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Abstract
Cholera toxin is commonly known to induce chloride secretion of the intestine. In recent years, effects on epithelial barrier
function have been reported, indicating synergistic co-regulation of transporters and tight junction proteins. Our current study
focused on the analysis of cholera toxin effects on transepithelial resistance and on tight junction proteins, the latter known as
structural correlates of barrier function. Ligated segments of the rat jejunum were injected with buffered solution containing
cholera toxin (1 μg/ml) and incubated for 4 h. Subsequently, selfsame tissue specimens were mounted in Ussing chambers, and
cholera toxin (1 μg/ml) was added on the apical side. Transepithelial resistance and permeability of sodium fluorescein (376 Da)
were analyzed. Subsequently, tissues were removed, expression and localization of claudins were analyzed, and morphological
studies were performed employing transmission electron microscopy and confocal laser scanning microscopy. Cholera toxin
induced a marked decrease in transepithelial resistance in the rat jejunal epithelium and an increase in paracellular permeability
for sodium fluorescein. Immunoblotting of tight junction proteins revealed an increase in claudin-2 signals, which was verified by
confocal laser scanning immunofluorescence microscopy, and a decrease in tricellulin, whereas other tight junction proteins
remained unchanged. Transmission electron microscopy showed a reduction in the number of microvilli after incubation with
cholera toxin. Moreover, cholera toxin led to a widening of the intercellular space between enterocytes. In accordance with the
commonly known prosecretory effect of cholera toxin, our study revealed a complementary effect on small intestinal barrier
function and integrity, which might constitute a pathomechanism with high relevance for prevention and therapeutic approaches.
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Introduction

In recent years, studies of epithelial physiology indicate a
synergy of ion transport and barrier properties. Transcellular
absorption of nutrients or secretion of anions in the small
intestinal epithelium is supported by claudin-2 and claudin-
15, which allow a back-leakage of sodium ions into the intes-
tinal cavity, thus complementing transcellular transport

mechanisms [25–28]. In contrast, in the epithelium of the
colon, the transcellular movement of sodium ions induced
by aldosterone is associated with the expression of claudin-
8, which prevents the back-leakage of already absorbed Na+

ions into the intestinal cavity [3]. Induction of colonic chloride
ion secretion by cholera toxin (Ctx) is paralleled by in an
increase in tightening claudin-3 and claudin-4 [16].

The main effect of Ctx on small intestinal epithelial cells is
to induce a secretion of chloride ions through cystic fibrosis
transmembrane conductance regulator (CFTR) channels [1]. It
is generally accepted that in parallel to chloride secretion,
sodium ions diffuse along the paracellular pathway.
Therefore, CFTR drives an efflux of Cl− ions and the resulting
charge promotes a lumen-directed flux of Na+ [9]. Claudin-2
is an important mediator for the latter, providing a selective
paracellular channel for small cations and water [2, 23, 28].
Claudin-2 has been reported to be strongly expressed in seg-
ments of the small intestine [15]. However, an even higher
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relevance for paracellular permeability for larger molecules
has been attributed to tricellulin [12, 21] To date, analyses of
claudin expression in the small intestinal epithelium treated
with Ctx are limited.

Moreover, Ctx represents a proven adjuvant for obtaining
food allergy [14]. A change in paracellular permeability is
considered a likely mechanism for the development of food
allergy, implying an increase in the supply of antigens and the
direction of the T helper 2 (TH2) cell response [29].Molecular
mechanisms for increasing the permeability of antigens are
still limited, though.

As the small intestine provides the main pathophysiologi-
cal target for diarrhea caused by Ctx due to non-compensable
induction of ion secretion and as Ctx is used as an adjuvant for
food allergy, this segment merits an in-depth analysis of bar-
rier effects. Therefore, the current study focused on this sub-
ject on both functional and molecular levels.

Materials and methods

Chemicals

All chemicals, unless otherwise noted, were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

Animals

Male Wistar rats weighing 200–250 g (n = 9) were used in the
experiments. The animals were kept in vivarium conditions on
a standard diet with free access to food and water. The studies
were carried out in accordance with the rules adopted by the
organizations for working with laboratory animals FELASA
and Rus-LASA and authorized by decision No. 131-03-1 of
the ethical committee of St. Petersburg State University on
work with animals.

Methods

Experimental study design

Animals were anesthetized by intraperitoneal administration
of Zoletil (Virbac, France) at a rate of 100 μg per kilogram of
body weight in combination with intramuscular injection of
40 μl of a 0.02% solution of xylazine hydrochloride
(Pharmamagist Ltd., Hungary). The intestinal segment was
exteriorized without damaging the mesentery. Two segments
with a length of about 5 cm were selected on the exposed site,
each of which was ligated on both sides. After ligation, 400 μl
of Krebs-Ringer’s solution containing Ctx (1 μg/ml) was
injected into one of the sections, whereas 400 μl of solution
without Ctx was injected in the second section serving as a

control. The intestinal segments with ligatures were placed
back into the abdominal cavity, and animals were monitored
for 4 h. Subsequently, animals were sacrificed by decapitation
and the intestine was excised. From each site (control and
treatment), a fragment was cut out for the subsequent study
of the transepithelial resistance (TER) and permeability to
fluorescein using Ussing chambers. Another tissue sample
from each segment was harvested for Western blot and trans-
mission electron microscopy.

Electrophysiological measurements

After preparation, jejunal tissue specimens were mounted in
Ussing chambers and 5 ml circulating Ringer’s solution was
added on each side. The solution contained (in mM) Na+

(140.5), K+ (5.4), Ca2+ (1.2), Mg2+ (1.2), Cl− (123.8),
HCO3

− (21), HPO4
2− (2.4), H2PO4

− (0.6), and D-glucose
(10). During all experiments, the solution was gassed with
95% O2 and 5% CO2 at 37 °C with pH adjusted to 7.4. For
measurement of TER in Ussing chambers, a preamplifier
(model EVC-3, World Precision Instruments, USA) and a
voltage clamp device (EVC-4000, World Precision
Instruments, USA) were employed. Specimens of the rat jeju-
num were incubated with Ctx on the apical side for 1 h.

Paracellular permeability for sodium fluorescein

To detect the contribution of the paracellular pathway to the
barrier properties of the epithelium, Na-fluorescein with a mo-
lecular mass of 376 Da and a complex size of 4.5 Å was used.
According to experimental data, Na-fluorescein diffuses
across the paracellular space from both the apical side to the
basolateral side and back, regardless of the electrochemical
gradient between the apical and basolateral surface of the ep-
ithelial cells [19].

Na-fluorescein at a concentration of 100 μmol/l was added
from the apical side of the tissue after it was mounted into the
Ussing chamber. After completion of the experiment, the so-
lution from the basolateral side was selected to determine the
concentration of Na-fluorescein diffused through tissue on a
Cary Eclipse Fluorescence Spectrophotometer (Agilent, Santa
Clara, CA, USA) at an excitation wavelength of 460 nm and
an absorption wavelength of 515 nm. Calculation of the coef-
ficient of permeability for Na-fluorescein was carried out ac-
cording to the formula:

Papp ¼ dQ=dtð Þ= A� C0ð Þ

where dQ / dt is the amount of Na-fluorescein in the solu-
tion on the basolateral side at the end of the experiment divid-
ed by the length of the flux period (mol/s), A is the exposed
area of tissue (cm2), and C0 is the concentration of Na-
fluorescein in the solution on the apical side at the beginning
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of the flux period (M); apparent permeability (Papp) is
expressed in centimeter per second.

Immunoblotting

Tissues were homogenized in Tris buffer containing (in mM)
Tris (20), MgCl2 (5), EDTA (1), EGTA (0.3), and protease
inhibitors (Complete, Boehringer, Mannheim, Germany).
Membrane fractions were obtained by two centrifugation
steps (5 min at 200×g and 30 min at 43,000×g, 4 °C).
Pellets were resuspended in Tris buffer. Total protein contents
were determined using a BCA protein assay reagent (Pierce,
Rockford, IL, USA) quantified with a plate reader (Tecan,
Grodig, Austria). Samples were loaded onto 10% Mini-
PROTEAN TGX Stain-Free Protein Gels (Bio-Rad, Munich,
Germany) and electrophoresed.

Proteins were assessed by immunoblotting employing rabbit
anti-occludin, anti-claudin-1, claudin-2, claudin-3, and claudin-
15, and anti-tricellulin primary antibodies in a concentration of
1:100 according to the manufacturer’s protocols (Invitrogen,
San Francisco, CA, USA). Signals were visualized by lumines-
cence imaging employing the chemiluminescence detection sys-
tem Lumi-LightPLUS Western blotting kit (Roche, Mannheim,
Germany). Chemiluminescence signals were detected using a
ChemiDocMP (Bio-Rad,Munich, Germany) luminescence im-
ager. For quantification, the Image Lab Software (Bio-Rad,
Hercules, USA) was used to perform background subtraction
and normalization to the inter-run calibrator, followed by nor-
malization to beta actin as the standard protein.

Confocal laser scanning microscopy

Tissues were fixed in 2% paraformaldehyde and embedded in
paraffin as reported recently [16]. Rabbit (polyclonal) anti-
claudin-2 and mouse (monoclonal) anti-occludin were
employed, respectively (Invitrogen, San Francisco, CA,
USA). Antibodies were diluted to 1:100 in blocking solution
according to themanufacturer’s recommendations, respective-
ly. Tissues were incubated with the respective antibody solu-
tion for 60 min and, after two washes, were incubated with
Alexa Fluor goat anti-mouse IgG and Alexa Fluor goat anti-
rabbit IgG diluted to 1:500 in blocking solution for 45 min
(Molecular Probes, Eugene, OR, USA). Sections were
mounted with ProTags MountFluor (BioCyc, Luckenwalde,
Germany). Fluorescence images were obtained with micro-
scopes of the Zeiss Meta series (Zeiss, Jena, Germany).

Electron microscopy

Fixation of tissue samples was performed in 2.5% glutaralde-
hyde and Hanks’ balanced salt solution (pH = 7.0) at 4 °C for
2 h as reported [24]. Subsequently, tissues were postfixed in
osmium tetroxide solution (1% OsO4 in Hanks’ solution) at

4 °C for 2 h and block stained with 2% uranyl acetate buffer at
40 °C for 1 h, dehydrated in ethanol and acetone, and embed-
ded in Spurr. Ultrathin sections were obtained employing the
ultramicrotome LKB-8800 (LKB, Sweden) and were stained
with uranyl acetate and lead citrate. A JEM-100C microscope
(JEOL, Tokyo, Japan) was used for examination of the sec-
tions. Intercellular spaces were estimated using the suitable
common ImageJ default option for surface calculation.

Statistical analysis

Data are expressed as mean ± standard error of the mean
(SEM), and the Wilcoxon test and Student’s t test were per-
formed, with n indicating the number of experiments. Paired
comparison of data was performed by a one-tailed t test.
Statistical significance was defined at p ≤ 0.05.

Results

Ussing chamber experiments

After 4-h incubation of ligated jejunal loops with Ctx, TER
was lower than that in control tissue samples (34.2 ± 11.4
versus 55.6 ± 18.2 Ω cm2, respectively; p < 0.05, n = 9;
Fig. 1a). This lower TER of Ctx-pretreated samples was still
observed after 1 h (34.7 ± 11.3 Ω cm2). Flux measurement
employing fluorescein revealed a permeability of 2.8 ± 2.0·
10−3 cm/s in control tissue. Ctx induced a significant increase
in permeability for fluorescein in jejunal epithelia to 5.4 ± 2.3·
10−3 cm/s (p < 0.05, n = 7; Fig. 1b).

In contrast, transepithelial voltage and short-circuit current as
measures of ion transport were not significantly changed: 1.34
± 0.12 mV (control) vs. 1.82 ± 0.12 mV (Ctx) and 39.3 ±
13.3 μA (control) vs. 37.5 ± 13.7 μA (Ctx; n = 11 and 9,
respectively).

Fig. 1 Functional permeability measures of isolated jejunal epithelia
measured in Ussing chambers following a 4-h pretreatment in vivo with-
out (control) or with Ctx. a Ctx induced a markedly decreased
transepithelial resistance (TER) vs. control tissues (p < 0.05, n = 9). b In
accordance, permeability for sodium fluorescein was increased (p < 0.05,
n = 7)
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Transmission electron microscopy

Transmission electron microscopy was employed to analyze the
ultrastructural changes in jejunal enterocytes. Ultrathin sections
of jejunal control tissue revealed elongated enterocytes with
characteristic cylindrical shape and oval nuclei in the basal com-
partment (Fig. 2a). The cells of the surface epithelium, closely
adhering to each other, formed a tissue barrier between the in-
testinal cavity and the intercellular fluid. In the upper part of the
lateral region of the plasma membrane, tight junctions were
detectable as electron-dense structures with a characteristic ap-
parent fusion of plasma membranes (Fig. 2b). An intercellular
space between neighboring cells was not detectable. On the
apical part of the enterocytes, tightly adjacent microvilli were
visible, forming a brush rim (Fig. 2c).

Ctx did not induce a destruction of tight junctions in rat
enterocytes, as the integrity of single epithelial cell layers
persisted, but Ctx led to an increase in intercellular spaces
(Fig. 3a, b). In control tissue specimens, the area of the inter-
cellular space was 0.09 ± 0.03 μm2, while it was increased to
8.5 ± 4.9 μm2 after incubation with Ctx. In addition, Ctx led to
a significant decrease in the number of microvilli on the apical
surface of enterocytes, compared with the control tissue of the
jejunum (Fig. 3c). The density of the microvilli in the control
samples was 6.3 ± 0.2 per 1 μm of the apical cell surface.
While under the influence of Ctx, this index decreased

markedly and was 2.3 ± 0.4 per 1 μm of the apical surface
of the cell (p < 0.01, n = 5).

Immunoblots

Immunoblotting was performed detecting major tight junction
proteins with relevance for paracellular permeability for ions
and molecules, namely occludin, claudin-1, claudin-2, claudin-
3, claudin-15, and tricellulin (Fig. 4a). Densitometric analyses of
immunoblot signals revealed increased signals of claudin-2 to
175% of controls after incubation with Ctx (n = 5, p < 0.05) and
decreased tricellulin to 51%of controls (n = 4, p < 0.05) whereas

Fig. 2 Transmission electron microscopy of jejunal control tissue. a
Sections of control tissue revealed elongated enterocytes with
characteristic cylindrical shape closely adhering to each other and oval
nuclei at the basal cell. b Tight junctions were detectable as electron-
dense structures with a characteristic apparent fusion of plasma mem-
branes. c Tightly adjacent microvilli were visible, forming a brush rim
(bars: left panel, 1 μm; right panels, 0.1 μm)

Fig. 3 Transmission electron microscopy of the Ctx-incubated jejunum.
aWhile the integrity of single epithelial cell layers was preserved, b Ctx
led to an increase in intercellular spaces. c A decrease in the number of
microvilli on the apical surface of enterocytes was observed (bars: left
panel, 1 μm; right panels, 0.1 μm)

Fig. 4 Immunoblots detecting occludin (ocln), claudin-1 (cld-1), cld-2,
cld-3, cld-15, tricellulin (tric), and beta actin. a Representative immuno-
blots. b Densitometry. Markedly increased signals of claudin-2 were ob-
served after incubation with Ctx, as well as a decrease in tricellulin,
whereas other claudins were not significantly changed (n = 4 to 5,
respectively)
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occludin, claudin-1, claudin-3, and claudin-15 were not signifi-
cantly changed (n = 4, respectively; Fig. 4b).

Confocal laser scanning microscopy

Confocal laser scanning microscopy after immunostaining
with antibodies raised against claudin-2 revealed an increase
in signals in the apicolateral membrane of enterocytes after
incubation with Ctx (Fig. 5), which was in accordance with
the increased abundance of claudin-2 in Western blots;
counterstaining with mouse anti-occludin revealed co-
localization within tight junction complexes (Fig. 5).

Discussion

In the rat colon, Ctx has been reported to be a regulator of both
transport and barrier functions [16]. Since the pathophysiology
of cholera is typically linked to small intestinal fluid secretion
[5], the current study focused on barrier effects of Ctx on the
jejunal epithelium, including an assessment of electrophysiolog-
ical, ultrastructural, morphological, and molecular parameters.
By means of electrophysiological techniques, we found that the
effect of Ctx lowers TER of the rat jejunal epithelium and in-
creases the paracellular permeability for solutes. This finding
provides important disease-relevant aspects, as the commonly
discussed pathophysiological mechanism of Ctx, namely induc-
tion of a non-compensable chloride secretion, primarily occurs
in the small intestine [9]. This segment is dominated by a Cl−

current mediated by apical CFTR channels [5], but for effective
net ion and water movement, the permeability of respective
counter ions and water is also relevant [8].

Our study reveals that claudin-2 is elevated after Ctx incu-
bation and tricellulin is reduced, both explaining the strong
diarrheal effects in this segment. Whereas claudin-2 has been
reported to be a selective paracellular pore for the passage of
small cations and water [2, 22], tricellulin has been reported to
determine the barrier for macromolecules in tricellular cell
contact sites [11]. Therefore, a simultaneous increase in

claudin-2 and a decrease in tricellulin would explain a syner-
gistic enhancement of paracellular permeability for ions and
larger solutes, as detected by TER and fluorescein flux mea-
surements, respectively. In this light, particularly the effects on
tricellulin would be in accordance with the common use of
Ctx as an adjuvant for obtaining food allergy [14].

In contrast, other main determinants of jejunal epithelial
barrier function, namely the sealing tight junction proteins
claudin-1 and claudin-3, as well as the Na+ permeability me-
diating claudin-15 [27], were not changed. This reflects also
segment-specific action of Ctx along the longitudinal axis of
the gastrointestinal tract [16], in accordance with the distinct
expression pattern of tight junction proteins, respectively [15].

Varying results regarding intestinal Ctx effects have been
reported recently. In a CFTR-deficient mouse model, it was
shown that the intestinal protein level of claudin-2 was elevat-
ed compared with wild type, while the expression of tighten-
ing claudins was not significantly different [6]. In contrast and
in accordance with our current study, in Ctx-treated Caco-2
cells, claudin-2 staining had been reported to induce markedly
increased signals compared with untreated cells [10].
However, the latter study also indicated an interaction of chlo-
ride channels and a change in tight junction contacts and pro-
tein expression, resulting in a functional synergism between
the movement of chloride ions through the plasma membrane
and the paracellular pathway of cations and water. Moreover,
Liu et al. have observed an effect of cholera toxin on claudin-2
in an intestinal allergy mouse model and further analyzed the
effect in colonic carcinoma cells, rather uniquely addressing
the effect on claudin-2 to a transcellular permeability of mac-
romolecular tracers [13]. Our study now shows the impact on
the classic paracellular barrier function, affected by claudin-2
and tricellulin in selfsame tissues of the healthy control jeju-
num of rats, though.

The functional relationship of CFTR and epithelial barrier
properties, provided by tight junction proteins, is currently
discussed [4], as an interplay of CFTR and tight junction or-
ganization in the cystic fibrosis airway epithelium has been
reported. However, among chloride channels, CFTR has not

Fig. 5 Confocal laser scanning
microscopy. Immunofluorescent
staining employing antibodies
raised against claudin-2 (red) re-
vealed an increase in signals in the
apicolateral membrane of
enterocytes after incubation with
Ctx, in accordance with Western
blots in co-localization with
occludin (green; bars, 20 μm)
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been localized in tight junction complex areas [22]. As Ctx
increases the cAMP levels necessary for CFTR function [4],
this signaling molecule might be considered a second messen-
ger that also changes the level of claudin expression. A direct
evidence for this effect on claudin-2 expression has not been
given to date, though. Perhaps the difference in the expression
of tight junction proteins is determined by the specific inter-
action of CFTR with different transports or signaling mole-
cules in these types of epithelial cells including Na-K-ATPase
[22]. In turn, ATPase can enter into a functional connection
with other ion channels [17]. As effects on tight junction pro-
teins were detected on the protein level, the effects are most
likely mediated by gene expression and/or localization. As
information on different tight junction protein signaling and
CFTR currently still is limited, further interpretation may be
addressed soon, though.

The impact of Ctx on cell physiology is impressively shown
by TEM, demonstrating major effects on fluid movement and
villus architecture, reflecting aberrant morphology. Thus, anoth-
er possible intracellular mechanism, pointed out by various au-
thors, is associated with the conjugation of CFTR and the actin
cytoskeleton [4, 20]. The subject becomes more complex given
that depending on crypt/villous localization, different outcomes
regarding morphology could be observed [7, 18].

Further studies might reveal the molecular mechanism be-
tween CFTR and change of tight junction protein expression
and localization, in detail. However, for the understanding of
Ctx toxicology and pathophysiology, it is necessary to include
a detailed consideration of the paracellular pathway.
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