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ION CHANNELS, RECEPTORS AND TRANSPORTERS

Comparative analysis of theophylline and cholera toxin in rat
colon reveals an induction of sealing tight junction proteins
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Abstract Claudin tight junction proteins have been identified
to primarily determine intestinal epithelial barrier properties.
While functional contribution of single claudins has been
characterized in detail, information on the interplay with se-
cretory mechanisms in native intestinal epithelium is scarce.
Therefore, effects of cholera toxin and theophylline on rat
colon were analyzed, including detection of sealing claudins.
Tissue specimens were stripped off submucosal tissue layers
and mounted in Ussing chambers, and short-circuit current
(Isc) and transepithelial resistance (TER) were recorded. In
parallel, expression and localization of claudins was analyzed
and histological studies were performed employing
hematoxylin-eosin staining and light and electron microscopy.
Theophylline induced a strong increase of Igc in colon tissue
specimens. In parallel, a decrease of TER was observed. In
contrast, cholera toxin did not induce a significant increase of
Isc, whereas an increase of TER was detected after 120 min.
Western blots of membrane fractions revealed an increase of
claudin-3 and -4 after incubation with cholera toxin, and
theophylline induced an increase of claudin-4. In accordance,
confocal laser-scanning microscopy exhibited increased sig-
nals of claudin-3 and -4 after incubation with cholera toxin,
and increased signals of claudin-4 after incubation with the-
ophylline, within tight junction complexes. Morphological
analyses revealed no general changes of tight junction
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complexes, but intercellular spaces were markedly widened
after incubation with cholera toxin and theophylline. We
conclude that cholera toxin and theophylline have different
effects on sealing tight junction proteins in native colon prep-
arations, which may synergistically contribute to transport
functions, in vitro.

Keywords Rat colon - Tight junctions - Claudins - Cholera
toxin - Theophylline

Introduction

Theophylline and cholera toxin have been described as in-
ducers of electrogenic chloride secretion in epithelial cells [1,
11, 16, 17]. In the signaling cascades of both theophylline and
cholera toxin, adenylate cyclase is involved. Whereas induc-
tion of chloride secretion by the agents has been analyzed in
detail, information regarding effects on paracellular perme-
ability is scarce.

The structural correlate of paracellular permeability is rep-
resented by tight junctions. Tight junctions (TJs) comprise a
mosaic of different transmembrane proteins which differently
contribute to barrier properties. Two main families of tight
junction proteins have been reported as follows: the MAR-
VEL family, including occludin, tricellulin, and marvelD3;
and the claudin family [15]. The latter comprises of 27 mem-
bers and several splice variants, which differentially contrib-
ute to paracellular barrier properties, ranging from sealing
function [13, 23] to distinct channel formation [2] (for review,
see [18]). Thus, single claudins have been identified to pri-
marily and specifically determine the paracellular barrier for
ions. Among the TJ proteins primarily contributing to
paracellular sealing, claudin-1, -3, and -4 have been shown
to play a major role in the intestine [5, 24]. Therefore, these
claudins are determinants for regulation of adaptive barrier
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mechanisms in intestinal tissues. Clusters of different claudins
interact in a homophilic and heterophilic way and are orga-
nized in strands in the apicolateral membrane of epithelial
cells.

The majority of TJ protein analyses in vitro focused on
single proteins in epithelial cell culture monolayers. Regard-
ing the complexity of TJ regulation and in order to evaluate
the functional relation of transport and barrier mechanisms, it
is important to investigate the interplay of claudins in native
epithelial tissue specimens.

Rat distal colonic epithelium specimens can be investigated
in Ussing chambers and thus are widely used for the study of
intestinal C1™ secretion [16]. Studies focusing on this approach
revealed that segmental expression of tight junction proteins is
in accordance with epithelial barrier properties along the lon-
gitudinal axis of rat intestinal epithelium [19]. Moreover, in
parallel studies on human tissue, synergistic regulation of
transport and barrier function has been demonstrated [4].

Regarding effects of theophylline and cholera toxin, cell
lines and preparations of rat colon have been analyzed recent-
ly [1, 25]. Although effects on barrier function might strongly
functionally interact with transcellular secretory processes,
possible effects on tight junctions have not been analyzed,
though. Thus, to elucidate mechanisms of theophylline and
cholera toxin on both colonic epithelial transport and barrier
function, native tissue preparations of rat colon specimens
were analyzed in vitro.

Material and methods
Methods
Chemicals

All chemicals were provided by Sigma-Aldrich, when not
otherwise noted. Cholera toxin was obtained from Vibrio
cholerae, Sigma-Aldrich Catalog Number C8052. The stock
solution was 1 mg/ml water, respectively. Experiments were
performed in parallel to a study focusing on a cell model, HT-
29/B6. Therefore, full functionality of the compound was
monitored throughout the experiments [25].

Preparation of tissue specimens

Tissue specimens were obtained from male Wistar rats (250—
300 g). Animals were anesthetized and sacrificed by inhala-
tion of CO,. Preparations were performed as described in
detail recently, according to the segment’s mapping of rat
intestine [19]. Briefly, distal colon was stripped off submuco-
sal tissue layers leaving only mucosa, lamina propria, and the
outer layer of the muscularis mucosae, and mounted on plastic
rings resulting in a surface of 0.49 cm?.
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Electrophysiological measurements

After preparation, the colonic epithelial tissues were mounted
in Ussing chambers as described before [12] and 10 ml
circulating Ringer’s solution was added on each side. The
solution contained (in mM) Na® (140.5), K™ (5.4), Ca*"
(1.2), Mg*" (1.2), CI” (123.8), HCO;~ (21), HPO,* (2.4),
H,PO4 (0.6), d(+)-glucose (10), and d(+)-mannose (10).
During all experiments, the solution was gassed with 95 %
0, and 5 % CO, at 37 °C, resulting in a pH of 7.4. For
measurement of transepithelial resistance (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. Speci-
mens of rat intestine were incubated with theophylline or
cholera toxin for 2 h. Short-circuit current (Isc) and TER
was reported, and self-same tissues were prepared for detec-
tion of tight junction proteins.

Western blotting

Immunoblots and immunostaining were performed as de-
scribed in detail previously [19]. Tissues were homogenized
in Tris buffer containing 20 mM Tris, 5 mM MgCl,, | mM
EDTA, 0.3 mM EGTA, and protease inhibitors (Complete,
Boehringer, Mannheim, Germany).

Membrane fractions were obtained by two centrifugation
steps (5 min at 200xg, 30 min at 43,000xg, 4 °C). Pellets were
resuspended in Tris buffer. Protein contents were determined
using BCA protein assay reagent (Pierce, Rockford, IL, USA)
quantified with a plate reader (Tecan, Grodig, Austria). Sam-
ples were mixed with SDS buffer (Laemmli), loaded on a
12.5 % SDS polyacrylamide gel and electrophoresed.

Proteins were assessed by immunoblotting employing rab-
bit anti-claudin-1, -3, and mouse anti-claudin-4 primary anti-
bodies used in a concentration of 1:100 according to the
manufacturer’s protocols (Invitrogen, San Francisco, CA,
USA). B-actin signals were detected as loading controls
(Sigma-Aldrich, Taufkirchen, Germany).

To detect bound antibodies peroxidase-conjugated goat
anti-rabbit IgG or goat anti-mouse IgG antibodies and the
chemiluminescence detection system Lumi-LightPLUS West-
ern blotting kit (Roche, Mannheim, Germany) were used.
Signals were visualized by luminescence imaging (LAS-
1000, Fujifilm, Japan). For comparison of Western blot sig-
nals, densitometry analysis was performed using AIDA
Raytest 2.5 software (Straubenhardt, Germany).

Confocal laser-scanning microscopy
Tissues were fixed in 2 % paraformaldehyde for 2 h at room

temperature and embedded in paraffin. For immunostaining,
paraffin was removed from cross sections (8 wm) by a xylol—
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ethanol gradient. For antigen retrieval, sections were boiled in
1 mM EDTA buffer solution. To block non-specific binding
sites, tissues were bathed in PBS containing 6 % (v/) goat
serum and 1 % BSA (blocking solution) for 60 min at room
temperature. All subsequent washing procedures were per-
formed with this blocking solution. Combinations of mouse
(monoclonal) and rabbit (polyclonal) anti-occludin, and rabbit
(polyclonal) anti-claudin-1 and -3 and mouse (monoclonal)
anti-claudin-4 antibodies were employed, respectively
(Invitrogen, San Francisco, CA, USA). Antibodies were di-
luted 1:100 in blocking solution according to the manufac-
turer’s recommendations, respectively. Tissues were incubat-
ed for 60 min and, after two washes, were incubated with
Alexa Fluor goat anti-mouse IgG and Alexa Fluor goat anti-
rabbit IgG diluted 1:500 in blocking solution for 45 min
(Molecular Probes, USA). Furthermore, nuclei were stained
by DAPI (Roche, 1:5,000). Sections were mounted with
ProTags MountFluor (Biocyc, Luckenwalde, Germany).
Fluorescence images were obtained with a confocal laser-
scanning microscope (LSM 510 Meta, Zeiss, Jena, Germany).

Histological analysis

Histological analysis was performed as reported before
[3]. After 1 h fixation of tissues in 3 % formalin for
1 h, samples were paraffined employing increasing ethanol
concentrations according to a standard protocol. Sections were
mounted on sample glasses and deparaffined. Hematoxylin-
and eosin-stained sections were analyzed by optical
microscopy.

Electron microscopy

Fixation of tissue samples was performed in 2.5 % glutaral-
dehyde and Hanks’ balanced salt solution, pH=7.0, at 4 °C for
2 h as reported recently [19]. Subsequently, tissues were
postfixed in osmium tetroxide solution (1 % OsO,4 in Hanks’
solution) at 4 °C for 2 h, and block-stained in 2 % uranyl
acetate buffer at 40 °C for 1 h, dehydrated in ethanol and
acetone, and embedded in Spurr. Ultra-thin sections were
obtained employing the ultramicrotome LKB-8800 (LKB,
Sweden), and were stained in uranyl acetate and lead citrate.
A JEM-100C microscope (JEOL, Japan) was used for exam-
ination of the sections.

Statistical analysis
Data are expressed as means+SEM. Statistical analysis was

performed using Mann—Whitney U test and p<0.05 was con-
sidered as significant.

Results
Ussing chamber experiments

Specimens of rat colon were mounted in Ussing chambers,
and theophylline (10 mM) or cholera toxin (1 pg/ml) were
added, respectively. Theophylline markedly induced Isc in the
colon from 40.0+9.5 to 177.0+20.4 uA/cmz, after 20 min,
and to 201.1+23.9 pA/em? after 2 h (n=11, p<0.001), where-
as no significant increase of this parameter was detected in
controls (30.2+7.2 to 29.9+7.3 pA/cm? after 20 min, and
32.3+9.3 puA/em? after 2 h, n=11, not significant (n.s.)) and
cholera toxin experiments (31.5+4.4 to 30.7+4.1 pA/cm?
after 20 min, and 35.3+4.4 pA/cm? after 2 h (n=18, n.s.));
Fig. la.

TER measurements revealed no changes of barrier proper-
ties in controls, whereas both cholera toxin and theophylline
induced changes of this parameter. Tissues incubated with
cholera toxin induced an increase in TER from 122.1£8.3 to
126.249.0 Q-cm? after 20 min, and to 137.9+8.3 after 2 h
(n=18, p<0.01), and theophylline induced a decrease 139.1+
12.2 t0 99.9+9.2 Q-cm? after 20 min, and to 91.9+6.4 after
2 h (n=11, p<0.05 and p<0.01, respectively), Fig. 1b.

Western blotting

Protein preparations were performed for Western blot analyses
to detect major sealing TJ proteins in colon tissues. Western
blots revealed specific signals for claudins and beta-actin in
control tissues and after incubation with theophylline and
cholera toxin (Fig. 2a). Densitometric analysis of Western
blots revealed marked changes of single claudins after incu-
bation with cholera toxin and theophylline (Fig. 2b). Whereas
claudin-1 exhibited no change compared to controls after
incubation with theophylline and cholera toxin, claudin-3
and -4 showed a significant increase in colonic epithelium
after incubation with cholera toxin (321+98 % of controls set
to 100 %, n=6, and 313+79 % of controls set to 100 %, n=7;
p<0.05), respectively. Moreover claudin-4 was increased after
incubation with theophylline (303+129 % of controls set to
100 %, n=6, p<0.05).

Confocal laser-scanning immunofluorescent microscopy

Confocal laser-scanning immunofluorescent microscopy re-
vealed specific signals for occludin and claudin-1, -3, and -4 in
all tissue specimens (Fig. 3). Whereas no increased signals of
claudin-1 after theophylline and cholera toxin incubation were
detected, increased signals of claudin-3 and -4 after incubation
with cholera toxin, and increased signals of claudin-4 after
incubation with theophylline were observed within TJ com-
plexes in colocalization with occludin, identified by an in-
crease of merged signals in the surface epithelium. Although
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Fig. 1 Effects of cholera toxin and theophylline on a Short-circuit
current (Isc) and (b) transepithelial resistance (TER). a Theophylline
markedly induced Igc in the colon from, whereas no significant increase
of was detected in controls and cholera toxin experiments. b TER mea-
surements revealed no changes of barrier properties in controls, whereas
cholera toxin induced an increase and theophylline induced a decrease in
TER (¥p<0.05, **p<0.01, ***p<0.001, respectively n=11, 18, and 11,
respectively)

the LSM images of stained tissues may provide limited infor-
mation regarding quantitative changes, results were in accor-
dance with Western blots.
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Fig. 2 Western blots (a) and densitometry (b). Densitometry of Western
blots revealed an increase of claudin-3 and -4 after incubation with
cholera toxin, and an increase of claudin-4 after incubation with theoph-
ylline for 120 min, respectively (*p<0.05, n=6, 7, and 6)
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Histological analyses

Morphology of colon epithelium was analyzed by light mi-
croscopy on eosin-hematoxylin-stained sections of formalin-
fixed tissue samples. In this set of experiments, no change of
epithelial morphology was detected (Fig. 4a—c).

Ultrastructural analysis of cell structure by transmission
electron microscopy revealed typical features of secretory
epithelial cells in control tissue specimens (Fig. 4d). Microvilli
were detected in the apical membrane and tight junctions were
found in the apical parts of the cells. Numerous mitochondria
and nuclei in the basal area of secretory epithelial cells were
detected. In contrast, both cholera toxin and theophylline
groups showed markedly increased intercellular spaces
(Fig. 4e, 1), whereas cells remained interconnected by dense
tight junction complexes.

Discussion

To elucidate the effects of cholera toxin and theophylline on
transport and barrier function in intestinal epithelium, a com-
parative study of these agents on both chloride secretion and
barrier properties was performed. Therefore, effects were an-
alyzed on functional and molecular level focusing on self-
same intestinal tissue preparations.

Theophylline induces a chloride secretion in colonic
epithelia via cAMP, which can be measured as Igc [16].
In our study employing rat colon, simultancously with
an increase of Igc, a decrease of TER was observed,
which has not been described so far. Cholera toxin was
expected to have comparable effects, as both theophyl-
line and cholera toxin has been reported to be inducers
of electrogenic chloride secretion in epithelial cells [1,
16, 17]. However, in our experiments, no significant
change of Igc was detected by incubation with cholera
toxin. This could be due to different model systems, as
a previous detection of a cholera toxin-induced Igc was
observed under different experimental conditions
employing nystatin for permeabilization of cell mem-
branes [1]. The latter study might provide an explana-
tion of this tentative contradiction though, as a
preincubation of the basolateral membrane with nystatin
omits possible compensatory mechanisms provided by
basolateral transport systems. In order to present the
most physiologically conditions, we have focused on
apical incubation with cholera toxin, though. An inter-
action with carrier proteins, along with tight junctions
as shown for CFTR might be a possible explanation [8].
However, application of further agents perturbing mem-
brane properties might be an interesting field for subse-
quent studies.
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Fig. 3 Confocal laser-scanning contro |
immunofluorescence microscopy.
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Cholera toxin effects on transepithelial resistance have not  the colonic intestinal epithelial cell model HT-29/B6 cells
been reported in rat colon [1] and in confluent monolayers of ~ [25]. However, in our experiments, a significant increase of

Fig. 4 Morphology and cell
structure by cholera toxin and
theophylline treatment. a—¢ Light
microscopy (bar 100 pm); d—f
Electron micrographs (bar 1 pm);
images show of colon epithelium
from controls (a, d), and after 2-h
incubation with cholera toxin (b,
e), and theophylline (c, ).
Intercellular spaces (/CS) below
tight junctions were widened after
incubation with the agents.
Luminal membranes are
orientated to the top of the figures,
respectively. Representative
images of tissues from four
animals
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TER was detectable in Ussing chambers, and an increase of
sealing tight junction proteins within tight junction complexes
was detected.

This mechanism could add to the general strategy of bac-
terial colonization and infection, which benefits from a per-
turbation of tight junctions [7]. In culture supernatants of
Vibrio cholerae, a toxin was identified (Zonula occludens
toxin, ZOT), that increases the permeability of the small
intestinal mucosa by affecting the TJ structure [9]. ZOT effects
on TJ modulation were shown to be mediated by a cascade of
intracellular events that lead to a PKCx-dependent polymer-
ization of actin microfilaments which are involved in regula-
tion of the paracellular pathway [10].

Another cytotoxin of V. cholerae, namely hemagglutinin/
protease (HA/P), has also been reported to have effects on the
tight junction [28]. HA/P was demonstrated to perturb the
barrier function of Madin-Darby canine kidney epithelial cell
line I by affecting TJs and the F-actin cytoskeleton. Western
blot analyses revealed that occludin was digested by HA/P to
two predominant bands of around 50 and 35 kDa in Western
blots. In contrast, ZO-1 was not degraded by HA/P in parallel
experiments, suggesting the selectivity of HA/P-associated
protein degradation. This interplay of different toxins affect-
ing the tight junction may also become a target for develop-
ment of novel therapeutic or preventive strategies though [7].

In our study, for the first time, an effect of cholera toxin on
the TJ has been identified, showing a simultaneous and func-
tionally synergistic induction of claudin-3 and -4. A synergis-
tic co-regulation of these TJ proteins has been also reported in
a variety of different models, including CaCo-2 [26], colorec-
tal carcinoma [21], and colitis [22].

Claudin-3 is expressed in many epithelia, such as intestine,
kidney, endothelia, and mammary glands [20, 24]. The func-
tional characterization of claudin-3 has been performed in
detail previously, revealing a general barrier-forming role of
the protein, sealing the paracellular pathway against the pas-
sage of small ions of either charge [23]. Increased expression
of claudin-3 also explains a physiological barrier regulation
towards a sealing of the TJ in mammary glands [20].

Claudin-4 is markedly expressed in intestine and kidney
[19, 24]. Specific effects on general barrier function and
paracellular Na" permeability without effects on CI~ perme-
ability was reported [27]. In the colon, there is indirect evi-
dence that claudin-4 tightens the paracellular pathway, as
claudin-4 is down-regulated under various conditions that
cause increased permeability (for review, see [15]). Accord-
ingly, an increase of claudin-4 may indicate a sealing of the
epithelial barrier against the paracellular passage of Na®.
However, in our study, the theophylline induced chloride
secretion might have concealed an increase of TER expected
by the increase of claudin-4, as TER can also decrease due to
membrane channels and not necessarily due to an increase of
paracellular permeability. This furthermore highlights the
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physiological interaction of transport and barrier mechanisms
affecting trans- and paracellular resistance.

Claudin-1 is regarded as a classical sealing tight junction
protein, as it is strongly expressed in tight epithelia [19] and a
knockout has demonstrated that it is crucial for epithelial
barrier function of the epidermis [14]. In our study, however,
no significant changes of this major sealing tight junction
protein were observed. However, the stable expression of this
important determinant of barrier function in our current study
underlines the differential physiological regulation of intesti-
nal tight junctions.

In our study, both cholera toxin and theophylline induced a
marked widening of intercellular spaces between colon epi-
thelial cells, which was most obviously visible in EM images,
but also even indicated in HE stainings. This widening might
be attributed to different processes, e.g., an activity of the Na'/
K" pump and synergistic action of membrane transporters
may induce local osmotic pressure, and an increase of tight-
ening tight junction proteins might at the same time promote
an increase of fluid volume in lateral intercellular spaces.
Moreover, cell shrinkage under secretion stimulus might also
be a cause of the observation, as shown in different epithelial
model systems [6, 14]

Our present study reveals that classic inducers of chloride
secretion, namely cholera toxin and theophylline, have differ-
ential effects on the regulation of sealing tight junction pro-
teins in native colon preparations, as opposite changes
concerning barrier properties of colonic epithelium, and dif-
ferent effects on TJ proteins were observed. The effects of
theophylline and cholera toxin on TER and Ig¢ indicate dif-
ferent mechanisms on molecular level, which might be eluci-
dated further in future studies.
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