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Cultured Na +-transporting epithelia from amphibian renal distal tubule (A6) were impaled with microelectrodes 
and analyzed at short-circuit and after transepithelial voltage perturbation to evaluate the influence of voltage on 
apical and basolateral membrane conductances. For equivalent circuit analysis, amiloride was applied at each 
setting of transepitheliai potential. At short-circuit, apical and basolateral membrane conductances averaged 88 
and 4 9 7 / z S / c m  z, respectively (n = 10). Apical membrane conductance, essentially due to Na +-specific pathways, 
decreased after depolarization of the apical membrane. The drop was considerably larger than predicted by the 
Goldman-Hodgkin-Katz (GHK) constant-field equation. This suggests decrease in permeability of the apical Na + 
channels upon depolarization. Basolateral membrane conductance, preferentially determined by K + channels, 
increased after hyperpolarization of tile basolaterai membrane. This behavior is contrary to the prediction of the 
GHK constant field equation and reflects inward rectification of the K + channels. The observed rectification 
patterns can be valuable for maintenance of cellular homeostasis. 

Introduction 

A6 cells, cultured from the renal distal tubule of 
Xenopus laet,is [1], can develop as a tight homogeneous 
monolayer, which transports Na + actively from apical 
to basolateral side. As in most other tight Na+-trans - 
porting epithelia, transcellular conductance is predomi- 
nantly determined by the apical membrane Na + con- 
ductance, ga [2]. Depolarization of the epithelial cells 
by exposure of the basolateral side to high K + cGncen- 
trations or Ba 2+ was associated by a decrease in g~,. 
This decrease was larger than the response predicted 
for the observed change in membrane potential from 
the Goldman-Hodgkin-Katz (GHK) constant-field 
equation for rectification in Na+-specific channels. 
Tentatively, we explained these effects by voltage sensi- 
tivity of the apical Na +-channels. Since the duration of 
experimental perturbations was rather long in the above 
study, other factors such as redistribution of intra- 
cellular ions or influences from intracellular messen- 
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gers could not be excluded. Furthermore, due to the 
experimental protocol, possible voltage responses of 
basolateral K* channels, which account for more than 
70% of conductance in this membrane, could not be 
discovered at all. To obtain more direct information on 
the influence of voltage on both membrane c6aduc- 
tances in A6 cells, the response of specific membrane 
conductances on brief perturbation of the trans- 
epithelial potential was analyzed. The present data 
corroborate our view that apical membrane Na+-per - 
meability decreases with depolarization. In addition, 
we noticed voltage sensitivity of the basolateral mem- 
brane conductance, with similar characteristics as re- 
ported for inward rectifying K+-specific channels of 
other tight epithelia [3-5]. These patterns of apical and 
basolateral membrane conductances, which make up 
negative feed-back systems, might be valuable for the 
control of transepitheliai Na + transport. 

Methods 

A6 cells were selected from American Type Culture 
Collection (Bethesda, U.S.A.). Growth conditions were 
previously described in detail [2]. The cells were re- 
plated with a density of approx. 2" 106 cells/cm 2 on 



88 

permeable nitrocellulose ester membranes (Millipore 
PIHA 030050) and were fed three times a week. After 
15-18 days, monolayers were carefully/ punched out 
and mounted in a modified Ussing-type chamber (0.4 
¢m-' tissue area) for microelectrode experiments [6]. 
The edge area of the apical half chamber was covered 
with heavy silicone grease to avoid edge damage. Api- 
cal and basolateral side were continuously and sepa- 
rately superfused with a solution of the following com- 
position .(in mM): NaCI, 115; KHCO 3, 3.5; CaCI 2, 1; 
Nail 2 PO4, 0.9; MgC! 2, 1; pH was adjusted to 7.5. Flow 
rates, achieved by hydrostatic pressure differences, 
were about 10 and 2-3 ml/min on apical and basolat- 
eral side, respectively. Perfusion solutions could be 
changed on either side by means of non-interrupting 
valves. Transepithelial potential difference (V t) was 
measured with reference to the apical side using 
calomel electrodes connected to the tissue chamber via 
KCl-agar bridges. Circular silver wires 5 mm apart 
from the tissue surface served for sending current from 
an automatic voltage clamp. Under baseline condi- 
tions, the tissue was short-circuited and the short-cir- 
cuit current (l~c) was recorded. Brief perturbations 
(AV t ~ 20 mV, 400 ms every 2 s) were used to deter- 
mine tissue conductance (Gt) from the change in trans- 
epithelial current (/t) (Gt=,alt/AE) and fractional 
apical resistance ( fR , , )  from the change in apical mem- 
brane voltage ( ~ )  ( fRa  = R J R ¢  = AVa/AVt ) .  R,, and 
R¢ refer to apical membrane and transcellular resis- 
tance, respectively. Microelectrodes were prepared 
from filamented borosilicate glass capillaries. Filled 
with 1 M KCI, input resistance was > 50 MD. Mono- 
layers were impaled from the apical side with the aid 
of a stepping motor micromanipulator. V,, was mea- 
sured with reference to the apical side. For conve- 
nience, basolateral membrane potential, Vb, is re- 
ported with reference to the basolateral side; the intra- 
cellular potential under short-circuit conditions is de- 
noted by ~c. Electrical parameters were monitored on 
a multichannel strip chart recorder. In addition, the 
data were stored on a PC-compatible computer at a 
sample rate of 2 s using a 14 bit analog/digital con- 
verter. Impalements, evaluated according to the crite- 
ria described previously [2], yielded stable readings for 
up  to 1 h. 

Apical and basolateral membrane conductances (g~, 
and gb) were derived using the equivalent circuit equa- 
tions [7]: 

g, - (G, - G~)/fR~ (l) 

e~ = (G, - G;)I(I~', -/~,,) (2) 

S~nbois with ' indicate values in the presence of 10 -5 
M amiloride on the apical side. Since transepithelial 
voltage perturbations were associated by unpredictable 

changes in shunt conductance (see below), the effect of 
perturbing V t on apical and basolateral parameters was 
analyzed as described previously [7]. In brief, V t was 
perturbed from the short-circuited state to values of 
+34 and +68 mV. After an equi~bration period of 
20-25 s, 10 -5 M amiloride was applied to determine 
Gt' as a measure of the shunt conductance. The tissue 
was then again short-circuited and thereafter amiloride 
was washed out. After stabilization of the electrical 
parameters at values close to the oreceding control 
period, Vt was clamped to a new level and the proce- 
dure was repeated. Data immediately before and 20 s 
after addition of amiloride were used for equivalent 
circuit analysis. Since the values of g,, and g~, are 
derived from perturbations of small magnitude and 
brief duration, they reflect the slopes at the respective 
membrane potentials. Theoretical responses of g,, and 
gh at constant membrane permeabilities were calcu- 
lated from the Goldman-Hodgkin-Katz (GHK) con- 
stant field equation for each transepithelial perturba. 
tion. Slopes at the observed membrane potentials were 
computed and related to the respective values at 
short-circuit. Ion concentrations in the perfusion solu- 
tion are considered for the extracellular space; intra- 
cellular concentrations as in typical amphibian epithe- 
lia and identical activity coefficients in intra- and extra- 
cellular spaces were assumed. 

Response of basolaterai membrane conductance on 
variation of the l,c was also qualitatively assessed using 
the relationship: 

1~¢ = El,- Rh" I,~, (3) 

where E b and R,  reflect zero current potential and 
resistance of the basolateral membrane, respectively. 
Values were read 15-20 s after addition of different 
concentrations of amiloride, which led to progressive 
inhibition of the l~c. A time lag of 15-20 s was found to 
be necessary for the approach of steady values of /.~c. 
The resulting correlation between l~c and V~c repre- 
sents an I / V  relationship of the basolateral mem- 
brane. Since E h and /?~, are likely affected by the 
protocol, numerical analyais of the data would not be 
meaningful. Nevertheless, qualitative information on 
transport-related alteration of these both parameters 
can be deduced. 

Amiloride HCI was a generous gift of Dr. G. Fanelli 
(Merck, Sharp and Dohme; West Point, PA). Mean 
values are presented + S.D. Significance of differences 
is calculated using Student's t-test. 

Results 

After transfer of the monolayers to the chamber and 
incubation at short-circuit for about 15 min, Isc and G t 

stabilized at values averaging 6.7 + 2.1 # A / c m  2 and 



321 + 81 / zS / cm 2, respectively (n = 10). Application of 
10 -s  M amiloride decreased Isc and G= to 0.3 + 0.4 
~ A / c m  z and 249 +_ 7 9 / z S / c m  2, respectively. V~c aver- 
aged - 5 1  _+ 12 mV in the Na +-transporting state and 
increased after amiloride to - 6 4  + 16 mV, whereas 
fR~ increased from 0.82 + 0.07 under Na +-transporting 
conditions to 0.98 + 0.02 after amiloride. Specific 
membrane conductances ga and gb as calculated from 
Eqns. 1 and 2 were, on the average, 8 8 + 2 7  and 
497 + 208/a,S/cm-', respectively. 

The influence of perturbing V t to four different 
values between + 68 mV and - 6 8  mV on apical and 
basolateral membranes is shown for a typical experi- 
ment in Fig. 1. At each level of V t, amiloride ~as 
briefly applied approx. 20 s after onset of the voltage 
perturbation. It is evident that fR .  increased almost 
instantaneously after perturbation to positive values of 
V t, which depolarized the apical membrane. Perturba- 
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tion to l'legative values of V t had the opposite effect. 
The changes in fR ,  were more pronounced at larger 
magnitudes of voltage perturbation. After the addition 
of amiloride, fR a increased in all cases rapidly to 
values near 1.0. G t declined after perturbation to posi- 
tive values of V t. Perturbation to the negative direction 
led to increase in G t. The effects were larger after 
perturbation to the higher values of V t. It can be 
derived from the responses of G t o n  application of 
amiloride that the decrease in conductance was re- 
stricted to the transceilular pathway for both positive 
values of Vt; amiloride-insensitive shunt conductance 
remained essentially unchanged in the depicted experi- 
ment. During perturbation to negative values of V t, the 
shunt conductance increased slightly. This is particu- 
larly evident for the return from perturbed V t to 
short-circuit. In other experiments, larger alteration of 
the shunt conductance with negative and positive going 
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Fig. I. Response pattern of transepithelial current ( I  t) and conductance (Gt), apical fractional resistance ([R,,) and membrane potential (V,,) 
during perturbation of transepithelial potential difference (Y t) in a A6 cell monolayer. The level of V t d apical perfusion with 10 -5 M 
amiloride (Am) are indicated in the bars at the top. The dashed line point to addition to and removal of amiloride from the apical perfusion 

solution. Note the near-instantaneous response of fR a after voltage perturbation. 
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voltages was noted. Nevertheless, the major fraction of 
change in G t during voltage perturbation was in all 
cases localized to the transcellular limb. At lit = + 68 
mV, amiloride had minimal effects on ! t and V..r Since 
fR~ increased to about the same level as during short- 
circuit and G t declined, the apical membrane Na +- 
channels were unquestionably affected by the inhibitor. 
With negative perturbation of V t, amiloride induced 
larger changes of It; this was associated by increased 
hyperpolarization of V,,. 

Results of ten experiments are summarized in Table 
!. Values of g, and gt, during voltage perturbation are 
normalized to the respective values at short-circuit 
immediately before the perturbation to account for 
spontaneous alterations with time and to reduce varia- 
tions between individual experiments. It appears that 
amiloride-sensitive current (d/,, ,) as well as normal- 
ized apical membrane conductance (g,*) increased 
considerably in direction from positive to negative val- 
ues of V t, whereas the normalized basolateral mem- 
brane conductance (g~') decreased concomitantly. 
Comparison of the measured values with GHK-predic- 
ted fractional changes in conductances (Table I) re- 
veals that conductances of both membranes deviate 
from the behavior predicted for constant permeability. 

In the case of g,, (apical membrane Na+-specific 
channels), the observed decrease in conductance coin- 
cided with the direction of the GHK-predicted change 
for constant membrane permeability; the magnitude of 
decrease, however, was considerably larger than calcu- 
lated. Accordingly, the data suggest decrease in Na + 
permeability with depolarization of the membrane. This 
impression is corroborated by Fig. 2, which shows the 
correlation between g,, and V,, of the individual experi- 
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Fig. 2. Normalized apical membrane conductance (g,,*) as a function 
of apical membrane potential (l~,) during perturbation of I/t from 
the short.circuited state to ± 34 and ±68 inV. Data are normalized 
to g,, at short-circuit. Results of individual experiments are indicated 

by different symbols and connected by lines. 

ments. In all experiments, an almost linear decrease in 
g,, was obtained in the range of depolarized apical 
membrane. Hyperpolarization of the apical membrane 
led only in some experiments to further increase in g~,; 
in most cases, g,, was at a saturating level under 
short-circuit conditions. 

The increase in gb with hyperpolarization of Vt, 
appears less pronounced, but it must be considered 
that the values of V~, span a comparatively small range. 
Nevertheless, the data from the individual experi- 

TABLE ! 

Effect of  l~rtttrbations of transcpitht, lial cohage (|~ ) on amiloride-sensiti~'e current (dl,..), apical and basolatcral membrane potential (V,,, V h), and 
tm no~nalized conductances (g,*~ , g~ ) 

Membrane conductances relative to the values at short-circuit _G~tK g~aK) (~a , were calculated for constant ion permeability from the GHK 
constant-field equation, lntraeellular concentrations of 8 and 120 mM for Na + and K +, respectively, and identical activity coefficients in extra- 
and intracellular spaces are assumed. 

e, d l,,,, ~, g,*, s,,- c;"K v,  g? g ~ar 
(mV) (~ A/cm"  ) (mV) (%) (%) (mV) (%) (%) 

+ 68 !.3 - 2 39 67 - 68 128 71 
n ~ 6 ±0,3 :1:10 ±6  :t: 11 +22 

+ 34 3.3 - 26 67 85 -60 116 83 
n m 10 ± 1,4 ± 12 5:5 + 12 5:12 

0 6.4 - 51 100 100 - 51 100 100 
n = 10 ± 2.0 5:12 + 12 

- 3 4  8.9 - 7 6  114 110 - 4 2  79 119 
n -  10 5:2.9 _+13 5:12 +13 __+7 

- 6 8  11.1 - 9 9  122 116 -31  70 145 
n - - 9  +4.2 5:15 5:12 +15 5:6 
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from individual experiments. 

ments, which are depicted in Fig. 3, reveal that gb 
increased consistently with hyperpolarization over the 
whole range of voltage perturbations. This behavior is 
opposite in direction to the pattern, which is predicted 
from the GHK constant field equation for K+-selective 
channels with constant permeability. Accordingly, the 
deviation from the predicted response of basolateral 
K+-channels is even larger than for apical Na+-chan - 
nels and we have to postulate increase in basolateral 
permeability at hyperpolarized membrane potentials. 

In view of the notable changes in gt, induced by 
transepithelial voltage perturbation, it was interesting 
to analyze whether similar influence on gt, could be 
elicited by the alteration of V~, which result from 
changes of transcellular Na + transport rate at short- 
circuit. Experimentally, stepwise inhibition of Na + 
transport was accomplished by application of gradually 
increasing concentrations of am|lot|de in the apical 
perfusion solution. Fig. 4 shows the electrical parame- 
ters for apical amiloride concentrations from 0.05 to 10 
/zM observed for a typical experiment. Progressive 
increase in fR a from the control value of 0.70 was 
associated with gradually increasing inhibition of the 
apical membrane. V~c hyperpolarized rapidly, whereas 
Isc and Gt decreased to new steady values within 10 s 
at each amiloride concentration. After return to 
amiloride-free apical perfusion, all electrical parame- 
ters returned to the preceding control levels. From 
corresponding values of Isc and V~c at gradually in- 
creasing inhibition of Na+-transport, a steady state 
I / V  plot of the basolateral membrane can be gener- 
ated. Fig. 5 shows these I / V  relationships of the 
basolateral membrane for six monolayers with baseline 
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apical side. Amiloride concentration is indicated in the top bars. 
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and ~c at the spontaneous rate of transport are re- 
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transport close to zero. The relationships were almost 
linear in four monolayers; the remaining two tissues 
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exhibited non-linearity with decreasing slope at de- 
pressed I~. Since the slope of the relationships reflect 
the reciprocal of basolateral conductance (Eqn. 3), it 
can be derived that gt, remained constant or increased 
when the l~c was reduced. This pattern is opposite to 
the prediction from the GHK constant field equation 
for basolateral K+-channels with constant permeability 
It agrees, on the other hand, with our results /rein 
transepithelial voltage perturbation and indicates that 
the response reflects transport-related reactions of the 
basolateral membrane. 

Discussion 

In a recent study we observed that the Na +-specific 
apical membrane conductance of A6 cells decreased 
when the apical membrane was depolarized by basolat- 
eral perfusion with high K + concentrations or Ba" + [2]. 
The depression was considerably larger than the re- 
sponse upon the change in membrane potential pre- 
dicted from GHK constant field rectification. Our data 
demonstrate that depolarization of the apical mem- 
brane by transepithelial voltage perturbation leads to a 
similar decrease in g~,. The time-course of the changes 
in gt and fR  a after perturbation of V t indicates that 
the response of g,, occurred within the first 2-4 s. 
Notable alteration of intracellular Na + concentration 
is very unlikely at this rather early time. Furthermore, 
it can be shown that the deviation between measured 
and GHK predicted values of g,, is only slightly re- 
duced, if maximally possible changes in intracellular 
Na + concentration due to continuing pump activity 
after voltage perturbation and before application of 
amiloride are considered. It should be noted that the 
lag between addition of amiloride and reading of elec- 
trical parameters does not influence data of the cellu- 
lar limb. Values after amiloride, required to estimate 
the shunt conductance, cannot be obtained before ho- 
mogeneous distribution of the blocker in the chamber, 
which is limited by the rate of perfusion. The perfusion 
rate, however, could not be increased without endan- 
gering the stability of microeleetrode impalements. Due 
to time and voltage dependent alteration, shunt con- 
ductance, Gt', could not be determined once at the end 
of the experimental period, but had to be estimated at 
each level of V t. Although this protocol is considerably 
more laborious and time consuming than the usually 
applied technique, we consider electrical parameters 
derived in this way much more meaningful and reli- 
able. 

From the data, we have to conclude that the apical 
Na +-permeability decreased with depolarization of the 
membrane. This observation corroborates our previous 
view [2] that the response of ga to basolateral applica- 
tion of high K + concentrations or Ba 2+ did not repre- 
sent indirect effects, but rather reflects inherent prop- 

erties of the apical Na + channels. The voltage sensitiv- 
ity of apical Na+-channeis could be physiologically 
advantageous, since it represents a negative feed-back. 
High rate of Na + entry is usually associated with 
depolarization of the cells. If reduction of the Na + 
permeability ensues from this depolarization, it will 
limit the increase in Na + influx in addition to the 
decrease in driving force. This may protect the 
(Nat /K+)-ATPase against excessively high transport 
rates. Further, Na t entry across the apical membrane 
can be more effectively adjusted with respect to the 
conditions for recirculation of K + across the basolat- 
eral border, because the latter affects V,, and conse- 
quently driving force across the membrane and perme- 
ability for Na +. 

Our conclusion is at variance with two previous 
analyses demonstrating (i) voltage independence of 
conductance and gating of apical Na + channels fl'om 
A6 cells reincorporated in planar lipid bilayer [8] and 
(ii) a near linear I / V  relationship of open channels 
over a range of :t:80 m.V and almost ilo voltage-de- 
pendency of mean open/closed time in single channel 
recordings [9]. it appears Possible that some features of 
the in situ channel were lost during isolation or that 
the applied techniques for isolating channels extracted 
a normally quiescent type. Similar views were recently 
formulated by Wills and Millinoff [10], who observed 
that the cellular pathway is highly selective for Na + 
(wer K +, in contrast to poor Na t :K t selectivity re- 
ported in studies of the amiloride-sensitive channels 
from A6 apical membranes using either the patch- 
clamp technique [9] or the incorporation of apical 
membrane vesicles into planar lipid bilayer [8], and was 
also expressed by Palmer et al. [11], who analyzed 
characteristics of Na + channels incorporated in Xeno- 
pus oocytes by injection of mRNA from A6 cells. The 
voltage sensitivity of these highly selective Na + chan- 
nels agrees with that of the present study. 

The negative intraceilular potential recorded in A6 
cells arises mainly from K t diffusion across the base- 
lateral barrier, whose conductance is predominantly 
accounted for by K+-specific channels [2]. The basolat- 
eral membrane potential after blockage of Na + entry is 
considerably smaller than the likely Nernst potential 
for K +. This indicates that other, yet unidentified ions 
must be permeable. In view of recent observations, it 
was particularly interesting to analyze whether the 
basolaterai membrane of A6 cells displays similar in- 
ward rectification as reported for other tight Na +- 
transporting epithelia [3-5]. Due to the small rate of 
Na t transport in non-stimulated tissues, amiloride-in- 
duced changes in ~c are small and usually unsuitable 
to test for rectification patterns. The range of mem- 
brane potentials in A6 cells could be extended by the 
present protocol using transepithelial voltage perturba- 
tion, although we could not overcome the limitation 



that changes in V~ are comparatively small with fR,l > 
70% as in the present study. Our data indicate that go 
was directly related to the voltage-induced changes in 
V b. This increase in gb on hyperpolarization of V b is 
opposite in sense to the prediction of the GHK con- 
stant field equation. The slopes of t' .e steady state I / V  
curves of the basolateral membrane support this con- 
clusion: we never observed that these I / V  curves were 
concave; relationships were either linear or convex and 
this conforms with increase in gb after hyperpolariza- 
tion of the basolateral membrane. The data in Table I 
show that the voltage-sensitivity of the rectifier is no- 
ticeable. Alteration of intra- or extracellular K ÷ con- 
centration, which could affect the observed deviation 
from the GHK prediction, is unlikely. The brief delay 
between perturbation and measurement suggests 
against disturbance of other intracellular constituents 
as pH, Ca 2+, metabolites, etc. and points to membrane 
potential as the principal source for the observed reac- 
tions. It cannot be revealed, whether the behavior is 
due to properties of the open channels or whether it 
results from influence on the open/close probability of 
the channels. One physiological implication of these 
rectification patterns is that the changes of the intra- 
cellular potential caused by alteration of rheogenic ion 
fluxes are thereby accentuated. These responses facili- 
tate the operation of negative feed-back system, which 
are clearly advantageous for the regulation of trans- 
Irtembranal ion fluxes, since they operate against the 
occurrence of disbalance. A positive feed-back system, 
i.e., parallel increases in transport rate and basolateral 
K ÷ conductance, associated with augmented electro- 
chemical gradient for efflux, on the other hand, is 
much more susceptible to uncontrolled K ÷ loss. It 
appears from the present and from previous results 
[3,5] that increase at higher rates of transepithelial 
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transport as demonstrated in several epithelial prepa- 
rations and proposed as a meaningful mechanism for 
membrane cross-talk (for a recent review see Ref. 12), 
does not necessarily and generally have to occur in all 
tissues. In tight epithelia, which transport predomi- 
nantly Na + in electrogenic mode, response of the K + 
permeability may actually be opposite and valuable for 
regulative purposes in this sense. 
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