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SUMMARY 

I. Mucosal and serosal membrane potentials (Vm and Vs) of eplthehal cells in 
rat duodenum were recorded together with the transmural potential differences (PDt). 

2. The value of Vm In rat duodenum at 37 °C was about --53 mV, being 
considerably greater than the values reported hitherto for the small intestine of various 
species. 

3 When C1- in the mucosal medium was partially replaced with SO42- at 
fixed mucosal Na + and K + concentrations ([Na+]m and [K+]m), the membrane 
potential was scarcely affected in the steady state several minutes after replacement, 
whereas marked changes m the potential were observed with varying [K ~-]m or 
[Na + ]m- 

4 AS the mucosal K + concentration increased at constant [Na+]m, Vm was 
gradually decreased (depolarization), together with the increase in PD t Such a change 
In Vm caused by varying [K + ]m obeys Nernst 's  equation in the range of [K + ]m higher 
than about  60 mM 

5 At constant [K+]m, an increase in [Na+]m also caused the decrease of Vm 
for the lower [K + ]m region, whereas Vm was not affected by such changes in [Na + ]m 
in the range of [K + ]m h~gher than approx 60 mM. 

6. The values of PNa/PK were obtained from the modified Goldman equation 
under an appropriate assumption. The ratio of  the permeability coefficients markedly 
increases f rom zero to approx 0 07 wtth a decrease m [K + ]m. 

INTRODUCTION 

Electrophyslologlcal studies of the epithelial cells in the small intestine are of  
great importance for analyzing properties of the electrically lnexcltable membrane 
which possesses active ion and solute transport  mechanisms Using rat duodenum 
m vitro, we found that the membrane potential of  the eplthehal cell was considerably 
greater (around - 53 mV) under normal conditions than that reported hitherto m the 
small intestine [1-9] Several investigators reported that the membrane potential in 
small intestine is dependent on the ionic environment [1, 3, 7] To acquire detailed 
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knowledge of the ionic basis of membrane properhes, we attempted to analyze the 
effect of K + and Na + concentration changes over a w~der range on the potential 
profiles 

M E T H O D S  

Ttssue preparatwn 
After a fast of 24-48 h except for free access to water, adult rats were anesthe- 

tized with ether and the abdominal cavity was opened by a midline incision. The 
duodenum was cut into lengths of about 2 cm, and using a syringe the lumen was 
rinsed clean w~th fresh buffered sahne until it was free of intestinal contents in the 
presence of an intact blood supply. As soon as the intestine had been cut open along 
the mesentenc border, the sheet of duodenal mucosa was mounted between the two 
halves of the Lucite chamber as shown in F~g, 1. To obtain h~gh membrane potential 
it was critically important to maintain mtact blood supply just prior to mounting the 
preparations 

Solutions 
A phosphate-buffered sahne was used as the control medium throughout the 

present study. In order to change K ÷, Na ÷ and C1- concentrations in the mucosal 
fluid, modified buffered sahnes were prepared with the same osmolarity and pH 
(7 3±0.1)  as the control medium. Compositions of these modified solutions, as well as 
the control, are illustrated m Table I Desired concentrattons of K +, Na + and CI- 
were obtained by mtxmg these solutions appropriately. 

Eleetrtcal potential measurements 
The transmural potential &fference (PDt) was measured with a high-input 

impedance preamphfier (Nihon Koden MZ-3B) connected to the mucosal and serosal 
flmds by calomel cells and salt bridges consisting of polyethylene tubing (1 3 mm 
outside dtameter) filled with 1% agar/3 M KCI. The membrane potential was mea- 

~ ,  Mucosal Fluid 
/ 

Fig 1 Schematic view of  bathing chamber The area of  the window between the two halves of  the 
chamber  was 0 28 cm 2 The mucosal flmd was perfused at about  1 ml /mm by gravity f rom a reservoir, 
and the serosal fluid was reorculated by means of  oxygen gas hfts Mucosal and serosal flmds were 
maintained at 37 °C, and bubbled with 100 ~o Oa 
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TABLE I 

IONIC COMPOSITION OF MODIFIED BUFFERED SALINES AND THE CONTROL 
PHOSPHATE BUFFERED SALINE 

Each of the modified buffered sahnes had the same pH (7 3 ± 0  1), tomoty  and lomc strength (ex- 
cept SO, 2- medmm) as the control medmm The lomc strength of SO42- medium was a httle greater 
(about 10 ~ )  than the other modified buffered sahnes or the control sahne All solutions contained 
20 mM manmtol  In addmon, an appropriate amount of manmtol (about 100 5 mM) was added to 
the Tns  medlum to keep the total tomc~ty constant Concentrations are mM 

Control medium 804. 2 -  medmm Na + medmm K + medmm Tns  medmm 

K ÷ 4 2 4 2 -- 147 2 4 2 
Na ÷ 143 0 143 0 147 2 - -- 
CI-  132 5 5 5 132 5 132 5 1460 
Mg z+ 0 5  0 5  0 5  05  0 5  
Ca 2+ 0 9  0 9  0 9  0 9  0 9  
Trls + . . . .  1390 
SO, 2- - -  6 3 5  - -  - -  - -  

H P O ,  2 -  8 0 8 0 8 0 8 0 -- 
H2PO4- 1 5 1 5 1 5 1 5 -- 

s u r e d  b y  t he  m ~ c r o e l e c t r o d e  t e c h n i q u e  u n d e r  v i sua l  c o n t r o l  w i t h  a b i n o c u l a r  m i c r o -  

s c o p e  T h e  m u c o s a l  m e m b r a n e  p o t e n t i a l  ( I 'm)  a n d  t h e  s e r o s a l  m e m b r a n e  p o t e n t i a l  

(Vs)  we re  t a k e n  t o  be  t h e  p o t e n t i a l  o f  t h e  r e c o r d i n g  m l c r o e l e c t r o d e  w i t h  r e s p e c t  to  t he  

r e f e r e n c e  e l e c t r o d e  in  t h e  m u c o s a l  a n d  s e r o s a l  f lmds ,  r e spec t i ve ly  

R e c o r d i n g  m t c r o e l e c t r o d e s  f i l led w i t h  f i l t e red  3 M K C I  s o l u t i o n  were  p r e p a r e d  

b y  t he  g lass  f ibe r  m e t h o d  [10] G l a s s  t u b i n g  a n d  g lass  f ibe rs  we re  p r e t r e a t e d  w i t h  a 

s t r o n g  ac id  i n  o r d e r  to  o b t a i n  m l c r o e l e c t r o d e s  o f  l o w  t i p  p o t e n t t a l s  [11]. T h e i r  

r e s i s t a n c e s  a n d  t ip  p o t e n t i a l s  r a n g e d  f r o m  10 to  30 M r 2  ( m e a n  16 MI2 )  a n d  f r o m  0 t o  

- - 4  7 m V  ( m e a n  - -  1.7 m V ) ,  r e spec t ive ly .  T h e  r e f e r e n c e  e l e c t r o d e  was  a m i c r o p l p e t t e  

! 

Fig 2 Recording of the membrane potentml in rat duodenum Upward and downward arrows 
indicate the time of entry and exit of the recording m~croelectrode, respecttvely 



107 

filled with agar/3 M KC1, the tip of which had been broken off. An approprmte pmr of 
Ag/AgCI electrodes for connection to the preamplifier was selected so that the &ffer- 
ence in their junctmn potentials in 3 M KCI was practically zero 

The criteria for an acceptable impalement were: (1) a sharp jump to peak 
voltage when the electrode penetrated into the cell; (2) the maintenance of a stable PD 
within 4-2.5 mV for at least 10 s; (3) an abrupt return to the oragmal baselane when 
the electrode was removed from the cell. A typacal recording as shown in Fig. 2 If the 
potentml did not return to its original basehne upon wathdrawal from the cell, the data 
were rejected, regardless of the magnitude. 

Since the mitml peak was taken as a measured value and the exchange of  the 
mucosal fluid brought about the movement of  vdli, we could not continuously follow 
up changes an the potentml an a test solution of one and the same cell. All data pre- 
sented are, therefore, the values obtained in different successwely punctured cells. 
Such a procedure resulted m a fluctuation of data, so statastical analyses were applied. 
When a test solution of  non-physiological mn composition was employed, at was 
replaced by physiological saline wathm 10 mm. 

RESULTS 

Potential profiles in phystolooteal media 
The transmural potential &fference (PDt) measured in duodenum was 2.1 i 

0.09 (S.E.) mV (n : 160). The mucosal membrane potential (I'm) measured on 644 
eplthehal cells in duodenum ranged, as shown in Fig. 3, from --40 mV to --74 mV; 
their mean value being --53.0±0.20 mV. These Vm values are larger than the values 
reported previously [1-9]. 

After the measurement of I'm and PD t with respect to the mucosal fluid at 
ground, the s.erosal fluid was grounded by a switching device and the serosal mem- 
brane potential (Vs) was recorded while the microelectrode was still inside the same 
cell The mean values measured in such an experiment were --50.42+2.17 mV (n = 9) 
for V m, --53.11-t-2.57 mV (n : 9) for Vs, and 2.67-t-0 47 mV (n = 9) for PD t. The 
mean PD t calculated as the algebraic &fference between Vm and Vs ~s 2.704-0.50 mV 

No. of M)cropunctures = 644 
Mean:t: SE -----53.0:1:020 

o 
~a 

8 

o 

Fig 

-4o -so -6o -~0 
Membrane Potential (mY) 

3. Dis t r ibu t ion  o f  the mucosa l  m e m b r a n e  potentmls  in epRhehal  cells o f  rat  d u o d e n u m .  
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(n = 9) The measured PD t is, therefore, equal to the calculated PD t as reported by 
Gflles-Baflhen and Schoffemels [6], White and Armst rong  [8], and Lyon and Sheerm 
[2] 

Effect of vartatton of [CI- ]m at constant [K + ]m and [Na+ ]m 
In order to observe the effects o f  reducing the C1- concentrat ion m the mucosal  

fluid ([C1-]m) on the membrane  potential,  two test solutions were employed in 
whtch CI -  m the control  m e d m m  was partially replaced by SO42- and the appropriate  
amoun t  o f  mannltol  was added to keep the total tonlcity constant  In these solutions, 
the concentrat ions of  K ÷ ( [K ÷ ]m) and N a  ÷ ( [Na ÷ ]m) were maintained at 4 2 and 143 0 
mM,  respectively The mean membrane  potential in saline containing 5 5 m M  C1- 
was - -57 3 ± 1  1 4 m V  (n ~ 22) and that  m sahne containing 6 9 0 m M  C1- was 
--55 l ± l . 3 5 m V  (n = 25) The difference between the average V m values m the 
control  m e d m m  and in the low CI -  medm has statistically no slgmficance (P > 0 25) 
As these potentials were measured several minutes after replacement o f  solutions, ~t 
was assumed that  re-eqmhbrat~on for  C I -  would have been attained between the 
mtracellular and mucosal  flmds across the cell membrane.  It  may be sa~d, therefore, 
that  C1- made practically no slgmficant contr ibut ion to the membrane  potential at 
least m the steady state Th~s observation ~s in good  accord w~th the descnptzon by 
Rose and Schultz [7], and Barry and Eggenton [3] 

E~wt of chan#m# [K + ]m at  constant [Na + ]m 
Effects o f  K + on the potential profiles were studied with solutions of  various 

K + concentrat ions and constant  Na  + concentra t ion Under  these condmons ,  it was 
found  that  as [K+]m increased, Vm decreased (depolarization) together with the 
increase m the PD t values, as shown in Fig 4. Such a decrease m Vm caused by an 
Increase m [K ÷ ]m at constant  [Na ÷]m has been reported by Barry and Eggenton [3], 
but  the nature o f  changes m Vm was considerably different A change m Vm caused 
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Fig 4 Effect on potential profiles of changing lK+]m at constant lNa+]m A, I'm values Each point 
represents the mean of 5-22 observations B, PDt values Each point represents the mean of 3-6 ob- 
servations (from 3-6 tissues) C), ×, /x and V represent the mean potentials observed at constant 
[Na+]m = 71 5, 40 9, 20 4 and l0 2 mM, respectively Vertical bars, standard errors 
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by increasing [K + ]m obeyed the Nernst equation expressed by the equation below 
in the range of [K + ]m higher than about 60 mM, but deviated from this equation at the 
lower K + concentrations as shown m Fig. 4A. 

K + __ [K+]m 
E = - R ~ I n  [ ]m 61.5 "log (1) 

F [K+], 190 

The value of 190 mM for [K + ], thus obtained under high [K + ]m conditmns was m 
complete accord w~th the value measured by flame photometry (Okada, Y., Irimajm, 
A. and Inouye, A., in preparatmn). Such behawor of membrane as a potassmm 
electrode m hlgh-K + media has been found in many electrically excitable membranes 
[12-16] and in several mexcitable membranes [17, 18]. 

The transmural potential changes caused by varying [K+]m at constant 
[ Na+ ].1 were smaller than the I'm changes, as shown m Fig. 4B. Since the PD t value 
could be expressed as the algebraic &fference between Vm and V s, this result suggests 
that the V s value also changed by varying [K+]m, which Is contrary to Barry and 
Eggenton's observatmn [3]. 

Effect of  changmg [Na + ]m at  constant [K + ]m : 
In order to observe the effects o fNa  + on Vm, various test solutions were employed 

in which Na + concsntratmn was reduced at constant K + concentratmn Under these 
con&tions, it was found that, as [Na + ]m decreased, I'm was increased (hyperpolariza- 
t~on) together wtth a decrease in the PD t values at the low-[K+]m region (F~g. 5). 
A similar dependence of Vm on [Na +]m has been reported by McKenney [I ], Rose 
and Schultz [7] and Barry and Eggenton [3]. In the high [K+]m region, however, Vm 
was not affected by a change m [Na+]m In contrast to the report of Barry and 
Eggenton [3], a change m [Na + ]m did not give hnear relationships between Vm and 
log [Na + ]m" 

The magmtude of changes m PDt with varying log[K + ]m appears to be similar 
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Fig 5 Effect on  potenUal profiles o f  changing  [Na + ]m at cons tan t  [K + ]m. A,  I'm values Each  poin t  
represents  the m e a n  o f  5-644 observat ions  B, PDt values. Each  point  represents  the m e a n  of  3-132 
observat ions  ( f rom 3-74 tissues). O ,  ~7, A ,  × and  C) represent  the  m e a n  po tenua ls  observed at 
cons tan t  [K+lm = 99 5, 75.7, 39 9, 20.7 and  4 2 raM, respectively Vertical bars,  s t andard  errors 
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to that with log[Na ÷ ]m (Figs 4B and 5B). Such a finding may be interpreted by nearly 
equal transmural permeabihtles of K ÷ and Na ÷, as reported by Wright [4] and 
Frlzzell and Schultz [20] But the change in Vm with log[K + ]m was far greater than 
that with varying log[Na ÷]m (Figs 4A and 5A). This observation strongly suggests 
that the transmembrane permeability of K + is much greater than that of Na +. 

DISCUSSION 

The values of membrane potential obtained in this experiment were much 
greater than the values reported previously in rat jejunum and ileum [1-3], in hamster 
jejunum [4], and In tortoise small intestine [4--6]. They are also a little higher than the 
values measured In rabbit ileum [7] and goldfish intestine [9]. The localization of the 
electrode tips was checked histologically using Mltaral's method [19]. After electro- 
phoresls, all the spot stain of the carmine lithium injected was clearly visible in 
epithelial cells in the serial histological sections (7/lm). The potentials measured in 
our experiments, therefore, are undoubtedly the membrane potentials in. the epithelial 
cells Since one of the present authors also obtained such high V m values in rat 
jejunum (--54 9=]=0.9 mV, n = 34) and ileum (--54 3=t=0.1 mV, n = 30) (Okada, Y ,  
unpublished observations), these do not seem to be peculiar to the duodenum. In our 
experience, the low membrane potentials are observed when the isolated mucosa is 
suspended in the medium in a Petrl dish for several minutes before being mounted, 
or when the serosal musculature is stripped off mechanically Thus one of the most 
important technical factors for obtaining a high membrane potential is to avoid any 
mechanical damage, and to maintain the normal blood supply intact until the tissue is 
mounted. 

The transmural potential difference (PDt) has been analyzed in terms of the 
equivalent circuit model [7, 8, 20], and Fig. 6 shows one such model According to 
this model 

RL.(Es__Em)+ (#+l )Rm EL (2) Vm-Vs = P D t  = R -  R 

E = 'uEm + E~ _ 1 
PD t -  V m (3) 

/2+1 it+ l 

where R = Rm+Rs+R c, Rs/R ~ =/~  and # is constant. Since the mucosal and serosal 
bathing fluids used in the present study were not identical, a significant diffusion 
potential, EL, will have been generated across the transmural extracellular pathway 
[20]. Such a polarity of the epithelial cell, as represented by (Es--Em), may be derived 
from the difference between the permeability to ions of the mucosal and serosal 
membranes, and/or the electrogenic sodium pump located on the serosal membrane 
[2-6, 22, 23]. It is difficult to estimate changes in E m and in E~ separately, therefore 
we adopted the weighted mean of Em and E~, i.e (I.tEm+Es)/(#+l), as a parameter 
of  the effective e m f of the epithelial cell membrane. When p ~> 1, we can safely put 
E = -- Vm- This approximation seems to be plausible because of the reduction in the 
electrical resistance of the mucosal membrane caused by the presence of mlcrovilh. 

As the intestinal epithelium can be classified as a leaky tissue that has a low- 
resistance, transmural, extracellular pathway [7, 20, 21 ], i e. RE IS far smaller than R, 
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Fig 6 An eqmvalent electrical clrcmt. Rm and R, are the resistances of the mucosal and serosal 
membranes, respectively RL represents a transep~thehal shunt resistance. Em and Es are the e.m.f. 
values for the mucosal and serosal membranes, respectwely EL ~S the &ffus]ort potential through the 
transeplthehal shunt pathway. 

P D  t wou ld  be d o n u n a t e d  by  E L. I t  is general ly accepted tha t  the t r ansmura l  pe rme-  
ab i lmes  o f  K ÷ and  N a  ÷ are near ly  equal  m the intest inal  ep i thehum [4, 20]. Indeed,  
as shown in Fig.  7a, a single cu rvdmear  re la t ionship  of  P D  t to  l o g ( [ K  ÷ ]m+ [ Na+ Ira) 
a p p r o x i m a t e l y  applies,  i rrespective o f  the value o f  [K+]m/[Na+]  m. Slight differences 
between the poin ts  o f  high [K ÷ ],, and  those o f  low [K ÷ ]~ could  be expla ined  by  a 
shght  difference between the pe rmeab lh ty  coefficients for  K ÷ and  N a  ÷ (P[ ,  PN~) 
th rough  the shunt  pa thway  [4, 20]. Moreover ,  the slope o f  the curve in the tugh salt  
concen t ra t ion  range is a r o u n d  50 mV per  10-fold change in the salt  concent ra t ion ,  and  
this value is in fair ly good  agreement  with the theoret ica l  value ( a round  60 mV)  whert 
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Fig. 7. Relauonshlp between PDt or Vm and cation concentration ([K+]m+0C • [Na+]m) a, PDt and 
([K+]m+~ • [Na+]m) where c¢ = 1 0. O, [K+]m < [Na+lm, O, [K+]m > [Na+]m-Each point rep- 
resents the mean of 3-132 observations with the standard error less than ± 1 mV. b, I'm and ([K + ]m 
+~  [Na+]m) where ~ = 0.07. C), [K+]m < 60 raM; Q, [K+]m > 60 mM. Each point represents 
the mean of 5-644 observations with the standard error less than 4-3 mV 
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It IS corrected by dividing by the parttal lomc shunt conductance (e g. 85 % in rabbit 
ileum [20]). The fact that the slope becomes smaller in the low salt concentration range 
might be attributed to increases in R L due to decreasing Na + and K ÷ and increasing 
Trls ÷ Thus it might be conceded that PD t ~s dominated by E L and approximately 
expressed as a function of ( [K + ]m+ [ Na+ ]m) 

On the other hand, the values of  Vm observed were remarkably affected by a 
change in [K ÷ ]m- In the range of [K ÷ ]m higher than 60 mM, a change in Vm obeyed 
the Nernst equation as stated above Since the CI-  made no significant contnbutlon 
to V~, at least in the steady state, we could safely assume that the constant-field 
equatmn [24, 25] for the effective e .m.f ,  E, ofeplthehal cell membrane can be reduced 
to the following form by neglecting the term of the CI-  concentration provided that 
the extra- and lntracellular acttwty coefficients are assumed to be nearly identical. 

E = -61 .5  • log ['K+]m+°~" [-Na+]m (4) 
[K+],+~ [Na+], 

where ~ is the ratio of  the permeablhty coefficients (PNa/PK) Our finding that V m 

obeyed the Nernst equation for a reversible K ÷ electrode in the range of [K + ]m = 
60 to ~ 100 mM, strongly suggests that E~ = -- I'm, In this range of [K + ]m at least, 
and that 1 / (p+  1) is qmte small In this region, therefore, it seems very likely that the 
contribution of  EL to Vm Is neghglble, and ~ is nearly equal to zero In general, 
however, a change m E in response to a change in [K ÷ ]m or [Na + ]m cannot be 
estimated from a change in Vm alone, as seen from Eqn 3. To estimate it sermquantlta- 
twely, we attempted application of the following approximation to Eqn 4. In the 
present experiments, [Na +], and [K ÷ ], 
vary with sonle relationship to [Na+]m 
assumed that E can be written as. 

E =  f ( x ) , x  = [K+]m~-0~ [Na+]m 

remain unknown, but they are expected to 
and [K+]m . As the first approximation, we 

(5) 
where f(x) represents a function of x For  instance, putting ~ = 0 07, a fairly good 
correlation of Vm with log( [K+]m+~ • [Na+]m) was found as shown in Fig 7b. It  
should be noted here that the slopes are about  50 and 60 mV for the low-[K+]m 
region and hlgh-[K+]m region, respectively As ~ [Na+]m IS neghglble compared 
with [K+]m In the range o f x  higher than 60 mM for ~ < 0 1, it is qmte natural f rom 
the results presented in Fig 5A, that the Nernst slope should be obtained in this 
region Such a correlation between Vm and x as seen in Fig. 7b suggests that Vm is 
largely, if not solely, dependent upon E 

We then obtain the following relatmn provided that Eqn 5 ~s practically 
apphcable 

dE ~E 1 

tN~+]m ~ [Na+]m ,~3 log [Na+]m [K+lm 

because 

df c~f 3f 

From Eqn 3, we can obtain 
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t~E COVm 1 t~(PDt) 

~3 log [ K + ] m  c3 log [ K + ] m  + - -  g + l  ct log [K+]m 

¢~E (~V m 1 ~(PDt)  
- -  - [ -  - -  

c~ log [Na+]m c~ log [Na+]m /~+1 t~ log [Na+ ]m 

(7) 

When the value of # ~s gwen, the value of each term in the right hand of  these equa- 
tions can be obtained from the slopes m Figs 4 and 5. The g values can be estimated 
from Eqn 6 by substituting 0E/(01og[K+]m) and OE/(Olog[Na+]m) with the values 
thus obtained m the range of  [K + ]m lower than 60 mM. The g values estimated with 
# = 1 are plotted in Fig. 8. It shows that ~ values increase abruptly from 0 to around 
0.07 at [K + ]m = 30 to ,-, 50 mM, an observation corresponding to the inflection at 
intermediate x-values in Fig. 7b. It is apparent from Figs 4A and 5A that the ~ vs 
log[ K+ ]m relationship for p >> 1 (i.e. E = -- Vm), is quite s~mllar to that illustrated in 
Fig. 8, the only &fference being that the g value at [K + ]m < 30 mM is a little greater 
(around 0.13). Moreover, for any/1 values between 1 and 10, the pattern of the g vs 
log[ K+ ]m relationship is qmte similar. Such a result seems to suggest an abrupt change 
in membrane properties with the change m external K + concentrations. A similar 
result has already been reported m HeLa cell membrane [18]. The above reasoning 
is based on the approxlmatzon of E m the form given m Eqn 5. Our recent flame 
photometric determination of [Na+], and [K+], on rat duodenum (Okada, Y., 
Irlmajlri, A and Inouye, A ,  m preparation) showed that the following relationship 
apphed practically in the range of [K + ]m lower than about 70 mM" 

[K + ] l + a "  [Na + ], = [K + ]re+a" [Na + ]re÷constant (8) 

where a ~s a constant far smaller than 1 (0 to ~ 0.2). Sine: ~ is far smaller than 1, 
as seen m F~g. 8, the use of Eqn 5 mzght be justified at least for a semiquantltative 
estimation of ~. 

Many investigators [2-6, 22, 23] suggested that the electrogenlc sodmm pump 

010 

% 

i !  

A o 6 
I I  '~'l 

I I I I I I I 

4 10 20 40 70100150 

[K] m (raM) 

Fig. 8. Relationship between g (=  PNa/PK) values and log[K+]m. O,  A, [] and × represent 
values estimated with p = 1 by applying Eqns 6 and 7 in the range of lK+lm lower than 60 mM and 
constant [Na+]m = 10.2, 20 4, 40.4 and 71 5 raM, respectavely. O, g values estimated by Eqn 1 at 
higher [K+]m 
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is present on  the serosal membrane  in the intest inal  epithelial cell If  the electrogenlc 
sodium p u m p  made a significant con t r ibu t ion  to the membrane  potential ,  Eqn  4 
would no t  be applicable. Mulhns  and  Noda  [26] showed that the G o l d m a n  equa t ion  
could  be applicable If ~ is substJtuted by c~/r (where r is the coupling rat io of Na  + 
efflux and  K + efflux), when the electrogenlc sodium pump  is acting in  the s tat ionary 
state. Under  the present experimental  condit ions,  therefore, the aforegolng discussion 
would be acceptable, even if the electrogenic sodium pump  contr ibuted  significantly 
to the membrane  potential .  In  this case, however, the esUmated ~ values do not  
represent the PNa : P~ ratio strmghtforwardly,  and  the con t r ibu t ion  of r should be 

taken into account  
The aforegoIng discussion is based on  the assumpt ion  that  no t  only the activity 

coefficients of Na  + and  K + in bathing solutions but  also those within the cell are 
Identical and  therefore cancel out  in the G o l d m a n  equat ion.  M a n y  studies [27-33] 
have shown that the activity coefficient of Na  + within the cell is smaller than  in the 
ba th ing  fluid, and  a recent experimental  study [34] on the epithelial cells of  bullfrog 
small intestine has shown that  the activity coefficient of Na  + within the cell is 0.5, 
whereas that  of  K + is 1.0 Nevertheless, we found that  our  qualitative conclusions 
were no t  altered even when the values of the activity coefficients cited above were 

applied 
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