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Synthetic Colloids Attenuate Leukocyte–Endothelial
Interactions by Inhibition of Integrin Function
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Background: It has been suspected that synthetic colloids
may interfere with leukocyte adhesion by down-regulation of
endothelial cell adhesion molecules. Although inhibition of en-
dothelial inflammation might reduce leukocyte-related tissue
injury, the same mechanism may be detrimental for host de-
fense during severe infection. Regarding the widespread use of
colloids, the authors performed a laboratory investigation to
determine the mechanisms by which synthetic colloids inter-
fere with leukocyte–endothelial interactions.

Methods: Adhesion molecule expression on native and cyto-
kine-activated endothelium from umbilical veins was measured
after pretreatment with gelatin and various preparations of
dextran or hydroxyethyl starch. Inhibition of neutrophil adhe-
sion to activated endothelium was examined in a flow chamber
by perfusion of untreated and colloid-treated neutrophils over
colloid-pretreated endothelium at 2 dyn/cm2. Comparisons
were made between untreated controls, colloid-pretreated en-
dothelium, and colloid-cotreated neutrophils.

Results: Intercellular adhesion molecule 1, vascular cell ad-
hesion molecule 1, E-selectin, and P-selectin were not attenu-
ated by any colloid. Accordingly, colloid pretreatment of endo-
thelium alone did not reduce neutrophil adhesion. In contrast,
when neutrophils were cotreated by addition of colloids to the
perfusate immediately before perfusion, adhesion decreased by
31–51% (P < 0.05) regardless of the colloid type. As indicated by
the twofold increased rolling fractions, this reduction was due
to an inhibition of neutrophil integrins.

Conclusions: This study shows that synthetic colloids inhibit
neutrophil adhesion by a neutrophil-dependent mechanism
rather than interfering with endothelial cell activation. This
suggests that inhibition of leukocyte sequestration by volume
support is a common and transient phenomenon depending on
the colloid concentration in plasma.

VOLUME replacement with crystalloids and colloids rep-
resents a cornerstone in maintaining tissue perfusion
during major surgery, trauma, shock, and sepsis. Apart

from their hemodynamic properties, it has been repeat-
edly suggested that synthetic colloids interfere with en-
dothelial dysfunction,1–7 but the results of various stud-
ies are inconsistent. Although hydroxyethyl starches
(HESs) attenuated capillary leakage, soluble adhesion
molecules, leukocyte adhesion, and cytokine concentra-
tions in vivo and in vitro,1–3,7–9 HES was also reported
to be less potent than dextrans or even without benefi-
cial effects on leukocyte-related reperfusion injury in
other studies.5 Gelatin has not been as extensively stud-
ied, and results are conflicting regarding its microcircu-
latory effects.9,10 Studies on leukocyte function are also
inconsistent, showing a severalfold increase in the leu-
kocyte integrin-epitope CD18 after hemodilution of
whole blood with dextran and HES,11 whereas no
changes in leukocyte adhesion molecules were reported
in another comparative study examining lactated Ring-
er’s solution, albumin, gelatin, and HES.12

Expression of functionally intact adhesion molecules is
essential for leukocyte–endothelial interactions under
flow.13–23 In cytokine-activated endothelium, E-selectin
is synthesized by de novo protein synthesis and is ex-
pressed on the endothelial cell membrane a few hours
later.14,15 P-selectin is constitutively present in intracel-
lular granules of platelets and endothelial cells. It is
translocated to the cell surface within minutes after
trauma or activation with agonists such as thrombin.15,24

L-selectin, the third member of the selectin family, is
constitutively expressed on circulating leukocytes and is
shed from the cell surface early after activation or bind-
ing to the endothelium.25 Binding of selectins to carbo-
hydrate structures on glycoprotein ligands on leukocytes
leads to the initial tethering of circulating leukocytes.
These rolling interactions are mandatory for initial leu-
kocyte–endothelial interactions under shear and subse-
quent activation of leukocyte integrins.14,15,25,26 CD11a/
CD18 (lymphocyte function-associated antigen 1 [LFA-
1]) and CD11b/CD18 (Mac-1) are the most important
members of the �2 integrin family. Their function is
largely controlled by qualitative changes in affinity and
avidity after activation, whereas quantitative changes in
expression play a minor role.27–30 Upon activation, both
integrins bind to endothelial adhesion molecules of the
immunoglobulin gene superfamily, such as intercellular
adhesion molecule 1 (ICAM-1), thus leading to firm ad-
hesion.14,17,27–30 Apart from their physiologic role in
immune defense, adhering leukocytes largely contribute
to leukocyte-related vascular injury. Therefore, inhibi-
tion of adhesion molecules has been advocated to re-
duce organ dysfunction during shock and ischemia–
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Städtisches Klinikum Karlsruhe, Germany.

Received from the Department of Anaesthesiology and Intensive Care Medi-
cine, Eberhard-Karls University Tuebingen, Tuebingen, Germany. Submitted for
publication January 31, 2005. Accepted for publication May 12, 2005. Support
was provided solely from institutional and/or departmental sources. Presented in
part at the Combat Fluid Resuscitation Meeting, Uniformed Services, University
of the Health Services, Bethesda, Maryland, June 18–20, 2001.
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reperfusion.31–34 At the same time, however, deficiency
or inhibition of endothelial selectins, ICAM-1, or leuko-
cyte �2 integrins may result in immunosuppression and
worsened outcome during severe infection.13,15,35,36 Be-
cause traumatized patients are at risk for both,37 it is
striking that the mechanisms by which synthetic colloids
may interfere with leukocyte-endothelial interactions are
largely unknown. Most studies to date focused only on
subsets of adhesion molecules,38 examined surrogate
parameters such as von Willebrand factor (vWF),38 used
simplified static adhesion assays, or did not account for
functional changes in leukocyte receptor activity.4,7,11,12

Leukocyte adhesion is largely influenced by overlap-
ping functions of selectin adhesion molecules, intravascu-
lar shear forces, and activation of �2 integrins.14,15–23,27–30

Therefore, these studies provide no conclusive evidence
for the common hypothesis that certain synthetic col-
loids may attenuate leukocyte sequestration by a direct
interaction of specific polysaccharide structures with
the endothelium.1–5,7 Regarding the large variety of phar-
macologic modifications in clinically available volume
expanders and the important role of leukocyte adhesion
in organ injury and immunity,13,14,31–36 direct interfer-
ences of certain colloid structures with leukocyte–endo-
thelial interactions may influence the timing and type of
volume support chosen. Therefore, we studied the ef-
fects of the most commonly used synthetic colloids on
cytokine-activated endothelial cell adhesion molecules
and leukocyte adhesion. We examined leukocyte–endo-
thelial interactions in a dynamic adhesion assay, allowing
us to discriminate between effects on adhesion molecule
expression and molecule function under physiologic
postcapillary flow conditions.

Materials and Methods

Endothelial Cell Culture and Leukocyte Separation
Human cells were derived from human umbilical veins

or from blood donations of healthy volunteers after ob-
taining institutional and ethical committee approval (Eth-
ical Committee of the Faulty of Medicine, University of
Tuebingen, Tuebingen, Gemany) and informed consent
as previously described.21,22,39,40 Human umbilical ve-
nous endothelial cells (HUVECs) were harvested from
umbilical cords by collagenase treatment (0.1% collage-
nase A; Boehringer, Mannheim, Germany) and cultured
in endothelial cell growth medium (PromoCell, Heidel-
berg, Germany) on collagen-coated cell culture dishes
(Falcon Biocoat; Becton Dickinson Labware, Bedford,
MA) or rectangular coverslips (Kindler, Freiburg, Ger-
many) coated with rat tail collagen I (Falcon Biocoat).
Confluent HUVECs of the first and second passage were
used for the experiments. Polymorphonuclear neutro-
phils (PMNs) were isolated from freshly drawn citrated
blood by density gradient centrifugation at 1,700 rpm on
a discontinuous Percoll gradient with 63% and 72% Percoll

in phosphate buffered saline (1.130 g/ml Percoll; Amer-
sham Pharmacia Biotech, Uppsala, Sweden). The bottom
layer, containing the PMNs, was collected, and contam-
inating erythrocytes were removed by hypotonic lysis in
10% NH4Cl on ice. After a final wash with phosphate-
buffered saline (Sigma, St. Louis, MO), the PMN pellet
was resuspended in cold Medium 199 (Sigma) at 5 �
107/ml until immediately before the flow experiment. As
determined by trypan blue exclusion, staining for vWF
and cell surface antigen analysis both separation proto-
cols yielded functionally intact, nonactivated HUVECs
and PMNs at greater than 90% purity.22,39,40

Experimental Protocol
To address the effects of various colloids on endothe-

lial cell adhesion molecule expression, HUVECs were
incubated with 5 mg/ml of HES 450 (molecular weight in
kilodaltons), HES 200, HES 130, HES 70, dextran 70,
dextran 40, or gelatin dissolved in medium. This concen-
tration resembles plasma concentrations during the first
6 h after bolus infusion of 500–1,000 ml of the tested
volume expanders.41–43 HES 450 (degree of substitution
0.7), HES 200 (degree of substitution 0.5), HES 130
(degree of substitution 0.4), and dextran 70 were pur-
chased from Fresenius Kabi (Bad Homburg, Germany).
HES 70 (degree of substitution 0.5) was obtained from
Baxter (Erlangen, Germany), dextran 40 was obtained
from Delta-Pharma (Pfullingen, Germany), and urea-
linked gelatin was obtained from Aventis Pharma (Bad
Soden, Germany). Two hours after exposure to colloids,
HUVECs were activated with tumor necrosis factor �
(TNF-�; Sigma) at 0.5 ng/ml for 4 h or were left nonac-
tivated so that a total colloid incubation of 6 h was
achieved in all experiments (table 1). Because activation
with TNF-� does not result in sustained up-regulation of
P-selectin on human endothelium,44 we examined its
expression on thrombin-activated HUVECs. Therefore,
in separate experiments, HUVECs were activated with 2
units/ml thrombin (Sigma) during the last 2 min of the
6-h colloid incubation. Within each activation, the col-
loid-pretreated HUVECs were compared with untreated
controls without colloids (table 1). At the end of each
incubation period, the cells were washed and stained
with saturating amounts of fluorochrome-conjugated
monoclonal antibodies against vascular cell adhesion
molecule 1 (VCAM-1), E-selectin (both fluorescein con-
jugates; Southern Biotechnologies Associates, Birming-
ham, AL), ICAM-1 (phycoerythrin-conjugate; Immuno-
tech, Marseille, France), and P-selectin (primary antibody
immunoglobulin [Ig] G1, mouse anti-human and second-
ary antibody Fab2 IgG, goat anti-mouse, phycoerythrin-
conjugate; Immunotech). After antibody staining, the
HUVECs were trypsinized and immediately analyzed for
adhesion molecule expression in a flow cytometer
(FACSort; Becton Dickinson, San Jose, CA).
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Functional Adhesion Assay
To determine the mechanisms by which certain syn-

thetic colloids may inhibit leukocyte–endothelial inter-
actions, we examined the effects of HES 200, HES 130,
dextran 70, dextran 40, and gelatin on PMN adhesion
under a postcapillary shear stress of 2 dyn/cm2. Adhe-
sion of PMNs to untreated, cytokine-activated HUVECs
and colloid-pretreated, cytokine-activated HUVECs were
compared. To examine immediate effects on bond for-
mation between the interacting cells, a third experimen-
tal group consisting of colloid-pretreated HUVECs and
cotreated PMNs was introduced. In this group, the PMNs
were resuspended in a colloid-supplemented medium
immediately before the adhesion assay (table 1). To guar-
antee constant PMN concentrations (106 cells/ml in Me-
dium 199) in all experiments, dry substances of the
colloids were dissolved in medium instead of using col-
loid solutions. Cytokine activation and colloid pretreat-
ment were identical to the protocol described above,
with one modification. Because we also wanted to ad-
dress early effects of colloids on bond formation be-
tween leukocytes and the endothelium rather than en-
dothelial pretreatment alone, we increased the colloid
concentration to 10 mg/ml in all functional assays to
account for the higher initial plasma concentrations of
volume expanders during infusion.41–43 PMN adhesion
was quantified in a parallel plate flow chamber as previ-
ously reported.21,22,39,40 In brief, HUVEC-covered cover-
slips were placed into a heatable flow chamber, rinsed
with Medium 199, and perfused at 37°C with the PMN
suspension for 10 min at a shear stress of 2 dyn/cm2. The
flow rate Q in milliliters per second necessary to pro-
duce the desired shear stress �w could be calculated
according to the formula Q � (h2 w�w)/6�, in which h
is the chamber height (0.015 cm), w is the width
(1.25 cm), and � is the viscosity of the perfusate (0.007
poise for isolated PMNs in Medium 199, 0.007–0.009
poise for colloid-supplemented medium) as measured in

a cone and plate viscometer (DV-III�; Brookfield Engi-
neering Laboratories, Middleboro, MA). Using phase-con-
trast microscopy (20� objective, DMIRB; Leica, Ben-
sheim, Germany), PMN adhesion was determined from
digitized 10-s video recordings of five different fields of
view at the end of each 10-min perfusion period. Accord-
ing to Lawrence et al.,19,23 PMNs were defined as rolling
when traveling below 40 �m/s. A PMN moving less than
one cell diameter in 10 s was defined to be firmly
adherent. As a measure for adhesion efficiency,20,27 the
rolling fraction was calculated as [(No. of rolling cells) �
100]/(No. of rolling cells � No. of firmly adherent cells).
Using this equation, it could be distinguished whether
inhibition of PMN adhesion occurred by inhibition of
selectin-mediated rolling interactions or inhibition of in-
tegrin-mediated firm adhesion to endothelial ICAM-
1.27,28 The mean rolling velocities were determined from
more than 25 individual PMN-velocity profiles for each
experimental condition as derived from a customized
software for image recognition (CellTracker; Christof
Zanke, University of Tuebingen, Tuebingen, Germany).

Statistics
The medians of fluorescence intensity (MFIs) were

calculated from 5,000 single events detected by the flow
cytometer for each sample of five experiments. For sta-
tistical analysis, an analysis of covariance (ANCOVA) was
performed to determine whether adhesion molecule ex-
pression was influenced by the cell culture (modeled as
random effect), TNF-� activation, colloid pretreatment
(continuous factors), or whether an interaction between
TNF-�–activation and colloid pretreatment occurred. To
analyze effects of individual colloids, ratios between col-
loid-pretreated samples and untreated controls (colloid/
control) were calculated for each of the various colloid
preparations. Significant colloid effects were assumed
for those ratios whose 95% confidence intervals did not
include 1. Firm adhesion and rolling fractions were ana-

Table 1. Experimental Groups

Experimental Group Cell Activation Colloid Treatment Analysis

Control (untreated HUVECs) Nonactivated None Flow cytometry
Activated

Colloid-pretreated HUVECs Nonactivated 6 h, 5 mg/ml Flow cytometry
Activated

Control (untreated) Nonactivated None Adhesion assay
Activated (HUVECs)

Colloid-pretreated HUVECs with untreated PMNs Activated (HUVECs) 6 h, 10 mg/ml (HUVECs) Adhesion assay
None (PMNs)

Colloid-pretreated HUVECs with cotreated PMNs Activated (HUVECs) 6 h, 10 mg/ml (HUVECs) Adhesion assay
10 min, 10 mg/ml (PMNs)

Colloid treatment and cell activation of the different experimental groups. Expression of E-selectin, P-selectin, intercellular adhesion molecule 1 (ICAM-1), and
vascular cell adhesion molecule 1 (VCAM-1) was analyzed by flow cytometry on nonactivated human umbilical venous endothelial cells (HUVECs) and on
activated HUVECs after activation with either tumor necrosis factor � (TNF-�, 4 h at 0.5 ng/ml; E-selectin, ICAM-1, VCAM-1) or thrombin (2 min at 2 units/ml;
P-selectin) as detailed in the Materials and Methods. Effects of colloids were examined by comparisons between controls and colloid-pretreated HUVECs. In
functional adhesion assays, TNF-�–activated HUVECs (4 h at 0.5 ng/ml) were perfused with nonactivated polymorphonuclear neutrophils (PMNs). Comparisons
were made between activated, untreated controls; activated, colloid-pretreated HUVECs with untreated PMNs; and colloid-pretreated HUVECs with cotreated
PMNs. Nonactivated cocultures were used only to assess the effect of TNF-� on PMN adhesion.
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lyzed from the mean of five randomly chosen fields of
view of six experiments. Effects of colloid treatment
(either pretreatment of HUVECs with and without co-
treatment of PMNs) were compared by ANCOVA and
post hoc paired t tests using the Bonferroni-Holm cor-
rection for multiple comparisons. For presentation, ra-
tios (colloid/TNF-�–activated control) were calculated,
which are presented as means and their corresponding
95% confidence intervals. All analyses were performed
using the statistical software package JMP (SAS Institute
Inc., Cary, NC).

Results

Adhesion Molecule Expression on Nonactivated and
Activated HUVECs
Nonactivated HUVECs expressed small constitutive

amounts of ICAM-1 but did not show expression of
endothelial selectins or VCAM-1. After activation with
TNF-�, a 10-fold up-regulation of E-selectin, ICAM-1, and
VCAM-1 was observed. P-selectin increased by 60% after
activation with thrombin (ANCOVA, P � 0.05; not
shown).

Effects of Colloids on Adhesion Molecule Expression
On nonactivated HUVECs, small increases in P-selectin,

ICAM-1, and VCAM-1 were observed for some starch
preparations (ANCOVA, P � 0.05). HES 450 increased all
three adhesion molecules by 10–20%. HES 200 and HES

130 increased P-selectin by 10%, whereas HES 70 in-
creased ICAM-1 by 10% (fig. 1).

None of the tested colloids reduced the expression of
any adhesion molecule on activated HUVECs. In con-
trast, a 21% increase in E-selectin and a 15% increase in
ICAM-1 were noted after treatment with gelatin. Dextran
70 increased the expression of both adhesion molecules
by 11% and 15%, respectively (fig. 2; ANCOVA, P �
0.05).

Effects of Colloids on PMN Adhesion
Activation of HUVECs with TNF-� largely increased

PMN adhesion under a postcapillary shear stress of 2
dyn/cm2 by 10- to 20-fold (460 � 35 PMNs/mm2) when
compared with nonactivated HUVECs (not shown). Pre-
treatment of HUVECs with HES 200, HES 130, gelatin,
dextran 70, and dextran 40 had no significant effect on
firm adhesion, rolling fraction, or rolling velocity (fig. 3
and tables 2 and 3). In contrast, cotreatment of PMNs
immediately before perfusion showed significant reduc-
tions in firm adhesion for all colloids tested (fig. 3;
ANCOVA, P � 0.05). Dextran 40 and dextran 70 re-
duced adhesion by 31% and 51%, respectively. Treat-
ment with gelatin resulted in a 46% decrease. HES 200
and HES 130 attenuated firm adhesion by 43–50%. To-
gether with the decrease in firm adhesion, twofold in-
creased rolling fractions were observed (table 2;
ANCOVA, P � 0.05), indicating that rolling interactions
were maintained whereas the transition to firm adhesion

Fig. 1. Ratio of adhesion molecule expres-
sion on nonactivated, colloid-pretreated
endothelium (colloid) related to nonacti-
vated, untreated endothelium (control).
Colloid-pretreated endothelial cells were
incubated for 6 h with the indicated col-
loids at 5 mg/ml. Controls were kept in
medium alone. Expression of E-selectin
(A), P-selectin (B), intercellular adhesion
molecule 1 (ICAM-1; C), and vascular cell
adhesion molecule 1 (VCAM-1; D) deter-
mined from flow cytometric analysis of
5,000 events/sample. Ratios (colloid/con-
trol) are presented as medians and their
95% confidence intervals, calculated
from five experiments (analysis of co-
variance). Statistical significance on the
5% level was assumed for those ratios
whose 95% confidence intervals did not
include 1 (indicated by reference line).
Colloid preparations of different molecu-
lar weights are presented with their mo-
lecular weight in kilodaltons (e.g., hy-
droxyethyl starch as HES 450).
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became impaired as soon as the colloids were added to
the PMN perfusate. Accordingly, the rolling velocities
were slow and showed no relevant differences between
the treatment groups (table 3). As determined by viscom-
etry, the changes in viscosity were small after addition of
the colloids (0.007–0.009 poise) and did not correlate
with the observed reduction in firm adhesion.

Discussion

The recruitment of leukocytes to areas of infection or
tissue damage is one of the most important functions of
the innate immune system.14 Because postcapillary wall
shear stress opposes cell interactions on quiescent en-
dothelium, up-regulation of endothelial cell adhesion
molecules and binding to their leukocyte counterrecep-
tors are prerequisites for the emigration of leukocytes
into areas of inflammation.13–17 When considering the
slow turnover rate of endothelial cells and the prolonged
intracellular storage of synthetic colloids such as
HES,40,45 it is, therefore, most important that none of the
tested colloids attenuated leukocyte adhesion by direct
down-regulation of endothelial cell adhesion molecules.
Furthermore, because PMN adhesion to colloid-pre-
treated HUVECs remained unchanged, it seems that col-
loid treatment of the endothelium did not interfere with
endothelial chemokines relevant for adhesion. The un-
changed expression of E-selectin and ICAM-1 on

HUVECs pretreated with HES 200 and HES 130 is con-
sistent with previous studies on diafiltered medium-mo-
lecular-weight starch fractions or HES 200.38,40 How-
ever, direct effects of other synthetic colloids on
endothelial cell adhesion molecule expression have not
yet been investigated. In addition, the direct effects of
synthetic colloids on VCAM-1 have not been studied,
except for measurements of soluble adhesion molecules
in patients.8 Expression of P-selectin, in contrast, has
been suspected to become attenuated by HES 450.38

However, this assumption is based on the finding that
HES 450 decreased the release of vWF in HUVECs after
activation with thrombin. Because vWF and P-selectin
are stored in the same intracellular granules, it was
hypothesized that the decreased release of vWF after
pretreatment with HES 450 may indicate a concomitant
decrease in P-selectin.38 We measured P-selectin di-
rectly, and our results clearly argue against this hypoth-
esis. Because selectins bind to carbohydrate structures, it
has been further suspected that specific polysaccharides
such as HES interfere with selectin binding by mecha-
nisms involving molecular weight, substitution with hy-
droxyethyl groups, or both.1,4 However, the well-pre-
served rolling interactions in our experiment show that
this is not the case. On colloid-pretreated HUVECs, no
interferences with PMN adhesion were shown for any
colloid tested. In addition, the functional adhesion assay
revealed that the minor increase in certain adhesion

Fig. 2. Ratio of adhesion molecule expres-
sion on colloid-pretreated endothelium
(colloid) related to untreated endothe-
lium (control) after activation with tumor
necrosis factor � (A, C, and D) or throm-
bin (B). Starting 2 h before addition of
tumor necrosis factor � (0.5 ng/ml), col-
loid-pretreated endothelial cells were in-
cubated with the indicated colloids at
5 mg/ml throughout the complete period
of cytokine activation (4 h). On throm-
bin-activated endothelium, thrombin was
added at 2 units/ml for the last 2 min of
the 6-h colloid incubation. Untreated
controls were activated with tumor ne-
crosis factor � or thrombin in medium
accordingly. Expression of E-selectin (A),
P-selectin (B), intercellular adhesion mol-
ecule 1 (ICAM-1; C), and vascular cell ad-
hesion molecule 1 (VCAM-1; D) deter-
mined from flow cytometric analysis of
5,000 events/sample. Ratios (colloid/con-
trol) are presented as medians and their
95% confidence intervals, calculated
from five experiments (analysis of co-
variance). Statistical significance on the
5% level was assumed for those ratios
whose 95% confidence intervals did not
include 1 (indicated by reference line).
Colloid preparations of different molecu-
lar weights are presented with their mo-
lecular weight in kilodaltons (e.g., hy-
droxyethyl starch as HES 450).
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molecules after pretreatment with dextran 70 or gelatin
did not translate to an increased adhesion.

The finding that gelatin increased E-selectin and
ICAM-1 on activated HUVECs by 21% and 15% without
increasing PMN adhesion is in accord with previous
results on cell interactions at defined E-selectin site den-
sities. In that investigation, the rolling of transfected cells
was not changed to a relevant extent unless E-selectin
site density was more than doubled.18 In our study, the
relatively large upper confidence interval (1.8-fold adhe-
sion) found on gelatin-pretreated HUVECs may reflect
some greater degree of endothelial activation when com-
pared with the other colloids. However, this finding was
not statistically significant, and its clinical relevance is
clearly offset by the 46% decreased adhesion after co-
treatment of the PMNs. On nonactivated HUVECs, gela-
tin slightly increased the basal expression of ICAM-1 but
did not induce any up-regulation of inducible E-selectin.
This suggests that gelatin is a relatively weak stimulus for
endothelial cells that does not result in substantial ex-
pression of adhesion molecules unless the endothelium
is activated by other agonists. The mechanism by which
gelatin might have contributed to TNF-�–induced endo-
thelial activation remains unknown. Although gelatin

contains proteins of the extracellular matrix, such as
collagen, which have been shown to induce signal trans-
duction pathways in different cell populations,46,47 we
are not aware of any study that has addressed the effects
of gelatin on endothelial signaling.

In contrast to the negligible effects of synthetic col-
loids on endothelial cell adhesion molecule expression,
cotreatment of PMNs with colloids before perfusion im-
mediately reduced adhesion regardless of the colloid
type. The finding that biochemically different polysac-
charides and polypeptides caused similar inhibition sug-
gests that these synthetic macromolecules act by means
of a direct, unspecific inhibition of PMN binding rather
than by interfering with endothelial cell activation. Be-
cause firm adhesion is largely controlled by functional
changes in integrin avidity and affinity rather than quan-

Table 2. Rolling Fractions of PMNs on TNF-�–activated
HUVECs at 2 dyn/cm2

Rolling Fraction, % of Total Adherent PMNs

Pretreated HUVECs Cotreated PMNs

TNF-� control 6.6 � 1.2 NA
Dextran 40 10.7 � 2.0 18.2 � 1.4
Dextran 70 6.0 � 0.9 17.9 � 5.0
Gelatin 6.3 � 1.3 11.8 � 2.4
HES 130 10.7 � 3.0 13.3 � 2.8
HES 200 5.6 � 1.2 13.0 � 1.6

Data are presented as mean � 95% confidence interval from six experiments.
Rolling fractions of polymorphonuclear neutrophils (PMNs) on tumor necrosis
factor � (TNF-�)–activated controls of human umbilical venous endothelial
cells (HUVECs), colloid-pretreated HUVECs (10 mg/ml), and colloid-pre-
treated HUVECs with cotreated PMNs (10 mg/ml) were calculated as de-
scribed in the Materials and Methods. As determined by an analysis of
covariance, cotreatment of PMNs significantly increased rolling fractions
compared with TNF-� controls or pretreatment of HUVECs alone (P � 0.01).
Colloid preparations of different molecular weights are presented with their
molecular weight (e.g., hydroxyethyl starch as HES 200).

NA � not applicable.

Table 3. Rolling Velocities of PMNs on TNF-�–activated
HUVECs at 2 dyn/cm2

Rolling Velocity, �m/s

Pretreated HUVECs Cotreated PMNs

TNF-� control 1.5 � 0.6 NA
Dextran 40 1.5 � 0.6 1.7 � 1.1
Dextran 70 1.9 � 0.7 1.1 � 0.3
Gelatin 1.4 � 0.3 2.7 � 1.9
HES 130 1.5 � 0.6 2.7 � 2.8
HES 200 1.0 � 0.3 1.3 � 0.3

Data are presented as mean � 95% confidence interval calculated from more
than 25 individual velocity profiles of rolling polymorphonuclear neutrophils
(PMNs) on tumor necrosis factor � (TNF-�)–activated controls of human
umbilical venous endothelial cells (HUVECs), colloid-pretreated HUVECs
(10 mg/ml), and colloid-pretreated HUVECs with cotreated PMNs (10 mg/ml)
as described in the Materials and Methods. No statistical differences were
observed between the groups (analysis of covariance). Colloid preparations of
different molecular weights are presented with their molecular weight (e.g.,
hydroxyethyl starch as HES 200).

NA � not applicable.

Fig. 3. Effect of different colloid-treatments on neutrophil
(PMN) adhesion to cytokine-activated endothelium. Firm adhe-
sion is presented as ratios (colloid/control) and upper 95%
confidence intervals, calculated from means of six experiments
(absolute mean of cytokine-activated control, 460 PMNs/mm2;
95% confidence interval, �35). Starting 2 h before addition of
tumor necrosis factor � (0.5 ng/ml), colloid-pretreated endo-
thelial cells were incubated with the indicated colloids at
10 mg/ml throughout the complete period of cytokine activa-
tion (4 h). In the group containing colloid-pretreated endothe-
lium and untreated PMNs (black columns), only the endothelial
cell culture medium was supplemented with the indicated col-
loids. In the group containing colloid-pretreated endothelium
and cotreated PMNs (gray columns), the colloids were also
added to the PMN suspension. The cytokine-activated controls,
necessary to calculate the ratios (colloid/control), were acti-
vated with tumor necrosis factor � in medium alone. Firm
adhesion was quantified from means of five different fields of
view for each experimental condition as detailed in the Materi-
als and Methods. Effects of colloid treatment were analyzed by
an analysis of covariance (* P < 0.05 vs. control, post hoc t test).
Colloid preparations of different molecular weights are pre-
sented with their molecular weight in kilodaltons (e.g., hy-
droxyethyl starch as HES 200).
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titative cell surface expression,27–30 we abstained from
measuring integrin expression by flow cytometry. To
measure integrin function, we calculated rolling fraction
instead, which is an established parameter for adhesion
efficiency and integrin activation.20,27,28 The twofold
increased rolling fractions show that the presence of
dextrans, HESs, and gelatin in the perfusate immediately
impaired the integrin-dependent transition of rolling into
firm adhesion, whereas selectin-mediated rolling interac-
tions were not affected.

These findings are in accord with a previous report on
static adhesion of T cells to mouse endothelioma cells.48

Examining dextran 40, the authors observed a dose-
dependent reduction in T-cell adhesion only when the
lymphocytes were pretreated with dextran 40 but not
after pretreatment of the endothelium. Using flow cy-
tometry and confocal microscopy, they showed that
dextran 40 inhibits the adhesion-induced clustering of
LFA-1, thereby attenuating the activation-dependent
avidity of this integrin without any change in quantita-
tive surface expression. For HES, however, conflicting
findings have been reported. Consistent with our recent
results, endothelial pretreatment alone with HES 200 for
up to 48 h did not attenuate PMN adhesion to cytokine-
activated HUVECs under flow.40 In contrast, others re-
ported a 24% reduced PMN-transmigration across HES-
pretreated HUVECs during 3 h of activation with a
chemotactic stimulus in a static adhesion assay.7 How-
ever, unlike dynamic adhesion assays, static assays lack
selectin function which operate only under flow condi-
tions.18 Because integrin activation is a short-lived pro-
cess peaking during preceding selectin interactions,26,30

static assays and prolonged activation with chemotactic
agents do not necessarily mirror leukocyte–endothelial
interaction in vivo. Therefore, our findings obtained at
postcapillary shear stress and the observation of an al-
tered integrin clustering after dextran 4048 strongly sug-
gest that all types of synthetic colloids impair leukocyte
adhesion by a common inhibition of integrin function.

In contrast to many studies in vivo, our results are
derived from comparisons to medium and not to crystal-
loid or albumin controls. Unlike in vivo, however, there
was no need for a control of hemodilutional effects in
our in vitro assay. Because purified dry substances of the
different colloids were used, the PMN concentrations
remained constant before and after adding the colloids.
In vivo, PMN adhesion is mainly determined by molec-
ular interactions of adhesion molecules but also seems to
be modulated by unspecific mechanisms like erythro-
cyte aggregation.49 Although erythrocyte rheology might
be altered differently by crystalloids and colloids,50 these
interferences did not play a role for the adhesion of
isolated PMNs in our assay. Most importantly, the addi-
tion of colloids did not affect the concentrations of
nutrients and cations as confirmed by measuring sodium,
potassium, calcium, and magnesium in colloid supple-

mented medium. Dilution of the medium with crystal-
loids, in contrast, alters the concentrations of these mol-
ecules. Regarding the importance of divalent cations for
selectin- and integrin-mediated interactions,28,51 compar-
isons to crystalloids in vitro, therefore, result in con-
founding effects rather than representing a valid control
for interactions of adhesion molecules. For similar rea-
sons, we abstained from using an albumin group. Albu-
min exerts its controversially discussed antiinflammatory
effects in vivo through a variety of mechanisms, such as
binding to the interstitial matrix, interferences with
erythrocyte deformability and shear stress, or through
transport of fatty acids, nitric oxide, and metals, with
resultant scavenging of reactive oxygen species.52–56 Re-
garding leukocyte sequestration into sites of infection,
these mechanisms are rather unspecific when compared
with adhesion molecule function. Adhesion molecule
expression, in contrast, might be decreased or even
increased by human albumin.8,38,57,58 In accord with the
well-documented proinflammatory effects of certain al-
bumin batches,59,60 we have shown previously that dif-
ferent albumin preparations activate E-selectin, ICAM-1,
and VCAM-1 differently depending on their manufac-
ture.58 These observations show that the effects of albu-
min preparations are not the same among each other and
largely question the relevance of human albumin as a
valid control for molecular interactions in adhesion as-
says.

Although flow chamber–based, in vitro models can-
not simulate all parameters of the human microcircula-
tion, a number of experiments with blocking antibodies
have shown that the mechanisms of PMN adhesion in
the parallel plate flow chamber are largely identical to
those that have been observed in vivo.15–23,31,33,34,61

Therefore, our finding of a common, direct inhibition of
integrin-dependent PMN adhesion to cytokine-activated
endothelium in vitro might have several relevant impli-
cations for leukocyte sequestration in vivo. First, the
immediate inhibition of PMN adhesion suggests that ad-
hesion will also be immediately inhibited in vivo and
does not require pretreatment before a microcirculatory
insult. Second, the observation that all types of synthetic
colloids attenuated adhesion similarly indicates that the
type of volume expander does not play a major role in
the acute inhibition of leukocyte–endothelial interac-
tions. Finally, because colloids reduced adhesion by a
PMN-dependent mechanism rather than interfering with
the slowly regenerating endothelium, it seems that the
duration of this effect will be largely determined by the
intravascular elimination of the colloid. Regarding
the susceptibility of traumatized patients to both leuko-
cyte-related tissue injury and infection,37 we conclude
that the clinically relevant effect of synthetic colloids on
leukocyte sequestration depends on the regulation of
integrin function and thus their pharmacokinetic pro-
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files, but not on specific interactions with the endothe-
lium.

The authors thank Alice Mager and Christof Zanke (Technical Assistants,
Department of Anaesthesiology and Intensive Care Medicine, Tuebingen, Ger-
many) for their help with the adhesion assays and Joan Robertson, M.D. (Family
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766 NOHÉ ET AL.

Anesthesiology, V 103, No 4, Oct 2005

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/103/4/759/359905/0000542-200510000-00014.pdf by guest on 20 April 2024



50. Castro VJ, Astiz ME, Rackow EC: Effect of crystalloid and colloid solutions
on blood rheology in sepsis. Shock 1997; 8:104–7

51. Vestweber D, Blanks JE: Mechanisms that regulate the function of the
selectins and their ligands. Physiol Rev 1999; 79:181–213

52. Nohe B, Dieterich HJ: A different view on human albumin. Cardiovasc Res
2003; 58:721–2

53. Evans TW: Review article: albumin as a drug: Biological effects of albumin
unrelated to oncotic pressure. Aliment Pharmacol Ther 2002; 16 (suppl 5):6–11

54. Horstick G, Lauterbach M, Kempf T, Bhakdi S, Heimann A, Horstick M,
Meyer J, Kempski O: Early albumin infusion improves global and local hemody-
namics and reduces inflammatory response in hemorrhagic shock. Crit Care Med
2002; 30:851–5

55. Osband AJ, Deitch EA, Hauser CJ, Lu Q, Zaets S, Berezina T, Machiedo GW,
Rajwani KK, Xu DZ: Albumin protects against gut-induced lung injury in vitro and
in vivo. Ann Surg 2004; 240:331–9

56. Eckmann DM, Bowers S, Stecker M, Cheung AT: Hematocrit, volume

expander, temperature, and shear rate effects on blood viscosity. Anesth Analg
2000; 91:539–45

57. Zhang WJ, Frei B: Albumin selectively inhibits TNF alpha-induced expres-
sion of vascular cell adhesion molecule-1 in human aortic endothelial cells.
Cardiovasc Res 2002; 55:820–9

58. Nohe B, Dieterich HJ, Eichner M, Unertl K: Certain batches of albumin
solutions influence the expression of endothelial cell adhesion molecules. Inten-
sive Care Med 1999; 25:1381–5

59. Isbister JP, Fisher MM: Adverse effects of plasma volume expanders.
Anaesth Intensive Care 1980; 8:145–51

60. Turner PJ, Young IF, Marley PB, Herrington RW, Schiff P: Albumin solu-
tions–their production and quality control. Dev Biol Stand 1987; 67:119–27

61. Ding ZM, Babensee JE, Simon SI, Lu H, Perrard JL, Bullard DC, Dai XY,
Bromley SK, Dustin ML, Entman ML, Smith CW, Ballantyne CM: Relative contri-
bution of LFA-1 and Mac-1 to neutrophil adhesion and migration. J Immunol
1999; 163:5029–38

767SYNTHETIC COLLOIDS INHIBIT INTEGRIN FUNCTION

Anesthesiology, V 103, No 4, Oct 2005

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/103/4/759/359905/0000542-200510000-00014.pdf by guest on 20 April 2024


