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ABSTRACT Net fluid transport (]v) and electrical properties of the cell mem- 
branes and paracellular pathway of Necturuz gallbladder epithelium were studied 
before and after the addition of ouabain (10 -4 M) to the serosal bathing medium. 
The glycoside inhibited J r  by 70% in 15 min and by 100% in 30 min. In contrast, 
the potentials across both cell membranes did not decrease significantly until 20 
min of exposure to ouabain. At 30 min, the basolateral membrane potential (Ves) 
fell only by ca 7 mV. If basplateral Na transport were electrogenic, with a coupling 
ratio (Na:K) of 3:2, the reductions of Ves at 15 and 30 min should be 12-15 and 17- 
21 mV, respectively. Thus, we conclude that the mechanism of Na transport from 
the cells to the serosal bathing solution is not electrogenic under normal transport 
conditions. The slow depolarization observed in ouabain is caused by a fall of 
intracellular K concentration, and by a decrease in basolateral cell membrane K 
permeability. Prolonged exposure to ouabain results also in an increase in paracel- 
lular K selectivity, with no change of P Na/P cv 

I N T R O D U C T I O N  

Salt t ranspor t  across gallbladder epithelium requires the presence o f  an active 
Na extrusion mechanism at the basolateral membrane  of  the cells, because Na is 
t ranspor ted against an electrochemical potential > 100 mV (Reuss, 1979). On  
the basis o f  the magni tude  and /o r  metabolic dependence  o f  the transepithelial 
electrical potential in gallbladders o f  several species, Rose (1978) has proposed  
that the Na p u m p  is electrogenic, i.e., that its operat ion results in cur rent  flow 
across the membrane .  T o  test this hypothesis,  we have studied the effects o f  the 
cardiac glycoside ouabain on spontaneous fluid t ranspor t  (Jr) and on the 
electrical propert ies  of  Necturus gallbladder. The  simple geometry  and relatively 
large size o f  the epithelial cells o f  this tissue allow one to pe r fo rm circuit analysis 
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f rom which the equivalent electromotive forces (emfs) o f  the membranes  can be 
calculated (Reuss and  Finn, 1975 a, b). The  present  work consisted of: first, 
compar ing  the t ime-course o f  the effects o f  ouabain o n J  v and the cell membrane  
potential,  and second, establishing the mechanisms by which the slow cell 
depolarizat ion observed in ouabain  takes place. O u r  results do not suppor t  the 
hypothesis o f  an electrogenic Na t ranspor t  mechanism and demonst ra te  that 
cell depolarization results f rom a reduct ion o f  basolateral membrane  K perme-  
ability and  a d r o p  in intracellular K concentrat ion.  

M A T E R I A L S  A N D  M E T H O D S  

Necturi (Necturus maculosus) were obtained from Mogul-Ed Co. (Oshkosh, Wis.), kept at 
4-8~ in the dark, and fed with live goldfish. The animals were anesthetized with 2% 
tricaine methane sulfonate (Sigma Chemical Co., St. Louis, Mo.), and gallbladders were 
removed and mounted as previously described (Reuss and Finn, 1975 a, 1977 a). 

Bathing Solutions 

Standard Ringer solution had the following composition (mM): NaCI 109.2, KCI 2.5, 
CaCI~ 1.0, NaHCO3 2.4, glucose 10. The solution was equilibrated with room air and had 
a pH of about 8.0. All ion replacements were isomolar. Dilution potentials were 
measured by exposing the tissue to a mucosal solution in which NaC1 concentration was 
reduced to half and sucrose was added to keep the osmolality constant. Ouabain (Sigma 
Chemical Co.) was added to the serosal side to a final concentration of 10 -4 M. In all 
experiments, the mucosal and serosal solutions were replaced continuously. 

Electrical Measurements 

Potentials and resistances were in general measured as previously described (Reuss and 
Finn,.1975 a, 1977 a). Borosilicate glass capillaries with filament (W-P Instruments, Inc., 
New Haven, Conn.) were used to prepare the intracellular microelectrodes. Only 
electrodes with a tip resistance larger than 15 Mr/were used. Extracellular electrodes 
were Ag-AgCI pellets, or calomel electrodes, connected to the bathing media by 3.5% 
agar-Ringer bridges. All potentials measured in the presence of asymmetric bathing 
media were corrected for the corresponding liquid junction potentials, as previously 
described (Reuss, 1978). 

In most experiments, impalements were performed from the mucosal side, at an angle 
of about 40-60 ~ by means of remote control motorized micromanipulators (Stoelting 
Co., Chicago, Ill.). In a few experiments, the ionic selectivity of the basolateral 
membrane was studied. To reduce the thickness of the serosal unstirred layer, the tissues 
were mounted serosal side up, the subepithelial tissue was partly removed by dissection, 
and impalements were performed across the basolateral membrane. Cell membrane 
potentials and ratio of membrane resistances did not differ from the values obtained 
with impalements from the mucosal side. 

Transepithelial current pulses (usually 50/~A x cm -2 and l-s duration) were provided 
by the constant current output of a stimulus isolation unit driven by an Anapulse 
stimulator (W-P Instruments, Inc.). Intracellular current pulses (0.5-2 x 10 -s A, 1-s 
duration) were passed through a high output resistance electrometer. The current was 
monitored. Electrical potentials (transepithelial: Vm~, apical membrane: Vmc, and basolat- 
eral membrane: Vcs ) were measured with high input impedance electrometers, provided 
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with digital readouts to 0.1 mV, amplified, displayed in a storage oscilloscope (Tektronix, 
Inc., Beaverton, Oreg.), and recorded in a three-channel strip chart recorder (Gould, 
Inc., Cleveland, Ohio). 

30 rain after mounting the tissue in the chamber, a 1:2 NaCi dilution potential was 
measured, as previously described (Reuss and Finn, 1977a). The gallbladder was rejected 
if its value was < 10 inV. 

Under  control conditions, the following measurements were performed (see Fig. 1): 
(a) transepithelial and cell membrane potentials (in at least six cells), (b) transepithelial 
resistance (R t, from AVms upon transepithelial current passage), (c) ratio of  cell membrane 
resistances (R JR b, from AVmdAVes upon transepithelial current passage); R t ancl R JR b 
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FIGURE 1. Electrical equivalent circuit for Necturus gallbladder epithelium. M, C, 
and S represent the mucosal bathing medium, the cell, and the serosai bathing 
medium, respectively. Each element of  the circuit is represented by a Th~venin 
electrical equivalent, i.e., an electromotive force (E) in series with a resistance (R). 
The subscripts a, b, and s refer to the apical cell membrane,  the basolateral cell 
membrane,  and the paracellular (shunt) pathway, respectively. The symbols Vmc, 
Vcs, and V ~  refer to the apical membrane,  basolateral membrane,  and transepithe- 
lial potential, respectively. 

were corrected for the voltage drops in the bathing solutions, (d) intraepithelial cable 
analysis (Eisenberg and Johnson,  1970; Fr6mter, 1972; Reuss and Finn, 1975 a), to 
calculate R z, the equivalent resistance to R a and R b in parallel (Rg 1 = R~ 1 + Rgl), 1 (e) 
effects of  mucosal or serosal solution substitutions on Vms, Vine, Vcs, Rt, and Ra/R b (a 
microelectrode was kept in a cell and one of  the bathing media was replaced; only fully 
reversible results of  ion substitutions were accepted). From these data, the emfs of  the 

1 In all experiments, hyperpolarizing current pulses of 1-2 x 10-SA and 1-s duration were 
employed. Depolarizing pulses occasionally result in apparent increases of intercellular coupling 
resistance. 
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cell membranes and the shunt were calculated (in Na-Ringer and in the experimental 
solution) as previously described (Reuss and Finn, 1975 a, b). After exposure to ouabain, 
measurements like the ones described above were obtained continuously from the same 
cell, or at intervals in several cells. 

Fluid Transport Measurements 

Net mucosa-to-serosa fluid transport was measured by the horizontal capillary method 
(Diamond, 1962 b), at 5-min intervals, in gallbladders removed from animals of the same 
batches used for the electrophysioiogical experiments. 

Intracellular Ionic Concentrations 

Intracellular Na and K concentrations were measured by atomic absorption in scraped 
epithelial cells prepared as described by Cremaschi and H~nin (1975). 14C-Inulin was 
used as extracellular marker. 

Unless otherwise indicated, results are expressed as means -+ SE, and statistical 
comparisons are based on analyses of paired data. 

R E S U L T S  

T h e  control  proper t ies  o f  the tissues d i f fered somewhat  f rom those previously 
repor ted  by us (Reuss and Finn, 1975 a, b; 1977 a, b; Reuss, 1978) and others  
(Fr6mter ,  1972; Van Os and Slegers, 1975). As stated by Suzuki and Fr6mter  
(1977), these differences could be caused by a bet ter  oxygen supply to the 
epi thel ium when the mucosal solution is replaced continuously.  T h e  main 
dif ferences  observed were a smaller transepithelial resistance and a larger value 
o f  R JR b. T h e  cell potentials, however ,  did not  d i f fer  f rom o u r  recent  measure-  
ments (e.g., Reuss and Finn, 1977 a,  1977 b; Reuss, 1978) and are consistently 
h igher  than those found  by Suzuki and Fr6mter  (1977) and Gra f  and Giebisch 
(personal communicat ion) .  T h e  reason for  this d i f ference  is not  apparent .  

Our  observations o f  the t ime-course o f  the impalement  and the effect  of  
repeated  advance o f  the microelectrode do not  suppor t  the content ion o f  
Zeuthen (1977, 1978) that there  is a significant intracellular potential  gradient .  
With high resistance microelectrodes and p r o p e r  suppor t  o f  the tissue, the 
change in potential  r ecorded  upon  impalement  is immediate .  Fur the r  advances 
usually do not  result  in changes o f  the measured  potential  until the basolateral 
membrane  is pene t ra ted .  Occasionally, changes o f  the o rde r  o f  2-3 mV, in 
ei ther  direct ion,  are observed (see Suzuki and Fr6mter ,  1977). 

Effects of Ouabain on Spontaneous Fluid Transport (J v) 

Mean control  fluid t ranspor t  was (12.1 - 2.3 ~1 • cm -2 .h -~) in good agreement  
with the results o f  Hill quoted  by Zeuthen (1977) and the results o f  Van Os 
quoted  by Suzuki and Fr6mter  (1977). Ouabain  (10 -4 M, serosal medium) 
irreversibly inh ib i tedJv  by about  70% in 15 min and completely in 30 min (Fig. 
2). T h e  t ime-course o f  the inhibition p roduced  by ouabain was somewhat 
variable. In five out  o f  the six exper iments  summarized  in Fig. 2 a decrease o f  at 
least 18% was observed in the initial 5-min per iod af ter  exposure  to the 
glycoside. 

From the mean control  value of  J r ,  assuming that Na is t ranspor ted  at the 
same concentra t ion as present  in the mucosal med ium (Hill and Hill, 1978), the 
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net Na flux (j~$t) can be calculated to be 0.38 nmol x cm-2.s -~, or  38 /~A • 
cm -2. At 15 min,  j~$t is r educed  to 29% of  control ,  and at 30 rain to zero. These  
values will be employed  later to test the hypothesis o f  electrogenic Na t ranspor t  
at the basolateral membrane .  

Effects of Ouabain on Transepithelial and Cell Membrane Potentials 

In contrast  with the rapid effect  o f  ouabain on J r ,  the cellular potential  changed 
very slowly af ter  addit ion o f  the glycoside. T h e  t ime-course o f  the basolateral 
potential,  in seven tissues in which the microelectrode could be maintained in a 
cell for  at least 30 min, is shown in Fig. 3. Note that cell depolarizat ion becomes 
statistically significant only after  20 min. At 30 min, Vcs was reduced  by 6.6 -+ 1.0 
inV. T h e  long-term effect  o f  ouabain on potentials is summarized in Table  I. 
Both cell membranes  depolar ized progressively, for  at least 3 h. T h e  transepi- 
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FIGURE 2. Effect of ouabain on net fluid transport (Jv). Abscissa indicates the 
time of exposure to the drug. n = 6 experiments. 

thelial potential  also fell. A significant change was demonst rable  at 30 min. Vms 
was not d i f fe ren t  f rom zero at 90 rain o f  exposure  to ouabain.  In appropr ia te  
control  exper iments  it was shown that these potential  changes are not  the result 
o f  changes  in the proper t ies  o f  the tissue because o f  pro longed  in vitro 
incubation.  

Effects of Ouabain on Electrical Resistances 

Ouabain  produces  a small, but  significant, increase in transepithelial resistance, 
and a large reduct ion in the ratio o f  membrane  resistances. Both changes are 
significant af ter  30 min. T o  establish the individual resistance change(s) involved 
in these effects,  cable analysis was pe r fo rmed  in several tissues before ,  and at 
several intervals af ter  the administrat ion o f  the d rug .  T h e  results obtained in 
the per iod f rom 30 to 60 min are summarized  in Table  II .  At this time, the 
cur ren t  spread within the epi thel ium was radially symmetric,  as u n d e r  control  
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conditions. Two changes are evident:  first, a twofold increase of  basolateral 
membrane  resistance, and second,  a modera te  increase in shunt  resistance. 
Cable analysis at tempts at longer  periods af ter  ouabain were most of  the time 
unsuccessful because of  uncoupl ing  o f  the epithelial cells, as demons t ra ted  by 
large decreases of  the space constant for  intraepithelial  cu r ren t  spread.  This  
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FIGURE 3. Effec t  o f  ouaba in  on  basolateral  m e m b r a n e  potent ia l  (Vcs). Records  
were  ob ta ined  con t inuous ly  f r o m  a single cell in each o f  seven p r ep a ra t i o n s .  

T A B L E  I 

EFFE CT S OF O U A B A I N  ON 
T R A N S E P I T H E L I A L  A N D  CELL M E M B R A N E  P O T E N T I A L S  

V ~  V ~  Ve, 

Control 1.1 +-0.1 65.7 - 1.8 66.7 +- 1.8 
Ouabain, 60 min 0.4---0.1 50.0"--3.1 50.4"--3.1 

A 0.6"-.0.1 15.7-+2.9 16.3"--3.0 
P <0.001 <0.001 <0.001 

Control 1.0+-0.1 64.1 - 1.4 65.1 - 1.4 
Ouabain, 120 rain 0.1 -+0.1 42.4-+ 2.1 42.5-+2.1 

A 0.9---0.1 21.7---2.2 22.6---2.2 
P <0.001 <0.001 <0.001 

Control 0.8---0.2 6 4 . 8 " - - 2 . 3  65.6"--2.2 
Ouabain, 180 min 0 + - 0 . 1  34.7-+6.3 34.7-+6.3 

A 0.8---0.2 30.1--.6.5 31.0"-.6.4 
P <0.005 <0.005 <0.005 

Values in millivolts, n = 19 gallbladders (60 and 120 min), n =8 gallbladders (180 
min). Tissues bathed with Na-Ringer on both sides. Each value for a given tissue 
is the mean of at least five impalements. 

effect  can be due  to cell depolarizat ion (Lewis et al., 1976), possibly because o f  
an increase o f  intracellular f ree  calcium concentra t ion (Loewenstein et al., 
1967). Resistance values af ter  ca 60 min of  exposure  to ouabain are,  the re fore ,  
uncer ta in .  In exper iments  in which more  pro longed  observations were carr ied 
on af ter  ouabain addit ion,  R dR b increased toward the value observed before  
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ouabain.  This could result f rom a secondary rise o f  Ra or  a late fall o f  Rb. The  
available data do not allow us to distinguish between these possibilities. 

Effects of Ouabain on Cell Membrane emil 

Cell membrane  emfs were calculated f rom the measured  potentials and resis- 
tances before  and 30-60 min after addit ion o f  ouabain,  assuming that the shunt  
e m f  (Es) is zero dur ing  bilateral exposure  to Na-Ringer (in the presence or  
absence o f  ouabain).  T h e  results are summarized in Table I I I .  Both cell 
membrane  emfs fail. The  effect on  Eb is ca five times larger than the effect on  
Ea. This  difference accounts for the transepitheliat potential d rop .  Because Vm~ 
= (Eb - Ea) R s/(R a + Rb + R~), a larger fall o f  Eb relative t o E a  causes a decrease 

T A B L E  I I  

EFFECTS OF OUABAIN ON RESISTANCES 
R t a R .  Rb R~ 

Control 220• 2.46• 5,590• 2,320• 230• 
Ouabain 250• 1.33• 5,620• 4,240+160 260• 

A 30• 1.14• -30• 1,930• 30• 
P <0.025 <0.001 NS <0.01 <0.025 

Values in ohms x square centimeter. R a, R b, and R s calculated from R t and a in 
each tissue, and from the mean value of Rz of seven gallbladders. Cable analysis 
performed before and between 30 and 60 min of exposure to ouabain, n = 12 
tissues (see text). 

T A B L E  I I I  

EFFECTS OF OUABAIN ON CELL MEMBRANE EQUIVALENT 
ELECTROMOTIVE FORCES 

E.  Eb 

Control 42.4---3.7 74.9---2.5 
Ouabain 37.2• 49.3• 

A 5.2• 25.6• 
P <0.05 <0.001 

Values in millivoits, n=12 experiments (the same as in Table II). Ea and Eb 
calculated as explained in Methods. 

o f  Vms. Argumen t s  to be detailed in the Discussion indicate that the decrease o f  
E b cannot  be explained solely on the basis o f  a reduct ion o f  intracellular K 
activity. 

Effects of Ouabain on Cell Membrane K Selectivity 

Relative K conductance  across each cell membrane  was estimated f rom the 
effects o f  K-for-Na substitutions, in the cor respond ing  bathing medium,  on 
potentials and resistances. These  changes were pe r fo rmed  several times under  
control  condit ions and at intervals after the addit ion o f  ouabain to the serosal 
solution. The  time-course o f  the effects o f  mucosal K-for-Na substitution on 
Vms, Vine, and Vcs (AVms, AVmc, and AVcs, respectively) is summarized in Table 
IV. Note that AVms rises, whereas AVmr and AVis decrease with time o f  exposure  
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to ouaba in .  AVme , however ,  is significantly d i f fe ren t  f r o m  control  only af ter  3 h 
of  the addi t ion o f  the drug .  T h e  progressive rise o f  AVms is mainly caused by an 
increased K permselectivity o f  the shunt  pathway (to be discussed in more  detail 
below). T h e  resul t ing K-Na bionic potential  causes a mucosa-negat ive  change  o f  
Es, which increases AVms when the tissue is ba thed  with K-Ringer ,  and  in 
addit ion tends to make  AVme larger  and  AVes smaller  than  expec ted  f r o m  Ea  
changes  alone.  T h e  changes  o f  cell m e m b r a n e  emfs  p r o d u c e d  by exposure  to K- 
Ringer  u n d e r  control  condit ions and  60 min af ter  addi t ion o f  ouaba in  were 
es t imated f r o m  the potentials  and  resistances, assuming  that  shortly af ter  the 
substi tution the proper t ies  of  the basolateral  m e m b r a n e  r ema in  unchanged .  
T h e  mean  R z values u n d e r  control  condit ions and  in the per iod  30-60 min af ter  
ouabain  were  employed  to calculate the resistances o f  all tissues (see Methods).  

T A B L E  I V  

EFFECTS OF MUCOSAL SUBSTITUTION WITH K-RINGER ON 
TRANSEPITHELIAL AND CELL MEMBRANE POTENTIALS 

BEFORE AND AFTER ADDITION OF OUABAIN 
30 min 60 min 120 min 180 rain 

(n = 7) (n = 10) (n = 12) (n = 5) 

AVr~ 
Control 2.1--.0.8 2 .8 -+0 .8  2 .7-+0.7  2.0-+0.6 
Ouabain 3.7-+1.3 6.7-+1.1 10.3-+1.3 8.5-+1.7 
P <0.05 <0.005 <0.001 <0.025 

A V  me 

C o n t r o l  5 2 . 4 - + 1 . 6  5 0 . 5 - + 1 . 9  5 0 . 5 - + 1 . 1  5 7 . 3 - + 2 . 1  

Ouabain 55.7-+1.4 51.3-+3.3 52.3-+2.6 45.8-+0.9 
P NS NS NS <0.01 

AV cs 

Control 50.3---2.1 47.7-+2.2 47.8-+1.3 49.3---2.5 
Ouabain 52.0---2.3 44.6-+3.9 42.0-+2.2 37.3-+1.1 
P NS NS NS <0.01 

As are the changes of potentials produced by mucosal substitution of K-Ringer 
for Na-Ringer. Values in millivolts, before (control) and after serosal addition 
of the glycoside (ouabain) for the time indicated in the column headings. 
Different cells were impaled (in the same tissues) before and after ouabain. 

T h e  changes  o f  Ea  p r o d u c e d  by exposure  to K-Ringer  were  63.8 +-- 5.2 mV 
before  ouaba in  and  67.1 +- 6.4 mV af te r  1 h o f  exposu re  to the glycoside. T h e s e  
values do not  d i f fe r  significantly. In  sum,  ouaba in  does  not  p roduce  measurab le  
changes  o f  apical m e m b r a n e  K selectivity until abou t  3 h af ter  its addi t ion to the 
serosal ba th ing  m e d i u m .  

T h e  results obta ined f r o m  K-for -Na  substitutions in the serosal solution are 
p resen ted  in Tab le  V. In  contras t  with the mucosal  substi tution exper imen t s ,  
there  is a sizable reduct ion o f  basolateral  m e m b r a n e  K selectivity within 30 min 
o f  the action o f  ouabain.  This  result  could be predic ted  f r o m  the observed 
increase of  basolateral  m e m b r a n e  resistance: inasmuch as the K t ransference  
n u m b e r  (Tr,) u n d e r  control  condit ions is about  0.9 (Reuss, 1979), a decrease o f  K 
conductance  (g~) is necessary to account  for  a twofold increase of  R b. T h e  
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changes  o f  E b p roduced  by exposure  to K-Ringer  on the s~erosal side were 
calculated u n d e r  the assumpt ion  that  the values o f  R a and  Ea  r ema ined  
unchanged .  In  the control  condit ion,  5/!~b was 80.8 ----- 7.0 mV.  60 min af ter  
ouabain ,  it had decreased  to 65.0 - 6.1 mV (P < 0.01). Al though there  are 
several possible sources o f  e r r o r  in these calculations, the result  agrees  qualita- 
tively with the decrease  in basolateral  m e m b r a n e  K t ransfe rence  n u m b e r  
pred ic ted  f r o m  the increase in R b du r ing  exposu re  to ouabain .  T h e  observed  
d r o p  o f  K permselect ivi ty  o f  the basolateral  m e m b r a n e  could explain,  in par t ,  
the fall o f E  b p roduced  by ouaba in  (Table I I I ) .  

Transient Changes in Cell Potential during Exposure to K-Ringer 

As illustrated in Fig. 4, exposu re  o f  the tissue to K-Ringer  on the mucosal  side 
results, u n d e r  control  condit ions,  in fast depolar izat ion o f  both  cell m e m b r a n e s .  

T A B L E  V 

EFFECTS OF K-RINGER ON THE SEROSAL SIDE ON 
TRANSEPITHELIAL AND CELL MEMBRANE POTENTIALS 

BEFORE AND AFTER ADDITION OF OUABAIN 
30 min 60 rain 

AV,~ 
Control 3.6-+0.8 3.6-+0.8 
Ouabain 4.6-+ 1.2 5.5• 1.4 
P NS NS 

AVmr 
Control 55.9-+2.7 55.9-+2.7 
Ouabain 49.9-+2.7 42.9-+4.0 
P <0.005 <0.005 

AV es 

Control 59.7---3.3 59.7---3.3 
Ouabain 54.6-+3.1 48.4-+4.2 
P <0.05 <0.025 

As are the changes of potentials produced by serosal substitution of K-Ringer 
for Na-Ringer. Values in millivohs. Column headings indicate time of exposure 
to ouabain. In each preparation, all three values (control, 30 rain, and 60 rain) 
were obtained from the same cell. n =6 experiments. 

T h e r e a f t e r ,  Vme and  V= usually r emain  constant  or  u n d e r g o  only small changes  
for  a per iod  o f  several minutes .  Af te r  chang ing  the mucosal  m e d i u m  back to 
Na-Ringer ,  all potentials  r e t u rn  to their  control  values. As shown in Fig. 5, 
d u r i n g  expos u re  to ouaba in  the same substi tution in the mucosal  solution 
resul ted in an immedia te  depolar izat ion similar in magn i tude  to the one  
ob ta ined  in the control  si tuation. Dur ing  the per iod  o f  exposu re  to K-Ringer ,  
however ,  the cell m e m b r a n e  potentials did not  r ema in  constant ,  but  hyperpo la r -  
ized significantly. In  addi t ion,  a f te r  r e tu rn ing  to Na-Ringer  on the mucosal  side 
both  m e m b r a n e  potentials  became  significantly m o r e  negat ive than  the values 
meas u red  in Na-Ringer  before  exposure  to high K, and  depolar ized  slowly 
thereaf te r .  These  observat ions  can be expla ined  by a net  influx o f  K into the 
cells d u r i n g  exposu re  to K-Ringer ,  which results in an elevation o f  intracellular  
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K activity and ,  the re fo re ,  in t ime -dependen t  increases of  E a and  Eb du r ing  
exposu re  to K-Ringer  and  short ly af ter  r e tu rn ing  to Na-Ringer .  

Effects of Ouabain on the Properties of the Shunt Pathway 

As shown in Tab le  I I ,  Rs increases modera te ly  in ouabain .  For  up  to 2 h, the 
value o f  P Na/P c~ across the shunt  does not  change ,  as evidenced by the lack of  
change  o f  the t ransepi thel ial  2:1 NaCI dilution potent ial  (Fig. 6 A). PK/PNa, 
however ,  increases significantly, as shown by a progress ive  increase,  with t ime,  
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FIGURE 4. Effect of a mucosal ionic substitution (K for Na) on potentials and 
resistances, under control conditions. Records start with the microelectrode in a 
cell. Vms was 1.4 mV (mucosa negative), Vmc was 64.5 mV, and Vcs was 65.9 mV (cell 
negative). The voltage deflections are the result of transepithelial (mucosa-to- 
serosa) current pulses. Mucosal superfusion with K-Ringer starts at the first arrow. 
The following changes are observed: depolarization of V mc and V ~, hyperpolariza- 
tion of Vm~, decrease of transepithelial resistance (as evidenced by the reduction of 
the Vms change elicited by transepithelial current), and decrease of the ratio of cell 
membrane resistances (compare the voltage deflections in Vm~ and Vcs records 
before and after exposure to K-Ringer). After the transient voltage changes seen 
shortly after the first arrow, all potentials remain quite stable. The transient 
apparent change of R JR b observed shortly after exposure to K-Ringer is probably 
caused by an unstirred layer polarization phenomenon during the current pulse 
(Reuss and Finn, 1977 b). The instantaneous deflections of Vmc and VCs show no 
change of R dR b during this period. At the second arrow, the tissue was superfused 
with Na-Ringer. All changes are reversible. Calibrations: 10 mV (Vm,), 20 mV (Vmc 
and V~); interval between pulses: 10 s. 

o f  the change  of  Vr~ p r o d u c e d  by exposure  to K-Ringer  on  the mucosal  side. 
T h e  immedia te  changes  o f  Vms are shown in Tab le  IV.  Steady-state changes  of  
Vms, ob ta ined  ca 30 s a f te r  the substitution, are s u m m a r i z e d  in Fig. 6 B. T h e  
in te rpre ta t ion  of  the latter results is compl ica ted by the p robab le  change  o f  
intracellular  K activity (and the re fo re  o f  cell m e m b r a n e  emfs)  du r ing  the per iod  
o f  exposure  to K-Ringer ,  as expla ined  above.  However ,  it can be shown that  Es 
does increase du r i ng  this t ime.  A typical value o f  AVms 5 mV larger  at the steady 
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state than immediately after the change from Na-Ringer to K-Ringer would 
require an increase > 160 mV of  Eb-Ea during the same period. Thus,  the 
transepithelial bionic potentials shown in Fig. 6 are caused mostly by changes of  
shunt emf  and not of cell membrane emfs. Neglecting the latter, the control K: 
Na selectivity ratio of  the shunt pathway is 1.38. The values obtained in ouabain 
are 1.54, 1.87, and 2.11, at 30, 60, and 120 min, respectively. 

Effects of Ouabain on IntraceUular Cation Concentrations 

As shown in Table VI, after 60 min in ouabain intracellular K concentration 
decreased, whereas Na concentration increased. No significant change in cell 
volume was detected. The  intracellular Na concentration values show a large 
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FIGURE 5. Same format as in Fig. 4. The record was obtained in the same tissue, 
90 rain after addition of ouabain to the serosal medium. In Na-Ringer, Vms was 0.2, 
Vine was 48.3, and Vcs was 48.5 inV. Exposure to K-Ringer results in progressive 
hyperpolarization of Vine and Vcs after the initial depolarization. Both cell potentials 
"overshoot" upon returning to Na-Ringer. Slow depolarization can be seen at the 
end of the Vmc and Vcs traces. See text. 

dispersion, and are therefore less reliable than the K determinations. For this 
reason, we do not ascribe particular significance to the larger value of  Na + K 
after ouabain as compared to the control condition. 

D I S C U S S I O N  

Recent studies with ion-selective microelectrodes in gallbladder epithelial cells 
have demonstrated that the Cl activity is higher than predicted from passive 
distribution, in Necturns (Reuss, 1979) and rabbit (Duffey et al., 1978). Intracel- 
lular Na activity, also measured with ion-selective microelcctrodcs, on the 
contrary, is far below equilibrium in Necturus gallbladder (range: 5 to 22 mM: 
Zcuthen, 1978; Reuss, 1979; Graf and Giebisch, personal communication; 
Spring, personal communication). It can be calculated that the electrochemical 
gradients across the luminal membrane are about 105 mV for Na, favoring 
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entry,  and 39 mV for Cl, favoring exit. The  demonst ra t ion  o f  the absence o f  a 
large Na diffusional pathway at the luminal membrane  (Reuss and Finn, 1975 b; 
Van Os and Slegers, 1975) and the demonstra t ion of  the requi rement  o f  both 
Na and CI in the mucosal med ium for  uptake o f  either ion by the cells (Frizzell 
et al., 1975) indicate that the luminal membrane  net flux results f rom a coupled,  
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FICURE 6. (A) Transepithelial 2:1 NaCI dilution potentials (AVms) before (0) and 
during exposure to ouabain. No significant changes are observed, n = 6 experi- 
ments. (B) Transepithelial K:Na bionic potentials before (0) and during exposure 
to ouabain. AV~,s values were measured 30 s after exposure to K-Ringer. All 
changes are significant (P < 0.01 or better), n = 7 experiments. Abscissa indicates 
duration of exposure to ouabain. 

T A B L E  V I  

EFFECTS OF OUABAIN ON INTRACELLULAR ION 
CONCENTRATIONS 

S o d i u m  Potass ium 

Control 29 +- 7 96 +- 7 
Ouabain 96 + - 19 44+-7 
P <0.025 <0.001 

Values in milliequivalents per kilogram cell water. Gallbladders incubated for 60 
rain in Na-Ringer, with or without ouabain. Significance calculated from 
Student's t test for nonpaired samples. Number of experiments: 4 (Na, control), 
4 (Na, ouabain), 9 (K, control), 6 (K, ouabain). 

neutral,  NaCl entry mechanism. Because the Na electrochemical gradient  is 
larger than the CI electrochemical gradient,  the Na gradient  could provide the 
energy required for translocation o f  NaCI across the membrane .  

Na t ranspor t  across the hasolateral membrane  is uphill. Cl t ransport ,  a l though 
downhill, is probably not entirely diffusional because o f  the low CI permeability 
o f  the basolateral membrane  (Reuss, 1979). This observation is consistent with 
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the possibility of neutral NaC1 extrusion at this barrier. The experiments 
described in this paper were designed to gain additional information on the 
mechanism of Na transport across the basolateral membrane. 

The Effects of Ouabain on Fluid Transport and Cell Potentials. Is the Basolateral 
Na Transport Mechanism Electrogenic ? 

Ouabain produced a rapid inhibition of spontaneous fluid transport to one- 
third of control in 15 min and to zero in 30 min. This result agrees with the 
observations of Hill and Hill (1978) and shows a faster effect than the one 
observed in fish gallbladder (Diamond, 1962 a). Although suggestive of a direct 
role of the Na-K pump on net salt transport, this observation does not allow one 
to rule out the possibility of an indirect relationship between the pump and 
transepithelial transport. 

Slow depolarization of the epithelial cells after addition of ouabain had been 
previously observed by Van Os and Slegers (1975), Zeuthen (1978), and us 
(unpublished observations). However, no correlation with fluid transport rate 
under the same conditions was attempted. The most striking observations in 
this work are that the cell potentials are unchanged at a time when Jv has 
dropped to one-third of control, and that when J v is effectively zero, cell 
depolarization is very small. Several lines of evidence have been taken to 
indicate that the basolateral Na pump in gallbladder may be electrogenic. The 
arguments, recently reviewed by Rose (1978), include: (a) the observation of 
rather large transepithelial "transport" potentials in gallbladders of  some species 
(notably, man); (b) the observation of fast decreases of transepithelial potential 
during inhibition of metabolism;(c) the mucosa-negative change of  Vms induced 
by amphotericin B (Cremaschi et al., 1971; Rose and Nahrwold, 1976, 1977). 
The latter argument has been proven wrong by the demonstration that 
amphotericin B increases Na permeability across the luminal membrane of 
gallbladders of several species (Cremaschi et al., 1977; Rose and Nahrwold, 
1977; Reuss, 1978). This effect accounts for the change of Vms. The basolateral 
membrane emf drops, instead of increasing, as expected if transport were 
electrogenic (Reuss, 1978). 

The experiments reported here do not support the hypothesis of a significant 
electrogenic component of the basolateral Na transport mechanism under 
control conditions. A quantitative argument can be put forward as follows: 
under control conditions, j~ t  is equivalent to 38/~A • cm -2 (see Results). Let us 
assume that all Na flows through the pump, and that the Na:K coupling ratio is 
3:2, as in excitable tissues (Thomas, 1972; De Weer, 1975). The control pump 
current would be 12.7 /zA • cm -2. Because the control basolateral membrane 
resistance is 2.3 kl'I x cm 2, such current would result in a voltage drop of 29 
mV. This value would equal the "electrogenic component" of E b (E[~). V mc and 
Vcs can be calculated (Reuss and Finn, 1975 a, b) from 

Ea (Rb + Rs) + Eb Ra 
Vmc = 

Ra + Rb + R~ 
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and 

g c s  ~" 
Eb(Ra+ Rs)+ Ea Rb 

Ra + Rb + Rs 

and the contributions of  11Egto both potentials are 

and 

E~ Ra 
g t m c  

Ra + Rb + Rs 

E~ (Ra + Rs) 
VfCS - -  Ra + Rb + Rs' 

where ' indicates that we are subtracting E a and the nonelectrogenic component 
o fE  b from both potentials. 

From the control values of resistances (Table II), V'ac = 20 mV, and V'c~ = 21 
mV. 

If  ouabain affects Eg as described above, after 15 min of exposure to the 
glycoside, when Na transport is reduced by 70%, Vmc and Vcs should decrease by 
11 to 14, and by 12 to 15 mV, respectively.. After 30 min, the reductions in 
potentials should be 16 to 20 and 17 to 21 mV, respectively.. The minimum 
values are those calculated if the resistances are unchanged; the maximum 
values were obtained from the resistances measured between 30 and 60 min of 
exposure to the glycoside. In contrast to the above predictions, at 15 rain Ves was 
unchanged and at 30 min it had decreased by 6.6 mV. 

It could be argued that the pump current is smaller if only a fraction of net 
Na transport occurs through the pump, and a sizable moiety flows, by a solvent 
drag mechanism, through the paracellular pathway. If  such were the case, 
triaminopyrimidinium (TAP+), which blocks paracellular Na conductance, 
should produce a large decrease of fluid transport. However, TAP+ has no 
effect on transport rate in frog gallbladder (Moreno, 1974). To account for a 
change of Vc~ of < 2 mV 15 min after ouabain, assuming an electrogenic Na 
pump with a coupling ratio of 3:2, it would be necessary to postulate that 87% of 
j~ t  is paracellular under control conditions. 

In conclusion, this argument shows that, in this tissue, the basolateral Na 
transport mechanism is not measurably electrogenic under normal transport 
conditions. It is still possible that electrogenicity can be demonstrated under 
different experimental situations, such as Na loading, by incubation in K-free 
solutions in the cold, followed by rewarming and addition of K (Whittembury, 
1970), by intraceUular iontophoresis, or by manipulations of intracellular ionic 
activities with drugs such as nystatin (Lewis et al., 1977, 1978).. Note, however, 
that the results obtained with amphotericin B (Reuss, 1978) do not support the 
hypothesis of an electrogenic basolateral Na transport mechanism. 

The possibility of two mechanisms of active Na transport across the basolateral 
membrane should be considered, as proposed for the renal proximal tubule 
(Whittembury, 1970). The "classic" Na-K pump could operate in an electrogenic 



REUSS ET AL. Na Pump in Gallbladder 399 

fashion, as in other tissues (Thomas, 1972; De Weer, 1975), in parallel with a 
neutral Na pump responsible for most of  the transepithelial Na flux. The 
finding of  a low CI permeability of  the basolateral membrane (Reuss, 1979) 
suggests that the neutral transport mechanism is a NaCI pump. If  such were the 
case,Jsa through the Na-K pump could be a small fraction of  the totalJsa across 
the membrane. Thus, the predicted reductions of cell membrane emf and 
potential produced by ouabain would be smaller. Transepithelial salt and water 
transport were completely inhibited by ouabain, indicating that if there are two 
transport mechanisms, the glycoside blocks both. However, the effect on the 
neutral pump might be indirect. Additional studies will be required to examine 
this hypothesis. 

The Mechanism of Cell Depolarization 

Both cell membranes are mainly K permeable in Necturus gallbladder epithelium 
(Reuss and Finn, 1975 a, b; Van Os and Slegers, 1975; Reuss, 1979). K is 
normally actively transported into the cell, and has a steady-state intracellular 
activity higher than the one expected if it were passively distributed (Reuss, 
1979). One might then expect that blocking the Na-K pump should result in K 
loss from the cells, and this is in fact the experimental observation. Because 
both cell membranes are mainly K permeable, the fall of  intracellular K activity 
causes reductions of  both E a and E b. 

Two observations, however, indicate that this is not the only mechanism of 
cell depolarization. First, the diminution of E b is tOO large, compared with the 
one of  E a, according to the constant field equation solved for both membranes. 
If  the selectivities remain constant, the fall in intracellular K activity should 
result in a reduction o fE  a of  ca 74% of the drop o fE  b. Second, R b was shown to 
increase by a factor of  two, indicating that the K conductance of  the basolateral 
membrane decreased. Two mechanisms account for this effect: the decrease in 
intracellular K activity and a drop in K transference number (or relative K 
permeability), as demonstrated by the reduction of  the dependence of  Eb on 
extraceUular K concentration. Ouabain, therefore, reduces K permeability 
across the basolateral membrane. The data are insufficient to ascertain whether 
this effect is a direct one or is mediated by, e.g., changes of  intracellular ionic 
composition. Helman and Nagel (1977) have observed, in frog skin, that ouabain 
reduces the ratio of  cell membrane resistances, probably by increasing the 
resistance of  the inner membrane. In addition, as described above, the ratio of  
resistances increased later on, during continuous exposure to the glycoside. 

As demonstrated by the mucosal solution substitution experiments, the K 
selectivity of  the luminal membrane remains essentially unchanged during 
exposure to ouabain. Thus, the observed drop o fE  a can be tentatively ascribed 
to the fall in intracellular K concentration. R a did not change in the period from 
30 to 60 min of exposure to ouabain (Table II). At 60 min, intracellular K 
concentration was reduced significantly (Table VI). If  apical membrane perme- 
abilities remain constant, R a should have increased by about 20%, and E ~ should 
have decreased by about 13 mV (instead of  the measured change of  5.2 mV). 
These discrepancies suggest the possibility of changes of  apical membrane 
properties during exposure to the glycoside (e.g., relative ionic permeability 
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changes).  However ,  the compar i son  between the electrical measu remen t s  and 
the de te rmina t ions  of  intracel lular  Na and K concentra t ions  is subject to a 
n u m b e r  o f  uncertaint ies ,  including the lack of  in format ion  on intracellular 
activity coefficients and  the fact that  these two sets o f  m e a s u r e m e n t s  were 
obta ined  a f te r  d i f fe ren t  per iods  o f  incubation in ouabain .  Exper imen t s  with 
ion-selective microelec t rode  will p robably  help to clarify this issue. 

Effects of Ouabain on the Shunt Pathway 

Ouaba in  caused an increase of  Rs, no change in shunt  PNa/Pcl (for at least 3 h), 
and an increase o f  P g]PNa, which was directly p ropor t iona l  to the dura t ion  of  
the exposu re  to ouabain.  In  a control  series o f  expe r imen t s  it was demons t r a t ed  
that  the change  o f  PK/PNa was not  a t ime-dependen t ,  ouaba in - independen t  
p h e n o m e n o n .  A precise calculation of  the value o f P  dP  Na is difficult,  because o f  
the concomi tan t  changes  of  cell m e m b r a n e  emfs  and  resistances. T h e  values 
given above are only approx imat ions .  

T h e  increase o f  Es caused by ouaba in  could be ascribed to a reduct ion  in the 
width o f  the lateral intercellular  spaces. Such a reduct ion has been  observed in 
electron microscopic studies in rabbit  gal lbladder (To rmey  et al., 1967). T h e  
effect  on K selectivity with no change  of  Psa/Pc~ is reminiscent  o f  the observa-  
tions in gal lbladder  exposed  to amphote r ic in  B (Reuss, 1978). I t  is t emp t ing  to 
speculate that  junc t iona l  K selectivity increases when  intracel lular  K falls, but  
the presen t  in format ion  is insufficient to draw a definitive conclusion. 
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