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Abstract

The intracellular signaling involved in the mechanism of
action of zonula occludens toxin (ZOT) was studied using
several in vitro and ex vivo models. ZOTshowed a selective
effect among various cell lines tested, suggesting that it may

interact with a specific receptor, whose surface expression
on various cells differs. When tested in IEC6 cell mono-

layers, ZOT-containing supernatants induced a redistribu-
tion of the F-actin cytoskeleton. Similar results were ob-
tained with rabbit ileal mucosa, where the reorganization
of F-actin paralleled the increase in tissue permeability. In
endothelial cells, the cytoskeletal rearrangement involved a

decrease of the soluble G-actin pool (-27%) and a recipro-
cal increase in the filamentous F-actin pool (+22%). This
actin polymerization was time- and dose-dependent, and
was reversible. Pretreatment with a specific protein kinase
C inhibitor, CGP41251, completely abolished the ZOT ef-
fects on both tissue permeability and actin polymerization.
In IEC6 cells ZOT induced a peak increment of the PKC-
ct isoform after 3 min incubation. Taken together, these
results suggest that ZOT activates a complex intracellular
cascade of events that regulate tight junction permeability,
probably mimicking the effect of physiologic modulator(s)
of epithelial barrier function. (J. Clin. Invest. 1995. 96:710-
720.) Key words: cholera * diarrhea * cytoskeleton * intestine
. permeability

Introduction

Most Vibrio cholerae vaccine candidates that are constructed
by deleting ctx gene sequences encoding cholera toxin still
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cause mild diarrhea in more than one-half of the vaccinees (1).
We have identified a second toxin, named ZOT' for zonula
occludens toxin, that may contribute to the residual diarrhea
(2). When tested on rabbit ileal mucosa, this toxin increases
the intestinal permeability by altering the structure of intercellu-
lar tight junctions (tj ). Wehypothesized that as a consequence
of modification of the paracellular pathway, the intestinal mu-
cosa becomes more permeable, and water and electrolytes, un-
der force of hydrostatic pressure, leak into the lumen resulting
in diarrhea. The zot gene is located immediately adjacent to the
ctx genes and the high percent concurrence of the zot gene with
the ctx genes among V. cholerae strains (3, 4) suggests a
possible synergistic role of ZOT in the causation of acute dehy-
drating diarrhea typical of cholera. Recently, zot gene has also
been identified in other enteric pathogens (5).

The tj or zonula occludens is one of the hallmarks of absorp-
tive and secretory epithelia (6, 7). As a barrier between apical
and basolateral compartments, it selectively regulates the pas-
sive diffusion of ions and small water-soluble solutes through
the paracellular pathway (8). This barrier maintains any gradi-
ent generated by the activity of pathways associated with the
transcellular route (9). The observation that in rabbit small
intestine, ZOT (a) does not affect Na+-glucose coupled active
transport; (b) is not cytotoxic; (c) fails to completely abolish
the transepithelial resistance; and, most importantly, (d) induces
a reversible increase of tissue permeability (2), makes this
moiety a potential tool for studying intestinal tj regulation. In
recent years much has been discovered about the structure, func-
tion, and regulation of tj (8, 10, 11). However, the precise
mechanism(s) through which they operate are still incompletely
understood. The present study focuses on ZOT's mechanism of
action. Wehave demonstrated that ZOT reversibly activates a
cascade of intracellular events that lead to increased intestinal
permeability. Wepropose that these mechanisms are operative
in the physiologic regulation of the intestinal tj.

Methods

Bacterial strains and growth conditions
The bacterial strains used in this paper are described in Table I. V.
cholerae 395 (classical Ogawa) and E7946 (El Tor Inaba) are cholera
toxin-positive strains that have been extensively studied in volunteers
(12). CVD 110 is a V. cholerae strain (El Tor biotype) deleted of
ctxA, zot, and ace genes (13). This last strain was used as a host for
plasmid pZ14, a zot-containing plasmid constructed by digesting
pBB241 (14) with Hind III. The resulting 5' overhang was filled in
with Klenow fragment and the linearized plasmid was then digested
with XbaI yielding a zot fragment of 1.5 kb. This fragment was cloned
into the vector pTTQ181 (Amersham Corp., Arlington Heights, IL)
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Table L Description of Bacterial Strains

Strain Description Phenotype Effect on intestinal permeability Reference

E7946 V. cholerae biotype El Tor CT+/ZOT+/Ace+ Yes 12
395 V. cholerae biotype Classical CT+/ZOT+/Ace+ Yes 12
CVDl10 V. cholerae vaccine candidate derived from E7946 CT-/ZOT-/Ace- No 13
pTTQ181 CVD1I0 + plasmid pTTQ181 CT-/ZOT-/Ace- No this paper
pZ14 CVD110 + plasmid pTTQ181 containing zot gene CT-/ZOT+/Ace- Yes this paper

which has been modified by interruption of the ApR gene with a KmR
cassette. pTTQ181 was digested with EcoRI, filled in, and then digested
with Xba I. The zot fragment ligated into this vector in the correct
orientation was named pZ14. The same recipient (CVD1 10) containing
the plasmid vector used to clone zot (pTTQ1 81 ) was used as a negative
control. pZ14 and pTTQ181 are then isogenic plamids that differ only
for the presence of a DNAfragment containing zot gene in pZ14. Culture
supernatants were prepared by centrifugation of overnight cultures
(37°C, Luria Bertani (LB) broth containing 50 /g/ml kanamycin)
passed through a 0.45-jim filter (Millipore Corp., Milford, MA). For
the inducible clones, overnight cultures of pZ14 and pTTQ181 were
diluted to obtain an initial absorbance at 600 nM of 0.4-0.5. 2 mM
isopropyl-thio-/3-D-Galactopyranoside (IPTG) (5 Prime-3 Prime, Inc.,
Boulder, CO) was then added to the cultures which were incubated for
an additional 2 h. All cultures were then subjected to ultrafiltration
through Centricon filters (Vangard International Inc., Neptune, NJ) with
a 10-kD M, cut-off size. Culture fractions > 10 kD were washed twice
with PBS, reconstituted to the original volume in PBS, and tested for
activity.

Cell cultures
HT29cl. 19A. The human colon carcinoma cell line HT29cl. 19A (15)
was grown in cell-culture flasks (Falcon Labware, Oxnard, CA) under
humidified atmosphere of air/CO2 (19:1) at 37°C in DMEcontaining
10% (vol/vol) fcs, 40 mgof penicillin/liter and 90 mgof streptomycin/
liter. Cells were subcultured at a surface ratio of 1:5 after trypsin treat-
ment every 5 d, when they had reached 70-80% confluence. The pas-
sage number of the cells used in this study varied between 15 and 30.

IEC6 cells. IEC6 cells derived from crypt cells of germ-free rat
small intestine ( 16) were grown in cell-culture flasks (Falcon Labware)
at 37°C in an atmosphere of 95%air and 5%CO2. The complete medium
consisted of DMEwith 4.5 grams/liter glucose, containing 5% FBS
(irradiated), 10 pg/ml insulin, 4 mML-glutamine, 50 U/ml penicillin,
and 50 usg/ml streptomycin. The passage number of the cells used in
this paper varied between 15 and 20.

LLC PK, cells. Pig kidney cortex cells (17) were grown in cell-
culture flasks (Falcon Labware) at 37°C in an atmosphere of 95% air
5% CO2. The culture medium consisted of DMEsupplemented with
10% FBS. Cells ranging from passage 185 to 200 were passed weekly
by trypsinizing (0.25% trypsin, 0.02% EDTA) 70-80% confluent
monolayers.

Endothelial cells. Bovine pulmonary artery endothelial cells (18)
were obtained from American Type Culture Collection (Rockville,
MD). Cells were grown at 37°C under 5% CO2 in DMEenriched
with 20% heat-inactivated (56°C, 30 min) FCS (HyClone Laboratories,
Logan, UT), 4 mML-glutamine, nonessential amino acids, and vitamins
in the presence of penicillin (50 U/ml) and streptomycin (50 Ag/ml).
Cultures were determined to be endothelial by uniform morphology and
by quantitative determination of angiotensin-converting enzyme activity
with commercially available 3H-benzoyl-Phe-Ala-Pro substrate (Ven-
trex Laboratories, Inc., Portland, ME). Only cell passages 3-7 were
studied.

Ussing chambers
Experiments were carried out as previously described (2). Briefly, adult
male New Zealand white rabbits (2-3 kg) were killed by cervical
dislocation. A 20-cm segment of ileum was removed, rinsed free of the
intestinal content, opened along the mesenteric border, and stripped of
muscular and serosal layers. Eight sheets of mucosa so prepared were
then mounted in lucite Ussing chambers ( 1.12 cm2 opening), connected
to a voltage clamp apparatus (EVC 4000; World Precision Instruments,
Saratosa, FL), and bathed with freshly prepared buffer containing
(mM): NaCl, 53;KC1, 5; Na2SO4, 30.5; mannitol, 30.5; Na2HPO4, 1.69;
NaH2PO4, 0.3; CaCl2 1.25; MgCl2 1.1; NaHCO3, 25. The bathing solu-
tion was maintained at 37°C with water-jacketed reservoirs connected
to a constant temperature circulating pump and gassed with 95% 02
and 5%CO2. Potential difference (PD) was measured and short-circuit
current (ISC) and tissue resistance (Rt) were calculated as previously
described (2). 300 A1 of culture supernatant was added to the mucosal
side; 300 ul of the same sample was also added to the serosal side to
preserve the osmotic balance. Variation of PD, IS, and Rt were then
recorded every 10 min. Because of tissue variability, data are presented
as ARt (Rt at time x) - (Rt at time 0). At the end of every experiment,
0.5 mMglucose was added to the mucosal side of each chamber. Only
those tissues which showed an increase in I.c in response to glucose
(indicating tissue viability) were included in the analysis. In some exper-
iments, tissues were preexposed to either 100 mMneomycin sulphate
(Sigma Chemical Co., St. Louis, MO) 10 nM staurosporine (Sigma
Chemical Co.), 10-' M 12-tetradecanoylphorbol-13-acetate (TPA), 10
nMCGP41251, or 10 nMCGP42700 10 min before and throughout the
pZ14 supernatant exposure.

In the experiments performed with HT29cl. 19A monolayers, cells
were grown to confluence (12-14 d after plating at a 1:2.5 surface
ratio) on tissue culture-treated polycarbonate filters firmly attached to a
polystyrene ring (6.4 mmdiameter, transwell; Costar Corp., Cambridge,
MA). The filter was placed in a tightly fitting insert separating the
serosal and mucosal compartment of a modified Ussing chamber and
the experiments were carried out as described above for the rabbit
intestine.

Fluorescence microscopy
IEC6 and LLC PK, cells. After incubation with culture supernatants,
cells (2 x 104 cells/ml) cultured on coverslips were fixed in 3.7%
formaldehyde in PBS (pH 7.4) for 10 min at room temperature. After
washing in the same buffer, the cells were permeabilized with 0.5%
Triton X-100 (Sigma Chemical Co.) in phosphate buffer (pH 7.4) for 10
min at room temperature. The cells were then incubated with fluorescein-
phalloidin (Sigma Chemical Co.) at 37°C for 30 min. Finally, the cells
were washed with PBS, the coverslips were mounted with glycerol-PBS
(1:1) at pH 8.0, and 200 cells for each condition were analyzed in
triplicate in blind fashion with a fluorescence microscope (Optiphot;
Nikon Inc., Melville, NY). The results were expressed in percentage
of cells showing cytoskeleton rearrangement as defined in Fig. 2 A. In
some experiments, IEC6 cells were pretreated with either 10 nM
CGP41251 or 10 nM CGP42700 30 min before and throughout the
pZ14 supernatant exposure.
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Rabbit small intestine. Rabbit small intestine was prepared as de-
scribed above, mounted in Ussing chambers, and exposed to either pZ14
(ZOT+) or pTTQ181 (ZOT-) supernatants. Once maximal changes
in tissue resistances were obtained in tissues exposed to pZ14 superna-
tant, the intestinal samples were immediately removed, fixed, frozen,
sliced, and subsequently subjected to the same treatment and analysis
described above for the IEC6 cells.

Scanning electron microscopy
For scanning electron microscopy studies, IEC6 cells were seeded onto
13-mm diameter glass coverslips inserted in the wells of a 24-well plate
(5 x 104 cells/well). After 24-h exposure to either ZOT-containing
supernatant or negative control, the cells were fixed with 2.5% glutaral-
dehyde in 0.1 Mcacodylate buffer (pH 7.4) for 20 min at room tempera-
ture. After postfixation in 1% OS04 for 30 min, cells were dehydrated
through graded ethanols, critical point dried under CO2, and gold coated
by sputtering. The samples were examined with a scanning electron
microscope (Cambridge Research & Instruments, Cambridge, MA).

Total protein concentrations in endothelial cell
monolayers
Methodologies for determining F- and G-actin pools involve fixation,
permeabilization, and extraction procedures which preclude protein de-
terminations on the same monolayers. Therefore, additional simultane-
ously plated cells for total protein determination were cultured under
identical condition as the monolayers to be assayed for the F- and G-
actin pools. Postconfluent monolayers in the wells of 6-well plates were
washed twice with PBS and gently detached with a brief (1-2 min)
trypsin (0.5 mg/ml) exposure with gentle agitation, followed immedi-
ately by neutralization with FBS-containing medium. The cells were
centrifuged (600 g, 10 min), again washed twice in PBS, and lysed in
lysing buffer (3% SDS, 1 mMDTT, 1, 10 ,uM PMSF, 1 mMEDTA,
50 mMTris-HCl, pH 8.0). Lysates were assayed for protein concentra-
tion with the standard Bio-Rad DC Protein Assay (Bio-Rad Chemical
Division, Richmond, CA). Total endothelial protein was used to stan-
dardize F- and G-actin measurements.

F-actin quantitation by spectrofluorometry
Endothelial F-actin was fluorometrically measured as previously de-
scribed (18). Endothelial cells (5.8 x 105 cells in 2 ml media) were
seeded into the wells of 6-well plates and cultured for 72 h (37°C,
5% C02). The monolayers were exposed to either pZ14 or pTTQ181
supernatant for 24 h after which they were washed twice in a buffer
(75 mMKCl, 3 mMMgSO4, 1 mMEGTA, 10 mMimidazole, 0.2
mMDTT, 10 ag/ml aprotinin, 0.1 mMPMSF) and fixed with 3.7%
formaldehyde for 15 min. Monolayers were permeabilized (0.2% Triton
X-100 in buffer, 5 min), stained with NBD-phallicidin (1.65 x 10'
M, 20 min), and extracted with ice-cold methanol (overnight, -200C).
Staining and extractions were performed in the dark. Extracts were
harvested into cuvettes and intraendothelial fluorescence was measured
in a luminescence spectometer (LS30; Perkin-Elmer Corp., Norwalk,
CT) at room temperature at 465 nm excitation (10-nm slit) and 535
nm emission (10-nm slit) and expressed in arbitrary fluorescent units
per milligram total endothelial cell protein. Application of NBD-phal-
licidin to fixed permeabilized endothelial monolayers resulted in 78.8%
penetration of the probe into the cell and 99.98% of intracellular probe
was extracted with a single methanol treatment as measured by fluo-
rometry. In other experiments, monolayers were pretreated with either
10 nM CGP41251 or 10 nM CGP42700 30 min before and throughout
the pZ14 supernatant exposure.

DNase 1 inhibition assay
Endothelial G-actin was measured using the DNase 1 inhibition assay
as previously described (18). DNase 1 obtained from bovine pancreas
(Sigma Chemical Co.) was dissolved at 10 mg protein/ml in 0.125 M
Tris-HCl (pH 7.5) 5 mMMgCl2, 2 mMCaCl2, 1 mMNaN3, and 0.1
mMPMSFto increase its stability. The stock solution was then diluted

100 times with 20 mMimidazole, pH 7.5, 30 mMNaCl2, and 15%
glycerol. The enzyme was freshly made every 2 h and kept on ice. Calf
thymus DNA(type 1; Sigma Chemical Co.) was used as substrate for
the DNase 1. The fibrous DNApreparation was cut into fine pieces and
suspended in 0.1 MTris-HCl (pH 7.5), 4 mMMgSO4, 1.8 mMCaCl2
at a concentration of 80 pg DNA/ml. The DNAwas brought into solu-
tion by slow stirring at 40C for 48 h after which the solution was
sequentially passed through 0.45- and 0.22-,Om pore size filters and
stored at 40C. The absorbance of the final substrate at 260 nm varied
between 1.05 and 1.15. The DNase 1 was mixed with DNAsubstrate
in the cuvette of a Gilford response spectrophotometer (Ciba Corning
Diagnostics, Oberlin, OH) and the slope of the linear portion of the
AA260 recorded. Purified bovine skeletal muscle actin (Sigma Chemi-
cal Co.) dissolved in 20 mMTris-HCl (pH 7.5), 1 MNa acetate, 1
mMCaCl3, 1 mMATP, 0.75 Mguanidine HCl was used as the G-
actin standard to calibrate the assay. Endothelial monolayers grown in
6-well plates were exposed to the pZ14 and pTTQ181 supernatants.
The monolayers were washed with Dulbecco's PBS (without Ca2' and
Mg2+) and permeabilized with lysing buffer (HBSS with 1%Triton X-
100, 2 mMMgCl3, 2 mMEGTA, 0.2 mMATP, 0.5 mMDTT, 0.1 mM
PMSF) 0.5 ml/well for 5 min. The G-actin-containing supernatants
were then tested in the DNase 1 inhibition assay to generate inhibitory
activities that fell on the linear portion of the standard curve (i.e., 30-
70% inhibition). The inhibitory activities were interpolated to G-actin
concentrations which were used to calculate G-actin expressed in micro-
gram per milligram total endothelial cell protein. In selected experi-
ments, monolayers were preincubated with either 10 nMCGP41251 or
10 nMCGP42700 30 min before and throughout the pZ14 or pTTQ181
supernatant exposure.

Protein kinase C (PKC) measurement and isoforms
determination
Assay for PKCactivity. Confluent IEC6 monolayers were treated with
ZOT-containing supernatants for increasing time intervals. PKCactivity
was determined using a PKCassay system (GIBCO BRL, Grand Island,
NY) based on measurement of the phosphorylation of acetylated myelin
basic protein as described by Yasuda et al. (19). The net PKCactivity
value reflects the difference between PKC activity in the presence and
absence of PKC 19-26, a PKC pseudosubstrate inhibitor (19). Total
PKC specific activity (pmol/min) was normalized to total protein.

Immunoblot analysis. Affinity-purified anti-PKC-a and E antibodies
(GIBCO BRL) as well as the corresponding isoform-specific peptides
(GIBCO BRL) were used for immunoblotting. Amino acid sequences
of the synthetic peptides for each respective PKCisoform were based
on unique sequences in the V3 region of a (AGNKVISPSEDRRQ)
and e (KGFSYFGEDLMP)PKCs. For identification of PKC isoforms,
cytosolic membrane fractions (15-30 ,ug protein/lane) were separated
by 8%SDS-PAGE. Separated proteins were transferred to a nylon mem-
brane (N-Immobilon; Millipore Corp.) in a Trans-Blot Electrophoretic
Transfer Cell (Bio-Rad Chemical Division). The membrane was rinsed
in PBS containing 0.05% Tween 20 (PBS-T) and blocked in PBS-T
containing 5% nonfat milk for 1 h at room temperature. Antipeptide
antibodies were diluted to obtain optimal saturating conditions (as deter-
mined by preliminary studies) in PBS-T containing 0.83% nonfat milk
and incubated with the membrane for 16 h at 4°C. After incubation, the
membrane was first washed with 5%nonfat milk in PBS-T (three times
for 15 min), then with PBS-T (one time 15 min) and incubated for 2
h at room temperature with horseradish peroxidase. After extensive
washing with 5% nonfat milk in PBS-T, immunoreactive bands were
developed using enhanced chemiluminescence (Amersham Corp.).

Statistical analysis. The mean response of each experimental group
was compared to its simultaneous control by two-tailed Student's t test
for either paired or unpaired variates. Analyses of variance were used
to compare the mean responses among experimental and control groups.
To analyze the cytoskeleton rearrangement in IEC6 cells, an overall X2_
test was run among all strains tested. After obtaining a significant P
value, all six pairwise comparisons were performed by Fisher's test, with
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a Bonferonni adjustment for multiple comparisons. With the reversibility
experiments, a X2-test for trend was run for each strain, testing for
attenuation of the cytoskeletal effect during the 24-h period after with-
drawal of the supernatant. Finally, to evaluate the role of phospholipase
C in ZOT action on cytoskeleton, an overall X2-test was run among the
three strains and negative control. After obtaining a significant P value,
each of the strains was compared to the control by Fisher's test, with
Bonferonni adjustment for multiple comparisons.

Results

Specific effect of ZOT on different cell lines. To establish an
optimal in vitro system to study the effect of ZOT on tj, several
cell lines were screened for multiple types of ZOT respon-
siveness. To evaluate the effect of ZOT on tj permeability on
a human cell line, postconfluent monolayers of HT29cl. 19A
cells were mounted in modified Ussing chambers and changes
in Rt were monitored. No significant changes of Rt were ob-
served in monolayers (n = 4 for each sample tested) exposed
to either of the ZOT-containing supernatants when compared
to monolayers exposed to the negative control for up to 3 h.
To study the effect of ZOT on F-actin organization, IEC6 and
LLC PK1 cell cultures were tested. IEC6 cells exposed to ZOT-
containing supernatants and subsequently probed with fluores-
cein-phalloidin for F-actin, showed significant actin reorganiza-
tion (see below), while no significant changes were detected
in LLC PK1 cell cultures. Although ZOT induced a biological
response in IEC 6 cells, their prolonged time requirements to
achieve confluence made multiple quantitative measurements
of the F- and G-actin pools difficult. To overcome this problem,
ZOT-sensitive bovine pulmonary artery endothelial cell mono-
layers were employed (see below).

Effect of ZOT on F-actin organization. IEC6 cells were
exposed to supernatants obtained from the strains described in
Table I for varying exposure times, probed with fluorescein-
phalloidin, analyzed in blind fashion, and photographed through
an epifluorescence microscope. IEC6 cells exposed to ZOT-
containing supernatant (395 and pZ14) showed an increased
percentage (peaking at 24-h incubation) of cells displaying re-
distribution of F-actin compared to the control-exposed cells
(Fig. 1); a representative photomicrograph of this F-actin redis-
tribution is found in Fig. 2 A. Parallel studies performed by
scanning electron microscopy showed modifications of the sur-
face of ZOT-exposed cells when compared to the negative con-
trol, mainly consisting of loss of microvilli around the cell
periphery with central sparing (Fig. 3, A and B). These surface
changes are consistent with the time-dependent F-actin redistri-
bution induced by ZOT.

After 48-h exposure to culture supernatants of 395 or pZ14,
F-actin organization was unchanged from the cells exposed for
24 h. F-actin organization in ZOT-negative controls remained
unchanged over the 48-h study period.

The effect of ZOT on actin rearrangement also appeared to
be dose dependent. ZOT-containing supernatants diluted 1:10
and 1:30 produced the effect whereas supernatants diluted 1:50
did not. Finally, the effect of ZOT on F-actin distribution was
reversible; 24 h after withdrawal of ZOT-positive supernatants,
the actin cytoskeleton returned to its basal state (Fig. 4). These
results parallel our previous observation that the ZOT effect on
tissue permeability is reversible (2). The incomplete but still
significant (P < 0.05) reversibility observed in pZ14-exposed
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Figure 1. Effect of ZOT (+) and ZOT (-) culture supernatants on
F-actin distribution in IEC6 cells. IEC6 cells were exposed to either
ZOT-containing supernatants (V. cholerae wild-type strain 395 and
CVD110 recipient containing pZ14 plasmid) or ZOT negative strain
supernatants (V. cholerae CVD110 recipient alone or with the plasmid
vector pTTQ181). IEC6 cells exposed to PBS were used as negative
control. The cells were treated for 24 h after which they were fixed,
permeabilized, and probed with FITC-phalloidin for fluorescence mi-
croscopy studies. 200 cells were analyzed for F-actin redistribution to
the cell periphery at the expense of transcytoplasmic fibers. F-actin
rearrangement in each cell population was expressed as mean (±SE)
percent cells affected. * P < 0.001 compared to ZOT(-) controls.

cells may be related to the possible ZOT overexpression in this
clone.

To correlate the actin rearrangement induced by ZOT with
its effect on intestinal permeability, rabbit small intestine was
mounted in Ussing chambers and incubated with either pZ14
or pTTQ181 supernatants. Once ZOT-exposed tissues displayed
the maximal decrement of Rt (35% decrease from the baseline
Rt, compared to 5% decrement observed in pTTQ181-treated
tissue, both after 60-min incubation), the samples were pro-
cessed for F-actin fluorescence microscopy. Tissues treated with
pZ14 supernatant displayed irregular F-actin staining within the
brush border, associated with a redistribution of the actin of the
underlying enterocytes (Fig. 5 B). These changes were more
evident in the mature cells at the tip of the villi as compared
to the less differentiated crypt cells (Fig. 5 B). No modifications
were detected in pTTQ181-exposed tissues (Fig. 5 A).

Effect of ZOTon G- and F-actin pools. Actin reorganization
can involve reciprocal changes in the soluble monomeric G-
and filamentous F-actin pool while the total actin pool remains
unchanged. Weassayed the G- and F-actin pools standardized
to total cell protein in endothelial cell monolayers exposed for
24 h to either pTTQ181 (negative control) or pZ14 (ZOT-
positive) supernatants. The results are shown in Fig. 6. ZOT-
containing supernatant induced a significant reduction of the
G-actin pool and a reciprocal increase of the F-actin pool as
compared to pTTQ181 negative control. This G- to F- shift is
consistent with actin polymerization. This effect was completely
abolished by boiling the pZ14 supernatant for 15 min (data not
shown).

Role of phospholipase C (PLC) in ZOTactivity. Weevalu-
ated the effect of PLC inhibitor neomycin sulphate on cytoskele-
tal reorganization induced by ZOTon IEC6 cells. Pretreatment
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Figure 2. Fluorescence microscopy of ZOT-exposed IEC6 cells. IEC6 cells were exposed for 24 h to ZOT( +) pZ14 supernatant and subsequently
probed with FITC-phalloidin. (A) In a significant percent of cells ZOTinduced redistribution of F-actin to the subcortical compartment (see arrows
in A) at the expense of transcytoplasmic microfilaments. Note normal F-actin arrangement in IEC6 cells in B. Magnification 630.

with 100 uM neomycin sulphate prevented the cytoskeletal re-
arrangement induced by ZOT (Fig. 7). Preexposure of rabbit
ileum to 100 tzM neomycin sulphate partially prevented the
increased tissue permeability induced by ZOT in untreated tis-

sues (Table II). These results suggest that the transmembrane
PLC may play a role in ZOT-induced actin reorganization and
tissue permeability.

Intracellular mediator of ZOTactivity. Several intracellular

Figure 3. Scanning EMphotomicrographs of ZOT-exposed and ZOT-negative control IEC6 cells. IEC6 cells were exposed for 24 h to (a) ZOT( -)
pTTQ181 control supernatant or (b) supernatant obtained from the isogenic, ZOT(+) pZ14 strain, and studied with scanning electron microscopy.
The surface microvilli on the ZOT(-) control cells (a) were abundant and covered the entire cell surface. The surface arrangement of ZOT-
exposed cells (b) was profoundly altered with total loss of microvilli around the cell periphery (see arrows) with central sparing.
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Figure 4. Reversibility of actin rearrangement induced by ZOT-con-
taining supernatants. IEC6 cells were exposed to either ZOT( +) or
ZOT( -) supernatants for 24h (solid bars) after which the supernatants
were replaced with media alone. The cells were then cultured for 15h
(open bars) or 24h (cross-hatched bars) and processed for F-actin
fluorescence microscopy. Each bar represents the mean±SE percent
cells with F-actin rearrangement as presented in Fig. 2 A. * P < 0.001;
*P < 0.05.

mediators have been mechanistically linked to changes in tj
permeability, including cAMP, Ca2+, and PKC (5). Wehave
previously observed that the response to theophylline in rabbit
ileum preexposed to ZOTwas similar to that evoked in tissues
exposed to the negative control, suggesting that ZOT-induced
changes in tissue permeability are not mediated through cAMP
(2). As a first test of whether PKC mediates ZOT activity,
rabbit small intestine was exposed to the protein kinase inhibitor
staurosporine. After 5-min pretreatment with 10 nM stauro-
sporine, pZ14 supernatant was added to either pretreated or
untreated tissues. Pretreatment with staurosporine completely
abolished the expected decrement of Rt induced by ZOT
(Fig. 8).

Staurosporine is a potent but nonselective inhibitor of in
vitro PKC activity (20). The protein kinase inhibitory activity
of the staurosporine derivative CGP41251 has increased speci-
ficity for PKC (20). Wethen tested the effect of CGP41251 as
well as its inactive analogue CGP42700 (20), on ZOT-induced
actin reorganization and tissue permeability. Actin rearrangment
in ZOT-exposed IEC6 cells was completely prevented by pre-
treatment with 10 nMCGP41251 but not with its inactive ana-
logue 10 nMCGP42700 (Fig. 9). Similarly, ZOT-induced actin
polymerization (i.e., decrease of G- and increase of F-actin
pools) was significantly blocked when endothelial cells were
pretreated with 10 nM CGP41251, whereas pretreatment with
10 nMCGP42700 did not protect (Table HI). Finally, the reduc-
tion of Rt induced by ZOT in rabbit ileum was significantly
diminished by pretreatment for 5 min with 10 nM CGP41251
but not with 10 nM CGP42700 (Table II). Experiments were
also conducted using phorbol esters as PKC activators. TPA,
when added at maximal concentrations (10-8 M) to rabbit ileal
tissue, induced a significant reduction in Rt compared to the
negative control (-7.33±2.55 vs -2.57±1.51 Itohms.cm2, P
< 0.005). When added to the same tissue, TPA together with
(ZOT+) pZ14 supernatant produced a decrease in Rt (total Rt
change: -7.37±3.2 liohms.cm2) no different than that seen with
TPA alone. These combined data suggest that ZOT activates

Figure S. Cytoskeletal rearrangement in rabbit ileum. Rabbit small intes-
tine mounted in Ussing chambers was exposed for 60 min to either
ZOT(-) pTTQ181 or ZOT(+) pZ14 supernatants and subsequently
stained for F-actin with HITC-phalloidin. (A) pTTQ181-exposed tissue.
Note the homogeneous staining of the brush border and the parallel
staining of F-actin between adjacent enterocytes. (B) pZ14-exposed
tissue. Irregular F-actin staining within the brush border, associated with
a redistribution of the actin of the underlying enterocytes. Note that
these changes are more evident in the mature cells of the tip of the villi
(arrows) as compared to the less differentiated cells along the villous
axis. Magnification 100.

PKC and that this activation occurs proximally to both actin
polymerization and final opening of tj.

Molecular cloning and sequence analysis of PKChas dem-
onstrated the existence of a gene family encoding several closely
related but distinct isoforms with different physiological proper-
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Figure 6. Effect of ZOT
on the endothelial F- and
G-actin pools. Endothe-
lial monolayers were ex-
posed for 24 h to either
ZOT(-) pTTQ181
(solid bars) or ZOT(+)
pZ14 (open bars) super-
natants, fixed, permeabil-
ized, and tested for G-
or F-actin. Data are ex-
pressed as mean±SE for
n=12. *P=00.0001;
t P = 0.0036.

Table II. Effect of Pharmacological Blockers on Rabbit
Rleal Permeability

Strain (n) Delta Rt - mohms/cm2 P value (vs PMTQ181)

pTTQ181 (7) -2.42 (0.53)
pZ14 (8) -5.75 (0.41) 0.0002
CGP41251 + pZ14 (5) -3.80 (0.86) NS
CGP41251 (4) -3.25 (1.65) NS
CGP42700 + pZ14 (5) -5.40 (0.81) 0.01
CGP42700 (3) -2.67 (1.45) NS
Neomycin + pZ14 (4) -3.96 (0.89) NS
Neomycin (4) -2.02 (0.66) NS

Values are mean (SEM) for the number of observations given in paren-
thesis.

ties (21). Staurosporine and its more specific derivative
CGP41251 preferentially inhibit the Ca2+-dependent group A
PKC isoforms as compared to the Ca2+-independent group B
isoenzymes (22, 23). Consequently, we focused our experi-
ments on PKCa, the only detectable Ca2+-dependent PKCiso-
form described in ileal enterocytes (24). In IEC6 monolayers,
a 3-min incubation with pZ14 supernatant decreased the expres-
sion of the PKCa isoform in the cytosol (Fig. 10). This reduc-
tion was partially reversed after 10-min incubation (Fig. 10).
TPA (10'- M) induced a similar, but more sustained (up to 2
h) reduction of cytosolic PKCa, whereas down-regulation of
this isoform was observed after 24-h incubation (data not
shown). Interestingly, a continuous, time-dependent accumula-
tion of the PKCaregulatory subunit was observed in the cellular
cytosol (Fig. 10). No significant increase in PKCawas detected
in either membrane fractions obtained from cells exposed to

ZOT-containing pZ14 supernatant or the TPA-positive control
(data not shown).

PKC was then directly measured in IEC6 cell membranes
exposed to ZOT-containing supernatant. ZOT induced a 1.72-
fold increase of mean PKC activity that peaked 3 min after
ZOT exposure (134.0 pmol/min per mg protein vs baseline
value of 77.6 pmol/min per mg protein) and completely re-
turned to baseline after 10 min (65.4 pmol/min per mgprotein)
(average of three experiments).

Discussion

The structural composition of the zonula occludens and their
regulation have been only partially characterized (9). A candi-
date for the transmembrane protein strands, occludin, has re-

0

a

LU.

t/)
-J
-J
Id
0)

0
PBS V.C. 395 pTTQ181 pZ14

Figure 7. Effect of phospholipase C inhibitor neomycin sulphate on
ZOT-induced cytoskeletal rearrangement in IEC6 cells. IEC6 cells were
treated for 24 h with PBS, or culture supernatants of ZOT( +) V.
cholerae 395 and pZ14 or ZOT(-) pTTQ181 strains in the absence
(solid bars) or presence (open bars) of neomycin sulphate 100 piM.
ZOT-containing supernatants (either VC 395 or pZ14) induced a sig-
nificant increase of the percentage of IEC6 cells showing cytoskeletal
rearrangement as compared to PBS (P < 0.001) and pTTQ181 (P
< 0.005) negative controls. Pretreatment of IEC6 cell cultures with
neomycin sulphate 100 piM (open bars) completely abolished ZOT
effect on cytoskeletal rearrangement. * P < 0.001
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Figure 8. Time course of resistance response of rabbit ileum to ZOT
with or without pretreatment with staurosporine 10 nM. The significant
fall in resistance observed in tissues exposed to ZOT( + ) pZ14 superna-
tant alone (open circles) was completely abolished by the pretreatment
with staurosporine lOnM (solid circles). Tissues exposed to ZOT(-)
pTTQ181 supernatant (solid triangles) or pretreated with staurosporine
10 nM and then exposed to pTTQ181 supernatant (open triangles)
showed no significant changes in Rt. * P < 0.01 for n = 5 animals.
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Figure 9. Effect of the specific PKCinhibitor CGP41251 and its inactive
analogue CGP42700 on cytoskeletal reorganization induced by ZOTin
LEC6 cells. IEC6 cells were exposed for 24 h to either ZOT( +) pZ14
or ZOT( -) pTTQ181 supernatants or PBS negative control, and then
probed with FITC-phalloidin. A subset of cells were preexposed to
either the PKCinhibitor CGP41251 or its inactive analogue CGP42700
30 min before and throughout the pZ14 supernatant exposure. The per-
centage of cells presenting cytoskeletal rearrangement was significantly
higher in cells exposed to pZ14 supernatant as compared to either
pTTQ181 or PBSnegative controls. F-actin rearrangement seen in pZ14-
exposed IEC6 cells was completely prevented by pretreatment with
CGP41251 10 nMbut not with its inactive analogue CGP42700 10 nM
(P = 0.789 compared to pZ14-exposed cells).

cently been identified (25), and six proteins have been identified
in a cytoplasmic submembraneous plaque underlying membrane
contacts, but their function has not been established (9). Based
on the analogy with the known functions of plaque proteins in
the better characterized cell junctions, focal contacts (26), and
adherens junctions (27), one can hypothesize that tight junc-
tion-associated plaque proteins are involved in transducing sig-
nals in both directions across the cell membrane and in regulat-
ing links to the cortical actin cytoskeleton. There is now abun-
dant evidence that tj, once regarded as static, are in fact dynamic
structures that readily adapt to a variety of developmental (28,
29), physiological (30-32), and pathological (33-35) circum-
stances. Several independent reports have been published on
the structural and functional linkage between the actin cytoskel-
eton and the tj complex of absorptive cells (36-38), and the

Table 111. Effect of PKCInhibitor GCP41251 on Actin
Polymerization

G-actin jig/mg P value F-actin U/mg P value
Strain (n) protein (vs pTJQ181) protein (vs pTTQ181)

pTTQ181
(20) 106.1 (3.92) 341.34 (5.28)

pZ14 (38) 76.01 (4.16) 0.0001 415.73 (22.03) 0.0036
CGP41251

+ pZ14 (30) 108.61 (7.20)* 0.7803 335.67 (12.1)* 0.673
CGP42700

+ pZ14 (30) 84.78 (4.05) 0.0011 446.17 (18.5) 0.0001

a b C Figure 10. Immunoblots
of PKC-a isoform in

200_ IEC6 cell cytosol with
and without ZOT treat-

97 ment. IEC6 cells were in-
4PKCa cubated at increasing

time intervals with ZOT-
69 containing pZ14 super-

natant and cytosol frac-
tion prepared. Lanes are
as follows: (a) cytosol
without treatment; (b)
cytosol after 3-min expo-

4. sure to pZ14 supernatant;
(c) cytosol after 10-min
exposure to pZ14 super-
natant. PCKa decreases

after 3-min exposure to ZOT, suggesting activation of the isoform. Note
the time-dependent increase of the regulatory subunit of the enzyme
(arrow) after ZOT exposure.

possible intracellular mediators involved in the regulation of
paracellular permeability (39-43). Recently, controversial data
concerning the role of PKC on tj regulation have been gener-
ated. Hecht and coworkers (43) have demonstrated that pro-
longed exposure of T84 cell monolayers to the phorbol ester
TPA induces disassembly and decreased transmonolayer resis-
tance, related to a rearrangement of the cellular cytoskeleton.
These changes were associated with down-regulation of PKC
and were reversible. TPA failed to induce any significant change
of the tissue resistance for the first 12 h of exposure. On the
other hand, Stenson et al. (39) reported that treatment of CaCo2
cell monolayers with TPA decreases transmonolayer resistance
and activates PKC. These effects were evident after treatments
as brief as 30 min and were reversible. The discrepancy between
these two papers on the role of PKC(activation or down-regula-
tion) on tj modulation may be related to activation of different
pathways eventually involved in tj modulation, or to functional
differences between these two transformed cell lines. Frawley
et al. have recently reported that while treatment of CaCo2
cells with TPA causes immediate activation of PKC, prolonged
treatment with the phorbol ester down-regulates total PKC(44).
These data suggest that varying exposure times with phorbol
esters may have different effects on PKCexpression.

Hecht et al. (43) and Stenson et al. (39) conducted their
studies on tumoral cell lines, whereas we have used physiologi-
cally intact intestinal epithelium to study the role(s) of PKC
activation and actin rearrangement on the paracellular pathway.
Webelieve that our use of the intestinal mucosa "in toto,"
combined with the use of nontumoral cell lines (i.e., IEC6 cells,
bovine endothelial cells) and the observation that ZOTdisplays
target cell specificity, may more closely reflect PKC-dependent
physiological modulation of tj. Our data indicate that ZOT in-
duces a short-lived reduction of cytosolic PKCa as detected by
immunoblotting, without a concurrent detectable increase of
this isoform in the membrane fraction. However, direct mea-
surement showed a 1.72-fold increase of the PKC activity in
the membrane fraction that temporally paralleled the changes
seen in the cytosol with immunoblotting. These data suggest
that either the amount of PKCa translocated to the membrane
after ZOTexposure is too limited to be detected by immunoblot-
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ting, or that beside PKCa, other PKC isoforms contribute to
the increase in PKCactivity. Since staurosporine also reportedly
inhibits PKCE, (45), we tested the effect of ZOTon this Ca2 -
independent PKC isoform. No significant activation was ob-
served in ZOT-exposed cells up to 2 h (Fasano, A., and S.
Uzzau, unpublished observations), disputing the possible
involvement of other PKC isoforms in ZOT activity. Notably,
a continuous, time-dependent increase of the PKCa regulatory
subunit in the IEC6 cell cytosol was detected after ZOTexpo-
sure (see Fig. 10). This finding may be related to the limited
proteolysis of the PKCa at its variable region V3, a process
that seems to activate the enzyme by releasing the catalytically
fully active fragment from the regulatory subunit (46). Subse-
quently, the catalytic subunit is rapidly removed from the cell,
while the regulatory subunit accumulates in the cellular cytosol
(46). These data further support the involvment of PKCa in
ZOT-mediated tj regulation.

In the present paper we have applied an experimental design
that interdependently and sequentially links some of the steps
probably involved in the physiologic regulation of tj. Wehave
demonstrated that ZOT-containing supernatants induce dose-
and time-dependent rearrangment of F-actin. Experiments con-
ducted on rabbit small intestine demonstrated that these changes
are coupled to increased tissue permeability. Based on our
results, we suggest that the modifications of cytoskeletal organ-
ization that lead to the opening of tj are related to the
PKCa-dependent polymerization of actin monomers into actin
filaments strategically localized to regulate the paracellular
pathway.

There is now a large body of evidence that protein phosphor-
ylation plays a major role in tj development (47) and cytoskele-
tal rearrangement (48, 49). The actin cytoskeleton is composed
of a complicated meshwork of microfilaments whose precise
geometry is regulated by a large cadre of actin-binding proteins.
One example of an actin-binding protein whose state of phos-
phorylation might regulate F-actin linkage to the plasma mem-
brane is the myristoylated alanine-rich C kinase substrate
(MARCKS). MARCKSis a specific PKCsubstrate that is asso-
ciated with the cytoplasmic face of the plasma membrane (50).
In its nonphosphorylated form, MARCKScross-links to the
submembranous actin, so it is likely that the actin meshwork
associated with the membrane via MARCKSis relatively rigid
(51 ). Activated PKCphosphorylates MARCKS,which dissoci-
ates from the membrane (52, 53). The actin linked to MARCKS
is likely to be spatially separated from membrane and more
plastic. When MARCKSis dephosphorylated, it returns to the
membrane where it once again cross-links actin (51, 53). There-
fore, there is precedent for regulation of actin organization
through a PKC-dependent phosphorylation process.

The selective sensitivity of various cell lines to ZOT, along
with the observation that ZOT increases tissue permeability
only in the ileum but not in the colon (2), suggest that ZOT
may interact with a specific receptor, whose surface expression
on various cells differs. Wealso noted a differential sensitivity
to ZOTamong the enterocytes, with the mature cells of the tip
of the villi being more sensitive then the less mature crypt cells.
This observation suggests that the number of ZOT receptors
may decrease along the villous-crypt axis, and may also explain
why the effect of ZOT on IEC6 cells (i.e., cell line derived
from rat crypt cells) requires a longer exposure time compared
to whole tissue.

The effect of ZOTon the cytoskeletal structure and tj perme-
ability somewhat resembles the perturbations induced by Clos-
tridium difficile (CD) toxin A on these cellular elements (54).
However, major differences should be emphasized. ZOT exerts
a reversible effect on cytoskeletal rearrangement and tissue per-
meability, while CDtoxin A induces changes that are generally
irreversible (54). ZOT action seems to be tissue-specific: it is
active on epithelial cells of the small intestine and on endothelial
cells, but not on colonocytes or renal epithelial cells. CDtoxin
A effect is not tissue specific (54). Moreover, ZOT is active
mainly on the mucosal side (A. Fasano, unpublished results),
while CD toxin A is active both on mucosal and serosal sides
(55). According to Hecht and coworkers, CDtoxin A markedly
decreases F-actin staining intensity in T84 monolayers, a finding
that was interpreted as a decrease in the cellular content of
polymerized F-actin (55). In addition, Ottlinger et al. have
reported that CD toxin B induces F-actin depolymerization in
balb/c 3T3 fibroblasts (56). As we have clearly demonstrated
in the present report, ZOT decreases the G-actin pool with a
reciprocal increase in the F-actin pool, thus exerting an effect
on actin filaments (polymerization) that is the opposite of that
expected for CDtoxin A and B. Finally, CD toxin A markedly
alters epithelial structure and function (glucose-elicited increase
in I,, was significantly reduced after toxin exposure [57]).
When exposed to CD toxin A for more then 24 h, T84 mono-
layer resistance was almost completely abolished (55). In com-
parison, ZOT did not induce any changes in tissue structure
and viability (glucose active absorption was unaffected [2]).
Moreover, the resistance of tissues exposed to ZOT never
dropped more then 30-35% from baseline values, even after
prolonged exposure.

These combined data suggest that CDtoxin A exerts a cyto-
pathic, pathologic effect on epithelial cells that involves the
cytoskeletal structure (depolymerization) and the tj function in
an irreversible manner. In contrast, ZOT seems to activate an
intracellular cascade of events aimed at regulating the tj perme-
ability, probably by mimicking the effect of physiologic modu-
lator(s) of the epithelial barrier function. By using ZOT as a
zonula occludens modulator, it may be possible to gain further
insight into the physiology of tj regulation, particularly at the
cellular and molecular level.

Alteration in intestinal tj function occurs in a variety of
clinical conditions affecting the gastrointestinal system, includ-
ing food allergies (58), malabsorption syndromes (59), and
inflammatory bowel diseases (60, 61). The knowledge that can
eventually be acquired by studying the regulation of tj may
have a tremendous impact on our understanding of the patho-
genesis of these diseases. It would not be surprising if the modi-
fication of the structure and function of tj induced by these
pathological conditions would be an extension of normal physi-
ologic regulation of tj.

However, several questions remain unanswered: what is the
role on the regulation of tissue permeability of zo-1, zo-2, and
other proteins that anchor the cytoskeleton to the tj? What is
the target substrate(s) for PKCa enzymatic activity? Which is
the physiologic modulator(s) of tj permeability? Experiments
aimed at addressing these questions are presently in progress
in our laboratory.
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