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Abstract

Background/Aims: The study examined the interdepen-
dent effects of shear stress and different leukocyte subpop-
ulations on endothelial cell activation and cell interactions
during low flow and reperfusion. Methods: Human umbili-
cal venous endothelial cells were perfused with either neu-
trophils or monocytes at different shear stress (2-0.25 dyn/
cm?) and adhesion was quantified by microscopy. Effects of
adherent neutrophils and monocytes on endothelial cell ad-
hesion molecule expression were analyzed by flow cytom-
etry after 4-hour static coincubation. After coincubation, the
cocultures were reperfused with labeled neutrophils at
2 dyn/cm? and their adhesion was quantified selectively. For
the control, endothelium monocultures with and without
lipopolysaccharide activation were used. Results: At 2 dyn/
cm?, adhesion did not exceed baseline levels on nonactivat-
ed endothelium. Decreasing shear stress to 0.25 dyn/cm?
largely increased the adhesion of both leukocyte subpopu-
lations, similar to the effect of lipopolysaccharide at 2 dyn/
cm?. However, only adherent monocytes increased adhe-
sion molecule expression, whereas neutrophils had no ef-

fect. As a functional consequence, adherent monocytes
largely increased neutrophil adhesion during reperfusion,
whereas adherent neutrophils did not. Conclusion: Compro-
mised shear stress is an autonomous trigger of leukocyte ad-
hesion even in the absence of additional activators. Exceed-
ing this immediate effect, adherent monocytes induce fur-
ther endothelial activation and enhance further neutrophil
adhesion during reperfusion.

Copyright © 2012 S. Karger AG, Basel

Introduction

Compromised tissue perfusion and leukocyte-related
tissue damage are central to the pathophysiology of organ
dysfunction during ischemia/reperfusion (I/R), shock
and systemic inflammation [1, 2]. At normal blood flow,
leukocyte adhesion depends on the inflammatory activa-
tion and upregulation of endothelial cell adhesion mole-
cules such as endothelial (E)-selectin, intercellular adhe-
sion molecule (ICAM)-1 and vascular cell adhesion mol-
ecule (VCAM)-1. Once expressed, these molecules bind
to their leukocyte receptors and allow leukocytes to ad-
here to the endothelium against the opposing shear forc-
es of blood flow [3-5]. While the inflammatory activation
of adhesion molecules is one important trigger for adhe-
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sion, decreased shear stress may be another. Both in vitro
and in vivo, decreasing shear stress increases adhesion in
the presence [4, 6, 7] and even in the absence of concur-
rent inflammatory activation [6, 8-10]. Since leukocyte
adhesion results in endothelial activation and further
leukocyte-endothelial interactions [3, 11-13], adhesion at
low shear stress may have a substantial influence on the
inflammatory response. However, because low shear
stress, low flow, hypoxia and inflammation are heavily
interrelated in vivo, it has remained elusive so far wheth-
er low shear stress precedes leukocyte adhesion or wheth-
er leukocyte adhesion precedes malperfusion [3]. For
similar reasons, it is still unknown if adhesion during low
shear stress is only a limited phenomenon, restricted to
the period of low blood flow, or if it acts as an initiator
and propagator of subsequent inflammation and further
hypoperfusion during reperfusion.

Apart from the complex interactions of shear stress,
inflammation and adhesion, another important gap in
knowledge is the interplay of different leukocyte subsets.
As most studies on cellular interactions during shock and
I/R focused on single adhesion triggers and single leuko-
cyte subpopulations, their interplay is poorly understood.
Although activated neutrophils are considered key effec-
tors in reperfusion injury, studies from other fields of re-
search provide evidence for a contributory role of mono-
cytes; here adherent monocytes increased E-selectin
expression and favored a subsequent accumulation of
neutrophils [13-15]. However, definite conclusions on the
relative contribution of both leukocyte subpopulations
are prohibited by the lack of comparative studies and the
confounding effects of traditional cell purification on
leukocyte adhesion molecule expression. While some of
these studies documented a considerable variation in un-
intended leukocyte activation [13], but others did not
control for this confounder [14, 15], a controversy re-
mains as to whether decreased shear stress alone repre-
sents an independent trigger for adhesion and subsequent
inflammation [3].

Using varying levels of shear stress in a flow-chamber
model with controlled leukocyte separation, we exam-
ined the interactions of neutrophils and monocytes with
the endothelium to answer the following questions. First,
does decreased shear stress induce leukocyte adhesion in
the absence of additional activators? Second, does this ad-
hesion induce endothelial activation? Third, what are the
consequences of shear-stress-related cell interactions
when flow is restored? And fourth, are there differences
between neutrophils and monocytes with regard to the
endothelial response to adhesion?
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Methods

Endothelial Cell Culture and Leukocyte Separation

After obtaining approval from the local Ethics Committee
(reference numbers 315/99 and 69/2003-A) and written informed
consent, human umbilical venous endothelial cells ( HUVEC) and
citrated blood samples were taken from healthy pregnancies or
female volunteers, with no coexisting cardiovascular risk factors
or recent drug intake. HUVEC were prepared as previously de-
scribed [16]. A purity and viability of >90% was confirmed by
staining for von Willebrand factor and Trypan blue (Sigma, St.
Louis, Mo., USA). First-passaged HUVEC were plated at high
density on rectangular coverslips precoated with collagen I (Fal-
con Biocoat™ BD-Labware, Bedford, Mass., USA) and used for
the experiment within 24 h after reaching confluence. Function-
al quality of HUVEC was assessed by flow cytometric analysis of
adhesion molecule expression on nonactivated and lipopolysac-
charide-activated cell cultures (4 h, 100 ng/ml LPS from Esche-
richia coli, serotype 026:B64; Sigma). For staining, saturating
amounts of fluorochrome-conjugated monoclonal antibodies
(mADb) against E-selectin (AC1.2, BD-Biosciences Pharmingen,
San Jose, Calif., USA), ICAM-1 (H84H10, Immunotech, Mar-
seille, France) and VCAM-1 (1.G1bl, Southern Biotechnologies,
Birmingham, Ala., USA) were used.

Polymorphonuclear neutrophils (PMN) were isolated by den-
sity gradient centrifugation at 1,700 rpm on a discontinuous Per-
coll gradient (Percoll 1.130 g/ml Amersham Pharmacia Biotech,
Uppsala, Sweden). The bottom layer was collected and contami-
nating erythrocytes were removed by hypotonic lysis in 10%
NH,CI (Sigma) on ice. After washing, the PMN pellet was re-
stored in cold Medium 199 (Invitrogen Karlsruhe, Germany) to 5
X 107 cells/ml until use. Monocytes were isolated by density de-
gree centrifugation and magnetic separation as previously de-
scribed [16]. Following centrifugation at 440 g for 40 min over a
discontinuous Ficoll gradient (Amersham Pharmacia Biotech),
the mononuclear cell fraction was harvested from the interface
between the Ficoll layer, and the plasma and contaminating
erythrocytes were removed by hypotonic lysis in 10% NH,Cl on
ice. For magnetic separation, the mononuclear cell fraction was
labeled with anti-CD33 mAb (AC104.3ES, Miltenyi Biotec Ber-
gisch Gladbach, Germany) and placed on the prechilled magnet-
ic separation column (VarioMACS™, AS, Miltenyi Biotec, Au-
burn, Calif., USA). After flushing out unlabeled cells with buffer,
the column was taken out of the magnetic field and the CD33+
monocytes were collected from the effluent. After centrifugation,
the monocytes were resuspended in cold Medium 199 to 1 X 107
cells/ml until use. The purity of both leukocyte subpopulations
(>90%) was confirmed by flow cytometric analysis of CD45 (]33,
BD-Biosciences Pharmingen), CD15 (28, Southern Biotechnolo-
gies) and CD14 (Tuek4, Immunotech). A subset of PMN suspen-
sions (n = 3) from which monocytes had not been removed during
cell separation was used in separate experiments to control for
hidden effects of CD33-labeling.

To avoid unintended activation of leukocyte adhesion mole-
cules during rewarming prior to the adhesion assay, we reconsti-
tuted the PMN and monocyte suspensions to 10° cells/ml just be-
fore the adhesion assay in Medium 199 at room temperature. Fi-
nal rewarming to 37°C was achieved in the flow channel of the
heatable flow chamber. For quality control, expression of L-selec-
tin and CD11b on isolated and stepwise rewarmed leukocytes was
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compared to the expression on leukocytes from freshly drawn
whole blood. L-selectin and CD11b were stained with fluoro-
chrome-conjugated mAb Leu-8 and CR3 (obtained from BD-Bio-
sciences Pharmingen and Caltag, San Francisco, Calif., USA, re-
spectively) and analyzed by flow cytometry.

Adhesion Assay

Leukocyte adhesion to HUVEC was examined in a tempera-
ture-controlled parallel-plate flow chamber (Kindler, Freiburg,
Germany) with a laminar flow profile (Reynolds number <1) by
phase-contrast microscopy (X 20, DMIRB; Leica, Bensheim, Ger-
many) as previously reported [16, 17]. Using a syringe pump (PHD
2000; Harvard Apparatus, Natick, Mass., USA), PMN or mono-
cyte suspensions (10° cells/ml) were perfused over either nonac-
tivated or activated HUVEC (LPS 100 ng/ml, 4 h) for 10 min at
two different shear stress levels of 2 and 0.25 dyn/cm?. Given the
constant viscosity of the perfusate (0.007 poise), changes in shear
stress were elicited at a constant size of the flow channel (1.25 X
0.02 cm) by different flow rates of 1.4 and 0.18 ml/min, respec-
tively.

Leukocyte adhesion was determined from digitized 10-second
video recordings (camera AVT-BC 11/GR, Sony; modified by AVT
Horn, Aalen, Germany) of 5 different fields of view at the end of
each perfusion period using customized software for image rec-
ognition (CellTracker, C. Zanke, University of Tiibingen, Germa-
ny). Leukocytes were defined as rolling when traveling below 40
wm/s [4]. Aleukocyte, moving less than 1 cell diameter in 10 s was
defined as firmly adherent. To differentiate adhesion from passive
sedimentation at 0.25 dyn/cm? we exposed the adherent leuko-
cytes stepwise to 32 dyn/cm? after the end of the adhesion exper-
iment, and measured cell detachment. Under this exposure >70%
of the adherent PMN remained bound.

Effects of PMN and Monocyte Adhesion on Endothelial Cell

Adhesion Molecule Expression

HUVEC were incubated with PMN or monocytes for 4 h. For
this purpose, static coincubation was preferred over perfusion at
0.25 dyn/cm? to avoid potential damage to the endothelial mono-
layer during removal from the flow chamber. As determined from
preliminary experiments, static coincubation with PMN or
monocytes at 2.5 X 10° cells/ml resulted in a similar degree of
adhesion than previously observed for monocytesat 0.25 dyn/cm?
(see fig. 2d). Because PMN had shown higher adhesion at 0.25
dyn/cm? (see fig. 2b), we also used two higher concentrations of
monocytes and PMN (5 X 10°and 1 X 10° cells/ml) for static co-
incubation to exclude concentration-dependent effects. After 4 h,
the cocultures were washed with buffer and labeled with mAb
against ICAM-1 and E-selectin for flow cytometry. For compari-
son, nonactivated and LPS-activated HUVEC monocultures were
used. To investigate whether the interactions of monocyte cell
surface receptors with their endothelial counterparts alone were
sufficient to upregulate ICAM-1 and E-selectin, or whether the
activation of additional intracellular pathways in the monocyte
was mandatory to induce the endothelial response to adhesion,
monocytes were pretreated with 2.5 pug/ml brefeldin A (Sigma) to
block intracellular transport of secretory proteins without alter-
ing the cell membrane [18]. After washing, the brefeldin-treated
monocytes (2.5 X 10°cells/ml) were also used for static coincuba-
tion.

Endothelial Response to Leukocyte
Adhesion

Effects of PMN and Monocyte Adhesion on Subsequent PMN

Adhesion during Reperfusion

HUVEC were incubated with PMN or monocytesat2.5 X 10°
cells/ml under static conditions as described above. Thereafter,
the coverslip was inserted into the flow chamber and reperfused
with fluorescence-labeled PMN (10° cells/ml) for 10 min at 2 dyn/
cm?. Fluorescence labeling was achieved by incubation of PMN
with calcein-AM (10pg/ml for 30 min in the dark, Molecular
Probes, Eugene, Oreg., USA). In order to discriminate PMN adhe-
sion during reperfusion from those PMN or monocytes that had
already adhered during static coincubation, the labeled PMN
were selectively visualized by fluorescence microscopy (filter I3,
Leica). To determine the molecular determinants for PMN adhe-
sion during reperfusion, blocking mAb against E-selectin (P2H3
Chemicon International, Temecula, Calif, USA), L-selectin
(DREG-56, BD-Biosciences Pharmingen) and CD18 (IB-4, An-
cell, Bayport, Minn., USA) were added to the cocultures at 10 g/
ml 30 min prior to the reperfusion assay. The nonspecific, non-
blocking clone HP6069 (BD-Biosciences Pharmingen) was used
as a control.

Flow Cytometry

Cell surface antigen expression of 5,000 HUVEC, PMN or
monocytes per sample was determined by flow cytometry
(FACSort™, Becton Dickinson). Leukocyte subpopulations or
HUVEC were identified using forward and side scatter properties
and staining with saturating amounts of fluorochrome-conju-
gated mAb against CD45, CD14 and CD15 for the leukocyte
subpopulations or mAb against E-selectin, ICAM-1 and VCAM-1
for HUVEC. Matching isotype controls were used to define the
setup of the instrument.

Statistics

Adhesion of leukocyte subpopulations at different shear stress
was analyzed from the mean of 5 randomly chosen fields of view
of 4 experiments for each experimental condition. Effects of ad-
herent leukocytes from 6 experiments on subsequent PMN adhe-
sion during reperfusion were examined in a similar way. Adhe-
sion molecule expression was measured from median fluores-
cence intensities (MFI), calculated from 5,000 events detected by
the flow cytometer for each sample of 6 experiments. Differences
between shear stress levels as well as differences between untreat-
ed and pretreated HUVEC were analyzed by paired t tests. A
p value <0.05 after Bonferroni-Holm correction was considered
significant. Data are presented as means and standard error of the
mean, unless stated otherwise. All analyses were performed using
the statistical software package JMP (SAS Institute Inc., Cary,
N.C., USA).

Results

Adhesion Molecule Expression on HUVEC and

Leukocyte Subpopulations

Endothelial cell culture resulted in nonactivated
HUVEC with an intact upregulation of endothelial cell
adhesion molecules following LPS activation (fig. 1a). As
shown in figure 1b, cell separation of PMN and mono-
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Fig. 3. Induction of E-selectin (a) and ICAM-1 (b) on HUVEC
after static adhesion of nonactivated PMN. Adhesion molecule
expression as determined by flow cytometry in HUVEC mono-
cultures without (white column) and with LPS activation (100 ng/
ml, 4 h; black column). Grey columns represent adhesion mole-

cytes yielded resting leukocytes without unintended ac-
tivation of leukocyte adhesion molecules when compared
to nonactivated leukocytes from whole blood.

Effects of Shear Stress on Leukocyte Adhesion

Under a shear stress of 2 dyn/cmz, activation with LPS
was required to induce relevant adhesion of PMN or
monocytes (p < 0.05; fig. 2). When shear stress was re-
duced from 2t00.25 dyn/cmz, however, adhesion of PMN
and monocytes increased significantly without addition-
al LPS activation (p < 0.05). Regarding the magnitude of
increase, reduced shear stress induced a 6-fold increase in
PMN adhesion, similar to the effects of LPS at 2 dyn/cm?.
Although monocyte adhesion did not increase to the
same extent, it did increase 4.5-fold (fig. 2).

Different Effects of PMN and Monocyte Adhesion on

Endothelial Cell Adhesion Molecule Expression

Coincubation of nonactivated HUVEC with three dif-
ferent concentrations of nonactivated PMN under static
conditions for 4 h did not upregulate E-selectin or ICAM-
1 when compared to the basal expression in nonactivated
HUVEC monocultures (fig. 3). In contrast, the coincuba-
tion of nonactivated HUVEC with nonactivated mono-

Endothelial Response to Leukocyte
Adhesion

cule expression on HUVEC/PMN cocultures after 4 h of coincu-
bation with varying PMN concentrations under static condi-
tions. Results given as means and standard error from 6 experi-
ments (* p<0.01 vs. nonactivated HUVEC monoculture; paired
t test).

cytes significantly increased the expression of both adhe-
sion molecules (p < 0.01, fig. 4) to a degree comparable to
the effects of 100 ng/ml LPS in HUVEC monocultures.
This increase was independent of the monocyte concen-
tration (fig. 4) and was also observed even when nonacti-
vated HUVEC were incubated with PMN suspensions
that contained only 5% contaminating monocytes (fig. 5).
Pretreatment of monocytes with brefeldin A inhibited
the endothelial response to monocyte adhesion com-
pletely (fig. 4).

Different Effects of PMN and Monocyte Adhesion on

Subsequent PMN Adhesion during Reperfusion

When compared to nonactivated HUVEC monocul-
tures, coincubation with PMN did not increase subse-
quent adhesion of fluorescently labeled PMN during re-
perfusion at 2 dyn/cm? 4 h later (fig. 6a). In contrast, coin-
cubation of HUVEC with nonactivated monocytes largely
increased subsequent PMN adhesion during reperfusion
when compared to nonactivated HUVEC that were not
pretreated with monocytes prior to the reperfusion assay
(fig. 6b). Addition of mAb against E-, L-selectin or CD18
to HUVEC/monocyte cocultures during reperfusion in-
hibited adhesion of reperfused PMN by 90% (fig. 6b).
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Fig. 4. Induction of E-selectin (@) and ICAM-1 (b) on HUVEC
after static adhesion of nonactivated monocytes. Adhesion mol-
ecule expression as determined by flow cytometry in HUVEC
monocultures without (white column) and with LPS activation
(100 ng/ml, 4 h; black column). Grey columns represent adhesion
molecule expression on HUVEC/monocyte cocultures after 4 h

Discussion

The increased adhesion of both leukocyte subpopula-
tions to the endothelium at 0.25 dyn/cm? in the absence of
concurrent inflammatory activation indicates that low
shear stress is an autonomous trigger for leukocyte adhe-
sion. Upon adhesion, however, only adherent monocytes
induced pronounced upregulation of endothelial cell ad-
hesion molecules, whereas PMN did not. Similar effects
were seen in PMN preparations that contained 5% mono-
cytes, indicating that the normal monocyte blood count is
sufficient to induce such activation. Most importantly,
this activation resulted in a large increase in subsequent
PMN adhesion during reperfusion. These findings pro-
vide the first in vitro evidence for the combined effects of
low shear stress and adhesion on endothelial cell activa-
tion in the absence of any additional activator and suggest
that their combination has the capacity to trigger a pro-
longed endothelial activation with substantial conse-
quences for subsequent leukocyte adhesion at reperfusion.
Direct comparison further showed that it is the monocyte,
and not the PMN, that represents the responsible entity.

174 ] Vasc Res 2012;49:169-180

of coincubation with different monocyte concentrations under
static conditions. Hatched column represents a subgroup of HU-
VEC/monocyte cocultures with 2.5 X 10° monocytes/ml pre-
treated with brefeldin A prior to coincubation. Results are given
as means and standard error from 6 experiments (* p < 0.01 vs.
nonactivated HUVEC monoculture; paired t test).

Apart from their primary adhesion to activated endo-
thelium, leukocytes can adhere to already adherent leu-
kocytes. This process is called secondary capture and re-
lies in major parts on interactions between L-selectin and
its receptor P-selectin glycoprotein ligand (PSGL)-1, both
of which are expressed constitutively on all leukocytes
[3]. As documented by the large inhibitory effect of block-
ing L-selectin in our experiments, improved secondary
capture played an important role for total PMN accumu-
lation during reperfusion. In HUVEC/monocyte cocul-
tures, blockade of L-selectin decreased adhesion by 90%,
whereas only 40% inhibition is seen in the same model on
LPS-activated HUVEC monocultures [17]. Notwith-
standing, only adherent monocytes but not PMN in-
creased subsequent adhesion during reperfusion indicat-
ing that leukocyte-leukocyte interactions alone were not
sufficient to aggravate leukocyte accumulation unless E-
selectin and ICAM-1 were upregulated by monocyte-re-
lated endothelial activation. This is also reflected by the
large inhibition in PMN adhesion seen in reperfused
HUVEC/monocyte cocultures with E-Selectin blockade.
As shown by the inhibiting properties of CD 18 mAb, the
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adhesion molecule expression. Results from 3 experiments with 27
static coincubation (4 h) of nonactivated HUVEC with nonacti-
10

vated PMN suspension and different admixture of contaminating
monocytes. a, b Original plots from flow cytometry showing con-
tamination with 0.2% CDI14+ monocytes (a) and 5% CD14+
monocytes in gate R1 (b). ¢ Expression of E-selectin and ICAM-1
in HUVEC/PMN cocultures with 0.2% contaminating mono-
cytes (light grey column) and 5% contaminating monocytes (dark
grey column). For comparison, the black column represents the
expression on HUVEC monocultures after maximal LPS activa-
tion (100 ng/ml, 4 h). Expression is given as relative increase in
relation to the expression detected on nonactivated HUVEC
monocultures (indicated by a broken line).

binding of leukocyte integrins to their endothelial recep-
tors (such as ICAM-1) was necessary to translate rolling
into firm adhesion. Failure to upregulate endothelial ad-
hesion molecules thus appeared responsible for the lack-
ing effect of adherent PMN on subsequent PMN-adhe-
sion during reperfusion.

In contrast to our observations, other investigators
suggested that adherent PMN may directly induce endo-
thelial activation through the binding of CDIlla and
CD11b to ICAM-1 [11]. This assumption was based on the
finding that activated PMN increased the production of
reactive oxygen species (ROS) in adjacent endothelial

Endothelial Response to Leukocyte
Adhesion

Relative MFI increase vs. nonactivated HUVEC
I I N BEERN|

E-selectin ICAM-1

N

cells, regardless of whether living or ethanol-fixed dead
PMN were used. In a subsequent study, however, endo-
thelial peroxynitrite levels and adhesion molecule ex-
pression increased only when activated PMN were used,
whereas nonactivated PMN showed no effect [12]. In
agreement with our results, these findings indicate that
PMN must be costimulated with both an inflammatory
mediator and an adhesive substrate to elicit a full endo-
thelial response to adhesion, whereas monocytes induce
profound endothelial cell activation upon adhesion even
in the absence of an additional activator. Apart from sim-
ply enabling firm adhesion, interactions of 3, and ,-in-
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tegrins with their endothelial receptors (such as ICAM-1
and VCAM-1) initiate a multitude of post-receptor sig-
naling pathways in leukocytes and endothelial cells 3, 5,
19]. In an earlier study on monocyte-endothelial interac-
tion, endothelial activation depended on interactions of
CD11b with the endothelium [15]. Our results show that
the binding of 3,-integrins such as CD11b to their endo-
thelial counterreceptors, on its own, is not sufficient to
induce endothelial activation. This is because these inte-
grins are expressed on PMN and mononcytes, whereas
the upregulation of E-selectin occurred after monocyte
adhesion only.

Even ligations of other monocyte-specific 3;-integrins
(such as very late antigen (VLA)-4) are not solely respon-
sible for endothelial activation since blockade of intracel-
lular protein transport with brefeldin A abolished the up-
regulation of endothelial cell adhesion molecules in our
experiments. This finding and the contrasting effects of
adherent PMN and monocytes indicate that the endothe-
lial response to adhesion depends on important differ-
ences in postadhesion signaling between both leukocyte
subpopulations. Of the large proinflammatory armen-
tarium of monocytes, cytokine-associated pathways
seem to be reasonable candidates as integrin-induced
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beled PMN. In a subset of experiments, E-selectin, L-selectin and
CD18 were blocked with functional blocking antibodies. Results
are given as means and standard error from 6 experiments (* p <
0.01 vs.nonactivated HUVEC monoculture;* p<0.01 vs. HUVEC
monocyte coculture).

outside-in signaling induces stabilization of cytokine
mRNA, particularly interleukin (IL)-18 and tumor ne-
crosis factor (TNF)-a, which have been shown to activate
NF-kB and E-selectin in endothelial cells following adhe-
sion in vitro [5, 13-15, 19]. Nevertheless, although IL-1
and TNF-a are potent activators, additional mechanisms
seem to be involved in sustained endothelial activation
following monocyte adhesion [14, 15]. Inhibiting mono-
cyte adhesion by blocking CD11b, for instance, attenuates
E-selectin expression by 80%, whereas only 50% inhibi-
tion is seen with TNF-a blockade [15]. Additionally, IL-1
and TNF-a upregulate E-selectin for only 4 h, whereas
monocyte adhesion results in sustained upregulation
[14]. We did not look for random candidates of interest in
our experiments because bidirectional signaling during
monocyte-endothelial interaction is imbedded in a sys-
tem with substantial complexity and overlapping path-
ways [5, 19]. In the light of the current knowledge, how-
ever, some speculation may be allowed. Among the
various chemokine-dependent pathways involved in
monocyte-endothelial adhesion, interactions of CC-che-
mokine ligand (CCL)-2 with its monocyte chemokine
receptor (CCR)-2 likely could be involved. When present-
ed on activated endothelium, CCL-2 favors monocyte
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adhesion. Beyond its contribution to monocyte recruit-
ment, CCL-2 has also been shown to amplify endothelial
activation in interaction with TNF-a and is regarded as
a key regulator of endothelial dysfunction in atheroscle-
rosis and diabetes [20-22]. Most importantly, there is the
first evidence that CCR-2-expressing monocytes regulate
the migration of neutrophils into inflamed or postisch-
emic lungs [23, 24]. Limited by the technical difficulties
of the in vivo setting, the latter observations did not
provide a detailed insight into the mechanisms involved
and were regarded preliminary as yet [23]. In combina-
tion with our results, however, they suggest that the CCL-
2/CCR-2 axis might be a key regulator of monocyte-de-
pendent reperfusion injury that should be the subject of
further study. Regarding the transient effect of mono-
cyte-derived cytokines and the more sustained effects of
monocyte adhesion on endothelial activation [20, 21], it
appears possible that monocyte-derived cytokines first
upregulate endothelial CCL-2 which, in turn, binds to its
ligand CCR-2 on the monocyte and translates initial ac-
tivation into a sustained endothelial response to mono-
cyte adhesion.

In order to examine the interplay of shear stress, leu-
kocyte adhesion and endothelial activation during low
flow and reperfusion, we used a standardized flow-cham-
ber model to avoid the overlapping effects of shear stress,
ischemia and inflammation, as they may arise in animal
models. Clearly, this artificial in vitro model has other
limitations as it cannot simulate all aspects of the micro-
circulation in an intact organism. For instance, we used
HUVEC instead of microvascular endothelium to avoid
the downregulation of adhesion molecules during mul-
tiple subpassages which would have been necessary to
gain a sufficient number of microvascular monolayers for
a comparative setting. Although HUVEC might express
selectins at a higher density than microvascular endothe-
lium [25], this does not seem to be functionally impor-
tant; a direct comparison of microvascular and umbilical
venous endothelium showed no relevant differences in a
previous study on monocyte adhesion [13]. Accordingly,
the effects of selectin blockade in our experimental set-
ting closely resemble those that have been observed from
the intact postcapillary microcirculation in vivo [17, 26].
The use of leukocyte isolates might be regarded the most
critical limitation of adhesion assays as it precludes the
effects of other cell types from whole blood and bears the
risk of unintended changes in L-selectin and CD 11b ex-
pression during cell separation [3, 16]. The use of differ-
ent leukocyte subsets, however, was mandatory to delin-
eate important differences between PMN and monocytes
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that had not yet been described. Most importantly, the
modified separation technique in our experiments did
not alter leukocyte adhesion molecule expression as doc-
umented by the direct comparison of isolated PMN and
monocytes to their counterparts in whole blood. While
previous studies on shear stress and adhesion have been
criticized for possible alteration of leukocyte adhesion
molecules during cell separation [3], this concern does
not apply to our experimental setup.

When cell suspensions are used instead of whole
blood, differences in shear stress must be kept in mind to
avoid misinterpretation. Shear stress is the product of vis-
cosity and shear rate; the latter determined by the flow-
dependent velocity gradient near the (vascular) wall [27].
Because of plasma proteins and red blood cells, viscosity
is higher in whole blood than in aqueous cell suspension
in vitro. In vivo, viscosity further varies with hematocrit
and shear rate. At a given shear rate, these rheological
properties of whole blood increased shear stress by 3-5
times when compared to our model [28]. For interpreting
adhesion assays, these differences between Newtonian
cell suspensions and non-Newtonian whole blood should
be considered since leukocytes usually fail to adhere at
shear stresses >4-10 dyn/cm? in vitro while they might
still become adherent in vivo [3]. The reason for this dis-
crepancy is largely due to the interaction of adhesion mol-
ecules with shear-induced deformation of the leukocyte
cell membrane and its balance with the distracting forces
of flow velocity. Although shear rate and shear stress are
closely linked, shear rate is predominantly determined by
tlow velocity. As a decrease in flow velocity leads to an
increased residence time of leukocytes at the endotheli-
um, it will expand the time available for bond formation
and thereby increase the chances of a cell to become ad-
herent. At the same time, however, decreased shear stress
results in decreased torque followed by a decreased defor-
mation of the leukocyte. As a consequence, the contact
area between the interacting cells is decreased, which re-
duces the number of available binding sites [29, 30]. While
integrin-dependent adhesion is promoted by increased
residence times, torque is of critical importance for short-
lived selectin interactions. Because selectin-mediated
rolling requires the formation of new bonds before previ-
ous bonds have become released, a shear threshold of 0.5
dyn/cm? is required to maintain rolling interactions [31].
Increasing the surface density of available binding sites
compensates for this effect [29, 31]. In this regard, the im-
portance of shear stress versus shear rate is shown by
studies that reported an improved adhesion when viscos-
ity was increased at given shear rates <800 s~ [30, 32].
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Although absolute values of shear stress in vivo are not
directly comparable to shear stress in vitro for the reasons
mentioned above, the consequences of decreasing shear
rate are similar. At 2 dyn/cm?, the shear rate in the flow
chamber is 285 s~! which is equal to a shear stress of 6-10
dyn/cm? at normal blood viscosity in vivo. At 0.25 dyn/
cm?, the shear rate is 35 s7!. In rats, a decrease from 400
to 50 s7! resulted in 3-fold increased leukocyte-endothe-
lial interactions in mesenteric venules [9]. In the pulmo-
nary microcirculation even a small reduction from 266 to
188 s induced a 20% increase in leukocyte accumulation
[10]. Since shear rate depends on flow velocity, it depends
on vessel size and blood flow. Similar to our experimental
setup, shear rate was decreased in the mentioned animal
studies by decreasing flow. Hence, apart from altered
shear forces, altered mass transport of soluble mediators
or nutrients might have also contributed to the observed
adhesion behavior. This is illustrated by an earlier study
in which the reduced wash-out of leukotriene B4 contrib-
uted to shear-rate-dependent leukocyte adhesion in mes-
enteric venules after graded occlusion of the arterial cir-
cuit [7]. In our experiments, we related leukocyte adhe-
sion to shear stress as it implies all hydrodynamic forces
that interact with leukocyte adhesion. However, because
of the interaction of cell adhesion with shear forces and
flow described above, it appears likely that the reduction
of shear rate and flow is the major contributor that trig-
gers adhesion at low shear stress.

Regardless of its hydrodynamic effects on cell interac-
tions, shear stress is a key regulator of endothelial cell
function and morphology [33]. While earlier studies re-
ported upregulation of ICAM-1, CCL-2 and increased
leukocyte adhesion when static cultures were subjected to
flow [34, 35], it has meanwhile become accepted that
these findings were not related to a proinflammatory ef-
fect of shear stress itself, but to the abrupt changes im-
posed [33, 36]. Apart from shortening residence times,
maintaining laminar shear stress protects against leuko-
cyte adhesion by stimulating the endothelial-dependent
synthesis of anti-inflammatory transcription factors, ki-
nases, prostacyclin and nitric oxide while ROS-mediated
activation of proinflammatory kinases and NF-kB is in-
hibited [9, 10, 33, 37]. As most of these effects did not play
a role in our experimental setting, our results indicate
that the hydrodynamic effects of shear stress on residence
times alone are sufficient to induce adhesion and endo-
thelial activation. Because all HUVEC were grown under
classic static culture conditions before the adhesion as-
says, even 0.25 dyn/cm? did not represent a decrease in
shear stress in relation to the prior conditions, and should
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not have attenuated the expression of anti-inflammatory
proteins. When static endothelial cell cultures were ex-
posed to flow or TNF-« in other studies, an increased
expression of CCL-2, ICAM-1 and increased leukocyte
adhesion were observed in comparison to shear-condi-
tioned endothelium [34-36]. As shown by the reperfusion
experiments, this does not explain our findings. Follow-
ing static coincubation of HUVEC with PMN or mono-
cytes, adhesion molecule expression and adhesion during
reperfusion only increased following pretreatment with
monocytes, but not in both types of cocultures. As
Matharu et al. [36] demonstrated in a detailed study on
endothelial cell function under varying conditions of
tlow, the ability to capture flowing PMN following rein-
stitution of flow lasts from 1-3 h after flow reduction
only, and depends on a ROS-mediated increase in platelet
(P)-selectin expression. In our study, the reperfusion ex-
periments were conducted at a later time point after 4 h
of static coincubation. P-selectin was not assessed in
these experiments as it does not play a role in leukocyte
rolling after 4 h of endothelial activation in humans [17].
Unlike rodents, humans and primates are not able to sus-
tain endothelial P-selectin expression beyond the very
tirst minutes of acute inflammation because of a lack in
transcriptional regulation [3, 38]. Although P-selectin is
a key regulator of early reperfusion injury [2], we had to
choose a longer duration for coincubation to examine
firm adhesion at the time of maximal expression of E-
selectin and ICAM-1, instead of initial capture only. Ac-
cordingly, Matharu et al. [36] noted only a transient in-
crease in P-selectin-dependent rolling interactions,
whereas we observed a profound increase in firm adhe-
sion after a 4-hour pretreatment with monocytes. Re-
garding the functional role of endothelial derived P-se-
lectin, it also seems intriguing that platelet, but not en-
dothelial P-selectin has been shown to contribute to
leukocyte-related organ dysfunction of the kidneys, lungs
and liver, even in rodents [39-41]. Regarding the reported
hyperresponsiveness of static HUVEC to TNF-a, this ob-
servation might in itself represent an in vitro phenome-
non. While shear conditioning at 20 dyn/cm? nearly abol-
ished the endothelial response to TNF-a in vitro, TNF-a
frequently increases adhesion molecule expression and
leukocyte adhesion in postcapillary venules in vivo [26].
Although our conclusions are derived from a simplified
in vitro system, the validity of the parallel plate flow
chamber as a model for cell interactions in vivo has been
shown by direct comparison in an animal study on inte-
grin function [42]. Finally, the relevance of our findings
is strengthened by studies on temporal and spatial leuko-
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cyte extravasation in reperfused lungs. In these models of
noninfectious pulmonary inflammation, lung injury was
shown to be biphasic with an early monocyte-dependent
phase and a later neutrophil-dependent phase. In addi-
tion, neutrophil extravasation occurred adjacent to ex-
travasated monocytes and was inhibited by monocyte
depletion [23, 43].

Taken together, this study demonstrates that low shear
forces, as they occur in the earliest phase of I/R and shock
[44-46], induce adhesion in the absence of additional in-
flammatory activation or hypoxia. In our experimental
setting, the decrease in shear rate and the consecutively
increased residence time of leukocytes at the endotheli-
um appeared to be the key factors for adhesion at low
shear stress. In vivo, other mechanisms such as an altered
nitric oxide production are likely to contribute, especial-
ly when shear-conditioned endothelium is subjected to
an abrupt decrease in shear stress. Although these mech-
anisms may further enhance adhesion, we provide the
first evidence that the combination of low shear stress
and monocyte adhesion alone has the capacity to initiate
a profound inflammatory response as an important trig-
ger for subsequent PMN accumulation during reperfu-
sion. In so far as shear stress depends on complex interac-
tions between systemic blood flow, vasomotor tone and
local arteriovenous pressure gradients, it cannot be pre-
dicted from global hemodynamic measurements and
may be decreased even when tissue oxygenation is pre-

served or has been restored [44-47]. From a clinical point
of view, our findings therefore mandate the need for mi-
crovascular resuscitation targets in addition to the con-
troversially discussed thresholds of macrovascular he-
modynamics and oxygen delivery [45]. As leukocyte ac-
cumulation has been shown to correlate with the degree
of hemodynamic instability in sepsis models, decreased
shear forces might not only contribute to leukocyte-relat-
ed tissue damage in noninfectious reperfusion injury but
also in septic shock [48-50]. From a researcher’s perspec-
tive, our results indicate that more emphasis should be
placed on the differential role of various leukocyte sub-
sets during shock syndromes. Although the microvascu-
lar accumulation of neutrophils is numerically abundant
during shock and I/R, monocytes may have an even more
substantial influence on the development of endothelial
dysfunction and subsequent leukocyte accumulation
during reperfusion.
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