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Summary 

Amiloride in the mucosal fluid (at concentrations of  5 • 10-6 M to 
10- 4 M) reversibly stimulates the HCO~ -dependent moiety of  the short-cir- 
cuiting current (Isc) in ouabain-treated turtle bladders bathed by Na-free 
Ringer solutions with or wi thout  C1-. 
This effect  is uniquely different from the known inhibitory effect  of this 
agent on Na + transport. Thus, any comprehensive hypothesis  on the action of 
amiloride over a wide dosage-response range should take into account  its ef- 
~fect on HCO~ transport. 

During a s tudy of the possible adrenergic control of  anion transport  in 
turtle bladders bathed by Na-free Ringer solutions, the prior mucosal addi- 
t ion of  amiloride (10- s M to 10- 4 M) apparently prevented the previously 
reported [1, 2] stimulation of  the anion-related short-circuiting current by 
the mucosal addition of  norepinephrine (10-s  M to 10 -4 M). It was then 
found that the mucosal addition of  amiloride alone produced a stimulation 
of  this anion-related short-circuiting current across bladders in Na-free 
Ringer media. The present report  deals with some characteristics of  this ami- 
loride-induced increase in anion reabsorption. 

Procedures and methods  for evaluating transepithelial potential  (PD), 
short-circuiting current (Isc), dc-resistance (R), and 36 C1- fluxes have been 
described [3, 4 ] .  Bladders of  Pseudemys scripta turtles were bathed on both 
surfaces by Na-free choline Ringer solutions plus ! 0  -4 M ouabain (Sigma) in 
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Fig. 1. E f fec t  of  10 -4  M ami lo r ide  on  PD, I_c, a nd  R of  ouaba in - t r ea t ed  b ladders  in chol ine  
(C1- + H C O ~ )  ba th ing  s y s t e m.  Expe r imen ta~  cond i t i ons  are desc r ibed  u n d e r  Table  I. R is dep i c t ed  by  
d o t t e d  l ine  in u p p e r  p a n e l ;  PD is d e p i c t e d  b y  the  d a s h e d  l ine  a n d  Isc b y  the  so l id  l ine  in  l o w e r  pane l .  
Nega t ive  va lues  o f  PD a n d  Ise  d e n o t e  t r a n s p o r t  o f  nega t ive  c h a r g e s  f r o m  M-to-S.  W i d t h  o f  s h a d e d  ver- 
t ica l  c o l u m n  d e n o t e s  t i m e  requ l~ed  f o r  r e d u c i n g  m u c o s a l  a m f l o r i d e  c o n c e n t r a t i o n  b y  a t  l eas t  6 se- 
q u e n t i a l  r e p l a c e m e n t s  o f  % t h e  c h a m b e r  v o l u m e  ( 1 0  ml )  w i t h  f r e sh  b a t h i n g  m e d i u m .  Th i s  ser ial  d i lu-  
t i o n  p r o c e d t t r e  d o e s  n o t  i n t r o d u c e  t h e  m e c h a n i c a l  p e r t t t r b a t i n n s  w h i c h  in a c o m p l e t e  r e p l a c e m e n t  a n d  
r i n s ing  o f  t he  m u c o s a l  c o m p a r t m e n t  d e c r e a s e  t r a n s e p i t h e l i a l  r e s i s t ance .  The  m a g n i t u d e  of  t h e  s e c o n d  
s t imu la t ion  of  PD and lsc  by  10 -4  M ami lo r ide  was  a b o u t  60 - -70% of the  first response .  

the serosal fluid to inhibit any residual Na transport [5].  In some experi- 
ments Na-rich Ringer solutions plus ouabain were used. 

Fig. 1 shows the effect of amiloride on a ouabain-treated bladder 
bathed on both surfaces by an identical Na-free, (C1- + HCO~ )-containing 
choline solution. The PD and Isc increased within 0.5 min after the first 
addition of amiloride (10- 4 M) to the mucosal fluid and reached a maximal 
value in about 20 min. Replacement of  mucosal fluid by fresh Ringer solu- 
t ion restored the anion transport parameters to control levels. A second ad- 
dition of amiloride to mucosal fluid resulted in a second increase in PD and 
Isc. 

Other results were the following: (i) amiloride in mucosal fluid stim- 
ulated the PD and Isc in ouabain-treated bladders bathed by Na-rich (N = 3) 
as well as the Na-free solutions; (ii) the threshold, half-maximal, and maxi- 
mal responses to amiloride occurred at concentrations of 10- s M, 3 o 
10-s M, and 10 -4 M respectively; (iii) amiloride (10-3 M) in serosal fluid 
failed to stimulate the PD or Isc (N = 2); (iv) mucosal amiloride (10-4 M) 
failed to increase PD or Isc , when these parameters were first stimulated by 
mucosal norepinephrine (10 -4 M) (N = 3). 

Table I shows that  in 13 bladders bathed by the (C1- + HCO~ ) solu- 
tions, amiloride induced significant increases in PD and Isc and a small, but 
significant, decrease in transepithelial R. In three experiments on the muco- 
sal to serosal (M-to-S) flux of 36 CI-, the mean value of  this flux was 10.2 + 
2.8 pA and remained unchanged (10.6 + 2.9 pA) for 3 h after amiloride addi- 
t ion, whereas the Ise was increased by 65 + 9% in 20 min. 

Since amiloride did not  change the M-to-S flow of  Cl-, it can be as- 
sumed that  the amiloride-induced increment in the Ise is due solely to an in- 
crease in the pumping of  HCO~ from M-to-S. If this assumption is correct, 
amiloride should increase the Isc (and PD) in the presence of, but not  in the 
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T A B L E I  

E F F E C T  OF A M I L O R I D E  ON PD, Isc, A N D  R OF B L A D D E R S I N  CI - -RICH,  H C O ~ - R I C H  B A T H I N G  
SYSTEM 

Mean values -+S.E. (N = 13)  of  PD, Isc, and  R and  of  the  pe rcen t age  changes  in these p a r a m e t e r s  at  the  
t ime  of  m a x i m a l  response  a f t e r  the  m u e o s a l  add i t ion  of  10 -4  M amilor ide .  Sign c o n v e n t i o n :  
(M) e lec t ropos i t ive  to  (S). M a x ima l  response  a f te r  22 +- 5 rain.  Area  of  ex p o sed  tissue, 1.5 cm 2 . Com-  
pos i t ion  of  b a t h i n g  fluid (raM): chol ine  chlor ide ,  21;  chol ine  b i c a r b o n a t e ,  20;  chol ine  sulfate ,  30;  
KC1, 4; M g S O 4 , 0 . 8 ;  K 2 HPO 4 , 0 .61;  K H 2 P O 4 , 0 . 1 4 ;  C a S O 4 , 2 ;  glucose,  11; sucrose,  20. Osmola l i ty  
was  220 m o s M / k g ;  final pH ,  7.5 +- 0.1 ; gassed wi th  H 2 0 - s a t u r a t e d  98% O~/2% CO: ; ouaba in ,  10 -4  M 
in (S). 

Cond i t ion  PD Isc R 
( m Y )  QUA) ( k ~ )  

Before  ami lor ide  18.2 + 3.8 11 .0  -+ 2.0 1.6 ± 0.1 
Af t e r  ami lor ide  28.7 -+ 5.5 19.7 +- 3.0 1.4 +- 0.1 
A(%)* +76 .8  + 12 .2  +94.1  -+ 11.9 - -9 .9  + 2.0 
p ( A = 0 )  ~ 0 .001  ~ 0 .001  ~ 0 .001  

*Note  t ha t  values  of  A(%) are m e a n s  -+S.E. of  N indiv idual  pe rcen tage  changes  in the des igna ted  
electr ical  p a r a m e t e r s  a f t e r  add i t ion  of  ami lor ide .  Stat is t ical  s ignif icance of  A was ca lcu la ted  by  
the S t u d e n t ' s  t-test. 

T A B L E  II  

E F F E C T  OF A M I L O R I D E  ON PD, l sc '  A N D  R OF B L A D D E R S  B A T H E D  BY H C O ~ - R I C H ,  C1- -FREE 
B A T H I N G  SYSTEM 

Mean  values +S.E. (N = 9)  of  PD, lso, and R a nd  of the  pe rcen t age  changes  in these p a r a m e t e r s  a f te r  
mucosa l  add i t i on  of  10 -4  M a m i l o ~ d e .  C o m p o s i t i o n  of  b a t h i n g  fluid was s imilar  to  t ha t  desc r ibed  in 
Table  ! e x c e p t  t h a t  C I -  was  r ep laced  b y  S O ~ -  w i t h o u t  chang ing  the  chol ine  and  K + concen t r a t ions .  
Osmola l i ty  was r ead jus t ed  w i th  sucrose.  Max ima l  response  a f te r  26 +- 6 rain.  O th e r  e x p e r i m e n t a l  condi-  
t ions  and  s tat is t ical  def in i t ions  are  given in Table  I. Increases  in values  of  PD, Isc were  n o t  s ignif icantly 
d i f f e ren t  f r o m  those  in Table  I ( P ) 0 . 0 5  and  P ) 0 . 2 ,  r espec t ive ly )  

Cond i t i on  PD Isc  R 
( m V )  (/~A) ( k ~ )  

Before  ami lo r ide  13.7 +- 2.8 8.3 + 2.4 2.5 -+ 0.5 
Af t e r  ami lo r ide  29 .0  +- 6 .0  16.3 +- 4.6 2.4 -+ 0.5 
~ ( % )  118 -+ 14 123 + 25 - -4 .7  -+ 4.1 
p(A=O) <:0.001 ( 0 . 0 0 1  ) 0 . 2  

T A B L E  II I  

E F F E C T  OF A M I L O R I D E  ON PD, Isc '  A N D  R OF B L A D D E R S  B A T H E D  BY H C O ~ - F R E E ,  C1--RICH 
M U C O S A L  B A T H I N G  SYSTEM 

Mean values  +S.E. (N = 4)  of  PD, I s , ,  and  R and  of  the  pe rcen t age  changes  in these p a r a m e t e r s  a f te r  
mucosa l  add i t ion  of  10 -4  M amilo~'~de. C o m p o s i t i o n  of  sero~ml fluid is descr ibed  in Table  I.  Compos i -  
t ion  of  m u e o s a l  fluid was  s imilar  to  the  serosal  f luid e x c e p t  t ha t  HCO~ was  rep laced  b y  SO~ - .  Osmol-  
ali ty was r ead jus t ed  w i th  sucrose ;  final pH ,  7.6;  gassed wi th  H 2 O-sa tura ted  100% 02 . O th e r  e x p e r i m e n -  
tal cond i t ions ,  and  s tat is t ical  def in i t ions  are given in Table  I. 

Cond i t i on  PD Isc R 
( m V )  QuA) (k f l )  

Before  ami lor ide  10.1 ± 2.1 8.2 ± 0.8 1.3 +- 0.3 
Af t e r  ami lor ide  9.6 ± 2.4 7.0 ± 0.9 1.4 + 0.3 
A(%) - -  7 .4 ± 11 .4  - -12 .3  +- 15.9 ---9.7 -+ 5.9 
P(A=O) ) 0 . 5  ) 0 . 4  ) 0 . 1  
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absence of  HCO~ in mucosal fluid. This prediction was confirmed in the fol- 
lowing experiments:  First, with HCO~ but  no C1- present in both  mucosal 
and serosal fluid, the Isc approximates the net  reabsorption of  HCO~ [4, 6]; 
under these bathing conditions, amiloride stimulated the Isc (Table II). Sec- 
ondly,  with no exogenous HCO~ in the mucosal fluid (C1- present in muco- 
sal, and C1- plus HCO~ present in serosal fluid), amiloride failed to stimulate 
the Isc (Table III). Moreover, since under these bathing conditions the Isc 
approximates the net  C1- reabsorption [3] ,  these data indicate a lack of  ef- 
fect  by amiloride on Cl- transport.  

The data (Tables I -III)  are completely accounted for by considering an 
amiloride-induced increase in the HCO~ moiety of  Isc and the hypothesis 
that the Isc equals the algebraic sum of  the conductive flows of  C1- and 
HCO~ [4, 5, 7, 8] .  An alternative hypothesis  that the Isc is due solely to the 
secretory pumping of  protons and that all C1 reabsorption is non-conductive 
[9, 10] cannot  account  for the data. If the Isc were generated by a proton 
secretion from cell to mucosal fluid, it should be stimulated by amiloride, 
whether  or not  HCO~ is present in the mucosal fluid. This is contrary to the 
facts (Table III). 

Data from studies on the functional groups of  amiloride (3,5-diamino-6- 
chloropyrazinoyl  guanidine • HC1) suggest that  the guanidine group is re- 
quired for the stimulation of  HCO~ transport  as well as for the inhibition of 
Na ÷ transport  [11, 12, 13] .  In 4 experiments,  a guanidinium-free analogue 
(methyl-3, 5-diamino-6-chloropyrazinoate) failed to stimulate the PD or Isc 
of  bladders bathed by HCO~ -rich solutions in M and S. 

The concentrat ion of  amiloride required to increase HCO~ reabsorption 
to half-maximal levels (i.e., 3 • 10-s  M) was between 10 and 100 times more 
than that  required to decrease the Na reabsorption by 50% in the turtle 
bladder [17] ,  toad bladder [11] ,  and mammalian kidney [16] .  At similar 
concentrat ions (ca. 10-4 M) in rat adipocyte  preparations, amiloride has 
been found to decrease glucose transport  and interfere with certain hormon- 
ally-induced decreases in carbohydrate,  protein, and fat metabolism [14, 
15] .  Whereas these data show that higher concentrations of  amiloride inhibit 
more than Na ÷ transport,  the present evidence on HCO~ reabsorption is 
unique insofar as it reflects a st imulatory rather than an inhibitory effect  of  
higher levels of  amiloride. 

The conclusions from these data on the turtle bladder are the fol- 
lowing: (i) Amiloride stimulates the active reabsorption of  HCO~ ions and 
this effect  is independent  of  the inhibition of  Na ÷ transport  by this drug. 
Consequently,  amiloride is no t  a modifier of  cation transport  [11, 16] alone, 
as has been conventionally assumed, (ii) To account  for all of  the observa- 
tions, one is forced to invoke some interaction(s) between amiloride and the 
apical membrane other  than an increase in the positive surface charge den- 
sity. Although such an increase in surface charge could account  for the direc- 
tion of  change in PD, the stimulation of  HCO~ transport  (Table II), and the 
inhibition of  Na ÷ transport  [17] ,  it cannot  account  for the lack of  effect  on 
the M-to-S flux of  Cl-,  whether  this C1- flux is driven by an electrogenic 
pump [3, 8, 18] or an electroneutral anion exchanger [9, 10] .  

The similarity of  the amiloride and norepinephrine-induced [1, 2] sti- 
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mulations of HCO~ -transport in the turtle bladder would suggest that their 
actions involve common mechanisms in the apical membrane [2]. 
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