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Abstract

Background—Recent evidence in rat neuron-free mucosa suggests the membrane bile acid 

receptor TGR5 decreases colonic secretion under basal and stimulated conditions. As submucosal 
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neurons are key players in secretory processes and highly express TGR5, we investigated their role 

in TGR5 agonist-induced inhibition of secretion and the pathways recruited.

Methods—TGR5 expression and localization were assessed in rat proximal (pC) and distal (dC) 

colon by qPCR and IHC with double labeling for cholinergic neurons in whole-mount 

preparations. The influence of a selective (INT-777) or weak (ursodeoxycholic acid, UDCA) 

TGR5 agonist on colonic secretion was assessed in Ussing chambers, in dC preparation removing 

seromuscular ± submucosal tissues, in the presence of different inhibitors of secretion pathways.

Key Results—TGR5 mRNA is expressed in whole thickness dC and pC and immunoreactivity is 

located in colonocytes and pChAT positive neurons. Addition of INT-777, and less potently 

UDCA, decreases colonic secretion in seromuscular stripped dC by −58.17 ± 2.6%. INT-777 effect 

on basal secretion was reduced in neuron-free and TTX-treated mucosal-submucosal preparations. 

Atropine, hexamethonium, indomethacin, and L-NAME all reduced significantly INT-777 

inhibitory effect while the 5-HT4 antagonist RS-39604 and lidocaine abolished it. INT-777 

inhibited stimulated colonic secretion induced by nicotine, but not cisapride, carbachol or PGE2.

Conclusions and Inferences—TGR5 activation inhibits the basal and stimulated distal 

colonic secretion in rats by acting directly on epithelial cells and also inhibiting submucosal 

neurons. This could represent a counter-regulatory mechanism, at the submucosal level, of the 

known prosecretory effect of bile acids in the colon.

Keywords

bile acids; distal colon; secretion; submucosal neurons; TGR5; Ussing chambers

INTRODUCTION

In normal physiology, 95% of the bile acids secreted into the duodenum are actively 

reabsorbed in the terminal ileum through a specific transporter and return to the liver.(1) 

During digestion, these amphipathic molecules facilitate dietary lipids absorption by fat 

micellization. After deconjugation and dehydroxylation by ileal bacteria, the remaining 5% 

entering the colon are either passively reabsorbed through the epithelium, or excreted in the 

feces.(2) In the colon, this small excreted component of bile acids will act as “endogenous 

laxatives”. Well described in patients suffering from bile acid malabsorption,(3) this laxative 

effect results from the contribution of separate prokinetic and prosecretory mechanisms, 

which have both been demonstrated in human and rodent colons.(3)

Over the past decade, the consensus was that luminal administration of bile acids triggered 

secretion and inhibited water absorption in vivo and in vitro in human and rodent colonic 

tissue.(4-6) Of note, the concentrations of bile acids experimentally used in these studies 

were often supraphysiological (> mM) and found to cause chemical damage to the colonic 

epithelium.(6) Recently however, Keely's group challenged this consensual “prosecretory 

effect” by showing that prolonged exposure (3-6 h) to physiological concentrations of 

endogenous bile acids, at the apical (CA, DCA, TDCA) or basolateral (UDCA, TUDCA) 

side of epithelial cells, could reduce Ca2+ (CCh) and cAMP (FSK) dependent secretagogue-

induced epithelial secretion in T84 human colonic epithelial cells and rat distal colon 

mucosa mounted in Ussing chambers.(7, 8) Lately, the same group demonstrated a role for 
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the newly identified bile acid receptor TGR5 in this antisecretory effect, by showing a 

reduction of basal and cholinergic-stimulated colonic secretory responses in response to 

basolateral but not apical application of the selective TGR5 agonist, INT-777, on isolated 

preparations of rat colonic neuron-free mucosa.(9)

Discovered over a decade ago, TGR5 is a G-protein coupled receptor binding specifically 

bile acids.(10) It is ubiquitously expressed throughout the body and has been identified in 

the gastrointestinal tract of humans and rodents.(10, 11) Most of the rodent data, generated 

in mice, show an abundant expression of TGR5 protein in the submucosal and myenteric 

neurons and to a lesser extent in the mucosa.(12) In murine colon, nearly all submucosal 

neurons coexpress PGP 9.5 (pan neuronal marker) and TGR5, and 50 % of the TGR5 

positive neurons coexpress the cholinergic marker, choline acyltransferase (ChAT).(12) Only 

one study thus far has assessed TGR5 mRNA and protein expression in the rat 

gastrointestinal tract where it was found expressed at the apical and basolateral sides of 

epithelial cells, however this report was limited to distal colon isolated crypts.(9)

In the enteric nervous system (ENS), the neurons of the submucosal plexus represent the 

main physiological control mechanism regulating epithelial ion transport.(13) Because 

TGR5 is highly expressed in mouse submucosal neurons,(12) the aim of our study was to 

assess the potential role and contribution of submucosal neurons in TGR5-induced inhibition 

of colonic secretion. In the present study, we first assessed the gene and protein expression 

of TGR5 in the rat distal and proximal colon using semi-quantitative PCR, 

immunofluorescence of whole tissue sections and whole-mount preparations of myenteric 

and submucosal plexus. Taking into consideration the fact that there are regional differences 

in the properties of submucosal neurons and in the epithelial responses between the proximal 

and distal colon of rodents,(14-17) we then studied how proximal and distal rat colonic 

preparations mounted in Ussing chambers were affected by TGR5 activation by assessing 

the transepithelial resistance (TEER) and electrogenic anion secretion (short-circuit current, 

Isc) using a selective TGR5 agonist (INT-777) and an endogenous weak agonist (UDCA). 

We observed that TGR5 activation in the rat distal colon decreases the Isc, which reflects the 

colonic transepithelial chloride secretion. To elucidate the contribution of submucosal 

neurons in TGR5-induced alterations of TEER and Isc, we assessed the influence of 

INT-777 on: 1) the basolateral side of seromuscular free distal colonic preparations 

containing submucosal enteric neurons, pretreated or not with neurotoxins (sodium channel 

blockers: TTX or lidocaine) and 2) the serosal side of neuron-free (mucosa only) 

preparations. Lastly, we studied the cellular and neuronal pathways modulated by TGR5 

under basal and stimulated conditions using different inhibitors or stimulators.

MATERIAL AND METHODS

Animals

Adult male Sprague-Dawley rats (Harlan Laboratory, San Diego, CA, USA) weighing 

250-350 g were used. Animals were kept under controlled conditions of illumination 

(12:12h light-dark cycle starting at 6 am), temperature (21-23°C) and humidity (30-35%) 

and allowed free access to water and food (Purina rat chow, USA). Animals were allowed to 

acclimate to the animal facility for 1 week after their arrival. Experiments followed NIH 
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guidelines according to protocol # 9906-020 approved by the Institutional Animal Care and 

Use Committee (IACUC) of the VA Greater Los Angeles Healthcare System under the 

auspice of the Office of Laboratory Animal Welfare - Assurance of Compliance (A3002-01).

Electrophysiological measurements

Tissue preparation—Rats were anesthetized with isoflurane 5% and decapitated. 

Segments of rat distal colon (dC, 2–6 cm proximal to anus) and proximal colon (pC, 2-6 cm 

distal from caecum) were cut along the mesenteric border, and the lumen was gently washed 

in Krebs solution at room temperature. The colon segments were pinned on a Sylgard-plated 

Petri dish containing ice-cold Krebs-Ringer solution (pH 7.4, 4°C), and the seromuscular 

layer was peeled off using microdissection forceps. In some experiments, the submucosa 

was also removed to obtain neuron-free samples as previously done.(18)

Measurement of electrical parameters in vitro—The mucosa-submucosa 

preparations of rat dC and pC were cut in 3 to 6 cross-sectional area (depending on the 

quality of the dissection), mounted on 0.30 cm2 slides dedicated to Ussing chamber. The 

mucosal and serosal surfaces of the tissue were bathed with 5 ml (or 4 ml for the Expt 4) of 

oxygenated (carbogen) Krebs-Ringer solution containing (in mM) 115 NaCl, 1.2 CaCl2, 1.2 

MgCl2, 4.8 KH2PO4, 48 K2HPO4 and 25 NaHCO3, and 10 glucose. The solution was 

bubbled with 95% O2-5% CO2 to maintain pH at 7.4 and kept at 37°C during the course of 

the experiments by a circulating water bath heater. Tissues were left to equilibrate [as judged 

by a stable basal short-circuit current (Isc) and TEER] in the chambers for 45 min before 

conducting the experiments. The tissues were short-circuited by a voltage clamp (VCC 

MC6, Physiologic Instruments, San Diego, CA, USA) at zero potential automatically with 

compensation for solution resistance. Isc and tissue conductance (Gt) were determined every 

2 s and recorded by the DataQ system (Physiologic Instruments, San Diego, CA). Positive 

values for Isc indicate a negative electrical charge flux from serosal→luminal bath indicating 

anion secretion or cation absorption

Real-time quantitative PCR for TGR5 in the rat proximal and distal colon

Four naïve male adult SD rats were euthanized by decapitation. Both pC and dC were 

harvested and kept as whole thickness and processed for RNA extraction and cDNA 

synthesis as described previously.(19) Real-time quantitative PCR for TGR5 was performed 

in duplicates using StepOnePlus™ Real-Time PCR System (Applied Biosystems) in a 25 μl 

reaction volume. The optimized reaction contained 12.5 μl of SABiosciences™ RT2 SYBR 

Green ROX qPCR MasterMix (QIAGEN), 0.5 μl each of oligonucleotide primers (10 μM), 1 

μl of the cDNA synthesis reaction, and 10.5 μl of H2O. Selected forward (f) and reverse (r) 

primers listed in Table 1 were used for rat TGR5. The housekeeping gene, rat 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was also analyzed as internal control. 

Thermal conditions were as follows: 95°C for 4 min followed by 40 cycles of 95°C for 5s, 

60°C for 60 s. The specificity of the amplification reaction was determined by performing a 

melting curve analysis of the PCR fragments. Each target gene was normalized by GAPDH 

and calculated using the comparative ΔΔCt method. Results were calculated by the equation 

2 −ΔΔCt and expressed as relative expression.
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Immunohistochemistry

Paraffin whole tissue sections (4 μm) were used. Tissue sections were preblocked in 10% 

normal donkey serum (Jackson ImmunoResearch, WestGrove, PA) in 0.3% Triton X-100 in 

PBS and incubated with the following primary antibody: goat anti-TGR5 antibody (1:200, 

sc-48687, Santa Cruz Biotechnology). Tissues were then washed with phosphate buffered 

saline (PBS) and incubated with the secondary antibody donkey anti-goat IgG conjugated to 

rhodamine Red-X (1:100; Jackson ImmunoResearch) for 1.5 hours at room temperature. 

Tissues were subsequently washed 3 times in PBS and mounted with anti-fade mounting 

media (Vector Laboratory, Inc, Burlingame, CA) before being visualized by standard 

fluorescence microscopy. Immunohistochemical controls were performed routinely 

following the same procedure except that the primary antibody was replaced by PBS-T. No 

IR was seen with the omission of the primary antibody.

Double labeling of TGR5 with pChAT

Segments of pC and dC collected from 4 naive adult male Sprague–Dawley rats were 

processed for longitudinal muscle myenteric plexus (LMMP) and circular muscle 

submucosal plexus (CMSP) whole-mount preparations as described earlier,(20) and double-

stained for TGR5 and peripheral choline acetyltransferase (pChAT), a peripheral isoform of 

ChAT and a marker of peripheral cholinergic neurons.(21) Free floating CSMP and LMMP 

whole-mounts were rinsed in 0.3% Triton-x 100 in PBS and incubated in 10% normal 

donkey serum (Jackson ImmunoResearch Laboratories, Inc, West Grove, PA) in 0.3% 

Triton-X 100/PBS for 30 min at room temperature (species same as secondary antibody). 

Whole-mounts were then incubated in the mixture of antibodies (rabbit against pChAT: 

1:4000 and Goat anti TGR5: 1:200) in 0.3% Triton-x 100 in PBS in a humidified chamber 

for 1 hour at room temperature then overnight at 4°C. After rinsing in 0.3% Triton-x 100 in 

PBS, whole-mounts were incubated in the mixture of secondary antibodies (Alexa 488-

conjugated donkey anti rabbit IgG: 1:400 and Alexa 594-conjugated donkey goat IgG:1:400) 

in 0.3% Triton-x 100 in PBS in a dark humidified chamber for 1.5 hour at room temperature. 

Tissues were subsequently washed 3 times in PBS and mounted with anti-fade mounting 

media before being visualized by standard fluorescence microscopy. The rabbit anti-pChAT 

serum was a gift from Dr H. Kimura (Shiga University of Medical Science, Otsu, Japan) and 

the goat anti-TGR5 antibody (mouse origin) (sc-48687) was purchased from Santa Cruz 

Biotechnology, Inc. (Dallas, TX, USA).

Double-labeled neurons were counted under light microscopy in 25 ganglia from each 

LMMP and CMSP whole-mount preparations in four rats. Neurons double-stained with 

TGR5/pChAT (yellow staining) were expressed in percentage of total number of pChAT-

positive neurons respectively. The means of labeled neurons from each animal were used to 

calculate the group mean.

Experimental protocol

To target the submucosal plexus and the basolateral side of the mucosa, reagents were added 

on the serosal side. Concentrations of the final solutions in chamber and volume of stock 

solution added in the chamber for each reagent are added in parenthesis. It was confirmed 

that 10 μl DMSO (0.2% of bathing solution) had no effect on ion transport in rat distal colon 
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when added on serosal side. All drugs were added after a stabilization period of 45 min. 

Carbachol (10 μM, 5 μl), was added at the end of the each experiment as a positive control. 

Doses were selected based on previously published work as indicated for each reagent.

1. Influence of TGR5 activation on basal Isc and TEER in proximal and distal 
colon—INT-777 (3, 10, 30, 60 and 100 μM, 10 μl) or UDCA (3, 10, 30 and 60μM, 10 μl) 

were added on the mucosal or serosal side of seromuscular stripped proximal and distal 

colonic preparations.

2. Role of submucosal neurons in TGR5 inhibition of distal colon secretion—
INT-777 (100 μM, 10 μl) was added on the serosal side of a) seromuscular stripped distal 

colon preparations pretreated 10 minutes before with either tetrodotoxin (TTX, 1 μM, 5 μl)

(22) or lidocaine HCl (1 μM, 5 μl),(23) or b) neuron-free (seromuscular and submucosa 

stripping) distal colon preparation.(18)

3. Pathways recruited in inhibitory effect of TGR5 on basal secretion—INT-777 

(100 μM, 10 μl) was added on seromuscular stripped distal colon preparations pretreated 10 

minutes before with atropine sulfate (10 μM, 5 μl),(18) hexamethonium bromide (100 μM, 5 

μl),(24) RS-39604 (10 μM, 5 μl),(25) indomethacin (10 μM, 5 μl serosal/mucosal),(18) or L-

NAME (200 μM, 10 μl).(26)

4. Influence of TGR5 activation on stimulated secretion—To assess the inhibitory 

potency of TGR5 on stimulated secretion, seromuscular stripped distal colon preparations 

were pretreated with a) DMSO (4 μl) or INT-777 (100 μM, 4 μl) with cisapride (100 μM, 4 

μl)(18) or carbachol (10 μM, 4 μl) or nicotine (100 μM, 4 μl)(27) added 15 minutes after on 

the serosal side; b) indomethacin (10 μM, 4 μl serosal/mucosal)(18), followed 15 minutes 

after by DMSO (4 μl) or INT-777 (100 μM, 4 μl) followed 15 minutes after by PGE2 (10 

μM, 4 μl, serosal)(28) and then nicotine (100 μM, 4 μl, serosal).

Chemicals

INT-777 (6a-ethyl-23(S)-methylcholic acid) was a kind gift of Intercept Pharmaceutical. 

Atropine sulfate (A-2057), carbachol (C-4382), DMSO (D8418), hexamethonium bromide 

(H-0879), 5-hydroxytryptamine hydrochloride (H-9523), indomethacin (I-7378), lidocaine 

HCl (L-5647), L-NAME (N-5751) and ursodeoxycholic acid (UDCA) (U5127), were 

obtained from Sigma-Aldrich (St Louis, LA, USA). RS-39604 was obtained from Roche 

Bioscience, (Palo Alto, CA, USA). Tetrodotoxin was obtained from Calbiochem (EMD 

Millipore, Billerica, MA, USA). INT-777, UDCA and RS-39604 were dissolved in DMSO. 

Carbachol, atropine sulfate and hexamethonium bromide were dissolved in distilled water. 

Lidocaine HCl and L-NAME were dissolved in saline. Indomethacin was dissolved in saline 

(Expt. 3) or ethanol (Expt. 4). TTX was dissolved in citrate buffer (0.1 M, pH 4.5).

Statistical analysis

Values are presented as means ± SEM. qPCR data were analyzed by unpaired t test. For 

Ussing experiments, baselines Isc and TEER were compared using unpaired Mann Whitney 

test or paired t test as indicated. Comparisons within multiple groups were performed using 
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two-way ANOVA followed by a Bonferroni's Multiple Comparison post hoc test. A p value 

< 0.05 was considered statistically significant.

RESULTS

TGR5 is distributed in colonic crypts and enteric nerves, with higher expression in the 
distal vs proximal colon

TGR5 mRNA was detected in both pC and dC by RT-PCR (Suppl Fig. 1) and qPCR (Fig. 

1A). TGR5 mRNA levels were 2.8-fold higher in dC than in pC (2.842±0.763 vs 

1.097±0.572, p<0.01, n=4). TGR5 immunoreactivity was located in cells of the epithelial 

layer, with staining visible both on the apical and basolateral sides of epithelial cells, mostly 

in crypts (Fig. 1B). TGR5 was also localized in the submucosal (Fig. 1C) and myenteric 

nervous plexus (Suppl. Fig.2) where 85.7% and 33.9% in pC and 99.3% and 31.7% in dC of 

pChAT immunoreactive neurons were TGR5 positive, respectively.

The selective TGR5 agonist, INT-777, lowers Isc and increases TEER when added on the 
serosal side of seromuscular stripped distal colon segments, while UDCA, a weak 
endogenous TGR5, agonist has limited influence

The specific TGR5 agonist INT-777 added on the serosal side of seromuscular stripped 

distal colon segments in Ussing chambers induced a dose-dependent decrease in Isc starting 

at 10 μM and plateauing at the dose of 60 μM (Fig. 2A). INT-777 (10 μM; n=13) 

significantly decreased the Isc at 25 min (−34.03 ± 4.53% of basal Isc, p<0.05, vs. vehicle 

(DMSO; n=11) with a peak change at 35 min (−36.41 ± 5.1% of basal Isc, p<0.001). This 

response had a shorter onset (10 min) and increased magnitude at higher concentrations of 

INT-777 (−36.82 ± 7.1 %, −54.15 ± 2.57% and −57.35 ± 2.95% of basal Isc at 30, 60 and 

100 μM, p<0.05, p<0.0001 and p<0.0001, n=10, 9 and 7, respectively). At the lowest dose of 

3 μM (n=12), INT-777 had no effect on Isc (Fig. 2A). Concomitantly, INT-777 induced a 

transient increase in TEER (Fig. 2B), only observed at the highest doses tested (60 or 100 

μM): the TEER was increased by 17.68 ± 1.71% and 19.61 ± 1.57% compared to vehicle 

(p<0.05). The addition of vehicle did not modify baseline Isc or TEER. INT-777 or vehicle 

added on the mucosal side of the dC or serosal side of the pC at similar concentrations did 

not modify either Isc or TEER (data not shown).

Next we assessed the effect of a weak TGR5 endogenous bile acid agonist UDCA, under the 

same experimental conditions, applied serosally. At 60 μM, UDCA induced a 34.1 ± 10.8% 

decrease of baseline Isc (p<0.01 vs. vehicle, n=9) occurring at 35 min (Fig. 3A) while 

having no significant effect on the TEER (Fig. 3B). None of the other doses of UDCA (3, 10 

and 30 μM; n=5, 10 and 9, respectively) had any effect on Isc or TEER (Figs. 3A and 3B).

Role of the submucosal plexus and epithelial cells in the inhibitory effect of TGR5 
activation on rat distal colonic short circuit current

Because TGR5 is expressed in both epithelial cells and submucosal neurons, we aimed to 

investigate their respective contributions in INT-777 inhibitory effect on secretion. To assess 

the role of submucosal neurons (Fig. 4A), INT-777 (100 μM) was applied under two 

experimental conditions: 1) on the serosal side of seromuscular stripped distal colonic 
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preparations pretreated or not with neurotoxins (sodium channel blockers: TTX or lidocaine) 

or 2) on the serosal side of neuron-free (seromuscular and submucosal stripped) 

preparations.

The seromuscular stripped tissues exhibited greater basal Isc than neuron-free tissues (99.11 

± 6.54 vs 54.25 ± 10.09 μA/cm2 p < 0.01, n=17-9). The basal TEER was not different in 

seromuscular stripped tissues vs neuron-free tissues (98.22 ± 3.05 vs 94.64 ± 8.84 Ω/cm2; p 

>0.05, n=17-9). In the presence of neurons (seromuscular stripped preparation, Fig. 5A), 

INT-777 induced a significant deep and plateauing decrease in Isc (−57.09 ± 5.8 μΑ/cm2, 

n=17) representing 58.17 ± 2.59% of basal Isc. Pretreatment with TTX (1 μM) for 10 min 

decreased the Isc by −57.63 ± 12.9 μΑ /cm2 (i.e. 49.9 ± 7.22 % of basal Isc; n=5) before 

plateauing (Fig. 4B), confirming the presence of functional enteric neurons in our 

preparation. After this TTX pretreatment, INT-777 was still able to produce a decrease in Isc 

of −17.42 ± 2.74 μΑ /cm2 (about 32.57 ± 9.26 % of basal Isc; n=5) (Fig. 4A and 

experimental illustration Fig. 4B). To further confirm that submucosal neurons were 

involved in INT-777 effect, we pretreated a seromuscular stripped distal colonic preparation 

with lidocaine (1 μM), a sodium channel blocker for 10 min (blocking both TTX-sensitive 

and TTX-insensitive sodium channels). By itself, lidocaine rapidly abolished the basal Isc, 

indicating that lidocaine inhibited basal ion transport under stabilized conditions (Fig. 4B) 

and abolished the effect of INT-777 (n=4; Fig. 4A and 4B).

We then assessed the role of colonocytes in the reduced secretion mediated by the selective 

TGR5 agonist, by removing entirely the submucosal plexus in distal colon preparations. In 

the absence of neurons, INT-777 applied serosally induced a significant decrease in Isc that 

was shorter in duration and of lesser intensity (−11.18 ± 2.89 μΑ /cm2, representing 19.50 

± 2.55% of basal Isc; n=6; Fig. 4A and 4B), compared to the decrease observed when 

neurons were present in the preparation (32.57 ± 9.26% vs 19.50 ± 2.55% of basal Isc, 

respectively, p<0.05).

TGR5 activation inhibits basal distal colon secretion

Under basal conditions, pretreatment of seromuscular stripped distal colonic preparations 

with indomethacin (10 μM; n=12), atropine (10 μM; n=9) and hexamethonium (100 μM; 

n=8) partially reduced the basal Isc by 64.88 ± 1.6, 23 ± 2.09 and 23.15 ± 5.28 % and the 

antisecretory effect of the INT-777 (100 μM) by 62.1, 53.1 and 66.8% (n=6, n=5 and n=8) 

respectively. The 5-HT4 receptor antagonist, RS-39604 (10 μM), induced a significant 

decrease in basal Isc (−52.49 ± 5.3 %) and abolished INT-777 effect (n=9, Fig. 5). The NOS 

inhibitor, L-NAME (200 μM; n=12) reduced basal Isc by −17.14 ± 3.64 % and INT-777 

inhibitory effect by 64.0 % (n=7).

Influence of TGR5 activation on stimulated secretion: a role for nicotinic cholinergic 
submucosal neurons

Cisapride, a 5-HT4 receptor agonist (Fig. 6A and 6D) (or carbachol - data not shown) led to 

a powerful enhancement of the Isc (50.1 ± 15.2 μA/cm2, n=3). This supraphysiological 

activation of chloride secretion was not altered by a pretreatment with INT-777 (53.9 ± 5.3 

μA/cm2, n=3). In the presence of indomethacin (to inhibit mucosal production of 
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prostaglandin that occurs after the tissue peeling), exogenous PGE2 (10 μM) induced a 

significant increase in Isc (80.0 ± 5.5 μA/cm2, n=3) (Fig. 6A and 6B). INT-777 pretreatment 

did not change the Isc in response to exogenous PGE2 (72.6 ± 5.1 μA/cm2, n=3; Fig. 6A and 

6B). Interestingly, addition of nicotine (100 μM) after PGE2 induced a significant increase 

in Isc (110.3 ± 10.2 μA/cm2, n=8), which was significantly reduced by a pretreatment with 

INT-777 (28.7 ± 5.3 μA/cm2; p<0.01, n=8) (Fig. 6A and 6B). This selective inhibitory effect 

of INT-777 on nicotinergic pathways was verified and reproduced in a fresh preparation 

without indomethacin and PGE2 (Fig. 6C). The nicotine-induced increases in Isc were 111.1 

± 21.4 μA/cm2 in control vs. 31.6 ± 10.4 μA/cm2 in INT-777 (p<0.01, n=4).

DISCUSSION

Over the last five years, the role of bile acids in relationship with gut transit and secretion 

has gained a new understanding with the discovery of the membrane receptor to bile acid, 

TGR5.(29) With regard to secretory processes, a series of work performed this past decade 

indicate that bile acids, considered as prosecretory molecules for a long time, are able to 

reduce both basal and stimulated secretion in human colonic epithelial cell lines or in rodent 

colonic preparations in vitro.(7, 8, 30, 31) This antisecretory effect has a chronic component, 

occurring hours after exposure, which is mediated by the nuclear bile acid receptor FXR 

both in vivo and in vitro.(31) More recently, Keely's group identified a fast antisecretory 

effect of bile acids involving activation of TGR5 receptors present on epithelial cells.(9) It 

was also reported that in mice colon almost all submucosal neurons expressing PGP 9.5 

coexpress TGR5.(12) Because the submucosal plexus is a key effector regulating fluids and 

electrolytes movement across the intestinal epithelium, the aim of our work was to 

determine how TGR5 receptors located on submucosal neurons modulate colonic secretion 

in rat. First, using qPCR, we showed that TGR5 is expressed at the mRNA level in both the 

proximal and distal colon of rat with a more prominent (2.8-fold) expression in the distal 

colon. Our data confirm and extend previous report of TGR5 mRNA expression in rat 

neuron-free distal colonic mucosa,(9) by highlighting for the first time a regional difference 

in colonic TGR5 expression. We then showed, using immunofluorescence, that TGR5 is 

localized in the colonic mucosa of both proximal and distal rat colon. In addition, in the 

proximal and distal colon, we found colocalization of TGR5 immunofluorescence in a 

majority (85.7% and 99.3%, respectively) of cholinergic submucosal neurons and in about a 

third of cholinergic myenteric neurons. Although the myenteric neurons were not further 

characterized in this manuscript, the detection of TGR5 protein expression and its 

distribution in rat cholinergic submucosal and myenteric neurons confirm and extend 

previous reports in mice.(12) The neuronal localization of TGR5 was further supported by 

the detection of mRNA in primary cultures of submucosal and myenteric neurons, as 

assessed by qPCR (Suppl. Fig. 3).

When added to seromuscular stripped preparations of distal colon, the TGR5 agonist, 

INT-777, induced a dose-dependent inhibition of the basal Isc, reflecting an inhibition of 

basal secretion. Interestingly, this effect was only observed when INT-777 was applied on 

the basolateral but not apical sides of preparations, in agreement with earlier work.(9) We 

further observed that UDCA, a weak endogenous agonist of TGR5,(10, 32, 33) when 

applied serosally to seromuscular stripped rat distal colon preparations shared the anti-
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secretory properties of INT-777, although much less potently. This result differs from a 

previous report by Keely's group showing that UDCA alone at doses ranging from 50 to 

1000 μM did not affect the basal secretion when applied bilaterally to neuron-free 

preparations such as T84 colonic cell monolayers or muscle-stripped human colon treated 

with TTX.(8) One likely explanation for this discrepancy could be the presence of 

submucosal neurons in our preparation which could be targeted by UDCA. Although UDCA 

is reported as a TGR5 agonist at the doses used in our experiments,(10, 32, 33) it is difficult 

to eliminate other effect via FXR or other bile acid receptors in the present study. 

Nevertheless, the timeline of effects resemble the fast acting action of the selective TGR5 

agonist, INT-777, and suggest that UDCA antisecretory influence is likely mediated by 

direct activation of TGR5. A selective TGR5 antagonist, when available, will clarify the 

specificity of UDCA on TGR5 activation in our setup. Taken together, these data suggest 

that to exert their anti-secretory actions via TGR5 receptors in vivo, bile acids must either 

enter colonic cells via paracellular transport(34) or reach the basolateral sides of cells via 

blood circulation.

The colonic basal secretion is dependent on the spontaneous release of endogenous 

paracrine or neural mediators which alter ion transport in epithelial cells, and is under the 

control of the enteric nervous system. In the rat distal colon, most of the secretomotor 

neurons are contained in the submucosal plexus and are made up of vasoactive intestinal 

polypeptide (VIP)-containing secretomotor/vasodilator neurons, which also contain 

neuropeptide Y (NPY) or nitric oxide synthase (NOS) and of three other types of neurons 

which are choline acetyltransferase (ChAT)-immunoreactive (IR), namely cholinergic 

neurons.(35) Among this latter group of cholinergic submucosal neurons, one type is known 

as the intrinsic primary afferent neuron (IPAN), which projects into the mucosa to sense 

mucosal stimuli,35 and release neurotransmitters such a neurokinins(36) in response to their 

activation which can be direct by intraluminal stimulus (chemical or mechanical) but also 

indirect by the serotonin secreted by enterochromaffin cells.(37-39) The other two types of 

cholinergic submucosal neurons are secretomotor/vasodilator and secretomotor 

(nonvasodilator)(35) neurons.

Seromuscular stripping before mounting in Ussing chambers causes submucosal damage in 

the tissue and induces phospholipase C or A2 activity, resulting in liberation of arachidonic 

acid and subsequent eicosanoid generation.(40) Indomethacin, a prostaglandin synthesis 

inhibitor acting on cyclooxygenase 1 and 2, reduced the basal secretory response in the 

distal colonic preparations by 59 ± 6.49 % of baseline, confirming the release of 

prostaglandins from the tissue. Prostaglandins activate G protein-coupled receptors (EP1 and 

EP4)(41) located on epithelial cells (enterocytes, EC cells) and enteric nerves,(42) resulting 

in release of acetylcholine at the neuroepithelial junction to evoke a large secretory response 

by activation of muscarinic receptors. In the presence of indomethacin, INT-777 effect was 

partially reduced (62.1%), suggesting that activation of TGR5 signaling can inhibit the 

neuronal and/or cellular pathways recruited by prostaglandins to induce secretion. 

Furthermore, mechanical stimulation of the mucosal surface, such as can occur during 

seromuscular stripping, leads to 5-HT release, which activates neurally mediated Cl− and 

bicarbonate secretion.(43) The neurogenic secretory responses to 5-HT seem to be mediated 

primarily by 5-HT3 and 5-HT4 receptors, but 5-HT1P receptors might also be involved.(44) 
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Serotonin released from enterochromaffin cells can also stimulate secretion through a direct 

paracrine action on nearby enterocytes, and this response is mediated by the activation of 5-

HT2 receptors. 5-HT4 receptors are expressed in the mucosa (on the apical and basolateral 

sides(45)), and in the submucosal plexus of murine distal colon, where they are 

presynaptically located. 5-HT4 receptors are known to mediate the 5-HT-induced increase in 

acetylcholine and tachykinins release from submucosal IPANs, thereby promoting 

neurotransmission by enhancing release of excitatory neurotransmitters. The 5-HT4 

antagonist, RS-39604, when added on the serosal side, reduced basal distal colon secretion 

and abolished INT-777 inhibitory effect, suggesting a role for cholinergic IPANs in the 

inhibitory effect of INT-777. Lastly, nitric oxide (NO) is known to function as a non-

adrenergic non-cholinergic (NANC) neurotransmitter in response to neural serotonin 

receptor activation in the rat(46) and VIP/nNOS submucosal neurons represent 2/3 of 

neurons in the rat distal colon.(16) Blockade of NO production by L-NAME reduced the 

basal Isc but also significantly reduced the inhibitory response to INT-777, supporting a role 

for TGR5 receptors in the modulation of neural (including NANC submucosal neurons) and 

cellular pathways involved in serotonin-induced secretion.

TGR5 is expressed on both epithelial cells and enteric neurons, and we found that INT-777 

inhibitory effect on basal secretion was small and of short duration (<5 min) in neuron-free 

distal colon preparations, while in the presence of submucosal neurons, the decrease of Isc 

was strong and maintained for over 45 min with a plateau effect, indicating a much greater 

inhibitory effect of TGR5 on secretion with an intact submucosal plexus. We therefore 

attempted to delineate the contribution of submucosal neurons to INT-777-mediated 

inhibition of colonic secretion. Pretreatment of seromuscular stripped distal colon 

preparations with the neurotoxin TTX reduced the basal secretory response, confirming the 

presence of submucosal neurons and a tonic neuronal prosecretory tone in our preparations. 

TTX also reduced the inhibitory effect of the TGR5 agonist on Isc, but INT-777's response 

still remained superior to that observed in neuron-free tissues (32.57 ± 9.26% vs 19.50 

± 2.55% of basal Isc, respectively, p<0.05). TTX is an established blocker of voltage-gated 

sodium channels,(47) and is frequently used as a “gold standard” to evaluate the contribution 

of neurons in a response.(48) However, TTX-resistant sodium channels also are present in 

enteric neurons.(49) Hence, taken together our results indicate that the antisecretory effect of 

the selective TGR5 agonist is mediated by recruitment of both TTX-sensitive and TTX-

resistant submucosal neurons combined with a direct action on enterocytes. In support of 

this theory, pretreatment with lidocaine, a sodium channel blocker acting both on neuronal 

voltage-gated TTX-sensitive and TTX-resistant sodium channels(49-51) and on basolateral 

potassium channels in epithelial cells(52, 53) abolished the basal secretion and blocked the 

effect of INT-777. Altogether, these results suggest that INT-777 inhibits rat distal colonic 

secretion mainly via the recruitment of submucosal neurons (~2/3 of the response), but that a 

minor part of this effect is via direct action on colonic epithelial cells (~1/3 of the response).

Considering the abundant expression of TGR5 in cholinergic enteric neurons, one likely 

mechanism through which INT-777 could reduce basal colonic secretion is via inhibition of 

acetylcholine release, which has been shown to occur both in neurons and in epithelial cells.

(24) We observed that blocking the cholinergic component of the secretory response by 

antagonizing nAChRs using hexamethonium and mAChRs using atropine before treatment 
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with INT-777 in dC preparation, reduced the basal secretion by the same amount (about 23% 

each) and led to a partial and significant decrease in INT-777-induced Isc inhibition, that 

was slightly higher with hexamethonium than atropine (66.8% vs 53.1%). This data suggest 

that TGR5 may inhibit some of the pathways involved in cholinergic-mediated basal 

secretion, either by inhibiting the release of acetylcholine from submucosal nerves thereby 

reducing the cholinergic input to other submucosal neurons (IPANs or cholinergic 

secretomotor neurons) or to epithelial cells, or by directly inhibiting the release of 

acetylcholine by epithelial cells. Indeed, muscarinic acetylcholine receptors (mAChRs) type 

1 and 3 are present on colonic epithelial cells(54, 55) and M1 are present on postganglionic 

submucosal enteric neurons.(56, 57) Nicotinic acetylcholine receptors (nAChRs) (α3β2-, 

α3β4-, α3β2β4- and α7-nAChR) are also present on the soma and fibers of submucosal 

enteric neurons(58, 59) and recently found to be expressed by colonocytes.(24)

Contrary to Ward et al.(9) who observed an inhibition of muscarinic cholinergic-induced 

secretion (carbachol) by INT-777 pretreatment in neuron-free tissues, in our preparations 

containing submucosal neurons, TGR5 activation did not affect carbachol-induced secretion, 

most likely too powerful to counteract. Similarly, INT-777 did not reduce PGE2 or 

cisapride-induced secretion but it lowered the secretion induced by nicotine. Nicotine 

stimulates neurons in submucosal plexus, leading to a TTX resistant anion secretion and an 

increase in Isc across colonic mucosa.(24) The inhibitory effect of INT-777 on nicotine 

supports the hypothesis that TGR5 suppresses neural activity in the submucosal plexus. 

Interestingly, in mice, the distal colon exhibits a significantly larger nicotinic ion transport 

response than the proximal colon, suggesting that the properties of murine submucosal 

neurons and their control of epithelial ion transport differ between colonic regions.(15) 

Whether the regional difference observed in our study in the rat colonic response to TGR5 is 

linked to similar pathway remains to be demonstrated.

These data raise a point of discussion about the physiological relevance of this unexpected 

“submucosal retrocontrol” of chloride secretion in the distal colon by the membrane bile 

acid receptor.(60, 61) Until recently, it has been widely accepted, that bile acids – mainly 

dihydroxy bile acids- enhance the permeability and the colonic secretion of water or 

electrolytes. Bajor et al(1) reviewed 4 different described mechanisms involved in this 

action: in animals, at high concentrations, mucosal damage(6) and increased permeability,

(62) cellular activation of adenylate cyclase,(63) and in cell lines, the decrease of chloride 

uptake by lowering the apical Cl-/OH- exchange. These mechanisms have been described 

with experimental concentrations of bile acids that are toxic, rarely reached in distal colon 

lumen and mainly observed in pathologic condition e.g. bile acid malabsorption.(1) On the 

contrary, lower and more physiologic concentrations of bile acids mediate an anti-secretory 

effect by acting on basolateral membrane of enterocytes and submucosal neurons and 

stimulating FXR(31) or TGR5.(9) Our data add to the concept put forward by Keely's group 

that bile acids behave as colonic osmosignals and can modulate the fluidity of the colonic 

luminal contents.(7) We also show that this is a complex system of regulation involving not 

only epithelial cells, but also submucosal neurons. Our data also suggest that nicotinic 

cholinergic and NANC secretomotor neurons and IPANs contribute to TGR5 inhibition of 

colonic secretion. Intriguingly, despite the presence of TGR5 receptors in the proximal 

colon, INT-777 did not have any effect on Isc, suggesting that TGR5-induced inhibition of 
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secretion might be region specific as has been shown for other secretory processes in rodent 

and human colon.(14, 64, 65) Together with the higher expression of TGR5 in distal versus 

proximal colon, these data raise the interesting possibility that TGR5 may be involved in 

site-specific regulation of water colonic absorption: it makes more sense to use this potent 

“submucosal retrocontrol” at the end of the colon, to provide a fine equilibrium of fecal 

water content on the final stool, than in the proximal colon, where colonic water and 

electrolyte are mainly and massively reabsorbed.(66)

In summary, selective serosal, but not apical, activation of TGR5 inhibited the basal and 

stimulated secretion in rat colon in a region-specific manner (distal but not proximal colon). 

In the distal colon, TGR5 activation inhibited the basal secretory tone linked to 

prostaglandins and serotonin release following tissue seromuscular peeling, and the 

stimulated secretion induced by nicotine, but not PGE2, carbachol or cisapride. This 

inhibitory effect was mediated by a direct effect both on epithelial cells (1/3 of the response) 

and on submucosal nerves (2/3 of the response). Together with the dense expression of 

TGR5 receptors on cholinergic submucosal neurons, our data suggest a major role for TGR5 

located on nicotinic cholinergic submucosal neurons, NANC secretomotor neurons and 

IPANs to inhibit colonic secretion. In conclusion, these data highlight potential new venues 

for the development of TGR5 agonists as therapeutic tools to modulate colonic secretion in 

functional bowel disorders such as irritable bowel syndrome, where there is evidence of 

genetic variation in TGR5 in some patients.(67)
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Abbreviations

CA cholic acid

CCh carbachol

dC distal colon
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DCA deoxycholic acid

FSK forskolin

Isc short-circuit current

mAChRs muscarinic acetylcholine receptors

nAChRs nicotinic acetylcholine receptors

NANC non-adrenergic non-cholinergic

NO nitric oxide

NOS nitric oxide synthase

pC proximal colon

pChAT peripheral choline acetyltransferase

TDCA taurodeoxycholic acid

TEER transepithelial electrical resistance

TUDCA tauro-UDCA

UDCA ursodeoxycholic acid
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Key Points

• Bile acids (BA) stimulate colonic water and electrolyte secretion. 

However, in rat colonic mucosa, activation of the newly identified 

membrane BA receptor, TGR5, inhibits epithelial chloride secretion. 

We aimed to determine submucosal neurons role in TGR5-induced 

inhibition of colonic secretion.

• TGR5 is expressed in the rat colonic epithelium and cholinergic enteric 

neurons. TGR5 activation reduces basal and stimulated (nicotine) 

chloride secretion by inhibiting colonocytes and cholinergic 

submucosal neurons.

• Colonic TGR5 could be a potential target against secretory diarrhea-

associated GI disorders.
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Figure 1. 
Expression and distribution of TGR5 mRNA and protein in rat colonic tissue. (A) 

Comparison of TGR5 mRNA expression in distal and proximal rat colon by semi-

quantitative qPCR (right). Data are means ± SEM, n as indicated in columns. **p<0.01 vs 

proximal colon, unpaired t test. (B) Localization of TGR5 protein expression in distal and 

proximal colon tissue sections by immunofluorescence. TGR5 immunofluorescence is 

located in cells of the epithelia, with staining visible both on the apical and basolateral sides 

of epithelial cells mostly in crypts and in submucosal and myenteric neurons. Scale: 100 
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μM. (C) Co-localization (yellow) of TGR5 (green) and pChAT (red) positive neurons in 

submucosal plexus of proximal (upper panel) and distal (lower panel) colon. Scale: 100 μM.
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Figure 2. 
Dose-dependent effect of the selective TGR5 agonist, INT-777, on short-circuit current (Isc, 

in % baseline) (A) and transepithelial electrical resistance (TEER, in % baseline) (B) in 

seromuscular stripped preparations of rat distal colon mounted in Ussing chambers. INT-777 

administered on the serosal side significantly reduced the Isc starting at the dose of 10 μM, 

and increased the TEER at the dose of 60 and 100 μM. Data are means ± SEM, n as 

indicated in parenthesis. *p<0.05 vs DMSO group, two-way ANOVA followed by 

Bonferroni's multiple comparison post hoc test.
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Figure 3. 
Influence of a low affinity endogenous agonist for TGR5 receptor, ursodeoxycholic acid 

(UDCA) on short-circuit current (Isc, in % baseline) (A) and transepithelial electrical 

resistance (TEER, in % baseline) (B) in seromuscularly-stripped preparations of rat distal 

colon mounted in Ussing chambers. UDCA administered on the serosal side at 60 μM 

reduced significantly the Isc at 35 min (A), but had no effect on TEER (4D). Data are means 

± SEM, n as indicated in parenthesis. *p<0.05 (60 μM) and #p<0.05 (100 μM) vs DMSO 

group, two-way ANOVA followed by Bonferroni's multiple comparison post hoc test.
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Figure 4. 
Contribution of the submucosal plexus and epithelial cells in the selective TGR5 agonist 

(INT-777) induced inhibition of basal Isc. (A) In seromuscular stripped preparations of rat 

distal colon mounted in Ussing chambers INT-777-induced Isc inhibition is partially reduced 

by TTX pretreatment (1 μM) and abolished by pretreatment with the sodium channel 

blocker, lidocaine (1 μM). The inhibitory effect of INT-777 in neuron-free preparations of 

distal colon is significantly less than in preparations containing enteric nerves. DMSO does 

not affect the Isc in distal colon preparations with or without enteric neurons. Representative 
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graphs of pooled Ussing experiments: data are means ± SEM, n as indicated in columns. 

*p<0.05, ***p<0.001 vs INT-777 treated group, unpaired t test. (B) Representative graphs 

from Isc recordings in Ussing chambers, showing the influence of INT-777 (100 μM) in 

neuron-containing distal colon preparations pretreated with TTX or lidocaine, and in 

neuron-free rat distal colonic tissue.
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Figure 5. 
TGR5 agonist (INT-777) inhibition of basal secretion induced by several endogenously-

released segretagogues in rat distal colon. Influence of INT-777 on Isc in seromuscular 

peeled preparations pretreated with the indomethacin (10 μM), atropine (10 μM), 

hexamethonium (100 μM), 5-HT4 antagonist (RS-39604, 10 μM), L-NAME (100 μM), or 

DMSO (10 μl). Data are means ± SEM, n as indicated in columns. *p<0.05, **p<0.01, 

***p<0.001 vs INT-777 treated group, unpaired t test.
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Figure 6. 
Influence of TGR5 activation on stimulated secretion: a role for nicotinic cholinergic 

submucosal neurons. Representative graphs of INT-777 inhibition of stimulated secretion. 

(A) INT-777 (100 μM) pretreatment reduced basal Isc, but did not affect the increase in 

secretion mediated by the 5-HT4 agonist, cisapride (10 μM). (B) In the presence of 

indomethacin (10 μM), INT-777 (100 μM) still reduced the basal Isc, but did not prevent 

PGE2 (10 μM)-induced secretion. In contrast, nicotine (100 μM)-induced secretion was 

reduced by INT-777 pretreatment. (C) Inhibition of nicotine-induced secretion by INT-777 
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was reproduced in a fresh preparation. Data are means ± SEM, n as indicated in columns. 

**p<0.01 vs nicotine-treated group, paired t test.
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Table 1

Sequences of oligonucleotide primers used for real-time qPCR

cDNA Direction Primer (5’-3’) Size (bp)

rTGR5 forward TGCTCTTTTTGCTGTGTTGG 226

reverse GGTCTTCCTCGAAGCACTTG

rGAPDH forward AGACAGCCGCATCTTCTTGT 142

reverse TGATGGCAACAATGTCCACT
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