure. The loops associated with li-
equilibrium during rolling. The black microvillus a forms bond with its gand recognition may be able to adopt a number of different
ligand on the substrate, which is solely responsible for the completeconformations’ which based on entropic arguments would
cessation of the leukocyte’s motion. The gray microvillus is a second poin . . e .
of contact that balances the forces and moments, bringing the ceIItoastatgiwor hlgh bond for_m,atlon rates CharaCtens“C_ of selectins
of static equilibrium. B) The free body diagram shows forces and moments COmpared to more rigid structures, such as the immunoglob-
acting on a rolling leukocyte as it pauses in static equilibrium when theulin superfamily integrin ligands (Wang and Springer,
adhesive bond momentarily arrests the cell. Major assumptions in this 998). A less ordered domain structure may also allow more
statically determinate problem are that the cell is a spherical object, the“t’:ieformation under stress before the selectin bonding inter-
are only two points of contact, and a single bond momentarily arrests th? . turbed. th b intaini t
cell. In static equilibrium, the sum of the forces in each direction must ace Is perturbed, ere, y maln, a_'mr_]g as ,ress response
equal zero and the sum of the moments must equal zero. The sum of tH0Ser to that of much higher-affinity interactions such as
forces in thex-direction givesF, = F,cos6. The sum of the forces in the the biotin-strepavidin bond.
y-direction gives=, = Fysin 6. The sum of the moments about the pointof ~ The differences between L-selectin ligands and their
contact atF, gives 7s + FR = (Fysin6)L. For a direct comparison of  characteristic bond lifetimes under stress may be extremely
dissociation constants with values previously reported in the literature, we . ... . . .
used values oR = 4.25 um, L = 3 um, 0 = 62.3°,F, = 58.9 pN per Significant in th.e. modulation of leukocyte accu_mulatlon
dyn/cn? wall shear stress so tht, = 124.4 pN per dyn/cfwall shear ~ Under flow conditions. For example, the neutrophil L-selec-
stress (Alon et al., 1997; Goldman et al., 1967). tin ligand’s relatively brief bond lifetime under shear and its
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shear threshold property (Finger et al., 1996) may limit theAlon, R., S. Chen, K. D. Puri, E. B. Finger, and T. A. Springer. 1997. The
opportunity for irreversible neutrophil aggregation in the kinetics of L-selectin tethers and the mechanics of selectin-mediated

~rolling. J. Cell Biol. 138:1169-1180.
blood stream, yet may last Iong enoth to move n(:"Utmphllilon, R., R. C. Fuhlbrigge, E. B. Finger, and T. A. Springer. 1996. Inter-

into fluid streamlines closer to the vessel wall. An interest- actions through L-selectin between leukocytes and adherent leukocytes
ing outcome may be predicted between a neutrophil roIIing nucleate_rolling adhesions on selectins and VCAM-1 in shear flow.
on PNAd as it interacts with a flowing neutrophil presenting - ©¢ll Biol. 135:849-865.

P . . - Alon, R., D. A. Hammer, and T. A. Springer. 1995. Lifetime of the P-
L-selectin Ilgands. Because of the relative differences "ﬁ selectin-carbohydrate bond and its response to tensile force in hydrody-

bond lifetime under shear, neutrophils rolling on PNAd may namic flow. Nature (Lond.)374:539-542.
be more likely to capture a flowing neutrophil than to be Bargatze, R. F., S. Kurk, E. C. Butcher, and M. A. Jutila. 1994. Neutrophils
Captured by it (M. B. Lawrence, unpublished observations). roll on adherent neutrophils bound to cytokine-induced endothelial cells

. . ia L-selecti he rolli lis]. Exp. Med.180:1785-1792.
The longer duration of an L-selectin-PNAd bond may there- via L-selectin on the rolling ce SJ._ *P e.d 80:1785-179 )
Bell, G. I. 1978. Models for the specific adhesion of cells to c8lsence.

fore result in the adherent neutrophil winning the pulling ™ 500.618—627.

contest. Mea.nWh_"e: the flowing neutrophil following IS Berg, E. L., L. M., McEvoy, C. Berlin, R. F. Bargatze, and E. C. Butcher.
brief interaction is torqued closer to the wall, favoring 1993. L-selectin-mediated lymphocyte rolling on MAdCAM1dature
subsequent adhesion downstream. Since radial diffusion of (-ond.).366:695-698.

; ; Berg, E. L., A. T. Mullowney, D. P. Andrew, J. E. Goldberg, and E. C.
cells in the blood stream is so low, the effect of several Butcher. 1998. Complexity and differential expression of carbohydrate

L-selectin-media}ted ?nteraCtiohs between ﬂO\{Ving and ad- epitopes associated with L-selectin recognition of high endothelial
herent neutrophils might contribute to populating near-wall venulesAm. J. Pathol.152:469-477.
streamlines with neutrophils. Because lifetimes for the neuBerg, E. L., M. K. Robinson, R. A. Warnock, and E. C. Butcher. 1991. The

T AR i _human peripheral lymph node vascular addressin is a ligand for
trophil L-selectin ligand(s) are significantly more stress ECAM-1, the peripheral lymph node homing receptar Cell Biol.

sensitive than those with L-selectin endothelial cell ligands, 114:343-349.
the short bond lifetime under stress may reduce opportuniehen, S., R. Alon, R. C. Fuhlbrigge, and T. A. Springer. 1997. Rolling and
ties for aggregation in the bloodstream of resting neutro- transient tethering of leukocytes on antibodies reveal specializations of

phils, as suggested by recent modeling studies that probedSe'ectinsroc. Natl. Acad. Sci. USAR4:3172-3177. _
the effect of increased L-selectin bond lifetimes on neutro-Chen' A. B. Engel, and T. F. Tedder. 1995. Structural requirements reg-
ulate endoproteolytic release of the L-selectin (CD62L) adhesion recep-

phil aggregation (Tandon and Diamond, 1999). A similar tor from the cell surface of leukocytes. Exp. Med.182:519-530.
hypothesis regarding capture from flow may be put forwardbembo, M., D. C. Torney, K. Saxman, and D. A. Hammer. 1988. The
for neutrophils roIIing on P-selectin and E-selectin where it reaction limited kinetics of membrane-to-surface adhesion and detach-

would be predicted that a flowing neutrophil would rarel ment.Proc. R. Soc. Lond., B S@34:55-83.
P 9 P y Evans, E. A., and K. Ritchie. 1997. Dynamic strength of molecular adhe-

succeed in pulling an adherent neutrophil off the wall. sion bondsBiophys. J.72:1541—1555.
Among the unique aspects of biologic adhesion is &vans, E. A, K. Ritchie, and R. Merkel. 1995. Sensitive force technigue to
requirement for reversibility of molecular interactions to probe molecular adhesion and structural linkages at biological interfaces.

allow tissue remodeling, cell signaling and migration, and_ Blophys. J68:2580-2587.

P : inger, E. B., K. D. Puri, R. Alon, M. B. Lawrence, U. H. von Andrian, and
other processes in immune surveillance. In the case (ﬁ T. A. Springer. 1996. Adhesion through L-selectin requires a threshold

leukocyte interactions within the vasculature, in which ad- hydrodynamic sheaNature (Lond.)379:266—269.

hesive bonds are subject to widely varying levels of forcefritz, J., A. G. Katopoidis, F. Kolbinger, and D. Anselmetti. 1998. Force-

a bond’s response to mechanical stress may have as mucHnediated kinetics of single P-selectin/ligand complexes observed by
. . . ic f i oroc. Natl. Acad. Sci. :12283-12288.

effect on function as its intrinsic kinetic properties. This _ &tomic force microscopyroc. Natl. Acad. Sci. USA&I5:12283-12288

. . .. Fuhlbrigge, R. C., R. Alon, K. D. Puri, J. B. Lowe, and T. A. Springer.
StUdy showed that neUtrOph'l tethers with immobilized L- 1996. Sialylated, fucosylated ligands for L-selectin expressed on leuko-

selectin have a higher bond-reactive compliance than for cytes mediate tethering and rolling adhesions in physiologic flow con-

tethers with immobilized P-selectin, E-selectin, or PNAd, ditions.J. Cell Biol. 135:837-848.

all endothelium-derived substrates. Geng, J.-G., M. P. Bevilacqua, K. L. Moore, T. M. Mclntyre, S. M. Pres-
cott, J. M. Kim, G. A. Bliss, G. Zimmerman, and R. P. McEver. 1990.
Rapid neutrophil adhesion to activated endotheliun mediated by GMP-
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9' ° : j a' L asq » University of New Mexico, for tonsi Dynamics of neutrophil rolling over stimulated endothelium in vitro.
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