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Chemo-nociceptive signalling from the colon is
enhanced by mild colitis and blocked by inhibition
of transient receptor potential ankyrin 1 channels
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Background and purpose: Transient receptor potential ankyrin 1 (TRPA1) channels are expressed by primary afferent
neurones and activated by irritant chemicals including allyl isothiocyanate (AITC). Here we investigated whether intracolonic
AITC causes afferent input to the spinal cord and whether this response is modified by mild colitis, morphine or a TRPAT
channel blocker.

Experimental approach: One hour after intracolonic administration of AITC to female mice, afferent signalling was visualized
by expression of c-Fos in laminae I-ll, of the spinal dorsal horn at sacral segment S1. Mild colitis was induced by dextran
sulphate sodium (DSS) added to drinking water for 1 week.

Key results: Relative to vehicle, AITC (2%) increased expression of c-Fos in the spinal cord. Following induction of mild colitis
by DSS (2%), spinal c-Fos responses to AITC, but not vehicle, were augmented by 41%. Colonic inflammation was present
(increased myeloperoxidase content and disease activity score), whereas colonic histology, locomotion, feeding and drinking
remained unchanged. Morphine (10 mg-kg™) or the TRPAT channel blocker HC-030031 (300 mg-kg™) inhibited the spinal
c-Fos response to AITC, in control and DSS-pretreated animals, whereas the response to intracolonic capsaicin (5%) was
blocked by morphine but not HC-030031.

Conclusions and implications: Activation of colonic TRPA1 channels is signalled to the spinal cord. Mild colitis enhanced this
afferent input that, as it is sensitive to morphine, is most likely of a chemonociceptive nature. As several irritant chemicals can
be present in chyme, TRPAT channels may mediate several gastrointestinal pain conditions.
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inflammation (Bercik et al., 2005; Spiller, 2007; De Giorgio
and Barbara, 2008) and that the concomitant hyperalgesia is
induced by inflammatory mediators (Barbara et al., 2007).

Introduction

Visceral hypersensitivity to distension is a key feature of func-

tional gastrointestinal disorders such as irritable bowel syn-
drome (IBS), which is characterized by pain and altered bowel
habits in the absence of overt structural changes (Azpiroz
etal.,, 2007; Knowles and Aziz, 2009). However, emerging
evidence indicates that IBS is associated with low grade
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Although the actual cause of abdominal pain in IBS is not
known, we hypothesize that potentially noxious chemicals
present in the chyme contribute to the symptoms of IBS. In a
translational context it is therefore important to study
the mechanisms and pharmacological characteristics of
chemonociception in the gut.

In order to survey their chemical environment, primary
afferent neurones express many receptors and ion channels
that transduce potentially noxious stimuli into afferent nerve
activity (Blackshaw et al., 2007). One of these multimodal
sensors is the transient receptor potential ankyrin 1 (TRPA1)



ion channel, which is preferentially expressed by C-fibre affer-
ents and frequently colocalized with the TRP vanilloid 1
(TRPV1) ion channel (Zhang efal.,, 2004; Kobayashi et al.,
2005; Anand et al., 2008; Brierley et al., 2009; Wrigley et al.,
2009; Cattaruzza et al., 2010; channel nomenclature follows
Alexander et al., 2009). TRPA1 is activated by several electro-
philic compounds such as allyl isothiocyanate (AITC), which
are responsible for the pungency of mustard, horseradish,
wasabi, garlic and onion as well as several irritant chemicals
(Jordt et al., 2004; Bautista et al., 2005; Andre et al., 2009). Its
wide spectrum of chemosensory modalities places TRPA1 in a
position to monitor potentially deleterious conditions arising
from the gastrointestinal presence of ammonia, oxidative
insults and environmental toxins such as p-hydroxybenzoate
(Bautista et al., 2006; Fujita et al., 2007, 2008; Trevisani et al.,
2007, Macpherson et al., 2007a; 2007b). Apart from direct
activation by these stimuli, TRPA1 contributes to the sensiti-
zation of afferent neurones by inflammatory mediators such
as bradykinin and protease-activated receptor agonists (Eid
et al., 2008; Wang et al., 2008; Brierley et al., 2009; Yu et al.,
2009; Yu and Ouyang, 2009; Cattaruzza et al., 2010).

The current work pursued four specific questions. Firstly, we
examined whether activation of TRPA1 in the mouse colon by
AITC caused afferent signalling to the spinal cord as visualized
by expression of c-Fos, a marker of neuronal excitation
(Munglani and Hunt, 1995). Secondly, we tested whether the
AITC-induced input to the spinal cord was enhanced by mild
inflammation of the mouse colon in the absence of overt
structural damage. In this, we attempted to reproduce the
situation of low-grade inflammation seen in IBS and to strictly
avoid the artificial condition of necrotic inflammation, which
in rats has been found to enhance behavioural pain responses
to colorectal distension and intracolonic AITC (Yang et al.,
2008). Thirdly, we asked whether the AITC-evoked afferent
signalling from the colon can be inhibited by an analgesic
drug such as morphine and thus is likely to reflect chemono-
ciception. Fourthly, we explored whether the spinal c-Fos
response to intracolonic AITC was inhibited by the TRPA1
blocker HC-030031 (McNamara et al., 2007; Eid et al., 2008;
Taylor-Clark et al., 2008), thereby proving that the spinal
input from the AITC-exposed colon is indeed mediated by
TRPAL. In this way we also wanted to differentiate the spinal
input caused by AITC from that caused by capsaicin-induced
stimulation of TRPV1, given that TRPA1 and TRPV1 are fre-
quently colocalized in the same afferent neurones (Zhang
et al., 2004; Kobayashi et al., 2005).

Methods

Experimental animals

All animal care and experimental procedures were approved
by an ethical committee at the Federal Ministry of Science and
Research of the Republic of Austria and conducted according
to the Directive of the European Communities Council of 24
November 1986 (86/609/EEC) and the guidelines of the Com-
mittee for Research and Ethical Issues of the International
Association for the Study of Pain. The experiments were
designed in such a way that the number of animals used and
their suffering was minimized, which according to the recom-
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mendations of the ethical committee precluded the recording
of full dose-response curves for the drugs and agents under
study. The study was carried out with adult female mice of the
outbred strain Him : OF1 (Division of Laboratory Animal
Science and Genetics, Department of Biomedical Research,
Medical University of Vienna, Himberg, Austria). The animals
were housed in groups of three to five per cage under con-
trolled temperature (set point 21°C), relative air humidity (set
point 50%) and light conditions (lights on at 6:00 h, lights off
at 18:00 h, maximal intensity 150 lux). One week before the
start of the experiments the animals were housed individu-
ally, and at the time of the experiments they weighed 25-35 g.
Food and water were available ad libitum throughout the
study.

Induction of experimental colitis

Colitis was induced by adding dextran sulphate sodium (DSS;
1 or 2%, molecular weight: 36 000-50 000; MP Biochemicals,
Ilkirch, France) to the drinking water (tap water) for 7 days
(Reber etal., 2006; Eijkelkamp etal., 2007). The control
animals received normal tap water. The DSS-containing drink-
ing water was made up fresh every day to avoid bacterial
contamination. At the end of the 7 day pretreatment period,
the clinical status of the animals was evaluated by recording a
disease activity score (DAS).

Experimental protocols
Three different experimental protocols were used, depending
on the major outcome of the experiment.

In protocol 1, the major outcome was the expression of
c-Fos in the spinal cord 1 h after intracolonic administration
of AITC (1 or 2%), capsaicin (5%) or their vehicle (peanut oil,
0.05 mL). One hour after intracolonic treatment the mice
were killed by i.p. injection of an overdose of pentobarbital
(600 mg-kg"). The whole colon was quickly removed, its
length measured, and the distal part of the colon processed
for determination of its myeloperoxidase (MPO) content or
for histological examination. Immediately afterwards the
mice were transcardially perfused with fixative and the spinal
cords removed and processed for immunocytochemistry. The
experiments were carried out with control animals and
animals that had been pretreated with DSS (1 or 2%), added to
the drinking water, for 7 days.

Protocol 2 was used to assess the effect of DSS on the
circadian pattern of locomotion, exploration, drinking and
feeding in the LabMaster system (TSE Systems, Bad Homburg,
Germany). These parameters were measured continuously for
14 days, with a 5 min break after 1 week for recording the
weight of the animals. During the first week all animals
received normal tap water, whereas in the second week DSS
(2%) was added to the drinking water.

In protocol 3 the effect of intracolonic administration of
AITC (2%) or its vehicle (peanut oil, 0.05 mL) on the circu-
lating levels of corticosterone were examined. The basal levels
of corticosterone were measured 2 days before the intraco-
lonic treatment. To this end, blood (0.02-0.05 mL) was col-
lected by incision of the tail base (Fluttert et al., 2000). The
post-stimulus values of corticosterone were determined
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20 min after intracolonic administration of AITC. For this
purpose, the animals were deeply anaesthetized with pento-
barbital (600 mg-kg™, i.p.), the thoracic cavity was opened
quickly, and heart blood was collected within 2 min following
pentobarbital injection. The experiments were carried out
with control animals and animals that had been pretreated
with DSS (2%), added to the drinking water for 7 days.

Drug treatments

Peanut oil, AITC and capsaicin were administered into the
colon in a volume of 0.05 mL. For this procedure, a feeding
cannula with a rounded tip (length 38.1 mm, gauge 20) was
used, the cannula being advanced 3.5 cm beyond the anus
(Laird et al., 2001). The choice of the AITC concentrations
used here (1-2%) was modelled according to the reports of
Laird et al. (2001) and Lu and Westlund (2001), whereas the
choice of the capsaicin concentration (5%) utilized in the
present study was in between the concentrations tested by
Laird et al. (2001) and Christoph et al. (2006). Peanut oil was
chosen as vehicle because this compound had been reported
to minimally affect the spinal expression of c-Fos (Lu and
Westlund, 2001). Morphine was administered subcutaneously
at a dose of 10 mg-kg™ (Laird et al., 2001; Dogrul and Seyrek,
2006) and an injection volume of 2 mL-kg™ 1 h prior to the
intracolonic administration of AITC or capsaicin. HC-030031
was given i.p. at 300 mg-kg! (McNamara et al., 2007) and an
injection volume of 9 mL-kg™, 30 min before the intracolonic
administration of AITC or capsaicin.

c-Fos immunocytochemistry

Following death, the mice were transcardially perfused with
0.1 M phosphate-buffered saline (PBS) of pH 7.24 (20 mL),
followed by buffered paraformaldehyde, 4%, Sigma-Aldrich,
Vienna, Austria) of pH 7.24 (30 mL). The spinal cords were
removed and postfixed overnight in 4% paraformaldehyde at
4°C. Then the tissues were cryoprotected for 24 h in sucrose
(20%) at 4°C, divided into a thoracolumbar and a lumbosacral
part, surrounded with the cryogel Tissue-Tec® O.C.T.™ com-
pound (Sakura Finetec Europe BV, Zoeterwoude, the Nether-
lands) and frozen in 2-methylbutane (Carl Roth GmbH,
Karlsruhe, Germany) on dry ice and stored at -70°C until use.
Serial coronal sections of 40 um thickness were cut from the
spinal cord with a cryostat. Only every third section of the
lumbosacral spinal cord at segments L6 to S2 and every sixth
section of the thoracolumbar part at segments T11 to L1 was
used. Immunocytochemistry was performed with free-
floating sections that first were washed once in 0.1 M PBS,
then washed twice in washing buffer (WB; 0.1 M PBS with
0.03% Triton X 100), and incubated in 0.3% H,O, for 30 min.
After two further washes (each for 10 min in WB), the tissues
were incubated with the primary antibody (rabbit polyclonal
anti-c-Fos, 1:40 000, Santa Cruz Biotech, Santa Cruz, CA, USA)
for 40 h at 4°C. The primary antibody was dissolved in 0.1 M
PBS containing 0.3% Triton X 100, 1% bovine serum albumin
and 2.5% goat serum. Afterwards the sections were washed
twice in WB and incubated for 45 min in a solution contain-
ing the biotinylated secondary antibody (goat anti-rabbit IgG,
Vectastain Elite Kit, Vector Laboratories, Burlingame, CA,
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USA). After two other washes in WB they were incubated for
1 h in avidin-biotin complex (Vectastain Elite Kit). The tissues
were rinsed twice afterwards and developed with 3,3-
diaminobenzidine substrate (Vectastain Elite Kit) intensified
with nickel sulphate for 150 s. Subsequently the sections were
mounted on gelatin-covered slides, air-dried and dehydrated
by 100% xylol. The slides were coverslipped with Entellan
(Merck, Darmstadt, Germany). To control for the specificity of
the anti-c-Fos antibody signal, a c-Fos blocking peptide (Santa
Cruz Biotech) was added to the primary antibody dilution.

The immunocytochemically processed spinal cord sections
were examined with a light microscope (Axiophot, Zeiss,
Oberkochen, Germany) coupled to a computerized image
analysis system (MCID-M2, version 3.0, Rev 1.1, Imaging
Research Inc., Brock University, St. Catharines, Ontario,
Canada). The sections were coded such that the examiner did
not know which treatment group they came from. Five sec-
tions from segments T11, T12, T13, L1, L6, S1 and S2 of each
animal were analysed and all c-Fos-positive cells in the super-
ficial layers of the dorsal horn (laminae I-II,) counted sepa-
rately on both sides of the spinal cord. The counts on the side
with the higher number of c-Fos positive cells of each animal
were averaged to give the number of c-Fos-positive cells of
that animal. These average values from each animal were then
used to calculate the mean number of c-Fos-positive cells of
each experimental group.

DAS

To asses the clinical appearance of DSS-induced colitis, a DAS
covering body weight change, stool consistency and presence
of blood traces in the faeces was recorded. The scoring
method was similar to that used by Reber et al. (2006) and
Eijkelkamp et al. (2007). The body weight was measured
before and 1 week after pretreatment of the animals with DSS,
relative to those recorded in control animals, whereas the
other parameters were evaluated at the end of the DSS pre-
treatment period only. A weight gain of more than 1 g, no
change (=1 g), or a loss of weight of more than 1 g was scored
as 0, 1 or 2, respectively. Loose, soft or normal stool consis-
tency was rated as 2, 1 or O, respectively. The presence of
blood in the faeces was evaluated with the HEMDETECT® test
(DIPROmed, Weigelsdorf, Austria), the presence or absence of
blood being counted as 1 or 0, respectively. According to this
rating system, the maximum DAS was 5.

Colon length

The reduction of the length of the colon was used as a param-
eter to assess colonic inflammation (Reber etal., 2006;
Eijkelkamp et al., 2007). After death, the whole colon was
excised and placed on tissue paper such that the length of the
colon could be measured. Care was taken not to stretch the
colon.

MPO levels in the colon

The tissue levels of MPO were used to quantify inflammation-
associated infiltration of neutrophils and monocytes into the
tissue (Krawisz et al., 1984). After death and measurement of



the colon length, full-thickness pieces of the distal colon
were excised, shock-frozen in liquid nitrogen and stored at
-70°C until assay. After weighing, the frozen tissues were
placed, at a ratio of 1 mg: 0.02 mL, in MPO lysis buffer. The
composition of this buffer was: 200 mM NaCl, S mM EDTA,
10 mM Tris, 10% glycine, 0.1 mM phenylmethylsulphonyl
fluoride, 1 pg-mL™ leupeptide, 28 ug-mL™ aprotinin, pH 7.4.
The samples were homogenized on ice with an Ultraturrax
(IKA, Staufen, Germany) and then subjected to two centrifu-
gation steps at 6000x g and 4°C for 15 min. The MPO
(donor : H,O, oxidoreductase, EC 1.11.1.7) content of the
supernatant was measured with an enzyme-linked immun-
osorbent assay kit specific for the rat and mouse protein
(Hycult Biotechnology, Uden, the Netherlands). The sensi-
tivity of this assay is 1 ng-mL™ at an intra- and inter-assay
variation of around 10%.

Histological examination of the colon

For histological examination, specimens of the distal colon
were fixed in a medium containing 2% paraformaldehyde,
2.5% glutaraldehyde and 0.1 M cacodylate buffer of pH 7.4
and embedded in Technovit 7100 (Heraeus Kulzer, Wehrheim,
Germany). Then 2.5 um sections were cut and stained with a
mixture of methylene blue-azure II and basic fuchsin. The
sections were taken randomly from the distal colon, and
histological injury was assessed in qualitative terms.

Locomotor, exploratory and ingestive behaviour

The circadian pattern of locomotion, exploration, drinking
and feeding was assessed with the LabMaster system that
consisted of six recording units, each unit comprising a test
cage (type III, 42 cm x 26.5 cm x 15 cm, length x width X
height), two external infrared frames and a cage lid fitted with
two weight transducers (Edelsbrunner etal., 2009). These
devices were connected to a personal computer that was used
to collect and analyze the data with the LabMaster software.
The system was configured such that 720 values of each test
parameter were collected over a 12 h interval.

The two weight transducers were employed to quantify
ingestive behaviour. To this end, a feeding bin filled with
standard rodent chow (altromin 1324 FORTI; Altromin, Lage,
Germany) and a drinking bottle filled with tap water were
each attached to a transducer on the cage lid, and the animals
were allowed to drink and feed ad libitum. Water and food
intake over time was measured in mL and g, respectively. For
data analysis, the amount of water and food ingested over
select time intervals was normalized to the body weight of the
animals.

For recording locomotion and exploration, the two external
infrared frames were positioned in a horizontal manner above
one another at a distance of 4.3 cm, with the lower frame
being fixed 2.0 cm above the bedding floor. The bottom frame
was used to record horizontal locomotion (ambulatory move-
ments) of the mice, whereas the top frame served to record
vertical movements (rearing, exploration). The measures of
activity (locomotion, exploration) were derived from the light
beam interruptions (counts) of the corresponding infrared
frames.
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Circulating corticosterone levels

The plasma levels of corticosterone were determined between
11:00 and 13:00 h 2 days before as well as 20 min after AITC
(2%) or its vehicle (peanut oil, 0.05 mL) had been adminis-
tered into the colon. Blood was collected into vials coated
with ethylenediamine tetraacetate (Greiner, Kremsmiinster,
Austria) kept on ice. Following centrifugation for 20 min at
4°C and 1200x g, blood plasma was collected and stored at
—20°C until assay. The plasma levels of corticosterone were
determined with an enzyme immunoassay kit (Assay Designs,
Ann Arbor, MI, USA). According to the manufacturer’s speci-
fications, the sensitivity of the assay is 27 pg-mL™, and the
intra- and inter-assay coefficient of variation amounts to 7.7
and 9.7%, respectively.

Statistics

Statistical evaluation of the results was performed on Graph-
Pad Prism version 4.03 for Windows (GraphPad Software, San
Diego, CA, USA) with Student’s t-test (two treatments groups),
one-way or two-way analysis of variance or the Kruskal-Wallis
test. The choice of post-tests for multiple comparisons
depended on the number of treatment groups and the results
of the normality test. To assess the normal distribution of the
data, the Kolmogorov-Smirnov test was used. If the normality
test was passed, Bonferroni’s multiple comparison test was
used as post-test, whereas Dunn’s multiple comparison test
was employed when the normality test failed. Outliers
detected by Grubb’s test were excluded from the analysis. All
data are presented as means * SEM, n referring to the number
of mice in each group. Probability values of P < 0.05 and P <
0.01 were considered as significant and highly significant,
respectively, whereas values of P = 0.1 were interpreted as
trends.

Materials

AITC, capsaicin, peanut oil and pentobarbital were obtained
from Sigma-Aldrich, morphine hydrochloride from Gerot-
Lannach (Lannach, Austria), and HC-030031 (2-(1,3-
dimethyl-2, 6-dioxo-1, 2, 3, 6 - tetrahydro-7H-purin-7-yl)-N-(4-
isopropylphenyl)acetamide) from ChemBridge Corporation
(San Diego, CA, USA). AITC (1 or 2%) and capsaicin (5%) were
dissolved in peanut oil, whereas morphine hydrochloride
(5 mg-mL™") was dissolved in saline (0.9% NaCl). HC-030031
was suspended in methyl cellulose (0.5% in saline) at a con-
centration of 33 mg-mL™. Pentobarbital was dissolved in an
aqueous solution containing 20% ethylene glycol and 10%
ethanol at a concentration of 120 mg-mL™.

Results

Effect of intracolonic administration of AITC and capsaicin on
the spinal c-Fos response

Preliminary experiments were conducted to identify the seg-
ments of the spinal cord (L6-S2) that responded to intraco-
lonic administration of AITC (1%) with maximal expression
of c-Fos. The pertinent data showed that the c-Fos response
was most prominent in the superficial layers (laminae I-II,) of
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Figure 1

Photomicrographs showing the expression of c-Fos in laminae I-ll, of the S1 spinal dorsal horn as visualized by immunohistochem-

istry 1 h after intracolonic administration of vehicle (peanut oil) or allyl isothiocyanate (AITC; 2%) to control mice and mice pretreated with
dextran sulphate sodium (DSS; 2%) for 1 week. (A) Intracolonic vehicle in control mice, (B) intracolonic AITC in control mice, (C) intracolonic
vehicle in DSS-pretreated mice, (D) intracolonic AITC in DSS-pretreated mice, (E) intracolonic AITC in control mice injected with HC-030031,
(F) intracolonic AITC in DSS-pretreated mice injected with HC-030031. Calibration bar: 100 um.

the S1 dorsal horn. Further experiments indicated that the
number of c-Fos positive cells in S1 depended on the intraco-
lonic concentration of AITC. Compared with vehicle, AITC
(1%) enhanced the expression of c-Fos at S1 by a factor of 1.3
(derived from the mean number of c-Fos positive cells
counted after AITC stimulation divided by the mean number
counted after vehicle administration), whereas AITC (2%)
increased it by a factor of 1.8 (Figures 1 and 2). The c-Fos
response to 2% AITC was statistically significant. For compari-
son, intracolonic capsaicin (5%), an agonist at TRPV1, aug-
mented the number of c-Fos positive cells in laminae I-II, of
the S1 dorsal horn by a factor of 1.6 (Figure 2).

Because there is evidence for an innervation of the colon by
thoracolumbar afferent neurones (Traub, 2000; Robinson
etal., 2004), the effect of intracolonic AITC (2%) on the
expression of c-Fos in the spinal dorsal horn of segments
T11-L1 was also assessed. However, the number of c-Fos posi-
tive cells in laminae I-II, of these spinal segments did not
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differ between mice treated intracolonically with vehicle or
AITC (Table 1).

The specificity of the c-Fos immunoreactivity in the spinal
cord was demonstrated by the absence of any immunoreac-
tive signal after preincubation of the primary antibody with
the corresponding blocking peptide.

Effect of pretreatment with DSS on parameters of colonic
inflammation and on circadian locomotor, exploratory and
ingestive behaviour

Four parameters of colonic inflammation were evaluated:
DAS, colonic MPO activity, colon length and colonic histol-
ogy. The DAS of animals pretreated with 1% DSS (0.5 = 0.3, n
= 6) did not significantly differ from that of control animals
(0.3 = 0.2, n=6). Mice pretreated with 2% DSS exhibited signs
of diarrhoea and occasionally had blood in their faeces,
whereas their weight gain was comparable to that of control
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Figure 2 Quantitative estimates of c-Fos positive cells in laminae I-ll, of the S1 spinal dorsal horn as visualized by immunohistochemistry 1 h
after intracolonic administration of (A) vehicle (peanut oil), 1% or 2% allyl isothiocyanate (AITC) and (B) vehicle or 5% capsaicin (Caps) in
control mice. The values represent means + SEM, n=5-16 (n= 16 for vehicle in panel A, combining the two vehicle groups run in parallel with
the 1% AITC and the 2% AITC group, n= 5-7 for the other groups). **P < 0.01 (one-way ANOVA followed by Bonferroni’s multiple comparison

test), ++P < 0.01 (Student’s t-test).

Table 1

Number of c-Fos positive cells in laminae I-ll, of the thoracolumbar segments T11-L2 of the spinal cord as visualized by

immunohistochemistry 1 h after intracolonic administration of vehicle (peanut oil) or allyl isothiocyanate (AITC, 2%) to control mice and mice

pretreated with dextran sulphate sodium (DSS; 2%) for 1 week

Pretreatment Treatment T11 T12 T13 L1 L2

Control Vehicle 8.5+ 07 9.4+ 0.5 9.3+1.0 7.6 =0.8 48 0.8
Control AITC 6.8 = 0.6 7.1 £ 1.1* 7.8 1.0 7.0+1.2 4.6 = 0.9
DSS Vehicle 7.7 £0.7 8.4 +0.7 83+1.7 9.0 =19 4.7 +1.3
DSS AITC 5.8 0.9 55*0.8 6.4 + 0.7 6.1 1.3 73x1.5

DSS was added to the drinking water. The values shown are means = SEM of five animals in each group. *P = 0.1 versus vehicle (Student’s t-test).

Table 2 Body weight of control mice and mice pretreated with
dextran sulphate sodium (DSS; 1 and 2%) for 1 week

Pretreatment Weight at Weight 1 week A weight (g)
the start of after the start of
pretreatment the pretreatment
Control 30.7 £0.7g 322.£1.0¢g 14059
DSS (1%) 30.1 £ 04¢g 313+ 09g¢g 1.2*+069g
DSS (2%) 31.2. £1.09g 320+ 1.2g 0.8+ 049

DSS was added to the drinking water. The values shown are means + SEM of
six animals in each group. There were no significant differences between
control and DSS-pretreated mice.

animals (Table 2). The DAS of animals pretreated with 2% DSS
(2.7 = 0.2, n = 6) was significantly larger than that seen in
control animals (P < 0.01, Dunn’s multiple comparison test)
and animals treated with 1% DSS (P < 0.05, Dunn’s multiple
comparison test).

The colon length, determined on the day of killing, did not
differ between control mice (11.07 = 0.26 cm, n = 14) and
mice pretreated with 1% DSS (11.14 = 0.32cm, n = 7). In
contrast, the colon of mice pretreated with 2% DSS (8.86 =
0.32 cm, n = 7) was significantly shorter than that of control
animals (P < 0.01, Bonferroni’s multiple comparison test).
Intracolonic treatment of control animals with 2% AITC
(10.93 = 0.53 cm, n = 7) did not alter colon length relative to
vehicle treatment (11.29 + 0.39 cm, n=7).

The MPO content in the distal part of the colon was deter-
mined 1 week after the start of the DSS pretreatment. Com-

pared with that in control animals, the colonic MPO content
was amplified by factors of 5.4 and 16.9, respectively, in mice
pretreated with 1 and 2% DSS (Figure 3A). In contrast, intra-
colonic administration of 2% AITC to control animals 1 h
before tissue sampling did not alter the MPO content relative
to intracolonic vehicle treatment (vehicle-treated mice: 0.59
= 0.07 pug-g' MPO, n = 13; AITC-treated mice: 0.69 = 0.15
ug-g’' MPO, n = 14).

Histological examination of tissue sections revealed that
pretreatment of mice with DSS (2%) failed to cause major
structural changes of the colonic mucosa, relative to the
mucosal architecture seen in control animals. In some speci-
mens, accumulations of leucocytes in the lamina propria and
submucosa were observed. Representative histographs of the
colonic wall of a control mouse and an animal pretreated with
DSS (2%) are shown in Figure 4.

The circadian pattern of locomotion, exploration, feeding
and drinking was not significantly altered when, after 1 week
under control conditions, the animals’ drinking water con-
tained 2% DSS for the following week (Figure 5).

Effect of pretreatment with DSS on the ability of intracolonic
AITC to enhance c-Fos expression in the spinal cord and to
elevate circulating corticosterone levels

The expression of c-Fos measured in the spinal dorsal horn at
segment S1 after intracolonic administration of vehicle did
not significantly differ between control animals and animals
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Figure 3 Myeloperoxidase (MPO) content of the distal colonic wall. (A) Colonic MPO content in control mice and mice pretreated with
dextran sulphate sodium (DSS; 1 or 2%) for 1 week. DSS was added to the drinking water, whereas control mice drank normal tap water. (B)
Colonic MPO content in mice pretreated with DSS (2%) for 1 week and treated with morphine (10 mg-kg™' subcutaneously) or its vehicle 2 h
before tissue collection. (C) Colonic MPO content in mice pretreated with DSS (2%) for 1 week and treated with HC-030031 (300 mg-kg™)
or its vehicle 1.5 h before tissue collection. The values represent means + SEM, n = 4-13 (n = 13 for control in panel A, combining the two
control groups run in parallel with the 1% DSS and the 2% DSS group, n = 4 for the groups in panel C, n =7 for the other groups). One outlier
in panel A (control) and one outlier in panel C (HC-030031) were removed on the basis of Grubb'’s test. **P < 0.01 (one-way ANOVA followed

by the Bonferroni’s multiple comparison test).

Figure 4 Light microscopic appearance of the colonic mucosa taken
from a control mouse (A) and a mouse pretreated with dextran
sulphate sodium (2%) for 1 week (B). Calibration bar: 100 um.
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pretreated with DSS (1 and 2%) for 1 week (Figure 6A,B,C).
The spinal c-Fos response to intracolonic AITC (2%) tended to
be enhanced in mice pretreated with the lower dose of DSS
(1%), relative to the response measured in control animals
(Figure 6A). Pretreatment with the higher dose of DSS (2%) for
1 week resulted in a significant increase in the c-Fos expres-
sion that intracolonic AITC (2%) induced in laminae I-II, of
the S1 dorsal horn, whereas the c-Fos response to intracolonic
vehicle did not differ between control and DSS-pretreated
animals (Figure 6B). The number of spinal neurones express-
ing c-Fos in response to intracolonic capsaicin (5%) was like-
wise significantly enhanced in mice pretreated with 2% DSS
(Figure 6C).

The baseline levels of circulating corticosterone did not
significantly differ between control mice and mice pretreated
with 2% DSS (Figure 7). In both groups of mice, intracolonic
administration of vehicle (peanut oil) caused a nominal, but
insignificant, increase in the plasma levels of corticosterone as
measured 20 min post-treatment (Figure 7). In contrast, intra-
colonic administration of AITC (2%) resulted in a significant
elevation of the corticosterone concentration in the plasma,
an effect that was seen in both control animals and mice
pretreated with 2% DSS (Figure 7).

Effect of morphine and HC-030031 on the spinal c-Fos response

to intracolonic AITC

Morphine (10 mg-kg™) or its vehicle was injected subcuta-
neously 1 h before intracolonic administration of AITC (2%)
or capsaicin (5%). The opioid receptor agonist was able to
significantly inhibit the spinal c-Fos response to intracolonic
AITC and capsaicin in control mice as well as in mice pre-
treated with 2% DSS in which the spinal c-Fos expression
was significantly enhanced (Figure 8A,B). In both groups of
animals, the spinal c-Fos expression was reduced by mor-
phine to a level that was similar to that seen following intra-
colonic administration of peanut oil (the vehicle for AITC
and capsaicin) to control animals. In contrast, the colonic
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Figure 5 Time course of the circadian locomotor (A), exploratory (B), feeding (C) and drinking (D) activities in mice over a period of 2 weeks,
before and after pretreatment with dextran sulphate sodium (DSS; 2%). During the first week, the mice drank normal tap water, whereas
during the second week they drank water containing 2% DSS. The cumulative activities measured during the light (white areas) and dark
(shaded areas) phases were expressed as a percentage of the activity measured during the dark phase of day 7, immediately before the
pretreatment with DSS was begun. The values represent means = SEM, n = 6. There were no significant differences between control and
DSS-pretreated mice.
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Figure 6 Quantitative estimates of c-Fos positive cells in laminae I-ll, of the S1 spinal dorsal horn as visualized by immunohistochemistry 1 h
after intracolonic administration of (A) vehicle (peanut oil) and allyl isothiocyanate (AITC, 2%) in control mice and mice pretreated with 1%
dextran sulphate sodium (DSS), (B) vehicle and AITC (2%) in control mice and mice pretreated with 2% DSS, and (C) vehicle and capsaicin
(Caps, 5%) in control mice and mice pretreated with 2% DSS. DSS was added to the drinking water for 1 week, whereas control mice drank
normal tap water. The values represent means + SEM, n=5-7. +P = 0.1 (Student’s t-test), **P < 0.01 (two-way ANOVA followed by Bonferroni’s
multiple comparison test).
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MPO content of DSS-pretreated mice did not differ between
animals injected with morphine and those injected with
vehicle (Figure 3B).

The TRPA1 blocker HC-030031 (300 mg-kg™) or its vehicle
was injected i.p., 30 min before intracolonic administration
of AITC (2%) or capsaicin (5%). As shown in Figure 9A,
HC-030031 significantly attenuated the spinal c-Fos response
to intracolonic AITC in control mice as well as in mice pre-
treated with 2% DSS in which the number of spinal c-Fos
positive neurones was significantly increased. In both groups
of mice, the spinal c-Fos expression was lowered to the level
seen following intracolonic administration of peanut oil.
However, the colonic MPO content of DSS-pretreated mice
did not differ between animals treated with HC-030031 and
those treated with vehicle (Figure 3C). The specificity of
HC-030031 as a TRPA1 blocker was confirmed by its failure to
significantly inhibit the spinal c-Fos expression evoked by
intracolonic administration of the TRPV1 agonist capsaicin
(5%) in control rats, although a trend towards inhibition was
noted (Figure 9B).

Discussion

In the present study, chemical signalling from the colon to
the mouse spinal cord was examined with AITC and capsai-
cin. AITC has long been known to stimulate nociceptive affer-
ent neurones (Bruce, 1910), although it has only recently
been elucidated that it does so by activating TRPA1 (Jordt
et al., 2004; Bautista ef al., 2005), whereas capsaicin excites
sensory neurones via TRPV1 (Caterina and Julius, 2001;
Holzer, 2008). The major findings of our present work can be
summarized as follows: (i) like capsaicin, intracolonic AITC
caused afferent signalling to the spinal cord (S1) as visualized
by expression of c-Fos; (ii) this afferent input was enhanced by
mild colitis in the absence of overt structural damage; (iii) the
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spinal c-Fos response to intracolonic AITC was associated with
an increase in the circulating corticosterone level; (iv) the
AITC- and capsaicin-induced afferent signalling was inhibited
by morphine; and (v) the spinal c-Fos response to intracolonic
AITC, but not capsaicin, was prevented by the TRPA1 channel
blocker, HC-030031.

Afferent signalling from the mouse colon was visualized by
c-Fos expression in the spinal cord, a standard method of
functional neuroanatomy to delineate stimulus-evoked acti-
vation of neurones (Munglani and Hunt, 1995). The appear-
ance of the c-Fos protein was measured 1 h post-stimulus,
because c-Fos protein translation in the mouse brainstem
reaches its maximum at this time (Wultsch et al., 2005). Neu-
roanatomical evidence indicates that the descending colon of
rodents is innervated by both thoracolumbar (T8-L1) and
lumbosacral (L6-S1) spinal afferent neurones Traub, 2000;
Robinson et al., 2004). However, the spinal c-Fos response to
intracolonic AITC was restricted to the lumbosacral level, as
in segments T11-T12 no increase in the number of c-Fos
positive cells was noted. As has been observed in the rat (Lu
and Westlund, 2001), the c-Fos response was largest in the S1
dorsal horn. We conclude that intracolonic AITC activated
only lumbosacral afferents, despite the fact that TRPA1 is
expressed by both splanchnic and pelvic afferents of the
mouse (Brierley et al., 2009).

The number of c-Fos positive cells induced by AITC and
capsaicin was highest in the superficial layers (laminae I-Il,)
of the S1 dorsal horn. The same topography of the c-Fos
response to intracolonic AITC was found in the rat (Lu and
Westlund, 2001), which is consistent with the prominent
termination of visceral sensory neurones in lamina I and the
outer part of lamina II of the spinal cord (Cervero and
Connell, 1984; Neuhuber etal., 1986; Traub etal., 1992;
Lanteri-Minet et al., 1993). Although visceral afferents also
project to deeper laminae of the spinal cord (Cervero and
Connell, 1984; Neuhuber etal., 1986; Traub etal., 1992;
Lanteri-Minet et al., 1993), we failed to observe an appreciable
c-Fos response in these layers. As discussed by Lu and
Westlund (2001), expression of c-Fos in the deep dorsal horn
may only occur in response to more intense stimulation, for
example, colorectal distension (Traub etal., 1992; Lanteri-
Minet et al., 1993).

AITC and capsaicin can excite sensory neurones directly by
an action on their peripheral fibres and/or indirectly by alter-
ing intestinal functions that stimulate afferent nerve activity.
Intracolonic administration of vehicle, AITC or capsaicin is
likely to cause some distension and mechanical irritation of
the colon. The part of the c-Fos response to AITC and capsai-
cin that exceeds that to intracolonic vehicle is thought to
arise from neural mechanisms activated by TRPA1 and TRPV1,
respectively. Apart from a direct excitation, afferent nerve
fibres might also respond to AITC-induced stimulation of
intestinal motor activity (Penuelas etal., 2007; Nozawa
etal., 2009). In addition, AITC has been reported to induce
colonic inflammation (Traub, 2000; Lu and Westlund, 2001;
Kimball et al., 2006, 2007), yet a substantial participation of
inflammation-derived mediators in the spinal c-Fos response
to AITC is negated by the failure of AITC to enhance colonic
MPO and reduce colonic length within 1 h post-treatment.
Another way whereby AITC could indirectly stimulate affer-
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Figure 8 Effect of morphine on the quantitative estimates of c-Fos positive cells in laminae I-ll, of the S1 spinal dorsal horn as visualized by
immunohistochemistry 1 h after intracolonic administration of (A) 2% allyl isothiocyanate (AITC) or (B) 5% capsaicin (Caps) to control mice
and mice pretreated for 1 week with dextran sulphate sodium (DSS, 2%). Morphine (10 mg-kg™) or its vehicle was injected subcutaneously
1 h before intracolonic administration of AITC or capsaicin. The values represent means + SEM, n=5-7. +P = 0.1 (Student’s t-test), *P < 0.05,
**P < 0.01 (two-way ANOVA followed by Bonferroni’s multiple comparison test).
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Figure 9 Effect of HC-030031 on the quantitative estimates of c-Fos positive cells in laminae I-ll, of the S1 spinal dorsal horn as visualized
by immunohistochemistry 1 h after intracolonic administration of (A) 2% allyl isothiocyanate (AITC) or (B) 5% capsaicin (Caps) to control mice
and mice pretreated for 1 week with 2% dextran sulphate sodium (DSS). HC-030031 (300 mg-kg™) or its vehicle was injected intraperitoneally
30 min before intracolonic administration of AITC or capsaicin. The values represent means + SEM, n = 5-6. +P = 0.1 (Student’s t-test), *P <
0.05, **P < 0.01 (two-way ANOVA followed by Bonferroni’s multiple comparison test).

ent neurones is via release of cholecystokinin (Purhonen
et al., 2008) and 5-HT (Nozawa et al., 2009) from enteroendo-
crine cells that express TRPA1, a possibility that awaits to be
tested.

The ability of the TRPA1 blocker HC-030031 (McNamara
et al., 2007; Eid et al., 2008; Taylor-Clark et al., 2008) to reduce
the spinal c-Fos response to intracolonic AITC to a magnitude
seen in vehicle-treated mice shows that the effect of AITC is
mediated by TRPA1. This conclusion is in keeping with the
finding that knockout of TRPA1 abolished AITC-evoked neu-
ronal stimulation (Bautista et al., 2006; Kwan et al., 2006) and
the effect of intracolonic AITC to enhance c-Fos expression in
spinal neurones (Cattaruzza etal., 2010). The inability of
HC-030031 to significantly blunt the c-Fos response to cap-
saicin attests to its selectivity as a TRPA1 blocker. This obser-
vation also indicates that AITC and capsaicin excite sensory
neurones by activating different molecular sensors, that is,
TRPA1 and TRPV1.

In addressing the question whether the spinal c-Fos
response to intracolonic AITC and capsaicin reflects nocicep-
tion, we found that morphine significantly reduced the
number of c-Fos positive cells in the S1 dorsal horn. The
behavioural pain response to intracolonic AITC is likewise

blunted by morphine (Laird et al.,, 2001). In analogy with
other studies (Hammond et al., 1992; Traub et al., 1995; Schu-
ligoi et al., 1998; Laird et al., 2001) we therefore conclude that
p-opioid receptors control the AITC- and capsaicin-evoked
input to the spinal cord and that the opioid-sensitive expres-
sion of c-Fos in the spinal cord is a molecular correlate of
colonic chemonociception. In addition, we suppose that the
spinal c-Fos response to noxious chemical stimulation of the
colon has predictive validity for the pharmacological evalua-
tion of analgesic drug candidates.

IBS is commonly associated with hypersensitivity to col-
orectal distension (Azpiroz et al., 2007; Knowles and Aziz,
2009) and low grade inflammation in the absence of any
mucosal lesions (Bercik et al., 2005; Spiller, 2007; De Giorgio
and Barbara, 2008). In examining the question whether there
is also hypersensitivity to chemical stimuli under conditions
of low grade inflammation, we used a model of mild colitis
induced by addition of DSS to the drinking water for 7 days.
In the animals pretreated with DSS, the DAS was increased
because of diarrhoea and the presence of blood in the faeces,
the colon length was reduced and the colonic submucosa
infiltrated by leucocytes as revealed by histology and con-
firmed by an increased MPO content of the colonic wall.
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Although these changes are typical of colonic inflammation
induced by DSS (Kimball efal.,, 2006; Reber etal., 2006;
Eijkelkamp et al., 2007), the severity of colitis was mild, given
that the architecture of the colonic mucosa remained essen-
tially preserved and the locomotor, exploratory and ingestive
behaviour as well as the weight gain of the animals stayed
unaltered.

The activation of S1 spinal neurones by intracolonic AITC
and capsaicin was significantly increased in mice with mild
colitis. As the c-Fos response recorded after vehicle adminis-
tration did not differ between control and DSS-pretreated
animals (Figure 6B,C), it would appear that DSS per se did not
change c-Fos expression in the spinal cord. In addition, the
finding that the c-Fos response to intracolonic vehicle
remained unchanged in DSS-pretreated mice indicates that
the hypersensitivity to AITC and capsaicin did not result from
hypersensitivity to mechanical stimuli associated with the
intracolonic administration procedure. We therefore con-
clude that the exaggerated expression of c-Fos, which AITC
and capsaicin induced in the spinal cord of DSS-pretreated
mice, reflects chemical hypersensitivity. It need be empha-
sized that this increase in chemosensitivity occurs with mild
colitis and can be studied under conditions that resemble
those in functional gastrointestinal pain syndromes. Thus it is
possible to avoid artificial experimental conditions such as
necrotic colitis, which in rats has been reported to enhance
behavioural pain responses to intracolonic AITC and colorec-
tal distension (Yang et al., 2008).

The sensory processing of colorectal distension in healthy
rats occurs in the lumbosacral spinal cord, whereas the
inflammatory hypersensitivity to mechanical stimulation of
the colon is in part mediated by T11-L1 thoracolumbar affer-
ent neurones (Traub, 2000). In contrast, intracolonic AITC
administration to both control and DSS-pretreated mice failed
to increase the expression of c-Fos in the T11-L2 segments of
the spinal cord. Thus, mild inflammation does not seem to
recruit thoracolumbar afferent neurones to respond to chemi-
cal irritation of the colon, and it is tempting to speculate that
different afferent pathways participate in the inflammatory
hypersensitivity to chemical and mechanical stimulation of
the large intestine.

The increased expression of c-Fos in the S1 spinal dorsal
horn, which intracolonic AITC and capsaicin evoked in
mice with mild colitis, was prevented by morphine, whereas
the DSS-induced increase in colonic MPO content remained
unaltered. These findings indicate that the exaggerated c-Fos
response represented a correlate of chemical hyperalgesia of
the colon and that the anti-hyperalgesic action of morphine
resulted from an inhibitory action on nociceptive afferent
pathways and did not reflect a reduction of colonic inflam-
mation. The hyperalgesic response to AITC was mediated by
TRPA1 channels because it was blocked by the TRPA1l
channel blocker HC-030031, whereas the DSS-induced
colitis remained unaffected by treatment with HC-030031 as
judged from the colonic MPO content. It awaits to be inves-
tigated whether the colonic hypersensitivity to AITC and
capsaicin reflects sensitization of TRPA1 (Wang et al., 2008;
Yang et al., 2008; Brierley et al., 2009) and TRPV1 (Holzer,
2008), respectively, an increase in their expression by
primary afferent neurones, or other phenotypic alterations
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of TRPA1- and TRPVI1-positive afferents. There are reports
that experimental colitis causes upregulation of TRPA1 in
the colon (Kimball et al., 2007) and visceral sensory neu-
rones (Yang ef al., 2008), much as TRPV1 is sensitized and
upregulated in colonic inflammation and functional gas-
trointestinal pain syndromes without overt inflammation
(Miranda etal., 2007; Winston etal., 2007; De Schepper
et al., 2008; Holzer, 2008).

Gastrointestinal pain is associated with neuroendocrine
reactions (Blackburn-Munro, 2004; Knowles and Aziz, 2009),
a relationship that was borne out by the increase in the
plasma concentration of corticosterone following intraco-
lonic administration of AITC, but not vehicle. Colonic
chemonociception mediated by TRPA1 thus results in stimu-
lation of the hypothalamic-pituitary-adrenal axis. As the
AITC-evoked elevation of circulating corticosterone was seen
both in control and DSS-pretreated mice, it appears as if the
hypersensitivity to AITC in mild colitis did not translate into
a hyperresponsiveness of the neuroendocrine output from the
brain.

In conclusion, our data attested to an important role of
TRPA1 in colonic chemo-nociception and in the chemical
hyperalgesia associated with mild colitis. TRPA1 is a multimo-
dal chemo-nocisensor (Bautista et al., 2006; Fujita et al., 2007,
2008; Trevisani et al., 2007; Macpherson et al., 2007a, 2007b;
Eid et al., 2008; Wang et al., 2008; Andre et al., 2009; Yu et al.,
2009; Yu and Ouyang, 2009), and its sensory modalities place
TRPA1 in a position to survey the alimentary canal for spicy
compounds, pro-inflammatory mediators, environmental
toxins and potentially deleterious conditions arising from the
presence of alkalosis, H,S and oxidative insults. Given that
several irritant chemicals can be present in the chyme, TRPA1
may be of relevance to several gastrointestinal pain condi-
tions. In addition, TRPA1 appears to contribute to mechanical
pain of the oesophagus, stomach and colon (Yang et al., 2008;
Kondo etal., 2009; Yu etal., 2009; Yu and Ouyang, 2009;
Cattaruzza et al., 2010).
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