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An inflammatory response and a capillary leak syndrome
frequently develop during the treatment of neonatal respiratory
failure by extracorporeal membrane oxygenation (ECMO). The
present study was performed to investigate leukocyte activation
and endothelial cell dysfunction that are associated with pro-
longed contact of blood components with synthetic surfaces.
Laboratory ECMO was performed with fresh human blood at
37°C for 8 h (n 5 6). Leukocyte activation was measured by
L-selectin (CD62L) and CD18 integrin surface expression and by
neutrophil-derived elastase release. To monitor endothelial acti-
vation, endothelial cell ICAM-1 (CD54) expression was mea-
sured in cultured endothelial cells from human umbilical veins
(HUVEC) after incubation with plasma from the ECMO exper-
iments. CD18 integrin expression was found significantly up-
regulated on polymorphonuclear neutrophils and monocytes after
2–4 h of laboratory ECMO. L-selectin was reduced on both cell
types during the total duration of the experiments. Soluble
L-selectin (sCD62L) and total and differential leukocyte counts

remained unchanged during the experiment. Neutrophil-derived
elastase content was maximal after 8 h of ECMO. Plasma from
the ECMO experiments did not induce ICAM-1 expression of
cultured HUVEC. We conclude that prolonged contact with
synthetic surfaces during ECMO activates phagocytes, which
may contribute to the inflammatory response seen in ECMO-
treated patients. Activated phagocytes do not accumulate in the
extracorporeal system nor release humoral factors inducing
ICAM-1 expression on endothelial cells. (Pediatr Res 48: 679–
684, 2000)

Abbreviations
ECMO, extracorporeal membrane oxygenation
HUVEC, human umbilical vein endothelial cells
PMN, polymorphonuclear neutrophils
TNF-a, tumor necrosis factor a
FMLP, N-formyl-Met-Leu-Phe

ECMO is the standard treatment for newborn infants with
respiratory failure unresponsive to conventional pulmonary
support (1). During ECMO treatment, an inflammatory reac-
tion with neutropenia (2), activation of PMN (3), and a capil-
lary leak syndrome with systemic and pulmonary edema (4, 5)
have been described. However, it is not clear, to what extent
this changes result from the patient’s disease (6) or from the
effects of extracorporeal circulation of the blood. We therefore
performed laboratory ECMO without connecting the system to
a patient, to study the isolated effects of prolonged extracor-
poreal circulation of blood on leukocyte number, expression of

leukocyte adhesion molecules, and the release of mediators
that might activate endothelial cells.

During hemodialysis or cardiopulmonary bypass (CPB),
leukocytes are activated (2, 7, 8) and humoral mediators are
generated, which impairs endothelial cell integrity (9–11). The
induction of an inflammatory response and the loss of endo-
thelial integrity represent a hallmark of the capillary leakage
commonly observed in CPB (7) and neonatal ECMO (4, 5),
with systemic and pulmonary edema often prolonging the
duration of ECMO. In spite of evidence for activation of PMN
in neonatal ECMO (3), it is unclear to what extent this activa-
tion is due to the underlying disease or the leukocyte–synthetic
surface interaction and whether this activation is linked to the
clinically observed changes in endothelial cell barrier function.

In various animal models of pulmonary or cerebral inflam-
mation, blockade of molecules mediating leukocyte-
endothelial cell adhesion has been shown to abrogate or alle-
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viate capillary plasma leakage (8, 12, 13). These adhesion
molecules include L-selectin (CD62L) and the CD11/CD18
integrins that are expressed by most leukocytes and are in-
volved in leukocyte activation and recruitment to sites of
inflammation. CD11/CD18 integrins are up-regulated upon
activation (14), whereas, in contrast, L-selectin is rapidly shed
(15), resulting in the generation of biologically active soluble
L-selectin (sCD62L). sCD62L is present in the plasma of
normal individuals (16) and is elevated during various patho-
logic conditions (17). In cord blood, diminished soluble and
total cellular L-selectin is associated with its impaired ability of
shedding surface L-selectin (18).

Intercellular adhesion molecule-1 (ICAM-1, CD54) serves
as a receptor for CD11/CD18 integrins and mediates leukocyte
and endothelial cell adhesion and inflammatory vascular reac-
tions (19). ICAM-1 expression is greatly increased by a variety
of inflammatory stimuli (IL-1, tumor necrosis factor a (TNF-
a), interferon g, as well as bacterial endotoxins) (20) and
serves as a marker for endothelial cell activation (14).

In the present study, we investigated whether blood circu-
lated through an ECMO circuit at normothermic conditions for
8 h showed changes in leukocyte number and leukocyte acti-
vation (CD18 integrin surface up-regulation and L-selectin
shedding, elastase release).

For testing whether endothelial activation occurs after con-
tact with plasma of blood subjected to laboratory ECMO, we
assayed ICAM-1 expression on cultured HUVEC. For positive
control we incubated HUVEC with TNF-a, which has been
shown to be increased in an in vitro study of ECMO (21).

MATERIALS AND METHODS

Laboratory ECMO model. The same ECMO system used
clinically for newborn ECMO patients suffering from respira-
tory failure was used in the present study. The circuit consisted
of a silicone membrane oxygenator (0800 2, Avecor Cardio-
vascular Inc., Brooklyn Park, MN, USA), a heat exchanger
(HEC 40, Jostra, Hirrlingen, Germany), 3/16 inch polyvinyl-
chloride tubing (type Benjamin Franklin, Jostra), which is the
standard tubing size for neonatal ECMO in our institution, and
a nonocclusive roller pump (Jostra). This system, in contrast to
circuits designed for newborns undergoing cardiac surgery,
had no reservoir unit, therefore blood-air contact was minimal.
The ECMO circuit had an absolute volume of 434 6 8 mL and
was primed by the introduction of carbon dioxide, 0.9% saline
solution, and 20% albumin. Subsequently, the system was
filled with fresh (less than 24 h after venipuncture) human
citrated phosphate dextrose (CPD) blood, from healthy adult
donors. In agreement with a published report about adhesion
molecule expression in cuprophane membrane hemodialysis
(22), pilot experiments demonstrated that the addition of citrate
to the samples did not change CD18 and L-selectin expression
on PMN and monocytes. Heparin was added (300 IU/L).
ECMO was performed at a constant temperature of 37°C and
a constant flow rate of 300 mL/min. An appropriate mixture of
air and carbon dioxide was supplied to the membrane oxygen-
ator to keep blood gases in physiologic ranges. Electrolytes,
pH, and glucose were kept constant in the physiologic range

during the experiments. Cells and plasma were separated by
centrifugation. A total of six independent experiments were
performed.

As control experiments, heparinized (300 IU/L) CPD blood
was allowed to stand for 8 h at 37°C in the collecting bag of the
venipuncture.

In laboratory ECMO and in control experiments EDTA
blood samples were drawn at baseline and after 0.5, 1, 2, 4, and
8 h for analysis.

White blood cell counts. Total white blood cell counts were
determined using an automated hematology analyzer (Coulter
Electronics Inc., Hialeah, FL, USA) and absolute neutrophil,
eosinophil, basophil, monocyte, and lymphocyte counts were
calculated from results of Wright-Giemsa-stained blood
smears.

Leukocyte adhesion molecules. Aliquots of whole blood (50
mL) containing 2 mM EDTA were incubated for 30 min at 4°C
in the dark with indicated concentrations of FITC-labeled MAb
MHM23 directed against human CD18 (Dako Diagnostica,
Hamburg, Germany) and FITC-labeled MAb Leu-8 directed
against human L-selectin (Becton Dickinson, Heidelberg, Ger-
many) or FITC-labeled IgG2 isotype control (Dako Diagnos-
tica). Lysis of erythrocytes was performed using FACS lysing
solution (Becton Dickinson) according to the supplier’s in-
structions. After final washing, cells were fixed with 1%
paraformaldehyde. For positive control, an aliquot of blood (50
mL) was stimulated with 100 nM fMLP, a strong activator of
PMN and monocytes at 37°C. Samples were subjected to flow
cytometry (FACScan, Becton Dickinson) as described (23).
Twenty thousand cells were measured and gated offline for
granulocytes, monocytes, and lymphocytes based on their dif-
ferent forward and side scatters, respectively. Median surface
expression of L-selectin and CD18 was analyzed using the
WinMDI version 2.4 software (http://facs.scripps.edu/). Sur-
face expression of L-selectin, CD18, and ICAM-1 was calcu-
lated as mean of the median fluorescence intensity of six
independent experiments. Soluble L-selectin (sCD62L) was
determined in plasma using ELISA, as previously described
(24).

Neutrophil-derived elastase. Neutrophil-derived elastase re-
leased from azurophilic granules of activated neutrophils into
the plasma was measured as a marker of PMN activation by
incubating thermoequilibrated plasma samples (40 mL) with
the same volume of elastase substrate solution containing 75
mg methoxysuccinyl-Ala-Ala-Pro-Val-para-nitroanilide for 1 h
at 37°C (25, 26). For positive and negative control, elastase
content of plasma derived from fMLP-stimulated or -unstimu-
lated whole blood was analyzed, respectively. OD was mea-
sured at 405 nm in a 96-well microtiter plate reader (MCC 340,
Flow Laboratories, Meckenheim, Germany). All determina-
tions were carried out in duplicate (n 5 3).

ICAM-1 expression of endothelial cells. HUVEC were
isolated as described in the literature (27) and cultured on
fibronectin (10 mg/mL)-coated culture dishes in MCDB 131
culture medium supplemented with 2% FCS, human recombi-
nant basic fibroblast growth factor (5 ng/mL), human recom-
binant epidermal growth factor (10 ng/mL), heparin (10
U/mL), hydrocortisone (1 mg/mL), amphotericin B (2.5 mg/
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mL), and gentamicin (50 mg/mL) in 5% CO2 at 37°C. ICAM-1
expression of cultured monolayers of confluent HUVEC of the
first passage was determined after incubation with plasma that
had passed through the ECMO circuit for 15 min, 30 min, 1 h,
2 h, 4 h, or 8 h. Incubation with TNF-a (100 U/mL) served as
positive control. For flow cytometry, HUVEC were harvested
with EDTA and incubated with the indicated amount of the
FITC-labeled MAb 6.5B5 directed against human ICAM-1
(Dako Diagnostica). Cell surface expression of the antigen was
analyzed as described above for leukocytes.

TNF-a, heparin, hydrocortisone, MCDB 131 culture me-
dium, and fMLP were obtained from Sigma Chemical Co.
(Deisenhofen, Germany). Methoxysuccinyl-Ala-Ala-Pro-Val-
para-nitroanilide was purchased from Bachem (Bubendorf,
Switzerland). Fibronectin, FCS, human recombinant basic fi-
broblast growth factor, human recombinant epidermal growth
factor, amphotericin B. and gentamicin were obtained from
Biochrom (Berlin, Germany). FACS lysing solution was ob-
tained from Becton Dickinson.

Statistics

Data are expressed as mean 6 SEM where applicable.
Statistical significance was determined using Wilcoxon
matched-pairs signed-ranks test (SPSS for Windows software,
release 8.0.0, SPSS Inc., Chicago, IL, USA). p , 0.05 was
considered as significant.

RESULTS

Total and differential leukocyte counts during 8 h of
laboratory ECMO (Table 1). Mean total white blood cell count
was 4.0 6 0.5 3 103/mL at baseline. Absolute as well as
relative numbers of leukocytes and their subgroups (PMN,
eosinophils, monocytes, and lymphocytes) remained constant
during the experiment. Basophils were less then 1% of leuko-
cytes in all experiments (data not shown). Thus, there was no
substantial loss of leukocytes by adhesion to the surface of the
tubing or the oxygenator, or by mechanical cell destruction in
the ECMO pump.

CD18 cell surface expression (Fig. 1). CD18 expression on
PMN and monocytes increased significantly within 30 min
after the onset of ECMO. On PMN, CD18 expression peaked
after 4 h and declined subsequently. As positive control, an
aliquot of blood was challenged with a maximal effective dose
of fMLP (start of experiment: 155 6 20, 4 h ECMO: 256 6 36,
fMLP activation: 368 6 19; fluorescence intensity in arbitrary
units). On monocytes, maximum CD18 expression was ob-
served already after 2 h of ECMO (start of experiment: 254 6
19, 2 h ECMO: 336 6 17, fMLP activation: 348 6 22). CD18

expression on lymphocytes showed no significant change after
ECMO and fMLP activation (data not shown). Citrate phos-
phate dextrose (CPD) blood allowed to stand at 37°C for 8 h in
the collecting bag of the venipuncture set containing heparin
showed no activation of monocyte and PMN CD18 expression
(Table 2).

L-selectin surface expression (Fig. 2). Within 4 h after the
onset of ECMO, a significant down-regulation of L-selectin
was detected on monocytes (start of experiment: 152 6 21, 8 h
ECMO: 41 6 8, fMLP activation: 39 6 6) and PMN (start of
experiment: 166 6 20, 8 h ECMO: 63 6 13, fMLP activation:
37 6 10). Down-regulation continued over 8 h of ECMO and
almost reached the values induced by fMLP. The percentage of
L-selectin-positive lymphocytes did not change significantly
after fMLP stimulation or ECMO (data not shown). Stored
heparinized CPD blood acting as control showed no down-
regulation of monocyte and PMN L-selectin expression (Table
2).

Soluble L-selectin (sCD62L) concentration in plasma. The
sCD62L concentration in the plasma was 6.52 6 1.41 nmol/L
(mean 6 SEM) at the start of the experiments and showed no
significant change throughout the full time course of ECMO
(0.5 h: 6.36 6 1.32, 1 h: 6.52 6 1.38, 2 h: 6.17 6 1.26, 4 h:
6.27 6 1.44, 8 h: 6.43 6 1.29 nmol/L; mean 6 SEM).

Neutrophil-derived elastase concentration in plasma (Fig.
3). Elastase was measured in plasma derived from laboratory
ECMO-treated blood. Neutrophil-derived elastase concentra-
tion was elevated significantly after 8 h of ECMO and was
threefold enhanced as compared with untreated blood.

ICAM-1 expression on HUVEC. ICAM-1 expression on
endothelial cells was not induced by incubation (up to 24 h)
with plasma derived from laboratory ECMO-treated blood
(Fig. 4). This was true for plasma samples obtained after 0.5,

Table 1. Total and differential leukocyte counts during laboratory ECMO

Baseline 0.5 h 1 h 2 h 4 h 8 h

Total white blood cells (103/mL) 4.0 6 0.5 3.5 6 0.5 3.6 6 0.6 3.7 6 0.5 3.6 6 0.5 4.0 6 0.8
PMN (103/mL) 1.5 6 0.2 1.5 6 0.3 1.3 6 0.3 1.4 6 0.4 1.4 6 0.3 1.5 6 0.3
Eosinophils (103/mL) 0.2 6 0.07 0.11 6 0.02 0.11 6 0.03 0.28 6 0.14 0.24 6 0.11 0.16 6 0.06
Lymphocytes (103/mL) 1.9 6 0.4 1.7 6 0.5 1.9 6 0.5 1.6 6 0.5 2.0 6 0.4 2.2 6 0.5
Monocytes (103/mL) 0.19 6 0.06 0.18 6 0.07 0.14 6 0.06 0.14 6 0.06 0.2 6 0.08 0.15 6 0.06

Mean 6 SEM, n 5 6.

Figure 1. CD18 surface expression on PMN and monocytes was significantly
up-regulated during laboratory ECMO. For positive control, blood was acti-
vated with 100 nM fMLP for 5 min at 37°C. Mean 6 SEM of six independent
experiments. *p , 0.05 vs baseline (0 h).
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1, 2, 4, or 8 h of laboratory ECMO. For positive control,
expression of ICAM-1 was induced by TNF-a. This effect was
time- and dose-dependent with maximal expression at 8 h after
stimulation in the presence of 100 U/mL TNF-a. Moreover,
ECMO-derived plasma samples failed to synergize with a
submaximal effective concentration of TNF-a (10 U/mL) in
inducing ICAM-1 expression (data not shown).

DISCUSSION

We used a laboratory model of ECMO appropriate for
newborns to study the potential mechanisms for the leukocyte
depletion, leukocyte activation, and endothelial dysfunction
observed in neonates placed on ECMO. ECMO is used for the
treatment of neonates with respiratory disease unresponsive to

conventional treatment. In contrast to CPB, lasting for few
hours, ECMO lasts for several days and is performed under
normothermic conditions.

During ECMO, capillary leaks with systemic and pulmonary
edema are common (4, 5). A large number of factors have been
implicated in the development of capillary leak syndrome in
CPB (28). During ECMO, treatment effects of the patient’s
underlying disease and the hypoxia before initiation of ECMO
and effects of the extracorporeal circulation of blood cannot be
analyzed separately. Therefore we used a laboratory ECMO
model to study the isolated effects of the extracorporeal circu-
lation of blood.

Previous studies of leukocyte activation during laboratory
CPB focused on short-term changes of PMN. Finn et al.
demonstrated PMN L-selectin shedding during 2 h of labora-
tory CPB (29). Observing for longer time periods, we demon-
strate continued L-selectin shedding over 8 h on PMN in
laboratory ECMO. CD18 up-regulation on PMN was maximal
after 4 h. After transfusion of filtration-leukapheresis PMN to
granulocytopenic patients with leukemia, functional skin-
chamber studies showed PMN adhesion at sites of inflamma-
tion for at least 6 h after transfusion (30).

In addition to PMN, we studied monocyte and lymphocyte
activation. Lymphocyte L-selectin and CD18 expression were
not changed significantly in our laboratory ECMO model. But,
changes in adhesion molecule expression of monocytes were

Table 2. CD18 and L-selectin expression in control experiments

Baseline 0.5 h 1 h 2 h 4 h 8 h

CD18 on PMN 140 6 18 143 6 9 147 6 6 104 6 3 106 6 8 100 6 12
CD18 on monocytes 237 6 18 234 6 11 231 6 17 258 6 20 224 6 21 200 6 30
L-selectin on PMN 152 6 7 137 6 6 146 6 5 137 6 6 132 6 7 150 6 11
L-selectin on monocytes 144 6 7 112 6 12 139 6 6 120 6 9 116 6 8 134 6 17

Mean fluorescence intensity in arbitrary units 6 SEM, n 5 6.

Figure 2. L-selectin surface expression on PMN and monocytes was signifi-
cantly down-regulated during laboratory ECMO. For positive control, blood
was activated with 100 nM fMLP for 5 min at 37°C. Mean 6 SEM of six
independent experiments. *p , 0.05 vs baseline (0 h).

Figure 3. Neutrophil-derived elastase concentration measured as OD in-
creased with the duration of ECMO and is significantly elevated after 8 h
(mean 6 SEM). *p , 0.05 vs baseline (0 h).

Figure 4. Typical fluorescence histogram of ICAM-1 expression on HUVEC
after contact with plasma from blood circulated for 8 h through the ECMO
system. Positive control experiment with 100 U/mL TNF-a. The effect of
TNF-a was time- and dose-dependent.

682 GRAULICH ET AL.



even more pronounced than in neutrophils. These changes of
cell surface expression of monocytes by laboratory ECMO
were comparable with fMLP-induced values for both L-selectin
and CD18.

We did not observe an increase of soluble L-selectin
(sCD62L) concentrations despite the significant L-selectin
shedding from PMN and monocytes. This may be explained by
the relation of L-selectin molecules per cell (31), the limited
leukocyte number in our extracorporeal system, and the high
concentration of soluble L-selectin in human plasma. In con-
trast to the clinical situation, where the pool of circulating
leukocytes can be affected by demargination from endothelial
surfaces or by immigration from bone marrow, no new leuko-
cytes enter the circulating pool in laboratory ECMO. There-
fore, changes in sCD62L in our model are not affected by
leukocyte turnover or by endothelial sequestration in micro-
vascular beds, which has been postulated to account for the low
sCD62L plasma concentrations observed in early stages of
acute respiratory distress syndrome (17).

Although phagocytes were profoundly activated in our
model, we observed no substantial white blood cell loss in the
ECMO circulation during the experiments. This is different
from observations of neutropenia and monocytopenia in pa-
tients undergoing ECMO therapy (11, 32). Zach et al. de-
scribed substantial leukopenia during neonatal ECMO com-
pared with neonates without ECMO support (33) and
speculated that this effect could be caused by adherence of
leukocytes within the ECMO circuit or tubing. In our model of
laboratory ECMO, no evidence was obtained to support this
hypothesis. The explanation for the discrepancy between the
observation of no leukopenia during laboratory ECMO and
leukopenia during ECMO therapy of a patient could be that
activated leukocytes do not adhere on the synthetical surface of
the oxygenator or tubing but adhere to the endothelium of the
patient’s blood vessels or that activated leukocytes are re-
cruited to the patient’s tissues. This could contribute to the
mechanisms of edema formation in neonatal ECMO patients.

A variety of proinflammatory soluble factors can impair
endothelial integrity and induce a capillary leak syndrome (34).
Such soluble factors are released during in vivo ECMO and in
vitro models of ECMO (21). Thus, it was surprising that
incubation of HUVEC with plasma did not lead to ICAM-1
up-regulation of endothelial cells in our experiments. Although
this may be due to instability of a putative factor causing
endothelial changes, we speculate that direct contact between
activated leukocytes and endothelial cells is necessary to in-
duce such changes of endothelial function. However, we did
not measure levels of proinflammatory cytokines, e.g. IL-1, IL-
6, IL-8, or TNF-a. Further investigations will be necessary to
clarify the exact extent and mechanism by which ECMO
treatment causes the loss of endothelial integrity that undoubt-
edly exists in neonatal ECMO patients suffering from capillary
leak syndrome.

In our study we found strong evidence that the extracorpo-
real circulation of blood does not induce neutropenia, but a
long-lasting and profound phagocyte activation. Considering
that we did not find evidence for the release of soluble factors
in the plasma by ECMO with impact on endothelial ICAM-1

adhesion molecule expression, future studies should focus on
direct leukocyte-endothelial interaction as a possible mecha-
nism by which ECMO treatment causes the loss of endothelial
integrity.
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