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Abstract

The effect of carbachol, an agonist of the Ca2q pathway, on Kq transport in rat proximal and distal colon was studied by measuring
unidirectional fluxes, uptake, and efflux of Rbq, a marker for Kq, in mucosa–submucosa preparations. Unidirectional ion flux
measurements revealed that carbachol stimulated Kq secretion in the proximal colon by a marked increase in the serosa-to-mucosa flux
Ž Rb. Ž Rb. Rb RbJ and a more moderate rise in the mucosa-to-serosa flux J . In the distal colon carbachol had no effect on J , but J wassm ms ms sm

reduced after a transient increase finally resulting in an inhibition of Kq secretion. Carbachol caused a stimulation of mucosal Rbq

uptake in the distal colon, which was diminished in the presence of inhibitors of the apical Hq–Kq-ATPase, vanadate and ouabain. In
contrast, in the proximal colon the serosal Rbq uptake was enhanced by carbachol, an effect, which could be prevented by bumetanide,
an inhibitor of the basolateral Naq–Kq–2Cly-cotransporter. Efflux experiments revealed that carbachol caused a transient increase of
apical and basolateral Rbq permeability in both colonic segments. In the distal colon, stimulated Kq efflux to the serosal side was
reduced by quinine, efflux to the mucosal side was blocked by tetraethylammonium. In the proximal colon, carbachol-activated apical and
basolateral Kq efflux were inhibited by Ba2q. In conclusion, these data suggest that in the distal colon carbachol stimulates the
Hq–Kq-ATPase and the basolateral Kq efflux through quinine-sensitive Kq channels, whereas in the proximal colon carbachol induces
Kq secretion due to a stimulation of the basolateral Naq–Kq–2Cly-cotransporter and an increased efflux to the luminal side via
Ba2q-sensitive apical Kq channels. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Colonic Kq transport is essential for Kq homeostasis,
because in contrast to other parts of the gastrointestinal
tract the colonic epithelium is able to both actively absorb
and to secrete this cation. The Kq ions to be absorbed
enter the epithelium via a an apical Hq–Kq-ATPase; their
basolateral exit seems to be mediated by basolateral Kq

channels. Kq secretion is driven by the intracellular accu-
mulation of Kq ions via the basolateral Naq–Kq–2Cly-
cotransporter and the Naq–Kq-ATPase; they pass into the

q Žcolonic lumen via apical K channels for review see
.Binder and Sandle, 1994 .

Kq transport is regulated by several intracellular second
messenger systems. An increase in the intracellular con-
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centration of cAMP or Ca2q induces Kq secretion andror
inhibits Kq absorption in colonic tissues from different

Žspecies Foster et al., 1983; McCabe and Smith, 1985;
.DuVall and O’Grady, 1994 . The mechanisms involved in

the action of cAMP in the rat colon have been recently
Ž .characterized in detail Diener et al., 1996 . Activation of

the adenylate cyclase by forskolin stimulates the basolat-
eral Naq–Kq–2Cly-cotransporter and causes a redistribu-
tion of the cellular Kq permeability from a predominant
basolateral one to a near equal apical and basolateral Kq

permeability by reducing the basolateral Kq conductance
Ž .Diener et al., 1996; Schultheiß and Diener, 1997 . In
contrast, carbachol, an agonist of the Ca2q pathway, causes
a transient activation of both an apical and a basolateral
Kq conductance as shown by experiments with epithelia,
in which either the apical or the basolateral membrane
were short-circuited by an ionophore or an increased Kq

Ž .concentration, respectively Schultheiß and Diener, 1997 .
The effect of the opening of these Kq channels on trans-
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epithelial Kq fluxes and the putative effect of carbachol on
other transporters involved in Kq transport have not been
investigated. Therefore, the aim of the present study was to
elucidate the mechanisms of Ca2q-induced alterations in
Kq transport by measuring unidirectional Rbq fluxes,
Rbq uptake and Rbq efflux in the rat colon.

2. Materials and methods

2.1. Solutions

The standard buffer for the Ussing chamber experi-
Žments was a modified Parsons solution containing mmol

y1 .l : NaCl 107, RbCl 4.5, NaHCO 25, Na HPO 1.8,3 2 4

NaH PO 0.2, CaCl 1.25, MgSO 1 and glucose 12. The2 4 2 4
Ž .solution was gassed with carbogen 5% CO in 95% O ;2 2

pH was 7.4. A HCOy-free Tyrode solution was used in3

experiments performed with the Kq-channel blocker Ba2q;
Ž y1 .it had the following composition mmol l : NaCl 140,

Ž ŽRbCl 5.4, CaCl 1.25, MgCl 1, HEPES N- 2-hydroxy-2 2
. X .ethyl piperazine-N -2-ethanesulfonic acid 10, glucose

12.2. This HCOy-free solution was gassed with O ; pH3 2

was 7.4.

2.2. Tissue preparation

Wistar rats were used with a weight of 180–380 g. The
animals had free access to water and a standard rat diet
Ž .diet no. C1000, Altromin, Lange, Germany until the day
of the experiment. Animals were killed by a blow on the

Žhead followed by exsanguination approved by
.Regierungsprasidium Gießen, Gießen, Germany . The¨

serosa and muscularis propria were stripped away to obtain
mucosa–submucosa preparations of the proximal and dis-
tal 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. The appearance of palm-like striae was
used to define the beginning of the proximal colon
Ž .Lindstrom et al., 1979 .¨

2.3. Unidirectional flux measurements

The mucosa–submucosa preparations of the proximal
and distal colon, respectively, were fixed in modified
Ussing chambers, bathed with a volume of 3.5 ml on each
side of the mucosa. The tissue was incubated at 378C in
Parsons solution and short-circuited by a computer-con-

Žtrolled voltage clamp Ing. Buro fur Meß- und Datentech-¨ ¨
.nik K. Mußler, Aachen, FRG with correction for solution

resistance. The exposed surface of the tissue was 1 cm2.
Ž .Short-circuit current I was continuously recorded andsc

Ž .tissue conductance G was measured every minute.t

Ion flux studies were performed as previously described
Ž .Diener et al., 1996 . After an equilibration period of 60

86 q Ž . Žmin, Rb 120 kBq was added to one side s labeled
.side of the epithelium. After an additional 20 min to allow

isotope fluxes to reach a steady state, Rbq accumulation
on the unlabelled side was measured under control condi-
tions in five sequential 3-min periods followed by five
sequential 3-min periods starting 3 min after administra-
tion of 5P10y5 mol ly1 carbachol at the serosal side.
Transport rates for Rbq were calculated separately by
linear regression of isotope accumulation on the unlabelled
side during the control and the carbachol period. All
aliquots from the labeled side were replaced by unlabelled
buffer solution and appropriate correction for this replace-
ment solution was performed. From the measured unidirec-
tional fluxes net ion fluxes were calculated according to:
J sJ yJ .net ms sm

2.4. Uptake experiments

The measurement of Rbq uptake was started after an
equilibration period of 60 min in Lucite chambers with a
volume of 2.5 ml on each side of the tissue. When the
uptake was measured in the presence of the agonist, carba-
chol was administered 1 min prior to the addition of 86 Rbq

Ž .22 kBq to either the mucosal or the serosal side of the
Ž .chamber. Blocking drugs were added 30 min bumetanide

Ž .or 15 min vanadate, ouabain prior to administration of
carbachol in order to stabilize ion fluxes to a new plateau
as indicated by a new stable I in orientating experiments.sc

Five min after administration of 86 Rbq standards were
taken from the labeled side and the uptake was stopped by
washing the chamber with 20 ml of fresh, unlabelled
buffer solution on both sides. The tissue was removed
from the chamber and blotted on filter paper. This proce-
dure took 1–2 min. The tissue was solubilized in 1 ml 0.1

Ž .N HNO for 20 h at 708C Venglarik et al., 1990 . After3

neutralization with 0.1 ml 1 N NaOH, the radioactivity in
the sample was determined in a liquid scintillation counter.

ŽResults were calculated as uptake per area mucosa nmol
y2 .cm .

2.5. Efflux experiments

86 q ŽThe tissue was loaded with Rb 74 kBq at both sides
.of the chamber for 90 min in 2.5 ml Parsons or Tyrode,

respectively, on each side of the tissue. Then the serosal
and the mucosal compartments were washed twice at 5
min intervals with 20 ml buffer. These solutions contained
Kq channel blockers, when they were tested. Release of
86 Rbq into the mucosal and the serosal compartment was
determined simultaneously by taking 2=0.5 ml aliquots at
6 min intervals. All aliquots were replaced by unlabelled
buffer solution, containing agonists and blockers in appro-
priate concentrations. Correction for this replacement vol-
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ume was performed. Carbachol was added 1 min after the
third sample. At the end of the experiment, the resting
amount of 86 Rbq in the tissue was determined as de-
scribed for the uptake experiments. Release was expressed
as efflux of the actual amount of radioactivity in the tissue

Ž .per minute Mandel et al., 1986 .

2.6. Drugs

ŽOuabain was dissolved in dimethylsulphoxide DMSO;
.final concentration 0.25%, vrv . Bumetanide and quinine

Žwere dissolved in ethanol final maximal concentration
.0.25%, vrv . BaCl , carbachol, sodium orthovanadate2

Ž .Calbiochem, Bad Soden, Germany , and tetraethyl-
Ž .ammonium chloride TEA were dissolved in aqueous

stock solutions diluted in salt buffer just before use. If not
indicated differently, drugs were from Sigma, Deisen-
hofen, Germany. Radioisotopes were obtained from NEN,
Dreieich, FRG. The initial activity of 86 Rb amounted to
411 GBq gy1.

2.7. Statistics

Values are given as means"one standard error of the
Ž .mean S.E.M. . When the means of several groups had to

be compared, first an analysis of variances was performed.
If the analysis of variances indicated significant differ-
ences between the groups investigated, further comparison
was carried out by a Student’s t-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 t-tests were ap-
plied as indicated. Regression lines were compared by

Ž .analysis of co-variances Kenakin, 1987 . The quality of
regressions was checked by the squared non-linear regres-

Ž 2 .sion coefficient r . P-0.05 was considered to be statis-
tically significant.

Standard errors for calculated values, i.e., net ion trans-
port, were calculated according to the law of error propa-

Ž .gation from the errors of J and J Sachs, 1982 .ms sm

Statistical comparisons between net transports were per-
formed by means of the test of Scheffe for comparison of´

Ž .linear contrasts Sachs, 1982 .

3. Results

3.1. Unidirectional Rbq fluxes

Ž y5 y1.The effect of carbachol 5P10 mol l on unidirec-
tional Rbq fluxes was measured using a short-time flux
protocol under voltage-clamp conditions; transport rates
for Rbq were calculated by linear regression of isotope
accumulation on the unlabelled side. In the distal colon
carbachol induced an increase in short-circuit current from
2.2"0.2 mEq hy1 cmy2 under control conditions to a

y1 y2 Ž .peak value of 8.2"0.6 mEq h cm P-0.05, ns18 ,

Žwhich then declined slowly as described earlier Strabel
.and Diener, 1995 . In the proximal colon, the cholinergic

agonist induced an increase in I from 1.5"0.1 mEq hy1
sc

y2 y1 y2 Ž .cm to 11.2"0.6 mEq h cm P-0.05, ns19 .
This response was concomitant with an increase in Gt

y2 y2 Žfrom 9.8"0.6 mS cm to 12.8"0.8 mS cm P-
. y20.05, ns18 in the distal and from 20.5"2.5 mS cm

y2 Ž .to 27.3"2.6 mS cm P-0.05, ns19 in the proximal
colon.

In the distal colon, the serosa to mucosa flux of Rbq

Ž . y1 y2J , which amounted to 11.0"0.59 nmol min cm ,sm
Ž .exceeded the corresponding mucosa to serosa flux J ofms

y1 y2 Ž .6.9"0.61 nmol min cm ns9 , resulting in a net
q y1 y2 ŽRb secretion of 4.1"0.85 nmol min cm P-0.05

.vs. zero, test of Scheffe; Fig. 1A under control conditions.´
Carbachol caused an inhibition of J Rb, which decreased tosm

y1 y2 Ž .8.1"0.75 nmol min cm P-0.05, ns9 , but had
no significant effect on J Rb, abolishing net Rbq secretionms

y1 y2 .to a value of 0.95"1.05 nmol min cm , ns9 ,
Ž .which was not significantly different from zero Fig. 1A .

Although the secretory transport rate for Rbq was
finally reduced by carbachol, there seemed to be a tran-

Fig. 1. Effect of carbachol on unidirectional 86 Rbq fluxes in the distal
Ž . Ž . Ž . Rb Ž . Rb Ž . RbA and proximal B rat colon: ` J , v J , B J . Ion fluxessm ms net

were measured in five sequential 3-min periods followed by five sequen-
tial 3-min periods starting 3 min after administration of 5P10y5 mol ly1

Ž .carbachol to the serosal side. Values are means symbols "S.E.M.
Ž .vertical bars , ns9–10. The solid lines through the data are the best fit
linear regressions, indicating the transport rates of Rbq before and after
administration of the drug.
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sient stimulation of J Rb in the early phase of the carbacholsm

response. The amount of Rbq at the unlabelled side,
measured 3 min after administration of the drug, which
amounted to 454.0"22.2 nmol, significantly exceeded the
expected value of 432.4"21.0 nmol, calculated from

Rb Ž .control J by linear regression P-0.05, ns9 , sug-sm

gesting a transient increase of J Rb, too fast to be registeredsm

by the experimental protocol.
In the proximal colon, basal transport rates for Rbq

Ž .were similar Fig. 1B . The serosa to mucosa flux of
y1 y2 Ž .9.9"1.3 nmol min cm ns9 was higher than the

q Ž Rbmovement of Rb in the opposite direction J wasms
y1 y2 .5.6"1.0 nmol min cm , ns10 , resulting in a net

q y1 y2 ŽRb secretion of 4.4"1.6 nmol min cm P-0.05
. Ž y5 y1.vs. zero, test of Scheffe . Carbachol 5.10 mol l led´

to a marked increase of J Rb to 15.2"1.1 nmol miny1
sm

y2 Ž .cm P-0.05, ns9 , and a more moderate, but never-
theless significant increase of J Rb to 7.1"0.9 nmol miny1

ms
y2 Ž .cm P-0.05, ns10 . The consequence was a stimula-

tion of net Rbq secretion to 8.2"1.4 nmol miny1 cmy2

Ž .P-0.05 vs. control, ns9–10, test of Scheffe; Fig. 1B .´

3.2. Mucosal Rbq uptake

The changes of Kq transport induced by carbachol
might be due to a modification of apical andror basolat-
eral entry of Kq ions. In order to distinguish between
these possibilities, the uptake of Rbq from the mucosal
and from the serosal compartment was measured. Carba-

Ž y5 y1.chol 5.10 mol l had no significant effect in the
proximal colon but doubled the mucosal uptake of Rbq

from 19.4"4.1 nmol cmy2 to 37.2"4.5 nmol cmy2

Ž . Ž .P-0.05, ns7 in the distal part Fig. 2 . This increase
was completely abolished by prior addition of vanadate
Ž y4 y1. Ž y3 y1.10 mol l combined with ouabain 10 mol l to
the mucosal solution, both well known inhibitors of the

q q Žapical H –K -ATPase Sweiry and Binder, 1990; Del
.Castillo et al., 1991; Tabuchi et al., 1992 , indicating an

activation of this pump by the cholinergic agonist.

Ž y5 y1 .Fig. 2. Effect of carbachol 5P10 mol l at the serosal side on
q Ž .mucosal Rb uptake in the distal left side and in the proximal colon

Ž . Žright side . Uptake was measured in the absence of any drugs white
. Ž .bars , in the presence of carbachol horizontally dashed bars , in the

Ž y4 y1 .presence of vanadate 10 mol l at the mucosal side and ouabain
Ž y3 y1 .10 mol l at the mucosal side; vertically dashed bars , and in the

Ž .combined presence of carbachol, vanadate and ouabain crossed bars .
Ž . Ž .Values are means bars qS.E.M. vertical bars , ns6–7. ) P -0.05 vs.

Ž .control unpaired t-test .

Ž y5 y1Fig. 3. Effect of carbachol 5P10 mol l at the serosal side on serosal
q Ž . Ž .Rb uptake in the distal left side and in the proximal colon right side .

Ž .Uptake was measured in the absence of any drugs white bars , in the
Ž .presence of carbachol horizontally dashed bars , in the presence of

Ž y4 y1 .bumetanide 10 mol l at the serosal side; vertically dashed bars ,
Žand in the combined presence of carbachol and bumetanide crossed

. Ž . Ž .bars . Values are means bars qS.E.M. vertical bars , ns6–7. ) P -
Ž .0.05 vs. control unpaired t-test .

3.3. Serosal Rbq uptake

When the serosal uptake of Rbq was measured, carba-
Ž y5 y1.chol 5P10 mol l caused a significant increase from

y2 y2 Ž151.0"18.5 nmol cm to 252.7"18 nmol cm P-
.0.05, ns6 in the proximal colon, whereas the increase of

the uptake in the distal segment from 194.2"23.0 nmol
y2 y2 Žcm to 245.6"31.8 nmol cm was insignificant ns

. Ž y4 y1.6 . Although bumetanide 10 mol l , an inhibitor of
the Naq–Kq–2Cly-cotransporter, had no significant effect
on basal serosal Rbq uptake, it prevented completely the

q Ž .stimulation of serosal Rb uptake by carbachol Fig. 3 .
Consequently, carbachol activates the basolateral Naq–
Kq–2Cly-cotransporter, an effect, which will contribute to
the induction of Kq secretion in the proximal colon by
carbachol observed in the unidirectional flux measure-

Ž .ments Fig. 1B .

3.4. Rbq efflux

In another series of experiments the effect of carbachol
on the efflux of Rbq in tissues preloaded with this tracer
was investigated. In the distal colon under control condi-

Žtions, efflux from the tissue to the serosal side 3.1"0.17%
y1 . Žmin , ns12 exceeded that to the mucosal side 0.74"

y1 .0.06% min , ns12 about four times as already ob-
Ž . qserved previously Diener et al., 1996 . Basal Rb efflux

from the proximal colon showed a similar ratio and
y1 Ž .amounted to 1.0"0.07% min ns12 to the mucosal

y1 Ž .and 2.5"0.15% min ns12 to the serosal compart-
ment.

Ž y5 y1.Carbachol 5P10 mol l induced a transient rise in
the efflux to the serosal compartment from 2.8"0.25%

y1 y1 Žmin to 4.0"0.41% min in the distal colon P-0.05,
. y1 y1ns6 and from 2.2"0.14% min to 2.9"0.19% min

Ž . Ž .P-0.05, ns6 in the proximal colon Fig. 4A . Serosal
Rbq efflux fell within 12 min to the former control levels
in the distal colon or even below initial values in the
proximal part.
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Ž y5 y1 .Fig. 4. Effect of carbachol 5P10 mol l at the serosal side on the
q Ž . Žefflux of Rb in the distal left side and in the proximal colon right

. Ž . Ž . Ž .side : ` efflux on the mucosal side, B efflux on the serosal side. A
Ž .Effect of carbachol under control conditions, B effect after pretreatment

y3 y1 Ž .with 5P10 mol l tetraethylammonium TEA at the mucosal side,
Ž . y3 y1C effect after pretreatment with 10 mol l quinine at the serosal

Ž .side. Values are means"S.E.M. vertical bars , ns6. ) P -0.05 vs. last
Ž . a Žcontrol period paired t-test . P -0.05 vs. carbachol control A, un-

.paired t-test .

The rate of Rbq efflux into the mucosal bath also
increased after the addition of carbachol, although the
magnitude of increase was quite small. In the proximal
colon, mucosal Rbq efflux showed a similar behavior as
the serosal one, rising transiently from 1.0"0.11% miny1

y1 Ž .to 1.5"0.09% min P-0.05, ns6 and reaching
Ž .control level again after 12 min Fig. 4A . In the distal

colon, there was a more prolonged increase in the efflux of
Rbq to the mucosal compartment from 0.62"0.06%

y1 y1 Ž .min to 0.94"0.04% min P-0.05, ns6 .
In order to characterize the efflux pathway activated by

carbachol, the tissue was pretreated with different Kq

channel blockers. Mucosal administration of tetraethyl-
Ž y3 y1. qammonium 5P10 mol l , a blocker of apical K

Ž .channels in the rat colon Sweiry and Binder, 1989 ,
completely prevented the carbachol-induced increase of

q Ž .mucosal Rb efflux in the distal segment ns6; Fig. 4B .
In addition, tetraethylammonium decreased the basal apical
efflux from 0.73"0.04% miny1 under control conditions
Ž . y1 Ž .ns12 to 0.38"0.03% min P-0.05, ns6 . In the

proximal colon, however, tetraethylammonium was inef-
Ž .fective Fig. 4B , even when the concentration of the

y2 y1 Žblocker was elevated to 2P10 mol l ns6; data not
.shown .

Ž y3 y1.Serosal administration of quinine 10 mol l signif-
icantly diminished the carbachol-induced increase of

Ž .serosal efflux in the distal segment P-0.05, ns6 , but
Ž .was ineffective in the proximal colon Fig. 4C . Conse-

quently carbachol stimulates a tetraethylammonium-
sensitive Kq conductance in the apical membrane and a
quinine-sensitive Kq conductance in the basolateral mem-
brane of the enterocytes in the distal part of the rat colon.

Since only a part of the carbachol-stimulated Rbq

efflux could be inhibited by tetraethylammonium and qui-
nine, another Kq channel blocker, Ba2q, was tested. This
particular series of experiments was performed in HCOy-3

free buffer in order to avoid precipitation of Ba2q as
BaCO . In control experiments, no fundamental difference3

Ž y5 y1 .Fig. 5. Effect of carbachol 5P10 mol l at the serosal side on the
q Ž . Žefflux of Rb in the distal left side and in the proximal colon right

. Ž . Ž .side : ` efflux on the mucosal side, B efflux on the serosal side.
Efflux was measured in tissues bathed in HCOy-free Tyrode solution in3

Ž . 2q Ž y2the absence of any inhibitors A , after pretreatment with Ba 10
y1 . Ž . 2qmol l at the mucosal side B , and after pretreatment with Ba

Ž y2 y1. Ž .10 mol l at the serosal side C . Values are means"S.E.M.
Ž . Ž .vertical bars , ns6–8. ) P -0.05 vs. last control period paired t-test .
a Ž .P -0.05 vs. carbachol control A, unpaired t-test .
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Ž y5could be detected in the effect of carbachol 5P10 mol
y1 . q yl on Rb efflux measured in HCO -buffered Parsons3

y Ž .or HCO -free Tyrode solution cf. Fig. 4A, Fig. 5A .3
2q Ž y2 y1.Preincubation of the tissue with Ba 10 mol l ,

applied either on the serosal or the mucosal side, had no
q Ž .effect on Rb efflux in the distal colon Fig. 5A,B except

that — paradoxically — stimulation of basolateral efflux by
carbachol was less constant in the presence of mucosal

2q Ž . 2qBa Fig. 5B . In contrast, Ba was effective in the
proximal colon: in the presence of mucosal Ba2q carba-

q Ž .chol no longer stimulated mucosal Rb efflux Fig. 5B
and in the presence of serosal Ba2q the drug did not

q Ž .significantly enhance serosal Rb efflux Fig. 5C .

4. Discussion

Under basal conditions there was a net Kq secretion in
Žboth colonic segments in these series of experiments Fig.

. Ž1 . This differs from most but not all; see Tannen et al.,
. q1986 reports, in which the distal colon exhibited a net K

Ž .absorption see e.g. Sweiry and Binder, 1990 . The reason
for these discrepancies in basal Kq transport, which have
been observed and discussed intensively also for other

Ž .tissues such as the rabbit colon Halm and Frizzell, 1986 ,
is probably the fact that the present experiments were
performed in the absence of indomethacin, as prosta-
glandins, which are produced spontaneously in the colonic
preparations, are well known to stimulate Kq secretion
Ž .see e.g. Rechkemmer et al., 1996 .

Carbachol, an agonist of the Ca2q pathway, inducing an
increase in the cytosolic Ca2q concentration in colonic

Žepithelium Dharmsathaphorn and Pandol, 1986; Diener et
. qal., 1991 , has segment-specific effects on Rb transport

in the rat colon. Unidirectional flux measurements showed
that the acetylcholine receptor agonist inhibited the secre-
tory, i.e., serosa to mucosa flux of Rbq, but had no effect

Rb Ž .on J in the distal colon Fig. 1 . In contrast, carbacholms

caused an increase of both J Rb and J Rb in the proximalms sm

colon, leading to a stimulation of Rbq secretion because of
a relatively stronger rise in J Rb.sm

Different ion transporters in the basolateral and the
apical membrane are involved in the action of the
cholinoceptor agonist. One of the key enzymes involved in
Kq absorption, whose activity is affected by carbachol, is
the Hq–Kq-ATPase in the apical membrane, which is
thought to be responsible for the active entry of Kq into

q Žthe colonic cell during K absorption Binder and Sandle,
.1994 . Our data confirm the presence of a vanadate-

andror ouabain-sensitive Kq entry process, consistent with
the activity of an Hq–Kq-ATPase, across the apical mem-

Ž .brane of the rat distal colon Fig. 2 , which has already
Ž .been demonstrated by Sweiry and Binder 1990 . Similar

transport processes are observed in other colonic tissues
Ž .such as rabbit Kaunitz and Sachs, 1986 and guinea pig

Ž .colon Watanabe et al., 1990; Del Castillo et al., 1994 .
Both drugs were used because considerable evidence exists
for the existence of two Hq–Kq-ATPases: one that is
ouabain-sensitive and the other that is ouabain-resistant but
vanadate-sensitive, as it is typical for P-type ATPases
ŽSweiry and Binder, 1990; Del Castillo et al., 1991; Tabuchi

.et al., 1992; Lee et al., 1995; Sangan et al., 1997 . The
lack of a significant vanadate- or ouabain-sensitive Kq

entry across the apical membrane of the proximal colon
Ž . ŽFig. 2 is consistent with other findings in rat Binder and

. ŽSandle, 1994; Lee et al., 1995 , rabbit Sullivan and Smith,
. Ž1986 and guinea pig Watanabe et al., 1990; Del Castillo

.et al., 1994 . Very little is known about the control of
apical Kq uptake, i.e., the regulation of the Hq–Kq-
ATPase. In contrast to its profound effect on Rbq efflux,
forskolin does not influence mucosal Rbq uptake in the rat
colon, indicating no direct regulation of the Kq-pump by

Ž .the cAMP pathway Diener et al., 1996 . The present
results reveal an increase of apical Kq entry in the pres-

Ž .ence of carbachol Fig. 2 suggesting that the activity of
the Hq–Kq-ATPase is regulated by the cholinergic agonist
in the rat distal colon. However, the stimulation of the
Hq–Kq-pump does not lead to a stimulation of the trans-

q Ž Rb .epithelial absorptive K flux J ; Fig. 1A . This mightms

indicate that carbachol causes a ‘recycling’ of Kq ions,
absorbed by the Hq–Kq-ATPase, across the apical mem-
brane back to the lumen leaving the cell through activated

q Ž .tetraethylammonium-sensitive K channels Fig. 4B .
The second transport system controlled by the intra-

cellular Ca2q signaling pathway is the Naq–Kq–2Cly-
cotransporter in the basolateral membrane, which is stimu-
lated by carbachol in the proximal but not in the distal
colon as indicated by the increase in the bumetanide-sensi-

q Ž .tive basolateral Rb uptake Fig. 3 . A rise in intracellular
Ca2q has been demonstrated to be implicated in the con-
trol of Naq–Kq–2Cly-cotransporter activity in other ep-

Ž .ithelia such as T cells McRoberts et al., 1985 , distal84
Žcolon of the guinea pig Del Castillo and Sepulveda,´

. Ž1995 , intestine of the winter flounder Suvitayavat et al.,

. Ž .1994 , or avian salt gland Torchia et al., 1994 . The
missing effect of carbachol on serosal Rbq uptake in the
distal colon suggests a segmental heterogeneity in the
regulation of this transporter. The missing stimulation of
the Naq–Kq–2Cly-cotransporter is probably responsible
for the fact that carbachol does not stimulate transepithelial

q Ž Rb .K secretion but rather reduces J ; cf. Fig. 1A in thesm

distal colon despite the observed increase in apical Kq

Žpermeability measured in the efflux experiments Fig. 4A,
.Fig. 5A .

The third action site of carbachol is the basolateral Kq

conductance, which is transiently stimulated by the
Ž .cholinoceptor agonist Fig. 4A, Fig. 5A . Carbachol in-

duces an increase in the Rbq efflux to the serosal side in
both the proximal and the distal colon, which can be
explained by an opening of Ba2q andror quinine-sensitive

2q q ŽCa -dependent K channels Strabel and Diener, 1995;
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.Schultheiß and Diener, 1997 . The effect of carbachol on
Rbq efflux is only transient as already described in T84

Žmonolayers Dharmsathaphorn and Pandol, 1986;
.Venglarik et al., 1990 . This correlates well with the time

course of the stimulation of a basolateral Kq conductance
Žin nystatin-permeabilized rat colon Schultheiß and Diener,

. q1997 . Different K conductances seem to underlie the
carbachol response in the two colonic segments. In the
distal colon, this effect can at least partly be blocked by

Ž . 2qquinine Fig. 4C but not by Ba , whereas in the proximal
2q Ž .colon serosal Ba abolished this increase Fig. 5C and

quinine was ineffective suggesting that there are different
Kq channels present in the two colonic segments.

The missing effect of serosal Ba2q on carbachol-stimu-
lated efflux in the distal colon is at first glance surprising,
because a 16 pS Ca2q-dependent, Ba2q-sensitive Kq chan-
nel, which is activated by carbachol, has been observed in
the basolateral membrane of rat distal colonic epithelium
Ž . 2q ŽBleich et al., 1996 . However, serosal Ba does not or

.only marginally reduce the peak response in I and Gsc t

induced by carbachol, but only reduces the plateau phase
Ž .Strabel and Diener, 1995 . Consequently, there must be
other, Ba2q-insensitive pathways in the basolateral mem-
brane stimulated by the cholinergic agonist. Serosal Ba2q,
however, reduced the basolateral efflux in unstimulated
proximal and distal colonocytes indicating the inhibition of
a basal Kq conductance. In addition, serosal Ba2q caused

q Ž .an increase in the mucosal Rb efflux Fig. 5C . This—at
first glance paradox—stimulation can be explained by an
increase in the driving force for apical Kq exit due to the
basolateral depolarization induced by Ba2q.

The last site of action of carbachol is the apical Kq

conductance. The efflux of Rbq ions to the mucosal side
of the rat colonic epithelium can be stimulated by carba-

Žchol in both the distal and the proximal segment Fig. 4A,
.Fig. 5A , but this response is small compared to the

stimulation of efflux into the serosal compartment. It only
leads to an increase of the transepithelial secretory flux
Ž Rb . Ž .J in the proximal segment Fig. 1B , i.e., in thissm

colonic segment, where also the basolateral Naq–Kq–
y Ž .2Cl -cotransporter is activated by carbachol Fig. 3 . In

the distal colon, where this activation of the basolateral
uptake mechanism is missing, J Rb even decreases after asm

Ž .supposed stimulation in the first few minutes Fig. 1A , an
effect, which is probably caused by the hyperpolarization

q Ždue to the opening of basolateral K channels as indi-
.cated by the efflux experiments; Fig. 4A, Fig. 5A reduc-

ing the driving force for apical Kq exit. The ability of
carbachol to open an apical Kq conductance seems to be
independent from the parallel induction of Cly secretion,
which normally dominates the electrical response to the
cholinergic agonist, because in mice lacking the cystic

Ž . yfibrosis transmembrane regulator CFTR Cl channel, the
I response to carbachol is often reversed into a transientsc

decrease in I reflecting the Kq secretion induced by thesc
Ž .drug Cuthbert et al., 1994 .

Segmental differences were also observed when baso-
lateral Kq permeability was investigated. In the distal
colon, mucosal tetraethylammonium abolishes the carba-
chol-induced stimulation of Rbq efflux, whereas in the
proximal colon the drug was completely without effect
Ž .Fig. 4C . This is in accordance with recent findings that
Ca2q-activated apical Kq channels can be blocked by
mucosal tetraethylammonium in the distal colon of mouse
Ž . ŽCuthbert et al., 1994 and rat Butterfield et al., 1997;

.Schultheiß and Diener, 1997 . In contrast to the distal
colon, in the proximal segment the carbachol-induced
stimulation of apical Rbq efflux was sensitive to mucosal

2q Ž .Ba Fig. 5B .
In conclusion, these data suggest that—beside the well

known importance of cAMP—the Ca2q pathway plays a
substantial role in the regulation of Kq transport across the
rat distal and proximal colonic epithelium. The effects of
the cholinergic agonist carbachol on the different trans-
porters involved in Kq transport reveal a segmental het-
erogeneity. In the distal part carbachol increases the apical
Kq uptake by activating the Hq–Kq-ATPase and stimu-
lates Kq efflux to the serosal compartment through qui-
nine-sensitive Kq channels. In the proximal colon carba-
chol induces Kq secretion concomitant with a stimulation
of the basolateral uptake of Kq by the Naq–Kq–2Cly-
cotransporter and an increased efflux to the luminal side
by activated Ba2q-sensitive Kq channels in the apical
membrane.
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