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Summary. The present studies examined some of the properties 
of CI- channels in renal outer medullary membrane vesicles in- 
corporated into planar lipid bilayers. The predominant channel 
was anion selective having a Pcl/PK ratio of 10 and a unit conduc- 
tance of 93 pS in symmetric 320 mM KCI. In asymmetric KCI 
solutions, the I-V relations conformed to the Goldman-Hodgkin- 
Katz equation. Channel activity was voltage-dependent with a 
gating charge of unity. This voltage dependence of channel activ- 
ity may account, at least in part, for the striking voltage depen- 
dence of the basolateral membrane C1 conductance of isolated 
medullary thick ascending limb segments. The CI channels in- 
corporated into the planar bilayers were asymmetrical: the trans 
surface was sensitive to changes in ionized Ca 2+ concentrations 
and insensitive to reducing KCI concentrations to 10 raM, while 
the cis side was insensitive to changes in ionized Ca 2§ concentra- 
tions, but was inactivated by reducing KC1 concentrations to 50 
mM. 
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Introduction 

This paper contains the results of experiments in- 
tended to characterize the properties of single C1- 
channels fused from basolaterally enriched rabbit 
renal medullary vesicles into planar lipid bilayer 
membranes.  In isolated mouse m T A L H  segments, 
the increase in basolateral membrane C1- conduc- 
tance (g~l) produced by A D H  may be referable to a 
hormone-induced depolarization of basolateral 
membranes [11, 13]. Or put differently, gbcl in the 
mammalian m T A L H  may be rather voltage depen- 
dent. In order to characterize this Cl- conductive 
pathway further, we have utilized two approaches. 

In the preceding paper [1], we provided evi- 
dence that a conductive pathway accounted for 
about half of 36C1- uptake into basolaterally en- 
riched renal medullary vesicles. The energetics of  
diffusion through this conductive 36C1- pathway 

were similar to those in free solution. The anion 
selectivity sequence for the 36C1- conductive path- 
way was I -  > C1- => N O ;  >> gluconate. And the 
C1- channel blocker diphenylamine-2-carboxylate 
(DPC) inhibited conductive 36C1- flux with a K / o f  
154/xM. Taken together, these data are consistent 
with the possibility that conductive C1- flux in these 
vesicles was channel mediated, 

In the present studies, we incorporated baso- 
laterally enriched renal medullary vesicles into pla- 
nar lipid bilayers. The predominant channel activity 
observed was a Cl--permselective channel having a 
P c ] P K  ratio of  approximately 10 and a unit conduc- 
tance of about 93 pS in 320 mM KC1. In symmetrical 
solutions, the I - V  relation was linear, and in asym- 
metrical solutions, the I - V  relation showed Gold- 
man-Hodgkin-Katz (GHK) rectification. Channel 
activity, that is, fractional open time (Fo), was volt- 
age dependent with a gating charge slightly in ex- 
cess of unity. When vesicles were added to the cis 
solution, the channels were active when c/s solu- 
tions were 320 or 150 mM KC1, and inactive with cis 

solutions containing 50 mM KC1. However ,  channel 
activity was concentration independent for trans 

solution KCI concentrations of ~ t5 mM. Moreover,  
F o fell by reducing trans but not cis Ca 2+ concentra- 
tions. Thus the C1- channels were asymmetric. 

A preliminary report of these findings has ap- 
peared elsewhere [18]. 

Materials and Methods 

The procedure for preparing basolaterally enriched vesicles from 
rabbit renal outer medulla, and the enzymatic characteristics of 
these vesicles, are described in the preceding paper [1]. For the 
present studies, these vesicles were suspended in 300 mM manni- 
tol, 10 mM imidazole, 1 mM Mg gluconate and 0.1 mM Ca gluco- 
nate (pH 7.4) at a protein concentration of 10 mg/ml. The vesi- 
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Fig. 1 Schematic illustration of the system for incorporating ves- 
icles into bilayers. The model illustrates one of the modes of 
fusion, that is, with the outer surface of the vesicle facing the cis  

solution 

cles were used immediately or stored on ice for no more than 24 
hr prior to experiments. 

Lipid bilayer membranes were formed by painting a lipid 
solution over a 0.2-0.3 mm aperture in the wall of a polystyrene 
Mueller-Rudin cup [14]. The solutions used to form bilayers were 
a 1 : I mixture of phosphatidylserine and phosphatidylethanol- 
amine in decane (20 mg lipid/ml). The aqueous phases initially 
contained 3 ml of 50 mM KC1, 1 mM CaC12, 20 mM Tris, 32 mM 
HEPES (pH 7.4) solutions in both the cis and t rans  chambers. 
Formation and thinning of the bilayer were monitored electri- 
cally. 

The bilayers were voltage clamped using a patch-clamp am- 
plifier (Dagan 8900) connected to the bilayer chambers by Ag- 
AgCI electrodes in 3 M KCI agar bridges. The t rans  chamber was 
grounded. The output of the clamp amplifier was digitized at 44 
kHz, recorded on VHS tape (PCM-2, Medical Systems), and 
simultaneously displayed on an oscilloscope (Hitachi VC6020). 
Records were replayed, filtered by an 8-pole Bessel filter (Model 
802LPF, Frequency Devices), digitized (System 570, Keithley) 
and analyzed by computer using "Analysis" software written by 
Dr. Hubert Affolter (kindly provided by Dr. R. Coronado, Bay- 
lor College of Medicine). Records were filtered at 1 kHz ( -3  dB 
cutoff) and sampled at 3 kHz. 

In order to fuse membrane vesicles to bilayer membranes, 
we adopted the techniques described by Coronado [5] and by 
others [3]. Namely, we added aliquots of vesicles to the cis 

chamber and created an osmotic gradient for volume flow from 
t rans  to cis  chambers by making the cis chamber hypertonic to 
the t rans  chamber. Based on the observations of other workers 
[3-5, 16], we presume that osmotic volume flow across the bilay- 
ers produced osmotic lysis and fusion of vesicles adjacent to the 
planar bilayers with the latter. 

Figure 1 is a schematic illustration of the system used in our 
experiments. After formation of the bilayer, the cis chamber was 

made hypertonic by the addition of 300/,1 of 3 M KCI (final KCI 
= 320 mm). Then 10-20/*1 of a vesicle suspension were added to 
the cis chamber with stirring. Fusion of a channel-containing 
vesicle with the bilayer was detected as the appearance of gated 
currents across the bilayer. Figure 1 indicates schematically one 
of the ways in which a CI channel might be incorporated into a 
bilayer, that is, with the outer surface of the vesicle oriented 
toward the cis  solution. 

We considered that fusion of Cl channels into the bilayers 
had occurred when we observed current-voltage relations indi- 
cating channels selective for CI- rather than K + ( see  Fig. 2, 
Results). We observed such fusion in about 15% of our attempts. 
In the remaining trials, we either observed no fusion or, on infre- 
quent occasions, current-voltage relations consistent with K + 
channels. This paper provides no further information about the 
latter. 

After detection of a C1- channel in the bilayer, additional 
changes in the solutions were made depending on the experimen- 
tal protocol. These maneuvers are described in detail in Results. 
The calcium activity of the cis  or t rans  chamber was varied by 
the addition of EGTA, and the free calcium activity was calcu- 
lated as described by Pershadsingh and McDonald [17]. Solution 
exchanges were accomplished by perfusing the chamber with 30 
ml of the appropriate solution. DPC was added from a 30 mM 
stock solution in DMSO in volumes of 10-20 bd; the DPC was 
added slowly and with stirring to avoid precipitation. Addition of 
these volumes of DMSO without DPC had no effect on either 
native bilayer conductance or C1- channel conductance. 

The data in this paper are presented using the following 
conventions. The bilayer voltages are referenced to the t rans  

chamber, which was grounded. Movement of chloride from the 
cis to t rans  chamber is indicated by a negative current and ap- 
pears as a downward deflection in current traces. All results are 
expressed as mean values • SEM for the indicated number of 
experiments. A single bilayer was taken to be n = 1. 

Results 

IDENTIFICATION OF CI CHANNELS 

Figure 2 presents a typical tracing indicating that a 
CI- channel had been incorporated into a bilayer 
membrane. For the protocol illustrated in Fig. 1, 
that is, 320 and 50 mM KCI in cis and trans cham- 
bers, respectively, Ecl was approximately 42 mV, 
with the trans chamber at ground. Thus the direc- 
tion and magnitude of the transmembrane currents 
at the VH values shown in Fig. 2 indicate a Cl- 
current through the channel. As indicated in Mate- 
rials and Methods, the protocol shown in Fig. 2 was 
used to identify C1- channels in each experiment 
prior to subsequent maneuvers. 

CONDUCTANCE PROPERTIES 

IN SYMMETRICAL SOLUTIONS 

Figure 3 shows the I-V relations for C1 channels in 
five different bilayer membranes exposed to sym- 
metrical 320 mM KC1 solutions. The experimental 



W.B. Reeves and T.E. Andreoli: e l -  Channels in Lipid Bilayers 59 

Vh ( m Y )  

o 

-20 

40 

(Closed) 

3.12 pA 

165 ms 

Fig. 2. Single C1 channel recordings with a 
medullary basolateral membrane vesicle 
incorporated into a planar bilayer. In this 
experiment, the cis chamber contained 320 mM 
KCI and the trans chamber contained 50 mM 
KCI. The trans chamber was grounded. Channel 
openings are represented as downward 
deflections, that is, negative currents. The 
direction and magnitude of currents at the 
indicated voltages show that the channel is C1 
selective 
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Fig. 3. Current-voltage relations for five different CI- channels, 
each in a different bilayer, all exposed to symmetrical 320 mM 
KCI solutions. The I -V  relation was linear (r = 0.99). The mean 
conductance of the five channels under these conditions was 93 
-+ 4.5 pS 
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Fig. 4. The relation between fractional open time (Fo) and hold- 
ing voltage (V~) for CI- channels in the five bilayer membranes 
shown in Fig. 3, that is, with 320 mN KCI in both aqueous 
phases. The results are expressed as mean values -+ SEM for the 
five bilayers indicated in Fig. 3. The inset shows the data for the 
relation between Fo and Vu plotted according to a Boltzmann 
distribution (Eq. (1)) where Z is the gating charge required for 
channel opening 

data could be fit by a linear regression (r = 0.99) 
having nearly a zero-voltage intercept. The C1 con- 
ductance of the channels in the five bilayers was 
93.0 -+ 4.5 pS. 

Figure 4 illustrates the relations between frac- 
tional open time (Fo) and holding voltage (V~) for 
the five CI- channels bathed in symmetrical 320 mM 
KC1 solutions and reported in Fig. 3. The data pre- 
sented in Fig. 4 show clearly that Fo was voltage 
dependent, varying from an Fo of nearly unity at VH 
= -60 mV to an Fo of approximately 0.3 at V~ = 60 
mV. The inset in Fig. 4 expresses the relation be- 
tween Fo and VH according to a Boltzmann distribu- 
tion for a simple two-state model for the CI chan- 
nels, that is: 

Fo Z F  
In 1 - Fo - R T  VI~ - AGi (1) 

where Z is the apparent gating charge required for 
channel opening and z~Gi is the voltage-independent 
free energy change for channel opening [2]. The in- 
set in Fig. 4 shows that In Fo/1 - Fo was a linear 
function of V/j. The slope of this relation yielded Z 
-- 1.11 ; the V~ at which 50% of the channels were 
open was 36 mV. 

It was pertinent to evaluate whether the CI- 
channel conductance of 93 pS in 320 mM KC1 (Fig. 
2) represented a unit conductance for these Cl- 
channels. Thus we evaluated a frequency histogram 
of current amplitudes for C1- channels in the bilay- 
ers reported in Fig. 3 at a VH of 40 mV where, from 
Fig. 4, Fo is approximately 0.5. These results are 
shown in Fig. 5. In each of three C1- channels in 
three different bilayers, the major open state corre- 
sponded to a current of about 4 pA, and thus to a 
conductance of about 100 pS, in accord with the 
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Fig. 5. A frequency histogram of current recordings for three of 
the bilayers indicated in Fig. 3 at a holding voltage of 40 mV. 
There were two major peaks of occurrences in each of the three 
bilayers, one at approximately zero current, that is, the closed 
state, and one at approximately 4 pA, that is, at a conductance of 
about 100 pS 

overall results in Fig. 3. The results in Fig. 5 also 
show that there was a second major peak of activity 
at zero current, that is, for a closed state. 

Thus when taken together, the results in Figs. 
3-5 indicate that, in symmetrical 320 mM KC1 solu- 
tions, the major CI- conductance activity was a sin- 
gle CI- channel having a 93 pS conductance. The 
channels existed predominantly in two major states, 
open and closed, depending on Vt4. We note as well 
that, in some instances, we also observed small sub- 
conductance states for these C1- channels. These 
smaller subconductances occurred infrequently, 
that is, about 10-15% of the time, and are not con- 
sidered further in this paper. 

CONDUCTANCE PROPERTIES 

IN ASYMMETRICAL SOLUTIONS 

Figure 6 illustrates the results of experiments in 11 
bilayers in which we evaluated the I-V relations of 
these C1- channels in asymmetrical solutions, that 
is, 320 and 50 mM KC1 in cis and trans solutions, 
respectively. For each channel in each bilayer, we 
measured currents at each of the V~ values indi- 
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Fig. 6. Current-voltage relations of C1 channels in asymmetri- 
cal solutions. The I -V  relations of 11 C1- channels in 11 different 
bilayers were determined under the same conditions described in 
Figs. 1 and 2, i.e., 320 mM KC1 cis, 50 mM KC1 trans. In each CI- 
channel in each bilayer, current measurements were made at 
each of the indicated holding voltages. Thus all measurements 
were paired. The results are expressed as mean values -+ SEM. 
The dashed line was calculated from the Goldman-Hodgkin-Katz 
equation using a C1- : K + permeability ratio of 10 : 1 

cated in Fig. 6. Thus all measurements in each bi- 
layer were paired. Fo was below 0.2 at V/4 values 
greater than 20 mV (see Fig. 7), and current ampli- 
tudes were rather small for V~/greater than 20 inV. 
Consequently, the V~ values for these paired mea- 
surements were restricted to the range -60  to 20 
mV. 

The results presented in Fig. 6 show clearly 
that, in asymmetrical solutions, the I-V relations for 
these channels were nonlinear. Rather, the I-V rela- 
tion could be expressed in terms of the Goldman- 
Hodgkin-Katz equation and a Pc~/PK ratio of 10, 
indicated by the dashed line in Fig. 6. At a VH of 
-60  mV, the limiting slope conductance was 106 
pS, in good agreement with the single-channel C1- 
conductance of 93 pS obtained in symmetrical 320 
mM KC1 solutions (Fig. 3). 

Figure 7 illustrates the relation between Fo and 
VH for the 11 bilayers reported in Fig. 6. The results 
presented in Fig. 7 show that Fo fell appreciably as 
VH became positive. Finally, the inset in Fig. 7 
shows that the logarithmic ratio of open to closed 
states in asymmetrical solutions, that is, In Fo/l - 
Fo, could be accounted for in terms of Eq. (1) and a 
gating charge of 1.15, which is virtually identical to 
the comparable value obtained in symmetrical solu- 
tions (Fig. 4). 

CONCENTRATION DEPENDENCE OF Fo 

The results presented in Figs. 4 and 7 were obtained 
not only at varying voltages but also with different 
KC1 concentrations in the trans solutions. Thus it 
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Fig. 7. Fractional open time of C1 channels (Fo) as a function of 
holding voltage (Vn). The fractional open time (Fo) of the same 
11 channels depicted in Fig. 6 was determined over the voltage 
range -60 to +20 inV. As indicated in Fig. 6, the cis solution was 
320 mM KCI and the trans solution was 50 mM KCI. The results 
are expressed as mean values • SEM. The inset shows the data 
for the relation between F o and Vn plotted according to a Boltz- 
mann distribution (Eq. (1)) 

was pertinent to evaluate the variation of Fo with 
changes in the salt concentrat ions in the aqueous 
phases. 

Figure 8 shows the results of an experiment in 
which the KC1 solution was varied in the trans solu- 
tion in the same bilayer membrane.  The results pre- 
sented in Fig. 8 show that, at a V~, of - 4 0  mV 
(where, from Fig. 7, Fo is at a maximum), channel 
activity remained relatively constant when the trans 
KC1 concentrat ion was either 35 or 160 mM KC1. In 
other experiments using the format shown in Fig. 8, 
reducing the trans KC1 concentrations from 50 to 10 
mM KC1 had no effect on Fo. Thus from the data in 
Fig. 8, as well as in Figs. 6 and 7, channel activity 
was consistently expressed with relatively low (=> 10 
raM) KC1 concentrat ions in trans solutions. 

Figure 9 shows the results of reducing cis solu- 
tion KC1 concentrat ion on channel activity. A CI- 
channel was incorporated into a bilayer using the 
protocol shown in Fig. 2. Then the cis KC1 concen- 
tration was reduced to 50 mm KC1. A shown in the 
recording in Fig. 9, channel activity was nearly 
completely absent when the cis KCI concentrat ion 
was reduced from 320 to 50 mM KC1. Finally, as 
shown in the lower tracing in Fig. 9, we raised the 
cis and trans KC1 concentrat ions to 320 mM KC1 to 
exclude the possibility that the channel had been 
permanently inactivated, and channel activity re- 
appeared. 

These data indicate that the CI- channels were 
asymmetrical.  On the trans side, channel activity 
occurred with =>10 mM KC1 solutions (Figs. 6-8). 
However ,  when the cis solution KC1 concentrat ion 

was reduced from 320 to 50 mM KC1, the channels 
were inactivated (Fig. 9). We have also noted, in 
experiments similar to those shown in Figs. 8 and 9, 
that C1- channel activity was only slightly reduced 
(~20%) by reducing the cis KC1 concentration to 
150 mM. 

EFFECT OF VARYING IONIZED Ca 2+ 

C1- channels in some epithelia are calcium acti- 
vated [6]. To test the effect of ionized Ca 2+ on C1- 
channels in these basolateral membrane vesicles, 
we carried out paired experiments on the effects of 
EGTA addition to either the cis or trans solutions. 
CI- channels were incorporated into bilayers using 
the protocol described in Figs. 1 and 2, that is, 320 
and 50 mM KCI in cis and trans solutions, respec- 
tively, with 1 mM Ca 2+ in both cis and trans solu- 
tions. Then varying amounts of EGTA were added 
to either cis or trans solutions while channel activ- 
ity was monitored at VH values of - 2 0  to - 4 0  mV 
where, from Fig. 7, Fo was greater than 0.5. 

The results of these experiments are shown in 
Fig. 10. It is evident from these results that, in a 
given bilayer, reducing the trans ionized Ca 2+ con- 
centration to less than 50 nM produced graded re- 
ductions in Fo. Although there was considerable 
variation among individual bilayers, it is reasonable 
to conclude from the data shown in Fig. 10 that 
reducing the trans concentrat ion of ionized Ca 2+ to 
less than 30 nM produced a significant suppression 
of C1- channel activity. In contrast,  the data pre- 
sented in Fig. 10 also showed that, in four different 
bilayers, reducing the cis solution ionized Ca 2+ to 15 
nM had no effect on channel activity. 

It should also be noted that the suppression of 
C1- channel activity by reducing trans ionized Ca 2+ 
concentrat ions was reversible. Thus in four of the 
C1- channels indicated in Fig. 10 where Fo had been 
suppressed by adding EG TA  to trans solutions, 
raising the trans solution ionized Ca 2+ concentra- 
tions to greater than 6/xM by subsequent Ca 2+ addi- 
tion restored channel activity to within 15-20% of 
control values. 

EFFECT OF DPC 

As indicated in the preceding paper [1], the C1- 
channel blocker diphenylamine-2-carboxylate 
(DPC) suppressed C1- conductance in basolateral 
renal medullary vesicles. To test the effects of DPC 
on C1- channels, we incorporated the latter into bi- 
layers according to the protocol  shown in Figs. 1 
and 2. Then DPC was added to both aqueous 
phases, so that measurements  were paired within a 
bilayer. 
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Fig. 8. A continuous tracing on the same CI- 
channel in the same bilayer showing that 
relatively high salt concentrations are not 
required on the trans side for channel activity. 
Vesicles were fused into a bilayer using the 
protocol illustrated in Figs. 1 and 2. Then the cis 

and trans sides were made 330 and 35 HIM KC1, 
respectively. Channel activity was present and 
raising the trans KCI concentration to 160 mM 
had no perceptible effect on channel activity 
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Fig. 9. A continuous tracing on the same CI- 
channel in the same bilayer illustrating the 
effect on channel open time of  varying 
external salt concentrat ions symmetrically. 
Vesicles were fused into a bilayer using the 
protocol illustrated in Figs. 1 and 2, and CI- 
channel activity was detected using the 
protocol shown in Fig. 2. Then the cis 

solution as well as the trans solution was 
made 50 mM KCI. Finally, to verify that 
channel activity was reversible, both aqueous 
phases were made 320 mM KCI 

In paired observations on six different bilayers, 
0.1 m~ DPC reduced Fo from 0.56 -+ 0.09 to 0.32 -+ 
0.14 (A = 0.24 +- 0.07; P = 0.016). Figure 11 illus- 
trates the mechanism for DPC inactivation of C1- 
conductance. After DPC addition, channel activity 
was reduced because of the introduction of long, 
closed intervals. Channel activity during open 
bursts was not affected by DPC. Finally, although 
the data are not shown in Fig. 11, DPC also resulted 
in a 20% decrease in the open-channel current. Du- 
ration-amplitude plots indicated that the decrease in 
channel current was not due to attenuation of fast 
openings. DPC has also been reported to decrease 
the single-channel amplitude in canine tracheal cells 
[231. 

D i s c u s s i o n  

Net CI- absorption in the mTALH involves primar- 
ily conductive CI- flux across basolateral mem- 
branes [11, 13]. In the preceding paper [1], we de- 
scribed some of the characteristics of conductive 

C1- flux in basolaterally enriched renal medullary 
vesicles. The present experiments, involving vesi- 
cles fused with planar bilayers, indicate that at least 
one of the C1--conductive pathways in these baso- 
laterally enriched renal medullary vesicles is a C1- 
channel. 

We note in this connection that, as pointed out 
in the preceding paper [1], the vesicles used in these 
experiments, while basolaterally enriched, also 
contain an admixture of apical membranes. How- 
ever, in the mTALH, C1- conductances are limited 
to basolateral membranes [11]. Thus it is reasonable 
to argue that the CI- channels studied in the present 
experiments were of basolateral origin. 

The results in Figs. 3-5 show that, in symmetri- 
cal 320 mM KCI solutions, the CI- channels incor- 
porated in these bilayers existed in two major 
states, open and closed, and that channel activity, 
that is, F o, was voltage dependent. This voltage de- 
pendence of Fo is similar to that observed in C1- 
channels from trachea [22] and from a colonic cell 
line [9]. In the open state, the single-channel con- 
ductance was about 93 pS. It seems unlikely, given 
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Fig. ]0.  Effect of  varying ionized Ca 2+ on Fo. C1- channels  were 
incorporated into bilayers with cis and trans solutions containing 
320 and 50 mM KCI, respect ively,  and 1 mM Ca 2+ in both aque- 
ous phases  (Fig. 1). Then  E GT A was added either to cis solu- 
tions or  to trans solut ions to reduce ionized Ca z+ concentrat ions,  
as indicated in Materials and Methods ,  to the indicated values. 
The tines connect  m easu remen t s  in individual bilayers. The solid 
lines indicate EGTA  addition to trans solutions.  The dashed lines 
indicate EGTA addition to cis solutions 

the results in Fig. 4, that this 93-pS conductance 
was the sum of smaller channel conductances. The 
C1- conductance observed in our experiments was 
larger than in C1- channels from mammalian tra- 
chea [7, 12, 20-23], shark rectal gland [7, 8], rat 
colon [19] or T84 colonic cells [9]. It was less than 
the conductance of C1- channels in apical mem- 
branes of A6 epithelial cells [15] or some of the CI- 
channels in basolateral membranes of rabbit urinary 
bladder epithelium [10]. 

In asymmetrical KC1 solutions, the I -V  relation 
was nonlinear and conformed to the Goldman- 
Hodgkin-Katz equation (Fig. 6). The slope conduc- 
tance from these experiments at Vt~ = -60 mV was 
106 pS, in accord with the results shown in Fig. 3. 
The chloride-to-potassium permeability ratio of 10 
calculated from these data (Fig. 6) is similar to that 
reported for C1- channels in rat colon enterocytes 
[19] and A6 cells [15] and is slightly higher than that 
reported for canine tracheal epithelial cells [21, 23]. 

At least two lines of evidence indicate that 
these channels were asymmetrical. As shown in 
Fig. 10, C17 channel activity was markedly sup- 
pressed when the ionized Ca 2+ concentration in the 
trans solution was reduced to values less than 30 
nM, but 1=o was unaffected when the ionized Ca 2§ 
concentrations of the cis solutions were reduced to 
15 nM. Both in T84 ceils cultured from mammalian 
colon and in human trachea, CI- channel inactiva- 
tion occurs when intracellular ionized Ca 2+ concen- 
trations are reduced to values in the range of 20 nM 

CONTROL 

DPC (0.1 mM) 
(closed) 

3. ~2 pA 
V h =-20 mV '250 ms 

Fig. 11. Effects  of  DPC on channel  activity. Channel  activity 
before (upper tracing) and after (lower tracing) the addition of 0.1 
m m  DPC to the cis chamber .  Both tracings were obtained from 
the same channel  at V~ = - 2 0  mV with 320 mM KC1 in the cis 

chamber ,  50 mM trans 

[6]. Moreover, such ionized Ca 2+ concentrations 
are characteristic of intracellular rather than extra- 
cellular fluids. Thus it is reasonable to conclude, 
using the model illustrated in Fig. 1, that the vesi- 
cles which fused with bilayer membranes were pre- 
dominantly right side out, and that those vesicles 
fused with bilayers so that the intracellular side of 
the C1- channels faced the trans solution. 

According to this view, the asymmetrical de- 
pendence of channel activity on aqueous salt con- 
centrations (Figs. 8 and 9) indicates that C]- chan- 
nel activity requires as little as 10 mM KC1 in trans 
solutions, that is, in solutions facing the intracellu- 
lar aspect of these C1- channels. In contrast, when 
cis solutions, presumably facing the extracellular 
aspect of these C1- channels, had 50 mM KC1 con- 
centrations, channel activity was virtually abol- 
ished (Fig. 9). Moreover, as indicated in connection 
with Fig. 9, channel activity was present when cis 
KC1 concentrations were 150 raM. Thus the intra- 
cellular and extracellular faces of these C1- chan- 
nels have differing salt requirements, presumably 
CI- concentration requirements, for conformations 
resulting in an open state. The present studies pro- 
vide no information, however, about the structural 
bases for these requirements. 

Finally, it is pertinent to consider the present 
data in the context of results in intact mTALH seg- 
ments. In the latter, a depolarization of basolateral 
membranes from approximately -50 to -39 mV 
produced by antidiuretic hormone (ADH) is accom- 
panied by a rise in the calculated value for basolat- 
eral C1- conductance (gb0 from about 65 mS cm -2 
to about 142 mS c m  -2 [13] .  We have proposed that 
this rise in basolateral C1- conductance is the conse- 
quence of the basolateral depolarization produced 
by a rise in cell C1- activity, since luminal furo- 
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Fig. 12. Effect of voltage on time-averaged single-channel con- 
ductance. The upper dashed line represents the slope C1- con- 
ductance (gcl) derived from the GHK equation for a CI - :K  + 
selectivity ratio of 10 (Fig. 6). The lower solid line represents the 
effective, or time-averaged, CI conductance (gc0 calculated as 
the product of gcl at a given VH, using the data in Fig. 6, and the 
fractional open time (Fo) for that voltage, using the data in Fig. 7 

semide blocks the ADH-induced rise in g~l [13]. 
However, such an increase in g~ is greater, in 
quantitative terms, than expected for GHK rectifi- 
cation, although in qualitative terms, this voltage 
dependence of g~l is in the direction expected from 
GHK formalism [11, 13]. 

The present experiments provide an insight into 
a mechanism by which a relatively small depolariza- 
tion of basolateral membranes might produce an ap- 
preciable increase in g~]. Specifically, gc~ (pS), the 
time-averaged single-channel CI= conductance 
may be expressed as the product: 

gcl = gclFo (2) 

where gc~ is the single-channel conductance at a 
given VH (Fig. 6), and Fo is the fractional open time 
at varying values of V/j (Fig. 7). For asymmetrical 
solutions where the cis (extracetlular) and trans (in- 
tracellular) aspects of these C1- channels face 320 
and 50 mM KCI, respectively, the results in Figs. 6 
and 7 indicate that the variation of Fo with V,q will 
produce significant voltage dependence for gcJ. 
That is, the results in Fig. 7 show that Fo increases 
as VH becomes less positive. Thus for a C1- channel 
having an intracellular aspect facing the trans solu- 
tion, Fo increases as the intracellular face is de- 
polarized. 

Figure 12 presents a quantitative illustration of 
this view. The dashed line for gcl in Fig. 12 was 
obtained from slope conductances of the data in 
Fig. 6. The solid line in Fig. 12, for gcl, was ob- 
tained by multiplying these slope conductances by 
the Fo values indicated in Fig. 7 for varying values 
of Vt~. The results presented in Fig. 12 show that, 

for V~/in the range of -20 to 20 mV and a n  EcI of 42 
mV, the variation in gc~ with V~/within 30 mV of Ec~ 
is appreciably greater than expected from GHK re- 
lations, because Fo is voltage dependent. It is there- 
fore plausible to consider the possibility that, in in- 
tact mTALH segments, a comparable variation of 
Fo with basolateral voltage may account, at least in 
part, for the variation of g~t with basolateral voltage 
[11, 13]. 
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