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Abstract

In vivo microscopy was used to assess the relationships among

shear rate (and shear stress), leukocyte rolling velocity, and
leukocyte adherence in a cat mesentery preparation. Shear rate
in individual venules and arterioles of 25-35 ;zm diameter were

varied over a wide range by graded occlusion of an arterial loop.
There was a linear decline in leukocyte rolling velocity (Vb) as

red cell velocity (Vfb,) was reduced. The ratio VbC/ Vrb re-

mained constant despite variations in shear stress from 5-25
dyn/cm2. A reduction in shear stress was associated with an

increased leukocyte adherence, particularly when V,,w was re-

duced below 50 Mim/s. Reduction in wall shear rate below 500
so' in arterioles allowed 1-3 leukocytes to adhere per 100 M&m

length of vessel, while venules exposed to the same shear rates
had 5-16 adherent leukocytes. In arterioles, leukocyte rolling
was only observed at low shear rates. At shear rates < 250 s-5
leukocyte rolling velocity was faster in arterioles than venules,
and the ratio V,,w/Vw for arterioles was 0.08±0.02, which was

fourfold higher than the ratio obtained in venules at similar
shear rates.

Pretreatment with the CD18-specific antibody (mAb) IB4
increased leukocyte rolling velocity in venules by 20 um/s at

red cell velocities below 2,000 Mm/s. mAbIB4 largely prevented
the leukocyte adherence to arterioles and venules, and in-
creased the ratio V,,,/ Vrw observed in venules at low shear
rates. The results of this study indicate that low shear rates
elicit a CD18-dependent adhesive interaction between leuko-
cytes and microvascular endothelium, and that differences in
shear rates cannot explain the greater propensity for leukocyte
rolling and adhesion in venules than arterioles. (J. Clin. Invest.
1991. 87:1798-1804.) Key words: leukocyte adherence * inflam-
mation * microvascular endothelium * neutrophils

Introduction

Blood flow-induced shear forces play an important role in
disrupting the adhesive bonds between leukocytes and endothe-
hum. The nature of this adhesive interaction has been studied
both in vivo (1-3) and in vitro (4-6). In vitro studies indicate
that there is little adherence of leukocytes to cultured endothe-
lial cells at shear stresses above 2.0 dyn * cm-2 (5, 6), and the
leukocyte adherence is independent of the CDl 1/CD 18 adher-
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ence glycoproteins except at shear stresses below 0.5 dyn cm-2
(6). However, the shear stress imposed in most in vitro models
of leukocyte adhesion is much less than those encountered in
vivo where values in 30-40-Am diameter venules in the cat
mesentery range from 3 to 36 dyn * cm-2 with a mean of 17.5
dyn cm-2 (3).

In vivo studies indicate that the hydrodynamic force due to
blood flow velocity and shear rate exerts considerable influence
on leukocyte-endothelial cell interaction, however the impor-
tance of these forces in the absence of any proinflammatory
stimulus is not clearly defined. In addition, the role of leuko-
cyte adhesion molecules in this shear rate induced alteration in
leukocyte-endothelial cell interaction has not been assessed in
vivo. Thus the first objective of this study was to systematically
analyze leukocyte-endothelial interactions in individual mesen-
teric venules over a wide range of shear rates and to assess the
role of CD1 1/CD 1 8 adhesion molecules on this interaction.
Rather than relying on spontaneous changes in shear rate or
compression of individual microvessels, wecannulated the arte-
rial supply to the mesentery so that red cell velocity and shear
rate could be varied over a wide range without direct interfer-
ence to the vessel under observation.

An interesting and consistent observation is that leukocyte-
endothelial interactions in vivo are confined to the venular
segment of the microcirculation and rarely observed in arteri-
oles (1). Two explanations can be provided for the preferential
adhesion of leukocytes to venular endothelium: the existence
of lower shear rates in venules compared to arterioles (1), or a
heterogeneous distribution of receptors for adhesion molecules
between arterioles and venules (7).

As early as 1973, Atherton and Born (1) suggested that the
reason leukocyte adhesion and rolling was not observed in arte-
rioles was because the higher shear force exceeded the adhesive
force in these vessels. One might predict, therefore, that reduc-
ing arteriolar shear rate may promote leukocyte adhesion in
arterioles. The second explanation for the lack of adherence
observed in arterioles is that the receptors for adhesive glyco-
proteins are preferentially distributed on the venular endothe-
lium. Although this has been suggested (7) such a heteroge-
neous distribution of receptors is yet to be established. There-
fore, the second objective of this study was to characterize
leukocyte-endothelial interactions in arterioles over the same
range of shear rates encountered in venules and to determine
what role, if any, the CDl 1/CD 1 8 adhesive glycoprotein com-
plex plays in this interaction.

Methods

17 cats (1.4-3.5 kg) were fasted for 18-24 h and initially anesthetized
with ketamine hydrochloride (50 mg/kg i.m.). The jugular vein was
cannulated, a saline drip established, and anesthesia was maintained
with intravenous sodium pentobarbitone (30 mg/kg). A tracheotomy
was performed and the animal ventilated by a respirator (model 665,
Harvard Apparatus Co. Inc., S. Natick, MA). Systemic arterial pressure
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was monitored by a Statham P23 pressure transducer connected to a
catheter in the right carotid artery.

A midline abdominal incision was made and the proximal part of
the small intestine (from close to the pylorus to the ligament of Trietz)
and the large bowel (from the ileocecal valve to the distal colon) were
surgically removed. The remaining isolated segment of small bowel
was left undisturbed with blood and lymph vessels intact.

The animal was heparinized (1,000 IU/kg) and an arterial circuit
established between the superior mesenteric artery (SMA)' and the fem-
oral artery. SMAblood flow was continuously monitored using an
electromagnetic flowmeter (Carolina Medical Electronics, King, NC)
connected to a probe positioned within the arterial circuit. SMAblood
pressure was measured via a sideport in the flow probe. Systemic and
SMAblood pressures were recorded with a Grass recorder (Grass In-
struments Co., Quincy, MA). Body temperature was maintained at
370C by a thermistor-controlled heat lamp. All exposed tissue was cov-
ered with saline-soaked gauze to avoid evaporation.

After completing surgery, the animals were placed in a left lateral
recumbent position on an adjustable plexiglass microscope stage. A
segment of midjejunum was exteriorized through the abdominal inci-
sion with great care taken to avoid trauma to the exposed bowel and
mesentery. The mesentery was then prepared for in vivo microscopic
observation according to the methods of House & Lipowsky (3). The
mesentery was draped over an optically clear viewing pedestal that
allowed for transillumination of a 3-cm2 section of mesentery. The
pedestal was maintained at 370C with a constant temperature circula-
tor (model 80; Fisher Scientific Co., Pittsburgh, PA). The exposed
bowel wall was draped with saline-soaked gauze, while the remainder of
the mesentery was covered with Saran Wrap (Dow Corning Corp.,
Midland, MI). The exposed mesentery was suffused with a warmed
(370C) bicarbonate-buffered salt solution (pH 7.4) at a rate of 2.0 ml/
min. The oxygen tension of the suffusion solution was reduced to 40
mmHgby bubbling with a mixture of 5%C02-95% N2-

The mesenteric microcirculation was observed through an intravi-
tal video microscope (Ortholux II E. Leitz, Inc., Rockleigh, NJ) with a
x20 objective lens (Zeiss UD20/0.60; Carl Zeiss, Inc., Thornwood,
NY) and a X 10 eye piece. The mesentery was transilluminated with a
12 V-100 WDC-stabilized light source. A video camera (Dage, MTI)
mounted on the microscope projected the image onto a black and
white monitor (Cohu Inc., San Diego, CA), and the images were re-
corded using a video cassette recorder (Panasonic NV8950). A video
time-date generator (Panasonic WJ810) projected the time, date, and
stopwatch function onto the monitor. The final magnification was
1,400.

Single unbranched arterioles and venules with diameters ranging
between 25 and 35 gmand - 250 ,m in length were selected for study.
Vessel diameter was measured with a video caliper (Microcirculation
Research Institute, Texas A &MUniversity, College Station, TX). The
number of adherent leukocytes was determined off-line during play-
back of videotaped images. An adherent leukocyte was defined as a
leukocyte that adhered to the endothelium for a period equal to or
greater than 30 s without rolling. Adherent cells were expressed as the
number per 100 ,m length of venule. Red cell velocity (V ) was mea-
sured using an optical Doppler velocimeter (Microcirculation Re-
search Institute, Texas A & MUniversity, College Station, TX) that
was calibrated against a rotating glass disk coated with red blood cells.
Leukocyte rolling velocity (V.,,) was calculated from the time required
for a leukocyte to traverse 50 ,m length of microvessel. In venules, a
mean of 10 estimates of transit time was used to determine Vb at each
shear rate. Because of the lower incidence of leukocyte rolling in arteri-
oles a mean of 8 estimates of transit time was used to estimate V .
Rolling leukocytes were defined as those white blood cells that contin-
ued to move but at a velocity less than that of the erythrocytes and were

1. Abbreviations used in this paper: SMA, superior mesenteric artery;
Vbc, red cell velocity; Vb,, leukocyte rolling velocity.

in contact with the endothelial cell surface. Leukocytes that were ad-
herent for 1-29 s were not considered as rollers.

Experimental protocol. Each vessel was videotaped for 2 min under
baseline conditions, then the velocity of blood flow was reduced by
tightening an adjustable screw clamp on the arterial circuit and a fur-
ther 2-min recording made at reduced velocity. The clamp was then
released and normal flow resumed for a period of 5 min to allow leuko-
cyte adherence and rolling velocity to return to baseline values between
each measurement. Velocity was reduced to either 75, 50, 25, or 10%of
the resting value in random order. Generally, no more than three veloc-
ity reductions were made in any one vessel because of the tendency for
the baseline level of adherence to increase, particularly after severe flow
reduction.

In 5 of the 17 animals the monoclonal antibody (mAb) IB4 (directed
against the leukocyte adhesion molecule CD18) was administered (1
mg/kg i.v. [8]) and after 20 min the above recordings were repeated.
Because the antibody blocked the tendency for baseline leukocyte ad-
hesion to increase, approximately six velocity reductions could be used
in each vessel.

Calculations. The leukocyte rolling velocity was expressed as a frac-
tion of the red cell velocity (V,,.J Vt). Venular blood flow was calcu-
lated as the product of mean red cell velocity [ Vmn,,, = centerline veloc-
ity * 1.6 (2)] and microvascular cross-sectional area assuming cylindri-
cal geometry. Wall shear rate (y) was calculated using the Poiseuille's
Law for a Newtonian fluid y ( VmJ,,D) 8, where D is vessel diameter
(9). Wall shear stress was calculated as y X blood viscosity (q) and v was
assumed to be 0.025 poise (10).

The data were analyzed using standard statistical analyses, i.e., one-
way analysis of variance, and Student's t test with a Bonferroni correc-
tion for multiple comparisons where necessary. All values are given as
mean±SE, and statistical significance was set at P < 0.05.

Results

The protocol for an individual experiment is shown in Fig. 1.
Local pressure in the arterial loop supplying the intestine and
mesentery was reduced for periods of 2 min to - 20 and 10
mmHgin order to reduce VU from a control value of 6 mm/s
to 3 (50%) and 1.5 (25%) mm/s. Between each pressure reduc-
tion the clamp was released and local pressure returned to con-
trol. A reduction in VA was associated with a reduction in Vwb,
and an increased number of adherent leukocytes. These effects
were largely reversed when full perfusion pressure was re-
turned.

The relationship between leukocyte rolling velocity and red
cell velocity when red cell velocity was varied by reducing local
perfusion pressure is shown in Fig. 2. There was a linear decline
in the velocity of white cells as red cell velocity was reduced
from 6,000 to 500 .u/s. Treatment with the CDI 8-specific anti-
body mAb IB4 did not alter the slope of the relationship but
caused a significant (P < 0.01) increase in the intercept from
9.6 to 28.0. That is, mAb IB4 appears to increase leukocyte
rolling velocity, however, this effect is only apparent at red cell
velocities below 2,000 Mm/s.

The ratio of leukocyte rolling velocity to red cell velocity
(VwbJ Vrb) at different shear rates is shown in Fig. 3. In un-
treated animals, the ratio is relatively constant at 0.025 over the
entire range of shear rates studied. Immunoneutralization of
leukocyte adhesion molecules with mAb IB4 resulted in an in-
creased leukocyte rolling velocity and caused the ratio Vw/ V
to increase, particularly at low shear rates.

The number of adherent leukocytes in each venule also
increased as red cell velocity and wall shear rate were reduced
(Fig. 4). At shear rates below 250 s-' there was a mean of 6±1
leukocytes adherent per 100 ,m length of venule.
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Figure 1. Results of an individual experiment in which a reduction in
local perfusion pressure was used to reduce Vb in a mesenteric
venule in the cat. The reduction in Vb was associated with a fall in
the V,,b, and an increase in leukocyte adherence. These effects were

largely reversible when local pressure was returned to control.

An even closer relationship was observed between the num-

ber of adherent leukocytes and leukocyte rolling velocity (Fig.
5), such that when Vwbc fell below 50 ,gm/s there was a progres-

sive increase in adherence. The increase in adherence observed
at low shear rate or low leukocyte rolling velocity was largely
abolished by administration of mAbIB4 (Figs. 4 and 5).

In order to test that the effects of mAbIB4 were specific for
CD11/CD 1 8, animals were given R 3.1 (1 mg/kg), an antibody
that does not bind to CDl 1 /CD 1 8 on feline leukocytes (as as-
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Figure 3. The ratio of white cell velocity to red cell velocity (VwbJ V~)
expressed as a function of wall shear rate and wall shear stress in
mesenteric venules of untreated animals and animals treated with the
CD1 8-specific monoclonal antibody IB4.

sessed by flow cytometry). The results are shown in Fig. 6.
There was no difference between untreated animals and ani-
mals treated with R 3.1 in either VwbJ/V or in WBCadher-
ence.
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Figure 4. Leukocyte adherence in mesenteric venules plotted against
wall shear stress. The increase in leukocyte adherence observed at
shear stresses below 20 dynes/cm2 is abolished by the monoclonal
antibody IB4.
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In addition to investigating the behaviour of leukocytes in
venules, we studied their behavior in mesenteric arterioles.
Leukocyte rolling and adherence only occurred in arterioles at
low shear rates, generally < 250 s-5. At shear rates above 250
s-' there was virtually no adherence and no obvious leukocyte
rolling. Fig. 7 compares the ratio of leukocyte rolling velocity
with red cell velocity in venules and arterioles at shear rates
< 250 s-' and in the presence or absence of mAb IB4. The
mean shear rate in each group was 158±9 (n = 23) for venules,
133±12 (n = 18) for venules plus mAbIB4, 115±26 (n = 6) for
arterioles, and 85±8 (n = 4) for arterioles plus mAb IB4. The
mean value of VlJ V, for venules was 0.02. The addition of
mAbIB4 increased leukocyte rolling velocity and doubled the
ratio VwbJVb,. In arterioles, the leukocytes rolled faster and
the ratio VbJ/ V was four times that observed in venules. This
ratio tended to increase in arterioles after the addition of mAb
IB4, however, this effect was not statistically significant.
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Leukocyte adherence in both arterioles and venules is
shown in Fig. 8 over a wide range of shear rates. Adherent
leukocytes were commonly observed in venules up to shear
rates of 750 s-'. However, in arterioles adherence was only
observed at shear rates < 385 s-' and rarely rose above one
adherent leukocyte per 100 ,gm length of vessel. In the presence
of mAbIB4 no adherent leukocytes were observed in any of the
arterioles studied.

Discussion
Our data indicate that as red cell velocity falls there is a linear
decline in the rolling velocity of white cells, with a tendency for
white cell velocity to fall more rapidly at red cell velocities
below 1.0 mm/s. Atherton and Born (1) reported similar find-
ings but with a definite reduction in slope of the relationship at
Vrb, above 1.0 mm/s, while Firrell & Lipowsky (2) found that
Vwbz remained constant once V.,, rose above 1 mm/s. In this
study individual venules of similar diameter were chosen and
Vrb, altered over a wide range. Atherton & Born relied on the
spontaneous velocities observed in vessels of markedly differ-
ent sizes (30-200 ,um), while Firrell and Lipowsky combined
spontaneously observed velocities in different sized vessels
with compression of some vessels in order to accumulate obser-
vations over a wide range of velocities. Because Vrb_ increases as
vessel size increases, it is likely that the higher Vr values repre-
sent data accumulated in larger venules, so that the plateau in
the relationship between Vwbc and Vrbz observed by these two
groups may reflect an effect of vessel size on Vwb .

Although our data strongly suggest that Vwbz increases with
increase in Vrw we have only investigated reductions in flow.
Wecannot exclude the possibility that at higher than normal
velocities there is a plateau in this relationship.

Another index used to assess leukocyte-endothelial interac-
tion is the ratio V,.J Vw. This ratio provides a measure of the
fracture stress at the area of contact between leukocytes and
endothelium. The higher the velocity ratio the lower the
amount of energy required to peel a leukocyte from the micro-
vessel wall (1 1). This ratio has been used to assess the effect of
various agents on leukocyte rolling, e.g., we have shown that
superoxide dismutase given 1 h after ischemia caused a signifi-
cant increase in VwbJ Vrt, without altering Vw(8). Agents that
alter VWbJVbc and at the same time alter Vw make interpreta-
tion of data difficult because of the uncertainty regarding the
influence of hydrodynamic dispersal forces on this ratio. This
study is the first to systematically assess the effects of shear
force on this ratio by altering shear rate in individual venules.
The results indicate that in untreated animals the ratio remains
constant over a wide range of shear rates. That is, VwbJ Vrb is a
useful tool to assess leukocyte-endothelial interactions even in
situation where Vr changes.

Factors affecting leukocyte adherence
Although leukocyte rolling is commonly observed in venules,
the adherence of leukocytes to venular endothelium is rare in
the absence of a proinflammatory stimulus. Physiologic factors
that modify leukocyte adhesion include (a) adhesion molecules
expressed on the surface ofthe activated leukocyte and/or endo-
thelial cell (12, 13), (b) electrostatic charge interaction between
leukocyte and endothelial cell surfaces (14, 15) including ef-
fects due to the presence of sialic acid residues (16), and (c)
hydrodynamic dispersal forces such as wall shear stress that
tend to sweep leukocytes away from the microvessel wall (1, 3).

Shearforces. In vitro studies indicate that shear stress plays
a major role in determining the extent of leukocyte adherence
to endothelium. Lawrence et al. (4) found that FMLP-stimu-
lated neutrophil adherence to cultured human umbilical vein
endothelial cells was completely abolished by a shear stress of
3.9 dyn/cm2. Other studies indicate that the critical shear stress
required to overcome adhesion may be as low as 1-2 dyn/cm2
(5, 6). These findings contrast with the present in vivo study in
which a shear stress of - 18 dyn/cm2 (shear rate of 750 s-') was
required to abolish adherence. As shear stress was reduced
from 18 down to 6 dyn/cm2 adherence increased progressively,
and below 6 dyn/cm2 adherence increased dramatically. Thus,
our data indicate that the adhesive forces in vivo are far greater
than the dispersive forces at shear stresses below 6 dyn/cm2,
while the adhesive forces are clearly weaker and rarely exceed
2-3 dyn/cm2 in various in vitro models. Schmid-Schoenbein et
al. (17) calculated the shear stress associated with a leukocyte
adhering to venular endothelium in the rabbit omentum and
found a range of 50-1,060 dyn/cm2. The lower shear stress
values observed in vitro may reflect a lower expression of adhe-
sion receptors on cultured endothelium compared with vessels
in vivo, however this remains to be investigated.

Leukocyte rolling velocity. Before a leukocyte can adhere to
the wall of a blood vessel it must first roll along the surface of
endothelial cells. Although it is generally accepted that leuko-
cyte rolling precedes adherence, there is no quantitative assess-
ment in the literature of the correlation between leukocyte
rolling velocity and leukocyte adherence. Our results indicate
that leukocyte adherence is minimal at leukocyte rolling veloci-
ties above 50 jim/s, however, once the velocity falls below 50
Am/s, adherence increases dramatically and reaches a maxi-
mumof 10-16 adherent leukocytes per 100 Atm length of vessel
at rolling velocities of 5-20 Am/s. This increase in adherence
may result from the fact that a progressive decrease in rolling
velocity would lead to a progressive increase in contact time
between adhesive molecules expressed on the surface of leuko-
cytes and/or endothelium. Once a critical contact time is
achieved the adhesive interaction between leukocytes and endo-
thelium is sufficiently strong to permit adherence.

Leukocyte adhesion molecules. Another important determi-
nant of whether leukocytes adhere to endothelium at any given
shear rate is the proadhesive force generated by leukocyte adhe-
sion molecules. The leukocyte adhesion glycoprotein complex
termed CD1I /CD 18 (or MAC-1; LFA- 1; p 150,95) is the pri-
mary mediator of adhesion of activated leukocytes to endothe-
lial cells ( 12, 13, 15). These are three structurally and function-
ally related glycoprotein heterodimers each consisting of an
immunologically distinct a subunit (CDl 1) that is noncova-
lently associated with a common 3 subunit (CD 18). These ad-
hesive molecules are rapidly mobilized in response to various
proinflammatory mediators (18, 19). In normal, nonactivated
neutrophils there is low level expression of CD 1 /CD 1 8 on
leukocytes. Whenthe neutrophil is exposed to a proinflamma-
tory stimulus there is rapid upregulation of a specific subunit
(CD I lb/CD 1 8) (13). Our study indicates that the CD11/CD 1 8
complex plays a major role in the shear rate-dependent leuko-
cyte adhesive interactions observed in postcapillary venules.
Immunoneutralization of the common(3 chain of CDl 1/CD 1 8
with monoclonal antibody IB4 significantly improved leuko-
cyte rolling velocity at any given red cell velocity and abolished
the leukocyte adherence normally observed at low shear rates.

The energy associated with the attachment of a leukocyte to
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the endothelium is termed adhesion energy. A measure of this
energy and therefore the strength of the intercellular bond is the
fracture stress. Schmid-Schonbein and co-workers (1 1) have
shown that the fracture stress is a function of the ratio V/,bd V
such that as this ratio decreases fracture stress increases, indi-
cating an increase in adhesion energy. In this study immunon-
eutralization of CDl 1 /CD 1 8 dramatically increased V.,bJ VK
at shear rates < 250 s-', indicating that there was a dramatic
reduction in adhesion energy in the presence of IB4.

Our observations that wall shear stresses below 15 dynes/
cm2 (the normal range of shear stress encountered in vivo in the
cat mesentery is 3-36 dynes/cm2) result in CDl 1/CD 1 8-de-
pendent leukocyte adhesion is inconsistent with several in vitro
studies which indicate that activated leukocytes are unable to
adhere to endothelial cell monolayers at shear stresses > 2-3
dynes/cm2 (4-6). One explanation for this difference in adher-
ence at wall shear stresses above 3 dynes/cm2 is that the me-
dium used in vitro does not mimic the conditions in vivo in
which leukocytes are suspended in a complex solution contain-
ing various proteins and other cell types. The inability of the
leukocytes to form strong adhesive interactions in vitro that
can withstand high shear forces may also be the result of low
level expression of the ligand for CDl 1/CD 1 8 on the surface of
the cultured endothelial cells. Because leukocytes have to be
isolated from whole blood for in vitro studies, the process of
isolation may interfere with or reduce the expression of
CDl 1/CD 1 8 glycoproteins relative to the same cells in vivo.
The nature of the endothelium may be an important determi-
nant of adhesive interaction. Most in vitro studies employ cul-
tured endothelial cells from either human umbilical vein or
bovine pulmonary artery. Leukocytes are far less likely to de-
velop adhesive interactions with major vessels, particularly
those on the arterial side of the circulation, than with venules
or capillaries. It is possible that endothelial cells cultivated
from venules may show a stronger adhesive interaction with
leukocytes in vitro than cells taken from arteries or veins. Fi-
nally, one cannot exclude the possibility that there are varia-
tions in the strength of adhesive interaction in different species,
however this remains to be established.

The values for wall shear stress in this study are calculated
by assuming a value for blood viscosity of 0.025 poise. This
value was derived in cat mesenteric venules of 30 ,um diameter
(10). It is possible that the effective viscosity within the micro-
circulation may be lower than 0.025 poise in which case the
shear stress would be reduced. Even if the viscosity was as-
sumed to be as low as that of plasma (0.01 poise) this data
would still indicate that the adherence of leukocytes in vivo is
greater than that observed in vitro for a given shear stress.

Adherence at low shear rates
An important observation of this study was the progressive
increase in the number of adherent leukocytes when wall shear
rate was reduced below 750 s-'. The mechanisms underlying
leukocyte adhesion at low wall shear rates are not clear. One
explanation for this behaviour is that there is a low level of
CD11/CD 18 expression in normal circulating leukocytes.
When shear rate exceeds 750 s-' the proadhesive force gener-
ated by these adhesion molecules is not sufficient to overcome
the anti-adhesive force generated by shear, however, as shear
rate is reduced the balance between proadhesive and hydrody-
namic dispersal forces changes such that leukocytes adhere.

Thus, while a low level expression of CD18 may result in mini-
mal adhesion at normal shear stresses, a strong adhesive inter-
action may develop between leukocytes and endothelium at
low shear rates because contact time is increased allowing
greater opportunity for adhesive bonds to be formed between
leukocyte and endothelial cell. An alternative explanation for
the increased adherence at low shear rate is that there is mini-
mal or no expression of CD 1 /CD 1 8 on circulating leukocytes,
but as venular blood flow is reduced there is a concomitant
reduction in the washout of endogenous proinflammatory
agents normally produced by endothelial cells. At shear rates
< 750 s'1 this accumulation of inflammatory agents would
lead to expression of CDl 1/CD 1 8 on rolling leukocytes and
ultimately to adherence. The lower the shear rate the greater
the adherence. In this scheme immunoneutralization of CD18
with TB4 should prevent the rise in leukocyte adherence at low
shear rates.

Adherence: arterioles versus venules
A consistent observation in the literature is that leukocyte rol-
ling and adhesion is much less common in arterioles than in
venules. One possible explanation for this decreased adherence
is the greater shear rate in arterioles compared with venules. If
shear rate was a major deterrent to leukocyte adherence in
arterioles then reducing shear rate in these vessels should lead
to leukocyte rolling and adhesion. The results of our study
indicate that shear forces do contribute to the absence of leuko-
cyte rolling and adhesion, i.e., rolling and adherence was ob-
served in arterioles exposed to low (< 250 s-') shear rates. How-
ever, the magnitude of leukocyte adhesion as well as the veloc-
ity of leukocyte rolling is dramatically different between
arterioles and venules exposed to the same shear rate. In arteri-
oles, adherence was never observed at shear rates above 385 s-',
while at shear rates < 250 s-' adherence rarely rose above 2 per
100 Atm, while in venules adherence was observed at shear rates
up to 880 s-', and rose as high as 12-16 adherent leukocytes per
100 lAm at shear rates < 250 s-' (Fig. 7). Similarly, the ratio of
leukocyte rolling velocity to red cell velocity was four times
greater in arterioles than venules at shear rates < 250 s-'. These
results indicate that at any given shear rate the level of adhesive
interaction between leukocytes and endothelial cells is much
less in arterioles than in venules.

The greater interaction of leukocytes with venular endothe-
lium could be due, in part, to the hydrodynamic interaction of
leukocytes with red blood cells which results in the leukocytes
being preferentially displaced towards the wall of the vessel
(20). This phenomenon is thought to occur as vessel diameter
increases at the level of postcapillary venules and may enhance
the likelihood of leukocyte rolling and adhesion.

The low level of adherence observed in arterioles at low
shear rates does appear to be CD18 dependent. After adminis-
tration of monoclonal antibody IB4 to the circulation we never
observed an adherent leukocyte in any arteriole. However, the
role of CDl 1/CD 1 8 in leukocyte rolling in arterioles is uncer-
tain. In this study the tendency for V,,b VA to increase in the
presence of IB4 was not significant.

Although CD18 plays a role in leukocyte adherence in arte-
rioles at low shear rates, the level of adhesion in arterioles is low
and this may reflect a lower density of the ligand for
CD 1 /CD 1 8 on arteriolar endothelium compared with venu-
lar endothelium. Alternatively, the arteriole may normally pro-
duce an anti-adhesive factor that is not produced by venules.
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