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The hydroosmotic responses induced by oxytocin and 8-bromo-cyclic AMP, in frog and toad urinary 
bladders, were recorded minute by minute. 3HHO and 45Ca unidirectional fluxes as well as prostaglandin 132 
liberation were also measured. It was observed that: (1) Addition of the calcium ionophore A23187 or 
quinidine to the serosal bath inhibited the response to oxytocin, but not to 8-bromo-cyclic AMP, while 
increasing propstaglandin E l liberation into the serosal but not into the mucosal bath. (2) Addition of 
A23187 to the mucosal bath induced a transient and temperature-dependent inhibition of the response 
elicited by 8-bromo-cyclic AMP. The time-course of this reduction in water permeability and its sensitivity 
to medium temperature were similar to those observed after the withdrawal of agonist, but clearly different 
of those observed after intracellular acidification. (3) The hydroosmotic response was also transitorily 
inhibited when the Ca 2+ concentration was step-changed in the mucosal bath. (4) When added to the 
mucosal or to the serosal baths, the ionophore increased either the apical or the laterobasal Ca 2+ 
permeabilities. It is concluded that manipulation of intracellular Ca  2+ interferes with the hydroosmotic 
response at two different levels. (1) A first target point located 'pre-cyclic-AMP production'. This effect 
would be mediated by prostaglandin liberation. (2) A second target point located after cyclic AMP 
production and before the 'temperature-dependent rate-limiting step'. This effect is probably related to the 
mechanism controlling the insertion and removal of water channels. 

Introduction 

Antidiuretic hormone (ADH) and its intracellu- 
lar second messenger, cyclic adenosine monophos- 
phate (cyclic AMP) [1], increase the water permea- 
bility of their target membranes. Experimental 
evidence, coming from both ultrastructural and 
biophysical studies [2-5], indicates that this action 
is associated with the transfer of water channels 

Abbreviation: ADH, antidiuretic hormone. 
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from cytoplasmic vesicles into the apical plasma 
membrane of granular cells [6,7]. Microtubules 
and microfilaments seem to be involved in this 
'membrane traffic' process [8,9] and Ca 2÷ has 
been implicated in cytoskeletal functions [10]. 
Furthermore, membrane fusion events also de- 
pend on Ca 2 ÷ concentration. 

Previous information from experiments in which 
intracellular Ca 2÷ was manipulated employing the 
Ca 2÷ ionophore A23187 or quinidine indicates 
that cytosolic Ca 2* concentration plays a role in 
the ADH-induced response [11,12]. Nevertheless, 
several points remain obscure or controversial: (1) 
Are the responses to A D H  and cyclic AMP in- 
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hibited [12] or potentiated [11] by A23187 or 
quinidine? (2) Are the ionophore actions restricted 
to 'pre-cyclic-AMP' steps [13] and mainly related 
to liberation of prostaglandins [14,15]? (3) If a 
'post-cyclic-AMP' action can be demonstrated, 
which would be the ' target  point '  for this Ca 2+- 
mediated effect? 

We have now re-examined the effects of iono- 
phore A23187 and quinidine on the response to 
oxytocin and 8-bromo-cyclic  A M P  in the 
amphibian urinary bladders. Net  water fluxes were 
recorded minute by minute, allowing a time-course 
study of changes in water permeability. 3HHO 
and 45 Ca unidirectional fluxes were also mesured, 
while intracellular Ca 2+ manipulation was at- 
tempted in different ways. Finally, liberation of 
prostaglandins was tested under the different ex- 
perimental conditions employed. 

Materials and Methods 

European frogs (Rana esculenta) or South 
American toads (Bufo arenarum) were employed 
in different experiments. Most experimental con- 
ditions were tested in both species, and no signifi- 
cant differences were observed. 

Net water fluxes 
Urinary bladders were removed from pithed 

frogs or toads and horizontally mounted (serosal 
or mucosal side upwards) as flat sheets between 
two twin lucite chambers. The saline solution 
bathing the serosal side of the bladder contained 
(raM): NaC1, 112; KC1, 5; CaC12, 1; N a H C O  3, 
2.5 (pH 8.1 when bubbled with air). An osmotic 
gradient was imposed by reducing the NaC1 con- 
centration in the mucosal solution to 5.2 mM. The 
net water fluxes were measured with a modifica- 
tion of a previously described technique [16,17]. 
Water was automatically injected into or sucked 
from the lower chamber to maintain a constant 
volume and the magnitude of this fluid movement,  
equivalent to the net flux, was recorded every 
minute. Free access to the mucosal or to the 
serosal bath (upper chamber) was alternatively 
assured. 

Unidirectional water fluxes 
Unidirectional water fluxes were measured with 

a technique previously employed and discussed 
[18]. Everted bladder sacs were attached to a 
polyethylene cannula and filled with about 6 ml of 
saline. The sacs (mucosal side outwards) were 
inmersed for 40 s in a buffer solution containing 
10 /~Ci/ml of 3HHO and 1 luCi/ml of [14C]man- 
nitol, washed for 0.5 s in the chilled non-radioac- 
tive solution and transferred to a preweighed 
empty beaker in which the sac was cut open and 
the serosal fluid collected. 500-/~1 samples of this 
fluid were analysed in a liquid scintillation coun- 
ter. The volume of the sac was calculated from its 
weight and an estimation of its surface was made 
assuming a spherical shape. After correction for 
the remaining adherent layer by subtracting the 
mannitol space, the unidirectional water flux was 
calculated and expressed in /~1-min l .  cm-2.  In 
most experiments, paired sacs were prepared from 
each bladder and fluxes in the tested situation 
were expressed as a percentage of those observed 
in the control. 

Unidirectional Ca 2 + fluxes 
Frog or toad urinary bladders were horizontally 

mounted as for net water measurements. Either 
the mucosal or the serosal surface was facing the 
upper bath in different experiments. The lower 
chamber volume (stirred with a magnetic bar) was 
12 ml and the upper one 2 ml. 45Ca (1 ~tCi/ml as 
CaC12) was added to the lower chamber at the 
beginning of the experiments and the upper volume 
was removed every 10 rain. 4SCa activity was 
measured by scintillation counting. The transepi- 
thelial Ca 2+ permeability coefficient was then 
calculated (exposed area 3.14 cm 2) and expressed 
in cm/s .  In some experiments [14C]mannitol per- 
meability was simultaneously tested. 

Determination of prostaglandin release 
Bladders were vertically mounted between two 

symmetric twin lucite chambers. The exposed area 
was 3 cm 2 and the chamber volumes 5 ml. Sam- 
ples (150 /al) were taked by triplicate at 30 min 
intervals and prostaglandin E 2 concentration was 
measured with a New England Nuclear (125I) RIA 
kit (NEK-020A). 

The term A D H  is used throughout the text as a 
generic expression covering the hydroosmotic ac- 
tion of oxytocin and other neurohypophyseal 
peptides. 
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Fig. 1. The hydroosmotic response to oxytocin (OXY, 10 -8 M) 
in a frog urinary bladder. Effect of mucosal A23187 (1.5-10 5 
M). At the second arrow the A23187 solution ws replaced by a 

fresh one. R: A23187 withdrawal. 

Results 

The effects of the Ca 2 + ionophore A23187 on the 
hydroosmotic response to oxytocin 

In a first type of experiment, A23187 
(Calbiochem) was added, either to the mucosal or 

to the serosal bath, once the hydroosmotic re- 
sponse to oxytocin (Sandoz) was fully developed. 

Addition of A23187 to the mucosal bath. Fig. 1 
records a typical experiment. The height of each 
vertical stroke indicates the every minute value of 
the net water flux. At the top of the response to 
oxytocin (OXY, 1 .1 0  -8 M) 5 /~1 of a A23187 
solution (1.5 • 10 -5 M) were added to the mucosal 
chamber (the open one in these experiments). This 
induced a transient reduction in water permeabil- 
ity, while 5 /~1 of the carrier solution ( D M S O /  
ethanol, 1 : 1) had no significant effect (not shown). 
Replacement of the A23187-containing solution 
by a fresh one, with the same or higher ionophore 
concentration (2- or 3-fold increase), did not 
change the observed time-course (regardless of the 
time elapsed after A23187 addition, see Fig. 4. 

Fig. 2 represents the mean curve for eight 
experiments. The development of the response to 
oxytocin was not represented and the graph starts 
at the top of the hydroosmotic response. The 
inhibitory phase shows a time-course reminiscent 
of that observed during oxytocin washout [19]. 
Maximal inhibition represented 47% of the hydro- 
osmotic response (Table I) with a half-time of 
5 + 0.4 min. 

It has been previously reported that at least 
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Fig. 2. The graph starts at the top of the response to oxytocin (OXY). Net water fluxes, mean curve for eight experiments• A23187 
was added to the mucosal (m.) bath. 
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part of the effects observed after incubation with 
A23187 can be due to liberation of prostaglandins 
[15]. In a series of experiments we challenged the 
bladders with oxytocin (10-8 M) plus an inhibitor 
of prostaglandin liberation (indomethacin, 5 • 10-5 
M). As reported in Table I, no significant changes 
in the inhibitory effect of mucosal A23187 were 
observed. 

Addition of A23187 to the serosal bath. When 
the ionophore (1.5.10 -5 or 2 .2 .10 -5 M) was 
added to the serosal bath, at the top of the re- 
sponse to oxytocin, a reduction in the hydro- 
osmotic response was also observed (Fig. 5). The 
time-course of the decay was again similar to that 
observed during oxytocin washout (half-time 5.0 
+ 0.4 min). Nevertheless, the inhibitory effect did 
not show the spontaneous recovery observed when 
A23187 was added to the mucosal bath. Another 
difference was registered when indomethacin was 
added together with oxytocin. In this situation the 
inhibitory effect of A23187 was prevented (Table 
I). 

8.Br CAMP(IO-3M) A 23187 ( m 1(1.5,10-SM) 
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Fig. 3. Net water fluxes, mean curve for 12 experiments. The 
graph starts at the top of the response to 8-bromocyclic AMP 

(8-Br CAMP). A23187 was added to the mucosal (m.) bath. 

The effects of the Ca ̀ '+ ionophore A23187 on the 
hydrostatic response to 8-bromo-cyclic A M P  

Cyclic AMP is the accepted second messenger 
for ADH. Fig. 3 shows the effects of A23187 
(1.5.10 -5 M), when added to the mucosal bath, 
on the response elicited by 8-bromo-cyclic AMP 
(10 -3, Sigma), a potent analog of the nucleotide. 
The development of the response was not repre- 
sented (mean curve for 12 experiments). The in- 
hibitory phase (37% at the maximum, Table I) had 
characteristics (half-time 4.5 + 0.6 min) similar to 
those observed during oxytocin withdrawal. 

Fig. 4 shows an experiment (representative of 
six) in which two fragments of the same urinary 
bladder were tested, one at 20 °C  and the other at 
12°C. It was observed that: (1) As previously 
reported for cyclic AMP [20] the response to 8- 
bromo-cyclic AMP was slower at 12°C (lower 
curve, half-time 18 + 3 min, n = 6) than at 20 ° C. 
(upper curve, half-time 7.5 _+ 0.6 min, n = 6). (2) 
The time-course of the inhibitory action of A23187 
was also slowed down by reduction in medium 
temperature (half-time for maximal inhibition 4.0 
_+ 1.0 min at 2 0 ° C  and 22_+ 3 min at 12°C). (3) 

TABLE I 

EFFECTS OF A23187, Q U I N I D I N E  A N D  I N D O M E T H A C I N  ON THE H Y D R O S M O T I C  RESPONSE TO OXYTOCIN A N D  
8-BROMO-CYCLIC AMP 

Results represent, for agents tested after the agonist, the per cent variation (+_S.E.) induced on the previously developped 
hydroosmotic response (measured as shown in Fig. 2, for example). For experiments in which A23187 was added before the agonist, 
the response is expressed as the percentage of a control response to the agonist observed in a simultaneously stimulated hemibladder. 

Condition Serosal A23187 (10 5 M) Mucosal A23187 Serosal quinidine 

before after (10 -5 M) (2.10 -4  M) 
after agonist after agonist agonist agonist 

Oxytocin(10 8 M) - 4 0 + 6 ( 6 )  -37_+6(12)  - 4 7 + 5 ( 1 2 )  - 4 2 + 4 ( 8 )  
8-Bromo-cyclic AMP (10-  3 M) - 2 8 + 5 ( 6 )  - 3 + 6 ( 1 0 )  37+_7(12) +33+_6(8)  
Indomethacin(5-10 -6  M)+ocy toc in (2 .2 .10  -8  M) - - 8 + _ 7  (6) 35+_4 (6) -10+_6(6 )  
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Fig. 4. Net water fluxes across two fragments of the same frog 
urinary bladder, measured at 20 and 12°C. After 8-bromo- 
cAMP stimulation (10-3 M), A23187 (1.5.10-5 M) was added 
to the mucosal bath. Second and third additions of A23187 (at 
20 ° C) increased the ionophore concentration to 3.10 -~ and 
4.5.10 5 M. Medium acidification was obtained by bubbling 

5% CO 2 in the mucosal side. 

A23187 additions subsequent to the initial one 
(concentration went up to 3 • 10 .5 and 4.5 • 10 .5 
M) were ineffective. (4) Mucosal acidification to 
pH 6 (CO 2 bubbling) reversibly inhibits the re- 
sponse to cyclic AMP [21,22]. We show now that 
pretreatment with A23187 did not interfere with 

2 . 5  

E 
7 

• 2 . 0  

1.5 

OXY (10-8M) A 23187 (s)  (2 .2 .10-5M)  

-1o " , '  2Jo 3"" 
T i m e  [ m i n i  

Fig. 5. Net water fluxes, mean curve for 8 experiments. The 
graph starts at the top of the response to oxytocin (OXY, 10 -8 

M). A23187 has been added to the serosal (s.) bath. 
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the mucosal acidification effect. It can be also 
observed that, as previously reported [17], the 
inhibitory effect of low p H  was not significantly 
dependent on medium temperature. 

Serosal A23187 (1.5 • 10 -5 or 2.2- 10 -5 M) did 
not inhibit the response to 8-bromo-cyclic AMP 
(Fig. 6, Table I). This indicates a striking asymme- 
try between the effects of the ionophore when 
added to the mucosal or to the serosal bath. 
However, this asymmetry disappeared when the 
ionophore was added before the nucleotide (Table 
I). 

The effects of quinidine on the hydroosmotic re- 
sporlse 

Addition of quinidine to the serosal side (2- 
10 - 4  M), on the previously developed response to 
oxytocin, had an inhibitory effect (Fig. 7, half-time 
5.3 _+ 0.3 min, n = 9). This inhibition was pre- 
vented, as in the case of serosal A23187, when 
indomethacin was added together with oxytocin 
(Table I). 

The effect of serosal quinidine on the resposne 
to 8-bromo-cyclic AMP is shown in Fig. 8 (n = 6). 
A slow but clear increase in the hydroosmotic 
response was observed. Nevertheless, in a second 
series, in which the water flux was followed during 
a longer period, a biphasic response was detected. 
After an initial increase up to 120% of the initial 
value (20 min after quinidine addition) the flux 
slowly went down to 70 + 5% of the control (40 
min after addition of drug, n = 6). 
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Fig. 6. Net water fluxes, mean curve for 8 experiments. The 
graph starts at the top of the response to 8-bromo-cAMP. 

A23187 was added on the serosal (s.) side. 
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Fig. 7. Net water fluxes, mean curve for nine experiments. The 
graph starts at the top of the response to oxytocin (OXY). 

Quinidine (QUIN) was added to the serosal (s.) bath. 

Effects of changing mucosal Ca 2 + concentration on 
the hydroosmotic response to oxytocin 

The effect of changing mucosal Ca z+ con- 
centration was tested in both net and unidirec- 
tional water fluxes. 

Net water fluxes. Fig. 9 shows a typical experi- 
ment (n = 5). At the top of the response to oxyto- 
cin, the CaC12 concentration in the apical medium 
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Fig. 8. Net water fluxes, mean curve for six experiments. The 
graph starts at the top of the response to 8-bromo-cAMP. 

Quinidine (QUIN) was added to the serosal (s.) bath. 

F i g .  9. Net water fluxes across two fragments of the same 
bladder. At the top of the response to oxytocin (OXY, 10 a 
M), CaCI? concentration was increased to 15 mM in the 
mucosal bath (upper graph). To minimize changes in the 
transepithelial gradient 0,5 mM mannitol, initially added to the 
employed hypotonic buffer, were simultaneously removed. In 
the control fragment (lower graph) the mucosal bath was 

replaced by a fresh solution R: oxytocin withdrawal. 

was increased from 1 to 15 mM. A reduction in 
the net water flux, having a time-course similar to 
that when the Ca 2+ ionophore was added to the 
mucosal bath was observed. In this experiment, 
the mucosal bath initial contained the previously 
described hypotonic buffer, to which 45 mM man- 
nitol was added. When the CaCI 2 concentration 
was increased, mannitol was eliminated, to mini- 
mize changes in the osmotic gradient (even if 45 
mM mannitol is not perfectly isosmotic with 15 
mM CaCI2). In the control fragment the mucosal 
bath was just changed for a fresh solution. 

Unidirectional JHHO fluxes. To avoid any in- 
fluence of regulatory processes associated with 
changes in the net water flux [23], unidirectional 
3HHO experiments were performed in the absence 
of an osmotic gradient. Paired everted bladder 
sacs (mucosal side outside) were incubated during 
20 rain in the presence of oxytocin (serosal side). 
Then one of the sacs (experimental) was trans- 
ferred to a bath in which NaC1 was isosmotically 
replaced by different concentrations of CaCI: ,  
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Fig. 10. Data obtained from 3HHO uptake by everted bladder 
sacs stimulated by oxytocin (10 -8  M). Paired sacs were pre- 
pared from each bladder. One was tested in the presence of the 
standard hypotonic solution in the mucosal side (1 m M  CaC12, 
112 m M  NaCI) and taken as a control. The other (experimen- 
tal) was tested in different mucosal CaC12, MgCI 2 or NaC1 
concentrations. The points in the graph are mean values ( 5: S.E.) 
for the experimental sacs, expressed as a percentage of the 

control ones. 

MgC12 or mannitol. The other sac (control) was 
changed to a fresh buffer solution. 10 min later 
the unidirectional 3HHO fluxes were measured for 
40 s, as described in Materials and Methods (net 
water flux experiments have shown that the in- 
hibitory effect was maximal 10 min after the 
change in CaC12 concentration). 
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The results obtained with the experimental sac 
are presented as a percentage of the control (Fig. 
10). A clear dependence of water permeability on 
mucosal CaC12 concentration was observed. Both 
an increase and a decrease (nominally no CaC12 
in the buffer) reduced the unidirectional water 
flux in bladders previously permeabilized with 
oxytocin. Replacement of NaC1 by mannitol 
(square) or 45 mM MgC12 (triangle) did not mod- 
ify the water permeability (values were expressed 
as a percentage of the control sac). 

When similar experiments were performed in 
non-stimulated bladders, no changes in water per- 
meability were observed under any of the condi- 
tions tested. 

Liberation of prostaglandins into the incubation 
medium 

The results obtained are summarized in Table 
II. It can be observed that spontaneous liberation 
of prostaglandins into the serosal bath did not 
change during two consecutive 20 min periods. 
Mean values under oxytocin were lower, but the 
differences were, under our experimental condi- 
tions, not statistically significant. Serosal A23187 
induced a significant increse of prostaglandin E 1 
liberation into the serosal bath. On the contrary, 
mucosal A23187 did not increase prostaglandin E 2 
liberation significantly, either into the mucosal or 
into the serosal bath. Finally, it can be noted that 
quinidine also induced liberation of prostaglan- 
dins into the serosal bath. 

TABLE II 

LIBERATION OF P R O S T A G L A N D I N S  INTO THE INC UBATION M E D I U M  (pg prostaglandin E2 /100  ~1 per 40 min) 

n Side tested 1st period 2nd period Difference 

control control 
5 S 448±62  527+ 42 +89  5 : 9 0  n.s. 

oxytocin oxytocin 
8 S 3315:66 3 9 1 5 : 7 3  +60  5 : 3 3  n.s. 

control oxytocin 
6 S 427 5:71 370+ 65 - 5 7  5 : 4 8  n.s. 

oxytocin A23187(serosal) 10-  5 M 
9 S 349 5:35 1897 5:430 + 1 547 5:407 

oxytocin A23187(mucosal) 10 -5  M 
5 M 3365:17 316+ 23 - 1 9 . 8 +  18 
5 S 3425:21 5175:111 +174  5 : 6 9  

oxytocin quinidine 
6 S 354 5:21 670 5 : 3 7  +336  5 : 8 7  

P < 0,01 

n.s. 
n.s. 

P < 0.05 



406 

Effects of A23187 in the transepithefial calcium 
permeability 

Fig. 11 shows the effects of addition of A23187 
(1.5.10 -5 M) on transepithelial calcium permea- 
bility, calculated from 45Ca unidirectional fluxes. 
The upper part  of the figure represents mucosal to 
serosal calcium fluxes measured during 10-min 
periods (see Materials and Methods). The addition 
of ionophore to the mucosal side significantly 
increased the transepithelial calcium movement,  
which stabilized at a new higher value. Subsequent 
A23187 addition to the serosal bath induced a 
second and significant increase in calcium per- 
meability. 

The lower part of the figure shows calcium 

A 

6 

(J 
v 
> ,  

E 
et 
+ 
+ 

m u c . - - s e r .  

A 23187 ser. 

1 A23187 m ~  

o 7--1 , z l  4 I J J I I 
0 40 80 

+ 

1 2 0  

i 

: 2  

E 
(J 

E 

m 

o 

s e r . - -  m u c .  

A23187muc. 

A 23187 ser. 

__ r--"~--~ I I 1 I I III 
0 4 0  8 0  

Time(rain) 
1 2 0  

Fig. 11. Transepithelial Ca 2+ permeability calculated from 
4SCa unidirectional fluxes. Upper graph: mucosal to serosal 
flux: lower graph: serosal to mucosal flux. A23187 (1.5-10 5 
M) was added either to the mucosal (muc) or to the serosal 

(ser) bath. 

permeabilities calculated from serosal to mucosal 
unidirectional 45Ca fluxes. In this situation, ad- 
dition of the ionophore to the serosal bath did not 
significantly increase the transepithelial calcium 
movement. Nevertheless, when A23187 was subse- 
quently added to the mucosal bath, the observed 
increase was similar to that registered when the 
ionophore was added to both compartments  in the 
experiments previously described (upper part  of 
the figure). No significant effect of A23187 on 
mannitol permeability was observed (not shown). 

Discussion 

The results presented here provide evidence 
indicating that cytosolic Ca 2+ interacts with the 
hydroosmotic response to A D H  at least at two 
different levels. The evidence supporting this view 
comes from the effects of the calcium ionophore 
A23187 and quinidine. In the case of the iono- 
phore, addition to the serosal bath affected only 
those steps before cyclic AMP production. In con- 
trast, its addition to the mucosal bath clearly 
interfered with 'post-cyclic-AMP' steps. 

A23187 and Ca 2+ permeability in amphibian 
urinary bladder 

The average level of cytosolic free Ca 2+ (as 
measured by employing quin2 and fura2 in iso- 
lated toad bladder cell suspensions) dramatically 
rises after A23187 [32]. The experiments presented 
here clearly show that A23187 increased transepi- 
thelial calcium permeability (Fig. 11) with no 
change in mannitol transfer. While the addition of 
ionophore to the mucosal bath increased the 
mucosal to to serosal calcium transfer, incubation 
with serosal A23187 did not change the serosal to 
mucosal movement. It seems, however, plausible 
that, even in this last situation, A23187 was mod- 
ifying the permeability of serosal membrane to 
Ca 2 +. Subsequent addition of the ionophore to the 
mucosal bath (Fig. 12, lower part) induced a huge 
increase in the transepithelial calcium flux. The 
total change in Ca 2+ permeability was similar to 
the one observed when A23187 was first added to 
the mucosal and then to the serosal baths. Pre- 
treatment of the serosal surface must modify Ca 2 + 
permeability, but this was probably not reflected 
in the transepithelial movement, because the 



mechanism responsible for Ca 2+ extrusion is 
located in the laterobasal membrane. 

It  can be concluded that the addition of A23187 
to the mucosal or to the serosal bath induces an 
increase in cytosolic Ca 2+ concentration. 

Intracellular Ca 2 ÷ and 'pre-cyclic-AMP" steps 
Prostaglandins inhibit the hydroosmotic re- 

sponse to A D H  but not to its second messenger, 
cyclic AMP [25]. It  has been also reported that 
inhibition of prostaglandin liberation potentiates 
the response to A D H  [26,27]. Table I shows that 
the inhibitory effect of serosal A23187 or quini- 
dine on the oxytocin-induced hydroosmotic re- 
sponse can be prevented by indomethacin. Fur- 
thermore, incubation with serosal A23187 or 
quinidine dramatically increased liberation of 
prostaglandin E 2 into the serosal bath (Table II), 
confirming and extending previous observations 
(Forrest et al. [14]; Erlij et al. [15]). The physio- 
logical role of prostaglandin biosynthesis and its 
regulation by A D H  is a complex problem [28,29]. 
Nevertheless, we have observed an inhibitory ef- 
fect of serosal A23187 or quinidine on the re- 
sponse to oxytocin but not on the response to 
8-bromo-cyclic AMP. We can then reasonably 
conclude that the actions of serosal A23187 and 
quinidine on the hydroosmotic response to oxyto- 
cin are due to prostaglandin E 2 liberation and are 
probably mediated by an increase in intracelular 
Ca 2+ [13]. A similar mechanism has been pro- 
posed by Erlij et al. [15] to explain the action of 
A23187 on sodium transport in epithelial barriers. 

Intracellular Ca e + concentration and "after cyclic 

A M P '  steps 
Two experimental results suggest that the in- 

hibitory action of mucosal A23187 on the re- 
sponse to 8-bromo-cyclic AMP is mediated by an 
increase in intracellular Ca 2+ concentration. (1) 
Mucosal A23187 increased the transepithelial Ca 2 ÷ 
permeability. (2) An increase in the apical Ca 2÷ 
concentration mimicked the effect of A23187 on 
the 8-bromo-cyclic-AMP-induced hydroosmotic 
response. Furthermore, it was observed that either 
an increase or a decrease in mucosal Ca 2÷ specifi- 
cally inhibited the oxytocin-induced water flux, 
suggesting the existence of a 'critical' Ca 2÷ con- 
centration to obtain a maximal response. 
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As in the case of A23187, quinidine has been 
previously employed to test the role of Ca 2 ÷ in the 
response to A D H  [12,31]. Besides its inhibitory 
action on oxytocin, due to liberation of pros- 
taglandins, quinidine had a stimulatory effect on 
8-bromo-cyclic AMP that could be followed by an 
inhibitory one. These results suggest that an in- 
crease in Ca 2÷ concentration will first potentiate 
and then will inhibit the hydroosmotic response. 
This points again to the existence of a 'critical'  
Ca 2÷ concentration for a maximal A D H  action. In 
the case of A23187, at least under the conditions 
here described, the change in intracellular Ca 2+ 
would be important and we would drop directly in 
the inhibitory levels. This could also explain the 
previously reported potentiation of the hydro- 
osmotic response by A23187 under certain experi- 
mental conditions [11]. 

The inhibitory action of mucosal A23187 on 
the response to 8-bromo-cyclic AMP was tempera- 
ture-dependent and reminiscent of the offset of 
the reaction that follows agonist withdrawal. The 
effect can then be located before the ' tempera-  
ture-dependent rate-limiting step' [33,34] that has 
been identified as the mechanism controlling the 
plugging-in and removal of water channels [24]. 

Intracellular Ca:  + and intracellular p H  
It has been proposed that the inhibitorty ac- 

tions of cellular acidification on the hydroosmotic 
response could be mediated by a change in 
intracellular Ca 2+ concentration [11,30]. The 
experiment presented in Fig. 4 clearly shows that 
the effects of pH and mucosal A23187 can be 
separated. Previous results have shown that the 
inhibitory effects of cellular acidification are 
related in part  to an effect on adenylate cyclase, in 
part  to interference with the mechanism of chan- 
nel insertion and retrieval and in part to changes 
in the permeability status of the water channel 
[4,17,19,35]. Results with CO z bubbling probably 
reflect the effects of pH decrease on the water 
channels that, once inserted in the apical mem- 
brane, could switch from an open to a closed 
configuration [17,19]. The present results suggest 
that this effect is not mediated by a change in 
intracellular Ca 2÷ concentration. On the other 
hand, the slower effects of cellular acidification 
[17,19] as well as the action of mucosal A23187, 
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c a n  b e  r e a s o n a b l e  a s c r i b e d  to  a c h a n g e  in 

i n t r a c e l l u l a r  Ca2 .  + a n d  r e l a t e d  to the  m e c h a n i s m  

c o n t r o l l i n g  t he  c h a n n e l s '  i n s e r t i o n  a n d  r e m o v a l .  

In  s u m m a r y ,  we c a n  c o n c l u d e  t h a t  A 2 3 1 8 7  a n d  

q u i n i d i n e  a f f ec t  e i t h e r  ' p r e - '  o r  ' p o s t - c y c l i c - A M P '  

s teps .  T h e  a c t i o n  l o c a t e d  b e f o r e  cycl ic  A M P  p r o -  

d u c t i o n  is a n  i n h i b i t o r y  one ,  m e d i a t e d  b y  l i b e r a -  

t i o n  of  p r o s t a g l a n d i n s .  T h e  a c t i o n  l o c a t e d  a f t e r  

cycl ic  A M P  p r o d u c t i o n  i n h i b i t s  o r  p o t e n t i a t e s  t he  

h y d r o o s m o t i c  r e s p o n s e .  T h i s  p r o b a b l y  d e p e n d s  o n  

the  m a g n i t u d e  o f  t he  c h a n g e  in  t he  i n t r a c e l l u l a r  

C a  2 ÷ c o n c e n t r a t i o n .  
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