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Abstract

The colonic mucosa protects itself from the luminal content by secreting mucus that keeps the 

bacteria at a distance from the epithelium. For this barrier to be effective, the mucus has to be 

constantly replenished which involves exocytosis and expansion of the secreted mucins. 

Mechanisms involved in regulation of mucus exocytosis and expansion are poorly understood, and 

the aim of this study was to investigate whether epithelial anion secretion regulates mucus 

formation in the colon. The muscarinic agonist carbachol was used to induce parallel secretion of 

anions and mucus, and by using established inhibitors of ion transport, we studied how inhibition 

of epithelial transport affected mucus formation in mouse colon. Anion secretion and mucin 

exocytosis were measured by changes in membrane current and epithelial capacitance, 

respectively. Mucus thickness measurements were used to determine the carbachol effect on 

mucus growth. The results showed that the carbachol-induced increase in membrane current was 

dependent on NKCC1 co-transport, basolateral K+ channels and Cftr activity. In contrast, the 

carbachol-induced increase in capacitance was partially dependent on NKCC1 and K+ channel 
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activity, but did not require Cftr activity. Carbachol also induced an increase in mucus thickness 

that was inhibited by the NKCC1 blocker bumetanide. However, mice that lacked a functional Cftr 

channel did not respond to carbachol with an increase in mucus thickness, suggesting that 

carbachol-induced mucin expansion requires Cftr channel activity. In conclusion, these findings 

suggest that colonic epithelial transport regulates mucus formation by affecting both exocytosis 

and expansion of the mucin molecules.
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Introduction

The colonic mucosa is a dynamic structure capable of alternating between absorption and 

secretion to fine tune ion and water homeostasis and maintains a protective barrier against 

invasion of the abundant luminal bacteria [22, 35, 40]. Coordinated secretion of ions, fluid 

and mucus each contribute to the maintenance of this barrier. Anion secretion has an 

especially important role by creating the driving force for fluid secretion and by ensuring the 

right ionic milieu required for formation of a normal mucus layer [21, 48]. In the small 

intestine and in the airways, bicarbonate secretion via the cystic fibrosis transmembrane 

conductance regulator (CFTR) channel plays a key role in this process, as reflected by the 

dramatic changes in the physical properties of mucus in patients with cystic fibrosis (CF) 

and animal models of CF [12, 28]. The mucus differs between the small intestine and the 

large intestine. In the murine colon, the mucus layer is built up by two layers: an inner layer 

that is devoid of bacteria and an outer layer that is the habitat of the commensal flora [40]. In 

the small intestine, the mucus layer forms a more loose and permeable structure, and upon 

removal of the loose mucus gel, only a very thin discontinuous mucus layer remains [1, 16, 

24, 28].

The role of ion transport in mucus formation can be viewed as consisting of two separate 

processes; firstly, the effect of ion transport on mucin granule exocytosis, and secondly, the 

role of ion transport in mucus hydration and expansion. The interaction between epithelial 

ion secretion and mucus physiology is to some extent understood in the airways and in the 

small intestine, where anion transport is implicated in both exocytosis and expansion of the 

secreted mucins [7, 8, 28]. However, how anion transport affects mucus secretion and 

expansion in the colon remains unknown.

Ulcerative colitis is a relatively common chronic disorder characterised by periods of severe 

colonic inflammation. The disease has a characteristically recurrent behaviour, with 

alternating periods of exacerbations and remissions. One of the main hallmarks of acute 

inflammation is mucus depletion and severely impaired electrogenic transport [25, 47]. In 

addition, there are studies pointing towards defects in mucus expansion during active 

disease, which links a defective ion transport with altered mucus properties [32]. Further 

implications for the role of colon mucus in regulation of the colonic barrier can be found in a 

recent study showing that mucus secretion from the colonic crypts protects against ischemia-
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induced tissue damage by physically removing the bacteria that have accessed the colonic 

crypts [27]. Thus, mucus is both constitutively released to maintain the mucus layer and 

induced in response to pathophysiological stimuli.

The aim of the present study was to characterise the interaction between secretagogue-

induced epithelial anion secretion (chloride and/or bicarbonate) and colonic mucus 

formation (exocytosis and expansion). We used a recently described ex vivo setup to study 

mucus growth in isolated colonic specimens [29] and Ussing chamber measurements of net 

membrane current and epithelial capacitance to monitor anion secretion and mucus 

exocytosis. Carbachol (CCh), a muscarinic agonist, was used to stimulate anion and mucin 

secretions, and by using established inhibitors of epithelial transport, we investigated the 

relation between the membrane current and epithelial capacitance responses. CCh acts by 

increasing intracellular Ca2+, a response pathway also activated by natural in vivo stimuli, 

such as contacts with bacteria [57]. Our results support that the CCh-induced change in 

epithelial capacitance reflects compound exocytosis of mucins. The exocytosis process 

required functional NKCC1 co-transport and basolateral K+ channel activity, but was 

independent of Cftr mediated transport. In contrast, a functional Cftr channel was essential 

for the CCh-induced effect on mucus expansion which may be due to the loss of Cftr-

mediated bicarbonate secretion.

Materials and methods

Ethical information

All animal studies were approved by the local animal ethics committee in Gothenburg, 

Sweden. Animals were anaesthetized by inhalation of isoflurane (Isoba® Vet, Schering 

plough, USA) and euthanized by cervical dislocation.

Experimental design

Five series of experiments were conducted. We first tested the hypothesis that CCh-induced 

changes in membrane capacitance can be used as a marker for mucin exocytosis. This was 

done by comparing the capacitance response to various secretagogues (forskolin, 

prostaglandin E2 (PGE2), ATP and CCh) in two cell lines, one enterocyte model and one 

goblet cell containing model. To verify that the capacitance response reflected exocytosis, 

the responses to CCh and PGE2 were tested in the presence of exocytosis inhibitors. In the 

second series, we studied the impact of vesicular trafficking of Cftr on the capacitance 

response using wild-type (WT) and delF508 Cftr mice known to have impaired vesicular 

trafficking of Cftr [52]. In the third series, we studied the capacitance response to CCh in 

mice lacking the major intestinal gel forming mucin, mucin 2 (Muc2). In the fourth series, 

we investigated how known inhibitors of the ion transport machinery affected the net 

membrane current response and the capacitance response to CCh. In the fifth series, we 

studied the effect of CCh on mucus growth in WT and F508del Cftr mouse distal colon.

Cell culture

Caco-2 and LS513 cells (American Type Culture Collection, ATCC, Manassas, USA) were 

cultured in RPMI media containing 15 vs. 10 % foetal calf serum, 2 mML-glutamine, 100 
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units/ml penicillin G sodium and 100 μg/ml streptomycin (Lonza, Basel, Switzerland). The 

cells were plated on snapwell tissue culture inserts (0.4 μm pores, 1.13 cm in diameter; 

Corning Life Sciences, Kennebuck, USA) at a density of 7.5×104 cells/well and cultured for 

21–24 days to allow the cells to differentiate.

Mouse tissue

The experiments were performed using male WT C57Bl/6 mice, Muc2−/−, Muc2+/− and 

Cftrtm1eur (F508del Cftr) (CF) mice all on C57Bl/6 background [19, 59, 60, 62]. The 

animals were between 10 and 15 weeks old. To increase the survival of the homozygous 

mutant Cftrtm1eur mice, the mice were given an osmotic laxative in the drinking water 

(PEG4000 18 mM, KCl 10 mM, Na2SO4 40 mM, NaHCO3 84 mM and NaCl 25 mM). The 

animals were transferred to normal tap water 3 days prior to the experiments. All animals 

had free access to water and chow.

Ussing chamber

The distal colon (approximately 2 cm) was dissected, flushed with ice-cold oxygenised 

(95 % O2 and 5 % CO2) Krebs buffer to remove colonic contents and kept on ice for 30 min. 

The tissue was then opened along the mesenteric border and mounted in the Ussing chamber 

(exposed area 0.45 cm2, chamber volume 10 ml). The LS513 and Caco-2 cells were directly 

transferred from the culture incubator and mounted in the Ussing chamber (exposed area 

1.00 cm2, chamber volume 5 ml). The apical side of the epithelium was bathed in Krebs-

mannitol buffer, and the basolateral side was bathed in Krebs-glucose buffer. The solutions 

were constantly gassed with 95 % O2 and 5 % CO2 at a temperature of 37 °C, pH 7.4.

Transepithelial potential difference (PD) was measured once every minute during the whole 

experiment with a pair of matched Ag/Ag calomel electrodes (Radiometer, Copenhagen, 

Denmark) placed in saturated KCl and connected to the mucosal and serosal sides via a pair 

of agar bridges (0.9 % NaCl/4 % agar) (Marine Bioproducts, Canada). After mounting the 

tissue, PD was allowed to stabilise for 20 min to achieve steady-state conditions. Epithelial 

resistance (Rp), net membrane current (Im) and epithelial capacitance (Cp) were measured 

using square pulse analysis as described previously [30, 36].

Briefly, 5 V, 2 ms pulses were generated by a square pulse generator (Medimet, Gothenburg, 

Sweden) via a current limiting resistor connected to a platinum electrode and applied across 

the tissue sample. The mean voltage response curve from 20 measurements was calculated, 

and a linear fit was applied to the mean graph resulting in the voltage at time 0. Rp, Cp and 

Im were assessed simultaneously in 4.5-min intervals. When using the square pulse method, 

the obtained Rp and Cp values represent the epithelial resistance and capacitance, and the 

subepithelial tissue and the resistance of the muscle layers are not included in the 

measurements. Because of this, our Rp values are lower compared to the total tissue 

resistance that is obtained from traditional short circuit current measurements [10]. The 

lower Rp obtained by the square pulse method results in higher baseline Im. Studies have 

shown that the membrane capacitance is independent of baseline muscle tone as baseline 

capacitance was comparable in full thickness and stripped rat colon [53].
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All Ussing chamber experiments were designed as follows: mounting of the tissue, 20 min 

equilibration period, 30 min baseline recordings, 30 min exposure to inhibitors (bumetanide, 

BaCl2, charybdotoxin (CTX), GlyH-101 or primaquine) or control recordings and 30 min 

exposure to forskolin, PGE2, CCh or ATP. All inhibitors remained in the solution during 

secretagogue stimulation. All substances except ATP and GlyH-101 were added to the 

serosal side. In the substitution experiments, chloride and bicarbonate-free buffers were 

added to the luminal and serosal side at the start of the experiment. Nocodazole was also 

added at the start of the experiment.

The Im response to CCh followed a biphasic pattern with a rapid increase in Im that peaked 

2 min after addition followed by a lower sustained plateau phase. The Cp response showed a 

monophasic pattern that peaked 9.5 min after addition. Due to the rapid time frame of the Im 

response, the first data collection point was matched to coincide with the peak response to 

Im (2 min after addition of CCh), and the following recordings were made in 4.5-min 

intervals. The experiments were performed on full thickness tissue which is expected to 

affect the drug access to the tissue. However, we have previously shown that the PD 

response to CCh peaks 2 min after addition in stripped mouse distal colon, showing that the 

presence or absence of the longitudinal muscle layer does not affect the time frame of the 

CCh response [29].

Mucus thickness measurements

Measurements of mucus thickness were performed as described previously [29]. Briefly, the 

distal colon was dissected, flushed with ice-cold Krebs buffer and kept on ice for 30 min. 

The specimen was opened along the mesenteric border, the longitudinal muscle layer was 

removed by blunt dissection and the tissue was divided into two parts and studied in parallel. 

Transepithelial PD was measured once every minute using a pair of matched Ag/Ag calomel 

electrodes (Radiometer, Copenhagen, Denmark) connected to the tissue via agar bridges 

(0.9 % NaCl, 4 % agar) (Marine Bioproducts, Canada). To visualise the colonic mucus layer, 

a suspension of activated charcoal particles was added to the apical surface and allowed to 

sediment down to the top of the mucus layer. The thickness of the mucus layer was assessed 

by measuring the distance between the mucus surface and the epithelial surface using a 

micropipette connected to a micromanipulator and a digimatic indicator. The thickness of 

the mucus layer was measured in 15-min intervals for a total of 60 min.

In the F508del Cftr mice, the viscoelastic properties of the mucus are known to be altered 

resulting in a more dense mucus layer in the small intestine [28]. The altered mucus 

properties in the F508del Cftr mice could potentially affect the outcome of the mucus 

measurements. However, since the charcoal particles do not penetrate either the WT or 

F508del Cftr colonic mucus, we do not think that the altered viscoelastic properties of the 

F508del Cftr colonic mucus affect the outcome of our measurements.

CCh (1 mM) was added to the serosal side after 30 min incubation, and the response was 

measured 15 and 30 min after stimulation. In the inhibitory experiments, bumetanide (0.1 

mM) was added to the serosal side at the start of the experiment followed by the addition of 

CCh at t30. We have previously shown that stimulation with CCh (1 mM) results in a 

significant increase in mucus growth rate during the first 15 min following addition of CCh 
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(0–15 min post-stimulation) and that the growth rate returns to the baseline level during the 

following 15 min (15–30 min post-stimulation) [29].

Histology

Tissue specimens were fixed in Carnoy’s methanol fixative (60 % dry methanol, 30 % 

chloroform and 10 % glacial acetic acid) followed by washing in methanol and embedding 

in paraffin. Four-micrometer-thick sections were dewaxed, hydrated and stained with Alcian 

blue and periodic acid Schiff’s reagent (PAS), as described previously [49]. Pictures were 

obtained using an Eclipse E1000 (Nikon, Tokyo, Japan) microscope.

Drugs and buffer composition

CCh, BaCl2, CTX, PGE2, ATP, acetazolamide and primaquine (Sigma-Aldrich, Steinheim, 

Germany) were dissolved in water. Forskolin and bumetanide (Sigma-Aldrich, Steinheim, 

Germany) were dissolved in ethyl alcohol, whilst Gly-H 101 (Merck, Darmstadt, Germany) 

and nocodazole (Sigma-Aldrich, Steinheim, Germany) were dissolved in DMSO. The Krebs 

buffer had the following composition in millimoles: NaCl 115.8, CaCl2 1.3, KCl 3.6, 

KH2PO4 1.4, NaHCO3 23.1 and MgSO4 1.2 (Merck, Darmstadt, Germany). The Krebs-

mannitol buffer also contained Na-pyruvate (5.7 mM) (Sigma-Aldrich, Steinheim, 

Germany), Na-L-glutamate (5.1 mM) (Merck, Darmstadt, Germany) and D-mannitol (10 

mM) (Sigma-Aldrich, Steinheim, Germany) and the Kreb-glucose buffer contained Na-

pyruvate (5.7 mM), Na-L-glutamate (5.1 mM) and D-glucose (10 mM) (Sigma-Aldrich, 

Steinheim, Germany). In the chloride-free experiments, NaCl, KCl and CaCl2 were replaced 

with equimolar concentrations of Na-gluconate and K-gluconate and twice the concentration 

of Ca-gluconate (Sigma-Aldrich, Steinheim, Germany) to compensate for the chelation of 

calcium by gluconate. pH was set to 7.4 using acetic acid. In the bicarbonate-free 

experiments, NaHCO3 was replaced with equimolar concentration of NaH2PO4 (Merck, 

Darmstadt, Germany), the solution was gassed with 100 % O2 and the carbonic anhydrase 

was inhibited by acetazolamide (1 mM).

Statistics

Data are presented as mean±standard error of the mean (SEM). Single comparison between 

two groups was made using the Student’s t test. Comparisons between two groups over time 

were made using a two-way ANOVA with Bonferroni’s post hoc test, and comparisons 

between three groups or more were made using a one-way ANOVA with a Dunnet’s post 

hoc test for comparisons between controls and other experimental groups, respectively, or 

Bonferroni’s post hoc to compare differences between all groups. Due to the large spread in 

the magnitude of the membrane current response to the respective secretagogues in the cell 

culture Ussing experiments, the statistical analysis in Table 1 was performed on log-

transformed data. All other statistical analyses were performed on non-transformed data. A p 
value <0.05 was considered statistically significant.
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Results

Real-time mucus exocytosis simultaneously with ion secretion

Epithelial capacitance has previously been used to study mucus exocytosis in cultured 

epithelial cells [5, 11]. To determine whether epithelial capacitance could be used to monitor 

mucus secretion in our setup, we compared two cell lines: (1) the enterocyte-like cell line 

Caco-2 which produces minimal amounts of gel-forming mucins (analysed by 

immunohistochemistry) and (2) the goblet cell line LS513 which produces both MUC2 and 

MUC5AC [43]. Since we were specifically interested in mucus exocytosis, we used these 

cells to determine which type of stimuli that induced a capacitance response in the goblet 

cell line, but not in the enterocyte cell line. Forskolin and PGE2 were used to active cAMP-

mediated secretion, and ATP and CCh were used to induce Ca2+-mediated secretion. The 

results showed that forskolin and PGE2 induced a significant increase in Cp in both cell lines 

(Fig. 1a–d), whereas CCh and ATP only induced a Cp response in the LS513 cells (Fig. 1e–

h).

In parallel with the capacitance measurements, we also measured the effect of the respective 

substances on the membrane current (Im). Forskolin, PGE2 and ATP induced a significant 

increase in Im in both the LS513 and Caco-2 cells whereas CCh only induced a significant 

increase in Im in the LS513 cells (Table 1). Thus, the Im response to CCh and the Cp 

responses to CCh and ATP were only seen in the culture system containing goblet cells.

The capacitance response to carbachol and PGE2 is sensitive to exocytosis inhibitors

To confirm that the capacitance response indeed corresponded to exocytosis, we pretreated 

the LS513 cells with nocodazole, an inhibitor of microtubule polymerization, or with 

primaquine, an inhibitor of vesicle formation, and studied the Cp response to CCh and 

PGE2. Pretreatment with nocodazole significantly reduced the Cp response to CCh (Fig. 2a) 

and PGE2 (Fig. 2b), whereas primaquine had a partial, but not significant, effect on the 

PGE2 response. These results suggest that both CCh and PGE2 induce exocytosis of already 

existing vesicles and that the process is dependent on microtubule polymerisation.

F508del Cftr mice respond to CCh with a normal increase in capacitance but fail to exhibit 
a capacitance response to forskolin

The cell line experiments confirmed that the capacitance responses to CCh and ATP were 

only present in the goblet cell line and that the CCh and PGE2 responses reflect exocytosis 

of already formed vesicles. Since these experiments do not differentiate between the 

contribution of vesicular trafficking and mucin granule exocytosis, we proceeded by 

studying the response to CCh and forskolin in WT and F508del Cftr mice that have impaired 

vesicular trafficking of the Cftr channel [52]. We chose to continue with CCh and forskolin 

since ATP does not induce a secretory response in mouse colon, whilst CCh is a potent 

inducer of both anion and mucus secretions, and forskolin has previously been used to study 

trafficking of the Cftr channel [14, 29, 54, 56]. The results showed that stimulation of the 

colonic tissue with forskolin (10 μM) induced a significant increase in Cp in WTcolon, but 

not in the F508del Cftr colon (Fig. 3a). In contrast, both the WT and the F508del Cftr tissue 

responded to CCh with a significant increase in Cp (Fig. 3b). The F508del Cftr mice have a 
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10 % residual Cftr activity [31], and to ensure that the intact Cp response to CCh was not 

due to the remaining Cftr activity, we repeated the experiments in the presence of the Cftr 

inhibitor GlyH-101. The results showed that the Cp response to CCh was still present in the 

F508del Cftr (CF) mice in the presence of apical GlyH-101 (50 μM), and the magnitude of 

the response did not differ from that of the WT mice (WT: Δ2.9±0.4 μF/cm2 vs. CF

+GlyH101: Δ4.9±0.9 μF/cm2, p>0.05). Thus, the Cp response to forskolin appears to reflect 

insertion of Cftr into the apical plasma membrane, whereas Cftr translocation to the apical 

membrane does not appear to contribute to the Cp response to CCh.

The capacitance response to carbachol is absent in mice lacking colonic mucus

To further link the capacitance response to CCh to mucus exocytosis, we proceeded to study 

the response in the distal colon of WT mice and mice lacking the main component of the 

colonic mucus layer, the Muc2 mucin. To determine whether there was a dose-dependent 

relation between the Muc2 genotype and the CCh effect on capacitance, we included both 

Muc2−/− and Muc2+/− mice in the analysis. The results showed that the Cp response to CCh 

was decreased by 70 % in the Muc2+/− mice and was absent in the Muc2−/− mice (Fig. 4a). 

In addition to the electrophysiological measurements, we also studied the effect of CCh on 

mucus growth in WT and Muc2+/− mice. The results showed that the CCh-induced increase 

in mucus thickness was reduced by 50 % in the Muc2+/− mice compared to WT (Fig. 4b). 

Thus, mucus production is required for the CCh-induced increase in capacitance.

The carbachol-induced increase in capacitance partially depends on basolateral transport 
via NKCC1 and K+ channels, but not on a functional Cftr

In addition to inducing mucus secretion, stimulation with CCh induces a rapid increase in Im 

which reflects electrogenic anion secretion [51]. This process is known to involve a large 

number of ion transporters such as NKCC1, K+ channels, NBCe1, bestrophin 2 and the Cftr 

[30, 45, 46, 55, 63]. To determine whether anion secretion is essential for mucus exocytosis, 

we inhibited various parts of the transport process and studied the CCh effect on Im and Cp. 

Baseline electrical parameters are presented in Tables 2 and 3. When plotting the maximum 

CCh effect on Im against the maximum effect on Cp during the different treatments, the 

results showed a parallel decrease in the Im and Cp responses during inhibition of 

bicarbonate transport using bicarbonate-free buffers and when basolateral K+-transport was 

blocked by Ba2+ or the combination of Ba2+ and CTX. However, only the combination of 

Ba2+ and CTX reduced the Im and Cp responses, as compared to the Ctrl group (Im 

p<0.001, Cp p<0.05) (Fig. 5). In contrast, interventions with chloride transport (bumetanide 

to inhibit NKCC1, chloride-free buffer and F508del Cftr mice which lack a functional Cftr 

channel) decreased the Im response to CCh by approximately 90 % in all three groups (Ctrl 

vs. bumetanide, Cl− free and F508del Cftr, p<0.001) but had varying effects on the Cp 

response (Fig. 5). Inhibition of NKCC1 by bumetanide reduced the Cp response by 90 % 

(p<0.05), whilst the Cp response in the chloride-free buffer group and the F508del Cftr mice 

(marked with arrow in 5) did not differ from the Ctrl group (Fig. 5). A parallel decrease in 

the Im and Cp responses was also observed in the Muc2+/− and Muc2−/− mice (Fig. 5). Thus, 

CCh-induced electrogenic anion secretion is not essential for mucin exocytosis, but a 

functional NKCC1 and basolateral K+ channel activity appear to be involved in the 

exocytosis process. To ensure that the inhibitory effect of bumetanide and the combination 

Gustafsson et al. Page 8

Pflugers Arch. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of Ba2+ and CTX on the Cp response to CCh is not secondary to their inhibitory effect on 

the Im response to CCh, we repeated the bumetanide and Ba2+ + CTX experiments in the 

F508del Cftr mice in the presence of apical GlyH-101(50 μM). The results showed that 

bumetanide and the combination of Ba2+ and CTX inhibited the Cp response to CCh by 63 

and 69 %, respectively, in the F508del Cftr (CF) mice. CF ctrl (n=6): Δ4.9±0.9 μF/cm2; CF

+bumetanide (n=7): Δ1.8±0.8 μF/cm2, p<0.05 vs. CF ctrl; CF+Ba2+/CTX (n=5): Δ1.5±0.8 

μF/cm2, p<0.05 vs. CF ctrl. Thus, the inhibitory effects of bumetanide and Ba2+ and CTX on 

the Cp response to CCh are independent of their effect on the Im response to CCh.

To determine whether the same principles apply to the Cp response to CCh in the LS513 

cells, the cells were pretreated with either the NKCC1 inhibitor bumetanide or the Cftr 

inhibitor GlyH-101, followed by stimulation with CCh. The results showed that pretreatment 

with bumetanide reduced the Cp response to CCh (p<0.05), whilst pretreatment with 

GlyH-101 did not alter the Cp response to CCh (Fig. 6a). However, the magnitude of the Cp 

response did not differ when comparing the bumetanide and GlyH-101 treated groups, 

suggesting that GlyH-101 has a partial but not significant effect on the Cp response to CCh 

in the LS513 cells. In contrast, the Im response to CCh was reduced by bumetanide (p<0.05) 

and potentiated by GlyH-101 (p<0.001) (Fig. 6b). The efficiency of GlyH-101 was tested on 

the forskolin-induced Im response which was reduced by 80 % (ctrl: Δ536±87 μA/cm2, 

GlyH-101: Δ110±21, p<0.001). Furthermore, pretreatment with GlyH-101 reduced the Cp 

response to forskolin by 97 % (ctrl: Δ6.23±1.70 μF/cm2, GlyH-101 Δ0.16±0.06 μF/cm2, 

p<0.01). Thus, the CCh-induced increase in Cp in the LS513 cells is dependent on a 

functional NKCC1 and independent of Cftr, whereas the forskolin-induced increase in Cp is 

Cftr dependent, similar to what was observed in the mouse distal colon.

Both NKCC1 and Cftr are required for carbachol-induced mucus growth

Since the electrophysiological data showed that the CCh-induced increase in Cp was 

dependent on NKCC1-mediated uptake and independent of a functional Cftr channel, we 

proceeded by testing whether this discrepancy also was reflected in the CCh-induced effect 

on mucus growth. Specimens from WT and F508del Cftr mouse distal colon were stimulated 

with CCh (1 mM), and the effect on mucus thickness was followed for 30 min. The results 

showed that 30 min stimulation with CCh significantly increased the mucus thickness in the 

WT mouse distal colon (Fig. 7a, b). To confirm that CCh stimulation indeed induced mucus 

secretion, tissue specimens from control and CCh-treated tissues were stained for 

glycoproteins using PAS/Alcian blue. The results showed less PAS/Alcian blue staining in 

the CCh-treated tissues (Fig. 8b) compared to the control tissues (Fig. 8a), which confirms 

CCh-induced mucin granule exocytosis. Pretreatment with bumetanide (30 min) reduced the 

CCh-induced increase in mucus thickness in the WT mice (bumetanide+CCh vs. CCh, 

p<0.05), which correlates with the reduced Cp response to CCh observed in the Ussing 

chamber experiments (Fig. 7a, b). In contrast, in the F508del Cftr mice, CCh stimulation did 

not induce a significant increase in mucus thickness, despite an intact Cp response to CCh in 

the Ussing chamber experiments (Fig. 7a, b). Thus, it appears that the F508del Cftr mice 

respond to CCh with mucus exocytosis but fail to unfold and expand the secreted mucus. 

Despite the lack of a CCh-induced increase in mucus thickness, baseline spontaneous mucus 

growth was similar in the WT control group and the F508del Cftr control group (Fig. 7a, b).
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Discussion

In the colon, epithelial anion and mucus secretion occur simultaneously in response to 

cholinergic activation, but whether the two processes are causally linked is not known. The 

main observation of the present study is that CCh-induced mucus exocytosis partially 

depends on basolateral transport via NKCC1 and K+ channels whereas the CCh-induced 

increase in mucus thickness requires Cftr-mediated transport. These findings suggest that 

secretion of ions, fluids and mucus is synchronised and that ion secretion plays an important 

role in regulation of mucus formation, both by affecting mucin granule exocytosis and 

expansion and unfolding of the secreted protein.

Capacitance measurements for studies of mucus exocytosis

To enable parallel studies of anion secretion and mucus exocytosis, we used measurements 

of net membrane current and epithelial capacitance to monitor these processes. 

Measurements of membrane current have been extensively used for studies of ion transport 

in epithelial tissue, whereas the use of epithelial capacitance to study exocytosis is less 

established [14, 34, 44]. Changes in epithelial capacitance have successfully been used to 

monitor vesicular trafficking of the Cftr channel, insulin release and mucin granule 

exocytosis [4, 5, 23, 61]. However, due to the limited number of studies using capacitance 

measurements for studies of mucus exocytosis, we decided to validate the method using both 

cultured epithelial cells and mice that lack the main component of the intestinal mucus, the 

Muc2 mucin. To ensure that the capacitance response to CCh does not reflect insertion of 

Cftr into the apical membrane, we also included the F508del Cftr mice in the study, as these 

mice are known to have defective trafficking of the Cftr channel [52]. The results confirmed 

that the CCh- and ATP-induced increase in capacitance was only present in the mucus 

producing epithelial cell line LS513 and not in the enterocyte cell line Caco-2. Stimulation 

with CCh induced a 10 % increase in capacitance in the LS513 cells which is lower 

compared to previous studies in HT29-Cl.16E cells that have shown a 30–40 % increase in 

capacitance following CCh stimulation [6]. The larger capacitance response observed in the 

HT29-Cl.16E cells compared to the LS513 cells correlates with the proportion of cells that 

stain positive for gel-forming mucins that has been shown to be approximately 80 % in the 

HT29 cells and up to 25 % in the LS513 cells [41, 43]. The capacitance response to CCh and 

PGE2 was reduced by exocytosis inhibitors, and most importantly, the capacitance response 

to CCh was absent in mice lacking the Muc2 mucin. These mice exhibit a medium grade of 

colitis which could affect the magnitude of the capacitance response. However, the finding 

that that Muc2+/− mice had a 70 % decrease in the capacitance response to CCh suggests 

that the decreased response is indeed due to the loss of Muc2 expression rather than 

inflammation since the heterozygous mice do not develop colitis [58]. An alternative 

interpretation of the capacitance response to CCh is vesicular trafficking of transporters such 

as Cftr, NKCC1 and NBCe1 which are known to be inserted into the plasma membrane 

upon CCh stimulation via vesicle fusion [2, 37]. However, an unaltered capacitance response 

to CCh in the F508del Cftr mice argues at least against Cftr vesicular recirculation being 

responsible for the CCh-induced increase in capacitance [52]. In contrast to the intact 

capacitance response to CCh observed in the F508del Cftr mice, the F508del Cftr mice 

failed to respond to forskolin with a significant increase in capacitance, suggesting that the 
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forskolin response mainly reflects insertion of Cftr into the apical plasma membrane which 

correlates with previous studies of Cftr trafficking [61]. Thus, when using measurements of 

epithelial capacitance to study exocytosis in the colonic epithelium, it is important to include 

experiments that can differentiate between vesicular trafficking and mucin granule 

exocytosis.

Mucus secretion and mucus expansion

Analysis of the relation between ion transport and mucus physiology requires two 

considerations: (1) the effect of ion transport on mucin granule exocytosis and (2) the effect 

of ion transport on mucus expansion. Due to the severe pulmonary mucus pathology in 

patients with cystic fibrosis, the majority of studies related to ion transport and mucus has 

been performed in lung tissue or cultured airway epithelial cells. Although the secretory 

machinery of the airways and the intestines differs in several aspects, the majority of 

substances that induce mucus secretion in the airways also induce mucus secretion in the 

intestines, e.g. CCh, VIP and PGE2 [7, 21, 29, 50]. Studies in lung tissue have shown that 

inhibition of chloride and bicarbonate transport reduces the secretory response to CCh, VIP 

and histamine, whereas activation of K+ secretion potentiates mucus secretion [8, 9]. These 

results correlate with our observation that inhibition of NKCC1 reduces carbachol-induced 

mucus exocytosis, suggesting that accelerated mucus secretion is regulated by similar 

mechanisms in the airways and the distal large intestine. Our results also showed that 

inhibition of basolateral K+ channels reduced the capacitance response to CCh. CCh-

induced anion secretion is known to induce activation basolateral K+ channels resulting in 

hyperpolarization of the plasma membrane which enhances the driving force for anion 

secretion via the Cftr channel. In addition to sustaining the electrochemical gradient for 

anion secretion, hyperpolarization of the membrane also enhances Ca2+ influx to the 

epithelial cells, resulting in increased concentration of intracellular Ca2+ which is needed for 

mucin granule exocytosis [17, 18]. One possible explanation to the inhibitory effect of Ba2+ 

and charybdotoxin on the capacitance response to carbachol is inhibition of cell membrane 

hyperpolarisation resulting in decreased Ca2+ influx, decreased effect on intracellular Ca2+ 

concentrations and decreased mucin granule exocytosis. Our results from the CF mice show 

that electrogenic anion secretion is not essential for mucin granule exocytosis. In these mice, 

both NKCC1 activity and K+ transport have been shown to be intact which may explain the 

intact capacitance response to CCh due to normal membrane hyperpolarization [3, 45].

Additional support for the importance of these transporters in goblet cell functions was 

recently reported by Jakab et al. showing that the goblet cells of a rat jejunum express three 

times as much NKCC1 as the neighbouring enterocytes [37, 38]. Furthermore, asthma-

induced goblet cell hyperplasia is associated with goblet cell specific upregulation of 

NKCC1 [15]. Studies have also shown that both the Ba2+-sensitive K+ channel KCNQ1 and 

the charybdotoxin-sensitive K(Ca) 3.1 channel are expressed in the basolateral membrane of 

goblet cells [13, 33, 42].

It is well established that bicarbonate transport is required for formation of a normal mucus 

layer in the small intestine and the cervix [21, 28, 48]. Our present results show that 

spontaneous mucus growth was independent of Cftr-mediated transport whereas the 
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carbachol-induced increase in mucus thickness required a functional Cftr channel. CCh-

induced mucus secretion is restricted to the intestinal crypts whereas baseline secretion 

mainly occurs from the surface epithelium [39, 54]. This also correlates with Cftr expression 

which mainly is localised to the colonic crypt cells [37]. Cftr might thus be less important 

for baseline mucus growth that is mainly provided by the surface goblet cells but seems to 

be essential for carbachol-induced mucus growth from the crypts [39]. Our results suggest 

that in the CF mouse colon, mucus is secreted (exocytosed) in response to carbachol, but due 

to the lack of synchronised Cftr-mediated ion secretion, the secreted mucus fails to expand 

in volume. We recently showed that Cftr-mediated ion secretion is essential for proper 

mucus expansion in the ileum, and the same mechanisms may apply to carbachol-induced 

mucus expansion in the colon [28]. Although we cannot distinguish between chloride and 

bicarbonate secretion in our experimental systems, it is possible that impaired bicarbonate 

secretion via the Cftr is responsible for the lack of a carbachol effect on mucus growth in the 

CF mice. Regarding spontaneous baseline mucus secretion and expansion, it is not known 

which ion transporters that are involved; however, possible candidates are the goblet cell-

specific transporter bestrophin 2 and and/or apical chloride/bicarbonate exchangers [63].

Physiological significance

The interest in the colonic mucus barrier as an important part of epithelial defence has 

increased rapidly during the last years due to reports showing that the colonic mucus layer 

forms a physical barrier between the microbiota and the epithelium and that alterations in 

the mucus barrier are associated with development of colitis [20, 40]. Despite this renewed 

interest, little is still known about how the properties of the colonic mucus are regulated and 

maintained. Our results show that the transport function of the colonic epithelium plays an 

important role in regulation of both mucus exocytosis and expansion. Thus, loss of 

electrogenic transport which is a common consequence of inflammation [26] will likely have 

a negative impact on the protective properties of the mucus layer. Furthermore, these results 

highlight the difference between baseline and secretagogue-induced mucus growth in the 

murine colon, where baseline mucus growth is Cftr independent and carbachol-induced 

mucus growth is Cftr dependent. Together, these results give an additional understanding of 

how ion transport takes part in maintaining gut homeostasis.

Conclusion

In summary, we provide evidence that CCh-stimulated changes in membrane capacitance 

can be used as a surrogate variable for mucin exocytosis. Blockage of the transport 

machinery at various levels generally caused parallel inhibitions of the net current response 

and the capacitance response, with one exception: In the F508del Cftr mice, the net current 

response was blocked, but the capacitance response remained intact. In contrast, the CCh-

induced increase in mucus growth was absent in the F508del Cftr animals whilst baseline 

mucus growth was normal. To account for these findings, we postulate that a functional Cftr 

is not required for either spontaneous or induced mucin exocytosis but is essential for of 

CCh-stimulated mucin expansion, whilst functional NKCC1 co-transport and basolateral K+ 

channels are involved in secretagogue-induced mucin exocytosis.
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Fig. 1. 
Capacitance recordings in LS513 (left panel) and Caco-2 cells (right panel) during control 

(Ctrl) conditions and after stimulation with secretagogues. a LS513 Forskolin (10 μM, n=5). 

b Caco-2 Forskolin (10 μM, n=9). c LS513 PGE2 (10 μM, n=6). d Caco-2 PGE2 (10 μM, 

n=2). e LS513 CCh (1 mM, n=6). f Caco-2 CCh (1 mM, n=5). g LS513 ATP (3 mM, n=6). h 
Caco-2 ATP (3 mM, n=5). LS513 Ctrl, n=7; Caco-2 Ctrl, n=6. Data are presented as mean

±SEM, *p<0.05; **p<0.01; ***p<0.001. The arrows mark the time point when the drugs 

were added. Baseline values: Rp (Ω×cm2), Im (μA/cm2). LS513: Forskolin: Rp: 296±55, Im: 

7±1; PGE2: Rp: 88±33, Im: 5±4; CCh: Rp: 121±13, Im: 6±2; ATP: Rp: 185±30, Im: 7±1; 

Ctrl: Rp: 266±52, Im: 5±1. Caco-2: Forskolin: Rp: 152±18, Im: 19±4; PGE2: Rp: 177±6, 

Im: 15±4; CCh: Rp: 89±9, Im: 24±4; ATP: Rp: 339±33, Im: 6±1; Ctrl to forskolin: Rp: 
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144±23, Im: 20±6; Ctrl to PGE2 and ATP: Rp: 196±20, Im: 12±2; Ctrl to CCh: Rp: 126±22, 

Im: 22±6
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Fig. 2. 
Effect of exocytosis inhibitors on the capacitance response to carbachol (CCh) and PGE2 in 

LS513 cells. a Delta increase in Cp after stimulation with CCh in ctrl, primaquine (PRQ) 

(0.3 mM) or nocodazole (0.01 mM) treated cells. b Delta increase in Cp after stimulation 

with PGE2 in ctrl, PRQ (0.3 mM) or nocodazole (0.01 mM) treated cells. n=6 in all groups; 

data are presented as mean±SEM, *p<0.05; **p<0.01. Baseline values: Rp (Ω×cm2), Cp 

(μF/cm2), Im (μA/cm2). CCh Ctrl: Rp: 84±24, Cp: 4.3±0.5, Im: 27±12. CCh PRQ: Rp: 

80±11, Cp: 3.6±0.1, Im: 6.4±3.4. CCh nocodazole: Rp: 97±8, Cp: 4.1±0.1, Im: 9±2. PGE2 

Ctrl: Rp: 88±33, Cp: 4.3±0.4, Im: 5±5. PGE2 PRQ: Rp: 91±28, Cp: 4.5±0.2, Im: 9±4. PGE2 

nocodazole: Rp: 97±17, Cp: 4.2±0.2, Im: 9±2
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Fig. 3. 
Carbachol- (CCh) and forskolin-induced effect on capacitance in wild-type (WT) and 

F508del Cftr (CF) colon. a Delta increase in Cp after stimulation with forskolin (10 μM) in 

WT and CF colon. b Delta increase in Cp after stimulation with CCh (1 mM) in WT and CF 

colon. WT Ctrl, n=6; WT forskolin, n=6; CF forskolin, n=4; WT CCh n=7; CF CCh n=7. 

Data are presented as mean±SEM, *p<0.05; **p<0.01. Baseline values: Rp (Ω×cm2), Cp 

(μF/cm2), Im (μA/cm2). WT Ctrl: Rp: 36±4, Cp: 20±1, Im: 227±41. WT forskolin: Rp: 

43±4, Cp: 22±1, Im: 220±50. CF forskolin: Rp: 37±3, Cp: 20±3, Im: 59±7. WT CCh: Rp: 

40±2, Cp: 19±1, Im: 159±45. CF CCh: Rp: 41±4, Cp: 23±4, Im: 26±7
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Fig. 4. 
Carbachol (CCh)-induced effect on capacitance and mucus thickness in mouse distal colon. 

a Delta increase in Cp after stimulation with CCh (1 mM) in WT (n=7), Muc2+/− (n=5) and 

Muc2−/− (n=6) mice. b Delta increase in mucus thickness after 30 min of stimulation with 

CCh (1 mM) in WT (n=9) and Muc2+/− (n=6) mice. Data are presented as mean±SEM, 

*p<0.05; **p<0.01; ***p<0.001. Baseline values: Rp (Ω×cm2), Cp (μF/cm2), Im (μA/cm2). 

WT: Rp: 40±2, Cp: 19±1, Im: 159±45. Muc2+/−: Rp: 30±2, Cp: 18±3, Im: 120±7. Muc2−/−: 

Rp: 46±7, Cp: 15±2, Im: 91±10
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Fig. 5. 
Effect of inhibition of ion transport on the relation between the carbachol-induced increase 

in Im and Cp in WT, F508del Cftr, Muc2+/− and Muc2−/− mouse distal colon. Delta values 

represent the maximum Im and Cp response to CCh (1 mM) during 20 min stimulation. Data 

are presented as mean±SEM. Arrow points towards the F508del Cftr group. ¤p<0.05; ¤

¤p<0.01; ***p<0.001. Asterisks represent comparisons between the ΔIm of the WT Ctrl 

group (CCh alone) and the rest of the groups. Currency sign represent comparisons between 

the ΔCp of the WT Ctrl group (CCh alone) and the rest of the groups. Baseline values: Rp 

(Ω×cm2), Cp (μF/cm2), Im (μA/cm2). WT Ctrl: n=7, Rp: 40±2, Cp: 19±1, Im: 159±45. 

Bumetanide: n=6, Rp: 38±5, Cp: 16±1, Im: 117±21. Ba2+: n=6, Rp: 29±3, Cp: 19±2, Im: 

201±35. Ba2++CTX: n=6, Rp: 32±3, Cp: 21±2, Im: 250±31. Cl− (0 mM): n=4, Rp: 51±5, 

Cp: 19±1, Im: 109±12. HCO3
− (0 mM): n=6, Rp: 44±5, Cp: 20±2, Im: 132±32. F508del 

Cftr: n=7, Rp: 41±4, Cp: 23±4, Im: 26±7. Muc2+/−: n=5, Rp: 30±2, Cp: 18±3, Im: 120±7. 

Muc2−/−: n=6, Rp: 46±7, Cp: 15±2, Im: 91±10
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Fig. 6. 
Carbachol (CCh)-induced effect on Cp and Im in LS513 cells. a Cp response to CCh (1 

mM) during control conditions (Ctrl) and after 30 min incubation with bumetanide (0.1 mM) 

or GlyH-101 (50 μM). b Im response to CCh during control conditions and after 30 min 

incubation with bumetanide or GlyH-101. n=6 in all groups and data are presented as mean

±SEM, *p<0.05; ***p<0.001. Baseline values: Rp (Ωxcm2), Cp (μF/cm2), Im (μA/cm2). 

Ctrl: Rp: 121±13, Cp: 4.6±0.2, Im: 6±2. Bumetanide: Rp: 185±19, Cp: 4.7±0.2, Im: 4±2. 

GlyH-101: Rp: 178±24, Cp: 4.6±0.3, Im: 10±4
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Fig. 7. 
Carbachol (CCh)-induced increase in mucus thickness in WT and F508del Cftr (CF) mouse 

distal colon. a Mucus thickness measurements over time in WT and CF mice. WT Ctrl 

(n=9), WT bumetanide + CCh (n=6), WT CCh (n=9), CF Ctrl (n=6) and CF CCh (n=6). 

Bumetanide (0.1 mM) was added at the start of the experiment. b Delta increase in mucus 

thickness after 30 min incubation with CCh (1 mM) in WT and CF mice. Data are presented 

as mean±SEM, *p<0.05; ***p<0.001
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Fig. 8. 
Staining of mucus-containing goblet cells in control and carbachol-treated wild-type distal 

colon using PAS/Alcian blue. Tissue sections from unstimulated control samples (a) and 

carbachol (1 mM) stimulated samples (b). Scale bar: 100 μm. Arrow points towards mucus-

secreting goblet cells
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Table 3

Membrane current (Im), epithelial capacitance (Cp) and epithelial resistance (Rp) in WT, F508del Cftr, 

Muc2+/− and Muc2−/− mouse distal colon

Genotype WT F508del Cftr Muc2+/− Muc2−/−

Im, μA/cm2 159±45 26±7** 120±7 91±10

Cp, μA/cm2 19±1 23±4 18±3 15±2

Rp, Ω×cm2 40±2 41±4 30±2 46±7

Data are presented as mean±SEM. WT n=7, F508del Cftr n=7, Muc2+/− n=5, Muc2−/− n=6

**
p<0.01 (represents comparison between WT and F508del Cftr)
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