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Abstract 

Carbachol (5 × 10 -5 mol. 1-1) induced a biphasic increase in short-circuit current (Isc) consisting of an initial peak phase 
followed by a long-lasting plateau. Complete dependence on the presence of CI- ions and sensitivity to bumetanide confirmed 
that carbachol induces C1- secretion. The plateau phase was blocked by indomethacin, and both the plateau and the peak phase 
were suppressed in the combined presence of indomethacin and tetrodotoxin. Inhibition of the carbachol response could be 
overcome by agonists of the cAMP pathway like prostaglandin E 2, forskolin or 8-(4-chlorophenylthio)-adenosine-3',5'-cyclic 
monophosphate. The increase in Isc was inhibited by a blocker of cAMP-activated C1- channels, glibenclamide, but was resistant 
to an inhibitor of Ca2+-activated C1- channels, 4,4'-diisothiocyanato-stilbene-2,2'-disulfonic acid (DIDS). The K ÷ channel 
blockers Ba 2+ and charybdotoxin inhibited the first and suppressed the second phase of the carbachol response, whereas a less 
specific K + channel blocker, quinine, suppressed both phases. These results suggest that the dominant effect of carbachol in the 
intact colonic mucosa is an opening of Ca2+-dependent, charybdotoxin- and Ba2+-sensitive K + channels, which leads to 
hyperpolarization of the epithelial cells. This stimulates CI secretion only if there are spontaneously open apical CI channels 
which are basically stimulated by a continuous release of neurotransmitters and prostaglandins. Only during the first phase of the 
carbachol effect is there indirect evidence for activation of a C1- conductance synergistically with the cAMP pathway as shown 
by the increase in tissue conductance resistant to K ÷ channel blockers. 
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1. Introduction 

The ability to secrete C1- is one of the basic proper-  
ties of the intestinal epithelium. Chloride secretion is 
activated under  physiologic conditions, e.g. after dis- 
tension of the gut wall (see e.g. Diener  and Rummel ,  
1990), and plays a prominent  role under  pathophysio- 
logic conditions, i.e. during secretory diarrhoea (for 
recent review see Field and Semrad, 1993). The chlo- 
ride ions to be secreted enter the epithelium by a 
basolateral bumetanide-sensitive Na+-K+-C1- cotrans- 
porter,  which accumulates C1- ions in the cell above 
electrochemical equilibrium. They then leave the cell 
by CI -  channels in the apical membrane.  The final 
driving force for the exit of CI -  ions is the membrane  
potential, because the intracellular C1- concentration 
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is lower than the extracellular concentration. This sys- 
tem is under the control of intracellular second mes- 
sengers like Ca 2+, cAMP and cGMP (for review see 
Binder and Sandle, 1987). 

Controversy exists about the mode of activation of 
CI -  secretion by intracellular Ca 2+. In airway epithe- 
lium (Frizzell et al., 1986) and in colonic tumour cell 
lines like T84 (Cliff and Frizzell, 1990) and HT29 cells 
(Kunzelmann et al., 1992; Morris et al., 1992), direct 
activation of apical C1- channels by intracellular Ca 2+ 
has been demonstrated.  Two types of Ca 2+-dependent 
C1 channels in HT29 cells have been described, a 15 
pS channel with a linear current-voltage relationship 
(Morris and Frizzell, 1993), and a C1- channel with a 
very low single channel conductance (Kunzelmann et 
al., 1992). On the other hand, in native intestinal 
epithelia it has not yet been possible to demonstrate  an 
increase in CI -  conductance caused by an increase in 
the intracellular Ca 2+ concentration. Neither  in iso- 
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lated colonic crypts from the rat (B6hme et al., 1991) 
or the rabbit (E. Lohrmann and R. Greger,  personal 
communication) nor in isolated small intestinal crypts 
from the guinea-pig (Walters and Sepfilveda, 1991), has 
carbachol, a typical agonist of CaZ+-mediated secre- 
tion, caused an increase in CI-  current during whole- 
cell recordings using nystatin-permeabilized patches. 
The only effect of carbachol on these isolated crypts 
was an increase in CaZ+-dependent K + conductance 
leading to hyperpolarization of the membrane. This 
will, however, increase the driving force for C1- secre- 
tion across apical C1- channels. This model has origi- 
nally been proposed from radioisotope effiux studies by 
Dharmsathaphorn and Pandol (1986) for T84 cells, i.e. 
a cell line, in which evidence for direct activation of a 
CI-  conductance by Ca 2+ is controversial (Anderson 
and Welsh, 1991; Valverde et al., 1994). 

In apparent contrast to these results with isolated 
crypts, which suggest an indirect effect of carbachol on 
C1- secretion due to hyperpolarization, studies with 
intact intestinal mucosa indicate that, e.g. in the colon, 
carbachol is one of the most efficient agonists to in- 
duce CI-  secretion (Nobles et al., 1991). The question 
arises, therefore, of what the reason may be for this 
difference between the results from the same tissue, 
i.e. the rat distal colon, in which the isolated crypts 
respond only with an increase in K + conductance 
(B6hme et al., 1991), but the intact mucosa responds 
with a strong C1- secretion (see e.g. Diener et al., 
1989). Two fundamental differences between the intact 
mucosa and the isolated crypt exist: (1) the presence of 
subepithelial connective tissue, producing eicosanoids 
like prostaglandins (Craven and DeRubertis,  1983), 
and (2) the presence of the enteric nervous system, 
spontaneously releasing neurotransmitters (Andres et 
al., 1985). Prostaglandins or neurotransmitters might 
either mediate the activation of CI-  secretion by car- 
bachol or, alternatively, they might create a facilitating 
influence on the epithelium, making the epithelium 
sensitive to stimulation of CI-  secretion by carbachol. 
Consequently, the present study was designed to re- 
evaluate the effect of carbachol on the rat colonic 
mucosa with special attention to the possible influence 
of the eicosanoid and the neural system. 

2. Materials and methods 

2.1. Solutions 

Most of the experiments were carried out in a 
bathing solution containing (mmol • 1-1): NaC1 107, KC1 
4.5, NaHCO 3 25, Na2HPO 4 1.8, NaH2PO 4 0.2, CaC1 z 
1.25, MgSO 4 1 and glucose 12. The solution was gassed 
with carbogen (5% CO z in 95% O 2) and kept at a 
temperature of 37°C; the pH was 7.4. For the Cl--free 

buffer, NaC1 was replaced by Na gluconate; the Ca 2+ 
concentration in this solution was elevated to 5.8 mmol 
• 1-1 in order to compensate for the Ca2+-buffering 
properties of gluconate (Kenyon and Gibbons, 1977). 
The HCO3-free Tyrode solution consisted of (mmol • 
l - l ) :  NaC1 140, KC1 5.4, CaCI 2 1.25, MgSO 4 1, Hepes 
(N-(2-hydroxyethyl)piperazine-N'-2-ethanesulfonic 
acid) 10, glucose 12, and was gassed with 0 2. 

2.2. Tissue preparation 

Female SIVZ-50 rats (Institut fiir Labortierkunde, 
Universit~it Zfirich, Switzerland) were used with a 
weight of 180-220 g. The animals had free access to 
water and food until the day of the experiment. The 
animals were stunned by a blow on the head and killed 
by exsanguination. The serosa and muscularis propria 
were stripped away by hand to obtain the mucosa-sub- 
mucosa preparation of the distal part of the colon 
descendens. 

2.3. Short-circuit current measurement  

The tissue was fixed in a modified Ussing chamber 
(Andres et al., 1985), bathed with a volume of 4 ml on 
each side of the mucosa and short-circuited by a volt- 
age clamp (Aachen Microclamp, AC Copy Datentech- 
nik, Aachen, Germany) with correction for solution 
resistance. The exposed surface of the tissue was 1 
cm 2. Short-circuit current (Isc) was continuously 
recorded and tissue conductance (Gt) was measured 
every minute. For the figures, Isc and Gt were aver- 
aged every minute. 

2.4. Data evaluation 

The response to carbachol was tested in the absence 
and presence of putative antagonists. Antagonists were 
administered to the compartment indicated in the text 
and stabilization of Isc was waited for, which usually 
took 15-20 min. The baseline in Isc was determined as 
mean over 3 min just before the application of carba- 
chol. In the tables, the maximal increase in Isc induced 
by carbachol and the plateau value in Isc, taken 10 min 
after administration of carbachol, are expressed as 
differences from the former baseline (delta Isc). 

2. 5. Drugs 

4,4'-Diisothiocyanato-stilbene-2,2'-disulfonic acid 
(DIDS), glibenclamide (gift from Boehringer, Mann- 
heim, Germany) ,  and 5-ni tro-2-(3-phenylpropyl-  
amino)-benzoate (NPPB; gift from R. Greger, Physiol- 
ogisches Institut, Freiburg, Germany) were dissolved in 
dimethyl sulfoxide (DMSO, final concentration 0.25%, 
v/v) .  Bumetanide, forskolin (gift from Hoechst, Frank- 
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furt, Germany), indomethacin, prostaglandin E 2, qui- 
nine, and staurosporine were added from ethanolic 
stock solutions (final maximal concentration 0.25%, 
v/v) .  Tetraethylammonium and Ba 2+ (both from Fluka, 
Buchs, Switzerland) were administered as chloride salts. 
K ÷ was added as K gluconate in the experiments with 
the increased extracellular K ÷ concentration. Charyb- 
dotoxin (Peninsula, Belmont, CA, USA) was dissolved 
in an aqueous stock solution containing 0.1% (w/v)  
bovine serum albumin. All other drugs, including 8-(4- 
chlorophenylthio)-adenosine-3',5'-cyclic monophos- 
phate (CPTcAMP) and tetrodotoxin, were applied from 
aqueous stock solutions. If not indicated differently, 
the drugs were from Sigma, Buchs, Switzerland. 

2. 6. Statistics 

The results are given as means + one standard error 
of the mean (S.E.). The significance of differences was 
tested by analysis of variances and, if indicated, by 
paired or unpaired two-tailed Student's t-test or a 
U-test, respectively. An F-test was applied to decide 
which test method was to be used. The quality of 
regressions was checked with the squared non-linear 
regression coefficient (r2). 

3. Results 

3.1. Dependence of the carbachol effect on nerves and 
prostaglandins 

Carbachol (5 × 10 -5 mol .  l - l )  induced a transient 
increase in Isc (Fig. la) and tissue conductance (Gt; 
Table 1). The short-circuit current rose quickly within 
2-3  min to a peak of 8.5 + 0 .7 /zEq.  h - ]  • cm -2 (n = 6) 
above baseline and then fell slowly with a biphasic time 
behaviour. The decay could be nearly perfectly de- 
scribed (r  2=  0.998) by a bi-exponential function with 
time constants of 2.1 min and 14.4 min for the fast and 
the slow component,  respectively (see inset of Fig. 1). 
The increase in Isc was completely dependent  on the 
presence of C1- ions (Table 1). It was also completely 
blocked in the presence of a C1- channel blocker, 
NPPB (10 -4 mol .  l - t ) ,  or in the presence of an in- 
hibitor of the Na+-K+-CI - cotransporter, bumetanide 
( 1 0  - 4  mol.  I - t ) ,  confirming previous observations that 
this response is caused by a transepithelial C1- secre- 
tion (Dharmsathaphorn and Pandol, 1986; Diener et 
al., 1989). In contrast, omission of HCO 3 did not 
reduce but rather enhanced the increase in Isc induced 
by carbachol (Table 1). In accordance with previous 
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Fig. 1. Effect of  carbachol (5 x 10 -5  mol • 1-1 administered on the serosal side) on Isc. (a) Effect of  carbachol under  control conditions. The inset 
shows the decay in the Isc response (rectangles = measured  data points), which could be fitted by assuming a double exponential decay (solid 
line) composed of a fast (dotted line) and a slow (dashed) component .  (b -d )  Effect of carbachol in the presence of tetrodotoxin (10 -6  mol .  1-1 
administered on the serosal side, Fig. lb), indomethacin (10 -6  mol .  1-1 administered on the serosal and the mucosal side, Fig. lc), or the 
combined presence of both inhibitors (Fig. ld). All values are means  (symbols) _+ S.E. (shaded area). 
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Tab le  1 
R e s p o n s e  induced  by ca rbacho l  
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D e l t a  Isc ( / zEq  • h -1  • cm - 2 )  D e l t a  G t  ( m S .  cm - 2 )  

P e a k  P la t eau  P e a k  P la t eau  

Cont ro l  8.5 ± 0.7 a 2.6 ± 0.6 a 5.6 ± 0.6 a 2.7 ± 0.3 a 

Te t rodo tox in  9.9 ± 0.9 ~ 3.4 _ 0.6 a 7.5 ± 1.7 a 5.0 ± 0.9 a,b 
I n d o m e t h a c i n  8.5 _+ 1.4 a - 0 . 2  ± 0.1 b 7.2 ± 1.3 a 2.7 ± 0.5 ~ 

Te t rodo tox in  + i ndome thac in  0.6 ± 0.2 b --0.1 ± 0.1 b 2.4 ± 0.5 a,b 3.0 ± 0.4 a 

Te t rodo tox in  + i n d o m e t h a c i n  
+ P ros t ag l and in  E 2 2.5 ± 0.3 a,c - 0 . 7  ± 0.2 a 2.8 ± 0.3 a 1.5 ± 0.2 a,c 
+ Forsko l in  6.8 ± 0.4 a,c 1.6 ± 0.3 a,c 5.4 ± 0.4 a,c 2.7 ± 0.4 a 

+ C P T c A M P  5.9 + 1.6 a,c 1.6 ± 0.5 a,c 4.8 ± 1.1 a,c 3.2 ± 0.6 a 

B u m e t a n i d e  2.1 ± 0.4 ~,b 0.7 ± 0.2 a,b 3.8 ± 0.7 ~ 5.1 ± 0.7 a,b 
N P P B  2.6 ± 0.4 ,,b - 0.9 ± 0.2 a,b 1.3 _+ 0.8 b 0.8 ± 1.2 

G l i b e n c l a m i d e  3.5 ± 0.8 a,b --0.3 ± 0.3 b 2.9 _+ 1.2 3.9 ± 2.4 

D I D S  10.8 ± 0.8 a,b 2.3 ± 0.5 a 7.0 ± 1.3 a 3.5 ___ 1.1 " 
Ba 2+ 6.1 ± 0.6 a,d --0.4 ± 0.0 a,Ù 4.3 ± 0.6 ~,d --0.4 ± 0.5 d 

Charybdo tox in  4.8 ± 1.2 a,b -- 1.0 ± 0.6 b 3.7 ± 0.5 a,b 1.4 ± 0.3 a,b 
Qu in ine  0.3 ± 0.1 a,b - 0 . 3  _+ 0.1 a,b 0.9 ± 0.2 a,b 0.8 ± 0.2 a,b 

T e t r a e t h y l a m m o n i u m  7.0 _+ 1.2 a 5.2 ± 0.7 mb 4.1 + 0.8 ~ 3.4 ± 0.5 ~ 
S t au rospo r ine  0.9 + 0.4 b 0.0 ± 0.1 b 1.0 ± 0.5 b 0.9 ± 0.5 b 

CI -free 1.8 ± 0.3 a,b 0.2 ± 0.3 b 1.8 ± 0.5 a,b 1.1 ± 0.5 b 

H C O 3 - f r e e  14.3 ± 1.4 a 3.2 ± 0.7 a 8.7 ± 1.1 a 3.6 ± 1.0 a 
13.5 m m o l .  1 - I  K + 8.7 ± 1.3 a - 0 . 4  ± 0.3 b 10.4 ± 1.3 ~,b 2.5 _+ 1.3 

Isc and  Gt  r e sponse  induced  by ca rbacho l  (5 x 10 -5  mol"  1-1 serosa l )  in the absence  and  p re sence  of o the r  drugs.  BaC12 (10 _2 m o l .  1 t serosal ,  
app l i ed  in H C O 3 - f r e e  buffer) ,  b u m e t a n i d e  (10 -4  m o l .  1 - l  serosal) ,  charybdotox in  (2 x 10 -7  m o l .  1-1 serosal) ,  C P T c A M P  (2.5 x 10 -5 m o l .  1 - i  

serosal) ,  D I D S  (10 -3  mol  .I  -1  mucosal) ,  forskol in  (5 x 10 -7  mo1 .1 -1  mucosa l  and  serosal) ,  g l i benc lamide  (5 x 10 -4  mol  .1 - l  mucosal) ,  
i ndome thac in  (10 6 too l .  1-1 mucosa l  and  serosal) ,  N P P B  (10 -4  m o l .  1-1 mucosal) ,  p ros t ag land in  E 2 (5 x 10 - s  m o l .  1-1 serosal) ,  qu in ine  
(10 -3 m o l - 1  I serosal) ,  s t au rospor ine  (10 -6  m o l .  1-1 serosal) ,  t e t r a e t h y l a m m o n i u m  (5 x 10 -3 mol • 1 - I  serosal) ,  t e t rodotox in  (10 6 mol  • 1-1 

serosal) .  
a p < 0.05 versus  basel ine,b P < 0.05 versus  ca rbacho l  a lone,  c p < 0.05 versus  ca rbacho l  in the c o m b i n e d  p resence  of  t e t rodo tox in  and  

indomethac in ,  d p < 0.05 versus  ca rbacho l  in the absence  of H C O  3. Va lues  are  d i f fe rences  f rom the base l ine  just  be fore  ca rbacho l  admin is t ra -  
t ion and  are  m e a n s  ± S.E., n = 5 -7 .  

Tab le  2 

Effect  o f  d rugs  on base l ine  

D e l t a  Isc D e l t a  G t  
(p, E q . h  1 . c m - 2 )  ( m S - c m  - 2 )  

Te t rodo tox in  - 0.3 + 0.2 - 0.5 + 0.2 a 

I n d o m e t h a c i n  - 0.6 + 0.3 - 1.0 + 0.5 
Te t rodo tox in  + i n d o m e t h a c i n  - 0.9 ± 0.3 a - 1.2 _+ 0.3 a 

+ Pros t ag land in  E 2 0.8 _+ 0.2 a 1.8 ± 0.3 a 

+ Forsko l in  2.1 _+ 0.3 ~ 1.8 _+ 0.2 a 
+ C P T c A M P  0.4 ± 0.3 0.9 _+ 0.4 

B u m e t a n i d e  - 0.8 _+ 0.2 a 0.3 ± 0.6 
N P P B  - 1.9 ± 0.7 a 2.4 ± 2.1 
G l i b e n c l a m i d e  - 0 . 3  ± 0.3 1.1 _+ 0.5 a 

D I D S  0.8 ± 0.2 a 2.2 + 1.1 
Ba 2+ - 0 . 6  ± 0.2 a 0.8 + 0.5 

Charybdo tox in  0.0 + 0.2 0.4 ± 0.3 

Q u i n i n e  - 0.5 ± 0.2 - 0.4:1:0.3 
T e t r a e t h y l a m m o n i u m  0.2 ± 0.2 0.1 ± 0.2 
S tau rospor ine  - 0 . 7  ± 0.2 a - - 0 . 5  + 0.4 
13.5 m m o l  • 1-1 K + 0.7 ± 0.4 3.1 + 1.0 a 

Effect  of  d rugs  on base l ine  e lec t r ica l  pa rame te r s .  BaCI 2 (10 -2  m o l .  1-1 serosal ,  app l i ed  in H C O a - f r e e  buffer),  b u m e t a n i d e  (10 -4  m o l .  1-1 
serosal) ,  charybdotox in  ( 2 x  10 -7  m o l . 1 - 1  serosal) ,  C P T c A M P  (2.5 x 10 -5 mol  .1-1 serosal) ,  D I D S  (10 3 m o l . l - 1  mucosal) ,  forskol in  
(5 x 1 0 - 7  too l .  l - 1  mucosa l  and  serosal) ,  g l i benc lamide  (5 x 1 0 - 4  m o l - l - l  mucosal) ,  i ndome thac in  ( 1 0 - 6  t o o l - I - i  mucosa l  and  serosal) ,  N P P B  
(10 -4  m o l .  l - x  mucosal) ,  p ro s t ag l and in  E 2 (5 x 10 -8  m o l .  l - 1  serosal) ,  qu in ine  (10 -3  m o l .  l - 1  serosal) ,  s t au rospor ine  (10 -6  m o l - l - 1  serosal) ,  
t e t r a e t h y l a m m o n i u m  (5 x 10 -3  m o l .  1-1 serosal) ,  t e t rodo tox in  (10 -6  mol"  1-1 serosal) .  

a p < 0.05 versus  base l ine .  Va lues  are  d i f fe rences  f rom the  base l ine  jus t  be fore  admin i s t r a t i on  of the  d rug  and  are  means  _4- S.E., n = 5 -7 .  
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observations (Diener et al., 1989), the response to 
carbachol, used in the high concentration range (>  
10 -5 tool-1-1)  was not inhibited by the neurotoxin, 
tetrodotoxin (10  - 6  m o l . l - 1 ;  Fig. lb). However, the 
cyclooxygenase inhibitor, indomethacin (10 -6 mol .  
l - l ) ,  completely abolished the second, slow phase of 
the Isc response evoked by carbachol (Fig. lc). In the 
presence of indomethacin, the decay in Isc after ad- 
ministration of carbachol could be adequately de- 
scribed (r  2= 0.997) by a mono-exponential function 
with a time constant of 0.8 min. Although tetrodotoxin 
alone had no effect on the response to carbachol (Fig. 
lb), in the combined presence of indomethacin and 
tetrodotoxin, the effect of carbachol was completely 
abolished (Fig. ld). Tetrodotoxin and indomethacin 
caused a decrease in baseline Isc, which was most 
pronounced when both blockers were combined (Table 
2). 

Surprisingly, none of these inhibitors had an effect 
on the increase in Gt induced by carbachol. Carbachol 
alone caused a biphasic increase in Gt, which tran- 
siently rose to a peak of 5.6_+ 0.6 m S - c m  - 2  above 
baseline (n = 6, P < 0.05) and then fell to a plateau of 
2.7 _+ 0.3 mS.  cm -2 (n = 6, P < 0.05), which decreased 
only slowly over 60 rain (Fig. 2a). This increase in Gt 
was resistant to tetrodotoxin (Fig. 2b). Although indo- 
methacin suppressed the second, slow phase in the Isc 
response to carbachol (cf. Fig. lc), it had no effect on 
the increase in Gt (Fig. 2c). Only the combined pres- 
ence of tetrodotoxin and indomethacin blocked the 
first, fast increase in Gt induced by carbachol, but had 
no effect on the second, slow phase (Fig. 2d). 
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3.2. Restoration of the carbachol response 

The sensitivity to tetrodotoxin and indomethacin 
suggests that the effect of carbachol is either mediated 
by nerves and prostaglandins or that it is dependent  on 
the continuous release of neurotransmitters and 
prostaglandins, which brings the epithelium in a state 
in which C1- secretion can be induced by the acetyl- 
choline receptor agonist. In order to distinguish be- 
tween these two possibilities, it was at tempted to 're- 
store' the baseline Isc which had been decreased by 
prior addition of tetrodotoxin and indomethacin (see 
inset of Fig. 3 for the time course of the experiments). 
Prostaglandin E 2 (5 X 10 -s mol .  1-l), administered in 
the presence of both inhibitors, increased the baseline 
again by 0.8_+0.2 / x E q - h - l . c m  -2 ( n = 6 ,  P < 0 . 0 5 ,  
Table 2) to a stable plateau. When carbachol was 
applied subsequently, the inhibition by tetrodotoxin 
and indomethacin was partially overcome (Fig. 3). Un- 
der these conditions, carbachol increased Isc to a peak 
of 2.5 + 0.3/zEq • h - t .  cm-2 (n = 6), which was 4 times 
higher than the response to carbachol in the presence 
of tetrodotoxin and indomethacin (P  < 0.05, Table 1). 
However, prostaglandin E 2 did not restore the second, 
slow phase of the carbachol response (Fig. 3, Table 1). 

Most of the effects of prostaglandins are mediated 
intracellularly by cAMP. Therefore,  the effect of two 
agonists of the cAMP pathway, i.e. of the stimulator of 
the adenylate cyclase, forskolin, and of the membrane 
permeable cAMP analogue, CPTcAMP, was tested. 
Both forskolin (5 x 10 -7 mol .  1-~) and CPTcAMP (2.5 
x 10 -5 mol • I-  1) increased the baseline Isc to a stable 
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Fig. 2. Effect of carbachol (5 x 10 5 mol • 1- L administered on the serosal side) on Gt. (a -d)  Effect of carbachol under control conditions (Fig. 
2a), in the presence of tetrodotoxin (10 -6 mol - 1-1 administered on the serosal side, Fig. 2b), indomethacin (10 -6 mol - 1-1 administered on the 
serosal and the mucosal side, Fig. 2c), or the combined presence of both inhibitors (Fig. 2d). All values are means (symbols) + S.E. (shaded area). 
n = 6 .  
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plateau in the presence of tetrodotoxin and indo- 
methacin (Table 2). When carbachol was added subse- 
quently during this plateau,  the inhibition by 
tetrodotoxin and indomethacin could be completely 
overcome. Like under control conditions, carbachoi 
caused a strong increase in Isc (Fig. 3) with a biphasic 
time course. Both in the presence of forskolin and in 
the presence of CPTcAMP, the decay in Isc after 
administration of carbachol could again be adequately 
described ( r 2 >  2.996) by a bi-exponential function. 
The complete restoration of the carbachol response in 
the presence of tetrodotoxin and indomethacin, i.e. 
under conditions where carbachol is not able to stimu- 
late the release of neurotransmitters or prostaglandins, 
suggests strongly that the effect of the acetylcholine 
receptor agonist is not mediated by nerves or 
eicosanoids, but is dependent  on continuous activity of 
the neural and the autocrine system, which induce an 
ongoing basal cAMP production and thereby con- 
tributes to the basal production of a secretory Isc. 

3. 3. Sensitivity to ion channel blockers 

The above results suggest the hypothesis that C1- 
secretion induced by carbachol is driven by a CI-  flux 
through cAMP-activated C1- channels. Therefore,  the 
effect of glibenclamide, an inhibitor of the cystic fibro- 
sis transmembrane regulator (CFTR) CI- channel 
(Sheppard and Welsh, 1992), which is thought to con- 
trol cAMP-dependent  secretion (Anderson et al., 1991), 
was tested. In a first step, it was tested whether gliben- 
clamide inhibited the response to the activator of the 
cAMP pathway, forskolin. Glibenclamide (10-5-10 -3 
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Fig. 3. Restorat ion of the carbachol response by prostaglandin E 2 
(5 x 10 - s  mol .1-1 administered on the serosal side; closed circles), 
forskolin ( 5 x  10 7 mo l . l - 1  administered on the mucosal and the 
serosal side; open circles), and CPTcAMP (2.5 x 10 - s  mo l . l - 1  ad- 
ministered on the mucosal  and the serosal side, filled diamonds). 
The agonists of  the cAMP pathway were applied 10 min after 
administration of tetrodotoxin and indomethacin;  carbachol (5 × 10-  ~ 
mol '1 -1 )  was administered, when Isc had risen to a stable plateau 
after administration of the agonist. The  inset shows an original 
record of the series of  experiments  with forskolin. Values are means,  
n = 6-7.  For statistics, see Table 1. 
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Fig. 4. Original record (top) demonstrat ing the effect of forskolin 
( 5 x 1 0  -6  mol . l  - t  administered on the serosal and the mucosal  
side), the (insignificant) action of DIDS (10 -3 mo l . l -1  administered 
on the mucosal  side), and the nearly complete inhibition by addition 
of glibenclamide ( 5 x  10 _4 mol.1-1 administered on the mucosal 
side). Representat ive of 5 experiments  with similar results. Bottom: 
Concentra t ion-dependence of the inhibition of the response to 
forskolin by glibenclamide. Glibenclamide was added cumulatively to 
the mucosal  compartment .  The inhibition was statistically significant 
at glibenclamide concentrations > 5 × 1 0  -5  mol . l  - t .  Values are 
means+S .E . ,  n = 5. 

mol.  1-1) concentration dependently inhibited the re- 
sponse to forskolin (Fig. 4, bottom). In contrast, DIDS 
(10 -3 mol-1-1),  an inhibitor of Ca2+-dependent C1- 
channels in the airway epithelium (Clarke et al., 1994), 
had only a small (and statistically not significant) effect 
on the response to forskolin (Fig. 4, top). In five 
experiments, forskolin (5 × 10 -6 mol .1-1) increased 
Isc by 6.2 + 1.2 /~Eq • h -  l .  cm-2, and DIDS reduced 
this response only by 1.7 + 0.9/zEq • h -1 • cm -2 (n = 5, 
difference not significant). A similar sensitivity to DIDS 
and glibenclamide was observed when carbachol was 
used as a secretagogue. Whereas DIDS was completely 
ineffective, glibenclamide caused a 60% inhibition of 
the peak response to carbachol and completely sup- 
pressed the second, slow phase of the carbachol re- 
sponse (Table 1). 

The effect of carbachol was partially inhibited by 
the K ÷ channel blocker, Ba 2÷. This particular series of 
experiments was performed in HCO3-free buffer in 
order to avoid precipitation of Ba 2+ as BaCO 3. Barium 
(10 -2 mol • I-  1) reduced the peak in Isc by more than 
55% (6 .1_  0.6 p .Eq-h  -1- cm -2 in the presence and 
14.3 + 1.4 / z E q . h  - l ' c m  -z in the absence of Ba2+; 
n = 6, P < 0.05) and completely suppressed the second 
phase of the Isc response (Fig. 5). A similar pattern of 
inhibition was observed with charybdotoxin (2 × 10 -7 
mol • 1-1; Table 1). In contrast, quinine (10 -3 mol • 1-1), 
which inhibits K ÷ channels and in addition C1- chan- 
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a) lo 

3.4. Analysis of the action of carbachol on Gt 

nels like e.g. the outward-rectifying CI-  channel 
(G6gelein and Capek, 1990), suppressed both phases of ~ 8 
the carbachol effect (Fig. 5). Another  K + channel ~'5 6 
blocker tested, tetraethylammonium (5 x 10 .3 mol .  ~o g 4 
1-1), was completely ineffective (Table 1). ,3 

2 

The inhibition of the Isc response by Ba 2+, charyb- 
dotoxin and quinine was parallelled by an inhibition of 
the Gt response induced by carbachol. Whereas Ba 2+ 
and charybdotoxin reduced only the first peak phase 
and blocked the second, slow component of the carba- 
chol response, quinine suppressed both phases (Fig. 6a, 
Table 1), suggesting that the increase in Gt, at least 
during the second phase, is caused by the opening of 
K ÷ channels. However, the ion substitution experi- 
ments revealed that omission of CI-  (but not of HCO~;  
Fig. 6a) from the buffer not only prevented the effect 
of carbachol on Isc (see above), but also reduced the 
increase in Gt induced by carbachol (Fig. 6b). In order 
to find out whether this decrease in the carbachol-in- 
duced conductance represents a true chloride depen- 
dence of this conductance or whether it is caused by 
the membrane depolarization, which has to be ex- 
pected when substituting CI- by an impermeant anion, 
the effect of partial depolarization of the epithelium 
was tested by increasing the extracellular K ÷ concen- 
tration. Orientating experiments revealed that the re- 
sponse to carbachol could be concentration depen- 
dently inhibited, when the K ÷ concentration in the 
buffer was elevated, and an intermediate concentration 
of K + (13.5 mmol .1  - t )  was selected for the subse- 
quent experiments. Increasing the extracellular K ÷ 
concentration from 4.5 mmol- I  - t  to 13.5 mmol.1 -~ 
caused an increase of Isc by 0.7 + 0 .4/xEq • h -1 . cm 2 
above baseline (n = 6, not significant) and of Gt by 
3.1 + 1.0 mS • cm -1 above baseline (n = 6, P < 0.05). 
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Fig. 6. Increase in Gt induced by carbachol (5× 10 -5 mol.I i). (a) 
Effect under control conditions (closed diamonds), in the absence of 
HCO 3 ions (closed squares), and in the presence of Ba 2+ (10 2 
mol.l  - I  administered on the serosal side under HCO3-free condi- 
tions; open circles) or quinine (10 3 mol.l- I administered on the 
serosal side; dotted diamonds). (b) Effect under control conditions 
(closed diamonds), in the absence of CI-  (open squares), and after 
increasing the extracellular K + concentration to 13.5 mmol . l - t  on 
both sides of the mucosa (closed circles). Values are means, n = 6. 
For statistics, see Table 1. 

Carbachol, when administered under these conditions, 
caused only a short-lasting increase of Isc (Table 1), 
which was parallelled by a transient increase in Gt. 
Tissue conductance rose rapidly to a peak value of 
10.4 + 1.3 mS.  cm -2 above baseline (n = 6, P < 0.05) 
but then fell soon below baseline (Fig. 6b). Conse- 
quently, the reduction of the plateau phase in Gt 
evoked by carbachol but not of the peak phase during 
the anion substitution experiments may be associated 
with the depolarization induced by Ci -  substitution. 

In contrast to the K ÷ channel blockers described 
above, staurosporine (10 .6 mol • 1 I), a protein kinase 
C inhibitor (Tamaoki et al., 1986), blocked both the 
initial and the late phase of the Gt response evoked by 
carbachol. The biphasic increase in Isc evoked by the 
acetyicholine receptor agonist was also nearly sup- 
pressed (Table 1). 

Fig. 5. Effect of carbachol (5× 10 -5 mol '1-1 administered on the 
serosal side) in the presence of serosal Ba 2÷ (10 -2 mol - l - t ;  filled 
squares) or quinine (10-3 mol-1-l ;  open squares). Values are means 
(symbols)+S.E. (shaded area), n = 6. The experiments with Ba 2+ 
were performed in a HCO3-free buffer. 

4. Discussion 

Carbachol is an agonist of the Ca 2 + pathway in the 
epithelium. The acetylcholine receptor agonist induces 
an increase in the cytosolic Ca z+ concentration 
(Dharmsathaphorn and Pandol, 1986). The Ca 2÷ re- 
sponse shows a biphasic time course in isolated rat 
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colonic crypts (Diener et al., 1991) consisting of an 
initial peak followed by a long-lasting plateau. This 
increase in the cytosolic Ca 2÷ concentration is paral- 
lelled by a biphasic increase in Isc (Fig. la). The 
complete dependence on the presence of CI- ions and 
the sensitivity to inhibitors of C1- secretion like the 
inhibitor of the Na+-K+-C1 - cotransporter, bumeta- 
nide, or the CI- channel blocker, NPPB, confirm pre- 
vious results (Zimmerman et al., 1981; Dharm- 
sathaphorn and Pandol, 1986) that this increase in Isc 
represents a net C1- secretion. The increase in Isc was 
accompanied by an increase in Gt (Fig. 2a), which is in 
accordance with the assumption that carbachol induces 
the opening of epithelial ion channels. 

The initial peak and the subsequent plateau phase 
differed in their sensitivity to inhibitors. The plateau 
phase was suppressed in the presence of cyclooxy- 
genase inhibitor, indomethacin. In contrast, the peak 
response was only inhibited in the combined presence 
of tetrodotoxin and indomethacin (Fig. 1). At first 
glance, these results may suggest that the response to 
carbachol is mediated by enteric neurons and by 
prostaglandins. Indeed, carbachol has been shown to 
induce both a stimulation of secretomotor neurons 
(Zimmerman and Binder, 1983; Diener et al., 1989) as 
well as a release of prostaglandins (Craven and DeRu- 
bertis, 1981) in the rat colon. Alternatively, it could be 
discussed whether the carbachol response may be de- 
pendent on the continuous release of neurotrans- 
mitters and prostaglandins, 'sensitizing' the epithelium 
to the acetylcholine receptor agonist. In the rat colon 
in vitro, there is a spontaneous activity of submucosal 
secretomotor neurons responsible for the generation of 
basal Isc (Andres et al., 1985), and a spontaneous 
release of prostaglandins stimulating basal secretion 
directly at the epithelium and indirectly by stimulation 
of the secretomotor neurons (Diener et al., 1988). This 
basal activity was confirmed in the present experiments 
by the observation that in the combined presence of 
tetrodotoxin and indomethacin the basal Isc was re- 
duced from 1.3+0.2 /~Eq.h - l . c m  -2 to 0.5___0.1 
tzEq • h -1 • cm -2 (P < 0.05; Table 2), i.e. to values near 
zero. Because prostaglandins (Craven and DeRubertis, 
1981) and many neurotransmitters of the enteric ner- 
vous system like e.g. vasoactive intestinal peptide 
(Prieto et al., 1979) act by stimulating adenylate cyclase 
in the intestinal epithelium, it was tried whether restor- 
ing the basal Isc with low concentrations of forskolin or 
CPTcAMP had an effect on the inhibition of the 
carbachol response by tetrodotoxin and indomethacin. 
Indeed, inhibition by the combination of tetrodotoxin 
and indomethacin could be overcome by agonists of 
the cAMP pathway like forskolin or CPTcAMP (Fig. 
3). In the presence of tetrodotoxin and indomethacin 
neither a release of prostaglandins nor stimulation of 
enteric secretomotor neurons by carbachol should be 

possible. Consequently, these results indicate that the 
C1- secretion induced by carbachol is not  mediated by 
prostaglandins or neurotransmitters, but is dependent 

on both as activators of a continuous basal production 
of cAMP in the epithelium. 

What might be the cellular basis for this interaction 
of the Ca 2÷ and the cAMP pathway ? Whole-cell 
patch-clamp experiments at isolated rat colonic crypts 
(B6hme et al., 1991) and at small intestinal crypts from 
the guinea-pig (Walters and Sepfilveda, 1991) have 
revealed that the only action of carbachol in these 
epithelia consists in the opening of a Ca2+-sensitive 
(basolateral) K ÷ conductance leading to a hyperpolar- 
ization of the enterocyte. Such a hyperpolarization 
increases the driving force for CI- secretion. This will, 
however, induce C1- secretion only if there are sponta- 
neously open apical CI- channels. Due to a release of 
neurotransmitters and prostaglandins from the submu- 
cosal tissue, cAMP may be continuously produced in 
the epithelium, which is responsible for the opening of 
a fraction of the apical C1- channels by phosphoryla- 
tion of e.g. the CFTR channel or the outward-rectifier 
C1- channel. These channels, which both seem to be 
involved in cAMP-mediated CI- secretion (Schwiebert 
et al., 1994), may provide the pathway for C1- efflux 
after the carbachol-induced hyperpolarization. Such a 
model has originally been proposed for the colonic 
epithelial cell line, the T84 cells, by Dharmsathaphorn 
and Pandol (1986) based on 36C1 and 86Rb (as a marker 
for K ÷) efflux measurements. This model is supported 
by the present observation that although the combina- 
tion of tetrodotoxin and indomethacin completely sup- 
pressed the increase in Isc induced by carbachol (Fig. 
ld), it had no effect on the long-lasting increase in Gt 
during the second phase of the carbachol action (Fig. 
2d). Only the first, fast peak phase of the increase in 
Gt was inhibited by these blockers (see below). In 
contrast, K + channel blockers like Ba 2+, charybdotoxin 
and quinine suppressed not only the increase in Isc but 
also that of Gt, at least during the second phase of the 
carbachol response (Fig. 6). Another K ÷ channel 
blocker, tetraethylammonium, was ineffective, a pat- 
tern of sensitivity which is in accordance with observa- 
tions on the action of carbachol on HT29.cI19A cells 
(Fogg et al., 1994), but contrasts with observations 
made on T84 ceils (Devor and Frizzell, 1993). 

Consequently, these results suggest that the main 
mechanism of carbachol-induced secretion is opening 
of Ca2+-dependent K ÷ channels, and not of Ca2+-de - 
pendent C1- channels. This conclusion, i.e. the ab- 
sence of intestinal C1- channels directly stimulated by 
intracellular Ca 2+, is supported by observations of 
Clarke et al. (1994), which showed that in C f t r ( - / -  ) 
mice, i.e. animals with a defective CFTR channel, the 
secretion induced by the Ca 2÷ ionophore, ionomycin, 
is absent, and that in normal, i.e. C f t r ( + / +  ) mice the 
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secretion induced by the ionophore is resistant to 
DIDS, which is an efficient inhibitor of the Ca2+-de - 
pendent  CI-  channel in the murine airway epithelium 
(Clarke et al., 1994). Further indirect support for this 
conclusion arises from the present experiments with 
glibenclamide, a blocker of the CFTR channel (Shep- 
pard and Welsh, 1992). As had to be expected, gliben- 
clamide concentration dependently inhibited the re- 
sponse to the agonist of the cAMP pathway, forskolin, 
whereas DIDS, an inhibitor of both Ca2+-activated C1 
channels in the trachea (Clarke et al., 1994) and of the 
outwardly-rectifying C1- channel (Schwiebert et al., 
1994), had only a minor effect (Fig. 4). The same 
pattern of sensitivity was observed for the carbachol-in- 
duced secretion, i.e. DIDS had no effect on the re- 
sponse to carbachol, whereas glibenclamide reduced 
the first phase of the carbachol response by 60% and 
suppressed the second phase completely (Table 1). 
However, as already observed by Hongre et al. (1994) 
in T84 cells, the concentrations of glibenclamide needed 
to inhibit C1- currents in intact epithelia were higher 
than those needed to inhibit CI-  currents through 
recombinant CFTR (Sheppard and Welsh, 1992) and 
therefore effects of glibenclamide other than the inhi- 
bition of the CFTR channel like e.g. the well-known 
inhibitory action of the drug on ATP-sensitive K + 
channels cannot be excluded. 

Two results are in obvious contradiction to the con- 
clusion that the effect of carbachol may be exclusively 
explained by an increase in K ÷ conductance, i.e. the 
partial inhibition of the carbachol-induced increase in 
Gt by the C1- channel blocker, NPPB, and by C1 
substitution. Whereas the effect of NPPB may be easily 
explained by the well known K ÷ channel-blocking ef- 
fects of the drug (Illek et al., 1992), this does not hold 
true for the anion substitution experiments. However, 
many Ca2+-dependent K + channels are also voltage- 
dependent,  i.e. they are activated by depolarization 
(see e.g. Sheppard et al., 1988). Consequently, the 
depolarization induced by removing C1- ions from the 
buffer may already activate a part of the carbachol-in- 
duced (Ca2+-sensitive) K ÷ conductance and may 
thereby apparently diminish the carbachol response. 
Therefore,  the concentration of K ÷ ions in the extra- 
cellular medium was increased from 4.5 mmol .  1-l to 
13.5 mmol • I-~. Assuming an intracellular K ÷ concen- 
tration of 130 mmol • 1-1, this will shift the K ÷ equilib- 
rium potential from - 8 9  mV to - 6 0  mV and thereby 
partially depolarize the epithelium. This manoeuvre 
induced - as expected - an increase in Isc and Gt 
(Table 2). Under  these conditions, the effect of carba- 
chol consisted only in a short-lasting, monophasic in- 
crease in Isc and Gt, which fell even below baseline 
after about 20 min. The peak response in Gt, however, 
was not affected by the K + depolarization (Fig. 6b). 
Consequently, the depolarization induced by C1- sub- 

stitution may be responsible for the smaller increase in 
Gt during the plateau phase of the carbachol response 
but not for the observation that under C1--free condi- 
tions the increase in Gt during the peak phase was 
completely abolished (Fig. 6b; see below for discussion). 

These results are in marked contrast with observa- 
tions made on colonic tumour cell lines like T84 or 
HT29 cells (Cliff and Frizzell, 1990; Kunzelmann et al., 
1992; Morris et al., 1992), where a direct activation of 
apical CI-  channels by intracellular Ca 2+ has been 
clearly demonstrated. However, it has been reported 
that the degree of cAMP- versus Ca2+-induced CI- 
currents depends on the state of differentiation of the 
cells as judged from comparison of the less differenti- 
ated original HT29 cells with the more differentiated 
HT29.clI9A clone (Morris et al., 1992). In the unpolar- 
ized, undifferentiated HT29 cells the efflux of 125j- (a 
marker for C1-) induced by neurotensin, an agonist of 
the Ca 2+ pathway, is about 3 times higher than in the 
polarized, more differentiated HT29.cI19A cells, and it 
decreases in both cell lines time dependently after 
seeding, i.e. after attaching to a firm support (Morris et 
al., 1992). In addition, no CaZ+-activated CI- current 
across the apical membrane could be induced by An- 
derson and Welsh (1991) in Ts4, HT29 and Caco-2 
cells, when these cells had grown to confluence on a 
permeable filter support. Apparently, in the colonic 
epithelium - in contrast to the airway epithelium (Friz- 
zell et al., 1986) - CaZ+-activated CI-  channels are 
only expressed (or active) in undifferentiated cells and 
play no major role under physiologic conditions. 

In addition to the action of carbachol on CaZ+-de- 
pendent  K + channels, there is evidence for a second, 
synergistic interaction of the Ca 2+ and the cAMP 
pathway in the rat colon. The fast, peak increase in Gt 
induced by carbachol was suppressed by the combina- 
tion of tetrodotoxin and indomethacin (Fig. 2d), and 
this block could be overcome by forskolin or CPT- 
cAMP (Table 1). In other words, carbachol induces this 
conductance only in the presence of cAMP. This peak 
increase in Gt was completely dependent  on the pres- 
ence of C1- ions (Fig. 6b), an effect which - in contrast 
to the action of C1- substitution on the second phase 
of the carbachol response - cannot be explained by the 
depolarizing action of the Cl--free solution. Conse- 
quently, these data suggest that carbachol activates a 
cellular C1- conductance during the first phase of its 
action, but this activation is only possible synergistically 
with the cAMP pathway. This behaviour has a parallel 
in results obtained on HT29.cI19A cells, where a CI-  
channel with a linear current-voltage relationship and 
a single channel conductance of 7.5 pS, i.e. with prop- 
erties of the CFTR C1- channel, is synergistically acti- 
vated by the cAMP and the protein kinase C pathway 
(Bajnath et al., 1993). In these cells phorbol 12,13-di- 
butyrate, a stimulator of the protein kinase C, when 
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given alone is ineffective, but it increases by a factor of 
4 the probability of finding a cAMP-activated C1- 
channel in cell-attached patches (Bajnath et al., 1993). 
Because carbachol has been shown to activate protein 
kinase C (Cohn, 1990), one is tempted to speculate that 
during the initial, short-lasting phase of the carbachol 
response there is a synergistic activation of apical CI- 
channels by the cAMP/protein kinase A and the pro- 
tein kinase C pathway. This conclusion is supported by 
the observation that staurosporine, a reported protein 
kinase C blocker (Tamaoki et al., 1986), suppressed the 
initial fast increase in Gt induced by carbachol, al- 
though the specificity of this drug is at least doubtful 
(Tamaoki et al., 1986; Diener et al., 1991). 

In conclusion, these results suggest that the domi- 
nant effect of carbachol in the intact rat colonic epithe- 
lium is activation of basolateral CaZ+-sensitive K + 
channels and possibly a synergistic activation of 
cAMP-sensitive apical C1- channels via the protein 
kinase C pathway during the initial peak phase. Both 
effects only lead to a net CI- secretion when there is a 
sufficient basal production of cAMP induced in the 
enterocytes by the spontaneous release of neurotrans- 
mitters and prostaglandins from the subepithelial tis- 
sue. 
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