
Protective Actions of Epithelial 5-hydroxytryptamine 4 Receptors 
in Normal and Inflamed Colon

Stephanie N. Spohn1, Francesca Bianco4,5, Rachel B. Scott6, Catherine M. Keenan7,8, 
Alisha A. Linton1, Conor H. O’Neill2, Elena Bonora5, Michael Dicay7, Brigitte Lavoie1, 
Rebecca L. Wilcox3, Wallace K. MacNaughton7, Roberto De Giorgio5, Keith A. Sharkey7,8, 
and Gary M. Mawe1

1Neurological Sciences, University of Vermont, Burlington, VT

2Surgery, University of Vermont, Burlington, VT

3Pathology, University of Vermont, Burlington, VT

4Department of Veterinary Medical Sciences

5Department of Medical and Surgical Sciences, University of Bologna, Italy

6Surgery, Danbury Hospital, Danbury, CT

7Hotchkiss Brain Institute, Department of Physiology and Pharmacology, University of Calgary, 
Calgary, AB, Canada

8Snyder Institute for Chronic Diseases, Department of Physiology and Pharmacology, University 
of Calgary, Calgary, AB, Canada

Abstract

Background & Aims—The 5-hydroxytryptamine receptor 4 (5-HT4R or HTR4) is expressed in 

the colonic epithelium but little is known about its functions there. We examined whether 

activation of colonic epithelial 5-HT4R protects colons of mice from inflammation.

Methods—The 5-HT4R agonist tegaserod (1 mg/kg), the 5-HT4R antagonist GR113808 (1 mg/

kg), or vehicle (control) were delivered by enema to wild-type or 5-HT4R knockout mice at the 

onset of, or during, active colitis, induced by administration of dextran sodium sulfate or 

trinitrobenzene sulfonic acid. Inflammation was measured using the colitis disease activity index 

and by histologic analysis of intestinal tissues. Epithelial proliferation, wound healing, and 

resistance to oxidative stress-induced apoptosis were assessed, as was colonic motility.
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Results—Rectal administration of tegaserod reduced the severity of colitis, compared to mice 

given vehicle, and accelerated recovery from active colitis. Rectal tegaserod did not improve 

colitis in 5-HT4R knockout mice, and intraperitoneally administered tegaserod did not protect 

wild-type mice from colitis. Tegaserod increased proliferation of crypt epithelial cells. Stimulation 

of 5-HT4R increased Caco-2 cell migration and reduced oxidative stress-induced apoptosis; these 

actions were blocked by co-administration of the 5-HT4R antagonist GR113808. In non-inflamed 

colons of wild-type mice not receiving tegaserod, inhibition of 5-HT4Rs resulted in signs of colitis 

within 3 days. In these mice, epithelial proliferation decreased and bacterial translocation to the 

liver and spleen was detected. Daily administration of tegaserod increased motility in inflamed 

colons of guinea pigs and mice, whereas administration of GR113808 disrupted motility in 

animals without colitis.

Conclusions—5-HT4R activation maintains motility in healthy colons of mice and guinea pigs 

reduces inflammation in colons of mice with colitis. Agonists might be developed as treatments 

for patients with inflammatory bowel diseases.
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INTRODUCTION

Serotonin (5-hydroxytryptamine, 5-HT) acts as a neurotransmitter in both the central and 

peripheral nervous systems, and as a paracrine signaling molecule in the periphery.1 In the 

gastrointestinal (GI) tract 5-HT contributes to motility, secretion, vasodilation, and 

sensation,2 and it also has both neuro-protective3 and pro-inflammatory actions in the gut.45 

Because of the importance of 5-HT in gut functions and sensation, drugs targeting 5-HT 

receptors have been developed for the treatment of functional GI disorders and pain.2

Several 5-HT receptor subtypes are located in the wall of the gut.2 The 5-HT4 receptor, is 

located on enteric nerve terminals where it mediates presynaptic facilitation of 

neurotransmitter release when activated.67 5-HT4 receptors are also highly expressed in the 

colonic epithelium, where they appear to be expressed by all epithelial cells.8 Epithelial 5-

HT4 receptors mediate a variety of responses, including 5-HT release, chloride secretion and 

goblet cell degranulation, as well as enhanced propulsive motility and reduced visceral 

hypersensitivity.8

5-HT4 receptor agonists have prokinetic and anti-nociceptive actions and have been used to 

treat constipation-predominant irritable bowel syndrome,2 but the functions of these 

receptors are still being elucidated, and they likely include protective actions. For example, 

5-HT4 receptor agonists can reduce the extent of NSAID-induced inflammation.9 

Furthermore, 5-HT4 agonists stimulate enteric neurogenesis and promote axon growth in 
vitro,3 and the restoration of the recto-anal reflex in re-anastomosed preparations in vivo.10 

5-HT4 receptors also appear to play a role in the development and 4 survival of enteric 

neurons, since neuronal density is reduced in the intestines of 5-HT4 knockout mice.3
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We tested the hypothesis that mucosal 5-HT4 receptors exert protective effects in normal and 

inflamed colon. Using animal models of colitis, we examined whether mucosal 5-HT4 

receptor stimulation affects the extent of colitis as it develops and whether it can improve 

recovery from colitis once it is established. We examined potential mechanisms of epithelial 

healing and resistance to oxidative stress. Furthermore, we tested whether the mucosal 5-

HT4 receptor influences the integrity of the epithelial layer and colonic motor function under 

basal, healthy conditions. Our findings indicate that stimulation of mucosal 5-HT4 receptors 

exerts protective and restorative effects in models of colitis, and that these receptors 

contribute physiologically to mucosal integrity.

METHODS

Animal Preparations

All experimental protocols were approved by the Institutional Animal Care and Use 

Committees of the University of Vermont and the University of Calgary. Animals were 

euthanized by isoflurane overdose and exsanguination or cervical dislocation. The following 

animals were used for these studies: 7–8 week Male CD-1 IGS mice from Charles River, 

Canada; 7–8 week male and female 5-HT4R knockout mice and their litter mates on an 

SV129 background from Dr. Valérie Compan, Université Montpellier, via Dr. David Linden, 

Mayo Clinic; 250–300 g male Hartley guinea pigs, Charles River, Canada.

Induction of Colitis

Dextran sodium sulfate (DSS) colitis was induced in mice by administering DSS (w/v in 

water; 3% for SV129 mice and 4% for CD-1, MW: 36,000–50,000, MP Biomedicals, Solon, 

OH) for 5 days followed by a return to tap water for 2–10 days. 2,4,6-trinitrobenzene 

sulfonic acid (TNBS; Sigma-Aldrich, St. Louis, MO) colitis was induced by a single colonic 

enema (mice: 7.5 mg/mL in 50% ethanol, 100 μL; guinea pigs: 25 mg/mL in 30% ethanol in 

300 μL) delivered under anesthesia.

Colitis Paradigms

For the prevention experiments, mice received DSS for 5 days and were then switched to tap 

water for 2 days. Alternatively, mice and guinea pigs were given a single enema of TNBS. 

Enemas with either vehicle (1% dimethyl sulfoxide (DMSO) in 0.9% saline; 0.2 mL/mouse) 

or drug (tegaserod provided by John McRorie from Proctor and Gamble, GR113808 from 

Sigma-Aldrich; both delivered at 1 mg/Kg) were administered daily for 5–7 days starting 24 

h after induction of colitis. These doses were chosen because they were effective in previous 

studies of the effects of luminal administration of these compounds on visceral sensitivity.8 

In a preliminary study, we found that enema treatment did not affect the histological damage 

score (HDS) (naïve, 0.6±0.25, n=5; vehicle enema, 1.1±0.3; p=0.13, n=7). In another 

preliminary study, involving enema administration of a vehicle solution containing 0.5% 

Evans Blue, we found that the solution delivered spread as far orally as the cecum after 10 

minutes. Animals were euthanized on day 6 or 7 for TNBS or DSS studies, respectively. In 

the recovery paradigm drug treatment began on day 6 and lasted for 10 days, with animals 

euthanized on day 15. The time courses were chosen to test the effectiveness of the 

treatments leading up to the peak of inflammation, or beginning once the peak had been 
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reached. Transcript levels for the 5-HT4 receptor were not altered in DSS (p=0.56) or TNBS 

(p=0.9) colitis.

Assessment of Inflammation

Colitis severity was monitored using the disease activity index (DAI), which includes 

evaluation of weight loss, stool consistency, and presence of fecal blood.11 Fecal blood was 

assessed using Hemoccult Single Slide testing slides from Beckman Coulter (Brea, CA). 

After euthanasia, tissue was collected and fixed overnight in 4% paraformaldehyde for 

immunohistochemistry.

Hematoxylin and eosin stained sections from paraffin embedded tissue were used for 

histological assessment of colitis. A scoring rubric based on histological features of human 

inflammatory bowel disease (IBD) was developed.12 This histological damage score (HDS) 

reflects epithelial damage, altered crypt architecture, infiltration of monocytes and 

polymorphonuclear cells into the lamina propria and epithelium, and evidence of ulcers or 

erosions. Two slides for each experimental group were scored by an observer blinded to the 

treatment groups.

Intestinal permeability

On day 7 following enema treatment, mice were orally gavaged with FITC-dextran (150 

mg/mL, 60 mg/100 g body weight). Four hours following gavage, mice were anesthetized, 

the chest and abdomen cleaned with 70% ethanol and blood was drawn via cardiac 

puncture.13 Blood was allowed to clot, then spun at 2000 × g for 10 minutes, the supernatant 

was read on a spectrophotometer at 485/535 nm.

Immunohistochemistry

Immunohistochemical staining of sections from paraffin embedded tissue was performed as 

previously described.8 Immunostaining with a rat anti-mouse Ki-67 primary antiserum 

(1:100; eBioscience, San Diego, CA) was visualized with a goat anti-rat Cy3 antibody 

(1:600; Jackson ImmunoResearch, West Grove, PA), in sections counterstained with DAPI 

(1:1,000; Sigma-Aldrich). The data are presented as proportion of Ki-67 positive cells 

relative to total epithelial cells per crypt.14 Images were produced on an Olympus AX70 

fluorescence microscope and captured using an Optronics MagnaFire digital camera and 

software.

Motility

Guinea pig distal colon motility was examined using a GastroIntestinal Motility Monitor 

(GIMM; Catamount Research and Development, St. Albans, VT), and prepared as 

previously described.15 The most distal 5–10 cm of colon was placed in the organ bath, and 

equilibrated for 30 minutes in circulating Kreb’s solution (37°C). Five trials, spaced by 5 

min rest periods, were performed for each colon.

Murine colonic transit was assessed as previously described.16 Mice were lightly 

anesthetized using 3% isoflurane, and a small glass bead was inserted 2 cm into the distal 

colon. Time from the insertion of the bead to expulsion was recorded. This assay was 
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performed before and after treatment with either vehicle, agonist or antagonist. For each 

time point, measurements were taken on two consecutive days and the two times averaged. 

For each mouse, bead expulsion time was normalized to the before treatment value.

Intracellular Recording

Intracellular recordings from guinea pig colonic circular muscle were carried out in a 

Sylgard-lined recording chamber with a circulating, aerated Kreb’s solution (37°C) 

containing nifedipine (5 μM; Sigma-Aldrich).1718 Cells were impaled with glass 

microelectrodes (70 to 120 MΩ, filled with 2M KCl) under visualization with an inverted 

microscope at 100X magnification. Junction potentials were evoked by transmural stimuli 

(0.5ms pulse duration, 0.5Hz, 50V). Voltage recordings were obtained with an 

Axoclamp-2A amplifier (Axon-instruments, Union City, CA, USA) and analyzed with 

PowerLab Chart (version 5.01; AD Instruments, Castle Hill, NSW, Australia).

Cell lines culture and treatment for oxidative stress

Human Caco-2 cells, a epithelial colorectal adenocarcinoma cell line (ATCC, UK), were 

maintained in a humidified atmosphere of 95% air and 5% CO2 at 37°C in Dulbecco’s 

modified Eagle’s medium (DMEM), supplemented with 10% (v/v) fetal bovine serum 

(FBS), 100 U/mL penicillin and 100 Ag/mL streptomycin. To produce oxidative stress in 

Caco-2, cells were treated with 200 μM of H2O2 in phosphate-buffered saline (PBS) for 30 

min1918 24 h after the cells were seeded. 17

The sulforhodamine B (SRB) assay was used to determine cell density, as previously 

described and validated. 2019,18 Cells grown in 24 well plates were treated for 1 hr with 

vehicle, agonist or agonist plus antagonist. Supernatant was aspirated from wells and cells 

were fixed with cold trichloroacetic acid solution (30% w/v) at 4°C for 1 h. Fixed cells were 

washed with H2O and dried, and SRB solution (0.057% w/v) was applied to stain the 

cellular protein contents. Using spectrophotometry, absorbance was measured at 540 nm 

with a reference wavelength of 630 nm.

Scratch Assay

Caco-2 cells (provided by Dr. J Turner, University of Chicago) were cultured in 6 well plates 

to ~90% confluence in DMEM high glucose supplemented with 10% FBS, 1% GlutaMAX, 

10 mM Hepes and 100 U/mL Penicillin-Streptomycin (ThermoFisher Grand Island, NY). 

Once ~90% confluence was reached, three wounds were created using a sterile 200 uL pipet 

tip dragged perpendicular to a black line drawn on the underside of the plate for reference. 

Images were captured of each scratch at time points 0 h and 48 h with a Nikon D7100 

camera on a Nikon Diaphot inverted microscope at 4X magnification. Only scratches whose 

edges could be captured in one frame at time point 0 h were included for final analysis. 

Measurements were taken from edge to edge at time 0 h and compared to measurements 

from 48 h using ImageJ software.21 The reported values are the difference between 0 h and 

48 h, with higher values representing increased cellular migration. Three separate 

experiments were conducted with all three conditions.
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Bacterial Translocation

After euthanasia, mice were wiped with alcohol, and the spleen and liver were removed. 

Samples were weighed and homogenized in 1 mL sterile PBS. Between samples the 

homogenizer was rinsed in sterile PBS, water, then 70% ethanol to prevent cross 

contamination. Homogenates (200 μL) were plated on Columbia and MacConkey agar plates 

(Dalynn Biologicals, Calgary, AB) and incubated at 37° C in 5% CO2.22 After 48 h, the 

number of positive plates was determined; contaminated plates were not counted.

Data Analysis

The data are presented as mean ± SEM for n of animals or preparations. Statistical analyses 

were performed using the GraphPad Prism software application (version 6.0c, GraphPad 

Software, La Jolla, CA). Data sets were examined prior to analysis to ensure the validity of 

test assumptions such as similar variability and n-values between groups. In cases in which 

assumptions were met, data sets were compared using unpaired student’s t-test, 1-way 

ANOVA or 2-way ANOVA with Bonferroni’s correction, or Fisher’s exact test, when 

appropriate. The assumptions were not met in two of the experiments: a Welch’s correction 

was used in the case of a t-test and a square root transformation was used to compress 

variance in the case of an ANOVA. These tests are indicated in the figure legends. Statistical 

significance was defined as one tailed p-values of less than 0.05.

RESULTS

Effects of Epithelial 5-HT4 Receptor Stimulation on Colitis

5-HT4 Receptor stimulation attenuates the development of colitis—In DSS-

inflamed mice, treatment with tegaserod (1 mg/Kg), beginning 24 hr after DSS was 

introduced, significantly reduced the clinical (DAI, p<0.05) and the histological (HDS, 

p<0.001) damage of the colon compared to vehicle treated DSS inflamed animals (Fig 1A; 

Supplemental Fig 1). The protective effects of tegaserod were blocked by the 5-HT4 

antagonist, GR113808 (Fig 1A; Supplemental Fig 1; DAI, p<0.05; HDS, p<0.0001).

In TNBS colitis, treatment with tegaserod significantly reduced the DAI as compared to 

inflamed controls (Fig 1B; p<0.05); however, the HDS was not changed. The protective 

effect of tegaserod on the DAI was blocked by the 5-HT4 antagonist (Fig 1B; p<0.05).

To further confirm that tegaserod was mediating its protective action via 5-HT4 receptor 

activation, experiments were conducted with 5-HT4 knockout mice and their wild type 

littermates with DSS colitis. Tegaserod failed to improve the DAI or HDS in mice lacking 

the 5-HT4 receptor (Fig. 1C), but it significantly reduced inflammation in the wild type 

animals (DAI: vehicle, 7.7±0.5; agonist, 5.5±0.5; p=0.004; HDS: vehicle, 10.3±0.6; agonist, 

8.2±0.3; p=0.017 by t-test; n=7–11 per group).

5-HT4 receptor stimulation accelerates healing from established colitis—To test 

whether activation of epithelial 5-HT4 receptors in the distal colon affects the recovery from 

colonic inflammation, animals were treated with tegaserod after colitis was established (days 

6–15; Fig. 2).
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5-HT4 agonist treatment significantly accelerated the recovery from DSS colitis as compared 

to vehicle treated animals (Fig 2A; p<0.0001 at day 15). Furthermore, DSS-inflamed mice 

treated with tegaserod showed significant improvement in HDS (Fig 2A; p<0.0001). These 

effects were blocked by the 5-HT4 antagonist (Fig 2A; DAI, p<0.001; HDS, p<0.001).

5-HT4 agonist treatment in established TNBS colitis accelerated recovery of the DAI (Fig 

2B; p<0.001 at day 15) and improved the HDS (p<0.01), and these actions were also 

inhibited by antagonist treatment (Fig 2B; DAI, p<0.001; HDS, p<0.05).

Intraperitoneal administration of the 5-HT4 receptor agonist fails to affect 
colitis—To test whether the effects of enema-administered 5-HT4 agonist could involve 5-

HT4 receptors at other sites in the GI tract or elsewhere, the agonist was delivered daily by 

intraperitoneal (IP) injection at the same dose (1 mg/Kg) beginning on day 1. In DSS-

inflamed animals, IP administered agonist had no effect on the clinical or histological scores 

(DAI: vehicle, 5.1±0.6; agonist, 4.5±0.5; p=0.4; HDS: vehicle, 10.0±0.9; agonist, 7.8±0.9; 

p=0.1 by t-test; n=7–8 per group).

5-HT4 receptor mediated protective mechanisms

Epithelial 5-HT4 receptor activation could mediate the protective effects via a variety of 

mechanisms, including maintenance or reestablishment of the epithelial barrier through cell 

proliferation and migration, and also by increasing resistance to epithelial apoptosis induced 

by oxidative stress. We first assessed epithelial permeability by evaluating FITC-dextran in 

serum by spectroscopy (arbitrary fluorescence units; AFUs) following gastric gavage. Colitis 

was associated with a 3–4 fold increase in permeability (control, 3530 ± 125 AFUs, n=17; 

DSS, 15,690 ± 3222 AFUs, n=22, P<0.01). Despite the fact that the cecum and entire colon 

is affected in DSS colitis, a tegaserod enema in the distal colon demonstrated a tendency to 

reduce the permeability to FITC-dextran (9,372 ± 944 AFUs, n=16, P=0.07). Associated 

with the increase in epithelial permeability there is a degree of bacterial translocation 

associated with colitis (4/9 animals with colitis had bacterial translocation to the liver or 

spleen compared to 0/5 control animals). After tegaserod enema there was again a tendency 

for this to be reduced (1/8 animals with bacterial translocation). These actions prompted us 

to examine detailed mechanisms of action of 5-HT4 receptor activation in the epithelium.

The effects of 5-HT4 receptor activation on proliferation were tested in the DSS recovery 

paradigm, as this condition yielded the most robust response. Effects of 5-HT4 receptor 

stimulation on migration and resistance to oxidative stress were evaluated in Caco-2 cells, 

which were found to express the 5-HT4 receptor by rtPCR and immunoblot (Supplemental 

Fig. 2).

The nuclear protein, Ki-67, is an effective marker of post-mitotic cells.14 In the colons of 

DSS-inflamed animals that received daily agonist enemas beginning on day 6, there was a 

significant increase in the percentage of crypt epithelial cells that were Ki-67 positive at day 

15 (Fig. 3; p<0.05; Supplemental Fig 3), and this effect was blocked by the 5-HT4 antagonist 

(Fig. 3; p<0.01; Supplemental Fig 3). The proportion of epithelial cells immunoreactive for 

Ki-67 was also significantly higher in colons from animals treated with DSS and agonist 
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beginning on day 1 and euthanized on day 7 (vehicle, 0.5±0.04 vs 0.7±0.02; p<0.001; n=5 

per group).

An important mechanism of epithelial healing is enhanced epithelial cell migration.23 To 

assess this we performed a scratch wound healing assay,24 and saw a significant increase in 

the rate of Caco-2 cell migration in cultures treated with tegaserod (1 μM) (Fig. 4A,C; 

p<0.001), and this effect was inhibited in the presence of the antagonist (Fig. 4A,C; p<0.05).

Oxidative stress is a feature of colitis,25 and triggers epithelial apoptosis.2627 Therefore, 

Caco-2 cells were exposed to the free radical donor, H2O2 (200 μM), and cell survival in 

response to 5-HT4 receptor stimulation was determined using the SRB assay. H2O2 caused a 

significant reduction in cell survival compared to untreated cells (Fig. 4B; p<0.001), and cell 

survival in H2O2 treated cultures was significantly improved by tegaserod (10 μM) (Fig. 4B; 

p<0.001). This agonist-mediated protection was blocked by the specific antagonist, 

GR113808 (10 nM) (p<0.001).

Effects of 5-HT4 Receptor Activation on Propulsive Motility

A central feature of IBD is altered GI motility.2829 We have investigated dysmotility in 

guinea pig TNBS colitis,17183031 and have demonstrated that changes in enteric neuronal 

excitability31 and purinergic inhibitory neuromuscular transmission17 contribute to disrupted 

motility. We therefore treated TNBS-inflamed guinea pigs daily with tegaserod enemas (1 

mg/Kg) for 6 days beginning 24 h after TNBS instillation, and evaluated propulsive motility.

Consistent with previous findings 17183132 the distal colons of TNBS-inflamed animals 

exhibited a significant reduction in the rate of propulsive motility (Fig. 5A; p<0.0001), and 

an increase in trials in which fecal pellets became obstructed (Fig. 5B; p<0.0004). Tegaserod 

significantly improved the rate of propulsive motility in TNBS inflamed colons (p<0.0001), 

and eliminated the obstructions (Fig. 5A,B). Antagonist treatment blocked the protective 

effects of tegaserod on the rate of propulsive motility (p<0.0001), and on the occurrence of 

obstructions (p<0.0001). It is worth noting that preparations from animals receiving 

antagonist treatment were more frequently obstructed than vehicle-treated TNBS inflamed 

preparations (p=0.0012).

Since the disruption of propulsive motility in guinea pig TNBS colitis involves an 

attenuation of inhibitory junction potentials (IJPs), we measured IJP amplitudes in 

preparations from animals treated with tegaserod. Daily agonist treatment significantly 

improved the IJP in TNBS inflamed animals (naïve: −19.1 mV ± 1.3, TNBS with vehicle: 

−9.4 mV ± 0.9, TNBS with agonist: −18.1 mV ± 0.6; p<0.0001 by one-way ANOVA).

Colonic motility was also evaluated in vivo in mice in the 15 day recovery paradigm using 

the bead expulsion assay. As was detected in the TNBS inflamed guinea pig colon, mice 

with DSS colitis exhibited a slowing of colonic transit that was inhibited by tegaserod 

treatment (Fig. 5C). Furthermore, the effect of tegaserod (1mg/Kg) was blocked by the 5-

HT4 antagonist, GR113808 (1 mg/Kg).

Spohn et al. Page 8

Gastroenterology. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Epithelial 5-HT4 receptors play a protective physiological role in healthy animals

The findings described above indicate that 5-HT4 receptor activation decreases the extent of 

colitis as it develops, and accelerates recovery from colitis once it has been established, 

raising the possibility that 5-HT4 receptors could serve as a novel therapeutic target for the 

treatment of colitis. These results also suggest that 5-HT4 receptors might play a role in 

maintaining the integrity of the epithelial layer under physiological conditions.

To test whether 5-HT4 receptor activity influences epithelial integrity, normal mice were 

treated for 10 days with the 5-HT4 antagonist, GR113808 (1 mg/Kg), administered by 

enema. Daily treatment of mice with the 5-HT4 antagonist showed a significant increase in 

the DAI (p<0.0001; Fig. 6A) and HDS (p<0.0001; Fig. 6B, Supplemental Fig. 4).

Consistent with the effect of pharmacologically inhibiting the receptor, 5-HT4 knockout 

mice exhibited a significantly higher HDS than wild type littermates (p<0.05; Fig. 6C)

The results from colitis paradigms described above demonstrate that 5-HT4 receptor 

stimulation by agonist administration increases epithelial proliferation, as measured by 

Ki-67 immunoreactive cells. Therefore, Ki-67 immunoreactivity was evaluated in normal 

animals treated with GR113808. In animals treated with the antagonist alone, there was a 

significant reduction in Ki-67 immunoreactivity compared to vehicle-treated controls (Fig. 

7A; p<0.0001).

Evaluation of bacterial translocation from the gut to either the spleen or the liver has been 

shown to be an effective assay to assess barrier permeability.2233 Antagonist treatment in 

normal mice led to a significant increase in the proportion of cultures that were positive for 

bacterial translocation as compared to vehicle-treated animals (Fig. 7B; p<0.02).

To test whether endogenous 5-HT4 receptor activation influences colonic function, 

propulsive motility was evaluated in distal colons from guinea pigs treated daily for 10 days 

with the antagonist alone. Treatment with the antagonist did not have a significant effect on 

the rate of propulsive motility; however, fecal pellet obstruction was observed in 25% of 

trials in colons from animals receiving antagonist treatment, which was significantly 

different from the control patterns (Fig. 7C; p=0.0035).

DISCUSSION

This study tested the hypothesis that epithelial 5-HT4 receptor activation attenuates the 

development of colitis, and improves recovery from active colitis. Our findings support this 

hypothesis by demonstrating that epithelial 5-HT4 receptor stimulation reduced disease 

activity and histological damage in both DSS and TNBS colitis, supporting an anti-

inflammatory effect. The epithelial 5-HT4 receptor stimulation can exert its protective 

effects through several mechanisms, including increased epithelial proliferation, enhanced 

epithelial cell migration, and resistance to oxidative stress-induced apoptosis. Furthermore, 

treatment with the 5-HT4 agonist attenuated inflammation-induced changes in colonic motor 

function. Importantly, all of these effects were blocked by the 5-HT4 antagonist, GR113808, 

and protection was not detected in 5-HT4 KO mice. Our findings also indicate that epithelial 
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5-HT4 receptors serve an important physiological role in maintaining mucosal integrity since 

inhibition of 5-HT4 receptor activity in normal animals leads to inflammation and disrupted 

motor function. Collectively, these studies contribute new knowledge regarding the 

protective actions of 5-HT4 receptor activation, and provide evidence for an anti-

inflammatory role of 5-HT4 in normal physiology.

Prior to the current investigation, it had been established that 5-HT can exert a pro-

inflammatory influence in the GI tract.34 For example, colitis is reduced in mice lacking or 

deficient in mucosal 5-HT,35 and it is worsened in SERT knockout mice, which have 

elevated mucosal 5-HT availability. 36 This effect is likely mediated by activation of 5-HT7 

receptors on dendritic cells in the lamina propria.45 These previous studies examined the 

global effect of gut-derived 5-HT on inflammation. The current study specifically examined 

the role of 5-HT4 receptor activation in the context of inflammation and we found an anti-

inflammatory role of 5-HT signaling in the mucosa, supporting previous work from our labs 

suggested that activation of these receptors may be protective.8 It will be interesting, in 

future studies, to directly compare the relative pro- and anti-inflammatory effects of mucosal 

5-HT signaling. Regardless, during colitis, the protective actions of 5-HT4 stimulation by 

endogenous 5-HT are dominated by an over-riding influence of pro-inflammatory mediators 

and mechanisms. On the other hand, this does not preclude the possibility that stimulation of 

the 5-HT4 receptor pharmacologically could have a beneficial effect, as has been 

demonstrated in the current study.

In addition to these protective, anti-inflammatory actions of epithelial 5-HT4 receptors, there 

is evidence that 5-HT4 receptors play a beneficial, neurogenic effect in the muscularis. 

Activation of 5-HT4 receptors in primary cultures of enteric neurons promotes neuronal 

growth and survival, and in vivo, agonist treatment promotes neurogenesis in adult mice.3 

This neuro-protective action has been supported by in vivo studies demonstrating that 

recovery of the recto-anal reflex is significantly augmented, through neurogenesis and axon 

outgrowth, by 5-HT4 receptor treatment following rectal transection and anastomosis.103738 

Furthermore, 5-HT4 receptor-mediated enteric neurogenesis occurs in colitis,39 a condition 

in which bioavailability of 5-HT is increased.2 Taken together with the results reported here, 

it is becoming increasingly clear that the 5-HT4 receptor exerts protective actions in the 

inner and outer layers of the gut.

Several mechanisms appear to contribute to the protective effects of epithelial 5-HT4 

receptor stimulation, and these mechanisms are apparently effective for both Th1-(TNBS) 

and Th2-predominant (DSS) inflammatory responses. One mechanism by which 5-HT4 

receptor stimulation is acting is through enhanced wound healing processes. 5-HT4 receptor 

stimulation increased both cell proliferation and epithelial cell migration in a 5-HT4 

antagonist-sensitive manner. Epithelial erosions, ulcers and decreased epithelial barrier 

integrity are all common features of active colitis, and these conditions would likely be 

mitigated by enhanced epithelial proliferation and migration.

The anti-inflammatory effects of 5-HT4 receptor activation may also involve resistance of 

the epithelium to the harmful effects of oxidative stress. Oxidative stress, and resultant 

epithelial apoptosis, is a key feature of inflammation and has been demonstrated in both 
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DSS and TNBS colitis.25 Treatment with a 5-HT4 agonist protected CaCo-2 cells from 

apoptosis that was elicited by the free radical donor, H2O2, in a 5-HT4 antagonist-sensitive 

manner.

Another unexplored mechanism that likely contributes to the protective effect of 5-HT4 

receptor stimulation is secretion of mucus from goblet cells. The mucus layer serves as a 

protective barrier, and disruption of this barrier with mucolytic agents or deletion of the 

mucin 2 gene results in colitis.4041 Goblet cells express the 5-HT4 receptor, and 5-HT4 

receptor activation leads to degranulation.8

The guinea pig distal colon ex vivo model of motility is probably the most extensively 

characterized animal model of propulsive motility.154243 We have previously used this assay 

to investigate changes in motility that are associated with TNBS colitis,1844 and we have 

linked disruptions in motility to inflammation-induced neuroplasticity, particularly intrinsic 

primary afferent neuron hyperexcitability31 and attenuated purinergic neuromuscular 

transmission.17 In the current study, treatment of TNBS-inflamed guinea pigs, and DSS-

inflamed mice with the 5-HT4 agonist improved propulsive motility and eliminated 

obstructive motility patterns. Consistent with our previous report linking disrupted motility 

to IJP attenuation,17 the amplitude of the IJP is comparable to that of control animals 

following 5-HT4 agonist treatment in TNBS colitis animals.

Data from studies reported here involving various models and paradigms of 5-HT4 receptor 

stimulation in colitis indicate that the 5-HT4 receptor plays a host defense role in 

inflammatory conditions through a number of actions that support the epithelial barrier and 

resistance to damage from oxidative stress. These novel findings, and the knowledge that 5-

HT released from enterochromaffin cells reaches the lumen,4546 led to the question of 

whether 5-HT4 receptor activity exerts a protective influence in the mucosal layer under 

physiological conditions. Treatment of normal mice with a 5-HT4 receptor antagonist led to 

increased DAI and HDS scores, bacterial translocation, and reduction in cell proliferation. 

Furthermore, inhibition of 5-HT4 receptors in the colonic epithelium of normal guinea pigs 

resulted in obstructed motility patterns, which is not a feature of the healthy colon. Also, 

antagonist treated mice exhibited slowed colonic transit. Consistent with these results, there 

were situations in our colitis paradigms in which antagonist treatment not only blocked the 

agonist, but led to a condition far worse than the vehicle treated inflamed group. This 

included the histological damage in the DSS mouse colitis prevention paradigm (Fig. 1) as 

well as the obstructed motility pattern in guinea pigs with TNBS colitis (Fig. 7). These 

findings suggest that endogenous 5-HT may be acting on epithelial 5-HT4 receptors to 

dampen physiological inflammation and maintain homeostasis.

It is possible that treatment with the 5-HT4 antagonist mediates its effect by blocking 

stimulation of epithelial 5-HT4 receptors by 5-HT released from enterochromaffin cells. 

Another possibility is that the antagonist that was used, GR113808, decreased constitutive 

activity of the epithelial 5-HT4 receptors. Certain isoforms of the 5-HT4 receptor have low 

levels of constitutive activity, which could lead to a steady state activation of the protective 

pathways stimulated by 5-HT4 receptor activation with an agonist.47–49 The antagonist that 
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was used in the current studies, GR113808, can suppress this constitutive activity by acting 

as an inverse agonist.50

Conclusion

Here we report the discovery of a protective and healing action of epithelial 5-HT4 receptor 

stimulation in the colon. Translation of these observations could provide a new and safe 

treatment strategy for the treatment of colitis, and that expand our appreciation of the roles 

of 5-HT receptor signaling in the GI tract. Treatment in two different models of colitis 

decreased the extent of inflammation as it was occurring, and accelerated the process of 

remission once colitis had been established. This beneficial effect likely involves several 

mechanisms that include enhanced wound healing, resistance to oxidative stress, and 

improved colonic motor function. Thus these findings demonstrate that luminally restricted, 

and therefore low risk, administration of 5-HT4 agonists could be beneficial in the treatment 

of IBD. The discovery that 5-HT4 receptors also contribute to the epithelial integrity in 

healthy animals reveals a newly identified role for 5-HT signaling in the mucosal layer, and 

one that physiologically opposes the previously identified pro-inflammatory actions of 5-HT 

in the colon. Collectively, these findings advance our understanding of colonic physiology 

and pathophysiology, and provide a new target for the treatment of colonic inflammation.
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Abbreviations

AFUs Arbitrary fluorescence units

DSS dextran sodium sulfate

DMSO dimethyl sulfoxide

DAI disease activity index

DMEM Dulbecco’s modified Eagle’s medium

FBS fetal bovine serum

FITC fluorescein isothiocyanate

GI gastrointestinal
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HDS histological damage score

IBD inflammatory bowel disease

IJP inhibitory junction potential

IP intraperitoneal

PBS phosphate buffered saline

rtPCR reverse transcriptase polymerase chain reaction

5-HT serotonin

SRB sulforhodamine B

TNBS trinitrobenzene sulfonic acid
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Figure 1. 
Daily intraluminal treatment with the 5-HT4 agonist, tegaserod (1mg/Kg) reduced the extent 

of DSS and TNBS colitis. A. In DSS colitis, tegaserod caused an antagonist-sensitive 

reduction in the DAI and HDS (vehicle, n=9; agonist, n=10; agonist/antagonist, n=5; for 

HDS, 2 values were obtained from each animal). B. In TNBS colitis, agonist treatment 

significantly reduced the DAI, but did not affect the HDS (n=7 animals for all groups, with 2 

values per animal for HDS). C. Tegaserod failed to improve DAI or HDS in DSS inflamed 5-

HT4 knockout mice (n=8–9 animals per group, with 2 values per animal for HDS). *p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001 by one-way ANOVA. †p<0.05 by one-way ANOVA 

with square root transformation.
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Figure 2. 
Daily intraluminal treatment with the 5-HT4 agonist, tegaserod (1mg/Kg) beginning on day 

6, after colitis had been established, accelerated recovery from DSS and TNBS colitis. A. In 

DSS colitis, the 5-HT4 receptor agonist significantly improved the DAI by day 12, and at the 

termination of the experiment on day 15, both the DAI and HDS were significantly 

improved as compared to the vehicle control and antagonist plus agonist treatment groups. 

(vehicle, n=21; agonist, n=23; antagonist, n=5 with 2 values per animal obtained for HDS). 

C. In TNBS colitis, significant improvement in the DAI was detected on Day 9, and at the 

day 15 time point, both the DAI and HDS were significantly improved (vehicle, n=13; 

agonist, n=14; antagonist, n=5 with 2 values per animal obtained for HDS). *p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001 by two-way ANOVA for DAI and one-way ANOVA 

for HDS. In the DAI graphs, comparisons were made between agonist treatment and the 

other groups.
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Figure 3. 
Intraluminal treatment with tegaserod increased epithelial proliferation. Graph 

demonstrating the proportion of crypt epithelial cells immunoreactive for the proliferation 

marker, Ki-67 (vehicle, n=10; agonist, n=9; antagonist, n=9). * p<0.05, **p<0.01 by one-

way ANOVA.
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Figure 4. 
Treatment of Caco-2 cells with tegaserod increased the rate of cell migration, and caused 

protection from cell loss due to oxidative stress. A. Closure of scratches in Caco-2 

monolayer cultures after 48 h (1 well per treatment group, 3 scratches per well × 3 

experiments). B. Survival data from cultures that were treated with normal medium (control) 

or 200 μM H2O2 (n=4 per group). C. Photomicrographs of Caco-2 cultures showing 

scratches at the 0 and 48 h time points. ** p<0.05, **** p<0.0001; one-way ANOVA.
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Figure 5. 
Daily intraluminal treatment with tegaserod (1 mg/Kg) improved distal colon propulsive 

motility in guinea pigs with TNBS colitis. A. Graph illustrating rate of pellet propulsion 

along the length of the colon (control, n=6; TNBS/vehicle, n=9; TNBS/agonist, n=6; TNBS/

agonist plus antagonist, n=4; ****p<0.0001, one-way ANOVA). B. Graph showing the 

proportion of trials in which the fecal pellet cleared the colon or was obstructed, and did not 

clear the colon within 5 min (5–6 trials per animal; ***p<0.001, ****p<0.0001, Fisher’s 

Exact Test). C. Graphs demonstrating results of bead expulsion assays from mice with DSS 

colitis in the 15 day recovery paradigm that were treated in vivo by enema (DSS/vehicle, 

n=5; DSS/agonist, n=4; DSS/agonist plus antagonist, n=5; *p<0.05, paired t-test).
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Figure 6. 
Pharmacological or molecular disruption of 5-HT4 signaling increased inflammatory scores 

in normal mice. Intraluminal administration of the 5-HT4 antagonist GR113808 (1 mg/Kg) 

induced colitis in mice. Antagonist treatment resulted in a significant increase in the DAI 

that was detected as early as day 3 (A), and an increase in the HDS (B). n=10/group. 

**p<0.01; ****p<0.0001 by two-way ANOVA; ††††p<0.0001 by t-test with Welch’s 

correction. C. The HDS was significantly higher in 5-HT4 knockout mice, as compared to 

wild type littermates (*p<0.05 by t-test; WT, n=4; 5-HT4 KO, n=8).
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Figure 7. 
Daily intraluminal administration of the 5-HT4 antagonist GR113808 (1 mg/Kg) disrupted 

barrier function in normal mice, and motility in guinea pigs, as well as motility in mice. A. 

The proportion of crypt epithelial cells that were immunoreactive for the proliferation 

marker, Ki-67 was significantly decreased in animals treated with the antagonist (vehicle, 

n=8; antagonist, n=10; ****p<0.001 by t-test). B. Proportion of mice in which bacteria were 

detected in the liver or spleen following 10 days of vehicle or antagonist treatment. Vehicle, 

n=5; antagonist, n=3; ****p<0.0001, Fisher’s Exact Test. C. Proportion of trials in which 

pellet propulsion was obstructed for at least 5 min. (vehicle, n=31 trials from 4 colons; 

antagonist, n=30 trials from 5 colons; ****p<0.0001, Fisher’s Exact Test). D. Time to bead 

expulsion at the onset and following daily antagonist treatment in normal CD-1 mice. Data 

for each mouse were normalized to data collected at onset of treatment (*p<0.05, paired t-

test; n=5).
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