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Summary

The key aspect of neonatal meningitis is related to
the ability of pathogens to invade the blood–brain
barrier (BBB) and to penetrate the central nervous
system. In the present study we show that, in an in
vitro model of BBB, on the basis of co-culturing
primary bovine brain endothelial cells (BBEC)
and primary bovine retinal pericytes (BRPC),
Escherichia coli infection determines changes of
transendothelial electrical resistance (TEER) and
permeability (Pe) to sodium fluorescein. In the
co-culture model, within BBEC, bacteria are able to
stimulate cytosolic and Ca2+-independent phos-
pholipase A2 (cPLA2 and iPLA2) enzyme activities.
In supernatants of E. coli-stimulated co-cultures,
an increase in prostaglandins (PGE2) and VEGF
production in comparison with untreated co-
cultures were found. Incubation with E. coli in
presence of AACOCF3 or BEL caused a decrease
of PGE2 and VEGF release. SEM and TEM images
of BBEC and BRPC showed E. coli adhesion to
BBEC and BRPC but only in BBEC the invasion
occurs. VEGFR-1 but not VEGFR-2 blockade by
the specific antibody reduced E. coli invasion in
BBEC. In our model of BBB infection, a significant
loss of BRPC was observed. Following VEGFR-1,
but not VEGFR-2 blockade, or in presence of
AACOCF3 or BEL, elevated TEER values, reduced

permeability and BRPC loss were found. These
data suggest that VEGFR-1 negatively regulates
BRPC survival and its blockade protects the
barrier integrity. PGs and VEGF could exert a bio-
logical effect on BBB, probably by BRPC coverage
ablation, thus increasing BBB permeability. Our
results show the role played by the BBEC as well
as BRPC during a bacterial attack on BBB. A better
understanding of the mechanisms by which E. coli
enter the nervous system and how bacteria alter
the communication between endothelial cells and
pericytes may provide exciting new insight for
clinical intervention.

Introduction

Through the years, bacterial meningitis has remained an
infection with a high mortality rate, particularly in very
young and elderly patients, despite advances in antimi-
crobial therapy (Kim, 2003; 2008). The reason for the
poor outcome has been attributed to limited knowledge
of pathogenesis and pathophysiology of the disease.
Although most cases of Escherichia coli meningitis occur
via haematogenous spread, it is not yet clear what micro-
bial and host factors are responsible for the ability of
neurotropic strains of E. coli to cross the blood–brain
barrier (BBB). The bacterium itself or its degraded prod-
ucts stimulate the release of pro-inflammatory mediators
such as cytokines and prostaglandins (PGs) by leuco-
cytes, endothelial cells (EC), astrocytes, microglial cells
and other cells in the central nervous system (CNS),
and these subsequently lead to an increase in the per-
meability of the BBB (Engblom et al., 2002; Zhu et al.,
2010a).

The BBB is an active interface between the circulation
and the CNS which restricts the free movement of differ-
ent substances between the two compartments and plays
a crucial role in the maintenance of the homeostasis of the
CNS. The principal components of the BBB are the EC,
astrocytes and pericytes (PC) (Fig. 1A). Some other cel-
lular elements like neurones or microglia, components of
the neurovascular unit, play also a significant role in the
function of BBB (Stanimirovic and Friedman, 2012). From
the point of view of the permeability the most important
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cell types of the BBB are cerebral EC which form a
continuous sheet covering the inner surface of the capil-
laries. EC are interconnected by tight junctions (TJ),
(Fig. 1B) crucial in determining alterations in the control of
BBB vascular permeability (Nico and Ribatti, 2012). The
transcellular entry of E. coli K1 through human brain
microvascular endothelial cells (HBMEC) is responsible
for TJ disruption and it has demonstrated the involvement
of IQGAP1 (Ras GTPase-activating-like protein) in pro-
moting E. coli K1 invasion of brain EC (Krishnan et al.,
2012).

Brain EC have both endothelial-like features (i.e.
expression of von Willebrand factor) and epithelial-like
features such as low level of pinocytosis and high
transendothelial electrical resistance (TEER). EC sit on
the basal membrane which consists mainly of collagen IV,
fibronectin, laminin and proteoglycans. Engulfed in the
basal membrane are the PC, which cover approximately
22–32% of the endothelium. PC are uniquely positioned
within the neurovascular unit to serve as vital integrators,
co-ordinators and effectors of many neurovascular
functions, including angiogenesis, BBB formation and
maintenance, vascular stability and angio-architecture
and regulation of capillary blood flow (Armulik et al.,
2010; Winkler et al., 2011). These cells are also seen as
multipotent cells and so with great potential for therapy
(Dore-Duffy, 2008).

New studies have revealed that PC deficiency in the
CNS leads to BBB breakdown and brain hypoper-
fusion resulting in secondary neurodegenerative changes
(Sá-Pereira et al., 2012).

Do the PC have a role in E. coli crossing the BBB?
Certainly the PC provide a structural barrier that helps to
promote vascular integrity and the pericytal dysfunction
or the loss of PC could play an important role in the
pathogenesis of meningitis. The role of PC in mainte-
nance of BBB during bacterial meningitis is still to be
elucidated. Our study places the vital cross-talk between

EC and PC at the centre of injury responses in bacterial
meningitis.

Arachidonate metabolites such as PGs and leukot-
rienes (LTs) contribute to E. coli K1 invasion of microvas-
cular EC and penetration into the brain (Zhu et al.,
2010a,b). Arachidonic acid (AA) is liberated from phos-
pholipids by the action of different isoforms of phospholi-
pases (PLA2s) and converted to PGs or LTs by the action
of cyclooxygenase (COX) and 5-lipoxygenase respec-
tively. Cytosolic PLA2 (cPLA2), Ca2+-independent intracel-
lular PLA2 (iPLA2) and Ca2+-dependent secretory PLA2

(sPLA2) differ from each other in terms of substrate spe-
cificity, Ca2+ requirement, lipid modification, translocation
to cellular membranes and AA release (Alberghina, 2010).
cPLA2 and iPLA2 are ubiquitously present and active in
mammalian cells, whereas sPLA2 may be silent or not
expressed in quiescent EC. Our previous study has
shown the role of cPLA2, iPLA2 and PKCa/ERK/MAPK
signalling pathways in governing the E. coli penetration
into the BBEC (Salmeri et al., 2012), but how those sig-
nalling molecules contribute to the invasion is still to be
completely understood.

The vascular endothelial growth factor (VEGF) is
a crucial regulator of vasculogenesis, angiogenesis,
lymphangiogenesis and vascular permeability in verte-
brates (Kajdaniuk et al., 2011). VEGF-A, the prototype
VEGF ligand, binds and activates two tyrosine kinase
receptors: VEGFR-1 (Flt-1) and VEGFR-2 (KDR/Flk-1).
The transmembrane VEGFR-1 acts as a positive regu-
lator of angiogenesis, inflammatory responses and
permeability in several human diseases such as rheu-
matoid arthritis (Kong et al., 2011), cancer (Subramanian
et al., 2010) and bacterial meningitis with E. coli playing
a role in the promotion of the physical association
between phosphorylated VEGFR-1 and p85 subunit
of PI3K, highlighting the involvement of VEGFR-1 in
E. coli K1 invasion of microvascular ECs (Zhao et al.,
2010).

Fig. 1. Schematic drawing of neurovascular
unit (A) and transmission electron
micrographs (B) of bovine brain microvascular
endothelial cells (BBEC). Two elongated
primary BBEC cultured onto the Transwell
membranes display typical morphology of the
endothelial cells. The black arrows (B)
indicate the tight junctional elements between
two primary BBEC. Bar equals to 200 nm.
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High VEGF levels have been measured in the cerebro-
spinal fluid (CSF) of patients with bacterial meningitis who
show severe BBB disruption, and VEGF immunoreactivity
was found in endothelium and smooth-muscle cells from
brain specimens of patients who died of bacterial menin-
gitis (van der Flier et al., 2001).

Of particular interest are the results reported by J.I.
Greeberg et al., demonstrating the VEGF as an inhibitor
of neovascularization based on its capacity to disrupt the
vascular smooth muscle cells function; specifically, VEGF
ablates PC coverage of nascent vascular sprouts leading
to vessel destabilization (Greenberg et al., 2008). It has
been demonstrated that VEGF can stimulate PGI2 syn-
thesis via cPLA2-mediated AA release, indicating that
VEGF stimulation of this biosynthetic pathway may occur,
at least in part, via activation of p42/p44 MAP kinases
(Wheeler-Jones et al., 1997) and that activation of PKC
plays a crucial role in this VEGF signalling, suggesting
that the PKC delta isoform may be a key mediator
of VEGF-induced activation of the ERK pathway via
increased association with Raf-1 (Gliki et al., 2001).

In the present article we show that, in an in vitro model
of BBB, on the basis of co-culturing BBEC and BRPC,
E. coli invasion is associated with decreased TEER and
increased permeability of the BBB due to the loss of PC.
Furthermore we present evidence that pericytal VEGFR-1

plays a significative role in these events. These findings
suggest a possible mechanism by which EC and PC react
to the E. coli infection.

Results

E. coli infection determines changes of TEER
and permeability to sodium fluorescein in
BBEC/BRPC co-cultures

The interaction among the cells forming the neurovascu-
lar unit is shown in a schematic drawing in Fig. 1A. TEM of
BBEC growing on Transwell filter in the BBB model is
shown in Fig. 1B. TJ sealing the BBEC are evident.

The BBB model used in the present study is shown in
Fig. 2. To highlight the cell phenotype, and for immuno-
logical characterization, subconfluent BBEC were incu-
bated with anti-von Willebrand factor rabbit polyclonal
antibody (BBEC marker, Fig. 2A) and BRPC with mouse
monoclonal against a-actin (BRPC marker, Fig. 2B): the
distribution of immunocomplexes, observed by confocal
immunofluorescence microscopy, showed an elongated
and spindle shape for BBEC and an irregular, large and
stellate shape for BRPC. Images in Fig. 2A and B are not
of the true BBB model, but rather an approximation using
subconfluent cells.

Fig. 2. Scheme of Transwell systems for
mono- and co-cultures of bovine brain
endothelial cells (BBEC) and bovine retinal
pericytes (BRPC). (A) BBEC monolayers. (B)
BRPC monolayers. (C) BRPC were seeded
on the lower side of the membrane until
confluence, and then the BBEC were seeded
in the upper compartment. The pore size of
3.0 mm was chosen to allow the passage of
cell foot processes through the membrane
filter separating the upper and lower chamber.
The pore size of 0.4 mm was chosen for the
experiments in which the cells were
trypsinized and counted. Images of control
BBEC or BRPC are shown in (A) and (B).
To highlight cells architecture and for
immunological characterization, BBEC
non-confluent monolayers were washed,
fixed, permeabilized and stained with a
polyclonal anti-von Willebrand factor
(vWF) antibody, coupled to a green
fluorescent-labelled secondary antibody,
and BRPC were stained with a monoclonal
anti-a actin antibody coupled to a red
fluorescent-labelled secondary antibody.
Distribution of immunocomplexes was
observed by confocal immunofluorescence
microscopy. Magnification 40 ¥ .
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The BBB model, used in all experiments with confluent
cells, was characterized by measuring TEER and sodium
fluorescein flux across BBEC in monolayer and in
co-culture with BRPC (Table 1). Co-culture showed high
values of TEER and very low permeability to sodium
fluorescein in comparison with BBEC mono-culture. Very
similar results in repeated experiments indicated the
reproducibility of the model. Incubation for 60 min with
E. coli K1 (107 cfu per well) caused a significant TEER
reduction (about 3.2-fold) and an increased permeability
(about 2.3-fold) as compared with BBEC/BRPC control
co-cultures.

E. coli stimulates phospholipase A2 activities, PGE2

production and VEGF release

As reported in Table 2, in E. coli-stimulated BBEC in
mono- and co-culture, PLA2 activity was strongly activated
(about 2.2-fold in mono- and 2.6-fold in co-cultures) com-
pared with the control (unstimulated) BBEC, unlike BRPC
in which it was weakly stimulated. In control BBEC mono-
cultures, the presence for 120 min (pre-incubation of
60 min followed by incubation for 60 min in the presence
of bacteria) of 50 mM AACOCF3 (PLA2 activity dual
blocker) or 2.5 mM BEL (iPLA2 inhibitor) caused a

Table 1. Evaluation of the barrier integrity.

TEER (w ¥ cm2) Pe (10-6 cm s-1)

Mono-culture BBEC 78 ! 11.2 8.1 ! 0.6
BBEC + E. coli 66 ! 8.4 6.6 ! 0.8

Co-culture BBEC/BRPC 267 ! 22.1a 3.2 ! 0.15a

BBEC/BRPC + E. coli 83 ! 9.1b 7.3 ! 0.5b

a. A statistically significant difference between uninfected BBEC and BBEC/BPRC cultures.
b. A statistically significant difference between uninfected and infected BBEC/BPRC co-cultures.
BBEC (40 000 cells cm-2) were cultured in monolayers in Ham’s F-10 medium containing 10% FBS or were grown on the top surface of the
Transwell insert (six-well type, 3.0 mm pore size) in which BRPC (40 000 cells cm-2) were first plated on the outside of the membrane, in 50%
DMEM plus 50% F-10 HAM’s containing 10% FBS. After 3 days, the cells were incubated in absence or presence of E. coli (107 cfu per well) for
60 min and measurements of TEER and cell permeability on BBEC were performed as described in Experimental procedures. For TEER
measurements, the collagen-treated Transwell inserts were used to measure the background resistance. Values (means ! SEM) are from six
independent experiments (n = 6), were expressed as w ¥ cm2 and were calculated by the formula: [the average resistance of experimental wells
– the average resistance of blank cells] ¥ 0.33 (the area of the Transwell membrane).
For sodium fluorescein determination, flux across cell-free inserts was measured and transendothelial permeability coefficient (Pe) was calculated.
Values (means ! SEM) are from three independent experiments (n = 3). ANOVA and the Tukey post-test were used to compare TEER or
permeability measurements in the four different experimental conditions (P < 0.05).
TEER and permeability to sodium fluorescein (Pe) determination in microvascular endothelial cells in mono- and in co-culture, in the absence or
presence of E. coli K1 strain.

Table 2. PLA2 activity in BBEC and BRPC in mono- and co-culture stimulated and non-stimulated by E. coli K1.

PLA2 activity (pmol min-1 mg-1)

Control cells Cells + E. coli

Mono-culture BBEC 19.9 ! 1.5 44.7 ! 3.2*
BBEC + AACOCF3 14.4 ! 1.1† 17.1 ! 1.5†

BBEC + BEL 16.1 ! 1.3 20.0 ! 1.7†

BRPC 13.5 ! 1.1 17.1 ! 1.3
BRPC + AACOCF3 9.2 ! 0.8† 11.0 ! 1.2†

BRPC + BEL 10.3 ! 1.2† 12.3 ! 0.9†

Co-culture BBEC 27.4 ! 2.5 71.2 ! 6.2*
BBEC + AACOCF3 19.8 ! 1.3† 23.1 ! 2.1†

BBEC + BEL 22.1 ! 2.2† 31.2 ! 2.4†

BRPC 12.2 ! 1.1 16.1 ! 1.3
BRPC + AACOCF3 7.7 ! 0.9 10.3 ! 0.9†

BRPC + BEL 8.0 ! 1.2 10.2 ! 1.3†

BBEC (40 000 cells cm-2) were cultured in monolayers in Ham’s F-10 medium containing 10% FBS or were grown on the top surface of the
Transwell insert (six-well type, 3.0 mm pore size) in which BRPC (40 000 cells cm-2) were first plated on the outside of the polycarbonate
membrane, in 50% DMEM plus 50% F-10 HAM’s containing 10% FBS. All incubations were performed at 37°C in absence or presence of E. coli
(107 cfu per well) for 60 min with or without 50 mM AACOCF3 or 2.5 mM BEL. The incubation with BEL allowed us to discriminate between the cPLA2

and iPLA2 activity contribution. Inhibitors were added to the culture medium 60 min before E. coli addition.
PLA2 activity was measured following enzymatic hydrolysis of arachidonoyl thio-phosphatidylcholine (ATPC). Specific activity in E. coli lysates was
almost undetectable (data not shown). Values (means ! SEM) are from three independent experiments (n = 3). ANOVA and the Tukey post-test
were used to compare enzyme activities measurements in the 24 different experimental conditions (P < 0.05). Enzyme activities measured in
E. coli-stimulated BBEC in comparison with control un-stimulated BBEC, are indicated by asterisk (*), and in presence of inhibitors in comparison
with the values in absence of inhibitors are indicates by dagger (†). ‘Control cells’ refers to cells not stimulated by E. coli.
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decrease of enzyme activity (28% and 19% respectively);
in E. coli treated BBEC mono-cultures, AACOCF3 and
BEL caused a decrease by 62% and 55% respectively. In
control BRPC mono-cultures, PLA2 activity dual blocker
and iPLA2 inhibitor caused a decrease by 32% and 24%
respectively, and in E. coli stimulated BRPC mono-
cultures, the inhibitors caused a decrease by 36% and
28% respectively.

In control BBEC grown in co-culture with BRPC,
AACOCF3 reduced enzymatic activity by 28% and BEL by
20% and after E. coli treatment in presence of the inhibi-
tors, enzymatic activity decreased by 68% and 56% in
BBEC co-cultures. Moreover, the two inhibitors decreased
PLA2 activity in control and in E. coli treated BRPC by
about 36%. The incubation with BEL allowed us to dis-
criminate between the cPLA2 and iPLA2 activity contribu-
tion. The decrease in BBEC enzyme activity in presence
of BEL suggests a partial contribution of iPLA2 in mediat-
ing AA release of E. coli-stimulated cells.

PGE2 production in supernatants of BBEC or BRPC in
mono- and in co-culture was detected. As shown in
Table 3, a 2.5-fold increase in BBEC mono-cultures was
observed after E. coli treatment compared with the
respective control (no treatment), and E. coli incubation
in presence of AACOCF3 (50 mM) or BEL (2.5 mM)
decreased PGE2 production by 63% and 60% respec-
tively. The contribution in PGE2 production from E. coli-
treated BRPC mono-cultures was negligible.

PGE2 production in untreated co-cultures was about
2.6-fold higher than that of the respective mono-cultures;
in E. coli-treated co-cultures, prostaglandin production
was higher than the predicted sum of that produced by

BBEC and BRPC mono-cultures. When BBEC/BRPC
co-cultures were treated with E. coli, the PGE2 production
increased by 3.0-fold in comparison with the respective
untreated co-cultures. Furthermore, in the supernatants of
E. coli-stimulated co-cultures, incubated in presence of
PLA2 inhibitors AACOCF3 or BEL, PGE2 levels decreased
by about 70% and 68% respectively and the decrement
was about 20% and 16%, respectively, for untreated
co-cultures.

BBEC mono-cultures produced moderate amounts of
VEGFA (hereafter referred to as VEGF) protein in the
conditioned medium (22.3 ! 1.9) and incubation for
60 min with E. coli led to a 3.1-fold increase in the release
(Table 4). On the contrary, untreated BRPC mono-
cultures expressed VEGF at levels 1.6-fold higher than
untreated BBEC mono-cultures and the presence of
E. coli did not induce any increase in the secretion.
Moreover, in the untreated co-cultures, the VEGF amount
was greater than the predicted sum of that produced by
solo cultures. E. coli treatment of co-cultures induced an
3.2-fold increase in comparison with control untreated
co-cultures. Incubation of E. coli-treated BBEC mono-
cultures with 50 mM AACOCF3, 2.5 mM BEL or with COX-
2-specific inhibitor NS-398 (5.0 mM) caused an inhibition
of E. coli-induced VEGF release by 70%, 67% and 71%
respectively. Incubation of untreated co-cultures with the
three inhibitors decreased VEGF release by about 33%
and in E. coli-treated co-cultures AACOCF3, BEL and
NS-398 caused an inhibition of VEGF release by 77%,
75% and 79% respectively. The effect of the inhibitors on
VEGF release in untreated and E. coli-treated BRPC
mono-cultures was about 22% and 21% respectively.

Table 3. Prostaglandin (PGE2) production in BBEC and BRPC in mono- and co-culture stimulated and non-stimulated by E. coli K1.

PGE2 (pg ml-1)

Control cells Cells + E. coli

Mono-culture BBEC 88 ! 7.8 220 ! 21.1*
BBEC + AACOCF3 73 ! 6.1a 82 ! 7.9a

BBEC + BEL 78 ! 6.8a 88 ! 8.1a

BRPC 70 ! 6.9 73 ! 6.9b

BRPC + AACOCF3 52 ! 4.8a 56 ! 5.1a

BRPC + BEL 57 ! 5.1a 59 ! 5.4a

Co-culture BBEC/BRPC 203 ! 19.9c 612 ! 46.8c*
BBEC/BRPC + AACOCF3 162 ! 15.8a 182 ! 18.8a

BBEC/BRPC + BEL 171 ! 16.5a 192 ! 21.1a

a. The statistically significant differences in PGE2 production of cultures incubated with PLA2 inhibitors in comparison with the respective in
absence of inhibitors.
b. The statistically significant differences in PGE2 release in untreated BRPC mono-cultures in comparison with untreated BBEC mono-cultures.
c. The statistically significant differences, between not- and stimulated co-cultures versus the respective mono-cultures.
BBEC (40 000 cells cm-2) were cultured in monolayers in Ham’s F-10 medium containing 10% FBS or were grown on the top surface of the
Transwell insert (six-well type, 3.0 mm pore size) in which BRPC (40 000 cells cm-2) were first plated on the outside of the polycarbonate
membrane, in 50% DMEM plus 50% F-10 HAM’s containing 10% FBS. Cell culture supernatants from mono- and co-cultures in absence (control)
and presence of E. coli (107 cfu per well, for 60 min), with or w/o 50 mM AACOCF3 or 2.5 mM BEL, were assayed for PGE2 production. Inhibitors
were added to the culture medium 60 min before E. coli addition. Values (means ! SEM) are from three independent experiments (n = 3). ANOVA
and the Tukey post-test were used to compare PGE2 production in the 18 different experimental conditions (P < 0.05). Stimulated cells versus
control cultures (not stimulated by bacteria), are indicated by asterisk (*).
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These data indicate the involvement of PLA2, AA produc-
tion and its metabolization in eicosanoids in the produc-
tion of PGE2 and VEGF.

E. coli adhere to BBEC and BRPC but only in BBEC the
invasion occurs

In Fig. 3, SEM images of BBEC, grown on the membrane
of the inserts (Fig. 3A and B) and on glass cover slides
(Fig. 3C and D), after 60 min of incubation with E. coli,
show the cells with an elongated and spindle phenotype,
with numerous microvilli distributed on most of the cell
surface (Fig. 3A and C). The images at higher magnifica-
tion show the bacteria attached to the apical surface of the
BBEC in contact with microvilli (Fig. 3B and D). In Fig. 4,
SEM images of BRPC, grown on the membrane of the
inserts (panels A and B) and on cover slides (panels C
and D) are shown. The cells are branched and flat with
short microvilli on the surface area (Fig. 4A). Few bacteria
were found attached to the smooth part of the BRPC
surface without any sign of specific membrane action
(Fig. 4B–D).

TEM of BRPC and BBEC highlights the different behav-
iour of the bacteria in respect to the two cell types.
Figure 5A shows BRPC with numerous bacteria on the
cell surface where they remain and no endocytosed bac-
teria were found. In E. coli–BBEC interaction, electron-
dense bacteria both intra- and extracellular were seen
(Fig. 5C). Moreover, in the presence of E. coli, BBEC

formed microvilli-like protrusions that surrounded and
endocytosed the bacteria (Fig. 5B and D). In panel D, TJ
appear as points of lateral membrane fusion between the
outer leaflets of adjacent endothelial cell membranes.
These findings suggested that E. coli invasion and traver-
sal require actin cytoskeleton rearrangements in BBEC.
The results confirm data already present in literature
which indicate that E. coli invasion of ECs occurs by a
zipper-like mechanism in which the host cell plasma mem-
brane enwraps the invading bacteria and becomes an
endosome (Presadarao et al., 1999). This mechanism
requires E. coli cell-induced EC cytoskeletal rearrange-
ments for the accumulation of actin at the site of bacterial
entry; it has also been demonstrated that E. coli K1 inter-
nalizes HBMEC via caveolae and that the scaffolding
domain of caveolin-1 plays a significant role in the forma-
tion of endosomes (Sukumaran et al., 2002). Moreover,
as we found, there is no evidence of bacterial killing inside
the endosome, which could be due to the ability of bac-
teria within the endosome to avoid the fusion of lyso-
somes. No bacterial multiplication has been seen in the
endosome.

VEGFR-1 is involved in E. coli adhesion and invasion
of BBEC

Western blot analysis showed a protein level of VEGFR-1
in BRPC mono- and co-cultures 2.0-fold and 2.2-fold
higher than that of BBEC in mono- and in co-cultures

Table 4. VEGFA determination in BBEC and BRPC in mono- and co-culture stimulated and non-stimulated by E. coli K1.

VEGFA (pg ml-1)

Control cells Cells + E. coli

Mono-culture BBEC 22.3 ! 1.9 70.4 ! 7.5*
BBEC + AACOCF3 13.5 ! 1.4a 21.1 ! 2.3a

BBEC + BEL 16.3 ! 1.8a 23.2 ! 3.4a

BBEC + NS-398 15.5 ! 1.7a 20.4 ! 2.3a

BRPC 35.7 ! 3.2b 33.8 ! 2.9b

BRPC + AACOCF3 27.3 ! 2.3a 26.1 ! 2.5a

BRPC + BEL 29.0 ! 3.1a 27.2 ! 3.1a

BRPC + NS-398 26.8 ! 2.3a 26.8 ! 3.2a

Co-culture BBEC/BRPC 80.7 ! 6.7c 260.5 ! 22.1*
BBEC/BRPC + AACOCF3 54.2 ! 4.7a 60.4 ! 5.3a

BBEC/BRPC + BEL 56.4 ! 4.2a 65.1 ! 5.6a

BBEC/BRPC + NS-398 50.8 ! 4.3a 55.2 ! 4.7a

a. Statistically significant differences in VEGF release of cultures incubated with inhibitors in comparison with the respective in absence of
inhibitors.
b. The statistically significant differences in VEGF release in untreated BRPC mono-cultures in comparison with untreated BBEC mono-cultures.
c. The statistically significant differences in VEGF release in co-cultures in comparison with the mono-cultures.
BBEC and BRPC (40 000 cells cm-2) were cultured in monolayers or were grown on the Transwell insert in 50% DMEM plus 50% F-10 HAM’s
containing 10% FBS. Inhibitors, 50 mM AACOCF3, 2.5 mM BEL and 5 mM NS-398, were added to the culture medium 60 min before E. coli addition.
Aliquots of medium from mono- and co-cultures in absence (control) and in presence of E. coli (107 cfu per well, for 60 min) were incubated with
bovine VEGF-A antibody as described in Experimental procedures.
Values (means ! SEM) are from three independent experiments (n = 3). ANOVA and the Tukey post-test were used to compare VEGF release in
the 24 different experimental conditions (P < 0.05).
Statistically significant differences of E. coli-stimulated mono- and co-cultures in comparison with not stimulated (control) cultures are indicated by
asterisk (*).
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respectively (Fig. 6A). VEGFR-2 protein level remains
almost unchanged in BBEC grown in contact with BRPC
in respect to BBEC mono-culture. Interestingly, VEGFR-2
protein, expressed in BBEC, was not detected in BRPC
(Fig. 6B). After incubation of mono- and co-cultures with
E. coli, in presence or not of 50 mM AACOCF3 or of 2.5 mM
BEL, we did not find differences in receptors 1 and 2
protein amount, assessed by immunoblotting (data not
shown), in comparison with non-infected cells.

With the purpose of analysing whether VEGF receptors
are involved in E. coli K1 adhesion and invasion, assays
were performed in presence of VEGFR-1 or VEGFR-2
antibodies (Ab). As shown in Fig. 6C, VEGFR-1 Ab and
VEGFR-2 Ab, have no effect on E. coli adhesion to BBEC
both in mono- and in co-cultures, as well as on E. coli
adhesion after addition to BRPC in mono- and in
co-cultures (Fig. 6D). VEGFR-1 Ab was efficient in signifi-
cantly reducing E. coli invasion in BBEC by 30% and by
48% in mono- and in co-cultures respectively (Fig. 6E),
while VEGFR-2 did not cause any change in the E. coli
invasion of BBEC. These results indicate that the blocking
of VEGFR-1 and the blocking of E. coli invasion are
strongly correlated. Invasion of BRPC was also analysed
but no intracellular bacteria have been found in any

experiments performed, indicating that E. coli is not able
to enter these cells. These results support our TEM obser-
vations: E. coli associate with BRPC to an extent lower
than that with BBEC and it is not able to invade the PC.
From these data we conclude that early association of
E. coli with BRPC is a process separated from invasion
and mediated by structures also present in the BRPC. To
have the evidence that the anti-VEGFR-2 antibody was
effective in the binding to its own receptor, we treated
BBEC with 10 ng ml-1 VEGF for 15 and 30 min in absence
or in presence of VEGFR-2 Ab and cell lysates were
prepared for Western blotting to evaluate receptor phos-
phorylation (Fig. 6F). Phosphorylation of VEGFR-2 at
Tyr1175 was observed in BBEC treated for 15 and 30 min
with VEGF. Addition of 10 ng ml-1 VEGF in presence of
2 mg ml-1 VEGFR-2 antibody inhibited VEGFR-2 phos-
phorylation, demonstrating that the VEGFR-2 antibody
was effective in binding the receptor and thus confirming
that there is not a role for VEGFR-2 in bacterial entry into
BBEC. Experiments were also performed by treating
BBEC with 10 ng ml-1 VEGF for 15 and 30 min in absence
or in presence of VEGFR-1 Ab. Phosphorylation of
VEGFR-1 at Tyr1333 was observed in BBEC treated for
15 and 30 min with VEGF. Addition of 10 ng ml-1 VEGF

Fig. 3. SEM of BBEC on Transwell filter (A, B) and on glass coverslips (C, D) at 60 min post infection with E. coli.
A. Several cells on Transwell filter at lower magnification (¥ 4500) show an elongated and spindle phenotype with numerous microvilli
distributed over the surface and bacteria adhering in contact with them.
B. Cells on Transwell filter at higher magnification (¥ 15 000).
C. BBECC with elongate and spindle phenotype with microvilli in contact with bacteria (white arrows) magnification, ¥ 1100.
D. Higher magnification (¥ 15 000) showing the microvilli attaching to the bacteria in close and intimate contact with the bacterial surface
(white arrow).
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Fig. 4. SEM micrograph of BRPC at 60 min post infection with E. coli. (A, magnification, ¥ 1000): the BRPC on Transwell filter exhibit a
flattened shape with several branches, numerous pseudopodia (thin arrows) and filopodia (arrowheads). The bacteria were found on the cell
surface, in proximity of numerous microvilli (B, magnification, ¥ 10 000 and C, magnification, ¥ 5000, white arrows) or, in rare cases, in contact
with microvilli (D, magnification, ¥ 15 000, black arrow).

Fig. 5. Transmission electron micrographs of
BRPC (A) and BBEC (B–D) infected with
E. coli for 60 min.
A. BRPC on Transwell insert showing cellular
protrusions infiltrating the filter pores (black
arrow). Numerous bacteria are present on the
surface (dark black) but no intracellular
bacteria were found (bar = 1 mm).
B. After incubation for 60 min of BBEC with
E. coli, electron-dense bacteria appeared to
be in closely contact with endothelial cell
membrane (black arrows) which encircle the
microorganism (bar = 0.804 mm).
C. Electron-dense (dark black) bacteria were
seen extracellularly and some bacteria
were intracellularly engulfed inside
membranes-bound vacuoles (thick black
arrows) (bar = 1.25 mm).
D. Microvilli-like structures from BBEC form
around E. coli (black arrow). No bacteria are
seen in the paracellular space. Tight junctions
are detected in neighbouring endothelial
borders (arrowhead, bar = 0.33 mm).
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in presence of 2 mg ml-1 VEGFR-1 antibody inhibited
VEGFR-1 phosphorylation, demonstrating that anti-
VEGFR-1 antibody was effective in binding its own recep-
tor (data not shown).

VEGFR-1 negatively regulates BRPC survival and its
blockade protects the barrier integrity

To clarify if the prevention of the pericyte death and mon-
olayer permeability can be attributed to VEGF blockade or

simply blocking the initial stimulus (E. coli), experiments
blocking the VEGFR-1 by its specific antibody (Ab) both in
BBEC and in BRPC in co-culture or only in BBEC or only
in BRPC before preparing the co-culture were carried out.
Figure 7 reports cell count (A, B), TEER (C) and perme-
ability (D) values measured after conducting the experi-
ments of receptor blockade simultaneously on the two
cell types or of receptor blockade on only one of the two
cell types in co-culture. After incubation of BBEC/BRPC
co-cultures with E. coli, TEER decreased by 64% and

Fig. 6. Expression of VEGFR1/2, evaluated by Western blot analyses, and E. coli adhesion and invasion of BBEC and BRPC in mono- and in
co-culture. BBEC and BRPC were grown in monolayers, lysed 60 min after E. coli treatment in culture, and lysates were resolved by
SDS/PAGE; expressed proteins were independently revealed with mouse monoclonal antibodies against VEGFR-1 (A) and VEGFR-2 (B). All
blots were controlled for equal loading by GAPDH monoclonal antibody. The ratios of band intensity, VEGFR-1/GAPDH and VEGFR-2/GAPDH
are indicated. The values (bar graphs), expressed as arbitrary densitometric unit (a.d.u.), were obtained by the reading of blots using the
Image J program. Representative gel analyses are shown; values represent means ! SD from three separate experiments. Statistically
significant differences by pairwise Student’s t-test are indicated by asterisks (P < 0.05). E. coli adhesion on mono- and co-culture BBEC (C)
and BRPC (D) and invasion on mono- and co-culture BBEC (E), in absence or in presence of 2 mg ml-1 anti-VEGFR-1 or 2 mg ml-1

anti-VEGFR-2 antibodies, are expressed as relative percent. Expression of phospho-VEGFR-2 Tyr1175 was evaluated by Western blot
analyses after treatment of BBEC with 10 ng ml-1 VEGF for 15 and 30 min in absence or in presence of VEGFR-2 Ab, to have the evidence
that the anti-VEGFR-2 antibody was effective in the binding to its own receptor (F). Values are means ! SD of three independent experiments
(n = 3) repeated in triplicate. Statistically significant differences, by one-way ANOVA and the Tukey post-test, are indicated by asterisk for the
comparison between the invasion of BBEC mono- or co-culture infected by E. coli in presence of VEGFR-1 Ab versus the invasion of the
respective mono- or co-cultures infected in absence of VEGFR-1 Ab (P < 0.05).
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permeability to sodium fluorescein increased by 3.2-fold
in comparison with non-infected co-cultures (Fig. 7C
and D).

Experiments with BBEC and BRPC simultaneously
blocked by the VEGFR-1 Ab, confirmed that about 90% of
BRPC in the co-culture remained adherent to the insert
after treatment for 60 min with E. coli, in comparison with
30% of the BRPC adherent on the insert after the infection
in the absence of receptor blockade (Fig. 7B), demon-
strating that VEGFR-1 Ab significantly preserved BRPC
viability by almost 3.0-fold. In this experimental condition
and in presence of E. coli, TEER values increased by
2.3-fold and permeability decreased by about 2.2-fold in
comparison with infected co-cultures in absence of recep-
tor blockade. Moreover, only 10% of TEER reduction was
observed and a 20% of increase in permeability values
were found in comparison with non-infected control cells
in co-culture (Fig. 7C and D).

When only the BBEC were treated with VEGFR-1 Ab,
after incubation with E. coli for 60 min, 45% of BRPC
adhering to the co-culture insert was found (Fig. 7B)
unlike BBEC (Fig. 7A), whose number remained con-
stant. In this experimental condition (BBEC blocked by

VEGFR-1 Ab) a significant decrease in TEER values
(about 56%) and a significant increase in permeability
(approximately 2.8-fold) in E. coli infected in comparison
with non-infected co-cultures were found. Moreover,
in this experimental condition (BBEC, but not BRPC,
blocked by VEGFR-1 Ab) TEER decreased by 38% and
permeability increased by 2.0-fold in comparison with
E. coli infected co-cultures in which both BBEC and
BRPC were blocked by VEGFR-1 Ab (Fig. 7C and D).
These results demonstrated that the VEGFR-1 blocking
antibody was capable of significantly reducing E. coli
internalization (about 50%, as demonstrated by the
results reported in Fig. 6) but it has not been capable of
completely abolishing the ability of E. coli strain to invade
BBEC and to activate the signalling pathway that releases
VEGF, determining the detachment of BRPC and there-
fore the loss of the barrier properties.

The treatment of BRPC, but not of BBEC, with
VEGFR-1 blocking antibody and the subsequent
E. coli infection, does not change the BRPC number in
co-culture (Fig. 7B), whose value was very similar to that
of BRPC in absence of infection. Furthermore, the values
of TEER and permeability in this experimental condition

Fig. 7. VEGFR-1 blockade by specific antibody both in BBEC and in BRPC in co-culture and only in BBEC or BRPC before preparing the
co-culture. BBEC/BRPC co-cultures VEGFR-1-blocked, or only BBEC VEGFR-1 blocked or only BRPC VEGFR-1 blocked before co-culture,
were treated or not with E. coli for 60 min. Cells from inserts (0.4 mm pore size) were trypsinized separately to count BBEC and BRPC. Cell
suspensions were mixed with a 0.4% (w/v) trypan blue solution, and the number of live BBEC from the co-culture with BRPC (A) and of live
BRPC from the co-culture with BBEC (B) was determined using a haemocytometer. Transendothelial electrical resistance (TEER) (C) and
permeability to sodium fluorescein (D) of BBEC/BRPC co-cultures VEGFR-1-blocked as above, incubated or not with E. coli for 60 min, were
performed as described in Experimental procedures. Control cells refer to cells not stimulated by E. coli. Values are expressed as a
mean ! SD of three independent experiments (n = 3) repeated in triplicate. Statistically significant differences, by one-way ANOVA and the
Tukey post-test, are indicated by asterisk (P < 0.05).
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were similar to non-infected control cells in co-culture.
Moreover, in this experimental condition (BRPC, but not of
BBEC, VEGFR-1 blocked) TEER increased by 1.7-fold
and by 2.4-fold and permeability decreased by 60% and
64% in comparison with E. coli infected co-cultures in
which only BBEC were blocked by VEGFR-1 Ab and in
comparison with E. coli infected co-cultures in which no
blocking was induced respectively (Fig. 7C and D). We
postulate that, in absence of VEGFR-1 blocking antibody
on BBEC, E. coli is able to invade BBEC without limits and
therefore to activate the signalling pathway leading to
VEGF production in large amounts. The VEGF released
by BBEC cannot bind VEGFR-1 on BRPC, because
blocked by the specific antibody, it therefore does not
result in the detachment of pericytes. In this experimental

condition, about 90% of BRPC adhered to co-culture and
the values of TEER and permeability were very similar to
those of the non-infected co-cultures.

These results demonstrate that the prevention of peri-
cyte loss and monolayer permeability can be attributed to
VEGF blockade.

To confirm our findings, we performed experiments on
BBEC/BRPC co-cultures on Transwell inserts incubated
with E. coli for 30, 60, 90 and 120 min, in absence or in
presence of VEGFR-1 or VEGFR-2 Abs. As shown in
Fig. 8, TEER values had already decreased after 30 min
E. coli treatment (37% reduction) and, following incuba-
tion for 60 and 120 min, the values of TEER decreased
by about 60% (panels A, B and C). The presence of
VEGFR-1 Ab, but not VEGFR-2 Ab, protected the barrier

Fig. 8. Transendothelial electrical resistance (TEER) (A, B, C) and permeability to sodium fluorescein (D, E, F) of BBEC/BRPC co-culture on
Transwell inserts (3.0 mm pore size) after incubation with E. coli K1 strain for 30, 60, 90 and 120 min in absence or in presence of 2 mg ml-1

VEGFR-1 or 2 mg ml-1 VEGFR-2 antibodies, or 50 mM AACOCF3 or 2.5 mM BEL. TEER and permeability were performed as described in
Experimental procedures. Values are expressed as a mean ! SD of three independent experiments performed in triplicate. The same time
points were compared among different conditions when performing the statistical analysis. Statistically significant differences, by one-way
ANOVA and the Tukey post-test (P < 0.05) are indicated as following: by asterisk (*), to compare stimulated versus control co-cultures (no
adding bacteria); by dagger (†), to compare the statistically significant differences between E. coli-stimulated co-cultures in the presence of
VEGFR-1 antibody versus the respective stimulated in the absence of VEGFR-1 antibody; by section symbol (§), to compare the statistically
significant differences between E. coli-treated cells incubated with PLA2 inhibitors in comparison with the respective E. coli-treated ones in
absence of inhibitors.
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integrity, restoring TEER to values very similar to the
control ones at all incubation time (panel A). No significant
change were observed in the TEER values following incu-
bation of the co-cultures with VEGFR-1 Ab and VEGFR-2
Ab in absence of E. coli (panels A and B). When
co-cultures were infected by E. coli in the presence of
AACOCF3 or BEL, TEER was restored by about 35% at
60 and 120 min time points (panel C). Permeability
studies were also performed by using fluorescein sodium
to determine paracellular diffusion across BBEC/BRPC
co-cultures. Fluorescent intensity in the receiver chamber
had already increased of about twofold after E. coli
incubation for 30 min (Fig. 8D–F) and the fluorescence
was more intense at each designated time point than
untreated co-cultures. Incubation in the presence of
VEGFR-1 Ab, but not VEGFR-2 Ab, attenuated of about
2.5-fold the apical-to-basolateral diffusion of fluorescein
sodium at each designated time (panels D and E). Moreo-
ver, when the cells were infected with E. coli for 30, 60, 90
and 120 min in the presence of AACOCF3 or BEL, perme-
ability was restored by about 44% in comparison with the
values obtained when cells were infected with E. coli in
absence of PLA2 inhibitors (panel F). The incubation of
non-infected cells with AACOCF3 or BEL do not affect
significantly TEER or permeability.

Discussion

Neonatal E. coli meningitis is associated with significant
mortality and morbidity. Entry of circulating bacteria into
the CNS requires the crossing of the BBB, composed
of brain microvascular EC which have a dynamic interac-
tion with other neighbouring cells, being PC, astroglia,
perivascular microglia and neurones (Ballabh et al.,
2004).

Despite the fact that the PC are morphologically situ-
ated closest to brain EC with which they share a common
basement membrane, they have not been investigated in
a co-culture BBB model for testing the molecular mecha-
nism of bacterial invasion. PC communicate with EC
through release of soluble factors, leading to the upregu-
lation of BBB functions (Hori et al., 2004; Dohgu et al.,
2005; 2011; Takata et al., 2007; Nakagawa et al., 2009).
Recently, it has been reported that detachment of brain
PC from the basal lamina occurs in disruption of the BBB
caused by lipopolysaccharide-induced sepsis in mice
(Nishioku et al., 2009) suggesting that brain PC play a
crucial role in BBB integrity and cerebral microcirculation
under healthy conditions. New studies have revealed that
pericyte deficiency in the CNS leads to BBB breakdown
and brain hypoperfusion resulting in secondary neurode-
generative changes (Winkler et al., 2011). Moreover, the
genetic animal models of progressive PC loss with age
have shown that BBB integrity is determined by the extent

of PC coverage of cerebral microvessels (Bell et al.,
2010). Loss of pericytal function can result in develop-
ment of CNS disease (Bonkowski et al., 2011). Thus BBB
dysfunction is often attributed to brain PC loss in the
microvasculature.

Only a few bacteria are able to enter the brain and
evoke inflammation and disease. These pathogens have
developed individual strategies which allow them to
adhere to and cross the brain endothelium. E. coli interact
with endothelial receptors and enter with a zipper-like
mechanism, based on direct contact of the bacterium with
the endothelial cell membrane which sequentially encir-
cles the microorganism (Presadarao et al., 1999), thus
exhibiting brain tropism. It has been demonstrated that
VEGFR-1 contributes to E. coli K1 invasion of human
brain EC via recruitment of the PI3K/Akt signalling
pathway (Zhao et al., 2010).

TEM and SEM images, here reported, show that E. coli
K1 adhere to and enter BBEC, but not BRPC, by a
vesicle-mediated mechanism.

In the present study, we use an in vitro BBB model
based on co-culturing primary BBEC and BRPC on per-
meable Transwell inserts. This model system, showing
high TEER and low permeability, indicators of barrier
integrity, could be very useful for studying cell response
to bacterial infection of the BBB. In this model, E. coli
infection determines PLA2 activation and consequently
an increase in PGs synthesis. Indeed, we demonstrated
that PGs are produced from BBEC in a great amount
during E. coli infection and may play a contributory role
in BBB disruption. In patients with Gram-negative bacte-
rial infection, anti-inflammatory drugs are administered
for palliative care and treatment (Kim et al., 2009;
Hulscher et al., 2010). Moreover it has been reported
that the elimination of PGE2 across the BBB was inhib-
ited by either intracerebral or intravenous administration
of antibiotics, such as cefmetazole and cefazolin, and
also by intracerebral administration of non-steroidal anti-
inflammatory drugs (NSAIDs) such as indomethacin and
ketoprofen (Akanuma et al., 2011). These drugs strongly
inhibit human MRP4-mediated PGE2 transport activity
thereby eliminating PGE2 across the BBB (Akanuma
et al., 2010).

Besides, BRPC, in comparison with BBEC, release
physiologically higher levels of VEGF, which may act as a
stabilizing factor for BBEC. The presence of AACOCF3

and BEL reduces the E. coli-induced VEGFA secretion
of BBEC/BRPC co-cultures as well as the presence of
COX-2 inhibitor NS-392, indicating the involvement of
PLA2, AA production and its metabolization in eicosanoids
in the production of VEGFA. These data are in agreement
with the results of other previous studies showing that in
microvascular EC, PGE2 action was associated with
endothelial VEGF release and ERK2/JNK1 activation (Pai
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et al., 2001) or with chemokine receptor CXCR4 upregu-
lation (Salcedo and Oppenheim, 2003). In agreement, in
other experimental systems, stimulated VEGF secretion
was dependent on PLA2 activation (Bamba et al., 2000;
Ottino et al., 2004; Barnett et al., 2010). PGs and VEGF
could exert their biological effects on BBB, probably by
PC coverage ablation, thus increasing BBB permeability.
In our opinion, the leakage of a certain number of peri-
cytes is one of the mechanisms that might be strongly
correlated to the loss of barrier functions. This is the first
report in literature on the relationship between E. coli
infection and microvascular PC loss. Further experiments
to shed light on a possible apoptotic/necrotic process.

The fact that permeability is increased within 30 min
suggests that other factors, as well as pericyte loss, may
be involved in the increased permeability induced by
VEGF in our model system. Certainly, VEGF plays a deci-
sive role in the loss of function of the barrier (Murata et al.,
1995; Hofman et al., 2000; 2001; Witmer et al., 2003), by
activating specific signalling pathways that have recently
also been to be activated during E. coli invasion of micro-
vascular endothelial cells (Zhao et al., 2010). VEGF
induces tyrosine kinase receptor phosphorylation, inter-
nalization and cleavage of VE-cadherin, which can cause
adherens junctions to be dismantled and accompany an
increase in vascular permeability (Dejana et al., 2008). It
is well known that endothelial adherens junctions are a
downstream target of VEGFR-2 signalling and it has been
suggested that tyrosine phosphorylation of its compo-
nents may be involved in the loosening of cell–cell con-
tacts in established vessels to modulate transendothelial
permeability (Esser et al., 1998).

Following E. coli incubation of co-cultures in which
BBEC and BRPC were simultaneously blocked by the
VEGFR-1 Ab or in co-cultures in which only BRPC,
and not BBEC, were treated with VEGFR-1 blocking anti-
body, the values of TEER and permeability to sodium
fluorescein were very similar to those of non-infected
co-cultures. These data were confirmed by counting
VEGFR-1 Ab-blocked BRPC in co-culture with BBEC
without VEGFR-1 Ab-blocking after treatment with E. coli,
suggesting that VEGFR-1 on BRPC plasma membrane
negatively regulates their survival.

Moreover, after E. coli infection of co-cultures in pres-
ence of AACOCF3 or BEL, TEER and permeability were
restored by almost 40% in comparison with the values
obtained when co-cultures were infected with E. coli in
absence of PLA2 inhibitors, demonstrating the important
role played by PLA2s in maintaining barrier properties.

The supposed events triggered by E. coli infection of
microvascular endothelial cells are summarized in Fig. 9.
The involvement of VEGFR-1 has already been shown
by Zhao et al. (2010), which showed the colocalization
of VEGFR-1 with E. coli during bacterial invasion of

endothelial cells. In addition, they have shown the asso-
ciation of VEGFR-1 with the p85 subunit of phosphatidyli-
nositol 3-kinase (PI3K) in brain microvascular endothelial
cells (HBMEC) infected with E. coli and that E. coli-
triggered PI3K activation in HBMEC was blocked by
VEGFR-1 siRNA and by VEGFR inhibitors. In a previous
study (Salmeri et al., 2012) we demonstrated that c- and
iPLA2 activities and cPLA2 phosphorylation were stimu-
lated in microvascular endothelial cells after E. coli incu-
bation and cPLA2 phosphorylation was attenuated by
PI3K and ERK 1/2 inhibitors. As already shown in a pre-
vious experimental model (Barnett et al., 2010), we
speculated that arachidonic acid released after E. coli
infection becomes the substrate of cyclooxygenases for
the production of PGs which could exert a proangiogenic
influence by inducing VEGF production upon binding to
target genes in endothelial cells. We think that VEGF
released by endothelial cells could bind to VEGFR-1 on
the membrane of adjacent pericytes and could determine
their leak, acting as a negative regulator. The VEGF nega-
tive role on pericyte function was shown in the C310T1/2
pericyte line, revealing a dichotomous role for VEGF
already known as a promoter of endothelial cells
(Greenberg et al., 2008). It has also been demonstrated
that the systemic delivery of VEGF ablates pericytes from
the mature retinal vasculature through the VEGFR1-
mediated signalling pathway, leading to increased vascu-
lar leakage and the blockade of VEGFR-1 significantly
restores PC saturation in mature vessels (Cao et al.,
2010).

Our results show the important defensive role played by
the pericytes during a bacterial attack. Pericytes could be
considered the cells which oversee the defence of the
barrier and their survival enables the maintenance of a
stronghold which opposes bacterial infection. A proper
pharmacological action on the VEGFR-1, mediator of the
PC detachment from the microcapillaries and on which
E. coli develops its own ‘invasive strategy’ to have free
access to the nervous system, would mean slowing down
PC loss, thus protecting the anatomical integrity of the
microvessels. The association of an antibiotic therapy with
a drug able to block the VEGFR-1 on PC could represent
a novel strategy to face neonatal bacterial meningitis
more successfully. A better understanding of the mecha-
nisms by which E. coli enter the nervous system and how
they alter the communication between EC and PC may
provide exciting new insight into the contribution to clinical
intervention.

Experimental procedures

All reagents and antibodies were purchased from Sigma (St.
Louis, MO, USA) or E. Merck (Darmstadt, Germany), unless
otherwise indicated. Phospholipase A2 inhibitors, arachidonoyl
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trifluoromethyl ketone (AACOCF3), bromoenol lactone (BEL) and
VEGF A were from Calbiochem (La Jolla, CA). NS-398 (N-[2-
(cyclohexyloxy)-4-nitrophenyl]-methanesulfonamide), a selective
cyclooxygenase-2 inhibitor, and rabbit polyclonal against iPLA2

antibody were from Cayman Chemical (Ann Arbor, Michigan).
Rabbit polyclonal against von Willebrandt factor antibody, mouse
monoclonal against cPLA2, VEGFR-2, a-actin and GAPDH anti-
bodies, rabbit polyclonal against VEGFR-1 antibody, were pur-
chased from Santa Cruz Biotechnology (CA). Rabbit polyclonal
anti-phospho-VEGFR-2 Tyr1175 was from Cell Signaling Tech-
nologies and rabbit polyclonal anti-phospho-VEGFR-1 Tyr1333
was from Sigma.

A rifampicin-resistant mutant of E. coli K1 strain (DSMZ 10723)
was used for invasion of BBEC and BRPC.

Cell cultures

Primary microvascular endothelial cells from bovine brain
(BBEC) were purchased from European Collection of Cell Cul-
tures (ECACC) and were fed with Ham’s F-10 medium as previ-
ously described (Giurdanella et al., 2011). Pure microvessel
pericytes cultures were prepared from bovine retinas, as previ-
ously described (Lupo et al., 2001). The isolated cells were then
cultured in DMEM supplemented with 10% fetal bovine serum,
100 U ml-1 penicillin and 100 mg ml-1 streptomycin. Morphologi-
cal changes and cell viability was determined by MTT test (Lupo
et al., 2002). Pericytes were characterized by their large size and

branched morphology, positive immunostaining for a-smooth
muscle actin, NG2 chondrotitin sulfate proteoglycan and absence
of von Willebrand factor and glial fibrillary acidic protein (GFAP)
staining.

Construction of in vitro BBB model

Inserts (Transwells, Corning, Corning, NY), were coated on the
upper and bottom side with 2 mg ml-1 solution of rat tail collagen
containing 10-fold concentrated DMEM plus 0.3 M NaOH. The
coating was dried for 1 h at 37°C, and was rinsed twice with water
and once with Ca2+- and Mg2+-free phosphate-buffered saline
(PBS) before being placed in complete medium. To construct an
in vitro model of BBB based on direct contact of cells, BRPC were
first plated on the outside of the polycarbonate membrane
(2 ¥ 104 cells cm-2) of the Transwell inserts (six-well type, 0.4 mm
or 3.0 mm pore size), and placed upside down in the well culture
plate. After BRPC have adhered, the Transwells were inverted
and reinserted into six-well plates, and BBEC were seeded on
the top surface of the insert (2 ¥ 104 cells cm-2) (Fig. 2). After a
co-incubation for 24 h, the medium was discarded and replaced
with fresh medium (50% DMEM plus 50% F-10 HAM’s containing
10% FBS); under these conditions, in vitro BBB model was
established within 3 days after cell seeding, to obtain the full
confluence. As negative controls for barrier integrity studies,
BBEC and BRPC in monocultures, which do not form barrier,
were cultured on the inserts respectively.

Fig. 9. A schematic model for the gene induction and lipid signalling during E. coli K1 infection of microvascular endothelial cells.
E. coli K1 invasion promotes the association between phosphorylated VEGFR-1 and p85 subunit of PI3K (*Zhao et al., 2010) and triggers
phosphorylation of PKC-a, ERK1/2 and cPLA2, via PI3K/PKD1 pathway. Arachidonic acid released becomes the substrate of cyclooxygenase
for the production of PGs which could exert a proangiogenic influence by inducing VEGF synthesis upon binding to target genes in endothelial
cells. VEGF released by endothelial cells could bind to VEGFR-1 on the membrane of adjacent pericytes and could determine their leak,
acting as a negative regulator.
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Fluorescence laser scanning confocal microscopy

To characterize BBEC and BRPC in co-culture, immunocyto-
chemistry with a confocalfluorescent microscope was performed.
After incubation in co-culture, BBEC or BRPC grown on one side
of the filter were removed by rubbing on filter paper to leave only
one cell type. Filters with BBEC or BRPC were washed, fixed by
adding 4% paraformaldehyde in PBS and processed for immu-
nocytochemistry as previously described (Anfuso et al., 2007),
using the following antibodies: anti-a-actin mouse monoclonal
antibody, PC marker or anti-von Willebrand (vWF), rabbit poly-
clonal antibody, EC marker, both used to highlight cells architec-
ture. All primary antibodies were used in a dilution 1:100. As
secondary antibodies, red fluorescent-labelled CY3 and green
fluorescent-labelled FITC were used in a dilution 1:1000. Distri-
bution of immunocomplexes was observed by confocal immun-
ofluorescence microscopy using an Olympus FV1000 confocal
laser scanning microscope. Single lower power scans were fol-
lowed by 16–22 serial optical sections of randomly chosen cells
in four to five fields per coverslip. The average fluorescence
(mean ! SD) intensity (pixel) in individual cell bodies was meas-
ured throughout the stack. Each condition was tested on a total of
60–80 cells, resulted from at least three coverslips obtained from
a least two different cell cultures.

Electron microscopy

For Scanning Electron Microscopy (SEM) preparations, cells
grown on the membrane were fixed with 1.5% glutaraldehyde in
0.12 M phosphate buffer (pH 7.5) overnight at 4°C. After washing
with phosphate buffer several times, the membranes of the
culture inserts with the cells on the two sides were removed from
their support and placed into 24-well chamber slide; then were
post-fixed in 1% OsO4 for 1 h at 4°C. Following washing with
distilled water, the cells on the membrane were dehydrated in
graded ethanol, critical point dried and sputtered with 5 nm gold
layer using an Emscope SM 300 (Emscope Laboratories,
Ashford, UK) and then observed using a Hitachi S-4000 (Hitachi
High-Technologies America, Schaumburg, IL) field emission
scanning electron microscope.

For Transmission Electron Microscopy (TEM), after dehydrat-
ing in a graded series of acetone, cells were embedded in Dur-
cupan ACM (Fluka Chemika-Biochemika, Buchs, Switzerland).
Ultrathin sections were cut perpendicularly for the membrane
using a Reichert Ultracut E microtome and double stained with
uranyl acetate and lead citrate. Observations were carried out
using a Hitachi H-7000 transmission electron microscope (Hitachi
High-Technologies Europe GmbH, Krefeld, Germany).

Evaluation of the barrier integrity

TEER was measured using a Millicell-ERS (Millipore). The
collagen-treated Transwell inserts were used to measure the
background resistance. Values were expressed as w ¥ cm2 and
were calculated by the formula: (the average resistance of experi-
mental wells - the average resistance of blank wells] ¥ 0.33 (the
area of the Transwell membrane).

For the determination of the flux of sodium fluorescein (Na-F)
across endothelial monolayer, inserts containing cell cultures
were transferred to 12-well plates containing 1.5 ml of Ringer-

Hepes buffer (136 mM NaCl, 0.9 mM CaCl2, 0.5 mM MgCl2,
2.7 mM KCl, 1.5 mM KH2PO4, 10 mM NaH2PO4, 25 mM glucose
and 10 mM Hepes, pH 7.4) in the lower or abluminal compart-
ments. In the inserts (luminal compartment), culture medium was
replaced by 0.5 ml of buffer containing 10 mg ml-1 Na-F (MW: 376
Da). The inserts were transferred at 5, 15 and 30 min to a new
well containing Ringer-Hepes buffer. The concentrations of the
marker molecule in samples from the upper and lower compart-
ments were determined by fluorescence multiwell plate reader
(PerkinElmer; excitation wavelength: 485 nm, emission wave-
length: 535 nm). Flux across cell-free inserts was also measured
and transendothelial permeability coefficient (Pe) was calculated.
Permeability measurements of triplicate filters for each culture
condition were performed. Transport was expressed as microli-
tres of donor (luminal) compartment volume from which the tracer
is completely cleared:

Cleared volume l
concentration volumeabluminal abluminal

( )µ
= × ×× −concentration luminal

1

The average cleared volume was plotted versus time, and
permeability ¥ surface area product value for endothelial monol-
ayer (PSe) was calculated by the following formula:

PS PS PSendothelial total insert
− − −= −1 1 1

PSe divided by the surface area (1 cm2 for Transwell-12) gener-
ated the endothelial permeability coefficient (Pe in 10-6 cm s-1).

Bacterial invasion and adhesion assays

Invasion of EC, in mono-culture and in co-culture with PC, by
E. coli K1 was performed as described by Zhu et al. (2010b).
Bacteria (107 cfu per well) were added to confluent cells in mono-
culture or in co-culture and incubations were performed at 37°C
for 60 min to allow invasion to occur. The number of intracellular
bacteria was determined after incubation with gentamicin
(100 mg ml-1) for 1 h at 37°C. Cells were washed and lysed with
0.5% Triton X-100. The released intracellular bacteria were enu-
merated by seeding on LB agar plates. In duplicate experiments,
the total cell-associated bacteria were determined as described
for invasion, except that the gentamicin step was omitted.
Results were expressed as per cent invasion [100 ¥ (number of
intracellular bacteria recovered)/(number of bacteria inoculated)].

Cell viability

In order to determine the number and the viability of BBEC and
BRPC in co-culture after E. coli treatment for 60 min, cells from
inserts were trypsinized separately, cell suspensions were mixed
with a 0.4% (w/v) trypan blue solution, and the number of live
cells was determined using a haemocytometer. Cells failing to
exclude the dye were considered non-viable. Each infection was
performed in triplicate and counted four times each.

Immunoblotting

The lysates of BBEC incubated with E. coli strains for 60 min
were prepared for Western blotting as previously described
(Giurdanella et al., 2011). Membranes were incubated with
primary antibodies against cPLA2, iPLA2, VEGFR-1, VEGFR-2,
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phospho-VEGFR-2 Tyr1175 or phospho-VEGFR-1 Tyr1333
and then incubated with secondary antibodies for 1 h at room
temperature.

Phospholipase A2 assay

BBEC and BRPC in mono- or in co-culture were pre-incubated for
60 min in culture medium supplemented or not with either 50 mM
AACOCF3 or 2.5 mM BEL. The cells were then refed with fresh
culture medium containing the inhibitors in presence or in
absence of E. coli for 60 min. Controls were performed by incu-
bation of co-cultures with inhibitors for 120 min in absence of
bacteria. At the end of the incubations, cells grown of both sides
of the inserts were scraped with a rubber policeman and saved
separately; BBEC and BRPC were lysed as previously described
(Anfuso et al., 2007) and equal amounts of cell lysates were
incubated in a 96-well plate with the substrate arachidonoyl-thio-
phosphatidylcholine (ATPC), using cPLA2 assay kit (Cayman
Chemicals, Ann Arbor, MI, USA) and following the manufacturer’s
instructions. The use of BEL on control and bacteria-treated cells
allowed us to discriminate between cytosolic and iPLA2 activities.
None of these components, used at the specified concentration,
affected cell viability, as verified by trypan blue exclusion test.
Results were expressed as pmol of ATPC hydrolysed per minute
and per milligram protein (pmol min-1 mg-1).

Determination of PGE2 and VEGF production

To determine PGE2 and VEGF liberation, BBEC and BRPC in
mono- or in co-culture were pre-incubated for 60 min in culture
medium supplemented or not with either 50 mM AACOCF3 or
2.5 mM BEL or 5 mM NS-398. The cells were then re-fed with
fresh culture medium containing the inhibitors in presence or in
absence of E. coli for 60 min. Supernatants were collected and
aliquots were employed for PGE2 determination, by kit from
Cayman Chemicals, Ann Arbor, MI, USA. For PGE2, the detection
range was 7.8–1000 pg ml-1. Conditioned medium was removed
from the mono-cultures and from the Transwells and analysed for
VEGF by ELISA, using a kit from R&D Systems, Minneapolis,
MN, USA, as specified by the manufacturer’s instructions. For
VEGF, the detection range was 20–2500 pg ml-1. Each sample
from three different experiments was analysed in triplicate.

VEGFR-1 blockade experiments

Experiments blocking the VEGFR-1 by its specific antibody (Ab)
both in BBEC and in BRPC in co-culture and only in BBEC or
BRPC before preparing the co-culture were performed.

For BBEC/BRPC simultaneous blockade experiments,
co-culture were treated with 2 mg ml-1 VEGFR-1 Ab for 60 min
before treatment with E. coli for 60 min. Co-cultures without
VEGFR-1 blockade, were carried out in parallel.

For BBEC (but not BRPC) VEGFR-1 blockade experiments,
BBEC were grown on the top surface of the Transwell insert
(2 ¥ 104 cell cm-2) until confluence and then incubated with
2 mg ml-1 VEGR-1 Ab for 1h. BBEC were then washed three
times with DPBS in order to remove as much un-attached anti-
body as possible, the inserts were inverted and BRPC (2 ¥ 104

cell cm-2) were seeded on the outside of the insert. After BRPC
adhered, the insets were reinserted into six-well plates and

co-incubated for 24 h. Then the medium was discarded, replaced
by fresh medium and the in vitro BBB model, in which BBEC were
blocked by VEGFR-1 Ab, was established within 3 days after
BRPC seeding, to obtain the full confluence.

For BRPC (but not BBEC) VEGFR-1 blockade experiments,
BRPC were first plated on the outside of the Transwell inserts.
After BRPC adhered, the inserts were reinserted into six-well
plates and BRPC were grown until confluence. BRPC were then
incubated with 2 mg ml-1 VEGFR-1 Ab for 1 h, washed three
times in order to remove as much un-attached antibody as pos-
sible and BBEC were seeded on the top surface of the insert
(2 ¥ 104 cell cm-2). After a co-incubation for 24 h the medium was
discarded and replaced by fresh medium and the BBB model, in
which BRPC were blocked by VEGFR-1 Ab, was established
within 3 days after BBEC seeding, to obtain the full confluence.

Statistical analysis

Statistical significance between two groups was analysed by
Student’s test. One-way analysis of variance (ANOVA), followed
by Tukey’s post hoc test, was used to compare the means for the
multiple groups. The P-value < 0.05 was considered statistically
significant.
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