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Abstract. This study shows that resealing of openedexternal loop can be used as specific reagents to manipu-
tight junctions (TJs) is impaired by interaction with oli- late the permeability of tight junctions.
gopeptides homologous to the external domain of chick
occludin. The experiments were carried out with conflu-Key words: Tight junction — Occludin — ZO-1 —
ent A6 cell monolayers grown on collagen supports un-Transepithelial resistance
der stable transepithelial electrical resistance (TER).
The monolayers were bathed on the apical side with a 75
mm KCI solution and on the basolateral side by NaCl- Introduction
Ringer’s solution. TJ opening was induced by basolat-
eral C&" removal and was characterized by a markedThe tight junction (TJ), the most apical component of the
drop of TER. The reintroduction of €atriggered junc-  mammalian junctional complex in epithelial cells, forms
tion resealing as indicated by an elevation of TER toa diffusion barrier that regulates the flux of hydrophilic
control values. Custom-made peptides SNYYGSGLSYmolecules through the paracellular pathway (Grumbiner,
(corresponding to the residues 100 to 109) and1987). Structurally, the TJ forms a continuous network
SNYYGSGLS (residues 100 to 108), homologous to segof parallel, interconnected intramembrane strands, pre-
ments of the first external loop of chick occludin mol- sumably rows of transmembrane proteins with associated
ecule, impaired junction resealing when the peptidesytoplasmic components (Staehelin, 1973; Lane et al.,
were included in the apical bathing fluid (concentrations1992: Anderson & Van ltallie, 1995; Denker & Nigam,
in the range of 0.5 to 1.5 mg/ml). Peptide removal from1998). Although the function of TJ has been well char-
the apical solution usually triggered a slow recovery ofacterized little is known about its molecular composition
TER, indicating a slow recovery of the TJ seal. ChangegKachar & Reese, 1982; Pinto da Silva & Kachar, 1982;
in localization of ZO-1, a cytoplasmic protein that un- Gumbiner, 1987; Simons 1990) and mechanism of for-
derlies the membrane at the TJs, were evaluated immumation (Gumbiner, 1987; Kachar & Pinto da Silva, 1981;
nocytochemically following C& removal and reintro- Jaeger et al., 1997; Denker & Nigam, 1998). However,
duction. The presence or absence of the oligopeptidegnportant TJ-associated proteins, including ZO-1
showed no influence on the pattern of change of ZO-1(Stevenson et al., 1986), cingulin (Citi et al., 1988), ZO-2
localization. These observations support the hypothesigGumbiner et al., 1991) and 7H6 (Zhong et al., 1993)
that the TJ seal results from the interaction of specifichave been identified. A transmembrane protein, occlu-
homologous segments of occludin on the surface of addin, has been identified (Furuse et al., 1993) and appears
jacent cells. Additionally, our results show that small to have characteristics of a TJ strand component (Furuse
peptides homologous to segments of the occludin firskt al., 1994; Balda et al., 1996; McCarthy et al., 1996;
Hirase et al., 1997; Van ltallie and Anderson, 1997).
In addition, two other transmembrane proteins, claudin-1
I and claudin-2 that are targeted and incorporated in the TJ
Correspondence taB. Kachar strands were identified (Furuse et al., 1998). These find-
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ings suggest that multiple integral membrane proteingnaximum TER averaging 1406.5 + 1088cn? (n = 19) around day
with four putatlve transmembrane domalnS’ occludin and.4 Monolayers 7 to 17 days old were used in the experiments.
claudins, constitute TJ strands.
Occludin, alB5 kDa protein, is presumed to be one
of the transmembrane components of the TJ of both epELECTRICAL MEASUREMENTS
ithelial and endothelial cells (Saitou et al., 1998). The
amino acid sequence of occludin has been determineﬁ'aS“? rings of 20 mm diameter were glued with _ethylcyanoacryla_te
and the analyses of the sequence predict four putativgdheswe (Pronto CAS, 3M or Super Bonder, Loctite) to the opposite
. . . side of the support filters where the cells were attached. The mono-
membrane'Spanmng se_gments, two 44-am|no acid eXtr"‘f&yer fragment framed by the plastic ring was excised and immersed in
cellular loops and two intracellular domains (Furuse etRinger solution. Then, it was mounted in a modified Ussing’s chamber
al., 1993). However, the nature of the interactions be-castro, Sesso & Lacaz-Vieira, 1993) exposing an area of 0% cm
tween occludin molecules to form the intramembraneHemichambers with a recessed rim filled with high viscosity silicone
tight junction strands and to seal the intercellular spacarease (Dow Corning High Vacuum Grease) prevented tissue edge
remains to be determined. damagg (Lacaz-\_/ieira, 1986). Each_chamber compart_ment_ was per-
The transmembrane topology and the amino aciauseq with a co_nt|_nuous flow of _solut|on‘(up tq 25 mI_/m|n) dn\{en by
. f ravity. To optimize the perfusion the incoming fluid was directed
sequence of the OCCI_Udm are hlghly conserved (90%?owards the surface of the monolayer. Each compartment was drained
across different species (Ando-Akatsuka et al., 1996)hrough a spillway open to the atmosphere, so that the pressure inside
The least conserved region of the amino acid sequence ich compartment was kept constant at the atmospheric level. Rapid
the first extracellular loop (53-78%); it lacks charged solution changes were obtained without interruption of voltage-
residues and has a high percentage of tyrosine and g|>¢lamping by switching the inlet tubings at their connections with the
cine. This unusual composition has led to the speculaghamber. , »
tion that this segment of the occludin might be involved A conventional voltage-clamp (DVC-1000, World Precision In-

. . . struments) with continuous feedback was used. Saturated calomel half-
n seallng the intercellular space (Ando-Akatsuka et aI"cells with 3m KCI agar bridges were used to monitor the electrical

1996). potential difference across the monolayer. Current was passed through
Van lItallie and Anderson (1997) observed that theAg-AgCl electrodes and @ KCl agar bridges to give a uniform current
first putative extracellular loop of occludin is exposed ondensity across the monolayer. The monolayers were kept short-
the cell surface. Moreover, using a Suspended cell assa _',rcuited throughout _the experiment. The clamping q_Jrrent was con-
they reported that a synthetic peptide containing th inuously recorded with a strip-chart recorder and digitized through an

amino acid sequence of this loop inhibited cell a_dhes.onanalog—to—digital converter at a frequency of 10 Hz (Digidata 1200 and
I ' qu ' p innibi I Axotape 2.0, Axon Instruments) and recorded in a computer for further

We have now used a different competitive binding processing. A digital Gaussin Filter (Colquhoun & Sigworth, 1983)
inhibition assay to test whether the sealing of the parawas used to remove high frequency noise of the baseline of all records
cellular pathway by TJs in an epithelial monolayer de-used in the figures. This digital filter forms output valygérom input
pends on a homologous binding between occludin molvaluesx by performing the arithmetic mean of three consecutive cur-
ecules. Small synthetic peptides (8 to 10 residues) ho nt values, so that
mologous to segments of the first and second
extracellular loops of chick occludin were assayed. We S
tested the ability of these peptides to inhibit the resealindi ~ <Z‘ Xi>/3'
of TJs immediately following the junctional disruption
by a transient removal of basolateral ‘Cdfast C&*

switch assay). SOLUTIONS AND DRUGS

The solutions used to bathe the basolateral side of the monolayers were
Materials and Methods (in mm): NaCl-Ringer: NaCl 115, KHC@2.5, CaC} 1.0; C&*free
NaCl-Ringer: NaCl 115, KHCQ2.5. These Ringer solutions had pH
8.2 after aeration. The apical bathing fluid was a simple salt solution of
CELL CULTURE !(CI 75 m, non-buffered, or buffered with 10 mHEPES, pH ad-
justed with KOH.

A6 cells (CCL 102) obtained from American Type Culture Collection
(Rockville, MD) were grown at room temperature in CL2-Amphibian
medium (NIH-Media Section, Bethesda, MD), 10% fetal bovine serum
(Sigma Chemical, St. Louis, MO) and 2nglutamine Pen-Streptomn
(Sigma). Cells at confluence were harvested with 0.25% trypsin solu-The TJs were opened by removal of basolaterd&"CResealing of the
tion (Sigma). The cell suspensions were plated, at a density adequafBJs was induced by the reintroduction of®Cén the basolateral fluid.

to reach confluence in several hours, on 6-well plates with TranswellThe effect of the peptides on the TJs was tested by introducing the
cell culture inserts (Transwell COL, collagen-treated filters containing peptides into the apical bathing fluid before ZCaemoval. We ex-

a mixture of collagen types | and 1l -4.7 égrowth area and 0.4m pected that C& interaction with the open TJs would affect their re-
pore size; Costar, Cambridge, MA). Confluent monolayers reachedsealing.

FasT C&* SwiTcH AssSAY
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PEPTIDES Labeling with antibodies was done in A6 cell monolayers sub-
mitted to a fast C&-switch assay with the peptide SNYYGSGLSY

Synthesized peptides, homologous to segments of the external loops 69-5 mg/ml) in the apical bathing solution. Samples were fixed before

chick occludin (Furuse et al., 1993), were obtained from the ProteinC& " removal, after C& removal, and after Ca reintroduction.

Chemistry Laboratory of the Medical School of the University of Penn-

sylvania [supported by core grants of the Diabetes and Cancer Centers

(DK-19525 and CA-16520)], and from Princeton Biomolecules, Co- ABBREVIATIONS AND CONVENTIONS

lumbus, OH. The peptides tested were: SNYYGSGLSYNH,]-Ser- o . )

Asn-Tyr-Tyr-Gly-Ser-Gly-Leu-Ser-Tyr-[COOH] corresponds to the TER: transepithelial electrical resistance,{ncn?. TER was calcu-

sequence of residues 100 to 109 of the first external loop of the chick@ted from the deflections of the clamping current induced by +5 mV
occludin molecule. shifts of the clamping potential (300 msec duration at 15 sec intervals).

YYGSGLSY = [NH,]-Tyr-Tyr-Gly-Ser-Gly-Leu-Ser-Tyr- TER = AV/AI, where AV and Al are the changes in the electrical

[COOH] corresponds to the sequence of residues 102 to 109 of the firgeotential difference across the cell monolayer and clamping current,
external loop of the chick occludin molecule. respectively. _ o
SNYYGSGLS = [NH_]-Ser-Asn-Tyr-Tyr-Gly-Ser-Gly-Leu-Ser- G: transmembrane electrical conductance, in Siemeng, auhere G

[COOH] corresponds to the sequence of residues 100 to 108 of the first 1/TER- . .
external loop of the chick occludin molecule. I: Clamping current, innA cm™2. Positive current corresponds to the

STYLNQYIYN = [NH,]-Ser-Thr-Tyr-Leu-Asn-GIn-Tyr-lle- transport of positive charges across the monolayer from the apical to
Tyr-Asn-[COOH] corresponds to the sequence of residues 210 to 218§1€ basolateral solution. ) )
of the second external loop of the chick occludin molecule. V: Electrical potential difference across the monolayer, in mV, i.e.,
The selection for size and specific amino acid sequences wadetween the potential of the apical solution and that of the basolateral

made according to the following criteria: (i) conserved nature of the Solution.

sequence across species; (i) Abundance of Tyr and Gly. Because of

the abundance of Tyr and Gly in the first extracellular loop and the

highly conserved nature of this domain it has been suggested that thiR€SUlts
extracellular domain may be involved in the cell-cell interaction

(Ando-Akatsuka et al., 1996); (iii) Selection of a region without cys-
teine residues to prevent inter- and intramolecular disulfide bonds.19S OF CONTROL MONOLAYERS FULLY RECOVER AFTER

Presence of cysteines in the sequence would have required us to cé- FAST C&* SwiTcH

valently add a protection group (such as acetamidomethyl) to prevent

disulfide bond formation (Wong & Gumbiner, 1997); and (iv) We The e|ectr0physio|ogica| behavior of a control mono-

wanted to keep the pepfide sequence short anticipating a potentighy ar sybmitted to a fast €&switch assay that consisted

future use for transiently opening tight junctions for drug delivery in the withdrawal and reintroduction of basolateraFCa

PUIPOSES. is shown in Fig. 1 and Table 1. Usually, after a lag
period of 30 sec to 3 min after €awithdrawal from the

STATISTICS basolateral solution a marked drop of TER takes place,
reflecting the opening of the TJs. This process is almost

The results are presented as the mean + SE. Comparisons were Caffiﬁ?ﬁmediately blocked by the reintroduction of Tanto

out using a Student's pairaetest (Neter & Wasserman, 1974). the basolateral bathing fluid, causing the resealing of the
TJs. The resealing is characterized by a progressive rise
Z0-1 IMMUNOLOCALIZATION of TER, which may take several minutes to complete.

At the end of this process TER reaches values not sig-

Z0-1 and occludin have been shown to co-localize at the cell borderdlificantly different from those observed before?Cae-
during a C&* switch assay (Contreras et al., 1997). For this reason wemoval. The length of the recovery period somehow de-
chose to immun_olocalize only ZO-1 for monitoring TJ proteins during pends on the degree of TER reduction, which in turn is
the fast C&" switch assay. _ proportional to the time the monolayer is exposed to a

Plastic rings of 20 mm diameter were glued with ethyleyanoac- 2+ geq hasolateral fluid. To standardize the degree of
rylate adhesive (Pronto CA8, 3M or Super Bonder, Loctite) to the . .
opposite side of the support filters where the cells were attached. ThJ‘] opening, so that the eXpe”mer_'ts were comparable,
monolayer fragment framed by the plastic ring was excised and fixedtN€ process of TJ opening was terminated as soon as TER
with 1% paraformaldehyde in phosphate buffer saline (PBS), pH 7.4reached values of the order of 10Dcn?.
for 10 min at room temperature. After fixation, the cells were perme-
abilized with 0.5% Triton X-100 in PBS. The affinity-purified rabbit
antibody against ZO-1 (Zymed Lab, San Francisco, CA, 1 mg/ml in OCCLUDIN PEPTIDES IN THE APICAL SOLUTION IMPAIR

PBS, with 0.05% Nal| pH 7.4) was applied and then visualized with  JUNCTION RESEALING

fluorescein-conjugated donkey anti-rabbit IgG (Amersham, Arlington

Heights, IL). Both primary and secondary antibody incubations (atBefore C3* withdrawal from the basolateral medium
1:100 dilution) were done for 45 min at room temperature. After la- rtlhe flow of KCI solution through the apical compartmen,t

beling, filters were sandwiched between a glass slide and a coverslip i . .
mounting media. The observations and photographic recording werdVas stopped and the aplcal solution was replaced by a

performed under a Zeiss Jenalumar fluorescence microscope equippéﬁlCI solution (75 mu) (unbuffered or buffered with
with a 100x objective. HEPES 10 mn at pH 7.0) containing the peptide to be
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Fig. 1. Representative experiment of a fasfGawitch assay in a control (nontreated) monolayer, showing the effect of basolat&raliarawal

(-C&*) on TER and its reversibility induced by €areintroduction (+C&"). The monolayer was bathed by KCI 75mon the apical side and by
NaCl-Ringer’s solution on the basolateral side. The vertical bars are deflections of the short-circuit current (SCC) caused by pulses of £5 mV i
the clamping potential and are proportional to the overall tissue electrical conductance (G), whefdTER.

Table 1. Transepithelial electrical resistance, TE®R ¢n) response to a fast Caswitch assay in untreated
monolayers (control) and in monolayers exposed in the apical solution to synthetic peptides homologous to
segments of the first external loop of occludin

Before C4" Peak just Steady state Number of Statistics

removal before C&*  after C4™ experiments col 2 x col 4

reintroduction reintroduction paired ‘t” test
Control 843.8+ 846 159.6+12.0 7821+ 722 31 P > 0.05
SNYYGSGLSY non-buffered 500.1+108.3 96.3+ 56 263.2+ 87.0 6 P <0.05
SNYYGSGLSY buffered 1272.4+196.8 1469+ 7.8 921.6+1809 11 P < 0.05
YYGSGLSY non-buffered 499.7+ 579 1253+ 3.2 1647+ 240 4 P <0.01
SNYYGSGLS buffered 1219.7 +135.1 153.7+10.8 667.6+139.4 10 P<0.01

tested at concentrations normally in the range of 0.5 tccline of TER was halted by peptide removal from the
1.5 mg/ml. The peptide solution in the apical compart-apical medium.

ment was stirred continuously by a micropropeller driven In the cases in which no effeper sewas detected,

by an electric motor. A few minutes after the peptidethe apical peptide had no effect on tissue response to
solution had been introduced into the apical compartbasolateral C& withdrawal, as in the control group. In
ment a fast C& switch assay was performed: €avas  contrast, the peptide in the apical fluid substantially in-
removed from the basolateral solution causing, as in théibited the recovery of TER induced by reintroduction of
control group, a decline of TER, which was stopped,basolateral C& (Fig. 2a). In some cases, peptide re-
when TER reached values close to 1Q@n? by rein-  moval triggered a slow recovery of TER, while in others

troduction of C&" into the basolateral solution. no recovery was observed, at least in short-term experi-
ments.
To test whether the observed effects were caused by
PePTIDE SNYYGSGLSY the peptide itself or by the lower apical pH, two other

experimental protocols were carried out.

Unbuffered Apical Solution
Buffered Apical Solution

Peptide addition to the unbuffered KCI solution lowers

the pH to levels between pH4 and 5, depending on th&he apical solution of KCl 75 m was buffered with
peptide concentration. The peptide in the apical solutiorHEPES 10 mu to pH 7.0. In a group of 11 monolayers,
had no effecper seon TER in 6 cases. In 3 other cases addition of the peptide at the concentrations mentioned
the peptide caused a slow decline of TER that starteébove caused only minor pH falls of the order of 0.05 to
soon after its contact with the apical surface. This de-0.1 pH units and no effecper seon TER was ever
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Fig. 2. Representative experiments of a fasECswitch assay in peptide (SNYYGSGLSY) treated monolayers, showing the effect of basolateral
C&* withdrawal (-C&*) on TER and impaired recovery in response t¢'Qaintroduction (+C&’). The monolayer was bathed by NaCl-Ringer's
solution on the basolateral side. The vertical bars are deflections of the short-circuit current (SCC) caused by pulses of +5 mV in the clampin
potential and are proportional to the overall tissue electrical conductance (G), wherg/TER. (A) The apical solution was KCI 75m and the

peptide was added to this solution at a concentration of 0.8 mg/ml (+PBpfJhé apical solution was KCI 75m HEPES 10 mi, pH 7.0, and

the peptide was added to the apical solution at a concentration of 0.4 mg/ml (+Pept). The first run is a céhisulitCh assay performed in the

absence of the peptide.

observed. The results (FigbR were similar to those Ilution acidification to pH 4 does not lead to TJ opening
observed with the unbuffered apical solution, indicatingbut somehow slows the recovery process.
that inhibition of TER recovery was indeed a result of the
interaction of the peptide with the open TJs.

In a different group of 9 monolayers the effect of PEPTIDE YYGSGLSY
apical acidification per se was tested. The apical solu-
tion (KCI 75 mu) buffered with 10 rm MES was acidi-  Unbuffered Apical Solution
fied to pH 4.0. A significant effegber seof this solution
was observed on TER, in some cases, characterized byla 8 monolayers, the presence of the peptide
small and reversible increase of TER that took place a¥ YGSGLSY in the apical solution had no effeger se
soon as the apical medium was acidified. A decrease o 5 cases (where the concentration of the peptide ranged
TER in response to apical acidification was never ob-from 0.5 to 0.8 mg/ml). In the other 3 cases (where the
served. The response to the fasfTswitch at low api- peptide concentrations were 0.5, 0.8 and 2.0 mg/ml),
cal pH is similar to that in control condition (apical pH adding peptide to the apical compartment soon caused a
around 7), except for a slower recovery which can beslow decline of TER. Peptide removal halted the TER
quantified by an initial rate of TER recovery (d(TER)/dt) decline.
measured during the first minute after Cas reintro- The experimental procedure was similar to that
duced into the basolateral compartment. For controbescribed for the previous groups and the results were
monolayers, d(TER)/dt was 5.11 + 0.65 cn? sec?, also similar to those obtained with the peptide
while for monolayers bathed with apical low pH solu- SNYYGSGLSY. Figure 3 shows a representative ex-
tion, d(TER)/dt was 1.34 + 0.19 cn?sec* (n = 9) (P periment of a monolayer bathed on the apical side with a
< 0.01, paired-test). These results show that apical so-solution containing the peptide YYGSGLSY and submit-
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Fig. 3. Representative experiment of a fasfCGawitch assay in a peptide (YYGSGLSY) treated monolayer, showing the effect of basolat&ral Ca
withdrawal (-C&*) on TER and impaired recovery in response t¢Qaintroduction (+C&) and almost full recovery with peptide removal
(—-Pept). The monolayer was bathed by KCI 7f& on the apical side and by NaCl-Ringer’s solution on the basolateral side. The peptide was added
to the apical solution at a concentration of 0.8 mg/ml (+Pept). The vertical bars are deflections of the short-circuit current (SCC) caused by pulse
of £5 mV in the clamping potential and are proportional to the overall tissue electrical conductance (G), wheldTER.

ted to a fast C& switch. This figure also exemplifies a DMSO itself was tested at 1@I/ml; no effect was
case where TER recovery induced by peptide removabbservedper seor on the C4" response.
was clearly seen.

Z0O-1 IMMUNOLOCALIZATION
PepTiDE SNYYGSGLS
Despite the effects of occludin peptides on the recovery
Buffered Apical Solution phase of the fast G4 switch, the pattern of changes of
Z0-1 immunolocalization was not altered by the pres-
ence of peptides of occludin in the apical solution. Fig-
The apical SO|uti0n of KCI 75 m was buffered W|th ure B shows a mono'ayer before the ?CaN|thdrawa|
HEPES 10 mu to pH 7.0. In a group of 10 monolayers, and before exposure to the peptide. The ZO-1 labeling
peptide addition to the apical fluid caused only minor pH gppears as continuous lines on the cell borders. Figure
fa”s Of the Order Of 0.05t00.1 pH units and no effpet 5b ShOWS a mono|ayer after the Withdrawa' 0f2CaThis
seon TER. The results were similar to those observednonolayer shows focal points where cell-cell contact is
with the two above mentioned peptides, in that the prestost and some cells retracted producing an opening in the
ence of the peptide substantially inhibited TER recoverymonolayer. These cells still exhibit the belt of ZO-1 at
induced by the reintroduction of €ainto the basolateral the cell borders. In Fig.&andd the C&* was reintro-
solution (Fig. 4). duced and the cells that had lost cell-cell contact became
fusiform and exhibit a pattern of punctated ZO-1 labeling
as they move to close the opening in the monolayer. Fig-
PePTIDE STYLNQYIYN ure % andf show monolayers treated with the peptide
SNYYGSGLSY, 20 min after C& reintroduction.
Experiments were carried out with the peptide STYLN-These monolayers show the same pattern of resealing of
QYIYN. Due to its insolubility in water, the peptide was the openings. The changes observed after the reposition
previoiusly dissolved in dimethilsulfoxide (DMSO). of C&* in both the presence or absence of the peptide
The concentration of DMSO in the final solution of un- Suggests a regenerative process that heals the disrupted
buffered KCI 75 nm solution was 1Qul/ml. areas previously produced by the removal of Ca
Two monolayers were tested using the peptide at 1.0
mg/ml in the apical solution. No effect was observed
eitherper seor on the response to basolateraPQaith- Discussion
drawal and reintroduction. The behavior of the prepara-
tion was similar to that of the control group, with full Tight junctions create a regulated paracellular barrier to
recovery of TER upon return to €4ain the basolateral the movement of molecules between both epithelial and
solution. endothelial cells. Recent progress has been made in
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Fig. 4. Representative experiment of a fasEGawitch assay in a peptide (SNYYGSGLS) treated monolayer, showing the effect of basolaféral Ca
withdrawal (-C&*) on TER and impaired recovery in response tG¢Qaintroduction (+C%"). The monolayer was bathed by KCI 754mHEPES

10 mv, pH 7.0 on the apical side and by NaCl-Ringer's solution on the basolateral side. The peptide was added to the apical solution at .
concentration of 0.5 mg/ml (+Pept). The vertical bars are deflections of the short-circuit current (SCC) caused by pulses of +5 mV in the clampin
potential and are proportional to the overall tissue electrical conductance (G), wherd /GER.

identifying the proteins that create this barrier. Occlu-be specific to peptides homologous to segments of the
din, an integral membrane protein localized at the pointdirst loop of occludin, since a peptide homologous to
of membrane-membrane interaction of the TJ (Furuse etesidues 210 to 219 of the second external loop had no
al., 1993), where it binds to the proteins ZO-1 and ZO-2effect. However, peptides homologous to other seg-
(Anderson & Van ltallie, 1995) appears to be a compo-ments of the second loop need to be tested in order to
nent of the TJ strands (Furuse et al., 1994; Balda et alextend our present data, since in this study only one
1996; McCarthy et al., 1996; Hirase et al., 1997; Vanpeptide (very insoluble) was tested. The inhibition of
Itallie and Anderson, 1997). However, it has beenCa*-induced TER recovery by the presence of first loop
shown recently that occludin-deficient embryonic stemoccludin peptides in the apical solution indicates that
cells can differentiate into polarized epithelial cells bear-open TJs expose the external loops of occludin to the
ing tight junctions (Saitou et al., 1998). Two other re- apical bathing fluid enabling them to interact with pep-
cently identified transmembrane proteins, claudin-1 andide molecules present in this fluid. This effect, appar-
claudin-2, which do not have sequence similarity to oc-ently a competitive binding inhibition, is a strong evi-
cludin were shown to be targeted and incorporated in thelence for the existence of homophilic adhesion between
TJ strands (Furuse et al., 1988). Although the precis@ccludin molecules in adjacent cells, which is respon-
relationship of the claudins to TJ structure and functionsible for the sealing of the paracellular pathway (gate
remains undetermined, it appears that several integrdlinction).
membrane proteins with four putative transmembrane In general the conclusions from experiments with
domains, occludin and claudins, can constitute TJ strandsuffered or unbuffered apical solution are similar since
(Furuse et al., 1998). the sole acidification of the apical solution to pH 4 does
The present study characterizes the behavior of AGotper secause a decrease of TER nor block recovery in
cell monolayers in response to a fastCawitch assay. response to G4 reintroduction. The observation that
It is shown that cells maintain stable TJs in the absencénhibition of TER recovery induced by the presence of
of apical C&". However, when the basolateral Tds  first loop occludin peptides is not accompanied by
removed the TJs are disrupted. This effect is reversed bynarked changes of the pattern of changes of ZO-1 im-
the reintroduction of C& into the basolateral fluid munolocalization, suggests that the effects of these pep-
which immediately triggers the recovery of the TJ. Thistides on TER recovery are due to a competitive inhibition
recovery is complete after several minutes. In additionof the occludin-binding function. However, we cannot
synthetic peptides, 8 to 10 residues, homologous to segxclude a possible binding to other junction proteins
ments 100 to 109, 102 to 109 and 100 to 108, of the firssuch as claudin-1 and -2 (Furuse et al., 1998).
external loop of chick occludin molecule, when present  Recently (Wong & Gumbiner, 1997) assayed syn-
in the apical bathing solution, impair junction resealingthetic peptides (OCC1 and OCC2), corresponding, re-
in response to G reintroduction. This effect seems to spectively, to the entire first and second extracellular
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Fig. 5. Immunofluorescence localization of ZO-1 in A6 cells following disruption and resealing of tight junctions in the presence and absence of
occludin peptides &) Before C&* withdrawal (control monolayer) the cells in the monolayer are perfectly confluent and ZO-1 appears as continuous
lines on the cell bordersb) After Ca2* withdrawal, at focal points some cells lose cell-cell contact, and their polygonal shape, and retract producing
discontinuities or holes in the monolayer that after several minutes can reach the size of a few cell disesltage(black area in the center of

the figure). The cells bordering the opened hole in the monolayer still exhibit ZO-1 at their etigrddf Monolayers 20 min after G4 reposition

showing a regenerative process which is characterized by the presence of fusiform cells that seem to stretch in ordey andhetdge ¢) the

holes in the monolayere(@andf) Monolayers 20 min after G4 reposition in the presence of the peptide SNYYGSGLSY where the holes in the
monolayers are partiallye) or totally (f) closed.

domains of occludin, for their ability to alter tight junc- layers that were developing TER as well as steady-state
tions in the A6 epithelial cell line. TER and paracellular monolayers that had completely formed maximal TER.
tracer flux measurements indicated that only the seconth our experiments, with a time course of minutes, the
extracellular domain peptide (OCC2) reversibly dis-focus was only on the effects of peptides on fully devel-
rupted the transepithelial permeability barrier. The ex-oped monolayers in which the TJs were transiently dis-
periments of Wong and Gumbiner (1997), with a timerupted by removal of basolateral Ca The first loop
course of many hours, focused on the effect of occludirpeptide apparently does not contribute to the formation
peptides on the formation of TJs in newly formed mono-of TJs (Wong & Gumbiner, 1997); however, our experi-
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ments suggest that they play a significant role in theFuruse, M., Hirase, T., Itoh, M., Nagafuchi, A., Yonemura, S., Tsukita,
recovery of preformed TJs transiently disrupted by ba- S-1993. Occludin: A novel integral membrane protein localizing at
solateral C&" removal tight junctions.J. Cell Biol. 123:1777-1788

s . . Furuse, M., Itoh, M., Hirase, T., Nagafuchi, A., Yonemura, S., Tsukita,
A Slmllarlty exists, howeve.r’ between our fmdmgs S. 1994. Direct association of occludin with ZO-1 and its possible
and those of Wong and Gumbiner (1997) regardlng the involvement in the localization of occludin at tight junctiodsCell
peripheral TJ protein ZO-1, since in both cases it was Bijol. 12716171626
unaltered by the treatment with the peptides. Gumbiner, B. 1987. Structure, biochemistry, and assembly of epithelial

Our results are compatible with the notion that oc- tight junctions.Am. J. Physiol253:C749-C758
cludin is responsib|e for the Sea“ng of the TJs. DirectGumbiner, B., Lowenkopf, T., Apatira, D. 1991. Identification of a 160
evidence that occludin confers cell adhesiveness in the kDa polypeptide that binds to the tight junction protein ZQioc.
absence of G4, thus ruling out cadherin-cadherin con- _Nat Acad. Sci. USAB:3460-3464

. . Hirase, T., Staddon, J.M., Saitou, M., Ando-Akatsuka, Y., Itoh, M.,

tacts, was thamEd by Van I_tal!le and Anderson (1:997) Furuse, M., Fujimoto, K., Tsukita, S., Rubin, L.L. 1997. Occludin
by expressing human occludin in NRK and Rat-1 fibro- 55 4 possible determinant of tight junction permeability in endo-
blasts which lack endogenous occludin and TJs. In ad- thelial cells.J. Cell Sci.110:1603-1613
dition, they observed that a synthetic peptide containingaeger, M.M.M., Kalinec, G., Dodane, V., Kachar, B. 1997. A collagen
the amino acid sequence of the entire first extracellular substrate enhances the sealing capacity of tight junctions of A6 cell
loop of occludin inhibited cell adhesion induced by oc- ~ monolayers.J. Membrane Biol159:263-270

cludin expression. Their observation, that the first exterKachar, B., Pinto da Silva, P. 1981. Rapid, massive assembly of tight
’ junction strandsScience213:541-544

nal !OOp.Of. occludin is dlreCtly myolved in cell-cell ad- Kachar, B., Reese, T.S. 1982. Evidence for the lipidic nature of tight
hesion, is in good agreement with our resu]ts. Both re- junction strandsNature 296:464—466

sults emphasize the importance of interactions betwee,ca, vieira, F. 1986. Sodium flux in the apical membrane of the toad
the extracellular domain of occludin in the formation and  skin: aspects of its regulation and the importance of the ionic
sealing of the TJs. strength of the outer solution upon the reversibility of amiloride

. " . . inhibition. J. Membrane Biol92:27-36
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