
ORIGINAL ARTICLE—ALIMENTARY TRACT

Cystic fibrosis transmembrane conductance regulator modulates
enteric cholinergic activities and is abnormally expressed
in the enteric ganglia of patients with slow transit constipation

Ka Ming Yeh1 • Olle Johansson2 • Huy Le1 • Karan Rao1 • Irit Markus1 •

Dayashan Shevy Perera3 • David Zachary Lubowski3 • Denis Warwick King3 •

Li Zhang4 • Hongzhuan Chen5 • Lu Liu1

Received: 16 May 2019 / Accepted: 31 July 2019 / Published online: 7 August 2019

� Japanese Society of Gastroenterology 2019

Abstract

Background Cystic fibrosis transmembrane conductance

regulator (CFTR) was recently found in the enteric nervous

system, where its role is unclear. We aimed to identify

which enteric neuronal structures express CFTR, whether

CFTR modulates enteric neurotransmission and if altered

CFTR expression is associated with slow transit constipa-

tion (STC).

Methods Immunofluorescence double labeling was per-

formed to localize CFTR with various neuronal and glial

cell markers in the human colon. The immunoreactivity

(IR) of CFTR and choline acetyltransferase (ChAT) on

myenteric plexus of control and STC colon was quantita-

tively analyzed. In control colonic muscle strips, electrical

field stimulation (EFS) evoked contractile responses and

the release of acetylcholine (ACh) was measured in the

presence of the CFTR channel inhibitor, CFTR(inh)-172.

Results CFTR-IR was densely localized to myenteric

ganglia, where it was co-localized with neuronal markers

HuC/D and b-tubulin, and glial marker S-100 but little with

glial fibrillary acidic protein. Vesicular ACh transport was

almost exclusively co-localized with CFTR, but neurons

expressing nitric oxide synthase were CFTR negative.

Significant reductions of CFTR-IR (P\ 0.01) and ChAT-

IR (P\ 0.05) were observed on myenteric ganglia of STC

compared to control. Pre-treatment of colonic muscle strips

with CFTR(inh)-172 (10 lM) significantly inhibited EFS-

evoked contractile responses (P\ 0.01) and ACh release

(P\ 0.05).

Conclusions Co-localization of CFTR-IR with cholinergic

markers, inhibition of EFS-induced colonic muscle con-

tractility and ACh release by CFTR(inh)-172 suggest that

CFTR modulates enteric cholinergic neurotransmission.

The downregulation of CFTR and ChAT in myenteric

ganglia of STC correlated with the impaired contractile

responses to EFS.

Keywords CFTR � Motility disorder � Slow transit

constipation

Introduction

Cystic fibrosis transmembrane conductance regulator

(CFTR) is a protein channel that is widely expressed in

human bodies. CFTR is located not only in secretory cells

associated with mucus, sweat and enzyme production

[1–3], but also monocytes, lymphocytes, erythrocytes and

ganglia [4–7]. CFTR belongs to the adenosine triphosphate

(ATP)-binding cassette family and is known for its

involvement in transporting anion, particularly chloride
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ions, across cell membranes [8]. Mutations of CFTR lead

to chloride ion transport impairment causing cystic fibrosis,

a pathological condition characterized by the accumulation

of thick and sticky mucus in both digestive and respiratory

systems. Some chronic inflammatory diseases such as

idiopathic peritonitis and pancreatitis have been associated

with CFTR recently [9, 10]. Furthermore, some studies

have suggested that CFTR mediates the release of non-

neuronal acetylcholine (ACh) and ATP from bladder

urothelial cells, which might have a pathophysiological

significance in multiple diseases [11, 12].

The enteric nervous system (ENS) is an intrinsic ner-

vous system that regulates motility, water and electrolyte

transport, blood flow and acid secretion throughout the

gastrointestinal (GI) tract. The innervated enteric ganglia

and bundle of nerve cells form two major plexuses, the

submucosal plexus which is predominantly found between

the mucosa and underlying smooth muscle layer, and the

myenteric plexus which is located between the circular and

longitudinal muscle layers throughout the GI tract and

plays a critical role in regulating GI motility. The GI

motility reflects a series of involuntary but rhythmical

smooth muscle contraction and relaxation that aids the

transport of food or fecal matter in the GI tract. Smooth

muscle contraction and relaxation are regulated by differ-

ent neurotransmitters. In contractions, neuronal activities

are mainly governed by ACh that is released from enteric

neurons. The synthesis of ACh requires choline acetyl-

transferase (ChAT) to transfer an acetyl group from acetyl

coenzyme A to choline. Synthesized ACh is then taken into

vesicles through vesicular ACh transferase (VAChT) and

further transported to the synapse for release. Released

ACh interacts with muscarinic receptors on smooth mus-

cles which subsequently cause smooth muscle contraction.

On the other hand, relaxation is mainly governed by nitric

oxide (NO), ATP and vasoactive intestinal polypeptide via

different pathways. Abnormal contraction or relaxation

could disturb peristalsis and other types of movement,

leading to multiple intestinal motility disorders.

Slow transit constipation (STC) is a chronic gut motility

disorder which is characterized by prolonged colonic

transit and slow stool movement. Common symptoms

include abdominal pain, bloating, obstructed defecation,

constipation, headaches and fatigue [13, 14]. STC patients

are mostly young to mid-aged women [15]. Although STC

has no known triggers, enteric neuropathy, impaired neu-

rotransmission and abnormal hormonal influences are

possible causes that have been identified [16–20]. Common

therapies include laxatives, sacral nerve stimulation and

biofeedback. The effectiveness of these treatments is often

questioned. In many cases, subtotal colectomy could be

employed to achieve the best long-term outcome [21, 22].

Since CFTR has a secretory function and is highly

expressed in the colonic epithelial cells throughout the GI

tract [23], previous studies concerning CFTR and consti-

pation primarily focused on investigating the mucus

secretory function of mucosal CFTR in an attempt to offer

patients alternative management of constipation [24–26].

However, no comprehensive study had been carried out to

investigate the pathophysiological role of CFTR in the

muscularis propria region, until a recent study which sug-

gested that dysfunctional CFTR in myenteric ganglia might

explain the presence of abdominal discomforts suffered by

cystic fibrosis patients [27]. We previously reported that

the contractile responses of colonic circular muscle to

electric field stimulation (EFS) were significantly altered in

STC. We found that the contractility of circular muscle

strips from patients with STC was significantly elevated

upon lower-frequency stimulation but depressed at higher

frequencies, suggesting that the dysfunction of inhibitory

and/or excitatory enteric neurotransmission occur in STC

[18]. This could possibly be associated with abnormal

CFTR expression in the myenteric ganglia.

The purpose of this study is to investigate which enteric

neuronal structures express CFTR, whether CFTR medi-

ates enteric neurotransmission and whether abnormal

expression of CFTR is associated with STC. We hypoth-

esized that CFTR modulates enteric cholinergic activities

and is abnormally expressed in the colon, particularly

within the myenteric ganglia of STC.

Methods

Human colon specimens

For immunohistochemistry studies, frozen human colon

specimens stored in -80 �C were used. All specimens,

including control and STC, were from the sigmoid colon of

female patients. All STC patients met Rome criteria for

functional constipation with scintigraphically confirmed

slow transit constipation, defined as colonic isotope

retention C 20% at 96 h. They did not respond to standard

therapies including laxatives, dietary modification and

biofeedback, and eventually underwent surgical interven-

tion by colectomy with ileorectal anastomosis [14].

Region-matched and as much as possible age-matched

control specimens obtained from female colorectal cancer

patients were used for comparison.

In functional organ bath studies, either ascending or

sigmoid colonic segments were freshly collected from

patients having laparoscopic resection for colorectal car-

cinoma. In both immunohistochemistry and functional

studies, all control samples were taken from a disease-free

region that was at a maximal distance (10–15 cm) away
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from the tumor. Patients who had previously received

chemotherapy or radiotherapy were excluded from this

study.

The demographical and clinical information of patients

with colorectal cancer or STC whose colorectal resection

specimens were used in this study is described in Table S1.

This project was approved by the Human Ethics Commit-

tees of the South Eastern Sydney and Illawarra Area Health

Service. Each subject signed informed consent, and the

study was conducted according to the criteria set by the

Declaration of Helsinki.

Immunohistochemistry

Full-thickness sigmoid colon samples from female control

and STC patients were preserved in Zamboni fixative and

embedded in paraffin blocks. Samples were cut into 5 lm

sections by microtome and mounted onto poly-L-lysine-

coated microscope slides (Histology and Microscopy Unit,

UNSW). Each slide contained one STC section and one

age-matched control section. After deparaffinization, anti-

gen retrieval was carried out using EnVision FLEX Target

Retrieval Solution, Low pH (K8005 Concentrate; Dako,

North Sydney, NSW, Australia).

Immunofluorescence

After antigen retrieval, the tissue sections were washed

with phosphate-buffered solution (PBS) and incubated

overnight at room temperature with corresponding primary

antibodies diluted in Tris-buffered saline (TBS) with

0.05% Triton (TBS-TX). After incubating with the primary

antibody, the slides were washed 3 times with PBS fol-

lowed by 1 h incubation with the corresponding fluores-

cent-tagged secondary antibodies diluted in TBS-TX at

room temperature (see Table S2). For negative controls,

primary antibody incubation was omitted, and only sec-

ondary antibodies were used to ascertain non-specific

signals.

The slides were then washed with PBS and subsequently

mounted with DAPI (#P-36931; Life Technologies, Mul-

grave, VIC, Australia). Images were captured with an

Olympus BX51TF fluorescent microscope (Olympus,

Tokyo, Japan) at 109, 209and 409magnifications. Images

from different color channels were merged together using

ImageJ (Wayne Rasband, National Institutes of Health,

Bethesda, Maryland, USA).

3,30-Diaminobenzidine staining

Primary antibodies targeting CFTR, ChAT, S-100 and b-

tubulin and corresponding secondary antibodies were

applied to different slides (Table S2). After overnight

incubation, the avidin–biotin complex was applied and

incubated for 60 min followed by the addition of 3,30-di-

aminobenzidine (DAB) substrate reagent. The sections

were counter-stained by hematoxylin. The slides were

digitally scanned by ScanScope XT software (Aperio,

Vista, CA, USA) and photographed at a 209

magnification.

For the immunoreactive quantification analysis, each

image was color deconvoluted into DAB, hematoxylin and

a complimentary image using IHC Profiler plugin on

ImageJ (National Institute of Health) following the method

described by Varghese et al. [28]. Each myenteric ganglion

on the DAB image was then selected and thresholded, and

the positive immunostaining signals were quantified and

expressed as a percentage of the whole area of the

ganglion.

Functional studies

The freshly dissected smooth muscle of human ascending

and sigmoid colon samples was trimmed into 8 9 3 mm

strips. The strips were strung up through 2 circular plat-

inum electrode plates in a circular muscle orientation in

glass organ baths containing 3.5 ml of Krebs–Henseleit

(Krebs) solution at 37�C and aerated with 5% carbogen

gas. The strips were suspended under 1 g of tension and

rested for 30 min and then supplemented with the acetyl-

cholinesterase inhibitor neostigmine (10 lM, Sigma-

Aldrich, Castle Hill, NSW, Australia) to equilibrate for a

further 30 min. EFS was conducted at 80 V, 10 Hz and

1 ms duration and the contraction was recorded as the

initial response. The tissue was then washed with Krebs

solution containing neostigmine and rested for 30 min.

Tetrodotoxin (TTX, 10 lM) and the CFTR inhibitor

CFTR(inh)-172 (10 lM) were added to respective baths.

TTX and CFTR(inh)-172 (both from Sigma-Aldrich) were

dissolved in H2O and DMSO, respectively, and stored in

- 20 �C. They were diluted to the work concentration with

Krebs on the day of the experiment. The strips were

applied with EFS every 15 min at 0, 1, 5, 10 and 50 Hz,

and bath fluid was collected 2 min after each EFS and

stored at - 80 �C for later measurement of ACh and ATP

release. EFS-induced smooth muscle contractility was

registered using Grass FTO3C force transducers and

recorded by Polygraph 3.0 computer program (Mr E.

Crawford, University of New South Wales, NSW, Aus-

tralia). The contractile response was measured in gram and

presented as a percentage of the initial response to 10 Hz.

The quantities of ACh and ATP released from human

colonic muscle strips into the bath fluid were measured,

respectively, by Amplex� Acetylcholine Assay Kit (cat#

A12217; Thermo Fisher Scientific, MA, USA) and ATP
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Bioluminescent Assay Kit (cat# FLAA-1KT, Sigma-

Aldrich).

Statistical analysis

For quantitative immunohistochemistry analysis, the per-

centage coverage of the highlighted myenteric plexus areas

of both STC and control sections was paired and compared

using GraphPad Prism Version 7.01 (GraphPad Software

Inc, San Diego, CA). The data normality test was per-

formed using Prism. If non-parametric, the data were

expressed as median and interquartile range (IQR), and the

differences between STC and control were analyzed by the

Mann–Whitney test. Paired t test was performed to com-

pare the matched pairs of STC and control.

For functional studies, EFS-induced contractile response

and ACh and ATP release were analyzed by two-way

ANOVA, followed by the Bonferroni test.

Results

Localization of CFTR in control human colon

by immunofluorescence

The immunoreactivity (IR) of CFTR was detected from

various structures of the human colon. In the mucosa,

CFTR-IR was densely localized to surface epithelial cells

and crypt goblet and columnar cells, as well as to cells in

the lamina propria which appeared to be leukocytes. In

these stained cells, CFTR-IR was predominately located on

cell membranes and in the cytoplasm, and no staining was

found within the nuclei. In the submucosa layer, CFTR-IR

was detected on blood vessels and submucosal ganglia. As

for the muscularis layer, CFTR-IR was densely localized at

the myenteric ganglia, and weak to moderate CFTR-IR was

seen on smooth muscle (Fig. 1).

Co-localization of CFTR with neuronal markers

Strong HuC/D-IR, the neuronal cell body marker, was

detected in most of the myenteric neurons. Approximately

half of the HuC/D-expressing neurons had denser staining

at nuclei compared to the cytoplasm. For the other half,

HuC/D-IR was more evenly distributed within the cyto-

plasm and nuclei. HuC/D was co-localized with CFTR-IR

in the cytoplasm of the myenteric neurons (Fig. 2a, b, c).

The neuronal marker, b-tubulin class III displayed the

strongest immunoreactive signal in the varicose nerve

fibers around the myenteric neurons. Weak to moderate b-

tubulin-IR was detected within the cytoplasm of the

myenteric neurons and on nerve fibers in the smooth

muscle layer. b-Tubulin-IR was partially co-localized with

CFTR-IR on these structures. (Fig. 2d, e, f).

The staining of glial cell marker S-100 was detected

within the myenteric ganglia but primarily in the nuclei and

processes of glial cells. CFTR was seen to co-localize with

S-100 at glial cell processes, especially those surrounding

the membranes of myenteric neurons (Fig. 2g, h, i).

The staining of glial fibrillary acidic protein (GFAP)

was detected on glial cells and their processes within the

myenteric plexus. Strong GFAP-IR was located at the

myenteric glial cell processes, but only a minority of GFAP

was co-localized with CFTR (Fig. 2j, k, l).

VAChT and neuronal nitric oxide synthase (nNOS), the

representative excitatory and inhibitory motor neurons,

respectively, were then examined to further define the types

of neuronal cells expressing CFTR. VAChT-IR was den-

sely presented on neurons and varicose fibers of myenteric

ganglia. In addition, positive VAChT nerve fibers ran

between smooth muscle bundles. The majority of VAChT

were co-localized with CFTR (Fig. 3a, b, c). VAChT-IR

was also seen on submucosal ganglia where it was co-

localized with CFTR (data not shown). On the other hand,

nNOS-positive myenteric neurons, varicose fibers and

nerve trunk in the myenteric plexus showed no or very

limited co-localization with CFTR (Fig. 3d, e, f).

Changes within the myenteric ganglia

The myenteric ganglia of colon specimens from STC

patients showed weaker CFTR-IR compared to their paired

control specimens (Fig. 4a). The median value of the per-

centage area of CFTR-IR from individual myenteric gan-

glion in STC tissues was 27% (IQR 15–41%, 113 ganglia

from 15 STC specimens), which was significantly lower

than that of control (median 58%, IQR 41–71%, 134

ganglia from 15 control specimens, P\ 0.0001, Mann–

Whitney test, Fig. 4b). When the CFTR-IR of individual

myenteric ganglion from the same specimen was combined

and averaged, a reduced CFTR-IR was seen in 13 of the 15

STC specimens examined compared to their matched

control specimens (P\ 0.01, a paired analysis by Wil-

coxon test, Fig. 4c). CFTR-IR was not correlated with age

in either control or STC specimens (the Pearson correlation

coefficient r2 values were 0.069 for control and 0.139 for

STC, both P[ 0.05, n = 14).

Likewise, the myenteric ganglia of STC showed weaker

ChAT staining compared to the control (Fig. 5a). The

median value of the percentage area of ChAT-IR of indi-

vidual myenteric ganglion in STC tissues was 12% (IQR

5.5–22%, 57 ganglia of 6 STC specimens), which was

significantly lower than the control (median 23, IQR

8.3–32%, 52 ganglia of 6 control specimens, P\ 0.01,

Fig. 5b). A significant reduction in the average percentage
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area of ChAT-IR was also observed in the paired study

(P\ 0.05, Fig. 5c).

Dense b-tubulin-IR was localized primarily to myenteric

ganglia (Fig. 6a). Compared to the control, STC colon

tissues displayed a significant elevation of b-tubulin-IR in

both individual myenteric ganglion (P\ 0.0001, Fig. 6b)

and data within the same specimens averaged (P\ 0.05,

Fig. 6c). S-100-IR in myenteric ganglia (Fig. 6 d) showed

no significant difference in the percentage area of staining

in either individual or averaged data from STC tissues

compared to control (Fig. 6e, f). The mean number of HuC/

D-positive myenteric neurons per ganglion in STC tissues

was 8 ± 0.78 (n = 14), which had no significant difference

compared to the control (mean 7 ± 0.57, n = 11).

CFTR-mediated contractile response and ACh

and ATP release

The contractility of smooth muscle strips from either

ascending or sigmoid colon of control specimens in

response to EFS was increased in a frequency-dependent

manner (Fig. 7a). It is interesting to note that in the strips

obtained from seven patients that were treated with

CFTR(inh)-172, four of them showed spontaneous con-

tractions during the equilibrium period, and these sponta-

neous activities were inhibited or abolished by the addition

of CFTR(inh)-172 (10 lM). Furthermore, in the presence

of CFTR(inh)-172 (10 lM), the contractile responses

induced by EFS were diminished (Fig. 7B), and significant

reductions were recorded at 10 Hz (P\ 0.05) and 50 Hz

(P\ 0.01, n = 7) stimulation compared to the control

(Fig. 7c). In the presence of tetrodotoxin (TTX, 10 lM), a

significant reduction of contractility was found at all fre-

quencies (P\ 0.01–P\ 0.0001, n = 7) except 1 Hz. The

results with the addition of both TTX and CFTR(inh)-172

did not display any further reduction (data not shown).

The amount of ACh released from human colonic

muscle strips was also measured. The basal level of ACh

was 79 � 39 nmol/g strip weight (n = 7). The two-way

ANOVA analysis showed that both CFTR(inh)-172

(P\ 0.05) and TTX (P\ 0.01) significantly inhibited

ACh release. Although there were trend reductions at 5 and

10 Hz stimulations, the Bonferroni post-test showed sig-

nificant reductions only at 50 Hz for both CFTR(inh)-172

(P\ 0.05) and TTX (P\ 0.01) (Fig. 7d). The basal ATP

release was 0.19 � 0.025 (nmol/g strip weight). There were

no differences for EFS-induced ATP among the three

groups (Fig. 7e).

Fig. 1 Localization of CFTR immunoreactivity (IR) in control

human colonic mucosa and smooth muscle. a–c, in the mucosa

region, CFTR-IR (red) was localized to surface epithelial cells, crypt

goblet, columnar cells and leukocytes in the lamina propria, and on

submucosal ganglia (indicated by arrows). d–f, In the muscle layer,

dense CFTR-IR was seen on myenteric ganglia, and weak to moderate

CFTR-IR was seen on the longitudinal and circular muscle. 40,6-

Diamidino-2-phenylindole (DAPI) represents the nuclei (blue). Cir-

cular muscle (CM), crypts (C), longitudinal muscle (LM), lumen (L),

muscularis mucosa (MM), myenteric ganglion (MG), submucosa (S).

Scale bar = 100 lm
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Discussion

CFTR has long been seen as an epithelial ion channel that

regulates the transport of various ions across the epithe-

lium. To our knowledge, our study is the first to report the

functional role of CFTR in mediating neuronal ACh release

and its pathophysiological significance in STC. The present

study provides strong evidence that CFTR is localized on

various structures in the myenteric ganglia and plays a

critical role in regulating neurotransmission and colonic

smooth muscle contractility. STC is an idiopathic disease

that has no known causes. Our study provides a novel

finding that there is a change of composition within the

myenteric ganglia in STC which may explain why a pro-

longed colonic transit time is observed in STC. Overall, the

present study has largely extended the understanding of

CFTR and its pathophysiological association with STC.

The immunofluorescence result agrees with the previous

finding that CFTR is present in the colon and

bFig. 2 Double labeling of CFTR-IR with neuronal and glial cell

markers in control human colonic smooth muscle. a–c Dense CFTR-

IR was seen on myenteric ganglia. HuC/D-IR was localized to the

cytoplasm and nuclei of myenteric neurons. The merged image

indicates that CFTR-IR was co-localized with HuC/D-IR in the

cytoplasm of the myenteric neurons (arrows). a–f b-Tubulin-IR was

localized to the nerve fibers within the myenteric ganglia and nerve

bundles running in the smooth muscle. CFTR-IR was seen to co-

localize with b-tubulin on the nerve fibers within the myenteric

ganglia and the smooth muscle (arrows). g–i S-100-IR was localized

to the nuclei and processes of myenteric glial cells. CFTR-IR was

seen to co-localize with S-100-IR at glial cell processes, especially

those surrounding the membranes of myenteric neurons (arrows).

Stars and triangles indicate, respectively, CFTR-positive and -

negative myenteric neurons where S-100-IR was absent. j–l, GFAP-

IR was localized to the processes of myenteric glial cells. CFTR was

largely not co-localized with GFAP except on some of the glial cell

processes indicated by arrows. Experiments performed on n = 6–11

control and STC specimens showed no observable differences in the

pattern of co-localization. Images displayed are from control colonic

specimens. Circular muscle (CM), longitudinal muscle (LM), myen-

teric ganglia (MG). DAPI nuclear marker represents the nuclei (blue).

Scale bar = 50 lm

Fig. 3 Double labeling of CFTR-IR with VAChT-IR and nNOS-IR in

control human colonic smooth muscle. CFTR (a) and VAChT

(b) were seen on neurons and nerve fibers of myenteric plexus as well

as nerve bundles running between smooth muscle fibers, where they

were largely co-localized as shown in yellow or orange color (c).

CFTR (red) was densely present on the nerve fibers and the cytoplasm

of neurons within the myenteric ganglia (d) whereas nNOS was

expressed on some of the neurons, varicose nerve fibers and nerve

trunks of the myenteric plexus (e). There was virtually no co-

localization between CFTR with nNOS in all structures. Arrows

indicate that CFTR-positive neurons are free of nNOS-IR. Triangles

indicate that nNOS-positive neurons are free of CFTR-IR (f). Circular

muscle (CM), longitudinal muscle (LM), myenteric ganglia (MG).

DAPI nuclear marker represents the nuclei (blue). Scale bar = 50 lm
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predominately located at the mucosa, particularly on

epithelial cells of the colon crypts [23, 29, 30]. Dense

CFTR-IR seen on lymphocytes in the lamina propria,

submucosal blood vessels, enteric ganglia and nearby nerve

fibers suggests the involvement of CFTR in multiple cel-

lular activities such as inflammation, mucus production and

gut motility. It is, therefore, possible that several colonic

diseases that are characterized by inflammation, abnormal

mucus production and gut motility may be associated with

abnormal CFTR functions.

The co-localization of CFTR with HuC/D and b-tubulin

suggests that CFTR may play a role in mediating nerve

signals. The fact of VAChT-IR being largely if not entirely

co-localized with CFTR in the myenteric plexus indicates a

possible role of CFTR in regulating cholinergic neuron

activities. This was confirmed by our functional study

showing that EFS-induced contractile responses and ACh

release from colonic muscle strips were reduced in the

presence of CFTR(inh)-172, an inhibitor of CFTR transport

activities [31]. Furthermore, CFTR(inh)-172 also inhibited

or abolished spontaneous contractions of the muscle. Our

previously published study has shown that EFS-evoked

human colonic muscle contraction is TTX- and atropine-

dependent, suggesting that the effect is primarily via the

release of ACh from myenteric neurons [18]. The sponta-

neous muscle contractions under the rest condition were

also likely to be caused by the release of Ach, since the

contractions were enhanced by the addition of acetyl-

cholinesterase inhibitor neostigmine.

Although the mechanisms of action of CFTR in regu-

lating gut motility remained unclear, the mechanism could

involve Ca2? channels. It is well accepted that the cAMP

and protein kinase A signaling pathway is the primary

controlling mechanism for CFTR channel function. How-

ever, there is growing evidence that CFTR also regulates

Ca2? influx and contributes to cholinergic and purinergic

receptor activities in tissues, CFTR-expressing human

bronchial epithelial cell line and baby hamster kidney cells

co-expressing CFTR and muscarinic M3 receptors [32–34].

Interestingly, a study by Thiagarajah et al. has shown that

CFTR(inh)-172 inhibited pilocarpine-stimulated submu-

cosal gland fluid secretion in normal pig and human air-

ways [35]. Taken together, these studies have pointed to

the close relationship between CFTR and cholinergic

Fig. 4 Comparison of the expression of CFTR-IR within the

myenteric ganglia between control and STC. a Immunoreactivity of

CFTR (brown) in myenteric ganglia (MG) of two control colon

specimens (a, c) and two STC colon specimens (b, d). Weaker CFTR-

IR was seen in STC compared to control. Scale bar = 25 lm.

b Scatter plot showing percentage area of immunostaining of CFTR

in individual myenteric ganglion of human colon smooth muscle from

124 ganglia of 14 control patients and 107 ganglia of 14 STC patients.

Bars show the median values. ****P\ 0.0001, Mann–Whitney test.

c Scatter plot showing the averaged percentage area of CFTR-IR

within the same specimens from control colon (n = 14) compared

with age-matched STC colon (n = 14). The solid line indicates the

paired specimens on the same slide. **P\ 0.01 by paired t test
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activities. We, therefore, postulate that the effect of CFTR

on modulating ACh-mediated colonic contractility may

involve the action of CFTR on regulating Ca2? influx (see

Figure S1). The addition of CFTR(inh)-172 blocks the

function of CFTR on smooth muscle cells which could

pose an inhibitory effect on Ca2? influx, therefore leading

to decreased contractility. Furthermore, the addition of

CFTR(inh)-172 inhibits the function of CFTR on enteric

neurons, resulting in a diminished Ca2? influx into the

nerve end, thereby a reduction of ACh release. Since the

M3 receptor coupled diacylglycerol (DAG) and 1,4,5-

trisphosphate (IP3) signaling pathways activate CFTR [34],

with less ACh being released, the activities of CFTR on the

smooth muscle would be subsequently attenuated. This is

in line with the previous findings which showed that CFTR

inhibition significantly decreased Ca2? influx via the

transient receptor potential cation channels [32, 36].

CFTR-IR was more abundant than ChAT-IR and

VChAT-IR within the myenteric ganglia, and thus it cannot

be ruled out that CFTR plays other functional roles in the

GI tract in addition to modulating ACh release and con-

tractility. In contrast, CFTR-IR was barely co-localized

with nNOS, suggesting a minimal effect of CFTR on

regulating NO release and possibly NO-mediated

descending relaxation. Overall, the co-localization assay

suggests a more important role of CFTR in regulating

colonic contraction than relaxation.

CFTR is a member of the ATP-binding cassette super-

family that mediates ATP efflux. However, we have shown

that EFS-induced ATP release from human colonic muscle

strips remained unchanged compared to the basal level, and

inhibition of CFTR by CFTR(inh)-172 had no influence on

ATP release. Our result was consistent with a previous

study which showed that CFTR(inh)-172 failed to suppress

bradykinin-inducible export of ATP from cultured guinea

pig taenia coli smooth muscle cells [37] On the other hand,

although it was reported that CFTR channel blockers

gadolinium chloride and 4,40-diisothiocyanatostilbene-

2,20disulfonic acid attenuated the basal and hypotonic

stress-induced ATP release from CFTR-expressing human

bronchial epithelial cells, the action appeared to be medi-

ated by a CFTR-dependent ATP-releasing channel rather

than directly by CFTR [38].

Although the increase in the ratio of glial cells to

myenteric neurons in the rectosigmoid colon of STC has

been reported [39], our result was in line with a previous

Fig. 5 Comparison of the expression of ChAT-IR within the

myenteric ganglia between control and STC. a Immunoreactivity of

CHAT (brown) in myenteric ganglia (MG) of two control colon

specimens (a, c) and two STC colon specimens (b, d). Weaker ChAT-

IR was seen in STC compared to control. Scale bar = 25 lm.

b Scatter plot showing percentage area of immunostaining of ChAT

in individual myenteric ganglion of human colon smooth muscle from

52 ganglia of six control patients and 57 ganglia of 6 STC patients.

Bars show the median values. **P\ 0.01, Mann–Whitney test.

c Scatter plot showing the averaged percentage area of ChAT-IR

within the same specimens from control colon (n = 6) compared with

age-matched STC colon (n = 6). The solid line indicates the paired

specimens on the same slide. *P\ 0.05 by paired t test
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study showing no changes in S-100-IR in the sigmoid colon

of STC compared to control [40]. A recent study has shown

that glial cells may play a role in regulating gut motility by

responding to neurotransmitters, primarily ATP and ADP

[41]. The marginal co-localization of CFTR with GFAP-

positive glial cells suggests that these cells are unlikely to

influence gut motility. However, the observation that

CFTR was co-localized with S-100 has pointed to the

significance of CFTR to the S-100-positive glial cells.

Previous research has identified four morphologically dis-

tinct subpopulations of glial cells in the ENS of mice.

Type-I, Type-II and Type-III of the enteric glia were found

to express GFAP, S-100 and Sox10 differently [42]. This is

consistent with our present study, which shows differential

expression of glial markers on the myenteric ganglia. Type-

I glial cells co-express GFAP and S-100, while the majority

of Type-II and Type-III glial cells are GFAP negative and

S-100 positive [42], CFTR is likely to be present on Type-

II and Type-III glial cells in the human enteric nervous

system. Although the precise function of enteric glial cells

in the GI tract remains elusive, studies in recent years have

highlighted the role of enteric glia in regulating gut

motility, synaptic transmission, mucosal secretion and

absorption and host defense against pathogens [41–46].

Under certain circumstances, enteric glial cells can even

become enteric neurons [45].

One of the interesting and novel findings of our study is

CFTR and ChAT proteins are significantly downregulated

within the myenteric ganglia in STC, which was consistent

with the previous finding that STC has impaired colonic

motor activities upon cholinergic stimulation [47]. It fur-

ther agrees with our results of the co-localization assay and

the functional study suggesting that CFTR plays a role in

regulating ACh release and ACh-mediated colonic muscle

contraction. We have previously reported abnormal con-

tractile responses to EFS in the colon smooth muscle of

Fig. 6 Comparison of the expression of b-tubulin and S-100 within

the myenteric ganglia between control and STC. a Immunoreactivity

of b-tubulin (brown) in myenteric ganglia (MG) of one control colon

specimen (a) and one STC colon specimen (b). Denser b-tubulin-IR

was seen in STC compared to control. Scale bar = 25 lm. b Scatter

plot showing percentage area of immunostaining of b-tubulin in

individual myenteric ganglion of human colon smooth muscle from

60 ganglia of six control patients and 57 ganglia of 6 STC patients.

Bars show the median values. ***P\ 0.001, Mann–Whitney test.

c Scatter plot showing the averaged percentage area of b-tubulin-IR

within the same specimens from control colon (n = 6) compared with

age-matched STC colon (n = 6). The solid line indicates the paired

specimens on the same slide. *P\ 0.05 by paired t test. d Immunore-

activity of S-100 (brown) in myenteric ganglia of one control colon

specimen (a) and one STC colon specimen (b). Control and STC

showed similar S-100-IR. Scale bar = 25 lm. e Scatter plot showing

no significant changes of percentage area of immunostaining of S-100

in individual myenteric ganglion of human colon smooth muscle from

38 ganglia of 6 control patients and 52 ganglia of 6 STC patients. Bars

show the median values. f Scatter plot showing no significant changes

in the averaged percentage area of S-100-IR within the same

specimens from control colon (n = 6) compared with age-matched

STC colon (n = 6). The solid line indicates the paired specimens on

the same slide
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STP patients, showing that EFS-evoked contractions were

unrelated to stimulation frequency: the contractile ampli-

tudes were higher to lower frequency stimulations

(0.5–5 Hz), but lower to higher frequency stimulations

(10–40 Hz) in STC compared to control [18]. Our current

and previous findings have revealed an association between

abnormal CFTR expression/cholinergic activities and dys-

motility of STC. Such a downregulation may not be due to

a loss of myenteric neurons as reported in previous findings

[39, 48], since our study has shown that the number of

HuC/D-positive neurons per myenteric ganglion in STC

has no significant changes compared to control. In fact, a

slight but significant upregulation of b-tubulin was

observed, which indicates an increase of nerve fibers within

the myenteric plexus. Whether the upregulation of b-

tubulin was a compensatory consequence of the downreg-

ulation of CFTR and ChAT is unknown and is outside the

scope of this study.

It is essential to point out that the reduction in ACh

synthesis and CFTR downregulation may have some causal

relationship, but this has yet been investigated in the pre-

sent study. Overall, the change of composition within the

myenteric ganglia suggests a pathophysiological role of

CFTR in idiopathic STC. Future investigations are neces-

sary to reveal the causes of the changes and whether there

are changes of other components within the myenteric

ganglia in STC.

GI motility disorder has been associated with cystic

fibrosis previously. A significant reduction of gut motility

as characterized by prolonged gastric emptying and transit

has been reported in cystic fibrosis mice [49]. However, the

disturbed motility in cystic fibrosis was believed to be

secondary to the inflammation induced by impaired mucus

clearance [50–53]. Our study shows that disturbed motility

may be more related to abnormal CFTR expression within

the myenteric ganglia rather than to inflammation, at least

in non-inflammatory STC. CFTR is conventionally viewed

as predominantly affecting the mucosa owing to its secre-

tory functions, but the result of this study extends this view

by suggesting its pathophysiological role in deeper smooth

muscle layers. In a chronically constipated mouse strain

(C3H/HeJ) with impaired interactions between gut micro-

biota and enteric neurons, CFTRact-J027, a CFTR activator,

when orally given, significantly increased pellet number,

stool weight and water content to the level of its wild-type

control [54]. Therefore, the benefits of CFTR as a target for

the treatment of STC may be twofold, improving both

motility and secretion.

Fig. 7 EFS-induced contraction of human colonic smooth muscle

strips and ACh and ATP release. a, b, Representative contractile

traces of EFS-induced colonic contraction of human colonic smooth

muscle strips in the absence and presence of CFTR inhibitor,

CFTR(inh)-172. CFTR(inh)-172 was added 30 min before the EFS

(indicated by the arrow). All experiments were carried out in the

presence of cholinesterase inhibitor neostigmine (10 lM). c EFS-

induced frequency-dependent contractile responses which were

significantly inhibited by CFTR(inh)-172 and TTX. d In parallel,

EFS-induced frequency-dependent ACh release was inhibited by both

CFTR(inh)-172 and TTX. E, EFS-induced ATP release was not

affected by the presence of CFTR(inh)-172 and TTX. Data are

expressed as the percentage of the initial value of 10 Hz stimulation

(n = 5–7). *P\ 0.05, **P\ 0.01, ****P\ 0.0001. Two-way

ANOVA followed by Bonferroni test
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Conclusions

In conclusion, the co-localization of CFTR with choliner-

gic markers, the inhibition of EFS-induced colonic muscle

contractility and ACh release by CFTR(inh)-172, as well as

the downregulation of CFTR within the myenteric ganglia

in STC have not been reported previously. These novel

findings have greatly extended the current understanding of

the functional role of CFTR in regulating the neuronal

release of ACh in neurotransmission and its pathophysio-

logical association with STC. Future studies are essential to

investigate the causal relationship and the mechanism of

CFTR in mediating neuronal activities in the GI tract.
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