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Permeability to water in a tight epithelium:
possible modulating action of gap junctions

Gabriel Orce, Graciela Castillo, Yolanda Chanampa, and Alejandra Bellomio

Abstract: Osmotic water flow (Jw) across tight distal nephron epithelial membranes increases upon exposure to
vasopressin: following binding of the hormone to its receptors, intracellular cyclic AMP concentration increases, lead-
ing to insertion of aquaporins in the apical membrane. The involvement of intercellular communication in the process,
however, has not been adequately explored. Octanol, 1.2 × 10–3 M, a gap junction inhibitor, significantly reduced Jw
(expressed as mg·20 min–1) in isolated toad urinary bladders (a model of the distal nephron) subjected to a
transepithelial osmotic gradient and exposed to agents mimicking the vasopressin-triggered mechanism: oxytocin,
50 mIU·mL–1 (from 185.3 ± 28.0, P < 0.001, to 69.0 ± 23.6, P < 0.05; Pdiff < 0.01, n = 6), and cyclic AMP, 2.5 ×
10–3 M (from 98.0 ± 32.6, P < 0.02, to 31.0 ± 13.9, NS; Pdiff < 0.05, n = 12), without altering the effect of nystatin,
450 U·mL–1, which increases Jw via a mechanism unrelated to apical aquaporin insertion (163.2 ± 16.3, P < 0.001, in
controls vs. 150.3 ± 10.4, P < 0.001, in octanol-treated bladders; Pdiff: NS, n = 6). Another gap junction blocker,
carbenoxolone, 2.0 × 10–4 M (CBX), exerted similar effects on the responses to oxytocin, 100 mIU·mL–1, reducing the
response from 256.7 ± 33.6, P < 0.001, to 102.7 ± 10.4, P < 0.001; Pdiff < 0.01, n = 6) and nystatin, which was unaf-
fected (95.0 ± 20.9, P < 0.01, vs. 132.0 ± 27.0, P < 0.01; Pdiff: NS, n = 6). Our results suggest that either gap junc-
tions or, alternatively, unapposed gap junction hemichannels, may be important in the regulation of Jw in the isolated
toad bladder, by modulating a step in the physiological process leading to increased apical membrane permeability.
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Résumé : Le débit d’eau (Jw) osmotique à travers les membranes épithéliales du néphron distal augmente de lors
l’exposition à la vasopressine : après la fixation de l’hormone à ses récepteurs, la concentration d’AMP cyclique intra-
cellulaire augmente, favorisant l’insertion d’aquaporines dans la membrane apicale. Toutefois, le rôle de la communica-
tion intercellulaire dans le processus est encore mal connu. L’octanol, 1,2 × 10–3 M, un inhibiteur de jonctions
lacunaires, a significativement réduit Jw (exprimé en mg·20 min–1) dans les vessies urinaires isolées de crapauds (un
modèle de néphron distal) soumises à un gradient osmotique transépithélial et exposées à des agents reproduisant le
mécanisme déclenché par la vasopressine : l’ocytocine, 50 mUI·mL–1 (de 185,3 ± 28,0, P < 0,001, à 69,0 ± 23,6, P <
0,05; Pdiff < 0,01, n = 6), et l’AMP cyclique, 2,5 × 10–3 M (de 98,0 ± 32,6, P < 0,02, à 31,0 ± 13,9, NS; Pdiff <
0,05, n = 12) sans modifier l’effet de la nystatine, 450 U·mL–1, qui augmente Jw par un mécanisme indépendant de
l’insertion apicale des aquaporines (163,2 ± 16,3, P < 0,001, dans les vessies témoins, vs 150,3 ± 10,4, P < 0,001,
dans les vessies traitées à l’octanol; Pdiff : NS, n = 6). Une autre bloqueur de jonctions lacunaires, carbenoloxone,
2,0 × 10–4 M (CBX), a eu des effets similaires sur les réponses à l’ocytocine, 100 mUI·mL–1, réduisant la réponse de
256,7 ± 33,6, P < 0,001, à 102,7 ± 10,4, P < 0,001; Pdiff < 0,01, n = 6) et à la nystatine, qui n’a pas été affectée
(95,0 ± 20,9, P < 0,01, vs 132,0 ± 27,0, P < 0,01; Pdiff: NS, n = 6). Nos résultats donnent à penser que les jonctions
lacunaires, ou des demi-canaux non jonctionnels, pourraient jouer un rôle important dans la régulation du Jw dans la
vessie isolée du crapaud, en modulant une étape dans le processus physiologique favorisant une augmentation de la
perméabilité de la membrane apicale.
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Introduction

The exchange of matter and energy between living beings
and the environment, and between body fluid compartments,
often takes place across epithelial membranes.

Epithelial cells consist of an apical (external) membrane,
which exhibits selective water and solute permeability, nor-
mally limiting their passage, and a basolateral (internal)
membrane, in contact with the animal’s internal milieu
(Kristensen and Ussing 1985). They are separated by the
tight junction, which forms a continuous seal around each
cell, constituting the entrance to the paracellular pathway of
passage (Mitic and Anderson 1988).

Depending primarily on the tightness of its tight junctions,
epithelia are classified as leaky (highly permeable to water
and ions, as in the proximal renal tubule) or tight (as in the
distal tubule and collecting duct).

Regulated water flow (Jw) across tight epithelia is crucial
for maintaining volumes and solute concentrations in or-
ganic compartments within narrow limits. This regulation
(usually under hormonal control) is critical to survival, and
has been widely studied (Knepper 1997, Nielsen et al. 2002).

The kidney, particularly the collecting duct, is centrally
involved in the control of the volume and osmolality of the
different compartments of the body.

Skin and bladder from toads have been intensively used
extensively as models of the renal collecting duct (Leaf
1982). In the absence of the native antidiuretic hormone
(vasotocin), these tissues exhibit low water permeability.
With exposure to vasotocin or its analogues, such as vaso-
pressin or oxytocin, permeability increases (the hydrosmotic
effect). The effect is mediated by cyclic AMP (cAMP) and
ultimately involves the insertion in the apical membrane of
aquaporins, “water channels” pre-existing in intracellular
vesicles (Chrispeels and Agre 1994, Deen and van Os 1998).

The exogenous addition of cAMP, which bypasses the re-
ceptor-binding and enzyme-activation steps, brings about the
same response.

Apical water permeability is also increased by agents
acting directly on the membrane, completely bypassing the
process leading to aquaporin insertion. Nystatin, a polyene
antibiotic, binds to membrane sterols, generating pores that
act as water channels. The mechanism involves none of the
steps described above (Zager 2000), and has been used in
the past to functionally “remove” the apical membrane (Orce
et al. 1981; Garty 1984).

Gap junctions are ubicuitous structures involved in inter-
cellular communication. They are formed by the apposition
of connexons, which are formed by an ordered clustering of
connexins (i.e., tubular structures harboring channels) and
are inserted across the membrane, between neighboring
cells. These intercellular channels allow cells to exchange
small molecules.

The participation of gap junctions has been demonstrated
in the maintenance of epithelial tissue integrity and function
(Iwata et al. 1998; Edelman et al. 1994), in processes related
to the functions of mammalian renal tissues (Yaoita et al.
2002), including tubular epithelia of animals (Guo et al.
1998) and humans (Hillis et al. 1997), and of transport
epithelia isolated from amphibians (Shahin and Blanken-
meyer 1989).

More recently, the independent existence of hemichannels,
unapposed connexons in nonjunctional portions of the mem-
brane, has been recognized (Ebihara 2003). These structures
are large conductance channels permeable to hydrophilic
molecules up to 1 kDa; opening these channels can signifi-
cantly alter cell homeostasis (Vergara et al. 2003).

Despite the fact that the syncitial behavior of the principal
cells in this type of epithelium (Rick et al. 1978) is well-
known, the influence on epithelial transport processes of di-
rect cell communication with other cells or the environment
has not been well studied.

We used octanol and carbenoxolone, agents known to
close channels within the gap junctions (Weingart and
Bukauskas 1998; Burghardt 1995), to explore the influence
of these structures on the regulation of transcellular water
permeability. Our results suggest that gap junctions and (or)
hemichannels may be important in increasing Jw in the iso-
lated bladder, probably by modulating one or more steps of
the process of apical membrane activation.

Methods

Bufo arenarum toads were obtained locally, kept on wet
sand, and hydrated for 18–24 h before use. They were
pithed, and Jw was determined in the isolated urinary blad-
der using a gravimetric technique (Orce and Castillo 1986).
Briefly, both hemibladders (one of which was used as a con-
trol) were mounted as bags, mucosal side inside; this was
achieved by tying each hemibladder to the end of a glass
tube that was open at both ends. Each hemibladder was
filled with 1 mL of a hypo-osmotic solution and suspended
in 5 mL of amphibian Ringer’s solution, establishing an os-
motic gradient across its wall.

The hemibladder preparations were left to stand for
60 min; baths were changed once during that period. To de-
termine Jw, the hemibladders were weighed every 20 min;
the apical solution was discarded at the end of each 20-min
period, and either renewed or substituted with the solution to
be used in the following period. Typically, baseline Jw was
determined during two 20-min periods in drug-free solu-
tions, after which the bladders not in the control group were
exposed to one or more of the experimental drugs; this was
achieved by replacing one or both baths with solutions con-
taining the study drugs.

Concentration of the Ringer’s solution bathing the serosal
border of the bladder was as follows (in mmol/L): NaCl,
105.0; KCl, 2.0; MgSO4, 1.0; Tris–HCl buffer, 25.0
(pH 7.5); CaCl2, 1.0; and glucose, 6.0. Osmolality was 230–
235 mOsm/Kg H2O. The solution was agitated and aerated
with air. The hypo-osmotic solution used on the apical bor-
der of the bladder was Ringer’s solution diluted with dis-
tilled water, in a ratio of 1:5.

Oxytocin (Syntocinon, 5 IU/mL) was generously donated
by Novartis Argentina (Buenos Aires, Argentina), octanol
(Merck, Darmstadt), nystatin, and carbenoxolone (Sigma, St.
Louis, Mo.) were commercially obtained. All drugs were
dissolved/diluted immediately before use, and added directly
to the bath. Stock solutions of octanol (diluted 1:10) and
nystatin (6.5 × 10–3 mol/L) were prepared in methanol, and
control preparations were given an equal volume of the sol-
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vent; the volume added was never greater than 0.5% of the
bath volume.

The animals used in the study were cared for in accor-
dance with the principles and guidelines of the Canadian
Council on Animal Care. Experiments were performed at
room temperature (20–24 °C); results are expressed as mean ±
S.E.M. Results were statistically evaluated by Student’s t
test; P < 0.05 was considered significant.

Results

Effect of octanol on the viability of the isolated bladder
To check for deleterious effects of prolonged exposure to

octanol, a gap-junction inhibitor, bladders were bathed in
Ringer’s solution containing 1.2 × 10–3 mol/L octanol for
120 min. After being rinsed in a drug-free solution for
80 min, the bladders were challenged with 50 mIU·mL–1

oxytocin, and Jw was recorded during a 100-min period. The
Jw response in the octanol-treated bladders was 79.1 ±
23.1 mg·20 min–1 (P < 0.01) vs. 76.0 ± 12.2 (P < 0.001) in
the preparations not exposed to the inhibitor (n = 12).

Effect of octanol on the response to oxytocin
Exposure of both sides of the bladder to octanol did not

per se change the pattern of weight loss. However, the re-
sponse to exposure of the serosal border of the preparations
to oxytocin (OT) was 69.0 ± 23.6 mg·20 min–1 (P < 0.05) in
preparations exposed to octanol, whereas those exposed only
to OT increased by 185.3 ± 28.0 mg·20 min–1 (P < 0.001);
the P value of the difference (Pdiff) was < 0.01) (Fig. 1).

Effect of octanol on the response to cAMP
Similarly, the bladder’s Jw response to 2.5 × 10–3 mol/L

cAMP added to the serosal bath, was reduced from 98.0 ±
32.6 mg·20 min–1 (P < 0.02) in control preparations to
31.0 ± 13.9 mg·20 min–1 (nonsignificant) in octanol-treated
bladders (Pdiff < 0.05) (Fig. 2)

Effect of octanol on the response to nystatin
In contrast, the Jw response to 450 U·mL–1 (NYS) added

to the mucosal bath was not affected by prior exposure to
octanol: the hydrosmotic response to the peptide was
163.2 ± 16.3 mg·20 min–1 (P < 0.001) in bladders treated
with OT only vs. 150.3 ± 10.4 mg·20 min–1 (P < 0.001) in
preparations also exposed to octanol (Pdiff: NS) (Fig. 3).

Effects of carbenoxolone on the response to oxytocin or
nystatin

Although exposure of the bladder to carbenoxolone
caused no effect per se, the Jw response of the preparations
to serosal oxytocin decreased, without altering the response
to mucosal NYS (Table 1).

Discussion

The mechanisms of the Jw increase brought about by
vasopressin in tight distal nephron epithelia are thoroughly
understood, and bear a strong similarity to the mechanisms
at work in the isolated toad bladder. Little is known, how-
ever, about the influence of intercellular communication on
transepithelial water flow.

Octanol, a known blocker of gap-junction channels, did
not affect the viability of the isolated toad bladder; the Jw
response to oxytocin was not altered in bladders transiently
exposed to the inhibitor and rinsed.

We found that octanol and carbenoxolone inhibited the
hydrosmotic response of the bladder to oxytocin, without al-
tering the permeabilizing effect of nystatin on the apical
membrane. Furthermore, inhibition of the effect of cAMP by
octanol indicates that the inhibitor exerts its action after gen-
eration of the mediator. Our results also show that neither in-
hibitor affected the passage of water across the cell, once the
apical barrier was traversed.

Taken together, these data strongly suggest that channels
existing within the connexon are involved, in some manner,
in the full development of the hydrosmotic response, proba-
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Fig. 1. Effect of octanol on the hydrosmotic response of the iso-
lated bladder to oxytocin. After measuring the baseline osmotic
water flow (Jw) (bars 1 and 2, left panel), 1.2 × 10–3 mol/L
octanol (OcOH) was added to both the serosal and mucosal
baths of one preparation (bars 3 and 5). Controls (bars 4 and 6)
received the same volume of vehicle, methanol (middle panel).
Oxytocin (OT), 50 mIU/mL, was added to the serosal bath of all
preparations 80 min later, and Jw was measured for 120 min
(right panel). Bars show the maximum weight loss of the prepa-
rations. + and ++: P < 0.05 and < 0.01 vs previous values for
the same preparations, respectively.

Fig. 2. Effect of octanol on the hydrosmotic response of the iso-
lated bladder to cAMP. The experimental protocol was as de-
scribed in Fig. 1, except that 2.5 × 10–3 mol/L cAMP (cAMP),
was used instead of oxytocin, and water flow (Jw) was measured
for 160 min after the addition of cAMP. + P < 0.05 vs the pre-
vious value for the same preparations.



bly at a step prior to, or affecting, the insertion of
aquaporins in the apical membrane.

Because gap-junction inhibitors also block hemichannel
function, our results do not distinguish the exchange of ma-
terials between cells from exchange between cells and the
environment. The precise modulating function performed by
these structures in the process leading to aquaporin activa-
tion/membrane insertion is hard to imagine at the present
time. It is possible that either the synchronizing capacity af-
forded by the sincytial nature of the epithelium, or the up-
take or discharge of a substance or substances are important
for the full development of the permeabilization process.

Further study is required, however, to more precisely de-
scribe the site and mode in which modulation takes place.
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Preparation 1 2 3 4 5

Baseline s&mCBX P serosal OT P

CBX + OT –6.2±5.8 –4.7±5.0 NS 114.8±12.1 < 0.001
Control 2.7±4.3 –4.8±2.2 NS 259.2±32.3 < 0.001
Diff –154.0±32.3 < 0.01

Baseline s&mCBX P mucosal NYS P

CBX + NYS 7.0±3.6 10.0±6.4 NS 136.1±29.0 < 0.01
Control 3.8±7.4 12.0±7.1 NS 128.7±23.7 < 0.001
Diff 7.4±38.3

Note: Bladders were mounted and their baseline Jw measured (column 1). CBX preparations were exposed to 2.0 ×
10–4 mol/L carbenoxolone in both serosal and mucosal baths (s&mCBX) for 80 min; the values reached are reported in col-
umn 2, and the P values of the responses in column 3. Both CBX and control preparations were then exposed to the agent
indicated (either 100 mIU·mL–1 oxytocin (OT) or 450 U·mL–1 nystatin (NYS)), and peak values (column 4) and P values of
the responses shown in (column 5) were recorded. For treated and control groups, n = 6.

Table 1. Effect of carbenoxolone (CBX) on the Jw response to hydrosmotic agents in the toad bladder.

Fig. 3. Effect of octanol on the hydrosmotic response of the iso-
lated bladder to nystatin. The experimental protocol was as de-
scribed in Fig. 1, except that 450 U/mL nystatin (NYS), was
used in the mucosal bath as the water flow (Jw)-stimulating
agent, and Jw continued to be measured for 160 min after the
addition of nystatin. + and ++: P < 0.05 and < 0.01 vs previous
values for the same preparations, respectively.
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