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Summary. The apical membrane of rabbit urinary bladder can be 
functionally removed by application of nystatin at high con- 
centration if the mucosal surface of the tissue is bathed in a saline 
which mimics intracellular ion concentrations. Under these con- 
ditions, the tissue is as far as the movement of univalent ions no 
more than a sheet of basolateral membrane with some tight 
junctional membrane in parallel. In this manner the Na + con- 
centration at the inner surface of the basolateral membrane can 
be varied by altering the concentration in the mucosal bulk 
solution. When this was done both mucosal-to-serosal 22Na flux 
and net change in basolateral current were measured, The flttx 
and the current could be further divided into the components of 
each that were either blocked by ouabain or insensitive to oua- 
bain. Ouabain-insensitive mucosal-to-serosal Na + flux was a lin- 
ear function of mucosal Na + concentration�9 Ouabain-sensitive 
Na + flux and ouabain-sensitive, Na+-induced current both dis- 
play a saturating relationship which cannot be accounted for by 
the presence of unstirred layers. If the interaction of Na § with the 
basolateral transport process is assumed to involve the interaction 
of some number of Na ' ions, n, with a maximal flux, M~ax, then 
the data can be fit by assuming 3.2 equivalent sites for interaction 
and a value for MMa x of 287.8 pM cm -2 sec -~ with an intraceIlular 
Na concentration of 2.0mM Na + at half-maximal saturation. By 
comparing these values with the ouabain-sensitive, Na§ 
current, we calculate a Na + to K + coupling ratio of 1.40_+0.07 
for the transport process. 
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Introduction 

In t ight  epi thel ia ,  N a  § t r anspo r t  is a two-s tep  pro-  
cess. F i r s t  N a  § ions move  pass ively  down  their  elec- 
t rochemica l  g rad ien t  at  the apica l  m e m b r a n e  into 
the cell and  then N a  + is act ively t r a n s p o r t e d  out  of  
the cell across the baso la te ra l  m e m b r a n e  by a (Na 
+ K) -ATPase .  I n fo rma t ion  abou t  bo th  of these steps 
is i m p o r t a n t  to an unde r s t and ing  of  the regu la t ion  
of  N a  + t r anspor t  in epi thel ia l  t issues and  to the 
more  g loba l  re la t ionsh ip  of  N a  § t r anspor t  to fluid 
and  e lect rolyte  ba lance  in the to ta l  organism.  

Unfor tuna te ly ,  an  e x a m i n a t i o n  of  ei ther  of  the 
two steps involved in epi the l ia l  N a  § t r anspor t  is 

compl i ca t ed  by the na ture  of  the tissue. In par t icu-  
lar, the apical  and  baso la te ra l  m e m b r a n e s  in series 
with the poor ly  accessible in t race l lu la r  c o m p a r t m e n t  
m a k e  inves t iga t ion  of  the in tac t  baso la te ra l  A T P a s e  
of epi the l ia  pa r t i cu la r ly  difficult. Consequent ly ,  mos t  
i n fo rma t ion  a b o u t  N a  + - K  + t r anspo r t  systems has 
come from the examina t ion  of  the proper t ies  of 
o ther  systems such as erythrocytes ,  nerve axons,  and  
muscle.  Al though  the proper t ies  of  ( N a +  K ) - A T P a s e  
in epi thel ia l  tissues is p r o b a b l y  s imi lar  to that  found 
in o ther  cells, it is necessary to verify enough s imilar  
p roper t ies  to convince  ourselves that  we can app ly  
the comple te  quan t i t a t ive  desc r ip t ion  ob t a ined  in, 
say, e ry throcytes  to the A T P a s e  of  epi thel ia l  cells. 

In  a previous  effort to ob t a in  quan t i t a t ive  infor- 
m a t i o n  abou t  the (Na + K ) - A T P a s e  in r abb i t  u r ina ry  
b ladder ,  we examined  shor t -c i rcui t  cur rent  as a func- 
t ion of in t race l lu la r  N a  + act ivi ty  using Na+-spec i f ic  
mic roe lec t rodes  (Eaton,  1981). This work  p rov ided  
in fo rmat ion  abou t  the act ivi ty  of the baso la te ra l  (Na 
+ K ) - A T P a s e  as a funct ion of  in t race l lu la r  N a  + ac- 
tivity. Nonetheless ,  the s tudy could  not  give a direct  
measure  of  the N a  + flux due to the ATPase .  A way 
to more  precisely define the dependence  of  N a  + flux 
on in t race l lu la r  N a  + act iv i ty  was suggested by the 
work  of  Lewis, Eaton,  Clausen  and D i a m o n d  (1977) 
and  Lewis, Wil ls  and  E a t o n  (1978) in which the 
po lyene  ant ib iot ic ,  nystat in,  was used to increase the 
pe rmeab i l i t y  of  the apical  membrane .  The  perme-  
abi l i ty  was increased  to the extent  that  the apical  
m e m b r a n e  no longer  formed a ra te - l imi t ing  bar r ie r  
for the movement s  of  un iva len t  ions in to  the epi- 
thelial  cells. 

After the app l i ca t ion  of  nystat in,  they (Lewis 
et al., 1978) d e m o n s t r a t e d  tha t  it was poss ible  to 
act ivi te  a rheogenic  N a  + t r anspo r t  system at the 
baso la te ra l  m e m b r a n e  by add i t i on  of  small  amoun t s  
of  N a  § to the mucosa l  solut ion.  The  ma jo r  com- 
p l ica t ions  of  the  work  were (1) only  the net current  
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p r o d u c e d  by  t he  t r a n s p o r t  s y s t e m  c o u l d  b e  m e a -  

sured ,  a n d  (2) t he  s y m m e t r i c a l  p o t a s s i u m  s o l u t i o n s  

r e q u i r e d  to  m e a s u r e  t he  t r a n s p o r t  c u r r e n t  w e r e  so 

u n l i k e  t he  n o r m a l  m i l i e u  of  t h e  ( N a + K ) - A T P a s e  

t h a t  t h e r e  was  s o m e  q u e s t i o n  o f  e x t e n d i n g  t he  re- 

su l t s  to  t h e  n o r m a l  p h y s i o l o g i c a l  s ta te .  

I n  th i s  pape r ,  we  h a v e  t r i e d  to  a n s w e r  t he se  

p r o b l e m s .  F i rs t ,  we h a v e  d e s i g n e d  a spec i a l  b a t h i n g  

s o l u t i o n  w h i c h  a p p r o x i m a t e s  t he  u n i v a l e n t  c a t i o n  

c o n c e n t r a t i o n  of  t h e  cell i n t e r i o r .  T h i s  s o l u t i o n ,  in  

effect, a l l ows  us to  " d i a l y z e "  t he  i n t r a c e l l u l a r  c o m -  

p a r t m e n t  of  n y s t a t i n - t r e a t e d  ep i the l i a .  S e c o n d l y ,  we 

h a v e  m e a s u r e d  t he  u n i d i r e c t i o n a l ,  o u a b a i n - s e n s i t i v e  

N a  + f luxes  a t  v a r i o u s  i n t r a c e l l u l a r  N a  § c o n c e n -  

t r a t i o n s  in  o r d e r  to  o b t a i n  q u a n t i t a t i v e  i n f o r m a t i o n  

a b o u t  t h e  effect  of  i n t r a c e l l u l a r  N a  + c o n c e n t r a t i o n  

o n  t he  b a s o l a t e r a l  ( N a + K ) - A T P a s e .  W e  h a v e  t h e n  

c o m p a r e d  t h e s e  f luxes  to  t he  r h e o g e n i c  c o m p o n e n t  

o f  N a  § t r a n s p o r t  to  e s t i m a t e  t he  c o u p l i n g  b e t w e e n  

N a  § a n d  K § a t  t h e  b a s o l a t e r a l  m e m b r a n e .  

Materials and Methods 

Urinary bladders were obtained from adult New Zealand white 
rabbits. The tissue was dissected, mounted according to the pro- 
cedures described in Lewis and Diamond (1976), and placed be- 
tween modified Ussing chambers (8.5ml/chamber) which were 
designed to reduce edge damage and facilitate the addition and 
removal of isotopic samples. The exposed area of tissue was 
1 cm 2. 

Electrical Measurements 

Transepitheliai voltage (Vr) was monitored with two 0.1M KC1 
agar bridges 10ram apart on opposite sides of the tissue. These 
are connected externally to Ag-AgC1 wires. The serosal solution 
was the ground reference. In the serosal chamber there is a Ag 
-AgC1 wire connected to a virtual ground current to voltage 
converter used to determine transepithelial current (It). In the 
mucosal chamber, a platinum-platinum black electrode was con- 
nected to a current source. The current source and voltage elec- 
trodes led to a voltage clamp. V r and a signal proportional to 
transepithelial current were displayed on two digital voltmeters 
and a two-channel chart recorder. During flux experiments, the 
tissue was generally left in an open-circuit condition to avoid ion 
accumulation or depletion due to a maintained current gradient. 
Membrane resistance was monitored by applying a short constant 
current pulse and measuring the tissue voltage response. In ex- 
periments to measure the rheogenic component of transport, the 
tissue was voltage clamped at the potential of the tissue in the 
absence of mucosal Na + (zero current condition). The change in 
this current when Na + was added was defined as the Na +- 
induced current. 

Solutions 

The composition (in mM) of the original bathing solution (NaCt 
saline) was 111.2NAC1, 25NaHCO3, 5.8KC1, 2.0CAC12, 
1.2MgSO4, 1.2KH2PO ~ and 11.1 glucose. After the tissue had 
stabilized, the mucosal solution was replaced with nystatin bath- 

ing solution; the composition of which was 25K2SO4, 
25 KHCO3, 3.2MGSO4, 160 sucrose, 1.2 KH2PO 4 and 11.1 glu- 
cose. 

All solutions were adjusted to pH 7.4 and bubbled with 95 
- 5  % Oa--CO 2. Ouabain and nystatin were obtained from Sig- 
ma Chemical Company. 

N ystarin 7~'eatment 

After the tissue was bathed on the serosal surface in NaCI saline 
and on the mucosa with nystatin bathing solution, nystatin stock 
solution (5 mg/ml in 95 ~ ethanol) was added to the mucosal 
chamber to produce a nystatin concentration of 50mg/liter (1% 
ethanol). 

We originally chose nystatin as the ionophore of choice be- 
cause of several important properties: (1) nystatin has an ex- 
tremely steep dose response curve. (2) Pores formed by nystatin 
are highly permeable to univalent ions (with a slight preference for 
cations over anions) but very poorly permeable to divalent ions 
and especially divalent anions (Russell, Eaton & Brodwick, 1977). 
The pores formed are so permeable to univalent ions that the 
mobility of ions through the pore is almost the same as in water 
(Holz & Finkelstein, 1970). (3) Nystatin forms permeable pores 
when applied to only one side of a membrane (Marty & Finkel- 
stein, 1975; Russell et al., 1977). 

Because of these properties, we (Lewis et al., 1977) tested the 
effect of nystatin on the mucosal membrane. In the previous 
work, which we have again confirmed under the conditions used 
for the experiments in this paper, we found a reduction in the 
apical membrane resistance after application of nystatin to the 
extent that no measurable voltage drop could be detected across 
the apical membrane. 

Since the cell interior and the mucosal solution become in 
effect continuous for the movement of univalent ions after treat- 
ment with nystatin, cell viability can only be ensured by bathing 
the mucosal surface of the epithelium with a solution that is 
similar to the normal intracellular contents. We have found that 
the four most important factors in the composition of this so- 
lution are (1) high K + concentration, (2) very low Ca ++ con- 
centration, (3) low concentration of permeable anions, and (4) 
higher than normal Mg ++ concentration to maintain the fn- 
tegrity of the tight junctions in the absence of Ca ++. To meet 
these requirements we have developed the nystatin bathing so- 
lution outlined above. To the basic solution small amounts of 
Na2SO r can be added to stimulate the basolateral transport 
system. 

22Na Flux Measurements 

Carrier-free 2~NaC1 was diluted approximately 10-fold with dis- 
tilled water to produce a solution with a specific activity of 
1 mCi/ml. Fifty gl of this stock was added to the mncosal cham- 
ber (to the serosal chamber for backflux experiments), lm 
mediately a 10-gl sample was removed from the mucosal chamber 
as a measure of specific activity and a 100-gl sample was removed 
from the serosal chamber as a measure of background. The se- 
rosal sample was replaced with 100~tl of cold NaC1 saline. Be- 
cause fluxes across the bladder are very low, the counts in the 
mucosal chamber at the beginning and end of the experiment 
were virtually the same. At 10-min intervals 100-gI samples were 
removed from the serosal chamber and replaced with 100gl of 
cold serosaI solution. Twenty-five samples were taken prior to the 
addition of ouabain and 15 samples after the addition. The first 
10 samples were generally discarded to assure stability of flux. All 
samples were added to 20 ml scintillation vials with 1 ml of water 
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and 10ml of Toluene-Triton-X-omnifluor cocktail and counted 
for 10min  or to 1 ~o accuracy. Since the specific activity of the 
serosal chamber was always very low no correction for isotopic 
backflux was made. Na + flux was calculated according to the 
method of Lewis and Diamond  (1976). 

Results 

Normal Response to Nystatin and Mucosal Na + Ion 

The typical response of the urinary bladder to treat- 
ment with the nystatin bathing saline (Na+-free, K- 
sulfate saline; see Materials and Methods) and the 
subsequent addition of nystatin is shown in Fig. 1. 
The tissue is kept in an open-circuit condition for 
the duration of the experiment. When both mucosal 
and serosal surfaces are bathed in normal rabbit 
Ringer's, the initial transepithelial potential for the 
tissue in Fig. 1 is - 9  mV (mucosal potential with 
respect to a serosaI ground). As described in Ma- 
terials and Methods, the mucosal surface is then 
bathed in a Na+-free, K-sulfate Ringer's in which 
the concentrations of K +, CI-, Ca p+ , Mg ++ and 
HCO 3 are similar to those of the cell interior. This 
solution produces a small hyperpolarizing response 
which is apparently due to the anionic assymetry 
between the mucosal and serosal solutions since a 
potassium chloride saline applied to the mucosa de- 
polarizes the transepithelial potential to close to 
0mV. When nystatin is subsequently added to the 
mucosal solution, the transepithelial potential ra- 
pidly hyperpolarizes reflecting the normal potential 
of the basolateral membrane (Lewis et al., 1978). The 
tissue then undergoes a short, transient change in 
potential, foItowed by stabilization at a transepi- 
thelial potential compatible with an extremely low 
apical membrane resistance and a basolateral mem- 
brane potential which reflects the potassium con- 
centration of the mucosal solution (Lewis et al., 
1978). In the absence of further manipulation, the 
tissue is stable at this potential for 3-5 hr. Under 
these conditions, we view the tissue as functionally 
consisting of a sheet of basolateral membrane in 
parallel with some high resistance tight junctional 
membrane. As far as the movement of univalent 
ions, the apical membrane has been functionally re- 
moved (Lewis et al., 1977, 1978; Russell et al., 1977). 

After the potential has stabilized, the Na § con- 
centration of the mucosal solution can be altered by 
addition of small amounts of concentrated Na2SO ~. 
Addition of Na § ion activates the basolateral Na 
- K  transport system (addition of a similar quantity 
of K2SO 4 has no effect). Since the system is elec- 
trogenic, activation leads to a small hyperpolar- 
ization of transepithelial potential. Addition of 
10 -4 M ouabain abolishes the potential. 

Normal 
rabbit 
.saline_ Na + - f ree  K-sulfate saline | = 

50 mg/l i ter nystatin 
I L 

3 mM Na-sul fate  _ 
I 10_~ouabain 

t 0 rain 

Fig. 1. Transepithelial potential in response to mucosal  appli- 
cation of nystatin. The serosal solution contains normal  rabbit 
saline throughout.  The contents of the mucosal  chamber are 
given as bars at the top of the Figure. The initial transepithelial 
potential is - 9  mV (serosal ground). The upward deflections rep- 
resent the transepithelial voltage response to a fixed-size current 
step. As such the magni tude of the deflection is a measure  of 
transepithelial resistance. Initially the current step is 0.5 gA. At 
the heavy arrow, the step was increased to 5 gA because of the 
decreased tissue resistance after application of nystatin. The maxi- 
mum hyperpolarization produced by nystatin is - 5 3 m V  while 
the steady-state Ievel prior to addition of Na*  was 33 mV 
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Fig. 2. MucosaI-to-serosal Na + flux associated with various mu- 
cosa] concentrations of Na  +. The Na + concentration in mM of 
the mucosal  solution and time of application is indicated by the 
numbers  and bars at the top of the Figure. As the Na  + con- 
centration is increased, the Na + flux increases. At the end of the 
experiment, ouabain is added to the serosal solution to demon- 
strate that a substantial portion of the Na + flux is inhibitable by 
ouabain 

In Fig. 2, the unidirectional flux of Na + ion from 
mucosal to serosal solution is examined under the 
same conditions as those in Fig. 1. After replacing 
the mucosal solution with nystatin bathing solution 
and adding nystatin to the mucosal solution, 22Na 
plus varying concentrations of Na2SO 4 are added to 
the mucosal solution and the mucosal-to-serosal 
Na + flux is measured. For low concentrations of 
Na + ion the mucosal-to-serosal flux is extremely 
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Fig. 3. Ouabain-insensitive Na  + flux versus mucosal  (intracel- 
lular) Na § concentration. The data from all experiments was 
pooled to show that there was a linear relationship between 
ouabain-insensitive mucosal-to-serosal Na  + flux and the concen- 
tration of Na  § at the intracellular surface of the basolateral 
membrane  

low. At higher concentrations (associated with the 
appearance of the electrogenic basolateral hyperpo- 
larization) the unidirectional flux increases dramati- 
cally. Ouabain blocks a substantial component of 
the Na+-induced flux. 
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Fig. 4. Ouabain-sensitive Na + fluxes versus mucosal (intracel- 
lular) Na + concentration. The data from all experiments were 
pooled to show that there was a sigmoidal relationship between 
ouabain-sensitive mucosal-to-serosal Na  + flux and the concen- 
tration of Na § at the intracellular surface of the basolateral 
membrane.  The solid line through the points is the best-fit to the 
equation: 

MN~ 1 

K MMAX (1+  ~Na t 
\ [Na] i /  

with the values for MMA x of 287.8 pM cm 2 sec-1, n =  3, and Ks ,  
= 2.0 mM 

Relationship of Mucosal Na + Concentration 
to Na + Flux 

With the exception of a few experiments similar to 
the one depicted in Fig. 2, the majority of the ex- 
periments consisted of treating the tissue with nys- 
tatin and then applying one concentration of Na § 
determining the unidirectional flux and then apply- 
ing 10-4M ouabain to block the component of Na § 
transport associated with the basolateral ATPase. 
This allowed us to have, for each Na § concen- 
tration, a specific measure of the Na § flux generated 
by ouabain-sensitive active transport and the flux 
associated with other Na § permeation mechanisms. 
In Fig. 3, ouabain-insensitive Na + fluxes are plotted 
as a function of mucosal Na + concentration. The 
relationship is linear for even the highest Na + con- 
centrations examined. 

The linearity of the relationship supports our 
original assumption that the apical membrane of the 

cell can no longer be a rate-limiting step in de- 
termining the mucosal-to-serosal flux as it is in the 
normal tissue prior to treatment with nystatin (Lew- 
is & Diamond, 1976). 

In a similar fashion we can calculate the 
ouabain-sensitive Na + flux from the difference in the 
flux before and after treatment with ouabain. From 
Fig. 4, it is apparent that the relationship between 
ouabain-sensitive Na + flux and Na + concentration 
is quite different from the same relationship for 
ouabain-insensitive Na + flux. The ouabain-sensitive 
flux displays a distinct "'foot" or threshold at low 
Na § concentrations and saturates at high N a -  con- 
centrations. 

Possible Contributions of Unstirred Layers 

Our primary concern after finding the saturating 
relationship between ouabain-sensitive flux and mu- 
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Fig. 5. Serosal-to-mucosal Na § flux. This Figure demonstrates 
that there is no significant component of ouabain-sensitive sero- 
sal-to-mucosal Na § flux. The lack of any transient change in the 
flux after application of ouabain also implies little contribution to 
the flux of an unstirred layer inside the cell 

cosal Na + was that the shape of the relationship 
might be strongly affected by the presence of un- 
stirred layers at either the mucosal or serosal surface 
of the tissue. To investigate this possibility, we per- 
formed a number of experiments. 

First, we felt that there might be an unstirred 
layer at the intracellular surface of the basolateral 
membrane. At very high rates of active Na § trans- 
port, this layer might be depleted of Na § to the 
extent that the depletion caused Na § diffusion rath- 
er than Na + transport to be rate limiting. 

If this were true, we reasoned that there would 
be substantial recycling of any Na § that entered the 
cell interior from the serosal solution. That is, the 
unstirred layer coupled with the active transport 
process would reduce the serosal-to-mucosal Na § 
flux by an amount similar to any possible reduction 
of the mucosal-to-serosal flux. Also, if the serosal-to- 
mucosal flux was substantially reduced by the ac- 
tivity of the Na § transport mechanism removing 
Na + from an unstirred layer, then blocking the sys- 
tem with ouabain should increase the serosal-to- 
mucosal flux. In Fig. 5, a typical experiment in 
which serosal-to-mucosal Na + flux was measured 
shows that ouabain has little or no effect on the 
flux. In 5 additional experiments there was also no 
ouabain sensitive serosal-to-mucosal Na + flux. For 
all 6 of the experiments in which serosal-to-mucosal 
Na § flux was measured the ratio of Na § flux before 
the application of ouabain to the flux after appli- 
cation was 1.01+0.031. We, therefore, concluded 
that an unstirred layer on the intracellular surface of 
the basolateral membrane was not the rate-limiting 
step in the flux of Na + across the tissue. 

The results of the previous experiment did not 
preclude the presence of a rate-limiting unstirred 
layer at the serosal surface of the basolateral mem- 

Normal  rabbi t  sal ine K - f r e e  rabbi t  sal ine i i  , I ! , ' ..... / 
10  -4  ouabain  . S e r o s a  

Na + - f r e e  K - s u l f a t e  sal ine + 5 0  mg / l i t e r  nystatin~" 
I 

- 5  mM N a - s u l f a t e  4 l 
I I M u c o s a  

J l I U I I ~  
10 mV 

10min 

Fig. 6. Transepithelial potential in response to K+-free serosal 
solution. The composition of the serosal and mucosal solutions 
and the duration of action is given by the captions and bars at 
the top of the Figure. Initially the tissue has Na+-free nystatin 
bathing solution on the mucosal surface plus 50 rag/1 nystatin and 
K-free rabbit saline on the serosal surface. The original transepi- 
thelial potential was - 1  mV (serosal ground). The upward volt- 
age deflections represent the transepithetial voltage response to a 
current step of 5 ~tA. The lack of hyperpolarizing electrogenic 
response to the mucosal application of Na + suggests that K+-free 
solution on the serosa is a fairly effective transport blocker. 
Subsequent return to normal serosal K + produces a substantial 
electrogenic response. The lack of any transient changes on appli- 
cation of normal serosal K + suggests that Na + transport is not 
limited by the rate of diffusion of K + through an unstirred layer 

brane. To investigate this possibility, we measured 
the mucosal-to-serosal Na § flux first in a K+-free 
serosal solution, followed by a normal K + contain- 
ing serosal saline, and finalIy after serosal addition 
of ouabain. We reasoned that with the pump 
blocked in K§ solution, Na § gradients in any 
serosal unstirred layer that was present would be 
reduced. Upon application of K § containing saline 
to the serosa which reactivates the transport system, 
we would expect a transient in Na § flux larger than 
the steady-state flux when the Na + gradients in the 
unstirred layer were present. We could also ascertain 
the effectiveness of K+-free solution as a transport 
blocker by comparison with the effects of ouabain 
on Na + flux. 

In Fig. 6, the electrical responses of the tissue to 
the treatments described above are depicted. Prior 
to the responses shown in the Figure, the mucosal 
surface of the tissue was perfused with the nystatin- 
bathing solution plus nystatin and the serosal sur- 
face with rabbit saline from which all the K + had 
been removed (see Materials and Methods). When 
15ram Na § is added to the mucosal solution, we 
would ordinarily expect a hyperpolarizing response 
(see Fig. 1); however, in the absence of serosal K § 
little if any hyperpolarization occurs. 

Addition of K + to the serosal solution with a 
mixing time of approximately 3 sec leads to a prompt 
hyperpolarization with no transients. Serosal 
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Fig. 7. The effect of K+-free and ouabain on 
mucosal-to-serosal Na + flux. In an experi- 
ment similar to Fig. 6, K+-free solution is 
shown capable of blocking the mucosal-to- 
serosal flux of 10ram Na + to almost the same 
extent as 10-4M ouabain. The absence of 
transients in the flux suggests that the rate- 
limiting step in mucosal-to-serosal Na + flux 
is the transport process and not any unstirred 
layers associated with the tissue 

application of ouabain completely blocks the hyper- 
polarization. When the Na  § flux associated with 
these treatments is examined (Fig. 7), there is a sub- 
stantial reduction of Na  § flux by the K+-free saline 
on the serosa. Nonetheless, there is no evidence for 
any transient increase in Na  + flux after addition of 
K § to the serosa. The same results were obtained in 
three additional experiments. These results suggest 
that if there is a serosal unstirred layer, its effect on 
mucosal-to-serosal Na  § flux is smaller than the sam- 
ple-to-sample variation in the flux. 

Rheogenic Component of the Response 

We were interested in comparing the current gener- 
ated by the Na  + transport  process to the ouabain- 
sensitive Na  § flux. From these two values, the Na § 
- K  § coupling ratio for the transport  system can be 
calculated. In making this measurement,  we were 
essentially repeating the similar observation of Lewis 
et al. (1978) except that we were making the 
measurement under circumstances which more near- 
ly corresponded to the normal physiologic state of 
the cell (and, of course, to our measurements of Na  § 
flux). To perform the experiment, we applied the 
nystatin-bathing solution and nystatin just as in 
Fig. 1. When the cell potential had stabilized, the 
cell was voltage-clamped at that potential (the zero 
current potential). Various concentrations of Na  § 
were then added to the mucosal solution and the 
deviation from zero current for each Na  + concen- 
tration was measured. To be sure all of this current 
was associated with rheogenic transport, ouabain 
was added to the serosal solution and any ouabain- 
insensitive Na § current was determined for the var- 
ious Na  § concentrations. Except for the very highest 
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Fig. 8. Ouabain-sensitive Na + current. The relationship between 
the ouabain-sensitive component of Na+-induced current and the 
Na + concentration at the intracellular surface of the basolateral 
membrane is a saturating function. The Na+-to-K + coupling 
ratio for the basolateral Na + transport process can be determined 
from this data and the data from Fig. 4 (see text) 

Na § concentrations used (>25mM) there was no 
significant ouabain-insensitive Na  § current. Figure 8 
shows the ouabain-sensitive Na  + currents obtained 
in the above manner  on a single tissue for various 
mucosal Na  + concentrations. 
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Discussion 

In this paper, we have tried to directly measure the 
Na § transport characteristics of the basolateral (Na 
+K)-ATPase  in rabbit urinary bladder. There are 
several possible difficulties with such measurements. 
We were at first worried about any possible effects 
that basolateral membrane potential might have on 
the activity of the ATPase .  Several investigators 
have suggested that large potential gradients can 
affect the activity of the transport system (Helman, 
Nagel & Fisher, 1979; Macchia & Helman, 1979). 
Fortunately, in our work the potential changes at 
the basolateral membrane were never greater than 
10mV while ouabain-sensitive Na + fluxes were be- 
ing measured. Potential changes of this magnitude 
should produce little if any effect on the activity of 
the ATPase (Brinley & Mullins, 1974; Chapman & 
Johnson, 1978). 

Of course the greatest concern in this work was 
possible problems with unstirred layers. To exclude 
these problems, our primary rationale was that, if 
unstirred layers were a rate-limiting step in the 
movement of Na § across the tissue, then under con- 
ditions when the transport system is stopped or start- 
ed abruptly there should be transient events as- 
sociated with establishing new steady-state concen- 
tration values in the unstirred layers. We saw no 
evidence for any transients in the potential as- 
sociated with the transport process or in the 
ouabain-sensitive Na § flux. 

Another method of estimating the contribution 
of unstirred layers is to calculate the concentration 
gradient necessary to drive a diffusive flux across the 
unstirred layer of the same magnitude as the mea- 
sured ouabain-sensitive flux. If we assume an un- 
stirred layer at the mucosal membrane of 100btm 
(Barry & Diamons, 1970) with an average cell 
height of 30 gm (Lewis, Eaton & Diamond, 1976), the 
longest diffusive path from mucosal bulk solution to 
the basolateral membrane would be 1301a. Under 
steady-state flux conditions with 30mM Na + in the 
mucosal bulk solution maximum Na § flux is about 
2 9 0 p u c m  -2 sec -1. If we assume free solution mo- 
bility for Na + ion, a gradient of only 0.1 mM across 
the 130 g unstirred layer will produce a diffusive flux 
of the measured magnitude. At lower flux rates as- 
sociated with lower mucosal Na § concentrations, 
the necessary gradient is even lower. Even if the 
diffusion constant in the unstirred layer were 10 
times smaller or the unstirred layer 10 times thicker, 
there would still only be about a 3% difference 
between the bulk solution Na § concentration and 
that at the intracellular surface of the basolateral 
membrane. The situation at the serosal surface is 

somewhat worse since the unstirred layer is prob- 
ably about 300 bt with a reduction of the Na + mo- 
bility to about 77% of its free solution mobility 
(Barry & Diamond, 1970). Nonetheless, the gradient 
necessary to produce diffusive flux equal to the mea- 
sured flux is only 0.29 mM. Considering the normally 
high concentration of Na + in the serosal solution 
(137mM) this is a negligible gradient from the baso- 
lateral membrane to the serosal bulk solution. The 
previous analysis underscores the fact that although 
the low transport rate of the rabbit urinary bladder 
produces very small short-circuit currents, without 
such low transport rates the experiments described 
in this paper might not be possible. 

Na + Permeability of the Basolateral Membrane 

Although the primary purpose of the experiments 
described in this paper was to describe the charac- 
teristics of the basolateral Na + transport process, 
examination of the ouabain-insensitive Na + flux 
also gives information about the passive Na + per- 
meability of the basolateral membrane. 

By determining the net ouabain-insensitive Na + 
flux from the difference between the serosal-to-mu- 
cosal and the mucosal-to-serosal fluxes, we can cal- 
culate the permeability from the relationship (Hod- 
gkin & Horowicz, 1959) 

R T  1 - exp(Vb~F/RT ) 
PN,=MNa Vb~F [Na]s - [Na]mexp(Vby /RT  ) (1) 

where PNa is the Na + permeability, MNa is the net 
Na + flux, Vbi is the basolateral membrane potential, 
[Na] ,  and [Na]~ are the serosal and mucosal Na + 
concentrations, respectively, and R, T and F have 
their usual meanings. For the three experiments in 
which the serosal-to-mucosal flux was measured 
with 10mM mucosal Na § the mucosal-to-serosal 
flux was assumed to be the mean value of all experi- 
ments with 10raM mucosal Na § (92pMcm -2 sec-~). 

Using Eq. (1), we calculate a Na § permeability 
of (8.5__ 6.2) x 10- 7 cm sec -~. Considering the sub- 
stantial difference in methods, this value corresponds 
well with the value of 1 x 10 -7 c m  s e c  - 1  obtained in 
rabbit urinary bladder by electrical measurements 
(Lewis et al., 1978). The relatively close agreement 
with the previous report supports our view that we 
have a relatively intact basolateral membrane. 

Characteristics of the Basotateral 
Transport Mechanism 

Since unstirred layers do not appear to be a serious 
problem, we used our results to calculate some of 
the properties of the basolateral transport system. 
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For a situation in which a specific number of 
Na + ions, n, interact with surface sites of a membrane- 
bound ATPase and the number of these surface 
sites is finite, the ratio of measured Na § flux to 
maximum Na § flux is given by the Langmuir equa- 
tion (Hagiwara & Takahashi, 1967; Garay & Gar- 
rahan, 1973): 

MNa 1 

MMAX [ KNa 
(2) 

where [Na]i is the internal Na § ion concentration, 
KNa is the internal activity of Na + ion that leads to 
half-maximal flux, while MNa and MMA x are Na § 
flux at a given Na + concentration and the maximal 
Na § flux at very high Na + concentrations, respec- 
tively. Although this equation is often associated 
with specific types of enzyme reactions, it is more 
generally useful in describing many saturating pro- 
cesses (Ainsworth, 1977). 

Although the actual reaction sequence associated 
with the (Na + K)-ATPase may be more complicated 
than the several successive single-step reactions im- 
plied by Eq. (2), various investigators have had con- 
siderable success in describing the kinetics of (Na 
+K)-ATPase in terms of Eq. (2) if the reaction is 
examined under normal conditions of intra- and ex- 
tracellular ion concentrations (for a review, s e e  

Glynn & Karlish, 1975). 
When the data (presented in Fig. 4) is interpreted 

in terms of Eq. (2), several of the parameters in the 
equation can be interpreted physically. The parame- 
ter n represents the number of equivalent binding 
sites for Na + ion and consequently the number of 
Na § translocated per ATP split. MMA x is a measure 
of the total number of available ATPase sites and 
their rate of turnover, while KNa is simply a measure 
of the affinity of the ATPase sites for Na + ion. 

To determine the values for these parameters, we 
have used a nonlinear, least-squares fitting algorithm 
(Brown & Dennis, 1972) to determine the solid line 
in Fig. 4. Such a nonlinear curve-fit does not in- 
troduce any of the biases associated with the various 
linearization methods described in the literature 
(Colquahoun, 1971; Ainsworth, 1977). The solid line 
in Fig. 4 is described by Eq. (2) with values for 
MMA x of 287.8 pM cm -a sec -1, a Na + concentration 
at half saturation KN, of 2 mM, and a value for the 
number of equivalent sites n of 3.2. (The regression 
coefficient for the fit was 0.938.) 

Although the method of nonlinear fitting does 
not introduce biases into the parameter values ob- 
tained, we can represent the data in two alternative 
linearized formulations which have become common 
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Fig. 9. Double reciprocal plot of Na + flux vs. Na + concentration. 
A traditional representation of reciprocal Na + flux versus re- 
ciprocal Na + concentration implies a Na + interaction leading to 
the flux that only involves one site. The calculated expectations 
for a model which involves 3 equivalent sites is represented by 
the solid line which appears to fit the data as well as a straight 
line (for more details, please see t ex t )  

for representing multiple site interactions (the Hill 
plot) and saturating functions (the Lineweaver-Burke 
plot). In Fig. 9, a traditional double-reciprocal plot 
of the data from Fig. 4 is presented. Such a plot 
implies a belief that the data can be described by an 
equation similar to Eq. (2) but with only one Na § 
interaction site (n=l) .  Although it is possible to 
draw a least-squares linear regression line through 
the data with a regression coefficient of 0.887, the 
slope (0.143 cm 2 sec) and intercept ( -  1.03 
x 10 .2 cm 2 secpM -1) of the line cannot be inter- 

preted in a meaningful way. In particular, a negative 
intercept of a double-reciprocal plot of the sort in 
Fig. 9 has no physical meaning. Even if there were 
an error in the intercept large enough to produce a 
value for the maximal flux near the observed value 
(approximately 290 pg cm -2 sec), the plot would still 
predict a value for KN a of greater than 40raM, a 
value clearly above the half-maximal value of the 
data in Fig. 9. These observations imply that a value 
of n = l  for the model described by Eq. (2) is in- 
appropriate. In fact, if Eq. (2) is replotted on the 
double-reciprocal plot with the model values ob- 
tained fi'om the nonlinear fit, we obtain the solid 
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line in Fig. 9 which appears to fit the data as well as 
a straight line. If it is desirable to linearize Eq. (2) 
for any value of n, the method of Garay and Gar- 
rahan (1973) may be used. This method plots the nth 
root of the dependent variable (reciprocal flux in 
this case) vs. the reciprocal substrate concentration 
(sodium ion here) where n is the number of equiva- 
lent sites in Eq. (2). If we prepare such a plot for the 
data of Fig. 4 with n=3,  it can be fit by a least- 
squares regression line with a regression coefficient 
of 0.937, an intercept of 0.150 and slope of 0.421. 
These values imply a maximal flux of 
296.3pMcm-2sec - t  and a KNa of 2.8raM_ Both val- 
ues correspond well with the values obtained from 
the nonlinear curve fit. 

Having established that a multiple site model 
appeared to explain the experimental data best (with 
3 sites appearing to be the optimum number), we 
examined the possibility that the sites might not be 
strictly equivalent. In particular, the interaction of 
Na + with the first site might affect the binding of 
Na § to the second and third sites; that is, the sites 
might display strong cooperativity. [f this were the 
case then Eq. (2) reduces to the following expression 
(Ainsworth, 1977; Benos, Mandel & Balaban, 1979): 

MNa 1 

MMAX 1 + \ [ ~ /  

Traditionally, a model of this form has been tested 
by plotting log {MNa/(MMAx--MNa)} (sometimes 
known as LOGIT MNa ) vs. the log of the Na + 
concentration. In such a plot the slope is the num- 
ber of cooperative sites and the intercept is equal to 
n times PKNa. 

Figure 10 shows such a plot. Again a straight 
line can be fit to the points (regression coefficient 
=0.93); however the points are better fit by the solid 
line which represents the replot of Eq. (2) with the 
best nonlinear-fit parameters (regression coefficient 
=0.99). Nonetheless, the Figure does serve to em- 
phasize the multiple site nature of the Na + trans- 
porter. At high Na + concentrations, the slope of the 
best-fit line is close to one, implying, as expected, 
that the ATPase generally has 2 sites occupied a 
large proportion of the time and only requires 1 
additional Na + to produce measurable flux. On the 
other hand at low Na + concentrations the slope is 
much greater (between 2 and 3) implying that the 
usual state of the ATPase is with either no sites or 
only one site occupied. 

Besides the results presented here, several litera- 
ture reports also support the presence of multiple 
Na + sites on the ATPase at the inner surface of the 
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Fig. I0. Hill plot of  Na + flux vs. Na ~- concentration. The log of 
the Na + concentration at the intracellular surface of the basolat- 
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concentrations, respectively. The solid line is the calculated expec- 
tations for a three-site noncooperative model of Na  ~ binding to 
the Na  § transporter on the inner surface of the basolateral mem- 
brane (for more details, please see rex 0 

membrane. Three sites have been demonstrated in 
red blood cells (Garay & Garrahan, 1973) and squid 
axons (Brinley & MullJns, 1968). Also, Lewis et al. 
(1978) in rabbit urinary bladder and Garcia-Diaz 
and Armstrong (1980) in Necturus gallbladder have 
demonstrated a sigmoidal relationship between in- 
tracellular Na + and short-circuit current when the 
apica! membrane was treated with nystatin. The re- 
tationship in rabbit urinary bladder could be fitted 
fairly well by a model similar to Eq. (1) with be- 
tween two and four equivalent sites. Wills and Lewis 
(1980) and Eaton (1981) subsequently demonstrated 
a relationship between measured intracellular Na + 
and short-circuit current that could also best be 
described by multiple site models. 

N a -  K Coupling Ratio 

In their origina! formulation of a model for the tight 
epithelia, Koefoed-Johnson and Ussing (1958) pro- 
posed a neutral basolateral transport process with 
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exactly one N a  + being exchanged for one K +. They 
postulated this mechanism, in the absence of  hard 
experimental evidence, most ly  for its simplicity. 
However,  subsequent to that  time experimental re- 
sults in preparat ions as diverse as snail neuron 
(Thomas, 1969) and red blood cells (Garay  & Gar-  
rahan, 1973) as well as various epithelial tissues (Lew- 
is et al., 1978; Rose & Nahrwold,  1976; Graf  & 
Giebisch, 1979) have supported the possibility of 
nonuni ta ry  values for the ratio of  Na  + to K § trans- 
ported per ATP. Under  these condit ions the trans- 
port  system produces electrically measurable current 
which may also manifest itself as a potential  drop 
across the basolateral  membrane  resistance. In our 
work, by compar ing  the ouabain-sensitive, N a  +- 
induced current across the basolateral  membrane  
with the measured N a  + flux, we can get a direct 
estimate of  the N a + - t o - K  + coupling ratio. Figure 7 
shows the ouabain-sensitive N a  § current for various 
mucosal  N a  + concentrat ions.  The solid line drawn 
through  the points is the best fit of  the data  to the 
expression similar to Eq. (2) (Eaton, 1981) 

/Na 1 

IMAX [ 1  KN a in 
(4) 

where INn and /MAX are the ouabain-sensitive, Na-  
induced current at a part icular  N a  + concentra t ion 
and the maximal  current at high Na  + concen- 
trations, respectively. KNa, n, and [Na]~ are the same 
as in Eq. (2). For  the best fit, the values are: for IMAX 
= 6.28 gA/cm 2, KNa = 1.8 mM and n = 3.0. By convert- 
ing the ouabain-sensitive current to flux, we obtain 
the rheogenic Na  + flux for the t ranspor t  system. 
When  this is compared  to the total mucosal-to-se- 
rosal N a  + flux in the same preparations,  we calcu- 
late a N a + - t o - K  + coupling ratio of 1.40+0.07 (n 
=9).  This is not  significantly different f rom a N a  +- 
to -K + ratio of  3 to 2. A ratio of  1 .58Na+- to -K + 
has been previously reported in rabbit  urinary blad- 
der (Wills & Lewis, 1980) while a ratio of  1,42 has 
been reported in turtle colon (Kirk, Ha lm & Daw- 
son, 1980). The only objection to these reports was 
the suggestion that the t ransport  system was tested 
under a si tuation in which the concentra tons  of  in- 
tracellular N a  + and K + might  not  have been nor- 
mal, thus, possibly producing an abnormal  oper- 
at ion of  the t ranspor t  system. Our  experiments ad- 
dress this issue and confirm that  the ratio is still 
3 : 2 N a / K  under normal  intracellular and extracel- 
lular ion concentrations.  

We are not  truly surprised by our results since 
we have always felt that  the ( N a + K ) - A T P a s e  of  vir- 
tually all cells would have similar properties. Indeed, 

the measured values for ur inary bladder  (number of 
s i tes= 3.2, KNa=2.0 mM) and red blood cell (number 
of  si tes=3.0,  Ksa=3 .2mM)  are almost identical. 
Nonetheless, we feel that it was impor tan t  to verify 
the similarity since in subsequent work, investigators 
can apply the large amount  of  literature on the 
ATPase  of red cells and excitable tissue in guiding 
their investigation of epithelial transport .  
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