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Summary. Cell K activity, ak, was measured in the short-cir- 
cuited frog skin by simultaneous cell punctures from the apical 
surface with open-tip and K-selective microelectrodes. Strict cri- 
teria for acceptance of impalements included constancy of the 
open-tip microelectrode resistance, agreement within 3% of the 
fractional apical voltage measured with open-tip and K-selective 
microelectrodes, and constancy of the differential voltage re- 
corded between the open-tip and the K microelectrodes 30-60 
sec after application of amiloride or substitution of apical Na. 
Skins were bathed on the serosal surface with NaCI Ringer and, 
to reduce parace[lular C[ conductance and effects of amiloride on 
paracellular conductance, with NaNO~ Ringer on the apical sur- 
face. 

Under control conditions a~ was nearly constant among 
skins (mean +_ SD = 92 + 8 mM, 14 skins) in spite of a wide range 
of cellular currents (5 to 70/xA/cm2). Cell current land transcellu- 
lar Na transport) was inhibited by either apical addition of ami- 
Ioride or substitution of Na by other cations. Although in some 
experiments the expected small increase in ak after inhibition of 
cell current was observed, on the average the change was not 

significant (98 -+ 11 mM after amiloride, 101 _+ 12 m g  after Na 
substitution), even 30 min after the inhibition of cell current. The 
membrane potential, which in the control state ranged from -42  
to 77 mV, hyperpolarized after inhibition of cell current, ini- 
tially to - 109 + 5 mV, then depolarizing to a stable value ( -88  -+ 
5 mV) after 15-25 min. At this time K was above equilibrium (EK 
= 98 _+ 2 mV), indicating that the active pump mechanism is still 
operating after inhibition of transcellular Na transport. 

The measurement of a~, permitted the calculation of the 
passive K current and pump current under control conditions, 
assuming a "constant  current source"  with almost all of the 
basolateral conductance attributable to K. We found a significant 
correlation between pump current and cell current with a slope 
of 0.31, indicating that about one-third of the cell current is car- 
ried by the pump, i.e., a pump stoichiometry of 3Na/2K. 
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Introduction 

In most tight epithelia K transport is restricted to 
the basolateral membrane. Uptake of K is linked to 

the active extrusion of Na (Na-K pump) while the 
exit is thought to be a purely passive electrodiffu- 
sire mechanism. Microelectrode studies in frog skin 
(Nagel, 1979; Fisher & Helman, 1981) have shown 
that the basolateral membrane is almost perfectly 
selective to K, thus confirming the original hypothe- 
sis of Koefoed-Johnsen and Ussing (1958). While 
cell current through the apical membrane is carried 
exclusively by Na ions, the situation is less clear for 
the basolateral membrane. For a pump that is non- 
rheogenic all of the current has to be carried by K 
diffusing from the cell to the basolateral solution. 
On the other hand, if the pump is rheogenic the 
basolateral current will be carried by both the Na-K 
pump and the K diffusion pathway. Thus the ques- 
tion of the rheogenicity of the pump is one of central 
importance in epithelial electrophysiology. Mea- 
surement of the emf (the zero current potential) of 
the basolateral membrane immediately after inhibi- 
tion of transcellular current has shown that it ex- 
ceeds reasonable estimates of the K diffusion po- 
tential (Nernst potential) across this membrane 
(Helman, Nagel & Fisher, 1979; Nagel, 1980). This 
indicates that the Na-K pump contributes directly 
to the emf and, therefore, it carries a net current 
(rheogenic pump). 

It is clear that accurate measurements of cell 
membrane potential and K activity are required for 
correct estimates of the K equilibrium potential and 
K current. Reported values of cell K activity in frog 
skin, both under normal conditions and after aboli- 
tion of cell current, are scarce and, above all, con- 
flicting (Nagel, Garcfa-Dfaz & Armstrong, 1981; 
DeLong & Civan, 1983; Harvey & Kernan, 1984). 
In great measure this is due to the difficulties inher- 
ent in microelectrode work in this epithelium and to 
the poor sensitivity of the K electrode in the range 
of intracellular K activities (0.1 M). In the present 
study we simultaneously measured membrane po- 
tential and cell K activity (a~,) under normal trans- 
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porting conditions and during inhibition of transcel- 
lular current (L). Strict criteria were applied to 
validate the impalements obtained simultaneously 
with an open-tip and a K-selective microelectrode 
in two different cells. Our results show that a~ was 
essentially constant over a wide range of spontane- 
ous 1,. Calculation of the pump current,  assuming a 
"cons tant  current source ,"  indicates that it 
amounts to about one third of L .  Some of these 
results have been published in abstract form (Bax- 
endale, Garcfa-Diaz & Essig, 1984). 

Materials and Methods  

Rana pipiens pipiens obtained from either Kons (Germantown. 
W1) or Connecticut Valley Biological Supply Co. (Southampton, 
MA) were kept in an aquarium with running lap water at room 
temperature. Skins were mounted, outer surface up, on a perfu- 
sion chamber as previously described (Naget, 1976; Nagel, 
Garcia-Diaz & Essig, 1983a). Most of the experiments were per- 
formed with a chamber generously supplied by Dr. Helman 
(Helman & Fisher, 1977), that allows easier access from the top 
with two microelectrodes simultaneously. In this chamber the 
apical half-chamber is glued onto the skin with cyanoacrylate 
(Zipbond, Tescom Corp., Minneapolis, MN). With these ar- 
rangements edge damage is virtually nonexistent. A negative 
hydrostatic pressure of approximately 40 cm H20 was applied to 
the serosal compartment to attach the skin to a supporting stain- 
less steel grid. The serosal solution was perfused at rates of 5-10 
ml/min and it could be rapidly changed by a manual noninterrupt 
four-way valve. The apical solution was perfused at rates of 10- 
20 ml/min, and changes of solutions were done with either an 
electrically activated solenoid three-way valve (Angar Sci. Co., 
Cedar Knolls, N J, model 330) or a rotary six-way valve 
(Rheodyne 5011, Rainin Instrument Co., Woburn, MA). To en- 
sure homogeneous distribution over the entire luminal surface, 
the perfusion fluid entered the mucosal compartment through 
eight fine channels located immediately above the surface of the 
epithelium. 

At the start of the experiments both sides of the skin were 
peffused with NaCI Ringer of composition (in raM): NaCI 110, 
CaCI2 1, KOH 2.5 buffered to pH 7.8 with HEPES (3-4 raM). 
Usually after obtaining a stable impalement with an open-tip 
microelectrode the apical solution was changed to NaNO~ 
Ringer, where all NaC1 was replaced by NaNO~. As described 
later, this reduces paracellular conductance and its response to 
amiloride. All control measurements of intracellular K activity 
(a~,) reported here were obtained with these bathing solutions. 
Na-free solutions were obtained by substituting N-methyl-D glu- 
camine nitrate or tetramethylammonium nitrate for NaNO> In 
one series of experiments the skin was depolarized by perfusing 
the serosal bath with KCI Ringer, where KCI was substituted for 
NaC1. Amiloride (kindly supplied by Merck Sharp and Dohme, 
West Point, PAl was added to the apical solutions to a final 
concentration of 20/xM. 

The transepithefial voltage, V,, was measured with two cal- 
omel half cells connected by floating KCI bridges to the bathing 
solutions =0.5 mm from the tissue surfaces. Transepithelial cur- 
rent, 1,, was applied via two AgCl-coated Ag rings located 5 mm 
above or below the tissue or by two I-M NaC1 bridges connected 
to AgCl-coated Ag wires. The microelectrodes were connected 

through Ag/AgCI wires to a high impedance (> 10 > ~),) FET-inpul 
electrometer {Analog Devices. Norwood. MA models 515 J for 
open-tip and 515 L for ion-selective microelectrodes) wilh nega- 
tive capacitance compensation. The resistance of the open-tip 
microelectrode, R,.b was continuously monitored using capacity 
coupled current injection. The skins were voltage clamped It:. 
desired values of V, by means of an automatic clamping device 
(E. Nagel Biomedizinische lnstrumente, Germering/Munich, 
FRG: see also Fig. 2 in Naget e{ al., 1983a). Apical membrane 
potential, V,,, and V, are referred to the apical solution. Transe- 
pithelial conductance, X,z - AI,/AV,, and apical fl'actional volt- 
age, F,, AV,,/AV,, were measured with voltage pulses /~V, = 
+10 mV from the holding V, value. The values ofl ,  and V,, were 
each obtained by means of two sample/hold amplifiers (lnlersil 
Inc., Cupertino, CA, model IH 5110) triggered by the line fre- 
quency to sample values of 1, and V,, 2 msec immediately before 
the onset and before the end of the pulse. The duration of the 
pulse (150-400 msec) was selected in each experiment so as to 
obtain a steady trace of V,, in the oscilloscope after the capaci- 
tative transients had been dissipated. The voltage of the K-selec- 
tive microelectrode, VK, is also referred to the apical solution. 
When measuring the fractional voltage with K-selective micro- 
electrodes, FK, the pulse duration had to be increased it) 400-500 
msec due to the high impedance of these microeleetrodes. The 
pulse frequency, usually I Hz, was then decreased. The values 
of V,,, F,, (or FK), R~l, VK (or VK -- V,), L and g, were recorded on 
a six-channel strip chart recorder (BBC-Metrawatt/Goertz, 
Broomfield, CO, model 460). In addition V,,, VK and V, {or 1,) 
were observed on a storage oscilloscope (Tektronix Inc.. 
geaverton, OR, model 5115). 

Micropipettes were drawn from borosilicate glass capillary 
tubing with inner fibers (I.2 mm OD, WP Instruments Inc., 
Westhaven, CT) in a horizontal puller (Industrial Science Asso- 
ciates. Flushing, NY, model M-I). Open-tip microelectrodes 
were back filled with 1,5 M KCI and had resistances between 50 
and 80 M,Q when immersed in Ringer's solution. In a series of 
experiments we used microelectrodes filled with 0.1 M KCI (Ra 

200 Mill. Potassium-selective microelectrodes were fabri- 
cated from the same glass and at the same settings of the puller 
used for open-tip microelectrodes. Once drawn, the micropi- 
pettes were inserted, tip upwards, in holes drilled in a Teflon 
stopper. Approximately 0. I m[ of Bis-(dimethy[amino)-dimethyl- 
silane (Fluka Chemical Corp., Hauppauge, NY) was added to a 
beaker that was closed with the stopper holding the micropi- 
pettes. This assembly was positioned inside a dessicator con- 
nected to a vacuum line, and the micropipettes were allowed to 
react with the silane for 2-3 min. After this they were cured on a 
hot plate at 250~ for I hr. The K exchanger resin (Coming 
477315, Coming Medical, Medfield, MA) was introduced as 
close as possible to the tip with the help of a finely drawn glass 
capillary. Usually after I hr air bubbles disappeared from the tip, 
and, using a similar glass fiber, the rest of the micropipenes were 
filled with 0.5 M KCI. 

Open tip and K-selective microelectrodes were advanced at 
a 15 ~ angle with the vertical, using two separate stepping motor 
micromanipulators (E. Nagel Biomedizinische lnstrumente, Ger- 
mering/Munich, FRG, model MF-500). An impalement was first 
obtained with the open-tip microelectrode, and when this satis- 
fied all criteria for acceptance (see Results), the K microelec- 
trode was advanced into a different cell. On occasion the cells 
were punctured with the open-tip microetectrode by overcom- 
pensating for the capacitance of the input stage once the micro- 
electrode was positioned against a cell membrane. 

Calibration of K-selective microelectrodes was done in so- 
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lutions o f  pure KCI (200. I(10, 511 and l0 mMl or  in mixed solu- 

tions of  KCI and NaCI with constant INa] + I K] = 112.5 mg  i l K ]  
= I I0 ,  87.5. 25 and 2.5 mr, a). Figure 1 shows the calibral ion of  
one of  the microelectrodes used.  In the range of  cell K activities 
( - ( l . l  M) it is immaterial which set of  calibration solutions is 
used.  Since the selectivity coefficient (kK.N,,) depends  on the K 
concentrat ion of the solutions (Edelman,  Curci.  Samar2ija & 
Fr6mter .  1978: Armst rong & Garcfa-Diaz, [98(I) ak  was calcu- 
lated by direct interpolation from the calibration curve rather 
than by using the Nicolsky equation.  Thus .  if the regression line 
for the K microelectrode potential. V, us. log at,: in the pure KCI 
solutions is 

V = S l o g a ~  + i (1) 

ak is calculated as 

uk = IO'tK ~,, ,,.s (2) 

where VK and V,, are the potentials recorded with the K-selective 
and open-tip microelectrodes in the intracellular space,  and 5" 
and i are the slope and intercept given by the regression line I Eq. 
(1)]. V K, V,, and Vare  set to zero in the Ringer 's  solution. Slopes 
S for the K microelectrodes used in this s tudy ranged from 57 to 
6(1 mV/decade.  For compar ison purposes  we calculated the se- 
lectivity coefficient for K over  Na by measur ing  V in 0.1 M 
solutions of  KCI and NaCI (Armstrong & Garcia-Diaz, 198(11. 
This  ranged from 3(1 to 52. When a~, was calculated from the 
Nicolsky equation using k~ N,, the values obtained overest imaled 
the actual ak ,  calculated with Eq, (2), by 15-26 raM. This ix due 
to the fact that kK-N:, measured  in this way is lower than its wdue 
in Ringer (containing 2.5 mM K and 110 mM Na). 

Results 
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Fig. 1. Calibration curve of a K-selective microelectrode in pure 
KCI solutions (�9 and mixed KCI-NaCI solutions (O) with [K] + 
]Na] = 112.5 raM. Star symbol:  Ringer solution. The potential is 
set to zero in Ringer solution 

C R I T E R I A  E M P L O Y E D  

1"O V A L I D A T E  C E L L  P U N C T U R E S  

Frog skin is a difficult tissue for microelectrode 
studies and the appearance of impalement artifacts 
in this and other epithelia is a well-documented phe- 
nomenon. Breaking of the microelectrode tip in 
crossing the cornified cell layer (stratum corneum) 
and subsequent damage to the membrane of the im- 
paled cell is usually detectable by progressive depo- 
larization of V,, and fall in IV,,. A less conspicuous 
artifact arises when the microeletrode tip is partially 
occluded by cellular elements (Nelson, Ehrenfeld & 
Lindemann, 1978; Armstrong & Garcia-Diaz, 198 I). 
Figure 2 shows an example of this. After touching 
the epithelium, the microelectrode was first ad- 
vanced in steps of 3 /xm each (indicated by down- 
ward arrows). During the advance through the cor- 
nified layer Re~ went off scale and F,,, although 
extremely noisy, did not indicate the crossing of a 
resistance barrier. At the last advance F,, increased 
to 0.7 and V,,jumped to a negative value, indicating 
cell penetration. However Vo and F,, were noisy and 
ReI was still off scale. Successive withdrawals of the 

microelectrode in steps o1"-0.5/.tm (upward arrows) 
r e d u c e d  Rel and decreased the noise in V,, and 
(eventually) in F,,. The average value of F, did not 
change during withdrawal, indicating that there was 
not unsealing of the microelectrode. Note that at 
the second and third withdrawal steps V,, depolar- 
ized. These changes in Vo in association with 
changes in Re~ are attributed to artifactual tip poten- 
tials (pretip potentials). Although the origin of these 
artifacts is not known precisely, they may arise 
from partial occlusion of the microelectrode tip by 
cellular elements. In some cases the offset in V,, is 
as high as 20 mV, usually negative. Even when the 
offset is small relative to the value of V,,. it would 
lead to a serious error in the calculation of a~. The 
last backward step shown in Fig. 2 is necessary 
since on occasion the microelectrode tip partially 
breaks when crossing the stratum corneum and the 
actual value of Rel is lower than originally. Figure 2 
also shows the usual responses of V,, and Fo on 
apical addition of amiloride. After removal of the 
microelectrode from the cell, one hour later, the 
potential in Ringer was -1 mV and Rel w a s  un- 
changed. The insets below the Fo graph show the 
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Fig. 2. Cell puncture with an open-tip 
microelectrode. Downward arrows indicate 
advancing steps of  3 / ,m each. Upward 
arrows indicate withdrawing steps of  0.5 /~m 
each. Insets in F,, graph show oscilloscope 
traces of  V, responses  to microelectrode 
current injection (to measure Rc]) and to V, 
pulse. Amiloride (20/*M) was added to the 
apical solution during the period marked by 
the bar. 

oscil loscope traces of  V,, during measurement  of  Rel 
(up and down pulses) and during application of + 10 
mV Vt pulses. Note  that before withdrawal of  the 
microelectrode to a position where Re~ is close to its 
initial value the trace shows excessive noise and the 
R~I pulses are off scale,  The middle oscilloscope 
trace shows an acceptable  level of  noise in associa- 
tion with a decrease of  Re~ to its initial value. In the 
presence  of amiloride the V, trace shows the typical 
square wave behavior.  Other  criteria for acceptance 
of  impalements  employed in these studies are as 
discussed elsewhere (Armstrong & Garcfa-Dfaz, 
1980; Nagel et al., 1981). 

Some investigators have reported artifacts un- 
der certain c i rcumstances  due to KCI leakage from 
micropipet tes  filled with solutions of  high concert- 

tration (Nelson et al., 1978; F romm & Schultz, 
1981; Blatt & Slayman, 1983; Stoner, Natke & 
Dixon, 1984). Although we have never  seen evi- 
dence for this phenomenon in frog skin impale- 
ments with 1.5 M KCI filled microelectrodes ofReE > 
30 M~), we performed some exper iments  where the 
same skin was consecutively impaled with either 
1.5 or 0.1 M KCI filled micropipettes.  The lower 
KCI concentrat ion is close to the expected cellular 
K concentrat ion,  and thus we presume that any 
leakage will be minimal. We did not find any differ- 
ence in the stability of  the recordings or in the re- 
sponse to the addition of mucosal  amiloride be- 
tween impalements  obtained with either of these 
microelectrodes.  Table 1 lists the values of  V, and 
F(, for four experiments.  The only significant differ- 
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Table 1. Membrane  potenliat and apical fractional vollage measured  with 1.5 and 0.1 M KCl-filled 
microelectrodes in short-circuited frog skin 

147 

Exp. Filling solution AV,, ,SF,, 
No. (mY) 

1.5 M KCI 0.1 M KCI 

V,, F,, R,.I V,, F,, R,.I 
(mY) (MD~) (mV) (M/l) 

I - 7 6  0.83 50 - 7 2  0.83 175 4 0.00 
2 68 0.78 75 61 0.67 180 7 - 0 .  l I 
3 57 0.67 68 49 0.60 180 8 -0 .07  
4 - 4 0  0.60 50 - 3 7  0.62 200 3 0.02 

Mean 5.5 -0 .05  
SO 2.4 0.05 

ence was a less negative value of V,, obtained with 
the 0.1 M microelectrodes.  In part this is due to a 
change in the junction potential at the tip of the 0.1 
M microelectrode when it is advanced from the 
NaNO3 Ringer into the intracellular space. If, in a 
simplistic approach, we assume the intracellular 
space to be a 0.1 M KCI solution, the measured 
change in junction potential is 2.5 mV. Thus the 
actual V, ' s  are only 0.5-5.5 mV more positive when 
measured with the 0.1 M microelectrodes.  We take 
the values recorded with the 1.5 M microelectrodes 
as more accurate measurements of the actual V,,, 
since these are less affected by junction potentials. 

As explained above,  continuous monitoring of 
Re~ is essential for the correct  measurement of V,,. 
However ,  it is not possible to record the resistance 
of the ion-selective microelectrodes as rapidly as 
needed for the assessment of  proper  intracellular 
location of  the tip. Thus other criteria had to be 
established for this purpose. With this aim, we mea- 
sured V,, simultaneously with two open-tip micro- 
electrodes in several skins. To simulate the experi- 
mental situation to be found when measuring a~, 
only Rel of one of the open-tip microelectrodes was 
recorded.  Figure 3 shows one of these experiments.  
The upper record shows the difference in V,, re- 
corded by the two microelectrodes,  V,,(I) - V,,(2). 
Rel was continuously measured only with electrode 
2 (not shown). On application of 20/XM amiloride or 
removal of apical Na, V,, hyperpolarized by some 70 
mV and F,, increased to -~ 1.0. About 20-30 sec after 
application of  amiloride and the removal of Na, 
Vo(1) - V,,(2) was 2 and 4 mV, respectively. The 
fast initial transients in this trace, as well as the 
slower one observed after removal of  amiloride, are 
due to unequal mixing of solutions at the different 
locations of the microelectrodes in the chamber,  in 
spite of  the fast perfusion rate and the homogeneous 
arrangement of  the perfusion inlets. The magnitude 
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Fig. 3. Simul taneous measurement  of  V,, with two open-lip mi- 
croelectrodes.  V,,(I) V,,(2) is the differential output  of  the two 
electrodes.  At the t imes indicated amiloride (20/aM) was added 
to the apical solution or N-methyl-D-glucamine was substi tuted 
for Na. F,, was measured  with electrode 2 except for the periods 
marked by the bars and open circles where it was measured  
with e lec t rode / .  

and direction of  the transients depended on the rela- 
tive position of  the microelectrodes.  The cells in the 
center of the chamber respond faster to alterations 
in solution composition. On returning to control so- 
lutions all variables assumed their original values. 
During the periods where the F,, trace is underlined 
by bars (open circles) this variable was measured 
with electrode (l). No difference was found in these 
experiments between the F,, measured with either 
electrode,  under control conditions or during inhibi- 
tion of cell current. We do not ascribe any special 
significance to the change in V,,(1) - V,,(2) (2-4 
mV) seen between the control state and after inhibi- 
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Fig. 4. Effects of apical substitution of 
NO3 for CI in two different skins. The skin 
of the right panel clearly shows a 
paracellular CI conductance ("leaky'" 
skin). Amiloride (20 /zM) was added to the 
apical solution at the times indicated 

tion of cell current,  other than the limit of accuracy 
of this technique. In most of the experiments the 
change in Vo(1) - Vo(2) was <2 mV and the F,, 
measured with both electrodes agreed within 3%. 
There  were, however,  cases where Vo(l) - V,,(2) 
changed as much as 15 mV, usually associated with 
recordings with large differences in the Fo values 
measured with the two electrodes during the control 
period. These were taken to be artifacts, although 
no instability or noise was apparent in the record- 
ings. Accordingly, we applied the following criteria 
to accept simultaneous cell punctures. Once a satis- 
factory impalement was obtained with an open-tip 
microelectrode,  the K-selective microelectrode was 
advanced into the epithelium and a cell puncture 
accepted if the Fo measured with both electrodes 

agreed within 3% and if, after inhibition of cell cur- 
rent (either by addition of amiloride or removal of 
external Na), VK - V,, changed by <2 mV immedi- 
ately after the initial fast transient (lasting <30 sec). 

EFFECTS OF APICAL C] SUBSTITUTION 

ON THE ELECTROPHYSIOLOGY OF FROG SKIN 

In an earlier study (Nagel, Garcfa-Dfaz & Essig, 
1983b) we found that in skins with large paracellular 
conductance the apical fractional resistance R,,/(R,, 
+ Ri) (where R,, and R~ are the lumped equivalent 
resistances of the apical and basolateral mem- 
branes, respectively) is underestimated by F,, 
(=AV,, /AVt) .  It was also found that the conven- 
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tional method of determining cell conductance,  g , ,  
by application of  amiloride leads to erroneous val- 
ues when used in large conductance skins, since 
there is an effect of amiloride on paracellular con- 
ductance (possibly secondary to the inhibition of 
cellular Na transport). These complications are 
greatly reduced by substitution of apical CI by other 
anions (Nagel et al., 1983a,b). Consequently,  we 
performed these experiments in skins bathed on the 
apical surface by NaNO~ Ringer ([CI] = 2 raM). Fig- 
ure 4 shows the two major effects induced by the 
substitution of  NO3 for Cl on the electrophysiology 
of frog skin. In the experiment at the left all the 
changes in variables (increases in It and g,, depolar- 
ization of V,,, decrease in F,,) indicate a stimulation 
of apical Na entry mediated by an increased apical 
conductance.  This was confirmed by application of 
amiloride before and after the CI substitution. In the 
experiment shown at the right in Fig. 4 there is also 
stimulation of  Na transport,  although to a lesser 
degree (increase in I,, depolarization of V,, and de- 
crease in F,,), but gl d e c r e a s e d .  Application of ami- 
Ioride before and after CI substitution showed that 
this decrease of g, is of paracellular origin. Skins 
with this behavior were termed " l e a k y "  and were 
most often found during the months of Apri l -Octo-  
ber. Substitution of CI by NO3, gluconate or meth- 
ylsulphate always induced the same reversible de- 
crease in gt in " l e a k y "  frogs, although gluconate 
and methylsulphate either slightly inhibited Na 
transport or did not affect it at all. Thus, removal of 
apical CI exerts two different effects on frog skin. 
One is a decrease in paracellular conductance inde- 
pendent of the anion used for substitution. In addi- 
tion the anion composition of the apical solution has 
a direct effect on apical Na entry. 

As already mentioned, addition of mucosal ami- 
loride in NaCI Ringer induces a secondary reduc- 
tion in paracellular conductance in " l e a k y "  frogs. 
This is usually seen as a slow decrease in g, after the 
initial fast inhibition (Nagel et al., 1983b). On the 
other  hand, in skins with the apical surface bathed 
in CI-free Ringer, application of 20 /zM amiloride 
induces only a fast decrease in g, in most of the 
experiments.  ~ This allows a more accurate evalua- 
tions of  the cellular conductance,  g,.. The amiloride 
dose employed in these experiments (20 /xM) re- 
duced I, at short circuit to a mean value of 1.5 _+ 
1.4/zA/cm 2. Higher doses did not reduce It any fur- 

However ,  note in Fig. 6 the secondary and slower de- 
crease in g, (at rain 3) after addition of  amiloride, in spite o f  
bathing the apical surface with NaNO~ Ringer. These secondary 
decreases were observed on occasion, but they were temporally 
separated from the initial fast decrease of  g,, so that evaluation 
of  g, was always possible. 
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Fig. 5. Relation between cell current and conductance at short 
circuit for the 14 frogs studied, bathed with NaNO3 Ringer at the 
apical surface. Open circles represent " leaky"  skins, i.e., their 
behavior after substituting NO3 for CI is that shown in the right 
panel of  Fig. 4_ The regression line was 1, = 97.2 g, + 1.6, r = 
0.99 (P < 0.001) 

ther. This residual current is not due to paracellular 
back flux of Cl since it was the same when the tissue 
was bathed on both sides with identical NaCI Ringer 
solutions. The relationship of cell current and con- 
ductance (defined respectively as the amiloride in- 
hibitable portion of I, and g,) under short-circuit 
conditions is plotted in Fig. 5 for the 14 skins used 
in these experiments (Table 2). As shown in this 
figure, there was a good linear correlation between 
these variables. The slope, 97.2 mV, is the cell 
Th6venin emf, which seems to be approximately 
constant for all the skins studied. 2 

C E L L  K ACTIVITY 1N THE CONTROL STATE 

AND A F T E R  INHIBITION OF C E L L  C U R R E N T  

All measurements of cell K activity were done by 
simultaneously recording VK and V,,. Figure 6 
shows one of the experiments.  The second trace is 
the difference VK - V,,, which is directly related to 
ak [Eq. (2)]. Under control conditions VK - V,, in 
this experiment was 85 mV, which on calibration of 
the K-selective microelectrode corresponded to an 
ak of 102 raM. Application of apical amiloride elic- 

2 There were also in these experiments positive correlations 
between 1, and each of the cell membrane conductances.  The 
significance of these findings is presently under investigation. 
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Fig. 6. Simultaneous recording of  V,, and 
VK during addition of amiloride (20 /ZM). 
V K  - V,, is the differential output of the 
voltages recorded with the open-tip and 
the K-selective microelectrodes. F,, was 
measured with the open-tip microelectrode 
except during the periods marked by the 
bars and open circles where it was 
measured with the K electrode. EK is the 
calculated K equilibrium potential for this 
experiment.  Note change of time scale at 
min 3 

ited the usual changes in V,,  F , ,  1i and gl. Immedi- 
ately after the amiloiide addition there was a fast 
transient in VK -- V,,. As shown previously in the 
experiments with two open-tip microelectrodes 
(Fig. 3), this transient is due to unequal mixing of 
solutions in different regions of the apical compart- 
ment. After this fast transient, VK -- V, slowly oscil- 
lated around the initial value. These oscillations, 
usually less than 4 mV, were associated with 
changes in V, ,  as were the initial and final transients 
during addition and removal of amiloride. In the 
steady state after addition of the drug, i.e., once V, 
reached a stable value, usually in 15-25 rain, VK -- 
V, remained at the initial value. Removal of ami- 
loride also induced a transient in VK -- V,, slower 
than the one seen after addition and also due to lack 
of synchronization of the different cells. Table 2 
lists all the experiments of this type performed. Al- 
though in some skins a change in a(v, after amiloride 
was observed,  this was not consistent. The mean 
values in the control state and after the addition of 
amiloride were not significantly different (P > 0.4). 

As shown in Table 2, VK - V,, (and thus a'K) varied 
only slightly in spite of appreciable variability of V,, 
and VK among the individual skins. Thus, although 
in general skins with high 1, had lower V,,, there was 
no correlation between a'v. and i ,  or V,,. 

The behavior shown by V,, in Fig. 6 was typical 
of all of  these experiments.  There was an initial 
hyperpolarization of Vi ( = - V , )  to a value, El ""X, 
larger than the K equilibrium potential across the 
basolateral membrane,  EK (calculated from the 
Nernst equation and the measured a(k), after which 
V; slowly depolarized to a steady-state value, E~, 
smaller than EK. Table 2 shows that, on the aver- 
age, E} ~x exceeds EK by 11 mV (P < 0.05) and that 
E ,  is l0 mV smaller than EK (P < 0.05). 3 

3 Since the skins are short circuited, V, = V;. V i obeys the 
relation Vi  = E; - I , R ; .  where/5; is the emf (zero current poten- 
tial) of  the basolateral (inner) membrane,  R, its lumped equiva- 
lent resistance, and L. the cell current. After amiloride 1, = 0 and 
then V,, = - V ;  = - E ; .  Thus the values of V; in the presence of 
amiloride in Table 2 (columns 8 and 9) have been named E ~  ''~ and 
E] ~. 
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Table 2. Cell current,  membrane potential and cell K activity in short-circuited frog skin: Effects of 

amiloride 

151 

Skin 1, V,, VK V K -  V,, a k  a ~ . ( A m i l . t  E~, .... E~ EK 
(/*A/cm 2 ) (mV) (mV) (mV) (mM) (raM) (mV) (mV) (mV) 

1 20 - 72 13 85 93 105 110 - -  99 

2 I(I - 7 7  9 86 85 100 1(18 - -  96 

3 24 74 13 87 91 9t 110 99 98 

4 711 45 41 86 90 93 122 92 98 

5 26 - 5 2  33 85 102 102 112 89 1(/I 

6 40 - 5 5  34 89 83 77 111 90 96 

7 20 - 6 7  I 1 78 89 93 108 80 98 

8 I 0 - 56 30 86 86 86 106 88 97 

9 15 - 74 9 83 83 87 1 (14 89 96 

10 5 - 6 8  18 86 88 1/17 100 88 97 

I I 26 68 16 84 88 92 106 85 97 
12 ~7 58 22 80 102 110 I I I 86 101 

13 19 - 4 2  42 84 101 118 113 83 101 

14 28 - 4 8  40 88 105 105 I I I 92 102 

Mean 85 92 98 109 88 98 

SD 3 8 I1 5 5 "~ 

s and ET are the peak hyperpolarizat ion and the s teady-stale  value of V; ( = - V , , )  after apical 

addit ion of amiloride (20 /zM). EK is the K equil ibrium potential.  

Table 3. Transepithel ial  current,  membrane potential and cell K activity in short-circuited frog skin: 

Effects of apical Na substi tution 

Expt. [Na],, = 110 mM INa],, = 0 

1, V,, VK -- V,, a'K I; V,, VK -- V,, a~ 
( p,A/cm 2 ) (mY) (mV) (raM} (/xA/cm-') (mV} (mV) (mM) 

a 21.5 65 84 89 - 2 . 5  - 109 88 104 

b 22.5 60 84 89 0.0 - 109 88 104 

c 68.5 - 4 6  86 90 1.0 121 86 90 

d 22.0 - 5 3  83 94 - 1.0 - 110 83 94 

e 17.0 - 7 7  82 83 - 2 . 0  - 100 83 87 

f 5.0 -71  88 95 - [.0 - 9 2  91 1(17 

g 28.0 67 84 88 - 2 . 0  - 1 1 0  84 88 

h 18.5 - 5 0  86 110 - 1.0 - 118 90 126 

i 35.0 - 6 0  86 97 0.5 - 115 88 105 

Mean 85 93 - 1.0 - 109 87 [01 

SD 2 8 1.2 9 3 12 

Values in 0 Na are taken at the quasi-s teady stale,  2-5 min after substitution. Exper iments  a and b are 

from the same skin. In b te t ramethylammonium was substi tuted for apical Na. In all others N-methyl- 

D-glucamine was used. 

In several  exper iments  cell current was abol- 
ished by substitution of N-methyl-D-glucamine 
(NMDG) or te t ramethylammonium (TMA) for api- 
cal Na. Figure 7 shows an exper iment  done in the 
same skin as the one shown in Fig. 6. Removal  of  
Na  elicited the same changes in all variables as the 
addition of  amiloride, i.e., hyperpolarizat ion of  V,, 
decreases  in It and gt (not shown) and increase in F,, 
to 1.0 (not shown). VK - V,, remained constant  after 
an initial transient. On restoring Na, V,  depolarized 
rapidly and then slowly repolarized towards the ini- 

tial value. Again, VK -- V,  returned to control val- 
ues after  a transient. As shown in Fig. 7, the behav-  
ior of  V,, was exactly the same as after addition of  
amiioride (Fig. 7). In each individual experiment  the 
peak hyperpolarizat ion,  E~ ~• �9 , was the same after 
addition of amiloride or Na substitution. 

The results of  nine experiments  with mucosal 
Na substitutions are listed in Table 3. Although in 
individual exper iments  a]~ either increased or re- 
mained constant  after removal  of  Na, the differ- 
ence,  8 _+ 7 raM, was not significant (P > 0.2). It 
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Fig. 7. Simultaneous recording of V. and 
VK during apical substitution of 
N-methyl-D-glucamine for Na. Note that 
the recorder speed is increased during 
removal and restoration of Na 

assumed slightly negative values after substitution 
of NMDG for Na. The difference in It values follow- 
ing amiloride addition and substitution of NMDG 
for Na (2.5/xA/cm 2) probably reflects a small para- 
cellular backflux (serosa to mucosa) of Na. 

MEMBRANE DEPOLARIZATION 

WITH HIGH SEROSA K 

If the basolaterai membrane of frog skin exhibited 
almost exclusive permeability to K, increasing the 
serosai K activity to a value close to the measured 
ak should almost completely depolarize the basola- 
teral emf, Ei, since any contribution to Ei from the 
pump would be shunted by the increased K conduc- 
tance. By replacing all serosal Na by K, the serosal 
K activity is increased to 87 raM. Since the mean ak 
measured in these experiments was 92 mM (Table 2) 
one would expect  Ei to be 2 mV (cell negative) after 
this substitution. Figure 8 and Table 4 show the 
results of some experiments where the above as- 
sumption was tested. In Fig. 8 serosal substitution 

of K for Na depolarized Vo from - 9 0  to 0 mV in 
about 8 min. Addition of apical amiloride to inhibit 
cell current slightly hyperpolarized V,,, to - 2  inV. 
(Under these conditions Ei = - V,, ; see footnote 2). 
Four experiments like the one shown in Fig. 8 are 
listed in Table 4 (I to 4). Since during the time 
needed to depolarize the basolateral membrane, be- 
fore the addition of amiloride, a~ could have 
changed due to the increased serosal K activity, we 
performed three more experiments where mucosal 
amiloride was first added and then serosal K was 
substituted for Na. This second series is also shown 
in Table 4 (experiments 5 to 7). Addition of ami- 
loride induced the typical hyperpolarization of V,,. 
Subsequent increase of serosal K depolarized V,, in 
about 2 to 5 min to values between 0 and - 5  mV 
(mean _+ SD = --2 --+ 3). Therefore  these results are 
consistent with the measured values of ak.  

Figure 8 also shows an increase in F, after inner 
substitution of K for Na, which is due to an in- 
creased basolateral conductance.  The increase in gt 
under these conditions has been also observed by 
other investigators (Ussing, Biber & Bricker, 1965; 
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Fig. 8. Depolarization of V,, by high serosa 
K in short-circuited frog skin. At the first 
arrow K was substituted for Na at the inner 
solution. At the second arrow 20 p,M 
amiloride was added to the apical solution 

Fuchs, Larsen & Lindemann, 1977) and is mainly 
due to a large increase in paracellular conductance 
(note the high residual ~,,, after amiloride). Addition 
of amiloride showed that the decrease in I, is due to 
a decreased cell current, since subsequent to addi- 
tion of amiloride I, became zero. Rick et al. (1984) 
also observed this decrease in cell current after in- 
ner substitution of choline for Na and showed that it 
is due to uncoupling of  the cells after removal of  
inner Na. 

ESTIMATES OF BASOLATERAL K 
AND P U M P  CURRENTS 

The equivalent electrical circuit for the basolateral 
membrane of  frog skin is assumed to consist of two 

parallel pathways: a purely diffusive K pathway and 
a pump pathway (Koefoed-Johnsen & Ussing, 1958; 
Lindemann, 1977; Nagel,  1980). The K-diffusive 
current is given by 

I d = g K ( E K  -- Vi) (3) 

where gK and EK are the conductance and equilib- 
rium potential for K. The pump is often assumed to 
behave as a constant current generator, i.e.,  its in- 
trinsic conductance is much smaller than ~,'K (Linde- 
mann, 1977; Nagel, 1980). Thus gK --~ gi. Previous 
observations (see Discussion) indicate that when 
the basolateral membrane potential is altered gi re- 
mains constant.  Then gi can be estimated by simply 
altering the cell current (e.g., after inhibition by 
amiloride) and observing the change in V~, i.e.,  
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T a b l e  4. Membrane potential depolarization by high serosa K in 
the presence and absence of cell current in short-circuited frog 
skin 

Skin NaCI Ringer KCI Ringer KCI Ringer 
+ amiloride 

I 9(1 0 2 
2 -70  - 3  - 4  
3 -73  0 -'~ 
4 78 6 15 

Mean - 2  - 6  
SD 2 8 

Skin NaCI Ringer NaC1 Ringer KCI Ringer 
+ amiloride + amiloride 

5 7(1 103 - 5 
6 - 100 113 - 2  
7 - 5 0  - 114 0 

Mean - ~ 10 - 2  
SD 6 3 

V,, values in mY. KCI Ringer was substituted for NaCI Ringer in 
the serosal bath only. Amiloride (20 p~M) was added to the apical 

solution. 

A I ,  = 1 ,  . (4) 
g; = - ~ Vi E ?  . . . .  V; 

It is then possible to calculate/~ from Eq. (31, since 
Vi (here equal to - V , , ) ,  EK and gK (=gi) are all 
known for the experiments in Table 2. Since 

1~ = I ~  + Ip (5) 

the pump current, I;,, can also be estimated for each 
of these experiments. Table 5 lists the values ob- 
tained for gi, I~ and 1, together with the measured 
1,. As shown in Fig. 9, there is a significant correla- 
tion between Ip and 1,. The slope of the regression 
line, 0.31, indicates that about one-third of the baso- 
lateral or cell current is carried by the pump. This 
implies a stoichiometry of 3Na/2K for the pump. 

Discussion 

ELECTROPHYSIOLOGY OF FROG SKIN 

In the present study a~ and other electrophysiologi- 
cal variables of frog skin were measured with 
NaNO3 Ringer as the apical solution. The advan- 
tage of this approach is that it allows a more accu- 
rate measurement of F,, and g, than in NaCI Ringer, 
especially in skins with large paracellular conduc- 
tance (Nagel et al., 1983a,b). As shown in Results, 

Table 5. Cell current, basolateral conductance and K and pump 
currents in short-circuited frog skin 

Skin 1, ~,,; /'s I;, 
( p,A/cm 2) tmS/cm') (#A/cm 2) (/xA/cm') 

I 2(1 0.53 14.2 5.8 
2 I(1 0.32 6. I 3.9 
3 24 0.67 16.(1 8.0 

4 7(I 0.91 48.2 21.8 
5 26 (I.43 21.2 4.8 
6 40 11.71 29.3 10.7 
7 2(1 (/.49 15. I 4.9 
8 10 0.211 8.2 1.8 
9 15 0.50 11,0 4.11 

111 5 (1.16 4.5 (1.5 
1 I 26 (I.68 19.9 6.1 
12 17 0.32 13.8 3.2 
13 19 (t.27 15.8 3.2 
14 28 0.44 24.(I 4.(/ 

substitution of NO3 for CI has two different effects 
on the electrophysiology of frog skin. One is a simu- 
lation of Na entry mediated by an increased apical 
conductance. Substitution of gluconate or methyl- 
sulphate for CI, however, either slightly depressed 
Na transport or did not affect it. Several investiga- 
tors have reported on the effects of anions on Na 
transport in tight epithelia (Singer & Civan, 1971; 
Turnheim, Frizzell & Schultz, 1977). However, the 
specific mechanism by which anions affect apical 
Na conductance is unknown. In our experiments 
the stimulation of 1,. by NO3 was highly variable 
among skins, ranging from less than 5% to about 
60%. 

The other common effect of apical CI replace- 
ment in frog skin is a decrease in paracellular con- 
ductance. This effect is induced by all anions used 
to substitute for CI. The influence of CI is particu- 
larly relevant in the determination of g, by addition 
of amiloride. We found that when the apical solu- 
tion is NaCI Ringer, addition of amiloride may in- 
duce an initial fast decrease in g; followed by a 
much slower decrease due to a reduction of paracel- 
lular conductance (Nagel et al., 1983b). In most 
cases the two effects start simultaneously, making 
the determination of g, extremely difficult. The de- 
pendence of g; on the apical Ct concentration and 
the secondary effects of amiloride on g; have also 
been observed by Kristensen (1983, Figs. 1 and 9). 
Our observations are consistent with the existence 
of a significant paracellular conductance to CI when 
this ion is present in the apical solution. They do 
not, however, support the notion of a mechanism 
for CI transport at the apical membrane, as sug- 
gested by Kristensen (1983). 

Recently Nielsen (1984) has reported the pres- 
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ence of an apical Ba-inhibitable outward flux of K in 
skins of European frogs, R. temporaria,  bathed in 
symmetrical gluconate Ringer's solutions. Our ob- 
servations do not indicate the presence of such a 
mechanism in R. pipiens bathed with gluconate or 
N O 3  Ringer's at the apical surface alone. Under 
these conditions addition of amiloride decreased/~ 
to a mean value of 1.5/zA/cm 2 (opposite in direction 
to the K current found by Nielsen). In some experi- 
ments we added Ba (5 mM) or tetraethylammonium 
(10 mM) to the apical solution (in addition to ami- 
Ioride) without any effect on the remaining It. As 
mentioned in Results, this residual current is un- 
likely to result from paracellular backflux of CI 
since it was the same when the tissue was bathed by 
symmetrical NaCI solutions. It may represent an 
amiloride-insensitive Na flux or a CI secretion by 
the gland cells (Thompson & Mills, 1983). 

The slope of the regression line in Fig. 5, ~I , /  
2xg,, is the Thevenin equivalent cell emf, E,. A sim- 
ple linear circuit analysis shows that E,. = E,, + 
Ei,where E,, and Ei are the emf of the apical and 
basolateral membranes, respectively. Since E, = 97 
mV and Ei = 109 mV (Table 2), we obtain E,, = - 12 
mV. As Helman and Thompson (1982) have clearly 
pointed out, this E,, is a Thdvenin equivalent emf for 
the apical membrane and cannot be identified with 
the reversal potential for this membrane. This dis- 
crepancy arises from the highly nonlinear behavior 
of the I -V relationship of the apical membrane 
(Fisher & Helman, 1981; Helman & Thompson, 
1982). A different situation applies to the basola- 
teral membrane, where such striking nonlinearity is 
not observed (see below). Thus Ei is both a 
Thdvenin equivalent and the reversal potential for 
the basolateral membrane (which includes the con- 
tribution of both the K chemical potential and the 
pump). Preliminary measurements of a~, in our lab- 
oratory give an estimate of the Na equilibrium po- 
tential of about +60 mV. Inasmuch as this is the 
only ion transported across the apical membrane, 
one can estimate the cell reversal potential as 60 + 
109 = 169 mV, in good agreement with recent direct 
measurements: 165 mV (Nagel et al., 1983c). 

CELL K ACTIVITY 

Accurate measurement of ak in epithelia, particu- 
larly in frog skin, requires the use of strict valida- 
tion criteria for cell punctures. As we show in this 
study (Fig. 2), control of Rel is of major importance 
in this respect. Otherwise, recordings of Vo can be 
affected by artifacts of up to 20 mV. This would 
introduce a serious error in the estimate of a'K since 
in the range 0.1 M the sensitivity of an ion-selective 
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Fig. 9. Relation between cell current and pump current at short 
circuit. See text for details on the calculation of 1,. Regression 
l i n e : l p = 0 . 3 1 - 1 , -  1.5;r 0.96 (P < 0.001). The intercept does 
not differ significantly from the origin (P > 0.05). The slope does 
not differ significantly from 0.33 (P > 0.6) and does differ from 
0.50 (P < 0.001) 

electrode is roughly 4 mM for each mV. Also, mea- 
surements of V,, and VK have to be performed simul- 
taneously to prevent errors due to temporal varia- 
tions of V,, during the experiment. The technique 
employed in this study, using two separate single- 
barreled microelectrodes, is made possible by the 
syncytial character of the frog skin epithelium. As 
shown in Fig. 3, V,, responds identically (within 2 
mV) to changes in solution composition when re- 
corded in two different cells. There is not, however, 
complete synchronization of all the cells, as shown 
in Figs. 3, 6 and 7. In spite of the homogeneous 
arrangement of the mucosal perfusion inlets and the 
fast perfusion rate, cells in the center of the exposed 
area of epithelium respond faster than those in the 
periphery. Thus, by locating the microelectrode ei- 
ther in the center or in the periphery of the epithe- 
lium we could record changes in V,, faster or slower 
than the concomitant changes in It, which is an av- 
erage of the current across all cells. Although in 
principle recording of V,, and VK in the same cell 
seems a better approach, in our hands impalements 
of frog skin with double barreled microelectrodes 
have been unsatisfactory so far. 

The values of ak measured in this study are 
lower than those (132 raM) reported by Nagel et al. 
(1981). In that study ak was determined by succes- 
sive impalements with open-tip and K-selective mi- 
croelectrodes, and thus estimates of a~ were less 
accurate. Recently, DeLong and Civan (1983) have 
measured ak in split skins impaled from the basola- 
teral side, using techniques otherwise similar to 
those employed here. At face value their estimate of 
a~ (93 mM), before a theoretical correction of 2.3 
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mV for the junction potential of 3 M KCI filled mi- 
croelectrodes, agrees with ours. 4 However, these 
authors used the Nicolsky equation to calculate a~. 
As explained before (Material and Methods; see 
also Edelman et al., 1978; Armstrong & Garcia- 
Dfaz, 1980), K microelectrodes do not exhibit a 
constant selectivity coefficient and the use of the 
Nicolsky equation overestimates a~, by 15 to 26 
raM. The experiments where the cell was depolar- 
ized with high serosa K (Fig. 8 and Table 4) support 
our values of a~:. Under these conditions one ex- 
pects from the measured ak of 92 mM an E~ of about 
2 mV, since any contribution to Ei from a rheogenic 
pump (lp/gi) will be greatly diminished due to the 
large increase in basolateral conductance. The mea- 
sured values of Ei under these conditions (Table 4) 
are in good agreement with this expectation. 

No relation was found in this study between the 
cell short-circuit current and ak in different skins. 
In fact ak remained fairly constant in spite of the 
wide range of L. encountered (5 to 70/~A/cm2). This 
is at odds with a recent report (Harvey & Kernan, 
1984) where the authors found that skins with low I, 
(<14 ttA/cm 2) had higher ak (74 mM) than those 
with higher L (ak = 45 raM). We do not know the 
reasons for this discrepancy, but as shown below, 
theoretical considerations suggest a change of only 
6 mM in a~ when I,. is abolished. Also, Rick et al. 
(1981, 1984) have found that the K concentration 
measured with the electron microprobe in frog skins 
increases by -<12 mM after inhibition of cell cur- 
rent. Thus it is difficult to understand how ak will 
change as dramatically as Harvey and Kernan 
(1984) found for such relatively small variations in 
/C" 

Inhibition of cell current by either addition of 
amiloride or substitution of apical Na hardly af- 
fected a~ (Tables 2 and 3). In some experiments a 
small increase in ak was observed, but on the aver- 
age the change was not significant. Two factors con- 
tribute to these observations. The expected change 
in ak is a small increase, as shown by both the 
analysis below and electron probe measurements of 
the K concentration, CK, in frog skin under the 
same conditions (Rick et al., 1981, 1984). Depend- 
ing on the cell layer examined, these authors found 
that CK either remained constant or increased up to 
12 mmol/kg wet wt after amiloride addition or re- 

4 DeLong and Civan (1983) corrected their values of V,, (and 
a~.) twice. The second correction tries to account for the change 
injunct ion potential at the tip o f a  3 M KCI filled microelectrode 
when it is advanced from the Ringer's solution into the intracel- 
lular space. This calculation used the Henderson equation and 
estimates of  intracellular electrolytes. However,  the validity of  
the Henderson equation is questionable when applied to the sub- 
micron geometry of a microelectrode tip. 

moval of apical Na. These changes fall within the 
detection limit of our technique. As mentioned be- 
fore, in the range 0.1 M activity the difference VK - 
V,, changes by about 1 mV for every 4 mM change in 
ak. The resolution limit of these measurements is 
usually 2 to 3 mV, i.e., about 8 to 12 mM change in 
a~,. 

Immediately after inhibition of cell current, V, 
( = -  V,,) averages 109 mV (Tables 2 and 3). Since EK 
is about 98 mV (Table 2), the passive K flux is di- 
rected inwards during the 5-10 rain that V~ remains 
higher than EK [see Fig. 6 and Eq. (3)]. But this is a 
transient state and thus there is no need to invoke 
any active extrusion of K as previously suggested 
(Helman et al., 1979). Calculation of the amount of 
K entering the cell during this reversal of the pas- 
sive K flux indicates that ak will increase by only 6 
mM (see below). Of particular interest is the obser- 
vation that, at the steady state after inhibition of cell 
current, V~ (=E~:) is lower than EK by some 10 inV. 
If there is still a significant K conductance at the 
basolateral membrane under these conditions, K 
will leak out of the cell. To explain the constancy of 
ak (see also Rick et al., 1981, 1984), one has to 
postulate that the mechanism for active K uptake is 
still functioning in the absence of net cellular Na 
transport. There are several possibilities to explain 
this observation. One is that the active pump mech- 
anism has now a different stoichiometry, pumping 
K into the cell without any exchange for intracellu- 
lar Na. Other possibilities are that Na enters the cell 
at the basolateral membrane, either through a small 
electrodiffusive leak, by Na exchange for cell Ca 
(Grinstein & Erlij, 1978; Taylor & Windhager, 1979; 
Chase & AI-Awqati, 1981), or together with CI in an 
electroneutral fashion (Cox & Helman, 1983; 
GirMdez & Ferreira, 1984). Thus the pump could 
still exchange cell Na for K with the same stoichi- 
ometry of 3/2. 

If, immediately after inhibition of cell current 
(L = 0), the Na-K pump is still operating in its 
normal mode (1 r, > 0), from Eq. (5) we obtain IK = 
- I  n, i.e., the passive K leak will be directed in- 
wards and a~ will increase. We can estimate the 
increase in ak from the equation: 

Y 
Aa~K = T" AC~K = ---~ f JK dt (6) 

where y is the activity coefficient of K in the cyto- 
plasm, h is the effective "cell height" (including all 
the layers) and JK is the total K flux across the 
basolateral membrane. If, in agreement with the 
results shown before, the pump stoichiometry is 
3Na/2K, JK is given by 
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ffJK 1~ - 211, (7) 

where 1~ and 1/, are the passive K current and pump 
current,  respectively. When 1, = 0 we get from Eq. 
(5) I d = -1i, .  Thus 

3 1~. (8) JK = ,~ 

From Eqs. (6), (8) and (3) we obtain 

~ a k  3ygi 
,~h f ( V~ - Ev,) dt. (9) 

Taking 3' as 0.77, h - 45/zm (Rick et al., 1984) and 
assuming that gr remains constant after inhibition of 
! , ,  we can estimate 2~u'~, by integrating (V~ - EK) 
during the period that Vi > EK. For the experiments 
shown in Table 2 Aa'K amounts to 6 -+ 3 raM. This 
increase in a~ is of the same magnitude as the de- 
crease in cell Na activity (4 to 8 mM) that we have 
observed under the same conditions in some prelim- 
inary experiments.  It also agrees with the observa- 
tions of Rick el al. (1981, 1984) mentioned above. 5 

anism for frog skin has also been proposed by Nagel 
(1980). In the absence of reliable values of  EK, this 
author estimated /,, as g~(Ep '~'x - E~). Since, as 
shown in Table 2, E~: < EK, his estimates of I~, are 
slightly higher that the ones that would be obtained 
using our approach. 

In conclusion, our results are consistent with 
the concept of a rheogenic Na-K pump with a stoi- 
chiometry of 3Na/2K and, indirectly, the notion 
that the pump is virtually a constant current genera- 
tor. However ,  the above treatment is over-simpli- 
fied; additional mechanisms must be invoked in or- 
der to explain the disequilibrium of K in the absence 
of current flow, as well as the disequilibrium of CI 
noted earlier (Nagel et al., 1981, Girfildez & Fer- 
reira, 1984). Experiments monitoring cell Na and CI 
activity will be required in order to characterize the 
nature of the pump function and basolateral mem- 
brane conductance under a variety of experimental 
conditions. 

This work was supported by National Institutes of Health Grant 
AM 29968, by U.S. Public Health Services Training Grant T32 
AM 7(153 (L.M.B.) and a Cystic Fibrosis Foundation Research 
Fellowship (G.K.). 

PASSIVE K AND PUMP CURRENTS 

The experiments shown in Table 2 allowed us to 
calculate the fraction of basolateral current carried 
by electrodiffusive movement of K, 1'~. The basic 
assumption in this calculation is that essentially all 
of  the basolateral conductance is K conductance,  so 
that the pump virtually operates as a constant cur- 
rent generator.  Although this is often assumed to be 
the case (see, e.g., Lindemann, 1977; Nagel, 1980), 
it is still a matter of speculation. The calculation of 
gi from the ratio I,./(E m'~x - Vi), i.e., A1,/AV,, after a 
fully inhibiting dose of  amiloride,is justified by ex- 
periments indicating that gi is voltage independent 
(unpubl ished results; see also Fig. 7 in Nagel et al., 
1983a). In these experiments it was found that when 
I, was altered by serially clamping Vt, 1, and Vi 
were linearly related over  the range of V~ studied (20 
to 105 mV). For  each skin in Table 2 the pump 
current , / i , ,  could then be estimated as I, - IK. As 
shown by Fig. 9, there was a significant correlation 
between Ip and L. over  the range of spontaneous 
short-circuit I,  observed (5 to 70 p,A/cm2). The 
slope of the regression line, 0.31, is not significantly 
different from the expected slope, 0.33, for a pump 
stoichiometry of 3Na/2K. A rheogenic pump mech- 

5 If, as mentioned before, some other mechanism(s) of ion 
transport is operative at the basolateral membrane, Eq. (5) must 
be modified accordingly. 
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