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ABSTRACT Multiple tethers are very likely extracted when leukocytes roll on the endothelium under high shear stress.
Endothelial cells have been predicted to contribute more significantly to simultaneous tethers and thus to the overall rolling
stabilization.We therefore extractedandquantifieddouble tethers fromendothelial cellswith themicropipette aspiration technique.
We show that the constitutive parameters (threshold force (F0) and effective viscosity (heff)) for double-tether extraction are twice
those for single-tether extraction and are remarkably similar for human neonatal (F0¼ 1056 5 pN; heff¼ 1.06 0.1 pN�s/mm) and
adult (F0¼ 1186 13 pN; heff¼ 1.36 0.2 pN�s/mm) dermal microvascular, and human umbilical vein (F0¼ 996 3 pN; heff¼ 1.06
0.1 pN�s/mm) endothelial cells. Additionally, these parameters are also independent of surface receptor type, cytokine stimulation,
and attachment state of the endothelial cell. We also introduce a novel correlation between the cell-substrate contact stress and
gapwidth, with which we can predict the apparent cell-substrate separation range to be 0.01–0.1mmduring leukocyte rolling.With
a biomechanical model of leukocyte rolling, we calculate the force history on the receptor-ligand bond during tether extraction and
predict maximum stabilization for the double simultaneous tether extraction case.

INTRODUCTION

During the inflammatory response, leukocytes roll stably in

vivo despite dramatic variations in wall shear stress. Capture

and rolling of leukocytes on the endothelium is controlled in

part by the kinetics of selectins and their glycoprotein ligands

expressed on apposed cell surfaces (1–5). Stable rolling, char-

acterized by lesser variation in rolling velocity and longer

bond lifetimes, has been attributed to cellular mechanical

features like microvillus extension and tether extraction from

the rolling cell in flow-chamber studies (6–8). A possible mod-

ulation mechanism suggesting changes in tether number and

architecture has been shown to explain the lesser variation

(or apparent plateau) observed in neutrophil rolling velocity

with increasing wall shear stress (7).

Single-tether extraction from erythrocytes, neutrophils,

neuronal growth cones, outer hair cells, T-lymphocytes, endo-

thelial cells, and liposomes (9–15) has been well character-

ized and the following relationship between the pulling force

(F) and tether growth velocity (Ut) has been determined to

hold in the physiological range of tether extraction rates (16),

F ¼ F0 1 2pheffUt; (1)

where F0 is the threshold force that is determined by the

membrane tension, membrane bending stiffness, and adhe-

sion energy between the membrane and cytoskeleton, and

heff is the effective viscosity that is determined by the mem-

brane viscosity, interbilayer slip, and membrane slip over the

cytoskeleton (11).

Our recent study shows that double tethers extracted from

leukocytes have approximately doubled the threshold force

and effective viscosity (15), the two parameters used to

characterize tether extraction in the physiological range. In

another study, we showed that simultaneous tethers from

both neutrophils and endothelial cells are likely extracted

when neutrophils roll on the endothelium (12). Endothelial

cells, with a fourfold lower effective viscosity relative to

neutrophils, contribute much more to the composite tether

length (12). Since multiple tethers can be extracted from

neutrophils at high shear rate (7), it is likely that multiple

simultaneous tethers can be extracted under similar condi-

tions. As a consequence, the force drop on the receptor-

ligand bond would be much more dramatic in the case of

double simultaneous tethers compared to double neutrophil

tethers or just single tethers from the neutrophil. Thus, it is

obvious that double-tether extraction from the endothelium

is a much more vital component in leukocyte rolling stability

and hence needs to be examined in more detail. However, it

remains to be investigated whether sufficient membrane

materials would be available to facilitate double- or multiple-

tether extraction from endothelial cells in addition to leuko-

cytes. Although multiple tethers have been extracted from

endothelial cells with atomic force microscopy (AFM), no

correlation between the pulling force and tether growth ve-

locity was given for multiple tethers (17).

Leukocytes exhibit site-specific mechanisms for translo-

cation to sites of injury or infection (18,19). Thus, different

interacting receptor-ligand pairs may be expected to promote

rolling and capture of leukocytes depending on the type of

vasculature. For instance, previous studies have investigated

functional differences between HUVECs (human umbilical

vein endothelial cells) and HDMECs (human dermal
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microvascular endothelial cells) with respect to upregulation

of adhesion molecules in response to cytokine or PKC (pro-

tein kinase C) stimulation and expression of surface antigens

(20–24). This partly explains different mechanisms of cell

trafficking in different regions of the microvasculature.

However, whether differences in signaling pathways and

adhesion-molecule expression would affect mechanical prop-

erties with respect to tether extraction is unknown. One of

our previous studies suggests similarity in effective viscosity

and threshold force for single-tether extraction from three

distinct endothelial cell lines (25). One of the objectives of

this study is to examine this similarity in the context of double-

tether extraction.

We therefore investigate and characterize double-tether

extraction from endothelial cells in this study. We employ

the micropipette aspiration technique (MAT) and use antibody-

coated beads as the force transducer, as in the case of single-

tether studies conducted earlier (12,25). The primary objectives

of the study described here are to show that sufficient mem-

brane materials are available for double-tether extraction

from endothelial cells and to subsequently obtain and com-

pare constitutive relations describing double-tether extrac-

tion from three distinct endothelial cell lines: HUVECs, and

human neonatal and adult dermal microvascular endothelial

cells (HDMECs-n and HDMECs-a, respectively). Addition-

ally, we introduce a novel correlation between the contact

stress and the cell-substrate apparent gap width for leukocyte

rolling on protein-coated substrates, and utilize this in a bio-

mechanical model to predict the force history on the receptor-

ligand bond during leukocyte rolling.

MATERIALS AND METHODS

Endothelial cell culture and preparation

HUVECs and HDMECs (adult and neonatal) were purchased from Cambrex

Biosciences (Walkersville, MD) and were cultured in 60-mm petri dishes

or six-well culture plates with endothelial growth medium for HUVECs

and microvascular endothelial growth medium for HDMECs, also obtained

from Cambrex Biosciences. The cells were detached with 5 mM EDTA.

For the experiments with suspended cells, detached cells were directly

resuspended in CO2-independent medium and then transferred into the

experimental chamber. For the experiments with attached cells, detached

cells were cultured on Thermanox coverslips (NUNC, Naperville, IL), which

were mounted on the side wall of the experimental chamber as described

previously (12). For experiments with cytokine-stimulated endothelial cells,

the cultured HUVECs and HDMECs were then treated with either 10 ng/ml

tumor necrosis factor-a (TNF-a; R&D Systems, Minneapolis, MN) for 4 h

or with 10 ng/ml of interleukin 1-b (IL1-b; R&D Systems) for 6 h. There-

after, the experimental chamber was washed and refilled with CO2-

independent medium supplemented with 0.1% bovine serum albumin.

Bead and micropipette preparation

Mouse anti-human monoclonal antibodies were purchased from two

sources: anti-CD29 and anti-CD62E were from BD Pharmingen (San

Diego, CA), and anti-CD31 and anti-CD54 were from R&D Systems. Goat

antimouse antibody-coated latex beads (;8 mm in diameter; Sigma, St.

Louis, MO) were washed twice in phosphate-buffered saline (PBS, pH 7.4)

and incubated with mouse anti-human antibodies (anti-CD29, anti-CD62E,

anti-CD31, or anti-CD54) for 1 h at 37�C. The beads were washed twice and
resuspended in PBS before use. The bead diameter in solution was

determined by dividing the optical diameters (measured with bright-field

microscopy) by a correction factor (26). Glass micropipettes of the desired

diameter (;8 mm in diameter) were prepared and backfilled with 1% bovine

serum albumin and PBS as described previously (12). The micropipette

diameter was determined with differential interference contrast microscopy

and divided by a correction factor (26). In this study, the gap between the

bead and micropipette was ;0.1 mm on average.

Tether extraction

Tether-extraction experiments were conducted as described previously in the

single-tether-extraction study (12). Essentially, latex beads coated with

mouse antibodies to receptors expressed on endothelial cells were used as

the force transducer of the MAT. The schematic for tether extraction from

suspended and attached HDMECs-n is shown in Fig. 1. Briefly, the force

transducer (antibody-coated bead) was aspirated into a micropipette that has

a diameter almost identical to the bead diameter. A positive pressure was

then used to move the bead transducer close to the cell. Once contact was

established between the bead and the cell, an aspiration pressure was used to

pull the bead away from the cell. In comparison to our previous study (12),

the contact time in this case was increased to facilitate double-tether

extraction. This process was repeated ;50 times per cell-bead pair at each

aspiration pressure (Dp). The whole experiment was recorded on either an

S-VHS videotape or a DVD for postanalysis. The increased contact time

between the bead transducer and the cell facilitated a high adhesion fre-

quency, thus favoring multiple bond formation and multiple-tether extraction

(27,28).

Data analysis

The tether-extraction experiments were analyzed as described previously

(12). Briefly, the tether-extraction movies were transmitted through a

monochrome frame grabber onto a Windows PC and the region of interest

was tracked with a computer program to obtain the time-displacement data

of the bead in ASCII format. The tether-growth (Ut) and corresponding free-

motion (Uf) velocities of the bead were then obtained by linear regression.

FIGURE 1 (a) Microscopic view of the MAT schematic for tether extrac-

tion from suspended HDMECs with two-micropipette manipulation. The

right pipette, holding the HDMEC-n, is not shown. (b) Microscopic view of

the MAT schematic for tether extraction from surface-attached HDMECs-n

with single-micropipette manipulation.
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Two tether-growth velocities corresponding to a single (Ut2 )- and a double-

(Ut1 ) tether-extraction event were obtained in this case. A typical tracking

curve for the bead transducer is shown in Fig. 2. The force imposed on

the bead transducer (F), corresponding to double-tether extraction, can be

calculated by (10)

F ¼ pR
2

pDp 1� Ut1

Uf

� �
1� 4e

3Rp

� �
; (2)

where Dp is the aspiration pressure inside the left micropipette of radius Rp

and e is the minimum gap width between the bead and pipette wall.

Statistical analysis

The threshold force and effective viscosity values were obtained by linear

regression between the tether force (F) and the tether growth velocity (Ut),

for a total of 22 different cases of double-tether extraction from three distinct

endothelial cell lines. A t-test or an analysis of variance (ANOVA) was

employed to investigate differences between the effective viscosities (slope/

2p; heff) obtained from the slopes of linear regressions for each case (see

Table 4) (29). Similarly, the t-test (two regressions) or the Tukey test

(multiple regressions) was employed to check for differences in values of the

threshold force (intercept; F0) obtained for different cases (see Table 4) (29).

Calculation of the force drop due to
tether extraction

The constitutive relationship for tether extraction can be utilized in a bio-

mechanical model of cell rolling to predict the force history on the receptor-

ligand bond connecting the tethers. The model utilized earlier (12,30) was

valid only for the limiting case where the cell was in contact with the

substrate (31). In such a case, the motion of the cell was constrained (i.e., the

translation and rotational velocities were close to zero, even though a finite

ratio existed between the two, as predicted by the lubrication theory). If a

finite gap was assumed between the cell and substrate, the effect of hydro-

dynamic resistances to translational and rotational motion of the cell could

be incorporated and a more realistic model could be utilized to predict the

force history on the receptor-ligand bond. The geometry of the model was

similar to the one proposed earlier, with the introduction of a gap, d, and an

additional angular parameter, c, as illustrated in Fig. 3. The composite tether

length was defined as L, the moment arm as l, the radius of the leukocyte as

R, the apparent gap between the leukocyte and the substrate as d, and the two

angular parameters that describe the vertical and horizontal orientation of the

tether as c and u, respectively. The direction of fluid flow was from left to

right. The equations describing the instantaneous geometry of the model

were obtained as

l ¼ L cosu1R sinc; (3)

L sinu ¼ Rð1� coscÞ1 d: (4)

The parameters and geometry equations were differentiated with time to

obtain the following kinematic relations describing the motion of the

leukocyte:

Vl ¼ @l=@t; (5)

v ¼ @u=@t; (6)

vt ¼ @c=@t; (7)

Ut � Rvt sinc cosecu1v cosec
2
ucosu

3ðRð1� coscÞ1 dÞ ¼ 0; (8)

Vl � Ut cosu1 Lv sinu� Rvt cosc ¼ 0: (9)

The force and torque on the cell can be expressed as linear functions of

the velocity (31). The coefficients for these linear functions are weak

functions of the cell-substrate gap and are denoted by hi. Analytical expres-

sions for these hydrodynamic resistance functions, hi, were obtained from

Zhao et al. (32). Assuming that the rolling cell achieves mechanical equi-

librium almost instantaneously, the following equation was obtained for the

force balance in the horizontal (flow) direction (32–34):

h1Vl 1 h2vt 1 h6g � Fbcosu ¼ 0; (10)

where g is the shear rate and Fb is the force on the bond. A torque balance

around the center of the cell (32–34) yielded

h3Vl 1 h4vt 1 h7g � FbRcos ðu1cÞ ¼ 0: (11)

The equations describing tether extraction from the leukocyte and endo-

thelial cell may be expressed as

Fb ¼ F01 1 2ph1

@L1

@t
; (12)

FIGURE 2 A double-tether event tracked with the single particle tracking

technique. D, displacement of the bead (force transducer). The slopes yield

the tether and free-motion velocities of the force transducer in the pipette.

Changes in the bead velocity for a double-tether event are marked as 1–4, the

contact, double tether, single tether, and free motion, respectively, of the

force transducer.

FIGURE 3 A biomechanical model of cell rolling. This figure was

modified from Shao et al. (30). The composite tether length is represented by

L, the moment arm by l, the radius of the rolling cell by R, the bond force by
Fb, and the gap between the cell and the substrate by d. The direction of flow

is from left to right.
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Fb ¼ F02 1 2ph2

@L2

@t
; (13)

where F01 and F02 represent the threshold forces and h1 and h2 represent

the effective viscosities for tether extraction (single or double) from the

leukocyte and endothelial cell, respectively. These parameters, in the case of

HUVECs and HDMECs-n, were obtained by averaging threshold forces and

effective viscosities obtained with different surface receptors (provided no

significant difference exists between the parameter values from different

receptors). The rate of growth of the simultaneous tether may be expressed

as the sum of rates of growth of the individual tethers:

Ut ¼ @L

@t
¼ @L1

@t
1

@L2

@t
: (14)

Radii of 4.25 mm for the neutrophil and 3.75 mm for the T-lymphocyte were

assumed. An initial tether length of 0.35 mm, corresponding to the natural

length of a microvillus, was assumed in all the calculations. The initial

values of the angular parameters (u, c) were calculated by simultaneously

solving the equations describing the geometry of the cell (Eqs. 3 and 4) and

force and torque balance at the initial state (Eqs. 10 and 11 with Vl ¼ 0 and

vt ¼ 0).

The force drop and tether lengths were calculated by solving Eqs. 8–14

simultaneously. The following four cases were examined in the current

study: neutrophil-HUVEC and T-lymphocyte-HDMEC-n simultaneous

double tether, and neutrophil and T-lymphocyte double tether alone. The

calculation was repeated for shear rates of 100, 270, and 450 s�1 for each of

the above cases. For all these calculations, a constant gap of 0.01 mm was

assumed between the leukocyte and substrate. To verify whether the force

history depends on the cell-substrate gap, the calculations were repeated

with a range of predicted cell-substrate separations from 0.01 mm to 0.1 mm

at shear rates of 100 and 450 s�1 for the case of single simultaneous tether

extraction from the HUVEC and neutrophil (see Appendix). An optimized

time step of 0.1 ms was used for all calculations and the computations were

performed with MATLAB (The MathWorks, Natick, MA) by Euler’s

method. The force drop for the first 1 s was calculated assuming that the

receptor-ligand bonds do not dissociate during this time frame. Further, it

was assumed (based on tether extraction results and observations in this

study) that sufficient membrane materials were available to extract tethers

and that double simultaneous tethers were extracted in parallel from distinct

locations on apposing cell surfaces.

RESULTS

Double-tether extraction from HUVECs
and HDMECs

Our earlier study showed that single-tether extraction from

HUVECs is independent of surface receptor type on the cell

surface, attached or suspended state of the cell, and cytokine

stimulation (12). We have also shown that the same holds

true for single-tether extraction from HDMECs (25). In this

study, we employed similar methodology to extract double

tethers from three distinct endothelial cell lines. As shown in

Fig. 2, double-tether extraction is indicated by two consec-

utive changes in the bead velocity, the first due to the de-

crease from two tethers to one and the second to the complete

rupture of the adhesion.

In general, tethers are only tens of nanometers in diameter

when they are extracted from normal endothelial cells, so it is

difficult to observe them directly using conventional micro-

scopic techniques. However, when tethers are extracted from

endothelial cells using antibody-coated beads as the force

transducer, tether diameter will increase if we allow the

extracted tethers to retract back to the cell body. As shown in

Fig. 4, after a relatively slower motion of the bead (compared

to its free motion in the absence of tethers) was observed and

the bead moved;70 mm inside the pipette, the suction pres-

sure was released and set to zero. As a consequence, the bead

retracted back to the cell due to the elastic energy stored in

the tether and cell body. Fig. 4 clearly shows that two tethers

were extracted, and from distinct locations on the cell sur-

face. Later, we found that the bead tracking curve showed

that the tether pulling force and tether growth velocity in this

case agree with a double-tether extraction event shown in

Fig. 2. Therefore, double tethers were indeed extracted from

endothelial cells.

Double-tether extraction from HUVECs is
independent of receptor type, TNF-a stimulation,
and cell attachment state

We extracted double tethers from unstimulated suspended

and surface-attached HUVECs with beads coated with anti-

bodies to CD31 or CD29, two receptors expressed consti-

tutively on the cell surface. We also extracted double tethers

from TNF-a-stimulated suspended or attached HUVECs

using anti-CD54- or anti-CD62E- coated beads as force trans-

ducers.Shown inFig.5 is thecorrelationbetween the threshold

force and effective viscosity for double- and single-tether

extraction from stimulated attached HUVECs with anti-

CD54-coated beads as the force transducer. The threshold

force and effective viscosity for all the cases obtained from

HUVECs are summarized in Table 1. Statistical analysis

shows no significant difference between the effective viscos-

ities and threshold forces for all the cases studied. Therefore,

it can be concluded that double-tether extraction from

HUVECs is independent of surface receptor type, TNF-a
stimulation, and attachment state.

Double-tether extraction from ECs is independent
of IL1-b treatment and EC lineage

Endothelial cells isolated from different regions within the

vasculature might exhibit different mechanical properties

with respect to tether extraction, so we extracted double

tethers from adult and neonatal HDMECs (HDMECs-a and

HDMECs-n). For unstimulated cells, beads coated with

FIGURE 4 Observation of double tethers extracted from an HDMEC-a

with an anti-CD31-coated bead as the force transducer. The observation

shown was captured during retraction of the two tethers after suction

pressure on the bead was set to zero. Note that the two tethers are drawn from

distinct locations on the cell surface.
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antibodies against CD31, CD29, and CD54 were used as

force transducers. For stimulated cells, beads coated with

antibodies against CD54 and CD62E were used as force

transducers. We first stimulated HDMECs-a with TNF-a.
After we found that TNF-a did not affect tether extraction

from HDMECs-a as found in HUVECs, we chose a different

proinflammatory cytokine, IL1-b, to stimulate HDMECs-n.

The results from all these experiments are summarized in

Tables 2 and 3. Statistical analysis again shows no significant

difference between the threshold force and effective viscos-

ity for all cases within each cell type, so double-tether extrac-

tion does not depend on IL1-b treatment. This conclusion is

consistent with our previous findings in single-tether ex-

traction from HDMECs (25).

To investigate whether double-tether extraction from endo-

thelial cells depends on cell lineage, we compared the results

from all three distinct endothelial cell lines (HUVECs,

HDMECs-a, and HDMECs-n; summarized in Tables 1–3).

No statistical difference was found for the threshold force and

effective viscosity among all three cell lines for the cases

outlined in Table 4.

Double-tether extraction doubles the effective
viscosity and threshold force

For all the cases we have studied, the effective viscosity and

threshold force values are approximately twice those for

single-tether extraction from HUVECs (12) and HDMECs

(25). This can be seen clearly in Table 5, so it may be con-

cluded that 1), double-tether extraction from endothelial cells

doubles the threshold force and effective viscosity (i.e.,

doubles the resistance to tether flow); and 2), tether extrac-

tion from endothelial cells is a local phenomenon where two

tethers are independent of each other if they are extracted

simultaneously. An n-fold increase may therefore be ex-

pected for the case of extracting n parallel tethers, as long as

sufficient membrane materials are available.

Effect of double tethers on the adhesive bond
force during leukocyte rolling

With the constitutive relationship between the threshold

force and effective viscosity for double-tether extraction

from endothelial cells and leukocytes, we can predict the

instantaneous force on the adhesive bonds with the leukocyte

FIGURE 5 The correlation between the pulling force and tether-growth

velocity when double tethers were extracted from attached HUVECs with

anti-CD54-coated beads. The correlation for single-tether extraction is also

drawn for comparison (25).

TABLE 1 Summary of parameters for double-tether extraction

from HUVECs

Receptor F0 (pN) heff (pN�s/mm) R

Suspended and unstimulated HUVECs

CD29 101 6 7 0.93 6 0.18 0.96

CD31 98 6 6 0.82 6 0.13 0.93

Suspended and TNF-a-stimulated HUVECs

CD54 96 6 12 1.03 6 0.26 0.85

CD62E 103 6 8 1.03 6 0.24 0.90

Attached and unstimulated HUVECs

CD29 99 6 10 1.06 6 0.21 0.89

CD31 101 6 7 1.09 6 0.20 0.90

Attached and TNF-a-stimulated HUVECs

CD54 97 6 7 1.03 6 0.16 0.93

CD62E 97 6 6 0.99 6 0.13 0.95

heff, effective viscosity; F0, threshold force; R, 68% confidence limits and

correlation coefficients (29).

TABLE 2 Summary of parameters for double-tether extraction

from stimulated HDMECs-a

Receptor F0 (pN) heff (pN�s/mm) R

Suspended and TNF-a-stimulated HDMECs-a

CD54 103 6 7 1.15 6 0.15 0.89

CD62E 131 6 13 1.04 6 0.28 0.85

Attached and TNF-a-stimulated HDMECs-a

CD54 113 6 8 1.35 6 0.18 0.74

CD62E 125 6 13 1.53 6 0.31 0.95

heff, effective viscosity; F0, threshold force; R, 68% confidence limits and

correlation coefficients (29).

TABLE 3 Summary of parameters for double-tether extraction

from HDMECs-n

Receptor F0 (pN) heff (pN�s/mm) R

Suspended and unstimulated HDMECs-a

CD29 105 6 10 0.99 6 0.22 0.91

CD31 104 6 10 0.98 6 0.23 0.92

CD54 107 6 11 0.91 6 0.26 0.84

Suspended and IL 1-b-stimulated HDMECs-n

CD54 105 6 12 0.94 6 0.23 0.89

CD62E 103 6 15 0.92 6 0.32 0.85

Attached and unstimulated HDMECs-n

CD29 100 6 5 1.03 6 0.12 0.94

CD31 94 6 6 1.04 6 0.12 0.94

CD54 109 6 6 0.96 6 0.14 0.92

Attached and IL 1-b-stimulated HDMECs-n

CD54 113 6 14 0.94 6 0.34 0.74

CD62E 105 6 6 1.11 6 0.16 0.95

heff, effective viscosity; F0, threshold force; R, 68% confidence limits and

correlation coefficients (29).
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rolling model described earlier. Typical shear rates of 100,

270, and 450 s�1 were used for this prediction. The dotted

lines in Fig. 6, a and b, show the force history for two cases

of simultaneous double-tether extraction from endothelial

cells and leukocytes: 1), HUVECs and neutrophils, and 2),

HDMECs-n and T-lymphocytes. The solid lines represent

the force history if double tethers are only extracted from the

neutrophil or T-lymphocyte. In all cases, the plotted values

correspond to the force on a single-tether bond (i.e., the force

on the double-tether bonds divided by 2). It is obvious that

the instantaneous force on the receptor-ligand bond is

smaller for the case of simultaneous double-tether extraction

from the leukocyte and endothelium (relative to double-

tether extraction from the leukocyte alone) and the difference

becomes more prominent with increasing shear rates. The

expected prolongation in the adhesive bond lifetime would

thus be the maximum for the case of simultaneous double-

tether extraction, followed by double-tether extraction from

the leukocyte alone, then by single simultaneous tether

extraction, and finally by single-tether extraction from the

leukocyte alone (12). Thus, simultaneous multiple tethers

would be expected to yield maximum stability to the rolling

leukocytes on the endothelium.

Effect of the cell-substrate gap on the adhesive
bond force during leukocyte rolling

Even at the same shear rate during leukocyte rolling, the cell-

substrate gap may affect the force history of the adhesive

bond. To examine this effect, we first estimated the range of

cell-substrate gap under physiological conditions of leuko-

cyte rolling and then repeated the prediction described

above. The evolution of the bond-force history was calcu-

lated for the case of simultaneous single tethers (one tether

from the HUVEC and the other from the neutrophil with the

adhesive bond in the middle) (12). We found that the cell-

substrate gap was between 0.01 and 0.1 mm, as described in

the Appendix. With this range of apparent gap, the force

history of the adhesive bond during single simultaneous

tether extraction (neutrophil-HUVEC) was calculated at two

TABLE 4 Statistical comparison between HUVECs, HDMECs-a, and HDMECs-n to test for significant parameter differences

p-value

Receptor Cell state Cell lines* Statistic heff F0

CD31 Suspended A and C t-test 0.49 0.54

CD29 Suspended A and C t-test 0.85 0.73

CD54 Suspendedy A–C ANOVA and Tukey 0.71 .0.05

CD62E Suspendedy A–C ANOVA and Tukey 0.93 .0.05

CD31 Attached A and C t-test 0.95 0.47

CD29 Attached A and C t-test 0.87 0.94

CD54 Attachedy A–C ANOVA and Tukey 0.34 .0.05

CD62E Attachedy A–C ANOVA and Tukey 0.13 .0.05

Parameters tested include effective viscosity (heff; ANOVA or t-test), threshold force (F0; Tukey or t-test ), and p-value.

*Cell lines A–C represent HUVECs, HDMECs-a, and HDMECs-n, respectively.
yCytokine-stimulated endothelial cells.

TABLE 5 Summary of the ratios of effective viscosity (heff) and threshold force (F0) obtained from double-/single-tether extraction

from HDMECs-n, HDMECs-a, and HUVECs

F0 (double/single) heff (double/single)

Receptor HUVECs HDMECs-n HDMECs-a HUVECs HDMECs-n HDMECs-a

Suspended and unstimulated cells

CD29 1.9 6 0.3 1.9 6 0.4 1.9 6 0.6 2.1 6 0.9

CD31 2.0 6 0.3 1.9 6 0.4 2.1 6 0.7 2.1 6 0.9

CD54 1.9 6 0.5 1.9 6 1.0

Suspended and cytokine-stimulated cells

CD54 2.1 6 0.6 1.9 6 0.5 1.9 6 0.5 2.1 6 1.0 1.9 6 1.0 1.9 6 0.6

CD62E 2.0 6 0.3 1.9 6 0.6 2.0 6 0.6 2.1 6 0.9 1.8 6 0.5 2.0 6 0.5

Attached and unstimulated cells

CD29 1.9 6 0.4 1.9 6 0.3 2.0 6 0.8 2.0 6 0.6

CD31 2.0 6 0.3 2.0 6 0.4 2.0 6 0.6 2.0 6 0.6

CD54 1.8 6 0.3 2.0 6 0.7

Attached and cytokine-stimulated cells

CD54 2.0 6 0.4 1.9 6 0.4 1.9 6 0.4 1.8 6 0.5 1.6 6 0.9 2.0 6 0.5

CD62E 1.8 6 0.3 1.8 6 0.2 1.9 6 0.5 2.3 6 0.8 2.0 6 0.5 2.4 6 0.5
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different shear rates (100 and 450 s�1) (Fig. 7). It is obvious

that the force history only depends on the cell-substrate gap

weakly at the shear rate of 100 s�1 and it does not change

dramatically even at the shear rate of 450 s�1. Thus, it may

be concluded that the force drop on the adhesive bond during

leukocyte rolling is only a weak function of the cell-substrate

gap, which does not remarkably influence rolling stability.

DISCUSSION

Single and double tethers extracted from leukocytes can

dramatically reduce the force on the adhesive bond during

leukocyte rolling on the endothelium. However, our recent

study of endothelial tether extraction (12) clearly showed

that tether extraction from HUVECs had a much more

pronounced effect on the rolling stability. Therefore, in this

study, we explored whether sufficient membrane materials

were locally available for extraction of double tethers from

endothelial cells and its implication on leukocyte rolling

stability.

With the MAT, double tethers were extracted from three

distinct human endothelial cell lines: HUVECs, HDMECs-a,

and HDMECs-n. The results for the constitutive parameters

(effective viscosity and threshold force) showed no signif-

icant difference within any of the cell lines investigated.

Moreover, a comparison for different cases (Table 5) among

different cell lines also showed no significant difference for

the threshold force and effective viscosity calculated from

linear regressions. The conclusions drawn here are similar to

those established for single-tether extraction from HUVECs

in our earlier study (12) and for single-tether extraction from

HDMECs (25). Thus, double-tether extraction from endo-

thelial cells can also be concluded to be independent of the

surface receptors expressed on the cell, cytokine stimulation,

and attachment state of the cell. Moreover, for each of the

cell lines studied here, the effective viscosity and threshold

force for double-tether extraction were found to be approx-

imately twice those for single-tether extraction. Conse-

quently, multiple tethers can be expected to be local and

behave simply as multiple occurrences of the single tether,

provided a membrane reservoir exists for multiple-tether

flow.

Double tethers extracted in this study were identified from

a change in the velocity of the force transducer. When

multiple tethers were extracted with the AFM (17), they were

identified from some stepwise changes in the force magni-

tude. Sun et al. obtained a smaller pulling force (;29 pN)

when they extracted tethers from endothelial cells at 3 mm/s

(17). In our study, this force is ;60 pN at the same pulling

velocity. This discrepancy may be because different adhe-

sion schemes (nonspecific and specific) were used in these

two studies to impose pulling forces on the cell membrane. It

may be also because the pulling forces imposed by the AFM

FIGURE 6 (a) The decrease in the bond force over time determined at

shear rates of 100, 270, and 450 s�1 (from bottom to top). The dotted line

represents the case of double simultaneous tether extraction from both

neutrophils and HUVECs, whereas the solid line represents the case of

double-tether extraction from the neutrophil alone. In both cases, the force

drop on a single bond is shown. (b) The decrease in the bond force over time

determined at shear rates of 100, 270, and 450 s�1 (from bottom to top). The

dotted line represents the case of double simultaneous tether extraction from

both T-cells and HDMECs-n, whereas the solid line represents the case of

double-tether extraction from the T-cell alone. In both cases, the force drop

on a single bond is shown.

FIGURE 7 Effect of cell-substrate gap (d ¼ 0.01, 0.05, 0.1 mm) on the

calculated force history for the case of neutrophil-HUVEC single simulta-

neous tether extraction at shear rates of 100 and 450 s�1.
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and MAT were loaded with different rates initially. The loca-

tion where a tether was extracted might have also contributed

(we usually extracted tethers from the region close to the

nucleus), since the cell membrane is not a uniform ho-

mogeneous material. In our study, the effective viscosity

decreased after one adhesive bond was broken (compare

regions 2 and 3 in Fig. 2). This implies that, compared with

single-tether extraction, the additional resistance in double-

tether extraction is not due to alterations in the underlying

cellular architecture and is purely a viscous flow phenom-

enon. This interpretation is supported by previous observa-

tions showing that tether extraction involves membrane flow

and tethers lack F-actin inside (35). Tether extraction also

does not significantly or observably alter the shape of the

cell, suggesting the role of cortical architecture (cytoskele-

ton) in preserving the integrity of the cell during membrane

flow. Moreover, a dual change in the velocity of the trans-

ducer was rarely observed if the contact time between the

bead and cell was decreased significantly and the occasional

single tethers thereby extracted under the same conditions

were shown to have the same viscosity as observed in the

single-tether phase of double-tether extraction (region 3 in

Fig. 2). Thus, no increase in the resistance to tether flow (36)

was observed, suggesting the presence of an excess mem-

brane reservoir in endothelial cells. In this sense, they are just

like leukocytes, which store excess membrane lipids in their

microvilli. In one instance, the extracted double tethers were

allowed to retract back to the cell before the adhesive bonds

were broken (Fig. 4), which clearly shows that two tethers

were extracted locally from distinct locations on the endo-

thelial cell surface and there was no observable competition

for available lipids. Hence, it can be concluded that double

tethers are extracted as a consequence of two receptor-ligand

bonds being formed in the contact area.

The impingement forces and the ensuing neutrophil

deformation against a stationary bead were used to estimate

the contact stress, which was then used to estimate the gap

width between the cell and substrate (see Appendix). The

gap was found to be between 0.05 and 0.1 mm for the contact

forces between 150 and 250 pN. For the case of single si-

multaneous tether extraction fromtheneutrophil andHUVEC,

the peak value of the contact force can be approximated as

430, 250, and 110 pN at the shear rates of 450, 270, and 100

s�1, respectively. Thus, the contact stress in this case may be

expected to lie between 20 and 50 pN/mm2, assuming that

the contact area increases from ;5 mm2 to ;8 mm2 with

increasing impingement force, following the trend observed

in the impingement experiment described in the Appendix.

The apparent gap width for this range of contact stress would

be expected to fall between 0.01 and 0.1 mm (Fig. 8). Our

experimental studies on neutrophil impingement over a

stationary bead show a small increase in contact stress with

increasing impingement force. Thus, at relatively high shear

rates, the apparent gap between the rolling cell and substrate

would approach the lower limit of 0.01 mm. The force

history of the adhesive bond during leukocyte rolling as a

consequence of tether extraction was calculated for the range

of cell-substrate gap estimated above. Although a small dif-

ference exists in the initial force history for different cell-

substrate gaps, the overall stability may be expected to be

similar at different gaps for all the cases considered. The

initial difference is not substantially affected at higher shear

rates and thus it may be reasonable to state that the cell-

substrate gap does not dramatically affect leukocyte rolling

stability on the endothelium. Since the force history is

relatively invariable as a function of this separation, the

stability achieved by increased cell deformability and contact

area may be solely due to increased probability of multiple

bond formation (37) and subsequent tether extraction.

Double tethers extracted from leukocytes have been shown

to exhibit similar mechanical properties and confer stability

by a force-drop mechanism (15). We utilized the constitutive

relationships obtained for endothelial cells in this study and

the leukocytes from earlier studies (10,15) to predict the force

drop in the event of simultaneous double-tether extraction and

compared it to double-tether extraction from the rolling

leukocyte alone. The biomechanical model of cell rolling

(Fig. 3) showed that the force on the receptor-ligand tether

bond was significantly lowered upon simultaneous double-

tether extraction relative to double-tether extraction from the

leukocyte alone. The endothelial cell tether, being the major

contributor to the composite tether due to an ;4-fold lower

effective viscosity relative to the passive leukocyte, is there-

fore the major contributing factor for leukocyte rolling

stabilization. Simultaneous multiple tethers would therefore

be expected to cause a significantly higher instantaneous force

drop, eventually increasing the bond lifetime to facilitate firm

adhesion or firm arrest of the leukocyte on the endothelium.

The current mechanism is applicable to a nearly spherical

leukocyte rolling on inflamed or noninflamed endothelium.

Since the rolling in vivo is orchestrated by a diverse micro-

environment, the mechanical properties of the endothelium

FIGURE 8 Correlation between the contact stress (DP) and apparent gap

(e) between the neutrophil and the micropipette estimated for three models of

cortical tension.
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may be altered upon treatment with other inflammatory

mediators and a different stabilization mechanism may be

expected to operate. These potential effects and the conse-

quences of membrane depletion in the event of multiple

tethers remain to be investigated in the future.

CONCLUSIONS

We have shown for the first time we know of that double

tethers extracted from endothelial cells isolated from three

distinct vascular sources were not different in the threshold

force and effective viscosity. Statistically similar mechanical

properties of HUVECs and HDMECs suggest universal

mechanical stabilization mechanisms for leukocytes rolling

on the endothelium. Both effective viscosity and threshold

force are doubled in the event of double-tether extraction

from ECs, indicating that double-tether extraction is a local

phenomenon and enough membrane materials are available

to thwart the competition between double tethers for lipids.

Double-tether extraction is also independent of cytokine

stimulation of EC, attachment state of EC, and surface re-

ceptor type expressed on the EC. Moreover, the force drop

on the receptor-ligand bond is much more pronounced in the

event of simultaneous double-tether extraction than double-

tether extraction from the leukocyte alone.

APPENDIX: THE CELL-SUBSTRATE GAP
DURING LEUKOCYTE ROLLING

When a neutrophil rolls on the endothelium (Fig. 3), a vertical compressive

force (Fc) will develop between them. This force coupled with cell defor-

mability determines the gap width (d) between them. If we could establish a

correlation between the contact stress (Fc divided by the contact area) and d,

then the range of d can be estimated from the contact stress experienced by

the leukocyte during its rolling.

In a previous study where a neutrophil was aspirated into a micropipette

completely (38), a correlation was established between the cell-pipette

diameter ratio ðRc=RpÞ and the apparent gap width (e) or separation between
the cell and glass pipette surface. In this appendix, we will relate Rc=Rp to

the contact stress and obtain a correlation between the contact stress and e.
Neutrophils have been shown to exhibit a static cortical tension (Trest) in

their passive state (39–41). Micropipette aspiration of neutrophils has also

been shown to increase the apparent surface area due to smoothing of the

numerous folds and projections (microvilli) (40,42). This increase in the

apparent surface area can be easily determined using volume conservation

for a neutrophil that is completely aspirated into a micropipette,

DA=A ¼ R2

p=R
2

c 1 2R2

pðR3

c=R
3

P � 1Þ=3R2

c � 1; (A1)

where A is the original apparent surface area, DA is the change, Rc is the

original cell radius, and Rp is the micropipette radius.

The cortical tension of the cell inside the micropipette changes as a

function of DA either linearly (39,41) or according to a power-law

relationship (43). Thus, if the resting cortical tension of the neutrophil is

assumed to be 23.5 pN/mm and the apparent membrane expansion modulus

(Kapp) is 39 pN/mm, the new cortical tension can be estimated according to

the linear model as

T ¼ Trest 1KappðDA=AÞ: (A2)

FIGURE 9 (a) Microscopic view of the setup used to impinge a

neutrophil (left) on a stationary bead (right) by applying a known outward

pressure (DPimpinge). (b) Tracking of the neutrophil as it impinges the bead.

The two smaller arrowheads mark the region used for averaging to approxi-

mate the final position of the neutrophil after deformation. (c) Geometry of

the neutrophil (radius Rc) as it impinges on the bead (radius Rb). The

deformation or indentation depth (db) was used to calculate the macroscopic

contact area (Eq. A7).
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Alternatively, the new cortical tension can also be calculated from the

power-law model proposed by Drury and Dembo (41) as

T ¼ Trestð11DA=AÞ3: (A3)

For a neutrophil that is completely aspirated into a micropipette, assume

the contact stress imposed on the neutrophil by the micropipette is DP.

Balancing the forces in the radial direction of the micropipette will yield the

relationship between the contact stress and cortical tension as

DP ¼ 2T=Rp: (A4)

Consequently, DP can be calculated for each Rc=Rp from Eqs. A1–A4 and a

correlation between DP and e can be established as shown in Fig. 8. This

correlation can thus be utilized to estimate the cell-substrate gap during

leukocyte rolling if the contact stress is known.

It is possible to determine the range of the contact stress by subjecting

the neutrophil to different impingement forces and measuring the cell de-

formation in a micropipette experiment, the schematic of which is illustrated

in Fig. 9 a. After the impingement forces were imposed on the neutrophil

inside the micropipette by applying positive or outward pressures (DP), as

indicated in Fig. 9 a, the neutrophil underwent a small deformation. The

contact area of the neutrophil-bead pair was estimated by tracking the

motion of the neutrophil with a single particle-tracking algorithm that had a

resolution of ;5 nm and quantifying the subsequent cellular deformation.

A typical tracking curve is shown in Fig. 9 b. The initial linear portion

represents the approach of the neutrophil toward the bead under the known

constant positive pressure. The approximate contact point (start of the cell

deformation) is marked in Fig. 9 b. The cell deformation approached a

plateau eventually and the final point was determined by taking the average

of points representing the plateau (Fig. 9 b, small arrowheads). The accurate

starting point was determined by fitting the region from the approximate start

of the cell deformation to the plateau with

yðtÞ ¼ yN � ðyN � y0Þexp �t � t0
t

� �
; (A5)

where yN represents the final equilibrium position of the neutrophil, y0 is the

approximate starting position, t0 is the approximate start time of impinge-

ment and t is a parameter that represents the characteristic time of the cell

deformation. After we fitted Eq. A5 with the experimental data (a three-

parameter fit), the total depth of impingement was quantified as yN � y0.

The macroscopic contact area was then estimated in terms of the bead

radius (Rb) and the deformation (db) shown in Fig. 9 c. The geometric details

for calculating db from the total neutrophil deformation are illustrated in

Lomakina et al. (44). The contact stress from the impingement force and the

macroscopic contact area were obtained:

DPimpinge ¼ F=Acontact; (A6)

Acontact ¼ 2pRbdb; (A7)

where F is the impingement force calculated from Eq. 2 for a known pipette

radius (Rp) and positive pressure (DP) in the pipette.

With several different positive pressures, the contact stress (DPimpinge)

was determined as 39 6 10, 35 6 9, 35 6 12, and 30 6 11 pN/mm2,

corresponding to the impingement forces of 234, 205, 175, and 146 pN,

respectively. With the correlation shown in Fig. 8, the range for the cell-

substrate gap (e) can be predicted to lie within 0.05–0.1 mm for the range of

contact stresses measured in this study. However, a gap of 0.01 mm (lower

limit for the expected range of cell-substrate gap) was used in the bio-

mechanical model since the peak contact stresses would be expected to lie

between 20 and 50 pN/mm2 if the shear rates are between 100 and 450 s�1

during leukocyte rolling.
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