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Background/Aims

Irritable bowel syndrome (IBS) is a common disease characterized by intestinal dysmotility, the mechanism of which remains elusive.
We aim to determine whether the high-affinity choline transporter 1 (CHT1), a determinant of cholinergic signaling capacity,
modulates intestinal motility associated with stress-induced IBS.

Methods

A rat IBS model was established using chronic water avoidance stress (WAS). Colonic pathological alterations were evaluated
histologically and intestinal motility was assessed by intestinal transit time and fecal water content (FWC). Visceral sensitivity was
determined by visceromotor response to colorectal distension. RT-PCR, western blotting, and immunostaining were performed to
identify colonic CHT1 expression. Contractility of colonic muscle strips was measured using isometric transducers. enzyme-linked
immunosorbent assay was used to measure acetylcholine (ACh). We examined the effects of MKC-231, a choline uptake enhancer, on
colonic motility.

Results

After 10 days of WAS, intestinal transit time was decreased and fecal water content increased. Visceromotor response magnitude in
WAS rats in response to colorectal distension was significantly enhanced. Protein and mRNA CHT1 levels in the colon were markedly
elevated after WAS. The density of CHT1-positive intramuscular interstitial cells of Cajal and myenteric plexus neurons in WAS rats
was higher than in controls. Ammonium pyrrolidine dithiocarbamate partly reversed CHT1 upregulation and alleviated colonic
hypermotility in WAS rats. Pharmacological enhancement of CHT1 activity by MKC-231 enhanced colonic motility in control rats via
upregulation of CHT1 and elevation of ACh production.

Conclusion

Upregulation of CHT1 in intramuscular interstitial cells of Cajal and myenteric plexus neurons is implicated in chronic stress-induced
colonic hypermotility by modulation of ACh synthesis via nuclear factor-kappa B signaling.
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Introduction

The cholinergic nervous system is widely distributed within the
enteric nervous system (ENS).! Cholinergic neurons, which affect
the amplitude and frequency of slow waves in the interstitial cells
of Cajal (ICCs),” are the major pathway of excitatory transmission
within the ENS." Accumulating evidence indicates that the cholin-
ergic system plays an important role in the regulation of gastroin-
testinal (GI) motility and that dysfunction of this system can cause
dysmotility.'

Irritable bowel syndrome (IBS), which is characterized by
intestinal dysmotility and visceral hyperalgesia, is a common func-
tional GI disorder that affects up to 29.2% of the general popula-
tion according to the Rome IIT criteria.” Currently, the pathological
mechanism of IBS is poorly understood. Previous reports have
indicated that dysfunction of the cholinergic system within the
ENS, such as heightened cholinergic-mediated short circuit current
responses, the persistence of choline acetyltransferase-positive neu-
rons, enhanced mucosal acetylcholinesterase activity, and downregu-
lation of the mucosal muscarinic 3 receptor, represents an important
candidate mechanism for intestinal dysmotility in IBS." Several
lines of evidence suggest that the high-affinity choline transporter
1 (CHT?1), which is the rate-limiting step in acetylcholine (ACh)
synthesis, exerts a crucial role in the functioning of the cholinergic
system.” CHT1, which is exclusively present in cholinergic nerve
fibres, represents another biomarker of cholinergic nerves.” CHT1
is present on the presynaptic terminal of cholinergic neurons and
can take up choline hydrolyzed from ACh at the synaptic cleft into
the presynaptic nerve terminal.”® This choline uptake, which is Na*
and CI' -dependent, is sensitive to hemicholinium-3.>° A previous
study showed that ACh failed to be synthesized in CHT1 knock-
out mice.” However, coluracetam (MKC-231), a choline uptake
enhancer, was reported to improve cholinergic hypofunction by en-
hancing high-affinity choline uptake (HACU)), subsequently facili-
tating ACh synthesis and release.” To date, numerous studies have
reported that altered expression and dysfunction of CHT1 plays a
key role in the development of neurodegenerative diseases (especially
Alzheimer’s disease'"), cardiovascular diseases (carotid atheroscle-
rosis'' and tachycardia'?), and tumours (such as pancreatic ductal
adenocarcinoma™). Our recent study reported for the first time that
CHT1 might exert an important inhibitory effect in the visceral
hyperalgesia induced by chronic pancreatitis.'*

No reports regarding the involvement of CHT'1 in the modula-
tion of GI motility have been published to date. Herein, the present

study aims to explore the alterations in the expression and distribu-
tion of CHT' in the colon and to determine the role of CHT'1
in intestinal dysmotility in a rat model of IBS induced by chronic

stress.

Materials and Methods

Animal Models

Male Sprague-Dawley rats (weight 180-230 g) were purchased
from Hunan SJA Laboratory Animal Co. Ltd. The animals were
housed in a standardized environment (22 = 2°C with a 12-hour
light/dark cycle and a relative humidity of 40-60%), and had ad
libitum access to food and water. All experiments were approved
by the Institutional Animal Care and Use Committee of Wuhan
University (No. 20170917) and conducted in accordance with the
Declaration of the National Institutes of Health Guide for Care and
Use of Laboratory Animals and the People’s Republic of China
animal welfare legislations in order to minimize the number of ex-
perimental animals and their suffering.

The rats were randomly divided into 4 groups: control group,
water avoidance stress (WAS) group, MKC-231 group, and am-
monium pyrrolidine dithiocarbamate (PDTC) group. The WAS
procedure was performed to induce IBS as described previously
with minor modifications.” Briefly, rats were placed on a platform
(10 X 8 X 8 cm; length X width X height) in the center of a
water-filled (25°C) tank (45 X 25 X 35 cm; length X width X
height) for 1 hour daily for 10 consecutive days. The water level in
the tank was kept at 1 cm below the platform. Rats in the MKC-
231 group were the normal rats gavaged with MIKC-231 (2 mg/
kg; MCE, Princeton, NJ, USA) for 10 days. The animals from
the PDTC group were administered an intraperitoneal injection
of PDTC (100 mg/kg; Beyotime, Shanghai, China), a selective
nuclear factor-kappa B (NF-icB) antagonist, in saline 1 hour before
WAS for 10 days. After 48 hours from the end of WAS, colonic
motility and visceral sensitivity were determined. Afterwards, the
rats were subjected to laparotomy and distal colon resection. Hema-

toxylin-eosin staining was performed for colon specimens.

Intestinal Transit Time

The animals were orally gavaged with activated carbon in
double-distilled water after fasting for 24 hours. Close observation
of the stool was then conducted. Intestinal transit time (ITT) was
the duration from gavage to the time when the first black fecal pellet

output.
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Fecal Water Content

Fecal water content (FWC) was used to estimate colonic motil-
ity as a validated index. The animals were placed in metabolic cages
for 24 hours with free access to rodent chow and water. The stool
was weighed (m,) after collection, and the stool was then weighed
again (m,) after it was dried in the oven. FWC was calculated as (m,

—m,)/m,.

Electromyogram Measurements

To evaluate the visceral sensitivity, we recorded the electromyo-
gram (EMG) signal of abdominal oblique musculature. For EMG
measurements, animals were initially anesthetized with isoflurane
inhalation, keeping a mild and stable anesthesia throughout the ex-
periment. After anesthesia, the rat was fixed in a supine position. A
pair of electrodes was implanted into the external oblique muscle of
the rats. The electrodes were connected to a Bio Amp (AD instru-
ments, Bella Vista, Australia) which was connected to a Power Lab
(AD instruments) as an EMG acquisition system. Colorectal dis-
tension (CRD) was then conducted after 20 minutes of adaptation.
Each recording progression consisted of a S-minute predistention
baseline activity measurements, a 20-second CRD-evoked response
(20, 40, 60, and 80 mmHg), and a 3-minute postdistention activ-
ity measurement, followed by a 3-minute rest between 2 CRD
episodes. The EMG signals expressed by visceromotor response
(VMR), the area under the curve in response to the CRD stimuli,
were collected and analyzed using Lab Chart 7 software (AD in-
struments). The analytic period was 40 seconds (20 seconds during,
and 20 seconds after each CRD). The net value for each CRD was
calculated by subtracting the area under the curve of the baseline
(40-second interval) before each CRD."

Western Blot

Total proteins were extracted using RIPA lysis buffer (Beyo-
time) and subsequently subjected to centrifugation at 12 000 rpm,
4°C for 30 minutes. Supernatants were then collected and protein
concentration was determined using the BCA protein assay kit (Be-
yotime). Samples were mixed with 5 X loading buffer and heated at
100°C for 5 minutes to denature the proteins. Thirty micrograms
of total proteins were loaded on 10% SDS polyacrylamide gels and
electrophoresed. The separated proteins were transferred to PVDF
membranes (Millipore, Darmstadt, Germany), and the membranes
were incubated in 5% skimmed milk at room temperature for 2
hours to block nonspecific binding. The blots were then incubated
overnight at 4°C with the primary antibody against CHT'1 (Santa
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Cruz Biotechnology, Dallas, TX, USA) or B-actin (Beyotime). Af-
ter washing 3 times with tris-buffered saline and Tiveen 20 (TBST)
for 10 minutes, the corresponding secondary antibody conjugated
to horseradish peroxidase (Boster) was applied for 1 hour at room
temperature, followed by three washes of TBST for 10 minutes.
Specific protein bands were visualized using the ECL kit (Thermo
Fisher Scientific, Waltham, M A, USA) and an X-ray film (Kodak,
Xiamen, China). The optical density of the bands was analyzed us-
ing Band Scan 5.0 software (Alpha Innotech Corp, San Leandro,
CA, USA).

Quantitative Real-time Polymerase Chain Reaction

Total RNA was extracted from the colon that was frozen in
liquid nitrogen with TRIzol reagent (Invitrogen, Carlsbad, CA,
USA), following the manufacturer’s instructions. Next, 1.5 ug of
total RNA from each sample was used for cDNA synthesis in a
total volume of 20 ul., with oligo (dT)18 and Hiscript Reverse
Transcriptase (Vazyme Biotech Co, Ltd, Nanjing, China) included
in the reverse transcription system. Quantitative real-time poly-
merase chain reaction was performed in 20 pL wells with SYBR
Green PCR master mix (Vazyme Biotech Co, Ltd) on the viiA 7
real-time PCR system (Applied Biosystems Inc, Carlsbad, CA,
USA). After incubation at 95°C for 10 minutes as the initiation
of thermal cycling, 40 cycles of 95°C for 30 seconds and 60°C for
30 seconds were performed. Each reaction was performed in trip-
licate. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as a loading control to normalize each sample. CHT1
is encoded by Slc5a7 gene. The primers for Slc5a7 amplification
directly target the transcript variant X3, whose accession number
is XM 006244253.3. The PCR primers were as follows: CHT'1
forward: 5-GACTGTGTATGGGCTCTGGT-3’, reverse:
S“TGGCTCTCCTCCGGTAATTC-3; GAPDH forward:
S-ACAGCAACAGGGTGGTGGAC-3’, reverse: 5-TTT-
GAGGGTGCAGCGAACTT-3. Specificity of the PCR prod-
ucts was monitored by melting curve analysis. The relative level of
CHT1 mRNA was quantified by the 2**“ method.

Immunofluorescence

Immunofluorescence staining for CHT'1 was performed both
on whole-mount flat preparations of the myenteric plexus (MP)
and longitudinal sections of the colon. Immunofluorescence stain-
ing on whole-mount flat preparations was performed as follows.
Colonic specimens were fixed in 4% paraformaldehyde solution
at 4°C for 6-8 hours. Subsequently, the mucosa was removed with

sharp forceps under a stereoscopic microscope. The circular muscle
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was then stripped off carefully at certain intervals. Whole-mount
preparations were then blocked with 10% goat serum contain-
ing 0.3% Triton X-100 for 1 hour at room temperature. Next,
the samples were incubated overnight at 4°C with mouse anti-rat
polyclonal CHT1 antibody (Santa Cruz Biotechnology). After
washing in phosphate buffered saline with Tween 20 (PBST), the
pinned tissues were incubated overnight at 4°C with rabbit anti-rat
polyclonal transmembrane member 16A (TMEM16A) antibody
(Santa Cruz Biotechnology). After washing thrice with PBST for
S minutes, the tissues were incubated with FITC-conjugated rab-
bit anti-mouse secondary antibody (Boster, Wuhan, China) and
CY3-conjugated goat anti-rabbit secondary antibody (Boster) for 1
hour at room temperature. The stained samples were imaged using
Olympus BX53 microscope (Olympus, Tokyo, Japan) after they
were mounted on a slide with a coverslip, and sealed with glycerol.
Immunofluorescence of colonic longitudinal sections was conduct-
ed in a similar manner with the above procedure. The results were
analyzed using Image Pro Plus software version 6.0 (Media Cy-
bernetics, Silver Spring, M D, USA). The CHT1-immunoreactive
(IR) neurons in the MP were quantified as a relative percentage
considering the total number of TMEM 16A-IR neurons.

Contractility of Colonic Muscle Strips

Full-thickness strips of distal colon (measuring 3 X 10 mm)
were mounted vertically in a 10 mL organ bath filled with Ty-
rode’s solution (in mM: NaCl 147.0, KCI 4.0, CaCl, 2.0, MgCl,
1.05, Na,HPO, 1.81, NaH,PO, 0.42, and glucose 5.5, with pH
adjusted to 7.35-7.45 with NaOH) maintained at 37°C and con-
stantly bubbled with O,. The strips were placed under an initial
resting tension equivalent to a 1.0 g load and allowed to equilibrate
for 30 minutes, with solution changes every 20 minutes. Isometric
contractions were measured using a force displacement transducer.
The contraction curves were recorded and measured by RM6240
multichannel physiological signal acquisition and processing system
(Chengdu Instrument Factory, Chengdu, China). The average
magnitude and frequency were calculated to evaluate the spontane-

ous contraction of strips.

Enzyme-linked Immunosorbent Assay

Enzyme-linked immunosorbent assay (ELISA) was applied to
detect the ACh release from the colon. For detecting ACh produc-
tion, fresh colonic tissues were subjected to homogenization on ice
after dilution, and subsequent centrifugation at 2500-3500 rpm

for 10 minutes. Supernatants were then collected and ACh content
was determined using the ACh ELISA Kit (Jiancheng, Nanjing,

China) according to the manufacturer’s instructions. Each sample
was assayed in duplicate. The spectrophotometry of panels were

read at 550 nm and calculated according to the standard curve.

Statistical Methods

Statistical analyses were performed using SPSS version 21.0
(IBM Corp, Armonk, NY, USA). Continuous variables were pre-
sented as the mean = standard deviation and compared using ¢ tests
and analysis of variance (ANOVA). Differences among the groups
were analyzed using 2-way repeated-measures ANOVA with dis-
tention pressure as the repeated measure. The Student-Newman—
Keuls post hoc test was used where appropriate. In all analyses, “n”
refers to the numbers of rats examined. Differences were considered

statistically significant at a P-value < 0.05.

Results

Evaluation of the Animal Model

No animals died during the experiment. Haematoxylin-eosin
staining revealed that colon specimens of the control and WAS
groups were intact, without congestion and obvious infiltration of
inflammatory cells (Fig. 1A). However, the ITT of WAS rats was
significantly shorter than that of controls (7.90 = 0.24 hours vs
10.10 = 0.32 hours, P < 0.05; n = § in each group) (Fig. 1B).
Furthermore, FWC in WAS-exposed rats was enhanced compared
to that in control rats (70.69 = 6.61% vs 47.89 * 4.75%, P <
0.05; n = 5 in each group) (Fig. 1C). In addition, we detected
that the VMR amplitude in the WAS group was markedly higher
than that in the control group at the pressures of 20, 40, 60, and 80
mmHg (20 mmHg: control 76.9 = 6.8 uV-sec vs WAS 110.6 =
8.4 uV-sec, P < 0.05; 40 mmHg: control 117.7 = 8.9 uV-sec vs
WAS 173.1 £ 9.8 uV-sec, P < 0.05; 60 mmHg: control 169.4 *
9.0 uV-sec vs WAS 225.7 + 10.6 puV-sec, P < 0.05; 80 mmHg:
control 204.1 £ 9.9 puV-sec vs WAS 271.5 = 10.1 uV-sec, P <
0.05; n = 5 in each group) (Fig. 1D).

These data suggested that an animal model of chronic stress-
induced colonic hypermotility; exhibiting the hallmark of IBS, was
successfully established after 10 days of WAS exposure.

Enhanced High-affinity Choline Transporter 1 Expression
in the Colon of Water Avoidance Stress Rats

Western blot analysis revealed that CHT'1 protein levels in the
colon were considerably increased after 10 days of WAS (Fig. 2A).
The CHT and B-actin level ratios in the control and WAS groups
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Figure 1. Evaluation of the animal model. (A) Hematoxylin-eosin staining (X200) showing that colon specimens of the control (left) and WAS
(right) groups are intact without congestion and obvious infiltration of inflammatory cells. (B) The intestinal transit time of water avoidance stress
(WAS) rats is shorter than that of control rats. (C) The fecal water content in the WAS group is increased compared to that in the control group.
(D) Visceromotor response (VMR) cure (left) and summary data (right) for VMR responses to CRD at pressures of 20, 40, 60, and 80 mmHg in
control and WAS rats. The VMR amplitude of WAS rats is significantly higher than that of control rats. *P < 0.05 compared to controls.

were 0.42 = 0.02 and 0.72 = 0.04 (P < 0.05; n = § in each the transcriptional level (Fig. 2B). The mean 2™ values of CHT1
group), respectively. Quantitative RT-PCR analysis further con- mRNA levels in the control and WAS groups were 1.00 = 0.00 and
firmed upregulation of CHT1 in the colon under chronic stress at 1.80 = 0.05 (P < 0.05; n = § in each group), respectively. In addi-
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Figure 2. Protein and mRNA levels of high-affinity choline transporter 1 (CHT1) in the colon. (A) Western blot analysis revealing that CHT1
protein expression in water avoidance stress (WAS) rats is increased compared to that in control rats. (B) Quantitative real-time polymerase chain
reaction analysis showing that the CHT1 mRNA levels of WAS rats are higher than those of control rats. *P < 0.05 compared to controls.

tion, we detected that TMEM16A protein/mRNA level in the co-
lon was also markedly upregulated after 10 days of WAS treatment,
consistent with the increasing trend of CHT'1 (data not shown).
Our findings indicate that CHT'1 expression in the colon was
upregulated after 10 consecutive days of WAS exposure.

Immunofluorescence Staining of High-affinity
Choline Transporter 1 in the Colon

Immunofluorescence staining of longitudinal colonic sections
showed that CHT'1 was robustly expressed in the colon, both in
the mucosal and muscular layers (Fig. 3A). Moreover, we clearly
observed two distinct populations of CHT 1-positive cells in the
muscular layer. One population was mainly fusiform in shape and
found within the circular muscle, parallel to smooth muscle cells,
exhibiting the morphological characteristics of ICC. The other pop-
ulation was predominantly round or oval in shape and located be-
tween the circular and longitudinal muscle, showing the hallmarks
of MP neurons. Further double labelling staining of CHT'1 with

TMEMI16A revealed that both populations of CHT1-positive
cells exhibited immunoreactivity to TMEM16A. Previous studies
have suggested that TMEMI16A is exclusively expressed in ICC
of the GI muscle layer and exhibits more selective labeling of ICC
than Kit antibodies.” However, we demonstrated that TMEM16A
immunoreactivity was exclusively present in the enteric neurons of
the colonic MP (data not shown). In turn, our data indicated that
CHT1 was exclusively expressed in the ICCs and enteric neurons
of the MP in the colonic muscular layer. Further immunofluores-
cence analysis revealed an increased density of CHT' labelling in
the intramuscular ICC (ICC-IM) (9.35 = 3.16 vs 12.90 =+ 3.89,
P < 0.05; n = 4 in each group) and MP neurons (6.42 * 2.33
vs 12.73 = 2.61, P < 0.05; n = 4 in each group) after 10 days of
WAS treatment.

Next, we examined the distribution of CHT1-positive cells in
the MP by stripping the circular muscle off whole-mount colonic
specimens (Fig. 3B). The neuronal network-like structure and

ganglia were clearly observed on the colonic MP whole-mounts
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Figure 3. Immunostaining of high-affinity choline transporter 1 (CHT1) in the colon. (A) Double-immunostaining for CHT1 and transmem-

brane member 16A (TMEMI16A) in longitudinal colonic sections from control and water avoidance stress (WAS) rats (X400) revealing that
CHT1 in the circular muscle of both naive and WAS rats is exclusively expressed in TMEM 16A-immunoreactive (IR) cells and the number of

CHT1-IR cells in the muscular layer of WAS rats is significantly increased compared to that of control rats. (B) Double-immunofluorescence on

whole-mount preparations of colonic myenteric plexus (MP) (X400) illustrating that TMEMI16A is robustly expressed in colonic MP and that
all the CHT1-IR cells are co-labelled with TMEMI16A. The percentage of CHT1-IR cells in the MP is substantially elevated after 10 days of
WAS. Different layers were marked out. White arrows indicate CHT 1-positive cells that are mainly fusiform in shape and found within circular

muscle, exhibiting the morphological characteristics of interstitial cells of Cajal. White arrowheads indicate CHT 1-positive cells that are predomi-

nantly round in shape and located between circular and longitudinal muscles, showing the hallmark of MP neurons. ML, mucosal layer; SML,

submucosal layer; CML, circular muscle layer; LML, longitudinal muscle layer.

after identifying neurons with TMEM16A. We observed that
all the CHT 1-positive cells were TMEM16A-IR. The CHT1-
IR cells in the MP were predominantly round or oval in shape.
Furthermore, the percentage of CHT 1-positive cells in the total
TMEMI16A-IR cells in the MP was substantially elevated after 10
days of WAS (42.21 % 6.62% vs 65.63 = 7.25%, P < 0.05;n =
4 in each group).

These results indicate that the enhanced CHT'1 expression ob-
served in the colonic muscular layer of WAS rats was restricted to
the ICC-IM and MP neurons.

Effect of MKC-231 on Colonic Motility In Vivo

MKC-231, a choline uptake enhancer, was administered to
explore the role of CHT1 in intestinal motility. Western blot analysis
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revealed that CHT'1 protein levels in the colon of control rats were
considerably elevated after 10 consecutive days of MIKC-231 treat-
ment, with ratios of CHT1 to B-actin in the control and MKC-231
groups of 0.42 =+ 0.03 and 0.68 = 0.04 (P < 0.05; n = 5 in each
group), respectively (Fig. 4A). Immunofluorescence further revealed
that the density of CHT'1 labelling in the colonic muscular layer was
markedly increased after treatment with MIKC-231 (Fig. 4B).

In vivo tests of GI motor function confirmed that the ITT of
MKC-231-treated rats was significantly shorter than that of control
rats (8.40 = 0.22 hours vs 10.10 % 0.32 hours, P < 0.05;n = Sin
each group) (Fig. 4C). In addition, FWC of the MKC-231 group
was enhanced compared to the control group (64.17 = 5.87% vs
47.89 = 4.75%, P < 0.05; n = 5 in each group) (Fig. 4D).

These findings indicate that MKC-231 enhanced the colonic
motility of healthy rats by upregulation of MKC-231 protein ex-

pression.

Influence of MKC-231 on Spontaneous Contraction
of Colonic Strips and Acetylcholine Production

In vitro study of colonic strips recorded spontaneous contractil-
ity of the colon (Fig. SA). Upon statistical analysis, we found that
the amplitude (1.42 = 0.15 g in control group vs 1.87 = 0.20 g in
WAS group, P < 0.05; n = § in each group) and frequency (2.41
+ (.13 minute " in control group vs 3.52 * 0.15 minute”' in WAS
group, P < 0.05; n = 5 in each group) of spontaneous contractions
in WAS-exposed rats were significantly elevated compared to those
in control rats, suggesting that colonic hypermotility was induced
after 10 days of WAS (Fig. 5B and 5C). Furthermore, MKC-231
could markedly enhance the amplitude (1.42 % 0.15 g in control
group vs 1.75 £ 0.24 g in MKC-231 group, P < 0.05; n = 5 in
each group) of spontaneous contractions in control rats. However,
the frequency (2.41 = 0.13 minute " in control group vs 2.16
+ 0.13 minute”' in MKC-231 group, P > 0.05; n = 5 in each
group) of spontaneous contractions in MKC-231-treated rats was
almost equal to that in control rats.

Using ELISA, we detected that the ACh content in the colon
of WAS-exposed rats was considerably increased (2.67 % 0.23 ug/
mg in the control group vs 3.42 = 0.27 ug/mg in the WAS group,
P < 0.05; n = 4 in each group) (Fig. D). Notably, the ACh con-
tent in control rats was elevated after treatment with MKC-231 (2.67
*+ 0.23 pg/mg in the control group vs 3.07 = 0.21 pg/mg in the
MKC-231 group, P < 0.05; n = 4 in each group).

These results suggest that MKC-231 elevated spontaneous
contractions of colonic strips by enhancing ACh production.

Effect of Ammonium Pyrrolidine Dithiocarbamate
on High-affinity Choline Transporter 1 Upregulation
and Colonic Hypermotility in Water Avoidance
Stress-exposed Rats

PDTC, a selective NF-kB antagonist, was administered to ex-
plore the mechanism of CHT'I upregulation in WAS-exposed rats.
Western blot analysis revealed that the obtained CHT1 and B-actin
level ratios in the WAS and PDTC groups were 0.72 * 0.06 and
0.49 = 0.05, (P < 0.05; n = § in each group), respectively (Fig.
6A), indicating that CHT'1 upregulation in the WAS-exposed
group was largely abolished by PDTC.

Further in vivo study of GI motor function revealed that the
ITT in the PDTC group was significantly longer than that in the
WAS group (9.10 = 0.29 hours vs 7.90 = 0.24 hours, P < 0.05;
n = § in each group) (Fig. 6B). Moreover, the FWC of PDTC-
treated rats also displayed a downward trend compared to that in
the WAS group (59.11 = 5.46% vs 70.69 %+ 6.61%, P < 0.05; n
= 5 in each group) (Fig. 6C).

These results indicate that inhibition of NF-kB signaling re-
lieved stress-induced colonic hypermotility partly via the CHT1

downregulation.

Discussion

Currently, the detailed mechanism of IBS remains elusive.
The known mechanisms implicated in its pathophysiology include
disrupted gut-brain axis, * visceral hypersensitivity,” altered gut mi-
crobiota,” epithelial barrier dysfunction,” and immune activation.”
Animal models of IBS are pivotal in clarifying its pathogenesis. To
date, repeated WAS has been utilized to establish an animal model
of stress-induced IBS with visceral hypersensitivity, motility impair-
ment, anxiety, and colonic immune activation, which can persist for
the following 20 days.”’ The optimal WAS model for studies on
IBS is a brain-gut interaction model that mimics some clinical and
pathophysiological characteristics of IBS-diarrhea.”* In the current
study; elevated intestinal motor function and visceral hypersensitivity
in response to CRD were observed after 10 days of WAS exposure,
indicating that an animal model of stress-induced IBS was success-
fully established.

The cholinergic system is widely distributed in the ENS and is
involved in the regulation of GI motility,' secretion, sensory signal-
ing, and vascular reflexes.”” The cholinergic along with tachykin-
ergic neurons are the 2 major pathways of excitatory transmission
within the ENS." Accumulating evidence has suggested that
dysfunction of the cholinergic system in the ENS may be relevant
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Figure 4. Influence of MKC-231, a choline uptake enhancer, on high-affinity choline transporter 1 (CHT1) expression and intestinal motility
in vivo. (A) Immunoblots (left) and histogram (right) for CHT1 in the colon from control and MKC-231-treated rats showing that the ratios of
CHT1 to B-actin expression in control rats are significantly increased after 10 consecutive days of MKC-231 treatment. (B) Merged pictures of
immunostaining for CHT1, transmembrane member 16A (TMEMI16A), and DAPI (4 ,6-diamidino-2-phenylindole) in longitudinal colonic
sections from control (left) and MKC-231 rats (right) (X400) revealing that the density of CHT labelling in the colonic muscular layer is consid-
erably elevated after treatment with MKC-231. White arrows indicate CHT 1-positive intramuscular interstitial cells of Cajal. White arrowheads
indicate CHT 1-immunoreactive (IR) neurons in the myenteric plexus. (C) The intestinal transit time of MKC-231-rats is reduced compared to
that of control rats. (D) The fecal water content of the MKC-231 group is considerably increased compared with that of the control group. *P < 0.05
compared to controls.
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Figure 5. Effect of MKC-231, a choline uptake enhancer, on spontaneous contraction of colonic strips and acetylcholine (ACh) production. (A)

A representative image showing spontaneous contractions of colonic strips in vitro. (B, C) The histograms show summary data expressed by the

average magnitude and frequency of spontaneous contractions curve. The average amplitude in water avoidance stress (WAS) rats and MKC-

231-treated rats is significantly higher than that in control rats. Moreover, the frequency in the WAS-exposed rats is markedly increased compared
to that in controls. However, the frequency in MKC-23 1-treated rats is close to that in control rats. (D) ACh content in the colon of WAS-exposed
rats and MKC-231-treated rats is considerably increased compared to that in the control rats. *P < 0.05 compared to controls.

to GI disorders, such as inflammatory bowel disease,” diverticular
disease,” and antibiotic-induced gut dysmotility.”* Findings from
recent studies that CHT'1 functions as a major determinant of
cholinergic signaling capacity have ignited significant interest in
this family of choline transporters.™ The purpose of this study is
to explore the role of CHT' in intestinal hypermotility induced by
chronic stress.

CHT1 is mainly present in the neuronal cytoplasm and pre-
synaptic membrane and is widely distributed in both peripheral and
central nervous systems.”” CHT1 is cholinergic-specific according
to the results of in situ hybridization and immunohistochemical
experiments.” In our current study, we detected that CHT1 was ex-
pressed strongly in the colon, especially in the mucosa and muscular
layers. Furthermore, two different populations of CHT'1-IR cells,
namely ICC-IM and MP neurons, were present in the muscular
layer. Interestingly, we found that ICC-IM exhibited CHT'1 im-

munoreactivity, suggesting that ICC-IM may belong to the non-
neuronal cholinergic system (NNCS) and participate in ACh
release in the gut. Therefore, intramuscular ICC may be involved
in the regulation of GI motility in autocrine or paracrine fashion.
A previous study has revealed that the intestinal NNCS is mainly
present in the mucosa, where this system modulates chloride secre-
tion.” Presently, only one published study has reported the presence
of CHT1 immunoreactivity in the human and rat ENS.” However,
this article does not provide detailed information of CHT1 distri-
bution in the colon. Our present research reports for the first time
the distribution of CHT'1 in the gut, which importantly adds to the
currently limited published literature available on this condition.

In the present study, we detected upregulation of CHT1 in
both protein and mRNA levels in the colon after 10 consecutive
days of WAS exposure. Further study demonstrated the increased
density of CHT l-positive cells in the muscular layer in WAS-

652 Journal of Neurogastroenterology and Motility



WAS PDTC

CHT1

B-actin

(oy)

Intestinal transit time (hr)

WAS PDTC

Role of CHT1 in Colonic Hypermotility

0.8
T
T 06
B "
ke

58
s =
5 g 044
2e
£E
£ 02-

0.0 . .
c WAS PDTC

80 -
T

—~ *
S 60 -
£
[}
=
[e]
2 40
[0}
®
z
©
8 20-

0 T 1

WAS PDTC

Figure 6. Influence of ammonium pyrrolidine dithiocarbamate (PDTC) on high-affinity choline transporter 1 (CHT'1) expression and intestinal
motility. (A) Immunoblots (left) and histogram (right) for CHT1 in the colon from water avoidance stress (WAS) and PDTC-treated rats show-
ing that the obtained CHT'1 and B-actin level ratios of the PDTC group are significantly decreased compared to that in WAS rats. (B) The intes-
tinal transit time of WAS rats are increased after treatment with PDTC. (C) The fecal water content of PDTC group is decreased compared with

the WAS rats. *P < 0.05 compared to WAS rats.

exposed rats, accompanied by enhanced ACh release. Our findings
indicate that chronic stress-driven changes in gut motility suggest
direct modulation of the ICC and ENS, providing important
evidence in support of this mechanism in mediating stress-driven
changes in brain-gut signaling. A previous study has suggested
that reduced proportion of nitrergic enteric neurons in the MP of
the distal ileum contributes to the intestinal dysmotility observed in
IBS."" However, our findings further demonstrate that intestinal
dysmotility in IBS is also related to the hyperfunction of cholinergic
neurons in the colonic MP. One potential explanation may be that
chronic stress directly regulates the cholinergic system in ICCs and
ENS via the brain-gut axis through key alterations in the expression
and function of CHT1. The enhanced non-neuronal ACh release
from ICCs coupled with ACh release from the ENS then plays a
key role in intestinal hypermotility in WAS-induced IBS via the ac-
tion of ACh on muscarinic receptors.”

MKC-231, known as a choline uptake enhancer, has been re-

ported to take CHT1 as its principal target.” Animal experiments
have reported that MKC-231 significantly improves the learning
and memory deficits associated with cholinergic hypofunction by
affecting the trafficking of CHT'1 and increasing the number of
transporters working for HACU at the synaptic membrane.™ ™
Furthermore, MKC-231 could antagonize phencyclidine-induced
behavioural deficits through increases in septal cholinergic neu-
rons.” According to our data, MKC-231 also enhances the normal
colonic motility of control rats through upregulation of CHT1
and elevated ACh production. In turn, we can safely conclude that
enhanced CHT1 expression may cause colonic hypermotility in-
duced by chronic stress. Therefore, downregulation of CHT1 or
attenuated CHT'1 activity may be used to treat disorders involving
GI hypermotility. Here, we confirmed that suppression of CHT'1
expression via the blockade of NF-kB signaling alleviated colonic
hypermotility in WAS rats, suggesting that NF-kB signaling was

involved in the regulation of intestinal motility in stress-induced
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IBS by affecting CHT'1 expression. Several lines of evidence have
demonstrated that NF-«B signaling plays an important role in the
pathological process of IBS. Firstly, Wang and Liu’ reported that
activation of NF-kB signaling contributed to the occurrence of in-
flammation-related IBS-diarrhea. In addition, recently, we detected
that NF-kB signaling was also implicated in IBS-related hyperal-
gesia in an unpublished research, consistent with previous studies
reporting that NF-kB signaling participated in the pain modulation
in inflammatory diseases,” cancer,” and autoimmune diseases,"
via the release of inflammatory cytokines such as IL-1f, IL.-6, and
TNF-o.

Moreover, our findings indicate that the excitatory effect of
CHT1 in GI motility is closely associated with increased ACh
release. ACh, an important neurotransmitter in normal GI smooth
muscle, mediates contraction via muscarinic 3 receptors on ICC

and postsynaptic membrane.*"*

Previous studies have suggested
that the symptom of diarrhea in IBS patients is relevant to the
elevated ACh bioavailability and subsequent increase in GI contrac-
tility due to the predominant role of serotonergic system.* Animal
studies indicate that chronotropic effects of cholinergic nerve stimu-
lation and ACh release occur via ICC-IM.* In addition, NO-
dependent neurotransmission can exert inhibitory function on the
GI contractility to counteract the effects of the cholinergic system.”
All of these facts suggest a complex role for CHT1 in the regula-
tion of GI motility in IBS. More recently, a study demonstrated
that CHT1 also regulates the enzyme activity of enhanced mucosal
acetylcholinesterase and influences the release of ACh by affecting
the mobilization of vesicle pools, in addition to serving as the cho-
line transporter.” These findings provide a foundation for research
into the role of CHT'1 in GI motility. However, one limitation of
the present study is that choline uptake of CHT'1 is not examined.
Therefore, further studies focusing on the functional alterations of
CHT1 in rats with dysmotility are warranted.

In conclusion, this study demonstrated that CHT1 may be
involved in the generation of colonic hypermotility induced by
chronic stress via modulation of ACh production through the NF-
kB signal pathway. These findings identify new mechanisms un-
derlying functional colonic hypermotility associated with enhanced
stress responsiveness and may pave the way for novel treatments for

IBS and related disorders.
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