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Abstract. This study focuses, in A6 cell monolayers, on of G, suggesting a cooperative effect of Cand H7 on

the role of protein kinases in the dynamics of tight junc-the TJ sealing process. Staurosporine, another PKC in-
tion (TJ) opening and closing. The early events of TJhibitor, differently from H7, slowed botfs increase and
dynamics were evaluated by the fast'Gawitch assay G decrease in an FCSA. Even at high concentrations
(FCSA), which consisted of opening the TJs by remov-(400 nv) staurosporine did not completely block the ef-
ing basolateral C4 (Ca™,), and closing them by re- fect of Ca™ withdrawal. These discrepancies between
turning Cd",, to normal values. Changes in TJ perme-H7 and staurosporine might result from distinct PKC
ability can be reliably gauged through changes of transisoforms participating in different steps of TJ dynamics,
epithelial electrical conductanc&) determined in the which might be differently affected by these inhibitors.
absence of apical Na The FCSA allows the evaluation Immunolocalizations of TJ proteins, carried out in con-
of the effects of drugs and procedures acting upon thelitions similar to the electrophysiological experiments,
mechanism controlling the TJs. The time courses of Tshow a very nice correlation between ZO-1 and clau-
opening and closing in response to the FCSA followeddin-1 localizations ands alterations induced by Ca
single-exponential time courses. A rise of apicalCa removal from the basolateral solution, both in the ab-
(Ca**ap) causes a reduction of TJ opening rate in ansence and presence of H7.

FCSA or even a partial recuperation @f an effect that

is interpreted as mediated by Cg, entering the open s . L :
TJs. Protein kinase C (PKC) inhibition by H7 at low K_ey words: Tlghtjyncnon—Protem Kinases — Protein
r}1<|na$ C — Calcium — Paracellular conductance —

concentrations caused a reduction of the rate of junctio 7 — Staurosporine — Fast Caswitch assay —
opening in response to Cq, removal, without affecting 70-1 — CIaudirF])-l y
junction closing, indicating that PKC in this preparation
is a key element in the control of TJ opening dynamics.
H7 at 100p.m completely inhibits TJ opening in response .
to Ca™,, withdrawal. Subsequent H7 removal caused antroduction
prompt inhibition release characterized by a sharin-
crease, a process that can be halted again by H7 reintré&pithelial membranes are polarized structures with cells
duction into the bathing solution. Differently from the held together by the junctional complex, the tight junc-
condition in which C&" is absent from the apical solu- tion (TJ) being the most apical component of the junc-
tion, in which H7 halts the process @ increase in tional complex. TJs form a morphological and func-
response to a FCSA, when Cas present in the apical tional boundary between the apical and basolateral cell
solution, addition of H7 durings increase in an FCSA surface domains of epithelia and endothelia, and regulate
not only induces a halt of th& increase but causes a transport along the paracellular route. (For recent re-
marked recuperation of the TJ seal, indicated by a dropiews, see: Cereijido, Ponce & GonZaz-Mariscal,
1989; Balda et al., 1992; Rubin, 1992; Schneeberger &
Lynch, 1992; Anderson et al., 1993; Citi, 1993; Ander-
[ son & Van ltallie, 1999; Rubin & Staddon, 1999; Balda
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Flores, 2000; Kniesel & Wolburg, 2000). The TJs areto leakiness in epithelial tight junctions (Mullin & Mc-
dynamic structures which respond to a series of physiGinn, 1988; Mullin et al., 1990; Winter et al., 1991,
ological, pathological and pharmacological challengesNathanson et al., 1992; Stenson et al., 1993; Burgstahler
(Cereijido et al., 1988; Bentzel, Palant, and Fromm,& Nathanson, 1995) and PKC inhibition has the opposite
1991; Schneeberger & Lynch, 1992). A complete pic-effect (Nathanson et al., 1992; Stenson et al., 1993; Citi
ture of the regulatory mechanisms involved in the control& Denisenko, 1995), these statements cannot be gener-
of the TJs is far from being fully developed. Depletion alized to all epithelial membranes. Thus, phorbol 12-
of extracellular C& induces TJ dissociation both in myristate 13-acetate (PMA), an activator of PKC, de-
natural epithelia (Sedar & Forte, 1964; Galli, Camilli & creases the tight junction conductance during the reorga-
Meldolesi, 1976; Meldolesi et al., 1978; Lacaz-Vieira & nization of LLC-PK1A monolayers, but has the opposite
Kachar, 1996; Lacaz-Vieira, 1997) and in cultured effect in LLC-PK1B4, MDCK, and MDCKA4 cells, indi-
monolayers (Cereijido et al., 1978; Martinez-Palomo etcating that PKC regulates the development of the occlud-
al., 1980; Lacaz-Vieira et al., 1999), and a rise of extra-ing junctions, but through different mechanisms depend-
cellular C&* concentration triggers the reassembly anding on the characteristics of the cells (Ellis et al., 1992).
resealing of TJs (Gonkx-Mariscal, Chavez de Ramirez Another contrasting example is the effect of 1,2-
& Cereijido, 1985). A delicate mechanism controlling dioctanoylglycerol (diC8), an activator of PKC, promot-
the TJs involves recognition sites, signalling systems andhg in MDCK cells the assembly of TJ in low extracel-
intracellular events that are triggered by"Cacting on lular Ca™ with a decrease of the permeability of the
the extracellular aspect of the cells (Balda et al., 1991)intercellular space ( Balda et al., 1993). PKC require-
The Cd"-dependent adhesion molecule E-cadherinment for the proper assembly of TJs is shown by the
(Gumbiner, 1991; Gumbiner, Stevenson & Grimaldi, inhibitor of PKC, calphostin C, that markedly inhibited
1988; Vestweber & Kemler, 1985) plays a key role in thedevelopment of transepithelial electrical resistance and
transduction of the C4 signal across the plasma mem- causes a delay in the sorting of the TJ protein ZO-1 to the
brane. The steps and cell components responsible for thgght junction (Stuart & Nigam, 1995). Among different
propagation inside the cell of the Catriggered signal PKC isoforms the alpha (PK&Q (Rosson et al., 1997)
are still only partially understood. Based on pharmaco-and the C&"-independent delta-isoform of protein kinase
logical studies it has been suggested that G proteing (PKG3) (Mullin et al., 1998) are known to contribute
phospholipase C, protein kinase C (PKC), and calmodto TJ organization in epithelia. Among the potential can-
ulin might be involved (Balda et al., 1991). TJ biogen- didates as targets of PKC are the transmembrane TJ pro-
esis appears to be regulated, in part, by classical signatins and the associated cytosolic TJ proteins. During
transduction pathways involving heterotrimeric G pro-junction assembly by calcium-switch, H7 did not change
teins, release of intracellular Caand activation of PKC, the specific phosphorylation of the immunoprecipitated
although many of the details of the signalling pathwayscingulin, however, it prevented the increase in the
have yet to be characterized (Denker & Nigam, 1998).amount of cingulin in the immunoprecipitates, suggest-
Signalling pathways involved in TJ regulation comprise,ing that H7 may block TJ assembly by interfering with
in addition, serine, threonine, and tyrosine kinases, extracellular processes that lead to the accumulation and sta-
and intracellular calcium levels, CAMP levels, proteasesbilization of TJ proteins at sites of cell-cell contact (Citi
and TNF alpha, common to most of these pathways be& Denisenko, 1995). Vinculin phosphorylation by PKC
ing the modulation of cytoskeletal elements (Kniesel & has been suggested to be a crucial step in the correct
Wolburg, 2000). Cell-cell adhesion in TJs does not ap-assembly of the epithelial junctional complex (Perez-
pear to rely on a single type of intercellular interaction Moreno et al., 1998). It has been hypothesized that PKC
but is mediated by different types of adhesive interac-activation alters transepithelial conductance via the peri-
tions involving occludin, claudins and the junction- junctional actomyosin ring (PAMR) by changing the
associated membrane protein (JAM) (Balda & Matter,phosphorylation of myosin light chain (MLC). The de-
2000). creased phosphorylation of MLC likely reduces PAMR
The use of different protein kinase activators andtension, leading to decreased TJ permeability (Turner et
inhibitors has revealed that protein phosphorylational., 1999). In addition it was shown that antibodies to
plays an important role in TJ assembly and functionE-cadherin block junction formation induced by extra-
(Balda et al., 1991; Citi, 1992; Balda et al., 1993; cellular C&" and diC8 counteracts this effect, suggesting
Denisenko et al., 1994; Citi & Denisenko, 1995; Stuart & that PKC may be in the signalling route activated by
Nigam, 1995). However, a positive correlation had notE-cadherin-mediated cell-cell adhesion ( Balda et al.,
been obtained between TJ assembly and phosphorylatidtf93).
level until it was shown that phosphorylation of occludin This study focuses, in A6 cell monolayers, on the
is a key step in tight junction assembly (Sakakibara et al.effects of protein kinase inhibitors H7 and staurosporine
1997). Although it can be said that PKC activation leadson the kinetics of TJ opening and closing in a FCSA,



F. Lacaz-Vieira and M.M. Jaeger: Protein Kinase Inhibitors and TJs 187

as well as on the immunolocalizations of ZO-1 and clau-Fast G"™"-SwiTcH AssAY

din-1. The junctions were opened by removal of basolateral"Ca
Subsequent resealing of the TJs was induced by the reintroduction of

Materials and Methods Ca™ in the basolateral fluid. The action of drugs on the TJs was tested
by introducing them to the apical or basolateral solutions and observing
the effects on the dynamics of TJ opening and closing or on immuno-

CeLL CULTURE localization of ZO-1 and claudin-1. Experiments were performed in
the absence of EGTA in the bathing solutions since the presence of a

A6 cells (CCL 102) obtained from American Type Culture Collection Ca™*-chelating agent that diffuses into the lateral spaces retards the

(Rockville, MD) were grown at room temperature in CL2-Amphibian kinetics of TJ opening and closing in response to FCSA due to the

medium (NIH-Media Section, Bethesda, MD), 10% fetal bovine serumbuffering effect on the C& concentration in this compart-

(Sigma, St. Louis, MO) and 2 m glutamine Pen-Strepto (Sigma). ment. Changes in TJ permeability were gauged through changes of

Cells at confluence were harvested with 0.25% trypsin solutiontransepithelial electrical conductand®) (determined in the absence of

(Sigma). The cell suspensions were plated, at a density enough tapical N&, a condition in whichG is a reliable measure of TJ perme-

reach confluence in several hours, on 6-well plates with Transwell cellability (Lacaz-Vieira & Kachar, 1996).

culture inserts (Transwell COL, collagen-treated filters containing a

mixture of collagen types | and Ill—4.7-chgrowth area and 0.4m

pore size; Costar, Cambridge, MA). Confluent monolayers reached aTATISTICS

stable electrical conductanc€)(averaging 4.21 x 1¢ + 3.3 x 10°

Sien? (n = 37) around day 14. Monolayers 14 to 18 days-old were The results are presented as mean + standard error of the mean. Com-
used in the experiments. parisons were carried out using Student’s paitedst (Neter &

Wasserman, 1974).

ELECTRICAL MEASUREMENTS
IMMUNOLOCALIZATION OF TJ PROTEINS

Plastic rings of 20-mm diameter were glued with ethylcyanoacrylate
adhesive (Super Bonder, Loctite) to the opposite side of the suppor¥Ve followed the distribution of two tight junction proteins, one cyto-
filters where the cells were attached. The monolayer fragment framedplasmic (ZO-1) and one transmembrane (claudin-1), during the FCSA
by the plastic ring was excised and immersed in Ringer solution. Subin four situations:
sequently, it was mounted in a modified Ussing’s chamber (Castro et
al., 1993) exposing an area of 0.5 &nHemichambers with a recessed 1. Before Ca",, withdrawal (control monolayers);
rim filled with high-viscosity silicone grease (Dow Corning High 2. After Ca™, withdrawal;
Vacuum Grease) prevented tissue edge damage (Lacaz-Vieira, 1986). 3. After Cd™, withdrawal in the presence of the PKC inhibi-
Each chamber compartment was perfused with a continuous flow ofor (H7)
solution (up to 25 ml/min) driven by gravity. Unstirred layers on the 4. After Ca™y, withdrawal in the presence of H7 in monolayers
surfaces of the monolayer were minimized by directing the incomingPretreated for 5 min with this PKC inhibitor.
fluid towards the monolayer. Each compartment was drained through
a spillway open to the atmosphere, so that the pressure inside each  After each experiment was carried out, the cell monolayers were
compartment was kept constant at the atmospheric level. Rapid soldixed with 1% paraformaldehyde in phosphate buffered saline solution
tion changes were obtained without interruption of voltage-clamping(PBS), pH 7.4, for 10 min at room temperature (RT). After fixation,
by switching the inlet tubings at their connections with the chamber. the cells were permeabilized with 0.5% Triton X-100 in PBS for 10 min

A conventional voltage-clamp (DVC-1000, World Precision In- atRT. The antibodies used were: mouse anti-ZO-1 (stock solution: 0.5
struments) with continuous feedback was used. Saturated calomel halfag/ml in PBS, pH 7.4, containing 0.1% sodium azide) and rabbit
cells with 3m KCI agar bridges were used to monitor the electrical anti-claudin-1 (stock solution: 0.5 mg/ml in PBS, pH 7.4, containing
potential difference across the monolayer. Current was passed through05% sodium azide). Both antibodies were purchased from Zymed
Ag-AgCl electrodes and @ KCl agar bridges to give a uniform current Lab (San Francisco, CA) and diluted 1:50 in PBS. The reactions were
density across the monolayer. The monolayers were kept clamped at\@sualized with fluorescein-conjugated donkey anti-mouse (for ZO-1)
sinusoidal voltage of +5 mV peak to peak and 0.1 Hz throughout theand anti-rabbit (for claudin-1). Allincubations were done for 45 min at
experiment. The clamping current was continuously recorded with aRT. After labeling, the filters were excised from their supports and
strip-chart recorder and also digitized through an analog-to-digital con-sandwiched between a glass slide and a coverslip in a mounting me-
verter at a frequency of 1 kHz (Digidata 1200 and Axotape 2.0, Axondium (Prolong™ antifade kit P-7481; Molecular Probes, Eugene, OR).

Instruments) and recorded in a computer for further processing. The observations and photographic recording were carried out in
a Zeiss Axiophot 2 fluorescence microscope (Carl Zeiss Oberkochen,

Germany) using an objective 63X Plan Neofluor 1.4 N.A.
SOLUTIONS AND DRUGS

The composition of the solutions used to bathe the inner side of theABBREVIATIONS AND CONVENTIONS

monolayers were (in m): NaCl-Ringer: NaCl 115, KHC©2.5, CaC}

1.0; Cd*-free NaCl-Ringer: NaCl 115, KHC{®.5. These Ringer so- |: Clamping current, innA cm™. Positive current corresponds to the
lutions had pH 8.2 after aeration. The apical bathing fluid was a simpletransport of positive charges across the monolayer from the apical to
salt solutions of KCI 75 m, non-buffered, or buffered with 10 m the basolateral solutioriV: Electrical potential difference across the
HEPES, pH adjusted with KOH. H7 (1-5(isoquinolinesulfonyl)-2- monolayer, in mV. The potential of the apical solution is referred to
methyl-piperazine) and all salts were purchased from Sigma-Aldrichthat of the basolateral solutiors: transepithelial electrical conduc-
Co., and staurosporine from Molecular Probes. tance, in S/crh G was calculated using a data analysis and technical
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0 A absence of apical NaG is a reliable evaluation of para-

] cellular electrical conductance, which mainly reflects the
contribution of the TJ barrier (Lacaz-Vieira & Kachar,
1996). Control experiments (to be later compared to
conditions in the presence of one of the PKC inhibitors
used, H7 or staurosporine) were carried out to character-
ize the monolayers’ electrical conductan€ ¢esponse

to a fast Ca™-switch assay (FCSA), which consisted of
triggering the opening of TJs by removing Cdrom the
basolateral solution, followed by the closing in response
to a subsequent reintroduction of Canto this solution

11 (UA/cm?2)

T T y T ¥ T
100 200 300 400

i (Lacaz-Vieira & Kachar, 1996; Lacaz-Vieira et al., 1999;
Time (s) Lacaz-Vieira, 2000). In the control condition, monolay-
ers were bathed on the apical side by a nominally*€a
oo0s | 000418000 free 75 nv KClI solution, to demote the contribution of
B the transcellular Napathway to the overall tissue elec-

trical conductance, and on the basolateral side by NacCl
Ringer’'s solution. Monolayers were previously equili-
brated for several minutes in these solutions, showing a
stableG of 4.21 x 104 + 3.3 x 10° S/cn? (n = 37).
After an average delay of 97 + 12.7 sat € 37),G
begins to increase at a fast growing rate in response to
i basolateral C& removal. If a C&*-free basolateral so-
100 200 300 400 500 600 lution is kept for several minute§ increases markedly,
Time (s) eventually reaching a plateau level. When this high
steady-state conductance is reached, return 6f tdahe

0.004 +

G (Slem2)

0.002

0.000 —

Fig. 1. Representative experiment of tight junction (TJ) opening and basolateral medium induces the recovery process that is
closing, evaluated by changes in monolayer electrical conduct&)ce (

in response to a fast Caswitch assay (FCSA)sgée Materials and very slow compared to the time course@fincrease in
Methods). The apical solution, when not otherwise indicated, was 79'€Sponse to Cd removal. In some cases, full recov-
mm KCI, and the basolateral, NaCl-Ringer's. The grey rectangles in-ery was never observed in a reasonable time. To avoid
dicate the period in which there were changes in concentration, whictthis situation and to standardize the experimental proto-
are then specified at the right end of the lines passing through thgg| in order to work in a condition in which reversible TJ
rectangles. When units are not specified, the concentrations ane.in m opening and closing were obtained, minor perturbations
(A) Plot of the clamping current (as a function of time) modulated by . T
a sinewave voltage of 0.1 Hz and 5 mV peak to pessef/aterials and ,Of th? TJ Se,al were induced. For this, the process of
Methods). The short-circuit current (SCC) was evaluated by a fasjUNction opening was always halted whémreached val-
Fourier transform filter (200 points averaging) applied to the clampingUes of the orderfo6 x 107 S/cnf, by returning C&" to
current. B) Time course of5 in response to FCSA. As can be seen, the the basolateral solution. This led to a complete recovery
increase and decrease Gf follow single exponential time courses, of the TJ seal in all cases, as indicated by the retui@ of
characterized by single time constantgandr,, respectively. to initial values. In this particular condition, the time
courses ofs increase and decrease in response to FCSA
graphing software Origin™ (version 5) (Microcal Sofware). The followed sing|e_exp0nentia' time courses, which could
clamping current was initially smoothed by adjacent-averaging proceépe characterized by single time constants (Fig. 1). The
dure (200 points) to obtain the short-circuit curreBCQ. SCCwas increase ofG in response to basolateral Caremoval

then subtracted from the clamping current to remove offset and then thg I d ial h di _
peak current values were calculated and from these, the transmembra gllowed an exponential growth according®= G, +

electrical conductance was obtained by Ohm’s law:"Gaand Cd*,;: A, exp((t —ty)/Ty), where Qland t are, r_eSpectively, the
Apical and basolateral C4 respectively. TJ: tight junction; FCSA:  offset values ofG andt, A, is the amplitude parameter,

fast Cd"-switch assay; PKC: protein kinase C. and T, the time constant of the exponential growth,
which had an average value of 59.7 + 7.2 secH 12).
Results The decrease db in response to Ca-return to the ba-

solateral solution followed a first-order exponential de-
EFFECT OF PROTEIN KINASE INHIBITION ON THE KINETICS €Y, according to6 = G, + A, exp—(t — L)), where
OF TJ OPENING AND CLOSING G, andt, are offset values o andt, A, is the amplitude
parameter, and,, the time constant of the first-order
These experiments were carried out to evaluate the effe@xponential decay, which had an average value of 61.0 +
of protein kinase C (PKC) on the early kinetics events 0f9.4 sec | = 12). Figs. A and B show, respectively,
TJ opening and closing in A6 cell monolayers. In thefor a representative control experiment, the clamping-
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0.006
Fig. 2. Representative experiments (from a group
of 6 experiments) on the effect of protein kinase
inhibitor H7 at 100pm concentration on the time
course ofG increase and decrease in response to
FCSA. The apical solution was 75MrKCI, and
the basolateral, NaCl-Ringer’s. The monolayer
was exposed to the inhibitor for 4 to 5 min
before removing C& from the basolateral
solution. When basolateral Cawas removed, no
increase ofG was observed, in contrast to what
occurs in the control condition in the absence of
H7. A subsequent removal of the inhibitor almost
immediately triggers junction opening that again
is blocked by H7. Finally, it can be seen that H7

H7,,=100 M removal does not affect the time courseG®f

Ca, =0 recovery induced by the return of basolateral
ca™.

0.004

S/cm2)

0.002 —

~

G

0.000

T T T T T T T T T T T T !
0 500 1000 1500 2000 2500 3000
Time (s)

current response to FCSA and the exponential fitting taH7 to the same solution (Fig. 3 depicts a representative
both the increase and decrease of G. experiment). In all cases, the effect of Caemoval (char-
For the experiments in which the PKC inhibitor H7 acterized by an increase @) was seen, indicating that the
was used, each assay started with an initial control FCSAliffusion delay for H7 reaching its site of action is larger
carried out to determine the untreated-tissue responsan that for C&" reaching its binding sites. However, the
pattern. One experimental group€ 8) was carried out time difference between the momeBtstarts to increase
to evaluate tissue sensitivity to the PKC inhibitor, H7, atin response to C4 withdrawal and the blockade induced
different concentrations (10 to 100m), added to the by H7 is quite small, averaging83t 5 sec i = 5).
inner solution. A period of equilibration elapsed, and Another PKC inhibitor, staurosporine, was tested on
subsequent FCSAs were carried out at successive timbie FCSA response, and a representative experiment of a
intervals. The effect of H7 became noticeable around 1@roup of 6 is shown in Fig. 4. As can be seen, stauro-
M and reached full effect at 1Q0v. In a second group sporine (400 m) caused a marked slowing of bot®,
of experiments, H7 was used at its full-effect concentra-increase in response to basolateral"Ceemoval (in-
tion (100Mm) to evaluate its effect on the time course of crease of the time constant,), and G decrease in re-
TJ opening and closing. The inhibitor was added to thesponse to CH return to the basolateral solution (increase
inner solution and after 5 min, basolateral'Cavas re-  of the time constants,), the effect onG decrease being
moved and no increase @& was observed for 8 to 10 more intense, as evaluated by the effect on the time con-
min, as would be expected from the previous group (Figstants. Mean values af, and 7, for this experimental
2 is a representative experiment). Then, H7 was regroup are the following: (a) Control condition before
moved from the inner solution, triggering an almost im- staurosporinet; = 54.7 £ 7.2 sec and, = 58.1 + 9.3
mediate onset ofs increase, which could be halted in a sec. (b) 30 min after adding staurosporine (400 to the
few seconds upon H7 reintroduction, which was fol-inner solution:t; = 69.9 + 9.2 sec and, = 107.7 %
lowed by a small but consistent recovery @f A se- 15.2 sec. (c) 60 min after adding staurosporine (4@ n
guence of inhibition release and block &f increase to the inner solutiont; = 171.0 + 20.1 sec and, =
could again be induced upon H7 removal and addition319.8 = 39.5 sec. The effect of staurosporine, differently
respectively. Finally, C& return to the basolateral me- from that of H7, which takes place rapidly in response to
dium caused a completd recovery, which was not af- drug addition or removal, builds up slowly and normally
fected by the presence of the inhibitor, as indicated bytakes almost one hour to attain a stable effect. Higher
the fact that H7 removal durin@ recovery did not affect concentrations of staurosporine tested never caused a
the time course o6 decrease. The experiments with H7 complete block of junction dynamics in response to
indicate that PKC plays an important role in TJ openingFCSA, as it was observed with H7.
without appreciably affecting the reverse process of
junction recovery in response to Careturn to the ba-  Errect oFApicaL Ca'* oN THE FCSA
solateral solution. A group of experiments £ 5) was
carried out to compare the effects of simultaneously rein the course of junction opening in response to basolat-
moving Cd™ from the basolateral solution and adding eral C&* removal, addition of C& to the apical solution
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0.006 ’ . . .
Fig. 3. Representative experiments (from a group
| of 4 experiments) on the effect of protein kinase
inhibitor H7 at 100pum concentration on the time
0.004 - course ofG increase and decrease in response to a
FCSA. The apical solution was 75wrKCl, and the
o 4 basolateral, NaCl-Ringer’s. The monolayer was
g initially submitted to a control FCSA. Then, when
@ 0.002 + G had returned to a value similar to the initial
0) steady-state level, Cawas removed from and
) simultaneously H7 was added to the basolateral
0,000 - solution. As can be observe@, starts to increase in
' Ca, =0 response to basolateral Caemoval and after a
- few seconds this process is completely halted.
H7,, = 100 M . oLe '
Finally, when C&" is reintroduced in the
-0.002 T - T . r . . basolateral solutiorG recovery takes place.
0 500 1000 1500
Time (s)
000418001
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- - ]
0.004 A 0.004
N =
? _ 3 B
R3] = 524s o
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0.000 Ca, =0
T M T M T M 1 v 1 M 1
0 500 1000 1500 2000 2500
Time (s)

Fig. 4. Representative experiment (from a group of 6) of the effect of staurosporine (p@&dded to the inner solution on monolayer
electrical-conductances) responses to a fast Caswitch assay (FCSA). The apical solution was 76 KCI, and the basolateral, NaCl-Ringer’s.
(A) Control response in the absence of staurosporBjearid (C) Responses to FCSA elicited 30 min and 60 min, respectively, after tissue exposure

to staurosporine.
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Fig. 5. Representative experiments on the effect of apicdl"@a monolayer electrical-conductand®)(responses to a fast Caswitch assay
(FCSA). The apical solution was 75nKCl, and the basolateral, NaCl-Ringer's)) (Control responses to FCSA carried out in the absence of apical
Ca™. The effects of rising apical C&concentration during the process®@fncrease in response to basolateral'Gamoval are shown iB (apical

Ca™ = 1 mv) andC (apical C&* = 5 mwm).

has an almost instantaneous effect on TJ dynamics. Awas used to test the effect of H7, and Fig. 6 depicts a
representative experiment of a group of 5. As can be

low concentrations, apical Caretards the process &

increase in response to basolateral'Gamoval. Higher seen, PKC inhibition with H7 (10@wv) during the sta-

apical C4" concentrations may halt the process®f tionary condition attained in response to apical’Ca
causes a very pronounced recovery of the TJ seal as

increase and causes pari@irecovery, withG evolving
to a steady-state condition as shown in Fig. 5 for a repindicated by the much larger drop @& than that ob-

resentative case. These results indicate that apic&l Caserved when C&-free bathing solutions were used (Fig.

is able to reach the Casites that control TJ dynamics. 2), suggesting that PKC inhibition by itself is able to stop

In a previous study in frog urinary bladders we haveG increase, but an appreciable recoveryzahight need
the presence of a small extracellular'Caoncentration

shown that the effect of apical Camost certainly re-
sults from C&" ions entering the open TJs and interact-acting on the C& sites that control the TJs.
ing with E-cadherin molecules present at the zonula
adhaerens, and was not a consequence of a rise of cyto-
solic C&™ concentration due to Caflux through apical £O-1 AND CLAUDIN-1 IMMUNOLOCALIZATION
Ca"™* channels (Lacaz-Vieira & Kachar, 1996). The sta-
These experiments were carried out aiming to compare

tionary level of G attained in response to apical Tas
an interesting condition to work with since the TJs arethe electrophysiological findings with the structural al-

kept in an unstable condition midway between totallyterations of TJ associated proteins in FCSA. Two TJ-
closed and fully leaky junctions, being sensitive to smallassociated proteins, ZO-1, a cytoplasmic protein
perturbations of their control parameters. This condition(Stevenson et al., 1986), and claudin-1, a transmembrane
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protein (Furuse et al., 1998) were studied. The resultglium is not sufficient to allow redistribution of ZO-1 and
are summarized in Fig. 7. In all cases the culture me<laudin-1. Panel& andF are experiments in which the
dium was removed and the monolayers rinsed in NaClbasolateral solution was replaced by a Chee NaCl-
Ringer’s solution on both sides. Then, the same Ringer'fkinger’s solution containing H7 (10ov) and the mono-
solution was kept on the basolateral side and the apicdayers were fixed after 3 min. After simultaneous*Ca
bathing medium was replaced by a 7mi{Cl solution.  withdrawal and addition of H7 (10Qm) to the basolat-
PanelsA and B are control experiments in which the eral solution, the cell morphology as well as the distri-
monolayers were fixedseeMethods) without any fur-  bution of ZO-1 E) and claudin-1F) remain unchanged,
ther treatment. In these control preparations the cells irsimilar to control cell monolayers, except for a few clefts
the monolayer are perfectly confluent and ZO-1 appeargbetween arrows) between cells, which could more easily
as continuous lines on the cell borde).(Claudin-1  be identified in the ZO-1 preparations)( Panelss and
presents a distribution similar to that of ZO-1 at the cellH are experiments in which the basolateral solution was
borders, but is also expressed throughout the cell menreplaced by a NaCl-Ringer’s solution containing H7 (100
brane as dotsH). PanelsC andD are from experiments m). After 5 min the basolateral solution was replaced
in which the basolateral solution was replaced by &€a by a Cd*-free NaCl-Ringer's solution containing H7
free NaCl-Ringer’s solution and the monolayers fixed (100 wm), and the monolayers were fixed after 3 min.
after 3 min. As can be seen, afterCavithdrawal some The cells are perfectly confluent, indistinguishable from
cells lose, at focal points, cell-cell contact and their po-those of the control cell monolayera,(B).

lygonal shape, retracting and leading to discontinuities or

holes in the monolayer. When Cg, is removed, the _ _

cell-cell as well as cell-substrate contacts are markedlyiscussion

weakened and do not resist the stress of cell monolayer

handling during the immunofluorescence manipulationsThe present study focuses, in mature A6 cell monolayers,
These holes, we believe, result from cell separation duen the role of extracellular Ca and PKC in the early

to weakness of these contacts. We did not show in thevents of TJ opening and closing, which were assessed
present paper a figure for the complete recovery of theby the fast C&-switch assay (FCSA)see Methods)

cell monolayer after returning Cato the basolateral (Lacaz-Vieira & Kachar, 1996; Lacaz-Vieira, 1997;
solution, since this has been previously reported in imLacaz-Vieira et al., 1999; Lacaz-Vieira, 2000). The
munofluorescence images of ZO-1 in A6 cell monolay- FCSA allows assessment of the early kinetic events of TJ
ers submitted to the same protocol, in a paper from ouppening and closing and evaluation of the effects of
laboratory (Lacaz-Vieira et al., 1999). ZO-T)(and drugs and procedures impinging upon the processes con-
claudin-1 D) are still present at the cell borders, even introlling the TJs, while preventing more complex regula-
cells with almost no cell-cell contact. This indicates thattory responses that are involved in long-duration experi-
in these short-term experiments, “Caemoval clearly ments. Several sequential runs of junction opening and
perturbs cell-cell contact, but the time in Cdree me-  closing in response to an FCSA can be evoked without
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Fig. 7. Immunofluorescence localization of ZO-A,(C, E, G and claudin-1B, D, F, H) in A6 cells following the fast C&-switch assay in either
the presence or absence of the PKC inhibitor, HV.B) Before C&d*,, withdrawal (control preparations) the cells in the monolayer are perfectly
confluent and ZO-1 appears as continuous lines on the cell borerSlaudin-1 presents a distribution similar to that of ZO-1 at the cell borders,
but this molecule is also expressed throughout the cell membrane aBB)lof€,(D) After Ca"™,, withdrawal, at focal points, some cells retract,
losing cell-cell contact and their polygonal shape, leading to discontinuities or holes in the monolayerCy@ntl ¢laudin-1D) are still present

at the cell borders, even in cells with no cell-cell contagt.R) After simultaneous Cd,, withdrawal and addition of H7 (10@wm) to the basolateral
solution, the morphology of the cells as well as the distribution of Z&)lafd claudin-1 F) remain unchanged and similar to those of control
cell monolayers, except for a few clefts between cells that were more easily identified in the ZO-1 prepaEatietaden arrows) ., H) After

Ca ™, withdrawal in A6 cell monolayers pretreated for 5 min with H7 (300) on the basolateral side, cells labelled for ZO&) and claudin-1

(H) are perfectly confluent, indistinguishable from the control cell monolay&r8).
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any appreciable changes in tissue electrical propertiesate of G increase in response to basolateral Cee-
indicating that the challenges induced by the FCSA weranoval, the observed rate rising above the value measured
completely reversible. It was found that: (1) Tight junc- previously to the use of H7, which was interpreted as
tion opening- and closing-responses to FCSA followreflecting an upregulation of PKC activity (Lacaz-Vieira,
single-exponential time courses (Fig. 1), characterize®000). This overshoot, clearly observed in frog urinary
by the time constants @ increase and decreasg,and  bladders, was never seen in A6 cell monolayers in simi-
T,, respectively. This is in consonance with observationdar conditions, indicating differences among tissues in
in the CaSki human cervical cell line where time coursesesponse to PKC inhibition by H7. It is possible that due
also conformed with simple exponential trendsto different sensitivities of the kinase isoforms to H7 and
(Gorodeski, Jin & Hopfer, 1997), and in frog urinary staurosporine and to their relative importance in the con-
bladder (Lacaz-Vieira, 2000). (2) Basolateral*Cae-  trol of junction opening and closing, the effect of these
moval causes an increase®fwhich reverts completely inhibitors on TJ dynamics may differ as described. A
upon Cd" return to the basolateral solution. (3) The clear picture of how PKC controls TJ dynamics is far
protein kinase inhibitors, H7 and staurosporine, affectfrom being completely understood. Contradictory ef-
but differently, the dynamics of TJ opening and closingfects of PKC on TJ dynamics have been reported in
in FCSA. (4) H7 markedly inhibits TJ opening with neg- MDCK cell monolayers where inhibitors of PKC have
ligible effect on the reverse process of TJ closing. (5) Atbeen shown to prevent TJ disassembly (induced by low-
100 M, H7 almost immediately blocks TJ opening in ering extracellular C& concentration (Citi, 1992) or af-
FCSA, inducing a small partial recovery, which is mag- ter treatment with cytochalasin D (Citi et al., 1994)) or
nified when C&" is present in the apical compartment asblock TJ reassembly in response to a rise of extracellular
compared to the condition of Cabeing absent from the Ca™ concentration (Balda et al., 1991; Nigam et al.,
bathing solutions. (6) Staurosporine, in contrast to H7,1991). Likely candidates for PKC phosphorylation in re-
reduces both TJ opening and closing processes in gsponse to a Ca-switch, the TJ-associated proteins, ZO-
FCSA, but in no case was it able to completely block TJ1, ZO-2, ZO-3 and cingulin, presented no change in their
opening or inducés recovery. phosphorylation status during a Caswitch in the pres-
These observations are in harmony with the knowl-ence of PKC agonists and inhibitors (Balda et al., 1993;
edge that PKC plays a major role in the dynamics of TI<iti & Denisenko, 1995). Conversely, vinculin was
and that PKC inhibitors are expected to affect these profound to be phosphorylated during junctional sealing in-
cesses. However, an additional contribution of cAMP-duced by C&", suggesting that its phosphorylation may
dependent protein kinase (PKA) inhibition by H7 cannotbe a crucial step in the correct assembly of the epithelial
be ruled out since in other preparations inhibition ofjunctional complex (Perez-Moreno et al., 1998). The
PKA also affects the disruption of TJs induced by low fact that H7 practically has no effect on the'Génduced
Ca"™ (Nilsson, Fagman & Ericson, 1996; Klingler et al., recuperation ofG, while staurosporine markedly slows
2000). Despite the fact that H7 and staurosporine markthe time course ofs recuperation, might be an indication
edly slow the time course of TJ opening in response tdhat these two PKC inhibitors affect different steps of the
basolateral C& removal, differences in their actions on recovery process, possibly acting on different PKC iso-
TJ dynamics were observed. The most significant wagorms.
that staurosporine, in addition to slowing the time course  As observed in frog urinary bladders (Lacaz-Vieira,
of TJ opening in response to basolateral" Cavith- 2000), the presence of apical Caffects the dynamics
drawal, also retarded the TJ recovery process induced byf TJ opening and closing, effects that were interpreted
the return of C&" to the basolateral medium. PKC is not as resulting from C& entering open TJs and interacting
just a single molecular species, but a family of kinaseswith the C4™ binding sites of zonula adhaerens (Lacaz-
comprehending at least 12 known isoforms, some beingieira, 2000), which control the sealing of TJs (Gum-
Ca""-dependent kinases and other “Gindependent biner et al., 1988). An interesting interaction between
ones (Buchner, 1995; Dekker & Parker, 1994). Of theseapical C4" and H7 is the fact that addition of H7 (100
different PKC isoforms, so far only PkCand PKQ wMm) to the basolateral solution halts the process of TJ
have been reported to colocalize with ZO-1 in the regionopening in response to basolateral*Caemoval, but
of the TJs (Dong, Stevens & Jaken; 1993; Dodane &when Cd* is present in the apical solution (in a concen-
Kachar, 1996). In a previous study in the frog urinarytration that does not per se induce TJ recovery) H7
bladder, it was shown that the PKC inhibitor H7 slowed causes a marked recovery of the TJ seal. These obser-
down the rate of TJ opening in FCSA without affecting vations indicate a cooperative effect of low Cacon-
the reverse process of TJ recovery in response td Ca centrations at zonula adhaerens and PKC inhibition by
return (Lacaz-Vieira, 2000). In addition, it was shown H7 on the TJ sealing process.
that H7 removal causes not only a fast inhibition recov- Immunolocalizations carried out in conditions simi-
ery but also caused an overshoot characterized by a fastir to the electrophysiological experiments showed a
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very nice correlation between ZO-1 and claudin-1 local-Balda, M.S., Matter, K. 2000. Transmembrane proteins of tight junc-
ization andG alteration induced by C& removal from tions. Semin. Cell Dev. Biol11:281-289 o
the basolateral solution. Thus, H7-(190) treated - B b T e Tabt Ancaons. M.
monOIayers’ Wh?” submitted to Taremoval from the Cereijido, editor. Pp 151-173. CRC Press, Boca Raton
baS(_)IateraI SOIUPO”' do not show any change of the OVerBuchner, K. 1995. Protein kinase C in the transduction of signals
all tissue electrical conductangg nor of overall cell toward and within the cell nucleugur. J. Biochem228211-221
morphology, as evidenced by ZO-1 and claudin-1 local-Burgstahler, A.D., Nathanson, M.H. 1995. NO modulates the apicolat-
izations. In contrast, tissues not exposed to H7 when eral cytoskeleton of isolated hepatocytes by a PKC-dependent,
submitted to basolateral Caremoval, show a marked cGMP-independent mechanism. J. Physiol269:G789-99
increase ofG as well as alterations of cell morphology, Castro,J.A., Sesso, A,, Lacaz-Vieira, F. 1993. Deposition of BaSO4 in
which are quite compatible with the increase of tissue e tight junctions of amphibian epithelia causes their opening;
. . + apical C&" reverses this effectl. Membrane Biol134:15-29
electrical Co.ndUCtan(.:e .mduced by .baSOIate.raT O‘&-_ Cereijido, M., Gonzkez-Mariscal, L., Avila, G., Contreras, R.G. 1988.
moval. Particularly, it is worth noting the interesting Tight junctions.CRC Crit. Rev. Anat. Scl:171-192
change in the distribution of claudin-1 from a continuous cereijido, M., Ponce, A., Goriez-Mariscal, L. 1989. Tight junctions
to a punctate pattern (FigDJ, while ZO-1 retains the and apical/basolateral polarity. Membrane Biol110:1-9
same pattern (Fig.Q) observed in the control condition. Cereijido, M., Robbins, E.S., Dolan, W.J., Rotunno, C.A., Sabatini,
This behavior of ZO-1 is similar to that of occludin ob- D.D. 1978. Polarized monolayers formed by epithelial cells on a
served in MDCK cell monolayers in response to a tran-___Permeable and translucent suppartCell Biol. 77:853-880
sient C&* withdrawal (Farshori & Kashar, 1999). In ad- C|t|,_ S. 1992. Protein kinase |nh|b|t9rs prevent junction _d|ssouat|on
dition, a cPherent behaviour was observed when baso- gg;f %eigllbzllg?'l\gx_tﬁ%eHUIar calcium in MDCK epithelial cells.
lateral C&" removal and H7 addition to the basolateral Citi, S. 1993. The molecular organization of tight junctiods.Cell
bathing solution were carried out simultaneously. Inthis Bjo|. 121:485-489
case, the initial increase @ followed by a halt in this  citi, S., Denisenko, N. 1995. Phosphorylation of the tight junction
process is in clear consonance with the small separation protein cingulin and the effects of protein kinase inhibitors and
of the ep|the||a| Ce”S, WhiCh, however, does not progress . .activators in MDCK epithelial cellsJ. Cell sCi.1082917—2926
despite the absence of basolateral Califferent from  Citi. S., Volberg, T., Bershadsky, A.D., Denisenko, N., Geiger, B.
the observed behavior of monolayers submitted t6*Ca ~ +994 Cytoskeletal involvement in the modulation of cell-cell junc-
. tions by the protein kinase inhibitor H-3. Cell Sci.107:683-692
removal in the absence of H_7’ where a marked cell Sep%ekker, L.V., Parker, P.J. 1994. Protein kinase C—a question of speci-
ration took place accompanied by cell detachment. The ficity. Trends Biochem. Scl9:73-77
immunolocalization of these two TJ proteins showedpenisenko, N., Burighel, P., Citi, S. 1994. Different effects of protein
changes that occur to cell morphology in response to kinase inhibitors on the localization of junctional proteins at cell-
Ca"™" withdrawal in either the presence or absence of the cell contact sites]. Cell Sci.107:969-981
PKC inhibitor H7. However, it is important to observe Denker, B.M. Nigam, S.K. 1998. Molecular structure and assembly of
that both proteins (ZO-1 and claudin-1) were localized at the tight junctionAm. J. Physiol274F1-F9 ,
the cell borders in all situations, indicating that in FCSA Dodane, V. Kachar, B. 1996. Identification of isoforms of G proteins

. . L and PKC that colocalize with tight junctiond. Membrane Biol.
there is not enough time for the repositioning of these 5,49 509 126 Wit TRt Jnct '

_prOtemS' If _there are any Ch_anges in these proteins durDong, L., Stevens, J.L., Jaken, S. 1993. Transformation-sensitive lo-
ing TJ opening, these alterations are not detectable by the cajization of alpha-protein kinase C at cell-cell contacts in rat renal
conventional immunofluorescence. proximal tubule epithelial cellsCell Growth Differ.4:793-798

Ellis, B., Schneeberger, E.E., Rabito, C.A. 1992. Cellular variability in

the development of tight junctions after activation of protein kinase
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