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Summary. Microelectrode techniques were employed to measure the electrical resist- 
ance of the cell membranes and the shunt pathway, and the equivalent electromotive forces 
(EMF's) at both cell borders in Necturus gallbladder epithelium. The cell is, on the average, 
57 mV negative to the mucosal solution and 59 mV negative to the serosal solution. The 
transepithelial potential (V~s) ranges from 0.5 to 5 mV, serosal solution positive. Assuming 
that the shunt EMF (V~) is zero with standard Ringer's bathing both sides of the tissue, 
both cell membrane EMF's are oriented with the negative pole toward the cell interior 
and are 39.9_+ 3.6 mV (apical, Va), and 69.4_+ 1.8 mV (basal-lateral, Vb). The values of the 
resistances of the cell membranes and the shunt are similar to those previously reported 
by others : apical (R,), 3350_+ 390 f2 cm 2, basal-lateral (Rb) 2750_+ 320 ~2 cm 2, shunt (Rs), 
480_+50 ~ cm 2. Ionic substitutions on the mucosal side produce changes in both EMF 
and resistance of the apical membrane and the shunt pathway. Increasing K concentration 
to 112 mu reverses V~ and greatly reduces Ra. Complete Na replacement with an inert 
nonpermeant cation slightly increases Va and Ra. These results indicate that across the 
apical membrane P~ > PNa. Analogous measurements of V~ indicate cation permselectivity, 
with PK >PNa>Pcholine~PTgA ~PmethylgI . . . .  i n e "  In general, changes in V, are very similar 
to the changes in V~s, indicating that the latter measurements yield adequate information 
on the properties of the shunt. The fact that PNa>-PCI across the shunt rules out the possi- 
bility that Vms is generated by a NaC1 concentration gradient across the limiting junction. 

L o w  resis tance (" leaky ")  sod ium t r anspor t ing  epi thel ia  are charac ter -  

ized by  the existence o f  a shunt  p a t h w a y  o f  high ionic conduc t ance  [3, 

10, 16, 43] in paral lel  with a cellular pa thway .  In Necturus gal lbladder ,  

it has been shown tha t  the shunt  p a t h w a y  is in tercel lu lar  [17, 18]. Leak y  

epi thel ia  such as k idney  p rox ima l  tubule  [4, 5, 19], ga l lb ladder  [7, 22, 

28, 41] or  uppe r  intest ine [2, 35], character is t ica l ly  exhibi t  a low trans-  

epithelial  po ten t ia l  difference.  This  has been in te rp re ted  as an ind ica t ion  

tha t  the t ransepi thel ia l  t r anspo r t  process  is " n e u t r a l "  or  "e lec t r ica l ly  
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silent" [8, 9]. However, the measurement of shunt conductances 1 to 
2 orders of magnitude higher than the cellular conductance suggests the 
alternative explanation of dissipation, through the shunt, of any electri- 
cal gradient generated by transepithelial transport. In fact, the trans- 
epithelial potential across gallbladders of several species increases when 
the conductance of the shunt pathway is selectively reduced by triamino- 
pyrimidinium [29]. However, the possibility remains that this correlation 
between shunt resistance and transepithelial potential is unrelated to the 
transport process. 

The potential profile across this kind of epithelium is characterized 
by a cell negative to both bathing solutions [17, 20, 35, 43]. The mecha- 
nisms of generation of the potentials at each cell border are unclear. 
Although the high K permeability of the basal-lateral membrane could 
account for most of its potential, in some tissues a parallel electrogenic 
or rheogenic mechanism of sodium extrusion has been suggested [37, 
42]. Less information is available on the apical membrane, where Na 
entry in some preparations increases after the addition of glucose or 
amino acids [26, 35], and where the Na and K permeabilities are un- 
known. Even the orientation of the electromotive force generated at this 
border is controversial. The measurement of a negative potential across 
the apical cell membrane does not prove that the electromotive force 
(EME) generated at this border has the same polarity: if the orientation 
of the apical EMF were such as to make the cell positive to the mucosal 
solution, it is still possible to have a negative apical membrane potential 
if the EMF generated at the basal-lateral membrane is high enough, and 
the resistance of the shunt low enough [36]. An apical EMF oriented 
with the positive pole toward the cell interior would suggest a high Na 
permeability and a mainly passive mechanism of sodium entry. On the 
other hand, if the EMF is oriented with the negative pole toward the 
cell interior, the apical Na permeability has to be low relative to that 
of other ions, suggesting a different Na transport mechanism at this 
level. 

Electrical analyses of leaky epithelia are complicated by the presence 
of the low resistance shunt, and by the fact that the shunt exhibits ionic 
permselectivity. Thus, unilateral changes in bathing solution composition 
can alter the ipsilateral membrane potential in a complex fashion, in 
which the membrane current generated is partially shunted, and the new 
potential produced in the shunt itself influences the cell potential. In 
order to obtain the transference numbers for individual ions across the 
cell membrane it is necessary to evaluate the change in equivalent EMF 
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at that membrane (and not only the change in measured potential) as 
a function of the external ionic concentrations. This requires the 
measurement of the resistances of the cell membranes and the shunt 
pathway, in addition to the potentials across both cell membranes. From 
the changes in cell membrane and shunt resistances after changes in 
external solution it is also possible to calculate their relative ionic per- 
meabilities, independently of the changes in electrical potentials. 

In order to make such measurements, the epithelium must be struc- 
turally simple, in order to apply a precise mathematical treatment to 
its cable properties, and to have relatively big cells, in order to tolerate 
prolonged microelectrode impalements without significant leakiness or 
deterioration of the cell potentials. The gallbladder of Necturus fulfills 
these requirements [17] and was in consequence chosen for these studies. 
In summary, these microelectrode experiments are intended to provide 
a complete circuit analysis of a typical leaky epithelium, to determine 
the influence of cation substitutions on the electromotive forces gener- 
ated at the cell borders and across the shunt pathway, and thus to obtain 
new insight into the mechanisms of production of the cellular and trans- 
epithelial electrical potentials, and their relationship to transepithelial 
electrolyte transport. 

The calculation of equivalent EMF's and permeability coefficients 
depends on several difficult-to-test assumptions, such as constancy of 
intracellular ion activities and contralateral cell membrane EMF (after 
mucosal solution changes), and the value of the shunt EMF under con- 
trol conditions. In this and the following paper [33] three different kinds 
of experiments were performed : measurements of steady-state potentials 
and resistances, measurements of rapid changes in potentials with mi- 
croelectrode impalements of several cells, and continuous recording from 
single cells during changes in the mucosal solution. It will be shown 
that the results of these different experimental procedures and assump- 
tions are internally consistent and validate each other. 

Materials and Methods 

Necturi (Necturus maculosus) were obtained from Mogul-Ed Co., Oshkosh, Wisconsin, 
and kept in tap water, at 4 ~ C, in the dark. Animals were either decapitated or anesthetized 
by immersion in 1.5% urethane. The gallbladder was removed, opened longitudinally, 
washed in standard Ringer's solution, pinned to a cork ring (with enough stretch to avoid 
macroscopic foldings), and mounted on a lucite ring with an exposed area of 0.63 cm 2. 
The preparation was then set up horizontally in a lucite chamber (mucosal side upwards), 



118 L. Reuss and A.L. Finn 

and was supported on an agar-Ringer's cylinder or a nylon mesh. The serosal solution 
was continuously changed (from an oxygenated reservoir) by perfusion under negative pres- 
sure. The mucosal solution was either continuously replaced by gravity superfusion or 
changed at i0 to 20 rain intervals. All experiments were performed at room temperature 
(22_+ 1 ~ C). 

Solutions 

Standard Ringer's solution had the following composition (raM): NaC1 109.2; KC1 
2.5; CaC12 0.89; NaHCOa 2.38; pH about 7.7, gassed with room air. All replacements 
were isosmolal. Na and/or K were replaced with choline, tetraethylammonium (TEA), or 
N-methyl-D-glucamine. Calcium and bicarbonate concentrations were kept constant. 

Electrical Measurements 

a) Potentials. The transepithelial potential (V,,s) was measured with a 600-A 
Electrometer (Keithley Instruments, Aurora, Ohio) by means of Ag-AgC1 electrodes con- 
nected to both bathing solutions through agar-Ringer's bridges. Apical and basal-lateral 
membrane potentials (Vmc and Vc~, respectively) were measured with glass microelectrodes, 
filled with 4 M K acetate as previously described [31], amplified by M-4 differential ampli- 
fiers (WP Instruments, Hamden, Connecticut) recorded on a storage oscilloscope (Tek- 
tronix, Inc., Beaverton, Oregon), and photographed. All potentials measured with noniden- 
tical composition of the solutions were corrected for the liquid junction potentials measured 
in the same system when the tissue was substituted by a short agar-Ringer's bridge. 

Cellular impalements were performed with mechanical micromanipulators, under 
visual control with an inverted phase-contrast microscope (Leitz Wetzlar, Germany), at 
200 or 320 x .  Impalements were accepted when the change in potential was abrupt, and 
the recorded intracellular value stable within 2 inV. In some experiments, these criteria 
were validated by adding the measurement of the "input resistance" of the tissue (by pass- 
ing short 10-9 A d.c. pulses through the microelectrode, before and after the impalement, 
and measuring the increase in microelectrode-to-ground resistance after the impalement), 
and the voltage divider ratio across the cellular pathway, measured by passing transepithe- 
lial d.c. pulses (see below, and Fig. 1). 

b) Resistances. The transepithelial resistance (Rt) was calculated from the voltage de- 
flection (A Vms ) measured in response to a transepithelial current pulse of density i (60 pA/ 
cm 2 or less): 

Rt=A Vm,/i. (1) 

A V~ was measured as the instantaneous voltage deflection (50 msec after the start of the 
current pulse). At this time, the potential has reached a pseudosteady state and the current 
voltage plot is linear well beyond the current densities employed. Longer pulses produce 
deviations from linearity that will be discussed elsewhere. 

The voltage divider ratio across the cellular pathway (a=R,/Rb) was calculated as the 
ratio of instantaneous voltage deflections produced across the apical and basal-lateral mem- 
branes (A V,~ and A Vc~, respectively) by a transepithelial d.c. pulse: 

a=Ra/Rb=A V~,c/A Vcs (2) 

where R~=apical membrane resistance and Rb=basal-lateral membrane resistance. The 
mean value of a for a given preparation was obtained from at least six measurements in 
different cells. 

The specific resistance for current flow from the cells to the bathing solutions (R~) 
was calculated from cable analysis of the intraepithelial spread of current applied into a 
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Fig. 1. Cellular impalement and measurement of the voltage divider ratio. The record starts 
on the left with the microelectrode in the mucosal solution and the reference electrode 
in the serosal solution. Between the upper arrows, the electrode is in the cell, and the 
tracing corresponds to the basal-lateral membrane potential (Vcs). In the middle section 
of the record, the potential across the apical membrane (Vmc) was also recorded, and a 
100 gA transepithelial pulse (bar) passed to measure the ratio A V,,c/A Vcs. To measure 
the input resistance, 10-9 A pulses were passed through the microelectrode before, during, 
and after the impalement. The electrode was kept slightly unbalanced in the extracellular 
position. Note the progressive increase in the deflection after the impalement. There is a 

15-30 sec delay between panels 

cell. Current pulses of l0 s to 2 x 10-SA were intracellularty applied with a microelec- 
trode and the steady-state voltage deflections produced in other cells were recorded, with 
a second microelectrode, as a function of the interelectrode distance (measured with a cali- 
brated eyepiece). At least eight cells were explored in each preparation. 

The voltage deflections (Vx) were plotted as a function of the distance (x) and fitted 
to the Bessel function Ko. The best fit yields the space constant of the preparation (2) 
and the constant A. From these values, and the intracellularly applied current (io), Rz was 
calculated according to 

2~z A J( 2 
Rz - (3) 

io 
(for further details, see [14, 17, 31, 38]). 

Calculation of  the Resistances of  the Cell Membranes and the Shunt 

According to the equivalent circuit shown in Fig. 2 (right), the values of Ra, Rb, and 
Rs can be calculated from: 

R, = (Ra + Rb) Rs/(R,, + Rb + R~) (4) 

a=R, /Rb  (5) 

R~ = R a �9 Rb/(R,, + Rb) (6) 

where Rt, a, and Rz are experimentally determined. 

Calculation of  the Equivalent Electromotive Forces Generated 
at the Cell Membranes and the Shunt 

As shown in Fig. 2, the cell membranes and the shunt pathway can be represented 
each by a battery in series with a resistor. Each equivalent electromotive force (Va, Vb, 
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Fig. 2. "Steady state" equivalent circuit for Neeturus gallbladder epithelium. M, C, and 
S represent mucosal solution, cell, and serosal solution, respectively. On the left, the elec- 
tromotive forces generated at the cell membranes (E~, Eb) and at the shunt pathway (E~) 
are shown with the internal (R1, R3, Rs) and the external (R2, R4, R6) resistances at each 
site. The simplified circuit on the right corresponds to the replacement at each cell border 
and the shunt of the two resistors by their equivalents (R~, Rb, Rs) and of the electromotive 
forces by their equivalents (V~, V b, V~), e.g., Ra=RI'R2/(RI+R2), and 

V. = E~. R2/(R1 + R2) 

Vs) corresponds to the potential that would be measured across a given membrane dr the 
shunt if it were the only element of the circuit, i.e., if no other elements were contributing 
to or shunting its potential. Thus each EMF may represent a combination of diffusion 
potentials and rheogenic pumps. The lumped resistances (Ra, Rb, Rs) correspond to all par- 
allel ionic pathways through each membrane and the shunt. 

Under control conditions (Ringer's solution bathing both sides of the tissue), Vs was 
assumed to be zero. It certainly must be close to zero, given the perrnselectivity of the 
shunt and a reasonable estimation of the salt concentration gradient across the limiting j unc- 
tion (see below). 

The potentials are then given by 

V,~- V~(Rb + R~)+ VbR~ (7) 
R.+Rb+R~ 

V~- Vb(R~ + R~)+ V~Rb (8) 
R~ + Rb + Rs 

V~ (Vb - V~) Rs (9) 
Ra q- Rb-k R s 

where the polarities are defined as follows: Vmc, Va = mucosal solut ion-cel l ;  Vcs, Vb = sero- 
sal solut ion-cel l ;  Vms=serosal solut ion-mucosal  solution. According to Eqs. (7)-(9), it 
is possible to calculate V, and Vb if the resistances and the potentials across the cell mem- 
branes and the entire epithelium are known: 

V~= V,,, - V_ ~ - -  R~ (10) 
R~ 
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~ = G + ~  Rb 
.,~ - - .  (11) 

R~ 

If the bathing solutions are changed so that they are not identical, Vs+O, and it can 
be shown that 

Va'(R'b + R'~)+ R;(Vb'-- V~' ) 
v.'~_ (12) 

R'~+R;+R'  s 

V,  ' l i ! ! b (R~+Rs)+Rb(V~ + V/) 
G= (13) G+R;+R; 

R ; ( V j -  Vj)+ V'(R'~+ R;) 
V.~ s - (14) 

R'~+R'~+R' s 

where ' indicates values after a change in bathing solution. 
After a change in the mucosal solution, it can be assumed that initially the EMF at 

the serosal border (Vb) remains constant, provided that changes in intracellular composition 
are slow. Within this assumption, V'~ and V',, can be calculated, according to Eqs. (12)- 
(14), as follows: 

Vs'- V~;(R; + R's)- (V,~cR; + VbR;) (15) 
R~ 

Vj= VJ'c(R'a+ R; + R~)-R'~(V b -  V~') (16) 
R;+G 

All statistical comparisons were made by paired analysis of tissues studied under con- 
trol and experimental conditions. Means + SEM are given throughout the paper. 

Results 

Cell Membrane Potentials 

Our experience in this tissue has been that most frequently the cell 
potential remains stable after the impalement, or rarely increases slightly 
for a few seconds. Decreases in potential were taken as an indication 
of inadequate impalement. The stability of the intracellular record is 
illustrated in Fig. 1. The mean value for Vcs was 59.4_+ 1.9 mV (44 to 
72 mV), for Vm~ 57.2+2.3 mV (39 to 71 mV), and for V,~s, 2.2+0.4 mV 
(0.5 to 5.0 mV), with Ringer's solution on both sides. These values are 
similar to those previously reported by Fr6mter [17]. A highly significant 
correlation was demonstrated between the value of the transepithelial 
potential and the shunt resistance. In 14 experiments in which both 
measurements were performed, the least-squares fit yielded the equation 
V,,s=(-l.5-+0.4)+(7.8-+0.7) Rs, r=0.955, p<0.001 (Vms in mV, R~ in 
kQ cm2). This would be predicted from Eq. (9). Concomitant increases 
in transepithelial potential and transepithelial resistance have been ob- 
served by Moreno [29] in the frog gallbladder under the action of TAP, 
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Table 1. Steady-state changes in cell and transepithelial potentials after ionic 
substitutions in the mucosal solution 

Mucosal Vmc Vc~ Vms 
solution (mV) (mV) (mY) 

Ringer's 58.9 + 1.0 60.5 + 0.9 1.6 _+ 0.2 
K 4.3_+1.2 25.0_+3.1 20.9_+3.5 
Difference 54.6 _+ 2.2 35.5 _+ 3.4 - 19.3 _+ 3.5 
p < 0.001 < 0.005 < 0.01 

Ringer's 59.4+5.8 61 .1+5.0  1.7+0.9 
TEA 73.1 _+5.3 47.6_+3.7 -25.6_+3.2 
Difference -13.7_+4.2 13.5_+2.3 27.3_+3.0 
p < 0.05 < 0.005 < 0.001 

Ringer's 57.7+3.2  59.2_+2.8 1.5_+0.5 
N-methyl-D-glucamine 72.2 + 4.7 55.2 + 3.0 - 16.5-+ 2.7 
Difference -14 .5 -+1 .7  3.8-+0.9 18.0+2.3 
p < 0.005 < 0.025 < 0.005 

Mucosal bathing solution identified by the main cation. Ringer's solution on the serosal side. 
Concentrations of Ca 2 § and H C O  3 constant on both sides. Values corrected for liquid 
junction potentials. Ringer's-K, n = 4; Ringer 's-TEA, n = 5; Ringer's-N-methyl-D-glucamine, 
n=4.  Polarities defined in Materials and Methods. 

an agent that presumably acts specifically at the shunt pathway, blocking 
its Na conductance. 

Changes in the ionic composition of the mucosal solution pro~tuced 
changes in Vmc, Vcs, and Vms. These changes usually consisted of two 
distinct phases: an initial, fast change, with a time constant of less than 
one second, and a slow component with a time constant of several 
minutes. From observations in other tissues, it can be presumed that 
the latter is at least partly due to changes in intracellular composition 
[25, 39]. Ideally, the quasi-steady state reached after the fast component, 
in response to small alterations in the external concentrations, should 
be used to estimate ionic permeabilities. However, the determination of 
the EMF's requires procedures that take at least 30 min in each experi- 
mental condition. The alternative is to calculate the resistances immedia- 
tely after the change in solution, making additional assumptions. Both 
approaches were employed. In this paper we will report the results 
obtained from steady-state measurements. The results calculated from 
the quasi-steady state just after the fast changes in potential will be dis- 
cussed in the accompanying paper [33]. 

Steady-state transepithelial and cell membrane potentials with several 
mucosal solution compositions are given in Table 1. Increases in K con- 
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Fig. 3. Changes in V~c as a function of K concentration in the mucosal solution. Each 
value corresponds to the mean+sEM of six impalements in the same preparation, 1 to 
10 rain after exposure to each mucosal solution. Solid line gives the slope for a potassium 

electrode 

centration depolarize both the apical and basal-lateral membrane. Fig. 3 
shows the results of a typical experiment in which cell potentials were 
measured 1 to 10 min after exposure to different K concentrations on 
the mucosal side. Note that at the higher K concentrations the slope 
of Vmc as a function of external K is close to the value predicted for 
a K electrode, indicating that the apical membrane has a high K permea- 
bility. In addition, as shown in Table 1, the direction of the change in 
transepithelial potential indicates that PK>PNa across the shunt path- 
way. It will be shown that the changes in Vmc and V,,, s are very similar 
to the changes in the corresponding equivalent electromotive forces. 
When mucosal Na is replaced with choline or TEA (see Table 1), V,,c 
increases significantly, V~s decreases (both changes being smaller than 
in the Na-for-K substitution), and V,,s reverses its polarity, changing 
an average of 27.3 mV. As a first approximation, this indicates that the 
effect of mucosal Na concentration on the apical membrane potential 
is far less than that of K. In addition, the change in transepithelial 
potential indicates that PNa>PTEA (across the shunt). A similar result 
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(Vms changes from 2.8+0.7 to -17 .6+2 .6)  is obtained when Na is re- 
placed with choline. 

It will be shown that although the changes in Vm~ are close to the 
calculated changes in Vs, the changes in V,,,c are opposite in direction 
to the changes in V~, because of peculiar effects of these replacement 
cations on the permeability properties of the membrane. This fact made 
it necessary to use other cations to replace Na. N-methyl-D-glucamine 
(NMDG) was shown to yield results that are consistent with pure Na 
replacement. As shown in Table 1, the effects of this substitution on the 
potentials are in the same direction as observed in TEA medium, but 
the magnitude of the change in Vcs is significantly smaller. 

Resistances Under Control Conditions 

The values of cell membrane and shunt resistances (with Ringer's 
solution bathing both sides of the tissue) are similar to those reported 
by Fr6mter [17, 18]. The mean space constant for the intraepithelial 
spread of current in a series of 14 preparations was 363 gm (range 210 
to 520gm), and the voltage divider ratio (Ra/Rb) 1.26, with a range 
from 0.77 to 1.99. The calculated resistances in these 14 preparations 
were (in f2cm2): Rt=450+40,  R~= 3350 _+ 390, Rb=2750+320, and 
Rs=480 +_ 50. The ratio of the mean resistances of the cellular pathway 
(Ra+Rb) to the shunt (R~) is approximately 12. 

Circuit Analysis Under Control Conditions 

In the same series of 14 preparations, the equivalent electromotive 
forces at the membranes were calculated from the measured potentials 
and resistances, according to Eqs. (10) and (11). These results, summar- 
ized in Table 2, indicate that both EMF's are oriented with the negative 
pole facing the cell interior, as might have been presumed from the high 
K dependence of Vmc. In addition, the value of Vb is significantly higher 
than the value of Va. Because of this difference in EMF's, current flows 
from the basal-lateral to the apical membrane, through the low resist- 
ance shunt pathway. This current hyperpolarizes the apical membrane 
with respect to the value of Va, i.e., Vmc> Va, while V b is partially 
shunted, i.e., Vb > Vcs. At the limit, as Rs approaches zero, V,,c and V~s 
would become equal, regardless of the absolute values of V, and Vb, 
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Table 2. Equivalent electromotive forces at both cell borders 
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Cell Measured Equivalent Difference p 
membrane potential EMF 

(mV) (mV) (mV) 

Apical 54.8_+2.3 39.9_+3.6 15.0_+2.2 <0.001 
Basal-lateral 57.3_+ 1.9 69.4_+ 1.8 -12.1 _+ 1.4 < 0.001 

Ringer's on both sides, n=  14 preparations. Polarities defined in Materials 
and Methods. 

while as Rs approaches infinity, Vmc would become equal to V~ and Vcs 
equal to V~. 

Resistances After Mucosal Ionic Substitutions 

The increase in mucosal K concentration reduces significantly the 
spread of intracellularly applied current into the epithelium. A typical 
experiment at 2.5 and 110 mM in the same preparation is shown in 
Fig. 4A. The direction of his change is what would be predicted from 
the high K conductance of the apical membrane [i.e., reduction in Ra 
and Rz; see Eq. (6)]. However, both at 110 and 11 mM mucosal K, the 
value of R~, calculated from the fit to the Bessel function, was lower 
than the minimum that would be predicted if Rt=Ra+Rb,  i.e., if Rs = oo. 
Thus, the use of Eqs. (4)-(6) yielded in every case negative values of 
Rs, and impossibly low values for Ra and Rb for the observed Rt. The 
most likely explanation for this observation is that the cells uncouple 
electrically when exposed to high external K concentration, i.e., the in- 
ternal resistance of the epithelial sheet increases. This is consistent with 
the demonstration of uncoupling induced by cell depolarization (and its 
reversal by repolarization) in other systems [30, 34]. In addition, the "in- 
put resistance" of the cells either remained constant or increased after 
the change of mucosal solution. This observation is consistent with our 
explanation for the reduction in the voltage spread, and indicates that 
such reduction cannot be entirely secondary to the drop in R~ (if that 
were the case, we would expect the "input resistance" to decrease). In 
this situation, the use of a thin sheet model (with low internal resistance) 
is inappropriate. However, it is still possible to calculate all resistances, 
from the measurements in Ringer's solution and the values of Rt and 
R,/Rb in high K, if one assumes that Rb remains constant. The potential 
error introduced by this assumption is calculated below. The results 
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Fig. 4. Spread of intracellularly applied current under control conditions and after exposure 
to K or choline mucosal solutions. (A) Open circles, Ringer's; filled circles, ll0rnN K. 
The curve depicts the Bessel function Ko; 2=400  I~m. (B) Open circles, Ringer's; filled 

circles, choline. Best fits yield % of 210 Ixm (control) and 400 lain (choline) 

obtained with 110 mM K are compared to the control values in Table 3. 
Ra is decreased to one-third o f  control (p < 0.05). No significant changes 
in Rt or Rswere observed in the steady state (15M5min after the change 
in solution), although immediately after the substitution R~ is diminished 
and Rs is also shown to be reduced if a continuous record from a single 
cell is used for the calculation. This is consistent with the microscopic 
observation that the lateral intercellular spaces appear to close after the 
change in solution. 

The effect of the replacement of mucosal Na and K with choline, 
TEA, or N M D G  is an increase in Ra. Fig. 4B illustrates the increase in 
voltage spread observed after a mucosal choline-for-Na substitution. The 
results obtained with either choline or TEA are very similar. In addition 
to the increase in R~, Ra/R b also increased significantly. In these experi- 
ments, Rb was calculated from the resistance measurements [Eqs. (4)- 
(6)], and not assumed to remain constant. As shown in Table 3, Rb in- 
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Table 3. Effects of mucosal solution substitutions on the resistances of the cell 
membranes and the shunt 

Mucosal Rt R,~ Rb Rc R~ 
solution 

Ringer's 350 _+ 40 
K 310_+60 
Difference 50 _+ 70 
p NS 

Ringer's 390 _+ 40 
TEA 700 + 80 
Difference 320 _+ 50 
p < 0.005 

Ringer's 410 _+ 90 
N-methyl-D-glucamine 640_+ 150 
Difference 230 _+ 60 
p < 0.05 

4,400-+830 3,010_+570 7,410_+1,270 370_+50 
1,300+290 3,010-+ 570" 4,310-+ 840 350-+70 
3,100+580 - 3,100_+ 580 20_+80 
< 0.02 - < 0.02 NS 

3,490_+760 2,720_+600 6,210_+1,330 420_+60 
11,500_+1,960 3,390_+520 14,890_+2,310 740-+90 
8,010_+ 1,320 670+ 100 8,680_+ 1,280 320_+50 
< 0.005 < 0.005 < 0.005 < 0.005 

2,920-+ 590 2,420-+ 270 5,140-+ 730 420_+90 
4,070_+ 680 2,420_+ 270" 6,290_+820 710_+170 
1,t40_+90 - 1,140_+90 290_+90 
< 0.005 - < 0.005 < 0.05 

Resistances in ~1 cm 2 of tissue. Rc=R,~+Rb; remaining abbreviations as in 'text. *R b 
assumed to remain constant after the change in solution. Ringer's-K, n = 4 ;  Ringer 's-TEA, 
n = 5 ; Ringer's-N-methyl-D-glucamine, n = 4. 
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creased (in TEA medium) by 25%, while the increases in Ra and Rs 
were 230% and 76%, respectively. When choline was used, Rb did not 
change significantly, while R~ and Rs increased similarly to the TEA 
results. N M D G  substitutions, also shown in Table 3, produced aug- 
mentation of both R~ and Rs. The latter calculations were performed 
under the assumption that R b remains constant after the change in 
mucosal solution. In a single experiment, the cable properties were stu- 
died in Ringer's and N M D G  medium, and Rb-calcula ted indepen- 
dently in the two cond i t ions -was  shown to increase by 15%. As dis- 
cussed below, the magnitude of these changes is too small to influence 
our conclusions. Thus, the assumption that R b remains constant is, for 
practical purposes, correct. It is notable that the relative increase in R, 

in the TEA and N M D G  experiments differ almost by a factor of 6. This 
suggests that TEA alters the permeability of the apical membrane to 
other ions, and a similar conclusion can be obtained from the choline 
experiments. Further experimental evidence on this point is given below. 

After both TEA and N M D G  replacements, the increase in total trans- 
epithelial resistance is mainly the consequence of a higher shunt resist- 
ance, and this can be attributed to a low conductance for TEA or 
N M D G  (as compared to Na conductance) across the shunt. This conclu- 
sion is consistent with the measured changes in V,,~ in the same experi- 
ments (Table 1). In addition, closing of the lateral intercellular spaces 
might contribute to the increase in Rs. 

These resistance measurements indicate that across the apical mem- 
brane PK > PN,, and that the Na permeability is higher than that of TEA, 
choline and NMDG.  In addition, both TEA and choline appear to effect 
alterations of the properties of the apical membrane. 

Equivalent Electromotive Forces After Mucosal Ionic Substitutions 

Va and Vb were calculated [according to Eqs. (10) and (11)] from 
measurements of electrical potentials and resistances in tissues incubated 
with Ringer's solution on both sides. Afterwards, the mucosal solution 
was changed, the measurements repeated, and the new values of the 
equivalent EMF's  were calculated according to Eqs. (15) and (16). 
Results obtained in K, TEA, and N M D G  mucosal media are compared 
to the control values in Table 4. When mucosal K was increased from 
2.5 to 110 raM, the value of V~ changed by 54.3 mV, from 34.0 mV (cell 
negative) to 20.3 mV (cell positive). This mean change is almost identical 
to the mean change in measured potential across the apical membrane, 
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Table 4. Steady-state changes in equivalent electromotive forces after ionic substitutions in 
the mucosal solution 

Mucosal V. Vb Vs 
solution (mY) (mV) (mV) 

Ringer's 34.0 _+ 7.5 77.2 + 3.5 0 b 
K -20.3_+2.9 77.2_+3.5" 15.3_+3.6 
Difference 54.3+7.2 - -15.3_+3.6 
p < 0.005 - < 0.02 

Ringer's 50.2_+7.6 68.3_+4.2 0 b 
TEA 17.2_+3.5 68.3_+4.2" -29.1_+3.8 
Difference 33.0_+ 10.1 - 29.1 + 3.8 
p < 0.05 - < 0.005 

Ringer's 46.7-+5.1 68.2-+3.4 0 b 
N-methyl-D-glucamine 50.3_+5.5 68.2• ~ -20.2-+2.2  
Difference -3 .7-+ 1.1 - 20.2-+2.2 
p < 0.05 - < 0.005 

" V b assumed to remain constant. 
u Vs assumed to be 0 with standard Ringer's solution on both sides. See legend to Table 1. 

of 54.6mV, in the same experiments (Table 1). In addition, V~ was 
15.3mV after the increase in mucosal K concentration. This value is 
very similar to the mean change of Vms (19.3 mV), as shown in Table 1. 

When all mucosal Na was replaced with TEA, at constant K con- 
centration, V a decreased from 50.2 to 17.2 mV. This change is in the 
opposite direction to the change in Vmc, which increased from 59.4 to 
73.1 mV (Table 1). This result, similar to the one obtained with choline 
instead of TEA, might indicate that the assumption concerning the 
constant value of V b is wrong, or that choline and TEA, in addition to 
acting as Na substitutes, alter the properties of the apical membrane (the 
possibility of choline and TEA being more permeant than Na can be ruled 
out by the observed increase in Ra). In order to distinguish between these 
two possibilities, cell potentials were measured in several preparations 
before and after substitution of Na with TEA or choline in both mucosal 
and serosal media. After the substitution, Vs can be safely assumed to 
be 0 (there is no transepithelial transport and no asymmetries in compo- 
sition of the bathing solutions), and V~ and Vb have to change in the 
same direction as Vmc and Vcs. In fact, one can predict that Vmc and Vc~ 
will increase if TEA or choline are simple nonpermeant  replacement 
cations (because the Na concentration gradient across both cell mem- 
branes is reversed). In TEA substitutions, V,,c changed from 
63.5_+2.2 mV to 37.7_+0.8 mV, and V~ changed from 64.5_+2.2 mV to 
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37.7 + 0.8 mV. In choline substitutions, the changes were from 64.7 + 1.7 
to 46.3+2.4mV, and from 66.2+1.7 to 46.8+2.4mV, respectively. 
Thus, both TEA and choline bilateral substitutions decreased Vmc, Vcs, 
and Vms. If Vs= 0 under control conditions, the decrease in Vmc and Vc~ 
is necessarily secondary to the fall of both Va and V b. Furthermore, if V~ 4:0 
when Ringer's solution bathes both sides of the preparation, the changes 
in cell membrane potentials cannot be ascribed to changes in V~ alone, 
because V,,~ and V~ would change in opposite directions, and because 
it can be shown that the magnitude of such changes would be about 
50% of the change in Vs. Thus, a change in V~ from 2 to 0 mV would 
not change the potentials across the cell membranes by more than 1 mV. 
Thus, this experiment demonstrates action of TEA and choline on the 
permeability of both membranes to other ionic species. 

When N M D G  was used as Na substitute in the mucosal solution, 
Va increased from 46.7 to 50.3 mV (Table 4). Although the change is 
in the same direction as the change in Vm~ (Table 1), the latter increased 
by 14.5mV. The difference is given by the contribution of V, 
( -20 .2mV,  Table 4) to V,~c after the substitution. Unlike the TEA and 
choline experiments, NMDG-for-Na substitution yielded congruent 
changes in V~ and R~. Furthermore, an experiment was performed in 
which Vmc, V~, and Vms were measured in the same preparation before 
and after a bilateral NMDG-for-Na substitution. As expected for an 
inert nonpermeant cation, V~c increased from 52.7+1.0 to 
53.9 +_ 0.6 mV, Vcs increased from 54.2 • 1.0 to 54.9 + 0.6 mV, and Vms 
fell from 1.5 to 1.0 mV. 

The calculated values of Vs after mucosal substitutions of Na with 
TEA and N M D G  were -29.1 and -20 .2  mV, respectively (Table 4). 
In both cases, these mean values are close to the measured changes in 
V~s in the same experiments" 27.3 mV after TEA substitutions and 
18.0 mV in the N M D G  experiments (Table 1). This observation indi- 
cates that in this tissue the ionic selectivity of the shunt pathway can 
be properly derived from measurements of transepithelial potentials. 

Discussion 

Equivalent Circuit 

A complete equivalent circuit for this epithelium should include one 
EMF for every ion at each cell border and the shunt, internal and exter- 
nal (shunting) resistances at these three sites, and capacitances at both 
cell membranes and the shunt. Presently, no solution is obtainable with 
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Table 5. Effect of assumed NaC1 concentration gradients across the limiting junctions 
on the calculated values of V s, V,, and V b 

NaC1 concentration V~ Va Vb 
gradient (mV) (mY) (mV) 
(raM) 

0 0 39.9 69.4 
5 - 0 . 6  33.2 75.0 

10 - 1.2 29.3 78.2 
20 - 2 . 2  21.9 84.3 

Vs calculated from t~Jtcl=3.18 (across the shunt). Eqs. (12)-(14) were solved for V~ and 
V b, inserting the calculated value of V s and mean values of resistances and potentials from 
14 experiments under control conditions. 

such detail. Thus, the following simplifications were employed: (1) All 
resistance measurements are taken in the quasi-steady state (e.g., 50 msec 
after the start of the current pulse in the measurements of Rt and RJRb). 

Thus, capacitances are not considered. (2) Each cell membrane, and the 
shunt pathway, are represented by a battery and an ohmic resistor in 
series. Each EMF (V,, V b, Vs in Fig. 2) is equal to the voltage drop that 
would be measured across that structure if it were the only element of 
the circuit (e.g., for a cell membrane, if Rs were infinite), and is the 
sum of the contribution of diffusion potentials and rheogenic pumps at 
that site. Even with these simplifications, a complete solution of the cir- 
cuit shown in Fig. 2 is impossible, unless some additional assumptions 
are made. These were as follows: (1) with Ringer's solution on both 
sides, Vs is assumed to be 0; (2) after a K-for-Na substitution on the 
mucosal side, R b and V b are assumed to remain constant; (3) after a 
choline, TEA, or NMDG-for -Na  replacement, Vb is assumed to remain 
constant. The potential error involved in the use of the first assumption 
can be evaluated by a calculation of V~ and Vb at several values of Vs. 
These values were chosen from assumptions of gradients in NaC1 con- 
centration which might reasonably exist across the limiting junction, 
within the framework of the standing osmotic gradient hypothesis [11, 
28], and from the Na and C1 transference numbers across the shunt. 
The results of this calculation at concentration gradients of 0, 5, 10, 
and 20 mM are shown in Table 5. As Vs is opposite in polarity to Vms, 
because PNa >Pc~ across the shunt, the higher value of V, the lower the 
calculated value of V,, and the higher the calculated value of V b. Note that a 
10 m g  gradient across the limiting junction was calculated by Machen and 
Diamond [28] for the rabbit gallbladder, under maximal transport, from 
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dilution potentials. Even a 10 mV error in the calculation of Va, if such 
a gradient exists, does not modify our conclusions concerning the ionic 
permeabitities of the apical membrane, as shown below. The assumption 
concerning Rb after a K-for-Na-mucosal substitution cannot be tested 
directly, but the possible error involved can be calculated, similarly to 
the validation of an analogous procedure in the toad urinary bladder 
[31]. IfRb decreased to half of the control value, R] would be 10% higher 
than calculated, and R; even lower than calculated. On the other hand, 
increases in R b would produce overestimations of R; and underestima- 
tions of R;. In the event that the mechanism of a change in R b is an 
increase in cell volume (produced by net K uptake from the mucosal 
solution), the direction of the change in Rb would probably be a de- 
crease, as suggested by the effect of hyposmolal solutions on the resis 2 
tances of the cell membranes in toad urinary bladder epithelium [15] 
and in this tissue (unpublished observations). When choline is used to 
replace Na in the mucosal solution, the value of R b c a n  be determined 
from voltage spread experiments, and was in fact not different from that 
found in Ringer's, while all other resistances increased significantly. In 
TEA-for-Na substitutions, R b incr6ased by about 25%. This change, 
although statistically significant, is small when compared with: the more 
than twofold increases of Ra in the same experiments. 

The assumption that Vb remains constant after a muc.osal solution 
substitution is also difficult to test. At least two mechanisms might pro- 
duce changes in Vb after ionic substitution at the opposite border of 
the cell: changes in ionic gradients across the membrane, or some kind 
of interdependence of the potentials at both cell borders, independent 
of the shunt current, as shown for the toad urinary bladder [32]. An 
argument against the first possibility is provided by the fact that meas- 
urements within a few seconds after a K-for-Na mucosal substitution 
yield values of membrane potentials and voltage divider ratio very simi- 
lar to those found after a much longer time, whereas changes in Vb medi- 
ated by diffusion should be time dependent. The second possibility, i.e., 
a change in Vb secondary to the change in V,, not due to alterations 
in ionic concentrations, and analogous to the one observed in toad uri- 
nary bladder, cannot be tested presently. In any event, the influence of 
assumed changes in V b on the calculated values of V~, and V~ (after K- 
for-Na substitutions) is shown in Table 6. Even if Vb changes by as much 
as 20 mV in either direction, it is clear that our conclusions concerning 
the relative permeabilities of the apical membrane and the shunt would 
not be altered. 
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Table 6. Effect of assumed changes of V b on the calculated values of V'a and V's after mucosal 
K-for-Na substitutions 

W b [/'~s Vta 
(mV) (my) (mV) 

53.5 17.4 - 8 . 0  
63.5 16.3 - 12.3 
73.5 15.1 -16 .6  
83.5 14.0 -20.9  
93.5 12.8 -25 .2  

Vb calculated from mean resistances and potentials in four experiments (73.5 mV). V s and 
V~ calculated according to Eqs. (15) and (16) from the mean resistances and potentials 
measured after exposure to 110m~ K, assuming a constant value of Vb, and allowing 10 
or 20 mV changes in each direction. 

Resistances of the Cell Membranes and the Shunt Pathway 

The resistances of the cell membranes and the shunt pathway with 
Ringer's solution bathing both sides of the tissue are similar to those 
reported by Fr6mter and Diamond [17, 18]. Although our mean value 
for the resistance of the cellular pathway is somewhat smaller, and our 
value for the resistance of the shunt is somewhat higher, given the variabil- 
ity of the results and the additive sources of error in the experimental mea- 
surements, no real discrepancies are apparent. As shown in Table 3, the 
resistance of the apical membrane decreases significantly when the K 
concentration in the mucosal solution is increased. This change is almost 
complete within a few seconds and is completely reversible. The diminu- 
tion of Ra can be ascribed to a high K permeability of the apical mem- 
brane. On the other hand, the effect of the replacement of Na with TEA, 
choline, or N M D G  (in the mucosal solution) is an increase in Ra, im- 
plying that the latter ions are less permeant than Na. The change in 
resistance is again fast and reversible. However, the increase in Ra in 
TEA or in choline media is several-fold greater than the one observed 
in NMDG,  and also greater than expected from an estimation of PNa/PK 
from V, changes after Na-K and Na-NMDG substitutions. This is not 
the case when K or N M D G  is used, where the measured and predicted 
changes in R~ are similar. These results suggest that choline and TEA 
affect the permeability properties of the membrane in addition to simply 
replacing Na. Furthermore, there is a decrease in V~ after mucosal Na 
is replaced by one of these cations. In the absence of such an effect, 
V~ should increase, because the Na concentration gradient across the 
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apical membrane is reversed. In fact, Va increases when N M D G  is 
employed to replace Na. Possible errors involving the presence of a bi- 
ionic potential across the shunt were ruled out by bilateral substitutions, 
described above. The results of these experiments indicate effects of TEA 
and choline on both cell membranes. In contrast, N M D G  does not 
appear to alter the ionic permeability of the cell membranes. It has been 
shown in nervous tissue [1, 24] that the presence of TEA in the external 
solution brings about effects that can be interpreted as closing of K 
channels in the membrane. Other quaternary amines produce qualita- 
tively similar effects. Given the high K permeability of the apical mem- 
brane, evidenced by the changes in Ra and V, as functions of external 
K concentration, it seems certain that the magnitude of the effects of 
TEA or choline on the same two parameters can only be attributed to 
a decrease in K conductance produced by these ions. N M D G  has an 
entirely different structure and does not exhibit these effects. 

In summary, our measurements of R, at several compositions of the 
mucosal solution indicate that the apical membrane is predominantly 
K-permeable, in contrast with the common observations in tight epithelia 
[6, 21, 27]. In fact, the only Na-transporting epithelium in which data 
showing this cation permselectivity at the apical membrane has been 
communicated is the proximal tubule of Necturus kidney [23], but later 
studies in the same preparation showed that the apical membrane is Na 
permselective [3]. 

The resistance of the shunt pathway exhibits time dependent changes 
after K-Na replacements. In every instance, the immediate effect of the 
increase in mucosal K concentration is a decrease in Rs, presumably 
due to a higher permeability of the limiting junction for K than Na, 
as in gallbladders of other species [8, 12]. Shortly after the change in solu- 
tion, Rt is observed to increase, sometimes to a value higher than con- 
trol, while microscopic observation reveals apparent closing of the lat- 
eral intercellular spaces. This effect might be secondary both to cell 
swelling (high K permeability of the apical membrane) and reduction 
of transepithelial salt transport [13, 40]. 

The replacement of mucosal Na with TEA or choline produced in 
every instance an increase in Rs, attributable to a higher shunt permeabi- 
lity for Na than for the replacing cation. This observation is consistent 
with the change in transepithelial potential. From dilution and bi-ionic 
potentials measured across the tissue, the permeability ratios across the 
shunt were calculated. If these values are employed to predict a change 
in shunt resistance after mucosal Na substitution with choline, the meas- 
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ured increase in Rs is higher than the calculated value, indicating that 
in addition to the increase in resistance at the limiting junction produced 
by the lower permeability, a change in geometry at some segment of 
the shunt has taken place. Again, it is likely that the width of the lateral 
intercellular spaces has decreased as a consequence of reduced rate of 
transepithelial transport produced by the absence of Na in the mucosal 
solution. Thus, the measurements of Rs after cation substitutions in the 
mucosal solution indicate that the limiting junction has the permeability 
sequence P~: > PNa ~> Pch "~ PTEA. 

Cell Membrane EMF's and Transepitheliat Potential 
Under Control Conditions 

Under control conditions, the measured potential across the apical 
membrane (V,,c) is higher than the equivalent EMF at that membrane 
(V a), while the measured potential across the basal-lateral membrane 
(VJ  is lower than the equivalent EMF at that border (Ve). Both EMF's 
are oriented with the negative pole toward the cell interior. As stated 
before, the low value of Rs explains why the difference between V,~c 
and V~s is only 2 mV, while the difference between Va and Vb is about 
30 inV. Under open circuit conditions, current flow through the shunt 
is in the S to M direction (Vb> V,), and thus the apical membrane is 
hyperpolarized while the basal-lateral membrane depolarizes. 

The difference between the absolute values of V b and V, with identi- 
cal bathing solutions requires additional discussion. Experiments not 
reported here show that the basal-lateral membrane of this epithelium 
is (as the apical membrane) predominantly K permeable. The fact that 
the potentials measured at both borders are dif ferent-with  the same 
ion concentration gradients-might  in principle indicate: (1) the pres- 
ence of a third EMF (i.e., Vs+O), (2) different permselectivities of the 
cell membranes, or (3) presence of one or more rheogenic or electrogenic 
pumps. The first possibility can be ruled out, because-  given the relative 
Na and C1 permeabilities of the s h u n t - a  diffusion potential produced 
by a NaCI concentration gradient across the limiting junction (higher 
salt concentration within the intercellular space) would increase the api- 
cal and reduce the basal-lateral potential. In addition, the polarity of 
this shunt EMF would be opposite to the measured transepithelial 
potential  In fact, if such a potential exists, the real magnitude of the 
asymmetry is even more than calculated (Table 5). The available infor- 
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mation does not allow us to distinguish between the second and third 
possibilities. The difference between Vb and Va is consistent with a higher 
K permselectivity at the basal-lateral membrane: accordingly, the rela- 
tive Na and C1 permeabilities (as compared to PK) across this membrane 
should be lower than the analogous values at the apical membrane. This 
is in fact the case, as will be published separately, but these estimations 
s t a r t - b y  necessi ty-with the assumption that no rheogenic pumps are 
present. Alternatively, our results would be explained by the presence 
of a rheogenic pump at one or both membranes: for instance, an in- 
wards cation rheogenic pump at the luminal border (reducing Va, the api- 
cal membrane EMF), an outwards cation rheogenic pump at the serosal 
border (increasing Vb, the basal-lateral membrane EMF), or both. How- 
ever, definitive proof of such a mechanism requires determination of in- 
tracellular ion activities. 

The existence of a significant, although small, transepithelial poten- 
tial reflects the difference between Vb and V~. If Vs is different from 
zero with Ringer's solution on both sides, its polarity is opposite to the 
polarity of the transmural potential, because PNa > Pc1 across the shunt. 
Similar to what has been shown in gallbladders from other species [22], 
if a diffusion potential exists across the limiting junction, an independent 
mechanism of higher magnitude and opposite orientation has to be pos- 
tulated to explain the polarity of Vms. In fact, only the rabbit gallbladder 
has the serosa-negative transepithelial potential that might be explained 
by a higher NaC1 concentration in the lateral intercellular spaces than 
in the mucosal solution [28]. Although the transepithelial potential in 
gallbladder and other leaky epithelia is abolished by ouabain, cold or 
metabolic inhibitors [22, 28] coincidentally with the reduction in trans- 
epithelial transport, a cause-effect relationship between potential and 
transmural electrolyte transport has not been proven. It is possible that 
the major portion of, or even all, net transepithelial NaC1 flux is secondary 
to a mechanism by which Na and C1 fluxes are tightly coupled in a "  neutral" 
or "electrically silent" way, as initially proposed by Diamond [8, 9]. 
Gallbladders of different species have transmural potentials ranging 
from about - 2  to about 7.5 mV. A univocal interpretation of these 
potentials as indications of the primary step of salt transport would 
require one to postulate "electrogenic" sodium transport when Vms is 
negative, "electrogenic" chloride transport when Vms is positive, and 
neutral NaC1 transport when V,,s is 0. However, the overall characteris- 
tics of the function of these tissues are very much the same, indepen- 
dently of the species : transport of an approximately isotonic NaC1 solu- 
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tion, at high rate, in the M to S direction. This interpretation could 
be challenged by direct evidence of the existence of rheogenic pumps. 
However, the presence of an inwards rheogenic K pump at the mucosal 
membrane, unrelated to transmural transport, would explain the trans- 
epithelial potential profile even if NaC1 transport is neutral. In this view, 
the difference in p.d.'s among species could reflect different ionic perm- 
selectivities of the cell membranes, and not qualitatively different pump 
mechanisms. 

Changes in EMF's After Mucosal Solution Substitutions 

K-for-Na substitutions produced changes in Va very similar to the 
measured V,,c changes in the same preparations (Tables 1 and 4). This 
result indicates that appropriate ionic permeability ratios across the api- 
cal membrane can be obtained from the measurement of the changes 
in its potential after these substitutions in the mucosal solution. In addi- 
tion, the changes in V,,s under the same experimental conditions were 
similar to the changes in Vs. This means that transepithelial measure- 
ments yield adequate information on the permselectivity of the shunt. 
The two sets of EMF measurements are consistent with the resistance 
measurements discussed above: at the apical membrane and the shunt, 
P~: > PNa. When Na in the mucosal solution was replaced with choline 
or TEA, Va decreased significantly. This change is opposite in direction 
to the change in Vmc (compare Tables 1 and 4). As stated, we interpret 
this result as an indication of reduction of the K permeability of the 
apical membrane, and arguments obtained from resistance measurements 
were detailed above. NMDG-for-Na substitutions produce a moderate 
increase in V,, indicating that PNa is lOW at this membrane. 

The changes in Vms after mucosal Na is substituted with TEA, cho- 
line, or NMDG,  are close to the calculated value of Vs after the substitu- 
tion. This indicates (as in K for Na substitutions) that it is appropriate 
to calculate shunt permselectivities from transepithelial measurements, 
and that the shunt permeability for any of these cations is lower than 
its Na permeability. 

Thus, the calculations of EMF's across the apical membrane and the 
shunt, after cation substitutions on the mucosal side, are consistent with 
resistance measurements, indicating that for both the apical membrane 
and the shunt, P~: > PNa > PNMDC. 
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