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BACKGROUND AND PURPOSE
Post-operative ileus (POI) is induced by intestinal inflammation. Here, we aimed to clarify the effects of 5-HTs receptor
antagonists against POI.

EXPERIMENTAL APPROACH

We administered three 5-HT; receptor antagonists, ondansetron, tropisetron and palonosetron, to a mouse model of POI
induced by surgical intestinal manipulation (IM). Immunohistochemistry, intestinal transit, inflammatory mediator mRNA
expression and 5-HT content were measured. In some experiments, 5-HT;A receptor null mice were used.

KEY RESULTS

Three 5-HT; receptor antagonists reduced IM-induced infiltration of inflammatory CD68-positive macrophages and
myeloperoxidase-stained neutrophils. Ondansetron exhibited no anti-inflammatory actions in 5-HT3A receptor null mice.
Ondansetron inhibited expression of the chemokine CCL2, IL-18, IL-6, TNF-o. and iNOS mRNAs up-regulated by IM, and also
ameliorated the delayed gastrointestinal transit. Peritoneal macrophages, but not most infiltrating monocyte-derived
macrophages, expressed 5-HT; receptors. IM stimulation increased the 5-HT content of peritoneal lavage fluid, which
up-regulated mRNA expression of proinflammatory cytokines in peritoneal macrophages. Immunohistochemical localization of
5-HT; receptors suggests that ondansetron suppressed expression of these mRNAs in activated peritoneal macrophages,
adhering to the serosal region of the inflamed intestinal wall.

CONCLUSION AND IMPLICATIONS

5-HT; receptor antagonists were anti-inflammatory, mainly targeting peritoneal macrophages expressing these receptors. They
also restored the delayed gastrointestinal transit by IM. 5-HT; receptor antagonists should be therapeutically useful agents
against POI.

Abbreviations
IM, intestinal manipulation; iNOS, inducible NOS; MPO, myeloperoxidase; POI, post-operative ileus; TBS, Tris-buffered
saline; a7nAChR, a7nicotinic ACh receptors
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Introduction

5-Hydroxytryptamine (5-HT) is synthesized from its precur-
sor L-tryptophan via tryptophan hydroxylase (TPH). Entero-
chromaffin cells of the gastrointestinal mucosal layer
comprise the main sites of 5-HT synthesis and localization.
Platelets, macrophages and the CNS also contain 5-HT
(Gershon and Tack, 2007). A wide range of physiological
activities is exhibited by 5-HT in the CNS and peripheral
nervous systems, the gastrointestinal tract and the CVS (Kim
and Camilleri, 2000). Seven major types of 5-HT receptors
(5-HT, to 5-HT;) have been identified and some have been
subclassified into several subgroups (Hannon and Hoyer,
2008).

The 5-HT; receptor is a ligand-gated cation channel that is
widely expressed in the gastrointestinal tract as well as in the
CNS and spinal cord (Maricq et al., 1991). Activation of 5-HT;
receptors can stimulate intestinal secretion, gastrointestinal
motility and sensory nerves to induce an emetic response and
pain (Jackson and Yakel, 1995). Emesis, nausea (Candiotti
et al., 2007; Panteleev et al., 2013) and irritable bowel syn-
drome (Spiller, 2004) are currently treated using 5-HT; recep-
tor antagonists.

In addition to mediating physiological functions, 5-HT
can also induce inflammation (El-Salhy et al., 1997; Linden
et al., 2003; Ghia et al., 2009). The severity of clinical disease
and histological damage because of dextran sulphate sodium
salt (DSS) or dinitrobenzene sulphonic acid-mediated colitis
is reduced in mice lacking TPH (TPH null mice) (Ghia et al.,
2009). Changes in 5-HT content are associated with both
Crohn’s disease and ulcerative colitis (Oshima et al., 1999;
Heimes et al., 2009). Although the 5-HT receptors regulating
immune and inflammatory response in the gut remain some-
what obscure, activated 5-HTj; receptors that are expressed in
immune cells such as monocytes, dendritic cells and T-cells,
promote the secretion of IL-6 and IL-1§, which in turn accel-
erates molecular and cellular inflammatory responses (Durk
et al., 2005). Recent findings also support the notion that the
activation of 5-HT; receptors plays an important role in the
induction of inflammation. Administration of 5-HT; receptor
antagonists ameliorates intestinal mucositis induced by
S5-fluorouracil (Yasuda etal., 2013), haemorrhagic shock
(Oshima et al., 1999) and DSS-induced colitis (Oshima et al.,

1999), but the mechanisms of anti-inflammation via 5-HT;
receptors are not understood in detail.

Post-operative ileus (POI) is a complication of abdominal
surgery characterized by gastrointestinal dysmotility with
vomiting and abdominal pain (Prasad and Matthews, 1999).
Local inflammation of the gastrointestinal wall is generally
considered to prolong and complicate POI (Kalff et al., 2000;
Bauer and Boeckxstaens, 2004; Wehner et al., 2007). Resi-
dent and infiltrating muscularis macrophages as well as neu-
trophils and mast cells play key roles in inducing local
inflammation of the gastrointestinal wall (Mattei and
Rombeau, 2006). Inflammatory stimuli and mechanical
manipulation can activate these sources of inflammation,
which is followed by the production of PGE,, inflammatory
cytokines, chemokines and NO that consequently induce
motility disorders (Schwarz et al., 2001; Turler et al., 2006).
We found that PGE, released from muscularis resident mac-
rophages can activate muscularis macrophages to produce
NO via EP, and EP, receptors in an autocrine and/or parac-
rine manner, followed by decreased intestinal motility
(Tajima et al., 2012).

The present study aimed to clarify the therapeutic effects
of three 5-HT; receptor antagonists, ondansetron, tropisetron
and palonosetron, against POI, and to clarify their anti-
inflammatory effects. The results indicated that these 5-HT;
receptor antagonists reduced intestinal muscularis inflamma-
tion induced by intestinal manipulation (IM) in a mouse
model of POI, which in turn ameliorated gastrointestinal
dysmotility, suggesting that 5-HT; receptor antagonists might
be useful as therapeutic agents against POI. Thus, the data
indicate that 5-HT; receptor antagonists can target peritoneal
macrophages expressing 5-HT; receptors.

Methods

Animals

All animal care and experimental procedures complied with
the Guide for Animal Use and Care published by the Univer-
sity of Tokyo and were approved by the Institutional Review
Board of the University of Tokyo (approval code P10-482).
Studies involving animals are reported in accordance with
the ARRIVE guidelines for reporting experiments involving
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animals (Kilkenny et al., 2010; McGrath et al., 2010). A total
of 172 animals were used in the experiments described here.

Balb/c mice, C57BL/6] mice and 5-HT3;A receptor null
mice of C57BL/6] background (Jackson Laboratories, Bar
Harbor, ME, USA) were housed under controlled conditions
(8-12 weeks age, 12 h light-dark cycles). The animals were
anaesthetized with pentobarbital sodium (Kyoritsu Seiyaku
Co., Tokyo, Japan) to create a mouse model of POI using IM
as described (Kalff et al., 1999; 2000). In this study, the com-
bined procedure of laparotomy and IM constituted the POI
model, because laparotomy alone only transiently increased
expression of pro-inflammatory cytokines (Kiyosue et al.,
2006). In this study, unless otherwise stated, no treatment
was used as the control, reference state.

Experimental design

The mice were assigned randomly to the following groups:
control, untreated and with fasting; POI, s.c. injected with
sterilized physiological saline (1 mg-kg™'); POI + ondansetron
(1 mg-kg™; Sigma-Aldrich, St Louis, MO, USA); POI + tropise-
tron (1 mg-kg™; Santa Cruz Biotechnology, Dallas, TX, USA);
and POI + palonosetron (1 mg-kg'; Santa Cruz Biotechnol-
ogy). Each 5-HT; receptor antagonist was injected s.c.
together with physiological saline into a mouse model of POI
before IM. The concentrations of these 5-HT; receptor antago-
nists were determined based on the findings of Nagakura
et al., (1996) and a dose-response study was also carried out

(Fig. 2).

Mpyeloperoxidase (MPO) staining

Whole mount ileal muscularis preparations were fixed in 10%
paraformaldehyde for 24 h at 4°C, cut into 1 cm squares and
washed twice with Tris-buffered saline (TBS) for 30 min, at
room temperature. The preparations were stained with physi-
ological salt solution containing 0.1% (w/v) Hanker-Yates
reagent (Polyscience, Warrington, PA, USA) and 0.03% (v/v)
hydrogen peroxidase (Mitsubishi Gas Chemical Company,
Tokyo, Japan) for 5 min, washed for 10 min in PBS and
mounted on glass slides. Thereafter, MPO-positive neutro-
phils in four random selected areas of the myenteric plexus
region in each preparation were counted under an ACT-1C
for DXM1200C microscope (Nikon, Tokyo, Japan).

Immunohistochemistry
Fixed whole-mount preparations were washed twice with TBS
for 30 min and then permeabilized with 0.2% Triton-X-100
and 2% BSA in TBS for 2 h. The permeabilized preparations
were rinsed with 2% BSA in TBS for 30 min, incubated with
1:500 diluted rat anti-mouse CD68 antibody (Serotec, Ltd.,
Oxford, UK) in TBS with 2% BSA at 4°C overnight and then
washed for 2 h in TBS. The preparations were labelled with
1:250 diluted goat anti-rat IgG Alexa Fluor 488 secondary
antibody (Life Technologies, Carlsbad, CA, USA) for 90 min at
room temperature. The number of CD68-positive cells was
counted in four randomly selected areas of each preparation
and the average number of infiltrating cells was calculated.
Segments of the mouse ileum were removed, fixed by
immersion in fresh 0.1 M phosphate buffer containing 4%
paraformaldehyde for 2 h at 4°C, and washed three times
with PBS. The segments were cryoprotected overnight in
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0.1 M phosphate buffer containing 20% sucrose. Tissues were
frozen at an optimal cutting temperature (Sakura Finetek,
Tokyo, Japan) in mounting medium, and sectioned on a
cryostat (Leica Instruments, Nussloch, Germany) at a thick-
ness of 30 um. The tissue was incubated with 1:75 diluted
rabbit anti-mouse 5-HT3;R antibody (Calbiochem, Billerica,
MA, USA) for about 40 h at room temperature. The prepara-
tions were labelled with 1:400 diluted donkey anti-rabbit IgG
fluorescein isothiocyanate secondary antibody (Jackson Labo-
ratories) for 4 h at room temperature. Thereafter, the tissues
were incubated with 1:300 diluted rat anti-mouse CD68 anti-
body for about 20 h at room temperature and labelled with
1:400 diluted donkey anti-rat IgG tetramethylrhodamine
isothiocyanate (Jackson Laboratories ) for 4 h at room
temperature.

Determination of intestinal transit

After a 24 h fast, the mice were randomly assigned to four
groups (Control, Control + Ond, POI and POI + Ond). Ond
was given s.c. 1 h before IM. The mice received 100 uL of the
non-absorbable marker 0.25% (w/v) Phenol Red in 5% (w/v)
glucose via a gastric tube at 23 h after IM. After 1h, the
gastrointestinal region was isolated from the abdominal
cavity. The intestine and colon were divided into 10 (Sl1-
S110) and three (Col-Co3) segments at equal intervals. The
stomach and caecum were separated as a single segment (Sto,
Cec). Supernatant of each bowel content (1000 pL) was added
to 200 uL of trichloroacetic acid solution (20% wt-vol™?) to
precipitate the proteins. After centrifugation (10000x g,
20 min), the supernatant (600 uL) was added to 800 uL of
NaOH (0.5 N) to develop the maximum intensity of colour.
The solutions were read using a spectrophotometer (560 nm
wavelength) (Sallam et al., 2007). The volume of Phenol Red
in each segment and the geometric centre of distribution
were calculated as previously described (Kalff et al., 2000;
Schwarz et al., 2001; Sallam et al., 2007).

Real-time RT-PCR

Total RNA was extracted from the ileal muscularis and peri-
toneal macrophages using Trizol (Molecular Research Center,
Inc., Cincinnati, OH, USA) according to the manufacturer’s
instructions. Total RNA was reverse transcribed using Rever-
Tra Ace in random 9-mer oligonucleotide primers (Takara Bio,
Otsu, Japan) at 30°C for 10 min, 42°C for 1 h and 99°C for
5 min. Real-time PCR analysis was performed using SYBR
Green (Tajima et al., 2012). The primer sequences and pre-
dicted product sizes are listed in Table 1. The cDNA were
amplified via 4°C for 1 min, denaturation at 95°C for 1 min
435 cycles of 95°C for 15 s, 59°C for 1 min. Relative expression
value was shown against mRNA expression of control sample.
In some experiments, semi-quantitative RT-PCR was per-
formed to detect expression of the target gene.

Isolation of peritoneal macrophage and
collection of peritoneal lavage fluids

After exsanguination, the peritoneal cavity was flushed with
5 mL of PBS and peritoneal lavage fluids were centrifuged at
250x g for Smin at 4°C. The supernatant was aspirated
and the pellet was resuspended in PBS. Cells (2 x 10°) were
incubated in 100 mm dishes at 37°C under a 5% CO,



Table 1

Primer sets and the expected sizes for PCR

Gene Forward

CCL2 5'TGTTACCTCAGTTCATCATCCACGG 3’
IL-1B 5 TGACGTTCCCATTAGACAGC3’

IL-6 5 TCTCTGGGAAATCGTGGAAA3’

IL-10 5'TGGCCTTGTAGACACCTTGG 3’
TNF-a 5" AGCCTGTACCCACGTCGTAG 3’
iNOS 5 CAAACCCAAGGTCTACGTTC 3’
5-HT3A receptor 5" CCAGTCCTGACTGGCTGAG 3’
ST8rRNA 5’GACTCAACACGGGAAACCTCAC 3’
GAPDH 5" CAGGGCTGCTTTTAATTCTG 3’

Therapeutic actions of 5-HT3R antagonists for POI

Reverse Expected size (bp)
5'CAGAATGGTAATGTGAGCAGGAAG3’ 316
5" TGGGGAAGGCATTAGAAACA3’ 497
5" GATGGTCTTGGTCCTTAGCC3’ 397
5" AGCCGGGAAGACAATAACTG3’ 362
5" GTAGACAAGGTACAACCCATCG 3’ 324
5" GAAAAGACTGCACGAAGAT 3’ 189
5" AAGTCCTGAGGTCCTCCAAC 3’ 188
5" CACCCACGGAATCGAGAGAAAG3’ 80
5" AGCACCAGCATCACCCCACT 3’ 269

atmosphere for 2 h, washed with PBS twice, the suspended
cells were removed and the adherent cells were collected as
peritoneal macrophages. Over 80% of adhering cells were
CD68-positive macrophages (Klimetzek and Remold, 1980)
(data not shown).

Peritoneal macrophages were fixed by acetone for 5 min
at 4°C and washed three times with PBS. Peritoneal mac-
rophages were incubated with 1:75 diluted rabbit anti-mouse
5-HT; receptor antibody for about 30 h and 1:400 diluted rat
anti-mouse F4/80 antibody for 4 h at 4°C. Thereafter, the
peritoneal cells were labelled with 1:400 diluted goat anti-rat
IgG Alexa Fluor 488 and 1:400 diluted donkey anti-rat
IgG Alexa Fluor 594 secondary antibody for 4 h at room
temperature.

Peritoneal mast cells were also purified from peritoneal
cells as described by Jensen et al., (2006). Briefly, after exsan-
guination, the peritoneal cavity was flushed with 5 mL of
HEPES and peritoneal lavage fluids were centrifuged at 250x g
for 90 s at 4°C. The supernatant was removed and the pellet
was resuspended in HEPES, and on the 70% Percoll solution,
centrifuging at 760x g for 25 min at 20°C. After centrifuging,
the supernatant was aspirated and cells resuspended in HEPES
and centrifuged at 380x g for 3 min 4°C. The pellet was col-
lected as peritoneal mast cells. We confirmed that these iso-
lated cells were stained by anti-c-kit antibody (Abcam Japan,
Tokyo, Japan).

Measurement of 5-HT content of the
peritoneal lavage

After exsanguination, the peritoneal cavities of the mice were
flushed with 2 mL of PBS containing 5 mM EDTA, the peri-
toneal lavage fluids were centrifuged at 10 000x g for 10 min
at 4°C and then the supernatant was collected. The content of
5-HT in the supernatant of the peritoneal lavage fluid was
measured using an EeLisa (Beckman Coulter, Brea, CA, USA)
according to the manufacturer’s instructions. Total protein
was measured using Lowry protein assays and the results are
shown as ng per mg protein (Lowry ef al., 1951).

Data analysis
Results are expressed as means £ SEM. Data were analysed
using unpaired Student’s f-tests for comparisons between two

groups and by one-way aNova followed by Dunnett’s test for
comparisons among three groups. P values < 0.05 were con-
sidered statistically significant.

Results

5-HT; receptor antagonists prevent the
infiltration of macrophages and neutrophils
into inflamed myenteric plexus regions
induced by IM

Recent findings have shown that 5-HT; receptor antagonists
exert anti-inflammatory effects (Vega Lde etal., 2005;
Maleki-Dizaji et al., 2010; Liu et al., 2011; Yasuda et al., 2013).
We therefore investigated, using immunohistochemical tech-
niques, whether 5-HT; receptor antagonists have anti-
inflammatory effects in a mouse model of POI, at 24 h after
IM (Fig. 1 and Fig. 2). Ramified cells, immunohistochemically
identified as CD68-positive macrophages, were detected in
the myenteric plexus region of the intestines from control
mice, whereas MPO-positive neutrophils were undetectable
anywhere in the control mouse intestine. More CD68-
positive macrophages and MPO-positive neutrophils were
identified in the intestinal muscle layer of POI mice, com-
pared with those of control mice. The 5-HT; receptor antago-
nist, ondansetron (1 mg-kg™' s.c.) inhibited the infiltration of
macrophages and neutrophils induced by IM (Fig. 1). As
shown in Figure 2, all 5-HT; receptor antagonists (ondanset-
ron, tropisetron and palonosetron) dose-dependently inhib-
ited inflammation induced by IM, and maximum responses
were obtained by administration of 1 mg-kg™' s.c.

We further investigated effects of ondansetron on
IM-induced inflammation in 5-HT;A receptor null mice. IM
induced macrophages and neutrophils infiltrations into the
intestinal muscle layer in 5-HT3;A receptor null mice (mac-
rophages: control; 734 £+ 60 cells per mm?, IM; 2945 + 330,
neutrophil: control; 9 = 10, IM; 1076 + 412). The anti-
inflammatory actions of ondansetron (1 mg-kg™" s.c.) were
absent from 5-HT;A receptor null mice with IM treatment
(macrophages; IM + ondansetron; 3327 £ 261, neutrophils;
IM + ondansetron; 3327 + 399, n = 4-5).
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Control

CD68

MPO

Figure 1

POI

POI + Ond

Effects of ondansetron (Ond) on macrophage and neutrophil infiltrations into myenteric plexus region induced by IM. Typical images of
CD68-positive macrophages and MPO-positive neutrophils in myenteric plexus region at 24 h after IM are shown from six independent
experiments. Ondansetron (1 mg-kg™) was s.c. administered 1 h before IM. Scale bar shows 100 um.

Ondansetron inhibits the mRNA expression of
inflammatory mediators induced by IM

We investigated the effect of ondansetron on the mRNA
expression of inflammatory mediators induced 3 h after IM,
because expression reached a maximum around 3-6 h after
IM, as previously described (Tsuchida etal., 2011). IM
up-regulated the mRNA expression of the chemokine CCL2,
IL-1B, IL-6 and TNF-q, and tended to increase iNOS mRNA
expression (Figure 3). Ondansetron significantly reduced the
expression of CCL2, IL-1B, IL-6 and TNF-0, and tended to
inhibit iNOS. On the other hand, IM decreased the mRNA for
IL-10 and ondansetron tended to reverse this decrease.

Ondansetron ameliorates delayed
gastrointestinal transit induced by IM

Intestinal inflammation induced by IM delays gastric empty-
ing and intestinal transit in POI (Kalff et al., 2000; Schwarz
et al., 2001). We therefore examined the effect of ondansetron
on gastrointestinal dysmotility induced by IM. About 10% of
orally administered labelled Phenol Red remained within the
stomach of the control group, whereas 90% was transported
down the intestine to the distal end of the ileum, peaking at
SI5S-8 (Fig. 4A). On the other hand, about 30% of Phenol Red
remained in the stomach and 70% was transported from SI1
to SI4 in the POI mice, indicating delayed gastrointestinal
transit (Fig. 4B). The average calculated geometric centres of
distribution are shown in Figure 4D. Ondansetron signifi-
cantly prevented the delayed intestinal transit caused by IM,
in which 10% of Phenol Red remained in the stomach, while
90% of the transported Phenol Red content moved between
SIS and Cec (Fig. 4C). The average geometric centre was also
restored to a value similar to that of the control, suggesting
that ondansetron normalized the gastrointestinal dysmotility
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induced by IM in POI mice (Fig. 4D). Ondansetron alone in
control mice did not affect gastrointestinal transit (geometric
centre, 7.4 + 0.85; n = 4).

Most mucosal and infiltrated muscularis
macrophages do not express 5-HT3 receptor,
whereas many adherent peritoneal
macrophages on the serosal layer of the
inflamed intestine express these receptors

At first, we examined the specificity of the 5-HT; receptoran-
tibody. Figure SA showed immunohistochemistry of 5-HT;
receptor-positive cells in the small intestines of wild-type and
5-HT3A receptor null mice. In ileal mucosal layer of wild-type
mice, leukocytes, with a rounded shape, immuno-positive for
5-HT; receptors were randomly detected. These immuno-
positive cells were not seen in similar ileal samples from
5-HT;A receptor null mice, suggesting that this antibody spe-
cifically detects 5-HT3;A receptors expressed in leukocytes.
Many CD68-positive resident macrophages were found in
the mucosal layer, in contrast to those in the muscle layer
of control ileum (Fig. 5B and D). Among CD68-positive
macrophages detected in the mucosal layer, a very minor
proportion expressed 5-HT; receptors. The total number of
CD68-positive mucosal resident macrophages including
those expressing 5-HT; receptors did not change in the intes-
tinal wall of the POI mice, compared with controls (Fig. 6B
and C). As shown in Figure 5C and E, many CD68-positive
infiltrating macrophages were detected in the myenteric
plexus region at 24 h after IM. Although mRNA for 5-HT;
receptors in the smooth muscle layer of POI mice at 24 h after
IM and controls were similar (Fig. 6A), some CD68-positive
cells also expressing 5-HT; receptors, were found around the
serosal area of the inflamed muscle layer (Fig. SE). The
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Effects of ondansetron (Ond), tropisetron (Trop) and palonosetron (Pal) on inflammatory leukocyte infiltration into muscle layer induced by IM.
Quantitation of infiltrated MPO-stained neutrophils (A-C) and CD-68-positive macrophages (D-F) at 24 h after IM. Each 5-HT; receptor antagonist
(0.1, 0.3 and 1 mg-kg™") was s.c. administered 1 h before IM. Data shown are means + SEM from four independent experiments. **P < 0.01, ***P
< 0.001; significantly different from control. *P < 0.05, *#P < 0.01, ##P < 0.001; significantly different from POI.

summary results also showed an increased proportion of
5-HT; receptor-positive cells in the total CD68-positive cells,
found in the inflamed muscle layer in POI mice (Fig. 6C).
In addition, we confirmed that many CD68-positive mac-
rophages seemed to adhere to the serosal surface in horizon-
tal sections of the intestinal wall inflamed by IM. In addition,
some CD68-positive macrophages expressed 5-HT; receptors
(Fig. 6D).

Ondansetron inhibits mRNA expression of
IM-induced inflammatory mediators in
peritoneal macrophages
We investigated which cells found in the peritoneal cavity
expressed 5-HT; receptors. We detected expression of mRNA
for 5-HT; receptors on peritoneal macrophages, but not on
peritoneal mast cells (Fig. 7A). We were also able to detect
cells immuno-positive for 5-HT3A receptors among the adher-
ent peritoneal cells. Over 80% of F4/80 positive cells were
5-HT; receptor-positive (Fig. 7B). These data indicated that
these macrophages could be targets of inflammation induced
through the activation of 5-HTj; receptor in POI mice.

We then assessed the effect of ondansetron on the mRNA
expression of CCL2, IL-1B, IL-6, iNOS, TNF-o. and IL-10 in

peritoneal cells from POI mice (Fig. 7C-H). These mRNA were
increased at 3 h after IM and this increased expression was
inhibited by treatment with ondansetron. By contrast, the
mRNA for IL-10 was decreased by POI and reversed by ondan-
setron treatment (Fig. 7G).

These results raised the issue of whether IM increased the
5-HT content in the peritoneal cavity. We therefore measured
the 5-HT content in peritoneal lavage fluid using an ELisa
(Fig. 7) and found that it was increased well above the
control level of <5 ng-mg™, at 24 h after IM.

Discussion

A number of 5-HT; receptor antagonists are marketed as
antiemetic drugs (Celio etal., 2012; Miura etal., 2013).
However, recent studies have shown that 5-HT; receptor
antagonists have anti-inflammatory effects against trini-
trobenzenesulfonic acid (TNBS)-induced colitis (Linden et al.,
2003), haemorrhagic shock (Liu ef al., 2011) and peritonitis.
Local inflammation of the intestinal wall is important to
induce POI (Engel et al., 2010; Snoek et al., 2012) and its
amelioration improves intestinal dysmotility and results in

British Journal of Pharmacology (2015) 172 1136-1147 1141



T Maehara et al.

A B C
1400 - 60
60 - *k "
. __ 1200+ 50
£ %9 £ 1000 E
£ = 1 € 40
§ 0/ g §
= = 800 A L
< < < 30
E?E' 301 QZE; 600 | Z
o~ 207 = 400 &
= .7 A
8 10 = 200 { — 1 i
-
0! 0 | 0
Control POI Control PO POI Control  POI POI
+Ond +Ond +0Ond
D E F
25 - 4 4
20 A
> 20 1 S 3 —
g S 31 5
2 £ £ 15
o c
8 151 8 8
g < 21 -
Z ]
T 101 % z 10
5 e E
' S 14 wn 5
w 5 [ o}
z - * :
?  eimi . o=
ontrol POI Control PO Control  POI PO
+Ond +%0n|d +Ond

Figure 3

Effects of ondansetron (Ond; 1 mg-kg™) on mRNA expression of inflammatory mediators in the muscle layer of intestine from POI mice.
Messenger RNA levels of CCL2, IL-1f, IL-6, TNF-, IL-10 and iNOS (A-F). Data shown are means +SEM from four independent experiments.
*P < 0.05, **P < 0.01; significantly different from control. *P < 0.05, #P < 0.01; significantly different from POI.
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Figure 4

Ameliorative action of ondansetron (Ond; 1 mg-kg™") on gastrointestinal transit in a mouse model of POI. Data shown are means + SEM of ratio
(%) of Phenol Red content (A-C) . Geometric centre calculated from A to C (D). **P < 0.01; significantly different from control. *P < 0.01;
significantly different from POI. Data shown are means + SEM from four independent experiments.
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Therapeutic actions of 5-HT3R antagonists for POI

5-HT3R CD68

Merge
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Double-staining for 5-HT3;R and CD68-positive macrophages in ileum of mice. (A) Examination of specificity of anti-5-HT; receptor antibody. Upper
panel or lower panel shows immunohistochemistry by anti-5-HT; receptor antibody in ileum of wild-type mice or 5-HT3A receptor null mice
respectively. Each picture shows a typical result from three independent experiments using two mice. (B) Double-staining of 5-HT; receptor and
CD68 in the ileum of control mice and POI mice. Arrow shows double-positive cells. Typical results from four independent experiments are shown.
(D and E) Higher magnification pictures in both mucosal and muscle layer of ileum in control mice (D) or POI mice (E). Each picture was magnified
from square area of (B) and (C). Arrow head and arrow indicate double-positive cells. Green or red stain indicates 5-HT; receptors or CD68

respectively. Scale bar shows 50 pm.

the prevention of POI. We found here that the 5-HT; receptor
antagonist ondansetron inhibited the infiltration of inflam-
matory cells as well as the mRNA expression of inflammatory
mediators and normalized the gastrointestinal dysmotility
induced by IM in a mouse model of POI. Thus, we suggest
that 5-HTj; receptor antagonists could be potent drugs for the
treatment or prevention of POL

5-HT is an important endogenous mediator of gastrointes-
tinal inflammatory diseases, because inflammatory responses
in a model of colitis are reduced in TPH1-deficient mice that
have reduced 5-HT levels in the gastrointestinal tract (Ghia
etal., 2009). Immune cells including monocytes, dendritic
cells and T-cells (Fiebich et al., 2004) as well as the CNS and
peripheral nerve system (Maricq et al., 1991) express 5-HT;
receptors. However, which of the immune reactive cells are
targets of 5-HT; receptor antagonists in the amelioration of
POI has remained obscure. The expression of 5-HT; receptor
mRNA in the muscle layer of the intestine did not change

between control and our model of POI. A minor population of
CD68 and S5-HT; receptor double-positive mucosal mac-
rophages might be target cells that could ameliorate intestinal
mucositis induced by S-fluorouracil (Yasuda et al., 2013). Our
immunohistochemical analysis at high magnification also
detected minor populations of 5-HT; receptor-positive
mucosal resident macrophages in the intestine of control
mice. However, the populations of 5-HT; receptor-positive
mucosal macrophages did not change at 24 h after IM. In
addition, the main inflammatory response in POI is induced
in the muscle, rather than in the mucosal layer (Fig. 5). There-
fore, the small proportion of mucosal macrophages expressing
5-HT; receptors are unlikely to be the major targets of 5-HT;
receptor antagonists in the amelioration of POI. In the muscle
layer in contrast to mucosal layer, many CD68-positive mac-
rophages infiltrated into the muscle layer (Fig. 5), but only a
minor proportion of these CD68-positive macrophages
around the serosal area expressed 5-HT; receptors.
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Figure 6

Expression of mRNA for 5-HT; receptors in muscle layer, quantification of 5-HTs receptors and CD68 double-positive cells in intestine of control
mice or POl mice.and double staining for 5-HT5 receptors and CD68 in the serosal surface of intestinal wall in longitudinal section of ileum in POI
mice. (A) Expression of mRNA for 5-HT; receptors in muscle layer. Data shown are means = SEM from four independent experiments. (B)
Quantification of CD68-positive cells of intestinal mucosal and muscle layer in control mice and POI mice. Cell number was calculated per
0.25 mm?. Data shown are mean +SEM from four independent experiments. **P < 0.01; significantly different from control. (C) 5-HT;
receptor-positive cells as proportion of CD68-positive cells. Data shown are mean +SEM from four independent experiments. ***P < 0.001;
significantly different from control. (D) Green or red stain indicates 5-HT; receptor- or CD68-positive macrophages respectively. High-
magnification images of serosal surface of intestinal wall in longitudinal section are typical of control ileum and ileum at 24 h after IM. Bar, 20 um.

Arrows show typical merged cells stained for both 5-HT; receptors and CD68.

Surgical manipulation injured the peritoneal cavity
without infection. We therefore postulated that peritoneal
cells such as peritoneal macrophages and mast cells might
also be involved in the induction of inflammation after IM.
We found that peritoneal macrophages expressed 5-HT;
receptor mRNA whereas mast cells did not, and that perito-
neal CD68-positive macrophages adhered to the serosal
region of the inflamed intestinal wall in our model of PO, as
shown in Fig. 6D. In addition, ondansetron reduced the
mRNA for IL-1B3, CCL2, IL-6, iNOS, TNF-a, induced by IM in
peritoneal cells. These findings indicate that peritoneal mac-
rophages play a pivotal role in inducing inflammation in POI,
in addition to macrophages expressing 5-HT; receptors that
infiltrated the muscle layer. We found that 5-HT; receptor
antagonists inhibited the inflammatory actions of these
target cells, which in turn ameliorated POI. This finding
raised the issue of whether the 5-HT content was increased by
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IM in the peritoneal cavity. The elevated 5-HT content was
sustained in the peritoneal cavity for at least until 24 h after
IM. Peritoneal macrophages and mast cells are likely sources
of 5-HT secretion after IM, because these cells have been
reported to synthesize and release 5-HT (Kim, 2012).

Interestingly, in the present study, mRNA for IL-10 was
decreased in POI mice and ondansetron tended to restore
these levels, suggesting that changes in the anti-
inflammatory cytokines such as IL-10 could also contribute to
the anti-inflammatory effects of 5-HT; receptor antagonists.
However, the changes in IL-10 mRNA were much smaller
than those for the pro-inflammatory cytokines and further
investigation will be required to clarify the point.

It has been reported that the myenteric neurons express-
ing 5-HT; receptors comprise both motor and sensory
neurons (Gershon etal., 1965). The activation of sensory
nerves can induces anti-inflammatory effects via the afferent
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Expression of mRNA for 5-HT3A receptors in peritoneal mast cells and macrophages, effects of ondansetron (Ond) on expression of mRNA for
inflammatory mediators in peritoneal macrophages, and 5-HT content in peritoneal lavage. (A) Expression of 5-HTsA receptor mRNA in peritoneal
cells. Peritoneal macrophages and mast cells were separated from peritoneal cells as described. (B) Immunohistochemistry of 5-HTA receptors and
F4/80 of adherent peritoneal cells. Typical pictures are shown out of four independent experiments. (C-H) Effect of ondansetron (Ond) on CCL2,
IL-1B, IL-6, TNF-c, IL-10 and iINOS mRNA expressed by peritoneal macrophages isolated from POI mice. Amplification of cDNA derived from RNA
in mouse peritoneal cells was performed by real-time PCR. (H) 5-HT content in mouse peritoneal lavage. Each dot shows the data from one mouse.
Columns show means +SEM from four independent experiments. *P < 0.05, **P < 0.01; significantly different from control. *P < 0.05, #P < 0.01;

significantly different from POI. Control; n =8, POI; n=11.

vagal pathway (Bonaz et al., 2013; Sun et al., 2013). Stimula-
tion of the afferent vagal nerve activates the hypothalamic—
pituitary—adrenal axis, which in turn increases the amount of
glucocorticoid hormone released from the adrenal gland to
inhibit inflammation. Thus, stimulation of vagal afferent
nerves should ameliorate POI (Tracey, 2009). However, the
5-HT; receptor antagonists inhibit sensory mneurons
(Panteleev et al.,, 2013), indicating that submucosal neural
cells that express 5-HT3 receptors are not the target cells of the
anti-inflammatory action of 5-HT; receptor antagonists.

The selective 5-HT; receptor antagonist tropisetron is a
partial agonist at a7nAChRs (Hibbs et al., 2009; Shi et al.,
2013). Stimulation of a7ZnAChRs on leukocytes induces anti-
inflammatory action in animal models (Pena et al., 2010;
Costa et al., 2012) including POI (Tsuchida et al., 2011). Thus,
whether anti-inflammatory actions induced by 5-HT; recep-
tor antagonists could be mediated through 5-HT; receptors
and/or a7nAChRs remains unclear. In the present study, the

anti-inflammatory actions of ondansetron were absent in the
POI model using 5-HT;A receptor null mice, indicating that,
at least ondansetron, exerted its anti-inflammatory actions
via 5-HT;A receptors. Further detailed investigation is needed
to assess the contribution of activation of 07nAChRs to the
anti-inflammatory actions of tropisetron or palonosetron.

Cell signalling mechanisms mediating the anti-
inflammatory actions of 5-HT; receptor antagonists have
recently been described. Ondansetron induces p-38MAPK
phosphorylation, which leads to reduced mRNA expression
of IL-6 and TNF-o (Liu et al., 2011). Tropisetron inhibits T-cell
activation through the calcineurin pathway (Vega Lde et al.,
2005) but whether this effect is due to a7nAChR activation or
to 5-HT; receptor antagonism remains to be determined by
further studies.

In conclusion, 5-HT; receptor stimulation plays an impor-
tant role in the induction of inflammation in POI. Elevated
5-HT levels in the peritoneal cavity can stimulate peritoneal
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macrophages, which adhere to the intestinal wall where they
become involved in surgical injury-mediated inflammation,
resulting in the induction of POI. In addition to anti-emetic
drugs, 5-HT; receptor antagonists might serve as novel agents
for treating POI. Peritoneal macrophages expressing 5-HT;
receptor could be the candidate targets of efforts to amelio-
rate the inflammation associated with POI.
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