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Background: Pertussis toxin (PTx) affects the blood-brain barrier in different models.
Results: PTx activates host cell signaling pathways identical to those exploited by E. coli K1 RS218 in brain-derived microvas-
cular endothelial cells.
Conclusion: PTx sensitizes brain-derived microvascular endothelial cells (HBMEC/TY10) cells for invasion of E. coli K1 RS218.
Significance: Knowledge of host cell signaling pathways could help inhibiting neurological complications in whooping cough.

Pertussis toxin (PTx), an AB5 toxin and major virulence fac-
tor of the whooping cough-causing pathogen Bordetella pertus-
sis, has been shown to affect the blood-brain barrier. Dysfunc-
tion of the blood-brain barrier may facilitate penetration of
bacterial pathogens into the brain, such as Escherichia coli K1
(RS218). In this study, we investigated the influence of PTx on
blood-brain barrier permissiveness to E. coli infection using
human brain-derived endothelial HBMEC and TY10 cells as in
vitro models. Our results indicate that PTx acts at several key
points of host cell intracellular signaling pathways, which are
also affected by E. coli K1 RS218 infection. Application of PTx
increased the expression of the pathogen binding receptor gp96.
Further, we found an activation of STAT3 and of the small
GTPase Rac1, which have been described as being essential for
bacterial invasion involving host cell actin cytoskeleton rearrange-
ments at the bacterial entry site. In addition, we showed that PTx
induces a remarkable relocation of VE-cadherin and �-catenin
from intercellular junctions. The observed changes in host cell sig-
naling molecules were accompanied by differences in intracellular
calcium levels, which might act as a second messenger system for
PTx. In summary, PTx not only facilitates invasion of E. coli K1
RS218 by activating essential signaling cascades; it also affects
intercellular barriers to increase paracellular translocation.

Bordetella pertussis is the causative agent of the respiratory
disease whooping cough, which in young infants may occasion-
ally be associated with neurological disorders (1–3). It has been
shown in several studies that pertussis toxin (PTx),2 a decisive
and secreted virulence factor of B. pertussis, affects cerebral
vascular barriers and transiently increases the permeability of
the blood-brain barrier (1, 3– 8). PTx belongs to the class of AB
toxins with a catalytically active monomeric A-subunit, which
transfers ADP-ribose from NAD to a cysteine residue of Gi
proteins (9, 10). This transfer decouples the G�i proteins from
their corresponding receptors and also alters Gi-mediated sig-
naling. Depending on the specific cell type, also alterations in
cAMP levels have been observed, further disturbing the
homeostatic signaling of the cell. The pentameric B-subunit
(S2, S3, 2xS4, S5) mediates binding and uptake of PTx. Appar-
ently, it interacts with a NeuNAc-Gal motif displayed by several
sialoglycoproteins on various cell types as well as glycolipids,
such as ganglioside GD1a (11–13). More recent studies also
implicate an interaction with the TLR4 receptor, although the
function of this interaction is still unclear (14 –16).

E. coli K1 is one of the leading causes of bacterial meningitis
for newborns and infants in both developed and developing
countries (17–20). E. coli K1 employs a complex pathogenic
mechanism to evade the host immune defense and invade the
brain endothelium (21–23). Initial binding of bacterial OmpA,
FimH, and CNF1 to the host receptors gp96, CD48, and 37LRP,
respectively, triggers various intracellular signaling cascades
that facilitate invasion (24 –30). On the molecular level it was
shown that bacterial binding via OmpA up-regulated the
expression of gp96 via the production of NO by inducible
nitric-oxide synthase, which promotes a positive feedback loop
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for enhanced bacterial invasion (29, 31, 32). Additionally,
recruitment and activation of STAT3 at the intracellular gp96
domain results in loading of the small GTPase Rac1 with GTP,
which in concert with RhoA rearranges actin filaments to the
bacterial invasion site (24, 27, 29, 33). Moreover, Ca2� influx
induced by bacterial binding to the host cell activates PKC�
(34, 35). PKC� phosphorylates IQGAP1, which dissociates
�-catenin from VE-cadherin and thereby weakens adherens
junctions. This in turn facilitates the paracellular translocation
route of bacterial and immune cells into the brain (36).

Previously, we showed that PTx transiently affects the per-
meability of human brain-derived endothelial cell layers in dif-
ferent in vitro systems, although the molecular mechanisms for
this effect were still unclear (4 – 6, 13). To gain further insight
into the mode of action of PTx, we investigated which host cell
signaling cascades might be affected and whether the toxin
alters the same signaling pathways as E. coli K1 RS218 in brain-
derived endothelial cells.

Experimental Procedures

Chemicals, Antibodies, and Bacterial Strains—All chemicals
were purchased from Sigma unless stated otherwise. Antibod-
ies were acquired from Cell Signaling with the exception of
anti-�-catenin (Sigma), Alexa Fluor 488 (Sigma), Alexa Fluor
594 (Sigma), phospho-�-catenin (Thr-41/Ser-45) (Santa Cruz
Biotechnology, Inc.), and VE-cadherin (C-19 and H1) (Santa
Cruz Biotechnology). Pertussis toxin was purchased from Cal-
biochem. E. coli K1 RS218 is a clinical isolate obtained from a
newborn with meningitis (24). E. coli HB101 is a non-patho-
genic laboratory strain (E. coli strain collection, Institute of
Infectiology, Center for Molecular Biology of Inflammation,
Westfälische Wilhelms-Universität Münster).

Cell Culture—TY10 cells (37, 38) were maintained in EGM-2
medium (Lonza) with 20% FBS (Sigma) at 33 °C for prolifera-
tion and 37 °C for differentiation (96 h). HBMEC cells were
maintained in RPMI medium (Sigma) with 10% FCS (Sigma),
10% Nu-Serum (BD Biosciences), 2 mM glutamine, 1 mM pyru-
vate, 1% non-essential amino acids, 1% minimal Eagle’s
medium vitamins, 100 units/ml penicillin, and 100 �g/ml strep-
tomycin. Both cell lines were subcultured up to 80% confluence
before passaging.

Translocation Assay—Translocation assays were carried out
with minor adjustments as described previously (4). Confluent
TY10 or HBMEC cells were treated with PTx (200 ng/ml) for
different time periods before infection with E. coli RS218 or
E. coli HB101 at a multiplicity of infection of 100 for 90 min. For
quantification of translocated bacteria, different dilutions of
the basolateral media were plated on LB-agar plates, and bac-
terial colonies were counted the next day.

Invasion Assay—Invasion assays were performed as de-
scribed previously (4). Confluent TY10 or HBMEC cells were
treated with PTx (200 ng/ml) for different time periods before
infection with E. coli RS218 or E. coli HB101 at a multiplicity of
infection 100 for 90 min. Cells were washed three time with PBS
and incubated for another 1 h with infection medium contain-
ing 200 �g/ml gentamicin. Afterward, cells were washed once
with PBS and lysed with 1% Triton-X. Different dilutions were

plated on LB-agar plates, and bacterial colonies were quantified
the next day.

Coimmunoprecipitations—TY10 cells were grown in 60-mm
dishes to confluence and differentiated for 96 h. Following
stimulation with PTx (200 ng/ml, 6 h), the cells were washed
with ice-cold PBS and lysed in radioimmune precipitation assay
buffer (50 mM Tris/HCl, pH 7.4, 150 mM NaCl, 0.1% SDS, 0.5%
sodium deoxycholate, phosphatase, and protease inhibitors).
250 �g of protein lysate were incubated with Protein-A-Plus
agarose (Santa Cruz Biotechnology) and the primary antibody
overnight at 4 °C. The immune complexes were washed three
times with radioimmune precipitation assay buffer, separated
by SDS-PAGE, and analyzed by Western blotting.

Rac Pull-down—TY10 or HBMEC cells were grown in
100-mm dishes to confluence and differentiated for 96 h. Before
stimulation with PTx (200 ng/ml for 3, 4, or 6 h), the cells were
washed three times with PBS and maintained in serum-free
medium for 1 h. 20 �g of GST-PAK1-RBD were incubated for
90 min with GSH-Sepharose at 4 °C and washed three times
with immunoprecipitation buffer (50 mM Tris, pH 7.4, 150 mM

NaCl, 1% Triton X-100, 0.5 mM MgCl2, protease inhibitor mix-
ture (Roche Applied Science)). 500 �g of protein lysate were
added and incubated for 45 min. The immune complexes were
washed three times with immunoprecipitation buffer and sub-
jected to SDS-PAGE and Western blotting for analysis.

Quantitative RT-PCR—Confluent TY10 or HBMEC cells
were treated with PTx (200 ng/ml, 6 h). Total RNA was isolated
using the RNeasy minikit (Qiagen) according to the manufactu-
rer’s instructions. 1 �g of RNA was reverse transcribed with the
Primescript RT reagent kit (Takara) and oligo(dT) primers.
Quantitative RT-PCR was performed using the SYBR Premix
Ex TaqII kit (Takara). Real-time PCR conditions were as fol-
lows: 95 °C for 5 min, 40 cycles; 95 °C for 10 s; 60 °C for 30 s. The
-fold increase in expression of mRNA was normalized by using
the expression of hypoxanthine phosphoribosyltransferase.
Quantitative real-time experiments were always run six times
in duplicate with the following primers: HPRT-fwd, GCCAG-
ACTTTGTTGGATTTG; HPRT-rev, CTCATCTTAGGCTT-
TGTATTTTG; gp96-fwd, CTGGAAATGAGGAACTAACA-
GTCA; gp96-rev, TCTTCTCTGGTCATTCCTACACC.

Intracellular Calcium Measurements—Intracellular calcium
levels were measured according to the protocol of the manufac-
turer of the Fluoro-4AM kit. Briefly, TY10 cells were grown to
confluence in 96-well plates and differentiated for an additional
96 h at 37 °C. Cells were washed once with PBS and maintained
in EGM-2 medium without FCS. PTx (200 ng/ml) or histamine
(100 �M) was applied for various time periods, followed by incu-
bation of the sample at 37 °C for 1 h with the Fluoro-4AM kit
solutions (Promega). To measure intracellular Ca2� levels, the
fluorescence of the samples was quantified (excitation/emis-
sion, 490 nm/520 nm).

Immunofluorescence—HBMEC and TY10 cells were grown
on collagen-coated coverslips to confluence before experi-
ments were carried out. Cells were fixed with 4% paraformal-
dehyde and permeabilized with 0.3% Triton X-100. The sam-
ples were blocked with 5% goat serum for 1 h at room
temperature and incubated with the corresponding primary
antibodies overnight. After extensive washing, the samples

Pertussis Toxin Promotes E. coli K1 Invasion

24836 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 41 • OCTOBER 9, 2015



were incubated with Alexa Fluor-conjugated secondary anti-
bodies, washed with PBS, and incubated with DAPI for 10 min.
The samples were washed with PBS and mounted with fluores-
cent mounting medium. The slides were imaged with an LSM
confocal system mounted on an Axio Observer.Z1 microscope
equipped with differential interference contrast optics and a
plan-apochromat �63/1.4 numerical aperture oil immersion
objective lens (Carl Zeiss MicroImaging, Thornwood, NY).
Images were generated with Zen software version 2011.

Electron Microscopy—TY10 cells were fixed with 2% parafor-
maldehyde, 0.25% glutaraldehyde in 0.1 M phosphate buffer and
processed using the method of Tokuyasu (39). Ultrathin (50-
nm) frozen sections were cut and immunogold-labeled using
anti-�-catenin and anti-VE-cadherin antibodies and detected
with Protein A Gold (Department of Cell Biology, University
Medical Center, Utrecht, The Netherlands) with gold particles
of 10- or 15-nm diameter, respectively. Labeling with Protein A
Gold (gold particles 15 or 10 nm) alone, without first antibodies
was included as a control of specificity of the immunogold
staining. The samples were analyzed at 80 kV on an FEI-Tecnai
12 electron microscope (FEI, Eindhoven, The Netherlands).
Photographs of selected areas were documented with imaging
plates (Ditabis, Pforzheim, Germany).

Results

PTx Increases E. coli RS218 Invasion and Translocation—To
assess whether PTx enhances invasion and translocation of the
pathogenic E. coli K1 RS218, we used transwell filter systems in
our experiments. HBMEC as well as TY10 cells were grown to
confluence on filter membranes and stimulated with PTx 6 h
before infection with the pathogenic E. coli K1 RS218 or the
non-pathogenic E. coli HB101 strain (Fig. 1, A and B). Quanti-
fication of the translocation rates showed that PTx increases
the translocation of E. coli K1 RS218 (up to 6.72 � 0.55-fold) as
well as of E. coli HB101 (up to 3.52 � 0.13-fold) in HBMEC
cells. These findings are in agreement with previous studies in
different in vitro systems (4, 5). In contrast, quantification of the
invasion assays revealed that PTx significantly enhanced the
invasion of E. coli K1 RS218 up to 4.11 � 0.59-fold, whereas it

had no effect on the invasion of the E. coli HB101 strain. Hence,
it appears that the enhanced translocation observed for the
non-pathogenic HB101 strain is not likely to be due to transcy-
tosis following invasion but might be attributed to an enhanced
paracellular penetration. Similar translocation results were
obtained with our second human brain-derived microvascular
endothelial cell line, TY10 (data not shown). Invasion, however,
could not be quantified because no viable bacterial cells were
obtained in this case, but we confirmed invasion with DAPI
staining (data not shown). Because PTx selectively enhanced
the invasion of pathogenic E. coli K1 RS218, we took a closer
look at the underlying mechanisms.

PTx Up-regulates gp96 mRNA Expression—Recently, it has
been reported that the invasion of E. coli K1 RS218 depends on
the interaction of OmpA, IbeA, CNF1, and FimH with their
corresponding host cell receptors (24, 26, 27, 40 – 42). Specifi-
cally, the interactions with gp96 and 37LRP were described to
be essential for the invasion. To further elucidate whether PTx
might up-regulate the expression of these two receptors to
enhance invasion, we performed quantitative RT-PCR of PTx-
treated HBMEC and TY10 cells (Fig. 2, A–E). In both cell lines,
PTx was able to increase the expression of gp96 but not of
37LRP. Although we found a significant increase for gp96
expression in both cell lines (1.79 � 0.34-fold in HBMEC (Fig.
2A) and 3.83 � 1.35-fold in TY10 cells (Fig. 2B)), the increased
expression of 37LRP was inconsistent and therefore not signif-

FIGURE 1. PTx increases invasion and translocation of E. coli K1 RS218. A,
pretreatment of HBMEC with PTx (200 ng/ml) for 6 h significantly increases
the translocation rate of E. coli HB101 by 3.52 � 0.13-fold and E. coli K1 RS218
by 6.72 � 0.55-fold, respectively. B, 6-h PTx pretreatment (200 ng/ml) of
HBMEC significantly increases the invasion rate of the pathogenic E. coli K1
RS218 strain by 4.11 � 0.59-fold compared with untreated HBMEC. No signif-
icant changes were observed for the nonpathogenic E. coli HB101 strain. Bars,
mean � S.E. (error bars) of three independent experiments performed in trip-
licate. **, p � 0.01; ***, p � 0.001 (determined by ANOVA followed by Bonfer-
roni post hoc test).

FIGURE 2. PTx up-regulates the expression of the E. coli-binding recep-
tors gp96 but not 37LRP. A and B, quantitative RT-PCR analysis of PTx-
treated HBMEC and TY10 cells (200 ng/ml, 6 h) showed significantly increased
gp96 mRNA levels. C and D, application of PTx to HBMEC and TY10 cells (200
ng/ml, 6 h) led to no significant changes in 37LRP mRNA levels. Bars, mean �
S.E. of at least six independent experiments performed in duplicate. **, p �
0.01; ***, p � 0.001 (determined by ANOVA).
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icant after application of PTx (HBMEC cells (Fig. 2C) and TY10
cells (Fig. 2D)).

PTx Activates STAT3 and Rac1—Based on the quantitative
RT-PCR results, we further investigated PTx effects on host cell
signaling events downstream of gp96. Upon binding of OmpA
to gp96, several signaling cascades are activated. One of those is
the recruitment and activation of STAT3 by phosphorylation
(24, 29). We investigated whether PTx is also able to activate
STAT3 independently of E. coli K1 RS218. As shown in Fig. 3A,
6 h of PTx treatment led to a significant increase in STAT3
phosphorylation at Tyr-705 (1.39 � 0.09-fold). Phosphoryla-
tion of STAT3 was shown to recruit Vav2 and subsequently
activate the small GTPase Rac1 via the exchange of bound GDP
to GTP (24). As described earlier, Rac1 activation peaked
around 30 min after E. coli K1 RS218 infection (Fig. 3B). PTx
application in HBMEC and TY10 for various time intervals led
to an increased amount of activated Rac1 (Fig. 3, C and D), in
which Rac1 activation was significant after 6 h of PTx treatment
in both cell lines (HBMEC (Fig. 3C) and TY10 cells (Fig. 3D)).

PTx Disrupts �-Catenin and VE-cadherin Membrane
Localization—To further investigate how PTx is able to
enhance the translocation of bacteria, we had a closer look at
the adherens junction proteins VE-cadherin and �-catenin. It
has been shown that different pathways induced by E. coli K1
RS218 binding affect the integrity of this complex (32, 36). As
depicted in Fig. 4A, application of PTx led to increased amounts
of phosphorylated �-catenin (Thr-41/Ser-45) concomitant
with a strong loss of membrane localization, gap-forming struc-
tures between cells, and an enhanced appearance of stress fibers
at cellular membranes (Fig. 4B). Interestingly, infection with
E. coli K1 RS218 alone showed the same phenotypes in our im-
munofluorescence studies (Fig. 4B, bottom).

A reduced localization of �-catenin at the cellular membrane
should be accompanied by a reduced binding to VE-cadherin.
To support this assumption, we performed co-immunoprecipi-
tation experiments (Fig. 5A). We found a significant decrease in

�-catenin bound to precipitated VE-cadherin after application
of PTx for 4 and 6 h (4-h PTx, 88 � 2%; 6-h PTx, 77.54 �
11.90%). Immunofluorescence staining of VE-cadherin and
�-catenin with and without PTx application further confirmed
the results obtained by immunoprecipitation experiments (Fig.
5B). �-Catenin and VE-cadherin exhibited a strong colocaliza-
tion under non-stimulating conditions. Application of PTx for
6 h disrupts the membrane localization of �-catenin as well as
of VE-cadherin to some degree. The same result was obtained
with immunogold labeling of VE-cadherin and �-catenin in
ultra-cryo-sections (Fig. 5C). The amount of VE-cadherin at the
cellular membrane, visualized by antibodies labeled with 15-nm
gold particles, and �-catenin (labeled with 10-nm gold parti-
cles) is significantly reduced after application of PTX.

PTx Influences Intracellular Ca2� Levels—Previous studies
implicated a role of PTx in regulating the activity of Ca2� chan-
nels by its inhibitory function toward heterotrimeric G-pro-
teins (15, 44 – 46). Because intracellular Ca2� levels are strictly
regulated to ensure homeostasis of host cell signaling, we inves-
tigated whether an application of PTx in TY10 cells may influ-
ence intracellular Ca2� levels to induce the observed cellular
effects. As shown in Fig. 6A, application of PTx had a small but
significant effect on intracellular Ca2� levels. 2 h after appli-
cation, intracellular Ca2� concentrations were significantly
decreased to 78.9 � 3.2% compared with untreated cells. Inter-
estingly, Ca2� levels returned to normal control levels after 4 h
(92 � 6.5%) and were increased 6 h after PTx application
(115.8 � 6.1%) However, in comparison with the alterations in
Ca2� levels induced, for example, by histamine, PTx-induced
changes in Ca2� levels are clearly less prominent (Fig. 6B). As
an example, we investigated whether these changes might influ-
ence the activity of signaling proteins, which are known to
decrease the interaction of �-catenin and VE-cadherin. One of
those proteins is the Src kinase. Src is activated following Ca2�

influx and was recently described as displacing �-catenin from
VE-cadherin by phosphorylation and binding to VE-cadherin
(47). However, in our model systems, we could not detect a
significant activation of Src after application of PTx, in contrast
to the effects observed after stimulation with histamine (Fig.
6C). Moreover, the amounts of Src bound to VE-cadherin were
unchanged with or without the presence of PTx (data not
shown).

In addition, PKC� and, further downstream, IQGAP1 have
been shown to be responsible factors for the dissociation of
�-catenin from VE-cadherin subsequent to an infection with
E. coli K1 RS218 and Ca2� influx (35, 36). However, we were
unable to find any evidence that PTx increases the interaction
of IQGAP1 with �-catenin (data not shown). Therefore, we
conclude that the observed PTx-induced alterations in Ca2�

levels do not affect the interactions of VE-cadherin or IQGAP1
with �-catenin.

PTx Reduces p42/44 MAPK Activity—We screened for addi-
tional kinases with different activation patterns after PTx appli-
cation to identify a possible candidate that induces the
reduction of �-catenin bound to VE-cadherin. PTx led to a
significant and strong decrease in the activation phosphory-
lation of p42/44 MAPK up to 50% (Fig. 7A). We confirmed
down-regulation of MAPK activity by investigating the phos-

FIGURE 3. PTx increases STAT3 and Rac1 activity. A, treatment of serum-
deprived HBMEC with PTx (200 ng/ml, 3 or 6 h) led to an increased phosphor-
ylation of Stat3 Tyr-705. B–D, infection of HBMEC with E. coli K1 RS218 acti-
vates Rac1 within the first 30 min (B). In contrast, PTx activates Rac1 in HBMEC
(C) and TY10 cells (D) significantly after 6 h of stimulation. Bars, mean � S.E.
(error bars) of at least six independent experiments performed in duplicate.
Western blots of Rac1 pull-downs give representative results of three inde-
pendent experiments. **, p � 0.01; ***, p � 0.001 (determined by ANOVA).
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FIGURE 4. PTx increases �-catenin phosphorylation and alters its membrane localization. A, application of PTx (200 ng/ml for 3 or 6 h) significantly
increased �-catenin phosphorylation at Thr-41/Ser-45. B, confocal image of TY10 cells stained for �-catenin (Alexa Fluor 488), phalloidin (Alexa Fluor 594), and
DAPI either without treatment or with PTx treatment (200 ng/ml, 6 h) or infected with E. coli K1 RS218 (multiplicity of infection of 100, 90 min) shows that
�-catenin localization at the cellular membrane is disturbed in the case of PTx application (top right) and E. coli K1 RS218 infection (bottom). In addition, gaplike
structures appear in PTx-stimulated and E. coli K1 RS218-infected samples. Scale bar, 10 �m. Bars, mean � S.E. (error bars) of at least three independent
experiments performed in duplicate. *, p � 0.05 (determined by ANOVA).

FIGURE 5. PTx decreases �-catenin/VE-cadherin interaction and disturbs VE-cadherin membrane localization. A, PTx decreases the amount of �-catenin
bound to precipitated VE-cadherin in TY10 after 4 – 6 h significantly. B, immunofluorescence double staining of �-catenin (Alexa Fluor 594) and VE-cadherin
(Alexa Fluor 488) followed by confocal imaging shows a strong colocalization of both proteins at the cellular membrane, which is disrupted after application
of PTx (200 ng/ml, 6 h). Scale bar, 10 �m. C, double immunogold labeling of ultra-cryo-sections of TY10 cells shows in control cells a strong localization of
VE-cadherin (15-nm gold) and �-catenin (10-nm gold) at outer cellular membranes (left). Application of PTx (200 ng/ml, 6 h) decreases the amount of detectable
VE-cadherin and �-catenin at the outer cellular membranes. Bars, mean � S.E. of at least three independent experiments performed in duplicate. *, p � 0.05;
**, p � 0.01 (determined by ANOVA).
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phorylation of its downstream effector ELK-1, which was
also reduced by more than 50% (Fig. 7B). In addition to
inhibiting basal activation levels of p42/44 MAPK, PTx also
reduced the activation of p42/44 MAPK after stimulation
with serum (data not shown). Although there is not much
evidence in the literature of a possible role of reduced MAPK
activity in negatively regulating the interaction between VE-
cadherin and �-catenin, we investigated whether reduction
of MAPK activity leads to a reduced VE-cadherin/�-catenin
interaction. As shown in Fig. 7C, mimicking the PTx-medi-
ated down-regulation of MAPK activity by the pharmacolog-
ical inhibitor U0126 led to a decreased amount of �-catenin
bound to VE-cadherin of about 40%.

In summary, we showed that PTx activates and inhibits spe-
cific signaling pathways, similar to those induced or inhibited
by E. coli K1 RS218 infection. Activation of STAT3 and Rac1
(Figs. 2 and 3) is likely to facilitate bacterial uptake, whereas
disruption of membrane localization of VE-cadherin and
�-catenin and their interaction (Figs. 4, 5, and 7) might facilitate
enhanced paracellular penetration (Fig. 8).

Discussion

The exotoxin PTx is a major virulence factor of the Gram-
negative bacterium B. pertussis, the causative agent of whoop-
ing cough. Especially in infants, severe complications, such as
encephalopathy, are observed occasionally, which lead to neu-
rological disorders. These sequelae have been associated with
PTx, which is able to disrupt the integrity of the blood-brain
barrier (3– 6, 8, 48 –50). However, the exact molecular mecha-
nism underlying this complication is not yet known. As a result
of this PTx-induced breach in endothelial barrier integrity, bac-
terial penetration into the central nervous system might be
facilitated. This issue was investigated with the pathogenic
E. coli K1 strain (51–54). Recently, it has been shown that the
E. coli K1 strain (RS218) binds to a defined set of host receptors
(24, 29, 40 – 42, 55, 56). Upon binding of the pathogen, several
signaling cascades of the target host cell are activated, leading to
a variety of cellular effects ranging from rearrangements of
actin filaments by STAT3, Rac1, PKC�, and RhoA to an influx
of Ca2� and the production of NO to facilitate further bacterial
uptake (24, 26, 27, 29, 31, 32, 40, 41, 55, 56). Additionally, acti-
vation of the protein kinases PKC� and Src destabilize the
adherens junction complex of VE-cadherin��-catenin, thereby
also promoting paracellular translocation (36, 47).

FIGURE 6. PTx influences Ca2� levels but is not able to activate the
protein kinase Src in TY10 cells. A, upon application of PTx (200 ng/ml),
Ca2� levels are significantly decreased after 2 h before they rise again to
be significantly increased after 6 h of toxin application. B, compared with
the PTx-induced changes in intracellular Ca2� levels, histamine induces a
fast and strong increase of Ca2� in TY10 cells (5 min, 100 �M). C, Western
blotting studies showed that PTx (200 ng/ml, 6 h) has no influence on the
activation phosphorylation of the protein kinase Src in contrast to hista-
mine (100 �M, 20 min). Bars, mean � S.E. (error bars) of at least three
independent experiments performed in duplicate. *, p � 0.05; ***, p �
0.001 (determined by ANOVA)

FIGURE 7. PTx decreases p42/44 MAPK activity, which is sufficient to
reduce �-catenin/VE-cadherin interaction. A and B, PTx (200 ng/ml, 6 h)
significantly decreased p42/44 MAPK activation phosphorylation at Thr-202/
Tyr-204 (A) as well as activation phosphorylation of the p42/44 MAPK down-
stream target ELK-1 at Ser-383 (B). C, inhibition of p42/44 MAPK by U0126 (10
�M, 6 h) reduced the amount of �-catenin bound to VE-cadherin. Bars,
mean � S.E. (error bars) of at least three independent experiments performed
in duplicate. *, p � 0.05; ***, p � 0.001 (determined by ANOVA).
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In this study, we investigated whether PTx would increase
the invasion and translocation of E. coli K1 RS218 in human
brain-derived microvascular endothelial barrier model systems
(HBMEC/TY10 cell lines). Furthermore, we determined that
host cell signaling pathways in response to PTx might mimic
those induced by E. coli K1 RS218 in such a way as to promote
bacterial invasion in and translocation across brain endothelial
barriers. First, we showed that incubation of endothelial barri-
ers with PTx significantly increased the translocation of both
non-pathogenic E. coli HB101 and the pathogenic E. coli K1
RS218 (Fig. 1A). Interestingly, only the invasion of the patho-
genic E. coli K1 RS218 strain was enhanced (Fig. 1B), whereas
uptake of E. coli HB101 was not affected. Our group showed
earlier that PTx had no effect on the invasion of the E. coli K1
strain in HBMEC cells (4). This change of behavior is most
probably due to the use of a different E. coli K1 strain in the
current study (O1:K1 versus O18ac:K1:H7). Next, we found
that PTx significantly increases the mRNA levels of the patho-
gen-binding receptor gp96 in the two human microvascular
endothelial cell lines (Fig. 2, A and B). An increase of gp96
within the cellular membrane is shown to be mediated by an
induction of NO production (29, 31, 32). Increased NO levels
are induced by activation of the STAT3-PLC�-PKC� pathway
via gp96 binding as well as by the MyD88-NF�B pathway via
gp96�TLR2 complex binding. Our results showed that STAT3
was also activated when we applied PTx alone (Fig. 3A). How-
ever, elevated NF�B activation levels could not be observed
employing Western blotting (data not shown). In addition, we
could not find increased NO levels by indirect measurements
via nitrite after PTx application. There seems to be another so
far unknown pathway for up-regulation of gp96 expression in
these two cell lines, which must be addressed in further studies.

Activation of STAT3 not only promotes enhanced NO produc-
tion but also activates the small GTPase Rac1 via recruitment of
the Rac-GEF Vav2 (24). The increase in the amount of GTP-
Rac1 due to the application of PTx followed the same time
course as STAT3 activation, which indicates that Rac1 activa-
tion is mediated by STAT3, as described by Maruvada and Kim
(24). Compared with Rac1 activation induced by E. coli K1
RS218 (Fig. 3B), activation by PTx was rather low but signifi-
cant. Active Rac1 is necessary to induce host cell actin cytoskel-
eton rearrangements to the bacterial entry site to facilitate bac-
terial uptake by the host cell. Taken together, these data could
explain how PTx is able to increase the invasion of E. coli K1
RS218 in HBMEC cells, because it increases the expression of
host-binding receptors in the cellular membrane and activates
host cell signaling pathways that are shown to relevant to E. coli
K1 RS218 invasion. This would explain why the PTx-induced
increase in invasion is only observed with the pathogenic E. coli
strain.

In addition to its support of invasion, we investigated how
PTx is able to increase cellular permeability to enhance trans-
location via the paracellular route that was previously described
by our group and others (4 – 6, 48). We demonstrated that PTx
drastically influences the membrane localization of �-catenin
and VE-cadherin (Figs. 4B and 5B). Moreover, VE-cadherin
immunoprecipitation experiments showed lower amounts of
bound �-catenin, which is in agreement with the findings of a
previous study (36). Although the cellular effect of PTx is quite
remarkable, it has remained enigmatic how PTx achieves the
dissociation of �-catenin and VE-cadherin and induces the
redistribution from their membrane localization. To be able to
rationalize these findings, we focused in the beginning on intra-
cellular Ca2� levels as a possible second messenger system uti-

FIGURE 8. Schematic representation of PTx-affected pathways in transcellular versus paracellular translocation. Based on the data obtained in this
study, we hypothesize that PTx preactivates essential signaling pathways for E. coli K1 RS218 invasion and translocation. Up-regulation of gp96 and activation
of STAT3 and Rac1, respectively, increase invasive processes. Dissociation of �-catenin and VE-cadherin weakens adherens junctions and enhances paracellular
translocation.
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lized by PTx, which was able to influence intracellular Ca2�

levels. One possible way in which PTx could be able to increase
Ca2� levels is by enhanced angiotensin II type 1 receptor
(AT1R) expression, which was shown recently (15). PTx could
not only up-regulate AT1R expression but also enhance AT1R-
induced Ca2� influx. Interestingly, AT1R was shown to be
involved in E. coli K1 RS218 invasion because inhibition of
AT1R by telmisartan or siRNA-mediated knockdown abol-
ished E. coli K1 RS218 invasion (43). Furthermore, AT1R seems
to interact with gp96 and, upon binding of E. coli K1 RS218,
induces Ca2� influx.

We then focused on the Ca2�-sensitive protein kinase Src,
which was shown to phosphorylate and/or bind VE-cadherin,
thereby displacing �-catenin to increase vascular permeability
(47). Under our experimental conditions, we were unable to
detect an influence of PTx on Src activity (Fig. 6C) or on VE-
cadherin phosphorylation, respectively. Also, IQGAP1-medi-
ated �-catenin dissociation appeared not to be affected. Inves-
tigations employing laser scanning confocal microscopy were
unable to detect any significant differences in co-localization of
IQGAP1 and �-catenin.

After screening for additional kinases affected by PTx, we
found p42/44 MAPK activity to be drastically reduced. We
mimicked p42/44 MAPK activity reduction using U0126 and
could show that less �-catenin is bound to VE-cadherin. These
results indicate that reduction of p42/44 MAPK activity by PTx
or U0126 is involved in the disruption of VE-cadherin/�-
catenin interaction. Because MAPK signaling is quite complex
and depending on spatial and temporal aspects, including dif-
ferent scaffolding complexes, further studies are needed to
address the mechanism of this observed effect.

Taken together, our study provides evidence that PTx par-
tially mimics E. coli K1 RS218-induced effects with respect to
activation of host cell signaling pathways needed for invasion
and translocation (Fig. 8). Based on these results, we believe
that PTx is preactivating signal transduction pathways that are
essential for invasive processes, thereby facilitating a secondary
infection by E. coli K1 RS218 in the course of an ongoing B. per-
tussis infection. Further studies are needed to define how PTx is
able to activate and inhibit those pathways. This information
may help in developing possible strategies to reduce neurolog-
ical complications during an ongoing B. pertussis infection.
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