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Abstract. The effect of antidiuretic hormone on transep- 
ithelial Na + and CI-  transport and its modulation by al- 
dosterone (10 -6 M) was studied in the Xenopus laevis 
distal nephron cell line A6-C1 by measuring transep- 
ithelial electrophysiological parameters and bidirec- 
tional anion fluxes. Vasotocin (or vasopressin) induced 
a biphasic increase in transepithelial short-circuit cur- 
rent (Isc)" Early and late effects were potentiated by al- 
dosterone and could be mimicked by forskolin and 
BrcAMP, implicating cAMP as a mediator. The early 
increase in Isc (maximum 1-2 min after hormone addi- 
tion) was resistant to 50 ~tM amiloride. Electrophysio- 
logical experiments with apical ion substitutions or 
basolateral bumetanide (0.5 mM), as well as flux stud- 
ies with 125I- or 36C1-, indicated that this current repre- 
sented C1- secretion. The late increase in Isc appeared 
with a lag of 2-5 min and was maximal after 15-25 min. 
It corresponded to an increase in Na + reabsorption, 
since it was amiloride sensitive. Bidirectional 36C1 
flux measurements in aldosterone-treated monolayers 
maintained under open-circuit conditions showed that 
the large vasotocin-induced increase in CI-  permeabil- 
ity led, in these conditions, to a threefold increase of a 
baseline C1- reabsorption. This study shows that va- 
sotocin induces in A6-C1 cells both a rapid increase in 
C1- permeability and a slower increase in Na + transport. 
The C1 permeability, which leads to CI-  secretion un- 
der short-circuit conditions, contributes, under the more 
physiological open-circuit conditions, to the transport of 
Na + by allowing its co-reabsorption with CI- .  
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Introduction 

The final adjustment of urinary Na + concentration is 
controlled by mineralocorticoid hormones and antidi- 
uretic hormone which act by regulating the Na + reab- 

sorption across tight epithelia of distal segments of the 
nephron. Na + transport across these epithelia is medi- 
ated by the serial arrangement of an apical, amiloride- 
sensitive Na + channel through which Na + enters the 
cells and the basolateral Na+,K+-ATPase, which ex- 
trudes Na + and provides the driving force. Much of our 
knowledge about the mechanism by which hormones 
exert their action on this transport derives from studies 
on toad bladder, and more recently, on an amphibian 
kidney cell line (A6) [23, 25, 28, 33]. 

In these systems, aldosterone induces an increase in 
Na + reabsorption which is initiated after a lag period of 
approximately 45 min. This response is divided into an 
early and a late phase (later than 3 hr), based on elec- 
trophysiological and biochemical characteristics [2, 25]. 
Moreover, like other steroid hormones, aldosterone has 
in the long term a morphogenetic effect in vivo and a 
differentiation effect in in vitro cell culture systems 
[13, 18,341. 

Using the A6 cell model, it has been shown that, 
when used at concentrations at which both high and low 
affinity receptors for adrenal steroid hormones are oc- 
cupied, aldosterone acts in a coordinated manner via 
transcriptionally mediated mechanisms at the level of 
the apical amiloride-sensitive Na + channel, as well as 
at that of the basolateral Na + pump and K + channel [12, 
33]. However, the rate-limiting step for the regulation 
of Na § transport is the apical influx, provided that the 
Na + pump has a sufficient functional reserve. Using the 
patch-clamp technique, Kemendy, Kleyman and Eaton 
[14] have shown that aldosterone acts on the Na + con- 
ductance across the apical membrane of A6 cells by in- 
creasing the open probability and not the number of the 
active apical Na + channels. 

The effect of antidiuretic hormone (arginine vaso- 
pressin in most mammalian species or arginine vaso- 
tocin in many nonmammalian vertebrates [1]) on Na + 
reabsorption appears to be mediated by a cAMP-de- 
pendent pathway. It is generally characterized by a 
transient maximum of Na + transport stimulation which 
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is o b s e r v e d  a f te r  a p p r o x i m a t e l y  1 0 - 3 0  m i n  o f  h o r m o n -  

al t r e a t m e n t  [4, 10, 34].  U s i n g  the  p a t c h - c l a m p  tech-  

n ique ,  M a r u n a k a  and  E a t o n  [19] h a v e  d e m o n s t r a t e d  

tha t ,  u n l i k e  in the  ca se  o f  a l d o s t e r o n e  ac t ion ,  the  in-  

c r ease  in ap ica l  N a  + c o n d u c t a n c e  was  m e d i a t e d  by  an  

i n c r e a s e  in the  n u m b e r  o f  a c t i v e  c h a n n e l s ,  w i t h o u t  sig-  

n i f i c a n t  e f fec t  o n  the  o p e n  p r o b a b i l i t y  o f  s ing le  c h a n -  

ne ls .  

C h l o r i d e  t r a n s p o r t  ac ross  d is ta l  n e p h r o n  ce l l s  ha s  

no t  b e e n  s tud ied  to the  s a m e  ex ten t  as N a  + t ranspor t ,  al-  

t h o u g h  c A M P - s t i m u l a t e d  C I -  t r a n s p o r t  in  c o l l e c t i n g  

duc t  cel ls  and  A 6  ce l l s  has  b e e n  d e s c r i b e d  seve ra l  years  

ago  [30, 39].  In add i t ion ,  a l d o s t e r o n e - s t i m u l a t e d  C I -  

t r a n s p o r t  ha s  b e e n  o b s e r v e d  in  t o a d  sk in  [5]. I t  is  gen -  

e ra l ly  a c c e p t e d  t ha t  the  r e g u l a t e d  C1-  t r a n s p o r t  o f  the  

m a m m a l i a n  c o l l e c t i n g  duc t  and  the  t oad  sk in  take  p lace  

ac ross  i n t e r c a l a t e d  and  m i t o c h o n d r i a  r i ch  cel ls ,  r e spec -  

t ive ly ,  a n d  no t  ac ross  the  N a  + t r a n s p o r t i n g  (p r inc ipa l )  

ce l l s  [5, 16]. In  con t ras t ,  C I -  t r a n s p o r t  ac ross  A 6  cel l  

m o n o l a y e r s  ( w h i c h  w as  a l so  o b s e r v e d  w i t h  ce l l s  o f  

c lona l  o r ig in )  was  a t t r i bu t ed  to the  s a m e  ce l l s  w h i c h  al-  

so t r a n s p o r t  N a  + [39].  M o r e  r ecen t ly ,  M a r u n a k a  a n d  

E a t o n  [18] h a v e  s tud ied  ap ica l  C I -  c o n d u c t a n c e s  in  A 6  

cel ls  at the  s ing le  c h a n n e l  l eve l  and  d e s c r i b e d  two c h a n -  

ne l s  w h i c h  cou ld  be  i n v o l v e d  in m a c r o s c o p i c  C I -  t r ans -  

port .  

In  the  p r e s e n t  s tudy,  the  t e m p o r a l  r e l a t i o n  b e t w e e n  

the  v a s o t o c i n - i n d u c e d  r e g u l a t i o n  o f  N a  + t r a n s p o r t  and  

C I -  c o n d u c t a n c e  and  the  e f f ec t  o f  a l d o s t e r o n e  on  t h e s e  

p a r a m e t e r s  ha s  b e e n  s tud ied  in h i g h l y  d i f f e r e n t i a t e d  A 6  

cel l  m o n o l a y e r s  ( A 6 - C 1 )  m a i n t a i n e d  in the  a b s e n c e  o f  

s e rum.  It  is  s h o w n  tha t  v a s o t o c i n  i n d u c e s  a r ap id  in-  

c r ease  in  t r a n s e p i t h e l i a l  C1-  c o n d u c t a n c e  w h i c h  is fol-  

l o w e d  b y  a s l o w e r  i n c r e a s e  in  t ha t  o f  N a  +. B o t h  v a s o -  

t oc in  e f fec t s  are  p o t e n t i a t e d  b y  a l o n g - t e r m  a l d o s t e r o n e  

(10  -6  M) t r e a t m e n t .  W h i l e  the  i n c r e a s e  in C I -  p e r m e -  

ab i l i ty  l eads  to C I -  s e c r e t i o n  u n d e r  s h o r t - c i r c u i t  cond i -  

t ions ,  N a  § C1-  c o - r e a b s o r p t i o n  is s t i m u l a t e d  in  a ldo-  

s t e r o n e - t r e a t e d  cel ls ,  w h e n  the  m o n o l a y e r s  are m a i n -  

t a i n e d  in the  m o r e  p h y s i o l o g i c a l  o p e n - c i r c u i t  s i tua t ion .  

were coated with a thin layer of bovine dermal collagen (Vitrogen 100, 
Collagen) which was polymerized with NH 3 vapor and crosslinked 
with 2.5% glutaraldehyde in phosphate-buffered saline (PBS). Cells 
were seeded on filters at two times the density of cells subcultnred to 
confluency on plastic dishes. Inside and outside the filters were 2 and 
2.5 ml, respectively, of the same medium as above. The upper medi- 
um was replaced the day after seeding and fresh medium was given 
on both sides after seven days. After 10 days, the medium was re- 
placed by serum and bicarbonate-free 0.8 • DMEM, buffered with 
20 mu 4-(2-hydroxyethyl)piperazine- 1-ethanesulfonic acid (HEPES) 
to pH 7.4, and supplemented with I0 -6 M aldosterone (Sigma) in the 
case of long-term treatment. Cells were placed in an incubator with- 
out CO 2 supplementation and the medium was routinely changed 
four days later. Experiments were generally performed 15 to 17 days 
after seeding. Fresh medium was always given the day before and 1-3 
hr before the start of the experiment (preincubation). (Arginine)-va- 
sotocin, (arginine)-vasopressin, amiloride, 8-bromoadenosine 3'-5'- 
cyclic monophosphate (BrcAMP) and aldosterone were purchased 
from Sigma, bumetanide was from Leo Pharm., and forskolin and 1,9- 
dideoxy forskolin fi'om Calbiochem. 

ELECTRICAL MEASUREMENTS 

Transepithelial electrical measurements were performed on Trans- 
well R rings in a modified Ussing chamber [21] using an automatic 
voltage-clamp apparatus [26] which was connected to a dual-channel 
recorder (Pharmacia LKB). The calomel voltage electrode pair and 
the Ag/AgC1 current electrode pair were connected to the apical and 
the basolateral media by thin polyethylene tubings containing 3 M 
KCI-3% agarose. By convention, positive current corresponds to an 
apical to basolateral movement of positive charges across the epi- 
thelium. Transepithelial electrical resistance (RT~) (~ • cm 2) was cal- 
culated according to Ohm's law from the VXE (mV) and the lsc (gA 
cm-2). The transepithelial conductance (Gxz) (gS cm -2) is I/RTE. 
The measurements were performed, unless otherwise stated, at room 
temperature (22-25~ in serum-free and HEPES-buffered culture 
medium (0.8 • DMEM) containing (in mM): Na 100, C1 96, K 4.3, 
Ca 1.4, Mg 0.7, SO 4 0.7, P O  4 0.7,  glucose 20 plus vitamins and 
amino acids (~240 mOsm/kg H20 ). For some experiments (Fig. 1, 
Table 1), the cell monolayers were kept in open-circuit configuration 
and the transepithelial potential difference (VTE) was monitored con- 
tinuously. The short-circuit current (ls~) was measured every 20 sec 
by clamping VTE to 0 mV for 1 sec. For other experiments (Figs. 3, 
4A and B; Tables 4 and 5), the monolayers were maintained under 
short-circuit conditions. 

Materials  and Methods  APICAL IoN-SUBSTITUTION EXPERIMENTS 

CELL CULTURE 

Experiments were performed with A6 cells from the A6-C 1 subclone 
(passage 109-124). This subclone was obtained by ring-cloning of 
A6-2F3 cells at passage 99 and was selected for its high transepithe- 
lial resistance and for its responsiveness to aldosterone and antidiuretic 
hormone [34, 35]. Cells were cultured on plastic dishes in 0.8 • con- 
centrated, bicarbonate buffered Dulbecco's modified Eagle's medium 
(DMEM) (GIBCO) supplemented with 10% fetal bovine serum (Flow) 
and 1% of a penicillin-streptomycin solution (GIBCO) at 28~ in 5% 
CO 2 atmosphere. Cells were split once a week 1/10 to 1/20 and the 
medium changed after three days. For culture on porous substrate, 
polycarbonate filters (Transwell, 0.4 gm pore size, 4.7 cm 2, Costar) 

The apical medium was replaced with a solution containing (in mN) 
NaC1 100, Ca gluconate 1, Mg gluconate 0.5, K2HPO 4 2, HEPES 10, 
glucose 5, and buffered to pH 7.4 with tris-(hydroxymethyl)amino- 
methane. The transepithelial potential difference and the short-cir- 
cuit current was measured as described above. After stabilization of 
these parameters (approximately 15 min), the apical medium was re- 
placed by a solution containing 10 -5 N amiloride in control buffer or 
in buffer in which a fraction of the C1- was replaced by gluconate, 
or a fraction of Na + by tetramethylammonium (TMA), or a fraction 
ofNa + by K +. After an equilibration period of 15 rain, current-volt- 
age curves were obtained before, and after (1.5 to 3 min) the addition 
of vasotocin, by clamping the moaolayer every 10 sec for 2 sec, from 
+50 to - 5 0  mV at 10 mV intervals. 
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125I- -FLUX MEASUREMENTS 

Culture conditions were the same as for electrophysiological mea- 
surements. A modified measurement chamber with a small opening 
was used which allowed adding the hormone and taking samples ~ .  
from both sides of the monolayer, without interrupting the voltage 
clamp. Experiments were performed at 26~ Filters were preincu- ,~ 
bated for 1 hr in fresh 0.8 • DMEM buffered with HEPES. The ca 
monolayers were then maintained clamped at 0 mV and Iso was mea- .*,_ 
sured continuously. After a few minutes, when the trace was stabi- o ~ 
lized, tracer amounts (15 gCi/ml) o fNa  + 125I- (17.4 Ci/mg, NEN) were '~ 

/ 

added to one side of the filter culture. Amiloride (10 -5 M) was added ~o 
to the apical medium and after 15 min the medium, contralateral to " 
the added radioactivity, was replaced by fresh medium (containing I 
amiloride in the case of apical medium). The sampling of contralat- 
eral medium was started 10 rain later. Aliquots of  1% of the cham- 
ber volume were taken every 3 rain, after the medium had been mixed 
by shaking. Because of the lag period of approximately 30 sec, va- 
sotocin (2.5 • 10 -s  M) was given basolaterally 20 sec before the last 
aliquot of control medium was taken. The aliquots were counted in 
a gamma-counter (Pharmacia LKB) and the increases in cpm/3 min 
collection periods were converted into thousandths of the radioactiv- 
ity given to the other side of the monolayer (arbitrary flux units). 

3 6 C 1 - - F L u x  MEASUREMENTS 

Culture conditions and experimental setup were as for 125I--flux 
measurements. For experiments under open-circuit conditions, VTE 
was monitored continuously. Both sides contained 2 ml of 0.8 • 
DMEM buffered with HEPES (96 mM CI-). On one side, 1.5 gCi/ml 
of 36C1- tracer was added (13.9 mCi/g H36C1, neutralized with NaOH, 
NEN) and the voltage clamp was started in the experiments per- 
formed under short-circuit conditions. After a 20 to 30 rain equili- 
bration time, 1 ml of the contralateral medium was replaced quickly 
three times before the start of  the sample collection. Samples were 
taken every 5 min by carefully aspirating 1 ml of medium which was 
immediately replaced by 1 ml of fresh medium (_+vasotocin), with- 
out interrupting the voltage clamp or the VTE m e a s u r e m e n t .  The va- 
sotocin treatment was initiated by adding 20 gl of a 100-fold con- 
centrated stock solution in medium. The 1 ml samples and aliquots 
of bath medium diluted in 1 ml were mixed with 10 ml of scintilla- 
tion fluid (Emulsifier-Safe, Packard) and counted in a scintillation 
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Fig. 1. Vasotocin action on transepithelial short-circuit current and 
potential difference and its potentiation by aldosterone. Monolayers 
of A6 cells were cultured on filters for a total of 15 to 18 days and 
maintained in the absence of serum and bicarbonate and in the absence 
or presence of aldosterone (10 6 M) for 5 to 8 days prior to the ex- 
periment. The preparations were maintained in open-circuit config- 
uration during the recordings and the trausepithelial short-circuit cur- 
rent ( I )  was measured every 20 sec for t sec. Transepithelial short- 
circuit current and potential difference are redrawn from typical 
experiments. Vasotocin was added to the basolateral medium (2.5 • 
10 .8 M) and amiloride to the apical medium (5 • 10 .5 M). 

counter (Kontron). The counts accumulated during the 5 rain inter- 
val were calculated for each sample and converted in nEq cm -2 
rain -1 C1-. 

Results  

Aldosterone has a stimulatory action on Na + reabsorp- 
tion across A6 monolayers cultured on permeable sup- 
ports whose amplitude depends on the culture conditions 

Table 1. Vasotocin a effect and its aldosterone ~ dependence on transepithelial electrical parameters of A6-C1 monolayers maintained in open- 
circuit conditions" 

Experimental 
condition 

Short-circuit current (lsc) Transepithelial conductance (GTE) 

Baseline Isc Early increase AMIC-sensitive Relative increase in Baseline GTE Early AVT Late AVT 
(/zA cm -2) in Iscd /sce AMI-sensitive Isc f (/xS cm -2) effectg effect h 

(p,A cm -2) (/xA cm -2) (fractional change) (/xS cm- ; )  (/xS cm -2) 

No aldosterone 0.5 4- 0.0 b 2.3 + 0.2 0.9 4- 0.2 1.7 + 0.3 88 • 19 160 4- 21 132 _+ 18 
6 hr aldosterone 3.0 4- 0.2 2.7 4- 0.2 5.2 + 0.3 1.7 _+ 0.0 112 _+ 35 229 _+ 47 229 _+ 37 
20 hr aldosterone 5.5 4- 0.1 3.9 4- 0.2 21.7 +. 3.3 3.9 +- 0.6 97 +" 12 248 +_ 11 486 +. 48 
5 day aldosterone 6.6 4- 1.4 3.7 + 0.2 22.6 +. 2.6 3.6 -+ 0.4 135 -+ 5 317 4- 14 544 +- 46 

sec. The means of three experiments § a The recordings were performed as for Fig. 1 and the short-circuit current (lso) was measured every 20 b 
SE are indicated. CAldosterone was 10 -6 M bilaterally, vasotocin 2.5 • 10 -8 M basolaterally, and amiloride (AMI) 5 • 10 5 M apically, disc 1.5 
min after AVT - baseline Isc. ~ 1  20 rain after AVT - lsc 8 rain after AMI. f AMI-sensitive lsc 20 min after AVT/baseline l~c. gl.5 min after 
AVT. h20 min after AVT. 
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Table 2. Comparison of vasotocin c, forskolin and BrcAMP action on the short-circuit current (l c) a in aldosterone-free and long term aldo- 
sterone-treated A6-C1 monolayers 

Experimental No aldosterone 5 day aldosterone 
condition 

Early increase in lsc d Relative increase in Early increase in Isc a 
(/xA cm 2) amiloride-sensitive I c~ (~A cm -2) 

(fractional change) 

Relative increase in 
amiloride-sensitive Isc e 
(fractional change) 

Vasotocin 2.4 -+ 0.5 b 1.7 + 0.1 5.5 -+ 0.7 3.3 • 0.2 
Forskolin 2.9 -+ 0.2 3.3 --- 0.8 5.5 _+ 1.0 3.5 • 0.6 
BrcAMP 3.1 _+ 1.0 2.9 + 0.9 4.4 _+ 1.5 3.1 + 0.4 

a The monolayers were maintained in open-circuit conditions and the short-circuit current (/~c) was measured every 20 sec as for Fig. 1. bThe 
means of three experiments -+ sE are indicated. CAldosterone was 10-6M bilaterally, vasotocin (AVT) was 2.5 • 10 .8 M basolaterally, forskolin 
was 2 • 10 -5 M basolaterally, 8-bromoadenosin 3':5'-cyclic monophosphate (BrcAMP) was 3 • 10 .3 M bilaterally, and amiloride 5 • 10 .5 
M apically, disc 1.5 min after AVT - baseline Isc- In the case of BrcAMP, the early increase in Isc was measured 3 rain after its addition, elsc 
20 min after AVT/baseline lsc' 

[18, 21, 23, 38]. Using filter cultures of cells from the 
A6-C1 subclone, culture conditions were devised such 
that the baseline Na + transport, in the absence of hor- 
mone, was usually very low, allowing for changes of 
great magnitude upon addition of hormones. During a 
period of 10 days of culture in the presence of bicar- 
bonate, CO 2 and fetal calf serum, high transepithelial re- 
sistance (RTz) was established. The monolayers were 
then transferred for at least five days to serum-free and 
bicarbonate-free HEPES-buffered medium. In the se- 
ries of filters used for Fig. 1 and Table 1, the baseline 
transepithelial short-circuit current (/so) was 0.51 -+ 
0.02 gA/cm 2, and the resistance 12,300 _+ 2,200 f~ • 
cm 2. The Isc was increased by a factor of 13 after long- 
term a ldos te rone  (10 .6 N) t rea tment  (6.6 --+ 1.3 
gA/cma). It should be mentioned that the concentration 
of aldosterone used throughout this study (10 -6 M) has 
been chosen to obtain maximal effects on Na + transport. 
At this concentration, aldosterone binds to both the high 
and the low affinity receptors for adrenal steroid hor- 
mones [29, 33, 37]. 

BIPHASIC ACTION OF VASOTOCIN ON THE 

TRANSEPITHELIAL SHORT-CIRCUIT CURRENT 

The addition of vasotocin (2.5 • 10 -8 M) to the baso- 
lateral medium produced a biphasic increase in apical 
to basolateral short-circuit current (Isc), whose second 
phase was only clearly visible when the filter was pre- 
treated with aldosterone (10 .6 M) and displayed, con- 
sequently, a high baseline Is~ (Figs. 1 and 4A and B). A 
similar response with the same maximal values was ob- 
served using arginine vasopressin, the antidiuretic hor- 
mone of most mammals. However, vasotocin was 100 
times more potent than vasopressin (K0. 5 = 5 • 10 -1~ 
N and K0. 5 = 5 • 10 8 M, respectively). Therefore, va- 
sotocin (the actual vasopressor hormone of the am- 

phibian neurohypophysis [1]) was used throughout this 
study. 

The experiments presented in Fig. 1 and Table 1 
were performed on epithelia maintained under open-cir- 
cuit conditions, and the short-circuit current was mea- 
sured every 20 sec by clamping the transepithelial po- 
tential (VTz) for 1 sec to 0 mV. In these conditions, va- 
sotocin induced, after a lag period of approximately 30 
sec, a rapid increase in Iso and a large, concomitant in- 
crease in transepithelial conductance (GTz). After an 
initial Isc peak (2 to 7 gA cm 2, 1-2 min after hormone 
addition) a slower decrease in Isc followed, while the 
GTE did not decrease to the same extent. This Is~ peak 
was followed by the onset of a late increase in/sc which 
took place 2 to 5 min after hormone addition. This late 
increase was dependent on the pre-existing baseline Isc 
(see below) and reached a maximum after 10 to 20 min. 
This late Isc increase was accompanied in long-term al- 
dosterone-treated cells by a further increase in GTE. 

The addition of the apical Na § channel blocker 
amiloride (5 • 10 .5 M), 20 min after vasotocin addition, 
revealed that a substantial part of the induced Isc was 
amiloride resistant and thus did not correspond to Na + 
transport. Since preliminary experiments had shown 
that, in the absence of vasotocin, generally more than 
90% of the/so was inhibited by 5 • 10 .5 M amiloride, 
the relative increase in amiloride-sensitive/~ induced 
by vasotocin (20 min) could be approximated (Table 1). 
This calculation showed that the relative increase in 
Na + current was 1.7 to 3.9-fold. 

That the early vasotocin-induced increase in Isc cor- 
responded to an amiloride-resistant current and that the 
late increase corresponded to the known cAMP-medi- 
ated effect on the amiloride-sensitive apical Na + chan- 
nel could be seen when amiloride was added prior to va- 
sotocin. In this case, the transient early increase in Isc 
was not followed by a second increase. An example can 
be seen in Fig. 3A and C where the epithelia were, how- 
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Fig. 2. Effect of apical ion substitutions on the reversal potential of the early vasotocin-induced current. Culture conditions were as for Fig. 

1. The apical medium was replaced by a buffer containing 100 mM C1- (A and C) or 50 mM C1- and 50 mM gluconate (B and D), and 10 -5 M 

amiloride. The monolayers were maintained under open-circuit condition and current-voltage curves were obtained before and 1.5 rain after 

the addition of vasotocin (2.5 • 10 -8 M) by clamping the monolayer every 10 sec for 2 sec at 10 mV intervals. Long-term pretreatment with 
10 - 6  M aldosterone is indicated by +aldosterone. 

Table 3. Effect of apical ion substitutions on the reversal potential of the early vasotocin-induced current 

Experimental - Aldosterone + Aldosterone 
condition 

Apical Na + (mM) 100 100 100 96 20 100 100 100 

Apical C1- (mM) 100 50 20 100 100 100 50 20 
Apical K + (mM) 4 4 4 8 4 4 4 4 

Reversal potential of the 

early vasotocin-induced 

current (mV) 
-30 .4  -47 .3  -67 .0  -32 .3  -32 .3  - 17.7 -32 .3  -52 .7  

+ 2.8 + 2.9 +_ 4.5 -+ 0.3 _+ 0.9 +_ 1.2 :_~ 1.5 _+ 1.5 

n = 5  n = 4  n = 3  n ~ 3  n = 3  n = 3  n = 3  n = 3  

Shift of the reversal 

potential (mV) - 16.9 -36 .6  - 1.9 - 1.9 - 14.6 - 3 5 . 0  

Given are the means (--+SE, n experiments) of the transepithelial potential at which the transepithelial current 1-2 rain after vasotocin addition 
is identical to that before hormone addition. Gluconate and tetramethylammonium were used to replace C1 and Na +, respectively. 
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ever, maintained under continuous short-circuit condi- 
tions (VTE clamped at 0 mV). 

During some flux experiments presented in Fig. 4A 
and B, the epithelia were maintained under short-circuit 
conditions in the absence of amiloride. In these condi- 
tions, though a biphasic response of the/s~ to vasotocin 
was observed, there was a major difference in the am- 
plitude of the late increase compared to that observed 
in epithelia maintained under open-circuit conditions. In 
epithelia pretreated with long-term aldosterone there 
was, just after the transient Is~ peak, a decrease in total 
Isc below the baseline level (Fig. 4B). This decrease was 
possibly due to a transient change in Na + transport sec- 
ondary to the acute early amiloride-resistant current. 
The late increase in Isc was also less pronounced, com- 
pared to that under open-circuit conditions. This could 
have been due, in these high transport-rate conditions, 
to a rate-limiting effect of the basolateral Na+,K +- 
ATPase and to the consequent feedback inhibition at the 
level of the apical Na + channel [8, 22]. 

Both the early and the late vasotocin-induced in- 
creases in Isc were potentiated by long-term aldosterone 
treatments. After such a treatment, which per  se pro- 
duced a 13-fold increase in Is~, the early induced peak 
of Is~ was increased by a factor of 1.5 to 2 (Figs. 1, 3A 
and C, 4A and B and Tables 1 and 2). In contrast, the 
late, amiloride-sensitive increase in /~  was roughly pro- 
portional to the pre-existing/~c, indicating that there was 
not only an additive but a synergistic effect on the Na + 
transport. Furthermore, the relative increases were larg- 
er in those filters which had received aldosterone for 20 
hr and 5 days (3.9 and 3.4-fold increase, respectively) 
as compared to the control filters and those with 6 hr of 
aldosterone treatment (1.8 and 1.7-fold increase, re- 
spectively). 

In summary, the two effects which compose this 
biphasic action of vasotocin could be dissociated by 
their timing, their sensitivity to amiloride, and by their 
dependence on pre-exist ing,  a ldosterone- induced 
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Fig, 3. 125I--flux induced by vasotocin and its potentiation by al- 
dosterone. Culture conditions were as for Fig. 1. Amiloride (10 .5 M) 
was given to the apical medium and the monolayers were maintained 
under short-circuit condition during the experiment. Recordings of the 
/so from typical experiments on a control monolayer (-aldosterone)  
and a monolayer pretreated for 5 days with 10 -6 M aldosterone (+al-  
dosterone) are shown in A and C, respectively. B and D show the mean 
(.+SE, n = 3) of the basolateral to apical 125I--fluxes given in arbi- 
trary units. 

amiloride-sensitive/~c, and both components were po- 
tentiated by a long-term aldosterone treatment. 

MIMICKING OF THE VASOTOCIN EFFECTS WITH 

FORSKOLIN AND B r c A M P  

To evaluate whether the observed induction of ion trans- 
port by vasotocin could be mediated by cAMP, I sub- 

Table 4. Effect of basolateral bumetanide a on the lsc induced by vasotocin in amiloride-treated, aldosterone-free A6- 
C1 monolayers maintained in short-circuit conditions 

Experimental No bumetanide 0.5 mM bumetanide Change induced 
condition (/xA cm -2) (/zA cm -2) by bumetanide 

(fractional change) 

Baseline amiloride-resistant Isc 0.16 -+ 0.05 0.18 -+ 0.08 
Amiloride-resistant lsc 1.5 rain after AVT 
(Isc ~1.5  min after AVT - -  baseline Isc) 3.8 _+ 0.4 2.0 -+ 0.1 
Amiloride-resistant I c 15 rain after AVT 
(Ic 15 rain after A V T - -  baseline lsc) 1.6 _+ 0.2 0.35 _+ 0.05 

1.1 _+0.1 

0.53 .+ 0.05 

0.23 .+ 0.03 

a Monolayers were maintained in short-circuit conditions; basolateral bumetanide (5 • 10 .4 M) o r  diluent and apical 
amiloride (5 • 10 -5 N) or diluent were given 20 and 10 min before the addition of vasotocin (AVT, 2.5 • 10 .8 M), re- 

spectively. 
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Fig. 4. Net 36C1- fluxes induced by vasotocin under short-circuit and 
open-circuit conditions. Culture conditions were as for Fig. 1. For 
each experimental condition, the trace of the monitored electrical pa- 
rameter from a typical experiment is shown: Continuous short-circuit 
condition,/sc (A and B); continuous open-circuit condition, VTE (C). 
The net basolateral to apical 36C1- fluxes represent the average + sE 
of the net fluxes calculated in three individual bidirectional flux mea- 
surements. Experiments were performed on control monolayers (no 
aldosterone, A) and monolayers pretreated for 5 to 8 days with 10 -6 
M aldosterone (5 day aldosterone, B and C). 

mitred control and long-term (5 days) aldosterone-treat- 
ed monolayers to the same protocol as for Fig. 1, and 
replaced vasotocin with the adenylate cyclase activator 
forskolin or by a membrane-permeant analogue of 
cAMP (BrcAMP) (Table 2). In aldosterone-treated 
cells, the effect of forskolin (2 • 10 .5 M) was very sim- 
ilar to the effect of vasotocin, both qualitatively and 
quantitatively (Table 2), while its inactive analogue, 
1,9-dideoxy forskolin had no effect on the electrical 

parameters (data not shown). BrcAMP (3 raM) had a 
similar effect. However, the early increase in Isc was 
slower, possibly due to the slow diffusion of this ana- 
logue into the cells. Interestingly, in aldosterone-free 
cells the effect on the amiloride-sensitive short-circuit 
current was clearly larger with forskolin and BrcAMP 
than with vasotocin. This difference could be due to the 
potentiation by long-term aldosterone (10 -6 M) of the 
signal transduction upstream of the adenylate cyclase 
[341. 

EFFECT OF APICAL ION SUBSTITUTIONS ON THE EARLY 

VASOTOCIN-INDUCED CURRENT 

The large decrease of the RTE induced by vasotocin oc- 
curred simultaneously with a parallel increase in Isc 
measured with symmetrical apical and basolateral so- 
lutions. Only a change in the transcellular conductance 
(GTE) can explain both phenomena, since an increase in 
the paracellular conductance alone would not induce any 
change of Isc under these conditions. Furthermore, con- 
sidering the apical to basolateral resistance ratio in A6 
cells of 0.8 or larger [38], a major increase in apical 
membrane conductance is needed to explain the change 
in transcellular conductance, although a simultaneous 
change in basolateral membrane conductance cannot 
be excluded. 

To determine the ionic selectivity of the amiloride- 
resistant conductance induced by vasotocin in the api- 
cal membrane, I performed ionic replacement experi- 
ments. Transepithelial current/voltage (I/V) curves were 
obtained in the presence of 10 .5 M apical amiloride 
immediately before and 1.5 to 3 min after addition of 
vasotocin (Fig. 2). The difference between the current 
before and after vasotocin addition is the vasotocin-in- 
duced transepithelial current. The reversal potential of 
the vasotocin-induced current is given by the intersec- 
tion of the two//17 curves. Mean values of this vaso- 
tocin-induced current reversal potential with different 
apical solutions are shown in Table 3. Reducing the 
Na + concentration from 100 to 20 mM did not produce 
any significant change of the reversal potential. This 
was not surprising considering that the experiments 
were performed in the presence of the Na-- channel 
blocker amiloride. It shows, however, that vasotocin did 
not induce an amiloride-resistant Na + conductance. In- 
creasing the apical K § concentration from 4 to 8 mM did 
not induce either any change in the reversal potential of 
the vasotocin-induced current. In contrast, a 50 or 80% 
reduction of the apical C1- concentration (gluconate 
replacement) induced a -16 .9  and -36 .6  mV change, 
respectively, in vasotocin-induced current reversal po- 
tential. These values are close to the values calculated 
for a Cl--selective conductive pathway ( -17 .7  and 
-41 .2  mV, respectively). Although the apical mem- 
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Table 5. Effect of vasotocin on bidirectional C1 fluxes across A6-C 1 monolayers maintained in short-circuit or open-circuit conditions 

Experimental condition No aldosterone 

Short-circuit conditions 

5 day aldosterone (10 -6 M) 

Short-circuit conditions Open-circuit conditions 

AP ~ BL C1- f lux (nEq cm -2 min I)b 
10--5 min before vasotocin 0.65 -+ 0,13 a 

0 -5  min after vasotocin 1.8 --_ 0.1 

10-15 rain after vasotocin 2.3 + 0.0 

BL ~ AP C1- flux (nEq cm -2 min 1) 

10-5 min before vasotocin 0.58 _+ 0.13 

0 -5  min after vasotocin 3.6 _+ 0.4 

10-15 min after vasotocin 3.2 + 0.3 

Net C1- flux (nEq cm -2 min J, BL  --~ AP) 

10-5 rain before vasotocin - 0 . 0 7  + 0.21 

0 -5  min after vasotocin 1.8 _+ 0.4 

10-15 min after vasotocin 0.87 _+ 0.33 

C1 current (calculated,/xA cm -2) 

10-5 min before vasotocin - 0 . 1 1  _+ 0.34 

0 -5  rain after vasotocin 2.9 +- 0.6 

10-15 min after vasotocin 1.4 _+ 0.5 

I~c over baseline (measured,/xA cm -2) 

7.5 min before vasotocin 
1.5 min after vasotocin c 

12.5 min after vasotocin 

1.3 -+ 0.3 2.6 _+ 0.8 

6.5 _+0.5 10.4 + 1.5 

8.2 _+ 0.5 11.2 + 1.5 

1.1 _+ 0.3 0.59 + 0.09 

8.6 -+ 0.8 9.0 + 0.8 

8.9 -+ 0.4 5.3 _+ 0.7 

- 0 . 1 6  +- 0.20 - 2 . 0  + 0.7 

2.0 _+0.3 - 1 . 4  + 1.8 

0.68 _+ 0.58 - 5 . 9  + 0.8 

0.26 _+ 0.33 - 3 . 2  _+ 1.1 

3.3 _+ 0.5 - 2 . 1  + 2.8 

1.1 _+ 0.9 - 9 . 4  _+ 1.3 

3.1 _+ 0.2 6.7 _+ 0.5 

2 . 0 _  + 0.1 6 .4_+0 .4  

a Three bidirectional flux experiments were performed for each condition. Mean values +_ SE are indicated, bAp -+ BL stands for api- 
cal to basolateral, cPeak value of Iso -- 1.5 min after vasotocin addition. 

brane potential and the intracellular ion concentrations 
were not controlled under the present experimental con- 
ditions, these results strongly suggest that the amiloride- 
resistant ionic pathway opened by vasotocin was chlo- 
ride selective. 

INHIBITION OF THE E A R L Y  VASOTOCIN-INDUCED / sc  BY 

BASOLATERAL BUMETANIDE 

A Na+,K+,2C1--cotransport system blockade to 96-  
98% by 5 • 10 -4 M bumetanide has been described in 
A6 cells [7, 39]. Since this transport system could be 
involved in the basolateral influx of CI-,  I tested the ef- 
fect of  basolateral bumetanide in conditions in which I 
postulated that the vasotocin-induced increase in Is~ 
was due to C1 secretion (basolateral to apical trans- 
port). To that effect, experiments were conducted in the 
presence of apical amiloride and under short-circuit 
conditions (Table 4). Bumetanide (5 x 10 -4 M) inhib- 
ited, after a preincubation of 20 rain, 47% of  the tran- 
sient Isc peak, and more importantly,  77% of  the 
amiloride-resistant current measured 15 rain after hor- 
mone addition. This observation further supported the 
idea that the amiloride-resistant vasotocin-induced I~c 

was carried by C1- ions. That the early Isc peak was in- 
hibited to a lesser extent than the amiloride-resistant cur- 
rent 15 min later could have been due to the initial se- 
cretion of the intracellular C1-. 

EFFECT OF VASOTOCIN ON 125I FLUXES 

Fluxes of  125I-  w e r e  measured as an alternative ap- 
proach to confirm that the early increase in Isc was due 
to the opening of an anion permeability. The filters 
were  mainta ined  short-c ircui ted and with apical 
amiloride (10 5 M) during the experiment to favor the 
anion secretion and to avoid the possible effects of  
changes in Na + conductance. In these conditions (Fig. 
3A and C), the baseline short-circuit current was low in 
both control and aldosterone-treated monolayers, and 
the transient nature of the early Isc peaks appeared more 
clearly than under open-circuit conditions and in the ab- 
sence of amiloride. The high specific activity of  125I- 
had the advantage of allowing a good time resolution of 
the fluxes. However, a limitation was that the quan- 
tification was not meaningful, because of the different 
properties of  I -  compared to the physiologically dom- 
inant halide C1-. Vasotocin induced a large increase in 
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basolateral to apical i25I- flux which had a parallel 
time course to that of the Io c (Fig. 3B and D). The api- 
cal to basolateral flux of l~sI-, which showed a larger 
variability between experiments, tended to decrease af- 
ter the addition of vasotocin (data not shown). These 
experiments confirmed that an anion permeability was 
opened by vasotocin and strongly suggested that an an- 
ion flux was carrying the amiloride-resistant Is. 

NET 36C1- FLUXES AND THEIR 

POTENTIAL-DEPENDENT REVERSAL 

To obtain more quantitative information about the an- 
ion fluxes induced by vasotocin and to test their possi- 
ble role in the Na + transport regulation, bidirectional 
36el--fluxes were measured in the absence of amiloride 
and under both short-circuit and open-circuit condi- 
tions (Fig. 4 and Table 5). Vasotocin produced a 4.5- 
and 7.5-fold increase in the average bidirectional C1 
fluxes (average of apical to basolateral and basolateral 
to apical fluxes as a measure for the C1- permeability) 
in aldosterone-free and aldosterone-treated monolay- 
ers, respectively (Table 5). Similar to the electrical 
conductance (see above), the permeability did not de- 
crease significantly after its initial rapid increase. How- 
ever, under short-circuit conditions, the net basolateral 
to apical flux of 36C1- decreased rapidly after a transient 
peak, as did the amiloride-resistant Isc (see Fig. 3A and 
C). Calculation of the current carried by the net CI- 
flux (see Table 5) showed that it could fully account for 
the acute increase in amiloride-resistant Isc" However, 
in these experiments (absence of amiloride), the changes 
in amiloride-resistant/~c are superimposed on changes 
due to modifications of the Na + transport (see Fig. 4 and 
above), thereby limiting the possibility of comparison 
at later time points. Hence, it is also interesting to 
compare the calculated CI- currents (Table 5) with the 
measured amiloride-resistant Isc (Fig. 3). Indeed, there 
is a close correspondence of these values, particularly 
in the aldosterone-free condition (where blocking the 
Na + channel with amiloride presumably does not induce 
a large increase in apical membrane potential; i.e., no 
major change in driving force for CI- secretion). 

Aldosterone-treated cells maintained under open- 
circuit conditions have an apical membrane which is de- 
polarized by the Na + conductance and show an apical- 
ly negative VTE. This provides a driving force for api- 
cal CI- influx and transepithelial reabsorption. Indeed, 
under these conditions I observed a baseline apical to 
basolateral CI- flux (Fig. 4C and Table 5). Although 
the addition of vasotocin increased the permeability to 
CI- to a similar extent as under short-circuit condi- 
tions, the net induced CI- flux was, in this case, in the 
opposite direction, that is apical to basolateral (CI- re- 
absorption). It corresponded to a significant threefold 

increase in the calculated C1 current from 3.2 (base- 
line) to 9.4 gA cm -2 (t-test: P -< 0.01) despite a slight 
reduction of the transepithelial driving force (VTE). This 
net flux increase appeared to be slightly delayed and its 
time course correlated better with the increase in Na + 
conductance than with that of C1-. This delay could 
have been partly due to technical limitations of tracer 
studies, such as differences in intracellular tracer con- 
centration before hormone addition in apical to baso- 
lateral vs. basolateral to apical measurements. Howev- 
er, it could also have corresponded to a "real'delay. In- 
deed, secondary permeability changes at the level of the 
basolateral membrane might have played a role, and, 
more importantly, the driving force for apical CI- influx 
was expected to increase in parallel with the late in- 
crease in Na + conductance, which does increase the 
driving force for C1- reabsorption because of its depo- 
larizing action at the level of the apical membrane (see 
late increase in apically negative potential, Fig. 4C). 

Discussion 

NATURE OF THE CONDUCTIVE PATHWAY INVOLVED IN 

THE EARLY VASOTOCIN EFFECT 

In this paper, three lines of experimental evidence from 
different approaches are presented which support the 
conclusion that the early vasotocin-induced, amiloride- 
resistant current is carried by CI- and is due to the 
opening of an apical Cl--selective conductive pathway. 

First, the results from transepithelial electrophysi- 
ological and ionic substitution experiments taken to- 
gether support the above conclusion: (i) The vasotocin- 
induced amiloride-resistant transepithelial current 
occurs in the presence of symmetrical apical and baso- 
lateral media and under short-circuit conditions (Figs. 
1, 3, 4; Tables 1, 2, 4, 5). This observation cannot be 
explained by the opening of a paracellular pathway. 
(ii) This current appears simultaneously with a large 
drop in RTE (Fig. 1, Table 1). Such a decrease in RTE 
can only be explained by a large increase in apical or 
paracellular conductance, since the apical to basolater- 
al resistance ratio is 80% or more in A6 cells [38]. 
However, a simultaneous change of basolateral mem- 
brane conductance could occur also. (iii) The reversal 
potential of this current is shifted only when C1- is 
substituted in the apical solution (Fig. 2, Table 3). This 
result is expected for a C1--selective conductive path- 
way. 

Second, experiments with the Na+,K+,2C1 - co- 
transport system inhibitor bumetanide also support the 
conclusion that a transcellular CI- transport carries the 
early vasotocin-induced Isc. Indeed, under experimen- 
tal conditions which favor CI- secretion, blocking of the 
Na+,K+,2C1 co-transport system, which is the putative 
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baso la te ra l  ent ry  pa thway for CI - ,  inhibi ts  the 
amiloride-resistant short-circuit current to a large extent 
(Table 4). 

Third, the time course of the vasotocin-induced an- 
ion fluxes parallels that of the induced I (Figs. 3 and 
4) and furthermore, the calculated net C1- fluxes can 
fully account for the acutely induced amiloride-resistant 

Isc. 
Native epithelia, such as the mammalian collecting 

duct or the amphibian skin also have, besides the Na + 
transporting (principal) cells, intercalated or mitochon- 
dria rich cells, respectively. In these epithelia, regulat- 
ed C1- transport has generally been attributed to the sec- 
ond cell subpopulation [5, 16]. Interestingly, the A6- 
C1 cell line used in this study, as well as some cell lines 
tested in the study by Yanase and Handler [39], were of 
clonal origin. This supports the notion that in the case 
of A6 cells both apical conductances (for Na + and C1-) 
are present in the same cells [39]. However, the mea- 
surements have not been performed at the single cell 
level, and morphological criteria show that the differ- 
entiation of the A6-C 1 cells on filters is not homogenous 
[34]. Therefore, it is not excluded that the two apical 
conductances are located in two cell types which have 
undergone a differential differentiation in culture. 

This early amiloride-resistant vasotocin effect, as 
well as the late amiloride-sensitive effect are also pro- 
duced by forskolin and by a membrane-permeant cAMP 
analogue (BrcAMP) (Table 2), and we have previous- 
ly shown that vasotocin produces under our culture con- 
ditions in A6-C1 cells an increase in cellular cAMP 
[34]. This suggests that vasotocin produces both com- 
ponents of its effect via a cAMP-mediated pathway. 
The results presented here are consistent with the ob- 
servation by Yanase and Handler [39] that agents which 
increase cellular cAMP in A6 cells induce a basal to api- 
cal C1- transport. 

As potential mediators of this C1- transport across 
the apical membrane, two anion channels have been 
identified by patch-clamp analysis [18]. One candidate 
is a 8 pS, nonrectifying channel, with characteristics 
compatible with it being the cystic fibrosis transmem- 
brane conductance regulator (CFTR) [3]. The other 
channel, having a 3 pS unit conductance, though acti- 
vated by cAMP, shows an outward rectifying cur- 
rent/voltage relation which appears to be incompatible 
with an efficient C1- secretion. However, it could play 
a major role for the C1- reabsorption observed under 
open-circuit conditions [ 18]. 

The data presented in this paper do not allow me to 
exclude entirely the possibility that besides the C1- 
conductance described above, other ion pathways play 
a role, possibly transiently, in the mediation of the ear- 
ly vasotocin-induced increase in Isc and drop in transep- 
ithelial resistance (RTE). Yet, in agreement with a re- 
port of Matsurnoto and Eaton [20], there is no indica- 

tion from experiments presented here that a change in 
apical K + conductance could mediate a part of the ob- 
served drop in RTE. This contrasts with the situation ob- 
served in rat cortical collecting duct where cAMP plays 
a role in maintaining secretory K + channels open [36]. 
The large increase in GTE and in bidirectional C1- flux- 
es induced by vasotocin could also suggest that, besides 
the increase in apical conductance, a simultaneous in- 
crease in paracellular conductance takes place. No ex- 
periments which allow me to exclude that possibility 
have been performed. However, an important partici- 
pation of the paracellular pathway appears unlikely 
since the induced conductive pathway is highly selec- 
tive for C1- over Na + (see Table 3). 

DELAYED INDUCTION OF Na + TRANSPORT 

BY VASOTOCIN 

Besides the increase in H20 permeability, the classical 
response to antidiuretic hormone in distal nephron prin- 
cipal cells and toad bladder granular cells is the in- 
crease in Na + reabsorption. A6 cells, which do not dis- 
play H20 transport, have been used as a model to study 
the mechanism by which vasopressin or vasotocin in- 
duces this regulation [4, 19, 23, 24, 27, 31]. In the pre- 
sent study, it is shown that the vasotocin-induced in- 
crease in amiloride-sensitive Is~ starts after a lag peri- 
od of 2 to 5 min, as opposed to a lag of approximately 
30 sec for the early induced amiloride-resistant com- 
ponent. 

The mechanism by which vasopressin or vasotocin 
induce an increase in Na + transport has been extensively 
studied. Based on circumstantial evidence and on the 
fact that vasopressin induces an increase in the number 
of open Na + channels, it has been postulated that chan- 
nels or channel elements are translocated from an in- 
tracellular vesicular pool to the cell surface by fusion of 
these vesicles with the apical plasma membrane [6, 8, 
9, 17, 18, 22, 28]. The observation that the increase in 
Na + transport appears with a lag and is relatively slow 
(maximum after 15 to 25 min) would be compatible with 
such a mechanism [34]. However, it will only be pos- 
sible to verify this hypothesis by using tools specific to 
the structural elements of the channel. As yet, studies 
using antibodies have brought conflicting results [15, 
31,321. 

POTENTIATION OF VASOTOCIN ACTION ON Na + AND C1- 
TRANSPORT BY ALDOSTERONE 

A synergism of the aldosterone and the vasotocin action 
takes place at the level of the Na + transport and can be 
readily explained by the differential action of the two 
hormones on the open probability and on the number of 
active channels, respectively [14, 19]. In this study it 
is indeed observed that, when cells are maintained un- 
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der open-circuit conditions, the magnitude of the vaso- 
tocin-induced increase in amiloride-sensitive/~c is much 
larger than expected for an additive effect on the pre- 
existing amiloride-sensitive Isc" However, the relative 
increase in Isc is lower in control monolayers and in 
monolayers treated for 6 hr with aldosterone, compared 
to long-term aldosterone-treated monolayers. This dif- 
ference indicates that there is a second level of poten- 
tiation of the vasotocin action, besides the synergistic 
mechanism at the level of the apical Na § channel. This 
finding is analogous to our previous observation that 
long-term aldosterone potentiates the vasotocin action 
on apical membrane movements by increasing the quan- 
tity of cAMP produced in response to vasotocin [34]. 
This aldosterone effect on the transduction machinery 
upstream of cAMP could also mediate the second lev- 
el of Na + transport potentiation mentioned above. This 
hypothesis is supported by the fact that long-term al- 
dosterone does not produce such a further potentiation 
when forskolin or BrcAMP are used instead of vasotocin 
(Table 2). 

Long-term aldosterone (10 -6 M) also potentiates 
the increase in both the early vasotocin- induced 
amiloride-resistant short-circuit current and C1- per- 
meability (Tables 1, 2, and 5). A possible explanation 
is also the potentiation of cellular cAMP accumulation 
by aldosterone [34]. Long-term aldosterone could also 
induce an increase in the number of the apical C1- 
channels. Furthermore, the larger potentiation observed 
at the level of the vasotocin-induced/so could also be 
due in part to aldosterone-induced differences in the driv- 
ing force for the apical C1- secretion and/or of the ba- 
solateral influx of C1- [11, 12]. 

IMPLICATIONS OF THE VASOTOCIN-INDUCED ANION 

TRANSPORT FOR THE Na + REABSORPTION 

The rate-limiting step for Na + reabsorption is the api- 
cal Na § influx, provided that the basolateral Na § trans- 
port capacity is sufficient. This flux depends on the per- 
meability of the apical membrane for Na § and on a fa- 
vorable electrochemical potential. Under open-circuit 
conditions, which resemble the situation in a kidney 
tubule, the stimulation of A6 cells by aldosterone leads 
to a depolarization of the apical membrane and to a large 
increase in the apically negative transepithelial poten- 
tial. These are both due to the increase in apical Na + 
conductance. However, the depolarization of the api- 
cal membrane decreases the driving force for apical 
Na § influx. Hence, the induction of an apical perme- 
ability for C1- by vasotocin creates a much more fa- 
vorable situation for the Na § transport by displacing the 
apical membrane potential towards the reversal poten- 
tial of C1- ions, and thereby reinforcing the electrical 
part of the driving force for Na § influx [18]. It is 
shown in the present study that under open-circuit con- 

ditions the late increase in Na + conductance is accom- 
panied by a threefold increase in CI- reabsorption which 
must correspond to an increase in net Na + C1- co-re- 
absorption to maintain the electroneutrality of the trans- 
port. In this situation of Na + C1- co-reabsorption, the 
apical influx of C1- could be mediated to a large extent 
by the 3 pS outwardly rectifying C1- channel described 
by Matsumoto and Eaton [ 18], and the basolateral effiux 
of C1- could be mediated by the inducible C1- con- 
ductance described by Granitzer, Nagel and Crabb6 
[11]. In conclusion, both the early and the late com- 
ponent of the vasotocin response contribute to an in- 
crease in transepithelial Na + reabsorption by producing 
an increase in the co-reabsorption of Na + and C1-. 
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