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Summary. Conventional microelectrode techniques 
were combined with unilateral mucosal ionic substitu- 
tions to determine the effects of luminal pH and lumi- 
nal alkali-earth cation concentrations on apical mem- 
brane cation permeability in Necturus gallbladder epi- 
thelium. Acidification of the mucosal solution caused 
reversible depolarization of both cell membranes and 
increase of transepithelial resistance. Low pH media 
also caused: (a) reduction of the apical membrane 
depolarization induced by high K, and (b) increase 
of the apical membrane hyperpolarization produced 
by Na replacement with Li or N-Methyl-D-glucamine. 
These results, in conjunction with estimates of cell 
membrane conductances, indicate that acidification 
of the luminal solution produces a reduction of apical 
membrane K permeability (PK). Addition of alkali 
earth cations (Mg 2+, Ca 2+, Sr 2+, or Ba 2+) produced 
cell membrane depolarization, increase of relative re- 
sistance of the luminal membrane and reduction of 
the apical membrane potential change produced by 
a high-K mucosal medium. These results, as those 
produced by low pH, can be explained by a reduction 
of apical membrane P~:. The effects of Ba 2 + on mem- 
brane potential and relative apical membrane PK were 
larger than those of all other four cations at all con- 
centrations tested (1 10 mM). The effect of Sr 2+ was 
significantly larger than those of Mg 2+ and Ca 2+ 
at 10 mM, but not different at 5 mM. The reduction 
of PK produced by mucosal acidification appears to 
be mediated by: (a) nonspecific titration of membrane 
fixed negative charges, and (b) an effect of luminal 
proton activity on the apical K channel. Divalent cat- 
ions reduce apical membrane PK probably by screen- 
ing negative surface charges. The larger magnitude 
of the effects of Ba 2+ and Sr 2+ can be explained 
by binding to membrane sites, in the surface or in 
the K channel, in addition to their screening effect. 
We suggest that the action of luminal pH on K secre- 
tion in some segments of the renal tubule could be 

mediated in part by this pH-dependent K permeabil- 
ity of the luminal membrane. 

The apical membrane of gallbladder epithelial cells 
has been shown to be mostly K-permeable in both 
rabbit and Necturus (H~nin & Cremaschi, 1975; 
Reuss & Finn, 1975a, b; Van Os & Slegers, 1975). 
In frog, rabbit and Necturus gallbladder, noise analy- 
sis experiments indicate that the K transport sites in 
the luminal membrane can be characterized as chan- 
nels (Van Driessche & G6gelein, 1978; G6gelein, 
1980). 

Electrophysiologic studies in Necturus gallbladder 
suggest a smaller, but sizeable Na permeability of 
this membrane (Reuss & Finn, 1975b; Van Os & 
Slegers, 1975; Graf & Giebisch, 1979). These results 
suggest that transepithelial transport requires elec- 
troneutral Na entry from the mucosal solution into 
the cells. Tracer influx measurements in rabbit gall- 
bladder (Cremaschi & Henin, 1975; Frizzell, Dugas 
& Schultz, 1975) and intracellular ion-selective micro- 
electrode measurements in rabbit (Duffey, Turnheim, 
Frizzell & Schultz, 1978) and Necturus (Graf & Gieb- 
isch, 1979; Reuss & Grady, 1979b; Reuss & Wein- 
man, 1979 ; Garcia-Diaz & Armstrong, 1980) indicate 
that Na and C1 entry depend on the presence of the 
other ion in the mucosal medium. It has been pro- 
posed that electroneutrat NaC1 cotransport can ac- 
count for these observations. A more complicated 
process, involving perhaps N a + - H  + and C1- -  
HCO3 exchange cannot be ruled out from the pres- 
ently available data. 

Intracellular K activity is higher than predicted 
for passive distribution in both Necturus (Reuss & 
Weinman, 1979; Reuss, Weinman & Grady, 1980) 
and rabbit gallbladder (Gunter-Smith, Duffey & 
Schultz, 1980). These observations indicate that under 
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n o r m a l  t r a n s p o r t  c o n d i t i o n s  a K d i f fus iona l  ne t  f lux 

shou ld  be o b s e r v e d  f r o m  cells to m u c o s a l  m e d i u m .  

The  net  t r ansep i the l i a l  K f lux can  be small ,  h o w e v e r ,  

because  o f  K b a c k - d i f f u s i o n  t h r o u g h  the in te rce l lu la r  

p a t h w a y ,  wh ich  has  been  s h o w n  to have  a h igh  K c o n -  

duc t ance  (Reuss  & F inn ,  1975a,  b;  V a n  Os & Slegers,  

1975; Reuss  & W e i n m a n ,  1979). The  a d d i t i o n a l  possi-  

b i l i ty  o f  uphi l l  K u p t a k e  at the  l u m i n a l  m e m b r a n e  

has  also been  c o n s i d e r e d  (Reuss  & W e i n m a n ,  1979). 

The  e x p e r i m e n t s  desc r ibed  in this p a p e r  are  pa r t  

o f  a de ta i l ed  s tudy  o f  the  m e c h a n i s m s  o f  c a t i o n  t rans-  

p o r t  ac ross  the l u m i n a l  m e m b r a n e  o f  Necturus gall-  

b l a d d e r  ep i the l ia l  cells. W e  have  e x a m i n e d  the ef fec t  

o f  p H  and  d iva l en t  ca t ions  in the  m u c o s a l  b a t h i n g  

m e d i u m  on  d i f fus iona l  c a t i o n  pe rmeab i l i t i e s ,  by  

m e a n s  o f  c o n v e n t i o n a l  i n t r ace l lu l a r  m i c r o e l e c t r o d e  

t e c h n i q u e s  c o m b i n e d  wi th  ion ic  subs t i tu t ions  in the  

m u c o s a l  b a t h i n g  m e d i u m .  O u r  resul ts  ind ica te  t ha t  
a c id i f i ca t i on  o f  the  l u m i n a l  so lu t i on  p r o d u c e s  a de-  

c rease  o f  K p e r m e a b i l i t y  and  an increase  in the re la-  

t ive N a  p e r m e a b i l i t y  (PN~/PK). W e  sugges t  tha t  these  

effects  a re  caused  by :  (a) t i t r a t i on  o f  f ixed nega t ive  

sur face  cha rges  in the  m e m b r a n e ,  a n d  (b) a d i rec t  

e f fec t  o f  the  h i g h  p r o t o n  ac t iv i ty  on  the  K t r a n s p o r t  

sites. D i v a l e n t  ca t ions  also r e d u c e d  re la t ive  ap ica l  

m e m b r a n e  PK, wi th  the  e f fec t iveness  sequence  Ba 2 § > 
Sr 2 + > Ca  2 + ~ M g  2 § T h e  re la t ive  m a g n i t u d e s  o f  the  

effects  sugges t  a m i x e d  m o d e  o f  ac t i on  o f  these agen t s :  

sc reen ing  o f  nega t i ve  sur face  cha rges  in the  ap ica l  

m e m b r a n e  ( c o m m o n  to all o f  t h e m )  a n d  b ind ing  to 

these  cha rges  o r  to the K t r a n s p o r t  sites ( p r o b a b l y  
Ba 2+ a n d  Sr 2 § only).  

Materials and Methods 

Necturus gallbladders were mounted horizontally in a modified 
Ussing chamber which permits positioning of microelectrodes (ME) 
in the mucosal bathing medium. Impalements were performed with 
motorized remote control micromanipulators (Stoelting, Chicago, 
Ill.) under microscopic observation. Transepithelial potential (V~) 
and cell membrane potentials (apical: Vmc, basolateral: V,~) were 
measured with extracellular and intracellular electrodes as de- 
scribed before (Reuss & Finn, 1975a, b; Reuss, 1978; Reuss & 
Weinman, 1979). Cell membrane potentials were referred to the 
respective bathing medium; V,,s was referred to the serosal solution. 
Intracellular ME were filled With 3 M KC1 and had tip resistances 
of 25 to 50 MO. NaCl-Ringer's had the following composition 
(m~): NaCI, 109; KCI, 2.5; NaHCO3, 2.4; CaC12, 1.0. This solu- 
tion bathed the serosal side in all experiments. The mucosal side 
was exposed to bathing media of pH values ranging from 8 to 
4, buffered with sodium phosphate (total concentration 3 mM). 
At each pH, mucosal solution ionic substitutions included replace- 
ment of all NaC1 with KC1, to estimate the apical membrane 
relative K permeability, and replacement of all NaC1 with LiCI 
or N-methyl-D-glucamine chloride, to estimate the apical mem- 
brane relative Na permeability. Divalent cations (Mg 2+, Ca 2+, 
Sr 2+, and Ba 2+) were added to the mucosal bathing medium as 
the respective chloride salts, to final concentrations of 1, 5 or 
10 mM. Control experiments with sucrose added to similar final 

osmolalities did not cause significant changes of the properties 
of the tissue. Since prolonged removal of Ca z+ from the mucosal 
bathing medium frequently results in irreversible changes of the 
properties of the tissue (decrease of transepithelial potential and 
loss of transepithelial selectivity), the control medium always con- 
tained 1 mM CaC12. 

All ionic substitutions were made while the ME was main- 
tained in a cell, and were followed by return to the control bathing 
medium. Resistances were measured by techniques previously de- 
scribed in detail (Reuss & Finn, 1975a; Reuss & Grady, 1979a). 
The transepithelial resistance (Rt) was measured from the voltage 
deflection produced by a transepitheliai square pulse of 25 to 
50 pA. The ratio of membrane resistances (Ra/Rb) was measured 
from the ratio of the voltage deflections produced across the apical 
and basolateral membrane by the same pulse. Einally, to estimate 
absolute membrane resistances, intraepithelial cable analysis was 
performed (Fr6mter, 1972; Reuss & Finn, 1975a; Reuss & Grady, 
1979a). After stable cell potentials had been obtained with two 
ME, current pulses of 2-5 x 10 -9 A were applied through one of 
them. The resulting voltage deflection (A Vx) was recorded with 
the second ME, as a function of the distance (x). To circumvent 
time-dependent changes when comparing cable analysis results at 
different pH values, the mucosal solution was changed (from pH 8 
to pH 6) while the electrodes were kept in their intracellular posi- 
tions. A Vx was thus measured in the same cell at pH 8, at pH 6 
(when the celi potential had reached a steady state) and at pH 8 
again. At least six such measurements were performed in each 
of four tissues. To reduce the current density required for these 
measurements, up to 16 pulses were applied, and the records of 
A Vx were averaged (1074 signal averager, Nicolet Instrument 
Corp., Madison, Wis.). 

Effects of divalent cations on Vms, Vmc, V~, Rr and Ra/Rb 
were measured under control conditions (NaC1 bathing medium 
on both sides), during addition of divalent cations to the mucosal 
medium only, and after removal of these agents. When the effect 
of one divalent cation was compared with control (1 mM CaC12), 
all measurements were made in the same cell. Comparisons of 
different divalent cations were obtained from studies in the same 
tissues. To assess the selective K permeability of the apical mem- 
brane, KC1 was substituted isomolarly for NaC1 in the mucosal 
bathing medium while keeping a microelectrode in the cell, as 
described for the pH experiments. 

In most experiments, apical membrane, basolateral membrane 
and transepithelial potential (V,,c, V,s, and i~;,s, respectively) were 
digitized and stored in the signal averager, read digitally to 0.1 mV 
and plotted (7010 B X-Y recorder, Hewlett Packard, San Diego, 
Calif.). 

Results are expressed as means_+sE. Statistical comparisons 
were done by conventional paired data analysis. 

Results 

Effects of  Luminal p H  Changes 
on Cell Membrane Potentials 

E x p o s u r e  o f  the m u c o s a l  sur face  o f  the ga l l b l adde r  

to l o w - p H  m e d i a  caused  r a p i d  a n d  revers ib le  d e p o l a r -  

i z a t i on  o f  b o t h  cell  m e m b r a n e s ,  wi th  no  s ign i f ican t  
changes  o f  t r ansep i the l i a l  po ten t i a l .  Fig.  1 shows  a 

typ ica l  r e c o r d  o f  m e m b r a n e  po t en t i a l s  d u r i n g  a t ran-  

s ient  e x p o s u r e  to p H  6 o f  a t issue b a t h e d  in p H  8 
R i n g e r ' s  s o l u t i o n  at  the  b e g i n n i n g  and  end  o f  the 
t race.  L o w e r  p H  o f  the  m u c o s a l  m e d i u m  s o m e t i m e s  

resu l ted  in s p o n t a n e o u s  osc i l l a t ions  o f  cell  m e m b r a n e  
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Fig. l. Effects of  low luminal medium pH on membrane potentials. 
Records start with a microelectrode in the cell, at pH 8. Vmc = apical 
membrane potential (cell-lumen); V~=basolateral membrane po- 
tential (cell-serosa) ; V,~ = transepithelial potential (mucosa-serosa). 
Values indicated at the beginning of the traces are in mV. Voltage 
deflections were produced by transepithelial pulses of 50 gA; ex- 
posed area of tissue was 0.5 cm 2. Superfusion of the luminal surface 
with a pH 6 NaC1-Ringer's solution (first arrow) resulted in depo- 
larization of both cell membranes, and slight increase of R, (shown 
by the deflections in the V~ trace). These changes were completely 
reversed by superfusion with a pH 8 medium (second arrow) 
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Fig. 2. Effect of luminal pH (pH,,) on apical membrane potential 
(V,,c). Means+sEM of 12experiments. The differences between 
pH 8 and pH 7, pH 7 and pH 6, and pH 6 and pH 5 were statisti- 
cally significant (p < 0.025, < 0.001 and < 0.025, respectively) 

potentials. This phenomenon  was observed in 25% 
of  the experiments at pH  5 and in 64% of  the experi- 
ments at pH  4. Similar membrane  potential  oscilla- 
tions have also been observed rarely by us in tissues 
incubated at p H  8 (unpublished observations). Fr6mter  
(1972) also described cyclic changes in cell membrane  
potential in two o f  53 Necturus gallbladders studied 
at p H  7.4. The values communica ted  in this paper 
exclude the cases in which oscillations were observed. 

Steady-state values o f  Vmc as a funct ion o f  mucosal  
medium p H  are shown in Fig. 2. Vmc falls when the 
mucosal  solution is acidified, in the p H  range of  8 
to 5. In  four tissues in which no membrane  potential 
oscillation was seen, Vmc values were - 4 0 . 1  + 6.9 mV 
and - 54.8 _+ 8.0 mV at pH  4 and 5, respectively. The 
data shown in Fig. 2 suggest a larger change in Vmc 
in the range o f  p H v a l u e s  f rom 7 to 6. However,  
there was considerable variat ion o f  the relative magni-  
tudes o f  the changes in the three intervals explored. 
Vmc changes were 9 .2+3 .1  mV in the range o f  pH  8 
t o 7 ,  18.3+_3.6 in the range o f  7 to 6, and 6 .9+2 .5  
in the range o f  6 to 5. Paired analysis revealed no 
significant difference between the changes o f  the first 
and second interval (0.10 < p  < 0.20) ; the second and 
third interval differed significantly (0<0.025) .  Al- 
though  the conclusion of  a highest sensitivity o f  Vmc 
to mucosal  p H  in the p H  range 7 6 is not  certain 

f rom these data, similar results in K and Na-substi tu-  
tion experiments lend support  to this not ion (see be- 
low). 

Effects of Divalent Cations 
on Membrane Potentials 

Addi t ion of  alkali-earth cations to the mucosal  bath- 
ing medium resulted in depolarizat ion o f  both  cell 
membranes,  with no consistent change of  transepithe- 
lial potential.  These effects were rapid and reversible. 
As shown in Fig. 3, the changes produced by Mg 2 +, 
Ca 2 + and Sr 2 § (5 raM) did not  differ f rom each other. 
The effect o f  Ba 2 § at this concentra t ion was signifi- 
cantly larger than those o f  Mg 2--, Ca 2§ and Sr 2+. 
The magni tude o f  the depolarizat ion produced by 
Mg 2+ and Ca a+ at 10 mM was larger than the respec- 
tive effects at 5 mM. Again  there was no statistically 
significant difference between the effects o f  Mg 2 § and 
Ca 2 +. However,  the depolarizat ion produced by Sr 2 § 
at 10 mM was significantly larger than that o f  Mg 2+ 
or  Ca 2 +, but smaller than that  of  Ba 2 § 

Ba 2 + had a larger effect than the other alkali-earth 
cations at 1,5 and 10 mM. At  1 mM, Ba a§ decreased 
Vmc by 6.7+_2.6 mV (n=8 ,  p < 0 . 0 5 ) ,  whereas Mg 2§ 
Ca 2+ and Sr 2+ had no significant effects. For  the 
1 mM Ca 2 § experiments, the control  mucosal  bathing 



214 

> 
E 

E > 
<~ 

0 

I0 

20 

M9 Ca 

L. Reuss, LY.  Cheung, and T.P. Grady: Cation Permeability in Gallbladder 

Sr Ba 

3O 
Fig. 3. Comparison of  the magnitude of the apical membrane depo- 
larization (A Vm~) produced by alkali-earth cations in the mucosal 
solution at concentrations of  5 mM (open bars) and 10 mM (hatched 
bars). Number of experiments: at 5 mM, 8 (Mg), 9 (Ca), 8 (Sr), 
and 10 (Ba); at 10 mM, n = 4  for each cation 
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Fig. 4. Effect of luminal pH (prim) on transepithelial resistance 
(Rt). Means + sE~i of 12 experiments 

solution was nominally Ca-free. The tissue was ex- 
posed to this medium briefly. I,%~ values were 
- 7 5 . 4 + 4 . 6  and - 7 7 . 9 + 4 . 7  mV in Ca-free and 1 mM 
Ca 2 +, respectively. 

Effects of Luminal pH Changes on Resistances 

Acidification of the mucosal solution caused a pro- 
gressive increase of the transepithelial resistance in 

_ 

o 
rY 

_ 

_ 

_ 

i _ 

. .  

3 0 0 -  

Mg 
7//A 

Ca Sr 

"///.~ 

Bo 

&- 2 0 0 -  
E 
(.) 

rr-  

I 0 0 -  

7//, 
5--'/// ~/'/~ 

//.i// ~// 
//// /I/A / 

Z-5; Y/.,I ~//~, 

~.(.~.-; / / / /  
}'/% 

0 ~"/Z Mg Ca Sr Ba 
Fig. 5. Effects of alkali-earth cations on ratio of cell membrane 
resistances (R,/Rb, upper graph) and transepithelial resistance (Rt, 
lower graph). Open bars indicate control values, and hatched bars 
test values during exposure of the apical surface of the tissue to 
a 5 mM concentration of the respective divalent cation.R,/Rb values 
were significantly different from control in Ca z+ (/)<0.05) and 
Ba 2+ (p <0.005). Re increased significantly in all cases (p< 0.025 
or better). Number of experiments as in Fig. 3 (5 mM series) 

the range of pH from 8 to 5, as illustrated in Fig. 4. 
In the four experiments in which no membrane poten- 
tial oscillations occurred at pH 4, Rt was 370_+ 
65 Q cm 2. In the same tissues, Rt was 290 + 30 • cm 2 
at pH 5. Since R, depends essentially on the properties 
of the limiting junctions (Fr6mter & Diamond, 1972; 
Fr6mter, 1972; Reuss & Finn, 1975a), these results 
suggest that low pH reduces limiting junction ionic 
permeability, and are consistent with the demonstra- 
tion of a reduction of paracellular Na conductance 
at low pH in gallbladder of several species (Wright 
& Diamond, i968; Moreno & Diamond, 1974). 

The ratio of cell membrane resistances (R,/Rb) 
did not change significantly in the pH range of 8 
to 5. In individual tissues, increases or decreases of 
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Fig. 6. Effect of  K-for-Na mucosal  substitution on potentials and resistances at pH 8 and 5. Symbols and format as in Fig. l. Exposure 
to KC1-Ringer's indicated by the lower bars. In the middle panel, the start of superfusion with NaC1-Ringer's (pH 5) is indicated 
by the arrow. Note the depolarization of  the ceil membranes,  the increase of transepithelial resistance and, in this case, ratio of membrane  
resistances (R~ upon mucosal solution acidification. Exposure to K-Ringer 's  at pH 5 causes smaller changes of Vmc, Vcs, Vm~ and 
Ra/ Rb 

Ra/Rh could be observed upon acidification of the 
mucosal medium in a reproducible fashion, but the 
direction of the change was unpredictable. 

Cable analysis experiments were performed, as de- 
scribed above, in four tissues at pH values of 8 and 
6. In every case, A V~ was larger at pH 6. The space 
constant for current spread increased from 263_+ 80 
to 337_+94 gm. Rz, the resistance equivalent to Ra 
and Rb in parallel (Fr6mter, 1972; Reuss & Finn, 
1975a) was 1460 + 240 (2 cm 2 at p H 8  and 2690_+ 
480 (~ cm 2 at pH 6. These results indicate that the 
pathway for current flow out of the cells increases 
its resistance at the lower pH value. Inasmuch as R~/ 
Rb does not change, both Ra and Rb increase. The 
increase of R, can be readily attributed to an effect 
of extracellular H § activity on the membrane ionic 
conductance. The increase of  Rb may represent an 
increase in basolateral membrane resistance, or a re- 
duction in width of the lateral intercellular spaces. 
Rb, in our equivalent circuit, is the equivalent resis- 
tance of the basal and lateral portions of the cell 
membrane; the lateral membranes are in series with 
the interspaces. A detailed analysis of this problem 
has been published by Boulpaep and Sackin (1980). 
At the present time, we cannot distinguish between 
these two possibilities, i.e., changes of basolateral 
membrane or lateral intercellular spaces resistance. 
However, it seems certain that the conductance of  
the luminal membrane decreases when the mucosal 
bathing medium is acidified. 

Ef/ects of Divalent Cations on Resistances 

The effects of the four alkali-earth cations (5 raM) 
on transepithelial resistance (Rt) and ratio of cell 
membrane resistances (Ra/Rb), are shown in Fig. 5. 
Ca 2+ and Ba 2+ significantly increased the ratio of 
cell membrane resistances by 38 and 90%, respective- 
ly. No significant changes were observed with Mg 2+ 
and Sr  2 + 

The transepithelial resistance changes produced 
by all four alkali earth cations were small (7 to 12% 
of  the control values), but statistically significant. No 
significant differences were noted when one cation 
was compared to another. 

Effects of Mucosal K-for-Na Substitutions 

Fig. 6 illustrates the effect of  acidification of the mu- 
cosal medium on the dependence of the apical mem- 
brane potential on external K concentration: At 
lower pH, the membrane potential changes produced 
by transient exposure to high-K medium were signifi- 
cantly reduced. This effect was reversible. Fig. 7 sum- 
marizes results from experiments in which the effects 
of high K could be compared at 1 pH unit intervals 
between 8 and 5. As shown for the baseline apical 
membrane potential, the slope of the plot of A Vmc 
(the change produced by brief exposure to high K) 
and pH appeared to be maximal in the range from 
pH 7 to pH 6. The changes observed at pH 6 were 
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Fig. 7. Effects of mucosal solution pH (pH,~) on electrical potential 
changes produced by exposure to K-Ringer's on the mucosal side. 
Open circles: apical membrane potential changes (A V~); closed 
circles: basolateral membrane potential changes (A V,); squares: 
transepithelial potential changes (A V~). Note that A V,,c, A V~, 
and A V,,~ decrease as luminal pH is reduced. The changes appear 
to be larger in the interval from pH 7 to pH 6 

not  significantly different from those observed at 
pH 5. The changes of transepithelial  potential  pro- 
duced by mucosal  exposure to K-Ringer ' s  were re- 
duces slightly by lower pH. At  least in part, this 
reduct ion is a consequence of the decrease of apical 
membrane  relative K permeabil i ty  (see Discussion). 
The basolateral  membrane  depolar izat ion in these ex- 
periments  is a consequence of intraepithelial  current  
flow (because of the fall of  apical membrane  equiva- 
lent electromotive force) and follows rather closely 
the changes of V~c. 

Similarly to the effect of  mucosal  acidification, 
the change of Vmc produced by exposure to high-K 
medium was significantly smaller in the presence of 
divalent  cations, as i l lustrated in Fig. 8. Again,  the 
effect of Ba 2 + was larger than  those of Mg 2--, Ca 2 + 
and Sr 2+ (Fig. 9). 

To evaluate further the effect of  divalent  cations 
on apical membrane  PK, Ra/Rb was measured during 
exposure to K Ringer 's  in the presence an in the ab- 
sence of divalent  cations. Even though R,/Rb was 
on the mean  greater in the presence of the divalent 
cat ion than  in its absence, statistical significance was 
achieved only in the Ba 2 + and  Ca 2 § series. This result 

is evidenced in the l/~c and Vcs traces of Fig. 8 by 
compar ing  the deflections caused by transepithelial  

current  pulses. 

Bo 

Vm$ 
-O.i 

l,omv 

/I, ...... 'i, 

-67.1 

K K 30 sec 

Fig. 8. Effect of Ba 2+ (5 mM) on membrane potentials and resistances. A microelectrode was in the cell throughout the traces. Top 
trace (Vms): transepithelial potential; middle trace (Vm~): apical membrane potential; lower trace (Vcs): basolateral membrane potential. 
Values of potentials at the beginning of the records are shown on the left. Voltage deflections in all three traces were produced 
by transepithelial current pulses. The tissue was exposed to BaC12 from the beginning of the traces, as indicated by the top bar. 
During the periods indicated by the lower bars (labeled K) NaC1 was substituted with KC1 on the mucosal side. The following effects 
are illustrated: a) removal of Ba causes hyperpolarization of both cell membranes, with little change of Vms; b) the changes of Vm~, 
V,,c and Vc., produced by high-K medium are smaller in the presence of Ba 2+ than in its absence; c) the voltage deflections in the 
V,,c trace are larger in the presence than in the absence of Ba, during exposure to Na or K medium 
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Effects of  Na Substitutions 
with Less Permeant Cations 

Fig. 10 shows the effects on cell membrane and trans- 
epithelial potentials of complete substitutions of NaC1 
with N-methyl-I>glucamine chloride (NMDG-CI) in 
the luminal side, at mucosal pH values of 8 and 5, 
respectively. At pH 8, the changes of cell membrane 
potentials are in opposite directions (the apical mem- 
brane hyperpolarizes, whereas the basolateral mem- 
brane depolarizes). This result indicates that the main 
mechanism of these membrane potential changes in 
a change of paracellular equivalent emf. Since at the 
junctions Na is more permeant than NMDG, the mu- 
cosal solution substitution causes a mucosa-positive 
Na/NMDG biionic potential (Reuss & Finn, 1975a, 
b). This conclusion is supported by the increase of 
transepithelial resistance produced by the substitu- 
tion. A qualitative change of this pattern was ob- 
served at pH 5: the transepithelial potential change 
produced by NMDG was reduced, and both V,,c and 
Vcs increased (i.e., the cell became more negative to 
both bathing media). Results of similar experiments, 
at pHvalues ranging from 8 to 5, are shown in 
Fig. 11. The main result in this series is the progressive 
increase of the Vmc change produced by exposure to 
NMDG, accompanied by a decrease, and then rever- 
sal, of the Vcs change. The results at low pH cannot 
be explained on the basis of a paracellular diffusion 
potential alone: they indicate that at high mucosal 
proton activity the change of equivalent emf of the 
apical membrane produced by Na-NMDG substitu- 
tions was increased. We conclude, therefore, that the 
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Fig. 9. Effects of alkali earth cations (5 mM, mucosal side) on the 
change of apical membrane  potential produced by high-K mucosal  
medium (A V,,c). All values were obtained in the same 5 tissues. 
A Vmc was significantly different from control (p < 0.025 or better) 
in all four series. Changes produced by Mg 2+, Ca 2§ and Sr 2+ 
were not significantly different from each other. Ba 2+ caused a 
significantly greater reduction of A V,~c than those produced by 
Mg 2+, Ca 2+ or Sr 2§ (/)<0.05 or better) 

relative Na permeability of the membrane is increased 
when the mucosal pH is lowered. 

N-methyl-D-glucamine is a base (pK ca. 9.7). It 
is possible, therefore, that its effect on membrane 
potentials is not entirely caused by Na substitution, 
but also by penetration of the uncharged species into 

Vmc - 8 4 . 5  

pH8 
- 4 7 . 4  

pH 5 

Vc,,52 . 2   _l,o.v 
I rain 

Fig. 10. Effect of  NMDG-for-Na mucosal  substitution on potentials and resistances at pH 8 and 5. Symbols and format as in Fig. I. 
Records were obtained in the same cell. Note that at pH 5 the change of  V,,c during exposure to NMDG (lower bar) was larger 
and that the change of Vcs was reversed in polarity, as compared to the effects of  the same substitution at pH 8. In both conditions, 
during NMDG Vms changed in the mucosa-positive direction, R~ increased and Ra/Rb also increased 
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Fig. 11. Effect of mucosal solution pH (pH,,) on membrane poten- 
tial changes (A V) produced by mucosal substitution of Na with 
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Fig. 12. Effect of mucosal solution pH (pHi) on membrane poten- 
tial changes. (A V) produced by mucosal substitution of Na with 
Li. Symbols as in Fig. t 1. Note difference in scale with Fig. l I 

the cells and consequent change of intracellular pH. 
To examine this possibility, similar experiments were 
performed with LiC1 replacing isomolarly NaC1. The 
results, shown in Fig. 12, were smaller, but qualita- 
tively similar to those obtained with NMDG in that 
the Vmc change increased progressively with the pH 
reduction, while the Vc~ change decreased and then 
reversed. The slopes in the different pH intervals, 
however, differed: in NMDG substitutions the maxi- 
mum slope was seen in the interval of pH 7 to pH 6, 
whereas in Li substitutions the slope increased contin- 
ually with decreasing pH. 

Effect of Ionic Strength on K-Dependence 
of Apical Membrane Potential 

The pH effects on the apical membrane effects of 
H + and divalent cations described above could be 
the result of titration (H +) or screening (divalent cat- 
ions) of membrane fixed sites. The end result of both 
processes would be a surface potential change in the 
positive direction, resulting in changes in the cation 
and anion concentration profiles near the membrane 
surface : titration of the membrane makes the surface 
potential less negative (or more positive) at lower 
pH, cation concentrations decrease and anion concen- 

trations increase. The concentrations at the interface 
itself are directly related to the permeability. There- 
fore, this process is expected to reduce cation perme- 
ability and increase anion permeability. The observed 
effect of luminal pH on cation permeabilities cannot 
be entirely explained by such a mechanism, however, 
since all permeability coefficients (for species of the 
same valence) should increase proportionally and the 
experimental observation is a decrease of relative PK 
and an increase of relative Pv4a. 

The possibility of a surface potential effect was 
studied further by measuring the changes of cell mem- 
brane potentials produced by increasing mucosal so- 
lution K activity from 2 to 8 mN under two experi- 
mental conditions (Szabo, Eisenman, McLaughlin & 
Krasne, 1972): low ionic strength medium (all NaC1 
replaced isoosmotically with sucrose) and high ionic 
strength medium (all NaC1 replaced isomolarly with 
NMDG-sulfate, plus sucrose to make the solution 
isoosmotic). All four bathing media were buffered 
to pH 8.0, and K activities were measured with a K- 
selective electrode. The result of this experiment is 
shown in Fig. t3. At low ionic strength, the V~ 
change produced by elevation of extracellular K was 
increased, when compared with that observed at high 
ionic strength. This result is consistent with the lay- 
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Fig. 13. Effect of an increase of luminal K activity from 2 to 8 m~ (lower bars) during incubation at high ionic strength (A) and 
at low ionic strength (B). Both sets of records were obtained in the same cell 

pothesis of a surface potential and suggests that the 
net surface charge is negative, since screening resulted 
in a decrease of apparent K permeability. 

Discussion 

In Necturus gallbladder, acidification of the mucosal 
bathing solution causes depolarization of both cell 
membranes. These membrane potential changes are 
proportional to the degree of acidification in the 
pH range of 8 to 5, and are entirely reversible. The 
effects of low pH on potentials are accompanied by 
a decrease in transepithelial conductance and a de- 
crease in the equivalent conductance of the pathways 
for current flow out of the cell. These results indicate 
that increased proton concentration in the mucosal 
bathing medium causes a decrease in overall ionic 
permeability of both the apical membrane and the 
limiting junctions. The concomitant cell membrane 
depolarization suggests that the main mechanism of 
the H + effect is a reduction of apical K permeability. 
Comparison of the apical membrane potential 
changes in the different pH intervals, and of the mag- 
nitudes of Vmc changes produced by K-Na and 
NMDG-Na substitutions suggest maximum effects of 
pH in the range of 7 to 6. These data, however, 
cannot be directly employed to estimate the pK of  
the titratable sites in the membrane, because (a) the 
pH at the membrane surface itself is unknown, and 
(b) more than one chemical entity in the membrane 
could be responsible for the effects observed. 

Alkali-earth cations (Mg z+, Ca 2+, Sr 2+, and 
Ba 2 +) also cause cell membrane depolarization, which 
is accompanied by a reduction of apical membrane 
total conductance. 

Effects of Luminal pH on K Permeability 

From the values of potentials and resistances at pH 8 
and pH 6 (levels at which cable analysis experiments 
were performed) the equivalent electromotive forces 
of the two cell membranes (apical: E,, basolateral: 
E~) were calculated, assuming that the equivalent emf 
of the paracellular pathway (Es) is zero, and indepen- 
dent of mucosal pH, when the tissue is exposed to 
NaCI-Ringer's on both sides. The equations necessary 
for this calculation have been published before (Reuss 
& Finn, 1975a). The results were: at pHS,  Ea= 
-6 .33  mV, Eb=--85 .0  mV; at pH 6, E ~ = - 6 . 0  mV, 
Eb=--74 .2  inV. These values, although tentative be- 
cause of  the assumptions involved, are consistent with 
the notion that mucosal acidification reduces the rela- 
tive K permeability of the apical membrane. Under 
control conditions the cell membrane potentials are 
closer to EK than to Eel or EN~ (Reuss & Weinman, 
1979); whereas EK is ca. --96 mV, Ect and ENa are 
about - 2 4  and +33 mV, respectively. Therefore, a 
reduction of the K transference number at either 
membrane shifts the membrane potentials to values 
closer to Ec~ and ENa, i.e., causes cell depolarization. 
It is uncertain whether Eb, the equivalent emf of  the 
basolateral membrane, is changed by acidification of 
the mucosal bathing medium. The data given above 
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Fig. 14, Calculated values of apical membrane equivalent electro- 
motive force (Ea) during exposure to Na-Ringer's and during Na 
replacements on the mucosal side at pH 8 and pH 6. Note that 
the change of Ea produced by K-Ringer's is decreased at the lower 
pH, whereas the changes of E~ produced by NMDG or Li are 
increased at the lower pH 

show a decrease of 10.8 mV, but the uncertainties 
involved in the calculation do not allow us to ascribe 
significance to this result. In conclusion, our results 
indicate that acidification of the mucosal solution 
causes a decrease of apical membrane tK. Since tt~e 
total membrane conductance decreases as well, the 
inescapable conclusion is a reduction of PK. 

Confirmation of this interpretation was obtained 
in ionic substitution experiments. As shown before 
(Reuss & Finn, 1975a, b; Van Os & Slegers, 1975) 
exposure of the apical surface of the tissue to a high-K 
bathing medium caused large depolarization of both 
membranes and a mucosa-negative change of transep- 
ithelial potential. These results have been interpreted 
in detail with an equivalent electrical circuit consistent 
of three Th6venin equivalents, one for each cell mem- 
brane and one for the paracellular pathway (Reuss 
& Finn, 1975a, b). We have also shown that, when 
mucosal exposure to K-Ringer's is brief, intracellular 
K activity does not change appreciably (Reuss et al., 
1980). Thus, the relative permeabilities of the apical 
membrane and the paracellular pathway can be as- 
sessed in these experiments from potentials and resis- 
tances, assuming unchanged properties of the basolat- 
eral membrane. Within this assumption, Ea was calcu- 
lated at pH 8 and pH 6, during exposure to Na- 
Ringer's and K-Ringer's, as described before (Reuss 
& Finn, 1975b). The results are shown in Fig. 14 
(A). The change of E, produced by transient exposure 
to K-Ringer's was 61.2 mV at pH 8 and only 11.8 mV 
at pH 6. At the latter pH, therefore, tK is largely 
reduced. Again, although the results of these calcula- 
tions are uncertain because of the assumptions in- 

volved, they are in qualitative agreement with those 
obtained directly from the analysis of the Vmc changes. 
Therefore, resistance changes not considered in the 
direct analysis of the membrane potentials do not 
alter qualitatively the conclusion advanced above. 
The calculation outlined yields also the change of 
Es produced by exposure to K-Ringer's. This was 
4.8 mV at pH 8 and 4.5 mV at pH 6 (mucosa-negative 
in both cases), indicating that PK/P~a (paracellular) 
is greater than 1 in both conditions and remains essen- 
tially unchanged. Thus, the pH dependence of the 
Vms changes produced by exposure to K-Ringer's 
(Fig. 7) depends mostly on the loss of apical mem- 
brane selectivity, and not on the paracellular effect 
of low pH. Moreno and Diamond (1974) observed 
a shift of the alkali metal transepithelial permeability 
ratios toward free solution values at low pH in gall- 
bladders of several species. This result, obtained from 
transepithelial measurements alone, could be ex- 
plained, at least for K-Na substitutions, by effects 
of proton activity on the apical membrane. 

Effects of  Luminal pH on Na Permeability 

The membrane potential changes produced by muco- 
sal Na substitutions with NMDG or Li show an in- 
creased relative Na permeability in response to acidifi- 
cation of the mucosal bathing medium, since this ex- 
perimental perturbation resulted in increased hyper- 
polarization of the luminal membrane when the 
tissues were exposed to NMDG- or Li-Ringer's 
(Figs. 10, 11 and 12). These results are difficult to 
interpret quantitatively because of both membrane 
resistance changes and the low baseline PNa of the 
apical membrane (Reuss & Finn, 1975b; Van Os & 
Slegers, 1975). Most of the membrane potential 
changes during exposure to NMDG or Li on the mu- 
cosal side result from the paracellular biionic poten- 
tial and not from E, changes. Low pH enhanced the 
Vmc change produced by exposure to NMDG or Li 
concomitantly with a reversal of the change of Vcs. 
These observations are excellent indications of the 
progressively greater contribution of E, to the mem- 
brane potential changes as the pH of the luminal 
medium is lowered. As done above for K-Na substitu- 
tions, cell membrane emf values were calculated at 
pH 8 and 6 during exposure to Na-Ringer's, NMDG- 
Ringer's and Li-Ringer's, within the same assump- 
tions (see above, and Reuss & Finn, 1975b). The re- 
sults, shown in Fig. 14 (B and C), indicate that, at 
pH 8, E, increased by 3.6 mV during exposure to 
NMDG and by 1.4 mV during exposure to Li. At 
pH 6, the analogous changes were 66.1 mV (NMDG) 
and 33.4 mV (Li). Both sets of results indicate that 
at pH 6 the relative Na permeability of the apical 
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membrane is increased when compared with that at 
pH 8. In addition, these data suggest a small, but 
sizeable, apical membrane Li permeability, since 
NMDG-Na substitutions caused larger membrane po- 
tential and equivalent emf changes than Li-Na substi- 
tutions. 

The increased relative Na permeability of the 
membrane could be explained in part by the reduction 
of PK. If at low pH PNa remains constant or decreases 
less than PK, then PNa/PK, tN,, and the dependence 
of E, and V,,~ on mucosal Na concentration should 
increase, as observed. Interestingly, as the ratio PK/ 
PN~ decreases (at low pH values), the ratio PN~/PI.i 
increases, but at all pH values explored the apparent 
permeabilities were PK> PN, > PLy. The meaning of 
this sequence is uncertain at the present time, since 
we do not know whether all three ions permeate the 
membrane through the same pathway. It has been 
established that K transport at the apical membrane 
of frog, rabbit, and Necturus gallbladder is through 
a channel (Van Driessche & G6gelein, 1978; G6ge- 
lein, 1980). However, the specific mechanisms of con- 
ductive Na and Li translocation have not yet been 
characterized. 

Effects of Alkali-Earth Cations on K Permeability 

The effects of Ba 2+ on K permeability have been 
studied in a number of excitable tissues (for refer- 
ences, see Eaton & Brodwick, 1980), and some epithe- 
lia (Pacifico, Schwartz, MacKrell, Spangler, Sanders 
& Rehm, 1969; Ramsay, Gallagher, Shoemaker & 
Sachs, 1976; Nagel, 1979). The studies of Nagel (1979) 
in isolated frog skin have demonstrated that Ba 2+ 
reduces basolateral membrane K permeability, simi- 
larly to the effects reported in excitable tissues (Eaton 
& Brodwick, 1980). Nagel calculated that the total 
conductance of the basolateral membrane was about 
30% of control during exposure to 0.5 mM Ba 2+, an 
effect significantly larger than the one reported here. 

Our conclusion that Ba 2 + blocks K permeability 
at the luminal membrane is based on the observations 
of a) membrane depolarization, b) increase in apical 
membrane resistance (relative to that of the basolater- 
al membrane), and c) decrease of the apical membrane 
potential and resistance changes induced by luminal 
K for Na substitution. 

The magnitude of the membrane potential changes 
produced by Ba 2 + and other divalent cations in Nec- 
turus gallbladder epithelium was rather small when 
compared with other tissues, such as frog skin (see 
below). However, it should be noted that the apical 
membrane potential in leaky epithelia such as the 
gallbladder will tend to be maintained, even if the 
relative K permeability of the membrane falls, by 

intraepithelial current flow. If the equivalent electro- 
motive force of the paracellular pathway is assumed 
to be zero, V~c can be described by the following 
equation : 

Vmc - E~ (Rv + Rs) + Eb R~ 
Ra + Rb + Rs 

(1) 

where E's are equivalent electromotive forces, R's are 
resistances, and the subscripts denote apical mem- 
brane (a), basolateral membrane (b), and paracellular 
pathway (s) (see Reuss & Finn, 1975a). If Ba z+ causes 
a decrease in E, and an increase in R~ proportionally 
larger than the increase of the denominator, the vol- 
tage drop produced by Eb across R~ would be in 
fact increased. This is shown by the comparison of 
the measured changes of Vmc and the calculated 
changes of E, at different Ba z§ concentrations. The 
calculations of E~ were carried out under the follow- 
ing assumptions:a) Rb= 2,000 (~ cm 2 (Fr6mter, 1972; 
Reuss & Finn, 1975a; Reuss, Bello-Reuss & Grady, 
1979); b) E~=0 (see above, and Reuss & Finn, 1975a); 
c) Rb and Eb are not changed by the addition of 
Ba 2+ to the mucosal medium. Ra, R~, E~ and Eb were 
calculated as previously described (Reuss & Finn, 
1975a, b), from the values of potentials, Rt and Ra/Rb. 
The results (E,, mV) were -64 .9  (control), -56 .0  
(1 mMBa2+), --37.8 (5 mMBa2+), and -23.9  
(10 mM Ba2+). At all concentrations of Ba z+ tested, 
the decrease of E~ was larger than the decrease of 
Vmc. A similar result (not shown) was obtained by 
comparing the Vmc and E, changes produced by high 
mucosal K : in the presence of Ba 2 +, the K-dependent 
reduction of Ea was larger than the reduction of V~c. 
Quantitation of blocking effects of ion permeabilities 
such as the one produced by Ba 2 § require calculation 
of E~. This determination is technically difficult, be- 
cause measurements of resistances require intraepithe- 
lial cable analysis (Fr6mter, 1972; Reuss & Finn, 
1975a). Furthermore, the value of Es is uncertain 
when the tissue is exposed to asymmetric bathing 
media (Reuss & Grady, 1979a). For these reasons, 
a qualitative approach has been preferred in this dis- 
cussion. It is clear, however, that changes of V~c, 
although smaller, reflect the effects of Ba 2 +, and the 
other divalent cations tested, on E,. 

The effects of Ba 2+, observable at 1 mIv~, can be 
contrasted with those in tight epithelia, in which the 
apical membrane is mainly Na-permeable. In toad 
urinary bladder (Ramsay et al., 1976), and frog skin 
(Nagel, 1979) Ba 2+ had no effect on the electrical 
properties of the tissue from the apical border at 
concentrations up to 1 mM. 

The effects of Ba 2 + on membrane potentials and 
relative apical PK are dose-dependent in the range 
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of 1 to 10 mM. These concentrations are much higher 
than effective doses in excitable tissues or basolateral 
membrane of frog skin (Nagel, 1979). Comparison 
or our results with those of Nagel (1979) suggests 
different properties of the respective K transport sites. 
This conclusion is supported by experiments in which 
Ba 2+ was added to the serosal side of Necturus gall- 
bladder. In these studies (Reuss and Grady, unpub- 
lished) Ba 2+ was effective at concentrations of 
0.1 raM. 

the same valence. Therefore, our results suggest that 
H+-dependent K permeability changes are mediated, 
at least in part, by an effect of H + activity on the 
transport site (channel) itself. 

G6gelein (1980) has observed that mucosal acidifi- 
cation reduces apical membrane K current fluctua- 
tions in Necturus gallbladder, even though the effect 
was evident only at pH 5 or lower. These experiments 
are not entirely comparable to ours, because the pH 
was reduced in both bathing media. 

Mechanism of the Effect of Luminal pH 
on Apical Membrane Cation Permeability 

The effects described above could result from several 
possible mechanisms of action of the increased H + 
activity in the luminal solution. First, changes in ex- 
tracellular pH (pH,) could cause intracetlular pH 
(pHi) changes and these in turn could be responsible 
for the effects observed. This possibility can be ruled 
out, because in experiments in which the apical sur- 
face is exposed, at constant pHi, to permeant acids 
(e.g., propionic acid) the effects on membrane poten- 
tial and tK are opposite to the ones described above. 
These results will be described in detail separately. 
We can conclude, therefore, that the effects observed 
are genuinely produced by pH~ changes. 

A second possibility to consider is that the reduc- 
tion of K permeability at low pH is caused by titration 
of fixed negative charges in the membrane, and there- 
fore by a surface potential change. This question is 
really twofold: (a) is the membrane negatively 
charged? and (b) can the pH effect on cation perme- 
abilities be explained by titration of such charges? 
A tentative answer to the first question was obtained 
from the experiment shown in Fig. 13. A reduction 
of ionic strength of the bathing medium produced 
an increase in the depolarization caused by a step 
change of mucosal K concentration. To circumvent 
the possibility of "shunt ing"  effects by other ions, 
N-methyl-D-glucamine sulfate was the main solute of 
the high ionic strength solution. (The main solute 
of the low ionic strength solution was sucrose.) Defln- 

�9 itive interpretation of this experiment will require ad- 
ditional studies, since we have not ruled out the possi- 
bility of effects of NMDG or sulfate mediated by 
other mechanisms than the change of ionic strength. 
Within these limitations, the result supports the no- 
tion of a negatively charged membrane. The high 
ionic strength solution is expected to "screen"  the 
charges and thus to reduce the surface potential, and 
apparent monovalent cation permeability (Szabo 
et al., 1972). The pH effects observed cannot be en- 
tirely attributed to a nonspecific effect on membrane 
charge. Such an effect would not be expected to 
change the apparent permeability ratios of ions of 

Mechanisms of Effects of Divalent Cations 
on Apical Membrane PK 

The observation that at a 5 mM concentration, Mg 2 +, 
Ca z +, and Sr 2 + depolarized the apical membrane and 
reduced its relative PK similarly suggests a common 
mechanism of action of divalent cations on PK, inde- 
pendent of ionic size. In principle, a reduction of 
PK in these experiments could result from: a) a change 
of surface potential of the membrane by a "screen- 
ing" mechanism; b) a change of surface potential 
by binding of the divalent cations to fixed "nonspecif- 
ic" negative sites in the membrane, and c) an interac- 
tion with the K channel. Only the first of these mecha- 
nisms is independent of ionic size. 

The similarity of the effects of Mg 2+, and Ca 2 + 
at 5 and 10 mM suggests a nonspecific effect, i.e., 
a mechanism of action consistent with screening of 
surface negative charges. As stated above, the effects 
of mucosal solution pH changes and the effects of 
high and low ionic strength solutions on apparent 
K permeability support the notion that the apical 
membrane of Necturus gallbladder has a net negative 
surface charge. One would therefore expect a screen- 
ing effect of divalent cations at the concentrations 
employed in this study (D'Arrigo, 1978). The behav- 
ior of Ba a+ and Sr z+ was different from those of 
Mg 2+, and Ca 2+. Ba z+ had a greater effect on P~c 
than all other ions at all concentrations tested. Sr 2+, 
although not exhibiting different effects at 5 mM, was 
more effective than Mg z+, and Ca z+, and less effec- 
tive than Ba 2+, at 10 ms.  These results suggest that 
Ba 2+ and Sr ~+ have effects other than screening of 
surface changes. Such effects could result from bind- 
ing of these ions, to nonspecific sites in the membrane 
(in which case the surface potential would decrease 
by both screening and binding), or to the K channel 
itself. We cannot distinguish between these two possi- 
bilities with the available data. The ionic radius of 
Ba a+ (1.34 A) is practically the same as the one of 
K + (1.33 A), and therefore Ba 2+ penetration in the 
channel would be expected. Our data support but 
do not prove this mechanism. The possibility of bind- 
ing of Ba 2 + to nonspecific membrane sites cannot 
be excluded, and is in fact, consistent with the rather 
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low effectiveness of this cation. Sr 2+, at 10 m~, was 
more effective than either Mg 2+ or Ca 2 +. This obser- 
vation suggests that the effect of Sr 2 + at this concen- 
tration may include a binding mechanism in conjunc- 
tion with screening of membrane surface charges. 

Paracellular Effects of Divalent Cations 
and Luminal Medium pH 

The paracellular effects of the divalent cations tested 
did not differ significantly from one another. At 
5 mM, the transepithelial resistance increased by 7 to 
12%. At 10 mM, the effects were on the mean slightly 
larger, but not statistically different from those at 
5 raM. Since the transepithelial conductance of this 
tissue is dominated by the paracellular conductance 
(Fr6mter, I972; Reuss & Finn, 1975a) it is likely 
that most of  the increase of  R~ is caused by an increase 
in paracellular and not transcellular resistance. A re- 
duction of junctional complex cation permeability is 
the most likely explanation of this result. Our results 
indicate also that acidification of the mucosal bathing 
solution results in an increase of Rt. In addition, both 
low pH and high Ca 2+ decrease the transepithelial 
dilution potential in mammalian gallbladder (Wright 
& Dian~ond, 1968). The effect of  low pH is caused 
by a decrease of Na conductance in gallbladders of 
several species (Moreno & Diamond, 1974). 

Physiological Significance of the Results 

The gallbladder in vivo is not exposed to bulk luminal 
fluid of acid p H  However, the proton activity in 
the outer face of the apical membrane itself is un- 
known and could be significantly lower than in the 
bulk solution, because of the fixed negative charge 
of the membrane postulated above, and because of 
the possibilities of H + and/or HCO~- transport 
through this membrane. Although not demonstrated 
to our knowledge in gallbladder, a Na+-H + antiport 
seems to be a frequent feature in apical membranes 
of leaky epithelia. Furthermore, the gallbladder trans- 
ports bicarbonate from mucosa to serosa. Both in 
situ and in vitro there are significant unstirred layers 
on both epithelial surfaces, and conceivably HCO{ 
removal (by direct transport or H § secretion) could 
result in a local pH reduction, and in a decrease of 
apical membrane K permeability. This mechanism 
would tend to reduce the (downhill) K flux from cell 
to mucosai bathing medium. 

It is tempting to speculate that a similar mecha- 
nism might be involved in the relationship between 
H + and K + secretion by the distal and collecting 
segments of the renal tubule. Although it is clear 
that these relations involve a host of phenomena 
(Giebisch, 1979), some observations are consistent 
with our results. Boudry, Stoner and Burg (1976) ob- 

served that acidification of the luminal fluid in rabbit 
cortical collecting tubules perfused in vitro caused a 
reduction of K secretion, in addition, Khuri (1979) 
has observed that acidification of the luminal fluid 
in Necturus proximal tubule causes cell depolariza- 
tion. Other observations, reviewed in detail by Gieb- 
isch (1979) indicate that luminal pH and K secretion 
can be dissociated experimentally. Our results suggest 
that if luminal pH changes are one of the controlling 
factors of  K + secretion, the mechanism of action of 
luminal pH can be an effect on apical membrane 
K permeability. 

Our results indicate that divalent cations reduce 
PK at the apical membrane of Necturus gallbladder 
by two mechanisms: screening of surface negative 
charges (an effect similar to the one produced by 
acidification of the mucosal solution) and binding 
to nonspecific or specific (K channel) sites in the 
membrane. The latter mechanism seems appreciable 
only for Ba 2+ and Sr ~+, but we cannot rule out the 
possibility of binding of the other divalent cations. 
The concentration dependence of the effects of Ba 2 § 
on the apical membrane seems to reflect a lower affin- 
ity than the one observed at the basolateral mem- 
branes of this tissue (Reuss & Grady, unpublished) 
and tight epithelia (Pacifico et al., 1969; NageI, 1979). 
From this comparison we conclude that the molecular 
structures of apical and basolateral K channels in 
gallbladder are different. Finally, the moderate reduc- 
tion of apical PK produced by increasing Ca concen- 
tration in the mucosal bathing medium can be con- 
trasted with the effect of experimental per turba t ions  
presumed to raise intracellular Ca 2+ activity. Expo- 
sure to CN and treatment of the tissue with the 
Ca ionophore A23187 produce changes of cell mem- 
brane potential, cell membrane resistance and voltage 
responses to K for Na substitutions consistent with 
an increase of PK at both cell borders (Bello-Reuss, 
Grady & Reuss, 1980). Thus, high Ca, although in 
very different concentration ranges, increases PK from 
the inside of the membrane, but decreases PK from 
the outside. Preliminary experiments in which intra- 
cellular pH changes were induced at constant extra- 
cellular pH yielded similar results: low pH blocks PK 
from the outside and increases PK from the inside. 
No detailed explanation of these observations is avail- 
able yet. Further investigation of the mechanisms in- 
volved in these effects will certainly enhance our un- 
derstanding of the structure and mode of operation 
of the K channel in this and other epithelia. 

We thank Elsa Bello-Reuss, Carlton C. Hunt  and Steven A. Wein- 
man for their comments  on a preliminary version of this manu-  
script. We are also grateful to Janice Wuelling and Sue Eads for 
excellent secretarial help. This work was supported by Grant  
AM 19580 of the National Institute of  Arthritis, Metabolism, and 
Digeslive Diseases. 



224 L. Reuss, L.Y. Cheung, and T.P. Grady: Cation Permeability in Gallbladder 

R e f e r e n c e s  

Bello-Reuss, E., Grady, T.P., Reuss, L. 1980. Mechanism of the 
effect of cyanide on cell membrane potentials in Necturus gall- 
bladder epithelium. J. Physiol. (London) (in press) 

Boudry, J.F., Stoner, L.C., Burg, M.B. 1976. Effect of acid lumen 
pH on potassium transport in renal cortical collecting tubules. 
Am. J. Physiol. 230:239 

Boulpaep, E.L., Sackin, H. i980. Electrical analysis of intraepithe- 
lial barriers. In: Current Topics in Membranes and Transport. 
Volume 13 : Cellular mechanisms of renal tubular ion transport. 
F. Bronner, A. Kleinzeller and E.L. Boulpaep, editors. 
Chapter 12. Academic Press, New York 

Cremaschi, D., H~nin, S. 1975. Na + and C1 transepithelial routes 
in rabbit gallbladder. Tracer analysis of the transports. 
Pfluegers Arch. 361: 33 

D'Arrigo, J. 1978. Screening of membrane surface charges by diva- 
lent cations: An atomic representation. Am. o r . Physiol. 
235:C109 

Duffey, M.E., Turnheim, K., Frizzell, R.A., Schultz, S.G. 1978. 
Intracellular chloride activities in rabbit gallbladder : Direct evi- 
dence for the role of the sodium-gradient in energizing "uphil l"  
chloride transport. J. Membrane Biol. 42:229 

Eaton, D.C., Brodwick, M.S. 1980. Effects of barium on the potas- 
sium conductance of squid axon. or. Gen. Physiol. 75:727 

FrizzeI1, R.A., Dugas, M.C., Schultz, S.G. 1975. Sodium chloride 
transport by rabbit gallbladder. Direct evidence for a coupled 
NaC1 influx process, or. Gen. Physiol. 65:769 

Fr6mter, E. 1972. The route of passive ion movement through 
the epithelium of Necturus gallbladder. J. Membrane Biol. 8: 259 

Fr6mter, E., Diamond, J.M. 1972. Route of passive ion permeation 
in epithelia. Nature, New Biol. 235:9 

Garcia-Diaz, J.F., Armstrong, W.McD. 1980. Intracellular Na ac- 
tivity and Na transport in Necturus gallbladder. Fed. Proc. 
39: 4275 a 

Giebisch, G. 1979. Renal potassium transport. In: Membrane 
Transport in Biology. Volume IVA. Transport Organs. 
Chapter 5. G. Giebisch, D.C. Tosteson and H.H. Ussing, edi- 
tors. Springer-Verlag, Berlin-Heidelberg-New York 

G6gelein, H. 1980. Fluctuation analysis and impedance measure- 
ments in the gallbladder epitheiium. M.D. Thesis, Catholic Uni- 
versity of Leuven (Louvain), Louvain, Belgium 

Graf, J., Giebisch, G. 1979. Intracellular sodium activity and sodi- 
um transport in Necturus gallbladder epithelium. J. Membrane 
Biol. 47:327 

Gunther-Smith, P.J., Duffey, M.E., Schultz, S.G. 1980. Intracellu- 
lar potassium activities in rabbit gallbladder. Fed. Proc. 
39 : 4274 a 

Henin, S., Cremaschi, D. 1975. Transcellular ion route in rabbit 
gallbladder. Electric properties of the epithelial ceils. Pfluegers 
Arch. 355:125 

Khuri, R.N. 1979. Electrochemistry of the Nephron. In: Membrane 
Transport in Biology. Volume IVA. Transport Organs. 

Chapter 2. G. Giebisch, editor. Springer-Verlag, Berlin-Heidel- 
berg-New York 

Moreno, J.H., Diamond, J.M. 1974. Discrimination of monovalent 
inorganic cations by " t ight"  junctions of gallbladder epitheli- 
um. J. Membrane Biol. 15:277 

Nagel, W. 1979. Inhibition of potassium conductance by barium 
in frog skin epithelium. Biochim. Biophys. Acta 552:346 

Pacifico, A.D., Schwartz, M., MacKrell, T.N., Spangler, S.G., 
Sanders, S.S., Rehm, W.S. i969. Reversal by potassium of 
an effect of barium on the frog gastric mucosa. Am. J. Physiol. 
216:536 

Ramsay, A.G., Gallagher, D,L., Shoemaker, R.L., Sachs: G. 1976. 
Barium inhibition of sodium ion transport in toad bladder. 
Biochim. Biophys. Acta 436:617 

Reuss, L. 1978. Effects of amphotericin B on the electrical proper- 
ties of Necturus gallbladder: Intracetlular microelectrode stud- 
ies. g. Membrane Biol. 41:65 

Reuss, L., Bello-Reuss, E., Grady, T.P. 1979. Effects of ouabain 
on fluid transport and electrical properties of Necturus gallblad- 
der. Evidence in favor of a neutral basolateral sodium transport 
mechanism. J. Gen. Physiol. 73:385 

Reuss, L., Finn, A.L. 1975a. Electrical properties of the cellular 
transepithelial pathway in Necturus gallbladder. I. Circuit anal- 
ysis and steady-state effects of mucosal solution ionic substitu- 
tions. J. Membrane Biol. 25:115 

Reuss, L., Finn, A.L. 1975b. Electrical properties of the cellular 
transepithelial pathway in Necturus gallbladder. II. Ionic perme- 
ability of the apical cell membrane, g. Membrane Biol. 25:141 

Reuss, L., Grady, T.P. 1979a. Triaminopyrimidinium (TAP +) 
blocks luminal membrane K conductance in Necturus gallblad- 
der epithelium. J. Membrane Biol. 48:285 

Reuss, L., Grady, T.P. 1979b. Effect of external sodium and cell 
membrane potential on intracellular chloride activity in gall- 
bladder epithelium. J. Membrane Biol. 51:15 

Reuss, L., Weinman, S.A. 1979. Intracellular ionic activities and 
transmembrane electrochemical potential differences in gall- 
bladder epithelium. J. Membrane Biol. 49:345 

Reuss, L., Weinmann, S.A., Grady, T.P. 1980. IntraceIlular K + 
activity and its relation to basolateral membrane ion transport 

in Necturus gallbladder epithelium. J. Gen. Physiol. 76:33 
Szabo, G., Eisenman, G., McLaughlin, S.G.A., Krasne, S. 1972. 

Ionic probes of membrane structure. Ann. N. Yl Acad. Sci. 
195: 273 

Van Driessche, W., G6gelein, H. 1978. Potassium channels in the 
apical membrane of the toad gallbladder. Nature (London) 
275 : 665 

Van Os, C.H., Slegers, J.F.G. 1975. The electrical potential profile 
of gallbladder epithelium. J. Membrane Biol. 24:341 

Wright, E.M., Diamond, J.M. 1968. Effects of pH and polyvalent 
cations on the selective permeability of gallbladder epithelium 
to monovalent ions. Biochim. Biophys. Acta 163:57 

Received 12 September 1980; revised 2 December 1980 


