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ABSTRACT We develop a theoretical model to examine the combined effect of gravity and microvillus length heterogeneity
on tip contact force (F3") during free rolling in vitro, including the initiation of L-, P-, and E-selectin tethers and the threshold
behavior at low shear. FJ" grows nonlinearly with shear. At shear stress of 1 dyn/cm?, F" is one to two orders of magnitude
greater than the 0.1 pN force for gravitational settling without flow. At shear stresses >0.2 dyn/cm? only the longest microvilli
contact the substrate; hence at the shear threshold (0.4 dyn/cm? for L-selectin), only 5% of microvilli can initiate tethering
interaction. The characteristic time for tip contact is surprisingly short, typically 0.1-1 ms. This model is then applied in vivo
to explore the free-rolling interaction of leukocyte microvilli with endothelial glycocalyx and the necessary conditions for
glycocalyx penetration to initiate cell rolling. The model predicts that for arteriolar capillaries even the longest microvilli cannot
initiate rolling, except in regions of low shear or flow reversal. In postcapillary venules, where shear stress is ~2 dyn/cm?,
tethering interactions are highly likely, provided that there are some relatively long microvilli. Once tethering is initiated, rolling
tends to ensue because F}' and contact duration will both increase substantially to facilitate glycocalyx penetration by the
shorter microvilli.

INTRODUCTION

Adhesion of circulating leukocytes (or white blood cells, required to pull a single tether. The average characteristic
WBC) to vascular endothelial cells (EC) during inflamma- time to achieve the full elastic response is estimated to be
tion and immune surveillance is initiated by the adhesive).77 s.

tethering of the L-, P-, and E-selectins (Lawrence and In contrast to these relatively large tethering and defor-
Springer, 1991; Ley, 1996) ang, integrins (Taeren et al., mation forces, the compressive force acting on a microvillus
1994; Alon et al., 1995b; Berlin et al., 1995) to ligands thattip for a WBC resting on a tripod of three microvilli in a
are located on either the tips of the WBC microvilli or the gravitational field is of the order of 0.1 pN. The character-
EC surface (Berlin et al., 1995; von Andrian et al., 1995).istic contact time for a single microvillus in a free-rolling
Stein et al. (1999) have shown in vivo that the distributioninteraction at 1 dyn/cfis of the order of 1 ms and the
of adhesion receptors on the WBCs has an important impagfyration of a single tethered swing at the same shear stress
on the initiation of tethering, which is confined nearly s —~30 ms. These times are small compared to the times
exclusively to the microvilli tips during free rolling. HOw- 5550ciated with the measured off-rates for selectins
ever, once tethering is initiated, ectodomains on the Ce'tKapIanski et al., 1993: Alon et al., 1995a, 1997 Smith et
body are equally likely to be involved in adhesive interac-g)  1999). This dichotomy of force and time scales indicates
tion. This result is consistent with Chen and Springersy,at there is a large difference in the contact forces and

observation that once tethered rolling is initiated more ads,achanics of free and tethered rolling.

hesion sites are recruited to stabilize the rolling velocity as Bruehl et al. (1996) have examined in detail the microvill

the shear rate is increased (Chen and Springer, 1999). Bo ometry on neutrophils (PMN), monocytes, and lympho-
studies suggest that tethered rolling involves much large ytes. They have also shown by,using immur;ogold labeling
adhesive contact forces that are sufficient to compress mJ - ochin that for all th,ree cell types this adhesive
crovilli, applanate the WBC membrane, and thereby Createrotein is Iocyalized on the microvilli tips. An important

a larger potential for adhesive interaction. The study b)P : - . )
Shao et al. (1998) shows that the elastic constant for feature of the microvilli geometry is their great heterogene

: : . . Ity in length. The aver microvillus length for the thr
microvillus is 43 pNim and that a force of 61 pN is %y engt € average microviius 1e gth for the three
cell types falls within the narrow range of 0.3—Quh, but
there is a wide dispersion with a significant population
(5—-10%) of long microvilli ¢-0.5 um in length). We will
Received for publication 22 June 2000 and in final form 13 Decembershow that this small population of long microvilli is critical
2000. _ _ ~in initiating tethered rolling in flow chamber studies and
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tional force and the hydrodynamic force in the lubricatinginvestigations. A consensus of these studies is that the cells roll as if they

|ayer which leads to a Iarge amplification of the contactWwere displaced by a distance thati600 nm from the boundaries (Tissot

- T : tal., 1992; Tempelman et al., 1994). Although it is generally believed that
forces on the microvilli tips as the shear stress Increase‘fsr'lis displacement is due to the presence of microvilli, no study has

This amphflcatlon depends Strongly on the heterernelty 'no\ttempted to analyze the rolling motion of WBCs with protruding mi-
lengths of the microvilli. One of the more intriguing ques- crovilli or the effect of gravitational forces on the microvilli interaction,
tions we want to explore is the magnitude of the microvilli with the exception of Tissot et al. (1992). The model in Tissot et al. was
tip contact forces in the vicinity of the shear threshold fordeveloped to explain the results of their experiments on the sedimentation

initial tethering. Finger et al. (1996) have demonstrated thaff WBCS atavery low shear rate of 1.3's This shear rate is two to three
orders of magnitude lower than the shear rates used in the great majority of

there is no adhesive rolllng for L-selectin below0.4 flow chamber studies on cell rolling or the shear rates measured in vivo. At
dynlcmz. and Lawrence et al. (1997) have observed a Simthese low shear rates substantial sedimentation can occur between each
ilar shear threshold for P- and E-selectins both in vitro andnicrovillus contact. Furthermore, their idealized model considered only a
in vivo. single microvillus with protrusions of 0.6—1,8m. Their study was con-
One of the most perplexing issues in analyzing free_ducted befo!’e th_e publication of the extenswe_database of Bruehl et al.
. L. . . . . (1996) on microvillus geometry for large populations of PMN, monocytes,
rolling and initial tethering in vivo is the role of the EC and lymphocytes. As noted earlier, the latter study suggests that an average
glycocalyx. The latest studies (Vink and Duling, 1996; microvillus has a length of 0.3-04m and a diameter of 0.&m. They
Henry and Duling, 1999) indicate that in capillaries, arte-also reported that there are typically 26 protrusions in each cell cross-
rioles, and venules this surface matrix is 0.4—Q@rh thick section; for an 8.3:m-diameter WBC, this corresponds to an average

pacing between microvilli of-1 um.
and Composed of proteoglycans and hyaluronan’ an uns"ﬁ The gravitational-hydrodynamic interaction problem we wish to exam-

fated glycosam|n09|ycan' This |ayer thickness is approXiine involves much less sedimentation between each contact than that
mately the same as the length of the microvilli described inconsidered in Tissot et al. (1992). The model developed in this paper
Bruehl et al. (1996). If this layer provides the molecular predicts that the duration of contact of a single tip collision at a shear stress
sieve for plasma proteins that establishes the oncotic forc@f 1 dyn/enf is only of the order of 1 ms. The maximum sedimentation
across the microvessel wall, as hypothesized in Michel et aﬂlstgnce m_thls tlme_ is only of the‘order of 3 nm, since the unbounded
. . sedimentation velocity of a WBC is-3 um/s. At a shear stress of 1

(1997)' Weinbaum (1998)’ and Hu and Weinbaum (1999)dyn/cm’-, the time between tip contacts for equal length microvilli is about
the fiber spacing of this matrix needs to 8¢ nm, i.e., the  four times the duration of a grazing contact, and thus the upper bound for
molecular dimension of albumin, which is the primary pro- the sedimentation between contacts-i52 nm. Such small displacements,
tein that determines the oncotic force. Feng and Weinbaurfithough large compared to Brownian motion because of the size of the cell
(Feng et al., 1998) have recently developed an effectiv nd the duration of contact, would seem to be‘o‘f negligible !mportance.

. . . . . owever, we shall show that these grazing collisions of the tips with the
medium theory to examine the motion of spherical particlesirate are highly nonlinear and at a shear stress of 1 djrdam
through a porous layer of this nature. Using the diffusiongenerate tip contact forces 20 to 100 times greater than the resting gravi-
data in Lee et al. (1993) for the motion of colloidal gold- tational force on the tip in the absence of flow. This nonlinear amplification
tagged |ipidS in cells coated with a g|ycoca|yx’ they haveis.of spggial importance in considering the penetrat.ion dista.nce.of the
been able to estimate both the hydraulic resistance of t|,]\r§/|crovn|| into the surface glycocalyx for a free-rolling cell in vivo.

. . . . ithout this amplification we shall show that even long microvilli would
particles and the binding and deformation resistance of thﬁot be able to penetrate the glycocalyx and that tethered rolling would not
matrix. Several fundamental questions need to be addressesé. possible unless the surface matrix were enzymatically degraded.
First, how can WBCs roll along this surface glycocalyx
without sinking into this highly deformable structure and

grinding to a halt? The situation is akin to a human beingModel formulation and simplification

trymg to run throth a snowfield Whose depth '$ the SaMErpe model formulation involves three important categories of simplifica-
as his or her legs. Second, why is WBC rolling rarely tion: those that involve the hydrodynamic forces and torques associated
observed in arteriolar capillaries, but frequently observed irwith the cell body and its microvilli, those associated with the viscoelastic

postcapillary venules? Third, does the EC g|ycoca|yx haveleformation of the microvillus, and those that involve the presence of the

to be enzvmatically dearaded to initiate tethering or aresun‘ace glycocalyx through which the microvilli penetrate. We consider
y y deg g each separately.

there circumstances in which the microvilli can penetrate The forces and torques on the WBC can be divided into two groups,
the EC glycocalyx without degradation? A theoretical those that are associated with the cell body and those that are associated
framework will be developed to examine each of thesewith its microvilli. The hydrodynamic forces on the cell body can be
questions. calculated by approximating it as a rigid sphere, as described in the next
section. Because the spacing of the microvilli is one order of magnitude
greater than their diameter, and the microvillus length is one order of

METHODS magnitude smaller than the cell radius, it is not necessary to include
corrections for the microvilli in calculating the global hydrodynamic forces
Previous mathematical models on the WBC. Similarly, corrections for lubricating hydrodynamic forces on

the tips of individual microvilli in the presence of a solid boundary are not
There is an extensive prior literature on the free rolling of WBCs as aneeded because these forces will be small compared to the forces on the
precursor to tethered rolling and adhesion (Lawrence and Springer, 199Inain body of the WBC. This, however, is not true if the microvillus
Hammer and Apte, 1992; Tissot et al., 1992;z&men and Ley, 1992; penetrates the glycocalyx, as the resistance in the glycocalyx is comparable
Tempelman et al., 1994), to mention just a few of the widely cited to the resistance of the cell body, as discussed below.
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The recent experiments of Shao et al. (1998) have provided valuablshown to be small. For the low shear stresses found in postcapillary
data on the time constant for achieving a full viscoelastic response of aenules, a more sophisticated theoretical model needs to be developed in
microvillus under stretch. This time constant, 0.77 s, is nearly three ordersvhich the instantaneous velocity and displacement of the microvillus in the
of magnitude greater than the characteristic time, 1 ms, for the grazinglycocalyx are taken into account in calculating the penetration forces on
contact of the microvillus tip with the surface at shear stresses typical ofong microvilli. Such a theory goes beyond this initial model because it
postcapillary venules. For forces greater than 61 pN applied over longerequires the consideration of the actual shape of the microvillus and its
times, one obtains a purely viscous response in which a tether could beotion, both normal and parallel to the EC surface. However, the present
pulled. This viscous or viscoelastic behavior occurs on a time scale and fomodel provides a valuable upper bound for estimating this penetration.
forces that are characteristic of tethered rolling, but not the free-rolling
interaction described herein. It is also reasonable to expect that viscoelastic
deformation of microvilli in compression occurs on a time scale similar to Model for predicting tip contact forces in a
that observed for microvilli in tension. Accordingly, for the time scales in gravitational field
the present application, we shall treat the microvilli as being rigid, and the
more important consideration is their geometric heterogeneity. In view of the discussion in the previous section, we shall first formulate

The hydrodynamic interaction of the freely roling WBC with the a hydrodynamic model for predicting the contact forces on a WBC expe-
porous EC glycocalyx has two components: the cell body and the misiencing free rolling on a solid surface in a gravitational field. This is
crovilli. The interaction with the cell body can be considered through thebecause 1) the force of microvillus contact with a solid wall constitutes an
use of an appropriate slip boundary condition at the glycocalyx surfaceupper bound for the contact force with an EC glycocalyx surface, and
provided that the cell body is not in physical contact with the glycocalyx. hence the predicted value can be used to estimate an upper bound for the
The basic modification is to introduce a slip coefficient that accounts forpenetration of the microvillus into the EC glycocalyx; and 2) in many
the fluid motion through the porous layer, instead of the no-slip boundaryWBC rolling experiments performed in flow chambers, the substrate sur-
conditions used in Brenner (1961) and Goldman et al. (19674, b). Althougtiace is truly a solid wall.
more detailed theories can be developed for the motion of a sphere near a Consider the motion of a WBC in a viscous shear flow bounded by a
porous half-space, the basic simplification can be deduced from simpl@earby planar wall as shown in Fig. 1. L&t¥, z) be a right-handed system
intuitive arguments derived from effective medium theory (Brinkman of rectangular Cartesian coordinates, of whichtig@lane coincides with
equation (Brinkman, 1947)). One can readily show from this equation thathe bounding wall, thex axis points in the direction of the flow, and tae
the effective thickness of the fiber interaction layer near the surface of theéxis points into the fluid normal to the wall. For simplicity we assume that
glycocalyx is of the order ok, whereK , is the Darcy permeability of the  the motion of the cell is constrained to tkeplane, i.e., the cell center is
porous medium. The magnitude of the slip at the porous interface iglways in they = 0 plane and there is no rotation of the cell about zhe
proportional to the ratiol(ll)/zla)u, wheres is the thickness of the gap width ~ axis. The cell, therefore, has three degrees of freedom: its motion is fully
between the sphere and the porous surface,laiglthe sphere velocity. — described by specifyingk(, z, 6.) as functions of time, wherex; andz,

For a periodically ordered parallel array of fibers, Tsay and Weinbaumare coordinates of the cell center afdis an angle measured from tae

(1991) give a simple approximate expression Kgr axis to a reference radial line fixed to the cell. Hereafter we drop the
subscript ¢ for conciseness; henggy( z) will denote the coordinates of the
2.377 cell center.
K, = 0.05722| — 1)
a
wherea is the fiber radius and is the open space between fibers. Bor u=5z

7 nm, which is the fiber spacing for the glycocalyx to be a molecular sieve
for albumin, anda = 0.6 nm, which is the characteristic radius for
glycosaminoglycans, one finds thﬁé’z is less than 3 nm. Therefore, even
at a gap distance of several tens of nanometers, the slip will be very small
The no-slip condition can thus be applied with little error.

The penetration of the microvillus tip into the glycocalyx can only be
treated in a much more approximate fashion at this time. Using the theory
in Feng et al. (1998) and the experimental measurements in Lee et al.
(1993) for the Brownian motion of colloidal gold-tagged lipids as a probe
for the resistance of the surface matrix, we shall show that guti-
diameter sphere will move through the surface glycocalyx at a velocity of
~6 um/s under an applied force of 1 pN. This sphere is an approximate
model for the normal penetration of the microvillus tip. In contrast, one can
readily calculate from the Stokes formufa= 67uU R, that a 1-pN force
applied to the entire cell body will cause it to move at a velocity of@'s
in a fluid whose viscosity is 1 cP. The resistance of the microvillus tip,
once it enters the glycocalyx, is thus comparable to the entire cell body. In
the limit where the tip penetration is small compared to the microvillus
length, the contact forces that will be calculated for the free rolling of a
WBC on a solid surface will provide a good approximation for the FIGURE 1 A schematic showing the coordinate system and the variables
penetration force on the microvillus tip because the displacement of the tiused in model formulation. The cell is modeled as a sphere decorated with
during contact with the glycocalyx will be small. This will be seen to be the surface microvilli. Its motion is assumed to be confined toxiaplane and
case for microvilli of uniform length for all levels of shear stresses hence its position is fully defined by the andz-coordinates of its center
encountered throughout the microcirculation. However, for a heterogeC and the angl® measured from the-direction to a reference line that is
neous distribution of microvilli with a small population of long microvilli, fixed to the cell. Acting on the cell are gravitational forEg (right-hand
this will only be true for high fluid shear stresses typical of those found onside of Eq. 5), microvillus contact forde}’ andFy', and fluid forces not
the arterial side of the microcirculation where the tip penetration will be shown in the schematic. See text for more detailed description.
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The flow around the WBC is governed by the Stokes equation for slowThese two equations are the standard ones for determining the translation
viscous flow. Because of the linearity of the Stokes equation, the resultanand rotation of a sphere in a gravitation field near a planar boundary.
force and torque imparted on the cell by the fluid are linear functions of the
velocity components

dx dz de Free-rolling without friction

sza, sza, wyza (2)

We refer to the motion of a WBC in the shear flow as free-rolling when the
tip of a WBC microvillus is in contact with the bounding wall but no

of the cell and the shear ra&of the imposed flow. This holds for a cell adhesion occurs; as the cell rotates, it swings from the upstream side of the
of any shape. The coefficients in these linear functions will be denoted asontacting microvillus to the downstream side. As a first approximation the
h (i =1,2,...) and are called hydrodynamic resistant functions. Themicrovillus-wall contact can be assumed to be frictionless, i.e., Eq. 6
WBC will be modeled as a sphere in the computation of the hydrodynamicapplies. This is a realistic assumption for a cell moving over a solid surface
forces and torques. In this case, there functions only of, independent  in which the tip contact is a grazing collision. The condition of no

of x and . penetration into the solid surface imposes a constraint on the cell motion:
As the cell settles in the gravitational field and rotates in the shear flow,
one or more of its microvilli may make contact with the bounding wall. We v, — (R, + L,)sin(6 + am)wy =0. (8)

assume that the contacts are momentless, i.e., a microvillus contact pro-
vides no resistance to the rotation of the microvillus tip about its contact h tact forcE™ is treated K The ki i traint
point. In general, the contact force can be resolved into tangential and @ contact forcé" is treated as an unknown. The kinematic constrain

. ; z T m
normal components, denoted B3 and F}", respectively. The balance of Fq' 8is \t/?hdbonbt/hﬁFZ _'S c?rrrpreiswetg.el?z = 0)'d If(tjhe cfomp:ted_iz d
forces acting on the WBC requires urns out to be otherwise, the cell motion is regarded as free-flowing, an

Eq. 7 applies instead of Eq. 8.

h(@2vx + (2w, + FF' = —hs(2)S 3)
hs(2)v + (2w, + (R + Ly)cod 0 + ay)FY Free-rolling with friction
—(R. + Lp)sin(8 + a)FI' = —h,(2S,  (4) In reality, a tangential force due to friction may act on the microvillus tip
as it grazes the boundary surface. The magnitude of this frictional Fjfce
m 4 increases as the compressive normal fdffencreases:
hS(Z)Vz + Fz = (§ WFQ’;Ap)g (5)

Rl = —nF, 9)

Equations 3 and 5 are, respectively, the force balance inxthand

z-directions,_and Eq. 4 is the bglance of torques about th_e ceI_I cen_ter. IQ/heren is the coefficient of friction. The sign in Eq. 9 is due to the fact
these equation®; is the cell radius, the length of the microvillus in that the frictional forceF}' acts in the direction opposite to the sliding

c_ontact with _the s_urfacexm the angle mgasured from the reference radial velocity of the microvillus tip. As the normal force increases, the frictional
line _to the mmr_owllgs (and henc@ + ay is the angle measured_f_rom the force may become large enough to fully arrest the sliding of the microvillus
z axis to the microvillus)Ap the dlf_fert_ence between mass densities of the tip. If this happensE™ will be smaller than that predicted by Eq. 9, and the
cell and the pl_asma, argithe gravnanoryal ac_celeranon. ) no-slip condition at the microvillus tip requires

For a spherical cell, the hydrodynamic resistance functmhave been
given in the literature (Brenner, 1961; Goldman et al., 1967a, b). They are
given either in the form of tabulated results of numerical computation or in
the form of asymptotic expressions for a sphere very close to or very far
away from the bounding wall. However, in the problems of present interestHence, in the case of free-rolling with friction, Eq. 6 is no longer applicable
the asymptotic expressions are not applicable because the ratio of trand will be replaced by either Eq. 9 or Eq. 10, whichever predicts a smaller
sphere-wall gap to the sphere radius is of intermediate magnitude. The gdprce of friction. By the definition of free-rollingFJ" is required to be
width is characterized by the length of the microvilli and lies in the range compressive R’ > 0). This requirement also indicates a difference be-
of 0.1-1.0um, while the cell radiudR, without the microvilli is assumed tween friction and adhesion due to bond formation: the latter involves a
to be 4.15um. In this range of the ratit,,/R;, the tabulated numerical tensile force on the microvillus that prevents it from being lifted off the
results are too scanty. Therefore, approximate expressiors éoe used  wall, while friction does not. For the case of EC glycocalyx, which we will
in the present computation. The approximations (see the Appendix) ardiscuss later, Eq. 9 will be applied in two limitg, = 0 andn > 1.
derived using a method proposed by Zhao et al. (1997).

The three equations for the force and torque balance contain five
unknowns, namely, the three velocity componentsv,, andwy, and the .
two components of the contact foré& andF". Two more equations are | €thered swing

required to uniquely determine the cell motion. These can be obtained bVVhen the tip of the contacting microvillus adheres to the wall, Igtiand

considering the mode of cell motion. FJ' can be nonzero, arfel)' is not necessarily compressive. The microvillus
tip serves as a pivot about which the cell may rotate, and the cell motion
is referred to as a tethered swing. For a tethered swing, the motion of cell
Free-flowing must satisfy the no-penetration condition in Eq. 8 and the no-sliding
condition in Eq. 10.
Given the shear rat®and the cell position, Eqgs. 3—10 can be solved for
m_ V,, V,, andw,, as well as the contact forc€§' andF}". With the values of
=0, (6) 4 ", .
V,, V,, and w, known, the next position of the cell can be obtained by

m integrating Eq. 2. The process can be repeated to yield the trajectory of the
F'=0. (7) cell.

Vi + (R, + Lp)cog6 + am)w, = 0. (20)

If no microvillus is in contact with the bounding wall,
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Model for microvillus penetration into the diameter, Eq. 11 yields a hydrodynamic resistafge) = 5.6 X 10~ pN

EC glycocalyx perum/s. If the total resistande is 3 timesF,, F/U = 0.17 pN perum/s.
The microvillus tip would thus penetrate the glycocalyx at a veloeig/9

Now, consider the possible penetration of a microvillus tip into the EC wm/s under a force of 1 pN.

glycocalyx. The only experimental study to our knowledge that directly

addresses the resistance of pericellular matrix (glycocalyx) is that of Lee et

al. (1993). They measured the mobility of colloidal gold-tagged lipids in RESULTS

the plasma membrane of cultured fibroblasts, epithelial cells, and kerato-

cyte‘s. FIuorescent_Iy Ia_beled Iipids were tagged \{vith 30-nm colloidal golql:':)rce and duration of microvillus contacts with a

particles and the diffusional resistance of this conjugate was compared with _,.

the fluorescent lipid alone, and also after the surface glycocalyx wassc’Ild surface

digested with heparinase. They found that the average diffusion coeffi(:ienwe first consider the free—rolling interaction of a WBC with
of the gold-tagged lipids was only about one-fifth of that measured for the . . L

lipid molecules alone by FRAP (fluorescent recovery after photobleaching"’l solid surface. The contacts betwe_en WBC m_lcr_OV"“ and
technique). The reduction in the diffusion coefficient of the gold particle the surface are assumed to be frictionless. This is realistic
was attributed to the resistance of the pericellular matrix. Note that hydrofor many in vitro experiments in which nonspecific adhe-
dynamic resistance is only part of the total resistance experienced by thgion between the cell and surface is blocked by albumin
diffusing particle or a penetrating microvillus; the rest is due to the elastic Zhao et al., 1995; Alon et al., 1997; Puri et al., 1998).

and binding energies of the fibers. Feng et al. (1998) developed a . . . . . .
effective-medium theory based on the Brinkman equation to predict the We start with a simple case in which 26 microvilli of

magnitude of the hydrodynamic forces that a spherical particle wouldedual length are distributed uniformly along the cell perim-
encounter if it were translating either parallel or perpendicular to a walleter. Typical cross-sections of human PMN in Bruehl et al.
covered by a uniform layer of fiber matrix. They showed that when the(1996) had 26 microvilli at a frequency of 1 per Ju#n of
dimensionless permeability paramededefined asR/Kg’z, is>1, asinthe lasma membrane. The mass density of PMN 1508 g/mI
present case, the effects of boundaries are small because the fibers Shi%)EChmid-SCthein 1987). For a sphere with a 4.4f
the particle from hydrodynamic interaction with the boundaries. Hreie . - ! ) .p . oo
the particle radius ankd,, is the Darcy permeability of the porous media. In radius, this corresponds to a gravitational settling force of
this limit the hydrodynamic resistande, to a sphere moving with a 0.23 pN in solution and a Stokes sedimentation velocity of
velocity U is given by the asymptotic expression ~3 um/s. Without shear flow, the load on a resting cell will
F, = 67uRU(L + a + %az), (11) be distributed among at Ieast_thret_e cont.acting microvilli and
the contact force at each microvillus tip would k.08
which reduces to the Stokes drag for= 0. Feng et al. (1998) attempted PN. For a cell undergoing free rolling in a shear flow, Fig.
to analyze the data in Lee et al. (1993), and estimated that approximately shows the computed force and duration of microvillus
one-third of the total drag of the pericellular matrix on the gold particle cancontacts, where the mean force is a time average over the
be accounted for by hydrodynamic resistance as predicted by the Brinkmaeomact duration. It is interesting to note that, at wall shear

equation, suggesting that about two-thirds of the total resistance is associ-,

ated with the elastic and fiber binding energies of the surface glycocalyx.Stresses seen in postcapillary venules (1-4 dyf')/,cthe

Using Eq. 1 and the parameter values discussed tgie,estimated to be small gravitational SetF”ng force_can lead to the gener_ation
7.08 nnf. For a penetrating microvillus modeled as a sphere ofudril-  Of contact forces at microvillus tips that are 20 to 50 times

12 , 103

10l Microvilli length -1 102
-~ 0.3um e ]
— 05um P

0.7 um

FIGURE 2 Force and duration of contact between ‘g
microvilli tips and a solid wall for a cell rolling ¢
without adhesion on the wall in a shear flow. The &= 8
contacts are assumed to be frictionless and the mear
contact force plotted is a time average over the 9]
contact timet.. In the computation 26 microvilli of
equal length are distributed uniformly along the cell
perimeter. The contact force increases nonlinearly ¢
with increasing shear stress. At wall shear stresses 4
typically seen in postcapillary venules (1-4 dyn/
cn?), a net gravitational settling force of 0.23 pN
acting on the cell leads to microvilli contact forces 2
that are many times greater, but the contacts are
brief.
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greater than the resting gravitational force of 0.08 pN citedmicrovillus contact. This percentage decreases with increas-
above. However, the contacts are surprisingly brief, on théng 7,,, because the increased rotational velocity of the cell
order of 0.1-1 ms. This large magnification in contact forcereduces the time available for the settling of the cell be-
arises from the necessity of drawing viscous fluid into a thintween microvillus contacts. Therefore, the contact duration
gap between a cell and a wall as the cell is displaced quicklyaries asr,,**®, with a > 0. It can also be shown that, for
from the wall following a microvillus contact. The associ- a cell with uniform microvilli, the contact force varies in
ated viscous dissipation in the thin gap leads to a larg@roportion to7s,. For the case shown in Fig. 2, the compu-
hydrodynamic resistance to the vertical motion of the celltation indicates that the value of the constaig ~0.5. The
that must be balanced by the microvillus contact force. Ascontact force is a weak function of the microvillus length,
the wall shear stress, increases, the contact force increasesdecreasing with increasirlg,,, while the contact duration is
approximately in proportion ta’;®, whereas the duration of essentially independent of the microvillus length.

each contact decreases approximately in proportiaf) tc. In reality, the length of WBC microvilli has a wide
The interesting observation that the contact duration igistribution, ranging from<0.1 um to >1 uwm (Bruehl et
proportional tor,,*-®instead ofr,,, as one might intuitively ~ al., 1996). For human PMN, the average microvillus length
expect, requires an explanation. The contact duration iss 0.29um and 95% of the microvilli arez0.53um (Bruehl
proportional to the product of two factors. The first is the et al., 1996). To assess the effects of this heterogeneity in
time spent by the cell to complete a single rotation. Thismicrovillus length, we consider the motion of a cell with
time is barely influenced by the microvillus contacts and iseight microvilli uniformly distributed along its perimeter:
expected to be proportional ta,>. The second is the seven of them (2—8) are 0i8m long, and one (1) is 0.am
percentage of this rotation time that is spent in actualFig. 3A). The peak contact forces at the tips of both the
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FIGURE 3 Effects of heterogeneity in microvilli lengti)(A schematic showing a WBC with one long microvillus (1, @.&) and seven shorter ones
(2-8, 0.3um). (B) In the presence of a long microvillus (1, Qun), the shorter ones (2—8, Qudn) can only touch the wall at shear stresses much lower
than the shear stress threshold for selectin-mediated rolling adhesd @yn/cn? for L-selectin), suggesting that only a small population of long
microvilli are effective in initiating WBC adhesion in shear flovZ)(and ©) show the dynamics of microvilli-wall interaction at 0.1 dynfm
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short and long microvilli are plotted in Fig.B, from which ~ microvilli that are heterogeneous in length is able to settle
it can be noted that the short microvilli make no contactmore between successive contacts than a cell with microvilli
with the boundary surface af, > 0.2 dyn/cnf. The number  of equal length. For the long, 0/&m microvillus in Fig. 4,
of short microvilli is thus unimportant for initial cell-wall the mean contact force and contact time at a typical venous
contacts at wall shear stresses typically seen in postcapillanyall shear stress of 2 dyn/émare 14 pN and 1.4 ms,
venules. After being lifted by the long microvillus, the cell respectively; the corresponding values for the case of ho-
must settle at least 0.5 0.3 = 0.2 um to allow the short mogenous 0.2m microvilli are 2.8 pN and 0.27 ms (Fig.
microvilli to make any contact. Increasing the shear rate2). These increases in contact force and duration may in-
increases the angular velocity of a flowing cell. At= 0.2  crease the probability of microvillus adhesion.
dyn/cnt, the cell rotates too fast and the time between two
successive contacts of the long microvillus becomes too
short for the cell to settle the 0.2m necessary for the
0.3-um microvilli to make contact. The motion of the cell
becomes equivalent to that of a cell with a single long
microvillus. This can be seen in Fig.G3 which shows the That increasing the force and duration of microvillus con-
trajectory of the cell center at, = 0.1 dyn/cni. Even at tact helps to increase the probability of microvillus adhesion
this lower shear stress, the first three short microvilli (2—4)is a concept that is not only intuitively appealing, but also
next to the long one are not able to make contact because thiseful in interpreting experimental observations that have
cell has not settled enough after the previous lifting by thenot been well explained. First, let us consider a situation in
long microvillus. The next one (5) barely makes a contactwhich a cell is tethered at a single point (presumably at a
and the other three (6—8) make full contacts. The contaamicrovillus tip) in a shear flow. When the direction of flow
force as a function of time is shown in Fig8 Note that, is suddenly reversed, the cell will swing from one side to the
even at such a low shear stress, the contact time of a shasther. This is the tethered swing mentioned in Methods. In
microvillus is much shorter than that of the long microvillus. this case the effects of the gravitational force are negligible
The mean force and duration of the contact of the longand the swing velocity is proportional to shear rate, and
microvillus with a solid surface are plotted in Fig. 4 as hence the wall shear stresg. The components of cell
functions of wall shear stress. In the computation, 26 mi-velocity atr, = 1 dyn/cnf are plotted in Fig. A as a
crovilli are distributed uniformly along the cell perimeter. function of time and microvillus length. The length of the
All of the 25 shorter microvilli are 0.um long, and the one microvillus has been assumed to be constant during the
long microvillus is 0.5 or 0.7um in length. Both the force swing. This is reasonable because the microvillus is un-
and duration of contact are increased in comparison with thékely to be stretched, as the duration of the swirgtQ ms,
corresponding values shown in Fig. 2 for a WBC with Fig. 5A) turns out to be much shorter than the characteristic
microvilli of equal length. This is because a cell with time of viscoelastic extension of a WBC microvillus, 770

Swing of a tethered cell and its
motion after release

50 . 104
Length of the
a0 | long microvillus 4108
Z —— 0.5um -
FIGURE 4 Contact force and duration as func- E_"‘ 0.7 um 1102 g
tions of wall shear stress for the long microvillus @ 30 E =2
(0.5 um) shown in Fig. 3A. Results for a longer g H ] ;o
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comparison. Compared to the results for homoge- 8 L E =
neous microvilli length shown in Fig. 2, the force € 20 1 g
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ms (Shao et al., 1998). This observation is consistent witlshown in Fig. 5A takes<<40 ms, which is comparable to the
the experimental finding (Alon et al., 1997) that the swingswing time measured by Alon et al. (1997). Only a small
distance is independent af, from 0.3 to 0.8 dyn/crh fraction of this swing time will be available for compressing
At the time of flow reversal, the cell is tethered and hencemicrovilli and the cell body at the end of the swing. Sig-
pressed by the shear flow against the substrate surface foméficant deformation of WBC microvilli could, therefore,
time characterized by the lifetime of adhesion bonds, whictonly happen after this fast phase of swing is completed.
can be on the orderfd s for selectin bonds (Alon et al., Compression would occur over a time that is much longer
1995b; Zhao et al., 1995; Puri et al., 1998), a time compathan the 40-ms swing time. We therefore assume that the
rable to the characteristic time (770 ms) of the WBC mi-fast phase of swing ends at a gap width corresponding to the
crovilli's viscoelastic deformation (Shao et al., 1998). average length of WBC microvilli, namely Og@n. Now, let
Therefore, microvilli immediately below the cell center & denote the effective cell-surface gap width (in the sense of
could have been compressed into the cell body, and thbydrodynamic interaction) from which the swing starts, i.e.,
swing could start from a cell-surface gap width that is muchat the time the flow is reversed. The mean velocity of the
smaller than the microvillus length. However, the fast swingfast swing, calculated as the cell displacement in the flow
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direction divided by the time of the swing, can be calculatedtethering forces during the fast phase of swingrat= 1
and the results are shown in FigB5Comparing the results dyn/cn?t. The swing starts from an effective cell-surface gap
of this computation with the measurements of Alon et al.width of § = 13 nm, and ends at a gap width of Qu& at
(1997) indicates that is ~10-15 nm, depending on tether the other side of the point of tethering. Following this fast
length, and is~13 nm for a 0.7um tether. This extremely phase is the slow phase of the swing, during which the
small value ofé (smaller than the length of P-selectin) microvilliimmediately below the cell center are compressed
suggests that before the reversal of flow, the cell bodyto deform viscoelastically. The cell velocity during the slow
immediately below the cell center might be flattened, leadphase will be negligibly small in comparison with the ve-
ing to a decrease in the curvature of the cell body in a localocity during the fast phase, and the force acting at the tether
region where thin-film lubrication effects dominate the re- will be essentially the tethering force acting on a stationary
sistance of the cell body in lifting off from the surface.  cell, which is indicated by the filled symbols (Fig.”§ or
Shown in Fig. 6,A andB are the normal and tangential dashed line (Fig. 8) for comparison.
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Now, consider the adherent rolling of WBC on a solid approximately inversely proportional to the wall shear stress
surface in a flow chamber. It is expected from the stochastia,,. The penetration depth is insensitive to the microvillus
nature of the rolling adhesion (Zhao et al., 1995) thatlength. At 7, = 0.2 dyn/cnf, the calculated penetration
occasionally, the rolling cell may momentarily detach from depth is 43 nm for 0.5sm microvilli. However, this pene-
the surface. This behavior is frequently observed for rollingtration depth falls to 4 nm at,, = 2 dyn/cnf, and to<1 nm
adhesion around a shear stress threshold (Lawrence et at, shear stresses10 dyn/cnd.

1997). To maintain the adherent rolling, the cell must reat- The penetration predicted in Fig. 8, though small in the
tach immediately. One therefore expects that the probabilitgense that the integrity of the glycocalyx is not compro-
of a tethering contact immediately following cell detach- mised, may induce resistance to the tangential motion of the
ment will be much greater than that for the initial tethering microvillus tip. This resistance can be accounted for through
of a freely flowing cell. Using results from Fig. B, it is  the use of the friction coefficien defined in Eq. 9. Fig. 9
reasonable to assume that the effective cell-surface gaghows the contact forces at the tip of a @uB microvillus
width & for a newly detached cell is*10-15 nm. As the at a wall shear stress of 2 dyn/gnwheren = O corre-
detached cell rotates, the first microvillus downstream of thesponds to a frictionless contact amd= 20 a contact of
original cell-surface contact region will lift the cell from the essentially infinite friction. Thaty = 20 is essentially an
surface, starting from a small gap width that is taken in thisinfinite value is indicated by the abrupt drop of the frictional
case to be 13 nm. The length of this microvillus is mostforce ;' at the end of the contact. A more realistic value of
likely to be ~0.3 um, the average length of WBC mi- = for small tip penetration is 0.2. As shown in Fig. 9, the
crovilli. The ratio of the mean contact force at the tip of this difference in the normal force of conta¢t)) betweenn =
0.3-um microvillus to that at the tip of the 0.5- or Ogim 0 and 0.2 is quite small, and hence the approximation of
microvillus shown in Fig. 4 for a free rolling cell of heter- frictionless contact used in Fig. 8 is reasonable for the
ogeneous microvillus length is plotted in FigA7Plotted in  free-rolling interaction of a WBC with the EC glycocalyx,
Fig. 7B is the corresponding ratio for the contact time. It as long as the penetration depth is small.

can be seen that both the force and time of contact are much The limiting casesy = 0 and 20, bracket the resistance
greater in the case of immediate reattachment, and the ratids the tangential motion of the microvilli through the EC
increase with increasing wall shear stress. At the thresholdlycocalyx. To estimate the force of penetration for the long
shear stress 0.4 dyn/énrboth the mean force and time of microvillus in the heterogeneous case, forces of microvillus
contact are enhanced by3-fold. At 4 dyn/cnf, the en-  contact with a solid surface were calculated for both limit-
hancements are 9-12-fold. ing values,m = 0 andn = 20. The time-averaged normal
component of the contact fordg]' and the duration of
contactt, are plotted in Fig. 10. The normal force is in-
creased by approximately one-third due to the presence of
friction. However, the contact time is decreased by friction;
As a first approximation, the glycocalyx can be regarded aghis is because the frictional force resists the sliding of
a linear medium through which a particle will move at a microvillus tip on the surface and hence the cell, which is
velocity proportional to the driving force. Therefore, the pushed by the shear flow, is forced to rotate faster than
depth of penetration by a microvillus into the glycocalyx without friction.

will be proportional to the product of the mean contact force It turns out that the impuls&}' X t., and hence the
and the contact time. It has been estimated in Methods tha&stimated penetration depth into glycocalyx, is nearly inde-
a 1-pN force will drive a microvillus tip of 0..em diameter ~ pendent of friction coefficient). The estimated depth of
into the EC glycocalyx at a velocity of 5.am/s. This  penetration by the long microvillus into the EC glycocalyx
allows us to estimate the penetration depth of microvilliis plotted in Fig. 11 as a function of wall shear stress. The
from the computed contact force and duration. Fig. 8 showgenetration depth is not sensitive to the friction coefficient
the estimated penetration depth for the case of 26 microvillpr to the length of the microvillus. The penetration depth is
of homogeneous length. The estimation is based on oumuch greater for heterogeneous microvilli (Fig. 11) than for
calculation shown in Fig. 2 for the contact force and time onmicrovilli of equal length (Fig. 8). The calculation indicates
a solid surface with the assumption of frictionless contact. Ifthat the long microvillus in the heterogeneous case might be
the frictional force on the microvillus tip on the EC glyco- able to completely penetrate the EC glycocalyxat< 0.5
calyx is negligible, the penetration force predicted will be andyn/cnt, provided that interference from the contact interac-
upper bound because the glycocalyx dissipates the upwaiipns of shorter microvilli with EC glycocalyx are neglected.
thrust of the microvillus on the cell body. However, if the
penetration depth of the microvillus is small compared to,
the height of the upward swing, the force predicted forDISCUSSION

contact with a solid surface will be a good approximation.The present results provide new insights into several prob-
For the cases shown in Fig. 8 the penetration depth ifems in WBC rolling and tethering dynamics that have not

Interaction of WBC microvilli with the
EC glycocalyx
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initial effective cell-wall gap width (Fig. 5) and the
contacting microvillus is 0.3m long. The reattach-
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been well understood. We shall examine the implications opN) or on an individual microvillus €0.1 pN) is three
our results in WBC rolling and tethering dynamics in the orders of magnitude smaller than the static forces on the
following order: 1) free rolling on solid substrates with and microvilli during pauses in tethered rolling at shear stresses
without friction; 2) the shear stress threshold phenomena fotypically found in postcapillary venules. It thus seemed
L-, P-, and E-selectins; 3) tethered swings on solid subfeasonable that the grazing contacts in free rolling would
strates; 4) free rolling and the penetration of the EC glycoproduce contact forces that are not very different from
calyx; and 5) tethered rolling in vitro and in vivo. sedimentation forces. The one study where the effect of
Although all flow chamber studies have been conductedyravity was striking was the inverted flow chamber exper-
in a gravitational field, the effect of gravity has often beeniment in Lawrence et al. (1997). In this experiment the
neglected because the sedimentation force on a WBC (0.28lling of HL-60 myelocyte cells on P- and E-selectins were
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examined after the flow chamber was inverted. At a sheasignificantly below the threshold shear stress of 0.5 dyA/cm
stress of 1 dyn/ch cells were able to roll for several where the tethering to P- and E-selectins was maximized.
minutes after the inversion of the chamber, but at a shear What has not been previously appreciated is the highly
stress of 0.1 dyn/cfnearly all cells detached within 15 s. nonlinear amplification that results from the coupling of
The critical rolling velocity at this low shear stress+#80  hydrodynamic and gravitational forces in the free-rolling
um/s. It was hypothesized that a cell released after tetherinmteraction. This coupling leads to microvilli contact forces
adhesion would have sufficient time to fall away from the that greatly exceed gravitational forces even for grazing
top surface to prevent the reattachment of another microvileontact. This is illustrated in Fig. 2 for a WBC with mi-
lus. The feasibility of this hypothesis will be quantitatively crovilli of homogeneous length, where it is observed that
examined below. The shear stress 0.1 dyR/emas also contact forces increase very rapidly as a function of shear
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and tangentialdashed linescomponents of the con-
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stress and that at a shear stress of 1 dyf/tra average the large increase in hydrodynamic resistance of the lubri-
contact force is nearly 20 times greater than the sedimereating layer between the cell body and the wall for gap
tation force. Furthermore, Fig. 4 shows that this contactistances comparable to a typical microvillus length. When
force amplification is greatly enhanced for heterogeneoushe gap height is<0.5 um the sedimentation velocity will
microvilli and that for a single long microvillus this ampli- decrease>10-fold. This is evident from the results in Fig.
fication is nearly 100-fold at a shear stress of 1 dyrflcm 3 C, which show the change in cell-wall separation as a
A second important feature of free rolling is the role of function of time. In the inverted flow chamber experiment
heterogeneity in microvillus length at low shears. Fig. 3in Lawrence et al. (1997) cited above, the cell will be
shows that, even if only a single long microvillus is present,moving away from the wall due to gravity. By examining
it is unlikely that contact will ever be made with shorter the magnitude of the saw teeth in the curves for the cell-wall
microvilli for shear stresses ~0.2 dyn/cnf. This is due to  separation, one concludes that the cell will sedimeft2
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EC glycocalyx for a free-rolling WBC with microvilli % m 0.5um, n=0
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calculated from the normal contact force and duration ‘S —— Lm=0_5Mm, n=20
shown in Fig. 10 and a penetration velocity of p®/s © . _ _
per 1-pN driving force, as estimated in Methods. The g 102 o o Lm_0'7um’ n=20
difference in calculated penetration depth due to the q':, r
presence of friction is too small to be seen because of & L
the line thickness. Interference from the contact inter- 3 F
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which will occur at penetration depth indicated by the & L
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putation. 8
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wm over half a revolution at a shear stress of 0.1 dyR/cm capillary venules, e.g., 2 dyn/énthe duration of contact
and that one revolution of the cell takes just under 2 s. Thigor a WBC with equal-length microvilli is~0.2 ms and
implies that if a cell is released from a Qu3n microvillus  nearly independent of the microvillus length (see Fig. 2). As
it will be unable to make contact with a Ogam microvillus ~ shown in Fig. 4, this contact time can increase-tbms for
if the latter is more than half a rotation away. This accountsa long microvillus. Both times are more than two orders of
for the rapid dropoff in the number of rolling cells in the magnitude shorter than the viscoelastic time constant mea-
inverted flow chamber experiment, as Lawrence et alsured in Shao et al. (1998), 770 ms. Though the experiments
(1997) hypothesized. by Shao et al. were conducted for stretch rather than com-
The foregoing results have important implications for thepression or bending, it seems quite reasonable to assume
shear threshold that Finger et al. (1996) have observed fahat the microvilli on this very short time scale behave as
L-selectin and Lawrence et al. (1997) have observed for Pstiff bristles.
and E-selectins. The former occurs at a shear stress of 0.41s a 1-ms contact long enough to promote microvillus
dyn/cn?, whereas some tethering adhesion occurs for Etethering? For surface-bound selectins and selectin ligands,
and P-selectin at lower shear stresses. First, it is clear that atreasonable estimate for the rate constant of bond forma-
these shear stresses only the longest microvilli will evettion is 0.6 um?s (Tazeren and Ley, 1992), which was
make contact with the seeded ligand substrate, since Fig. &educed from experimental data reported for P-selectin
shows that microvilli of average length will rarely be ac- binding. The probability of forming at least one bond upon
cessible at shear stresses above 0.2 dyhb@oause of the a microvillus contact is approximately this rate constant
greatly retarded sedimentation at these cell-wall separatiomultiplied by the ligand density on the substrate surface
distances. Second, at shear stresses below 0.2 d¥n/crt~100 um 2, Puri et al., 1998), the number of receptors at
where sedimentation can allow for contact, the contacthe microvillus tip 10, Bruehl et al., 1996), and the
forces are<1 pN (see Fig. 2). In contrast, the contact forcemicrovillus contact time, provided that the resulting proba-
on a long 0.5sm microvillus is~6 pN (Fig. 4) at this same bility estimate is small. Therefore, the probability for a 1-ms
shear stress. Although there have been extensive studies oontact leading to a tether event could be as high as (0.6
the kinetics of tether bond dissociation for L-, P-, and um?s)- (100 um?) - (10)- (10 3s) = 0.6. This order-of-
E-selectins (e.g., Kaplanski et al., 1993; Smith et al., 1999)magnitude estimate indicates that the amazingly short mi-
there has been no equivalent study of the kinetics of tethecrovillus contact time is reasonable in light of what is
bond formation. The present model predictions suggest thaturrently known about the values of parameters for selectin-
this kinetics may be determined by the contact force. Figsmediated rolling adhesion.
2 and 4 clearly show that the contact time grows exponen- The forces and the characteristic times for a tethered
tially with decreasing wall shear stress at very low shearswing in Figs. 5 and 6 are more than an order of magnitude
and that the contact force on a microvillus rapidly ap-greater than the corresponding forces and times that have
proaches the contact force of a stationary cell in a gravitajust been discussed for free rolling at the same fluid shear
tional field, which we have estimated to keD.1 pN. The stress. The principal cause of this difference is the near
studies on shear threshold for the selectin-mediated rollingontact with the wall that can be achieved during a tethered
adhesion (Finger et al., 1996; Lawrence et al., 1997) havewing. As shown in Fig. B, the model predicts that the
indicated that frequency of tethering is much lower at verymean swing velocity measured in Alon et al. (1997) can be
low wall shear stresses than at the threshold shear stresschieved if the cell starts from a separation thatH0—-15
Because greatly reduced tethering is observed for evenm from the wall. This implies that the microvilli in the
greatly prolonged contact times at very low shear, bondicinity of the near contact have been greatly compressed,
formation appears to require a minimum force of contactas this separation distance is small compared to the length of
that significantly exceeds the gravitational sedimentatiorthe microvilli. The measured elastic constant for microvillus
force. Thus, the rate constant of bond formation seems to bgtretch is 34 pNum (Shao et al., 1998). Because this
a strongly increasing function of the contact force until theconstant should be nearly the same for stretch and compres-
rate constant reaches a plateau. This behavior could be dsén and the normal contact forces on the attaching tether
to an increase in the receptor-ligand encounter rate as there of the order of 100 pN (see Fig. 6), it is realistic to
contact force increases, because an increase in the contactpect large compressions of the microvilli in the equilib-
force helps to overcome the repulsion between the twaium state at the start of a swing.
opposing surfaces and may also flatten the microvillus tip At a shear stress of 1 dyn/énthe duration of the tethered
and increase the area of contact. After the rate constant afwing is<<40 ms. Although this time is one to two orders of
bond formation reaches its plateau, further increases in theagnitude greater than the contact times for free rolling, it
wall shear stress will reduce the apparent rate of bonds still short compared to the viscoelastic time constant, 770
formation due to the reduction in microvillus contact time. ms, for tether elongation measured in Shao et al. (1998).
The duration of contact in a free-rolling interaction is Therefore, the microvillus can, to a first approximation, be
remarkably short. At shear stresses found typically in posttreated as being rigid when considering swing dynamics,
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whereas in the equilibrium state at the beginning or end oftion at low shear is markedly different. The results in Fig.
the swing there will be a slow relaxation in which the tether11 indicate that penetration depths of 100 nm or more are
will elongate to decrease the tensile force on the adhesiveeadily possible for shear stresses below 2 dyR/chine
bonds, as proposed in Shao et al. (1998). The inelastimodel also predicts that this penetration is relatively insen-
behavior for the dynamics of the swing is supported by thesitive to the friction coefficient because friction decreases
observations in Alon et al. (1997), which reveal that thethe contact time, but increases the contact force, and it is the
swing distance is nearly independent of shear stress in thgroduct of the two, or the impulse, that determines how far
range 0.3-0.8 dyn/cfn the microvillus tip will penetrate.

In Fig. 9 the model for the penetration of the EC glyco- It should be noted that the gravitational force is the only
calyx during free rolling was examined in two limits that force of margination included in this computation. In the
should bracket the behavior that would be anticipated if anicrocirculation, shear-induced margination force due to
more accurate model could be constructed for the anisotrahe presence of red blood cells (Chien et al., 1984) will also
pic resistance that is encountered by the motion of thelay a role in bringing WBCs closer to the vessel wall
microvillus tip. One limit is the case where the tangentialbetween successive microvilli contacts, and hence increas-
force vanishesy = 0, and the other is the case where theing the force, duration, and penetration depth of microvil-
contact friction is so great that the lateral displacement ofus-glycocalyx contacts. Because the shear-induced margin-
the tip is negligibley = 20. The results shown in Fig. 9 are ation force is a function of shear rate (hence wall shear
for a shear stress typical of postcapillary venules, 2 dynétress), in contrast to the constant gravitational force, the
cn?, but they can be scaled to any other shear stress usirdecrease in penetration depth with increasing wall shear
the results in Fig. 10. The effect of frictional resistance is tostress shown in Fig. 11 could be significantly offset by
shorten the duration of contact by about one-third andshear-induced margination forces.
increase the normal contact force on the microvillus tip by The foregoing predictions provide new understanding as
about one-third between the two limiting cases. Frictionto the quantitative feasibility of tethered WBC rolling in
increases the rotation velocity of the cell because it reducegostcapillary venules in vivo and its relative absence in
the slip, and hence increases the contact force because tagerioles and arteriolar capillaries. The results predict that
cell is lifted more quickly from the surface. For a WBC at low shear stresses typical of postcapillary venules, the
undergoing free rolling on a solid substrate, where a reaWWBC microvilli can readily penetrate the EC glycocalyx to
sonable estimate for the coefficient of friction+ss= 0.2,  distances where the selectins or the ligands that are local-
Fig. 9 shows that there would be only a small deviation fromized at the tips of the microvilli can form adhesive bonds
the tangential slip conditions that have been used to describgith the EC counter-molecules to lead to rolling. These
the grazing contact forces in flow chamber studies that walistances have been estimated to be at most 50 nm. Such
have already discussed. penetrations, however, are only possible for a small popu-

For microvilli of uniform length, Fig. 8 shows that the lation of very long microvilli that are several tenths of
predicted depth of penetration is remarkably small at sheamicrometers longer than their neighbors. A microvillus that
stresses typical of postcapillary venules and that this penés 0.7 um in length would be able to penetrate this distance
tration depth is essentially independent of microvilluswhile undergoing free rolling only if its protrusion distance
length. At a wall shear stress of 2 dynfthe penetration above its neighbors was nearly equal to the thickness of the
depth of the microvillus tip is~4 nm or a tenth of a glycocalyx, because the effective boundary for rolling at
microvillus radius. This insignificant penetration justifies low shear is a displaced distance that is approximately equal
the simplifying assumption we have made in using solidto the average height of all the microvilli. The situation for
boundary analysis to predict the contact forces on the mitethered rolling differs dramatically. The contact time is at
crovillus tips. The effect of friction in this case would also least two orders of magnitude longer than for free rolling
be very small in absolute terms. The WBC is literally and the contact force is also significantly greater. Thus, the
tip-toeing on the EC glycocalyx, much like the Jesus Christpenetration of the glycocalyx can be achieved by nearly all
lizard can run across water. The situation for heterogeneouwicrovilli whether they are long or short, once an initial
microvilli is significantly more complex. At fluid shear tether is established. Once rolling is initiated it is easily
stresses typical of the arterial side of the circulation, i.e.maintained because nearly all microvilli will have an im-
10-20 dyn/cr, the penetration depth for a long microvillus pulse that is sufficient for the microvilli tips to approach the
is still quite small,~10-20 nm, compared to the estimated EC surface and form new adhesive bonds, provided that the
thickness of the EC glycocalyx in Henry and Duling (1999), selectins and/or their ligands are activated.

i.e., 0.4—0.5um. This suggests that it would be very diffi-  The two most important limitations of the present model
cult for WBC to initiate adhesive rolling on the arterial side are the treatment of the penetration of the glycocalyx for
of capillaries, except in regions of low shear or flow rever-long microvilli and the uncertainty in the mechanical prop-
sal, unless there is a highly localized enzymatic degradatiomrties of the glycocalyx. The first limitation arises from the
of the EC glycocalyx, e.g., due to inflammation. The situ-fact that the penetration force is based on contact forces for
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rolling on a solid surface. The forces predicted provide arn(Brenner, 1961; Goldman et al., 1967a, b), which are considered as “outer
upper bound for the contact force because if any penetratio?P'U“O”S-" For the hydrodynamic resistance functions that are singular at
occurs. this will reduce the magnitude of the inOt force ing = 1, we use the method developed by Zhao et al. (1997) to first derive
! . L. the forms of singularity, which are regarded as “inner solutions,” and then
the free-rolling contact. A more sophisticated theory need$pain approximations valid over the whole range frém= 0 to 1 by
to be developed that takes account of the velocity anghatching the “outer’ and “inner” solutions and fitting to the numerical
position of the microvillus tip. Further experiments are solutions of Goldman et al. (1967a, b) or the series solution of Brenner
needed to confirm the mechanical penetration properties gf961). The results are

the EC glycocalyx. The experiment in Lee et al. (1993) is

o . : / h, 8
the only existing experiment, to our knowledge, in which =—[In1—& + ¢
the mechanical properties of the surface glycocalyx have 6muR. 15
been measured. These experiments were performed on cul- 9
tured fibroblasts, epithelial cells, and keratocytes, but not - [1 + 166] + 0.07226%°%%2¢  (A2)

endothelial cells. Because the combined hydraulic and fi-
ber-linked network resistance of the surface glycocalyx was h, 2 1 1 1
similar for three cell types, one might conclude that, at least =——|Nl-§+é+ -8+ 8+-¢&
; . ; L 6muR2 15 2 3 4

in the inner part of the glycocalyx, the pericellular matrix is

a ubiquitous structure that is common to many cell types 1

and that from a mechanical standpoint its properties may be *3 & —0.10113°%%, (A3)
similar for many cells. Additional experiments with larger

particles &30 nm) would be helpful in elucidating the hs = h,, (Ad)

penetration properties of the outer portion of the glycocalyx.
In conclusion, the theoretical framework developed 4, 2 1,.1,
herein has provided a quantitative basis for understanding a 8 5 ['”(1 —H+HE+; 8+ 358 ]
broad spectrum of problems in WBC rolling and tethering
dynamics that have not been fully understood. The applica-
tion of this model to WBC free rolling and initial tethering

5
- [1 + 1653] + 0.1998%°%%%¢  (AB)
has revealed a highly nonlinear coupling between the hy-

drodynamic forces in the lubricating layer and the gravita- hs 1

tional forces. This nonlinear coupling can magnify the tip 6muR; - 1= §+ 8 In(1 = ), (A6)
contact forces nearly 100-fold above the resting state for the

long microvilli that are involved in initial tethering. The hg _ 9 1 4899

model also predicts that only long microvilli can be in- 6muR. v T(;f+ 0.1386&™ ™, (A7)
volved in initial tethering near the shear threshold, but that

once initiated, adhesive cell rolling is easy to maintain h, B 3 . 7747

because the tethering resulted in marked increases in tip 4R 1 ﬁ;f + 0131887 (A8)

contact forces. The present theoretical model provides the

first rational basis for quantitatively explaining the penetra-

tion of the endothelial g|ycoca|yx in vivo. The model is able This research was supported by National Institutes of Health Grants HL
to explain why there is little rolling and adhesion on the 19454 and HL 43026.

arterial side of capillaries and why there is a shear threshold
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