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Neutrophils’ adhesion to the endothelium during inflammatory is a well-known processes. In contrast the
interaction of neutrophils with cells of the neurovascular unit after they have been transmigrated into the
brain is less clear. Recently, lymphocyte function-associated antigen-1 (LFA-1) dependent subendothelial
crawling of neutrophils has been observed in vivo. This is mediated by intracellular adhesion molecule-1
(ICAM-1), which is expressed on the cell surface of pericytes. In our work we demonstrated in vitro a
cell–cell interaction between porcine brain capillary pericytes (PBCPs) and neutrophils, with further char-
acterization of the initial contact between these cells. PBCPs increase ICAM-1 protein expression in
response to the cytokine tumor necrosis factor-alpha (TNF-a). Furthermore, an increase in neutrophil
adhesion to PBCPs was determined by immunofluorescence staining. By means of scanning force micros-
copy (SFM), we could additionally show that pericytes as well as neutrophils form cell extensions
towards the neighboring cell. Interestingly, these extensions differ for different cell types.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Neutrophil transmigration is crucially dependent on the expres-
sion of adhesion molecules on the cell surface of endothelial cells
as well as on immune cells. Furthermore, different adhesion mole-
cules can be associated to different functions and time steps during
neutrophil diapedesis [1]. Intracellular adhesion molecule-1
(ICAM-1) is one of the most important and best characterized
adhesion molecules in the whole process [2]. ICAM-1 especially
plays a role during neutrophils’ crawling along the vessel wall
and the trans- or paracellular cell penetration [3]. Although the
process of the transmigration through the endothelium is under-
stood quite well, the interaction of neutrophils with other cells of
the neurovascular unit in the brain has poorly been investigated.
Proebstl et al. were the first who reported an ICAM-1–lymphocyte
function-associated antigen-1 (LFA-1) depending interaction be-
tween neutrophils and pericytes after neutrophils have penetrated
the endothelium [4]. Before continuing their diapedesis, neutro-
phils crawl in the subendothelium and leave it through enlarged
pericyte gaps as reported [4]. In one of our previous studies we
demonstrated in accordance to Proebstl et al. an increase in neu-
trophil adhesion to pericytes in vitro which is massively dependent
on matrix metalloproteinases [5]. As we could show that pericytes
also secrete interleukin-8 (IL-8), which is the predominant chemo
attractor for neutrophil recruitment to the inflamed tissue, we
hypothesized that pericytes play an important role during the pro-
cess of neutrophil transmigration. Up to now, nothing is known
about the cellular structures of the initial interaction between
these cells. In this study we investigated the expression of ICAM-
1 by Western blot analysis in porcine brain capillary pericytes
(PBCPs) in response to tumor necrosis factor-alpha (TNF-a) treat-
ment in vitro. Furthermore, we confirmed the adhesion between
neutrophils and pericytes by means of immunofluorescent stain-
ing. The main focus of this work was set to examine changes in
pericytes’ and neutrophils’ cell morphology during the initial con-
tact of both cells. The present study will help to understand the
cell–cell interaction between neutrophils and pericytes within
the brain.
2. Materials and methods

2.1. Preparation and cultivation of PBCPs

PBCPs were isolated, cultured and cryoconserved as previously
described [6–8]. Briefly, cerebra of freshly slaughtered adult pigs
were mechanically homogenized and stepwise digested by two
proteases, followed by further purification steps. The cells were
seeded on collagen G-coated culture flasks (Nunc) and were
washed with phosphate-buffered saline (PBS) containing 1 mM
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Fig. 1. Densitometrical Western blot analysis of ICAM-1 protein performed 24 h
after the addition of TNF-a or stimulant free media. Values of treated samples were
normalized to the control (untreated) which was set to 1, N = 3.
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Ca2+ and 0.5 mM Mg2+ 24 h after initial plating. Since pericytes at-
tach more firmly to the culture substrate than endothelial cells,
selective trypsination of endothelial cells yielded pure pericyte cul-
tures which were grown in pericyte medium (Dulbecco’s modified
Eagle’s medium Ham’s F-12, 2 mM L-glutamine (Biochrom),
100 lg/ml gentamicin, 100 U/ml penicillin, 100 lg/ml streptomy-
cin and 10% NCS) for 14 days, before they were frozen and stored
in liquid nitrogen. Pericytes were characterized by their branched
morphology, large size, positive immunostaining for alpha smooth
muscle actin (aSMA), desmin, Thy 1.1 and NG-2 proteoglycan, and
negative staining for factor-VIII-related antigen and glial fibrillary
acidic protein (GFAP). Pericytes were seeded in collagen G coated
culture flasks (72,000 cells per 25 cm2) with serum containing
media (Dulbecco’s modified Eagle’s medium Ham’s F-12, 10% ser-
um, 1% Penicillin/Strep, 1% L-Glu, 1% Gentamycin) for 2 days. For
differentiation of the pericytes to an alpha smooth muscle actin
negative (aSMAneg.) phenotype, the conditions were changed to
serum-free media containing 20 ng/ml bFGF for 4 days. Afterwards
the stimulation (2 ng/ml TNF-a) was applied for 22–24 h.

2.2. Isolation of neutrophils

Isolation of neutrophils was done as described previously [9].
Briefly, porcine peripheral blood neutrophils were isolated from
fresh venous blood, allowed to sediment in 0.6% dextran
(162,000 MW, Sigma–Aldrich, Steinheim, Germany) for 1 h, centri-
fuged for 10 min at 350g at room temperature, followed by further
erythrocyte purification by resuspending the pellet in 2 ml ice cold
water for 20 s and immediate addition of 40 ml Hank’s buffered
salt solution (HBSS, Biochrom, Berlin, Germany). This step was re-
peated twice (centrifugation: 7 min at 350g, RT) and afterwards,
3 ml of the cell suspension was centrifuged for 30 min over a
gradient of 6 ml Histopaque 1083 (Sigma Aldrich, Steinheim, Ger-
many) to separate neutrophils from leucocytes. The pellet was
washed twice in HBSS and finally resuspended in chemically de-
fined medium (CDM: Dulbecco’s modified Eagle’s medium Ham’s
F-12, 4 mM L-glutamine (Biochrom, Berlin, Germany), 100 lg/ml
gentamicin, 100 U/ml penicillin, and 100 lg/ml).

2.3. Western blot

Cell lysate from pericytes was obtained by washing cells 3 times
with PBS and adding 350 ll lysis buffer per 25 cm2 culture flask.
After 30 s cells were scraped from the bottom of the flask with
the help of a Cell Scraper (Biologix). The lysate was centrifuged
(14,000g, 30 min, 4 �C) and the supernatant was collected. The con-
centration was determined by the bicinchoninic acid test (BCA
test). Western blot analysis was performed with an equal amount
of cell lysate mixed with an equal volume of 2 � Laemmli-buffer
(0.4 M Tris–HCl, 8% SDS, 4 mM EDTA, 40% glycerol, pH 6.8 contain-
ing 2% b-mercaptoethanol). Proteins were denaturated at 90 �C for
10 min and then separated by 10% SDS–PAGE. Afterwards the pro-
teins were transferred to a nitrocellulose membrane (Amersham).
The ICAM-1 proteins were detected by application of primary
antibody mouse anti ICAM-1 (0.5 lg/ml AbD Serotec) followed by
the secondary antibody, anti-mouse IgG horseradish peroxidase
conjugate (0.5 lg/ml, MoBiTec). The detection was carried out with
the enhanced chemiluminescence kit (Amersham), following the
manufacturer’s instructions. Densitometrical analysis was per-
formed by ImageJ 1.45 (NIH).

2.4. Immunofluorescence staining

For immunofluorescent staining cells were grown on gelatin
coated cover slips. The cover slips were washed with PBS twice
and fixed for 10 min with 4% paraformaldehyde in PBS containing
Ca2+ and Mg2+ (PBS++). After PBS washing (three times), the cells
were permeabilized with 0.2% Triton-X-100 in PBS++ for 10 min,
washed three times with PBS++ and blocked with 3% BSA in PBS++

for 20 min. After a wash step with PBS++, the first antibody
(2.5 lg/ml mouse anti MA, Sigma–Aldrich) was applied for
60 min at 37 �C. After rinsing with PBS++ three times, the cells were
incubated with the secondary antibody (2 lg/ml goat anti-mouse
Alexa Fluor 488, Invitrogen) for 60 min at 37 �C and protected from
light. The cells were rinsed with PBS++ three times and DAPI was
applied. Finally, the cells were embedded in Aqua Polymount
(Polyscience) and stored at 4 �C for microscopy evaluation.

2.5. Scanning force microscopy

For scanning force microscopy (SFM) images cells were cultured
on 12.57 cm2 collagen G coated petri dishes, stimulated for 22 h
with TNF-a and incubated for 6 h with neutrophils. After washing
the cells with PBS twice, they were fixed with 2% glutardialdehyde
for 45 s and additionally with 4% PFA for 20 min. Then the cells
were washed 5 times with PBS and analyzed by a NanoWizard II
SFM (JPK Instruments) operating in contact mode in PBS. A silicon
nitride tip (Bruker SFM probes) with a spring constant of
0.01 Nm�1 and a resonance frequency of 7 ± 3 kHz was used. The
images were obtained at 512 � 512 pixel resolution with a scan
rate of 0.3–1.0 Hz. The data analysis was carried out by JPK image
processing software.

2.6. Statistic analysis

If not stated otherwise, the results are expressed as a
mean ± standard error (SD). Statistical analysis was carried out
by Student’s t-test, P-values <0.05 were considered significant.
3. Results

The ICAM-1 protein expression in pericytes was analyzed by
Western blot analysis and densitometrical measurements of the
band intensity after they have been treated with 2 ng/ml TNF-a
or stimulant free media (Fig. 1). TNF-a increased the ICAM-1
expression significantly to 1.80 ± 0.12-fold in comparison to the
unstimulated control (set to 1.0 ± 0.24-fold). In addition, a minor
expression of ICAM-1 in unstimulated pericytes is visible in Wes-
tern blot analysis. Immunofluorescent analysis revealed that neu-
trophils attach to pericytes, showing the functionality of the
increased adhesion molecule expression on pericytes’ cell surface
to adhere neutrophils after TNF-a treatment (Fig. 2). The initial
contact between pericytes and neutrophils was examined by
scanning force microscopy. It is shown that pericytes as well as



Fig. 2. Immunofluorescent staining of neutrophils adhered to a pericyte on collagen
G coated cover slides performed 24 h after stimulation with TNF-a and 6 h after
application of neutrophils. The actin skeleton of the PBCPs was stained with
Phalloidin (red), neutrophils were stained by an antibody against granulocytes
(green) and the nuclei were stained with DAPI (40 6-diamino-2-phenylindole)
(blue). Scale bar represents 20 lm. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Nanoscale morphologies of the cell–cell contact between pericytes (p) and neutro
(6 h). (A) Pericyte’s extension (red) towards a neutrophil in deflection image (left), the
extensions towards a pericyte in a merged deflection image (upper left), two correspondin
lower right) of initial contact extensions (blue) and matured contact extension (green). (F
to the web version of this article.)
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neutrophils developed extensions towards the other cell and
spread on the substrate. Pericytes are characterized by broad
extensions with a maximum height of around 250 nm (Fig. 3A,
red arrow and line). As opposed to this, neutrophils’ initial exten-
sions are long and thin with a maximum height of 80 nm and a
width of 1 lm (Fig. 3B, blue arrow and line). After contact with
the pericyte, neutrophils’ extensions thicken to 240 nm in height
and 2 lm in width (Fig. 3B green arrow and line). For both cell
types, these extensions are only visible when a neighboring cell
is in close distance to the extension building cell.

4. Discussion

In this study we could show that pericytes increase the expres-
sion of ICAM-1 in response to TNF-a stimulation after 24 h. For our
experiments we used aSMAneg. pericytes which represent the situ-
ation in vivo the most [10–12]. The expression of proteins and the
induction of the blood brain barrier integrity by pericytes are
dependent on pericytes’ differentiation stage which again is regu-
lated by the cell culture conditions [6,13,14]. In our work we fig-
ured out that aSMAneg. PBCPs constitutively express ICAM-1 as
seen in the Western blot analysis. These findings are in accordance
to the heterogeneous results of others where pericytes express
phils (n) after the stimulation with TNF-a (24 h) and the application of neutrophils
SFM height image (middle) and the analyzed line profile (right). (B) Neutrophil’s
g SFM height images (lower left, middle) and the analyzed line profiles (upper right,

or interpretation of the references to color in this figure legend, the reader is referred
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constitutively low amounts of ICAM-1 or not, depending on their
differentiation stage and origin [4,15]. ICAM-1 is one of the most
important adhesion molecules during neutrophil transmigration
across the blood vessel [2]. The dependency and importance of
ICAM-1 during the process of transmigration was emphasized by
inhibition experiments, where the blocking of the adhesion mole-
cule leads to severe consequences in immunological processes
[16–18]. Furthermore, an ICAM-1–LFA-1 depending cell crawling
between pericytes and neutrophils was figured out, indicating
the importance of the subendothelial region during the process
of immune cell diapedesis into the brain [4]. Next to the cell inter-
action between neutrophils and pericytes, the assumption of cell
adhesion towards other cells of the NVU has been proven by the
adhesion between the immune cells and astrocytes [19]. Although,
no adhesion molecule has been investigated in this study, due to
the expression of ICAM-1 on the astrocytes surface it can be spec-
ulated that this interaction is mediated by the same molecule.

The functionality of the adhesion between neutrophils and peri-
cytes was confirmed in this work by immunofluorescent cell stain-
ing. We observed neutrophils adhered to pericytes which is in
accordance to our previous study where neutrophils’ adhesion to
pericytes was further strengthened by using an inhibitor against
matrix metalloproteinases [5]. The immunofluorescent staining is
a fast, specific and visible method to determine the cell adhesion.
However, with this method no high resolution cell morphology
images according to the initial cell contact can be obtained. To
investigate this, we analyzed the first initial contact between the
cells by SFM. We could show that both cell types are able to per-
form cell extensions towards the other cell type. Cell extensions
of migrating cells like macrophages had been shown before by
SFM but regardless their dimensions [20]. Here, we could show
for the first time that neutrophils and pericytes express initial cell
extensions which differ in their structure according to whether the
cells belong to adherent or suspensory cells. The adherent peri-
cytes are characterized by wide and relatively high initial exten-
sions (8 lm width, 250 nm high). In contrast, neutrophils as an
example of suspensory cells perform relatively thin and plain
extensions (1 lm width, 80 nm high). After having contact to peri-
cytes theses structures thicken more to 2 lm in width and up to
250 nm in height. This indicates that pericytes may provide struc-
tures supporting neutrophils’ migration.
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