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Abstract. Selective deposition of BaSO 4 in the tight 
junctions (TJs) of frog skins led to profound and 
reversible functional alterations of these structures, 
as revealed by changes of tissue conductance (G), 
clamping current (/), and fluxes of extracellular 
markers (sulfate (J sO4) and sucrose (jst;c)). Experi- 
ments were performed with nominally CaZ+-free 
simple salt solutions on the apical side (usually KC1) 
and Na2SO4-Ringer on the inner side of skins. The 
deposition of BaSO 4 in the TJs was obtained by 
diffusion and/or migration through the paracellular 
path of Ba z + from the apical solution and SO ]- from 
the inner solution. A brief presence (2 to 6 min) of 
apical Ba z+ (Ba z+ pulse) is followed (i.e., when Ba 2+ 
is removed from the apical fluid) by a large increase 
of G, I, js04 and jsuc, above pre-Ba z§ levels. These 
attain a steady state within 15 to 30 min (overshoot 
phase), characterizing a conspicuous increase of the 
paracellular permeability. During the overshoot 
phase, a second Ba 2§ pulse blocks the paracellular 
route while apical Ba 2§ is present, leading to a new 
and larger overshoot when the Ba 2§ pulse is termi- 
nated. Addition of apical Ca 2+ triggers the resealing 
of the TJs, resulting in a full recovery of G, I, js04 
and jstJc. This Ca2+-induced recovery persists when 
apical Ca 2§ is removed. The presence of a normal 
Ca 2 + concentration in the inner bathing Ringer does 
not induce the recovery process. Tissues remain 
viable after being submitted to the Ba 2§ treatment 
and the subsequent overshoot. Experiments per- 
formed in the urinary bladder of Rana catesbeiana 
and skins and urinary bladders ofBufo marinus indi- 
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cate that Ba 2+ effect can also be elicited in these 
tissues. The above results seem to report general 
properties of the TJs. Incidentally, they warn about 
the use of Ba z+ as an ion channel blocker in epithelial 
membranes in association with SO4Z--containing so- 
lutions on the contralateral side. 

Key words: Amphibian skin Amphibian urinary 
bladder--Tight junction--Paracellular path--  
Calcium--Barium 

Introduction 

The zonula occludens (ZO), originally described in 
amphibian skins (Farquhar & Palade, 1965), is the 
outermost part of the junctional complex of epithe- 
lial membranes. It is constituted by a tight junction 
(TJ) that completely circumscribes the apex of the 
epithelial cells. Two major functions are currently 
attributed to the ZO: (i) control of the permeability 
of the paracellular pathway, and (ii) polarization of 
the epithelial cells, separating two functionally dis- 
tinct regions, the apical and basolateral membrane 
domains (Erlij & Martinez-Palomo, 1978; Simons & 
Fuller, 1985; Cereijido et al., 1988; Cereijido, Con- 
treras & Gonz~ilez-Mariscal, 1989a; Cereijido, 
Ponce & Gonz~ez-Mariscal, 1989b; Simons, 1990). 

Although the ZO has been well characterized 
from the functional point of view, little is known 
about its molecular composition (Gumbiner, 1987; 
Simons, 1990). Several polypeptides have been 
found in close association with TJs of several epithe- 
lia (Griepp et al., 1983; Gumbiner & Simons, 1986; 
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Stevenson et al., 1986; Citi et al., 1988). Junction 
formation is apparently controlled by a network of 
reactions where G proteins, phospholipase C, ade- 
nylate cyclase, protein kinase C, and calmodulin 
might be involved (Balda et al., 1991). 

The knowledge of the supramolecular organiza- 
tion of the ZO is mostly based on ultrastructural 
findings (thin-section and freeze-fracture electron 
microscopy). In freeze-fracture electron microscopy 
the ZO appears as a network of intramembrane 
strands which bring the plasma membranes into 
close apposition (Chalcroft & Bullivant, 1970; 
Goodenough & Revel, 1970; Wade & Karnovsky, 
1974; Hirokawa, 1982; Kachar & Reese, 1982; Pinto 
da Silva & Kachar, 1982; Stevenson & Goodenough, 
1984). These strands correspond to contacts ob- 
served in thin sections and might be constituted by 
a row of protein molecules, or of pairs of inverted 
cylindrical micelles sandwiched between linear fu- 
sions of the external membrane leaflets of adjacent 
cells ( for review see Kachar & Reese, 1982; Gum- 
biner, 1987; Cereijido et al., 1989b; Simons, 1990). 
Microfilaments apparently play a role in positioning 
junctional strands, influencing the sealing of TJs 
(Meza et al., 1980). 

The electrical resistance of the paracellular 
pathway is mainly determined by the ZO. The degree 
of tightness of the ZO has been correlated to the 
number of junctional strands lying parallel to the 
surface of the epithelium (Claude & Goodenough, 
1973; Claude, 1978; Easter, Wade & Boyer, 1983; 
Marcial, Carlson & Madara, 1984; Madara & 
Dharmsathaphorn, 1985), although exceptions 
have been suggested (Martfnez-Palomo & Erlij, 
1975; Mazariegos, Tice & Hand, 1984). According 
to the permeability of the ZO, epithelial membranes 
can be ranked from "leaky epithelia," with resis- 
tance in the order of 5 12 cm 2 (such as renal proximal 
tubule), to "extremely tight epithelia" (such as the 
urinary bladder of amphibia), with several thousand 
12 cm 2. Amphibian skins are moderately tight epithe- 
lia (Ussing, Erlij & Lassen, 1974; Erlij & Martfnez- 
Palomo, 1978). 

Different procedures have been shown to affect 
the permeability of the ZO in natural epithelia as well 
as in cultured monolayers. Permeability increases 
were shown to result from: apical hypertonicity 
(Ussing & Windhager, 1964; Erlij & Mart/nez-Pa- 
lomo, 1972; Wade, Revel & Discala, 1973; Gonz~ilez 
et al., 1978), chelation of extracellular Ca 2+ (Sedar 
& Forte, 1964; Cereijido et al., 1978; Meldolesi et 
al., 1978; Pitelka, Taggart & Hamamoto, 1983) low 
pH in the apical solution (Fischbarg & Whittembury, 
1978; Gonzgdez et al., 1978; Benedictis & Lacaz- 
Vieira, 1982), rise of cell Ca z§ concentration (Cerei- 
jido, Meza & Martfnez-Palomo, 1981), accumulation 

of Li + within the cell (Aboulafia, Sanioto & Lacaz- 
Vieira, 1983), among others (see Cereijido et al., 
1988). In addition, various agents have been re- 
ported to reduce the permeability of the paracellular 
pathway. They include 2,4,6-triaminopyrimidine 
(Moreno, 1974, 1975; Reuss & Grady, 1979), plant 
cytokinins (Bentzel et al., 1976; Bentzel et al., 1980) 
and protamine (Bentzel et al., 1987). In Necturus 
gallbladder, Ba 2 § increases the resistance of the par- 
acellular pathway through an unknown mechanism 
(Kottra & Fromter, 1990), in addition to blocking 
apical and basolateral K § channels. 

The aim of the present work was to study the 
effects of a selective deposition of BaSO 4 in the 
paraceUular pathway on the permeability of the TJs, 
the main barrier in this route. The real stimulus to 
this work came when we observed during studies of 
Ba 2+ effect on apical cation channels (with SO 2- as 
the major anion on the inner side), that removal of 
B a  2+ from the apical solution caused an unexpect- 
edly large increase of transepithelial conductance. 

No similar result seems to have been reported 
up to now, although the exposure of the apical sur- 
face of amphibian epithelia to Ba 2+ has been accom- 
plished in a wide variety of experimental circum- 
stances as a procedure for blocking ion channels 
(Ramsay et al., 1976; Van Driessche & Zeiske, 1980, 
1985; Granitzer & Nagel, 1990; Van Driessche & 
De Wolf, 1991), or marking the intercellular space 
with BaSO 4 for electron microscopy (Ussing, 1971; 
Wade et al., 1973). 

Materials and Methods 

PREPARATION 

Abdominal skins of double pithed bullfrog R. catesbeiana were 
used in most of the experiments. Additional experiments were 
carried out in urinary bladders of the same species and in skins and 
bladders ofB. marinus. Special mention to the kind of preparation 
used will be made in these cdses. Otherwise, the results were 
obtained in skins of R. catesbeiana. Tissue fragments glued to 
plastic rings (De Wolf & Van Dries sche, 1986) of 20 mm diameter 
with ethylcyanoacrylate adhesive (Super Bonder, Loctite Brasil) 
were mounted in a modified Ussing chamber, exposing an area of 
0.5 cm 2. Tissue-edge damage was avoided by using hemichambers 
with a recessed rim filled with a high viscosity silicone grease 
(Silicon DC high vacuum grease, Riedel, De Haen AG) (Lacaz- 
Vieira, 1986). Each chamber compartment was perfused with a 
continuous flow of solution (up to 25 ml/min), driven by gravity 
from reservoirs through plastic tubings. The formation of a layer 
of stagnant fluid adjacent to the tissue was prevented by directing 
the incoming fluid towards its surface. The fluid left each compart- 
ment through a spillway open to atmosphere, so that the pressure 
in both compartments was kept near atmospheric. Rapid solution 
changes were obtained without interruption of voltage clamping 
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by switching the plastic tubings at their connections with the 
chamber. 

ELECTRICAL MEASUREMENTS 

A conventional voltage clamp (Yale University, Department of 
Physiology) with continuous feedback was used. Saturated calo- 
mel half-cells with 3 M KC1 agar bridges were used to measure 
the electrical potential difference across the skin. Current was 
passed through Ag-AgC1 3 M KC1 electrodes and 3 M KC1 agar 
bridges, adequately placed to deliver a uniform current density 
across the skin. The clamping current was continuously recorded 
by a strip-chart recorder. 

ISOTOPIC FLUX MEASUREMENTS 

The labeled compound was added to the inner solution which 
was recirculated with a peristaltic pump at a rate of 5 ml/min. An 
equilibration period of at least 20 rain following isotope addition, 
during which the apical solution was continuously renewed, was 
allowed before sampling of the apical solution. During the collec- 
tion period, the flow of solution through the apical compartment 
was stopped, while the apical solution was kept vigorously stirred 
by a plastic propeller driven by an electric motor. At the end of 
the collection interval, the solution was sampled for radioactivity 
assay. Subsequently, solution was again allowed to flow through 
the apical compartment until the next collection period. Carrier- 
free NaeSO 4 labeled with 35S was obtained from Instituto de Pes- 
quisas Energrticas e Nucleares (S~to Panlo), and 14C-sucrose, 
from Amersham Laboratories (England). 

ELECTRON MICROSCOPY 

Skins or bladders were removed from the chamber and, while 
still glued to the plastic ring, were immersed for a few minutes 
in 2% glutaraldehyde buffered with 0.1 M phosphate. From the 
central area a small tissue fragment was punched out and kept 
in the same fixative solution from 24 to 48 hr before further 
processing. The fragments were then treated for one hour with 
1% osmium tetroxide, dehydrated in series of ethanol saturated 
with BaSO4, immersed in propilene oxide and embedded in Aral- 
dite. The sections were collected in 10 mM BaC12 saturated with 
BaSO 4. Solutions were saturated with BaSO 4 to prevent dissolu- 
tion of the BaSO 4 likely formed in the tissue (Wade et al., 1973). 
Appropriate controls demonstrated that this procedure did not 
induce precipitate in control specimens. Sections were stained 
in 0.5% uranyl acetate in water and, later in lead citrate (Reynolds, 
1963). Some specimens were not submitted to the last staining 
step. Sections were picked up on Formvar-coated supporting 
grids with parallel bars to expose maximum length of the epithe- 
lium, and examined in a Philips EM 301 electron microscope at 
60 kV. Micrographs were taken at an electron optical magnifica- 
tion of 5,000-13,000 x on 35 mm films. 

FREE C a  2+ CONCENTRATION 

The free Ca 2+ concentration in the bathing solutions was mea- 
sured according to the following procedures: (i) in the nominally 
CaZ+-free apical solutions, by the Fura-2 fluorescence method 
(Grynkiewicz, Poenie & Tsien, 1985), and (ii) in the solutions 
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with added Ca 2+, with a Ca 2+ ion electrode (Orion Research, 
model 93-20). 

SOLUTIONS 

The compositions of the solutions used on the inner side were 
(in mM): Na2SOa-Ringer: Na2SO 4 57.5, KHCO 3 2.5, and CaSO4 
1.0 (free Ca 2+ concentration 0.35 mM). NaC1-Ringer: NaC1 115, 
KHCO 3 2.5, and CaC12 1.0 (flee Ca 2+ concentration 1.0 mM). 
NaNO3-Ringer was obtained replacing NO~ for C1- in the NaC1- 
Ringer. All the Ringer solutions had a pH of 8.2 after aeration. 
The apical bathing fluids were simple salt solutions, nonbuffered, 
without added Ca 2+ (unless where specially stated), prepared 
with glass distilled water, having pH around 6.0 and a free Ca 2+ 
concentration in the range of 1.5 x 10 -7 and 2.0 • 10 -7 M. 

EXPERIMENTAL PROTOCOLS 

Except when stated otherwise, the experiments were performed 
with NazSO4-Ringer solution bathing the inner surface of skins 
or bladders. 

Protocol 1 

Tissues were voltage clamped at 40 mV with a KC1 solution of 
75 mM (or other specified value) on the apical surface. A pulse 
of Ba z§ was applied by adding 10 mM of BaCI 2 (or less, as speci- 
fied) to the apical solution for a period of 4 min. Other times 
were also tested. The Ba 2§ pulse was terminated by replacing 
the apical fluid by a fresh KC1 solution of the same previous con- 
centration. 

Protocol 2 

Tissues were short-circuited with a KC1 solution of 75 mM on 
the apical surface. Isolated pulses of Ba 2§ (6 min) or urea (2 min) 
on the apical surface were applied by replacing the apical solution 
by the same solution containing BaC12 10 mM or urea 200 mM. 
The superposition of a pulse of urea on top of a Ba 2§ pulse was 
obtained by replacing the Ba2+-containing solution, 2 min after 
its addition to the apical compartment, with a solution containing 
Ba 2+ and urea in the same concentrations as before. The pulses 
were terminated by replacing the apical solution with a fresh 
solution as in the beginning of the experiment. 

STATISTICS 

The results are presented as mean - SEM. Comparisons were 
carried out using Student's paired t-test. When more than two 
groups were compared, significance was determined by two-way 
analysis of variance followed by appropriate post-test compari- 
son. The P values cited include Bonferroni's correction (Neter 
& Wasserman, 1974). 

Abbreviations and Convent ions  

G: Total transmembrane electrical conductance, in mS/cm 2. Cal- 
culated from the deflections of the clamping current induced by 
shifts of the clamping potential of 300 msec duration, +5 mV 
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amplitude at 15 sec intervals, as G = AI/AV, where AV and A/ 
are the changes in the electrical potential difference across the 
tissue and clamping current, respectively. 

I: Clamping-current, in t~A/cm2. Positive current corre- 
sponds to the transport of positive charges across the tissue, from 
the apical to the inner bathing solution. 

V: Electrical potential difference across the tissue, in mV. 
The potential of the apical solution is referred to that of the 
inner solution. 

J: Fluxes, measured isotopically from internal to apical side, 
in /~A/cm 2 for SO4 z- (JS~ or in pmot cm -2 min -I for sucrose 
(jsuc). 
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Results 

1. TISSUE ELECTRICAL CONDUCTANCE INCREASES 

MARKEDLY F O L L O W I N G  THE E N D  OF A BRIEF 

PULSE OF B a  2+ IN THE APICAL SOLUTION 

These experiments aimed at inducing a selective de- 
position of B a S O  4 in the paracellular pathways and 
were carried out according to Protocol 1 (see Materi- 
als and Methods). K + was used as the main cation 
in the apical solution to rule out any contribution of 
apical Na § to the overall values of G and I (experi- 
ments with apical Na § are described in section 9 
below). C1- was the major anion in the apical com- 
partment so Ba 2§ could be added to the apical solu- 
tion without precipitation. The brief exposure of the 
apical skin surface to Ba 2§ is called, for short. 
"Ba  2+ pulse." 

Figure 1A is a representative experiment show- 
ing that G declines slightly during the Ba 2§ pulse 
and increases markedly, above control levels, when 
the pulse terminates, attaining steady-state values 
within 15 to 30 min. This increase of G above control 
levels in response to apical Ba z+ withdrawal, will 
be cal led"overshoot ,"  for short, ff the experimental 
conditions are maintained, the high conductance 
state that characterizes the overshoot remains stable 
for at least 1 hr (the largest time systematically stud- 
ied). The clamping current (I) closely follows the 
time course of G (Fig. 1A). Mean values of G and 
I for a group of 25 skins are shown in Fig. 2A and 
B, respectively. 

Readmission of Ba z§ to the apical solution dur- 
ing the overshoot phase causes a much larger drop 
of G and I (Fig. 1A and Table 1), than when Ba z§ 
was tested for the first time. When this second Ba 2§ 
pulse is terminated, a new overshoot of higher size 
takes place (Figs. 1A and 9). 

Some variations of Protocol 1 were tested: (i) 
the apical KC1 concentration ranged between 50 and 
100 mM; (ii) the apical Ba 2§ varied between 2 and 
10 mM; and (iii) the length of the Ba 2§ pulse was 
between 2 and 6 min. As a rule, overshoots are larger 

= B 

0 
BaZ+ 

5min m 

Fig. 1. Representative experiments performed in a frog skin (A) 
and in a frog urinary bladder (B), showing the time course of the 
clamping current (I) and conductance (G). G is proportional to 
the vertical deflections of I. Tissues were submitted to a Ba 2+ 
pulse according to Protocol 1 (see Materials and Methods). Over- 
shoots of I and G follow the end of the apical Ba 2+ pulse. In A, 
the effect of a second Ba 2+ pulse can also be observed. 

when obtained with larger concentrations of apical 
KC1 and larger pulses of Ba 2+ (concentration and/ 
or duration). However, for the general purpose of 
characterizing the response to Ba 2§ results ob- 
tained under those conditions are equivalent, since, 
in all cases, termination of the Ba 2§ pulse is always 
followed by conspicuous increases of G and I above 
control levels. 

Other tissues (urinary bladders of R. catesbei- 
ana and skins and urinary bladders of B. marinus) 
were also tested following Protocol 1, and showed 
similar responses. Figure 1B shows a representative 
experiment in the urinary bladder ofR. catesbeiana. 

2. SELECTIVE DEPOSITION OF B a S O  4 IN THE T J s  

LEADS TO FUNCTIONAL ALTERATIONS OF 
THESE STRUCTURES 

As a result of several experimental conditions 
tested, it can be concluded that two requisites are 
essential to induce the overshoot phase: (i) Pre- 
exposure of the apical skin surface to Ba 2§ ions. 
Pulses of Ca 2+ or Mg 2§ instead of Ba 2§ failed to 
cause overshoot. (ii) A SO2--Ringer solution bath- 
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Fig. 2. Average values of the clamping current I (A) and conduc- 
tance G (B) obtained in 25 frog skins submitted to an apical Ba 2+ 
pulse according to Protocol 1 (see Materials and Methods). Time 
zero was set at the end of the Ba 2+ pulse. 

ing the inner skin surface. No effect was obtained 
with internal NaC1- (three skins) or NaNO3-Ringer 
(three skins). A positive clamping potential (used 
in Protocol 1) helps induce the Ba 2+ effect, but 
is not essential. As shown in Fig. 3, for a represen- 

tative experiment of a group of six skins, a smaller 
overshoot was indeed induced by a Ba 2+ pulse 
under the short-circuited condition, while a similar 
Ba 2+ pulse applied under a negative clamping po- 
tential ( - 4 0  mV) failed to induce an overshoot. 
It can be inferred from these experiments that 
migration and/or diffusion of SO42- from the inner 
solution and Ba 2+ from the apical solution towards 
each other are somehow required for the overshoot 
to occur when the B a  2+ pulse is terminated. As 
the permeabilities of cell membranes to Ba 2+ and 
SO 2- are rather low, a reasonable working hypoth- 
esis to start with would be that these ions interact 
within the paracellular pathway, leading to deposi- 
tion of BaSO4 in this region. This assumption is 
strengthened by the results of three experiments 
in which both the clamping polarity and the relative 
positions of Ba 2+ and SO 2- ions in the bathing 
solutions were inverted. NaC1-Ringer solution with 
10 mM BaC12 bathed the inner side of skins through- 
out the experiment. NaCI-Ringer replaced the 
NazSO4-Ringer used in the usual experiments so 
Ba 2+ could be introduced in the inner compart- 
ment. On the apical side, the skins were bathed 
by 100 mM KC1. A "sulfate pulse" (instead of a 
Ba 2+ pulse) was applied by replacing the apical 
solution by a solution of 50 m M  K 2 S O  4 during 4 
min under a negative clamping potential ( - 40 mV). 
Overshoots followed the end of the sulfate pulse. 
These overshoots were, however, smaller and 
slower compared to those described previously. 
No overshoot could be elicited in response to a 
sulfate pulse applied under 40 mV clamping po- 
tential. 

3. THE OPENING OF T J s  BY UREA HELPS 
THE INTERACTION OF B a  2§ AND 5042- 

AT THE T J  LEVEL 

As shown by conductance and permeability in- 
creases and ultrastructural modifications, addition 
of urea to the apical solution, making it hypertonic 
to the internal Ringer solution, is a known proce- 
dure to open the TJs in tight epithelial membranes 
(Ussing & Windhager, 1964; Erlij & Martfnez- 
Palomo, 1972; Wade et al., 1973; Gonz~ilez et al., 
1978). This feature of apical hypertonicity was 
used to examine whether the opening of the TJs 
by urea could, in the short-circuited condition, 
facilitate the interaction of Ba 2+ and SO 2- in 
the paracellular pathway. In the short-circuited 
condition the overshoots are rather trifling, as 
already shown in Fig. 3. 

The experiments were carried out in the short- 
circuited condition (Protocol 2). A representative 
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Table 1. Effect of apical Ba 2+ on the clamping current (I) and conductance (G) 

Experimental Apical solution 
condition 

KC1 KC1 + Ba 2+ KC1 KC1 + Ba 2+ 

I I AJ G G AG 
/~A/cm 2 mS/cm 2 

Control 6.31 - 0.92 4.77 -+ 0.67 1.54 -+ 0.36 0.18 - 0.03 0.12 - 0.01 0.06 + 0.01 
Overshoot 14.46 - 1.67 5.09 -+ 0.65 9.38 - 1.30" 0.40 - 0.04 0.14 - 0.01 0.26 - 0.03* 

Average values obtained in 10 frog skins. Overshoots were induced according to Protocol 1 (see Materials and Methods). AI and 
AG are, respectively, the differences between I and G values measured in the absence and presence of apical Ba 2+, both in the 
control and in the overshoot phase. Statistical comparisons: (*) different from value in the control condition (P < 0.001), paired 
t-test. 

I ; / 
!oL'l r Lr 

2 rain L,~ 

-.,o ~j LA ~ o- 
> - 4 0  - 

Fig. 3. Representative experiment in a frog skin showing the 
effect of Ba 2+ pulses (10 mM BaC12 added to the apical solution 
for 4 min) upon the clamping current (I) and conductance (G) 
for three different values of the clamping potential (V): 40, 0 and 
- 4 0  mV, during the pulse. The apical solution was 75 mM KCI. 
G is proportional to the vertical deflections of I. 

experiment of a group of four skins is shown in 
Fig. 4. An isolated Ba 2+ pulse causes a very small 
overshoot. A subsequent isolated pulse of urea 
increases the conductance, as expected (Ussing & 
Windhager, 1964; Erlij & Martfnez-Palomo, 1972; 
Wade et al., 1973; Gonz~ilez et al., 1978), and the 
effect is entirely reversible upon urea removal. 
Finally, a large overshoot results from a pulse of 
urea superimposed to a pulse of Ba 2+. As apical 
urea specifically acts at the TJ level (Ussing & 
Winhager, 1964; Edij & Martinez-Palomo, 1972; 
Wade et al., 1973; Gonz~lez et al., 1978), the 
overshoot enhancement caused by a pulse of urea 
on top of a pulse of Ba 2+ is a strong indication 
that the TJ is a limiting barrier for the migration 
of Ba z+ and SO 2- and that the interaction of these 
ions occurs at the TJ level during the Ba 2+ pulse. 
Furthermore, the results discard any essential con- 
tribution p e r  se  of the reversed skin potential 
(apical solution positive), used in Protocol 1, to 
the genesis of the overshoot, as the skins were 
short-circuited throughout the experiment. This 

25 
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Fig. 4. Representative experiment in a frog skin showing the 
effect of the superimposition of a short pulse of urea on the 
Ba 2+ pulse. The skin was short-circuited with 75 mM KC1 as 
apical solution. I is the clamping current and the conductance 
G is proportional to the vertical deflections of I. Single pulses 
of Ba 2+ (10 mM BaCI2 added for 6 min to the apical solution) 
or urea (200 mM added for 2 min to the apical solution) cause 
only transient effects that revert almost entirely when the 
pulses are terminated. In contrast, when a pulse of urea (2 
rain, 200 mM) is superimposed on the pulse of Ba 2+ (6 min, 
10 mM), an overshoot is elicited. 

control is relevant, as skin depolarization has been 
claimed to open the shunt pathway in frog skins 
(Mandel & Curran, 1972). 

The superimposition of pulses of urea and Ba 2+ 
turned out to be a useful procedure (Protocol 2) 
for inducing overshoots without having to count on 
reversing the skin potential. 

4. AN ELECTRON-DENSE MATERIAL CAN BE 

FOUND IN THE INTERCELLULAR SPACES AT THE 
END OF A Ba 2+ PULSE 

To test the working hypothesis raised in section 2 
above (formation of BaSO4 in the intercellular 
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Fig. 5. Thin-section electron micrographs of frog urinary bladders and a frog skin fixed at the end of a Ba 2+ pulse applied according 
to Protocol 1 (see Materials and Methods). Left panel: an electron-dense material is seen in two representative sections through the 
apical region of adjacent epithelial cells of urinary bladder. Staining by lead citrate was omitted in the specimen in the lower micrograph. 
L is the lumen of the bladder. Right panel: Two sections of frog skins showing regions just  beneath the s tratum corneum (C) where 
an electron-dense material is seen between plasma membranes of granular cells (G). Bars represent 0.1 ~m, 

spaces at the level of  the TJs), transmission electron 
microscopy of thin sections was carried out. An 
electron-dense material (most certainly BaSO4) was 
detected in skins and bladders fixed at the end of a 
Ba 2+ pulse applied according to Protocol 1. This 
material was found in the intercellular spaces at the 
level where the ZOs are expected to occur,  as shown 
in Fig. 5. Aside from the electron-dense material, 

the epithelia could not be distinguished from that 
of control skins or bladders not submitted to the 
Ba 2+ treatment.  

Skins or bladders fixed in the overshoot  phase 
were virtually indistinguishable f rom controls not 
submitted to the Ba 2+ treatment.  Occasionally,  fine 
remnants of  the electron-dense material could be 
found in the intercellular spaces. 
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5. SKINS REMAIN VIABLE AFTER THE 
Ba 2+ TREATMENT 

Experiments were performed to assess whether 
tissues remain viable after being submitted to the 
Ba 2+ treatment and the resulting overshoot. For  
that purpose, the skin ability to perform active 
Na + transport was evaluated by the short-circuit 
current. The skins were initially short-circuited 
with NazSO4-Ringer on both sides. When the 
short-circuit current was stable, the apical solution 
was replaced by 75 mM KC1 and an overshoot 
induced according to Protocol 1. After the over- 
shoot phase had evolved for 15 rain, the skins 
were again short-circuited with Na2SO4-Ringer on 
the-apical side. The short-circuit current stabilized, 
and its value one hour later (29.6 -+ 5.8 N A / c m  2) 
was not significantly different from that observed 
at the end of the stabilization period in the begin- 
ning of the experiments (26.6 -+ 4.4 ~ A / c m  2) ( P  
> 0.40, n = 9). We can conclude that the skins 
remain viable after being submitted to a Ba 2+ pulse 
and the subsequent period of conductance increase. 

6. APICAL Ca 2+ PROMOTES THE RESEALING OF 
TJs OPENED DURING THE OVERSHOOT PHASE 

The following experiments show that (i) the conduc- 
tance which is high in the overshoot phase fully 
recovers when Ca z+ is added to the apical solution, 
and (ii) recover is not triggered by the sole presence 
o f  Ca  2+ in the basolateral solution. 

As in all previous experiments, the overshoots 
were induced with a nominally CaZ+-free apical KC1 
solution in which the free Ca 2+ concentration was 
in the range of 1.5 x 10 -7 to 2.0 • 10 -7 M (see 
Materials and Methods). 

Independent experiments performed in three 
skins ascertained that in the control condition (be- 
fore the Ba 2+ pulse) G and I are not affected by the 
apical Ca 2+ concentration in the range of 10 -7 M to 
5 mM. 

Two experimental groups were conducted to 
evaluate the recovery of conductance induced by 
addition of apical Ca: +. Group/--Overshoots were 
induced according to Protocol 1. Figure 6A shows 
a representative experiment and Fig. 7A mean val- 
ues of G for 13 similar experiments. The protocol 
that was followed to induce recovery by apical Ca 2+ 
is described in the legend of Fig. 6A. Group 
2--Overshoots were induced according to Protocol 
2. Figure 6B shows a representative experiment and 
Fig. 7B mean values of G for six similar experiments. 
The protocol that was followed to induce recovery 
by apical C a  2+ is described in the legend of Fig. 6B. 

The free Ca z+ concentration in the apical solution 
during the recovery phase of these experiments was 
adjusted to a value slightly lower (0.25 raM) than 
that in the NazSO4-Ringer present on the inner com- 
partment (0.35 mM). This aimed to rule out any in- 
crease of the free Ca z+ concentration in the inter- 
spaces by Ca 2+ leaking through the TJs from the 
apical solution. Therefore, an indirect action of api- 
cal Ca 2+ on the basolateral aspect of the cells could 
be discarded. 

The main features of tissue response to the addi- 
tion of Ca 2+ to the apical solution are shared by the 
two groups, as exemplified in Fig. 6: (i) soon after 
C a  2+ is added to the apical solution G increases 
while I drops sharply, (ii) thereafter, G declines 
slowly and reaches eventually a value that is not 
significantly different from the control pre-Ba 2+ 
level (Fig. 7), (iii) apical C a  2 + removal at the end of 
the recovery phase does not revert the Ca 2 +-induced 
recovery. G values measured 15 min after Ca 2+ re- 
moval are not significantly different from the value at 
the end of the recovery phase. Skins fully recovered 
behave as fresh tissues being able to withstand a 
new overshoot if a pulse of Ba 2+ is again applied to 
the apical solution. 

7. THE OVERSHOOT IS CHARACTERIZED BY AN 
INCREASED PERMEABILITY 
OF THE TIGHT JUNCTIONS 

Permeability changes of the paracellular pathway 
were evaluated in six skins by measuring tracer 
fluxes of 35SO2- from the internal to the apical com- 
partment (JS~ Overshoots were induced according 
to Protocol 1 (50 mM KC1 on the apical side and a 
pulse of BaCL2 of 5 mM). The inner solution was 
Na2SO4-Ringer containing tracer sulfate. After a sta- 
tionary overshoot was reached following Ba 2+ with- 
drawal, a recovery period was undertaken by short- 
circuiting the skins for 60 min with 50 mM KCI plus 
5 mM CaC12 on the apical surface. Then, aiming to 
return to a condition equal to that preceding the Ba 2 + 
pulse, Ca 2 + was removed and the voltage returned to 
40 mV. The sulfate outflux (J SO4) across  the tissue 
(Fig. 8A) follows a time course almost identical to 
that of G (Fig. 8B). During the overshoot phase both 
js04 and G increased significantly in relation to their 
respective control values measured before the Ba 2+ 
pulse. After the end of the Ca 2+-induced recovery 
period, js~ and G had returned to levels not signifi- 
cantly different from their respective control pre- 
Ba 2+ values. Finally, in the absence of apical Ca 2+ , 
js04 and G remained constant. 

The drop of J SO4 associated to a drop of G ob- 
served during the Ba 2+ pulse (Fig. 8A) cannot be 
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Fig. 6. Representative experiments in frog 
skins showing a Ca 2+-induced recovery of the 
clamping current (I) and conductance (G) 
after overshoots of these variables were 
induced in response to a Ba 2+ pulse. (A) The 
overshoot was induced according to Protocol 
1 (see Materials and Methods) and evolved 
for 15 min. Thereafter, the skin was short- 
circuited. After 30 min in this condition, Ca 2+ 
(5 mM) was added to the apical solution. A 
further period of 30 min elapsed and then 
apical Ca 2+ was removed. (B) The overshoot 
was induced according to Protocol 2 (see 
Materials and Methods). After the overshoot 
had evolved for 60 min, 0.25 mM Ca 2+ was 
added to the apical solution for 60 min and 
then removed. In both panels, G is 
proportional to the vertical deflections of I. 

taken to indicate a reduction of the paracellular per- 
meability in this condition since radioactive SO z- 
could have been trapped as BaSO4 within the epithe- 
lium. This ambiguity was avoided by using sucrose 
as extracellular marker in another group of experi- 
ments. 

In spite of jso4 (Fig. 8A) increasing during the 
overshoot phase, the ratio jsoqi does not increase 
when control (0.20 + 0.017) and overshoot (0.16 + 
0.028) phases are compared. These values indicate 
that the sulfate current contributes no more than 
20% for the total clamping current, the rest of the 
current being carried mostly by K +. In addition, 
we can conclude that the increase of I during the 
overshoot cannot be ascribed to a selective increase 
of the sulfate permeability, as the ratio jso4/i should 
increase if this were the case. 

In a different group of experiments, fluxes of 
14C_sucros e (jsvc) from inner to outer compartments 
were measured in 11 skins to evaluate the permeabil- 
ity of the paracellular path to a tracer, commonly 
accepted as a paracellular marker (Smulders & 
Wright, 1971; Ertij & Martinez-Palomo, 1978; Whit- 
tembury et al., 1980), that would not interact with 
B a  2+ . Overshoots were induced according to Proto- 
col 1. Na~SO4-Ringer containing 14C-sucrose bathed 
the inner side of skins. Cold sucrose (1 mM) was 

present in both compartments. The overshoot phase 
is characterized by significant increases of jsuc (Fig. 
9A) as well as of G (Fig. 9B), indicating that the TJs 
became leaky in this condition. When the overshoot 
was fully developed, BaCI2 10 mM was readmitted 
to the apical solution for 15 min and later removed. 
Readmission of apical B a  2+ caused marked and sig- 
nificant reductions of both jsuc (Fig. 9A) and G (Fig. 
9B). When this second skin exposure to Ba 2+ was 
terminated, a much larger overshoot took place, 
with jsuc and G increasing markedly over their pre- 
vious values. These results unequivocally confirm 
that the overshoot is associated with an increased 
permeability of the TJs. In addition, they show that 
Ba 2 + added to the apical solution blocks the paracel- 
lular route, most probably due to deposition of 
BaSO4 at the TJ level. 

8. K + CARRIES MOST OF THE CURRENT IN BOTH 

THE CONTROL AND THE OVERSHOOT PHASES 

The role of K + as a current carrier in the control 
and during the overshoot phases was assessed by 
replacing K + in the apical solution with an equimolar 
concentration of N-methyl-D-glucamine (NMDG +), 
a scarcely permeant cation. The skins were submit- 
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Fig. 7. Increases of conductance (G) caused by apical Ba 2§ pulses 
followed by subsequent recoveries induced by apical Ca z+ . Time 
zero corresponds to the end of the Ba 2+ pulse. Values of G at nega- 
tive times correspond to control pre-Ba 2+ measurements. Statisti- 
cal comparisons were carried out between values indicated by 
small letters using Student' s t-test and Bonferroni' s correction. (A) 
Overshoots were induced according to Protocol 1 (see Materials 
and Methods), following the same scheme of Fig. 6A. Except for 
value b which was obtained at 40 mV, all the other values were 
measured in the short-circuited condition. Statistical comparisons: 
a-b: P < 0.01; b-c: Ns c-d: P < 0.01 ; a-d: Ns;d-e: NS (n = 13). (B) 
Overshoots were induced according to Protocol 2 (see Materials 
and Methods), following the same scheme of Fig. 6B. Statistical 
comparisons: a-b: P < 0.01; a-c: NS; c-d: NS (n = 6). 

ted to Protocol 1. During the control condition be- 
fore the B a  2+ pulse and in the overshoot phase, 
apical K + was temporarily replaced by an equimolar 
concentration of NMDG +. This ionic substitution 
caused reduction of both G and I (AI and AG, respec- 
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Fig. 8. Increases of sulfate efflux across the skin (JS~ and of 
conductance (G) followed by subsequent recoveries induced by 
apical Ca 2+. Overshoots were induced according to Protocol 1 
(50 mM KC1 and 5 mM BaCI2, see Materials and Methods). After 
overshoots attained steady state, skins were short-circuited be- 
fore adding Ca 2+ (5 mM) to the apical solution. After removal 
of apical Ca 2+, the voltage was returned to 40 mV. Time zero 
corresponds to the end of the Ba 2+ pulse. Values at negative 
times correspond to control pre-Ba 2§ measurements. Statistical 
comparisons were carried out between values indicated by small 
letters using Student's t-test and Bonferroni's correction. (A) 
Statistical comparisons: a-b: P < 0.01; b-c: P < 0.01; a-c: ys 
(n = 6). (B) Statistical comparisons: a-b: P < 0.01; b-c: P < 
0.01; a-c: NS (n = 6). 

tively), the effect being significantly larger in the 
overshoot than in the control condition (Table 2). 
The results permit us to conclude that: (i) K-- is a 
major component of the overall conductance, car- 
rying a large fraction of the transepithelial current 
either in the control and the overshoot phases, and 
(ii) the transepithelial K § permeability increases in 
the overshoot phase as indicated by z3J and AG being 
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Fig. 9. Effect of apical Ba 2+ on the sucrose efflux across the skin 
(jsuc) (A) and of conductance G (B). Overshoots were induced 
according to Protocol 1 (75 mM KCI and 10 mM BaCI2, see Materi- 
als and Methods). C: Control condition before the Ba 2+ pulse. 
O1: Overshoot steady-state value obtained after an apical Ba 2+ 
pulse was applied according to Protocol 1 (see Materials and 
Methods). Ba: Value obtained 15 min after Ba 2+ (10 mM) was 
readmitted to the apical solution. O2: Overshoot value attained 
15 min after Ba 2+ was again removed from the apical solution. 
Statistical comparisons were carried out between values indicated 
by letters using Student's t-test and Bonferroni's correction. (A) 
Statistical comparisons: C-01: P < 0.01; Oi-Ba: P < 0.01; Ba- 
Oz: P < 0.01 (n = 6). (B) Statistical comparisons; C-Ol: P < 
0.01; Oa-Ba: P < 0.01; Ba-Oz: P < 0.01 (n = 6). 

significantly higher than their control values (Ta- 
ble 2). 

9. OVERSHOOTS ALSO OCCUR WITH APICAL Na + 

Experiments were carried out to assess whether 
overshoots could be elicited with Na + in place of 
apical K + (Fig. 10). Two groups of experiments were 
performed according to Protocols 1 and 2 (see Mate- 
rials and Methods), with the difference that Na + 
equimolarly replaced apical K +. The contribution 
of Na + for the transcellular conductance and current 
was avoided by the presence of amiloride (10 -4 M) 

in the apical solutions. 

These results show that apical K + is not needed 
for the overshoot to occur provided that another 
cation sufficiently permeant across the open TJs was 
present in the apical solution. 

Discussion 

The aim of the present work was to study the effects 
of a selective deposition of BaSO 4 in the TJs of 
epithelial membranes which led to profound and re- 
versible functional alterations of these structures, 
as revealed by changes of tissue conductance (G), 
clamping current (/), and fluxes of extracellular 
markers (sulfate (jso4) and sucrose (jsuc)). 

The most striking result was the marked and 
stable increase of G and I (overshoot phase) which 
follows the end of a brief pulse of Ba 2+ in the apical 
solution (Results, section 1; Figs. 1 and 2). For the 
Ba 2+ pulse to be effective, the inner solution must 
be a sulfate Ringer and a driving force promoting the 
meeting of Ba 2+ and SO42- ions within the epithelium 
must prevail during the pulse (Results, section 2; 
Fig. 3). As Ba 2+ and SO]- are barely permeable 
across the cell membranes, and BaSO 4 is only 
slightly soluble (Nancollas & Purdie, 1963), the most 
likely result of a Ba 2+ pulse is the selective growth 
of BaSO4 in the paracellular spaces. 

The Ba 2+ treatment used throughout this study, 
and the subsequent overshoot phase which develops 
when apical Ba 2+ is withdrawn, do not harm the 
epithelial cells which remain viable after being sub- 
mitted to such treatments. This conclusion is war- 
ranted by (i) the full recovery induced by apical 
Ca 2+ , with G, I and js~ returning to values similar 
to those of the control pre-Ba 2+ phase (Results sec- 
tion 6; Figs. 6 and 7), (ii) the possibility of inducing 
a new overshoot after recovery is completed, and 
(iii) the preservation of skin ability to carry on active 
Na + transport after being submitted to the Ba 2+ 
treatment (Results section 5). 

The small drop of G and I observed during the 
Ba z+ pulse (Fig. 1 and Table 1) could result in part 
from Ba 2+ blocking apical K + channels or cation- 
selective channels (Ramsay et al., 1976; Granitzer 
& Nagel, 1990; Van Driessche & Zeiske, 1980, 1985; 
Van Driessche & De Wolf, 1991) and also from the 
growth of BaSO4 in the paracellular pathways, 
blocking these routes. This paracellular effect must 
certainly be minor as the overall effect of Ba 2+ on G 
and I is also small. In contrast, during the overshoot 
phase, when Ba 2+ is tested for a second time, the 
major falls of G and I (Fig. 1 and Table 1) are now 
a strong indication that the newly formed BaSO4 
is indeed blocking the paracellular route. A direct 
support to this notion comes from the experiments 
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Table 2. Effect of apical NMDG + for K § replacement on the average values of the clamping current (I) and conductance (G) measured 
in 12 frog skins 

Experimental Apical solution 
condition 

K + NMDG + K + NMDG + 

I I AI r G G AG 

/zA/cm 2 mS/cm 2 

Control 6.28 • 0.84 2.93 • 0.44 3.35 - 0.54 0.15 • 0.02 0.10 • 0.01 0.05 - 0.01 
Overshoot 14.39 - 1.45 4.65 • 0.51 9.74 - 1.16" 0.36 - 0.04 0.19 - 0.02 0.17 • 0.02* 

Overshoots were induced according to Protocol 1 (see Materials and Methods). A1 and AG are, respectively, the differences between 
I and G values measured with apical K + and apical NMDG + during both the control pre-Ba 2+ condition and the overshoot phase. 
Statistical comparisons: (*) different from value in the control condition (P < 0.001), paired t-test. 
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Fig. 10. Average values of the skin electrical conductance (G) 
measured in the control pre-Ba 2+ condition (C) and 15 min from 
the onset of the overshoot (O) in two experimental groups (six 
skins each). (A) Experiments were performed according to proto- 
cols 1 and 2 (see Materials and Methods), with the exception that 
apical K + was replaced by an equimolar concentration of Na § 
and amiloride 10 -4 M was present in the apical solution. Statistical 
comparisons: 01-CI: P < 0.01; Oz-C2: P < 0.01 (paired t-test). (B) 
For the sake of comparison, control experiments were performed 
according to protocols 1 and 2 with K as the major cation in the 
apical solution. Statistical comparisons: 01-Cl: P < 0.01; O2-C2: 
P < 0.01 (paired t-test). 

with sucrose, an extracellular marker, which show 
a conspicuous reduction of jsuc when a pulse of 
apical Ba 2+ was applied during the overshoot 
(Fig. 9A). 

The marked facilitation of overshoots by a pulse 
of urea superimposed to the Ba 2+ pulse (Results, 
section 3; Fig. 4) is a strong indication that deposi- 
tion of BaSO 4 occurs in the paracellular pathways, 
specifically at the TJs, as apical hypertonic urea is 
known to reversibly open TJs in epithelial mem- 
branes (Ussing & Windhager, 1964; Erlij & Martfn- 
ez-Palomo, 1972; Wade et al., 1973; Gonzgdez et al., 
1978). Electron micrographs taken from skins and 
bladders fixed at the end of the Ba 2+ pulse (Results, 
section 4; Fig. 5) corroborate this view, showing the 
presence of minute amounts of an electron-dense 
material (presumably BaSO4) in the region of the 
interspaces where the zonulae occludentes are lo- 
cated. The state of increased conductance that char- 
acterizes the overshoot phase, on the other hand, 
has no morphological counterpart, as evaluated by 
thin-section electron microscopy. 

It is a reasonable assumption, on the grounds 
of results already presented, that minute amounts 
of B a S O  4 do form in the region of the TJs. The 
junctional proteins could promote a selective nucle- 
ation of BaSO4 in the TJ region. Within biological 
structures, formation of mineral phases is known 
to be influenced by macromolecules which induce 
nucleation and orient the pattern of growth (Lowens- 
tam, 1981; Glimcher, 1984; Weiner & Traub, 1984; 
Williams, 1984; Mann, Sparks & Blakemore, 1987; 
Wilcock et al., 1988). In addition, as the TJ is a locus 
of high resistance in the paracellular pathway, it 
should confine the migration fronts of Ba 2+ and 
SO4 z-, contributing to the meeting of these ions at 
its level. 

The overshoot phase, being characterized by a 
large increase of G, I and the transepithelial fluxes 
of extracellular markers, jso4 (Fig. 8A) and jsuc (Fig. 
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9A), necessarily reflects the opening of TJs, as the 
most important fraction of the paracellular resis- 
tance resides in these structures (Martfnez-Palomo, 
Erlij & Bracho, 1971). The mechanism underlying 
the opening of TJs in response to the B a  2+ treatment 
is not clear at the moment. Opening of TJs could 
result from the growth of B a S O  4 within the TJs dur- 
ing the Ba 2+ pulse which could deeply alter these 
junctional elements--a process expected to start 
and proceed as soon as Ba 2+ is added to the apical 
solution. In addition, the presence of B a S O  4 should 
concomitantly block the TJs being disassembled, 
as already discussed, masking an increase of the 
paraceUular permeability that would otherwise oc- 
cur. When the Ba 2+ pulse is terminated, dissolution 
of the BaSO4 formed within the TJs should start 
according to the mass action law. The alterations of 
the TJs induced by the growth of BaSO 4 seem to 
render the TJs leaky when BaSO4 dissolves. The 
sealing impairment of the TJs could result from (i) 
a stable association of vestigial amounts of B a S O  4 

with the TJ proteins, preventing the reassembly, (ii) 
a defective assembly of the junctional proteins that 
would not spontaneously return to their original or- 
ganization upon dissolution of the B a S O  4 or, (iii) an 
endocytotic internalization of TJ elements, a process 
that could be triggered by the presence of BaSO4 at 
the TJs. Endocytotic internalization of segments of 
junctional strands has been described in cultured 
mammary epithelial cells (Pitelka et al., 1983). A 
pertinent observation is the impairment of TJ reseal- 
ing that results from the intromission of lanthanum 
into the TJs opened by apical hypertonic urea solu- 
tion (Erlij & Mart[nez-Palomo, 1972). However, 
some aspects of that study (Erlij & Martfnez-Pa- 
lomo, 1972) differ from our findings since lanthanum 
did not lead by itself to TJ opening; its presence did 
not block the conductance of the paracellular route, 
and its effect was irreversible in spite of the presence 
of Ca 2+ in the apical solution. 

Our results indicate that the conductance in- 
crease during the overshoot phase occurs without 
appreciable modifications of the tissue ionic selectiv- 
ity since: (i) The sulfate current (jso4) amounts to 
about 20% of the total clamping current, both in the 
control and in the overshoot phases (Results, section 
7). (ii) The potassium current (estimated through 
the substitution of apical K + by NMDG +) (Results, 
section 8) represents at least 50% of the total current 
(53% in the control and 68% in the overshoot phase 
(as can be calculated from Table 2). This attests that 
the TJs are cation selective in the control condition, 
agreeing with the current opinion (Powell, 1981), 
and indicating that the same holds in the overshoot 
phase. These values may be underestimated since 
the paracellular pathways may be slightly permeable 

to NMDG + and the sulfate current is no more than 
20% of/ .  (iii) In all experiments, G, and I are grossly 
correlated. As apical and basolateral solutions are 
rather different, this correlation suggests that ionic 
selectivities are comparable both in the control and 
in the overshoot phases. 

The effect of C a  2+ promoting junction sealing 
(Results, section 6; Figs. 6 and 7) is in agreement 
with the role of extracellular Ca 2+ inducing the 
resealing of TJs previously opened in different 
experimental conditions (Sedar & Forte, 1964; Cer- 
eijido et al., 1978; Meldolesi et al., 1978; Pitelka 
et al., 1983), and the formation of new TJs (Cerei- 
jido et al., 1978; Cereijido et al., 1981; Gonzfilez- 
Mariscal, Chaves de Ramirez & Cereijido, 1985). 
An important aspect of the present study is the 
sidedness of the effect since recovery of G, I and 
jso4 to control levels (Results, sections 6 and 7) 
is induced only when C a  2+ is added to the apical 
solution; the presence of C a  2+ in the basolateral 
solution has no effect. 

The sharp drop of I and increase of G which 
immediately follows the addition of apical Ca z + dur- 
ing an overshoot (Results, section 6; Fig. 6) are 
strong indications of a direct action of Ca 2+ on the 
TJs opened by the effect of BaSO4. This fast re- 
sponse to Ca 2+ may result from a rapid change in 
the ionic selectivity of the TJs due to C a  2+ screening 
of negative fixed charges. That no immediate drop 
of G occurs when Ca 2+ is added indicates that 
changes in selectivity occur earlier than the process 
of TJ sealing itself--sealing which leads to a subse- 
quent slow drop of G toward control pre-Ba 2 + levels. 
The changes in selectivity induced by apical C a  2+ 

are features of the TJs made leaky by the deposition 
of BaSO 4, since addition and subsequent removal 
of apical C a  2 + during the control condition (before 
the Ba 2+ pulse) (Results, section 6) are without any 
effect upon G or I. 

Our results, despite showing that apical Ca 2+ 
interacts with the TJs opened by the BaSO4, do not 
lead to a conclusion on how apical Ca 2+ triggers 
junction sealing, since the effect of apical C a  2 + could 
also result from C a  2+ entering the cells via the apical 
membrane or from the interaction with C a  2+ binding 
sites on the apical aspects of the cells. 

The resealing mechanism could result from reas- 
sembly of pre-existing junctional elements stemming 
from TJs disrupted by BaSO 4 or from the incorpora- 
tion of a new junctional component to the mem- 
brane, as suggested for MDCK cells in response to 
the addition of Ca 2+ to both sides of the monolayer 
(Gonzgdez-Mariscal et al., 1990). 

The present study shows that similar effects of 
B a S O  4 o n  the TJs can be evoked in the urinary blad- 
der of R. catesbeiana and in the skin and urinary 
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bladder of B. marinus, suggesting that the results 
report general properties of the TJs. 

This study incidentally warns about the use of 
Ba 2+ as an ion channel blocker in epithelial mem- 
branes in association with SO 2- containing solutions 
on the contralateral side of the epithelium, as im- 
portant effects on the paracellular pathways might 
develop in addition to the desired effects on the 
transcellular route. 
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