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Double Tether Extraction from Human Neutrophils and Its Comparison
with CD4" T-Lymphocytes

Gang Xu and Jin-Yu Shao

Department of Biomedical Engineering, Washington University, St. Louis, Missouri

ABSTRACT The initial arrest and subsequent rolling of a leukocyte on the vascular endothelium is believed to be facilitated by
the extraction of tethers, which are narrow membranous tubes drawn from the leukocyte. Although single tether extraction from
neutrophils has been studied thoroughly, the relationship between the tether force (F) and tether-growth velocity (U,) is still
unknown for double tethers drawn from neutrophils. In this study, we have determined this relationship with the micropipette-
aspiration technique. As a comparison, tether extraction from CD4* T-lymphocytes was also studied. The threshold force and
effective viscosity for single tether extraction from passive CD4" T-lymphocytes were found to be 46 pN and 1.55 pN - s/um,
respectively. These values were modulated by stimulation with phorbol myristate acetate (PMA), but not interleukin-8 (IL-8).
More importantly, for both types of leukocyte, the threshold force and effective viscosity for double tether extraction are about
twice as large as those corresponding to single tether extraction. Neither IL-8 nor PMA stimulation had any effect on this
correlation. These results indicate that double tethers are highly localized on cellular surfaces and independent of each other

during the rolling process.

INTRODUCTION

Rolling on the vascular endothelium is critical for trafficking,
extravasation, and retention of certain leukocytes such as
neutrophils and lymphocytes. Rolling allows for the ensuing
firm adhesion of these immune cells on the endothelium and
their subsequent migration into tissues to fulfill their various
immunological functions. The traffic signals for neutrophil
emigration to inflammatory sites and for lymphocyte recircu-
lation are strikingly similar at the molecular level (Springer,
1995). The initial attachment and rolling are mediated by the
selectin family of adhesion molecules on both leukocytes and
endothelial cells and their carbohydrate ligands on opposing
cells. The firm adhesion of leukocytes on the endothelium is
mediated by 3, integrins on the leukocyte surface and their
ligands of the immunoglobulin family on the endothelial cells.
Furthermore, rolling is a highly-complex dynamic process
regulated cooperatively not only by these specialized adhe-
sion molecules and locally-released chemokines, but also by
fluid shear stress and the mechanical properties of leukocytes.
In particular, membrane tether extraction from leukocytes is
believed to play an important role in regulating the rolling
process (Shao and Hochmuth, 1996; Shao et al., 1998;
Schmidtke and Diamond, 2000; Marcus and Hochmuth,
2002; Park et al., 2002; Yago et al., 2002).

Studies on membrane tether extraction in general can help
us understand the association between the leukocyte mem-
brane and its underlying cytoskeleton, which is particularly
relevant to the processes of secretion and signaling
(Hochmuth et al., 1996; Sheetz and Dai, 1996; Hochmuth
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and Marcus, 2002). Tethers have been extracted from lipid
vesicles (Waugh, 1982) and from various living cells,
including neutrophils (Shao and Hochmuth, 1996; Shao and
Xu, 2002), erythrocytes (Hochmuth et al., 1973, 1982),
neuronal growth cones (Dai and Sheetz, 1995; Hochmuth
et al., 1996), and outer hair cells (Li et al., 2002). For single
tether extraction from all these cell types, it has been shown
that (Evans and Yeung, 1994; Yeung, 1994; Dai and Sheetz,
1995; Hochmuth et al., 1996; Shao and Hochmuth, 1996)

F=F,+2mnU, (D

where F is the tether force (the tensile force imposed at the
tether head), F is the threshold (minimum) force required
for extracting a single tether, mg is the effective viscosity,
and U, is the tether-growth velocity. The threshold force F) is
determined by the intrinsic membrane surface tension, the
membrane bending rigidity, and the membrane-cytoskeleton
adhesion energy. In addition, 7. is determined by the in-
trinsic membrane surface viscosity, the relative interbilayer
slip, and the membrane slip relative to the cytoskeleton
(Evans and Yeung, 1994; Hochmuth et al., 1996).

For single tether extraction from passive neutrophils, Fo =
45 pN and 1 = 1.8 pN - s/um (Shao and Hochmuth, 1996).
Stimulation of the cells with chemokines such as interleukin-
8 (IL-8) or phorbol myristate acetate (PMA) resulted in
a threshold force twice as large as that for passive neutrophils
and dramatically decreased the effective viscosity (Shao and
Xu, 2002). Because of the high surface density of leukocyte
microvilli, more than one microvillus could be in contact
with the endothelium at the onset of rolling and double or
multiple tethers could be extracted. In fact, double or
multiple tethers have to be present at least intermittently
during the rolling process because a stable rolling cannot be
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achieved otherwise. Although double tethers drawn from
neutrophils have been observed in some flow chamber
studies (Schmidtke and Diamond, 2000; Park et al., 2002)
and in our previous micropipette experiments (Shao and
Hochmuth, 1996; Shao and Xu, 2002), to date, the relation-
ship between the pulling force and tether-growth velocity is
still unknown for double tethers extracted from passive or
stimulated neutrophils. It is important to determine this rela-
tionship so that the detailed force history of each adhesive
bond can be calculated during the rolling process. Equally
important, the same relationship for single and double tether
extraction from CD4" T-lymphocytes (chosen to avoid
variation among different subpopulations of lymphocytes) is
also unknown. This study will provide us some valuable
information on the mechanical properties of these cells as
well as the basis for their rolling and recirculation. Using the
micropipette-aspiration technique (MAT), for the first time
we determined these previously-unknown properties of dou-
ble tether extraction from neutrophils as well as single and
double tether extraction from CD4 " T-lymphocytes.

MATERIALS AND METHODS
Cell and bead preparation

Neutrophils were collected from healthy donors by finger prick as described
previously (Shao and Hochmuth, 1996). CD4 ™ T-lymphocytes were isolated
as follows. A few drops of blood were collected by finger prick into a
heparinized capillary glass tube (Fisher Scientific, Pittsburgh, PA). About
the same amount of Ficoll-Hypaque gradient (Histopaque 1077; Sigma, St.
Louis, MO) was then collected into the same tube from the blood end. The
blood end of the tube was sealed with tube-sealing compound (Fisher
Scientific, Pittsburgh, PA), and the tube was centrifuged at 13,450 X g for
a few seconds at room temperature (~20°C). Thereafter, the tube was cut at
a point in the gradient region that was near but free of erythrocytes and
neutrophils (a white layer sandwiched between the gradient solution and
erythrocytes). The erythrocytes and neutrophils were discarded. The
remaining cells were mixed with 0.1-ml 50% autologous plasma-HBSS
solution (modified endotoxin-free Hanks’ balanced salt solution; no Ca%" or
Mg*"; buffered with 25 mM Hepes; pH = 7.4; Sigma) and incubated with
FITC-conjugated monoclonal mouse anti-human CD4 (Sigma) at 37°C for
15 min in order for them to be differentiated from other subpopulations of
lymphocytes. Finally, the cells were washed twice with 1.1-ml HBSS
solution at 2,700 X g for 5 min at room temperature (~20°C), resuspended
in a 0.1-ml 50% autologous plasma-HBSS solution, and transferred to the
experimental chamber. During the experiments, CD4" T-lymphocytes were
identified by using fluorescence microscopy. Without any other treatment,
the cells were spherical under the microscope and not appear to be activated
by the labeling. For stimulation experiments, cells were treated with 25 ng/
ml IL-8 (R&D Systems, Minneapolis, MN) or 50 ng/ml PMA (Sigma) in the
experimental chamber as described previously (Shao and Xu, 2002).
Latex beads coated with goat anti-mouse IgG antibodies (~8.3 um in
diameter; Sigma) were washed twice in PBS and incubated with mouse anti-
human CD162 or CD18 (PharMingen, San Diego, CA) for tether-extraction
experiments from passive or stimulated cells, respectively. The beads were
then stored at 4°C and washed twice with PBS before use. During the
incubation, the concentration of the primary antibody (~10 wg/ml) was large
enough to saturate all the binding sites of the secondary antibody on the bead
surface. The beads used in this study were the same as the ones used in two
previous studies (Shao and Hochmuth, 1999; Levin et al., 2001), where the
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site density of the primary antibody was determined to be ~220/uwm? with two
independent methods: the micropipette technique and flow cytometry.

Tether extraction with the MAT

Tether-extraction experiments from neutrophils and CD4" T-lymphocytes
were conducted with the MAT (Shao and Xu, 2002). A video micrograph
from one of the lymphocyte experiments is shown in Fig. 1. The micropipette
on the left is shown containing an antibody-coated bead, which is the force
transducer of the MAT. The pipette on the right is shown holding a CD4 ™"
T-lymphocyte at the mouth of the left pipette. At the beginning of an
experiment, a precisely-controlled aspiration pressure (Ap < 0) is applied
inside the left pipette, which causes the bead to move initially to the left. Then
apositive internal pressure is superimposed, and the bead is driven to the right
until it contacts the cell. After the bead is in contact with the cell for a certain
period of time, the positive pressure is removed and the negative aspiration
pressure (Ap) is imposed to pull the bead again to the left. If the contact does
not result in adhesion between the bead and cell, the bead translates freely to
the left at its ‘‘free motion velocity (Uy)”’. If, on the contrary, adhesion occurs
during the contact, tether extraction and extension ensues under the action of
the aspiration pressure, which is often of sufficient magnitude for double
tether extraction. One or two tethers may occur. The leftward velocity of
withdrawal of the bead-transducer (tether-growth velocity, U,) is a function of
Ap and the number of tethers formed. Several typical modes of bead
displacement versus time are shown in Fig. 2, a—c, indicating zero, one, and
two tethers formed in this process, respectively. The corresponding pulling
force (F) can be calculated from (Shao and Hochmuth, 1996)

4 U,
F=aRAp(1—=¢)(1-=), 2
w(3)0ow) e
where R, is the radius of the micropipette, and
&= (Rp - Rb)/Rpa 3)

where Ry, is the radius of the bead. When the bead does not adhere or after the
tether breaks, the pressure inside the left micropipette is returned to a positive
value and the whole process is repeated. For each cell-bead pair, this process is
repeated for ~3 min. Since the pressure in the experimental chamber changes
slowly over time, the zero pressure has to be verified frequently, usually before
a new cell-bead pair is used. The negative aspiration pressures (Ap) used in
our experiments ranged from 2 pN/um? to 12 pN/um?. All experiments were
recorded on an S-VHS videotape and analyzed as described below.

Data analysis of the MAT

The videotape recorded during an experiment was played on an S-VHS
video cassette recorder and the signal was transmitted to a CCTV monitor
and to a Windows PC computer through a monochrome frame grabber
(Scion, Frederick, MD). The action occurring within the region of interest

[N

FIGURE 1 A video micrograph showing how to extract tethers from
a passive CD4" T-lymphocyte with the MAT where the bead was coated
with mouse anti-human CD162 antibodies.
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FIGURE 2 Bead displacements when (@) no tethers, (b) single tethers, or
(c) double tethers were extracted from a PMA-treated lymphocyte under the
aspiration pressure (Ap) of 5 pN/um?. Different bead translation velocities
are separated by dashed lines and marked as (/) approaching the cell, (2)
making contact with the cell, (3) moving away freely from the cell, (4)
extracting a single tether, and (5) extracting double tethers. Here, the free
motion velocity of the bead (Uy) is ~9.5 um/s (a—c), the growth velocity of
the single tether is ~5.7 um/s (b and c), and the growth velocity of the
double tether is ~3.9 um/s (c). In c, after one tether was broken, the other
grew at a velocity that was almost the same as the velocity when only one
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during one adhesion event (i.e., the left micropipette with the moving bead
inside) was stored in the computer as a movie at a speed of 30 frames/s. Then
the displacement of the bead was tracked with Scion Image macros written
in our laboratory, yielding an ASCII file that contained the displacement-
time data of the bead such as those shown in Fig. 2. The data were then
imported into KaleidaGraph (Synergy Software, Reading, PA), plotted, and
fitted with a straight line for both single and double tether elongation or free
bead motion that occurred in the absence of an adhesion event. The statistical
comparison between the slopes or intercepts of two intersecting regression
lines, or between the elevations of two parallel lines was carried out by using
the methods described by Zar (1999). For all the statistical analyses, 0.05
was chosen as the significance level.

RESULTS

Fo and 7). are not different for single tether
extraction from CD4* T-lymphocytes
and neutrophils

For passive CD4 " T-lymphocytes and neutrophils, we chose
anti-CD162-coated beads as the force transducer of the MAT
because CD162, also called P-selectin glycoprotein ligand-1
or PSGL-1, mediates the rolling of leukocytes on the endo-
thelium through its interaction with P-selectin on the endo-
thelial cell surface (Moore et al., 1995; Bruehl et al., 1997).
With these beads, a total of 738 and 465 single tethers were
extracted from 54 passive CD4" T-lymphocytes and 43
passive neutrophils, respectively, at various pressures. Mem-
brane tethers are usually only tens of nanometers in diameter,
so it is very difficult to actually see a tether under the micro-
scope. However, if a tether happens to be in the focal plane,
a very faint shadow becomes visible on the video monitor of
our microscopic system. In our experiments, we did observe
these faint shadows occasionally.

Almost all tethers grew at constant velocity under a con-
stant aspiration pressure. With the MAT, single tether ex-
traction was typically inferred from a slow bead translation
followed by a free faster bead translation (Uy) indicating
rupture of the adhesive bond between the bead and cell (Shao
and Hochmuth, 1996; Shao and Xu, 2002). Furthermore, an
adhesion frequency, defined as the percentage of adhesive
events in the total bead-cell contact trials, <20%, was also
taken to be an indicator of single receptor-ligand interactions
and hence single tether extractions. Fig. 3, a and b, compare
the correlations between the tether force and tether-growth
velocity for single and double tethers drawn from passive
CD4™" T-lymphocytes and passive neutrophils, respectively.
For CD4" T-lymphocytes, the threshold force (intercept)
necessary to extract a single tether was found to be 46 pN,
and the effective membrane surface viscosity (slope divided
by 27r) was found to be 1.55 pN - s/um. These values are
essentially the same as those derived from the correlation for

tether was initially extracted as in b. The adhesion lifetime is defined as
follows: 7; is the adhesion lifetime of single tethers, 7, is the adhesion
lifetime of double tethers when both tethers are present, and 73 is the
adhesion lifetime of double tethers when at least one tether is present.
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FIGURE 3 Single and double tether extraction from (a) passive CD4"
T-lymphocytes and () passive neutrophils. Each point represents an average
of 10-50 tethers from two to six cells at the same aspiration pressure. The
error bars in both directions stand for the standard deviations of F and U,
respectively. Also shown is the linear regression equation that yields the
threshold force (intercept) and effective viscosity (slope/27r), as well as the
correlation coefficient.

single tethers from passive neutrophils (Fig. 3 b). The results
for single tether extraction from passive neutrophils are in
good agreement with those in the literature (Shao and
Hochmuth, 1996; Shao and Xu, 2002).

Fo and 74 double for double tether extraction
from CD4* T-lymphocytes and neutrophils

To extract double tethers, we increased the bead-cell adhesion
frequency (conducive to double or multiple bond formation)
by increasing the contact time between the bead and cell.
Double bonds can be inferred from the fact that, under similar
pulling forces, double bonds had longer lifetimes than single
ones. This is shown in Fig. 4, where 7y, 75, and 75 (defined in
Fig. 2) are plotted against their corresponding pulling forces
for passive CD4" T-lymphocytes. It should be noted that,
during double tether extraction, the pulling force was not
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FIGURE 4 Average adhesion lifetime (7;, 75, and 73) under various
pulling forces obtained in the experiments with passive CD4"
T-lymphocytes.

a constant. When double tethers were present, the force was
larger than the force after one of the tethers was broken. Had
the other tether also been broken by this larger force, 73 would
have been smaller. Consequently, the adhesion lifetime under
this larger force should lie somewhere between 1, and 73. As
shown in Fig. 4, even 7, is larger than 7, under similar pulling
forces. Therefore, we can conclude that double bonds were
indeed formed in our double tether experiment with passive
CD4™" T-lymphocytes. For stimulated lymphocytes and pas-
sive or stimulated neutrophils, the same conclusion can be
drawn (data not shown).

A total of 271 and 307 double tethers were obtained from
39 passive CD4 " T-lymphocytes and 43 passive neutrophils,
respectively. In some cases, after the adhesion was ruptured
between the bead and cell, we could see clearly that the
shadows of two tethers retracted to the cell body, one after
the other. Triple tethers, where the bead velocity changed
twice before it reached its free motion velocity, were only
occasionally seen in our experiments. For double tethers, it is
highly unlikely that two tethers would break at the same
instant because of the stochastic nature of receptor-ligand or
antibody-antigen binding. Hence, some of our single tether
data shown in Fig. 3 correspond to single tethers that were
initially one of a double tether pair, measured after the other
was ruptured (as shown in Fig. 2 ¢). When two tethers were
simultaneously extracted from passive CD4" T-lympho-
cytes, the effective viscosity became 3.65 pN - s/um and the
threshold force increased to 84 pN (Fig. 3 a). For double
tether extraction from passive neutrophils, the effective
viscosity was 2.95 pN - s/um and the threshold force was
99 pN (Fig. 3 b). Obviously, double tethers drawn from these
passive leukocytes behave dynamically almost as a linear
summation of two single tethers in parallel: both threshold
force and effective viscosity for double tethers are about
twice as large as those properties in single tethers, respec-
tively (see Table 1). This indicates that double tethers are
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A summary of all the threshold force and effective viscosity (value = 68% confidence interval) for single and double tether

extraction from passive or treated neutrophils and CD4* T-lymphocytes

Single tether

Double tether Double/single ratio

Cell type Condition Fo (pN) Nesr (PN - s/um) Fo (pN) Nerr (PN - s/pm) Fo Tett
Passive 45 £ 6.5 1.57 £ 0.127 99 * 10.6 2.95 = 0.301 2.2 £ 0.6 1.9 =04
Neutrophils IL8 91 £ 5.0* 0.40 = 0.054* 176 = 8.9* 0.83 = 0.103* 1.9 =02 2.1 0.6
PMA 77 £ 4.4%* 0.56 = 0.078* 150 = 7.5% 1.18 = 0.196* 1.9 £0.2 2.1 £0.7
Passive 46 = 3.7 1.55 = 0.093 84 £ 6.3 3.65 = 0.217 1.8 = 0.3 24 +03
Lymphocytes IL8 52 £ 8.6 1.34 £ 0.199 95 = 13.3 3.15 = 0.541 1.8 = 0.6 24 +0.8
PMA 69 £ 9.9% 1.03 = 0.217* 113 £ 7.0% 2.44 = 0.240%* 1.6 = 04 24 +0.8

*Denotes a significant difference (p < 0.05) versus passive cells (Zar, 1999).

highly localized and independent of each other, which
suggests that there is no significant ‘‘competition’’ for mem-
brane material between the two tethers owing to an abundant
membrane reservoir in these microvillus-rich leukocytes.

PMA affects tether extraction from CD4*
T-lymphocytes and neutrophils

Neutrophils stimulated with PMA would down-regulate their
CD162 expression (Davenpeck et al., 2000). On the contrary,
the expression of 3, integrins would be up-regulated upon
leukocyte activation (Diamond and Springer, 1993; Erland-
sen et al., 1993). Therefore, for stimulated lymphocytes and
neutrophils, anti-CD18-coated beads were chosen as the force
transducer of the MAT. With these beads, a total of 515
and 624 single tethers were extracted from 30 CD4"
T-lymphocytes and 18 neutrophils, respectively, after being
treated with PMA (50 ng/ml). For single tether extraction
from CD4™ T-lymphocytes treated with PMA, the threshold
force was 69 pN and the effective viscosity was 1.03 pN X s/
pm (Fig. 5 a; p < 0.02 for both parameters versus passive
T-cells). For single tether extraction from neutrophils treated
with PMA, the threshold force became 77 pN and the effective
viscosity became 0.56 pN - s/um (Fig. 5 b; p < 0.001 for both
parameters versus passive neutrophils), values which are
again consistent with published results (Shao and Xu, 2002).
Actotal of 277 and 238 double tethers were also extracted from
27 CD4" T-lymphocytes and 18 neutrophils, respectively,
after being treated with PMA. Plotted in Fig. 5 is the cor-
relation between F and U, for double tether extraction from
these PMA-treated leukocytes. The experimental values of
threshold force and effective viscosity for double tether
extraction from both types of cell treated with PMA were,
respectively, modulated by PMA but remained about twice
the corresponding magnitudes for single tether extraction
from these treated cells (Table 1).

IL-8 affects tether extraction from neutrophils,
but not CD4* T-lymphocytes

It has been shown that single tether extraction from
neutrophils is modulated by IL-8 and PMA (Shao and Xu,

2002). As found previously (Shao and Xu, 2002), neutrophils
treated with 25 ng/ml IL-8 or 50 ng/ml PMA became very
active, protruding pseudopodia in various directions. How-
ever, CD4™ T-lymphocytes treated with the same concentra-
tion of IL-8 are relatively ‘‘passive’’, maintaining a spherical
shape. Although T-cells treated with PMA developed some
protrusions, these cells were not as active as neutrophils
treated with PMA. Nevertheless, an observed increase in
adhesion frequency indicates that both neutrophils and
T-lymphocytes up-regulated the expression of integrins in
response to IL-8 or PMA. With anti-CD18-coated beads as the
force transducer, a total of 453 and 898 single tethers were
extracted from 19 and 33 IL-8-treated T-lymphocytes and
neutrophils, respectively. For single tether extraction from
T-lymphocytes after IL-8 treatment, the threshold force was
52 pN and the effective viscosity was 1.34 pN - s/um (Fig. 6
a), with no significant difference compared with passive
T-cells (p > 0.2 for both parameters). This finding indi-
cates that IL-8 has no effect on tether extraction from
T-lymphocytes. For single tether extraction from neutrophils
after IL-8 treatment, the threshold force became 91 pN and the
effective viscosity became 0.40 pN - s/um (Fig. 6 b; p < 0.001
for both parameters versus passive neutrophils). These results
agree well with our previous findings (Shao and Xu, 2002).
Furthermore, a total of 208 and 344 double tethers were
extracted from 19 T-lymphocytes and 33 neutrophils,
respectively, after being treated with IL-8. Shown in Fig. 6
are the corresponding data for double tether extraction from
these leukocytes after being treated with IL-8. It is clear that
the values of threshold force and effective viscosity for double
tether extraction from both types of cell treated with IL-8
were, respectively, about twice the magnitude of those for
single tether extraction from treated cells (Table 1).

DISCUSSION

With the MAT, we extracted single and double tethers from
CD4" T-lymphocytes and neutrophils, which were either
unstimulated or stimulated with PMA or IL-8. In these
experiments, the most convincing evidence for double tether
extraction is our direct, albeit occasional, observation of
double tethers and their retraction to the cell body after being
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FIGURE 5 Single and double tether extraction from (a) CcD4*
T-lymphocytes and (b) neutrophils when treated with 50 ng/ml PMA.
Each point represents an average of 10—-60 tethers from two to six cells at the
same aspiration pressure. The error bars in both directions stand for the
standard deviations of F and U, respectively. Also shown is the linear
regression equation that yields the threshold force and effective viscosity, as
well as the correlation coefficient.

broken. In most cases, double tethers could only be inferred
from the change in the bead velocity before its free motion (the
slope change as shown in Fig. 2 ¢). Although the tether length
shown in Fig. 2 c is long, this slope change is not caused by the
growth of the tether length. On average, the double tethers
extracted from the PMA-stimulated lymphocytes were only
~8 wm in total length (from the instant of adhesion to the
instant when the second tether was broken). This value is
comparable to the average tether length of the single tethers
extracted from these cells at low adhesion frequency, where
no slope change was observed (data not shown; this is also
true for other cells). Likewise, the slope change shown in
Fig. 2 ¢ is not caused by two different receptor pools or
one receptor population with two different linkages to the
cytoskeleton (one results in single tether extraction and the
other results in double tether extraction) either. If these two
different receptor pools or linkages existed, we would have
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FIGURE 6 Single and double tether extraction from (a) CD4"
T-lymphocytes and (b) neutrophils after they were treated with 25 ng/ml
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at the same aspiration pressure. The error bars in both directions stand for the
standard deviations of F' and U, respectively. Also shown is the linear
regression equation that yields the threshold force and effective viscosity, as
well as the correlation coefficient.

observed the same slope change when single tethers were
extracted at low adhesion frequency.

Membrane tethers extracted from fibroblasts do not have
F-actin inside (Raucher et al., 2000), which indicates that the
cytoskeleton is not deformed or dislocated during tether
extraction. This is likely also the case for the lymphocytes
and neutrophils studied in this article. If tether extraction
involves deforming the cytoskeleton (a network of rodlike
cytoskeletal components), we should expect that the tether-
growth velocity would become smaller and smaller under a
constant pulling force. The fact that we obtained a constant
tether-growth velocity under a constant pulling force indi-
cates that no cytoskeletal component was dislocated, so even
a receptor with two different linkages to the cytoskeleton
would not cause the slope change in Fig. 2 c. Therefore, the
slope change in Fig. 2 ¢ is very likely due to double tether
extraction.
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For single tether extraction from passive neutrophils at
large forces (>100 pN), it is possible that the local structure at
the junction of the tether and cell (mainly the separation
radius) will cause a decrease in the effective viscosity (Marcus
and Hochmuth, 2002). According to Marcus and Hochmuth
(2002), the smaller the separation radius (corresponding to
smaller pulling forces), the larger the effective viscosity. If
this were the reason for the slope change shown in Fig. 2 ¢, it
would imply that, after the slope change, the separation radius
became smaller and the effective viscosity became larger
because a smaller force was present (corresponding to the
faster bead motion as shown in Fig. 2 ¢ and Eq. 2). However,
what we found was that the effective viscosity became smaller
after the slope change (Figs. 3, 5, and 6). This contradiction, in
addition to the fact that the slope change has nearly never been
observed in our low adhesion-frequency (single tether ex-
traction) experiments, indicates that the slope change in Fig.2 ¢
is not caused by the change in the local structure of the cell.

Lymphocytes (~7.5 um in diameter) are smaller than
neutrophils (~8.3 wm in diameter) and have arelatively larger
nucleus (44% of cell volume) than neutrophils (21% of cell
volume) (Waugh and Hochmuth, 1995). We did not know
whether lymphocytes and neutrophils would exhibit different
mechanical properties governing tether extraction because of
their different cellular and nuclear sizes. In this study, we
found virtually no difference in the mechanics of tether
extraction (single or double) from these passive cells. Both
passive CD4 " T-lymphocytes and neutrophils have the same
effective viscosity (~1.55 pN - s/um). They also have the
same total adhesion energy (~130 pN/um) as determined
from the threshold force (Hochmuth and Marcus, 2002). The
cortical tension of lymphocytes, determined to be ~35 pN/um
(Waugh and Hochmuth, 1995), is very close to that of
neutrophils (24-35 pN/um) (Evans and Yeung, 1989;
Needham and Hochmuth, 1992; Tsai et al., 1993, 1994).
These results demonstrate that these two types of leukocyte
possess the same overall intrinsic mechanical properties as
manifested by membrane tension, bending, membrane vis-
cosity, and dynamic membrane-cytoskeleton association.

Because lymphocytes are smaller than neutrophils, they
would be expected to experience different tether forces under
the same blood flow conditions when rolling on the vascular
endothelium. By using a simple biophysical model of leu-
kocyte rolling (Shao et al., 1998), we were able to estimate the
variation of the bond force in a single tether being extracted
from either a lymphocyte or a neutrophil rolling under the
action of the same shear stress. As shown in Fig. 7, at a wall
shear stress of 0.08 pN/um?, the tensile force on a single tether
pulled from a lymphocyte (with an initial microvillus length
of 0.35 um) decreases from ~120 pN to ~50 pN in 1 s. Under
the same shear stress, the tensile force on a single tether from
a neutrophil (with the same initial microvillus length)
decreases from ~160 pN to ~60 pN in 1 s (Shao et al., 1998).

During the rolling of leukocytes on the endothelium,
double tether extraction could occur in at least two scenarios:
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FIGURE 7 Evolution of the bond force when single or double tethers were
extracted from a rolling lymphocyte or neutrophil under the shear stress of
0.08 pN/,umz. In the case of double tether extraction, the force on one bond
is shown.

a), two or more microvilli are in contact with the endothelium
or substrate and both adhere, hence two parallel tethers will be
extracted; and b), one microvillus adheres to the endothelium
or substrate and one tether is extracted first, then due to the cell
rolling, another microvillus adheres to the endothelium or
substrate and the second tether is extracted. Case a is def-
initely beneficial for a stable rolling because of its longer
adhesion lifetime, whereas case b is essential for the rolling to
occur. In both cases, our results have shown that these two
tethers will be independent of each other when their force and
growth velocity are considered. Shown in Fig. 7 is the bond
force history of case @ when double tethers are extracted,
calculated with the same approach for single tethers. Ata wall
shear stress of 0.08 pN/um?, the tensile force on one of the two
tethers extracted from a lymphocyte decreases from ~60 pN
to ~43 pNin 1 s. Under the same shear stress, the tensile force
on one of the two tethers from a neutrophil decreases from
~80 pN to ~54 pNin 1 s. Obviously, the presence of double
tethers can decrease the force on each bond much more
effectively than single tethers under the same shear stress.
Hence, for both lymphocytes and neutrophils, the extraction
and subsequent extension of single or double tethers can result
in a dramatic decrease in the stress tending to break the bond
between the leukocyte and endothelium. This stress relief
prolongs the bond lifetime and lowers the chance of extraction
of selectins from the rolling cell surface and hence helps keep
the cell linked to the endothelium until firm arrest and dia-
pedesis occur.

The transition of rolling to firm adhesion of a leukocyte
on the endothelium is regulated by specific chemokines
released locally by endothelial cells (Springer, 1995). These
chemokines bind to their G-protein-coupled receptors on
circulating leukocyte surfaces and hence induce adhesion and
migration in a manner analogous to adhesion molecules
(Olson and Ley, 2002). IL-8 and PMA are commonly-used in
the study of leukocyte functions. IL-8 is a potent neutrophil
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chemoattractant that can bind the receptors on neutrophils. IL-
8 has various effects on neutrophils such as pseudopodium
extraction, degranulation, and respiratory burst. Our results
demonstrate further that IL-8 affects the mechanics of tether
extraction (single and double) from neutrophils. Some con-
troversy exists about whether IL-8 has an impact on the mi-
gration of T-lymphocytes. Recent findings suggest that IL-8
activates neutrophils to release some prestored chemotactic
products from their granules that can mediate the migration of
human T-lymphocytes (Taub et al., 1996; Wang et al., 1996).
Nevertheless, our results indicate that IL-8 has no direct effect
on tether extraction from T-lymphocytes since our procedure
for isolating lymphocytes ensured that there were no neutro-
phils in the experimental chamber.

On the other hand, PMA can activate protein kinase C and
induce respiratory burst and actin polymerization in both
neutrophils and lymphocytes. Our results show that PMA
decreases the effective viscosity and increases the total ad-
hesion energy (as determined from the increased threshold
force) of both types of leukocyte. It has also been postulated
that IL-8 and PMA both cause a decrease in the membrane-
cytoskeletal slip viscosity of neutrophils, but not the mem-
brane viscosity nor interbilayer slip viscosity (Shao and Xu,
2002). The decrease in the membrane-cytoskeletal slip viscos-
ity will thus result in dramatic decrease of the effective
viscosity when tethers are extracted from neutrophils. Our
results show that PMA, but not IL-8, has similar effects on
CD4 " T-lymphocytes.

When double tethers were extracted in our experiment,
there were probably just two antibody-receptor bonds
between the bead and cell. If there were more than two
bonds, it would likely result in either no tether extraction or
more tethers (=3) extracted. The initial bond formation in the
contact area was a random process, so the locations of these
two bonds were likely not too close to each other within an
average contact area of 1-2 um?. This indicates that they
would likely be located on two different microvilli on passive
lymphocytes and neutrophils or at an average distance of a
few hundred nanometers on treated cells. Therefore, it is not
surprising that the correlation between F and U, for double
tether extraction from these leukocytes (passive or treated) is
shifted upward, relative to that of single tether extraction
(Table 1), in accordance with an approximate doubling of
threshold force and effective viscosity. This indicates that
double tethers generally do not compete for the lipid
membrane source even though the tethers could be 20- or
30-um long. This seems reasonable considering that there is
so much excess membrane material in these microvillus-rich
leukocytes and that individual tethers are only tens of nano-
meters in diameter. During the rolling of leukocytes on the
endothelium, double tethers occur occasionally as demon-
strated in flow chamber studies (Schmidtke and Diamond,
2000; Park et al., 2002). Our experimentally-determined F
versus U, relationship indicates that these two tethers are very
likely independent of each other while being extracted.
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