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Abstract

Background—A low-level inflammation has been hypothesized to mediate visceral
hypersensitivity in functional bowel disorders that persist after or even in the absence of gut
inflammation. We aimed to test the efficacy of a steroidal anti-inflammatory treatment, and
identify local inflammatory molecules mediating post- and non-inflammatory colorectal
hypersensitivity using two mouse models.

Methods—Visceromotor responses to colorectal distension were quantified as a measure of
colorectal sensitivity. On day 1, mice received intracolonic saline (control),
trinitrobenzenesulfonic acid (post-inflammatory on day 15), or acidified hypertonic saline (non-
inflammatory). Colorectal sensitivity before (day 10) and after (day 15) four-day dexamethasone
treatment was compared, and colonic gene expression of inflammatory molecules was quantified.

Results—Dexamethasone effectively inhibited gene expression of inflammatory molecules such
as interleukin (IL)-1p and mast cell protease-1 in the colon, but did not attenuate colorectal
hypersensitivity in either model. Gene expression of inflammatory molecules in the colon did not
differ between control and the non-inflammatory model, but the post-inflammatory model showed
increased I1L-10 and tight junction protein 2, and decreased IL-6, transforming growth factor
(TGF)-B, a precursor of B-endorphin, occludin, and mucin 2. While no common molecule
explained colorectal hypersensitivity in these models, hypersensitivity was positively correlated
with TGF-$2 mRNA in control, and with IL-1f, inhibin BA and prostaglandin E2 synthase in the
dexamethasone-treated post-inflammatory model. In the non-inflammatory model,
cyclooxygenase-2 mRNA was negatively correlated with colorectal sensitivity.

Conclusion—These results suggest that persistent functional colorectal hypersensitivity is
mediated by condition-specific mediators whose gene expression in the colon is not inevitably
sensitive to steroidal anti-inflammatory treatment.
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INTRODUCTION

Molecules mediating an inflammatory reaction (e.g., cytokines, prostaglandins,
neuropeptides) commonly lead to excitation and/or sensitization of nociceptive sensory
neurons, which underlie spontaneous pain arising from and hypersensitivity to stimuli
applied to the affected area. In line with this, inflammation in the large intestine has been
considered a primary cause of abdominal pain, discomfort and colorectal hypersensitivity
associated with inflammatory bowel diseases (IBD), not only in flares but also in remission,
and even irritable bowel syndrome (IBS) categorized as “functional’ because of the absence
of apparent organic abnormalities. Although not consistent across studies, increases in the
number of immune cells and the content of inflammatory molecules have been reported in
intestinal biopsies or blood from patients with quiescent IBD or IBS(1-3), supporting the
hypothesis that an on-going ‘low-grade inflammation’ or low-level inflammatory tissue
environment causes abdominal pain and hypersensitivity in these post- and (formerly
thought to be) non-inflammatory conditions.

The ‘low-grade inflammation’ hypothesis consequently asks two essential questions: 1)
what immune cells/inflammatory molecules mediate abdominal pain/hypersensitivity in
quiescent IBD and IBS? and 2) would anti-inflammatory treatments effectively reduce
abdominal pain/hypersensitivity in quiescent IBD and IBS? With respect to the first
question, an increase in intestinal mast cell mediators in the media of cultured biopsies from
IBS patients has been reported(4) which, further, is excitatory when applied to rat
mesenteric nerve fibers and cultured sensory neurons(5). Recently, Hughes et al(6) reported
increased inflammatory cytokines in the media of cultured peripheral blood mononuclear
cells from diarrhea-predominant IBS (D-1BS) patients, some of which (interleukin [IL]-1p,
IL-6 and tumor necrosis factor [TNF]-a) sensitized mechanosensitive mouse colorectal
afferents. In addition, constipation-predominant IBS patients showed a profile of
inflammatory cytokines different from D-IBS patients, suggesting a condition-specific
profile and role of inflammatory molecules in different abdominal pain/hypersensitivity
conditions.

Several studies have addressed the second question by examining the effect of steroids
(prednisolone) or aminosalicylate (mesalamine) on pain/hypersensitivity in IBS patients;
prednisolone was found ineffective in post-infectious (PI) IBS patients(7) and mesalamine
was inconsistent in its efficacy(8-11). These outcomes are not consistent with the evidence
that inflammatory molecules are increased in quiescent IBD and IBS and are able to excite/
sensitize visceral sensory nerves. Questioning whether low-grade intestinal inflammation is
indeed the underlying mechanism for abdominal pain/hypersensitivity, studies have also
reported no obvious correlation between the extent of inflammation and pain/
hypersensitivity in either humans or experimental animals(12-15).
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Prompted by these conflicting observations regarding the role of inflammation in abdominal
pain/hypersensitivity associated with quiescent IBD and IBS, we addressed the above two
questions using validated mouse models of functional colorectal hypersensitivity: a post-
trinitrobenzenesulfonic acid (TNBS) mouse model that represents post-inflammatory (IBD
in remission or PI-IBS) hypersensitivity after mild colitis (16, 17), and an acidified
hypertonic saline (AHS) model that represents non-inflammatory (IBS in general)
hypersensitivity(18). First, we examined the effect of steroidal anti-inflammatory treatment
in the two colorectal hypersensitivity models. Second, we attempted to identify common or
condition-specific colonic inflammatory molecules mediating colorectal hypersensitivity and
the signature profile characterizing each condition.

MATERIALS AND METHODS

Animal

Adult male C57BL/6J (Jackson Laboratory, Bar Harbor, ME) mice (25-30 g), housed under
a 12/12-hr light/dark cycle in an AAALAC accredited facility, were used throughout. Water
and food were provided ad libitum. All procedures were approved by the Institutional
Animal Care and Use Committee, University of Pittsburgh.

Colorectal sensitivity

A pair of sterile wire electrodes was surgically implanted into the external oblique
abdominal musculature with the tips of other ends exposed at the back of the neck for
electromyographic recordings of the visceromotor response (VMR) to colorectal distension
(CRD) as a measure of colorectal sensitivity. At least five days after electrode implantation,
mice were briefly sedated (3% isoflurane) and a 2 cm-long balloon connected to a distension
device was inserted trans-anally into the colorectum 1 cm proximal from the anus. The
mouse was placed in a plastic cylinder to restrict movement and allowed 30 min to recover
from isoflurane sedation. Baseline VMRS to an ascending series of graded CRD (15, 30, 45
and 60 mmHg for 10 sec every 4 min, 3 repetitions at each intensity) were measured two
days before day 1 when mice received intracolonic saline, TNBS, or AHS. Colorectal
sensitivity was measured on days 10 and 15; VMRs were normalized to the maximum
baseline response in each mouse.

Intracolonic treatments

Under 3% isoflurane, 0.1 ml of control saline (in mM: NaCl 140, KCI 5, HEPES 10, MgCl,
1, CaCl, 3 and D-glucose 10, pH 7.4, 300 mosM), TNBS (10 mg mI~1 in 50% ethanol,
Sigma-Aldrich) or AHS (pH 6.0, 800 mosM by adding D-mannitol, Sigma-Aldrich) was
instilled inside the colorectal lumen trans-anally via a 22 gauge feeding needle. Control
saline and AHS were instilled once daily for three consecutive days as reported
previously(18).

Dexamethasone treatments

Mice were treated with dexamethasone 21 phosphate disodium salt (Dex, 5 mg kg~2, i.p.,
Sigma-Aldrich) once daily for four days (days 11-14). Experimental groups with active
colon inflammation on day 3 after TNBS received Dex once daily for two days (days 1 and
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2). The dose and days of dexamethasone treatment used in this study were previously
reported to effectively reduce TNBS-induced colonic inflammation, and post-infectious
intestinal dysmotility and visceral hypersensitivity in mice(19, 20).

Gene transcripts assay for colonic inflammatory molecules

One day after final measurements of colorectal sensitivity (day 16), mice were euthanized
by CO, inhalation followed by cervical dislocation, and their full thickness distal colons
homogenized in 2 ml of TRIzol® (Invitrogen, Carlsbad, CA) to isolate RNA followed by
isopropanol precipitation. Pellets were washed with 70% ethanol, suspended in RNase-free
water and the concentration of RNA determined. Five micrograms of RNA was treated with
DNase to remove genomic DNA, 1 pg of which was used to generate first strand cDNA by
random-hexamer/oligo-d(T)-primed, Superscript Il (Invitrogen)-mediated reverse
transcription. Gene expression of inflammatory molecules and their receptors were
measured by quantitative polymerase chain reaction (QPCR) on a CFX Connect real time
cycler (Bio-Rad, Hercules, CA). The targets and sequences of their primer pairs are listed in
Table 1. The gene expression of each inflammatory molecule was quantified by linear
regression of individual amplification curves using LinReg PCR(21), and normalized to the
quantity of internal reference standard gene transcript GAPDH.

Data Analyses

Data were expressed as meanS.E. with n, the number of samples. Proportional data were
analyzed by Fisher's exact test (FET). Differences among group means were analyzed by
one- (models), two- (before vs. after; Dex vs. Veh) or three-way (models; Veh vs. Dex;
normosensitive vs. hypersensitive) ANOVAs with Tukey's multiple comparison tests. When
a statistically significant interaction was detected between/among the variables, Bonferroni's
post hoc tests were used for pairwise comparisons. Correlation between the magnitude of
colorectal sensitivity at 60 mmHg CRD and the amount of gene transcript was analyzed by
linear regression. Results were considered statistically significant when p<0.05. In cases
where p was greater than 0.05 but less than 0.1, the exact p value is presented.

RESULTS

Effects of dexamethasone (Dex) on colorectal sensitivity

In C57BL/6 mice treated with intracolonic TNBS, inflammation subsides in 10-14 days but
colorectal hypersensitivity to CRD persists(16, 17), modeling post-inflammatory colorectal
hypersensitivity (post-TNBS). Comparatively, AHS-treated mice show long-lasting
hypersensitivity to CRD without any histological/biochemical evidence of inflammation in
the colorectum(18), modeling non-inflammatory colorectal hypersensitivity. Replicating
these previous findings, we observed significant colorectal sensitivity to 60 mmHg CRD in
post-TNBS and AHS groups on day 10 (Fig 1A). Examining each subject individually,
however, we noted that some mice were not clearly hypersensitive to CRD after treatments
(i.e., colorectal sensitivity was <125% of the baseline response, shaded area in Fig 1): 2/12
in post-TNBS and 7/17 in AHS groups. In saline-treated controls, on the other hand, 3 of 14
mice spontaneously developed hypersensitivity, one of which was an outlier; the VMR to 60
mmHg CRD was greater than four times standard deviation (518% of the maximum baseline
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response, in a dotted box in Fig 1A). The proportion of hypersensitive mice was greater in
post-TNBS (p<0.01 by FET) and AHS (p=0.067) groups than in the control group.
Excluding the above-mentioned outlier from the control group revealed statistically
significant differences in means between control (87.2+9.5%, n=13) and post-TNBS mice
(162.6+24.8%, n=12, p<0.05 by 1 way ANOVA with Tukey's test) and between control and
AHS-treated mice (161.1+16.9%, n=17, p<0.05). However, we did not exclude this
hypersensitive outlier in the control group when comparing gene expression of colonic
inflammatory molecules between normosensitive and hypersensitive mice, and correlating it
with the magnitude of colorectal sensitivity.

After measuring their colorectal sensitivity on day 10, we administered vehicle (Veh) or Dex
once daily for four days (days 11-14) and measured the VMR to CRD again on day 15 to
study a role of inflammatory molecules in persistent colorectal hypersensitivity in these
mice. Dex was ineffective in reducing the magnitude of colorectal hypersensitivity in any
group (Fig 1B-D), although it effectively decreased gene expression of some inflammatory
molecules (e.g., IL-1B, MCPT-1, and IL-10RA, see below).

Gene expression of inflammatory molecules in the colon

To profile the inflammatory milieu in post- and non-inflammatory hypersensitive conditions,
gene transcripts of inflammatory molecules were examined from individual colons one day
after the last CRD session, which made it possible to quantify multiple inflammatory
molecules from a single sample with high sensitivity, and correlate their gene expression
with the magnitude of colorectal sensitivity for identification of molecules underlying
persistent functional colorectal hypersensitivity. The following inflammatory molecules
were quantified: pro-inflammatory cytokines and mast cell mediators such as IL-15, I1L-6,
TNF-a, and mast cell protease-1 (MCPT-1); immune-regulatory cytokines and their
receptors such as transforming growth factor (TGF)-p1, TGF-2, TGF- receptor 1 (TGF-
BR1), BMP and Activin membrane-bound inhibitor homolog (BAMBI, a mock TGF-
receptor), inhibin BA (a subunit of Activin A), Activin receptor 2B (Act R2B), follistatin
(FST, endogenous antagonist for Activin), IL-10, IL-10 receptor A (IL-10RA);
prostaglandin synthases such as cyclooxygenase (COX)-1, COX-2, prostaglandin E2
synthase (PGES); neuropeptides mediating/modulating inflammation such as substance P
(SP), calcitonin gene-related peptide a (CGRPa), CGRPp, and proopiomelanocortin
(POMC, a precursor of f-endorphin); molecules for mucosal barrier function such as
occludin, claudin 3, tight junction protein (TJP) 1 and 2, and mucin 1 and 2.

For relative quantification of gene expression, we normalized the amount of each
inflammatory molecule gene transcript to that of the internal reference standard GAPDH.
Two-way ANOVAs revealed no differences in GAPDH expression either among mouse
models (F(2,37)=0.99, p=0.38) or between Veh and Dex treatments (Fy 37)=0.43, p=0.52)
without any interaction between the two variables (F(2 37)=1.1, p=0.34), indicating that any
change in gene expression of colonic inflammatory molecules was not due to a model- or
treatment-dependent change in reference gene expression.

We next examined the colonic gene expression of inflammatory molecules in each model
subgrouped by treatment (VVeh or Dex) and sensitivity to CRD [normo- (VMR<125%) or
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hyper-sensitive (VMR>125%)]. Dex significantly reduced the gene expression of IL-1§
(F1,31)=13.9, p<0.01 by 3 way ANOVA, Fig 2A), MCPT-1 (F(1,31)=4.9, p<0.05, Fig 2B),
and IL-10RA (F(1,31)=5.3, p<0.05, Fig 4B) without alleviating colorectal hypersensitivity as
described above. The disconnect between the effect of Dex on gene expression of I1L-1f,
MCPT-1, and IL-10RA and that on colorectal hypersensitivity was further tested in a mouse
model of active colon inflammation (TNBS-treated mice on day 3). In the colons from these
mice, gene expression of IL-1 § (but neither MCPT-1 nor IL-10RA) was highly up-regulated
(18.4-fold increase, n=7, p=0.006 vs. control by Mann-Whitney U-test). Dex effectively
inhibited this up-regulation (F(1, 10)=4.5, p=0.06 vs. Veh by 2 way ANOVA, Fig 3A), but
still did not prevent colorectal hypersensitivity (Fig 3B), suggesting that targeting colorectal
inflammation with steroids may be beneficial to reduce inflammation itself but not sensory
symptom.

Dex tended to increase the gene expression of PGES and occludin (one of the main
components of tight junctions) [F(; 31)=3.9, p=0.057 for PGES (Fig 5B); F(1,31)=4.1,
p=0.052 for occludin (Fig 7A)], and significantly increased the gene expression of TJP1
only in AHS/non-inflammatory model (Fmodel x treatment (2,31)=3-1, p=0.061 by 3 way
ANOVA and p<0.05 by Bonferroni's t-test, Fig 7B). Colons from post-TNBS/post-
inflammatory mice exhibited lower gene expression of IL-6 (p<0.05 by 3 way ANOVA
followed by Tukey's test, Fig 2C), COX-2 (p<0.05, Fig 5A), POMC (p<0.05, Fig 5C), and
mucin 2 (p<0.01, Fig 7D) than colons from control mice. Post-TNBS/post-inflammatory
colons also showed significantly lower gene expression of TGF-B1 (p<0.01, Fig 6A), TGF-
B2 (p<0.01, Fig 6B), and occludin (p<0.01, Fig 7A), but higher gene expression of 1L-10
(p<0.05, Fig 4A) and TJP2 (p<0.01, Fig 7C) than colons from either control or the AHS/
non-inflammatory model. In addition, tendencies to lower gene expression of inhibin A
than in control mice (p=0.074, Fig 6C) and lower gene expression of BAMBI than in the
AHS/non-inflammatory mice (p=0.07, Fig 6D) were observed in the post-TNBS/post-
inflammatory mice. Gene expression of TNF-a, FST, COX-1, TGF-pR1, Act R2B, SP,
CGRPa, CGRPB, claudin 3, and mucin 1 in the colon did not differ among models, between
Veh- and Dex-treated mice, or between normo- and hyper-sensitive mice (data not shown).

Gene expression of inflammatory molecules correlated with colorectal hypersensitivity

In the gene expression of IL-1B, TGF-B1, TGF-B2, inhibin BA, PGES, and COX-2, we
observed a strong interaction between variables (i.e., model, treatment and sensitivity):

F model x treatment x sensitivity (2,31)=3-2, P=0.056 for IL-18; Fmodel x sensitivity (2,31)=9-2,
p<0.001 for TGF-B1; Fyodel x sensitivity (2,31)=5-9, p<0.01 for TGF-2;

F model x treatment x sensitivity (2,31)=3:0, p=0.064 for inhibin BA;

F model x treatment x sensitivity (2,31)=3-2, P=0.054 for PGES; F model x sensitivity (2,31)=7-3;
p<0.01 for COX-2), suggesting that gene expression of these molecules is correlated with
the magnitude of colorectal sensitivity in a model- and treatment (condition)-specific
fashion. Subsequent pairwise comparisons using Bonferroni's t-tests and regression analyses
revealed that colorectal sensitivity was positively correlated with TGF-p2 (R2=0.5, p=0.005,
Fig 8A) in control mice, with IL-1p (R?=0.78, p<0.02, Fig 8B), inhibin A (R?=0.92,
p<0.003, Fig 8C) and PGES (R?=0.69, p<0.05, Fig 8D) in Dex-treated post-TNBS/post-
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inflammatory mice, and negatively with COX-2 gene expression (R2=0.26, p<0.04, Fig 8E)
in the AHS /non-inflammatory mice.

When gene expression data from all mice were used for correlation analysis, no common
colonic inflammatory molecule was found to significantly account for colorectal
hypersensitivity in any group/model; gene expression of inhibin BA showed a tendency to a
positive correlation with colorectal sensitivity (p=0.072), but with a poor coefficient of
determination (R2=0.077).

DISCUSSION

This study tested the hypothesis that an on-going ‘low-grade’ intestinal inflammation is an
underlying mechanism for abdominal pain and hypersensitivity associated with quiescent
IBD and IBS by examining the effect of steroidal anti-inflammatory treatment on, and
correlating the gene expression pattern of inflammatory molecules in the colon with, post-
and non-inflammatory colorectal hypersensitivity using mouse models that represent the two
conditions. We found: 1) no inhibitory effect of dexamethasone on colorectal
hypersensitivity in any model, 2) model-specific gene expression of inflammatory molecules
in the colon, and 3) condition-specific correlation between the magnitude of colorectal
sensitivity and gene expression of TGF-$2 (in control), IL-1f, inhibin BA and PGES (in
Dex-treated post-TNBS/post-inflammatory condition) and COX-2 (in AHS/non-
inflammatory condition). The inability of dexamethasone to affect persistent colorectal
hypersensitivity appears to be due to its ineffectiveness on colonic gene expression of
important inflammatory molecules in each corresponding condition despite its effective
down-regulation of IL-18, MCPT-1, and IL-10RA gene expression. It is unclear what
confers this ‘condition-specificity’ on these inflammatory molecules, but considering
‘context’-dependent differential actions of cytokines in immune regulation(22, 23), one
could speculate that the effects of inflammatory molecules on colorectal afferents is
determined by conditions of or at their sites of action (properties of both local tissue
environment and the afferents themselves). The condition-specific gene expression profiles
of inflammatory molecules in the colon support this speculation to some extent in that
colons from mice in control, post- and non-inflammatory models with/without Dex
treatment have different quality ‘inflammatory milieus’ and hence TGF-p2, IL-18, Activin
A, and prostaglandins may result in different outcomes in each condition. It needs further
investigation to understand how these molecules (TGF-2, IL-1f, Activin A, and
prostaglandins) might regulate visceral sensation. Studies suggest that they could directly act
on colorectal afferents to increase visceral sensitivity to CRD. Cytokines belonging to the
multifunctional TGF-f cytokine superfamily (e.g., TGF-B1 and Activin A) have been shown
to up-regulate TRPV1(24-26) in primary afferent neurons to exert nociceptive actions. 1L-1p
and prostaglandins, specifically PGE2, activate/sensitize primary afferent neurons(27-32).
However, the effect of IL-1 on primary afferents is dose-dependent in a bell shape(32) and
subpopulation-dependent(33), supporting the notion of its ‘condition-specific’ role in
colorectal hypersensitivity. Similarly, PGE2 can also exert inhibitory/analgesic actions in an
inflammation state-dependent manner through EP3 receptors that are abundantly expressed
in primary afferent neurons(34), and a prostaglandin metabolite can persistently inhibit
TRPAL1 to cause analgesia(35), both of which might explain the negative correlation
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between the gene expression of COX-2 and colorectal sensitivity in the AHS/non-
inflammatory model.

In addition to potential ‘low-grade inflammation’ in the intestines of patients with quiescent
IBD and IBS, compromised intestinal mucosal barriers have been observed in such
patients(36), suggesting that increased mucosal permeability renders the tissue underneath
more susceptible to pathogen invasion and subsequent local inflammation(37). In the present
study, we also found that colons from mice in the post-TNBS/post-inflammatory group had
decreased gene expression of occludin, one of the main components of tight junctions,
together with mucin 2, a protectant for the mucosal surface, suggesting diminished mucosal
barrier function in this mouse model. However, none of these changes accounted for visceral
hypersensitivity in this post-inflammatory model. Furthermore, our findings that
dexamethasone did not substantially alleviate visceral hypersensitivity despite its beneficial
effect on the gene expression of occludin and TJP1 (in the AHS/non-inflammatory model)
question a direct cause-effect correlation between increased mucosal permeability and
visceral hypersensitivity. It would be interesting though to study whether such changes in
mucosal barrier integrity alter other intestinal functions (e.g., colonic motility) in these
mouse models and whether dexamethasone could restore the alterations.

Among the various inflammatory molecules quantified in this study (pro- and anti-
inflammatory cytokines, mast cell mediators, prostaglandin synthases, and neuropetides for
neurogenic inflammation, immune regulation and anti-nociception), we found none
commonly correlated with colorectal hypersensitivity in any of the conditions tested. We
acknowledge possibilities that 1) other molecules not quantified in the present study could
be correlated with colorectal hypersensitivity in these models/conditions, 2) sampling full-
thickness colon could obscure a potentially significant focal change in limited areas of the
colon wall, to which colorectal hypersensitivity in these models could be attributed, and 3)
our assessment of gene transcript quantities might not linearly reflect the amounts of
proteins in the colon. However, it is noteworthy that in a study that attempted to correlate
visceral sensitivity in IBS patients with immunological changes detected in their colonic
mucosa, about 50% of recruited IBS patients (all IBS subtypes pooled) were found to be
normally sensitive to rectal distension, resulting in no significant correlation between the
two(12). Likewise, patients with quiescent IBD also do not always exhibit IBS-like
symptoms. In fact, some patients with mildly active or quiescent IBD are found to be less
sensitive to distension(13, 38). To explain this ‘no correlation” between the visceral
inflammatory environment and visceral pain/hypersensitivity, activation of endogenous anti-
nociceptive mechanisms has been proposed, including hydrogen sulfide(39), local immune
cell-driven B-endorphin(40, 41), and descending inhibitory systems(38, 42). In this study, we
quantified the colonic gene expression of POMC, the precursor of 3-endorphin, expecting
that mice that developed hypersensitivity might have decreased gene expression of this
endogenous opioid. We did observe a decrease in the gene expression of POMC in the post-
TNBS/post-inflammatory model, but it was not correlated with colorectal sensitivity,
suggesting again that peripheral mediators for functional colorectal hypersensitivity could be
condition/context-specific, and behavioral functional visceral pain/hypersensitivity is likely
to be a net outcome of multiple counteracting/cross-talking factors.
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To clearly understand the role of peripheral mediators in visceral pain/hypersensitivity, it
seems inevitable to look at not only the periphery (as in this study) but also the visceral
sensory system itself that ultimately detects, responds to and transmits intestinal events to
the central nervous system for perception. It is not unrealistic that the visceral sensory
system undergoes adaptive changes to cope with an intestinal inflammatory environment. In
previous studies, we detected increased responses to stretch in muscular class colorectal
afferents in post-TNBS and AHS-treated mice(16, 18), which we proposed as contributory
to behavioral hypersensitivity to CRD. Although technically challenging, it would be
interesting in future studies to correlate neuronal response to inflammatory molecules and
gene expression pattern of involved signaling components in colorectal afferent neurons
with behavioral hypersensitivity, which might reveal significance of inflammatory
molecules whose gene expression ‘in the colon’ was not found to be clearly correlated with
behavioral colorectal hypersensitivity in the present study, and suggest potential therapeutic
targets ‘in sensory neurons’ for managing abdominal pain/hypersensitivity in quiescent IBD
and IBS.

In conclusion, this study demonstrates the presence of condition-specific, steroid-insensitive
inflammatory molecules in the colon for mediating persistent colorectal hypersensitivity in
post- and non-inflammatory conditions, suggesting that steroid treatments effective in
reducing inflammation may not guarantee attenuation of sensory symptoms in quiescent
IBD and IBS. Future studies focusing on responses of sensory neurons to local inflammatory
molecules and correlating the response characteristics with persistent hypersensitivity in
these conditions deserve further attention.
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Fig 1.

Effect of dexamethasone (Dex) on post-inflammatory (post-TNBS) and non-inflammatory
(AHS) colorectal hypersensitivity in the mouse. (A) Scatter plot showing colorectal
sensitivity at 60 mmHg colorectal distension (CRD) measured on day 10 in individual
mouse (% of maximum baseline responses). Note the outlier in the control group (in a dotted
box). Excluding the outlier revealed significantly greater colorectal sensitivity in post-TNBS
and AHS groups than in control (* p<0.05 by 1-way ANOVA). (B-D) Dex (5 mg kg-1),
administered once daily for four days (days 11-14) did not alleviate colorectal
hypersensitivity in any groups (before, day 10; after, day 15). Veh, saline vehicle. Mice with
colorectal sensitivity greater than 125% (above shaded area) were considered hypersensitive
to CRD.
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Fig 2.

Colonic gene expression of pro-inflammatory cytokines and mast cell protease. Gene
expression data were subgrouped by model (control, post-TNBS, or AHS), treatment (Veh
or Dex), and colorectal sensitivity (normo- or hyper-sensitive). Numbers in each horizontal
bar in A represent the number of mice in each subgroup throughout. Gene expression of pro-
inflammatory cytokines interleukin (IL)-1p (A) and mast cell protease (MCPT)-1 (B) was
significantly reduced by Dex (*** p<0.001 and * p<0.05 by 3-way ANOVA). (C) IL-6 gene
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expression was lower in post-TNBS mice than in control (* p<0.05 by 3-way ANOVA
followed by Tukey's multiple comparison tests).
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Cglonic gene expression of IL-1f and colorectal hypersensitivity in mice with active colitis.
(A) Dex effectively inhibited up-regulation of IL-1 gene expression in the colons from
TNBS-treated mice on day 3. (B) However, Dex did not prevent colorectal hypersensitivity
in these mice. Numbers in each bar indicate the number of mice in each group.
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Fig4.

Cc?lonic gene expression of 1L-10 and its receptor. (A) IL-10 gene transcript was more
abundant in post-TNBS mice than in control and AHS-treated mice (* p<0.05 by 3-way
ANOVA followed by Tukey's multiple comparison tests). (B) Gene expression of IL-10
receptor A (RA) was attenuated by Dex (* p<0.05 by 3-way ANOVA).
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Fig 5.

Colonic gene expression of prostaglandin synthases and -endorphin precursor,
proopiomelanocortin (POMC). (A) Gene expression of cyclooxygenase (COX)-2 was lower
in post-TNBS mice than in control (* p<0.05 by 3-way ANOVA followed by Tukey's
multiple comparison tests). (B) Dex tended to increase the gene expression of prostaglandin
E synthase (PGES, p=0.057 by 3 way ANOVA). (C) Gene expression of POMC was lower
in post-TNBS mice than in control (p<0.05 by 3-way ANOVA followed by Tukey's multiple
comparison tests).
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Colonic gene expression of transforming growth factor (TGF)- cytokine family and their
receptors. Gene expression of TGF-p1 (A) and TGF-B2 (B) was significantly lower in post-

TNBS mice than in control or AHS-treated mice (** p<0.01 by 3-way ANOVA followed by

Tukey's multiple comparison tests). (C) Gene expression of inhibin BA showed a tendency to
a decrease in post-TNBS mice (p=0.074 vs. control). Its gene expression also tended to be
higher in hypersensitive mice (p=0.056). (D) Gene expression of the mock receptor for
TGF-8, BAMBI, tended to be higher in AHS-treated mice than in post-TNBS mice (p=0.07).
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Fig7.

Cglonic gene expression of tight junction proteins and mucins. (A) Gene expression of
occludin was decreased in post-TNBS mice, and increased by Dex (p=0.052 by 3-way
ANOVA). (B) Gene expression of TIJP1 was increased by Dex in AHS-treated mice (p<0.05
by Bonferroni's t-test). (C) Post-TNBS mice showed an increase in the gene expression of
TJP2. (D) Gene expression of mucin 2 was lower in post-TNBS mice than in control. **
p<0.01 and * p<0.05 by 3-way ANOVA.
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Condition-specific correlation between gene expression of inflammatory molecules and
colorectal sensitivity. Colorectal sensitivity was positively correlated with TGF-2 (A) in
control, and with IL-1f (B), inhibin A (C) and PGES (D) in Dex-treated post-TNBS mice.
Broken lines in B-D indicate statistically insignificant linear regressions in VVeh-treated post-
TNBS mice. (E) Gene expression of COX-2 was negatively correlated with colorectal

sensitivity in AHS-treated mice.
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Table 1
Primer sequences (5'—3’)

Forward Reverse Accession # Size (bp)
GAPDH GTTTGTGATGGGTGTGAACCAC TGGATGCAGGGATGATGTTCTG NM_008084 263
IL-1B GGTACATCAGCACCTCACAA TTAGAAACAGTCCAGCCCATAC NM_008361.3 124
TNF-a CTACCTTGTTGCCTCCTCTTT GAGCAGAGGTTCAGTGATGTAG NM_013693.3 116
IL-6 GATAAGCTGGAGTCACAGAAGG TTGCCGAGTAGATCTCAAAGTG NM_031168.1 105
TGF-p1 GTGCGGCAGCTGTACATTGACTTT TGTACTGTGTGTCCAGGCTCCAAA  NM_011577.1 127
TGF-B2 GGAACCACTGACCATTCTCTATT CTGGCTTTCCCAAGGACTTTA NM_009367.3 89
TGF-fR1  ACTACCCTTTGAGGAAGGCAGCTT  AGACCCAACGGACTGACTTTGACA NM_009370.2 202
BAMBI CACTCCAGCTACTTCTTCATC GTAGCATCTGATCTCTCCTTTG NM_026505.2 85
Inh BA AGCCAGGAAGACACTGCACTTTGA TGGTGACTTTGGTCCTGGTTCTGT NM_008380.1 125
Act R2B CACAAGAAGATGAGGCCCACGATT TTTAGGGAGCAGGTCCACATTGGT NM_007397.2 228
FST TGGATCTTGCAACTCCATCTCGGA TGCCCAAAGGCTATGTCAACACTG  NM_008046.2 137
IL-10 TGAATTCCCTGGGTGAGAAGCTGA TGGCCTTGTAGACACCTTGGTCTT NM_010548.2 147
IL-1I0RA CACCAAGTAGACAGTGGAATC GTCCAGAGGGTCAAGTTTATG NM_008348.2 116
COX-1 AAGATGGGTCCTGGCTTTAC GGTGATACTGTCGTTCCAGATT NM_008969.3 89
COX-2 GAAGATTCCCTCCGGTGTTT CCCTTCTCACTGGCTTATGTAG NM_011198.3 95
PGES CCACACTCCCTCTTAACCATAAA GCCAGAATTGTAGGTAGGTCTG NM_022415.3 108
SP CATGGCCAGATCTCTCACAAA GCATCGCGCTTCTTTCATAAG NM_009311.2 101
CGRPa TTTCCTGGTTGTCAGCATCTT CAGGCGAACTTCTTCTTCACT NM_007587.2 122
CGRPp AGTTGAACTCACCATGCCTATTA ACGGTGGTTTCCCTCATTATC NM_054084.2 108
MCPT-1  ACCTCAGAAACCCTGAGAGA CCACACAGACCTGGAAGTTATAG NM_008570.1 98
POMC CAAGAACGCCATCATCAAGAAC TCTAAGAGGCTAGAGGTCATCAG NM_001278581.1 115
Occludin - CTGTGATGTGTGTTGAGCTTTG GGCTGCTGCAAAGATTGATTAG NM_008756.2 91
Claudin3 CACCCACCAAGATCCTCTATTC TTCATCGACTGCTGGTAGTG NM_009902.4 140
TIP1 CATCTCCAGTCCCTTACCTTTC CCTCCAGGCTGACATTAGTTAC NM_009386.2 96
TIP2 TGTGAAGCAGATGTGAAGAGG GGCACTTAGAGAGTCGTGATAAA NM_001198985.1 99
Mucin 1 TACCCTACCTACCACACTCAC GAGAGACTGCTACTGCCATTAC NM_013605.2 101
Mucin 2 CCTCATCATGGACAGCCTATTC GTACACTGGCACACTCCATATT NM_023566.2 122
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