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Experimental colitis alters expression of 5-HT receptors
and transient receptor potential vanilloid 1 leading to
visceral hypersensitivity in mice

Kenjiro Matsumoto', Mee Wah Lo'?, Takuji Hosoya'?, Kimihito Tashima', Hiromitsu TakayamaZ,
Toshihiko Murayama® and Syunji Horie'

Abnormalities of primary afferent nerve fibers are strongly associated with the visceral hypersensitivity state in
inflammatory bowel disease. Hypersensitivity of afferent fibers occurs during inflammation. Therefore, to gain an insight
into the alterations to receptors and channels expressed in primary afferent neurons, the current study aimed to
investigate the time-dependent dynamic changes in levels of 5-hydroxytryptamine (5-HT)s receptors, 5-HT, receptors,
transient receptor potential vanilloid type 1 (TRPV1) channels, and 5-HT regulatory factors in dextran sulfate sodium
(DSS)-induced colitis model mice. 5-HT signaling molecules were detected by indirect staining with specific antibodies.
TRPV1-immunoreactivity was detected by staining with fluorescein-conjugated tyramide amplification. To assess
nociception, visceromotor responses (VMRs) to colorectal distension were measured by electromyography of abdominal
muscles. Immunohistochemical analysis and VMRs to colorectal distention were measured during induction of DSS colitis
(days 4 and 7). Inflammation led to downregulation of serotonin transporter immunoreactivities with concomitant
increases in 5-HT and tryptophan hydroxylase-1-positive cell numbers. TRPV1-expressing nerve fibers gradually increased
during DSS treatment. Abundant nonneuronal TRPV1-immunopositive cell-like structures were observed on day 7 of DSS
treatment but not on day 4. The number of 5-HT; receptor-expressing nerve fibers in the mucosa was increased on day 7.
On the other hand, the number of 5-HT, receptor-expressing nerve fibers in the mucosa decreased on day 7. We made
the novel observation of increased expression of neuronal/nonneuronal TRPV1 channels and 5-HT; receptors, and
decreased expression of 5-HT, receptors in the mucosa in a DSS-induced colitis model. Visceral hyperalgesia was
observed on day 7 but not on day 4. A TRPV1 antagonist and a 5-HT3 receptor antagonist attenuated the visceral
hyperalgesia to the control level. The alterations of 5-HT signaling via 5-HT; receptors and of TRPV1 channels in mucosa
may contribute to the visceral hypersensitivity in colitis model mice.
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Inflammatory bowel disease (IBD), encompassing ulcerative
colitis and Crohn’s disease, is an emerging health problem
with prevalence that is rising all over the world." Abdominal
pain and bloody diarrhea are the most common symptoms of
IBD. In particular, abdominal pain lowers the quality of life
in IBD patients. It appears that IBD in general modulates
visceral sensitivity.” Moreover, IBD will induce hypersensi-
tivity” or hyposensitivity®> depending upon the degree and/
or duration of inflammation. It has been suggested that

abnormalities of sensory nerve fibers are strongly associated
with the visceral sensitivity in IBD patients.

Two broad classes of sensory (primary afferent) neurons
are associated with the gut: intrinsic primary afferent neurons
(IPANs) and extrinsic primary afferent neurons (EPANs).6
IPANs have cell bodies in the myenteric plexus and sub-
mucosal plexus. EPANs have cell bodies in nodose and
jugular ganglia (vagal afferents) or in the dorsal root ganglia
(spinal afferents).® Hypersensitivity of afferent fibers occurs
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during inflammation, and understanding the alterations to
the levels of receptors and channels expressed in afferent
neurons may help explain the mechanisms underlying
visceral hypersensitivity in IBD patients.

Enteric 5-hydroxytryptamine (5-HT) has a key role in
sensory transduction. 5-HT can activate the endings of
IPANs and EPANSs within the mucosa of the large intestine.”
The majority of 5-HT is synthesized in enterochromaffin
(EC) cells, which use tryptophan hydroxylase-1 (TPH-1) as
their rate-limiting enzyme.>® The serotonin reuptake trans-
porter (SERT) is the primary molecule responsible for
terminating the actions of 5-HT.'” The 5-HT content in the
mucosa is regulated mainly by TPH-1 and SERT. Various
findings from IBD patients and experimental colitis model
animals show that 5-HT has important roles in intestinal
inflammation and visceral hypersensitivity. Changes in the
numbers of EC cells have been reported in IBD patients.'' ™
Ghia et al.'* reported decreased severity of dextran sulfate
sodium (DSS)-induced colitis in TPH-1-deficient mice.
SERT-deficient mice exhibit an increase in the severity of
trinitrobenzene sulfonic acid (TNBS)-induced colitis,"> and
SERT expression is reduced in both IBD patients'? and
experimental colitis model animals.'®'” These findings
strongly suggest that enteric serotonergic signaling con-
tributes to the pathophysiology of IBD. However, no study to
date has investigated the alterations in the levels of 5-HT
receptors in experimental colitis animals.

5-HT receptors have key roles in visceral sensing.'® 5-HT;
and 5-HT, receptors are expressed in afferent neurons
and have been explored as potential targets for the treat-
ment of visceral hypersensitivity in gastrointestinal dis-
orders.”” In fact, 5-HT; antagonists and a 5-HT, partial
agonist inhibited visceral hypersensitivity in experimental
colitis model rats.***?

The transient receptor potential vanilloid type 1 (TRPV1)
channel, also referred to as the capsaicin receptor, which has
been described as a polymodal sensor,”” is a representative
channel expressed in EPANs. It is well known that TRPV1
channels are involved in diseases associated with the
hypersensitivity of the large intestine. Indeed, the numbers of
TRPV1 nerve fibers in the large intestine were found to be
increased in biopsies taken from patients with IBD.***
Interestingly, TRPV1 expression level was correlated with
abdominal pain severity in IBD patients.**

5-HT can also enhance afferent responsiveness indirectly
through facilitation of TRPV1 responses. 5-HT receptor
activation enhances the responsiveness of the TRPV1 receptor
to acid and temperature, and thereby contributes to periph-
eral sensitization.”® Moreover, a 5-HT; receptor antagonist
attenuated capsaicin-containing red chili-induced visceral
hypersensitivity in humans.?” These results suggest that 5-HT
and its receptors potentially participate in the activation of
TRPV1 channels in the visceral hypersensitivity state.

In this study, we hypothesized that alterations to the levels
of not only 5-HT but also 5-HT receptors and TRPV1
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channels contribute to visceral hypersensitivity during
intestinal inflammation. The current study was designed to
investigate the time-dependent dynamic changes in the levels
of 5-HT regulatory factors, 5-HTj, 5-HT, receptors, and
TRPV1 channels in DSS-induced colitis model mice. To gain
further insight into the relationship between these changes
and visceral hypersensitivity in the inflammatory state,
we assessed visceromotor responses (VMRs) to colorectal
distention (CRD) using selective antagonists.

MATERIALS AND METHODS

Animals

We used male C57BL/6] mice (Charles River Japan,
Yokohama, Japan) aged 9-10 weeks. Animals were housed in
a temperature-controlled room at 24°C with lights on from
0700 to 1900 hours and free access to food and water. All
experiments were performed in compliance with the ‘Guid-
ing Principles for the Care and Use of Laboratory Animals’
approved by the Japanese Pharmacological Society and the
guidelines approved by the Institutional Animal Care and
Use Committee of Josai International University, and com-
mittee approval was obtained. The number of animals used
was kept to the minimum necessary for a meaningful inter-
pretation of the data and animal discomfort was kept to the
minimum.

Induction and Evaluation of DSS Colitis

Colitis was induced by the addition of 3% (wt/vol) DSS
(molecular weight 36-50 kDa; MP Biomedicals, Irvine, CA,
USA) to the drinking water. The disease activity index and
histological damage were assessed by trained individuals
blinded to the treatment groups as reported previously.”>*’

Determination of 5-HT Level

5-HT content in the rectum was analyzed by enzyme
immunoassay using a commercially available kit (Beckman
Coulter, Fullerton, CA, USA) as previously reported.14

Assessment of VMR to CRD

As a visceral stimulus, mechanical distensions of the rectum
were performed by pressure-controlled air inflation of a 2-cm
flexible polyethylene balloon connected to an electronic dis-
tension device (Distender Series II barostat, G&J Electronics,
Willowdale, ON, Canada). The balloon was lubricated,
inserted intra-anally and positioned 5mm proximal to the
anus. When the balloon is inflated, it mainly touches the
rectal area corresponding to the area used for immuno-
histochemical study. The VMR to CRD was quantified by
electromyographic (EMG) recordings of abdominal wall
muscle activity. Mice were challenged with distending pres-
sures of 15, 30, 45, and 60 mmHg, with two 10-s trials at each
pressure and a 2-min recovery period between distensions.
Data were imported into 8-channel analyzer software
(Starmedical, Tokyo, Japan) for analysis.
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Two groups of mice received i.p. administration of vehicle
(20% hydroxypropyl-f-cyclodextrin) or the TRPV1 antago-
nist N-(4-tertiary  butylphenyl)-4-(3-chloropyridin-2-yl)
tetrahydropyrazine-1(2H)-carbox-amide (BCTC) (20 mg/kg)
60min before CRD. Two groups of mice received p.o.
administration of vehicle (0.3% carboxyl methyl cellulose) or
the 5-HT; antagonist alosetron (3 mg/kg) 30min before
CRD. All drugs and vehicle were given in a volume of 0.1 ml/
10 g body weight.

Immunohistochemistry

Tissue preparation and immunohistochemical procedures
were performed as described by Matsumoto et al.”™*' Sources
of all primary and secondary antibodies, as well as the
optimized dilutions, are listed in Tables 1 and 2. TRPV1
immunoreactivity was detected using the fluorescein-
conjugated tyramide amplification method. Other molecules
were detected by indirect staining with specific antibodies.
No specific immunostaining could be observed in control
experiments. The specificities of TRPV1 channels, 5-HTj;
receptors, and 5-HT, receptors are shown by loss of
immunostaining when the primary antibody was pre-
adsorbed with the corresponding antigen peptide.

Microscopy and Image Analysis
Sections were viewed using a confocal microscope (FV-1000,
Olympus, Tokyo, Japan) and images were captured using
Olympus Fluoview ver 1.7a. software.

For quantitative analysis, sections were viewed at X 20
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active areas were measured using an image analysis system
(Olympus Fluoview ver 1.7a software), converted to the
number of pixels in a set area (um?), and normalized to a
predetermined length of muscularis mucosa (0.5 mm).

Statistical Analysis

Data are expressed as mean * s.e.m. Statistical analyses were
performed by a Bonferroni multiple comparison test for
comparisons of more than two groups. A P-value <0.05 was
considered statistically significant.

RESULTS

Localization of TRPV1 Channels, 5-HT; Receptors, 5-HT,
Receptors, and their Colocalization with 5-HT in Mouse
Rectum in the Physiological State

We performed double-labeling experiments using transverse
and horizontal sections of mucosa and the muscle layers of
mouse rectum. In transverse sections of mucosa, abundant
TRPVI1 nerve fibers were observed (Figure 1a), whereas
5-HT; and 5-HT, receptor immunoreactivities were identi-
fied not only within nerve fibers but also in cell-like struc-
tures in the mucosa (arrow; Figure 1b and c). In horizontal
sections of mucosa, TRPV1-, 5-HT;-, and 5-HT,-
immunopositive nerve fibers were identified in the lamina
propria surrounding mucosal crypts (Figure 1d—f). Double-
labeling showed that TRPV1-immunopositive nerve fibers,

Table 2 Secondary antibody used

Secondary antibody Conjugate probe Dilution Source
magnification using a confocal microscope with an excitation
;vaveleﬁgth app;Opriailte ft(?r FHTC' Deﬁerminati(()ns Vierg)m;ﬂe Donkey anti-rabbit IgG Biotin-SP 1:400 Jackson
rom three random locations in each mouse (n=4-6). The
numbers of 5-HT-, TPH-1- and substance P-immunopositive Donkey anti-rabbit IgG T 1400 Jackson
cells and the numbers of TRPVI1-, 5-HT; receptor-, 5-HT, Donkey anti-rabbit IgG TRITC 1:400 Jackson
receptor-, and substance P-immunopositive nerve fibers were ~ Donkey anti-guinea-pig IgG  TRITC 11400 Jackson
counted and normalized to the length of the muscularis  Donkey anti-sheep IgG TRITC 1:400 Jackson
mucosa (0.5mm). For quantitative analysis of the SERT-  ponkey anti-goat IgG TRITC 1:400 Jackson
immunopositive area, after interactive thresholding, the
Table 1 Primary antibody used
Antigen Host Dilution Source
TRPV1 Rabbit 1:20 000 Neuromics
5-HT Goat 1:2000 for muscle, 1:16 000 for mucosa Immunostar
5-HT; receptor Rabbit 1:50 Calbiochem
5-HT, receptor Rabbit 1:400 for muscle, 1:1000 for mucosa Abcam
SERT Guinea-pig 1:3000 Millipore
TPH-1 Rabbit 1:1000 Millipore
NeuN Mouse 1:1000 Millipore
Substance P Guinea-pig 1:4000 Abcam
CGRP Sheep 1:2000 BIOMOL
TNF-o Goat 1:150 R&D Systems
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TRPV1 and 5-HT 5-HT;-R and 5-HT 5-HT,-R and 5-HT

Transverse Horizontal Transverse

Horizontal

Figure 1 Confocal merged images showing localization of TRPV1 and 5-HT (a, d, g, j), 5-HTs-receptors (5-HT5-R) and 5-HT (b, e, h, k), and 5-HT,-receptors (5-
HT,-R) and 5-HT (c, f, i, I) in the mucosa (a—f) and muscle layers (g-I) in the mouse rectum. Mouse rectal transverse and horizontal sections were double-
labeled for TRPV1, 5-HT3-R, or 5-HT,4-R (green) and 5-HT (red). TRPV1 immunoreactivities are found in the (a) mucosa, (g) circular muscle, myenteric plexus,
and longitudinal muscle. (d, j) Show TRPV1 and 5-HT immunoreactivities in horizontal sections of the middle mucosa and myenteric plexus, respectively.
TRPV1 nerve fibers do not colocalize with 5-HT in the mucosa and muscle layer. 5-HT5-R immunoreactivities are found in (b) mucosa and (h) myenteric
plexus. (e, k) Show 5-HT5-R and 5-HT immunoreactivities in horizontal sections of the middle mucosa and myenteric plexus, respectively. 5-HTs-
immunopositive cell-like structures and cell bodies are observed in (b) mucosa and (h, k) myenteric plexus. 5-HT3-R immunoreactivities do not colocalize
with 5-HT in the mucosa and muscle layer. 5-HT,-R immunoreactivities are found in (c) mucosa, (i) circular muscle, myenteric plexus, and longitudinal
muscle. (f, I) Show 5-HT4-R and 5-HT in horizontal sections of middle mucosa and myenteric plexus, respectively. 5-HT,-immunopositive cell-like structures
and cell bodies are observed in (c) mucosa and (I) myenteric plexus, respectively. 5-HT,;-R immunoreactivities do not colocalize with 5-HT in mucosa and
muscle layers. CM, circular muscle; LM, longitudinal muscle. Scale bars are 40 um (a-c, g-i) and 20 um (d-f, j-I).

5-HT;- and 5-HT,-immunopositive cell-like structures, and In muscle layers, TRPV1-immunoreactive nerve fibers
nerve fibers were not colocalized with 5-HT-immunopositive =~ were found in the myenteric plexus and circular and
cell but rather showed an adjacent localization (Figure la—f).  longitudinal muscles (Figure 1g). Only a few 5-HT;-

772 Laboratory Investigation | Volume 92 May 2012 | www.laboratoryinvestigation.org


http://www.laboratoryinvestigation.org

immunoreactive neurons were identified in the myenteric
plexus (Figure 1h). Abundant 5-HT,-immunoreactive
neurons were observed throughout the muscle layer
(Figure 1i). In the myenteric plexus, a dense network of
TRPVI-immunopositive nerve fibers and 5-HT, receptor-
immunopositive neurons were identified (Figure 1j and 1),
but 5-HT; receptor-immunopositive neurons were sparsely
dispersed (Figure 1k). Double-labeling showed that TRPV1-
immunopositive nerve fibers and 5-HT3;- and 5-HT,-
immunopositive neurons were not colocalized with 5-HT
staining in the myenteric plexus (Figure 1g-1).

Colocalization Studies of 5-HT; and 5-HT, Receptors,
with NeuN, Substance P, and CGRP in Mouse Rectum in
the Physiological State

Next, we performed double-labeling experiments with NeuN
or substance P in transverse sections of muscle layer in the
mouse rectum. Double-labeling showed that 5-HT; and
5-HT, receptor-immunopositive cell bodies in the myenteric
plexus expressed NeuN (Figure 2a and b). 5-HTs-
immunopositive neurons emerged from the myenteric
plexus, running to the submucosal layer where 5-HTS;-
immunopositivity was colocalized with substance P (Figure 2c).
Abundant 5-HT,-immunoreactive nerve fibers and cell
bodies were strongly colocalized with substance P staining in
muscle layers (Figure 2d).

We then performed double-labeling experiments using
selective antibodies against CGRP and substance P in hor-
izontal sections of mucosa (Figure 2e-h). 5-HT; receptor-
immunoreactive nerve fibers colocalized with CGRP and
substance P staining in mucosa (Figure 2e and g). 5-HT;
receptor-immunopositive nerve fibers, not colocalized with
CGRP or substance P staining, were also observed (Figure 2e
and g). 5-HT, receptor-immunoreactive nerve fibers were
highly colocalized with CGRP and substance P staining in the
mucosa (Figure 2F and h).

DSS-Induced Colitis Alters 5-HT-Positive Cell Number,
TPH1-Positive Cell Number, SERT Area, and 5-HT
Content

Mice were treated with 3% DSS in their drinking water for 7
days. Following DSS treatment, weight loss, appearance
of bloody stool, and changes in stool quality were evident
by day 4 and peaked at about day 7 (Supplementary Figure
1A, B).

We investigated the numbers of 5-HT- and TPH-1-
immunopositive cells, the SERT-immunopositive area, and
the amounts of 5-HT in mice treated with 3% DSS for 0, 4
and 7 days. We found a significantly higher number of 5-HT-
and TPH-1-immunopositive cells on day 7 compared with
day 0 (Figure 3a and b). On the other hand, the SERT-
immunopositive area gradually decreased during DSS treat-
ment; a significant decrease was detected on days 4 and 7
compared with day 0 (Figure 3c). Consistent with SERT
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depletion, we also observed significantly higher amounts of
5-HT in mice treated with DSS for 4 and 7 days (Figure 3d).

DSS-Induced Colitis Alters Expression of TRPV1
Channels and Substance P in Mouse Mucosa

Figure 4 shows the localization of TRPVI1 channels (A-C)
and the numbers of TRPV1 nerve fibers (D) in the rectal
mucosa of mice treated with DSS for 0, 4 and 7 days. The
number of the TRPV1 nerve fibers gradually increased during
DSS treatment. A significant two-fold increase in the number
of TRPVl1-expressing nerve fibers in the mucosa was
observed on day 7. Interestingly, nonneuronal TRPV1-
immunopositive cells were clearly observed on day 7 but not
on days 0 and 4.

In order to validate their quantitative immuno-
histochemical analysis, we investigated the TRPV1 channels
with a Western blot analysis. As a result, we failed to detect
the reproducible bands of TRPV1 channels. The epitope for
the antibody may be denatured by the process of sample
preparation.

Next, we investigated the alteration of substance P in DSS-
treated mice. The number of substance P nerve fibers did not
change, but the number of substance P-immunopositive cells
was drastically increased in the mucosa of DSS-treated mice
by day 7 (Figure 5a and b). Substance P-immunopositive cells
were entirely colocalized with 5-HT in the mucosa of DSS-
treated mice on day 7 (Figure 5c—e). We then performed
double-labeling experiments for TRPV1 with 5-HT (Figure
5f-h), substance P (Figure 5i-k), and tumor necrosis factor
(TNF)-a (Figure 5l-n). TRPV1-immunoreactive nerve fibers
colocalized with substance P in the mucosa of DSS-treated
mice on day 7 (Figure 5h). Nonneuronal and neuronal
TRPVI1 immunoreactivities appeared adjacent to substance
P- and 5-HT-immunopositive cells but no colocalization was
seen (Figure 5h and k). Some nonneuronal TRPV1-immuno-
positive cells colocalized with TNF-a-immunopositive cells
(Figure 5n).

DSS-Induced Colitis Increases 5-HT; Receptor- but
Decreases 5-HT,; Receptor-Immunopositive Nerve Fibers
in Mouse Mucosa

During DSS treatment, numbers of 5-HT; receptor-positive
nerve fibers tended to be increased in the rectal mucosa
(Figure 6a—d). We observed a significantly higher number of
5-HT; receptor-immunopositive nerve fibers in the mucosa
of DSS-treated mice on day 7 compared with day 0 (Figure
6d). On the other hand, the number of 5-HT, receptor-im-
munopositive nerve fibers gradually decreased during DSS
treatment (Figure 7a—d) and a significant 60% decrease in the
number of 5-HT, receptor-immunopositive nerve fibers was
found on day 7 compared with day 0 (Figure 7d). In the
muscle layers, the distribution and localization of 5-HT; and
5-HT, receptor-immunopositive neurons was not altered by
DSS treatment (data not shown).
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Figure 3 DSS-induced colitis alters 5-HT, TPH-1, and SERT expression in the mouse rectum. The numbers of (a) 5-HT- and (b) TPH-1-immunopositive
cells increased, but SERT-immunopositive areas decreased in the mucosa of DSS-treated mice (c). (d) 5-HT content in the rectal area of mice treated with
DSS for 4 or 7 days. On days 4 and 7, 5-HT content is significantly higher compared with that in mice before treatment with DSS. The asterisk (*) denotes
values that are significantly different from the data on day 0 by Bonferroni correction (**P<0.01).

In order to validate their quantitative immuno-
histochemical analysis, we investigated the 5-HT; and 5-HT,
receptors with a Western blot analysis. As a result, we failed
to detect reproducible bands of 5-HT3 and 5-HT, receptors.
The epitope for the antibody may be denatured by the pro-
cess of sample preparation.

Inflammatory cells extending into submucosal layers were
observed in animals treated with DSS for 7 days (Supple-
mentary Figure 1C). 5-HT, immunoreactivity also decreased
in the submucosal layer in DSS-treated mice on day 7. There
was no clear change in the numbers of 5-HT, receptor-
immunopositive cell bodies located in the myenteric plexus
of DSS-treated mice. To investigate submucosal changes in
5-HT, receptor immunoreactivity, we analyzed the numbers
of 5-HT, receptor-immunopositive neurons in the sub-
mucosal layer in DSS-treated mice (Figure 7g). The number
of 5-HT), receptor-immunopositive axons emerging from cell
bodies was drastically decreased during DSS treatment, and a

significant decrease was observed by day 7 compared with
day 0 (Figure 7e-g).

Administration of the TRPV1 Antagonist BCTC and
the 5-HT; Receptor Antagonist Alosetron Inhibits
DSS-Induced Visceral Hypersensitivity
The VMR to CRD was significantly increased in mice treated
with DSS for 7 days compared with vehicle-treated mice,
indicating the development of visceral hyperalgesia on day 7
of DSS treatment (Supplementary Figure 1D, E). There was
no significant difference in EMG responses in mice treated
with DSS for 4 days compared with the vehicle-treated group.
We next investigated the potential therapeutic effect of the
TRPV1 antagonist BCTC and the 5-HT; antagonist alosetron
against visceral hypersensitivity induced by 7 days of DSS
treatment. The TRPV1 antagonist BCTC (20 mg/kg, i.p.)
significantly decreased DSS-induced increases in the VMR to
CRD at 45 and 60 mmHg (Figure 8a). The 5-HT; antagonist

<

Figure 2 Characterization of 5-HTs and 5-HT, receptor-immunopositive nerve fibers in the mouse rectum in the physiological state. Double-labeling of
NeuN (green) with (a) 5-HTs receptors (red) and with (b) 5-HT, receptors (red) in transverse sections of muscle layers. 5-HT5 and 5-HT, receptor-
immunopositive cell body-like structures colocalized with NeuN-immunopositive cell body in the myenteric plexus (arrows). Double-labeling of substance P
(red) with (c) 5-HT3 receptors (green) and (d) 5-HT, receptors (green) in transverse sections of muscle layers. Arrows indicate the colocalization of 5-HT3 or
5-HT,4 receptors with substance P in double-labeled neurons. Double-labeling of CGRP (red) with (e) 5-HTs receptors (green) and with (f) 5-HT, receptors
(green) in horizontal sections of mucosa. Double-labeling of substance P (red) with (g) 5-HTs receptors (green) and with (h) 5-HT, receptors (green) in
horizontal sections of mucosa. Arrows indicate the 5-HTs and 5-HT, receptor-immunopositive nerve fibers colocalized with CGRP- or substance P-
immunopositive nerve fibers. Arrowheads indicate 5-HTs receptor-immunopositive nerve fibers not colocalized with CGRP or substance P. Double
arrowheads indicate CGRP- or substance P-immunopositive nerve fibers not colocalized with 5-HT3 receptor immunopositive-nerve fibers. CM, circular
muscle; LM, longitudinal muscle. Scale bars are 10 um (a-d) and 20 um (e-h).
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alosetron (3 mg/kg, p.o.) significantly decreased DSS-induced
increases in the VMR to CRD at 60 mmHg (Figure 8b). No
significant effects of BCTC or alosetron were observed on the
VMR to CRD at all pressures examined in control mice.

DISCUSSION

the rectal mucosa of mice in the inflammatory state. We
observed increased expression of neuronal/nonneuronal
TRPV1 channels and 5-HT; receptors, and decreased
expression of 5-HT), receptors, in DSS-induced colitis model
mice. TRPV1 antagonist and 5-HT; receptor antagonist
attenuated the visceral hyperalgesia to control level in DSS-

induced colitis model.
First, we investigated time-dependent changes in the
levels of 5-HT regulatory factors using quantitative

In this study, we first performed a comprehensive analysis of
the dynamic changes to the levels of 5-HT regulatory factors,
5-HT; receptors, 5-HT, receptors, and TRPV1 channels in
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Figure 4 Mucosal TRPV1 nerve fiber immunoreactivities increased in DSS-induced colitis model mouse rectum. Confocal images showing localization
of TRPV1 immunoreactivity in the mucosa of mice treated with DSS for (a) 0, (b) 4, and (c) 7 days. (c) Nonneuronal TRPV1-immunopositive cells were
observed in epithelia (arrowhead) on day 7. (d) The numbers of TRPV1-immunopositive nerve fibers were increased in the mucosa of DSS-treated mice. The
asterisk (*) denotes values that are significantly different from the data on day 0 by Bonferroni correction (**P<0.01). Scale bars are 40 um.
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Figure 5 (a) Numbers of mucosal substance P-immunopositive cells increased in DSS-induced colitis model mouce rectum. (b) Numbers of mucosal
substance P-immunopositive nerve fibers did not change by day 7. The asterisk (*) denotes values that are significantly different from the data on day 0 by
Student’s t-test (**P<0.01). Confocal images showing localization of substance P and 5-HT (c-e), TRPV1 and substance P (f-h), TRPV1 and 5-HT (i-k), and
TRPV1 and TNF-o (I-n) in the mucosa of mice treated with DSS for 7 days. (e) Double-labeling image of substance P (green) with 5-HT (red) shows a
substance P-immunopositive cell completely colocalized with a 5-HT-immunopositive cell in the mucosa (arrow). (h) Double-labeling image of TRPV1
(green) with substance P (red) showing a substance P-immunopositive cell not colocalized with TRPV1-immunopositive nerve fibers or cell-like structures in
the mucosa. (k) Double-labeling image of TRPV1 (green) with 5-HT (red) showing 5-HT immunopositive cells not colocalized with TRPV1-immunopositive
nerve fibers and cell-like structures in the mucosa. (n) Double-labeling image of TRPV1 (green) with TNF-« (red) showing some nonneuronal TRPV1-
immunopositive cells colocalized with TNF-a-immunopositive cells in the mucosa. Scale bars are 40 um.
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Figure 6 Mucosal 5-HT; receptor-immunopositive neurons increased in DSS-induced colitis model mouse rectum. Confocal images showing localization of
5-HT; receptor-immunopositive neurons in the mucosa of mice treated with DSS for (a) 0, (b) 4, and (c) 7 days. (d) The numbers of 5-HT; receptor-
immunopositive nerve fibers were increased in the mucosa of DSS-treated mice on day 7. The asterisk (*) denotes values that are significantly different from

the data on day 0 by Bonferroni correction (*P<0.05). Scale bars are 40 um.

immunohistochemical analysis on days 0, 4, and 7 of DSS
treatment. Consistent with previous findings in experimental
colitis model animals and IBD patients,'>'®'” SERT expres-
sion gradually decreased during DSS treatment. Inflamma-
tion has been associated with an increase in the number of
5-HT-positive cells in mouse mucosa on day 5 of 5% DSS
treatment.'® Faure et al’* reported increased expression of
TPH-1 mRNA in the mucosa of patients with colonic
inflammation. We found that the numbers of 5-HT- and
TPH-1-immunopositive cells were significantly increased on
day 7 but not on day 4. It is suggested that increased 5-HT
content on day 4 depends on low SERT expression. High
numbers of 5-HT/TPH-1-immunopositive cells and low
SERT expression resulted in increased 5-HT content on day 7.
However, we did not observe a significant difference in 5-HT
content between days 4 and 7 of DSS treatment. We therefore
speculate that a compensatory mechanism, such as an organic
cation transporter contributing to the inactivation of 5-HT
when SERT is absent or deficient, could be operative.’>**

778

We identified a few 5-HTj; receptor- and abundant 5-HT,
receptor-immunopositive cell bodies in submucosal and
myenteric plexus. We therefore speculate that 5-HTj;
receptor-immunopositive nerve fibers projecting to the rectal
mucosa are mainly extrinsic nerve fibers and that 5-HT,
receptor-immunopositive nerve fibers in the mucosa are
intrinsic. Double-labeling experiments using specific neuro-
chemical markers were performed to characterize the nerve
fibers that express 5-HT; and 5-HT, receptors projecting
to the mucosa. We used NeuN as a marker for myenteric
IPANs and substance P as a marker for excitatory motor
neurons and myenteric IPANs in the muscle layers.”>?¢
5-HT, and 5-HT; receptor immunoreactivities were coloca-
lized with NeuN-immunopositive cell bodies and/or substance
P-immunopositive neurons in the myenteric plexus. Next, we
used two neuropeptides (CGRP and substance P) as markers
for spinal afferent neurons and IPANs in the mucosa.’>>®
5-HT, receptor-immunopositive nerve fibers strongly coloca-
lized with the neuropeptides, but only about half of the
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Figure 7 Numbers of mucosal 5-HT, receptor-immunopositive neurons decreased in DSS-induced colitis model mouse rectum. Confocal images showing
localization of 5-HT, receptor-immunopositive neurons in the mucosa of mice treated with DSS for (a) 0, (b) 4, and (c) 7 days. (d) The number of 5-HT,
receptor-immunopositive nerve fibers significantly decreased in DSS-treated mice mucosa on day 7. Confocal images showing localization of 5-HT,
receptor-immunopositive neurons in the submucosal layer of mice treated with DSS for (e) 0 and (f) 7 days. (g) The number of 5-HT, receptor-
immunopositive neurons in the submucosal layer of DSS-treated mice. The number of 5-HT, receptor-immunopositive nerve fibers emerging from
submucosal cell bodies significantly decreased in the mucosa of DSS-treated mice on day 7. The asterisk (*) denotes values that are significantly different
from data on day 0 by Bonferroni correction (**P<0.01). Scale bars are 40 um (a-c) and 10 um (e and f).

5-HT; receptor-immunopositive nerve fibers colocalized
with the neuropeptides in the mucosa. It is well known that
5-HT; receptors are expressed in peripheral endings of
vagal afferent nerve fibers in the mucosa.”” The immuno-
histochemical observations in the previous studies show that
5-HT, receptors are expressed by submucosal IPANs, myen-
teric IPANs, and myenteric excitatory motor neurons.’®>” We
therefore speculate that 5-HT; receptor nerve fibers projecting
to the rectal mucosa are mainly extrinsic spinal and vagal
afferent nerve fibers and that 5-HT), receptor nerve fibers in
the mucosa are myenteric and submucosal IPANGs.
Interestingly, numbers of 5-HT, receptor-expressing nerve
fibers in the mucosa gradually decreased during DSS treat-
ment. We speculated that this phenomenon results from
DSS-induced inflammatory damage to the submucosal layers.
In this study, inflammatory cell migration was observed after

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 92 May 2012

7 days of DSS treatment in both the mucosa and the sub-
mucosal layer of the rectum. At this time point, the numbers
of 5-HT), receptor-immunopositive axons emerging from cell
bodies were decreased drastically in the submucosal layer but
unchanged in the myenteric plexus. These results suggest that
inflammatory cells injure 5-HT, receptor-immunopositive
neurons in the submucosal layer and that numbers of 5-HT,
receptor axons in the mucosa subsequently decrease.

The numbers of 5-HT;-expressing cell bodies in the
myenteric plexus did not change, but the numbers of nerve
fibers in the mucosa increased in the inflammatory state. We
therefore speculate that the increased 5-HT; receptor-im-
munopositive nerve fibers in the mucosa are extrinsic spinal
and/or vagal afferent nerve fibers. The number of TRPV1-
immunopositive nerve fibers also increased during DSS
treatment. There is some evidence suggesting that
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neurotrophins, such as nerve growth factor and glial-derived
neurotrophic factor, are involved in the overexpression of
TRPV1 and 5-HTj; receptors.*>*! In previous experiments on
IBD patients, it has been demonstrated that increased TRPV1
expression is associated with increased nerve growth factor
expression in the mucosa.”* Neurotrophins are the candidates
driving the upregulation of the 5-HT; and TRPV1 expression
in the mucosa of DSS-induced colitis model mice.

TRPV1 mRNA expression has been detected in epithelial
cells, vascular endothelium, and immune cells among the
others.*? It has been reported that immune reactive cells,
such as mast cells, lymphocytes, and dendritic cells, express
TRPV1.* The results from this study show that some non-
neuronal TRPV1 cells contained TNF-a. Direct evidence that
TNF-o has a role in the pathogenesis of experimental colitis
has been obtained in DSS-induced colitis model.** Tt has
been speculated that TRPV1 responds to noxious environ-
mental or inflammatory stimuli, and immune cells such as
macrophage-produced interleukins*’ that, in turn, activate
TRPV1-expressing sensory nerves. Future studies will thus
likely be focused on the nonneuronal TRPV1 channels
involved in intestinal inflammation and on which aspects of
the immune system they affect.
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Peripheral sensation contributes to the visceral hyper-
sensitivity.*® An exaggerated peripheral input to the central
nervous system induces visceral hypersensitivity in a per-
ipheral inflammatory state such as IBD. Extrinsic afferent
(vagal and spinal) neurons contribute to the pathophysiology
of visceral pain. Our recent and previous immuno-
histochemical findings suggest that the TRPV1 channels
located in mouse mucosa are extrinsic spinal afferent neu-
rons>” and that 5-HT}; receptor-immunopositive nerve fibers
are mainly EPANs. It is well known that TRPV1 channels and
5-HT; receptors have a key role in visceral hypersensitivity;
indeed, a TRPV1 antagonist-attenuated increased the VMR
to CRD following TNBS treatment in rats’’ and a 5-HT;
antagonist inhibited visceral hypersensitivity in acid-induced
colitis model rats.>** Moreover, a 5-HT5 antagonist partially
reversed capsaicin-induced rectal hypersensitivity in humans,
suggesting that 5-HTj receptors are involved in the trans-
mission of nociceptive information from the rectum via
TRPV1 nerve fibers.”” In this study, we confirmed the
involvement of TRPV1 channels and/or 5-HT; receptors in
visceral  hypersensitivity using DSS-induced  experi-
mental colitis model mice. Phillis et al*® reported that
a TRPV1 antagonist inhibited mechanosensitivity and
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Figure 8 Effects of (a) the TRPV1 antagonist BCTC and (b) the 5-HTs receptor antagonist alosetron against DSS-induced visceral hypersensitivity. Abdominal
EMG response to CRD in mice treated with DSS for 7 days. Under this experimental condition (see Materials and Methods), the distension mainly stimulates
the rectal area corresponding to the area used for immunohistochemical study. Pretreatment with BCTC (20 mg/kg, i.p.) and alosetron (3 mg/kg, p.o.)
significantly attenuated DSS-induced visceral hyperalgesia. The asterisk (*) denotes values that are significantly different from the data for the control
vehicle-treated group (*P<0.05, **P<0.01). *denotes values that are significantly different from the data for the DSS vehicle-treated group (*P<0.05,

#p<0.01).

spontaneous discharge in rat colonic afferents from in-
flammatory tissue but did not affect the discharge in afferents
from healthy tissue. Consistent with this finding, the TRPV1
antagonist BCTC significantly attenuated the VMR to CRD
only in DSS-treated mice, indicating an inducible role for
TRPV1 in nociceptive colonic afferents in pathological states.
This functional result paralleled immunohistochemical
alterations of neuronal and nonneuronal TRPV1 channels
and neuronal 5-HT; receptor expression in the inflammatory
state. Thus, it is suggested that increased TRPV1 expression
and 5-HT; receptor-immunopositive nerve fibers in the
mucosa are correlated with visceral hypersensitivity 7 days
after DSS treatment.

In conclusion, this is the first comprehensive immuno-
histochemical study to describe alterations to the expression
of 5-HT; and 5-HT), receptors and TRPV1 channels in the
mucosa of experimental colitis model animals. The numbers
of 5-HT; receptor- and TRPV1-expressing nerve fibers were
increased in the mucosa on day 7 of DSS treatment. On the
other hand, numbers of 5-HT, receptor-expressing nerve
fibers were decreased on day 7. A TRPV1 antagonist and a
5-HTj; receptor antagonist attenuated visceral hyperalgesia to
the control level in a DSS-induced colitis model. These results
suggest that high 5-HT3; and TRPVI expression in the
mucosa contributed to the visceral hypersensitivity in colitis
model mice. Furthermore, we clearly observed nonneuronal
TRPV1 immunoreactivity in the mucosa of DSS-induced
colitis model mice. These novel results may be related to the
intestinal inflammation. In fact, anti-inflammatory effects of
TRPV1 and 5-HT; antagonists in colitis model animals have
been reported.”®' 5-HT, agonists promote enteric neuron
survival and/or neurogenesis in of the mouse enteric nervous
system> and inhibit postoperative ileus through an anti-

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 92 May 2012

inflammatory effect.”® Although we have shown the time-
dependent alteration of 5-HT; and 5-HT, receptors and
TRPV1, the involvement of these alterations in the progres-
sion of inflammation remains to be determined.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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