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Abstract

Enteropathogenic Escherichia coli (EPEC) is a major cause of infantile diarrhea. In this work we investigated the effect of outer membrane
proteins (OMP) of EPEC on barrier integrity and the role of actin, junctional adhesion molecule (JAM) and signaling pathways contributing to
these changes. Barrier function was assessed by transepithelial electrical resistance (TER). OMP of wild type EPEC, eaeA and maltoporin
mutants decreased TER levels of Caco-2 cells. The OMP of espB mutant was deficient in decreasing TER of Caco-2 cells. The proteinase
K-digested wild type OMP and EAF mutant OMP did not cause any change in barrier function. Our previous studies have demonstrated that
EPEC OMP induced changes in cadherin junctions of Caco-2 cells. Immunofluorescence revealed disruption in actin cytoskeleton by EPEC
OMP. However, no change in expression of junctional adhesion molecule-1 was observed. NF-kB inhibitor slightly blocked the decrease in
TER and protected against actin disruption while ERK1/2 inhibitor had no effect in blocking these changes. In conclusion, our data suggest
that the OMP of EPEC alter intestinal barrier function by disrupting actin cytoskeleton and signaling pathways like NF-kB may have a role
in regulating barrier changes.
� 2007 International Federation for Cell Biology. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Enteropathogenic Escherichia coli (EPEC) is a predominant
cause of infantile diarrhea worldwide. EPEC induces a charac-
teristic attaching and effacing (A/E) lesions in host cells medi-
ated by a pathogenicity island called locus of enterocyte
effacement (LEE). A/E lesions consists of effacement of mi-
crovilli, rearrangement of actin and other cytoskeletal proteins
beneath the adherent bacteria (Celli et al., 2000; Gruenheid
and Finlay, 2003).
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EPEC activates several signaling molecules like NF-kB
(Savkovic et al., 1997), MAP kinases (Czerucka et al., 2001)
and protein kinase C (Baldwin et al., 1990). EPEC infection
stimulates phosphorylation of myosin light chain by myosin
light chain kinase (MLCK) and this results in intestinal barrier
dysfunction (Yuhan et al., 1997). Tight junctions (TJs) seal the
space between adjacent cells and limit the diffusion of solutes
through the intercellular space of intestinal epithelia. A poten-
tial TJ effect has most often been documented by a reduction in
transepithelial electrical resistance (TER). EPEC infection has
shown to decrease TER (Canil et al., 1993; Philpott et al.,
1996). One of the LEE-encoded proteins, EspF is required
for EPEC induced loss of TER (McNamara et al., 2001). Re-
cently Map (Dean and Kenny, 2004) and EspG (Tomson
. Published by Elsevier Ltd. All rights reserved.
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et al., 2005) have also been shown to play a role in TJ barrier
disruption.

TJs can be disrupted by contraction of the perijunctional ac-
tomyosin ring and this could lead to decrease in TER. Altered
distribution of TJ proteins, ZO-1 (Philpott et al., 1996) and oc-
cludin (Simonovic et al., 2000) have been observed in EPEC
infection. Actin cytoskeleton is also linked to the adherens
junctions through b and a-catenins. Previous study from our
group have shown that EPEC disrupts adherens junctions by
activation of PKCa (Malladi et al., 2004b).

Junctional adhesion molecule (JAM) is a member of the im-
munoglobulin superfamily expressed in TJs of epithelial cells
(Martin-Padura et al., 1998). The JAM family consists of
JAM-1, JAM-2 and JAM-3 (also known as JAM-A, JAM-B
and JAM-C). JAM-1, a 32 kDa protein, localizes with F-actin
at the cellecell contacts and at the membrane ruffles (Naik
et al., 2001). JAM1 plays a key role in TJ assembly and epi-
thelial barrier function and transmigration of leukocytes (Del
Maschio et al., 1999; Ostermann et al., 2002). Antibodies to
JAM1 were observed to inhibit the recovery of epithelial bar-
rier function after TJ disassembly (Liu et al., 2000; Mandell
et al., 2004). Moreover, knockdown of JAM1 decreased TER
(Mandell et al., 2005) and JAM is involved in the disruption
of the TJ protein complexes by CagA of Helicobacter pylori
(Amieva et al., 2003).

Our previous studies demonstrate that outer membrane pro-
teins (OMP) of EPEC induced gross cytoskeletal rearrange-
ments in the host cell and caused disruption of HEp-2 cells
with extrusion of actin-rich strands (Kumar et al., 2001).
OMP of EPEC also induced changes in E-cadherin and b cat-
enin interactions (Malladi et al., 2004b). EPEC OMP could
also activate NF-kB and MAP Kinases and upregulate iNOS
in Caco-2 cells (Malladi et al., 2004a). NF-kB (Ye et al.,
2006) and ERK1/2 (Huang et al., 2004) can also activate
MLCK which is involved in loss of barrier integrity on
EPEC infection. This study aims to highlight the involvement
of OMPs of EPEC on tight junction barrier disruption and ac-
tin cytoskeleton and the signaling pathways contributing to
this effect. In addition, we also investigated whether EPEC
infection had any effect on the junctional adhesion molecule.

2. Materials and methods

2.1. Strains

Strains used in this study were EPEC wild ype (WT) strain E2348/69 Nalr

(Levine and Rennels, 1978), CVD206 (eae mutant) Nalr which is intimin de-

ficient (Donnenberg and Kaper, 1991), UMD874 (espF mutant) Nalr that has

a deletion of espF, which is involved in barrier disruption (kindly provided

by M.S. Donnenberg, University of Maryland, Baltimore) (McNamara and

Donnenberg, 1998), JPN15 (EAF mutant) Nalr (Jerse et al., 1990) and

UMD864 (espB mutant) Nalr (Foubister et al., 1994). The LamB (maltoporin)

negative mutant was made by insertion of the mutated allele gene of lamB con-

taining a kanamycin resistance gene cassette by homologous recombination

using an allelic exchange vector (Peter H. Williams, unpublished data).

E. coli DH5a Ampr was obtained from Invitrogen Life Technologies, Carlsbad,

CA, USA. The antibiotics were added at the following concentrations: nali-

dixic acid, 100 mg/ml; ampicillin, 100 mg/ml; and kanamycin, 50 mg/ml.
2.2. Outer membrane preparations

The outer membrane fraction was prepared as previously described

(Kumar et al., 2001; Malladi et al., 2004a,b). The bacteria were first grown

in Luria broth (LB) with appropriate antibiotics as a 10% pre-inoculum and

then inoculated into 20 ml of DMEM and allowed to grow at 37 �C for 2 h

to reach the late log phase. Bacterial pellet from the 20 ml culture was washed

once with 10 ml of 20 mM TriseHCl containing 10 mM EDTA, pH 7.4 (TE

buffer) and resuspended in 2 ml of the same buffer and disrupted by ultra son-

ication with 1 min pulses, each followed by a 2 min pause and this was re-

peated for five cycles in a 240 V/60 Hz Labsonic sonicator (B. Braun

Biotech International, Melsungen, Germany). Unbroken cells and debris

were removed by centrifugation at 6000�g for 10 min. The turbid supernatant

was subjected to ultra centrifugation at 100,000�g for 1 h at 4 �C. The pellet,

which is the total membrane fraction, was suspended in 1 ml of TE buffer, and

the protein was estimated by Lowry’s method. The protein concentration was

adjusted to 5 mg/ml and solubilised with 1% (final w/v) sodium lauryl sarco-

sinate (Sarkosyl) at 4 �C overnight or at room temperature for 1 h. Following

ultra centrifugation at 100,000� g for 1 h (Elkins, 1995), the sarkosyl insolu-

ble pellet was taken as the outer membrane fraction and solubilised in 250 ml

of 1% SDS by heating at 100 �C for 10 min. The protein concentration of

OMP was adjusted to about 4 mg/ml.

2.3. Cell culture and infection with bacteria or
treatment with OMPs

Caco-2 cells were grown in F12 Dulbecco’s modified Eagle’s medium

(DMEM) with 20% FCS at 37 �C in 5% CO2 incubator. The medium was

changed every other day, and the cells were allowed to differentiate and

form stable tight junctions in six-well plates or in cell culture inserts. OMPs

(60 mg/ml) were added to the differentiated Caco-2 monolayers containing

DMEM without serum and antibiotics and the cells were incubated in 5%

CO2 incubator. Bacteria were added to the differentiated Caco-2 monolayers

in six-well plates or in cell culture inserts at 1:100 multiplicity of infection

in DMEM medium without serum and antibiotics. When inhibitors were

used the OMP was added after pretreatment with inhibitors for 90 min.

2.4. Reagents

NF-kB inhibitor BAY 11-7082 and ERK1/2 inhibitor, PD 98059 were

obtained from Calbiochem, USA. Polyclonal rabbit anti-JAM-1 antibody

was from Santa Cruz Biotechnology, Inc., CA, USA. Anti-rabbit IgG-HRP

and FITC-Phalloidin was obtained from Sigma, St. Louis, MO, USA.

2.5. Fluorescence actin staining

FITC-phalloidin staining was performed as previously described (Kumar

et al., 2001). Caco-2 cells were treated with 60 mg of wild type EPEC OMP

for 1 h. The treated monolayers were washed with PBS and fixed with 2%

paraformaldehyde in PBS for 30 min. The fixed cells were then permeabilised

with 0.1% Triton-X 100 in PBS for 5 min. The cells were washed thrice with

PBS. They were then treated with 5 mg/ml of fluorescein isothiocyanate

conjugated phalloidin in PBS for 30 min. After two washes in PBS to remove

any trace of non-specific fluorescence, the cells were examined under a Nikon

fluorescence microscope.

2.6. Transepithelial electrical resistance measurements

Monolayers of Caco-2 cells were grown in filters (Millicell culture plate

inserts; 0.4 mm pore size; 0.6 cm2). At full confluence (15e18 days), mono-

layers achieve a transepithelial electrical resistance (TER) of >500 U cm2

and was measured using a voltmeter (Millicell-ERS; Millipore, U.S.A.). The

integrity of the confluent polarized monolayers was checked by measuring

TER at different time intervals after treating with outer membrane proteins.

TER (U cm2)¼ (Total resistance� Blank resistance) (U)�Area (cm2). Be-

cause TER values often vary among individual Caco-2 cultures, the electrical
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resistance value was recorded for each membrane before and after experimen-

tal treatment, and the percentage decrease from baseline (%TER) was calcu-

lated for each membrane.

2.7. Cell extract preparation and immunoblotting analysis

Following stimulation at 37 �C, cells were washed with ice-cold phos-

phate-buffered saline, and solubilised for 30 min at 4 �C in lysis buffer

[50 mM TriseHCl (pH 7.5), 150 mM NaCl, 1% Nonidet P 40, 2 mM Na3

VO4, 1 mM EDTA, 1 mM aprotinin, 25 mM leupeptin, 1 mM pepstatin,

1 mM 4-(2-aminoethyl) benzene-sulfonyl fluoride (AEBSF), 10 mM sodium

fluoride, 5 mM NaPPi, 10 mM b-glycerophosphate]. The lysate was sonicated

and centrifuged at 15,000 rpm for 15 min at 4 �C. The protein content of the

supernatant was determined and kept at �80 �C until analysis. Protein (50 mg)

from total cell extract was used for immunoblot analysis. After SDS-poly-

acrylamide gel electrophoresis on a 10% polyacrylamide gel, the separated

proteins were electrotransferred onto hybond nitrocellulose. The membranes

were blocked with 3% skimmed milk in Tris Buffered Saline and incubated

overnight at 4 �C and then incubated sequentially with polyclonal rabbit

anti-JAM-1 antibody and goat anti-rabbit IgG-Horse Radish Peroxidase anti-

body at appropriate dilutions for 1 h at room temperature. The membrane

was washed three times for 5 min in Tris Buffered Saline Tween-20 between

each incubation step. Reactive proteins were visualized by developing with di-

aminobenzidine tetrahydrochloride (DAB)-based HRP reaction (Sigma, USA).

2.8. Cell viability

To assess viability of the Caco-2 cells following OMP treatment lactate

dehydrogenase (LDH) release assays were performed as previously described

(Malladi et al., 2004b). Briefly, the post-experimental LDH content in the

supernatant of controls and cells treated with OMP was determined using

a cytotoxicity kit (Promega Corporation, USA).

2.9. Data analysis and densitometry analysis

All experiments were done in triplicate and data represents mean and stan-

dard deviation. One-way ANOVA was performed on all experiments with

Tukey Kramer post-hoc comparison. Significance was tested at P< 0.05. Den-

sitometry was performed on immunoblots using a computer-assisted image

analysis system (Quantity One, version 4.2.0; Bio-Rad, Hercules, CA,

USA). Densitometry values are represented as the fold increase in densitome-

try compared to the values from uninfected control cells.

3. Results

3.1. Outer membrane proteins of EPEC induce decrease
in transepithelial electrical resistance (TER) of Caco-2
cells similar to whole bacteria

Disruption of tight junction (TJ) integrity contributes to
diarrhea. Intestinal epithelial cell lines grown on porous mem-
brane inserts provide a model to study epithelial properties
such as barrier function. TER is a sensitive measure of barrier
function in high-resistance epithelia such as Caco-2 cells.
Infection with wild type EPEC caused a time dependent
decrease in TER. There was very little TER change after 1 h
and by 2 h significant decrease was detected. By 6 h of infec-
tion the TER levels remained constant (Fig. 1). Translocated
EspF protein has been shown to play a role in EPEC induced
barrier disruption (McNamara et al., 2001). Therefore, we
used espF mutant UMD874 (DespF ) and monitored the
change in TER. Cells infected with DespF did not completely
prevent the loss of TER. Non-pathogenic E. coli, DH5a did
not increase the permeability, as it did not change TER values.

To determine if outer membrane proteins of EPEC were in-
volved in causing decrease in TER, confluent monolayers
were treated with different doses of the OMP of wild type
EPEC and its mutants for 1 h (Fig. 2(A)). The OMP of wild
type EPEC induced a dose-dependent decrease in TER. A
time course study revealed that EPEC and EPEC OMP
resulted in distinct kinetics for TER alterations. EPEC OMP
induced TER decreased as early as 1 h by 60%, progressing
to 80% decrease at 6 h (Fig. 2(B)). Non-pathogenic bacteria
DH5a OMP showed a pattern similar to the untreated control
cells. The proteinase K-digested wild type EPEC OMP had no
effect on TER and this confirmed that protein(s) of the OMP is
responsible for this effect.

Among the mutants, OMP of DeaeA (intimin mutant) and
maltoporin mutant (DlamB) showed a pattern akin to wild
type EPEC OMP. The OMP of DespB (espB mutant) was de-
ficient in causing this effect and the OMP of DEAF (lacking
the EPEC adherence factor plasmid) was unable to disrupt
the barrier function. The DH5a OMP and proteinase K-
digested OMP had no significant effect on TER (Fig. 3).
Cell injury can also cause changes in barrier function and
LDH release assay is one of many methods used to determine
increases in plasma membrane permeability due to cell injury.
We measured the release of LDH (60 mg/ml) from OMP
treated cells to rule out the possibility of cytotoxicity. LDH re-
lease from OMP treated cells (60 mg/ml) for 1 h did not vary
significantly from the control cells. Even after 4 h, the LDH
activity in the WT OMP treated cells (9.5� 0.2%) was not dif-
ferent from the untreated cells (8.3� 0.4%) or from that of
proteinase K-digested OMP treated cells (8.4� 0.2%). LDH
release from DeaeA OMP treated cells (9.4� 0.1%); DespB
OMP treated cells (9.3� 0.4%); DlamB OMP treated cells
(9.2� 0.5%); DEAF OMP treated cells (9.0� 0.2%) and
DH5a OMP (8.7� 0.4%) did not vary significantly from the

Fig. 1. EPEC infection of intestinal Caco-2 cells causes a loss in transepithelial

electrical resistance (TER). Caco-2 cells were infected with wild type (WT)

EPEC, DH5a, espF mutant strain UMD874 (DespF ) and TER was measured

over time and expressed as a percentage change from baseline values. Infec-

tion with WT EPEC caused a significant decrease in TER by 2 h and DespF
could prevent the loss of TER to a certain extent. There was no significant dif-

ference between uninfected control cells and those infected with DH5a. The

experiment was repeated three times. Error bars represent standard deviation

of data from separate experiments.
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control cells. Microscopic examination showed that the Caco-
2 monolayer was intact (data not shown). These results indi-
cate that the barrier disruption observed was not due to
OMP induced cytotoxicity.

Fig. 2. (A) OMP induced a dose-dependent decrease in TER. Caco-2 cell

monolayer resistance (expressed as percent change in TER compared to base-

line measurements at time zero) was measured on treatment with increasing

doses of wild type OMP. Significant changes were observed at or above

60 mg/ml after 1 h of wild type OMP treatment. The experiment was repeated

three times and the error bars represent standard deviation of data from sepa-

rate experiments. (B) EPEC OMP alters barrier function with distinct kinetics.

Caco-2 monolayers grown on permeable filters were treated with OMPs and

TER was measured from 1 to 6 h. Significant decrease was detected within

1 h in WT OMP treated Caco-2 cells. Values represent the percent change

in TER compared to baseline measurements at time zero. In cells treated

with proteinase K-digested OMP (PK OMP) and with non-pathogenic DH5a

OMP, TER remained similar to control cells. The experiment was repeated

three times. Error bars represent standard deviation of data from separate

experiments.

Fig. 3. TER of Caco-2 cells following treatment with various OMPs. The TER

of Caco-2 cells on treatment with various OMPs was measured after 1 h. The

maltoporin mutant (DlamB) showed a pattern similar to that of wild type (WT)

OMP. The OMP of intimin mutant (DeaeA) did not differ significantly from

WT OMP in TER levels. The OMP of espB mutant (DespB) caused a lesser

drop in TER when compared to WT OMP. The EAF mutant (DEAF) OMP,

DH5a OMP and proteinase K-digested OMP had no significant effect on

TER. The experiment was repeated three times. Error bars represent standard

deviation of data from separate experiments.
3.2. F-actin but not junctional adhesion molecule-1 is
involved in barrier disruption in EPEC infection

To examine whether the barrier disruption is associated
with redistribution of actin, F-actin staining with FITC la-
belled phalloidin was carried out on Caco-2 treated with
EPEC OMP for 1 h. The staining pattern of untreated Caco-
2 cells showed a continuous lining at the cell borders. In
contrast, the OMP of wild type EPEC treated cells showed dis-
organization and disruption of the actin architecture. The pro-
teinase K-digested OMP was deficient in causing the above
changes, showing that protein(s) of the OMP is responsible
for this effect (Fig. 4(A)). We also checked for the involve-
ment of the transmembrane protein, junctional adhesion
molecule-1 (JAM-1) in the TJ disruption induced by EPEC
infection. JAM-1 is involved in recruitment of TJ proteins
and maintenance of junctional integrity and its role in EPEC
infection has not been studied. Western blot analyses were per-
formed to determine the relative protein expression of JAM-1
in Caco-2 cells after treatment with wild type EPEC OMP and
with whole bacteria. The expression of JAM-1 was minimally
affected after exposure to either wild type OMP or wild type
bacteria after 1 h (Fig. 4(B)). Expression levels did not show
significant difference even at later time points and there was
no observable impact on the JAM immunofluorescence stain-
ing pattern on treatment with wild type OMP or when infected
with EPEC (data not shown). These results suggest but do not
rule out the involvement of JAM in decreased barrier function
during EPEC infection.

3.3. Effect of inhibitors on EPEC OMP induced
disruption of the tight junction barrier

Various signal transduction pathways induce disruption of
the tight junction barrier (TJ). Previous studies have shown
that EPEC infection activates MLCK, enhancing MLC phos-
phorylation and thus altering intestinal epithelial TJ barrier
function (Yuhan et al., 1997). We have shown previously
that PKCa is involved in permeability increase and may com-
plement the earlier known pathways for loss of barrier func-
tion involving myosin light chain kinase activation (Malladi
et al., 2004b). Recent reports show that NF-kB (Ye et al.,
2006) and ERK1/2 can activate MLCK (Huang et al., 2004).
In an earlier study the outer membrane proteins of wild type
EPEC induced activation of signaling molecules like NF-kB
and MAP Kinases (Malladi et al., 2004a). The effect of NF-
kB and ERK inhibitors on barrier function was assessed by
measuring TER and by F-actin staining. Caco-2 cells were
pretreated for 90 min with various inhibitors of the pathways
before adding wild type OMP. We used specific inhibitors,
BAY 11-7082 (10 mM) to inhibit NF-kB activation and PD
098059 (50 mM) to inhibit ERK1/2. NF-kB inhibitor
BAY11-7082 slightly protected the F-actin cytoskeleton
against disruption induced by wild type OMP. However, pre-
treatment of the cells with ERK1/2 inhibitor, PD 098059 did
not protect the cells from F-actin disruption (Fig. 5). In the ab-
sence of OMP, these inhibitors themselves did not disrupt actin
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Fig. 4. (A) Fluorescence actin staining show disorganization of actin in wild type EPEC OMP treated Caco-2 cells. Caco-2 cells were treated with OMPs for 1 h

and F-actin was stained with FITC labelled phalloidin. Wild type EPEC OMP treated cells (C) showed disorganization and disruption of the actin architecture.

Proteinase K-digested OMP treated Caco-2 cells (B) showed an intact actin ring similar to the control cells (A). The scale bars represent 20 mm. (B) EPEC OMP

does not alter the expression of junctional adhesion molecule -1 in Caco-2 cells. Caco-2 cells were treated with wild type OMP for 1 h or were infected with EPEC

for 3 h. Total cellular protein was harvested and subjected to immunoblot analysis using the JAM-1 antibody. Immunoblot analysis from uninfected control, pro-

teinase K-digested OMP and cells infected with wild type EPEC or OMP revealed no change in migration or density of the band. The blot is representative of three

separate experiments, and the corresponding graph shows the means� standard errors of the means (error bars) of densitometry measurements from these exper-

iments. No significant fold increase in JAM was detected.
cytoskeleton (data not shown). These morphological changes
correlated temporally with the loss of TJ barrier function as
determined by measuring the TER at 1 h. Inhibition of NF-
kB restored the TER values slightly while inhibition of ERK
did not have any effect on the barrier function (Fig. 6). These
findings show that different intracellular pathways may cause
changes in barrier disruption in EPEC infection.

4. Discussion

Bacterial enteric infections leading to diarrhea is a major
cause of mortality, particularly among children. Pathogenic
bacteria and their secreted products influence intestinal epithe-
lial cell function and induce diarrhea by numerous mecha-
nisms. The various mechanisms range from an effect on
epithelial cell barrier function to intracellular signal transduc-
tion pathways. The integrity of the epithelial cell layer is
maintained by intercellular junctional complexes composed
of tight junctions (TJ), adherens junctions and desmosomes.
The TJs are the most apical intercellular junctions and forms
a continuous, belt like structure at the luminal end of the inter-
cellular space and regulates paracellular pathway (Schneeberger
and Lynch, 2004). Tight junctions are comprised of integral
membrane proteins, such as occludin, claudins, and junctional
adhesion molecules.

The TJ effect can be documented by reduction in TER. The
cellular cascade induced in EPEC infection, which leads to
decrease in TER, is not well understood. Some bacterial path-
ogens manipulate the apical-junctional complex from the api-
cal surface. One such strategy is to target the regulatory
elements of the actin cytoskeleton. EPEC infects the apical
surface of intestinal epithelial cells and modifies the actin
cytoskeleton by forming actin-rich pedestals beneath the at-
tached bacteria, firmly anchoring the bacterium to the host
cell (Frankel et al., 1998). Changes in the host cell actin cyto-
skeleton could lead to a loss of absorptive surfaces in intestinal
epithelial cells and account for the persistent diarrhea often as-
sociated with EPEC infection. Control of perijunctional actin
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Fig. 5. Effect of NF-kB and ERK1/2 inhibitors on F-actin disruption induced by wild type EPEC OMP. Caco-2 monolayers were treated with the specific inhibitors

for 90 min before being treated with wild type (WT) OMP. Intact actin ring and uniform dull fluorescence was observed in untreated Caco-2 cells (A) and in

proteinase K-digested OMP treated cells (B). Monolayers treated with wild type OMP (C) and with ERK1/2 inhibitor (D) showed disorganization of actin. Cells

pretreated with NF-kB inhibitor, BAY 11-7082 (E) did not induce as prominent a change as wild type OMP. The same results were obtained in three independent

experiments. Scale bars¼ 20 mm.
may be also the final effector mechanism in modulating para-
cellular permeability (Madara, 1998).

In this study, barrier integrity was assessed by TER. The
cell-free OMPs help to delineate surface interactions from
intracellular interactions initiated by translocated bacterial vir-
ulence factors. When the Caco-2 cells were treated with wild
type OMP of EPEC, we observed decrease in TER similar to
that caused by whole bacteria (Fig. 2(B)). The wild type OMP
causes TER decrease faster than the whole bacteria. This may
be due to OMP being a soluble preparation can interact freely
all along the host cells, unlike the bacteria, which have to ad-
here to the host before the outer membrane proteins can inter-
act. The wild type OMP, eaeA mutant OMP and lamB mutant
OMP showed maximum decrease in TER (Fig. 3). The espB
mutant OMP and the EAF mutant OMP were deficient in caus-
ing these changes. This finding is consistent with previous
report that espB mutant and the EAF mutant bacteria and their
OMPs were deficient in causing increase in permeability and
dissociation of b-catenins (Malladi et al., 2004b). Both these
mutants are deficient in signal transduction and mutants par-
tially or totally deficient in adherence or signal transduction
lose the ability to disrupt barrier function (Canil et al., 1993;
Philpott et al., 1996).

Among the known virulence factors, EspF, Map and EspG
have shown to alter epithelial paracellular permeability in
EPEC infection. The espF mutant decreased TER levels to
a lesser extent when compared to wild type EPEC (Fig. 1).
Even espF mutant UMD874 at high doses caused a drop in
TER and EspF is not solely responsible for the disruption of
TJs (McNamara et al., 2001). The map mutant like espF mu-
tant was deficient in its ability to reduce TER but mapespF
double mutant failed to have significant impact on TER
(Dean and Kenny, 2004). EspG and EspG2 were also shown
not to affect the epithelial TER and only altered epithelial par-
acellular permeability (Matsuzawa et al., 2005). This suggests
synergism between effector molecules, as the TER decrease
after wild type infection is not due to one effector alone.
The possibility of EspF, Map and EspG causing these changes

Fig. 6. Effect of NF-kB inhibitor, BAY 11-7082 (1 mM) and ERK 1/2 inhib-

itor, PD 98,059 (50 mM) on wild type EPEC OMP induced drop in TER. Caco-

2 monolayers were treated with the specific inhibitors for 90 min before being

treated with wild type OMP and TER measurements were taken after 1 h.

Error bars represent standard deviation of data from three separate experi-

ments. One-way ANOVA was performed followed by Tukey Kramer post-

hoc comparison between all the four groups. The ANOVA tested significance

with a P< 0.0001. *Significant difference between groups.
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in the OMP is very less as EspF (McNamara and Donnenberg,
1998), Map (Kenny and Jepson, 2000) and EspG (Elliott et al.,
2001) are secreted proteins and not present as a major fraction
in the OMP. Neither non-pathogenic E. coli DH5a nor DH5a
OMP caused any changes in TER. This study revealed that the
specific bacterial factors required to cause this effect might be
associated with the outer membrane of EPEC. Caco-2 cells do
not respond to LPS (Funda et al., 2001) and this has been
linked to diminished expression of TLR 4 (Bocker et al.,
2003; Suzuki et al., 2003; Didierlaurent et al., 2002). Transe-
pithelial resistance of Caco-2 cells also remains unchanged
when incubated with LPS (Courtois et al., 2003; Wells et al.,
1993). The proteinase K-digested OMP did not decrease
TER showing that protein(s) or a factor associated with pro-
tein(s) in the OMP is responsible for this effect. Previous stud-
ies from our group have shown that LDH release from OMP
treated cells (60 mg for 1 h) or cells infected with wild type
EPEC did not vary significantly from that of the control cells
(Malladi et al., 2004b). We measured the LDH release from
OMP treated cells (60 mg/ml) after 4 h and observed that
OMPs did not cause cytotoxicity. This ruled out the possibility
of cytotoxicity causing the loss of monolayer integrity.

A significant increase in permeability is accompanied by
disruption of the perijunctional F-actin. An example is cyto-
toxic necrotizing factor 1 (CNF-1), a toxin synthesized by cer-
tain pathogenic E. coli which activates RhoA, Rac1 and Cdc42
and leads to rearrangement of the actin cytoskeleton (Hopkins
et al., 2003). This is followed by massive internalization of TJ
proteins occludin, junctional adhesion molecule (JAM) and
ZO-1 and results in disruption of the TJ barrier. Toxins of
Clostridium difficile also depolymerize actin and occludin,
ZO-1 and ZO-2 are dissociated from TJ (Nusrat et al.,
2001). The enteropathogenic Yersinia outer protein E has
also shown to affect the barrier function through rearrange-
ment of the F-actin cytoskeleton (Tafazoli et al., 2000). We
found that Caco-2 cells treated with wild type EPEC OMP
showed disorganization and disruption of the actin architecture
(Fig. 4(A)). LPS has shown to have no noticeable effect on vi-
ability and distribution of cytoskeletal filamentous actin of
Caco-2 cells (Wells et al., 1993). The proteinase K-digested
OMP neither decreased TER nor caused changes in actin cy-
toskeleton showing that proteins or a factor associated with
protein in the OMP preparation caused the observed effects.

One of the recently uncovered components of the apical-
junctional complex of the Ig superfamily is junctional adhe-
sion molecule. JAM-1 codistributes with TJ components and
is involved in cell to cell, adhesion through homophilic inter-
actions (Naik et al., 2001). The C-terminal of JAM-1 interacts
with the PDZ domain containing TJ proteins AF-6, ZO-1 (Eb-
net et al., 2000). JAM-1 is involved in recruitment of TJ
proteins and maintenance of junctional integrity and its role
in EPEC infection has not been studied. We studied the
expression levels of JAM-1 in cells infected with wild type
bacteria or treated with wild type OMP by immunoblotting.
Our results suggest that changes in JAM expression are not
responsible for decreased barrier function caused by EPEC
infection as the protein expression levels of JAM were
minimally affected after exposure to either wild type OMP
or wild type bacteria after 1 h (Fig. 4(B)). There was no signif-
icant difference even at later time points and in the JAM im-
munofluorescence staining pattern (data not shown). The
functions of JAM-1 are not well understood. Reports have
shown that even though the amount of JAM remains same,
the redistribution of JAM might be involved in decreasing
transmigration of leukocytes (Ozaki et al., 1999). Antibody
to JAM has been shown to block recruitment of neutrophils in-
duced by cytokines (IL-1b and TNF-a) in the cerebrospinal
fluid of mice with experimental meningitis (Del Maschio
et al., 1999). But anti-JAM antibodies failed to prevent leuko-
cyte influx in bacterial or viral meningitis, and caused disrup-
tion of the endothelium (Lechner et al., 2000). Our previous
studies show that EPEC outer membrane proteins (OMPs) in-
duce significant changes in cadherin junctions of Caco-2
monolayers (Malladi et al., 2004b). This effect is independent
of JAM as E-cadherin redistribution in the region of the adhe-
rens junction has shown to be not affected in the presence of
JAM specific antibodies (Liu et al., 2000).

Effect on barrier integrity may be due to an influence on in-
tracellular signaling cascades. Outer membrane proteins of
wild type EPEC induced activation of signaling molecules
like NF-kB and MAP Kinases (Malladi et al., 2004a). LPS
is not involved in MAPK activation as EPEC mutants, which
are not affected in LPS expression, do not activate the
ERK1/2, p38, or JNK pathway (Czerucka et al., 2001). Pure
E. coli LPS also failed to activate NF-kB transcription factors
in epithelial cells (Savkovic et al., 1997). EPEC infection in-
duces phosphorylation of the myosin light chain by myosin
light chain kinase (MLCK) and contraction of the perijunc-
tional actomyosin ring (Yuhan et al., 1997). Recent reports
suggest that NF-kB (Ye et al., 2006) and ERK1/2 can contrib-
ute to the activation of MLCK (Huang et al., 2004). Studies
with ERK 1/2 inhibitor PD 098059 did not protect against ac-
tin disruption (Fig. 5(D)) and did not prevent the decrease in
TER significantly (Fig. 6). Our observation is similar with pre-
vious studies with whole bacteria where inhibition of ERK1/
2 had no impact on EPEC induced disruption of the TJ barrier
(Savkovic et al., 2001). The NF-kB inhibitor, BAY11-7082
showed a mild protection of F-actin cytoskeleton (Fig. 5(E))
against disruption induced by wild type OMP and blocked
the decrease in TER slightly (Fig. 6). EPEC-activated PKCz
is also involved in the perturbation of barrier function and
an upstream activator of NF-kB (Savkovic et al., 2003) and
might regulate TJ disruption through NF-kB. Since our results
showed that the addition of NF-kB inhibitor blocked TER de-
crease by about 20%, it might have only a minor role in com-
plementing the earlier known pathways for loss of barrier
function induced by EPEC OMP. Interplay between other
pathways like MLCK and PKCa along with the immune re-
sponses finally leads to TJ disassembly resulting in diarrhea.

Our results imply that outer membrane proteins of EPEC
contribute to barrier changes by: (i) actin disruption
(ii) modulating signaling pathways like NF-kB, and junctional
adhesion molecule 1 is not altered in EPEC infection. Further
studies can help us in understanding the intestinal epithelial
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barrier function and we may find applications in the modula-
tion of intestinal permeability for the treatment of diarrhea.
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