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Abstract

In order to assess the role of different classes of K� channels in recirculation of K� across the basolateral membrane of
rabbit distal colon epithelium, the effects of various K� channel inhibitors were tested on the activity of single K� channels
from the basolateral membrane, on macroscopic basolateral K� conductance, and on the rate of Na� absorption and Cl3

secretion. In single-channel measurements using the lipid bilayer reconstitution system, high-conductance (236 pS), Ca2�-
activated K� (BKCa) channels were most frequently detected; the second most abundant channel was a low-conductance K�

channel (31 pS) that exhibited channel rundown. In addition to Ba2� and charybdotoxin (ChTX), the BKCa channels were
inhibited by quinidine, verapamil and tetraethylammonium (TEA), the latter only when present on the side of the channel
from which K� flow originates. Macroscopic basolateral K� conductance, determined in amphotericin-permeabilised
epithelia, was also markedly reduced by quinidine and verapamil, TEA inhibited only from the lumen side, and serosal ChTX
was without effect. The chromanol 293B and the sulphonylurea tolbutamide did not affect BKCa channels and had no or only
a small inhibitory effect on macroscopic basolateral K� conductance. Transepithelial Na� absorption was partly inhibited by
Ba2�, quinidine and verapamil, suggesting that BKCa channels are involved in basolateral recirculation of K� during Na�

absorption in rabbit colon. The BKCa channel inhibitors TEA and ChTX did not reduce Na� absorption, probably because
TEA does not enter intact cells and ChTX is `knocked off' its extracellular binding site by K� outflow from the cell interior.
Transepithelial Cl3 secretion was inhibited completely by Ba2� and 293B, partly by quinidine but not by the other K�

channel blockers, indicating that the small (6 3 pS) KVLQT1 channels are responsible for basolateral K� exit during Cl3

secretion. Hence different types of K� channels mediate basolateral K� exit during transepithelial Na� and Cl3

transport. ß 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The basolateral membrane of epithelial cells con-
tains K� channels which are primarily responsible
for the conductance of this membrane. The combina-

tion of the Na�/K�-exchange pump with the K� leak
in the basolateral membrane accounts for both
the characteristic intracellular ion composition (low
Na� and high K� concentrations) and the electrical
membrane potential di¡erence, thereby creating the
driving forces for apical Na� entry and Cl3 exit [1,2].
Basolateral K� recirculation is thought to be an ab-
solute requirement for both Na� absorption and Cl3

secretion; variations in transepithelial transport of
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both ions must be accompanied by proportional
changes in basolateral K� out£ow [3,4].

But whereas the apical Na� entry and Cl3 exit
mechanisms are well characterised, it is open which
class(es) of K� channels take part in recirculation of
K� across the basolateral membrane during trans-
epithelial Na� absorption and Cl3 secretion. This
uncertainty may be related to the fact that K� chan-
nels comprise the most diverse family of ion channels
[3^5]. The present experiments were designed to de-
¢ne the types of K� channels that are responsible for
basolateral K� exit during Na� absorption and Cl3

secretion in rabbit colon epithelium using microscop-
ic (single-channel) and macroscopic measurements of
the basolateral K� conductance.

2. Materials and methods

2.1. Single-channel measurements

Rabbits were killed by a blow on the head fol-
lowed by exsanguination1. From the epithelium of
descending colon a highly enriched fraction of baso-
lateral plasma membrane vesicles (BLMV) was pro-
duced according to Wiener and coworkers [6]. The
BLMV were suspended in 250 mM sucrose and 10
mM HEPES/Tris, pH 7.2, stored at 380³C and
thawed immediately prior to use. K� channels
present in this preparation, which is essentially free
of membranes from non-epithelial cells, were recon-
stituted into planar lipid bilayers consisting of phos-
phatidylethanolamine and phosphatidylserine as de-
scribed earlier [7]. Brie£y, basolateral membrane
vesicles were fused at room temperature with a bi-
layer that occluded the aperture (diameter 180^240
Wm) of a Te£on septum (thickness 12 Wm) which was
mounted vertically between two halves of a Te£on
chamber (volume 1.5 ml on each side). The cis solu-
tion, to which the BLMV were added, contained ini-
tially 150 mM KCl and the trans solution 5 mM
KCl, both in 10 mM HEPES/Tris, pH 7.2, and 250
WM CaCl2. After a channel had appeared, free Ca2�

was lowered to 28 WM in most experiments by addi-
tion of K�-EGTA [7]. Rapid mixing of added com-

pounds was achieved with magnetic stirrers in both
chamber halves.

The cis and trans solutions were connected to a
patch-clamp ampli¢er (EPC-7, HEKA, Lambrecht/
Pfalz, Germany) via 0.5 M KCl-agar bridges and
Ag/AgCl electrodes. Vm, the `holding' voltage across
the bilayer, is de¢ned as the electrical potential of the
cis compartment with reference to the trans (ground)
compartment. Single-channel current, recorded on a
video cassette recorder, was ¢ltered (usually at 500
Hz) by an eight-pole low-pass Bessel ¢lter and ana-
lysed with the pCLAMP program (Axon Instru-
ments, Foster City, CA, USA). 30^40 s of channel
activity were analysed at each holding voltage.

2.2. Measurement of macroscopic basolateral
conductance

The properties of the basolateral membrane of
rabbit descending colon epithelium were studied us-
ing the technique of selective luminal membrane per-
meabilisation with the pore-forming antibiotic am-
photericin B [8,9]. Isolated colon epithelia, prepared
by blunt dissection, were mounted in Ussing cham-
bers and short-circuited with an automatic voltage
clamp (VC600, Physiologic Instruments, San Diego,
CA, USA). The tissue area exposed in the chambers
was 1.13 cm2. The luminal bathing solution was
composed of (mM) 119 K�-gluconate, 21 KHCO3,
2.4 K2HPO4, 0.6 KH2PO4, 1.2 Ca2�-acetate, 1.2
Mg2�-acetate and 10 D-glucose. Hence, the luminal
solution contained a high K� concentration to mimic
intracellular K� levels but was free of Na� (to ex-
clude a contribution of the electrogenic Na�/K�-
ATPase to the basolateral membrane potential) and
Cl3 (to prevent cell swelling after permeabilisation of
the luminal membrane). The composition of the se-
rosal bathing solution was identical to that of the
high-K� luminal solution except that Na� replaced
K� in the gluconate and bicarbonate salts. The so-
lutions were kept at 37³C in the Ussing chambers
and recirculated by a gas lift system with 95% O2

and 5% CO2, resulting in a pH of 7.4.
Amphotericin B was added to the luminal solution

to give a ¢nal concentration of 10 Wg/ml (10.8 WM).
In the presence of amphotericin the transepithelial
voltage, V, was clamped to 340 mV (luminal solu-
tion with respect to the serosal solution) to imitate1 Laboratory Animals 30 (1996) 293^316, and 31 (1997) 1^32.
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the physiological electrical potential di¡erence across
the basolateral membrane [10]. The short-circuit cur-
rent, Isc, was measured every minute by changing V
to zero for 2 s. The transepithelial (chord) conduc-
tance, Gt, was calculated from the di¡erence of the
transepithelial current, vI, at 340 and 0 mV, Gt =vI/
vV.

When the e¡ect of amphotericin on tissue conduc-
tance and transepithelial current had stabilised (this
was the case approx. 30 min after addition of am-
photericin), transepithelial current^voltage (I^V) re-
lations were obtained by generating a train of square
voltage pulses of 2 s duration and monitoring the
corresponding currents. Starting from 340 mV, the
transepithelial voltage was clamped from 3120 to
+40 mV in 20 mV increments with a return to 340
mV between each step. A positive current represents
cation £ow from the luminal to the serosal side of
the epithelium.

2.3. Transepithelial Na+ absorption and Cl3 secretion

The e¡ects of various K� channel blockers on the
rate of Na� absorption and Cl3 secretion across
rabbit descending colon epithelium were studied in
the short-circuit apparatus with NaCl Ringer (com-
position in mM: 119 NaCl, 21 NaHCO3, 2.4
K2HPO4, 0.6 KH2PO4, 1.2 CaCl2, 1.2 MgCl2 and
10 D-glucose) on both sides of the tissue [11,12].

2.4. Materials

293B was generously provided by Dr. R. Greger
(University of Freiburg, Germany), amphotericin B
by Bristol Myers Squibb, and amiloride by Merck,
Sharp and Dohme. Phosphatidylethanolamine and
phosphatidylserine were obtained from Avanti Polar
Lipids (Alabaster, AL, USA), and charybdotoxin
and tetrodotoxin from Alomone Laboratories (Jeru-
salem, Israel). All other chemicals were from local
suppliers.

239B, clotrimazole and tolbutamide were dissolved
in dimethyl sulphoxide (DMSO). The ¢nal DMSO
concentrations never exceeded 0.2% in single-channel
or Ussing chamber experiments. These DMSO con-
centrations were without e¡ect.

2.5. Statistics

Results are given as means þ standard deviation
(S.D.) unless stated otherwise based on n, the num-
ber of experiments. The statistical signi¢cance of a
di¡erence between means was calculated using the
paired or unpaired t-test, as appropriate. Linear
and non-linear regressions were determined by the
least-squares method.

Fig. 1. Examples of the current through two K� channels from
the basolateral membrane of rabbit colonocytes reconstituted in
planar phospholipid bilayers (top) and current^voltage relations
of these channels (bottom) with initial KCl concentrations of
150 mM cis and 5 mM KCl trans. The current through the
high-conductance channel was ¢ltered at 500 Hz, that through
the low-conductance channel at 100 Hz. Vm, voltage across the
bilayer; Gc, channel conductance; Er, reversal potential ; o and
c, open (conductive) and closed (non-conductive) states of the
channels.

BBAMEM 78212 26-2-02

K. Turnheim et al. / Biochimica et Biophysica Acta 1560 (2002) 51^66 53



3. Results

3.1. Single-channel experiments

When basolateral membrane vesicles from rabbit
colon epithelium were fused with planar lipid bi-
layers, two types of K� channels were identi¢ed,
one with a high conductance and one with a low
conductance (Fig. 1). In some instances, large and
small channels were observed simultaneously in the
same bilayer. The reversal potential, Er, of the large
channel is close to the Nernst potential of 360 mV,
calculated from the cis :trans gradient of K� activity
of 111.0 þ 2.0 (n = 47) and 10.3 þ 0.5 mM (n = 50),
measured at the conclusion of the experiments by
£ame photometry and correction with the activity
coe¤cients2 [7]. Er of the small channel was consid-
erably lower than the Nernst potential.

The frequency distribution of the conductance, Gc,
of all basolateral K� channels reconstituted in planar
bilayers is shown in Fig. 2. Clearly, the reconstituted
K� channels varied widely in conductance, but most
channels were of the high-conductance type with a
mean Gc of 236 þ 29 pS (n = 241); the mean Er of
these channels was 356.3 þ 11.5 mV. Hence, the per-
meability ratio of this channel for K� over Cl3, PK/
PCl, was 30, calculated from the biionic di¡usion
potential. A second cluster of channels was observed
at low-conductance values. These small K� channels
had a mean Gc of 31 þ 15 pS (n = 39) and an Er of
336.7 þ 16.5 mV. Therefore, the PK/PCl ratio of the
low-conductance K� channel was only 4.3.

The high-conductance K� channel is activated by
Ca2� and depolarisation of the transmembrane elec-
trical potential di¡erence, and inhibited by charyb-
dotoxin (ChTX) and Ba2� [13,14]. The small K�

channel exhibited `channel rundown' (i.e. a decrease
in activity with time), therefore it was not possible to
test the e¡ects of potential K� channel inhibitors
systematically on this channel. However, it seems
that the small K� channel is not dependent on
Ca2� and not blocked by ChTX (data not shown).

The current through the high-conductance, Ca2�-

activated (BKCa) channels of colon epithelium was
transformed by quinidine into a rapidly £uctuating
noise pattern in a concentration-dependent manner
(Fig. 3). Hence, the interaction of quinidine with
this channel appears to be that of a rapidly dissoci-
ating block [15], similar to its e¡ect on BKCa chan-
nels from pig pancreatic acinar cells [16]. A rapidly
£uctuating block of the rabbit colon BKCa channel
was also observed with verapamil, an inhibitor of the
delayed recti¢er K� channel in epithelial, cardiac and
neuronal cells [17^19]. The intensity of the blocking
e¡ect of verapamil was also concentration-dependent
(Fig. 3). Both agents were e¡ective from the intra-
and extracellular side of the channel, consistent with
their high lipophilicity, but while with quinidine open
and closed states of the channel were still discernible,
the rapid current £uctuations induced by verapamil
precluded detection of the open state, i.e. the life
time of the open state was reduced below the reso-
lution of our recording system. This e¡ect of verapa-
mil is similar to that of gallopamil (D600, the me-
thoxy derivative of verapamil) on BKCa channel
activity of rat aortic myocytes [20].

Tetraethylammonium (TEA), a blocker of BKCa

channels in a variety of cells [21^23], decreased co-
lonic BKCa channel current and conductance in a
concentration-dependent manner but only when
present on the cis side of the membrane, i.e. the
side from which K� £ow originates; from the trans
side TEA was without e¡ect. The open state proba-
bility, Po, of the channel was not changed by TEA

Fig. 2. Frequency distribution of the conductance of K� chan-
nels from the basolateral membrane of rabbit colonocytes re-
constituted in planar lipid bilayers. Total number of channels:
301.

2 The K� activity in the trans solution increased during the
course of the experiment because the bilayer was ruptured and
reformed several times.
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(Fig. 4). The inhibition of channel current by cis
TEA resembles the e¡ect of other cations on this
channel which was accounted for by electrostatic
screening of negative charges in the channel entrance
[7].

The chromanol compound 293B, an inhibitor of
the cAMP-activated KVLQT1 channel, a very small
conductance K� channel [24], did not alter colonic
BKCa channel activity (Fig. 5). Clotrimazole, a
blocker of the SK4 channel, a small Ca2�-activated
K� channel [25], had a negligible e¡ect on the cur-
rent amplitude of the BKCa channel but reduced its
open state probability, Po, at high concentrations
(Fig. 5).

The sulphonylurea agent tolbutamide, a speci¢c
blocker of KATP channels [26], did not a¡ect epithe-
lial BKCa channel activity (Fig. 5).

The mean, concentration-dependent e¡ects of the
various K� channel blockers on Gc, Er and Po of the
reconstituted BKCa channels are summarised in Ta-
ble 1.

3.2. Macroscopic basolateral K+ conductance

3.2.1. Properties of the amphotericin-permeabilised
epithelium

The characteristics of the basolateral membrane of
rabbit colon epithelium were studied in tissues in
which the luminal membrane had been functionally
removed with the pore-forming antibiotic amphoter-
icin B. Luminal addition of 10 Wg/ml amphotericin to
rabbit colon epithelium with K�-gluconate bu¡er on
the luminal side and Na�-gluconate bu¡er on the
serosal side resulted in an exponential increase in
Isc from 37 þ 21 to 378 þ 147 WA/cm2 (n = 156) at 30
min, and Gt was elevated from 3.0 þ 0.9 to 9.8 þ 3.0
mS/cm2. The high conductance of the colon epitheli-
um in the presence of amphotericin indicates that the
resistance of the luminal membrane had been elimi-
nated for the most part, as values of 10.0 and 10.5
mS/cm2 were reported earlier for the basolateral
membrane conductance of this epithelium from mi-
croelectrode studies [10,27]. Further, addition of the

Fig. 3. Examples of the concentration-dependent e¡ects of quinidine and verapamil, added to the cis and trans solutions, on colonic
BKCa channel activity in comparison to controls without these agents; Vm = +29.8 (quinidine) and +20.1 mV (verapamil). Symbols
and conditions as in Fig. 1. Note that in the verapamil experiment, two BKCa channels have fused with the bilayer.
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related polyene antibiotic nystatin was shown to re-
duce the voltage^divider ratio (ratio of luminal to
basolateral membrane resistance) practically to zero
[27].

When the luminal membrane conductance is selec-
tively increased by amphotericin and the electromo-
tive force, e.m.f., of the luminal membrane is reduced
close to zero, it follows from equivalent circuit anal-
ysis that Gt should be related to Isc according to,

Gt � I sc

Ebl
� Gs �1�

[27] where Ebl is the e¡ective e.m.f. across the baso-
lateral membrane and Gs the conductance of the
paracellular shunt. This equation implies that the

Gt versus Isc relation is linear if Ebl and Gs are not
altered during the amphotericin permeabilisation of
the luminal membrane. As shown in Fig. 6a, linearity
of the Gt^Isc relation was indeed observed. It follows
from this analysis that Ebl is 349.7 þ 4.0 mV
(n = 156) and Gs 2.0 þ 0.8 mS/cm2 and that these val-
ues are constant after luminal addition of amphoter-
icin. Using the microelectrode technique, the baso-
lateral e.m.f. was estimated to be 353 mV [10] and
values of 2.9 and 1.4 mS/cm2 were reported for Gs

based on much smaller numbers of experiments
[10,27].

Taken together, these ¢ndings indicate that selec-
tive permeabilisation of the luminal cell membrane of
rabbit colon epithelium with amphotericin B in con-
junction with a high-K� luminal bathing solution
that mimics the intracellular K� concentration re-
sults in a preparation that has the properties of the
basolateral membrane.

Current^voltage (I^V) relations of colon epithelia,
in which the luminal membrane had been function-
ally removed by amphotericin, are illustrated in Fig.
6b. With a lumen to serosa K� gradient of 145 to 5.4
mM, the I^V relation showed outward recti¢cation
with a conductance of 11.1 mS/cm2 between +20 and
+40 mV but only 6.0 mS/cm2 between 3120 and
3100 mV. When K� concentrations were equal on

Fig. 4. Example of the e¡ect of TEA added to the trans solu-
tion and subsequently to the cis solution on BKCa channel ac-
tivity (top) and the current^voltage relations of this channel in
the absence and presence of TEA (bottom). Po, open-state
probability of the channel. Other symbols and conditions as in
Figs. 1 and 3.

Fig. 5. Examples of the e¡ects of 239B (50 WM), clotrimazole
(100 WM) and tolbutamide (200 WM), added to the cis and trans
solutions, on colonic BKCa channel activity; Vm = +19.8 to
+20.3 mV. Control, representative channel activity without a
channel blocker. Other symbols as in Figs. 1 and 3.
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both sides of the tissue, the I^V relation was linear,
indicating that the non-linearity of the I^V relation
in the presence of a K� concentration gradient is due
to Goldman recti¢cation.

Addition of 5 mM Ba2� (as the acetate salt) mark-
edly inhibited the current across the epithelium. In
the presence of a lumen to serosa K� gradient, the
Ba2�-sensitive current (i.e. the di¡erence of current
with and without Ba2�) also showed outward recti¢-
cation (Fig. 6b). The Ba2�-inhibitable current is pre-
sumed to re£ect K� £ow across the basolateral mem-
brane. When we ¢tted the voltage dependence of the
Ba2�-sensitive current with the Goldman^Hodgkin^
Katz equation for a single permeant cation, a perme-
ability coe¤cient of the basolateral membrane for
K�, Pbl

K, of 2.6U1035 cm/s (n = 102) was obtained.

In three preparations of rabbit colon epithelium
Wills and coworkers [28] measured an average Pbl

K
of 6.5U1035 cm/s; the corresponding value in mono-
layers of A6 cells was 4.2U1035 cm/s [9].

It should be noted that 5 mM Ba2� neither re-
duced Isc nor the reversal potential of the I^V rela-
tion to zero (Fig. 6b). Inhibition of Isc was a satu-
rable function of Ba2� concentration with a half-
saturating Ba2� concentration of 3.8 mM and a max-
imum inhibitory e¡ect of 448 WA/cm2 (Fig. 6c). This
maximum inhibitory e¡ect of Ba2� was close to the
control Isc without Ba2� in these tissues, 498 WA/cm2,
suggesting that in¢nite Ba2� concentrations block Isc

practically completely. Hence we conclude that Isc is
carried almost totally by potassium ions under the
conditions of our experiments.

Table 1
Concentration dependence of the e¡ects of various K� channel inhibitors on single-channel conductance, Gc, the reversal potential,
Er, and the open-state probability, Po, of colonic BKCa channels reconstituted in planar lipid bilayers

Gc (pS) Er (mV) Po n

Quinidine (WM)
Control 205 þ 50 357.0 þ 16.0 0.98 þ 0.01 7

3 162 þ 70 361.7 þ 9.8 0.98 þ 0.01 4
10 129 þ 57 362.1 þ 14.0 0.86 þ 0.05 4
30 87 þ 45* 366.2 þ 21.2 0.77 þ 0.04 3

100 81 þ 63* 361.6 þ 42.3 0.64 þ 0.36 6
TEA (WM)
Control 250 þ 22 362.1 þ 9.0 0.74 þ 0.33 7

10 240 þ 26 353.9 þ 10.1 0.79 þ 0.12 4
31.6 225 þ 19 348.2 þ 19.1 0.66 þ 0.23 4

100 147 þ 25* 360.3 þ 13.9 0.65 þ 0.34 7
316 84 þ 41** 355.9 þ 24.8 0.54 þ 0.38 4

293B (WM)
Control 252 þ 32 361.3 þ 9.7 0.66 þ 0.37 7

10 229 þ 27 366.6 þ 6.8 0.54 þ 0.45 4
50 269 þ 39 354.8 þ 6.8 0.86 þ 0.15 5

100 226 þ 52 364.8 þ 18.1 0.86 þ 0.13 5
Clotrimazole (WM)
Control 242 þ 38 362.7 þ 8.7 0.83 þ 0.26 11

10 231 þ 24 356.7 þ 4.8 0.45 þ 0.27 8
31.6 224 þ 21 357.3 þ 6.1 0.32 þ 0.23** 9

100 212 þ 22 365.9 þ 7.3 0.28 þ 0.18** 5
Tolbutamide (WM)
Control 248 þ 20 357.6 þ 4.8 0.97 þ 0.02 6
200 239 þ 17 359.2 þ 5.3 0.93 þ 0.07 6
400 246 þ 10 362.6 þ 7.3 0.85 þ 0.00 3

Po of the BKCa channels is voltage-dependent [13,14] ; the Po value given is that at zero transmembrane voltage. The K� channel in-
hibitors were added at the indicated concentrations to both the cis and the trans side of the bilayer; the e¡ects are compared to the
activity of the same channels before addition of the individual K� channel blockers (control). The e¡ects of verapamil are not shown;
this agent caused rapid current £uctuations (see Fig. 3) that could not be analysed with the pCLAMP program. *P6 0.01 compared
to control. **P6 0.001 compared to control.
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3.2.2. Inhibition of the macroscopic basolateral
conductance by K+ channel blockers

Amphotericin-permeabilised colon epithelia in the
presence of a high-K� luminal bathing solution were
used to test the e¡ects of various K� channel block-
ers on the macroscopic basolateral K� conductance.
The properties of amphotericin-permeabilised prepa-
rations are stable for approx. 20 min after the peak

response of tissue conductance had been reached,
hence all experimental procedures on a single tissue
were performed within this time frame. To estimate
the time-dependent changes in tissue properties, two
control I^V curves were obtained on every epitheli-
um before addition of K� channel blockers with a
time interval of 5 min. The di¡erence between these
initial I^V curves will be termed `5 min control' and
is shown in each of the ¢gures that illustrate the
e¡ects of K� channel blockers on the basolateral I^
V relations (Fig. 7^10). These small unspeci¢c time-
dependent changes should be related to the e¡ects of
the individual K� channel blockers, especially when
the latter are small. Finally, 5 mM Ba2� was added
to both the luminal and serosal bathing solution. The
current inhibited by the individual K� channel
blockers was compared to the current inhibited by
Ba2� in the same tissues.

The current across the basolateral membrane was
inhibited by quinidine in a concentration-dependent
manner (Fig. 7). Thus, a quinidine-sensitive basolat-
eral conductance is present in rabbit colon epitheli-
um under `basal' or `resting' conditions, whereas in
turtle colon epithelium and A6 cells a quinidine-in-
hibitable conductance is observed only under condi-
tions of cell swelling [8,9].

Surprisingly, quinidine was a more potent blocker
of basolateral current when added to the lumen side
of the epithelium than to the serosa side (Fig. 7).
Apparently, quinidine gains access to the basolateral

Fig. 6. Amphotericin-permeabilised colon epithelia with a high-
K� luminal bathing solution. (a) Relation of transepithelial
conductance, Gt, and short-circuit current, Isc, following addi-
tion of amphotericin B to the luminal bathing solution.
Means þ S.D. of 161^171 experiments. The dotted line repre-
sents linear regression analysis according to Eq. 1; the correla-
tion coe¤cient was 0.99. (b) Transepithelial current^voltage (I^
V) relations with a lumen to serosa K� gradient of 145 to 5.4
mM under control conditions and in the presence of 5 mM
Ba2� or with 145 mM K� on both sides of the tissue without
Ba2�. The dotted curve represents the ¢t of the Ba2�-sensitive
I^V curve to the Goldman^Hodgkin^Katz equation for a single
permeant cation. Means þ S.D. of 101^115 experiments with a
K� gradient and 14 experiments without a K� gradient.
(c) Concentration dependence of the inhibitory e¡ect of Ba2�

on Isc. The dotted curve was calculated by approximating the
parameters of simple saturation kinetics to the measured values
using non-linear regression analysis. Means þ S.D. of ¢ve ex-
periments.
6

BBAMEM 78212 26-2-02

K. Turnheim et al. / Biochimica et Biophysica Acta 1560 (2002) 51^6658



K� channels more easily from the luminal solution
than from the serosal solution. In an earlier study on
turtle colon epithelium, quinidine was shown to in-
hibit basolateral K� conductance with a slower time
course when added to the serosal bath than after
luminal addition. This phenomenon was attributed
to the large unstirred connective tissue layer on the
serosal side of the epithelium [8].

The side dependence of the inhibitory e¡ect of
K� channel blockers on basolateral current was es-
pecially pronounced with TEA which decreased cur-

rent and conductance only when added to the lumi-
nal bathing solution; from the serosal side TEA was
ine¡ective (Fig. 8). The luminal TEA concentrations
necessary to reduce the basolateral current were
much higher than those required for inhibition of
single BKCa channels in the lipid bilayer system
(see Fig. 4).

Verapamil, added to both the lumen and the sero-
sa side of the tissue, was as strong an inhibitor of
macroscopic basolateral conductance as quinidine
and TEA but at lower concentrations (Fig. 9a). At
100 WM, verapamil decreased transepithelial K� cur-
rent almost as potently as 5 mM Ba2�.

The chromanol 293B, which did not a¡ect single
BKCa channel activity, had no or only a very small
inhibitory e¡ect on basolateral conductance (Fig.
9b). As will be shown below, 293B abolished Cl3

secretion induced by 5P-(N-ethylcarboxamido)adeno-

Fig. 8. E¡ect of TEA on the transepithelial I^V relation. Shown
is the current inhibited by increasing concentrations of TEA
added to the luminal solution (top) or the serosal solution (bot-
tom). Other conditions as in Fig. 7. Means þ S.E.M. of 6^8 ex-
periments.

Fig. 7. E¡ect of quinidine on the transepithelial current^voltage
(I^V) relation of amphotericin-permeabilised rabbit colon epi-
thelia with 145 K� on the luminal side of the tissues and 5.4
mM K� on the serosal side. Shown is the current inhibited by
increasing concentrations of quinidine added in 5 min intervals
to the luminal solution (top) or the serosal solution (bottom).
For comparison, the current inhibited by 5 mM Ba2�, added to
both the luminal and the serosal side of the same tissues at the
conclusion of these experiments, and the unspeci¢c change of
the I^V curves with time (`5 min control', i.e. the di¡erence be-
tween two I^V curves obtained with a time interval of 5 min
before addition of a K� channel blocker) are also given. Means-
þ S.E.M. of 5^6 experiments.
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sine (NECA). It is possible that basolateral K� con-
ductance is increased in states of Cl3 secretion and
that this increase is inhibited by 293B. But serosal
addition of NECA to amphotericin-permeabilised

epithelia only caused a small increase in basolateral
K� conductance and the inhibitory e¡ect of 293B
was not larger in NECA-stimulated tissues than in
control tissues (data not shown).

The inhibition of basolateral conductance pro-
duced by clotrimazole was stronger than that of
293B but weaker than that of quinidine and verapa-
mil (Fig. 9c).

ChTX, which is a very potent blocker of reconsti-
tuted BKCa channels from rabbit colon epithelium
[14], had only a weak e¡ect on basolateral conduc-
tance (Fig. 10a). In the ChTX experiments the epi-
thelia were pretreated with 50 Wg/ml bovine serum
albumin to prevent unspeci¢c tissue binding of
ChTX.

The inhibition of basolateral K� current caused by
tolbutamide, at very high concentrations, was ap-

Fig. 10. E¡ects of ChTX (a) and tolbutamide (b) on the transe-
pithelial I^V relation. ChTX was added to the serosal side of
the tissue, tolbutamide to both sides. Shown is the current in-
hibited by increasing concentrations of the individual agents.
Other conditions as in Fig. 7. Means þ S.E.M. of 5^8 experi-
ments.

Fig. 9. E¡ects of verapamil (a), 293B (b), and clotrimazole (c)
on the transepithelial I^V relation. Shown is the current inhib-
ited by increasing concentrations of the individual agents added
to both sides of colon epithelia. Other conditions as in Fig. 7.
Means þ S.E.M. of 5^7 experiments.
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proximately equivalent to that produced by clotrima-
zole (Fig. 10b), but compared to the marked reduc-
tion of basolateral K� current caused by tolbutamide
in A6 cells [26] and Necturus small intestine [29], the
inhibitory e¡ect of this agent on basolateral K� con-
ductance of rabbit colon epithelium was small.

Possibly, the cellular ATP levels are high under our
experimental conditions, resulting in closure of the
KATP channels and weak inhibition of basolateral
K� current by tolbutamide. We therefore also tested
the e¡ect of tolbutamide on epithelia in which ATP
was decreased by replacing D-glucose with mannitol
in the bathing solutions. Mannitol is no substrate for
the ATP-producing cell metabolism. Indeed, substi-
tution of mannitol for glucose resulted in a large ex-
ponential increase in tissue conductance of amphoter-
icin-permeabilised epithelia, but only a small fraction
of the mannitol-induced conductance was inhibited
by tolbutamide (data not shown). Hence ATP-inhib-
itable K� channels seem to be present in the baso-
lateral membrane of rabbit colonocytes, but the sen-
sitivity of these channels to tolbutamide is low.

3.3. E¡ects of K+ channel blockers on transepithelial
Na+ absorption and Cl3 secretion

The functional involvement of di¡erent classes of
K� channels in transepithelial Na� and Cl3 trans-
port was examined using various K� channel block-
ers in intact colon epithelia mounted in Ussing cham-
bers with physiological NaCl Ringer solution on
both sides of the tissue. 1 WM tetrodotoxin was

present in the serosal solution in both the Na� ab-
sorption and Cl3 secretion experiments to exclude
neuronal e¡ects of the tested K� channel blockers
on electrolyte transport. Tetrodotoxin was shown
to abolish neuronally mediated Cl3 secretion but to
have no direct e¡ect on colonocytes [30].

Na� absorption was measured in epithelia from
rabbits on a low Na� diet to increase endogenous
aldosterone secretion and amiloride-sensitive Na�

transport. Under these conditions, the short-circuit
current, Isc, is equal to net Na� transport [12].

The average e¡ects of the K� channel blockers
tested on transepithelial Na� transport are summa-
rised in Table 2. In contrast to amiloride, 5 mM
Ba2� inhibited Isc only partially. Other than Ba2�,
quinidine and verapamil were the only K� channel
blockers that reduced Na� transport markedly. TEA,
293B, tolbutamide, and ChTX did not a¡ect Na�

transport in concentrations higher than those known
to block various types of K� channels. Clotrimazole
inhibited Na� absorption somewhat, but this e¡ect
was not statistically signi¢cant.

In other epithelia Cl3 secretion was stimulated by
serosal addition of 0.4 mM NECA, an adenosine
derivative that acts via the cAMP pathway [11].
Cl3 secretion was studied in epithelia in which Na�

transport had been abolished with 100 WM amiloride
in the luminal solution. Under these conditions, the
rise in Isc caused by NECA is equivalent to the rate
of Cl3 secretion.

Of the tested K� channel blockers, Ba2� and 293B
abolished Cl3 secretion completely, and quinidine

Table 2
E¡ects of various K� channel inhibitors, added to both the luminal and the serosal bathing solution, on transepithelial Na� absorp-
tion in rabbit colon epithelium

Isc (WA/cm2) n

Control K� channel inhibitor Amiloride

Ba2� (5 mM) 94.1 þ 9.4 46.4 þ 6.0** 32.2 þ 1.7 24
Quinidine (0.8 mM) 94.9 þ 11.3 30.1 þ 4.4** 33.5 þ 1.4 18
Verapamil (100 WM) 98.4 þ 11.3 62.0 þ 5.8* 0.2 þ 2.0 16
TEA (10 mM) 87.8 þ 12.0 80.0 þ 11.6 5.8 þ 1.9 12
293B (50 WM) 83.7 þ 14.5 73.1 þ 17.1 32.9 þ 5.4 7
Clotrimazole (100 WM) 75.6 þ 9.5 59.0 þ 8.7 6.3 þ 3.6 7
Tolbutamide (1 mM) 87.7 þ 11.7 73.7 þ 10.7 34.7 þ 2.4 18
ChTX (230 nM) 105.1 þ 39.3 103.4 þ 40.2 6.4 þ 8.2 4

The rate of Na� absorption is set equal to the short-circuit current, Isc. The e¡ects of the individual K� channel inhibitors were com-
pared to that of 100 WM amiloride added subsequently to the same tissues. Means þ S.E.M. *P6 0.01 compared to control.
**P6 0.001 compared to control.
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was a partial inhibitor (Table 3). Reduction of Cl3

secretion by Ba2� has been shown earlier in various
epithelia [3,31,32]. Verapamil that decreased Na�

transport did not change Cl3 secretion. The inhibi-
tory e¡ect of clotrimazole on Cl3 secretion was var-
iable; on average it did not reach statistical signi¢-
cance. TEA and ChTX, blockers of BKCa channels,
did not a¡ect Cl3 secretion nor did the KATP channel
inhibitor tolbutamide.

4. Discussion

Three experimental approaches were used to assess
the presence and functional role of various classes of
K� channels in the basolateral membrane of rabbit
colon epithelium: single-channel measurements in
the lipid bilayer reconstitution system, recordings of
the macroscopic basolateral K� conductance in am-
photericin-permeabilised epithelia, and ¢nally moni-
toring the e¡ects of more or less selective K� channel
blockers on transepithelial Na� absorption and Cl3

secretion.
The predominant K� channel type in the basolat-

eral membrane was the high-conductance, Ca2�-acti-
vated and voltage-gated K� channel. Similarly, iber-
iotoxin, a selective blocker of BKCa channels, was
found to inhibit 75% of the Ba2�-sensitive Rb� up-
take in basolateral membrane vesicles from rabbit
colonocytes, indicating that BKCa channels are the
most abundant K� channels in the basolateral mem-
brane of colon epithelium [33].

Low-conductance K� channels were also seen in
the present reconstitution experiments but much less
frequently. The small K� channels showed channel
rundown, possibly because a cytosolic component is
required to sustain channel activity. Hence it was not
possible to study the inhibitory e¡ects of K� channel
blockers on the small K� channel reliably.

Macroscopic basolateral K� conductance, that
comprises the conductances of the basolateral mem-
branes of many cells present in the epithelium, was
inhibited by Ba2�, quinidine, verapamil and TEA,
whereas ChTX, 239B, clotrimazole and tolbutamide
were weak inhibitors. Quinidine and verapamil were
also reported to inhibit Rb� uptake into basolateral
membrane vesicles of rabbit colonocytes as potently
as Ba2� while ChTX and sulphonylurea agents had
no or only a small inhibitory e¡ect on Rb� uptake in
this vesicle preparation [34].

4.1. Basolateral K+ channels involved in Na+

absorption

Ba2�, quinidine and verapamil, agents that inhibit
both single BKCa channel activity and macroscopic
basolateral K� conductance, also decrease transepi-
thelial Na� absorption. The agreement of these ¢nd-
ings suggests that the Ba2�-, quinidine- and verapa-
mil-sensitive K� channels that seem to be involved in
basolateral K� recycling during active Na� transport
in rabbit colon epithelium are the BKCa channels.

But TEA that also inhibits both BKCa channels
and basolateral K� conductance, and ChTX that

Table 3
E¡ects of pretreatment with various K� channel inhibitors, added to both the luminal and the serosal bathing solution, on transepi-
thelial Cl3 secretion in rabbit colon epithelium elicited by NECA, 0.4 mM in the serosal solution

Increase in Isc (WA/cm2) caused by NECA n

Control K� channel inhibitor

Ba2� (5 mM) 56.5 þ 5.3 5.2 þ 4.1* 9
Quinidine (0.8 mM) 78.4 þ 9.1 29.8 þ 5.1* 10
Verapamil (100 WM) 73.8 þ 4.3 74.3 þ 9.7 5
TEA (5 mM) 56.5 þ 8.3 60.9 þ 2.0 4
293B (50 WM) 68.0 þ 8.6 1.6 þ 4.1* 6
Clotrimazole (100 WM) 52.6 þ 6.4 35.9 þ 7.8 7
Tolbutamide (1 mM) 72.1 þ 14.3 56.4 þ 7.2 6
ChTX (230 nM) 63.4 þ 10.5 59.8 þ 8.1 5

Na� absorption had been abolished with 100 WM amiloride in the luminal solution. Cl3 secretion is set equal to the increase in Isc

caused by NECA. Control : Cl3 secretion in paired tissues without a K� channel inhibitor. Means þ S.E.M. *P6 0.001 compared to
control.
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blocks single BKCa channels without in£uencing ba-
solateral K� conductance, do not inhibit Na� ab-
sorption. TEA decreased basolateral K� current in
amphotericin-permeabilised epithelia only when
added to the luminal solution; from the serosal so-
lution TEA was ine¡ective. In single-channel experi-
ments, TEA also inhibited BKCa channels only from
the side from which K� £ow originates. Hence it
appears that the small polar TEA molecules enter
the cells through the amphotericin pores and inhibit
basolateral K� £ux from the inside of the cells.3

Without amphotericin TEA cannot enter cells and
therefore does not inhibit basolateral K� out£ow.

ChTX, on the other hand, is thought to block
BKCa channels only from the extracellular side. But
internal K� relieves channel inhibition by external
ChTX, rendering ChTX ine¡ective at high intracel-
lular K� concentrations as shown for BKCa channels
from rat skeletal muscle [36], canine smooth muscle
[37] and rabbit colon epithelium [14]. Apparently
ChTX is `knocked o¡' its external blocking site by
K� out£ow from the cell interior, an e¡ect termed
`trans-enhanced dissociation' [36].

According to this evidence, serosal addition of
TEA and ChTX cannot be expected to reduce Na�

absorption in intact epithelia. Taken together, the
present results are consistent with the notion that
BKCa channels are involved in basolateral K� recy-
cling that is necessary to maintain Na� absorption in
colon epithelium, but basolateral K� conductance
has to be reduced markedly for inhibition of Na�

transport to occur, as the decrease of Po of BKCa

channels caused by clotrimazole was insu¤cient to
reduce Na� transport signi¢cantly.

A role for BKCa channels in Na� absorption is
also supported by the 10-fold higher abundance of

this channel type in rabbit colon surface cells which
are considered to be responsible for active Na�

transport than in crypt cells that are presumed to
account for Cl3 secretion [33].

Can it be excluded that basolateral K� channels
other than the BKCa channel participate in active
transepithelial Na� transport? Quinidine was re-
ported to block not only BKCa channels but also a
low-conductance K� channel in the basolateral mem-
brane of epithelial cells [23,38] and the K� channel
induced by cell swelling [8,9]. Verapamil inhibits de-
layed recti¢er K� channels [17^19] aside from
smooth muscle [20] and epithelial BKCa channels.
However, if a small K� channel contributes to baso-
lateral K� recycling during Na� absorption in rabbit
colon, this channel does not seem to be the KVLQT1
or SK4 channel as neither 293B nor clotrimazole
in£uenced Na� transport signi¢cantly.

Possibly, the type of K� channel that is responsi-
ble for basolateral K� recycling during amiloride-
sensitive Na� absorption di¡ers among epithelia
and species. Aldosterone, which is required for ex-
pression of amiloride-sensitive Na� absorption in
rabbit colon epithelium [12], was shown to increase
the number of a 15 pS K� channel present in the
basolateral membrane of Xenopus laevis alveolar ep-
ithelium [39]. In frog skin, aldosterone was reported
to activate tolbutamide-sensitive K� channels, and
tolbutamide abolished the aldosterone-induced in-
crease in active Na� transport in this tissue, albeit
with a slow time course [40].

Interestingly, 5 mM Ba2� inhibited transepithelial
Na� transport by only 50% (see Table 2). Incomplete
inhibition of Na� transport by Ba2� has also been
observed in Necturus urinary bladder [41] and dog
tracheal epithelium [31]. Reduction of basolateral
K� current in rabbit colon epithelium was shown
in the present experiments to be a hyperbolic func-
tion of Ba2� concentration with a half-saturation
constant of 3.8 mM. Hence it could be argued that
5 mM Ba2� does not block basolateral K� conduc-
tance completely. However, 5 mM Ba2� abolished
Cl3 secretion totally (see Table 3). Notwithstanding
incomplete inhibition of the basolateral K� conduc-
tance by Ba2�, the possibility has to be considered
that part of the K� recirculation across the basolat-
eral membrane necessary for Na� absorption is
mediated by a non-conductive mechanism. Ba2�-in-

3 The amphotericin pores permit the passage of urea (molec-
ular mass, m.m., 60 Da) with a re£ection coe¤cient of 0.57,
whereas glucose (m.m. 180 Da) has a re£ection coe¤cient of 1
and is therefore excluded from these pores [35]. TEA (m.m. 130
Da) is in size between urea and glucose, hence its di¡usion
through the amphotericin pores most likely is restricted, resulting
in intracellular TEA concentrations lower than the extracellular
concentrations. This phenomenon may account for the ¢nding
that TEA inhibited single BKCa channels at a concentration of
0.3 mM, whereas 5^10 mM TEA was necessary to decrease mac-
roscopic basolateral K� conductance in amphotericin-permeabi-
lised epithelia.
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sensitive K� e¥ux has been observed in renal tu-
bules, suggesting the presence of an electroneutral
KCl exit mechanism in the basolateral membrane
(see [42,43]). In membrane vesicles of rabbit colon
epithelium, Ba2� was shown to inhibit Rb� in£ux
by only 40% although uptake via the Na�/K�-ex-
change pump and the Na�,2Cl3,K�-cotransport
mechanism had been prevented with ouabain and
furosemide, respectively [33]. Other evidence for elec-
troneutral basolateral K� e¥ux in rabbit colonocytes
has been presented earlier [32].

Similar to Ba2�, quinidine and verapamil also in-
hibited Na� absorption only partially (see Table 2).

4.2. Basolateral K+ channels involved in Cl3 secretion

Transepithelial Cl3 secretion in rabbit colon epi-
thelium was inhibited completely by the chromanol
293B, a selective blocker of the small (6 3 pS)
KVLQT1 channel [24], and by Ba2� (see Table 3).
Quinidine was a partial inhibitor. The decrease in
Cl3 secretion caused by clotrimazole, which impedes
the SK4 channel and at high concentrations also the
KVLQT1 channel [25], was variable and did not
reach statistical signi¢cance. TEA, ChTX, and tolbu-
tamide did not a¡ect Cl3 secretion. These ¢ndings
suggest that the KVLQT1 channel is responsible for
basolateral K� recycling during Cl3 secretion in rab-
bit colon epithelium. Similarly, 293B inhibited Cl3

secretion stimulated by PGE2 and 3-isobutyl-1-meth-
ylxanthine (IBMX) in rat colon epithelium com-
pletely [24].

The resolution of our lipid bilayer reconstitution
setup was insu¤cient to detect a channel of 3 pS or
smaller.

The K� conductance that is involved in Cl3 secre-
tion contributes little to the total basolateral K� con-
ductance, suggesting that the number of Cl3 secret-
ing cells is small compared to the total number of
cells present in the epithelium.

293B did not a¡ect Na� absorption, whereas ve-
rapamil that inhibited Na� absorption did not
change Cl3 secretion. Hence, di¡erent classes of
K� channels appear to be responsible for basolateral
K� recycling during Cl3 secretion and Na� absorp-
tion. In contrast to Na� absorption, the basolateral
K� e¥ux that participates in Cl3 secretion seems to
be totally channel-mediated.

The function of the 31 pS channel observed in the
basolateral membrane of rabbit colon epithelium is
unclear at present. In two experiments each, 293B
and tolbutamide did not a¡ect this channel (data
not shown).

Again, in di¡erent epithelia di¡erent classes of
K� channels appear to be involved in basolateral
recirculation of K� during Cl3 secretion. In exocrine
glands, BKCa channels are thought to be responsible
for basolateral K� exit during £uid and electrolyte
secretion [44]. BKCa channels but not 293B-sensitive
K� channels also appear to mediate basolateral K�

e¥ux during secretion in human colonocytes [45,46].
On the other hand, low-conductance basolateral K�

channels sensitive to clotrimazole [47] or nicardipine
[48] were reported to inhibit Cl3 secretion in T84
cells or rat colon. In rat and rabbit colon epithelium
both clotrimazol and 293B have to be present to
inhibit carbachol-stimulated Cl3 secretion [25], and
in mouse colon mucosa both 293B and ChTX were
partial inhibitors of Cl3 secretion [49]. These ¢ndings
suggest that more than one type of basolateral K�

channel or a combination of K� channels may play a
role in maintaining Cl3 secretion in di¡erent epithe-
lia.
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