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Background. Aeromonads cause a variety of infections, including gastroenteritis, sepsis, and wound necrosis.

Pathogenesis of Aeromonas hydrophila and its hemolysin has been characterized, but the mechanism of the epithelial

barrier dysfunction is currently poorly understood.

Methods. Human colon epithelial monolayers HT-29/B6 were apically inoculated with clinical isolates of

A. hydrophila or with the secreted pore-forming toxin aerolysin. Epithelial resistance and permeability for several

markers were determined in Ussing chambers, using 2-path impedance spectroscopy. The subcellular distribution of

tight junction (TJ) and cytoskeleton proteins was analyzed byWestern blotting and confocal laser-scanningmicroscopy.

Results. A. hydrophila infection induces chloride secretion with a small decrease in transcellular resistance.

However, the major effect of A. hydrophila,mediated by its toxin aerolysin, was a sustained reduction of paracellular

resistance by retracting sealing TJ proteins from the TJ strands. Aerolysin-treated monolayers showed increased

paracellular permeability to FITC-dextran-4000 (0.104 6 0.014 vs 0.047 6 0.001 1026 cm/s in control; P , .05).

Moreover, restitution of epithelial lesions was impaired. The effects were myosin light chain kinase (MLCK)

dependent and mediated by intracellular Ca21 signaling.

Conclusions. During Aeromonas infection, pore formation by aerolysin impairs epithelial integrity by

promoting TJ protein redistribution and consequently affecting wound closure. Thus, Aeromonas-induced diarrhea

is mediated by 2 mechanisms, transcellular secretion and paracellular leak flux.

The gamma-proteobacteriacea Aeromonas spp. are widely

distributed and can be isolated from soil, fresh water, and

seawater [1]. Aeromonads are food- and water-borne

bacteria and are considered to be zoonotic human

pathogens that can cause severe diarrhea, dysentery,

and bacteremia [2, 3]. In human and veterinary medi-

cine, strains of Aeromonas are mostly isolated from stool,

wounds, and aborts [4]. The main route of transmission

for Aeromonas gastroenteritis is considered to be fecal–

oral. Studies on the etiology of travelers’ diarrhea re-

vealed Aeromonas to have a prevalence of about 3% in

diarrheic patients returning from Asia and Africa [5].

Among other clinically relevant aeromonads like

Aeromonas caviae, A. trota, and A. veronii biovar sobria,

the most frequently isolated pathogen A. hydrophila is

mainly associated with diarrheal illness accompanied by

abdominal pain and nausea, but A. hydrophila also plays

a significant role in wound infection with necrotization.

Moreover, there are reports of fatal sequelae, including

septicemia and myonecrosis [6].

Aeromonads harbor a variety of virulence factors and

enterotoxins like cytotoxic Act, cytotonic Alt and Ast, as

well as various hemolysins (for example, aerolysin

[AerA], HlyA, Ahh1, and Asa1). Aerolysin has been

studied for at least 3 decades and thus is well charac-

terized [7]. The 54-kDa pore-forming toxin (PFT) is

secreted as pro-aerolysin that binds with high affinity to

glycosylphosphatidylinositol (GPI)-anchored proteins
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CC 13, Campus Benjamin Franklin, Hindenburgdamm 30, 12203 Berlin, Germany
(joerg.schulzke@charite.de).

The Journal of Infectious Diseases 2011;204:1283–92
� The Author 2011. Published by Oxford University Press on behalf of the Infectious
Diseases Society of America. All rights reserved. For Permissions, please e-mail:
journals.permissions@oup.com
0022-1899 (print)/1537-6613 (online)/2011/2048-0018$14.00
DOI: 10.1093/infdis/jir504

Early Events in Aeromonas Infection d JID 2011:204 (15 October) d 1283

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/204/8/1283/815346 by guest on 11 April 2024



on target cells to integrate into the plasma membrane [8]. The

proteins build stable heptameric aerolysin complexes that form

b-barrel pores [9]. In a systemic infection mouse model with

aeromonads, aerolysin was found to be the main factor for

lethality [10]. Aerolysin action on the epithelial barrier has been

described in 2 studies. Abrami and coworkers [11] have shown

in human colon carcinoma (Caco-2) cells, Madin-Darby canine

kidney (MDCK) cells, and Fischer rat thyroid epithelial (FRT)

cells that aerolysin decreases transepithelial resistance and in-

creases cellular potassium efflux, indicating pore formation via

the transcellular pathway. Our previous studies demonstrated

that aerolysin induced active chloride secretion in human in-

testinal epithelia, derived from short-circuit current as well as
22Na and 36Cl flux measurements. This activation of electro-

genic chloride secretion was accompanied by a decrease in

transepithelial resistance [12]. However, there was a discrepancy

between the permanent reduction in transepithelial resistance

afterAeromonas infection or exposure to aerolysin and the rather

transient secretory response.

In general, intestinal pathogens cause diarrhea by induction of

active ion secretion, via malabsorptive mechanisms or by im-

pairment of the epithelial barrier. Barrier impairment is often

caused by structural changes of the epithelial tight junction (TJ)

or by induction of epithelial gross lesions [13]. Both lead to

passive back-leakage of water and solutes from the blood cir-

culation to the intestinal lumen (leak flux diarrhea). Dysfunction

of the TJ is characterized either by altered expression, subcellular

redistribution, or degradation of TJ proteins. The barrier

properties of the TJ are mainly defined by claudins, tetraspan

transmembrane proteins that seal the paracellular space be-

tween adjacent cells [14, 15]. At least 8 of the 24 claudins are

present in human intestinal epithelium, regulating the para-

cellular barrier along the gastrointestinal tract by the molecular

compositions of the TJ strands. Claudins are linked to F-actin of

the perijunctional cytoskeleton via cytosolic accessory proteins as

zonula occludens protein-1 (ZO-1). In case of redistribution of

TJ proteins, endocytosis or direct sorting of TJ proteins to the

cytosolic fraction can be induced by actomyosin contraction [16].

In the present study, we characterized 2 mechanisms of aer-

olysin-induced epithelial barrier dysfunction, one involving

disturbed TJ integrity and another leading to a defective resti-

tution of epithelial lesions. This adds up to a dual concept for the

diarrheal mechanism in Aeromonas infection caused by its pore-

forming toxin, aerolysin.

MATERIAL AND METHODS

Epithelial Cell Culture
Human colonic HT-29/B6 cells, which represent an established

cell model for studies on bacterial infection [17, 18], were cultured

in Roswell Park Memorial Institute (RPMI 1640) cell culture

medium (PAA Laboratories, Pasching, Austria) as described

previously [19]. Cells were grown to confluence on poly-

carbonate filter supports (Millicell-PCF, effective membrane

area 0.6 cm2, pore size 3 lm, Millipore, Billerica, MA), and

formed high-ohmic epithelia with an epithelial resistance (Rt)

of�650X cm2 8 days after seeding. Cells were shifted to serum-

and antibiotic-free RPMI medium prior to infection with he-

molytic bacteria. In parallel with the infection withA. hydrophila,

4 types of controls were performed: (1) without adding bacteria

or bacterial supernatants, (2) with the aerolysin (AerA)-deficient

Aeromonas strain AB3-5 [10], (3) with Escherichia coli TOP10F_

pQE-40 or its lysate (vector control), and (4) after preincubation of

AerA-containing preparations with zinc (500 lM ZnCl2, pH 7.4).

Growth Conditions of Bacteria
Clinical isolate of A. hydrophila GI, from human diarrheal

stool (Campus Benjamin Franklin, Berlin), reference strain

A. hydrophila ATCC 7966, Aeromonas strain AH2, and its AerA-

negative derivate Aeromonas strain AB3-5 were cultured in

RPMI media overnight (o/n) at 37�C under aerobic conditions.

Supernatants and Aerolysin Preparation
Bacteria were grown in RPMI medium to log-phase, then

centrifuged with 4000g for 15 minutes. Supernatants were con-

centrated and sterile-filtered, and the extracellular content of the

bacteria released into medium was measured for hemolytic

activity. All probes were adjusted to 350 hemolytic units (HU).

Then, preparations were diluted and used according to the

infection experiments by addition of appropriate sublytic

concentrations to the apical compartment of the epithelial cell

monolayers. E. coli TOP10F_pQE-40_AerA (aerolysin over-

expressing) and its vector control were cultured in lysogeny

broth (LB) medium o/n at 37�C to log phase and then har-

vested by centrifugation (4000g, 15 minutes). Bacteria were

shifted to RPMI medium and lysed through cell wall disruption

by means of hydraulic pressure (French Press, Thermo Spec-

tronic, Cambridge, UK) to release AerA into the medium.

Hemolytic activity was adjusted to 350 HU and the prepara-

tions were diluted according to Aeromonas supernatant prep-

arations. Lactate dehydrogenase (LDH) release from HT-29/B6

cells was performed as a measure of cytotoxicity.

Electrophysiological Studies
HT-29/B6 cell monolayers were mounted in modified Ussing

chambers as described previously [20] and apically treated with

either the aeromonads (multiplicity of infection [MOI] of 10, 1,

and ,1) or with the supernatant/aerolysin preparations. Short-

circuit current (ISC) and transepithelial resistance (Rt, ‘‘TER’’)

were determined by a computerized automatic clamp device

(Fiebig Hardware & Software, Berlin, Germany).

Epithelial Permeability
Unidirectional tracer flux studies (mucosal to serosal) were

performed under short-circuit conditions in Ussing chambers
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with fluorescein and fluorescein-isothiocyanate (FITC)-dextran-

4000 (Sigma-Aldrich, St. Louis, MO) as previously described

[20]. At specific intervals, samples were taken from the baso-

lateral chamber and fluorescence was measured in a spectro-

photometer (Tecan Infinite-M200, Durham, NC). Permeability

was calculated from flux over concentration difference.

Two-Path Impedance Spectroscopy
Epithelial monolayers were mounted in Ussing-type impedance

chambers, bathed with Ringer’s solution, and experiments were

performed as published in detail elsewhere [21]. Briefly, an

electric circuit model was used to describe the epithelial prop-

erties. Overall epithelial resistance (Repi) consists of 2 parallel

resistors: transcellular resistance (Rtrans), representing the resistive

properties of the cell membranes; and paracellular resistance

(Rpara), representing the properties of the TJ. Application of al-

ternating currents resulted in voltage changes from which

complex impedance values were calculated. For calculation of

Rtrans and Rpara, impedance spectra and fluxes of the para-

cellular marker fluorescein were obtained before and after

chelating extracellular cations with ethylene glycol tetraacetic

acid (EGTA), which has been shown to reversibly open the

TJ and to alter fluorescein flux reciprocally to Repi changes [21].

Western Blot
Immunoblots were analyzed as described elsewhere [15]. De-

tergent-soluble protein fractions were prepared from monolayers

incubated with aeromonads/AerA or controls. The following

antibodies were used: anti-occludin, anti-claudin-1, -4, and -5

(Zymed, San Francisco, CA); anti–b-actin (Sigma-Aldrich, St.

Louis, MO); anti–Myosin-Light-Chain (MLC)-II; and anti–MLC-

II-phospho-Ser19 (Cell Signaling Technology, Beverly, MA).

Immunofluorescence Microscopy
Integrity of the TJ meshwork was visualized by confocal laser-

scanning microscopy (LSM; Zeiss LSM510, Jena, Germany) of

immunostained occludin, claudins, ZO-1, and E-cadherin ac-

cording to previous descriptions [15]. For cytoskeletal F-actin,

staining with phalloidin-Alexa-Fluor594 was performed.

Calcium Measurements
Confluent HT-29/B6 cells on coverslips were incubated in

HEPES-buffered solution with 1025 M of the Ca21-sensitive dye

FURA-2-AM prior to the experiments. Intracellular calcium

([Ca21]i) was measured as described previously [22].

Induction of Single-Cell Lesions
Epithelial lesions were induced by iontophoretic KCl injection

with a microelectrode [23]. The time interval between 2 lesions

was 180 seconds; time between the induction of the last lesion

and fixation was 30 seconds. Monolayers were fixed in 4%

paraformaldehyde for 15 minutes, then permeabilized with

0.5% Triton-X-100 for 7 minutes, and F-actin was stained with

phalloidin-Alexa-Fluor594.

Statistical Analysis
Data are expressed as means 6 standard error of the mean. Sta-

tistical analysis was performed using the Student t test, adjusted

by Bonferroni-Holm correction for multiple testing. P , .05

was considered significant.

RESULTS

Functional Analysis of Epithelial Barrier Function During
Aeromonas Infection
Polarized epithelial HT-29/B6 cells were apically treated with

either (1) A. hydrophila, (2) supernatant from Aeromonas cul-

tures, (3) AerA preparations, or (4) controls (Aeromonas-AB3-5

or E. coli). Monolayers treated with the virulent Aeromonas

strains or with AerA showed an incremental decrease in Rt,

starting after an incubation period of at least 30 minutes. In the

following hours, resistance was reduced to near the baseline of

empty filter supports, whereas all controls exhibited stable re-

sistances. Experiments with different AerA concentrations also

revealed a characteristic drop in Rt (Figure 1A), whereas in

controls, the preincubation with zinc could effectively block the

effects of AerA-containing preparations.

In the time course of Figure 1B, HT-29/B6 cells showed a

rapid and permanent decrease in Rt after AerA treatment. In

addition, a rapid but transient increase in ISC was observed, which

Figure 1. Effect of aerolysin (AerA) on HT-29/B6 cells. A, Time- and
dose-dependent decrease in transepithelial resistance (Rt). B, Time course
of Rt and short-circuit current (ISC) after AerA (1:5000 dilution) or forskolin
treatment in HT-29/B6 monolayers.
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was already characterized in more detail by our group earlier

[12]. This set of experiments, however, yielded direct evidence

not only that the decrease in Rt was due to the transient ISC
response, but also that it indicates a permanent barrier im-

pairment. In contrast, in experiments with forskolin, a perma-

nent ISC increase by opening of chloride channels via increased

cyclic adenosine monophosphate (cAMP) was accompanied by

a parallel Rt decrease of identical duration. To examine whether

the barrier defect on HT-29/B6 monolayers produced by

A. hydrophila or by aerolysin was due to transcellular (eg,

apical membrane channel opening) or paracellular alterations

(eg, disorganization of TJs), we performed 2-path impedance

spectroscopy (2PI) to distinguish Rtrans from Rpara. Apical

treatment of HT-29/B6 monolayers with either A. hydrophila

supernatant or with AerA led to a decrease in the overall re-

sistance Repi. This was mainly the result of paracellular effects,

as Rpara was reduced to about half of its original value (Figure 2).

As a countercheck, forskolin-treated monolayers showed a clear

reduction in Rtrans, when forskolin induced a permanent

opening of chloride channels (Figure 2A). Measurement of all

AerA-harboring strains showed the same characteristic change

in resistance as seen with aerolysin alone (Figure 2B). For

further evaluation of the paracellular effects, fluxes of different

paracellular markers were measured. AerA-treated monolayers

exhibited 5-fold increased epithelial permeability to fluorescein

(4.7 6 0.6 vs 0.8 6 0.1 1026 cm/s in control; P , .01, n 5 3),

and showed doubled permeability to FITC-dextran-4000

(0.1046 0.014 vs 0.0476 0.001 1026 cm/s in control; P, .05,

n 5 3; Figure 3). To examine whether cell death is involved in

the barrier impairment, we tested for cytotoxicity. Within the

first hours after treatment of HT-29/B6 cells with the AerA-

containing preparations, we found no cytotoxic effects. LDH

release was 0.7% 6 0.1% of total LDH (1:100 AerA dilution,

3 hours, n 5 5) with no difference to control values (0.7% 6

0.05%). Moreover, no morphological changes or cytotoxic ef-

fects, such as cell swelling, vacuolation, or any signs of cell

death, were observed after Aeromonas infection. Thus, the de-

crease in resistance is pronounced, permanent, and not due to

Figure 2. Two-path impedance spectroscopy for differentiation of para- and transcellular resistance changes for the effect of A. hydrophila and of its
hemolysin AerA in HT-29/B6 monolayers. A, Epithelial resistance (Repi) and paracellular resistance (Rpara 0 TJ) of HT-29/B6 decreased after AerA
treatment, whereas the transcellular part (Rtrans 0 membrane) was not significantly affected in the measurement period. Forskolin treatment served as
countercheck for induction of a transcellular effect. B, Supernatants in sublytic concentrations of A. hydrophila GI (patient isolate) and ATCC reference
strain also revealed a characteristic resistance change as induced by AerA alone (1:1000 dilution, *P . .05, n 5 6). Negative controls were performed
using E. coli TOP10F vector controls or the AerA-negative strain Aeromonas-AB3-5 compared with the AerA-containing isogenetic Aeromonas strain AH2.
Transepithelial resistance (Rt) consists of Repi (overall epithelial resistance) and Rsub (filter support). 1/Repi is the summation of 1/Rtrans and 1/Rpara.

Figure 3. Epithelial permeability. Paracellular permeability was
characterized by determining 332 Da fluorescein or 4-kDa FITC-dextran
fluxes through AerA-treated HT-29/B6 monolayers in Ussing chamber
experiments (*P , .05, **P , .01; n 5 3).
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impaired cell viability. Because of this, these sublytic concen-

trations of AerA-preparations (,1 HU, 1:1000 to 1:5000 di-

lution) have been used throughout all experiments defining

barrier properties.

Structural Alteration of TJ Organization
For investigation of subcellular distribution of TJ proteins, HT-

29/B6 monolayers were stained at different time points when

epithelial resistance had dropped. Three hours after Aeromonas

infection, or treatment with supernatant or aerolysin, opening of

the TJ was indicated in confocal LSM, as sealing TJ proteins like

claudin-1, -4, and -5 were redistributed off the TJ (Figure 4A),

whereas no change in cellular TJ protein expression or cleavage of

TJ proteins could be detected in Western blots (Figure 4B). LSM

of control monolayers revealed TJ proteins to be present mainly

within the TJ strands, whereas immunostaining of AerA-treated

monolayers revealed a reduction of all investigated claudins in the

TJ strands and a concomitant intracellular (cytoplasmic) ap-

pearance of claudin-positive material (Figure 4A). In Figure 4C,

further Z-stack scans obtained for occludin and ZO-1 also re-

vealed a redistribution of these proteins. At the same time,

F-actin appeared more condensed and constricted, whereas

cell–cell contacts remained stable in AerA-treatedmonolayers, as

shown by E-cadherin staining as control for intact epithelial

morphology. In contrast to the results in confluent monolayers,

cleavage of occludin could be observed in subconfluent cells

treated with Aeromonas supernatant (Figure 4D).

Cell Signaling via Intracellular Calcium
Fura-2-acetoxymethyl ester (Fura-2-AM) measurements re-

vealed an increase in [Ca21]i, starting about 10 minutes after the

addition of AerA and remaining elevated until termination of

the experiment (Figure 5A). Because elevation of [Ca21]i and

subsequent calcium signaling can affect epithelial barrier func-

tion, we characterized the AerA-induced effects using respective

inhibitors. Chelation of [Ca21]i by 1,2-bis-(2-amino-phenoxy)-

ethane-N,N,N#,N#-tetraacetic acid acetoxymethyl ester (BAP-

TA-AM; Figure 5B) as well as the myosin light chain kinase

Figure 4. Analysis of TJ protein expression. HT-29/B6 monolayers were incubated with aerolysin or Aeromonas supernatant (1:1000 dilution) for
3 hours. A, Subcellular distribution of sealing TJ proteins claudin-1, -4, and -5 was studied by confocal laser-scanning microscopy (LSM). B, Western blots
of sealing claudins and occludin from confluent monolayers with b-actin as loading control and densitometric analysis (not significant; n5 4). C, LSM for
structural TJ proteins occludin and ZO-1, cytoskeletal F-actin, and adherens junction protein E-cadherin. White bar5 10 lm. D, Cleavage of occludin with
subsequent fragmentation in subconfluent HT-29/B6 cells after treatment with Aeromonas supernatant (high AerA dose; 1:10 dilution).
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(MLCK) inhibitor ML-7 attenuated the AerA effect on epithelial

barrier function. In contrast to ML-7, the ROCK-II inhibitor Y-

27632 or the endocytosis inhibitor nocodazole did not affect

the AerA response (Figure 5C). For structural correlation, the

functional findings were complemented by immunostainings

of ZO-1 (Figure 5D) and Western blotting on the phosphory-

lation state of MLC after treatment with AerA, in presence of

ML-7, BAPTA-AM, or Y-27632, which also did not yield any

evidence for a blocking effect (Figure 5E).

Wound Closure
To investigate the relevance of Aeromonas on epithelial restitu-

tion, single-cell lesions were induced and followed by LSM in the

presence of either the supernatant of A. hydrophila or the aer-

olysin preparation. In parallel, measurements were performed

with nonhemolytic controls or with AerA when inhibited

by zinc. In controls, restitution was comparable to untreated

monolayers and the lesions were closed within 16 minutes

after induction of single-cell lesions. A ring-shaped actin

accumulation around the lesions, which is part of the ‘‘purse-

string’’ mechanism for restitution [23–25], was visible in control

monolayers 10–13 minutes after induction of a single-cell lesion.

When monolayers were treated with active AerA-containing

preparations for at least 3 hours, all lesions remained clearly

visible and the monolayers did not show any restitutional purse-

string formation (Figure 6). Thus, TJ redistribution and dis-

ruption of wound closure take place simultaneously.

DISCUSSION

Aerolysin as Main Effector of Aeromonas-Induced Barrier
Impairment
Dysregulation or functional impairment of TJs is found in many

intestinal diseases, including gastrointestinal (GI) infectious

diseases. The leak flux mechanism is one reason for diarrhea, and

in addition, leak flux is thought to be a central pathomechanism

of antigen entry into the ‘‘leaky gut’’ during gastroenteritis. As

the first result of this study, we demonstrated that the hemolysin

Figure 5. Calcium signaling. A, Intracellular calcium of HT-29/B6 cells after aerolysin treatment (1:5000 dilution) obtained by Fura-2-AM
measurements. [Ca21]i increase is shown as one representative result of 4 independent experiments. B, Epithelial permeability for fluorescein was
elevated after AerA treatment and the intracellular Ca21 chelator BAPTA-AM (10 lM) attenuated this effect (**P , .01, n 5 4). C, Inhibition of AerA
response on Rt at 180 minutes is shown for respective blockers of Ca21-signaling pathways leading to TJ redistribution; with BAPTA-AM (by intracellular
Ca21 chelation), ML-7 (inhibitor of MLCK), Y-27632 (inhibitor of Rho/ROCK), and nocodazole (microtubule blocker; each 10 lM). Controls with inhibitors
alone had stable resistances (*P, .05, n5 3). D, Confocal laser-scanning micrographs (ZO-1) of AerA-treated monolayers on coverslips with inhibition of
MLCK (ML-7), which attenuated the AerA-response, whereas ROCK-II inhibition (Y-27632) and endocytosis inhibition by microtubule blockage
(nocodazole) did not. See ZO-1 staining in Fig 4C for comparison. E, Western blot and densitometric analyses on the phosphorylation status of the myosin
light-chain (MLC) after treatment with AerA in the presence of ML-7 or Y-27632 or BAPTA-AM (*P , .05, n 5 3).
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aerolysin is a main effector of Aeromonas-induced barrier im-

pairment, as bacteria, supernatants, or aerolysin alone caused

similar barrier effects. Up to now, the action of aerolysin on the

intestine was ascribed on the one hand to secretory dysfunction

and on the other hand to cytolethal effects. In concordance with

previous reports, here we present evidence that cell death is

probably a feature of the late phase of infection [26, 27], and that

other mechanisms of barrier disturbance exist.

Epithelial resistance was shown to decrease in dose- and time-

dependent manners. In the first period after aerolysin exposure,

we measured a slight and transient drop in Rtrans as the result of

opening of chloride channels in the apical enterocyte membrane,

described previously by our group [12]. Thereafter, a continu-

ous decrease in Rpara clearly represents the major pathway ef-

fecting barrier impairment. This is surprising because PFTs are

thought to solely reduce Rtrans by the opening of ion channels

and/or pore formation [11, 12]. The 2PI method allowed us to

distinguish the different effects of PFTs, namely a reduction in

Rpara and along with the involvement of TJs in this effect, which

became apparent in the period after the transient chloride se-

cretion. As a structural correlate for the reduced Rpara, TJ proteins

were redistributed off the TJ toward intracellular compartments.

These effects were observed within 3 hours after treatment,

which indicates that this relatively fast process is not the result

of longer-lasting expression regulation changes. This conclu-

sion is supported also by the unchanged claudin expression in

immunoblots. Cleavage of TJ proteins was also not detectable

in confluent monolayers. However, occludin was cleaved in

subconfluent cells, providing further evidence for the concept

that TJ proteins are protected against proteolysis in the con-

fluent epithelium due to their presence in confined junctions

[28, 29].

Ca21 Signaling Leading to Actomyosin Constriction of the
Perijunctional Cytoskeleton
The second major result of this study is that TJ redistribution

and the subsequent leak flux are mediated via Ca21 signaling

leading to actomyosin constriction of the perijunctional cyto-

skeleton, as revealed by F-actin staining. In this mechanistic

process, actomyosin is assumed to retract TJ proteins from the

TJ strands and the plasma membrane into the cytosol [16, 30].

Following the electrophysiological findings, the TJ protein re-

distribution became visible in LSM only after the scattering into

the cytosol was pronounced. Constriction of the perijunctional

cytoskeleton leads to ZO-1 and subsequently claudin redis-

tribution by spatial high calcium concentrations in the micro-

domains where the aerolysin-pore is integrated. A Ca21-induced

Ca21 release from intracellular stores by aerolysin was shown for

granulocytes [31]. A pronounced Ca21 release can lead to ac-

tivation of Ca21-dependent Cl2 channels, as shown for the

cholesterol-dependent cytolysin listeriolysin-O [32] or for the

hemolysin from Vibrio parahaemolyticus [33].

In the case of aerolysin, MLC phosphorylation was shown

to be induced and could be blocked by MLCK inhibition. In

contrast, inhibition of the Rho and Rho-associated protein

kinase (Rho/ROCK) pathway had no protective effect on TJ

Figure 6. Wound closure. Confocal laser-scanning micrographs of single-cell lesions in HT-29/B6 monolayers (Z-axis scans, XY plane). A, In controls,
single-cell lesions were closed within 16 minutes, accompanied by formation of an actin ring (``purse-string'') at 13 minutes after induction. F-actin is
marked red by Phalloidin-Alexa-Fluor594 and appears more condensed in AerA-treated cells. Three hours after application of either Aeromonas
supernatant or aerolysin (1:1000 dilution), the restitution after induction of single-cell lesions was defective. The fluorescence dye 4',6-diamidino-2-
phenylindole dihydrochloride (DAPI; blue) marks the nuclei in the area of the lesion. The microelectrode for induction of lesions was also filled with 30 lM
of DAPI for staining the nuclei of the damaged cells. This enabled us to retrieve the lesions in subsequent microscopic analyses. Restitution was
evaluated by analysis of lesion closure (recovery time), lesion shape, and actin formation that could be identified by LSM. B, Details of purse-string in
controls: F-actin appears only slightly condensed (much less than after Aeromonas exposure) and a restitutional purse-string was formed around the
lesion. C, The aerolysin response could be abolished by pretreatment with zinc. White bar 5 10 lm.
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stability. Moreover, endocytosis, as a part of an actin-dependent

mechanism [34], seems also not to be primarily involved in TJ

redistribution, as inhibition of this mechanism by microtubule

blockage with nocodazole could not attenuate the aerolysin re-

sponse. On the other hand, internalization of PFTs by endocytosis

could be a mechanism of cellular protection [35]. In addition,

anti-apoptotic signaling by aerolysin was already shown, as it

inhibits Akt/protein kinase B pathways or activates processing

of caspase-1 via inflammasomes [26, 36]. The possible in-

fluence of MLCK activity on anti-apoptosis [37, 38] in the con-

text of aerolysin-mediated prosurvival signaling needs further

investigations.

However, the mechanistic process of actomyosin-mediated

sorting of TJs has been well described [38] and seems to be the

predominant effect of aerolysin action on epithelial integrity, as

demonstrated by 2PI measurements here. Contrary to this, other

toxins from gram-positive pathogens acting on the cytoskeleton

show different mechanisms, as, for example, that the cytoskeleton

is affected via inactivation of Rho-GTPases by glucosyltransferase

toxins from Clostridium difficile, leading to a variety of con-

sequences [39], or that C. botulinum toxins affect actin fila-

ments by ADP-ribosylation of G-actin [40]. Furthermore, the

C. perfringens enterotoxin (CPE) is a well-described effector in

TJ pathogenesis. CPE is also a b-PFT with structural similarities

to aerolysin, and was shown to assemble via a lipid-raft-

independent mechanism into the host cell membrane, leading

to rapid cell death [41, 42]. CPE binds to the extracellular loop

2 of claudin-3 and claudin-4. Molecular analysis revealed a

noncytotoxic fragment of CPE that contains the claudin-

binding site and removes specific claudins from the TJ strands

[43, 44]. In contrast to CPE, aerolysin has been shown to affect

all claudins as a more global event. Despite the structural

homologies of b-PFTs [45], sequence alignments with BLAST

revealed no similarities of the CPE claudin-binding motif

within aerolysin protein sequence. For aerolysin as well as for

other b-PFTs, no direct claudin binding has been described as

yet. Aerolysin requires GPI anchors for successful insertion into

the membrane [8]. These are not present in the TJ, but the local

association to GPI-containing rafts in the apical membrane

near the TJ is conceivable [46]. The obvious difference of

the molecular targets and the specific actions of these toxins on

the host cells clearly point to a different pathogenesis.

Aerolysin Blocks Restitution of Single-Cell Lesions
As a third important finding, our study clearly proves that

wound healing was defective, as A. hydrophila supernatant and

aerolysin effectively blocked restitution of single-cell lesions. It is

known that after superficial wounding, restitution of lesions is

promoted by GTP-binding protein Rac1 in a Ca21-dependent

manner [47]. Intact actin and TJ arrangements are essential for

rapid closure of small lesions [24], but in response to aerolysin,

TJ and cytoskeletal disorganization impede the restitutional

process of purse-string formation [25]. Similarly, our group

previously reported delayed wound closure of lesions in intestinal

Figure 7. Schematic model of the aerolysin-induced cellular response. The secreted proaerolysin monomer binds to raft-associated glycosylphospha-
tidylinositol (GPI) anchors on the apical membrane [8, 46] and oligomerizes into a heptameric b-barrel pore [9]. Pore formation leads to active chloride
secretion [12] and potassium efflux [11]; the latter was shown to have anti-apoptotic effects [26]. There is a possible involvement of MLCK in pro-survival
signaling [37]. The aerolysin pore is permeable to calcium [31]. This study shows that AerA increased [Ca21]i, leading to MLCK activation, which triggers
myosin light-chain (MLC) phosphorylation and actomyosin constriction. The subsequent tight junction (TJ) redistribution causes a leak flux. After cytoskeleton
rearrangement, purse-string formation is inhibited [23, 24], resulting in our observation of defective wound closure.
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epithelium treated with supernatants from HlyA-containing

E. coli O4 [26], but the underlying cellular mechanisms for the

action of the b-PFT have not been identified [17]. Hence, be-

sides direct cytotoxic effects of PFTs, defective wound healing

could contribute to necrotizing processes in wound infections

and intestinal epithelial lesions.

All aerolysin effects were sensitive to zinc. The protective role

of zinc is well known, as it is essential for metabolism and has

a variety of protective effects on the epithelium, including TJ

upregulation [48]. However, the ability of divalent cations such

as zinc to inhibit hemolysis has not been properly considered. As

already reported, zinc efficiently represses pore formation in-

duced by aerolysin and other b-PFTs [49, 50]. Thus, zinc

treatment can protect the host cell from all underlying patho-

logical effects of these toxins. Zinc has therapeutic implications

in treatment of diarrhea or as a topical adjuvant for lesions

(eg, sticking-plaster, zinc paste).

In summary (Figure 7), we have demonstrated that a mucus-

permeable b-PFT, integrated into the apical host cell membrane,

indirectly induces a barrier defect by inducing TJ redistribution.

We found that, following initial resistance effects as a result of

pore formation by the toxin and membrane channel opening,

elevated intracellular calcium activates MLCK-dependent acto-

myosin constriction of the perijunctional cytoskeleton, which is

mainly responsible for the paracellular resistance effect. Moreover,

this dysfunction leads to defective restitution of epithelial lesions.
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