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Abstract. The extravasation of leukocytes and tumor
cells is a multi-step process with the involvement of
various adhesion molecules depending on the three
steps rolling, adhesion, and diapedesis. We have
developed an in vitro model, by which we investigated
the rolling and adhesion of neutrophil granulocytes
and MDA-MB-468 human breast carcinoma cells to
lung endothelial cells under physiological flow-con-
ditions. We found that norepinephrine had an inhib-
itory function on the fMLP-promoted adhesion of
neutrophil granulocytes due to a down-regulation of

b2-integrin. Furthermore, neutrophil granulocytes
serve as linking cells for the interaction of the MDA-
MB-468 cells with the endothelium, which are both
b2-integrin negative, but express the b2-integrin
ligand ICAM-1. In addition, we show here that N-
cadherin is up-regulated on the endothelial cells and
on neutrophil granulocytes in response to fMLP. This
up-regulation resulted in a significant increase of
adherent MDA-MB-468 cells, which are also N-
cadherin positive.
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Introduction

The extravasation of cells from the blood stream into
surrounding tissues is an important step in both
physiological and pathological processes. On the one
hand, leukocytes need to leave the blood stream to
reach tissue sites of injury or inflammation. On the
other hand, tumor cells extravasate at certain places to
form distant metastases during tumor progression.
Regardless of the extravasating cell type, the process
seems to be in principle the same, consisting of three
sequential steps. In the first step, the cells loosely

adhere to the cells of the vascular endothelium. As this
attachment is not very strong, the cells are dragged
along with the blood stream, which results in a rolling
on the endothelial surface. In the second step, the cells
tightly attach to the endothelial cells, and in the third
step, the cells transmigrate through the endothelium
(diapedesis).
The extravasation process is strongly regulated and
depends on the cell type as well as on the type of
endothelium. The ability of cells to adhere to endo-
thelium is a complex network between various
adhesion molecules expressed by different cell types,
diversely regulated by chemokines, cytokines and
their receptors. For leukocytes, the process is descri-
bed and accepted so far with selectins/CD44 involved* Corresponding author.
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in the rolling procedure, integrins - mainly b2-integrin
- participating in the adhesion process, and platelet/
endothelial cell adhesion molecule-1 (PECAM-1) and
CD99 in diapedesis [1– 3]. Since most of the involved
molecules are specific for blood cells, tumor cells must
adhere to endothelial cells via other mechanisms. In
the past decade the knowledge of adhesion molecules
on tumor cells has tremendously increased. For
example, Thomsen-Friedenreich-antigen and galec-
tin-3 have been identified as an adhesion couple in
some prostate and breast cancers [4, 5]. Additionally,
CD24 expressed on many carcinomas was identified as
a further ligand for P-selectin on activated endothe-
lium [6, 7]. Cell adhesion molecules of the cadherin
superfamily are also important in the regulation of
cell-cell contact via homophilic interactions. While
epithelial cadherins such as E-cadherin are mainly
involved in the formation and maintenance of epithe-
lial structures, mesenchymal cadherins such as N-
cadherin are mostly expressed in migratory cells and
connective tissue [8]. The loss of E-cadherin and de
novo expression of N-cadherin in a number of human
cancers is correlated with a bad prognosis, since N-
cadherin is a promoter for motility, migration and
invasion [9]. However, there are still many open
questions as to how exactly N-cadherin contributes to
an invasive phenotype, which form part of our
investigations presented here.
As mentioned above, the whole extravasation process
- regardless of the cell type - is regulated and modified
by many soluble factors such as cytokines and chemo-
kines, which can act on the extravasating cells or on
the endothelium [10]. The bacterial peptide formyl-
methionyl-leucyl-phenylalanine (fMLP) is known to
promote the adhesion of neutrophil granulocytes by
up-regulating the surface b2-integrin in a calcium-
dependent manner [11], and IL-1, tumor necrosis
factor (TNF)-a and lipopolysaccharides modulate the
surface expression of intercellular adhesion molecule-
1 (ICAM-1), vascular cell adhesion molecule-1
(VCAM-1) and E-selectin on endothelial cells de-
pending of the type of endothelium [12]. We have
shown previously that neurotransmitters are potent
regulators for the migration of both cell types –
leukocytes and tumor cells, whereas the nature of
action varies [13]. Among the neurotransmitters, the
so-called stress hormone norepinephrine is the stron-
gest inducer of the migratory activity of tumor cells of
cell lines derived from prostate, colon and breast
carcinomas [14 –17], and norepinephrine enhances
the lymph node metastasis formation of human
prostate carcinoma cells injected in mice thighs [18].
In contrast, norepinephrine reduces the fMLP-in-
duced migration of neutrophil granulocytes [19].
Since migratory activity is essential for the third step

of the extravasation process, it is reasonable to assume
that neurotransmitters may influence extravasation in
a cell type-specific manner, too. Furthermore, the
adhesion of tumor cells to endothelium can also be
modulated by interaction with blood cells. Platelets
can contribute to the adhesion of tumor cells to
endothelium [20, 21], and a pro-adhesive function has
been shown for lymphocytes [22]. Much time has been
spent on the investigation of these cells and their
tumor promoting function, whereas neutrophil gran-
ulocytes - the most abundant cells in the blood stream -
and their interaction with tumor cells have only been
at the edge of the focus of interest [23]. Thus, we
addressed here the question of whether the first two
steps of extravasation – rolling and adhesion – of
neutrophil granulocytes and tumor cells are influ-
enced by soluble signaling molecules such as norepi-
nephrine or fMLP, or by an interaction with each
other.
A major problem in the investigation of extravasation
is that it has to be performed under flow conditions.
Otherwise, at least the first and the second steps of
extravasation mentioned above (rolling and tight
attachment) cannot be separated from each other
with regard to the investigation of the involved
receptors or signaling pathways. However, in contrast,
in vivo assays (e.g. , intravital microscopy) provide
flow conditions, but do not allow the investigation of
pharmacological effects under defined conditions, as
discussed previously [24, 25]. Therefore, we have
developed a flow-through adhesion assay on the basis
of our well-established migration system. In this assay,
tumor cells or leukocytes run over a monolayer of
endothelial cells with a flow and shear rate similar to in
vivo conditions. The interaction of the floating cells
with the endothelium is recorded by digital time-lapse
video microscopy. Here we provide results on the
distinct regulation of rolling and adhesion of neutro-
phil granulocytes and tumor cells during extravasation
as well as the interaction of these two cell types under
the influence of soluble substances such as norepi-
nephrine and fMLP.

Materials and methods

Leukocyte isolation and cell culture. Neutrophil
granulocytes were isolated from human peripheral
blood in a two-step process as described previously
[26]. The neutrophil granulocytes and erythrocytes
were separated from the peripheral blood mononu-
clear cell fraction by density-gradient centrifugation
using lymphocyte separation medium (PAA, Pasch-
ing, Germany). The neutrophil granulocytes/erythro-
cytes fraction was mixed with platelet-depleted serum
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of the same blood donor and diluted (1 : 1.3) with a
high molecular weight dextran solution (Macrodex,
Fresenius, Bad Homburg, Germany) containing
0.01 mol/l EDTA. After 3 h, the supernatant contain-
ing the neutrophil granulocytes was separated from
the erythrocytes-containing pellet. Residual erythro-
cytes in the neutrophil granulocyte population were
removed by hypotonic lysis with 0.3% NaCl for 3 min
on ice. The purified neutrophil granulocytes were used
for the experiments immediately after isolation. More
than 98 % of the cells were viable as assessed by
Trypan blue exclusion.
The MDA-MB-468 human breast carcinoma cells
(American Type Culture Collection, Rockville, MD,
USA) were cultured in DMEM (PAA) containing
10 % fetal calf serum (PAA) at 37 8C humidified
atmosphere with 5 % CO2 [19]. Cells were harvested
and used for experiments at the subconfluent (90 %
confluency) stage of growth.
Human endothelial cells from the pulmonary arteries
(HPAEC) and pulmonary microvasculature
(HMVEC) were used as endothelium in all experi-
ments. We have observed no differences between
these two primary cells with regard to the interaction
of neutrophil granulocytes and MDA-MB-468 human
breast carcinoma cells. Thus, throughout, only results
with HMVEC are shown in the graphs. HPAECs
(Promocell, Heidelberg, Germany) were cultured in
endothelial cell growth medium with supplements
(Promocell) and HMVECs (Cambrex, Verviers, Bel-
gium) were cultured in EBM-2 media with supple-
ments (Cambrex) in a humidified incubator with 5 %
CO2. Endothelial cells were only used within six
passages and routinely screened for mycoplasmal
infection (MycoAlert, Cambrex).

Flow-through adhesion assay. The endothelial cells
were seeded on collagen IV-coated flow chambers (m-
chamber I, IBIDI, Munich, Germany) in normal
culture medium and incubated to confluency for
2 days. Before each experiment the endothelium was
activated by treatment with 10 ng/ml IL-1b (Invitro-
gene, Nivelles, Belgium) for 4 h. During the flow-
through assay the chambers were placed in a temper-
ature-regulated box (37 8C) under a microscope
(Fig. 1). Tumor cells or leukocytes were stored in a
reservoir and kept in suspension by a stirrer. The
suspension was also heated to 37 8C. The cell suspen-
sion was drawn through the flow chamber by a
perfusion pump (Perfusor IV, B. Braun Melsungen
AG, Melsungen, Germany), which worked in a
reverse mode at the exit of the flow chamber. The
volume flow was 12.2 ml/h, which results in a shear
stress of 0.25 dyn/cm2 and represents physiological
blood flow conditions in small vessels. The cell number

was adjusted to 150 000 cells/ml for tumor cells and to
300 000 cells/ml for leukocytes. In co-culture experi-
ments first only 3 ml of leukocytes were drawn over
the monolayer, and a mixture of tumor cells and
leucocytes at the ratio of 1 : 2 was then added. For the
experiments endothelial basal media (PAA) without
supplements but containing 2% fetal calf serum
(PAA) was used. The bacterial peptide fMLP, pro-
pranolol and norepinephrine (all from Sigma Aldrich,
Taufkirchen, Germany) were added to the cell sus-
pension immediately before the start of the experi-
ments at the concentrations described in the results
section. None of the used substances affected the cell�s
viability, as confirmed using the Annexin V-FITC
Apoptosis Detection Kit from MBL International
(Woburn, MA, USA).

The suspension flow was digitally recorded by a video
camera mounted on the microscope and a connected
computer. The number of adhesive cells and of rolling
cells were analyzed as well as their rolling velocity. The
adhesive cells were counted as the absolute number
during the entire recording period of 20 min. The

Figure 1. Experimental setup for the analysis of extravasation
under flow conditions. (a) In vitro flow-through adhesion assay.
(b) Flow chamber.
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rolling cells are calculated per minute, and the rolling
velocity is the distance in mm per second. Statistical
significance was calculated using the Student�s t-test
(two-tailed and unpaired).

Flow cytometry. The expression of adhesion receptors
on the surface of the cells was analyzed by flow
cytometry using a FACSCalibur (Becton Dickinson,
Heidelberg, Germany). Cells were incubated with the
referred substances for 20 min followed by fixation
with 0.4% paraformaldehyde (Sigma Aldrich) for
10 min on ice. Cells were stained with the primary
antibody for 1 h on ice at a dilution of 3 : 100 in PBS.
After a washing step, the cell-antibody complexes
were fixed with 1 % paraformaldehyde for 10 min on
ice. The staining with the secondary antibody was
performed for 20 min at room temperature at a
dilution of 1 :100 in PBS.
The functional mouse anti-N-cadherin monoclonal
antibody (mAb GC-4) was obtained from Sigma
Aldrich. The functional mouse b2-integrin mAb
(7E4), the mouse CD54 (ICAM-1) mAb and the
mouse IgG1 isotype control antibody were obtained
from Beckman Coulter (Nyon, Switzerland). The
same antibodies were used for blocking experiments
(10 mg/ml), with the exception of the isotype control.
In the blocking experiments, the IgG1 isotype control
from R&D Systems (Wiesbaden, Germany) was used.
Mouse fMLP receptor mAb (5F1) and mouse IgG1k
isotype control were obtained from BD Biosciences
(Heidelberg, Germany). Goat anti-mouse IgG fluo-
rescein isothiocyanate (FITC)-conjugated secondary
antibody was from Dianova (Hamburg, Germany).
Every flow cytometric analysis was repeated at least
three times, and changes of N-cadherin or b2-integrin
expression are displayed as % changes � SD. The
significance of changes was calculated from the
original geometrical mean values using the Student�s
t-test (two-tailed and paired).

Intracellular calcium. Changes of the cytosolic cal-
cium concentration were measured by flow cytometric
analysis on the basis of a protocol described by
Gergely et al. [27]. Briefly, cells were stained with
the calcium dye fluo-3/AM (Invitrogene) at a concen-
tration of 2.5 mM in PBS for 30 min at 37 8C. Cells were
washed with PBS and then resuspended in HBSS flux
buffer (HBSS with or without CaCl2/MgSO4/phenol
red, 10 mM HEPES, 5% fetal calf serum, 1.5 mM
CaCl2, pH 7.2) to a final concentration of 50 000 cells/
ml. Changes in the fluorescence intensity of fluo-3 due
to changes in intracellular calcium were plotted
logarithmically against the time. After 30 s of baseline
determination, the referred substances were added
and the measurement proceeded to a final time of

3 min. Ionomycin (500 ng/ml; Sigma Aldrich) served
as a positive control, the addition of PBS as a negative
control.

Transfection with siICAM-1 RNA. MDA-MB 468
cells were transfected with 0.07 pmol siICAM-1 RNA
or control siRNA (Dharmacon; ON-TARGET plus
smart pool) using an Amaxa Nucletransfector II
(Cologne, Germany) on program T-32 and Amaxa
Transfection Solution R. Transfection was performed
according to the manufacturer�s manual. Success of
transfection was controlled by immunoblotting
against ICAM-1.

Immunoblotting. Cell lysates were prepared by lysis of
100 000 cells in 25 ml Laemmli buffer [28] and 5 min of
heating at 95 8C. Samples were run on a 10% SDS-
polyacrylamide gel and transferred by semi-dry West-
ern blot to Immobilon-P membrane (Millipore, Bed-
ford, MA, USA). Nonspecific sites were blocked with
5 % (w/v) bovine serum albumin (BSA, Sigma Al-
drich) solution. ICAM-1 was detected using the
polyclonal rabbit ICAM-1 antibody at a dilution of
1 : 1000 in 5 % BSA at 4 8C overnight. To standardize
the applied amounts of protein a rabbit b-actin
antibody was added simultaneously at a dilution of
1 : 2000. Both antibodies were detected with horse-
radish peroxidase-linked secondary antibody against
rabbit IgG used at a dilution of 1 : 1000 in non-fat dry
milk solution. Staining intensity was quantified with a
300 dpi 8-bit flat-bed scanner and analyzed using NHI
image software version 1.62 (National Institute of
Health, Bethesda, MD, USA).
The rabbit polyclonal ICAM-1 antibody and the
rabbit b-actin mAb were obtained from Cell Signal-
ling (Frankfurt am Main, Germany). Goat anti-Rabbit
IgG linked to horseradish peroxidase was from Biozol
(Echingen, Germany).

Results

Rolling and adhesion of neutrophils to endothelium.
Neutrophil granulocytes constitutively adhered to a
layer of HMVECs without additional stimulation,
e.g., by proinflammatory substances (all experiments
were also performed with HPAECs with the same
results). Nevertheless, adhesion significantly
(p < 0.001) increased by 58 % (from 148 � 16 to
234 � 4 cells) after stimulation with fMLP (Fig. 2a).
This result reflects the normal (patho-) physiological
response to inflammation and bacterial contamina-
tion and, furthermore, delivers proof of function for
our in vitro flow assay used here. After addition of
10 mM norepinephrine, the fMLP-induced adhesion of
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the neutrophil granulocytes to the endothelial cells
significantly (p = 0.015) decreased by 20 % (from
234 � 4 to 188 � 19 cells; Fig. 2a). Equimolar
amounts of the beta-blocker propranolol alone had
no effect but abolished the effect of norepinephrine
(229 � 11 and 237 � 14 cells, respectively, Fig. 2a). In
contrast to these changes in adhesion, neither the
number of rolling cells nor the rolling velocity were
significantly influenced by treatment with fMLP,
norepinephrine or both (Fig. 2b, c). In summary,
norepinephrine has a significant inhibitory effect on
the adhesion of neutrophil granulocytes during the
second step of extravasation, in addition to the
significant inhibition of migration, which we have
investigated and published previously [19].
The adhesion of the neutrophil granulocytes to the
vascular endothelium is mediated by b2-integrins, as
shown using a blocking antibody (Fig. 3a). The
number of adhesive cells significantly (p = 0.002)
decreased by 31 % from 234 � 4 to 161 � 13 cells,
whereas an isotypic control antibody did not cause any
changes (not shown). Interestingly, inhibition of N-
cadherin by a blocking antibody led to a stronger
reduction of adhesion (130 � 4 cells; p < 0.001) than
inhibition of b2-integrin; simultaneous blockade of
both receptors did not further reduce adhesion
(133 � 10 cells; p < 0.001; Fig. 3a). However, the
number of rolling cells significantly (p = 0.001) in-
creased by 31 % from 64 � 7 to 84 � 17 cells/min after
inhibition of b2-integrin function (Fig. 3b). In con-
trast, blockade of N-cadherin alone or in combination
with b2-integrin inhibition led to a slight, but signifi-
cant (p = 0.030) reduction of rolling cells by 14 % to
55 � 11 cells/min (Fig. 3b). These results led us to the
conclusion that N-cadherin, besides other molecules
such as selectins (since N-cadherin blockade did not
cause a full inhibition of rolling), contributes to the
rolling of the neutrophil granulocytes on the endo-
thelium. This explains why a blockade of N-cadherin
reduced the number of adhesive cells, because rolling
is an essential step before adhesion can take place.
Without slowing down during the rolling process, the
cells are not able to tightly adhere. Blockade of b2-
integrins reduced the adhesion, but increased rolling,
because the rolling process is extended since tight
adhesion cannot take place. Notably, none of the
receptor inhibitions had a significant effect on the
rolling velocity (Fig. 3c) and none of the observed
inhibitory effects was due to cell death, as confirmed
by propidium iodide/annexin staining and flow cy-
tometry.
Inhibition of fMLP-induced adhesion by norepinephr-
ine is mediated by a reduction of b2-integrin present
on the surface of the neutrophil granulocytes, as
measured by flow cytometry (Fig. 4a, b). The mean

fluorescence intensity (MFI) of b2-integrin staining
decreased after norepinephrine treatment, regardless
whether the cells were stimulated with fMLP (Fig. 4b)

Figure 2. Interaction of neutrophil granulocytes with endothelial
cells under the influence of formyl-methionyl-leucyl-phenylala-
nine (fMLP) and norepinephrine. (a) Total adherent cells during
the 20-min observation period. (b) Number of rolling cells analyzed
in 1-min intervals. (c) Velocity of the rolling cells. All graphs show
mean values and SD of three independent experiments with
neutrophil granulocytes from different donors. Con, control; Nor,
norepinephrine; Prop, propranolol; N+P, norepinephrine and
propranolol. fMLP was added at a concentration of 10 nM where
indicated. Asterisks indicate statistically different changes
(p < 0.05).
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or not (Fig. 4a). In contrast, the surface expression of
N-cadherin was increased by fMLP treatment, but not
by norepinephrine (Fig. 4c, d). However, both fMLP
and norepinephrine had an effect on the intracellular
signal transduction of the cells, as seen by changes of

the intracellular calcium concentration (Fig. 4e).
fMLP led to a strong significant initial increase of
the intracellular calcium by 16.7�2.5 %, which then
decreased to slightly elevated concentrations, which
were still significant (p � 0.011 over the entire meas-
urement period). Norepinephrine reduced the initial
increase. After 70 s control concentrations were
reached, representing a significant (p � 0.040) reduc-
tion of the fMLP-induced increase (Fig. 4e).

Adhesion of tumor cells to endothelium. Compared to
neutrophil granulocytes, MDA-MB-468 human breast
carcinoma cells show less adhesion to the endothelial
cells (20 � 9 cells) even after stimulation with nore-
pinephrine (19 � 11 cells; Fig. 5a). One reason for this
weak interaction might be the lack of the b2-integrin
expression (which is with some exceptions blood cell
specific) of MDA-MB-468 cells (Fig. 5b). In contrast,
more tumor cells than neutrophil granulocytes rolled
on the endothelium (215 � 30 cells, and 202 � 41 cells
after norepinephrine treatment; Fig. 5c). Accordingly,
the MDA-MB-468 cells have a high surface expression
of N-cadherin (Fig. 5d). Despite the higher N-cadher-
in expression, the rolling velocity of the MDA-MB-
468 cells was higher (183 � 43 mm/s; Fig. 5e) than that
of the neutrophil granulocytes (113 � 34 mm/s;
Fig. 2c), which might be due to the higher flow
resistance of the tumor cells due to their size. In
addition, both endothelial cells used here expressed
the fMLP receptor (Fig. 6a, b), and the expression of
N-cadherin was selectively and very rapidly (within
10 min) increased after fMLP treatment (Fig. 6c, d).
We did not observed such an up-regulation by IL-1b or
TNF-a, or an up-regulation of ICAM-1, VCAM-1 or
selectins by fMLP (data not shown). Although MDA-
MB-468 cells express the fMLP receptor (Fig. 6e),
fMLP treatment had no influence on the migratory
activity of these cells, as analyzed in our three-
dimensional collagen-based migration assay, or on
the proliferation of these cells (data not shown). No
further increase of the already high N-cadherin
expression (Fig. 5d) was observed in MDA-MB-468
cells after fMLP treatment (Fig. 6f ). The adhesion of
the MDA-MB-468 cells to the endothelium was
significantly (p = 0.001) increased by 124% from
25 � 5 cells to 56 � 4 cells in the presence of fMLP
(Fig. 7a). This effect is caused by the up-regulation of
N-cadherin on the surface of the endothelial cells,
since this effect was significantly (p = 0.003) reduced
to 40 � 1 cells by an N-cadherin blocking antibody
(Fig. 7a).

Interaction of tumor cells and neutrophils during
adhesion to endothelium. Because leukocytes and
tumor cells are together in the blood stream in vivo, we

Figure 3. The role of b2-integrin and N-cadherin in the rolling and
adhesion of neutrophil granulocytes. (a) Total adherent cells during
the 20-min observation period. (b) Number of rolling cells analyzed
in 1-min intervals. (c) Velocity of the rolling cells. All graphs show
mean values and SD of three independent experiments with
neutrophil granulocytes from different donors. Con, control; b2,
blockade of b2-integrin; N-cad, blockade of N-cadherin. fMLP was
added at a concentration of 10 nM. Statistically different changes:
* p < 0.05, ** p � 0.001.
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investigated whether these two cell types might
interact during extravasation and whether fMLP
modulates this interaction. Unfortunately, an analysis
of rolling was for technical reasons not feasible in
those experiments in which neutrophil granulocytes
and tumor cells were applied simultaneously, thus we

evaluated only adhesion. The presence of neutrophil
granulocytes increased the adhesion of the MDA-MB-
468 cells to the endothelium (Fig. 7b). Such an
interaction of tumor cells with endothelium via
neutrophil granulocytes under flow conditions is
demonstrated in Figures 8a and b. This association

Figure 4. Receptor expression and signal transduction of neutro-
phil granulocytes in response to fMLP. (a, b) Expression of b2-
integrin without (a) and with (b) 10 nM fMLP. Treatment of the
cells with fMLP resulted in an up-regulation of b2-integrin
expression by 40.39 � 11.95% (p = 0.004). Application of norepi-
nephrine alone or in combination with fMLP led to a slight down-
regulation of b2-integrin by 3.43 � 1.75% (a) and by 11.72 � 4%
(b). (c, d) Expression of N-cadherin without (c) and with (d) 10 nM
fMLP. Stimulation of the cells with fMLP up-regulated the surface
expression of N-cadherin by 41.81 � 7.5% (p = 0.03). Additional
treatment with norepinephrine did not have any significant effect
on the N-cadherin expression. Gray fields, control; black line,
treatment with 10 mM norepinephrine; MFI, mean fluorescence
intensity. Graphs hold true for three independent experiments with
neutrophil granulocytes from different donors. Additional appli-
cation (e): Changes of the cytosolic calcium concentration after
treatment with 10 mM norepinephrine and 10 nM fMLP. The graph
shows mean values and SD of three independent experiments with
neutrophil granulocytes from different donors (statistically differ-
ent changes: * p < 0.05). The calcium ionophore ionomycin
(500 ng/ml) served as positive control.

Figure 5. Interaction of MDA-MB-468 cells with endothelial cells
under the influence of norepinephrine. (a) Total adherent cells
during the 20-min observation period. (b) Expression of b2-
integrin. Gray field, anti-b2-integrin antibody; black line, isotypic
control antibody. (c) Number of rolling cells analyzed in 1-min
intervals. (d) Expression of N-cadherin. Gray field, anti-N-
cadherin antibody; black line, isotypic control antibody. (e) Veloc-
ity of the rolling cells. The graphs in a, c, and e show mean values
and SD of three independent experiments. Con, control; Nor,
norepinephrine. The graphs in b and d hold true for three
independent experiments.
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may occur in two ways: first, the neutrophil granulo-
cytes are already in contact with the endothelium and
then capture the rolling MDA cells; second, the
neutrophil granulocytes interact with the tumor cells
and then mediate their adhesion to the endothelium
during the rolling process. The adhesion increased
from 25 � 4 cells to 35 � 8 cells without fMLP and
from 55 � 8 cells to 94 � 24 cells with fMLP; both
effects with fMLP were significant compared with
control (p = 0.005 and p = 0.008, respectively). Both
endothelial cells and MDA-MB-468 cells are negative

for b2-integrins (Figs. 5b and 7c, d), but express the
responding ligand ICAM-1 (Fig. 7e and [29]). It is
possible that neutrophil granulocytes, which are b2-
integrin positive (Fig. 4a, b), function as a linking cell
between these two cells and thereby facilitate the
adhesion of tumor cells. Therefore, we down-regu-
lated ICAM-1 expression on the tumor cells using
siRNA (Fig. 7e). After 24 h, the siRNA inhibited
ICAM-1 expression, which started to be restored after
72 h. Therefore, the tumor cells were used in this time
frame (36 – 48 h) for the flow-through adhesion ex-
periments (Fig. 7f ). As already shown in Figures 7a
and b, the adhesion of the tumor cells significantly
(p = 0.016) increased after fMLP treatment from
27 � 7 cells to 49 � 1 cells. In both cases, without or
with fMLP, the presence of neutrophil granulocytes
led to a strong, although not significant, increase of the
adhesion of the tumor cells (40 � 10 cells, p = 0.14,
and 86 � 29 cells p = 0.095, respectively). In tumor
cells, in which ICAM-1 expression was inhibited, this
effect of the neutrophil granulocytes was strongly
diminished (without fMLP 32 � 10 cells; with fMLP
61 � 16 cells; Fig. 7f ).

Discussion

The bacterial peptide fMLP is a strong inducer for the
migratory activity of neutrophil granulocytes [14, 26].
The chemotactic movement of these cells toward a site
of bacterial contamination is essential for the immune
response. It is thus not surprising that fMLP is also a
substance that provokes an enhanced recruitment of
neutrophil granulocytes from their main source – the
blood stream – to the tissue interstitium, as shown
here. However, similar to the migration itself [19], the
adhesion of neutrophil granulocytes to the endothe-
lium is significantly reduced by norepinephrine. This
adds molecular findings to the epidemiology-based
theory that chronic stress suppresses the immune
system [30]. But what are the molecular mediators for
the effects of fMLP and norepinephrine? Most
interestingly, both endothelial cell types used here
express the fMLP receptor, and N-cadherin is specif-
ically up-regulated after fMLP treatment. Blockade of
N-cadherin binding inhibits both the rolling of neu-
trophil granulocytes on endothelium and their adhe-
sion to the endothelial cells. In contrast, blockade of
b2-integrins reduces adhesion but increases rolling.
These results can be explained by the distinct involve-
ment of the adhesion molecules in the different stages
of extravasation process. On the one hand, N-cadherin
takes part in the rolling process. If rolling is inhibited,
adhesion is also affected since the deceleration of the
cells in the first step of the extravasation process is

Figure 6. Expression of the fMLP receptor and of N-cadherin in
response to fMLP. The expression of the fMLP receptor (fMLP-R)
on human pulmonary artery endothelial cells (HPAEC, a) and
pulmonary microvasculature endothelial cells (HMVEC, b) as well
as on the MDA-MB-468 human breast carcinoma cells (e) was
analyzed by flow cytometry. Black line, isotypic control antibody
(ISO); gray field, fMLP-R-specific antibody. (c, d) Expression of
N-cadherin on the endothelial cells in response to fMLP. Treatment
of the cells with fMLP resulted in an up-regulation of N-cadherin
expression by 20.76 � 9.75% on HPAEC (p = 0.03) and by
56.6 � 2.52% on HMVEC cells (p < 0.02). ( f ) Expression of N-
cadherin on MDA-MB-468 cells in response to fMLP. Application
of fMLP led to a down-regulation of N-cadherin on the surface of
MDA cells by 7 � 5% (p < 0.03). Black line, control; gray field,
fMLP-treatment (10 nM). All graphs hold true for three inde-
pendent measurements.
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needed for a strong adhesion. On the other hand,
when b2-integrins are inhibited, less cells can tightly
adhere, which leads to an increase or a prolongation of
the rolling process. Both of these adhesion molecules
are increased on the surface of neutrophil granulo-
cytes after fMLP treatment, but only b2-integrin is
down-regulated by norepinephrine. Both of these
substances generate characteristic changes of the
intracellular calcium concentration (Fig. 4e). Thus,
the changes of the cell surface receptor expression are
reflected in intracellular signaling events. Neverthe-
less, it has been described by other groups that
neutrophil granulocytes also use b2-integrin-inde-
pendent strategies for the fMLP-induced adhesion to
lung endothelium, since blockade of the b2-integrin
did not completely prevent adhesion [2, 31], which is
in accordance with our results. We suggest that N-
cadherin might be a candidate for this replacement.

In comparison to the neutrophil granulocytes, less
MDA-MB-468 cells adhere to the endothelium but
more cells roll on it. The small number of adherent
cells can be explained by the lack of b2-integrin
expression. Thus, similar to the blockade of b2-
integrins on neutrophil granulocytes, more cells roll.
In addition, the MDA-MB-468 cells display a high
expression of N-cadherin on their surface. Cadherins
are well-known receptors for intercellular adhesion,
especially E-cadherin. However, N-cadherin is the
most abundant cadherin on MDA-MB-468 cells [32].
A role of N-cadherin in extravasation has, so far, only
been described for the diapedesis, where it guides the
tumor cells through the endothelial junction [33].
During normal vascular morphogenesis N-cadherin is
known to mediate adhesion, recognition and signaling
between pericytes and endothelial cells [34, 35]. We
show that fMLP increases the rolling of the MDA-
MB-468 cells, which is caused by an increased N-

Figure 7. Effect of fMLP on the
adhesion of MDA-MB-468 cells
and their interaction with neu-
trophil granulocytes. (a) Con,
control; fMLP+ IgG, treatment
with 10 nM fMLP and an isotypic
control antibody; fMLP+N-cad,
treatment with 10 nM fMLP and
an N-cadherin blocking antibody.
(b) Con, control; fMLP, treat-
ment with 10 nM fMLP; NG,
presence of neutrophil granulo-
cytes at the same amount that
was used for the experiments
with neutrophil granulocytes
alone. (c, d) Expression of b2-
integrin on HPAEC and
HMVEC. Gray field, anti-b2-in-
tegrin antibody; black line, iso-
typic control antibody. (e) Down-
regulation of ICAM-1 expression
using siRNA. b-Actin was used
to control the total amount of
applied protein. Flow-though ad-
hesion experiments were per-
formed after 36–48 h of siRNA
treatment. ( f ) Con, control (cells
treated with control siRNA); si,
siRNA specific for ICAM-1; NG,
presence of neutrophil granulo-
cytes. fMLP was added at a con-
centration of 10 nM where indi-
cated (right). The graphs in a, b
and f show the total adherent
cells during the 20-min observa-
tion period. These graphs show
mean values and SD of three
independent experiments in b
and f with neutrophil granulo-
cytes from different donors. *
Statistically different changes,
p < 0.05.
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cadherin expression of the endothelial cells and results
finally in an increased number of adherent tumor cells.
In contrast to fMLP, norepinephrine does not influ-
ence any of the investigated parameters of the
extravasation process of MDA-MB-468 cells (Fig. 5),
although norepinephrine is one of the most potent
known physiological inducers of migration of these
cells [15].
Since leukocytes and tumor cells are together in the
blood stream, we investigated the interaction of these
cells. Liang and colleagues [36] have previously
published results on the interaction of melanoma
cells and neutrophil granulocytes via ICAM-1 and b2-
integrins, and they ascribed IL-8, produced by the
melanoma cells, a mediating role for this interaction
[37]. We show here that the MDA-MB-468 cells
constitutively interact with the neutrophil granulo-
cytes during extravasation, and that this interaction is
mediated by ICAM-1/b2-integrin interactions. Neu-
trophil granulocytes function as a linker between the
tumor cells and the endothelial cells, since both of
those cells are b2-integrin negative but ICAM-1
positive, and neutrophil granulocytes express b2-
integrin. However, this interaction is intensified by
the presence of fMLP for the above-discussed effects
on b2-integrin, but also because of N-cadherin up-
regulation. Here, fMLP is an indirect promoter for
tumor cell adhesion by its influence on neutrophil
granulocytes and endothelial cells.
In summary, these results show that tumor cells, which
are almost unable to extravasate by themselves, can
use neutrophil granulocytes via b2-integrin/ICAM-1
as linker for interaction with the endothelium, espe-

cially at the second stage of the extravasation process.
By this linking function, even those soluble signaling
substances such as proinflammatory mediators, to
which the tumor cells are insensitive but neutrophil
granulocytes are sensitive, have to be considered as
modulators for the interaction of tumor cell with
endothelium. Furthermore, endothelial cells them-
selves can also be modulated by these signaling
substances. We have identified fMLP as one of these
substances that acts on neutrophil granulocytes and on
endothelial cells by changing their adhesion receptor
profile. In this context we have found that N-cadherin
is a key molecule in the rolling and adhesion of
neutrophil granulocytes as well as of tumor cells.
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