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LFA-1/1CAM-3 Mediates Neutrophil Homotypic
Aggregation Under Fluid Shear Stress
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Abstract

We found that human neutrophils undergo homotypic aggregation by loading the physiological range of

fluid shear stress (12-30 dynes/cm?). Under the fluid shear stress, an increase of intracellular Ca?* concentration of
neutrophils was observed. This increase of intraceliular Ca’* concentration was caused by Ca?* influx, and the blockage
of the flux by NiCl, suppressed the neutrophil homotypic aggregation. Furthermore, this neutrophil aggregation under
fluid shear stress was completely inhibited by pretreatment with antibody against LFA-1 or ICAM-3. These results
suggested that NiCl,-sensitive Ca?* channel played an important role in LFA-1/ICAM-3-mediated neutrophil homotypic

aggregation under fluid shear stress.
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Inflammatory response requires the recruit-
ment of circulating neutrophils to the site of
inflammation. The recruitment requires the abil-
ity of neutrophils to participate in a variety of
adherence-related functions. Actually neutro-
phils use a number of different adhesion mol-
ecules to bind the endothelial cells in many
different steps including rolling, stationary adhe-
sion, and migration into the perivascular tissue.
The first step, the rolling of neutrophils, is
known to be mediated by the selectin family.
The subsequent stationary adhesion and migra-
tion are mainly dependent on LFA-1/ICAM-1
interaction [Marlin and Springer, 1987,
Lawrence et al.,, 1990; Abbassi et al., 1993;
Beekhuizen and Furth, 1993; Buttrum and
Nash, 1993; Jones et al., 1993]. In addition,
LFA-1/ICAM-1 plays an important role of homo-
typic adhesion in various leukocytes including B
cells, T cells, and monocytes. This homotypic
aggregation of these cells has been observed
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under humoral stimuli such as PMA, but the
mechanism of aggregation has not been clarified
yet [Wuthrich, 1992; Bernard et al., 1994].

Recently, fluid shear stress has been reported
to induce platelet aggregation, which is medi-
ated by interactions of GPIb, GPIIb/IIla, von
Willebrand factor, and fibrinogen [Ikeda et al.,
1993]. As neutrophils are also constantly ex-
posed to a various degree of fluid shear stress in
circulation, it is possible that neutrophils un-
dergo homotypic aggregation under fluid shear
stress. Since no such data is available, we at-
tempted to study the effect of fluid shear stress
on neutrophils, employing cone-plate shear load-
ing apparatus developed for shear-induced plate-
let aggregation.

MATERIALS AND METHODS

Preparation of Neutrophils and
Glutaraldehyde-Fixed Neutrophils

Neutrophils were prepared from 20 ml of cit-
rated venous blood from normal human sub-
jects. Blood was mixed with an equal amount of
3% dextran saline in a plastic syringe and left to
sit vertically for 60 min at room temperature.
The resultant upper phase was taken and placed
gently on the same volume of Ficoll-Paque (sp.
Gr. 1.077). By centrifugation at 450g for 20 min
at 4°C, neutrophils were sedimented at the bot-
tom of the tube. After removing both the upper
phases and interface, the contaminating erythro-
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cytes were lysed by the addition of 5 ml of
ice-cold distilled water for 30 s, followed by 5 ml
ofice-cold, 1.8% NaCl solution. After centrifuga-
tion at 100g for 10 min, the cells were resus-
pended to make 1 x 107/ml with a modified
Tyrode solution buffer (135 mM NaCl, 2.7 mM
KCl, 1.0 mM CaCl,, 1.0 mM MgCl,, 0.3 mM
NaH,PO,, 12 mM NaHCOs, 5.6 mM glucose, pH
7.4). The neutrophils were used within 3 h after
preparation. Glutaraldehyde-fixed neutrophils
were prepared as follows: the neutrophil suspen-
sion was incubated with 2.5% glutaraldehyde
for 1 h at 37°C. The cells were washed twice with
phosphate buffered saline (135 mM NaCl, 2.7
mM KCl, 8.1 mM Na,HPO,, 1.5 mM NaH,PO,,
pH 7.4) and resuspended in modified Tyrode
buffer (1 x 107/ml).

Monitoring of Shear-Induced Aggregation
of Neutrophils

A neutrophil suspension (400 pl) was applied
to the center of the plate in the cone-shape shear
loading apparatus (Toray Industries Inc., Ka-
nagawa, Japan) and then exposed to various
shear stress by rotating the cone located 40 pm
above the plate. Shear stress (w) is calculated by
the formula m = prw/d, where 1 is shear stress
(dynes/cm?), w is viscosity of medium (poise), r
is distance (cm) from the center of the dish, w is
angle velocity of rotation of the disc (rad/s), and
d is the distance (cm) between the plate and disc.

Also, the homotypic aggregation of neutro-
phils was determined as follows: neutrophil ag-
gregation (%) = log (Ia/Ib)/(Ipp/Ib) x 100,
where Ia and Ib indicate transmitted light inten-
sity of the neutrophil suspension after and be-
fore the application of shear stress, respectively,
and Ipp is the transmitted light intensity of the
neutrophil-free suspending buffer [Ikeda et al.,
1993]. At the end of loading shear stress, the
cells were subjected to morphological study by
inverted phase microscopy.

The plate was read immediately after shear
stress for 2 min in an inverted phase micros-
copy, and aggregation was scored on a semiquan-
titative scale ranging from 0 to +5 according to
Rothlein and Springer [1986]: 0, no aggregation;
+1, less than 10% of cells in aggregates; +2,
10-50% of the cells in aggregates; +3, 50-100%
cells in small, loose clusters; +4, up to 100% of
cells aggregated in large clusters; +5, nearly
100% of cells in large, very compact aggregates.

Effect of Inhibitors and Antibodies on Shear
Stress—Induced Neutrophil Aggregation

Neutrophils were incubated in the presence of
10 pg/ml either anti-LFA-1 (CD11a) antibody
25.3.1 (Immunotech, Westbrook, ME), anti-
ICAM-3 antibody HP2/19 (Immunotech, or non-
immune mouse IgG (Sigma, St. Louis, MO) for
30 min at 37°C in modified Tyrode buffer. Neu-
trophils were preincubated at 37°C with various
agents, 10 ng/ml PGI,, 300 ng/ml PGE,, 2 mM
EGTA, and 5 mM NiCl, for 5 min. In contrast to
these agents, neutrophils were pretreated with
100 puM BAPTA-AM for 30 min in modified
Tyrode buffer without Ca?*. Then, the cells were
washed once with phosphate buffered saline and
resuspended in modified Tyrode buffer in the
presence of 1 mM CaCl,. Pretreated neutrophils
were exposed to 12 dynes/cm? of shear force for
2 min.

Measurement of Intracellular Caz+*
Concentration

Neutrophils were incubated with 10 pM fluo-3
AM at 37°C for 60 min in modified Tyrode buffer
without Ca?*. The cells were washed once with
phosphate buffered saline and resuspended in
modified Tyrode buffer in the presence of 1 mM
CaCl,. Fluo-3 AM-loaded neutrophils were pre-
incubated at 37°C with various agents described
above, and neutrophils were exposed to 12 dynes/
cm? of shear force for 2 min. The cell suspension
was replaced into the cuvette, the fluorescence
measurement started at least within 15 s, and
intensity was continuously monitored at the
setting of 480 nm (excitation) and 530 nm (emis-
sion) by a fluorescence spectrometer (F-4000;
HITATI, Tokyo, Japan). The intracellular Ca?*
concentration was determined according to the
method of Vandenberghe and Ceuppeno [1990].

RESULTS

Neutrophil Aggregation Under a Constant
Shear Stress

Neutrophils were challenged by various de-
grees of shear stress ranging from 6-60 dynes/
cm?, and a marked aggregation was observed
under a constant shear force from 12-30 dynes/
cm? (Fig. 1). Under a shear force of 12 dynes/
em?, the onset of aggregation was rapid, reach-
ing the maximum aggregation rate (about 90%)
within 2 min. To verify that the increased trans-
mitted light intensity is the cause of the homo-
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typic aggregation, an aliquot shows stress of the
loaded neutrophil suspension was subjected to a
morphological study by inverted microscopy. As
shown in Figure 2, the neutrophil aggregation
rate measured by a transmitted light intensity
was comparable with the findings obtained by
inverted phase microscopy.

Aggregation of Glutaraldehyde-Fixed
Neutrophils and Calibration Beads

We exerted shear stress on glutaraldehyde-
fixed neutrophils to investigate the surface event
of the homotypic aggregation as glutaraldehyde
fixation blocks intracellular signal transduction
and conformational changes of membrane struc-
ture. Glutaraldehyde-fixed neutrophils under
shear stress of 12 dynes/cm? for 6 min exhibited
the identical aggregation pattern as intact neu-
trophils, measured by transmitted light inten-
sity (Fig. 3a). Surprisingly, glutaraldehyde-fixed
neutrophils that aggregated under shear stress
were not aggregated at all in the inverted phase
microscopy (Fig. 3b). We speculated that neutro-
phil interaction under shear stress measured by
transmitted light intensity in our apparatus was
physical and not a physiological phenomenon.
To confirm the above speculation, calibration
beads were applied to the apparatus. Calibration
beads (6.5 pm, 1 X 107/ml) acted in the same
manner as glutaraldehyde-fixed neutrophils un-
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Fig. 1. Monitoring of shear-induced aggregation of neutro-
phils. Neutrophils (400 ul) in modified Tyrode buffer (1 x 107/
ml) were exposed to a constant shear stress from 6-60 dynes/
cm? for 6 min at room temperature. The aggregation rate was
measured by transmitted light intensity. The figure shows a
representative of three different experiments that had essen-
tially the same results.

der shear stress measured by transmitted light
intensity, and no aggregation of beads was ob-
served at the end of shear stress by inverted
phase microscopy. (Fig. 4a,b).

Effect of Fucoidin on Neutrophil Aggregation

Pretreatment of neutrophils for 10 min with
fucoidin (10 wg/ml), a carbohydrate moiety that
bound to and inhibited selectin function, had no
effect on the neutrophil aggregation induced by
shear stress determined by inverted phase micro-
scopic observation (Fig. 5).

Effect of Anti-LFA-1 or ICAM-3 Antibody
on Neutrophil Homotypic Aggregation
Under Shear Stress

Next we examined the integrin family. So we
examined the effect of antibodies against LFA-1
and ICAM-3 that are expressed on the neutro-
phil surface and that could interact with the
LFA-1 molecule. Neutrophils were incubated in
the presence of 10 pg/ml of either anti-LFA-1
(CD11a) antibody 25.3.1, anti-ICAM-3 antibody
HP2/19, or nonimmune mouse IgG for 30 min
at 37°C in modified Tyrode buffer. No aggrega-
tion was observed under pretreatment only with
antibody. Neutrophils were exposed to a shear
force of 12 dynes/cm? for 6 min in the presence
of the antibody. Either anti-LFA-1 or anti-
ICAM-3 antibody completely inhibited the neu-
trophil homotypic aggregation induced by shear
stress observed by inverted phase microscopy,
as shown in Figure 6, while the aggregation was
not.affected at all by pretreatment with nonim-
mune IgG.

Effect of Various Agents on Intracellular Ca?*
Concentration ([Ca?*]i) and Shear
Stress—Induced Aggregation of Neutrophils

We examined the effect of shear stress on the
intracellular Ca?* concentration of neutrophils.
The [Ca?*]i of resting neutrophils was found to
be 160 nM, and stimulation with 10-? M fMLP
caused a rapid increase of [Ca?*]i (about 1,000
nM) followed by a gradual decrease (Fig. 7, trace
B). In contrast to the fMLP stimulation, a
gradual increase of [Ca2?*]i was observed under
shear stress (Fig. 7, trace A). [Ca?*]i reached
about 750 nM within 2 min after stimulation of
12 dynes/cm? shear stress for 2 min. This in-
crease of [Ca?*]i was not inhibited by PGI, or
PGE,, which partially inhibited the increase of
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Fig. 2. Induction of neutrophil homotypic aggregation induced by shear stress. After neutrophils were
exposed to a constant shear stress for 6 min, an aliquot was subjected to phase microscopic observation.
The figure shows a representative of three different experiments that had essentially the same resuits.

[Ca2?*]i stimulated by fMLP. EGTA, BAPTA, or
NiCl, inhibited both the increase of [Ca2*]i and
aggregation induced by shear stress. On the
other hand, anti-LFA-1 and anti-ICAM-3 anti-
bodies failed to inhibit the increase of [Ca2*]i,
though these antibodies suppressed neutrophil
aggregation under shear stress (Table I).

DISCUSSION

In a vessel, the velocity of blood near the wall
is lower than towards the center; this difference
creates a shearing effect between adjacent layers
of fluid moving at different speeds. This shear
force can influence various cell functions in a
vessel. In this study, we first reported that neu-
trophils undergo homotypic aggregation under
fluid shear stress of the physiological range. The
aggregation was detected by transmitted light
intensity and inverted phase microscopy (Fig. 1,
2). The shear stress—induced aggregation of
platelets is mediated by plasma adhesive pro-
teins such as vWF and fibrinogen [Tkeda et al.,

1993]. In contrast to platelets, neutrophils aggre-
gated under shear stress in a simple buffer con-
taining no plasma protein factors. It was perti-
nent to clarify whether this aggregation is
provoked by physical events or not. Therefore,
glutaraldehyde-fixed neutrophils were subjected
to shear stress, as glutaraldehyde fixation blocks
intracellular signal transduction and conforma-
tional change of adhesion molecules on the cellu-
lar surface. Figure 3 shows that glutaraldehyde-
fixed neutrophils exhibited the same aggregation
pattern as intact neutrophils measured by trans-
mitted light intensity under shear stress, while
at the end of shear stress glutaraldehyde-fixed
neutrophils could not maintain the aggregation.
These results indicated that metabolically active
neutrophils are required in the neutrophil aggre-
gation under shear stress. In addition, calibra-
tion beads acted in the same manner as glutaral-
dehyde-fixed neutrophils under shear stress, and
no aggregation of beads was observed at the end
of shear stress by inverted phase microscopy
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Fig. 3. Shear stress—induced aggregation of glutaraldehyde-
fixed neutrophils. Glutaraldehyde-fixed neutrophils (see Materi-
als and Methods) were resuspended in modified Tyrode buffer
(1 x 107/ml) and exposed to a constant shear stress of 12
dynes/cm? for 6 min. Simultaneous recording of the aggrega-
tion measured by transmitted light intensity (a) and inverted
phase microscopic observation (b) was performed. The figures
show a representative of three different experiments that had
essentially the same results.

Fig. 4. Shear stress—induced aggregation of calibration beads.
Calibration beads (6.5 um, 1 x 107/ml) in modified Tyrode
buffer (1 x 107/ml) were exposed to a constant shear stress of
12 dynes/cm? for 6 min. Simultaneous recording of aggregation
measured by transmitted light intensity (a) and inverted phase
microscopic observation (b) was performed. The figures show a
representative of three different experiments that had essen-
tially the same results.
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Fig. 5. Effect of fucoidin on shear stress—induced neutrophil
homotypic aggregation. Neutrophils were pretreated with 10
pg/ml fucoidin for 10 min. After pretreatment, neutrophils
were exposed to a constant shear stress of 12 dynes/cm? for 6

(Fig. 4). Therefore, we concluded that under
certain conditions neutrophils aggregate by
physical force in our apparatus. However, the
sustained aggregation triggered by the shear
stress may be mediated by the intracellular sig-
nal transduction as a physiological phenom-
enon, because glutaraldehyde-treated neutro-

min, and inverted phase microscopic observation was per-
formed. The figure shows a representative of three different
experiments that had essentially the same results.

phils and calibration beads failed to sustain the
aggregation at the end of shear stress.
Neutrophils needed to have both receptors
and ligands on their surface because this shear
stress—induced aggregation occurred in a simple
buffer containing no plasma protein factors or
the other cells. Recently, the identity of the
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Fig. 6. Effect of anti-LFA-1 or anti-iICAM-3 antibody on shear
stress—induced neutrophil homotypic aggregation. Neutrophils
were incubated in the presence of 10 pg/ml anti-LFA-1 (CD11a)
antibody 25.3.1, anti-ICAM-3 antibody HP2/19, or nonimmune
mouse 1gG for 30 min at 37°C. After incubation, neutrophils

selectin, the integrin, and the immunoglobulin
superfamily (three groups of the adhesion mol-
ecules) [Marlin and Springer, 1987; Lawrence et
al., 1990; Abbassi et al., 1993; Beekhuizen and
Furth, 1993; Buttrum and Nash, 1993; Jones et
al., 1993]. First, we examined whether the sus-
tained neutrophil aggregation was mediated by
selectins. L-selectin was expressed on the neutro-
phil surface. L-selectin has been suggested to
recognize SLe?- and SLe*-bearing glycoproteins,
like E-selectin [Beekhuizen et al., 1993]. We
examined the effect of fucoidin, a carbohydrate
moiety that bound to and inhibited selectin func-
tion [Gaboury and Kubes, 1994], on neutrophil
aggregation induced by shear stress (Fig. 5).
Fucoidin did not affect neutrophil homotypic
aggregation under shear stress. This indicated
that the neutrophil aggregation was not medi-
ated by the selectin family.

Then we examined the possible involvement
of the integrin and the immunoglobulin super-
family in this aggregation. Several surface mol-
ecules have been shown to trigger homotypic

anti-ICAM-3

were exposed to 12 dynes/cm? of shear force for 6 min.
Inverted phase microscopic observation was performed before
and after shear stress. The figure shows a representative of five
different experiments that had essentially the same results.
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Fig. 7. Effect of intracellular Ca?* concentration stimulated by
fMLP or shear stress. Fluo-3—loaded neutrophils stimulated by
1077 M fMLP (arrow) were subjected to measurement of intra-
cellular Ca?* concentration by a fluorescence spectrometer
(trace B). Fluo-3-loaded neutrophils were exposed to a con-
stant shear force of 12 dynes/cm? for 2 min (underline). At the
end of shear stress, the cell suspension (400 pl) was replaced in
the cuvette, the fluorescence measurement started at least
within 15 s, and intensity was continuously monitored by a
fluorescence spectrometer (trace A).
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TABLE I. Effect of Various Agents on Shear
Stress—Induced Neutrophil Homotypic
Aggregation and Intracellular
Ca?* Concentration

Aggregation
score [Ca2+*]i

Agents (grade0—+5) (nM)
Control (no shear stress) +1 188 = 32
12 dynes/cm?

Control (no addition) +4 754 + 62

EGTA (2 mM) 0 123 + 37

PGE, (300 ng/ml) +4 760 = 43

PGI; (10 ng/ml) +4 771 £ 51

BAPTA-AM (100 uwM) +1 139 =20

NiCly (5 mM) +1 224 + 28

Anti-LFA-1 Ab (10 pg/ml) +1 746 + 57

Anti-ICAM-3 Ab (10 pg/ml) +1 758 = 82

Neutrophils were suspended in modified Tyrode buffer in
the presence of 1 mM CaCl; and then mixed with the
following agents: 2 mM EGTA, 300 ng/ml PGE,, 10 mg/ml
PGI;, and 5 mM NiCl; for 5 min and 10 pg/ml anti-LFA-1
antibody and 10 pg/ml anti-ICAM-3 antibody for 30 min.
Also, neutrophils were incubated with 100 uM BAPTA-AM
in modified Tyrode buffer without Ca2?* for 30 min. Then,
the cells were washed once with phosphate buffered saline
and resuspended in the same buffer in the presence of 1 mM
CaCl,. Incubated neutrophils were exposed to 12 dynes/cm?
of shear force for 2 min, and inverted phase microscopic
observation was performed. Fluo-3-loaded neutrophils were
incubated with various agents as described above. Incubated
neutrophils were exposed to 12 dynes/cm? of shear force for
2 min. The fluorescence measurement started at least within
15 s, and intensity was oontinuously monitored.

adhesion of B cells, T cells, or monocytes
[Wuthrich, 1992; Bernard et al., 1994]. In many
cases, these homotypic adhesion events are me-
diated by the LFA-1/ICAM-1 pathway [Koop-
man et al., 1990; Lauener et al., 1990; Kansas et
al., 1991; De Smet et al., 1993]. However,
ICAM-1 has not been reported to be expressed
on the neutrophil surface. Recently, ICAM-3, a
third adhesion counterreceptor for LFA-1, has
been found, which is well expressed on all leuko-
cytes and is absent in endothelial cells [Antonin
et al., 1992, 1994; Fawcett et al., 1992; Cam-
panero et al., 1993; Hernandes-Caselles et al.,
1993; Cid et al., 1994). We examined the influ-
ence of anti-LFA-1 or anti-ICAM-3 antibody on
the neutrophil homotypic aggregation induced
by shear stress. Neutrophils were incubated in
the presence of either the anti-LFA-1 antibody
25.3.1 [Fischer et al., 1986] or anti-ICAM-3 anti-
body HP2/19 [Hernandez-Caselles et al., 1993].
No aggregation of neutrophils was observed un-

der pretreatment with only these antibodies.
Anti-ICAM-3 antibody HP2/19 was reported to
be able to increase T lymphoblast homotypic
aggregation, suggesting that T cell aggregation
induced by this antibody could be mediated by
increasing the avidity of LFA-1 for ICAM-1
[Campanero et al., 1993]. We speculated that
HP2/19 pretreated neutrophils could not aggre-
gate, though this antibody increased the avidity
of LFA-1 for ICAMs including ICAM-3, because
ICAM-3 receptor was blocked by this antibody
and other ICAMs receptors were absent on the
neutrophil surface. These pretreated neutro-
phils were exposed to shear stress. Either anti-
LFA-1 or anti-ICAM-3 antibody completely in-
hibited the neutrophil homotypic aggregation
induced by shear stress observed by inverted
phase microscopy, as shown in Figure 6. These
findings suggested that neutrophil aggregation
induced by shear stress was mediated by an
LFA-1/ICAM-3—-dependent pathway and LFA-1
might be activated by shear stress. Whether the
LFA-1 molecule is directly activated by shear
stress or indirectly activated by physical cell-cell
interaction under shear stress remains to be
elucidated.

Platelet aggregation under shear stress has
been well characterized [lkeda et al., 1993]. This
platelet aggregation is mediated by a Ca2* influx
through a Ca2* channel. So we examined [Ca2+]i
under shear stress by using fluo-3-loaded neu-
trophils. We could not measure [Ca2*]i at the
same time during shear stress in our apparatus,
but [Ca?*]i was monitored within 15 s at the end
of shear stress. We detected a gradual increase
in [Ca?*]i stimulated by 12 dynes/cm? for 2 min
(Fig. 7, trace A). This increase of [Ca?*]i was
observed in shear stress—induced platelet aggre-
gation, but shear force was higher than that of
neutrophil aggregation [lkeda et al., 1993]. We
examined the effects of various agents in order
to investigate the mechanism of increase of
[Ca2+]i (Table I). PGI,; or PGE, had no effect on
neutrophil aggregation and the concomitant in-
crease of [Ca?*]i, though these agents inhibited
the increase of [Ca?*]i stimulated by fMLP (data
not shown). We speculated that the mechanism
of the increase of [Ca2* Ji induced by shear stress
was different from that of fMLP stimulation.
EGTA inhibited neutrophil aggregation and the
increase [Ca2*]i. This finding indicated that neu-
trophil aggregation and the increase of [Ca?*]i
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under shear stress required extracellular Ca2+.
Many authors reported that the LFA-1 molecule
requires extracellular Ca?* in order to sustain
the molecular conformation to bind the ligands
[Rothlein Springer, 1986; Marlin Springer,
1987]. The question remained whether the in-
hibitory effect of EGTA was due to suppression
of Ca?* influx or to inhibition of the sustaining
of LFA-1 molecular conformation. So we tried to
examine the effect of BAPTA that potentially
chelates the intracellular Ca?*. Preloading of
BAPTA inhibited the shear stress—induced neu-
trophil aggregation, indicating that the increase
of [Ca2+*]i was required for shear stress—induced
neutrophil aggregation. In general, there are
two established pathways for the increase of
[Ca?*]i, namely Ca?* influx and Ca?* mobiliza-
tion. We used NiCl, that was reported to inhibit
the Ca2* channel [Marriott et al., 1994]. Pre-
treatment with NiCl, inhibited both the aggrega-
tion and the increase of [Ca2*]i induced by shear
stress in the presence of extracellular Ca?*.
Thapsgargin, which inhibits Ca?* mobilization
from Ca2* storage sites, had no effect on shear
stress—induced neutrophil aggregation and the
increase on [Ca?*]i (data not shown). These
results suggested that Ca?* influx, which may be
mediated by a NiCl,—sensitive Ca?* channel,
played an important role in the increase of
[Ca?*]i and neutrophil aggregation under shear
stress. In contrast to NiCl,, verapamil, an inhibi-
tor of a voltage-dependent Ca?* channel, had no
effect on the increase of [Ca?*]i or on shear
stress—induced aggregation (data not shown).
This NiCly-sensitive Ca2* channel would act as a
mechanoreceptor. The increase of [Ca?*]i was
found to be essential for shear stress—induced
neutrophil aggregation, but the time sequence
of the increase by shear stress remained to be
elucidated. [Ca?*]i increased even in shear-
loaded neutrophils pretreated with anti-LFA-1
or anti-ICAM-3 antibody, which did not aggre-
gate. These results suggested that the increase
of [Ca2*]i might be the initial event. The in-
crease of [Ca®*]i likely caused by Ca?* influx
through NiCl;-sensitive Ca?* channel induced
LFA-1/ICAM-3—-dependent neutrophil aggrega-
tion under fluid shear stress.

The physiological implication of this novel
phenomenon may not be answered until further
detailed investigation is done. In conclusion, we
found for the first time that human neutraphils
undergo homotypic aggregation under fluid

shear stress of the physiological range. This
aggregation was mediated by LFA-1/ICAM-3
pathway which was activated by the increase of
[Ca?*]i through a Ni%*-sensitive Ca2* channel.
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