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Abstract

Background and Aims: This study aimed at functional characterization of the tight junction protein occludin using the occludin-deficient
mouse model.

Methods: Epithelial transport and barrier functions were characterized in Ussing chambers. Impedance analysis revealed the ionic
permeability of the epithelium (R®, epithelial resistance). Conductance scanning differentiated transcellular (G®) and tight junctional
conductance ( GY). The pH-stat technique quantified gastric acid secretion.

Results: In occludin+/+ mice, R® was 23+5 Q cm? in jejunum, 66+5 Q cm? in distal colon and 33+6 Q cm? in gastric corpus and
was not altered in heterozygotic occludin+/— or homozygotic occludin—/— mice. Additionally, [*H]mannitol fluxes were unaltered. In
the control colon, G° and GY were 7.6+1.0 and 0.3+0.1 mS/cm? and not different in occludin deficiency. Epithelial resistance after
mechanical perturbation or EGTA exposition (low calcium switch) was not more affected in occludin—/— mice than in control. Barrier
function was measured in the urinary bladder, a tight epithelium, and in the stomach. Control R' was 5.8+0.8 kQ cm?® in urinary
bladder and 33+6 Q cm? in stomach and not altered in occludin—/— mice. In gastric corpus mucosa, the glandular structure exhibited
a complete loss of parietal cells and mucus cell hyperplasia, as a result of which acid secretion was virtually abolished in occludin—/—
mice.

Conclusion: Epithelial barrier characterization in occludin-deficiency points against an essential barrier function of occludin within the tight
junction strands or to a substitutional redundancy of single tight junction molecules like occludin. A dramatic change in gastric morphology
and secretory function indicates that occludin is involved in gastric epithelial differentiation.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Abbreviations: AC, alternating current; Ig¢, short-circuit current; R',
total tissue resistance; R®, resistance of the epithelial layer; R*®, resistance
of the subepithelial tissues; G, total tissue conductivity; G*, conductivity
of the surface epithelium; G, conductivity of the crypts; G°, conductivity
of the transcellular pathway; GY, conductivity of the paracellular (i.e. tight
junctional) pathway; NS, not significant
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To maintain vectorial transport epithelial cells are
equipped with tight junctions to separate the paracellular
space from the intestinal lumen. Tight junction structure
has been studied by EM, especially with the freeze fracture
technique. Most epithelial tight junctions are equipped
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with 4-9 horizontally-oriented strands varying in complex-
ity with organ and segment and there seems to be a
logarithmic correlation between resistance and strands
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number [1]. Finally, the tight junction is not a static
extracellular domain but can undergo rapid regulatory
changes e.g. in response to inflammation [2] or cAMP [3],
complement factors [4], and vibrio cholerae enterotoxin
[5].

Only about 10 years ago, occludin was the first protein
identified as strand-forming component in a membrane
fraction obtained from chicken liver [6,7]. While 24
claudins [8,9] and junction associated molecules (JAM)
1-3 [10] have been recognized as tight junction strand
constituents, the functional role of occludin is still far from
being clear. Experimental approaches include occludin
over-expression or functional inactivation by blocking its
interaction with other tight junction molecules (cf. Dis-
cussion). Another direct approach comprises occludin-
deficient stem cells [11] and the occludin knock out mouse
[12]. Morphological characterization of occludin-defi-
ciency pointed to growth retardation and chronic
gastritis, while preliminary electrophysiological data did
not reveal a great change in barrier function as indicated
by overall epithelial resistances in small or large
intestine. The present study aimed to functionally
characterize its epithelial transport and barrier function
in more detail. For this purpose, conventional Ussing
measurements of electrogenic transport (short circuit
current; Igc) and electrical resistance (R') including tracer
flux measurements with [*H]mannitol and *’Na were
performed as well as alternating current impedance
analysis, to separate epithelial resistance from that of
the underlying subepithelium [13-15]. To exclude that
changes in cellular membrane permeability compensate
for altered tight junction permeability, the conductance
scanning method was applied which differentiates trans-
and paracellular conductances [16]. In addition, tight
junctions were characterized under mechanical stress and
EGTA (low calcium switch), to detect whether occludin-
deficient tight junctions are more “fragile” than control
tight junctions.

As the main important finding occludin-deficient mice did
not show an epithelial barrier defect. Instead of barrier
defects, a significant reduction in active transport was
observed, namely in electrogenic transport of the small
intestine and in gastric acid secretion which was paralleled by
a defect in parietal cell differentiation. This suggests a
potential role of occludin in signal transduction pathways
involved in epithelial transport and/or tissue growth and
differentiation.

2. Materials and methods
2.1. Occludin knock out mice
Homo- and heterozygotic occludin-deficient mice were

obtained as described previously [12]. BW was 3442 ¢
(n=8) in control, 351 g (n=9) in occludin+/— and

27+1 g (n=10; p<0.01 versus control) in occludin—/—
mice.

2.2. Tissue preparation

Measurements were performed at week 52 on jejunum,
distal colon, gastric corpus and urinary bladder. Specimens
were used without stripping of the muscle layer(s), except
the stomach. Gastric tissue was spread mucosal side down
and the muscularis and submucosa were removed with
scissors exposing the base of the glands.

2.3. Solutions and drugs

The fluid composition was (mM): Na™ 140, C1~ 123.8,
K" 5.4, Ca** 1.2, Mg®" 1.2, HPO; ™ 2.4, H,PO, 0.6, HCO5
21, D(+)-glucose 10, p-OH-butyrate 0.5, glutamine 2.5, and
D(+)-mannose 10, gassed with 95% O, and 5% CO,, pH
was 7.4 at 37 °C [14]. Azlocillin and Tobramycin were used
at 50 mg/l and 4 mg/l which had no known Igc or R' effect
[17,18]. [’H]mannitol and **Na were from Du Pont de
Nemours, Wilmington, USA.

2.4. Short circuit current (Isc), transepithelial resistance
and sodium and mannitol tracer flux measurements

Ussing-experiments were performed under short
circuited conditions as described previously [14,18]. Tissue
area was 0.28 cm?. Isc was corrected for bath resistance
[17]. Resistance of urinary bladder was determined in the
conductance scanning chamber, where the microelectrode
above the tissue approached the mucosal surface at 50 pm.
All conductivities and resistances are referred to the gross
tissue area (0.28 cm?). Mannitol permeability was deter-
mined as mucosal-to-serosal [°’H]mannitol flux.

2.5. Alternating current (AC) impedance analysis

AC impedance analysis discriminates epithelial (R®) and
subepithelial (R*"®) resistance [14,15,17]. Voltage responses
to sine-wave alternating current of 48 frequencies (1 Hz—65
kHz, 35 pA/em? eff) were detected by phase-sensitive
amplifiers (Model 1250 and 1286; Solartron Schlumberger,
Farnborough Hampshire, GB). Complex impedance values
were corrected for the resistance of the bathing solution.
Impedance loci were plotted in Nyquist diagrams and circle
segments were fitted by least square analysis. The elevation
of center points of circle segments above the abscissa
indicates more than one RC-unit to be present in the
epithelium, the capacitances of which merge to an apparent
one [15]. This is due to different cell types in the epithelium
and its complex architecture. For differentiation of epithelial
and subepithelial resistance, the extrapolation of the
measured data to the abscissa at the low-frequency end
(R") and at the high-frequency end (R*"°) was used
(R0=Rt—RSUb).
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2.6. Conductance scanning measurements

To differentiate crypt and surface contributions to
epithelial conductivity, medium resolution conductance
scanning was applied [19,20]. Trans- and paracellular
pathways were distinguished by high resolution conduc-
tance scanning [16]. In brief, mouse distal colon was
mounted in horizontal Ussing chambers (viewed through a
20—40x water-immersion object lens). Alternating current
(AC, 0.2 mAxcm 2, 24 Hz) was clamped across the
epithelium and the electric field generated in the mucosal
bath solution was measured with a microelectrode probe
above the epithelial surface. With the electric field measured
and the specific resistivity of the solution, the local current
density was calculated [19]. This and the transepithelial
voltage yielded the local conductivity.

2.7. Epithelial barrier function during mechanical stress
and calcium depletion

Standardized mechanical perturbation of the large intes-
tinal was performed as described previously [21]. Disten-
sion of the intestine was applied by periodically aspirating
and re-injecting 0.1 ml of serosal bathing fluid with a
syringe which caused visible bulging of the tissue (suction
cycles at about 2 Hz for 20 s). Chemical perturbation of
tight junctions was performed by lowering the calcium
concentration by 1.5 mM EGTA.

2.8. Ussing experiments in gastric mucosa

Mucosa was mounted in 0.63 cm? Ussing chambers of
oval shape. TTX (10~° mM, to abolish neuronal influences)
and indomethacin (3% 10> M, against prostaglandins) were
serosally added. Open-circuit transepithelial electrical poten-
tial difference (PD) was recorded via agar 3 M KCI bridges.
The direct-current electrical resistance was determined from
the change in PD after sending a 40 pA/cm? current (200 ms
in either direction). /gc was calculated from PD and resis-
tance. Luminal pH was maintained at 7.4 by a continuous pH
stat titration method (Radiometer, Copenhagen, Denmark).

2.9. Analysis of occludin gene products

Tissue was extracted with RNAzol (WAK Chemie,
Germany). RNA was precipitated with isopropanol and
subjected to UV spectrophotometry. First strand cDNA was
generated with 50 units murine leucemia virus reverse
transcriptase, 5 mM MgCl,, PCR buffer II (Perkin-Elmer),
40 U RNase inhibitor (Perkin-Elmer), 2.5 uM oligo(dT)-
primer, and 1 pg of total RNA in 40 pl. PCR was performed
with 3 ul cDNA from the reverse transcription reaction, 1.5
mM MgCl,, 2.5 pul PCR buffer II, 2.5 mM (each) dA/C/G/
TTP, 10 pmol forward (mmOCLN FOR2 5’-
GGCTCGGCAGGTTCGCTTATCT-3’, mmOCLN FOR3
5'-TTGGGACAGAGGCTATGG-3, mmOCLN FOR4 5'-

TGCCTCCACCCCCATCTG-3"), 10 pmol reverse
(mmOCLN REV 2 5-CCTTCTCCCGCAACTGGCATCT-
3, mmOCLN REV 3 5-ACCCACTCTTCAACATTGGG-
3/, mmOCLN REV 4 5-AGGTTTCCGTCTGTCA-
TAGTCTCC-3') primer, and 1 unit AmpliTaq DNA
polymerase (Perkin-Elmer) in 25 pl (5 min 95 °C, 20 s 95
°C, 30 s 60 °C, 30 s 72 °C, 35 cycles, 7 min 72 °C). PCR
products were separated on 1% agarose gels (visualized by
ethidium bromide).

2.10. Immunoblotting

Tissue was homogenized on iced lysate buffer with 20 mM
TrispH 7.4, 5 mM MgCl,, | mM EDTA, 0.3 mM EGTA, 1 pl/
ml aprotinin, 16 pg/ml benzamidine—HCI, 10 pg/ml phenan-
throline, 10 pg/ml leupeptin, 10 pg/ml pepstatin, 1 mmol
PMSF, 210 pg/ml sodiumfluoride, 2.16 mg/ml p-glycero-
phosphate, 18.5 pg/ml NaVO, and trypsin inhibitor 1 pl/ml
(all substances obtained from Sigma Chemicals, St. Louis,
MO). Insoluble material was removed at 200X g for 5 min at 4
°C. Supernatants were then centrifuged at 43,000xg for 30
min at 4 °C and the pellets representing a crude membrane
fraction was resuspended in a lysate buffer. Protein was
determined by Pierce BCA assay. 5 ug protein was separated
by polyacrylamide gel electrophoresis and transferred to a
PVDF membrane (NEN ™, Boston, MA). Blots were blocked
for 2 h in 5% milk powder and 2 h in bovine serum albumin
before incubation with rabbit polyclonal IgG antibodies
against the 150 carboxy-terminal amino acids of the occludin
protein (1:10,000) or claudin-1 (1:5,000). Antibodies were
from Zymed, South San Francisco, CA. POD-conjugated
goat anti-rabbit IgG antibody and the chemiluminescence
detection system Lumi-Light”"Y® Western blotting kit
(Boehringer Mannheim, Germany) were used to detect bound
antibody.

2.11. Statistical analysis

Data are means*S.E. Group differences were tested by
analysis of variance (ONE WAY ANOVA; Student—New-

Table 1
Na" and mannitol fluxes in the small and large intestines

R‘ ISC JTS\Ina] Jmanniml n
Small intestine
Control 36+5 5.0+1.1 16.0+2.4 0.34+0.04 8
occludint/—  46+4%5  23+0.5%  132+1.6"5  027+£0.04" 8
occludin—/—  45+5™5  3.0+0.8% 122421 027£0.05" 8

Large intestine

Control 64+3 2.84+0.4 7.140.1
occludint/— 755N 29+03N  7.0+0.4N
occludin—/—  68+2N  4.0+0.7NS  6.8+0.4N8

0.12+0.02 8
0.10+£0.02™ 8
0.08+0.01™ 9

Total tissue resistance (R") is in () cm?. Short-circuit current (/. sc), serosal to
mucosal *’Na fluxes (J39), and mucosal-to-serosal [*H]mannitol fluxes
(Jmamnito1) are in pmol h™' em™2. All values are means+S.E. *=<0.05,
NS=not significantly different from control.
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Fig. 1. Transmural electrical impedance of occludin-deficient mouse intestine. (A and C) Distal colon and jejunum from occludin+/+ control mice; (B and D)
Distal colon and jejunum from occludin—/— mice. Z, gives the ohmic component and Zinaginary the reactive component of the complex impedance.
Intersections between impedance locus and X-axis at low and high frequencies represent total tissue resistance (R') and subepithelial resistance (R**®),
respectively. R minus RS gives the resistance of the epithelium (R®). For a detailed explanation of transepithelial impedance analysis see Refs. [13-15].

man—Keuls; P<0.05 was considered significant) using the
SPSS for Windows software package. In case of significant
difference, significance level was determined by two-tailed
Student’s ¢-test for unpaired data.

3. Results

3.1. Total resistance (R"), short circuit current (Isc), **Na
.ﬂux (ff\};la) and [SH]mannitol‘ﬂux (Jmannitol)

Data are given in Table 1. Neither in occludin—/— mice
nor in heterozygotic occludin+/— mice were significant
changes in total resistance, serosal-to-mucosal sodium flux
or mannitol flux detected. To exclude that an increase in
anion and a decrease in cation conductance (or vice versa)
compensated for each other, s-to-m **Na flux measurements
were performed which are considered to reflect paracellular
cation movement.

In contrast, small intestinal /s showed a 40% decrease
in homozygotic occludin—/— and a 54% decrease in

heterozygotic occludint/— mice. The ionic basis of /gc in
the jejunum of control mice has been shown to represent
electrogenic chloride secretion [22]. While the functional
meaning of this decrease needs a more detailed discussion, it
can at least be stated here that an influence on R" is not likely
in the very leaky small intestine, in which the paracellular is
much more conductive than the transcellular route.

3.2. Epithelial (R°) and subepithelial (R°**®) resistance in the
small and large intestines

Typical colonic impedance locus plots from occludin+/+
and occludin—/— mice are shown in Fig. 1. The data are
presented in Table 2. In the distal colon of occludint+/+
mice, R® was 66+5 Q cm? and R® contributed 77+3% to
the total tissue resistance. In occludin—/— mice, R was not
significantly different (65+2 Q cm?) and this held true also
in heterozygotic occludin deficiency (69+3 Q cm?). Also,
the ratio of epithelial and total wall resistance (R/R") was
not significantly different in homozygotic and heterozygotic
occludin-deficient mice when compared to littermate con-

Table 2
Epithelial-to-total resistance ratio (R%/R") in small and large intestine and gastric corpus mucosa

Small intestine Large intestine Stomach

R® RY/R' n R® RY/R' n R® RY/R' n
Control 2345 394+2% 6 6645 77+3% 6 33+6 48+4% 5
occludin (+/—) 24+4N8 334£3%S 8 69+3N8 82+ 1% 7 - - -
occludin (—/—) 194208 35£1%N 9 65428 TT+1%NS 9 344408 54+7%NS 4

Epithelial (R®, Q cm?) and total tissue resistance (R', Q cm?) of proximal small and distal large intestine and gastric corpus as determined by alternating current
impedance analysis. All values are means+S.E. NS=not significantly different from homozygotic occludin control.
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trols. A similar result was obtained also in the small
intestine: R was 2345 () cm? in the control and contributed
3942% to total resistance, a ratio as low as expected for the
leaky small intestine, and neither in homozygotic nor in
heterozygotic occludin-deficient mice had R® significantly
changed.

3.3. Conductance scanning in distal colon

The data are given in Table 3. In control littermates, the
surface epithelium contributed 7.1+0.8 mS/cm” and the
crypt epithelium 1.9+0.4 mS/cm® to the total tissue
conductivity of 9.0+0.8 mS/cm”. No significant difference
was obtained in homozygotic (—/—) or heterozygotic (+/—)
occludin-deficient mice. This rules out that opposite
changes of conductivity in surface and crypt epithelia
compensate each other and escape the detection by conven-
tional resistance measuring techniques.

To exclude a concomitant opposite change in trans-
cellular and tight junctional (paracellular) conductance
which compensate each other, we distinguished trans-
(G®) and paracellular (GY) pathways in the conductivity
of surface epithelium (G*) (Table 3). In the control, G°
contributed 7.6+1.0 mS and GY 0.3+0.1 mS to the overall
surface conductance. The GY being relatively small, i.e. only
about 3% of G*, indicates a medium tight epithelium.

Table 3
Electrical conductivity in mouse distal colon and urinary bladder

(A) Contribution of surface epithelium ( G*°) and crypts ( G”) to total
conductivity ( G")

Gt Gse Gcry

n
Control 9.0+0.8 7.140.8 1.94+0.4 8
occludin+t/— 9.4+1.4N8 7.3+1.1N 2.140.5M 8
occludin—/— 8.7+0.7NS 6.8+0.5N 1.9+0.6N8 8

(B) Contribution of transcellular ( G°) and paracellular pathway ( G%) to G*°

G* G© Gl GYin % n

of G*°
Control 7.940.9 7.6£1.0 0.3+0.1 41413 6
occludint/—  67+1.9N  65+1.9N  02+0.1N  4.0+14M 4
occludin—/—  73+£0.7°% 71406~ 02401 224158 5

(C) Transepithelial resistance (R') of urinary bladder, a tight epithelium

Rt R:m'n n
Control 5.840.8 33 5
occludint/— 53421 2.4 5
occludin—/— 6.0£2.2N8 2.3 5

Conductivities (mS/cm?) in mouse distal colon. Note that G'=1/R',
G'=G*+G*, and G*=G°+GY. Data were measured by medium (A) or
high resolution (B) conductance scanning [16]. (C) Transepithelial
resistance (R') in k() cm? in urinary bladder. R%,;, represents lowest single
value of the respective group. Measurements were done by positioning an
apical voltage-sensing electrode very close to the epithelium and in the
center of the chamber opening, thus minimizing influences of “edge
damage”. All values are means+S.E. NS=not significantly different from
control.

Table 4
Distension- and EGTA-induced changes in epithelial barrier and transport
function in the large intestine

Distension EGTA

R{msa] RI:lislension n R{)asa] REGTA n
Control 6443 47+4 7 85+4 29+1 7
occludint/—  57+4N5 4546 8  91+4N  26+1M 6
occludin—/—  59+3N5 50438 9 84+4NS  35+6NS 7

Total tissue resistance (R', in () sz) is given under basal conditions (Rpasal)
and 30 min after distension (RYistension) as well as before (Rpasa) and after
addition of EGTA (Rigra). All values are means+S.E. NS=not signifi-
cantly different from control.

However, neither G° nor GY were significantly different in
homozygotic (—/—) or heterozygotic (+/—) occludin-defi-
cient mice.

3.4. Colonic barrier function during mechanical stress and
calcium depletion

In Table 4, the total tissue resistance is given under basal
conditions (R},e,) and 30 min after distension (RYisension)
as well as before (Rp,sa) and after the addition of EGTA
(REgta) Which can open tight junctions. In the control, both
perturbations reduced R'. However, there was no significant
difference in heterozygotic or homozygotic occludin
deficiency.

3.5. Barrier function of urinary bladder epithelium

The electrical resistance of the urinary bladder, a very
tight epithelium [23], was determined in the conductance
scanning chamber to exclude edge damage contributions. In
all homozygotic occludin-deficient mice as well as in all
(+/+) littermate controls, the resistance exceeded 2 k) cm?
and mean resistance was between 5 and 6 k() cm® (Table 3)
with no significant difference between both groups.

8-Br-cAMP 1 mM Quabain 0.5 mM

2 | |
? 12
£
g 10
° 8
§ 6 occludin +/+
c
L 4
3]
c 2
(9]
2 0 occludin -/-
=
Q
© 23 T T T T
0 50 100 150

time (min)

Fig. 2. Gastric acid secretion in antrum mucosa. Gastric acid secretion of
homozygotic occludin-deficient mice and of corresponding (+/+) littermate
controls was measured using the pH-stat method. All values are means+
S.E. *=<0.05; NS=not significantly different from control.



3.6. Gastric acid secretion

The data are depicted in Fig. 2.

almost abolished in homozygotic occludin—/— mice. This
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was paralleled by a dramatic change in gastric morphology
with mucus cell hyperplasia and a loss of parietal cells.
Color histographs from different ages of occludin-deficient
mice have already been published [11].

Gastric acid secretion was

A
Exon1l Exon2 Exon 3 Exon 4 Exon5-9
1 155/156 272/273 945/946 1107/1108
[ [ [ I [
146 1812
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Fig. 3. Expression of occludin in wild-type and occludin-deficient mice. (A) Location of occludin specific oligonucleotides used for RT-PCR with respect to
the exon/exon structure of murine occludin cDNA. The predicted length of amplification products from RNA of wild-type/occludin—/— mice is depicted with
bold numbers. (B) Size distribution of PCR products after reverse transcription and amplification with primer pairs mmOCLNFOR2/REV2 (Lanes 1-4),
mmOCLNFOR3/REV3 (Lanes 5-8), mmOCLNFOR4/REV4 (Lanes 9—-12), and mmOCLNFOR2/REV3 (Lanes 13—16). RNA was derived from wild-type
(Lanes 3 and 4, 7 and 8, 11 and 12, 15 and 16) and occludin—/— mice (Lanes 1 and 2, 5 and 6, 9 and 10, 13 and 14). M, Marker. (C) Immunodetection of
occludin in protein extracts of colonic tissue from wild-type (Lanes 1 and 2) and occludin—/— mice (Lanes 3 and 4) using the Zymed rabbit polyclonal
antibody directed against the 150 carboxy-terminal amino acids of the occludin protein. (D) Western blot of claudin-1 in protein extracts from distal large
intestine of occludin—/— mice and occludint/+ control littermates.
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3.7. PCR and immunoblotting of occludin—/— tissue

To evaluate if downstream sequences were processed to
mRNA in spite of the deletion covering exon 3 of the
occludin gene, DNA fragments were amplified which
overlap, include in part or are located downstream of the
deleted region (Fig. 3A). As expected, primers located
within the deleted region did not generate a PCR fragment
(Fig. 3B, lanes 5 and 6). Primer pairs covering the deleted
region generated a shorter DNA fragment from the RNA of
homozygous knockout mice (Fig. 3B, lanes 1 and 2, 13 and
14). This indicates that primer binding sites downstream of
the 673 bp deletion can be used for amplification after
reverse transcription of RNA from homozygous occludin-
knockout mice. However, the frame-shift introduced in the
open reading frame by the deletion of exon 3 prevents the
expression of an occludin with functional C-terminal
sequences as proved by the immunodetection of occludin
(Fig. 30).

Furthermore, in immunoblots of distal colon, no change
in claudin-1 expression was detected in occludin—/—
mice when compared to occludint/+ littermate controls
(Fig. 3D).

Fig. 4. Mucosal morphology. Mucosal architecture was not altered in small
or large intestine of occludin-deficient mice. (A and B) Jejunum of
occludint+/+ and occludin—/— mice. (C and D) Distal large intestine of
occludint/+ and occludin—/— mice (HE staining).

3.8. Mucosal morphology

For conventional histology 5 pum cross sections were
stained with HE (Fig. 4). No structural changes were detected
in occludin deficiency. Furthermore, colonic enterocyte
height was unchanged (16+1 pm, n=4, in occludin—/—
mice and 17+ 1 pum, n=4, in occludin+/+ controls, n.s.) and
colonic enterocyte count per 100 pm crypt length was not
altered (15.3+0.3, n=4, in occludin—/— mice and 14.8+0.5
in occludint+/+ controls, n=4, n.s.).

4. Discussion

The present paper aimed to characterize the functional
role of occludin, the first tight junction strand protein
discovered [6]. So far, experimental evidence seems to
support a functional role as paracellular barrier molecule,
namely (i) the influence of mutant and chimeric occludin
expression on permeability of MDCK cells [24-26] and
Xenopus embryonic epithelia [25], and (ii) its functional
impairment with occludin homologous peptides in A6 cells
[27,28]. For a more direct approach, the occludin-deficient
mouse model [12] was used here.

Occludin-deficient mice were checked for the absence of
occludin and its splice variants on mRNA and protein level
with an antibody directed against the C-terminal 150 AA.
The analysis of RNA from homozygous knockout mice
revealed the expression of truncated occludin mRNA.
However, the expression of occludin containing wild-type
C-terminal AA sequences was not detected by an antibody
directed against the C-terminal 150 AA. This can be
explained by the deletion of exon 3 which leads to a
frame-shift in the occludin open reading frame [l1].
Recently, a variant of occludin with an altered N-terminal
sequence was found in MDCK cells [29] and our group has
published 3 splice variants [30]. However, our results give
no evidence that splice variants are expressed in occludin-
deficient mice, which can substitute for wild-type occludin.

The influence of occludin deficiency on epithelial barrier
function was evaluated by several measuring techniques in
different segments along the GI tract, and in urinary bladder
as a very tight epithelium. Mannitol flux is assumed to
reflect paracellular permeability. Sodium s-to-m flux and
conductance measurements reflect either the paracellular
route (small intestine), the transcellular route (urinary
bladder) or both routes (in the intermediate tight large
intestine and gastric mucosa). It turned out that functional
parameters were not affected in occludin-deficiency, even in
the urinary bladder which possesses an extremely tight
epithelium. However, one has to keep in mind that a
“negative result” can never rule out that a barrier dysfunc-
tion is present which is not detectable with our experimental
design.

Therefore, we went on with our search for barrier defects
in occludin deficiency by using more refined techniques.
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Analysis of the spatial distribution of ionic permeability was
performed by conductance scanning. Thus, we discrimi-
nated crypt and surface conductivity in distal colon.
Regarding the life span of intestinal epithelial cells (and
their tight junctions), crypts are composed of younger
immature cells, while the surface epithelium possesses fully
developed enterocytes. Hence, this discrimination would
detect also small proliferation-dependent changes but no
significant change could be found.

To exclude that occludin deficiency has caused regu-
latory changes in the transcellular route which could have
superposed changes in paracellular conductance, the con-
ductance scanning method was applied. It turned out that
the ionic permeability of the tight junctions, assessed by the
conductivity of the paracellular pathway (GY) in colonic
surface epithelium, was not different in occludin-deficient
mice.

To exclude that tight junctions become functionally
handicapped when exposed to mechanical or chemical
stress, resistance measurements were performed also during
perturbation of the barrier. Neither a distension protocol nor
chemical stress by a low calcium switch revealed any
difference in homozygotic occludin-deficient mice. Calcium
switch from a concentration of 1.2 mM to 0.3 pM by means
of EGTA in serosal compartment is an established method
for labializing tight junctions and is assumed to affect tight
junctional permeability for ions by interfering with the
binding of tight junction proteins with each other.

While occludin deficiency did not cause a detectable
alteration of barrier function, alterations of transport
functions were observed, especially in gastric mucosa.
Structural changes have already been described in gastric
corpus [12], which do not represent chronic inflammation as
originally hypothesized but rather altered differentiation
with subsequent chief and parietal cell reduction and mucus
cell hyperplasia. As early as 6 weeks after birth, the number
of chief and parietal cells is strongly decreased. At later
stages, the area in which the parietal and surface cells
normally reside is filled with unclassifiable epithelial cells.
Thereafter, severe inflammatory changes are seen. However,
the early loss of specific cells suggests a defect in differ-
entiation as primary defect. Since gastric inflammation is
also seen in other knockout mouse models with a primary
defect in acid secretion, it seems to follow loss of
functionality. Curious as to the function of this epithelium,
we found a complete lack of basal and stimulated acid
secretion. Interestingly, basal HCO3 secretion was also not
increased. Although the molecular basis for these changes
are yet unknown, they indicate that occludin may be
involved in the process of cellular differentiation in some
but not all organs, since the small and large intestines were
not affected.

In addition, a lower electrogenic ion transport in the
small intestine of occludin-deficient mice was detected.
Whether this represents a stimulatory influence of occludin
on transporters or on activating signal transduction path-

ways is not clear from the present data. But again, as in the
stomach, this influence on transport activity takes place
without any barrier effect.

Taken together, this paper presents evidence against an
essential role of occludin for the barrier formation within the
epithelial tight junction strand heteropolymer. In contrast to
claudin-1-deficient mice which die due to a massive loss of
electrolytes and water through the functionally handicapped
skin barrier [32], occludin deficiency is less deleterious.
However, the exact role of single tight junctional strand
components is still far from being clear. That resistance did
not change in occludin deficiency together with proliferative
alterations in the gastric mucosa could also point to a
regulatory function of occludin. Alternatively, tight junction
strands could be composed as a heteropolymer of several
different protein components, some of which are not
essential or can at least be substituted for by others like
e.g. by claudins. This also means that epithelial barrier
dysfunction caused by the down-regulation of tight junction
proteins, as e.g. when occludin expression is reduced in
response to pro-inflammatory cytokines [31], does not only
require the down-regulation of one tight junction protein as
occludin but that one has also to assume direct or indirect
effects on other tight junction strand components simulta-
neously. However, checking the expression level of claudin-
1 in our occludin-deficient mice revealed no up- or down-
regulation which could have compensated for a functional
loss of occludin.
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