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Water transport through the intestinal epithelial barrier under different osmotic
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ABSTRACT
In the intestine water has to be reabsorbed from the chymus across the intestinal epithelium. The
osmolarity within the lumen is subjected to high variationsmeaning that water transport often has to take
place against osmotic gradients. It has been hypothesized that LI-cadherin is important in this process by
keeping the intercellular cleft narrow facilitating the buildup of an osmotic gradient allowing water
reabsorption. LI-cadherin is exceptional among the cadherin superfamily with respect to its localization
along the lateral plasma membrane of epithelial cells being excluded from adherens junction.
Furthermore it has 7 but not 5 extracellular cadherin repeats (EC1-EC7) and a small cytosolic domain. In
this study we identified the peptide VAALD as an inhibitor of LI-cadherin trans-interaction by modeling
the structure of LI-cadherin and comparison with the known adhesive interfaces of E-cadherin. This
inhibitory peptide was used to measure LI-cadherin dependency of water transport through a monolayer
of epithelial CACO2 cells under various osmotic conditions. If LI-cadherin trans-interaction was inhibited
by use of the peptide, water transport from the luminal to the basolateral side was impaired and even
reversed in the case of hypertonic conditions whereas no effect could be observed at isotonic conditions.
These data are in line with a recently published model predicting LI-cadherin to keep the width of the
lateral intercellular cleft small. In this narrow cleft a high osmolarity can be achieved due to ion pumps
yielding a standing osmotic gradient allowing water absorption from the gut even if the faeces is highly
hypertonic.
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Introduction

The inner and outer surfaces of the body of eumeta-
zoic animals are covered by epithelia.1-3 Thus, the epi-
thelium represents the primary barrier for controlled
transport of water or dissolved molecules into or out
of the body.4 The intestinal mucosa contains a simple
epithelium that fulfils the selective uptake of nutrients
and ions, the prevention of pathogen invasion and the
reabsorption of water. In the present work we will
focus on the last point, the reabsorption of water. It
has to be emphasized that controlled transport in this
context means that on one side unwanted loss of
water, ions or nutrients must be avoided1,3,5-9 while
necessary nutrients have to be absorbed, i.e. trans-
ported over the cellular barrier.4,8,10-12 There exist two

main transport pathways: transcellular and paracellu-
lar.12 In the first case, the substances have to be taken
up by the epithelial cells either directly by transporters
or by pinocytosis. A modification of the substances
within the enterocytes may then take place, followed
by the secretion of the substances on the basolateral or
luminal side, respectively. However, a lot of substances
are transported at least partially paracellular through
the intercellular cleft (IC) at the lateral boarders of the
cells.5 The importance of the IC as a coupling com-
partment for transport is well established.5,6,13 The IC
has to be sealed tight enough to avoid uncontrolled
transport while on the other hand, ions and water
molecules shall be transported through the IC in a
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controlled fashion. The shape of the IC as well as it’s
tightness and transport properties between the com-
partments are determined by the so called junctional
complex linking the enterocytes together. The junc-
tional complex consists of tight junctions,9,11,14,15

adherens junctions16-20 and desmosomes.17,21 In addi-
tion, in intestinal epithelium one adhesion molecule,
i.e. LI (Liver-intestine)-cadherin, is uniformly distrib-
uted along the whole lateral membrane22,23 and it has
been suggested that LI-cadherin might be important
for regulation of the width of the IC.24-27

LI- cadherin, also termed cadherin-17 is
expressed in intestinal epithelial cells of human and
other mammals.27-31 It was the first identified
member of the family of so called 7D-cadherins.
The second member is KSP, which is expressed in
kidney ducts exclusively.32 In contrast to classical
cadherins, 7D-cadherins have 7 instead of 5 extra-
cellular cadherin repeats. Human LI-cadherin is a
protein of 832 amino acids (120 kD) and shares
20–30% overall homology with classical cadher-
ins.22,30 Another striking difference between LI-cad-
herin and classical cadherins is the very short (20
amino acids) cytoplasmic domain of LI-cadherin
showing no similarity to the highly conserved cyto-
plasmic region of classical cadherins or to the cyto-
plasmic portion of any other cadherin subfamily.
Due to its structural similarity with E-cadherin, it
is assumed that LI-cadherin may have originated
from a 5-repeat cadherin by a duplication of the
first two aminoterminal repeats.22,30,33

The exact biologic function of LI-cadherin is
currently not known. Besides the idea that it might
be important during embryonic development and
organogenesis,23 it has been speculated due to the
expression of 7D-cadherins exclusively in epithelia
which are involved in water resorption under vari-
ous osmotic conditions that LI-cadherin might be
involved in regulating the width of the lateral inter-
cellular cleft and thereby influencing the water
transport.22,26,34 It is worth noticing that LI-cad-
herin is not found in the adherens junction but is
almost uniformly distributed along the lateral
plasma membrane, but can also be found basal and
apical.24

In this study we show that inhibition of LI-cadherin
function impaired water transport across an epithelial
monolayer at hypertonic but not isotonic conditions.
These data are in line with a theoretical model

predicting that changes of the width of the IC between
neighboring epithelial cells by LI-cadherin could regu-
late the direction and efficiency of water transport
through a simple epithelium.

Materials and methods

Protein modeling

For each identified template, the template’s quality has
been predicted from features of the target-template
alignment. The templates with the highest quality
have then been selected for model building. Template
search with BLAST and HHBlits has been performed
against the SWISS-MODEL template library (SMTL,
last update: 2016–04–13, last included PDB release:
2016–04–08). The target sequence was searched with
BLAST35 against the primary amino acid sequence
contained in the SMTL. A total of 69 templates were
found. An initial HHblits profile has been built using
the procedure outlined recently,36 followed by 1 itera-
tion of HHblits against NR20. The obtained profile
has then be searched against all profiles of the SMTL.
A total of 144 templates were found, most of which
were cadherins, especially E-cadherin molecules of dif-
ferent species exhibited highest quality ranks.

Models are built based on the target-template align-
ment using Promod-II. Coordinates which are conserved
between the target and the template are copied from the
template to the model. Insertions and deletions are
remodelled using a fragment library. Side chains are then
rebuilt. Finally, the geometry of the resulting model is
regularised by using a force field. In case loop modeling
with ProMod-II37 does not give satisfactory results, an
alternative model is built with MODELLER.38,39 The
global and per-residue model quality has been assessed
using the QMEAN scoring function.40

Recombinant LI-cadherin-Fc fusion protein

As a tool for checking the effect of the selected LI-cad-
herin inhibitory peptide, a chimeric protein consisting
of the full extracellular domain of human LI-cadherin
fused to the Fc-portion of human IgG1 was created.
Such chimeric cadherin-dimers were found to be func-
tional in previous studies.41-48

For that purpose total RNA was isolated from con-
fluent Caco-2 cells using the ReliaPrepTM RNA Cell
Miniprep System (Promega, Mannheim, Germany)
according to the manufacturer’s protocol. RNA was
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then subjected to reverse transcription with the
ReadyScriptTM cDNA Synthesis Mix (Sigma, Tauf-
kirchen, Germany) and stored at¡80�C. The extracel-
lular domain of LI-cadherin (bp 127 – bp 2475,
NM_001144663.1) was amplified from the cDNA
using Phusion U Hot Start polymerase (Thermo Sci-
entific) and 50-tatctaactagtATGATACTTCAGGCC-
CATCTTCACTC-30 and 50-cgtcgtctcgagGGGTATCC
CAGTCTGGTGACCTG-30 (introduced SpeI and
XhoI restriction sites underlined) as forward and
reverse primers, respectively. Subsequently, the puri-
fied PCR-product was cloned into the pT757R/T vec-
tor (InsTAclone PCR cloning kit, Thermo Fisher
Scientific) and transformed into E.coli XL1 Blue. For
fusion to the Fc-portion of IgG1 and expression in
eukaryotic cells a modified pEGFP-N3 vector contain-
ing the extracellular domain of N-cadherin (which
was replaced by the LI-cadherin EZ domain in the fol-
lowing) fused to human IgG1 and a 6x histidine-tag
followed by a stop codon preventing GFP transcrip-
tion was used.49 After insertion of an additional
restriction site (SpeI) into this N-cad-EZ-Ig-pEGFP-
N3 vector the plasmid was digested with SpeI and
XhoI leading to excision of the N-cadherin
EZ-domain, and this linearized plasmid was gel-puri-
fied (Wizard SV Gel and PCR Clean-Up System,
Promega). The pT757R/T vector containing the veri-
fied sequence of the LI-cadherin-EZ domain was also
digested with SpeI and XhoI, the insert gel-purified
and ligated into the Ig-pEGFP-N3 plasmid by T4
DNA ligase (New England Biolabs, Frankfurt,
Germany). The correct sequence of the LI-cadherin-
EZ domain fused to Fc was controlled by sequencing
and is shown in the supplementary material.

Chinese hamster ovarian (CHO) cells were trans-
fected with LI-cad-Fc-pEGFP-N3 using Roti-Fect plus
transfection reagent (Carl Roth, Karlsruhe, Germany)
following the manufacturer’s protocol. After selection
of cells by application of 1.4 mg/ml geneticin, cells
were seeded on culture flasks (150 cm2) and cultured
with a modified DMEM supplemented with 10% FCS.
About 200 ml cell culture supernatant was collected
and after addition of protease inhibitors (aprotinin,
pepstatin, leustatin; 1 mg/ml each, Sigma, Taufkirchen,
Germany) the supernatant was centrifuged for 25 min
at 10000 £ g and 4 �C. Purification of LI-Cadherin-Fc
was done by affinity chromatography using protein A-
sepharose column (Amersham Pharmacia Biotech,
Freiburg, Germany). The protein was eluted by citrate

buffer (25 mM, pH 2.4), immediately dialyzed against
Hanks’ Balanced Salt Solution (HBSS, Applichem,
Darmstadt, Germany) for 16 h at 4�C and stored in
aliquots at ¡80�C. Protein purity was checked by
Coomassie Blue staining of 7.5% SDS–PAGE and by
western blot analysis.

Affinity shift chromatography

The method of affinity shift chromatography for the
determination of cadherin-cadherin trans-interaction
was performed as described recently.28,43 Briefly,
100 mg of CNBr-activated sepharose (Fluka) was
allowed to swell for 45 min at 4� C in 1 mM HCl
(10 ml). The swollen sepharose (1 ml) was transferred
to a column (diameter 5 mm) and washed with
100 ml of 1 mM HCl, followed by 3 ml of distilled
water (H2O). The column was equilibrated with 1 ml
of coupling buffer (100 mM NaHCO3, 500 mM NaCl,
pH 8.4) and then loaded with 2 ml of coupling buffer
containing a mixture of 0.45 mg/ml LI-cadherin-Fc
and 0.4 mg/ml bovine serum albumin (BSA) and
allowed to react for 2 h at RT under slow overhead
rotation. Afterwards the column was washed once
with 3 ml coupling buffer followed by a wash with
300 ml blocking buffer (200 mM glycine, pH 8.0) and
then subjected to incubation for 3 h at RT in blocking
buffer. After 3 washes with 3 ml acetate buffer
(100 mM acetate, 500 mM NaCl, pH 4.5), the column
was washed and equilibrated with either 10 ml of
HBSS containing 2 mM Ca2C or PBS.

For determination of mobility shift, typically 20 ml
(0.45 mg/ml) of LI-cadherin-Fc in HBSS (without or
with 2 mM EGTA and without or with inhibitory pep-
tide) was loaded onto the column and allowed to flow
through with a velocity of approximately 0.14 ml/min.
Fractions of 120 ml (3 droplets) were collected and
subjected to dot blot analysis and determination of
protein amount (see below).

Protein concentration determination and dot blot
analysis

Protein concentrations were measured using the BCA
protein assay kit (Perbio Science, Germany).

For dot blot analysis, 20 ml of the fractions from
chromatography were adsorbed to Hybond nitrocellu-
lose membranes (Amersham, Braunschweig,
Germany) using a home built dot-blot apparatus.
After washing the membrane 3 times in TBS-T
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(15 mM Tris/HCl, pH 7.5, 120 mM NaCl, 0.05%
Tween 20) for 10 min, the membranes were incubated
for 60 min with horseradish peroxidase-conjugated
polyclonal goat-anti-human antibodies (Fc-specific,
Dako, Germany) diluted 1:2000 in blocking solution.
After another wash with TBS-T, antibody complexes
were visualized using the ECL detection system
(Amersham Pharmacia Biotech, Germany) and Kodak
BioMax films (Kodak, Germany). Data analysis for
mobility shift chromatography was performed as
described in detail recently.43

Peptide use and labeling

The VAALD-peptide was purchased from Genaxxon
(ULM, Germany) and freshly dissolved for each experi-
ment and used at a final concentration of 1 mg/ml.
The solution was neutralised by adding 1 M NaOH
solution dropwise until a pH-value of 7.4 was reached.

To determine if the peptide alters the free Ca2C-con-
centration, peptide solution or only solute (control) was
added to a final concentration of 5 mg/ml to culture
medium and the free Ca2C -concentration was deter-
mined photometrically using the Ca2C-sensitive chromo-
phore Eriochrome Black-T as described recently.47

Briefly, 500 mM Eriochrome Black-T were dissolved in
100 mM Tris (pH 11) and 100 ml of the medium was
added to 500ml of the chromophore solution. The Ca2C-
concentration was determined photometrically by mea-
suring the transmission at 600 nm.

For fluorescence labeling the Atto 488 protein labeling
kit (No. 92313, Fluka, Buchs, Switzerland) was used.
Besides the fact that label and peptide were incubated at a
molecular ratio of 1:1, the labeling was performed accord-
ing to themanufacturers recommendations.

Generally CACO2-cells were grown in DMEM-
Medium (Gibco, Vienna, Austria) which was
supplemented with 10% FCS. For peptide labeling
experiments CACO2-cells were grown on glass cover-
slips and kept confluent for at least 2 weeks for them
to differentiate. The fluorescenctly labeled peptide
VAALD was applied at a concentration of 10mg/ml for
1h in HBSS. Afterwards cells were fixed at RT with 2%
formaldehyde in HBSS (pH 7.4, Life Technologies,
Karlsruhe, Germany) for 10 min. For immunofluores-
cence staining cells were additionally permeabilised by
Triton X-100 (Sigma) to a final concentration of 0.1%.
Then cells were pre-incubated with 10% normal goat
serum (NGS, Jackson ImmunoResearch Laboratories,

West Grove, USA) and 1% bovine serum albumin
(BSA, Sigma, Germany) for 30 min at 4�C. Monolayers
were incubated for 1 h at RT with a 1:400 dilution of
polyclonal rabbit-anti-LI-cadherin (antikoerper-online,
Aachen, Germany). After washing with PBS
(3 £ 5 min) cells were incubated with 1:300 diluted
Alexa Fluor 488 goat-anti rabbit IgG (Dianova, Ham-
burg, Germany) for 1 h at RT. Finally cells were
washed in PBS (3 £ 15 min), mounted in 60% glycerol
in PBS containing 1.5% n-propyl gallate (Sigma) as
antifading compound.

Transwell water flux and transepithelial resistance
(TER) measurements

As peptides will typically be metabolised rather fast, we
had to find a measurement technique that determines
water flux within 1h to avoid peptide degradation dur-
ing the time of measurement. CACO2-cells were grown
on transwell-filters Thin-Certs-TM for 24-well plates
(Greiner Bio, Frickenhausen, Germany). The inserts
(corresponding to the luminal side) were filled with
300ml DMEM-medium (Gibco) and the companion
(corresponding to the basal side of the epithelium)
with 1 ml medium. The cells were grown for at least
2 weeks to allow the cells to differentiate. The pore-size
of the filter was below 0.4 mm. This was necessary to
prevent outgrowth of the cells. Due to this rather dense
mesh of the filter the fluid and solute exchange from
the filter to the companion chamber is rather limited.
So one will get a good initial transport of solutes and
water through the cell layer until the medium in the fil-
ter has an osmolarity that hinders further water trans-
port through the cells. So we established a new method
of discontinuous measurement to avoid this problem.
Every 5 minutes the inserts were taken out and the
medium from the filter was soaked off with a tissue in
a reproducible way by placing the basal side of the filter
twice for 1 s onto a dry flat tissue (Kleenex, Kimberly-
Clark, USA) to reduce the osmolarity within the filter
itseld back to control conditions. Then the insert was
weighed by a microscale (VWR, Vienna, Austria) and
placed back in the companion. The mass loss of the
insert was a useful value for reproducible determina-
tion of the water transport out of the insert. The experi-
ments had to be done cyclically to be sure that the cell
layers were not modified during the experiments. This
means that the mass transport was initially determined
under isotonic conditions without inhibitory peptides
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or other modifications for 300. Then the flux was deter-
mined under the actual conditions of interest for 300

and finally the control flux measurement was repeated.
Between the measurements the cells were allowed to
rest for 150. If the initial and the final control measure-
ment deviated strongly, the experiment was removed
from further analysis. The osmolarity of the medium
in the insert was varied by addition of NaCl and/or
sucrose while the medium in the lower compartment
(companion) was kept constant. For LI-cadherin inhi-
bition experiments the peptide VAALD was added to a
final concentration of 1 mg/ml.

In parallel to the flux for n D 3 measurements the
transepithelial resistance (TER) was determined in
parallel using a TER-meter (Millicell-ERS, Millipore,
Darmstadt, Germany) according to the manufacturers
recommendations.

Transmission electron microscopy (TEM)

Cells were grown on transwell filters and exposed to
different osmotic conditions in the presence and
absence of the inhibitory peptide as described above.
Then cells were fixed in 2.5% glutaraldehyde / 2%
formaldehyde in PBS at 4�C for 48 h and then post-
fixed for 1 h in 1% osmium tetroxide (Fluka,
Switzerland) in PBS, washed 3 times for 15 min in
ddH2O and stained for 1 h with 2% uranyl acetate
solution in ethanol (Merck, Germany) in a dark envi-
ronment. Afterwards, the samples were gradually
dehydrated in ethanol (at 70, 80, 90, 96 and 100%, for
15 min each). Then filters were removed from the
plastic and transferred to glass petri dishes. They were
washed twice for 30 min in propylene oxide (SERVA,
Germany), then stored for 16 h in a mixture of

Figure 1. 3D-model of the EC1-domain of LI-cadherin. (A) A model of the EC1-domain of LI-cadherin. The model is based on an energy
minimisation of the primary sequence of LI-cadherin EC1 initiated by a template based on X-ray crystallography of E-cadherin EC1.
Based on comparison with other cadherins (VE-cadherin, N-cadherin and E-cadherin) the loop between the b-sheets b6 and b7 (indi-
cated by the arrow) was identified to be one binding site for LI-cadherin trans-interaction and an inhibitory peptide of the sequence
VAALD was identified there. The aspartic acid of this peptide in the loop between b6 and b7 is indicated. (B) A model of the trans-inter-
action of 2 LI-cadherins. The orientation of the lower EC1 is identical to the single EC1 shown in (A). The loop between b6 and b7 inter-
acts with corresponding amino acids in the vicinity of b4. This binding region close to b4 is indicated in (A) by the arrow-head.

TISSUE BARRIERS e1285390-5



propylene oxide and epoxy resin (Epon; SERVA, Ger-
many). After washing in Epon twice for 2 h, the sam-
ples were embedded and polymerised for 48 h at
57�C. Ultra thin sections were cut with a Reichert
OmU3 ultramicrotome (Reichert AG, Austria) and
placed on 200 mesh (200 division bars on 25.4 mm)
nickel grids (Plano GmbH, Germany). To increase the
contrast of the tissue compartments, the ultra thin sec-
tions were incubated with 2% uranylacetate for 20 min
followed by incubation with 0.2% lead citrate in a CO2

-free atmosphere for 7 min. After each incubation, the
sections were washed 4–5 times with water and air-
dried for 15 min. Then samples were analyzed using a
Philips REM 500 which was equipped with a home
built STEM-holder.

Results

Peptide design for inhibition of LI-cadherin
trans-interaction

For inhibition of LI-cadherin function we searched for
a peptide which fits into the probable binding inter-
face of LI-cadherin and, thus, can be expected to
inhibit LI-cadherin trans-interaction as previously

done for VE-cadherin49 or N-cadherin.50,51 Since the
crystal structure of LI-cadherin has not been yet iden-
tified we compared the protein sequence of LI-cad-
herin with other cadherins with known structures. For
that purpose the SWISS-MODEL template library
(SMTL version 2016–04–13, PDB release 2016–04–
08) was searched with BLAST35 and HHBlits36 for
evolutionary related structures. Based on these tem-
plates, from which most were E-cadherin structures
from different species, a 3D-model of the EC1 domain
of LI-cadherin was built (see Fig. 1). Similar to meth-
ods published earlier,49 by comparing the structures of
cadherins with resolved structure in which the interac-
tion sites are known and our model of LI-cadherin, the
interaction sites were predicted and the loop between
b-sheets b6 and b7 from the alanin at position 69
onwards was identified to be most promising. In
Fig. 1A the aspartic acid of the peptide sequence is
marked in the protein structure for orientation. We
decided to start within the b-sheet to conserve the
structure and we tried to keep the peptide as short as
possible to make access to the LI-cadherin protein
simple. Thus, the peptide sequence COOH-VAALD-
NH2 was selected as a promising candidate for an

Figure 2. Affinity shift chromatography of LI-cadherin in the presence and absence of VAALD. (A) Dot-blot of the fractions from the elua-
tion of a LI-cadherin-Fc column. While there is a significant delay under control conditions of the eluation of free LI-cadherin-Fc, in the
presence of VAALD or in the absence of Ca2C, the LI-cadherin is eluated directly without specific interaction. A quantification is shown
in (B) and (C).
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inhibitory peptide. Presumably the loop interacts with
the pocket in the vicinity of the b4-sheet (Fig. 1B),
similar to the trans-interaction of VE-cadherin.49

The selected peptide VAALD binds to LI-cadherin and
prevents its trans-interaction

First, we determined if the selected peptide can in fact
inhibit LI-cadherin interaction by a mobility shift
assay.43 For that purpose a recombinant LI-cadherin-
Fc chimeric protein was covalently coupled to an aga-
rose column and soluble LI-cadherin-Fc was applied
on this column at constant flow with and without the
peptide VAALD and as a control without Ca2C. Fig. 2
shows dot blots of fractions collected from a column
loaded with LI-cadherin-Fc at the different experi-
mental conditions. At control conditions (without
peptide, with Ca2C) LI-cadherin-Fc was found mainly
in fraction 5 whereas at Ca2C-free conditions (addi-
tion of EGTA) it was detected mainly in fraction 4.
This typical delay of mobility of LI-cadherin-Fc in the
presence of calcium is due to the trans-interaction of
soluble LI-cadherin-Fc to the immobilised LI-cad-
herin-Fc of the column which is inhibited in the
absence of Ca2C. Addition of 1 mg/ml peptide
VAALD to LI-cadherin-Fc resulted in a similar elution
profile of LI-cadherin-Fc as at Ca2C-free conditions
demonstrating inhibition of LI-cadherin trans-interac-
tion by the peptide.

Next we checked, whether or not the peptide VAALD
is able to bind to endogenous LI-cadherin of cultured epi-
thelial cells meaning that it is able to penetrate into the
intercellular cleft to have access to LI-cadherin within the
lateral plasma membrane. We applied fluorescently
labeled VAALD to a confluent differentiated monolayer
of CACO-2 cells. Fig. 3 B shows a clear staining pattern
along the cell boarders which is similar to the staining
pattern of LI-cadherin after immunolabelling (Fig. 3A).
This indicates that the peptide VAALD binds to natively
expressed LI-cadherin.

Transepithelial water transport is affected by the
inhibitory peptide VAALD

To address the question if LI-cadherin is important for
water transport through intestinal epithelium against
osmotic gradients we measured the water flux across
confluent monolayers of CACO2-cells at different
osmolarities in the presence and absence of the inhibi-
tory peptide VAALD. CACO2-cells were grown on

transwell filters and the water flux from the insert
(luminal side) to the companion (basolateral compart-
ment) was determined by the mass difference of the
insert over time. By convention we define that a flux
from the insert to the companion is positive which
corresponds to a flux from the gut lumen to the inter-
stitium of the body. We measured water flux at 3 dif-
ferent osmolarities of the medium within the insert,
i.e., isotonic (»300 mosmol/l), 600 mosmol/l and
1200 mosmol/l in the presence and the absence of the
peptide VAALD. The osmolarity in the companion
was not changed. Figure 4 shows a representative
example of a time course of water flux at isotonic and
hypertonic (600 mosmol/l) conditions. In this exam-
ple one can see that under isotonic conditions 4 ml of
water flowed from the insert to the companion
(according to 4 mg mass loss of the insert) within
30 minutes. This did not change if the LI-cadherin

Figure 3. Staining of LI-cadherin in CACO2-cells with LI-cadherin
specific antibodies (A) or with the fluorescently labeled peptide
VAALD (B). Clearly the LI-cadherin is mainly found at cell-cell-
boarders. Clearly there is a localization of the peptide and the
antibody along the cell boarders. It has to be emphasized that
the cells for the peptide staining were not permeabilised to see
whether or not the peptide can enter the lateral intercellular cleft
for our transport measurements.
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inhibiting peptide VAALD was added. At hypertonic
conditions in the absence of the inhibitory peptide the
amount of water transport was similar compared with
control. However, in the presence of the inhibitory
peptide, the direction of the net water transport was
inverted and about 9ml of water were transported
within 30 minutes into the insert. The results of n D 6
independent measurements for each condition are
summarised in Fig. 5. Again, while there was no
change in water transport due to the inhibitory pep-
tide in the case of isotonic conditions, the peptide hin-
ders the transport out of the insert in the case of
hypertonic conditions significantly (marked by aster-
isks) at both conditions investigated, i.e., 600 moso-
mol/l and 1200 mosmol/l. It has to be mentioned, that
we adjusted the osmolarity using a mixture of NaCl
and sucrose, so additional transportable sodium and
chloride ions were available for ATPases. If only
sucrose was used to adjust hypertonic conditions, the
water flux was even in the absence of the peptide
reversed earlier. It reached almost 0 at 600mosmol
and was about ¡15 ml/h at 1200 mosmol/l and the

effect in the presence of the peptide was even more
pronounced (data not shown).

To determine if the peptide could possibly indi-
rectly affect LI-cadherin trans-interaction by changing
the free Ca2C-concentration of the medium, we deter-
mined the free Ca2C-concentration of culture medium
in the presence and absence of 5 mg/l peptide. This
was done by using the Ca2C-sensitive chromophore
Eriochrome Black-T. We found absolutely no effect of
the peptide on the calcium levels.

Thus, direct inhibition of LI-cadherin function by
the peptide VAALD hampered (and even inverted)
water transport from the luminal to the basolateral
side at hypertonic but not at isotonic conditions.

The lateral intercellular cleft but not the junctional
complex is affected by the inhibitory peptide

To determine whether the inhibitory peptide induces
morphological changes of the CACO2-cells exposed
to different osmotic conditions, transmission electron
microscopy (TEM) was performed. Representative

Figure 4. Typical flux measurements under different osmotic conditions in the presence and absence of the inhibitory peptide. The flux
was determined indirectly by measuring the mass difference of the insert over time. While normally the cells can cope with a rather
high osmotic gradient for water into the lumen, the inhibitory peptide impairs this ability. Under isotonic conditions the peptide has no
visible effect. The panels correspond to 3 independent measurements on different trans well filters.
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images are shown in Fig. 6. In the presence of VAALD
under hypertonic conditions (600 mosmol/l) the cells
still adhere to the transwell filter but the intercellular
cleft was widened (Fig. 6A). The effect increases from
apical to basal. However, the structure of the junc-
tional complex appeared not to be impaired (Fig. 6B).
No effect could be seen in the absence of the inhibitory
peptide. To see whether or not the junctional complex,
especially the tight junctions were affected by the pep-
tide, flux measurements were performed in parallel to
the determination of the transepithelial resistance
(TER). The results are summarised in Fig. 7 for n D 3
independent measurements. While the peptide influ-
enced the water transport under hypertonic condi-
tions, the TER did not change significantly. Also other
experiments using different tracer molecules showed
that only the water transport, but no other transport
was altered by the VAALD-peptide (not shown).

Discussion

In recent years it was often speculated that LI-cadherin
(Liver-Intestinal-cadherin) might play a role in the bar-
rier regulation of simple epithelia with respect to osmoti-
cally driven water transport, especially under hypertonic
conditions in the gut lumen.4-6,12-14,52-55 This regulation
of the water transport was supposed to take place due to
activation and inactivation of LI-cadherin and thereby
changing the width of the lateral intercellular cleft (IC).26

The distribution of LI-cadherin all along the lateral inter-
cellular cleft, which was shown before22,24,24,56,57 and
which we also see in CACO2-cells used in this study (not
shown) renders LI-cadherin an ideal candidate to regu-
late the width of the IC. A wide IC gives rise to a low vis-
cous drag but it increases the volume. A high volume on
the other hand makes it harder for ATPases (i.e., ion
pumps) to increase the osmolarity in the IC to take water
out of the gut, either via the tight junctions or via aqua-
porins in the lateral cell membrane. Although a reason-
able hypothesis, no experimental evidence for the
influence of LI-cadherin onto water transport could be
shown so far.

Here, we show for the first time that in fact selective
impairment of LI-cadherin function leads to signifi-
cant changes of the water transport through cultured
colon-epithelium cells (CACO2-cells). The key for
getting these results was the establishment of an inhib-
itory peptide for LI-cadherin. The peptide VAALD
was found using computer models of the EC1-domain
of human LI-cadherin which were based on the struc-
tural similarity to E-cadherin. This was necessary
since no X-ray structures of LI-cadherin are available
so far. We could show on the level of purified proteins
using affinity shift chromatography that the developed
peptide could in fact inhibit LI-cadherin trans-interac-
tion and by using fluorescently labeled peptides we
found, that in fact the inhibitory peptide could
approach LI-cadherin in the lateral IC of confluent

Figure 5. Analysis of flux measurements under different osmotic conditions in the presence and absence of the inhibitory peptide. Here
values to the right correspond to flux out of the gut into the interstitium while columns to the left indicate flux into the lumen. All col-
umns correspond to at least 6 independent measurements, i.e., 6 different inserts. Asterisks indicate statistical significant differences (2
sided unpaired t-test, p < 0.01).
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and differentiated CACO2-cell monolayers. While the
inhibitory peptide had no effect in the case of hypo-
tonic or isotonic conditions, water transport from the
luminal side to the basal compartment was signifi-
cantly reduced or even inverted under hypertonic
conditions.

The transport rates found here are of similar mag-
nitude as found by others for different epithelia4-
6,6,10,13,52,54,55 and the findings confirm that the IC is a
key compartment for the transport of ions and water.
Due to our measurement technique the absolute val-
ues of the water flux might deviate slightly from the
measured values. However, as the measurement was
performed in the identical way in all cases and as the
measurements were done changing the osmotic condi-
tions cyclically, the relative behavior is undoubted
altered by the LI-cadherin function as predicted by
theoretical considerations.

It has to be emphasized that LI-cadherin might
have additional functions for embryonic development,
for regeneration, cell recognition etc. However, it
appears clear that it plays a fundamental role for keep-
ing the IC narrow to allow the ATPases in the lateral
membrane to efficiently built up an osmotic gradient.
Our findings are in line with the theoretical predic-
tions published recently.26

The width of the intercellular cleft is dependent on
the binding activity of LI-cadherins, which in turn is
dependent on the extracellular Ca2C-level. E-cadherin
as well as desmocadherins are much less sensitive to
extracellular Ca2C than LI-cadherin, which is active
only at physiologic Ca2C-levels and becomes inactive
by slight Ca2C-depletion.34 Thus, we would expect,
that if Ca2C is depleted in the case of hypotonic lumi-
nal content, the LI-cadherin trans-interactions will be
weakened while the adherens junction and the

Figure 6. Transmission electron microscopic images of CACO-cells under different osmotic conditions in the presence and absence of
the inhibitory peptide. (A) Overview of the intercellular cleft in the presence of the inhibitory peptide under hypertonic conditions. Api-
cally the microvilli could be seen. The basal membrane on the transwell filter is indicated by arrows. The intercellular cleft (indicated by
arrowheads) clearly becomes more and more impaired from apical to basal. Irregular widening of the cleft was observed. (B) Apical sec-
tion of CACO-cells in the vicinity of the junctional complex under hypertonic conditions. Note no obvious morphological change of the
junctional complex. (C) CACO-cells in the absence of the inhibitory peptide under hypertonic conditions. The intercellular cleft (arrow
heads) is constantly narrow.
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desmosomes are still stable. The hydrostatic pressure
that is generated due to the water transport within the
cleft will separate the weakened LI-cadherin bounds
leading to a widening of the intercellular cleft. The
wider cleft provides less viscous friction and thus
much higher water flux from the lumen into the inter-
stitium. If now the osmolarity in the lumen is changed
to hypertonic, the water and thus the electrolyte flux
will be reversed. Therefore the concentrations of elec-
trolytes, including Ca2C in the IC will be increased to
the levels in the interstitium. Under these conditions
LI-cadherin will bind, the cleft will become narrow,
allowing the ATPases to build up an osmotic gradient
out of the lumen re-establishing the water transport
into the body.

It has to be emphasized that the main determinant
for the selectivity and for resistance any paracellularly
transported substance faces are the tight junctions
(TJ).11,58 The volume of the intercellular cleft, how-
ever, might determine the osmotic gradient which
drives the water transport either throught the TJ or
partially through the cells via aquaporins. The fact
that the transepithelial resistance as well as the trans-
port for small tracer molecules is not significantly
altered by our inhibitory peptide indicates that the TJs

are not affected. This is in line with the TEM-images
showing no visible morphological change of the TJ.

Furthermore we have to keep in mind that the pep-
tide VAALD might have additional effects on the cells
than LI-cadherin inhibition. Of course we searched
protein databases for similar sequences in other adhe-
sion proteins and the extracellular domains of other
proteins and found no match. However, we cannot
completely rule out that the peptide does bind to other
proteins too.

In conclusion, our data strengthen the hypothesis
that LI-cadherin might be important for water reab-
sorption of the gut at intraluminal hypertonic condi-
tions by keeping the intercellular cleft narrow and
thus maintaining a high osmotic gradient driving the
water transport. Thus, LI-cadherin might represent an
interesting target for the development of drugs, for
example, for treatment of diarrhea as it alters the
osmotic gradient without affecting the tight junctions
and therefore not affecting the transport of other mol-
ecules. However, additional work has to be done for
the further understanding of LI-cadherin and the
action of the peptide. It remains to be determined if
our cell-culture results can be reproduced in an organ
or animal model. Unfortunately these studies were

Figure 7. Simultaneous measurement of the water flux and the transepithelial resistance (TER) under different osmotic conditions in the
presence and absence of the inhibitory peptide. The data represent mean values of 3 independent measurements, errorbars show the
standard deviation. While the flux behaves as in the previous measurements in Figs. 4 and 5, the TER is not affected by the presence or
absence of the peptide (2 sided unpaired t-test, p < 0.01). Of course the TER differs dependent on the osmotic conditions and is lower
in the hypertonic medium due to the higher ion concentration.
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beyond our possibilities. Nevertheless the identifica-
tion of the sequence VAALD being crucial for the
adhesive activity of LI-cadherin might provide the
basis for identifying drugs cross-bridging LI-cadherins
and thereby strengthening their interaction. Cross
bridging by tandem-peptides, i.e., two connected
antagonists was found to effectively cross-bridge other
cadherins and thus acts as agonistic agent for cadherin
mediated cell adhesion. Stabilization of LI-cadherin
trans-interaction could be a novel therapeutic
approach to positively influence water reabsorption
and prevent dehydration of the body.
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