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Summary. To study the properties of the basolateral membrane 
conductance of an amphibian epithelial cell line, we have 
adapted the technique of apical membrane selective permeabili- 
zation (Wills, N.K., Lewis, S.A., Eaton, D.C. 1979b, J. Mem- 
brane Biol. 45:81-108). Monolayers of A6 cells cultured on per- 
meable supports were exposed to amphotericin B. The apical 
membrane was effectively permeabilized, while the high electri- 
cal resistance of the tight junctions and the ionic selectivity of the 
basolateral membrane were preserved. Thus the transepithelial 
current-voltage relation reflected mostly the properties of the 
basolateral membrane. Under "basal" conditions, the baso- 
lateral membrane conductance was inward rectifying, highly sen- 
sitive to barium but not to quinidine. After the induction of cell 
swelling either by adding chloride to the apical solution or by 
lowering the osmolarity of the basolateral solution, a large out- 
ward-rectifying K + conductance was observed, and addition of 
barium or quinidine to the basolateral side inhibited, respec- 
tively, 82.4 -+ 1.9% and 90.9 + 1.0% of the transepithelial current 
at 0 inV. Barium block was voltage dependent; the half-inhibition 
constant (K~) varied from 1499 -+ 97 p,M at 0 mV to 5.7 -+ 0.5/~M 
at -- 120 inV. 

Cell swelling induces a large quinidine-sensitive K + conduc- 
tance, changing the inward-rectifying basolateral membrane con- 
ductance observed under "basal" conditions into a conductance 
with outward-rectifying properties, 
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Introduction 

In Na+-reabsorbing epithelia, according to the 
model of Ussing (Koefoed-Johnsen & Ussing, 
1958), the basolateral potassium conductance is the 
recirculating pathway for K + accumulated into the 
cell by the basolateral Na+,K+-ATPase. Indeed, the 
basolateral membrane conductance of a number of 
different epithelial cells has been shown to be 
largely potassium selective (Reuss et al., 1984). 
This K + conductance is involved in the regulation 
of the cell volume (Dawson, 1987; Eveloff & 
Warnock, 1987). 

In the basolateral membrane of Na+-reabsorb - 
ing epithelia, two types of K + conductances have 
been described: a "basal"  or "resting" conduc- 
tance and a volume-activated conductance ob- 
served only when the cells are swollen (Germann et 
al., 1986b; Dawson & Richards, 1990); similar 
results have been reported in the chloride-secreting 
tracheal epithelium (Butt, Clapp & Frizzeli, 1990). 
Both conductances are blocked by barium, but only 
the volume-activated K + conductance is sensitive 
to quinidine. 

In tight epithelia, patch-clamp technique has al- 
lowed the description of a number of basolateral K + 
channels with different voltage dependence (Lewis 
& Hanrahan, 1985; Richards & Dawson, 1986; 
Taniguchi, Yoshitomi & Imai, 1989). The relative 
importance of these channels in the macroscopic 
conductances is not completely understood (Daw- 
son, 1987). 

The study of the voltage dependence of the ba- 
solateral membrane K + conductance is complicated 
by the presence of the "in series" apical membrane 
high resistance. Depending on the techniques or the 
preparations, different types of voltage dependence 
have been observed. Direct observation of the cur- 
rent-voltage (I-V) relation of the basolateral mem- 
brane conductance can be obtained when intracellu- 
lar potential measurements are possible (Wills, 
Lewis & Eaton, 1979b; Thompson, Suzuki & 
Schultz, 1982; Thomas et al., 1983; Schoen & Erlij, 
1985; Horisberger & Giebisch, 1988); in these stud- 
ies, inward-rectifying or linear conductances have 
been found. Alternatively, the basolateral mem- 
brane conductance can be studied when the apical 
membrane resistance is lowered enough by the use 
of ionophores or detergents (Lewis et al., 1977). 
This method has been used in some natural tight 
epithelia such as the rabbit urinary bladder (Lewis 
& Wills, 1982), the rabbit colon (Wills et al., 
1979a,b), the turtle colon (Germann et al., 1986b; 
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Table 1. Composi t ion of the perfusing solutions (in mM) 

Na K Ca Mg Gluconate  CI SO4 HC()~ H?P()4 MOPS Sucrose 

Apical solutions: 
No CI-: (Al l  1 94 - -  I 94 - -  I - -  - -  10 - -  
25 mM C1 : (A2) I 94 1.8 I 73.6 25 - -  - -  - -  10 - -  

Basolateral solutions: 
Control: (B1) 100.8 3 1.8 1 58.6 25 - -  25 0.8 - -  - -  
High K+: (B2) 100.8 12 1.8 1 67.6 25 - -  25 (J.8 - -  - -  
Sucrose:  (B3) 37.2 3 1.8 1 - -  20 - -  25 0.8 - -  119.2 
LOW OSM: (B4) 37.2 3 1.8 I - -  20 - -  25 0.8 - -  - -  

Dawson, 1987), the toad urinary bladder (Reuss, 
Gatzy & Finn, 1978; Lewis et al., 1985b) or the frog 
skin (Garty, 1984). Investigators using the selective 
permeabilization of the apical membrane have re- 
ported the presence of an outward-rectifying K + 
conductance in the basolateral membrane (Lewis & 
Wills, 1982). 

Our study was designed to determine the volt- 
age dependence, the physiological and pharmaco- 
logical characteristics of the basolateral membrane 
K* conductance of a tight epithelium in culture, 
using known K + channel blockers. For this pur- 
pose, we have adapted the apical membrane per- 
meabilization technique to the A6 cell line deriving 
from the Xenopus laevis kidney. The A6 cells ex- 
hibit many properties of the naturally occurring 
Na+-reabsorbing tight epithelia (Handler et al., 
1979). They have amiloride-sensitive Na + channels 
in their apical membrane (Hamilton & Eaton, 1986) 
and basolateral Na+,K+-ATPase (Verrey et al., 
1987). Little is known concerning their basolateral 
K + conductance, except that it contains a barium- 
sensitive K + conductance (Granitzer et al., 1991). 

Materials and Methods 

C E L L  C U L T U R E  

A6 cells were obtained from the Amer ican  Tissue  Type  Collec- 
tion and cloned by liniiting dilution (clone A6-2F3:  Verrey et al,, 
1987). Cells at passages  88-98 were grown in a humidified atmo- 
sphere of  5% CO~_ in air at 28 ~ C in an amphibian medium (Han- 
dler et al., 1979) supplemented  with 5% fetal calf se rum (PAA, 
Linz, Austria) ,  100 U/m[ penicillin G and 130/xg/ml s t reptomy-  
cin. 

The Transwell  | permeable  suppor ts  of  4.7 cm-" (Costar,  
Cambridge,  MA) were prepared as follows: the nitrocellulose 
filters were coated with rat tail collagen (Paccolat et al., 1987). 
After  a 30-min polymerizat ion with ammonia  vapor,  the suppor ts  
were allowed to dry for 3 hr. The collagen was then fixed and 
sterilized with 2.5% glutaraldehyde and washed extensively with 
water  and culture medium.  Then  the cells were seeded on these 
permeable  suppor ts  at a densi ty  of  2 x l0 ~ cells/cm -~. 

One day after seeding, the culture medium on both sides of  
the suppor ts  was changed  and 10 -7 M dexame thasone  (Sigma, St. 
Louis ,  MO) was added according to the protocol of  Preston,  
Muller and Handler  (1988). 

The cells were used for electrical measu remen t s  between 7 
and 29 days of  culture on permeable  supports .  

S O L U T I O N S  A N D  D R U G S  

The composi t ions  of the solutions used to perfuse the apical and 
the basolateral sides of  the epithelia are given in Table I. Varia- 
tions in C[- concentrat ion of  the apical media were used to in- 
duce or not cell swelling after the permeabilization of the apical 
membrane  (Oermann,  Ernst  & Dawson,  1986a). In the basola- 
teral medium,  a cons tan t  C1- concentra t ion  of  25 mM was used  
to prevent  excess ive  cell swelling and to reduce CI currents .  To 
s tudy the cell volume changes induced by another  method,  two 
other  basolateral solutions (B3, B4) of  different osmolari t ies 
were used.  In B3, 58.6 mM of Na gluconate  were replaced by 
1t9.2 mM sucrose  to keep the osmolar i ty  similar to BI (205 -+ 1 
mosM), and in B4, sucrose was omitted yielding an osmolari ty of  
83 -+ I mosM. The  basolateral bicarbonate-containing solutions 
were gassed with 95% O~_ and 5% CO2 (pH 7.4). The pH of  the [3- 
[N-morphol inolpropanesulfonic  acid] (MOPS)-buffered apical 
solutions was adjusted to 7.0 with NaOH.  All the exper iments  
were performed with solutions at a temperature  of  28~ 

From a s tock solution of  5 mg/ml, amphoter ic in  B 
(Fungizone | Squibb: amphoter ic in  50 mg/Na-cholate/41.2 rag/ 
NaHPO4 2.52 rag) was added to the apical solution to final con- 
centrat ions of  2.7 or  10.8 ~M. All solutions containing amphoteri-  
cin B were protected f rom light. Bar ium was added as BaCI2 to 
the basolateral  solution while keeping Na  + and C1- concentra-  
t ions cons tan t  by ad jus tment  of  the NaC1 and Na-gluconate  con- 
centrat ions.  When  used,  quinidine (Sigma) as quinidine-chloride 
was added to the basolateral  solution. 

E L E C T R I C A L  M E A S U R E M E N T S  

The electrical measu remen t s  were performed in a modified Uss-  
ing chamber  allowing the cont inuous  perfusion of both the apical 
and basolateral sides at a flow rate of  10 ml/min. The volume of 
the chamber  was 3 ml for the apical part of  the chamber  and 5 ml 
for the basolateral part. Solutions could be exchanged without 
interruption of the electrical measu remen t s .  

Transepithelial  potential was measured  through Hg-HgCI 
half-cells connected  to the apical and basolateral sides of  the 
epithelium through I M KCI-3% agar bridges in polythene tubing 
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and referenced to the basolateral side. By convention, positive 
current was flowing from the apical to basolaleral side. Current 
was injected through 2-ram internal diameter polythene tubing 
filled with I M KCI-3% agar. 

The electrodes were connected to a current-voltage clamp 
apparatus (Physiologic Instrument VCC 600, San Diego, CA). 
Transepithelial current (L) and transepithelial voltage ( V, ) were 
continuously recorded on a chart-paper recorder (Graphtec WR 
7500, Tokyo, Japan), The series solution resistance was mea- 
sured with a test-permeable support at the start of the experi- 
ment and compensated for by the voltage-clamp apparatus. 

The Transwell | filter supporting the cell monolayer was 
placed in the measurement chamber, and the V, was first mea- 
sured in the presence of the culture medium on the apical side 
and the control basolateral solution (BI, Table 1). We limited our 
experiments to monolayers producing a V, larger than 30 mV 
(apical negative). Then the apical solution (AI or A2, Table I) 
was perfused, and V, was clamped at -60  mV (a voltage value 
that approximates the physiological basolateral voltage (Granit- 
zer et al., 1990)). The short-circuit current (L~) was measured 
every minute by clamping the Vt to zero for 3 sec. 

The transepithelial (chord) conductance (G,) was calcu- 
lated from the difference between the transepithelial current 
( i l , )  at -60  and at 0 mV: 

G, Al iA 1/i. (I) 

Current-voltage (l-V) curves were obtained by generating 
square pulse voltage changes and monitoring the corresponding 
currents. Starting from -60 mV the holding potential was set for 
3-sec periods to 0, -20,  and -40  mV and then to -80,  - 100, and 
-120 mV with a return to -60 mV between each step. 

Known inhibitors of the K + channels were studied by add- 
ing increasing concentrations of the blockers to the basolateral 
solution. I-V curves were obtained 5 min after solution change. 
The log concentration-effect relationships of barium and quini- 
dine were analyzed by fitting the results to a single site model:. 

Inhibition = lnh ..... �9 C/(K, + C) (2) 

where lnh ..... is the maximal inhibition, C is the inhibitor concen- 
tration, and K~ is the half-inhibition constant. The best fit was 
obtained by a least-square fit method using a simplex algorithm 
(Nelder & Mead, 1965), 

The data are presented as mean values -+ SEM, Differences 
between means were analyzed using the Student's t test for 
paired experiments unless otherwise specified. 

Results 

APICAL MEMBRANE PERMEABILIZATION 

The result of a typical permeabilization of the apical 
membrane of the A6 cells is shown in Fig. IA and C. 
The addition of amphotericin B to the chloride-free 
apical solution (AI, Table 1) induced an increase of 
the ls~ from 3 to 11 t~A/cm 2. The transepithelial con- 
ductance (G,) followed a similar increase (from 0.06 
to 0.20 mS/cm2). Both variables stabilized simulta- 
neously after about 4 min (mean 4.3 _+ 0.1 min in 21 

experiments). According to the equivalent circuit 
analysis (Wills et al., 1979b), a selective increase of 
the apical membrane conductance (G~) would 
result in proportional changes of Gt and I~ corre- 
sponding to the following equation: 

Gt = (I/EMFb0 �9 l~c + G,, (3) 

where EMFbl is the electromotive force of the baso- 
lateral membrane and G~ is the conductance of the 
parace[lular "shunt ."  Equation (3) indicates that 
the relation of Gt versus 1~ is linear if EMFbj and G~ 
are not modified. 

Indeed, during exposure to amphotericin B as 
shown on Fig. IC, G, increased linearly with 1,~c. A 
regression analysis of the G, versus l~c plot yields an 
EMFbj (slope -I) of -63.1 mV and a shunt conduc- 
tance ((7.,.) (corresponding to the zero (7, intercept) 
of 0.012 mS/cm 2. In all experiments (n = 21), the G, 
versus I~ plot was linear (correlation coefficient 
>0.9995). The mean values of the l~c and conduc- 
tances before and after amphotericin B are given in 
Table 2. 

The same experiments were repeated in the 
presence of 25 mM CI- in the apical medium (A2, 
Table 1). A parallel increase of the l~c and Gf was 
also observed when amphotericin B was added to 
the apical solution (Fig. IB). However, both in- 
creases were much larger than the values observed 
in the absence of CI- and occurred with a slower 
time course (104 min) before stabilization (mean 
106 -+ 12 min (sD) in 33 experiments). As in several 
experiments in the presence of 25 mM CI , 10.8 p,M 
amphotericin induced a loss of the paracellutar re- 
sistance. Therefore, we modified the permeabiliza- 
tion protocol, as shown in Fig. IB, by decreasing 
the amphotericin B concentration to 2.7 /.LM when 
l~c had reached 20/,LA/cm 2 (after a time range of 10 
to 45 rain); this solution containing 2.7 p~M ampho- 
tericin B was perfused throughout the experiment. 
Using this protocol, no significant difference was 
observed between the first 1~r and G, values after the 
initial stabilization, and 90 rain later (I~:162.3 -+- 
30.8/,~A/cm 2 ver sus  164.4 _+ 30.9/,zA/cm2; GI: 2.61 -+ 
0.50 mS/cm 2 versus 2.59 + 0.51 mS/cm2; n = 6, 
NS). Figure ID shows that the I~c versus G, relation 
also fit with Eq. (3), confirming that neither the 
paraceilular conductance (G,.) nor the basolateral 
electromotive force (EMFbl) were modified. The 
mean values of the I~ and conductances are given in 
Table 2. It should be noticed that the determination 
of G~ by circuit analysis depends on the assumption 
of the absence of paracellular current at 0 mV. Our 
measurements were performed with a 100 to 1 mM 
basolateral to apical Na + gradient and a 94 to 3 mM 
apical to basolateral K + gradient. Our values of G, 



4 M.-C. Broillet and J.-D. Horisberger: Basolateral K* Conductance of  A6 Cells 

I s c  ( I x A / c m  2 ) 

12 

10 

8 

6 

2 

0 

Gt (mS/e ra  2 ) 

10.8 ~ a m p h o t e r i c t n  B 

�9 ; a--  a "  �9 " 0.2 

0 . 1  

_- Gt 

i ; ; 7 
A Time (mtn) 

Isc (p.A/cm 21 Gt CmS/cm 2) 

B 

100 

50 

0 

-50 

10.8 '2 .7  gM anaphotc r tc ln  B 

---{3-- Isc 

i i 

50 150 
Time (mtn) 

0 . 2 .  Gt (mS/e ra  2) 

0 . 1  

i 

0.0 , , , . , 

0 2 4 6 8 10 

C Ise f.aA/em 2 ] 

' 0 
12 0 100 200 

D Isc (gA/cm 2 ] 

Fig. 1. (A and B) Time course of amphotericin B effects on the short-circuit current (IsO and on the transepithelial conductance (G,). 
(A) In the absence of  C1- in the apical solution (solution A1, Table 1), amphotericin B was added to the apical solution as indicated. (B) 
In the presence of  25 mM CI- in the apical solution (solution A2, Table 1), amphotericin B was added to the apical solution first at 10.8 
/XM, and, after the Isc had reached 20/xA �9 cm -2, the concentration of amphotericin B was reduced to 2.7 ~*M. (C and D) Plots of  the 
transepithelial conductance (G,) versus the short-circuit current (Is0). Each point represents a simultaneous G, and Isc measurement  
during the progressive permeabilization of  the apical membrane of  the experiments shown in A and B, respectively. As described in the 
text, the linearity of  the plot indicates the selective effect of amphotericin B on the apical membrane.  

Table 2. Effect of amphotericin B on the shorl-circuit current and the transepithelial conductance in the absence or presence of 25 mM 
chloride in the apical solution 

Control Amphotericin B 

I,~ Gt I,,. G, Ebl G, 
(/xA/cm 2) (mS/cm z) (/xA/cm-') (mS/cm-') (mV) (mS/cm z) 

No CI (n = 21) 3.08 _+ I).21 0.07 ~ 0.01 11.46 - 1.14 0.21 + 0.01 -63 .6  - 1.6 0.025 • 0.004 
25 mM CI (n = 33) 5.31 • 0.34 0.12 -+ 0.01 156 -+ 9 2.46 -+: 0.14 -64 .6  -+ 0.6 0.039 + 0.05 

might have been overestimated if the paracellular 
current due to the Na + gradient was larger than the 
paracellular current due to the K + gradient and con- 
versely. Considering the extremely low values of 

G,, an overestimation appears improbable; on the 
other hand, G, must be smaller than the total G, 
before apical membrane permeabilization (see Ta- 
ble 2). 
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Fig. 2. Transepithelial current-voltage relation under resting 
conditions, in the presence of 3 mM K + (solution BI, Table I) or 
12 mM K + (solution B2, Table I). This I-V curve was obtained 
after permeabilization of  the apical membrane by amphotericin 
B, with a chloride-free apical solution (solution A I, Table 1). In 
both cases the transepithelial conductance was rectifying to- 
wards the apical side. 

The effects of  amphotericin B were slowly re- 
versible (a complete  reversibility of  the amphoter i -  
cin B effects was obtained when the apical solution 
without amphotericin B was perfused for about 70 
min (n = 2)); therefore,  all the exper iments  were 
done in the continuous presence of amphotericin B 
in the apical solution. 

BASOLATERAL C O N D U C T A N C E  U N D E R  

" R E S T I N G "  C O N D I T I O N S  

After a complete  permeabil izat ion of the apical 
membrane ,  in the absence of chloride in the apical 
solution, the transepithelial equilibrium potential 
was -53 .8  _+ 1.6 mV (n - 21). The transepithelial I- 
V curves showed an inward-rectifying aspect .  The 
calculated conductances  were of  0.034 + 0.005 mS/ 
cm 2 be tween - 2 0  and - 4 0  mV versus 0.11 +_ 0.01 
mS/cm ? between - 1 0 0  and - 1 2 0  mV, n = 21, P < 
0.01 (Fig. 2). The transepithelial I-V curves were 
even more inward rectifying when the K + concen- 
tration of  the basolateral solution was increased to 
12 mM K + (solution B2, Table 1). Under  these con- 
ditions, transepithelial conductances  of  0.054 • 
0.006 mS/cm 2 between - 2 0  and - 4 0  mV and of  
0.197 + 0.037 mS/cm z between - 1 0 0  and - 1 2 0  mV 
(n = 7, P < 0.02) could be calculated (see example  
in Fig. 2). The equilibrium VI was -46.1  +_ 1.8 mV, 
a value to compare  with a Nernst  potential of  -52 .7  
mV for  a perfectly K+-selective membrane .  

Barium is a well-known blocker of  several types 
of  K + channels (Latorre & Miller, 1983), in particu- 
lar the K + channels present  in the basolateral  mem-  
brane of  epithelial cells (Germann et al., 1986a,b; 
Horisberger  & Giebisch, 1988). When this blocker  
was added to the basolateral  solution there was a 

10 7 
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- 2 0  

- 3 0  

-40 
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I B a ( P - A / c m 2 )  

-lOO -50 o 
v t  (mV) 

Fig. 3. Current-voltage relation of  the Ba2~-sensitivc current 
(Ira) under " res t ing"  condit ions. /~,  is the difference between the 
current measured in the presence or in the absence of the highest 
tested Ba ~+ concentration (5 mML These measurements  were 
obtained after permeabilization of the apical membrane by am- 
photericin B, with a chloride-free apical solutkm (solution AI,  
Table 1), with a 3 or 12 mM K + concentration in the basolateral 
solution. The reversal potentials of 1,, were - 8 0  and -41 mV, 
with 3 and 12 mM K +, respectively (mean values in the text). The 
I-V plot shows that the Ba-~+-sensitive conductance of  the basola- 
teral membrane is inward rectifying. 

large dose-dependent  reduction of the inward cur- 
rent wi th  a Ki of 1.69 + 0.28 /iN Ba 2+ (n = 5) and 
1.31 + 0.22/ZM (n = 6) at --120 mV for K ~ concen- 
trations of  3 and 12 raM, respectively.  The effect on 
outward currents (at low G) was small and did not 
allow for a precise estimation of a Ki. The barium- 
sensitive current  (h~,: difference of  L with or with- 
out 5 m M B a  2+) was -5 .85  • 0.78 or -45 .39  -+ 5.86 
~A/cm 2 at - 120 mV and was inward rectifying (see 
example  in Fig. 3) with a mean equilibrium potential 
of  - 78 .4  • 3.4 or -46.1  -+ 1.7 mV (n - 7), with 3 
and 12 mM K +, respectively.  Quinidine did not in- 
duce any detectable reduction of  inward current 
and reduced the outward current by 3.6 • 0.4/xA/ 
cm 2 (n = 8) at 0 mV. This effect was very small 
compared  to the inhibition by quinidine of the 1~ 
observed after cell swelling (see below). 

C H L O R I D E - A C T I V A T E D  K C O N D U C T A N C E  

When the apical membrane  permeabil izat ion was 
performed in the presence of 25 mM CI , more then 
10 times larger I~ and GI were observed (Table 2). 
Thus,  under these conditions, the basolateral mem- 
brane conductance was largely dominated by an- 
other type of conductance apparent ly act ivated by 
the presence of CI-  in the apical solution. The I-V 
curves of  33 exper iments  allowed the calculation of 
an Isc of  156 + 13/xA/cm 2 and an equilibrium poten- 
tial of  - 6 9 . 9  • 0.9 mV. All the transepithelial I-V 
curves had an outward-rect i fying aspect  (see, for 
example ,  the " C o n t r o l "  curve of the exper iment  
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Fig. 4. Time course  of Ba 2+ effect on the short-circuit  current  
(1,3. After a full permeabilization of the apical membrane  in the 
presence of  25 mM CI , Ba > was added to the basolateral solu- 
tion. The abscissa  indicates the time starting at the first addition 
o1' amphoter ic in  B. 
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Fig. 6. Current-vol tage relation of  the Ba: ' - sens i t ive  current  
(lB,) under  cell swelling conditions (wilh 25 mM CI in lhe apical 
solution (A I, Table I))./,~,~ is the difference between the current  
measured  in the presence or in the absence  of  the highest tested 
Ba 2+ concentrat ion (5 mM). 
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Fig. 5. Effects of  Ba > on the transepilhelial current-vol tage (1,/ 
V,) relalion under  cell' swelling condit ions.  After apical mem- 
brane permeabilization in the presence of  25 mM C] , increasing 
Ba 2+ concent ra t ions  were added to the basolateral solution, and 
transepilhelial  I -V curves  were recorded after 5-min equilibration 
for every tested concentrat ion.  

shown in Fig. 5) with conductances  of  3.15 -+ 0.11 
mS/cm 2 calculated be tween  0 and - 2 0  mV versus 
0.85 + 0.03 mS/cm 2 be tween - 1 0 0  and - 1 2 0  mV, 
n = 33, P < 0.001. 

Effect o f  Barium 

When Ba 2+ was added to the basolateral  solution, 
l~c was instantaneously reduced (Fig. 4). The effect 
of  Ba 2+ was dose dependent  and complete ly  revers-  
ible within 5 min. In 25 exper iments ,  5 mM Ba 2+ 
inhibited 82.4 _+ 1.9% of the l~c. The equilibrium 
potential was decreased from -69.1  -+ 1.4 to 
- 3 2 . 9  -+ 1.3 mV (n = 25, P < 0.001). A family of  
I-V curves were obtained with increasing concen- 

trations of  Ba 2+ (I-5000/~m) in 17 exper iments  (see 
example  in Fig. 5). 

The Ba2+-sensitive current  (lj3~0 defined as the 
difference between 1, with or without 5 mM Ba 2+ 
was 131.5 _+ 12.8 ~A/cm 2 (n = 25) at 0 mV. The lm 
I-V curve was outward rectifying (see example  in 
Fig. 6) with a mean equilibrium potential of  - 76 .8  -+ 
0.8 mV (n = 25). 

Voltage and Time Dependence of  Ba 2+ Block 

Log concentrat ion inhibition curves at holding po- 
tentials of  0 and - 1 2 0  mV are shown in Fig. 7. 
Membrane  hyperpolarizat ion induced a left shift of  
the inhibition curve. Ki was 1499 _+ 97 >M Ba 2+ at 0 
mV and 5.7 _+ 0.5 /,M at --120 mV (n = 17, P < 
0.001). The voltage dependence  of the apparent  Ki 
was est imated by computing the regression line of  
log Ki versus V, The slope of this line indicated an 
e-fold change per 24.6 + 1.7 mV (n = 17). 

When the holding potential was stepped from 
- 6 0  mV to a more negative potential,  a stable cur- 
rent value was attained immediately,  within the 
time resolution of our measurement  sys tem (100 
msec).  In contrast ,  as illustrated in Fig. 8A, when 
the holding potential was stepped from - 6 0  to 0 mV 
there was first a fast change of current  (within 100 
msec) and then a slower increase. Although the ini- 
tial fast phase was above the time resolution of our 
measurement  system, the slow phase could be fitted 
to a single exponential  with a t ime constant  of  0.92 
-+ 0.09 sec -~ (n = 5) (at 500 /zM Ba>) .  This time- 
dependent  part of  the block represented 55% of the 
total block due to 500/,M Ba 2+ at 0 mV (Fig. 8B). As 
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Fig. 7. Relation of the fractional inhibition of the transepithelia[ 
current to the Ba ~'+ concentration in a typical experiment. The 
currents were measured at 0 mV (triangles) and at -120 mV 
(squares), and t00 msec (filled symbols) and 3 sec (open sym- 
bols) after the voltage change. Fractional inhibition was obtained 
by dividing the Ba:+-induced decrease of the current at each Ba ~+ 
concentration by the decrease of current in the presence of the 
maximal Ba -'+ concentration (values at 100 msec). At - 120 mY, 
the inhibition curves were similar after 100 msec or 3 sec (filled 
and open squares). 

shown  in Fig. 7, when  the cu r ren t  was sampled  100 
msec  after  the holding potent ia l  change  to 0 mV,  a 
different  inhib i t ion  curve  was obse rved  with a K~ of 
256 -+ 27/XM (n = 17). 

Effect o f  Quinidine 

Quin id ine  is a potent  b locker  of a n u m b e r  of  K + 
channe l s :  the Ca2+-dependent  K + channe l s  (Chang 
& Dawson ,  1988), the K + channe l s  induced  by cell 
swel l ing ( G e r m a n n  et at., 1986a,b) and o ther  K + 
channe l s  of  the basola tera l  m e m b r a n e  of the tight 
epi thel ia  (Van Dr iessche  & Hi l lyard ,  1985). We 
have tes ted the effect of  increas ing  qu in id ine  con-  
cen t ra t ions  (0.I to 1000 / . s  o n  I, (see example  in 
Fig. 9). The  addi t ion  of I mM qu in id ine  caused  a 
marked  inhibi t ion  of  l~c: 90.93 + 1.04% (n = I t) .  
The  qu in id ine - sens i t ive  c o m p o n e n t  of  1, (lquin) de- 
fined as the di f ference be tween  1, with or  wi thout  I 
mM quin id ine  was 153.07 -+ 11.91 /xA/cm 2 at 0 mV. 
A K,/2 of I 1.4 _+ 2.4 ~M was ob ta ined  for qu in id ine  
at 0 inV. Wi th in  a 0.1- to 3-sec range,  no t ime de- 
p e n d e n c e  of  qu in id ine  block was found  (data not 
shown). Quin id ine  effect was on ly  s lowly and part ly 
revers ible .  The  cur ren t -vo l t age  behav io r  of/quin (see 
example  in Fig. 10) showed an ou tward  rect if icat ion 
with an equ i l ib r ium potent ia l  of  - 7 7 . 6 4  +_ 0.97 mV 
(n = I I), a value very  close to the K + equ i l ib r ium 

A I t  {~A)  

v t  (mY3 

0 

CONTROL 

5 ~M B s  + 
50 pM Ba 2§ 

500 pM Ba 2§ 

5 ram Ba 2+ 

750 ~A 

-60 - -  

f 
A 

B 

C 

i s  
1 

37.1 _+ 12.2 p_A/cm 2 

4 7 . 4  +_ 6 .1  ~ c m  2 

61.7 _+ 11.9 pA/cm 2 

Fig. 8. Time dependence of Ba 2+ block. (A) Original recordings 
of the transepithelial current when the holding potential was 
changed for 3 sec from -60 to 0 mV. The measurements were 
repeated in the absence (CONTROL) and in the presence of 
increasing Ba 2+ concentrations. In the absence of Ba :+, the cur- 
rent reached a steady state within the time resolution of the 
measurement system. In the presence of Ba :+, after a first rapid 
change, there was a slow increase of the current, most obvious at 
500 ~M. (B) Schematic representation indicating that the trans- 
epithelial current measured at () mV if,c) can be divided into three 
parts: (i) an 1~ part permanently blocked by 500 /A,M Ba ~+ at 0 
mV, (ii) an l~c part for which Ba 2+ block was relieved with a slow 
time constant of 0.92 sec, and (iii) an Lc part resistant to 500 ~M 
Ba 2+. The values are the means of five experiments. 

potent ia l .  In Fig. 10, we compared  the lquin I-V 
curve  with the theoret ical  predic t ion  of G o l d m a n n -  
H o d g k i n - K a t z  ( G H K )  equa t ion  (Schul tz ,  1980). The  
fit was r easonab ly  good, and no sys temat ic  devia-  
t ions were obvious .  

G e r m a n n  et al. (1986a,b) had shown that quini-  
d ine  inhibi ted the K + c o n d u c t a n c e  induced  unde r  
cell swell ing condi t ions  (in the p resence  of high CI-  
concen t ra t ion ) .  As the large qu in id ine - sens i t ive  
c o n d u c t a n c e  was present  with 25 mM CI but  not in 
the a bse nc e  of apical CI , we have repeated  our  
expe r imen t s  decreas ing  the CI-  c o n c e n t r a t i o n s  on 
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Fig. 9. Effects of quinidine on the transepithelial current-voltage 
(I,/V,) relation under cell swelling conditions (25 mM CI in the 
apical solution). Increasing concentrations of quinidine were 
added to the basolateral side. 
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Fig. 10. Current-voltage relation of the quinidine-sensitive cur- 
rent (lq,m) under cell swelling conditions (25 mM CI in the apical 
solution). The solid line is the best fit corresponding to the GHK 
model with a [K,,] of 3 mM, a [Ki] of 68.4 mg and a P of 40.5 • 
10 6 cm/sec, for this experiment, assuming a perfectly K+-selec - 
tive quinidine-sensitive conductance. 
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Fig. 11. Original recording of the transepithelial current (1,) at 0 
mV (Lc, top of the bars) and at -60 mV (bottom of the bars). The 
length corresponds to the transepithelial conductance (G,). This 
experiment was performed in the absence of CI in the apical 
solution. Addition of 10.8 /,~m amphotericin B induced a first 
increase of L and G,. After stabilization, cell swelling obtained 
by lowering the basolateral solution osmolarity induced large 
increases of 4 and G, that could be blocked by the addition of 1 
mm quinidine. The values of/,  and G, were recorded on a 4.7-cm ~ 
area of epithelium. 

ductance changed from inward to outward rectify- 
ing, and a large part of the conductance became 
sensitive to quinidine. 

OSMOTICALLY INDUCED CHANGES 

OF THE BASOLATERAL K CONDUCTANCE 

both sides of the epithelium from 25 to 5 mM Cl . 
This did not reduce the quinidine-sensitive part of 
the transepithelial current (94.63 _+ 0.98%, n = 5, 
NS, unpaired t test, when compared with the exper- 
iments with 25 mM CI-). Thus, the stimulating ef- 
fect of  CI- in the apical solution on the basolateral 
conductance appeared between the concentrat ions 
o f 0 t o S m M C l  . 

When the concentrat ion of Cl- was increased 
from 0 to 25 mM (A1 to A2) after apical membrane 
permeabilization, a slow increase of G, and I~c was 
observed (from 10.3 _+ 2.2 to 140.6 -+ 25.3/~A/cm 2 
and 0.18 +-_ 0.03 to 2.31 _+ 0.42 mS/cm2). This effect 
was very similar to the changes observed when the 
apical membrane was permeabilized in the presence 
of 25 mM C1-. The aspect of the transepithelial con- 

In a separate set of experiments,  we have tested the 
effects of cell swelling by lowering the osmolarity of 
the basolateral solution from 205 to 83 mosM (solu- 
tion B4, Table 1). Such a change immediately in- 
duced a parallel increase of the 1,~c and G, (Table 3, 
Fig. 11). This process was similar to the one ob- 
served when the apical CI- concentrat ion was in- 
creased. 

The I-V curves obtained under these conditions 
also had an outward-rectifying aspect with an equi- 
librium potential of  -71 .8  +- 1.3 mV (n = 5). Quini- 
dine was found to be an excellent inhibitor of this 
osmotically activated K + conductance with a maxi- 
mal 1,~c inhibition at 1 mM quinidine of 68.9 -+ 2.3 
/xA/cm 2 (corresponding to 76 _+ 1% of total l~c (n = 
5)), and a decrease of the transepithelial conduc- 
tance from 1.45 -+ 0.03 to 0.46 _+ 0.02 mS/cm 2 (n = 
5, P < 0.001). 
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Table 3. Effect of  basolateral osmolarity on the short-circuit current and the transepithelial conduc- 
tance (n = 5) 

Control Amphotericin B 

I~ G~ Lc G, 1,~ OSM G~ OSM 
(/zA/cm 2) (mS/cm 2) (/xA/cm 2) (mS/cm-') (~tA/cm-') (mS/cm 2) 

3.57 -+ 0.06 0.061 -+ 0.003 9.31 -+ 0.40 0.16 _+ 0.01 87.45 + 2.32 1.45 + 0.03 

Discussion 

SELECTIVE P E R M E A B I L I Z A T I O N  

OF THE A P I C A L  M E M B R A N E  

According to the equivalent electrical circuit (Wills 
et al., 1979b), lit reflects exclusively the electrical 
properties of the basolateral membrane if two con- 
ditions are fulfilled: the tight junctions conductance 
must be small relative to the transcellular conduc- 
tance and the apical membrane resistance should 
become negligible in comparison with the basola- 
teral resistance. In our A6 cells model, the first 
point was well demonstrated by the good linearity 
of the G, versus l~c plot during the onset of the am- 
photericin B effect. After full permeabilization, G, 
estimated from the Gt versus l~c plot was only I! 
and 1.6% of the total transepithelial conductance, in 
the absence or presence of CI, respectively (see Ta- 
ble 2) and thus contributed little to the whole trans- 
epithelial current. 

Concerning the second point, amphotericin B 
induced a very large increase of G,, more than 20- 
fold, when the cells were swollen either in the pres- 
ence of 25 mM C1- in the apical solution or when the 
cells were exposed to a basolateral hyposmotic so- 
lution (Tables 2 and 3). In the absence of apical CI-, 
the i~crease of G, was smaller, because G, was lim- 
ited by the low basolateral membrane conductance, 
when the cells were not swollen. Considering that 
the apical membrane is the main resistive barrier in 
a tight epithelium, in series with the lower resis- 
tance of the basolaterai membrane, the apical con- 
ductance must have increased by an even larger 
factor. After addition of amphotericin B, either os- 
motic changes or the addition of chloride induced 
similar large increases of the transepithelial conduc- 
tance, and this activated conductance was sensitive 
to the basolaterai addition of quinidine. This indi- 
cates that under these conditions, the transepithe- 
lial resistance is dominated by the basolateral mem- 
brane resistance. It is therefore probable that after 
amphotericin B treatment, the apical membrane re- 
sistance becomes negligibly small as compared with 
the basolaterai resistance. This fact has been dem- 

onstrated by direct measurements of the voltage di- 
vider ratio in the rabbit urinary bladder (Lewis et 
al., 1977). As the aqueous channels formed by am- 
photericin B are poorly selective for monovalent 
ions (De Kruijff et al., 1974), an equilibration of K +, 
Na + and CI- between the apical and the intracellu- 
lar content is likely to occur. 

In addition, in order to study the physiological 
properties of the basolateral membrane, this mem- 
brane must not be permeabilized by the ionophore. 
The effects of K + channel blockers demonstrated 
that the basolateral membrane conductance was 
still highly selective for K + after permeabilization. 
When the cells were swollen, from the K + and Na + 
concentrations of the apical and basolateral solu- 
tions and the transepithelial equilibrium potential, 
we calculated a PK/PN,, ratio of 32, despite the fact 
that the transepithelial conductance includes the 
poorly selective paraceilular conductance. This in- 
dicates that under our experimental conditions the 
basolateral membrane was still highly K + selective 
and not permeabilized by amphotericin B. Thus, the 
observed transepithelial conductance was mainly 
due to basolateral membrane native channels acti- 
vated or not by cell swelling. As there was only 1 
mM Na + in the apical solution, the contribution of 
the Na+,K+-ATPase to the transepithelial current 
was small, as shown by the basolateral addition of 
ouabain (200/XM) which did not modify detectably 
this transepithelial current (data not shown). 

In addition, the values of basolateral membrane 
conductance, from 0.21 to 2.46 mS/cm 2 in the ab- 
sence or presence of apical CI- are in the same 
range as those obtained by intracellular electrodes 
(0.5 mS/cm 2, Thomas & Mintz, 1987:0.29 mS/cm 2, 
Granitzer et al., 1991). 

Under our experimental conditions (-60 mV 
holding potential), when the apical membrane was 
permeabilized, the cell preparations were highly 
stable for extended periods of time (>90 min). 
Moreover the effects of amphotericin B were fully 
reversible, as measured by the Lc and the G, values. 
Thus, the apical membrane exposure to amphoteri- 
cin B resulted in a stable preparation, where trans- 
epithelial current and voltage measurements re- 
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flected directly the properties of the basolateral 
membrane under "resting" or stimulated condi- 
tions. 

Amphotericin B pores are permeable to CI 
ions as well as to Na + and K + ions (De Kruijff et al., 
1974). It has been shown that amphotericin B 
treated epithelial cells placed in CI- containing solu- 
tions undergo extensive swelling (Germann et al., 
1986a; Butt, Clapp & Frizzell, 1990). The similar 
appearance of a quinidine-sensitive K + conduc- 
tance observed in A6 cells with permeabilized api- 
cal membrane when chloride was added to the api- 
cal medium or when the osmolarity of the 
basolateral solution was lowered, strongly support 
the hypothesis that both responses are secondary to 
conductance activation by cell swelling, although 
we have not actually measured the cell volume. 

BASOLATERAL "RESTING" K CONDUCTANCE 

The transepithelial equilibrium potential was close 
to the basolateral membrane potential measured 
with intracellular microelectrodes in A6 cells 
(Thomas & Mintz, 1987; Granitzer et al., 1991) or in 
other tight epithelia (Wills et al., 1979b; Schoen & 
Erlij, 1985; Horisberger & Giebisch, 1988). Both the 
basolateral membrane reversal potential and the ef- 
fect of barium indicated that the largest part of the 
conductance was selective for K +, and that this 
conductance was inward rectifying, even in the 
presence of a large outwardly directed K + gradient. 

Patch-clamp studies have identified K + chan- 
nels with inward-rectifying kinetics in the baso- 
lateral membrane of renal proximal tubule (Kawa- 
hara, Hunter & Giebisch, 1987; Sackin & Palmer, 
1987). Similar results have been reported for K + 
channels reconstituted from the basolateral mem- 
brane ofenterocytes (Costantin et al., 1989). If simi- 
lar channels are present in tight epithelia, they 
could mediate the inward-rectifying macroscopic 
conductance that we have observed. 

Although no effect of quinidine could be de- 
tected on the inward K § currents under these condi- 
tions, a small but significant inhibition of the out- 
ward current was measured. The amplitude of this 
quinidine-sensitive current amounted only to about 
2% of the quinidine-sensitive current measured 
when the cells were swollen. This small outward 
conductance might result from a little and partial 
activation of volume-sensitive K + channels, even in 
the absence of apical chloride. 

VOLUME-AcTIVATED K CONDUCTANCE 

After the induction of cell swelling, either by CI- or 
by osmotic changes, there was a large increase of 

the basolateral membrane conductance due to a 
quinidine-sensitive K + conductance. The current- 
voltage relationship of the quinidine-sensitive con- 
ductance was outward rectifying, making the whole 
transepithelial I-V curve of the permeabilized epi- 
thelium outward rectifying. This quinidine-sensitive 
I-V curve conformed closely with the GHK con- 
stant-field flux equation over a 120 mV-range (Fig. 
10). Thus, the observed rectification could be attrib- 
uted to the asymmetrical K + concentrations. 

Mechanism of Block by Barium 

Similar to several investigators who have studied 
the effects of extracellular Ba 2§ on K + conduc- 
tances (Standen & Stanfield, 1978; Armstrong, 
Swenson & Taylor, 1982; De Wolf 8,: Van 
Driessche, 1986; Hanrahan et al., 1986; Zeiske, Van 
Driessche & Ziegler, 1986; Merot et al., 1989; 
Turnheim et al., 1989), we have found that the 
blocking potency of Ba 2+, after activation of the 
volume-sensitive conductance, was clearly voltage 
dependent. A more than 250-fold increase of the K,. 
was observed between holding potentials of 0 and 
-120 mV. Some characteristics of Ba 2§ block ob- 
served in this study deserve some comments. It 
must be noted that, for Ca2+-activated K + channels, 
Ba 2§ is a much more potent inhibitor when applied 
to the intracellular side of the membrane (Eaton & 
Brodwick, 1980; Neyton & Miller, 1988). In epithe- 
lial cells, a Ki around 100 nM for intracellular Ba 2§ 
block has been measured (Guggino et al., 1987). 
Thus, even a small amount of Ba 2§ entering the 
cells could have a significant blocking effect by 
binding to an intracellular site. Although we cannot 
exclude this possibility, a direct effect of Ba 2+ on an 
extracellular site of the A6 cell's basolateral mem- 
brane appears more probable. First, the observed 
Ba 2§ block was rapidly reversible either by mem- 
brane depolarization or by removal of Ba 2+ from the 
basolateral solution. Second, the direction of the 
voltage dependence was opposite to that described 
for internal Ba 2§ block (Armstrong et al., 1982; 
Neyton & Miller, 1988). Third, the Ki of the Ba 2§ 
block (at 0 mV) was in the same range as that ob- 
served in patch-clamp studies on the apical mem- 
brane of epithelial cells (Merot et al., 1989), using 
right side-out excised patches, a situation where the 
direct effect of Ba 2+ ions on the extracellular part of 
the channel is most probable. In addition, a number 
of patch-clamp studies on basolateral membrane 
have demonstrated K § channel block by external 
Ba 2+ in the same range of concentration (Richards 
& Dawson, 1986; Kawahara et al., 1987; Loo & 
Kaunitz, 1989; Taniguchi et al., 1989). A similar 
voltage dependence has been described for the Ba 2§ 
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block of the K + current across the apical membrane 
of frog skin and has been interpreted as resulting 
from the location of the Ba > binding site within the 
transmembrane electrical field at a relative distance 
6 of 0.72 (de Wolf & Van Driessche, 1986). Apply- 
ing the same analysis to our data (an e-fold change 
of K, per 24 mV) yields a 6 of 0.54. 

The value of 0.92 sec -~ for the time constant of 
the Ba -'+ block relief is very similar to that obtained 
by Hanrahan et al., (1986) for K + channels of the 
basolateral membrane of locust midgut. It is also in 
the same range as that estimated for the inward- 
rectifier K + channel of frog skeletal muscle (Stan- 
den & Stanfield, 1978); however, the Ba2+-sensitive 
current was not inwardly rectifying in A6 cells. 
Very different values for the dissociation rate con- 
stant have been reported in other tissues, much 
slower for the delayed-rectifier K + current of the 
squid axon (Armstrong et al., 1982) or faster for the 
apical membrane of the flog skin (Van Driessche & 
Zeiske, 1980). 

VOLTAGE DEPENDENCE 

Different types of voltage dependence have been 
described for the basolateral membrane conduc- 
tance of epithelial cells. Basolateral membrane out- 
ward-rectifying I-V curves conforming to the GHK 
model have also been observed in another tight epi- 
thelium using a similar technique (Wills et al., 
1979a). In several other experiments the basolateral 
membrane I-V relationship was linear (Thompson 
et al., 1982; Schultz et al., 1984; Schoen & Erlij, 
1985) or inward rectifying (Garty, 1984; Nagel, 
1985; Horisberger & Giebisch, 1988). The basola- 
teral K + conductance of leaky epithelia was also 
found to be inward rectifying (Lang, Messner & 
Rehwald, 1986). In view of the opposite rectifying 
properties of the "resting" and volume-activated 
K + conductances that we have observed, it is possi- 
ble that differences in previously published data re- 
suited from experimental conditions inducing vari- 
ous degrees of cell swelling. 

The basolateral K + conductance in swollen 
cells is not only larger than in '~resting" cells but 
differs in sensitivity to inhibitors and in voltage de- 
pendence. Thus, it is probable that cell swelling ac- 
tivates a population of K + channels specifically in- 
volved in cell volume regulation. 

In conclusion, the technique of apical mem- 
brane permeabilization by an ionophore antibiotic 
can be applied to A6 cells grown on permeable sup- 
ports. In this stable preparation, a high paracellular 
resistance is maintained, and investigations of the 
basolateral membrane electrical properties can be 
carried out by transepithelial measurements. We 

have demonstrated that the basolateral membrane 
of A6 cells is highly selective for K +. Under "ba- 
sal" or "resting" conditions the K + conductance is 
inward rectifying, highly sensitive to barium but not 
to quinidine. After maneuvers inducing cell swelling 
a much larger quinidine-sensitive K + conductance 
is induced. This quinidine-sensitive conductance is 
outward rectifying in the presence of physiological 
asymmetrical K + concentrations. 

We are very grateful to Prof. Dr. J. Diezi and Dr. L. Schild for 
their useful comments on the manuscript. This work was sup- 
ported by the Swiss Science Foundation, Grant 31-27798.89. 
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