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Regulation of apical and basolateral K™ conductances in the rat

colon

G. Schultheill & ‘M. Diener

Institut fir

Veterindr-Physiologie, Justus-Liebig-Universitdt GieBen, D-35392 Gieen, Germany

1 Apical administration of an ionophore, nystatin, and basolateral depolarization by K* were used to
investigate the regulation of apical and basolateral electrogenic transport pathways for K" in the rat
proximal and distal colon.

2 Administration of nystatin (100 ug ml~' at the mucosal side), in the presence of Na®™ and in the
presence of a serosally directed K* gradient, stimulate a large increase in short-circuit current (Isc) and
tissue conductance in both colonic segments. This response was composed of a pump current generated
by the Na"-K "-ATPase and of a current across a quinine-sensitive basolateral K" conductance.

3 The pump current, measured as Na " -dependent or scilliroside-sensitive current in the absence of a
K™ gradient, was significantly greater in the distal than in the proximal colon. The pump current was
unaltered by pretreatment of the tissue with forskolin (5x 107° mol 171).

4 The current across the basolateral K™ conductance, measured as current in the presence of a
serosally directed K™ gradient either in the absence of Na® or in the presence of scilliroside, was
increased by the cholinoreceptor agonist, carbachol (5x 107> mol 17'), but inhibited by forskolin
(5% 107 °*mol 17").

5 Basolateral K" depolarization induced a negative Isc in both colonic segments, which was inhibited
by the K" channel blocker quinine (107°mol1™' at the mucosal side), but was resistant to
tetraethylammonium (5x 107> mol 17! at the mucosal side). This K* current across an apical K*
conductance was stimulated in both colonic segments by carbachol, whereas forskolin had no effect,
although control experiments revealed that forskolin was still able to open an apical Cl~ conductance
under these conditions.

6 These results demonstrate that an increase in intracellular Ca®>* concentration induced by carbachol
causes an increase in the basolateral and the apical K™ conductance, thereby inducing K™ secretion in
parallel with an indirect support for Cl~ secretion due to the hyperpolarization of the cell membrane. In
contrast, the dominating effect of an increase in the intracellular cyclic AMP concentration is inhibition
of a basolateral K* conductance; a mechanism which might contribute to the inhibition of K*

absorption.
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Introduction

The colon plays an important role in K* homeostasis, because
in contrast to other intestinal segments the colonic epithelium
transports this cation not only by paracellular but also by
transcellular pathways. The current model of K* absorption
by the colon (for review see Binder & Sandle, 1994) assumes
that K™ ions are absorbed from the colonic lumen by an H"-
K "-ATPase, whereas the basolateral exit of absorbed K™ is
mediated by basolateral K channels. Potassium secretion is
driven by the intracellular accumulation of K* ions which
enter the enterocyte by the basolateral Na*-K ™ -Cl~-cotran-
sporter and the Na™-K *-ATPase. K™ leaves the cell via apical
K™ channels (for review see Binder & Sandle, 1994). In addi-
tion, there is a passive flux of K™ across the epithelium across
the paracellular pathway (McCabe et al., 1986).

Potassium transport is regulated by intracellular adeno-
sine 3': 5'-cyclic monophosphate (cyclic AMP) and Ca?*. An
increase in the intracellular cyclic AMP concentration in-
duces K™ secretion and inhibits K™ absorption (Foster et
al., 1983). A K" secretion is also evoked after an increase in
the intracellular Ca®* concentration (McCabe & Smith,
1985). Further control occurs via plasma aldosterone, be-
cause a secondary hyperaldosteronism induced by a Na™
-deficient diet is known to stimulate colonic K™ secretion
(Sweiry & Binder, 1989).
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The mechanisms underlying this regulation are poorly
understood. Recently, it has been shown by efflux experi-
ments that an increase in intracellular cyclic AMP concen-
tration induced by the activator of the adenylate cyclase,
forskolin, causes a redistribution of cellular K* permeability
from a predominant basolateral one to a near equal apical
and basolateral K* permeability. The reason for this redis-
tribution seems to be a decrease in basolateral K* conduc-
tance as indicated by whole-cell patch-clamp experiments
(Diener et al., 1996). Taken together with the depolarization
induced by the opening of apical CI~ channels, this redis-
tribution of the cellular K™ conductance might be responsible
for an increased efflux of K™ across apical K channels.
However, the question of whether the stimulation of K*
secretion by cyclic AMP is only caused by the increase in
driving force for K™ secretion, i.e. the cellular depolarization,
or whether cyclic AMP in addition opens an apical K*
conductance, could not be resolved, because in whole-cell
patch-clamp experiments only total K* conductance can be
measured. Therefore, in the present experiments, conductive
K" transport across the apical and the basolateral membrane
was studied in the intact colonic epithelium by the use of the
ionophore, nystatin, in order to bypass the apical membrane,
and by basolateral K™ depolarization in order to bypass the
basolateral membrane. The regulation of K™ currents across
both membranes by forskolin and carbachol, i.e. agonists
acting at the intracellular cyclic AMP and the intracellular
Ca®" signalling pathway, respectively, was investigated.
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Methods

Solutions

The standard buffer for the Ussing chamber experiments was
Parson’s solution (Parsons & Paterson, 1965) containing
(mmol 17"): NaCl 107, KCl 4.5, NaHCO; 25, Na,HPO, 1.8,
NaH,P0, 0.2, CaCl, 1.25, MgSO, 1 and glucose 12 gassed with
carbogen (5% CO, in 95% O,); pH was 7.4. For the Na " -free
solution, NaCl was replaced by N-methyl-D-glucamine
(NMDG ") chloride. In order to apply a K* gradient, the KCl
concentration in this buffer was increased to 13.5 mmol 17!
while the NaCl concentration was reduced in order to maintain
isoosmolarity. For the depolarization of the basolateral
membrane, a 111.5 mmol 17" KCI solution was used, in which
NaCl was equimolarly replaced by KCl. In the Cl~-free buf-
fers, NaCl and KCl was substituted by Na gluconate (NaGluc)
and K gluconate (KGluc), respectively.

The HCO; -free Tyrode solution had the following com-
position (mmol 17'): NaCl 140, KCl1 5.4, CaCl, 1.25, MgSO, 1,
HEPES (N-(2-hydroxyethyl)piperazine-N'-2-ethanesulphonic
acid) 10 and glucose 12.2. To obtain a Cl™-free Tyrode solu-
tion, NaCl and KCI were substituted by NaGluc and KGluc,
respectively. For the K™ depolarization under Cl™- and
HCO; ™ -free conditions, NaCl and KCIl were both substituted
by KGluc. All HCO; ™ -free solutions were gassed with O,; pH
was 7.4.

Tissue preparation

Female Wistar rats were used weighing 180—240 g. The ani-
mals had free access to water and a standard rat diet (diet no.
C1000, Altromin, Lange, Germany) until the day of the ex-
periment. In one experimental series, the animals were kept for
two weeks on a NaCl-poor diet (diet no. C1036, Altromin,
Lange, Germany). Animals were killed by a blow on the head
followed by exsanguination. The serosa and muscularis pro-
pria were stripped away to obtain a mucosa-submucosa pre-
paration of the colon. Briefly, the colon was placed on a small
plastic rod with a diameter of 5 mm. A circular incision was
made near the anal end with a blunt scalpel and the serosa
together with the lamina propria were gently removed in a
proximal direction (Andres et al., 1985). The appearance of
palm-like striae was used to define the beginning of the prox-
imal colon (Lindstrém et al., 1979).

Short-circuit current measurement

The mucosa-submucosa preparation was fixed in a modified
Ussing chamber, bathed with a volume of 4 ml on each side of
the mucosa (Andres et al., 1985). The tissue was incubated at
37°C in Parsons solution and short-circuited by a voltage
clamp (Aachen Microclamp, AC Copy Datentechnik, Aachen,
Germany) with correction for solution resistance. Tissue con-
ductance (G,) was measured every min by the voltage deviation
induced by a current pulse (+50 pA, duration 200 ms) under
open-circuit conditions. Short-circuit current (Isc) was con-
tinuously recorded on a chart-recorder. In the figures, Isc and
G data were averaged every min. For fast responses, i.e. the Isc
induced by carbachol, current data were printed every 6 s and
averaged at this time interval for the respective figures. In the
tables, the maximal increase in Isc (A Isc) induced by a drug or
K™ depolarization is given.

Measurement of apical and basolateral K" currents

The apical membrane was permeabilized by apical adminis-
tration of nystatin (100 ug/ml~!) dissolved in dimethylsulph-
oxide (DMSO; final concentration 0.2% v/v). Nystatin was
ultrasonicated immediately before use. The Isc response to the
ionophore was tested in the presence and absence of a K*
gradient (13.5 mmol 17! at the mucosal and 4.5 mmol 17! at
the serosal side). In order to depolarize the basolateral mem-

brane, the tissue was exposed to a high K™* buffer

(111.5 mmol 17! KCI) at the serosal side.
Drugs

Bumetanide, forskolin, glibenclamide (generous gift from
Boehringer Mannheim, Mannheim, Germany), indomethacin
and quinine were dissolved in ethanol (final maximal concen-
tration 0.25%, v/v). Scilliroside (generous gift from Sandoz,
Basel, Switzerland) was dissolved in methanol (final concen-
tration 0.25%, v/v). All other drugs were dissolved in aqueous
stock solutions diluted in salt buffer just before use. Tetrae-
thylammonium (TEA) was added as the chloride salt. If not
indicated differently, drugs were from Sigma, Deisenhofen,
Germany.

Statistics

Values are presented as means+s.e.mean. When the means of
several groups had to be compared, first analysis of variances
was performed. If the analysis of variances indicated signifi-
cant differences between the groups investigated, further
comparison was carried out by Student’s ¢ test or by the U-test.
An F-test decided which test method was to be used. Both
paired and unpaired two-tailed Student’s ¢ tests were applied as
indicated. P<0.05 was considered to be statistically signifi-
cant.

Results

Effect of nystatin in the presence of a K gradient and in
the presence of Na* ions

Basal Isc in the rat distal colon bathed with the standard
Parsons solution amounted to 2.6+0.4 uEq h™' cm™? at a G,
of 9.4+1.1 mS cm~? (n=17). The corresponding values for

Isc (ULEg h™t cm™2)
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Figure 1 Effect of nystatin (100 ug ml~' at the mucosal side) on Igc
(a) and G, (b) in the distal and proximal rat colon. The experiments
were performed in the presence of Na™ and in the presence of a K*
gradient (13.5 mmol 1-! at the mucosal and 4.5 mmol 1~' at the
serosal side). Values are means (symbols) and s.e.mean (vertical
lines), n=11-12.
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Table 1 Effect of K™ channel blockers on total nystatin response

Distal colon
Al (uEqh™' cm™?)

AG, (mS cm™?)

Proximal colon
Al,. (WEqh™'em™3)  AG, (mS cm™?) n

Control 22.9+42.0* 33.5+5.6* 14.7+4.2*% 33.1+13.6 6-7
Quinine 8.0+ 0.9%# 15.8 +4.2%# 3.84+0.8%# 18.2+4.6* 6-7
Control 23.6+2.4% 349 +4.4% 11.94+2.9*% 11.7+4.3 5
TEA 20.5+3.4* 44.6+16.0* 9.6+2.7* 37.6+2.1 5
Control 17.2+1.6* 24.743.7* 13.0+1.7* 15.7+4.4* 7
Glibenclamide 15.0+2.3*% 24.7+7.6* 7.0+ 1.6%# 18.3+3.4* 7-8

Effect of nystatin (100 ug ml~"' at the mucosal side) on short-circuit current and tissue conductance in the absence of any drugs
(control) and in the presence of glibenclamide (5% 10~* mol 17" at the serosal side), quinine (10~ mol 17! at the serosal side) or TEA
(tetracthylammonium chloride, 5x 107> mol 17! at the serosal side). Values are expressed as difference from the baseline (A I and A
G,) before the administration of nystatin and are means+s.e.mean. * P <0.05 versus baseline; #P <0.05 versus control.
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Figure 2 Effect of nystatin (100 ug ml~! at the mucosal side) in the
distal (a) and in the Iproximal colon (b) in the absence of a K™
gradient (4.5 mmol 17" at both sides), but in the presence of Na*
(open squares), after substitution of Na™ with N-methyl-D-glucamine
(NMDG ™, solid circles), or in the presence of scilliroside
(10~*mol 17! at the serosal side; open circles). Values are expressed
as difference from the baseline just before administration of nystatin
(A Isc) and are means (symbols) and s.e.mean (vertical lines),
n=6-12.

the proximal colon amounted to Isc 2.6+0.2 uEq h™' cm~2 at
a G, of 26.6+5.1 mS cm™2 (n=16). Increasing the mucosal
K" concentration to 13.5 mmol1~' (98 mmol 1=' NaCl/
13.5 mmol 17" KCI at the mucosal side) caused a marginal,
transient increase in Isc of 0.64+0.4 uEq h™' cm ™2 in the distal
colon (not significant, n=17) and of 0.2+ 0.1 uEq h™' cm~2in
the proximal colon (P<0.05, n=16), which soon fell to the
former baseline value. Subsequent apical administration of
nystatin (100 ug ml=' at the mucosal side) stimulated a
marked increase in Isc (Figure 1a) by 23.4+1.2 uEq h~! cm ™2
in the distal (P<0.05, n=17) and by 13.04+2.0 uEq h~' cm™2
in the proximal colon (P <0.05, n=16). The increase in Isc was
paralleled by a change in G, (Figure 1b), which increased by
333439 mS cm? (P<0.05, n=17) in the distal and by
22.0+6.1 mS cm™? (P<0.05, n=16) in the proximal colon.
The effect of nystatin on Isc was significantly smaller in the
proximal compared to the distal segment (P <0.05), whereas
the difference in the G, response did not reach statistical sig-

nificance. In addition, the nystatin effect developed more
slowly in the proximal colon. On average, it took 5.3 +0.6 min
(n=17) in the distal but 9.8 +0.9 min in the proximal colon
(P<0.05 versus distal colon, n=16) until a peak in Isc was
reached after administration of the ionophore. The concen-
tration of nystatin (100 ug ml~—') was a maximally effective one
for the tissue used as investigated in detail by Pacha et al.
(1991) and reproduced in our initial experiments.

In one experimental series, the K™ concentration at the
mucosal side was elevated to 111.5 mmol 17!, which should
better mimic the intracellular K™ concentration after nystatin
permeabilization. However, under these conditions nystatin
induced very large currents which led to saturation of the
voltage-clamp device. Consequently, the nystatin-induced
current could not be investigated under ‘more physiological’
conditions, where the cytoplasmic side of the basolateral
membrane faces a much higher K* concentration; an effect of
a decreased intracellular K concentration due to the efflux of
K™ into the mucosal compartment on, for example, basolat-
eral K" channels can, therefore, not be excluded.

The increase in Isc induced by nystatin was significantly
inhibited in the presence of the K* channel blocker quinine
(1073 mol 17" at the serosal side) in both colonic segments
(Table 1). In contrast to quinine, the inhibitor of ATP-sensitive
K" channels, glibenclamide (5x 107* mol 17" at the serosal
side; Table 1), inhibited the nystatin response only in the
proximal but not in the distal colon. Another K™ channel
blocker, tetraethylammonium (TEA; 5x 1073 mol 17! at the
serosal side; Table 1), was ineffective in both segments.

Contribution of the Na*-K" -pump to the nystatin-
induced current

In order to estimate the contribution of the basolateral Na™-
K*-pump to the nystatin-induced current, experiments were
performed in the absence of a K* gradient, i.e. with standard
107 mmol 17! NaCl/4.5 mmol 17! KClI solution on both sides
of the tissue. Under these conditions, nystatin (100 ug/ml~—"' at
the mucosal side) still induced an increase in Igc of
12.1+1.0 uEq h~' em™2 in the distal (Figure 2a; P<0.05,
n=12) and of 5.6+0.9 uEq h~' cm~? in the proximal colon
(Figure 2b; P<0.05, n=14). Both effects were accompanied by
an increase in G, (Table 2). Both the increase in Isc and that in
G, were significantly higher in the distal than in the proximal
colon (P <0.05 for both parameters).

When Na™ was substituted equimolarly by the impermeant
cation, N-methyl-D-glucamine (NMDG ™), the increase in Isc
was nearly completely abolished (Figure 2a and b). The same
result was obtained, when the tissue was pretreated with scil-
liroside, a potent inhibitor of the rat Na™-K *-ATPase (Ro-
binson, 1970) (10~* mol 17" at the serosal side; Figure 2a and
b), indicating that the nystatin-induced current in the absence
of a K" gradient is caused by the Na™-K " -pump. This pump
current was unaltered, when the tissue was pretreated with
forskolin (5 x 107¢ mol 17" at the mucosal and the serosal side;
Table 2), suggesting that the activity of the Na™-K "-ATPase is
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Table 2 Effect of nystatin in the absence of a K™ gradient

Distal colon

Al,. (uEq h™'em™3)

AG, (mS cm™?)

Control 12.14+1.0* 14.942.7*

Bumetanide 16.44+2.0* 22.1+8.1*

Scilliroside 1.34+0.6# 57428

Na ™ -free 4.140.6%# 11.541.5*%

Bumetanide 9.54+2.8% 15.34+4.9*
+ Forskolin

Proximal colon
Al (uEq h™' em™3)  AG, (mS cm™?) n

5.6+0.9* 4.6+1.9*% 12-14
6.1+1.3* 7.0+1.9% 6-7
0.1+0.2# 1.1+1.7 5-6
1.2+0.5¢# 29+1.7 6
42422 11.0+7.9 6

Effect of nystatin (100 ug ml~' at the mucosal side) on short-circuit current and tissue conductance in the absence of any drugs

(control), in the presence of bumetanide (10~* mol 1~

at the serosal side), forskolin (5x 10~ mol 1

~1 at the mucosal and the serosal

side) + bumetanide or scilliroside (10 ™% mol 1~ ! at the serosal side) and in the absence of Na ™. Values are expressed as difference from
the baseline (A I, and A G,) before the administration of nystatin and are means +s.e.mean. * P <0.05 versus baseline, #P <0.05 versus

response in the absence of inhibitors.
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Figure 3 Effect of nystatin (100 ug ml~' at the mucosal side) in the

distal (a) and in the proximal colon (b) in the presence of a K™
gradient (13.5 mmol 17! at the mucosal and 4.5 mmol 1=' at the
serosal side), the absence of Na™* and the absence of drugs (control)
or in the presence of forskolin (5x 10~° mol 1-! at the mucosal and
the serosal side). Values are expressed as difference from the baseline
just before the administration of nystatin (A Isc) and are means
(symbols) and s.e.mean (vertical lines), n=6-8.

not regulated by cyclic AMP. The series of experiments with
forskolin was performed in the presence of bumetanide
(10~* mol 17! at the serosal side), an inhibitor of the basolat-
eral Na®-K*-2 Cl -cotransporter, in order to prevent for-
skolin-induced anion secretion. Bumetanide alone had no
effect on the nystatin response (Table 2).

Contribution of K™ conductances to the nystatin-induced
current

In order to measure the current across basolateral K* con-
ductances, the pump current was abolished either by Na *-free
media or by administration of scilliroside; the K™ current was
generated by administration of a K* gradient (13.5 mmol 17!
at the mucosal and 4.5 mmol 17" at the serosal side). After
blockade of the pump nystatin still induced an increase in Igc
of 3.540.5 uEq h~! cm~2 (Figure 3a; P<0.05, n=6) in the
distal and of 1.04+0.4 uEq h ~' cm~? in the proximal colon
(Figure 3b; P<0.05, n=_8). The effect of nystatin was signifi-

A I (UEq h™t cm™)

Figure 4 Carbachol (CCh 5x 107 mol I~ at the serosal side)
stimulated the current across basolateral K" channels in the distal
and the proximal colon. Carbachol was administered in the presence
of a K™ gradient (13.5 mmol 1~ ' at the mucosal and 4.5 mmol 1~ ' at
the serosal side), scilliroside (10~* mol 17" at the serosal side) and of
nystatin (100 ug ml~' at the mucosal side), when the Isc response
induced by the ionophore started to decay. Values are means
(symbols) and s.e.mean (vertical lines), n=6-7.

lse (MEG h™t cm™)

10 min

-2 Nystatin

Figure 5 Effect of nystatin (100 ug ml~' at the mucosal side) in the
distal and in the proximal colon in the presence of a Cl~ gradient
(107 mmol 17! NaCl/4.5 mmol I™! KCI at the mucosal and a
107 mmol 17! NaGluc/4.5 mmol 17! KGluc at the serosal side) and
of scilliroside (10~* mol 17" at the serosal side). Values are means
(symbols) and s.e.mean (vertical lines), n=6-8.

cantly greater in the distal compared to the proximal colon
(P<0.05).

The maximal increase in Isc induced by nystatin was sig-
nificantly (P<0.05) inhibited in the distal colon, when the
tissue was pretreated with forskolin (5x 10~° mol 1=' at the
mucosal and the serosal side; Figure 3a). In order to prevent
forskolin from inducing Cl~ secretion, these experiments were
performed in the presence of bumetanide (10~* mol 17! at the
serosal side). In the proximal colon, the maximal increase in
Isc evoked by nystatin was only significantly reduced by for-
skolin. However, the response was much less sustained (Figure
3b).

In contrast, carbachol (5x 107> mol~" at the serosal side)
stimulated the K™ current induced by nystatin (Figure 4). In
this experimental series nystatin was administered in the pre-
sence of a K* gradient (13.5 mmol 1-! at the mucosal and
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4.5 mmol 17" at the serosal side) and in the presence of scil-
liroside (10~* mol 1=! at the serosal side) to suppress the pump
current. When the Isc response evoked by nystatin started to
decay, carbachol was administered. This cholinoreceptor
agonist caused a prompt increase in Igc of
2.840.4 uEq h~'em~2 (P<0.05, n=7) in the distal colon
(Figure 4) and of 3.6+0.8 uEq h™' cm~? in the proximal co-
lon (Figure 4; P<0.05, n=06).

Basolateral CI~ conductance

Patch-clamp experiments have revealed the presence of volume-
sensitive basolateral C1~ channels in the rat distal colon (Diener
et al., 1992). In order to find out whether this conductance may
be activated after nystatin-permeabilization, nystatin was ad-
ministered in the presence of a C1~ gradient, i.e. in the presence
of 107 mmol 17! NaCl/4.5 mmol 1! KCI solution at the mu-
cosal and a 107 mmol 1~' NaGluc/4.5 mmol 17! KGluc solu-
tion at the serosal side. The current carried by the Na™-K -
pump was blocked by administration of scilliroside
(10~* mol 1~ " at the serosal side), current across basolateral K *

a
41
T3
g 2 | Quinine
= 1
g
ENE
ey Control
5 min
_2
Muc 107 NaCl/4.5 KCI
Ser [107 Nacv4 5 KCi
5-
o 4 Quinine
§ 3l
= 2
o
w 1] Control
£ 0
14 5 min

Muc 107 NaCl/4.5 KCI
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Figure 6 Effect of basolateral depolarization (111.5 mol 17" KCI;
solid bars) in the distal (a) and proximal (b) colon in the absence of
any inhibitor (control) and in the presence of quinine (10~ mol 1!
at the mucosal side). Values are means and s.e.mean (vertical lines),
n=5-6.

conductances was avoided by a missing K* gradient. Under
these conditions, nystatin induced a decrease in Isc in the distal
colonby —1.840.4 uEq h~' em~2(P<0.05,n=3§; Figure 5). A
significant (P<0.05) decrease in Isc was also evoked in the
proximal colon, which developed more slowly compared to the
distal colon (Figure 5) indicating the presence of a basolateral
Cl~ conductance in both colonic segments.

Current across apical K* conductances

The use of nystatin allows the measurement of ionic currents
across the basolateral membrane. However, in partially strip-
ped intestinal epithelium nystatin or other ionophores are not
suitable to permeabilize the basolateral membrane, because
these drugs do not reach the basolateral epithelial membrane
in sufficient concentrations due to the presence of subepithelial
tissue such as connective tissue or smooth muscle cells.
Therefore, another approach was selected to measure currents
across apical K™ conductances and their putative regulation.
The basolateral membrane was depolarized by a high K™ so-
lution (111.5 mmol 17! KCI at the serosal side). Due to the
high basolateral K™ permeability, the electrical properties of
the tissue, which are normally characterized by two batteries in
series, are then expected to be dominated by the apical mem-
brane (Fuchs et al., 1977).

Basolateral depolarization by a high K solution induced a
prompt decrease in Isc in the distal and the proximal colon
(Figure 6a and b). In the distal colon, the decrease in Isc was
biphasic, an initial decrease of —3.0+0.2 uEq h~! cm~2 was
followed by a secondary decrease of —2.74+0.3 (P<0.05,
n=6) paralleled by an increase in G, by 9.64+2.7 mS cm >
during the first and by 13.64+2.4 mS cm 2 (n=6, P<0.05 for
both) during the second peak. In contrast, in the proximal
colon Isc decreased transiently by —2.64+0.5 uEq h=! cm ™2,
and then stabilized at a value of —1.9+0.4 uEq h™' cm~2
below the former baseline (P<0.05, n=06). During the maxi-
mal decrease in Iy« G, increased by 9.44+0.9 mS cm~?>
(P<0.05, n=06). In both colonic segments, the Isc response
evoked by basolateral K* depolarization was significantly in-
hibited by the K" channel blocker quinine (10~* mol 17" at the
mucosal side), indicating that this current is carried by K" flow
across an apical K™ conductance (Figure 6a and b, Table 3).
Another K* channel blocker, tetracthylammonium (TEA,
5x 107 mol 1" at the mucosal side), was ineffective (Table 3)
at inhibiting the basal K™ current.

The effect of the basolateral K™ depolarization was signif-
icantly increased in both colonic segments, if the animals were
kept for 2 weeks on a NaCl-poor diet (Table 3), suggesting an
upregulation of the apical K™ conductance by a secondary
hyperaldosteronism.

When the basolateral K* depolarization was performed in
the absence of Cl= (111.5 mmol™' KGluc instead of
107 mmol 1=!' NaGluc/4.5 mmol 17! KGluc), a similar de-
crease in Igc was evoked in both colonic segments, i.e. a de-
crease in Isc by —2.2+0.5 uEq h™' cm~? in the distal and by
—2.340.5 uEq h~! cm~? in the proximal colon (P<0.05 for
both, n=6). Administration of carbachol (5x 107> mol 1" at

Table 3 Effect of basolateral K™ depolarization (111.5 mmol 17" K™ at the serosal side)

Al (uEqh™'cm™?)

Distal colon

Proximal colon

Peak 1 Peak 2 Peak 1 Peak 2 n
Control —3.04+0.2% —2.740.3* —2.640.5*% —1.940.4* 6
TEA —3.0+0.1* —4.240.3* —2.54+0.4* —1.340.2% 6-8
Quinine —1.24+0.2%# —0.6+0.2%# —1.240.1%# —1.0+0.0*% 5-6
Na " -free diet —3.940.3%# —3.240.7* —4.14+0.3%# —2.340.2% 6

Effect of basolateral K* depolarization under control conditions and in the presence of TEA (tetracthylammonium chloride,
5% 1073 mol 17" at the mucosal side) or quinine (10~ mol I~" at the serosal side) or after 2 weeks NaCl-poor diet. Peak 2 in the I
response was measured at the second maximal decrease in /. or, if not present as in the proximal colon, 15 min after administration of
the K* gradient. Values are expressed as difference (A I) from the baseline before the basolateral depolarization and are
means +s.e.mean. *P <0.05 versus baseline; #P <0.05 versus control response to basolateral depolarization.
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the serosal side) under these conditions, i.e. in the absence of
Cl~ and in the presence of a high basolateral K* concentra-
tion, stimulated a transient negative Isc in both colonic seg-
ments (Figure 7a and b). This negative Isc was nearly
completely suppressed (P<0.05 for both colonic segments,
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Figure 7 Carbachol (CCh, 5x 107> mol 17! at the serosal side)
stimulated the current across apical K™ channels in the distal (a) and
the proximal (b) colon. Carbachol was administered in the presence
of a K* gradient and in the absence of C1=' (111.5 mmol 17! KGluc
at the serosal side; 107 mmol 17! NaGluc/4.5 mmol 17! KGluc at the
mucosal side), when the I response induced by the basolateral K™
depolarization had stabilized. The effect of carbachol was tested in
the absence (control) and presence of TEA (5x 107> mol 17" at the
mucosal side). Values are means (symbols) and s.e.mean. For the
sake of graphical clarity, s.e.mean is presented as shaded area; n=06
in all groups.
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Figure 8 Forskolin (5x 10~° mol 1! at the mucosal and the serosal
side) did not stimulate the current across apical K* channels in the
distal and the proximal colon. Forskolin was administered in the
presence of a K gradient and in the absence of C1~ and HCO; ™ ions
(145.4 mmol 1! KGluc Tyrode at the serosal side; 140 mmol 17"
NaGluc/5.4 mmol 17! KGluc Tyrode at the serosal side). Values are
means (symbols) and s.e.mean (vertical lines), n="7-8.

n=6), if carbachol was administered in the presence of the K*
channel blocker TEA (5x 1073 mol 17! at the mucosal side;
Figure 7a and b) indicating that carbachol opens an apical
TEA-sensitive K* conductance.

In contrast to carbachol, the agonist of the cyclic AMP-
pathway, forskolin (5x 107 mol 17! at the mucosal and the
serosal side), was unable to stimulate a current across the
apical K™ conductance (Figure 8). This particular experiment
was performed in a CI~ and HCO; -free Tyrode solution,
because in the presence of HCO; -forskolin still induced an
increase in Isc, probably due to stimulation of HCO; ™~ secre-
tion (data not shown). In order to determine whether the
missing effect of forskolin on apical K* conductance may be
caused by unspecific inhibition of the cyclic AMP-pathway
under the experimental conditions, i.e. the K™ depolarization,
the ability of forskolin to open an apical Cl~ conductance was
tested. Hence, forskolin was administered in the presence of a
K*- and a Cl™-gradient (107 mmol 7' NaCl/4.5 mmol 1~
KCl at the mucosal side, 111.5 mmol 1-! KGluc at the serosal
side). Under these conditions, forskolin induced a negative Isc
(Figure 9; P<0.05 for both colonic segments, n=7-8), which
is what would be expected to occur if the drug opens an apical
Cl~ conductance and thereby stimulates Cl~ flux from the
mucosal to the serosal side along the applied chemical gradi-
ent.

Discussion

Permeabilization of the apical membrane by the ionophore,
nystatin, induced a large increase in Isc and G, in the distal and
in the proximal colon (Figure 1). This current is composed of
two components, a pump current generated by the Na™-K*
-ATPase, and a current across a basolateral K* conductance
driven by the applied chemical K* gradient as shown by cation
substitution experiments (Figure 2), sensitivity to scilliroside
(Figure 2), and sensitivity to K™ channel blockers (Table 1).
The pump current, identified as scilliroside-sensitive, Na " -de-
pendent current in the absence of a K* gradient, was signifi-
cantly greater in the distal than in the proximal colon. This is
in accordance with the general transport properties of the
proximal colon, which is equipped with a more leaky epithe-
lium, as indicated by the higher G, so that a smaller part of the
transported Na™® has to pass the epithelium transcellularly
involving the Na™-K"-ATPase. A similar result has been ob-
tained by Sandle (1991) in nystatin-permeabilized rat colonic
mucosa. The pump current was unaltered by pretreatment of
the tissue with forskolin, an activator of the adenylate cyclase
(Table 2). This suggests that the activity of the Na™-K"-AT-
Pase is not regulated by cyclic AMP in the rat colon, although
a regulation by a cyclic AMP-dependent phosphorylation has
been observed in several tissues (Beguin et al., 1994).
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Figure 9 Forskolin (5x 107¢ mol 1~' at the mucosal and the serosal
side) stimulated the current across apical CI~ channels in the distal
and the proximal colon. Forskolin was administered in the presence
of a K- and Cl™ -gradient (107 mmol 1~ NaCl/4.5 mmol I~' KCl
at the mucosal side, 111.5 mmol 17! KGluc at the serosal side).
Values are means (symbols) and s.e.mean (vertical lines), n=7-8.
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When the pump current was blocked by the use of Na*-free
solution or by administration of scilliroside, the current across
the basolateral K* conductance could be investigated with a
chemical K™ gradient (mucosal:serosal K™* concentra-
tion=3:1) as driving force. As in the case of the current
generated by the Na*-K*-ATPase, this Isc was significantly
greater in the distal than in the proximal colon (Figure 3)
suggesting a higher basolateral K* conductance in the distal
colon. This is consistent with the assumed main function of the
basolateral K™ channels, i.e. creating a bypass for K* pumped
out of the cell by the Na™-K "-ATPase for recycling across the
basolateral membrane. Due to the higher pump activity in the
distal colon, a greater basolateral K* conductance is necessary
in this colonic segment.

The increase in Isc induced by nystatin is quite short-lived,
i.e. it declines within about 45 min to baseline values. This time
course has already been observed in other laboratories with the
rat colon (J. Pacha, personal communication). Several reasons
for this phenomenon are possible. The pump current may
decline due to a reduction of intracellular ATP after permea-
bilization of the apical membrane. The current across the ba-
solateral K™ conductance may decline due to a reduction of
the chemical K™ gradient due to the diffusion of K™ across the
(cation selective) paracellular shunt. In addition, changes in
cell volume after application of nystatin are quite likely to
occur as shown by the opening of the volume-sensitive baso-
lateral Cl1~ conductance (Figure 5). The concomitant increase
in cell volume will increase the paracellular resistance and
therefore cause a decrease in G,, which falls to baseline values
within 45 min in distal colon, but stabilizes at a value of about
50% higher than the former baseline in the proximal colon. In
addition, the time course of the nystatin response differed
along the longitudinal axis of the colon, i.e. the increase in Is¢
developed more slowly in the proximal compared to the distal
colon. The reasons for this difference can only be speculated
about. Nystatin interacts with sterols in the membrane in order
to form pores (for review see e.g. Akaike & Harata, 1994). In
guinea-pig colon, for example, differences in the regional
content of cholesterol in the apical membrane have been de-
monstrated (Luciano et al., 1989). Consequently, differences in
the lipid composition might be responsible for the slower time
course of the nystatin response in the proximal colon.

The basolateral K™ conductance is increased by the choli-
noceptor agonist carbachol (Figure 4). Carbachol induced an
increase in Isc driven by a K* gradient in both the distal and
the proximal colon. Carbachol has been shown to induce a rise
in the intracellular Ca®>" concentration in the rat colonic epi-
thelium (Diener et al., 1991), which activates a 16 pS baso-
lateral K* channel (Bleich et al., 1996). The resulting
hyperpolarization is the driving force for an increase in Cl~
secretion (Bohme et al., 1991; Strabel & Diener, 1995).

In contrast to the agonist of the Ca®" pathway, forskolin,
an agonist of the cyclic AMP pathway, causes inhibition of the
Isc across the basolateral K™ conductance (Figure 3). This
inhibition differs in time course in the distal and in the prox-
imal colon. Whereas in the distal colon the early current re-
sponse to nystatin is reduced in the presence of forskolin,
forskolin inhibits only the current in the late phase of the
nystatin response in the proximal colon, which may suggest a
different regulation or mechanism with different types of K*
channels in both colonic segments. The inhibition of the ba-
solateral K™ current by forskolin is in accordance with recent
whole-cell patch-clamp experiments and recent efflux experi-
ments, which demonstrated inhibition of a K* current by
forskolin in the absence of Cl~ (Diener et al., 1996). At first
glance, this inhibition seems to be surprising, because a de-
creased cellular K* conductance will limit epithelial Cl1~ con-
ductance due to a reduced driving force for Cl~ exit across
apical Cl~ channels. In addition, Warth er al. (1996) have
demonstrated the activation of a small conductance (<3 pS)
basolateral K™ channel by forskolin in rat colonic crypts.
However, recently the same group observed the simultaneous
inhibition of basolateral Ca”"-activated K" channels by for-

skolin, which has been attributed to a decrease in the intra-
cellular Ca®* concentration in the presence of this drug (Bleich
et al., 1996). Consequently, in intact tissue (Figure 3), as in the
intact cell measured by the whole-cell patch-clamp technique
(Diener et al., 1996), the inhibitory action of forskolin on K*
conductance seems to predominate.

However, inhibition of a K* conductance after stimulation
of cyclic AMP-dependent protein phosphorylation has also
been observed in other intestinal systems. In human distal
colon, forskolin inhibits an aldosterone-activated K* con-
ductance (Maguire et al., 1995). In crypt cells from guinea-pig
distal colon, calyculin A, an inhibitor of protein phosphatases,
which indirectly enhances cyclic AMP-dependent phosphory-
lation due to inhibition of dephosphorylation, inhibits basal
K" influx into the cells (Del Castillo & Sepulveda, 1995). The
same has been observed with genistein (Diener & Hug, 1996),
which is thought to act as a protein phosphatase inhibitor
(Illek et al., 1996) and with calyculin A in the rat distal colon
(Schulthei3 & Diener, unpublished observations). In colonic
carcinoma cell lines such as HT29-cl. 19A or T84-cells either
no increase (Bajnath ez al., 1991) or a decrease in basolateral
K™ conductance after stimulation of cyclic AMP-production
have been found (Reenstra, 1993). This decrease in K* con-
ductance is clearly contraproductive for the inducement of C1~
secretion, which is one of the dominant epithelial responses
after an elevation of the intracellular cyclic AMP concentra-
tion. However, a decrease in basolateral K* conductance may
well explain the long-known inhibition of K™ absorption by
cyclic AMP, as discussed in detail recently (Diener et al., 1996).

A different approach was used to study the putative regu-
lation of the apical K* conductance. The basolateral mem-
brane was depolarized by a high K™ buffer. Due to the high
basolateral K™ permeability, the electrical properties of the
tissue, which are normally determined by two batteries, i.e. two
membranes, in series, are then expected to be dominated by the
apical membrane (Fuchs ez al., 1977). Basolateral K depo-
larization induced a negative Isc in both the distal and proxi-
mal colon, which was blocked by mucosal administration of
the K* channel blocker, quinine (Figure 6), indicating that this
current is indeed carried by K™ ions passing through an apical
K™ conductance driven by the chemical K* gradient. How-
ever, there was a difference in the time course of the depolar-
ization-induced current in both segments: in the proximal
colon the negative Isc increased to a maximal value and then
stabilized at a lower level, whereas in the distal colon stimu-
lation was clearly biphasic, a fast activation within a few
minutes was followed by a slower one, which increased steadily
during 25-30 min (Figure 6). The reasons for the second
phase of the Isc response can only be speculated, it might
indicate the presence of a K* conductance, which is slowly
activated by depolarization, or of a volume-sensitive K*
conductance activated due to cell swelling in the high K"
buffer.

The current across the apical K™ conductance is stimulated
by carbachol (Figure 7a and b). Carbachol causes a short-
lasting decrease in Isc after basolateral K* depolarization.
This response is nearly suppressed in the presence of TEA.
However, this K* channel blocker is ineffective in reducing the
K™ current under basal conditions (Table 3), indicating the
opening of a type of apical K* channel distinct from those
which are active under basal conditions. In contrast to car-
bachol, forskolin, the agonist of the cyclic AMP-pathway, did
not stimulate a current across the apical K* conductance
(Figure 8). There was no evidence for stimulation of a negative
Isc in the presence of a high basolateral K™ concentration by
forskolin. However, control experiments revealed that the
regulation of apical Cl1~ channels by cyclic AMP was still in-
tact, because in the presence of a K™ together with a Cl™
gradient, forskolin was able to stimulate a negative Isc con-
sistent with a flow of Cl~ from the mucosal to serosal side
along its chemical gradient: a response, which was more pro-
nounced in the distal than in the proximal colon (Figure 9).
This negative Isc was quite small compared to the Isc response
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evoked by forskolin in intact tissue, an effect which may be
explained by the small (but present) basolateral Cl~ conduc-
tance (Figure 5) limiting transepithelial Cl~ flow along the
applied chemical gradient.

Finally, the regulation of the apical K* conductance by
aldosterone was studied. Secondary hyperaldosteronism, in-
duced by a NaCl-poor diet, stimulates the current across the
apical K* conductance in both colonic segments (Table 3).
Hyperaldosteronism has been shown to stimulate K™ secretion
(Sweiry & Binder, 1989). The present experiments demonstrate
that this effect is not only caused by an increased driving force
for K™ exit across spontaneously open apical K™ channels due
to the depolarization caused by the induction of apical Na™
channels, but is in addition due to the fact that the number of
channels and/or their open time is increased. The aldosterone
effect on the K™ channels is restricted to the cells at the surface
and the upper part of the crypt (Lomax et al., 1994).
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