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Abstract With the aid of the halide-sensitive dye

6-methoxy-N-ethylquinolinium iodide (MEQ), changes in

intracellular Cl- concentration were measured to charac-

terize the role of Ca2+-dependent Cl- channels at the rat

distal colon. In order to avoid indirect effects of secreta-

gogues mediated by changes in the driving force for Cl-

exit (i.e., mediated by opening of Ca2+-dependent K+

channels), all experiments were performed under depolar-

ized conditions, i.e., in the presence of high extracellular

K+ concentrations. The Ca2+-dependent secretagogue car-

bachol induced a stilbene-sensitive Cl- efflux, which was

mimicked by the Ca2+ ionophore ionomycin. Surprisingly,

the activation of Ca2+-dependent Cl- efflux was resistant

against blockers of classical Ca2+ signaling pathways such

as phospholipase C, protein kinase C and calmodulin.

Hence, alternative pathways must be involved in the sig-

naling cascade. One possible signaling molecule seems to

be nitric oxide (NO) as the NO donor sodium nitroprusside

could induce Cl- efflux. Vice versa, the NO synthase

inhibitor N-x-monomethyl-arginine (L-NMMA) reduced

the carbachol-induced Cl- efflux. This indicates that NO

may be involved in part of the signaling cascade. In order

to test the ability of the epithelium to produce NO, the

expression of different isoforms of NO synthase was ver-

ified by immunohistochemistry. In addition, the

cytoskeleton seems to play a role in the activation of Ca2+-

dependent Cl- channels. Inhibitors of microtubule association

such as nocodazole and colchicine as well as jasplakino-

lide, a drug that enhances actin polymerization, inhibited

the carbachol-induced Cl- efflux. Consequently, the acti-

vation of apical Cl- channels by muscarinic receptor

stimulation differs in signal transduction from the classical

phospholipase C/protein kinase C way.
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Introduction

Apical Cl- channels are centrally involved in intestinal Cl-

secretion. The dominant intestinal apical Cl- channel is the

cystic fibrosis transmembrane regulator (CFTR) channel

(Greger, 2000), which seems to carry most of the Cl–car-

ried short-circuit current (Isc) after stimulation with

secretagogues at many epithelia including the rat distal

colon (Strabel & Diener, 1995). In this tissue, an increase

in the intracellular concentration of cyclic adenosine

monophosphate (cAMP) or Ca2+ induces a switch from

electrolyte absorption into the secretion predominantly of

Cl- ions (Binder & Sandle, 1994). The predominant

mechanism of its activation consists in the protein kinase

A-dependent phosphorylation after an increase in the

intracellular cAMP concentration (for review, see Jentsch

et al., 2002). In contrast, the predominant effect of an

increase in the cytosolic Ca2+ concentration consists in the

opening of basolateral (Böhme, Diener & Rummel, 1991)

and apical (Schultheiss et al., 2003) Ca2+-dependent K+

channels, which evokes a hyperpolarization of the mem-

brane and thereby increases the driving force for Cl- efflux

across the dominant apical CFTR conductance.
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However, when the action of Ca2+-dependent agonists

such as the cholinergic derivative carbachol on Ca2+-

dependent K+ channels is passed by the use of high K+ buf-

fers (driving a Cl- current across the apical membrane by a

serosally to mucosally oriented Cl- concentration gradient),

the transient activation of a Ca2+-dependent, stilbene-sensi-

tive Cl- conductance can be observed at the rat distal colon

(Schultheiss, Siefjediers & Diener, 2005), which is followed

by long-lasting inhibition of the apical, CFTR-mediated Cl-

conductance observed earlier (see, e.g., Warhurst al., 1991;

Barrett et al., 1998; Schultheiss, Ribeiro & Diener, 2001).

The mechanism of activation of this Ca2+-dependent Cl-

efflux pathway is only scarcely characterized. In addition,

nothing is known about the localization of this conductance,

i.e., the question of whether all cells along the crypt axis

express this efflux pathway. Therefore, in the present study,

changes in intracellular Cl- concentration evoked by carba-

chol were tested under depolarized conditions in order to rule

out indirect effects via opening of K+ channels, at crypts

loaded with the halide-sensitive dye 6-methoxy-N-ethyl-

quinolinium iodide (MEQ).

Materials and Methods

Solutions

For the experiments carried out with isolated crypts, the

following buffers were used. The ethylenediaminetetra-

acetic acid (EDTA) solution for the isolation contained

(mmol � l-1) NaCl 107, KCl 4.5, NaHCO3 25, Na2HPO4

1.8, NaH2PO4 0.2, glucose 12.2 and EDTA 10 plus 1 g � l-1

bovine serum albumin (BSA). It was gassed with carbogen

(95% O2, 5% CO2, v/v); pH was adjusted by tris

(hydroxymethyl)-aminomethane (TRIS) base to 7.4. The

isolated crypts were stored in a high-potassium Tyrode

solution consisting of (mmol�l-1) K gluconate 100, KCl 30,

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)

10, NaCl 20, MgCl2 1, CaCl2 1.25, glucose 12.2 and Na

pyruvate 5 plus 1 g � l-1 BSA; pH was 7.4.

Each experiment with isolated crypts loaded with the

halide-sensitive dye MEQ was started by superfusion with

NaCl Tyrode solution containing (mmol � l-1) NaCl 140,

KCl 5.4, HEPES 10, glucose 12.2, CaCl2 1.25 and MgCl2 1.

Thereafter, the membranes of the crypt cells were depo-

larized by replacing NaCl with equimolar KCl.

Subsequently, a Cl- efflux was induced by replacing the

KCl by an equimolar K gluconate solution. The pH of all

these solutions was adjusted to 7.4.

To calibrate the MEQ fluorescence signal, the intracel-

lular Cl- concentration was first clamped to values near

zero by superfusion with the 140 mmol � l-1 K gluconate

Tyrode. This was followed by superfusion with a solution

of intermediate Cl- concentration (101 mmol � l-1 K glu-

conate/39 mmol � l-1 KCl). The ionophores tributyltin (a

Cl-/OH- ionophore, 8 � 10-6 mol � l-1) and nigericin (a K+/

H+ ionophore, 5 � 10-6 mol � l-1) were added to these

solutions to increase the Cl- permeability of the cell

membrane (MacVinnish, Reancharoen & Cuthbert, 1993).

Finally, the MEQ fluorescence signal was completely

quenched by a 140 mmol � l-1 KSCN solution containing

(mmol�l-1) KSCN 140, HEPES 10, glucose 12.2, CaCl2
1.25 and MgCl2 1; pH was 7.4. Valinomycin (5 � 10-6 mol �
l-1) was added to this buffer in order to avoid negative

charging of the cells provoked by SCN- influx.

All Ussing chamber experiments started in a bathing

solution containing (mmol � l-1) NaCl 107, KCl 4.5,

NaHCO3 25, Na2HPO4 0.2, CaCl2 1.25, MgSO4 1 and glu-

cose 12.2. The buffer for the depolarization of the basolateral

membrane contained (mmol � l-1) KCl 111.5, NaHCO3 25,

Na2HPO4 0.2, CaCl2 1.25, MgSO4 1 and glucose 12.2. In

order to obtain a serosal-to-mucosal Cl- gradient, 107 mmol �
l-1 of Cl- (in the form of KCl) of this buffer solution was

replaced equimolarly by the impermeable anion gluconate in

the apical bathing solution, thus containing (mmol � l-1) K

gluconate 107, KCl 4.5, NaHCO3 25, Na2HPO4 0.2, CaCl2
1.25, MgSO4 1 and glucose 12.2. All solutions were gassed

with a mixture of 5% CO2 and 95% O2 (v/v); pH was 7.4.

For immunhistochemical experiments, a 100 mmol � l-1

phosphate buffer was used containing 80 mmol � l-1

Na2HPO4 and 20 mmol � l-1 NaH2PO4; pH was 7.4. 40,6-

Diamidino-2-phenylindole (DAPI) was dissolved in a

phosphate-buffered saline (PBS) solution containing (in

mmol � l-1) sodium phosphate buffer 10, NaCl 120 and

KCl 2.7; pH was 7.4.

Tissue Preparation

All experiments were performed with Wistar rats. Rats

used for Ussing chamber experiments weighed 180–200 g;

rats used for MEQ experiments weighed 120–150 g. All

animals had free access to water and food until the day of

the experiment. Animals were killed by a blow on the head,

followed by exsanguination (approved by Regierungsprä-

sidium Giessen, Giessen, Germany). The colon was placed

on a small plastic rod with a diameter of 5 mm. Then, a

circular incision was made near the anal end with a blunt

scalpel, and the serosa as well as the muscularis propria

were gently removed in a proximal direction. Thus, a

mucosa–submucosa preparation was obtained.

Crypt Isolation and MEQ Experiments

For the isolation of intact crypts, one segment of the mucosa–

submucosa preparation (1.5 cm wide, 3 cm long) was fixed on
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a plastic holder with tissue adhesive and transferred for about

6–7 min in the EDTA solution. Afterward, the mucosa was

vibrated once for about 30 s in order to obtain crypts. They

were collected in high-potassium Tyrode buffer (Böhme et al.,

1991). Changes of intracellular Cl- concentration were mea-

sured with the halide-sensitive dye MEQ. Therefore, isolated

crypts were fixed on a coverslip by dint of poly-L-lysine (0.1 g �
l-1). As MEQ itself is not cell-permeable, the reduced form, 6-

methoxy-N-ethyl-1,2-dihydroquinoline (DiH-MEQ) had to

be synthesized (for details, see Biwersi & Verkman, 1991).

The isolated crypts fixed on the coverslips were loaded with

DiH-MEQ (4 � 10-4 mol � l-1) for 15 min at 37�C. Thereafter,

the dye was washed away twice and the crypts were kept at

37�C for another 15 min. During this time, DiH-MEQ was

reoxidized by the cells. Then, the coverslips were fixed in the

experimental chambers with a volume of 3 ml. During the

experiments, the crypts were superfused by the solutions

described above with a perfusion rate of 1.5 ml � min-1.

Experiments were carried out on an inverted microscope

(IX-50; Olympus, Tokyo, Japan) equipped with an epifluo-

rescence setup and an image analysis system (Till Photonics,

Martinsried, Germany). Cells were excited at 344 nm, and

the emission above 410 nm was measured from several

regions of interest. Data were sampled with 0.1 Hz. The

baseline was measured for several minutes before changing

the bath solution or administering the drugs.

Short-Circuit Current Measurements

The tissue was mounted in a modified Ussing chamber,

bathed with a volume of 3.5 ml on each side of the mucosa

and short-circuited by a computer-controlled voltage-

clamp device (Ingenieur Büro für Mess- und Datentechnik

Mussler, Aachen, Germany) with correction for solution

resistance. The exposed surface of the tissue was 1 cm2.

Short-circuit current (Isc) was continuously recorded, and

tissue conductance (Gt) was measured every minute. Isc is

expressed as lEq � h-1 � cm-2, i.e., the flux of a monovalent ion

per time and area, with 1 lEq � h-1 � cm-2 = 26.9 lA � cm-2.

Tissues were left for about 1 h to stabilize Isc in standard

107 mmol � l-1 NaCl buffer solution (see above) before the

basolateral membrane was depolarized with the KCl 111.5

mmol � l-1 buffer. Due to the high basolateral K+ perme-

ability, the electrical properties of the tissue, which are

normally characterized by two batteries in series, are then

expected to be dominated by the apical membrane (Fuchs,

Larsen & Lindemann, 1977). After stabilization of Isc, a Cl-

current across the apical membrane was driven by admin-

istration of the 107 mmol � l-1 K gluconate buffer at the

mucosal side (Schultheiss et al., 2005). The baseline in

electrical parameters was determined as mean over 3 min

just before administration of a drug.

Immunohistochemistry

The tissue was rinsed with phosphate buffer and embedded

in gelatin (gelatin type A from porcine skin, 100 g � l-1).

Then, the tissue was cryofixed in N2-cooled 2-methylbu-

tane. Sections (16 lm thick) were cut and mounted on glass

slides coated with gelatin containing chrome alum (chro-

mium[III] potassium sulfate, 0.5 g � l-1).

Immunohistochemical staining was performed using the

indirect immunofluorescence technique. After rehydration

in phosphate buffer, the sections were incubated in phos-

phate buffer containing 2 ml � l-1 Triton-X-100, 30 g � l-1

BSA and 100 ml � l-1 goat serum (Chemicon, Temecula,

CA) to block unspecific binding. Then, the blocking solu-

tion was removed and the sections were incubated with the

respective primary antibody against NOS-1 (Becton

Dickinson, Heidelberg, Germany; rabbit polyclonal anti-

body against human NOS-1 amino acids 1095–1289, final

dilution 1:800), NOS-2 (Chemicon, Hofheim, Germany;

rabbit polyclonal antibody against NOS-2 murine C-ter-

minal peptide, final dilution 1:200), NOS-3 (Chemicon,

Hofheim, Germany; rabbit polyclonal antibody against

human NOS-3 amino acids 596–610, final dilution 1:800)

or bestrophin 1 (affinity-purified rabbit anti-mouse poly-

clonal antibody, final dilution 1:1,000; Puntheeranurak

et al., 2007) for 36 h at 4�C.

The antibody was dissolved in phosphate buffer

containing 1 ml � l-1 Triton-X-100, 5 g � l-1 milk powder,

10 g � l-1 BSA and 10 ml � l-1 goat serum. After rinsing

with phosphate buffer, the sections were incubated with the

secondary antibody (Cy3TM-conjugated affinipure donkey

anti-rabbit immunoglobulin G, working dilution 1:800;

Dianova, Hamburg, Germany) for 1 h at room temperature.

After a further rinse with phosphate buffer, the sections

were incubated for 5 min with 3 � 10-7 mol � l-1 DAPI

(Molecular Probes, Leiden, The Netherlands) dissolved in

PBS. As negative control, some sections were incubated

with a solution that did not contain the primary antibodies

(see Fig. 6 rows 2, 4 and 6).

The preparations were examined on a fluorescence

microscope (Nikon, Düsseldorf, Germany; 80i). Digital

images were taken with a B/W camera (DS-2M B/Wc)

using NIS Elements 2.30 software (all from Nikon) to

finally adjust brightness, color and contrast.

Drugs

Calmidazolium, cytochalasin D, 4,4’-diisothiocyanato-

stilbene-2,2’-disulfonic acid disodium salt (DIDS),

glibenclamide, 2-[1-(3-dimethylpropyl)-5-methoxy-indol-

3-yl]-3-(1H-indol-3-yl)maleimide (Gö 6983; Calbiochem,

Bad Soden, Germany), nocodazole and staurosporine were
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dissolved in dimethylsulfoxide (DMSO). Colchicine, N-x-

monomethyl-arginine (L-NMMA; Tocris Cookson, Bristol,

UK), 4-scetamido-4’-isothiocyanato-stilbene-2,2’-disulfonic

acid sodium salt (SITS; Calbiochem) and sodium nitro-

prusside (SNP) were dissolved in aqueous stock solutions.

N-x-Nitro- L-arginine (L-NNA, Tocris Cookson) was dis-

solved in a stock solution containing 1 mol � l-1 HCl before

dilution in the 107 mmol � l-1 NaCl buffer. Ionomycin was

dissolved in ethanol, jasplakinolide (Molecular Probes) in

methanol and 1-{6[17ß-3-methoxyestra-1,3,5(10)-trien-17-

yl]aminohexyl}-1H-pyrrole-2,5-dion (U-73122; Calbio-

chem, Bad Soden, Germany) in chloroform. If not

indicated differently, drugs were from Sigma (Deisenho-

fen, Germany).

Statistics

Results are given as means ± one standard error of mean

(SEM). In the case that means of several groups had to be

compared, an analysis of variance was performed followed

by a post-hoc test of Scheffé. For comparison of two

groups, either Student’s t-test or a Mann-Whitney U-test

was applied. An F-test decided which test method had to be

used. Both paired and unpaired two-tailed Student’s t-tests

were applied as appropriate. P \ 0.05 was considered

statistically significant.

Results

Carbachol-Induced Decrease in Intracellular Cl-

Concentration under Depolarized Conditions

As the dominant action of carbachol at rat colonic epi-

thelium consists in the opening of basolateral and apical

Ca2+-dependent K+ channels, which causes hyperpolariza-

tion of the membrane and thereby indirectly enhances Cl-

efflux via a change in driving force (Böhme et al., 1991;

Strabel & Diener, 1995; Schultheiss et al., 2003), all

experiments were performed under depolarized conditions,

i.e., in the presence of a high extracellular K+ concentra-

tion. When carbachol (5 � 10-5 mol � l-1) was administered

during superfusion with the 140 mmol � l-1 KCl solution,

no change in the MEQ signal was observed, as had to be

expected due to the missing driving force for Cl- efflux

under these conditions. However, when an outwardly

directed Cl- gradient was applied by superfusion with a 140

mmol � l-1 K gluconate solution, a fast increase in the

MEQ signal was observed (Fig. 1). As the MEQ fluores-

cence is quenched by halides (Biwersi & Verkman, 1991),

this increase indicates a decrease in the intracellular Cl-

concentration (D[Cl-]i). When the MEQ fluorescence was

calibrated by the use of ionophores and superfusion with

solutions of different halide concentrations (see ‘‘Meth-

ods’’), carbachol evoked a D[Cl-]i of 27.6 ± 3.4 mmol � l-1

(P \ 0.05, N = 5, n = 45). In contrast, when the crypts

were superfused solely with a K gluconate solution that did

not contain carbachol, only D[Cl-]i of 10.6 ± 2.2 mmol � l-1

was observed (Fig. 2), indicating that carbachol enhanced

Cl- efflux under depolarized conditions.

The effect of carbachol was mimicked by the Ca2+

ionophore ionomycin (10-7 mol � l-1, applied in a buffer

containing 10 mmol � l-1 Ca2+ in order to favor the iono-

phore-carried Ca2+ influx), which induced a D[Cl-]i of
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Fig. 1 Increase in MEQ fluorescence induced by carbachol (5 � 10-5

mol � l-1, black bar) during superfusion under depolarized conditions

(high-K+ buffers) and in the presence of an outwardly directed Cl-

gradient (superfusion with 140 mmol � l-1 K gluconate buffer). At the

end of the experiment, the MEQ signal was calibrated by superfusion

with three different solutions with different halide concentrations in

the presence of ionophores (see ‘‘Methods’’). Typical tracing from

n = 45 cells from N = 5 crypts; for statistics, see Figure 2
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white bar) or ionomycin (10-7 mol � l-1 in the presence of 10-2 mol �
l-1 Ca2+, gray bar) compared to a time-dependent control (black bar).

Statistically homogenous groups are indicated by identical letters

(analysis of variances followed by test of Scheffé). Values are

means ± SEM from n = 42–57 cells from N = 5 crypt preparations
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similar amplitude and time course compared to carbachol

(Fig. 2).

The response to carbachol was not dependent on the

localization of the cell along the longitudinal axis of the

crypt. The cholinergic agonist evoked a similar (and sta-

tistically homogenous) decrease in [Cl-]i in the fundus

region of the crypt, where the most undifferentiated cells

are located (Lipkin, 1987); the middle region; as well as

near the surface, with its highly differentiated mature en-

terocytes (Fig. 3). Therefore, in all experiments, data from

different regions of the crypt were pooled.

In depolarized rat colonic mucosa, the carbachol-

induced Cl- current across the apical membrane is inhibited

by stilbenes (Schultheiss et al., 2005), known blockers of

Ca2+-dependent Cl- channels (Nilius & Droogmans, 2003).

Consequently, the sensitivity of the carbachol effect at

MEQ-loaded crypts against these drugs was tested. Due to

the fluorescence properties of the stilbenes, no calculation

of the changes in intracellular Cl- concentration were per-

formed for these series of experiments; instead, only the

changes in MEQ fluorescence intensity were quantified.

The stilbene SITS (10-3 mol � l-1) inhibited about half of

the increase in the MEQ signal evoked by carbachol

(Fig. 4), whereas another stilbene, DIDS (10-4 mol � l-1),

completey prevented any increase in the MEQ signal

induced by carbachol during superfusion with the K glu-

conate solution (Fig. 4).
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region (middle bar) and at the fundus region (right bar). Statistically

homogenous groups are indicated by identical letters; i.e., no

significant differences between the three groups were observed

(analysis of variances followed by test of Scheffé). Values are

means ± SEM from n = 57–93 cells from N = 5–8 crypt preparations
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the fluorescence signal of MEQ-loaded crypts in the presence of

DIDS (10-4 mol � l-1, gray bar) (a). The paradoxical increase in the

fluorescence after administration of DIDS is caused by the fluores-

cence properties of the stilbene as shown by synchronous

measurement in a region of interest outside the crypt, indicated by

the schematic drawing (b). When this increase in fluorescence after

administration of DIDS is subtracted, a decrease in the MEQ

fluorescence in the epithelium can be seen (c). d Mean values of

carbachol-induced change in MEQ-fluorescence in the absence of

inhibitors (white bars), in the presence of SITS (10-3 mol � l-1, gray
bar) or in the presence of DIDS (10-4 mol � l-1, black bar). Due to

the fluorescence properties of the stilbenes, no calculation of the

changes in intracellular Cl- concentrations was performed. Statisti-

cally homogenous groups are indicated by identical letters (analysis

of variances followed by test of Scheffé). Values are means ± SEM

from n = 46–77 cells from N = 5 crypt preparations
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Sensitivity against Inhibitors of Classical Ca2+

Signaling Cascades

Classical signaling cascades stimulated by muscarinic

receptors of the M1, M3 or M5 type involve stimulation of

phospholipase C, leading to the production of inositol

1,4,5-trisphosphate (IP3) and the release of stored Ca2+

(Caulfield & Birdsall, 1998). The final consequences are in

general activation of protein kinase(s) C and/or calmodulin,

which are in many cases responsible for the modulation of

target proteins such as ion channels or transporters (Abdel-

Latif, 1986).

Therefore, the ability of typical inhibitors of these sig-

naling cascades to interfere with the carbachol-induced Cl-

efflux was tested. Neither calmidazolium (10-6 mol � l-1), a

calmodulin antagonist (see, e.g., Worrell & Frizzell, 1991),

nor U-73122 (10-5 mol � l-1), a phospholipase C inhibitor

(Taylor & Broad, 1998), nor Gö 6983 (10-5 mol � l-1), an

inhibitor of atypical protein kinases C (see, e.g., Chow,

Uribe & Barrett, 2000), had any inhibitory action on car-

bachol-induced D[Cl-]i (Fig. 5). Only staurosporine (10-6

mol � l-1), an inhibitor of different protein kinases

including protein kinase(s) C (Tamaoki et al., 1986),

reduced carbachol-induced D[Cl-]i by about half (P \ 0.05,

Fig. 5), suggesting that classical Ca2+-signaling pathways

play only a minor role in the mediation of this response.

Involvement of Nitric Oxide

Ussing chamber experiments, where apical Ca2+-activated

Cl- currents were studied at basolaterally depolarized tis-

sues, revealed evidence for the ability of nitric oxide (NO)

to stimulate this Cl- conductance (Schultheiss et al., 2005).

Therefore, we tested the ability of NO synthase (NOS)

blockers to inhibit carbachol-induced D[Cl-]i. L-NMMA

(10-4 mol � l-1), a blocker of all known isoforms of NOS

including the inducible form NOS-2 (Reif & McCreedy,

1995; Arzumanian et al., 2003), suppressed the carbachol-

induced change in [Cl-]i to the level of a time-dependent

control (Table 1). In contrast, L-NNA (10-4 mol � l-1),

which inhibits NOS-1 and NOS-3 but has only a weak

action on NOS-2 (Dwyer, Bredt & Snyder 1991), was

ineffective (Table 1).

Vice versa, a NO donor, SNP (10-4 mol � l-1), mimicked

the action of carbachol on [Cl-]i. Superfusion of the crypts

with SNP evoked a D[Cl-]i of –24.7 ± 3.0 mmol � l-1

(N = 5, n = 42), i.e., a response of similar amplitude (and

time course) as the action of carbachol.

NO has been shown to activate also Cl- channels of the

type CFTR (see, e.g., Schultheiss et al., 2002). Therefore,

the effect of SNP was tested in the presence of glibencla-

mide (5 � 10-4 mol � l-1), a blocker of this channel (Greger,

2000). Overall, glibenclamide inhibited the action of the

NO donor, too. Closer inspection of the data revealed that

there were two groups of cells. In one group (n = 46 of 72

cells), the CFTR inhibitor completely suppressed the action

of carbachol (decrease in [Cl-]i of 4.2 ± 0.6 mmol � l-1),

whereas in the other group of cells (26 of 72 cells) gli-

benclamide was nearly ineffective as carbachol induced a

decrease in [Cl-]i of 23.0 ± 1.6 mmol � l-1. This fits well

with previously published Ussing chamber data, which

showed that the long-lasting increase in Isc evoked by an

NO donor is totally inhibited by the CFTR blocker gli-

benclamide but that a transient elevation of Isc (which

would be in accordance with the activation of a
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Fig. 5 Effect of inhibitors of Ca2+-signaling cascades on carbachol-

induced decrease in [Cl-]i. Given is the response to carbachol (5 � 10-

5 mol � l-1) in the absence of any inhibitors or in the presence of

calmidazolium (10-6 mol � l-1), U-73122 (10-5 mol � l-1),

staurosporine (10-6 mol � l-1) or Gö 6983 (10-5 mol � l-1).

Statistically homogenous groups are indicated by identical letters

(analysis of variances followed by test of Scheffé). Values are

means ± SEM from n = 46–75 cells from N = 4–6 crypt preparations

Table 1 Effect of putative inhibitors on the carbachol-induced

decrease in intracellular Cl- concentration (D[Cl-]i)

Inhibitor Carbachol-induced D[Cl-]i (mmol � l-1) N/n

No inhibitor -27.6 ± 3.4 5/45

L-NNA -33.9 ± 3.0 6/95

L-NMMA -13.9 ± 2.0* 5/45

Colchicine -12.2 ± 2.2* 6/70

Nocodazole -9.8 ± 2.0* 6/44

Jasplakinolide -14.7 ± 1.8* 5/75

Cytochalasin D -20.0 ± 1.8 5/83

The effect of carbachol (5 � 10-5 mol � l-1) is given in the absence of

any inhibitors and in the presence of L-NNA (10-4 mol � l-1), L-

NMMA (10-4 mol � l-1), colchicine (2.5 � 10-5 mol � l-1), nocodazole

(3.5 � 10-6 mol � l-1), jasplakinolide (10-6 mol � l-1) or cytochalasin

D (10-5 mol � l-1). Values are means ± SEM; n = number of cells

from N = number of crypts.

*P \ 0.05 vs. response to carbachol in the absence of any inhibitor

(analysis of variance followed by test of Scheffé)
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Ca2+-dependent Cl- conductance) could still be evoked in

about half of the tissues after blockade of CFTR (Schul-

theiss et al., 2002).

If NO should play a role in the activation of Ca2+-

evoked Cl- efflux, the epithelium should possess the ability

to produce this gaseous messenger substance; i.e., it should

express NO synthases. Therefore, an immunhistochemical

study was performed with antibodies against different

forms of NOS, from which three isoforms (NOS-1, NOS-2,

NOS-3) are known (Knowles & Moncada, 1994). Signals

for all three forms could be observed within the colonic

epithelium (Fig. 6), with the inducible form, NOS-2,

exhibiting the most consistent pattern of expression all over

the longitudinal axis of the crypts.

Sensitivity against Drugs Acting on the Cytoskeleton

The different sensitivity of carbachol-induced D[Cl-]i

against L-NMMA and L-NNA (Table 1) and the predomi-

nant staining for NOS-2 in crypt epithelium (Fig. 6)

suggest a role for the inducible form of NOS in the

mediation of Ca2+-induced, stilbene-sensitive Cl- efflux.

However, in contrast to the two constitutive forms, NOS-1

and NOS-3, NOS-2 is not activated by Ca2+ (Knowles &

Moncada, 1994). Nevertheless, a rise of the cytosolic Ca2+

concentration, as evoked, e.g., by the ionophore ionomy-

cin, is sufficient to induce efflux of Cl- (Fig. 2).

Consequently, there should be another link between the rise

of the cytosolic Ca2+ concentration and the activation of

NOS. One possible candidate is the cytoskeleton, which is

known to interact with and to regulate different forms of

NOS (Glynne et al., 2002; Su, Zharikov & Block, 2002;

Kondrikov et al., 2006) and which itself is affected by

cytosolic Ca2+ (see, e.g., Li, Guan, & Chien, 2005).

Therefore, the ability of drugs that interfere with actin and

microtubuli with carbachol-induced D[Cl-]i was tested.

Colchicine (2.5 � 10-5 mol � l-1), a drug that induces

depolymerization of microtubuli (Schroer & Sheetz, 1990),

suppressed the activation of Cl- efflux by carbachol

(Table 1). A similar inhibition was observed with noco-

dazole (3.5 � 10-6 mol � l-1), a chemically nonrelated

compound with similar biological actions as colchicine

(Table 1).

In order to confirm this observation, Ussing chamber

experiments were performed at basolaterally depolarized

colonic epithelia with a Cl- concentration gradient to drive

a Cl- current across the apical membrane. Under these

conditions, carbachol stimulates a transient, stilbene-sen-

sitive Cl- current, which is followed by a long-lasting

inhibition, probably of the CFTR channel as dominant

apical Cl- channel (Schultheiss et al., 2005). The stimula-

tion of Cl- current (marked by an arrow in Fig. 7) was

inhibited by about 90% in the presence of colchicine (2.5 �
10-5 at the serosal side, Table 2).

Also, drugs that interfere with the actin cytoskeleton reduced

carbachol-evoked D[Cl-]i. Jasplakinolide (10-6 mol � l-1),

which strengthens the actin cytoskeleton by stabilization of F-

actin (see, e.g., Ahmed et al., 2000), inhibited carbachol-evoked

D[Cl-]i even more strongly than the microtubule blockers

(Table 1). In contrast, cytochalasin D (10-5 mol � l-1), which

blocks the polymerization of actin (Lin et al., 1980), was

ineffective (Table 1).

Immunhistochemical Detection of Bestrophin, a

Candidate for Ca2+-Dependent Cl- Channels

The molecular nature of Ca2+-dependent Cl- channels is

still not clear. However, recent experiments suggest the

possible involvement of bestrophins (Pifferi et al., 2006).

Consequently, we investigated by immunhistochemistry

whether the rat colonic epithelium expresses this protein

using a polyclonal antibody which had already been suc-

cessfully applied at the proximal mouse colon

(Puntheeranurak et al., 2007). Indeed, the experiments

demonstrated strong labeling of all epithelial cells along

the crypt axis (Fig. 8), indicating that this candidate protein

for Ca2+-dependent Cl- channels is present in this tissue.

Discussion

The present results demonstrate that carbachol, which

evokes an increase in the cytoplasmic Ca2+ concentration

of colonic enterocytes (Lindqvist et al., 1998), as well as

the Ca2+ ionophore ionomycin evoke a Cl- efflux at rat

colonic crypts loaded with the halide-sensitive fluorescent

dye MEQ under depolarized conditions (Figs. 1, 2).

Membrane potential reaches 0 mV when crypt cells are

superfused with high-K+ buffers (Schultheiss & Diener,

1998). Therefore, the opening of Ca2+-dependent K+

channels, which is the main effect of carbachol under

nondepolarized conditions (Böhme et al., 1991), can no

longer indirectly favor Cl- secretion via hyperpolarization

of the membrane as the membrane potential is already

clamped at the reversal potenial for K+ under these con-

ditions and can no longer be hyperpolarized by a further

increase in K+ conductance. However, this strategy cannot

completely rule out the possibility that an opening of Ca2+-

dependent apical and basolateral K+ channels might still

favor Ca2+-induced Cl- efflux as this would allow the

enhanced efflux of a counter ion for each secreted Cl-

anion. However, this efflux was sensitive against stilbenes

such as SITS and DIDS (Fig. 4), known inhibitors of Ca2+-

dependent Cl- channels (Nilius & Droogmans, 2003).
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These drugs interfere also with other anion transporters,

especially with the Cl-/HCO3
- exchanger(s) responsible for

intestinal Cl- absorption. However, all experiments were

carried out in the absence of HCO3
- , and cholinergic

agonists inhibit Cl- absorption (measured as unidirectional

mucosal-to-serosal flux) instead of activating it (Zimmerman,

Fig. 6 Immunohistochemical

staining against NOS-1 (rows 1
and 2), NOS-2 (rows 3 and 4) or

NOS-3 (rows 5 and 6) in rat

colonic wall. The orientation of

each picture is as follows: lower
part, muscularis mucosae;

upper part, surface region of the

colonic epithelium. Left column,

NOS signal (Cy3-labeled, red);

middle column, nuclear staining

with DAPI (blue); right column,

overlay of both. Rows 1, 3 and

5, labeling; rows 2, 4 and 6,

negative control without

primary antibody against the

corresponding NOS. Scale

bars = 50 lm

68 B. Hennig et al.: Ca2+-Induced Cl- Efflux

123



Dobbins & Binder, 1982), which makes interference of

carbachol with these exchangers in the present experiments

unlikely. Possible proteins underlying this efflux might be

ClCa channels (Fuller et al., 2001) or bestrophins (Pifferi

et al., 2006), which both are expressed at the rat distal

colon (Fig. 8; Schultheiss et al., 2005).

Consequently, this Ca2+-induced D[Cl-]i seems to reflect

activation of the stilbene-sensitive apical Cl- conductance

previously observed in Ussing chamber experiments

(Schultheiss et al., 2005), although some differences seem

to exist between the two experimental systems. For

example, at isolated crypts, DIDS is a very potent blocker

of carbachol-evoked D[Cl-]i (Fig. 4), whereas in Ussing

chamber experiments DIDS was less effective than SITS at

inhibiting carbachol-stimulated apical Cl- current (Schul-

theiss et al., 2005). This discrepancy might indicate that the

more lipophilic compound, DIDS, which possesses a 4-

isothiocyanato group instead of the 4-acetamido group of

SITS, might have limited access in the Ussing chamber to

its presumed target site, i.e., apical Cl- channels, as the

mucus layer covering the mucosa might be an efficient

diffusion barrier. Also, the time course of the carbachol-

induced apical Isc differs from that of the change of the

cytoplasmic Cl- concentration as it is more rapidly down-

regulated; i.e., it disappears in about 1 min (Fig. 7),

whereas the carbachol-induced D[Cl-]i lasts for at least 5

min, before [Cl-]i stabilizes at a new value (Fig. 1). A

possible reason for this discrepancy might be the different

temperature at which both types of experiments were per-

formed, 37�C for the Ussing chamber experiments and

room temperature for the MEQ experiments, which may

slow down the inactivation of the corresponding Ca2+-

dependent Cl- conductance. Furthermore, the second phase

of the carbachol response in the Ussing chamber is thought

to be caused by the inhibition of apical CFTR, leading to a

decrease in Isc across apical Cl- channels (Fig. 7). How-

ever, CFTR channels have to be in an open state to observe

this inhibition, which is in intact tissue caused by the

continuous stimulation of cytosolic cAMP production by

submucosal production of prostaglandins and/or release of

secretory neurotransmitters from the submucosal plexus

(Strabel & Diener, 1995), both of which are missing in the

isolated crypt model.

The carbachol-induced D[Cl-]i is not mediated by typi-

cal Ca2+ signaling cascades such as the phopholipase C or

calmodulin pathway as typical blockers of these pathways

were ineffective at inhibiting the carbachol response

(Fig. 5). These data confirm previous observations about

carbachol-induced Cl- current across the apical membrane,

which had proven to be resistant against, e.g., phospholi-

pase C, IP3 receptor and calmodulin inhibition (Schultheiss

et al., 2005). However, as also observed during these Us-

sing chamber experiments, the carbachol response was

inhibited by NOS blockade (Table 1) and mimicked by the

NO donor SNP.

The colonic epithelium is equipped with enzymes to

produce NO, i.e., NO synthases. Immunohistochemical

staining with antibodies against the three known isoforms

of NOS revealed a signal for all isoforms, with the staining

5 min

Carbachol

    
mc   h  q

Eµ 1
1-

2-

K+ K+

Cl- Gluc-

+ Colchicine

- Colchicine

± 30 min colchicine pretreatment

Fig. 7 Effect of carbachol (5 � 10-5 mol � l-1at the serosal side, white
bar) on Cl- current across apical Cl- channels in the absence (upper thick
line) and presence (lower thin line) of colchicine (2.5 � 10-5 mol � l-1 for

30 min). Tissues were basolaterally depolarized (111.5 mmol � l -1 KCl

at the serosal side) in the presence of a Cl- gradient (107 mmol � l-1

Kgluconate/4.5 mmol � l-1 KCl at the mucosal side) as indicated by the

schematic inset. A positive Isc indicates the transport of anions from the

serosal to the mucosal side (or the transport of cations in the reverse

direction). Carbachol evokes a transient increase in Isc under control

conditions, as indicated by the arrow. Typical tracings for eight or nine

experiments under each condition; for statistics, see Table 2

Table 2 Effect of colchicine on Cl- current across the apical mem-

brane evoked by carbachol

DIsc evoked

by carbachol

in the presence

of the inhibitor

DIsc evoked

by carbachol

in the absence

of the inhibitor

n

Colchicine

(lEq � h-1 � cm-2)

DIsc peak 0.026 ± 0.019* 0.23 ± 0.086 8–9

DIsc 10 min -1.07 ± 0.13 -1.27 ± 0.14 8–9

Tissues were basolaterally depolarized (111.5 mmol � l-1 KCl at the

serosal side) in the presence of a serosally to mucosally directed Cl-

gradient (107 mmol � l-1 K gluconate/4.5 mmol � l-1 KCl mucosal

bathing solution). Drug concentrations were carbachol (5 � 10-5 mol �
l-1 at the serosal side), colchicine (2.5 � 10-5 at the serosal side,

administered 30 min before administration of carbachol). The values

represent the maximal carbachol-induced Isc (peak) as well as the

long-lasting decrease in Isc, measured 10 min after administration of

carbachol (Isc 10 min). Values are given as difference from the

baseline just prior to administration of the cholinergic agonist (DIsc)

and are means ± SEM.

*P \ 0.05 vs. carbachol response in the absence of the respective

inhibitor. Baseline Isc just prior to administration of carbachol

amounted to -1.72 ± 0.24 lEq � h-1 � cm-2 in the presence and

-1.79 ± 0.14 lEq � h-1 � cm-2 in the absence of colchicine
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for NOS-2 being most equally distributed along the lon-

gitudinal axis of the crypts (Fig. 6). Also, epithelial cells

from other origins are known to express NOS-1 (see, e.g.,

Garcia-Vitoria et al., 2000), NOS-2 (Roberts et al., 2001),

NOS-3 (Zhan, Li & Johns, 2003) or combinations of them

(Puhakka et al., 2006). Especially in the gut, constitutive

expression of the inducible form, NOS-2, has been attrib-

uted to continuous stimulation of the epithelium, e.g., with

bacterial products such as lipopolysaccharide (Roberts

et al., 2001). This isoform gave the most continuous

immunohistochemical signal at rat colonic epithelium

(Fig. 6). Furthermore, the carbachol-evoked D[Cl-]i was

inhibited by L-NMMA, a blocker of all isoforms of NOS

(Reif & McCreedy, 1995; Arzumanian et al., 2003),

whereas L-NNA (10-4 mol � l-1), which inhibits NOS-1 and

NOS-3 but has only a weak action on NOS-2 (Dwyer,

Bredt & Snyder 1991), was ineffective (Table 1). Only a

100 times higher concentration of L-NNA is able to inhibit

carbachol-evoked Cl- current across the apical membrane

in intact tissue (Schultheiss et al., 2005), suggesting a role

for NOS-2 in the mediation of Ca2+-evoked Cl- efflux.

NOS-2, which seems to be the most likely NOS isoform

involved in carbachol-inducedD[Cl-]i, is not directly activated

by an increase in the cytosolic Ca2+ concentration (Knowles &

Moncada, 1994). Therefore, other mechanisms have to be

considered for how a NOS might be involved in the activation

of stilbene-sensitive Cl- efflux. NOSs are known to interact

with the cytoskeleton. For human proximal tubular cells and

other epithelia, an interaction of NOS-2 with actin via PDZ-

domain interaction with ezrin has been demonstrated (Glynne

et al., 2002). For porcine endothelium, NOS activity has been

shown to be regulated by microtubuli (Su et al., 2002) as well

as by actin, for which direct interactions seem to exist (Kon-

drikov et al., 2006). Also, at rat colon, the carbachol-evoked

D[Cl-]i could be inhibited by drugs such as nocodazole and

colchicine (Table 1), inducing depolymerization of micro-

tubuli. Jasplakinolide, leading to the stabilization of F-actin,

was effective, too (Table 1), suggesting that both a func-

tional microtubular network as well as a functional actin

cytoskeleton are necessary for the activation of cholinergic-

induced Cl- efflux. The mechanisms and the presumed

changes in the cytoskeleton of the rat colonic epithelium

induced by cholinergic stimulation must be clarified in

future experiments.

In conclusion, these results demonstrate the presence of

a stilbene-sensitive, Ca2+-dependent Cl- efflux pathway all

along the crypt axis. Its physiological contribution to

colonic Cl- secretion, compared to the contribution of the

CFTR channel, is probably quite small because Ca2+-

induced Cl- currents can only be measured when the pre-

dominant action of cytosolic Ca2+ on Ca2+-dependent K+

currents is suppressed by the use of high-K+ solutions

(Schultheiss et al., 2005). However, it might become sig-

nificant in diseases such as cystic fibrosis, where some

Fig. 8 Immunohistochemical

staining against bestrophin in rat

colonic wall. The orientation of

each picture is as follows: lower
part, muscularis mucosae;

upper part, surface region of the

colonic epithelium. Left column,

Bestrophin signal (Cy3-labeled,

red); middle column, nuclear

staining with DAPI (blue); right
column, overlay of both. Row 1,

labeling; row 2, negative control

without primary antibody

against bestrophin. Scale

bars = 50 lm
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patients can develop Cl- conductances other than CFTR

(Bronsveld et al., 2000). Both NO as well as the cyto-

skeleton play a role during its activation. Consequently,

NO, continuously produced by the epithelium, not only

regulates small intestinal solute transporter such as the

Na+-dependent glucose transporter SGLT-1 (Coon et al.,

2005) but also seems to play a role in the regulation of

colonic ion transport.
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