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Summary. The reversible dependence of skin osmotic water per- 
meability (Lpo) upon the ionic concentration of the outer bathing 
solution - which we have called "hydrosmotic salt effect" (HSE) 
- was studied in the isolated skin of the toad Bufo marinus 
ictericus. The skin osmotic water flow (Jr) was measured as a 
function of outer bathing solution osmolality (Oe). Lp~), calculated 
as (Jv/A ~)ap_ o (where A ~ and AP are the osmotic and hydrostatic 
pressure differences across the skin, respectively) was constant 
when O e was altered with sucrose, a nonelectrolyte. In contrast, 
LpD increased continuously in the hypotonic range as O e was 
raised from zero (distilled water) with NaC1 or KCI. The HSE 
could also be evoked in the condition of reversed osmotic volume 
flow. with the outer bathing medium made hypertonic with 
sucrose. 

Diffusional t4C-sucrose permeability, measured in the Jr=0 
condition to prevent solvent drag of sucrose in the paracellular 
pathways, indicate that the hydrosmotic salt effect cannot be 
explained by assuming a paracellular permeability increase, due 
to tight junction opening, but might be interpreted as due to 
changes in the osmotic water permeability of the apical mem- 
branes of the most superficial cells of the epithelium. 

The hydrosmotic salt effect can be elicited in control skins 
and in vasopressin-stimulated skins, on top of the hormonal re- 
sponse. 

The time course of the hydrosmotic salt effect is substantially 
different from that of the hydrosmotic response to vasopressin. Its 
half-time is 4 to 5 times faster than that of vasopressin action, 
with individual values as short as 1.5 min. 

The time courses of the hydrosmotic salt-effect onset and 
reversibility are exponential, clearly contrasting with the typical 
sigmoidal shape of vasopressin onset and washout time courses. 

Based on time course data and on speed of response we 
postulate that the mechanism underlying the hydrosmotic salt 
effect is due to modifications of existing water pathways in the 
apical membrane, rather than to incorporation and removal of 
water permeability units in this structure. 
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Introduction 

The an t id iure t ic  ho rmone-cyc l i c  A M P  system is the 
fundamen ta l  process  regula t ing  water  pe rmeab i l i ty  
in epi thel ia l  bar r ie rs  such as the m a m m a l i a n  col- 
lect ing duct  and  the u r ina ry  b l a d d e r  and skin of 
amphib ians .  

Recent  studies indicate  that  A D H ,  cyclic A M P  
and its analogues,  and o ther  re la ted  substances  in- 
duce the appea rance  of  i n t r a m e m b r a n o u s  par t ic le  
aggregates  in the P face of the  apical  m e m b r a n e  of  
the epi thel ia l  cells (Chevalier ,  Bourgue t  & Hugon ,  
1974; K a c h a d o r i a n ,  W a d e  & D i S c a l a ,  1975; Har -  
manchi ,  K a c h a d o r i a n ,  Val t in  & D i S c a l a ,  1978; 
Brown, Gros so  & De  Sousa, 1980) which may  repre- 
sent wa te r -pe rmeab le  patches  th rough  which water  
flows in aqueous  channels.  

N o t  much  in fo rma t ion  is ava i lab le  regard ing  the 
pos t  cyclic A M P  steps p r io r  to the appea rance  of  
aggregates  in the apical  membrane .  However ,  there  
are indica t ions  suggest ing the existence of  a post  
cyclic A M P  regula t ion  (Ripoche,  Bourgue t  & Parisi,  
1973; Hardy ,  1978 and 1979; Taylor ,  Eich, Pearl  & 
Brem, 1979; Parisi,  Cheval ier  & Bourguet ,  1979). 
Very e legant  low t empera tu re  results have been  pre- 
sented by  Parisi ,  Cheval ie r  and  Bourgue t  (1980a, b) 
showing that  cell ac idi f ica t ion in frog b l adde r  m a y  
switch the water  channels  from open to c losed state, 
indica t ing  that  water  pe rmeab i l i ty  can be regula ted  
at  two different levels: by al ter ing channel  densi ty  in 
the apical  m e m b r a n e  or by  shifting channel  per-  
meabi l i ty  be tween open and closed states. 

The present  results indicate  that  increas ing the 
ionic s t rength of  the outer  ba th ing  so lu t ion  in toad  
skin, by adding  salts to the dist i l led water  ba th ing  
the ou te r  skin surface, m a r k e d l y  increases skin os- 
mot ic  water  permeabi l i ty .  This increase is a t t r ibu ted  
to changes in the apical  m e m b r a n e  of  the most  
superficial  epi thel ia l  cells ra ther  than  to an  increase 
of  the pa race l lu la r  water  permeabi l i ty .  

P re l iminary  results have been repor ted  at  the 
XIV L a t i n a m e r i c a n  Congress  of  Phys io logica l  Sci- 
ences, Sgto Paulo,  Brazil  (Benedictis  & Lacaz-Vieira ,  
1981a) and the VI I  In t e rna t iona l  Biophysics  Con-  
gress - Satel l i te  Sympos ium:  "State ,  D i s t r ibu t ion  
and T r a n s p o r t  of  Ions in Epi the l ia" ,  Can-Cun.  
Mexico  (Benedictis  & Lacaz-Viei ra ,  1981b). 
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Materials and Methods 

The experiments were carried out in the abdominal skin of the 
toad Bufo  marinus  ic ter icus  bathed on the inner side by NaC1- 
Ringer's solution and on the outer side by distilled water or 
solutions of different composition, as described in Results. The 
osmotic flow (Jr) was measured by two different methods. Steady- 
state determinations of J~ were performed by the gravimetric 
method of Bentley (1958) adapted to the skin, using a bell-shaped 
chamber of 18 cm 2 of area. A piece of skin was tightly fixed to 
the chamber border with several turns of string and the lateral 

Fig. 1. Diagram of the rotating chamber used for measuring 
volume flow (Jr) across the skin by the gravimetric method. A 
Teflon ribbon was strapped around the lateral chamber surface to 
cover and isolate the area of skin damaged by several turns of 
string used to fasten it to the chamber. The area of skin exposed 
to the bathing solutions was 18cm2.m=elec t r ic  motor of 
100 rpm. i.s. and o.s. indicate inner and outer solutions, respec- 
tively 

area of the chamber covered with Teflon ribbon to isolate the 
edge-damaged area and to prevent undue amount of solution to 
be retained in this region during the weighing procedure (Fig. 1). 
The chamber was connected to the shaft of an electric motor of 
100 rpm and kept at an angle of 45 ~ to the vertical. In most cases, 
skins were mounted with the epithelial side facing outwards. The 
chamber compartment was half filled with Ringer's solution and 
the chamber partially immersed in the outer bathing solution 
contained in a small bowl. Stirring and aeration of the bathing 
solutions were obtained by rotation of the chamber. Due to 
rotation, a film of solution, continuously renewed, covered the 
skin areas above the bathing solutions. Every 5 min the chamber 
was disconnected from the motor shaft, the outer skin surface 
carefully dried with filter paper, the chamber weighed to a pre- 
cision of 10 mg, and immediately coupled to the motor shaft to 
start a new period of measurement. The osmotic flow (J,,) was 
calculated by the regression line of chamber weight as a function 
of time, considering the relative density of the transported so- 
lution to be equal to 1. 

The osmotic flow time-course measurements were carried out 
by the volume-clamp method. This is an adaptation of the meth- 
od of Bourguet and Jard (1964) except for not being automatic 
but controlled by the operator which maintained the level of a 
liquid meniscus at the tip of a hypodermic needle (gauge 8) at a 
constant position, under microscopic observation. The skins were 
horizontally mounted with the epithelial surface facing upwards, 
as shown in Fig. 2. The area of skin in contact with the bathing 
solutions was 1.7 cm 2. The volume of solution in the lower com- 
partment was kept constant by means of a precision syringe 
coupled to a micrometer which permitted volume adjustments of 
the order of 60 nl. During the whole experimental period, the 
inner and outer bathing solutions were vigorously stirred, the 
lower compartment by means of a magnetic stirring bar coupled 
to a magnetic stirrer and the upper compartment by means of a 
propeller driven by an air turbine. The solution volume in the 
upper compartment was 2 ml. Solute concentration in this com- 
partment was increased by microliter injections of concentrated 
salt or sucrose solutions. To return to distilled water, all the 
upper solution was aspirated and replaced after several rinses by 
distilled water, this taking no more than 45 sec. 

The skin 14C-sucrose permeability was determined in the 
absence of an osmotic gradient across the skin to prevent solvent 
drag upon labeled sucrose in the paracellular pathways. A dif- 
ferent type of rotating chamber, described by Procopio and La- 

0 ~ i  ~b 

- I  

skin 

i.s. 
Fig. 2. Diagram of the chamber used for 
measuring volume flow (JL,) across the skin in 
the volume-clamp method. The level of a 
liquid meniscus, at the tip of a hypodermic 
needle (gauge 8) was kept constant by the 
movement of a micrometer coupled to a 
syringe which permitted volume adjustments 
of the order of 60 nl. (a) nylon mesh; (b) 
steroscopic microscope; (c) meniscus. The 
exposed area of skin was 1.7 cm 2. Outer 
(o.s.) and inner (i.s.) bathing solutions were 
stirred by an air-driven propeller and a 
magnetic stirring bar, respectively 
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caz-Vieira (1977) was used in these experiments, exposing an area 
of skin of 4.9 cm 2. In these experiments skins were bathed in- 
ternally by NaC1-Ringer's solution and externally by different 
solutions with the same osmolality, adjusted to that of the 
Ringer's solution by sucrose addition. Approximately 25 laCi of 
t~C-sucrose (New England Nuclear) were added to the inner 
compartment. Skins were equilibrated for approximately 30 rain, 
and then after every 5 rain all the outer bathing solution was 
removed by suction into counting vials and immediately sub- 
stituted by similar fresh solution or by a different solution, accor- 
ding to the experimental protocoI. Special precautions were taken 
to prevent the effects of skin edge damage on the labeled sucrose 
efflux, by using hemichambers provided with a circular groove 
(4 mm wide and 0.4 mm deep, filled with high vaccum silicone 
grease) located at the internal rim of the hemichamber surface in 
contact with the epithelial skin surface (Varanda & Lacaz-Vieira, 
1978, 1979; Bevevino & Lacaz-Vieira, 1981). 

NaC1-Ringer's solution had the following composition (in 
raM): NaC1, 115; KHCO3, 2.5; and CaCI> 1.0; pH 8.2 after 
aeration and osmolality of 230 mOsm. The osmolality of the 
outer bathing solution (NaC1, KC1, or sucrose) was calculated 
from their molal concentration according to Tables (Handbook of 
Chemistry and Physics, CRC Press, 59 th edition, 1979, p.D-265) 
and were measured occasionally in a Fiske OM | Osmometer 
(Fiske Associates). Vasopressin was obtained from Sigma Chemi- 
cal Company. The results are presented as mean 4-standard error. 

Results 

1. Osmotic Volume Flow (J,) as a Function 
of the Osmolality of the Outer Bathing Solution 

In these experiments most of the steady-state J, val- 
ues were obtained by the gravimetric method and a 
few by the volume-clamp method, both methods giv- 
ing similar results. The isolated skin was bathed by 
NaC1-Ringer's solution on the inner surface. On the 
outer surface, it was initially bathed by distilled wa- 
ter and subsequently by solutions of increasing os- 
molality by addition of NaC1, KC1, or sucrose. 

Figure 3 shows steady-state J~ values as a func- 
tion of the osmolality due to NaC1 addition to the 
outer bathing solution. It can be seen that for osmo- 
lality values below 30 mOsm 1, despite a reduction 
in the osmotic pressure difference across the skin 
due to increasing outer medium NaC1 osmolality, J~ 
increases to reach a peak around 30 mOsm, de- 
creasing subsequently for further increase in osmo- 
lality. 

Figure 4 shows clearly that the J~ increase ob- 
tained by raising NaCI concentration in the outer 
compartment is not related to fluid transport cou- 
pled to the active Na transport, since amiloride 
(10 -4 M), which blocks the active Na transport, does 
not prevent Jv increase by addition of NaC1 to the 
outer bathing medium. 

t x m O s m = x m O s  kg -1 refers to a solution exerting the same 
osmotic pressure as an ideal solution of a nondissociating sub- 
stance presenting a molality of x moles of solute per kg of 
solvent. 
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Fig. 3. Osmotic volume flow (J~) across toad skin as a function of 
outer bathing solution osmolality (Oe) which was adjusted with 
NaCI. Inner skin surface was bathed by NaCl-Ringer's solution. 
The numbers of experiments are given in the figure 
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Fig. 4. Effect of the substitution of water by NaG1 solution (30 
mOsm) in the outer compartment and the action of amiloride 
10-4M (Am) in the outer solution. For each skin, the external 
solution was substituted in the following sequence: H20  , NaCI 30 
mOsm, Am 10 -4 M, and NaC1 30 mOsm plus Am 10 -4 M. Differ- 
ences between Yv values for H20 and NaCI groups and for Am 
and NaC1 plus Am groups are highly significant (P<0.01 paired t 
test, ~7=6). The difference between d v values for NaC1 and NaC1 
plus Am groups is also significant (P<0.01, paired t test, n=6). 
The inner bathing solution was NaCI Ringer's solution 
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Fig. 5. Osmotic volume flow (J~) across the skin as a function of 
outer bathing solution osmolality (O~) which was adjusted with 
KCI. Inner skin surface was bathed by NaCi-Ringer's solution. 
The numbers of experiments are indicated in the figure 
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Fig. 6. Osmotic volume flow (Jr) across the skin as a function of 
outer bathing solution osmolality (Oe) which was adjusted with 
sucrose. The inner skin surface was bathed by NaC1 Ringer's 
solution. (n=5) 

Figure 5 shows that results similar to those ob- 
tained with NaC1 (Fig. 3) can be obtained by in- 
creasing KC1 concentration in the outer compart- 
ment, except for the J~ peak, which in the case of 
KC1 is shifted to higher osmolality, in the region of 
60 mOsm. 

Contrasting with the results obtained with NaC1 
or KC1 in the outer medium, we see (Fig. 6) that the 
reduction of the osmotic pressure difference across 
the skin, by raising the external osmolality with 
sucrose, a nonelectrolyte, induces only a steady de- 
crease of J~ with increasing osmolality. 
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Fig. 7. Osmotic permeability (Leo) of toad skin calculated accor- 
ding to Eq. (2) (see text) as a function of the osmolality of the 
outer bathing solution, which was altered with sucrose (m), KCI 
(e), or with NaC1 (o). The inner bathing solution was NaCI- 
Ringer's solution 

A few experiments were performed with external 
solutions of other salts (NaNO3, Na2SO~, K2SO4, 
CaCla, LiC1, BaC12, choline C1) which were sur- 
veyed in groups of two skins for each solution. The 
results indicate that these salts are also capable of 
inducing Jv increase. 

The results of the experimental groups discussed 
above indicate that the presence of ions in the outer 
bathing medium leads to an increase of skin osmotic 
permeability as compared to control values obtained 
with distilled water in the outer compartment. Fig- 
ure 7 shows a plot of skin osmotic permeability 
coefficient, Lev, as a function of outer bathing me- 
dium osmolality, in experiments with NaC1, KC1, or 
sucrose as osmotic solutes in the outer medium. Leo 
was calculated from the nonequilibrium thermody- 
namic relationship (Katchalsky & Curran, 1965): 

J~=LvAP + LevAzc (1) 

where Lp is the hydraulic permeability coefficient, 
LpD the osmotic permeability coefficient, AP the hy- 
drostatic pressure, and A~ the osmotic pressure dif- 
ference across the skin. From Eq. (I) we have 

L~D = (L/A ~)~_ o. (2) 

It can be seen from Fig. 7 that LeD remains un- 
changed when the outer bathing medium osmolality 
is increased with a nonelectrolyte, such as sucrose. 
However, with NaC1 or KC1 as osmotic solute in the 
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Fig. 8. Comparison of volume flow (Jr) across paired groups of 
skins subjected to same external osmolality, one with pure su- 
crose solution and the other with NaC1 30 mOsm plus sucrose to 
complete osmolality to that of the paired group. Numbers in 
circles indicate the sequence of external solution substitution in 
each group. Three distinct groups are presented: one in the hy- 
potonic range and two others with external hypertonic solutions, 
one with NaCI and the other with KCI. Skins were bathed on the 
inner surface by NaC1-Ringer's solution. For groups 1 and 4 the 
differences were not statistically significant (P=0.18, paired t test, 
n=8). For groups 2 and 5, and 3 and 6, the differences were 
significant (P<0.001, paired t test, n=8). For the hyperosmolar 
experimental groups, the differences were significant: for groups 1 
and 2 (NaC1) (P<0.02, paired r test, n=9);  and for groups I and 
2 (KC1) (P<0.05, paired t test, n=8)  

outer compartment, LpD increases markedly and 
continuously while raising the osmolality of the ou- 
ter bathing solution, indicating that the osmotic per- 
meability of the skin increases progressively as the 
ionic strength of the outer bathing medium is raised. 

2. The Ion-Induced Osmotic Permeability Increase 
Occurs in a Wide Range of Osmolality 
in the Outer Bathing Medium 

These experiments were carried out to test whether 
the ion-induced LvD increase could be seen for dif- 
ferent values of outer bathing medium osmolality, 
which was increased by addition of sucrose. Results 
can be seen in Fig. 8, which shows that an increase 
in outer bathing medium sucrose concentration 
leads to a reduction of Jv (as already shown in 
Fig. 6) and reverts it when the skin osmotic pressure 
difference is reversed. Comparing outer bathing so- 
lutions of equal osmolatities, we see that, with distil- 
led water in the outer compartment, d~. values are 

not statistically different. However, there is a signifi- 
cant difference between the other three pairs of ex- 
periments, with external medium osmolalities of 50, 
100, and 530mOsm, the group containing sucrose 
plus 30 mOsm NaC1 showing always higher Jv val- 
ues than the corresponding group of identical osmo- 
lality containing sucrose only. Figure 8 also shows 
that a similar behavior was observed in another 
experimental group of 530 mOsm total osmolality, 
with KC1 replacing NaC1. 

3. Effect of Increasing NaCl Concentration 
or Acidification of the External Bathing Solution 
upon Permeability of Skin to Sucrose 

These experiments were carried out in order to dis- 
criminate between the possibilities that the osmotic 
permeability increase, induced by raising the ionic 
strength of the outer solution, is a consequence of 
an increase of paracellular water permeability due to 
opening of tight junctions or due to an increase in 
water permeability of the apical membranes of the 
most superficiaE~cells of the stratum granulosum. The 
rationale underlaying these experiments assumes 
that an increase in paracellular pathway perme- 
ability due to opening of tight junctions would be 
detectable by unidirectional fluxes of extracellular 
markers, e.g., ~4C-sucrose. On the other hand, an 
increase of water permeability of the apical mem- 
branes of the most superficial epithelial cells, where 
the large resistance to transepithelial water flow is 
located, (MacRobbie & Ussing, 1961) would not be 
expected to affect unidirectional fluxes of extracel- 
lular markers. 

The experiments were carried out at J~=0 by 
adding sucrose to the outer medium to eliminate the 
osmotic gradient across the skin, in order to rule out 
any contribution of solvent drag upon l~C-sucrose 
movement in the paracellular pathways. Efflux 
measurements were chosen in order to permit ready 
changes of the external bathing medium without 
disturbing 14C-sucrose specific activity in the "hot"  
compartment. 

Skins were bathed on the inner surface by NaC1- 
Ringer's solution to which ~4C-sucrose was added to 
give a specific activity of 4.67 mCi/mmol. In the 
control period (12 skins) the outer skin surface was 
bathed by sucrose solution (230 mOsm) and five 
determinations of 14C-sucrose effiux were carried 
out to calculate sucrose permeability (p~uo) and to 
evaluate its time stability. The mean value of p~uo 
for the five consecutive determinations for all skins 
was 0.168_+0.012nm sec - t  (n=12). Then the outer 
bathing medium was sequentially substituted by a 
solution containing NaC1 30 mOsm plus 200 mOsm 
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of sucrose in one group (group A, 8 skins) or by a 
solution of NaC1 230 mOsm in the other group 
(group/3, 4 skins), five determinations of p~uo being 
carried out in each case. For group A, in the control 
condition (external solution containing 230 mOsm 
of sucrose), mean P ~  was 0.171_+0.016 nm sec - t  
and after the substitution, 0.218+0.022nm sec -1, 
corresponding to a value 1.27 times greater than the 
control one (P<0.01, paired t test, n=8). For the 
group B, with sucrose 230 mOsm external solution, 
P;~ mean value was 0.160+0.017nm sec -~, and 
after the substitution, 0.197_+0.017nm sec -~, corre- 
sponding to a value 1.23 times greater than the 
control one (P<0.02, paired t test, n=4), In se- 
quence, the external medium was again substituted 
by sucrose solution (230 mOsm) with pH adjusted to 
2.1 with HaSO 4 (6 skins, 4 from group A and 2 from 
group B) or with HC1 (6 skins, 4 from group B and 2 
from group A), five consecutive determinations of 
P;~ being carried out for each case. The results are 
presented in Table i. 

Acidification of the external bathing medium, 
which is a procedure known to increase tight junc- 
tion permeability (Fischbarg & Whittembury, 1978) 
was tested upon p~uo. 

Acidification of the external sucrose solution 
with HzSO 4 leads to a progressive increase of P~"~, 
which after 25 rain reaches a value 23 times greater 
than the control one. Acidification of the external 
sucrose solution with HC1 has a more drastic effect 
upon Pz~ ~, which after 25 min reaches a value 141 
times greater than the control value (Table i). 

4. Effect of Acidification of the External Bathing 
Solution upon Skin Osmotic Permeability 

These experiments were performed iD two groups of 
skins. In the first, J~ was measured in six skins with 
external bathing solutions replaced in the following 
order: distilled water, H2SO 4 pH 2.1, distilled water, 
and HCI pH 2.1. In the other group of six skins, the 
solutions were replaced in the following order: dis- 
tilled water, HC1 pH 2.1, distilled water, and H2SO 4 
pH 2.1. Results are presented in Fig. 9. Leo values 
were calculated according to Eq. (2). In both experi- 
mental groups, the substitution of distilled water by 
distilled water acidified to pH2.1 with H2SO ~ in- 
duces no significant increase of dv and consequently 
of Lpv (for the first group, P=0.42, paired t test, n 
=6, for the second group, P=0.17, paired t test, n 
=6). On the other hand, the substitution of the 
distilled water by distilled water acidified to pH 2.1 
with HC1 induces a highly significant increase of dv 
(consequently of LpD ) (for both groups, P<0.01. 
paired t test, n = 6). 
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Fig. 9. Osmotic volume flow (Jr) in toad skin and the effect of 
acidification of the distilled water bathing the outer skin surface 
with H2SO 4 or with HC1 to pH 2.1. In one group (n=6) each 
skin was sequentially bathed by H20 , H2SO,~, I-t20 , and HCL In 
the other (n=6), the sequence was: H20  , HC1, HaO , and HzSO ~. 
The inner bathing solution was NaCI-Ringer's solution. For  the 
first series: difference between H20 and HeSO 4 groups was not 
significant (P=0.42, paired t test, n=6). Between H20 and HC1 
groups the difference was significant (P<0.005, paired t test, n 
-6) .  For the second series: difference between H20 and HCI 
groups was significant (P<0.005, paired t test, n=6). Between 
HaO and H2SO 4 groups the difference was not significant (P 
=0.17, paired t test, n=6)  

5. Time Courses of Hydrosmotic Salt Effect Onset 
and Reversibility and the Effect of Vasopressin 

These experiments were carried out to evaluate the 
time course of Jr increase upon addition of KC1 to 
the outer bathing solution and its reversibility in- 
duced by the substitution of the ion containing 
outer bathing solution by distilled water. J~, was mea- 
sured by the volume clamp method. Figure 10 shows 
the results of a representative experiment in which 
the outer bathing medium, initially distilled water, 
had its KC1 concentration increased to 60 mOsm by 
a pulse of 60 ixl of 1 M KCl solution. After the new 
J~ steady-state was attained, the outer compartment 
was rinsed several times and filled with distilled 
water. The time course was followed until a sta- 
tionary condition was reached, showing the reversi- 
bility of the phenomenon. Figure 11 presents a simi- 
lar experiment performed after the osmotic water 
flow had been stimulated by a supramaximal dose of 
vasopressin (0.1 U/ml) in the inner compartment. 

These experiments permit comparison of the on- 
set time courses of the by&osmotic salt effect and of 
vasopressin stimulation, Two important differences 
characterize these two responses. First, the temporal 
evolution of the hydrosmotie salt effect is much 
faster than that of the hydrosmotie response to vaso- 
pressin. Second, the time course of vasopressin action 
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Fig. 10. Onset  and reversibility time courses of 
osmotic volume flow (J,) in a representative 
experiment. Inner bathing solution was NaC1- 
Ringer's solution. The outer bathing solution was 
initially distilled water. At the arrow indicated 
KCI, a pulse of 60 ~tl of 1 M KC1 solution was 
added to the outer compar tment  (~;olume 2 ml) 
to raise the osmolality of the outer bathing 
solution to 60 mOsm.  After a new steady-state 
was reached, the outer compar tment  was drained, 
rinsed several times, and filled with 2 ml of 
distilled water. For the onset of  the response, J~ 
halftime was 2 rain. For  the reversibility, the 
halftime was 7 rain. In this particular example, 

KCI induced a J,, increase of 82 ~.  The points 
represent measurement  at l-rain intervals 

follows a sigmoid curve, while that for the hydros- 
re�9 salt effect is exponential. These results also 
show that the hydrosmotic salt effect can be elicited 
on top of vasopressin stimulation, as shown in 
Fig. 11. Mean values for the t~ of J~ onset induced 
by a step rise in KC1 concentration from 0 to 60 
mOsm is 3.9 +0.7 min. For the reversibility, induced 
when distilled water replaces the ionic solution in 
the external compartment, the halftime is 4.8__+0.8 
rain (n = 5). 

D i s c u s s i o n  

The aim of the present work was to study modu- 
lations of skin osmotic water permeability induced 
by changes in the ionic concentration of the outer 
bathing medium. Different aspects of this phenome- 
non, which we have called "hydrosmotic salt effect" 
were studied: (i) The dependence of the osmotic 
volume flow (J~.) and of the skin osmotic perme- 
ability (LeD) upon the osmolality of the outer bathing 
solution, which was varied with electrolytes and 
nonelectrolytes. (ii) The hydrosmotic salt effect onset 
and reversibility time-courses. (iii) The path of fluid 
flow across the epithelium. 

Different mechanisms could be underlying the 
hydrosmotic salt effect. One possibility would be 
action at the tight-junction level. These structures 
might show permeability changes in connection with 
changes of the outer medium ionic strength, anal- 
ogously to permeability changes associated with hy- 
pertonicity (Ussing & Windhager, 1964; Erlij & 
Martinez-Palomo, 1972) or acidification (Fischbarg 
& Whittembury, 1978) of the outer bathing medium, 
Another mechanism would be at the apical cell 
membrane level. The osmotic permeability of the 

' C  

-g 

! 
v 

> 

-D 

1.5 

1.0 

0.5 

H20 

KCI 

o 
o s sb 7s ioo 

t ( m i n )  
Fig. 11. Hydrosmotic  response to vasopressin and superimposed 
hydrosmotic salt effect time-courses in a representative experi- 
ment. hmer  bathing solution was NaCI-Ringer 's  solution. Outer 
bathing solution was initially distilled water. Vasopressin was 
added to the inner compar tment  to give a final concentration of 
0.1 U/mI. After the response to vasopressin was completed, 60 gl 
of 1 M KC1 was added to the outer compar tment  to raise KC1 
concentration to 60 mOsm.  After a new 3~ steady state was 
reached, the outer compar tment  was drained, rinsed severaI times, 
and filled with distiIled water. The half-time of vasopressin action 
was, in this particular case, 13.5 min and that of the hydrosmotic 
salt effect induced by KC1, 1.5 rain 

apical membrane of the most superficial cells of the 
stratum granulosum, which is the most important 
barrier to water movement across the epithelium 
(MacRobbie & Ussing, 1961) could vary under the 
influence of changes in ionic strength of the outer 
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bathing medium. In this case, the hydrosmotic salt 
effect could be mediated by the activation of the 
cyclic-AMP system (Orloff & Handler, 1961; 1962) 
with changes in the density of water channels in the 
apical membrane or, induced by a direct effect upon 
the apical membrane, modifying water channel per- 
meability. In this last case, changes in single water 
channel permeability might reflect changes in the 
pore molecular structure or be a consequence of 
modifications of water structure within the pore lu- 
men. 

When outer bathing solution osmolality (Oe) is 
increased with sucrose, a nonelectrolyte, Jv decreases 
linearly with O e, as sown in Fig. 6. In this condition 
Jv can be given by (Katchalsky & Curran, 1965) 

Jv = Lpo(rCi- ~e) (3) 

o r  

Jv = Leo RT(O~ - 0~) (4) 

where n is the osmotic pressure, O the osmolality, R 
and T have their conventional meanings, and i and 
e refer to inner and outer compartments, respec- 
tively. L e o = - a L  e where ~ is the reflection coef- 
ficient and L e the hydraulic conductivity coefficient. 
The osmolality of the inner bathing medium was 
kept constant in all experiments (230 mOsm) (NaC1- 
Ringer's solution). In the experiments with pure su- 
crose solution bathing the outer skin surface, the 
linear dependence of Jv on Oe (Fig. 6) indicates inde- 
pendence of Leo upon outer medium osmolality. 
This is better seen in Fig. 7 for a plot of Lp9 as a 
function of O~. 

In a clear contrast with the experiments using 
sucrose to alter O e are the experiments with NaC1 as 
osmotic solute in the outer compartment. With 
NaC1, the relation between Jv and O e shows a maxi- 
mum around 30 mOsm (Fig. 3). The increase of ,Iv 
with increasing O~ observed for low osmolality val- 
ues, despite a concomitant reduction of the osmotic 
driving force (7~ i -  ~ )  reflects an increase of Lpo with 
increasing NaC1 concentration in the outer solution. 
Figure 7 shows that LeD , calculated according to 
Eq. (2) as Jv/(ni-n~), increases not only for the low 
NaC1 concentration range, but does so continuously 
as the NaC1 concentration of the outer bathing me- 
dium is raised. 

An alternative explanation to interpret the hy- 
drosmotic salt effect would be the contribution of a 
volume flow coupled to the active sodium transport 
(Keynes, 1969; Diamond, 1978). However, this hy- 
pothesis can be discarded since the phenomenon is 
still present when the active Na transport is blocked 
by amiloride (Fig. 4). The small difference seen in 
Fig. 4 between Jv in the absence (Jv=0.86_+0.08 gl 

c m  - 2  min 1) and in the presence of amiloride (Jr 
=0.79___0.09 lal cm -z rain -~) (P<0.01, paired t test, 
n=6)  reflect some fluid transport coupled to the 
active transepithelial Na transport that was inhi- 
bited by amiloride. The experiments with KCI so- 
lution in the outer compartment (Fig. 5) enable us to 
discard a participation of fluid transport coupled to 
the active Na transport in the genesis of the hy- 
drosmotic salt effect, since K ions are not actively 
transported across the skin. The dependence of Jv 
upon O e in the experiments with KC1 in the outer 
compartment (Fig. 5) is similar to that of the experi- 
ments performed with NaC1 (Fig. 3) except for the 
peak value which is displaced to higher osmolality 
values, near 60 mOsm. Reasons for this difference 
are unknown. Figure 7 shows that LpD, as in the 
NaCI group, increases continuously as O e is raised 
with KC1. 

The hydrosmotic salt effect occurs over the 
whole hypotonic concentration range in the outer 
medium (Figs. 7 and 8), as well as in the condition 
of reversed osmotic flow induced by hypertonic su- 
crose solution in the outer compartment (Fig. 8). 
These results are interesting not only because they 
show that the hydrosmotic salt effect can be ob- 
served in a wide range of outer solution osmolatity 
but, particularly, because they indicate that the hy- 
drosmotic salt effect seems not to be a flux-depen- 
dent function and, therefore, it should occur even in 
the Jv = 0 condition. 

In order to decide upon the path involved in the 
hydrosmotic salt effect, diffusional sucrose perme- 
ability (p~uo) was measured with 14C-sucrose (Results. 
Section 3). The rationale underlying these experi- 
ments assumes that an increase of tight junction 
permeability would be detectable by unidirectional 
fluxes of extracellular markers, as labeled sucrose, 
but water permeability increase of the apical mem- 
brane would not be expected to affect sucrose uni- 
directional fluxes, since sucrose is considered to be 
excluded from the cell compartment (Franz & 
Van Bruggen, 1967; Whittembury, Martinez, Linares 
& Paz-Aliga, 1980). The particular condition of Jv 
=0  was elected in order to eliminate solvent drag of 
labeled sucrose along the paracellular pathways (An- 
dersen & Ussing, 1957). It could be argued that for 
�9 Iv=O the hydrosmotic salt effect might not be pres- 
ent. We do not think, however, that this is a reason- 
able assumption for the following reasons: (i) LeD 
increases continuously when NaC1 of KC1 outer so- 
lution concentration is increased, despite a concom- 
itant reduction of Jv towards Jv=O. Besides, there 
are no reasons to assume a discontinuity or an 
abrupt change of Leo behavior as Jv approaches 
zero. (ii) The hydrosmotic salt effect is seen in the 
presence of normal as well as reversed osmotic flux 
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Period (rain) P ~  (nm s- 1) 
External bathing solution (mOsm) 

Sucrose 230 Sucrose 200+ NaCI 230 Sucrose 230+ Sucrose 230+ 
NaC1 30 H2SO 4 pH 2.1 HC1 pH 2.1 

0 - 5 0.145 • 0.017 0.288 _+ 0.033 0.250 • 0.026 1.54 _+ 0.29 4.00 • 1.49 
5 - 10 0.162• 0.201 +0 .019  0.190_+0.018 2.59 + 0 . 4 6  13.12• 

10- 15 0 . 1 6 4 •  0.203_+0.021 0.186• 3.15• 17.95_+7.72 
15 - 20 0.177 _+ 0.010 0.202 • 0.023 0.181 • 0.010 3.5l + 0.63 21.34_+ 8.50 
20 - 25 0.194 • 0.025 0.194 • 0.016 0.178 _+ 0.010 3.86 • 0.56 23.75 • 8.72 
Mean for 0 . 1 6 8 •  0.218_+0.022 0.197_+0.017 - - 
all skins (n = 12) (n - 8) (n = 4) (n = 6) (n = 6) 

P~]"~ was measured in efflux experiments in the Jv=O condition. For each external bathing solution, the p~uc 
measurements were carried out in five consecutive periods of 5 rain each. 

(Fig. 8). Therefore, it is reasonable to assume it to be 
present in the intermediary condition of Jv = O. 

The results of section 3 (Table 1) show that the 
substitution of the sucrose solution (230 mOsm) on 
the outer skin surface by a solution containing NaC1 
(30 mOsm) plus sucrose (200 mOsm) causes an in- 
crease of p~uo of 27 ~ .  On the other hand, the sub- 
stitution of the sucrose solution (230 mOsm) by a 
NaC1 solution (230 mOsm) induces a smaller in- 
creases of P;~176 of the order of 2 3 ~ .  This obser- 
vation, together with the fact that Lpv increases 
continuously when the external NaC1 concentration is 
raised (Fig. 7) is a strong argument in favor of the 
interpretation that the small effect of external NaC1 
upon p~uo, which is not concentration dependent, 
might not be associated to the strongly NaC1 con- 
centration-dependent increase of LpD shown in 
Fig. 7. The minor NaC1 effect upon P~"C could be 
considered a secoundary and superimposed effect of 
the ionic strength upon the permeability of the para- 
cellular pathway. This receives some support from 
the results of Gonzales, Kirchausen, Linares and 
Whit tembury (1978), indicating that the ionic 
strength may play a role upon tight junction per- 
meability, at least concerning the ability of hyper- 
tonic urea outer bathing solution in opening tight 
junctions, which is more effective at high than at 
low ionic strength. This increase could also be due 
to a small increase of P~U~ with time, as suggested by 
Table 1 column 2. 

Acidification of the external medium, a ma- 
neuver that leads to tight junction opening (Fisch- 
barg & Whittembury, 1978) leads in our case to a 
marked increase of P ~  as shown in Table 1. With 
an external sucrose solution (230 mOsm, pH adjus- 
ted to 2.1 with H 2 8 0 4 )  , the observed p~uo values are 
well above the control ones obtained with an exter- 
nal sucrose solution of the same concentration but 
without pH adjustments (pH around 5.5). and they 
increase progressively with time during five conse- 

cutive p~uo measurements. Considering the last P;~ 
value obtained with the external sucrose solution 
acidified with H2SO ~ (P;~~ nm sec - t ,  n 
= 6, Table 1), the relative increase regarding the con- 
trol situation (sucrose solution without addition of 
acid, P~UC = 0.168 _+ 0.012 nm sec -~, n=12)  is of the 
order of 22 times. When the external sucrose so- 
lution had its pH adjusted to 2.1 with HC1 instead 
of H2SO4, the effect upon P~"~ is much more drastic. 
The relative increase of the last P ~  value observed 
with external sucrose solution acidified with HCI to 
pH 2.1 (P~"~=23.75+8.72 nm sec 1, n=6),  regarding 
the control situation (sucrose solution without ad- 
dition of acid, P~UC=0.168+0.012 nm sec -~, n=12), 
is of the order of 140 times. These results obtained 
with low pH external bathing solution show that 
tight junction opening can be clearly detected by the 
labeled sucrose efflux experiments and the P~"~ in- 
crease is of one to two orders of magnitude. 

The fact that at the same pH (2.1) HC1 is much 
more effective upon tight junction opening suggests 
that the sites of action of protons, leading to tight 
junction opening, are not readily accessible from the 
outer bathing solution. They might be deeply lo- 
cated within the tight-junction structure, in a region 
not as easily accessible to sulfate as to chloride ions. 

To get a better insight into the genesis of the 
hydrosmotic salt effect, particularly into the locus 
responsible for its origin, it is important  to compare 
the effects of low external pH upon both LpD and 

Acidification of the external bathing solution 
with HC1 to pH 2.1 leads to a significant increase of 
Lpv, which is, however, never larger than twice the 
control value obtained with pure sucrose solution, as 
can be readily computed from Jv data presented in 
Fig. 9. On the other hand, acidification of the exter- 
nal solution with HC1 to pH2.1 has a dramatic 
effect upon p;,c, which increases more than a hun- 
dred times, as already discussed (Table 1). This corn- 
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parison indicates that p~uo is a much more sensitive 
parameter of tight junction opening than LpD. This 
is expected, if we consider that the sucrose efflux 
occurs mainly through the paracellular pathway 
while Jv is expected to have a large transcellular 
component. On the other hand, acidification of the 
external solution to the same pH (2.1) with H2SO4, 
which does not significantly affect Lpv as can be 
deduced from the absence of effect upon Jv (Fig. 9), 
has a strong effect increasing p~uc (Table 1). We may 
adduce, therefore, that a minor increase of tight 
junction permeability, as that induced by acidifi- 
cation with H2SO 4, which is not large enough to 
reflect upon Lpv, is perfectly detectable by p~uc 
measurements. These results grant us permission to 
conclude that the hydrosmotic salt effect, characte- 
rized by a Lpe increase induced by raising NaC1 
concentration in the outer bathing solution (or the 
concentration of other salts, as KC1) is not due, at 
least predominantly, to an increase in tight junction 
permeability, since, according to the reasoning pre- 
sented above, tight junction opening would be ex- 
pected to be accompanied by a large increase of 
P~U~, relatively more important than that of LpD, 
which is in fact not observed, as shown in Table 1. 

Concluding, we put forward the hypothesis that 
the hydrosmotic salt effect is a consequence of os- 
motic permeability increase of the apical membranes 
of the most superficial epithelial cells, where the 
most significant barrier to water movement across 
the cells is located. 

It is interesting to point out that the hydrosmotic 
salt effect can be elicited both in vasopressin un- 
treated skins, immediately or several hours after 
mounting them. or in skins stimulated by supra- 
maximal doses of vasopressin (0.1 U/ml) as shown in 
Figs. 10 and 11. The observation that the hydros- 
motic salt effect can be evoked several hours after 
mounting the skin rules out the participation of 
endogenous antidiuretic hormone in the phenome- 
non. Bentley (1957), working with intact toads (Bufo 
marinus), reported that NaC1 solutions of increasing 
concentrations in the outer compartment poten- 
tiated the uptake of water in response to vasopressin 
over part of the hypotonic range and postulates an 
electro-osmotic effect to explain his results. More 
recently Dicker and Elliot (1967), working also with 
intact toads (Bufo melanostictus), presented results 
consistent with the hydrosmotic salt effect. 

The hydrosmotic salt-effect onset and reversi- 
bility time-courses are shown for a single experiment 
in Fig. 10. For the onset of the response, induced by 
a 60 mOsm KC1 solution in the outer compartment, 
the observed mean half time (t~) was 3.9_+ 0.7 min (n 
=9). For the reversibility, when distilled water re- 

placed the KC1 solution in the external compart- 
ment, t~ was 4.8_+0.8 min (n=5). Halftimes as short 
as 1.5 min were observed for the onset of the hy- 
drosmotic salt effect induced by 60 mOsm KC1 in 
the outer compartment. Figure 11 shows that two 
important differences characterize the time course of 
the hydrosmotic salt effect and of the hydrosmotic 
response to vasopressin. First, the temporal evolu- 
tion of the hydrosmotic salt effect is much faster 
than that of the hydrosmotic effect of vasopressin. 
Normally, the t~ of the onset of the hydrosmotic salt 
effect is about one-fifth of that for the onset of 
vasopressin action. This difference strongly suggests 
that the hydrosmotic salt effect is not mediated by 
stimulation of the cyclic-AMP system, but might be 
induced by the activation of some step after the 
generation of cyclic AMP, possibly by a direct ac- 
tion upon the apical membrane itself. Second, the 
time course of vasopressin action follows a sigmoid 
curve, while that for the hydrosmotic salt effect is 
exponential, a possible indication that different 
mechanisms are involved in the two processes. Va- 
sopressin action upon J~, displays a latency time. 
while the hydrosmotic salt effect starts almost im- 
mediately upon addition of KC1 to the outer com- 
partment (Fig. 11). It has been recently proposed 
that the time course of antidiuretic hormone action 
in frog bladder results from addition of permeability 
units in the apical membrane that increase in num- 
ber during the development of the permeability re- 
sponse (Parisi, Bourguet, Ripoche & Chevalier, 
1979). A similar mechanism might be operative in 
amphibian skins, since the time course of hormonal 
action is sigmoid as for the toad bladder, and the 
morphological observations of Brown etal. (1980) 
show that intramembranous particle aggregates, con- 
sidered to be low resistance water pathways, are 
plugged into the apical border by isoproterenol or 
vasopressin stimulation. Thus, we postulate that the 
exponential behavior of the hydrosmotic salt-effect 
onset response (and reversibility response, which is 
also exponential, as shown in Fig. 10) indicates that 
the mechanism of increasing water permeability is 
not due to incorporation of new water permeability 
units into the apical border of the most superficial 
epithelial cells but is due to modification of existing 
water pathways in this structure. In artificial col- 
lagen membranes, it has been shown that permea- 
bility to solutes and water is strongly dependent 
upon the sa l t  concentration of bathing solution 
(Bartolini, Gliozzi & Richardson, 1973), and this 
behavior is due to membrane phase transitions. In 
our case, it is also possible that membrane proteins 
change their configuration as a function of external 
bathing solution ionic strength. A definite con- 
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clusion whether or not aggregates are inserted into 
the apical membrane in the course of the hydros- 
motic salt effect is awaiting freeze-fracture studies. 

This work was supported by grants from FAPESP (81/455-5) and 
FINEP (B339/79/245/00/000). E.M. Benedictis had a fellowship 
from FAPESP (79/203). We are grateful to Drs. Gerhard Malnic 
and Wamberto A. Varanda for careful reading and criticism of 
our manuscript. 

References 

Andersen, B., Ussing, H.H. 1957. Solvent drag of non-electrolytes 
during osmotic flow through isolated toad skin and its re- 
sponse to antidiuretic hormone. Acta Physiol. Scand. 39:228 
239 

Bartolini, A., Gliozzi, A., Richardson, I.W. 1973. Electrolytes con- 
trol flows of water and sucrose through collagen membranes. 
J. Membrane Biol. 13:283-298 

Benedictis, E.M., Lacaz-Vieira, F. 1981. Ion sensitive apical mem- 
brane water permeability in toad skin. Brazilian J. Med. Biol. 
Res. (in press) 

Benedictis, E.M., Lacaz-Vieira, F. 1981b. Opening water channels 
in the apical membrane of toad skin epithelial cells by rising 
ionic strength in the outer solution. In: State, Distribution 
and Transport of Ions in Epithelia. Proc. VII Int. Biophysics 
Congress-Satellite Symposium: Can-Cun, Mexico 

Bentley, P.J. 1957. The effects of vasopressin on water uptake of 
the toad, Bufo marinus, while bathed in different hypotonic 
solutions. J. Endocrinol. 16 : 126-134 

Bentley, P.J. 1958. The effects of neurohypophysial extracts on 
water transfer across the wall of the isolated urinary bladder 
of the toad Bufo marinus. J. Endocrinol. 17:201-209 

Bevevino, L.H., Lacaz-Vieira, F. 1981. The control of Na + per- 
meability of the outer barrier in toad skin. J. Membrane Biol. 
(in press) 

Bourguet, J., Jard, S. 1964. Un dispositif automatique de mesure 
et d'enregistrement du flux net d'eau 5_ travers la peau et la 
vessie des amphibiens. Biochim. Biophys. Acta 88:442-444 

Brown, D., Grosso, A., De Sousa, R.C. 1980. Isoproterenol-in- 
duced intramembrane particle aggregation and water flux in 
toad epidermis. Biochim. Biophys. Acta 596:158-164 

Chevalier, J., Bourguet, J., Hugon, J.S. 1974. Membrane as- 
sociated particles. Distribution in frog urinary bladder epi- 
thelium at rest and after oxytocin treatment. Cell Tissue Res. 
152:129 140 

Diamond, J.M. 1978. Solute-linked water transport in epithelia. 
In: Membrane Transport Processes. J.F. Hoffman, editor. 
Vol. 1, pp. 257-276. Ravan Press, New York 

Dicker, S.E., Elliott, A.B. 1967. Water uptake by Bufo melano- 
stictus as affected by osmotic gradients, vasopressin and tem- 
perature, d. Physiol. (London) 190:359-370 

Erlij, D., Martlnez-Palomo, A. 1972. Opening of tight junctions in 
frog skin by hypertonic urea solutions. J. Membrane Biol. 
9 : 229-240 

Fischbarg, J., Whittembury, G. 1978. The effect of external pH on 
osmotic permeability, ion and fluid transport across isolated 
frog skin. J. Physiol. (London) 275:403-417 

Franz, T.J., Van Bruggen, J.T. 1967. Hyperosmolarity and net 
water transport of nonelectrolytes in frog skin. J. Gen. Physiol. 
50:933-949 

Gonz~les, E., Kirchausen, T., Linares, H.. Whittembury, G. 1978. 
Observations on the action of urea and other substances in 
opening the paracellular pathway in amphibian skins. In: 
Comparative Physiology-Water, Ions and Fluid Mechanics. 
K. Schmidt-Nielsen, L. Bolls, and S.H.P. Maddrell, editors, pp. 
43 52. Cambridge University Press, Cambridge 

Hardy, M.A. t978. Intracellular calcium as a modulator of trans- 
epithelial permeability to water in frog urinary bladder. J. 
Cell Biol. 76:787-791 

Hardy, M.A. 1979. Roles of Na + and Ca 2+ in the inhibition by 
low pH of the hydrosmotic response to serosal hypertonicity 
in toad bladder. Biochim. Biophys. Acta 552:169-177 

Harmanchi, M.C., Kachadorian, W.A., Valtin, H., Discala, V.A. 
1978. Antidiuretic hormone-induced intramembranous alter- 
ations in mammalian collecting ducts. Am. J. Physiol. 
235 : F 440-F 443 

Kachadorian, W.A., Wade, J.B., Di Scala, V.A. 1975. Vasopressin: 
Induced structural change in toad bladder luminal membrane. 
Science 190:67-69 

Katchalsky, A., Curran, P.F. 1965. Nonequilibrium thermody- 
namics in biophysics. Harvard University Press, Cambridge 
(Mass.) 

Keynes, R.D. 1969. From frog skin to sheep rumen: A survey of 
transport of salts and water across multicellular structures. Q. 
Rev. Biophys. 2 : 177-281 

MacRobbie, E.A.C., Ussing, H.H. 1961. Osmotic behaviour of 
epithelial cells of frog skin. Acta Physiol. Scand. 53:348-365 

Orloff, J., Handler, J.S. 1961. Vasopressin-like effects of adenosine 
3',5'-phosphate (cyclic 3',5'-AMP) and theophylline in the toad 
bladder. Biochim. Biophys. Res. Commun. 5:63-66 

Orloff. J., Handler, J.S. 196:?. The similarity of effects of vaso- 
pressin, adenosine-Y,5'-monophosphate (cyclic AMP) and 
theophylline on the toad bladder. J. Clin. Invent. 41 : 702-709 

Parisi, M., Bourguet, J., Ripoche, P., Chevalier, J. 1979. Simul- 
taneous minute by minute determination of unidirectional and 
net water fluxes in frog urinary bladder. A reexamination of 
the two barriers in series hypothesis. Biochim. Biophys. Acta 
556 : 509-523 

Parisi, M., Chevalier, J., Bourguet, J. 1979. Influence of mucosal 
and serosal pH on antidiuretic action in frog urinary bladder. 
Am. J. Physiol. 237 :F483-F489 

Parisi, M., Chevalier, J., Bourguet, J. 1980a. Cellular pH controls 
the permeability of water channels in epithelia: A morpho- 
functional analysis. In: Proceedings of the 2 "d International 
Congress on Cell Biology. Berlin (West) 

Parisi, M., Chevalier, J., Bourguet, J. 1980b. Closing water chan- 
nels by lowering pH in epithelia: A freeze fracture time course 
study at low temperature. In: Proceedings of the XXVIII Int. 
Congress of Physiological Sciences Budapest. p. 631 

Procopio, J., Lacaz-Vieira, F. 1977. Ionic exchanges in isolated 
and open-circuited toad skin. J. Membrane Biol. 35:219-237 

Ripoche, P., Bourguet, J., Parisi, M. 1973. The effect of hypertonic 
media on water permeability of frog urinary bladder. In- 
hibition by catecholamines and prostaglandin Ez. J. Gen. 
Physiol. 61:110-124 

Taylor, A., Eich, E., Pearl, M., Brem, A. 1979. Role of cytosolic 
Ca ++ and N a - C a  exchange in the action of vasopressin. 
INSERM Symp. Ser. 85 : 167-174 

Ussing, H.H., Windhager, E.E. 1964. Nature of shunt path and 
active sodium transport path through frog skin epithelium. 
Aaa Physiol. Scand. 61:484-504 

Varanda, W.A., Lacaz-Vieira, F. 1978. Transients in toad skin: 
Short-circuit current and ionic fluxes related to inner sodium 
substitution by monovalent cations. J. Membrane Biol. 
39:369-385 

Varanda, W.A., Lacaz-Vieira, F. 1979. Transient potassium fluxes 
in toad skin. J. Membrane Biol. 49:199-233 

Whittembury, G., Martinez, C.V., Linares, H., Paz-Aliga, A. 1980. 
Solvent drag of large solutes indicates paracellular water flow 
in leaky epithelia. Proe. R. Soc. London B 211:63-81 

Received 1 September 1981; revised 19 November 1981 


