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1 Intestinal inflammation enhances the potency of p-opioid receptor (MOR) agonists inhibiting
gastrointestinal transit and increases the expression of MOR in mice intestine. The precise mechanisms
implicated in the increased expression of MOR during intestinal inflammation are not known. The
aim of the study is to evaluate if nitric oxide released during intestinal inflammation could modulate
MOR gene expression and affect gastrointestinal transit.

2 Intestinal inflammation was induced by the intragastric administration of croton oil. In CD-1
mice, with and without inflammation, we evaluated the antitransit effects of morphine in animals
treated with NOS inhibitors (L-NAME and L-NIL) and the intestinal levels of iNOS enzyme mRNA.
The antitransit effects of morphine and the expression of MOR mRNA in the gut of wild-type (WT)
and iNOS™/~ mice were also assessed. Gastrointestinal transit was measured with charcoal meal and
mRNA levels determined by real-time PCR.

3 In CD-1 mice, inflammation induced a 10-fold increase (P<0.0001) in iNOS mRNA levels in the
gut. The absence of iNOS gene and treatment of CD-1 mice with L-NAME or L-NIL abolished the
increased antitransit effects of morphine observed during inflammation. Moreover, although the basal
levels of MOR mRNA were similar in WT and iNOS animals (—/—), intestinal inflammation only
increased the MOR expression in the gut of WT (P<0.01) but not in iNOS™/~ mice.

4 The results suggest that nitric oxide derived from the increased expression of iNOS is implicated in
the enhanced effects of morphine and in the upregulation of MOR gene transcription observed during

intestinal inflammation.
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Introduction

1-Opioid receptor (MOR) a member of the G-protein-linked
receptor superfamily is found in the central (Mansour et al.,
1995) and peripheral nervous system (Coggeshall et al., 1997,
Sternini 2001). This receptor is expressed in various tissues
including the gut, with particular abundance in the myenteric
and submucosal plexi (Bagnol er al., 1997) and modulates
several intestinal functions such as motility and secretion
(Valle et al., 2000; Pol & Puig, 2004).

We have shown previously that intestinal inflammation
induced by croton oil enhances the potency of MOR agonists
inhibiting gastrointestinal transit and increases the transcrip-
tion and expression of MOR in CD-1 mice intestine (Puig &
Pol, 1998; Pol et al., 2001). It has been demonstrated that
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cytokines may modulate the expression of the MOR gene.
Thus, studies performed with interleukin-6 (IL-6) knockout
mice demonstrated decreased levels of MOR in the brain
compared with wild-type (WT) animals, suggesting a positive
regulation of this receptor by IL-6 (Bianchi ez al., 1999). In
addition, studies in vitro have shown that IL-1, IL-4, IL-6 and
TNFa enhance the MOR gene transcription in various
immune, endothelial and neuronal cells (Vidal et al., 1998;
Kraus et al., 2001; 2003; Borner et al., 2004). However, the
precise mechanisms implicated in the increased expression of
MOR during intestinal inflammation are not yet elucidated.
Nitric oxide is a ubiquitous mediator of numerous
physiological processes. In the gastrointestinal tract, it
regulates motility, secretion and blood flow (Esplugues,
2002). The expression of the inducible isoform of nitric oxide
synthase (iNOS) as well as nitric oxide synthesis is enhanced in
inflammatory bowel diseases (Kimura et al., 1998; McCafferty
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et al., 1999; Yue et al., 2001). However, the role that iNOS-
derived nitric oxide plays in the pathophysiology of this
condition is controversial. Different authors have postulated
that both proinflammatory and protective properties of nitric
oxide are produced by iNOS (Dikopoulos et al., 2001;
Krieglstein et al., 2001; Grisham et al., 2002). In the gut,
studies performed in iNOS-deficient mice show that they
develop a more severe colitis that WT in response to different
inflammatory agents, supporting the fact that nitric oxide may
play a potential protective role in the inflammatory response
of bowel diseases (McCafferty et al., 1997; 1999). In contrast,
other studies in iNOS knockout mice showed resistance to
trinitrobenzene sulfonic acid (TNBS) as well as to dextran
sulphate sodium-induced colitis, indicating that iNOS plays a
critical role in the onset of bowel inflammation (Hokari et al.,
2001; Krieglstein et al., 2001; Beck et al., 2004).

Several studies have shown that nitric oxide can modulate
the effects of MOR agonists during acute peripheral inflam-
mation. In this experimental condition, the antinociceptive
effects of p-opioids were enhanced or diminished by the
peripheral administration of nitric oxide donors or NOS
inhibitors, respectively (Nozaki-Taguchi & Yamamoto, 1998;
Tasatargil & Sadan, 2004). No studies have been carried out to
evaluate the effects of nitric oxide in the antitransit effects of
morphine during intestinal inflammation.

The aim of the present study is to evaluate if nitric oxide
released during inflammation could modulate the MOR gene
expression and gastrointestinal transit. Our hypothesis was
that peripheral inflammation would induce an increase in
nitric oxide levels, which could enhance the expression of
MOR in the gut and impair gastrointestinal transit. We
evaluated in CD-1 mice, following the induction of intestinal
inflammation, the antitransit effects of morphine in animals
treated with NOS inhibitors ((N°-nitro-L-arginine-methyl ester
hydrochloride (L-NAME)) and (L-N°-(1-iminoethyl)-lysine-
hydrochloride (L-NIL)) and the intestinal levels of iNOS
mRNA. In addition, the antitransit effects of morphine and
the expression of MOR mRNA were also evaluated in the gut
from WT and iNOS™/~ mice, with and without intestinal

inflammation.

Methods

Animals

In this study, male Swiss CD-1 mice (Charles River
Laboratories, Montpelier, France), iNOS-deficient mice

(C57BL/6-NOS2™!tau:  Jackson Laboratories, Bar Harbor,
ME, U.S.A.) and their WT littermates (C57BL/6; Charles
River Laboratories, Montpelier, France) weighing 25-30g
were used. The study protocol was approved by the local
Committee of Animal Use and Care of our Institution, in
accordance with the International Association for the Study
of Pain guidelines on ethical standards for investigations
in animals. Mice were housed under 12-h/12-h light/dark
conditions in a room with controlled temperature (22°C) and
humidity (66%). Animals had free access to food and water
and were used after a minimum of 4 days acclimatization to
the housing conditions. All experiments were conducted
between 09:00 and 17:00.

Induction of inflammation

Intestinal inflammation was induced by the intragastric
administration of two doses (0.05ml) of croton oil (Sigma-
Aldrich, St Louis, MO, U.S.A.) diluted in olive oil (1:1) and
administered 24h apart; control animals received the same
volume of intragastric saline. In both instances, before the
administration of croton oil or saline, animals were fasted for
18 h, except for free access to water. Morphological changes
induced by croton oil, 5 days after the first dose administra-
tion, have been reported previously by our group (Puig & Pol,
1998) and were established by optical microscopy. In brief, a
clear disruption of the mucosa with a massive infiltration of
lymphocytes within the submucosa was observed in animals
treated with croton oil. The greatest morphological inflam-
matory changes after treatment with croton oil were observed
in the jejunum.

Gastrointestinal transit

Gastrointestinal transit was measured according to the
procedure used in our laboratory (Pol et al., 1999). Briefly,
food was removed 18 h before the experiment, but animals had
free access to water. After fasting for 18 h, animals received
intragastric charcoal meal (0.25ml of a suspension of 10%
vegetable charcoal in 5% gum acacia), and 20 min later, the
gastrointestinal transit was evaluated. Animals were killed by
cervical dislocation, and the small intestine was separated from
the omentum to avoid stretching. The length of the intestine
from the pyloric sphincter to the ileocecal junction and the
distance traveled by the charcoal meal were measured. For
each animal, gastrointestinal transit was calculated as the
percent of the distance traveled by the charcoal, relative to the
total length of the small intestine (% of gastrointestinal
transit).

The antitransit effects of subcutaneous morphine (MOR
agonist) were evaluated in CD-1, WT and iNOS~/~ mice,
treated with saline or croton oil. The effects of morphine on
the inhibition of gastrointestinal transit, in CD-1 mice treated
with NOS inhibitors, were also evaluated. We used L-NAME
as a nonselective NOS inhibitor, L-NIL as a selective iNOS
inhibitor and N“-nitro-D-arginine-methyl ester hydrochloride
(D-NAME) as an inactive isomer of NAME. The NOS
inhibitors were administered intraperitoneally at 10mgkg
for 4 consecutive days starting at the time of the second
administration of croton oil. In all instances, gastrointestinal
transit was measured 5 days after the administration of the
first dose of croton oil (or saline) and 4 days after the first dose
of NOS inhibitors (or vehicle). Morphine and vehicle were
given at day 5, 30 min before the marker.

Morphine hydrochloride was purchased from Alcaiber S.A.
(Madrid, Spain), L-NAME and L-NIL from Tocris (Ellisville,
U.S.A.) and D-NAME from Sigma-Aldrich (St Louis, MO,
U.S.A.). All drugs were dissolved in sterile pyrogen-free 0.9%
sodium chloride just before use and injected in a final volume
of 10mlkg™".

Myeloperoxidase (MPO) activity
MPO activity was measured as an indicator of granulocyte

(primarily neutrophil) infiltration into the tissue using a
modification of the method of Krawisz et al. (1984). Briefly,
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5 days after the first dose administration of croton oil or saline,
segments of jejunum weighing 50-150 mg from animals treated
with and without NOS inhibitors were removed. They were
homogenized (50mgml~'") in ice-cold 50mM potassium
phosphate buffer containing 5gl~' of hexadecyltrimethylam-
monium bromide. The homogenates were frozen and thawed
three times, and then centrifuged at 13,000 x g for 15min at
4°C. Aliquots (7 ul) of the supernatant of each sample were
added to a 96-well microtiter plate and 200 ul of potassium
phosphate buffer (50mM, pH 6.0) containing O-dianisidine
dihydrochloride (0.167mgml~") and hydrogen peroxide
(0.0005%) was added to each well. Absorbance was read at
450 nm using a 96-well microplate reader and MPO activities
were expressed as units per g of wet weight of tissue.

Tissue isolation and total RNA extraction

Due to the fact that maximal inflammation in the gut induced
by croton oil was observed in the jejunum, all experiments
were performed in this section (Puig & Pol, 1998). At 5 days
after the first dose of croton oil administration, jejunums from
CD-1, WT and iNOS™/~ mice were excised, placed in sterile
microfuge tubes, snap frozen in liquid nitrogen and stored at
—80°C until assay. For the isolation of jejunum, we collected
10 cm of the small intestine, starting 2 cm distal to the ligament
of Treitz. Jejunal preparations were homogenized in ice cold
with a homogenizer (Ultra-Turf, T8; Ika Werke, Staufen,
Germany) and their total RNA was extracted with TRIzol
(Invitrogen, Renfrewshire, England). The amount of the
purified RNA (A4y60/A2s0 ratio was >1.9) was determined by
spectrophotometry.

Reverse transcription

In all experiments, 1 ug of total RNA was reverse transcribed
into ¢cDNA using SuperScript II RNAse H™ reverse tran-
scriptase (RT) (Invitrogen, Renfrewshire, U.K.) in a final
volume of 10 ul. Negative controls were performed in which all
of the components were included except RT.

TagMan probe real-time polymerase chain reaction
(PCR)

A predeveloped assay and a designed mice TagMan assay were
used to quantify iNOS (ID:Mm00440485_ml) and MOR
gene expression, respectively (Assays-on-Demand and Design
Gene Expression Products, Applied Biosystems, CA, U.S.A.).
Phosphoglycerate kinase-1 (PGK-1) RNA gene was used as an
endogenous control (ID:Mm00435617_m1). TagMan probes
were labeled at the 5’-end with the reporter dye molecule FAM
(6-carboxy-fluorescein) and at the 3’-end with the quencher
dye molecule TAMRA (6-carboxy tetramethyl rhodamine).
All TagMan PCR primers were located in two different exons
of each gene to avoid amplification of any contaminating
genomic DNA.

The 2 x universal master mix (Applied Biosystems, CA,
U.S.A.) containing PCR buffer, MgCl,, dNTPs and the
thermal stable AmpliTaq Gold® DNA polymerase was used
in the PCR reactions. The PCR reaction mixture also
contained forward and reverse primers at 900 nM, 250 nM
TagMan probe and 1pul of the cDNA. RNAse/DNAse-free
water was added to the master mix to obtain a final volume of

20ul. The PCR reaction mixture was transferred to a
MicroAmp optical 384-well reaction plate and incubated at
95°C for 10min to activate the Amplitag Gold DNA
polymerase, and then run for 50 cycles at 95°C for 30s and
60°C for Imin on the Applied Biosystems ABI PRISM
7900HT Sequence Detection System. All samples were assayed
in duplicate. To validate the specificity of a primer set, negative
controls were analyzed in duplicate to confirm that there was
no fluorescence resulting from genomic DNA contamination.

The PCR results were analyzed with the Sequence Detector
Software version 2.1 (Applied Biosystems, CA, U.S.A.). The
standardized target gene was compared with an external
reference (a cDNA that was used in every assay). According to
the comparative threshold cycle (Cr) method (Livak &
Schmittgen, 2001), the average Cr values for target genes were
normalized with respect to the average Cy values for an
endogenous reference (PGK-1 gene), to yield the ACr. The
average ACt value obtained from an external reference was
then subtracted from the average ACy value acquired for each
target sample, to give the AACr. The relative copy number was
calculated by the expression 2~ (AACT),

Data analysis

Data are expressed as groups mean+s.e.m. The inhibitory
effects of the morphine on gastrointestinal transit are
expressed as a percentage of inhibition of the gastrointestinal
transit in a drug-treated animal (test gastrointestinal transit)
when compared with the mean of gastrointestinal transit
measured in a group of vehicle-treated mice (vehicle gastro-
intestinal transit; n=10)

% inhibition

(vehicle gastrointestinal transit — test gastrointestinal transit)x100

(vehicle gastrointestinal transit)

EDsy+s.e.m. (dose which produced 50% of maximal effect)
values were determined by linear regression analysis of dose—
response relations based on at least six animals per dose
(Tallarida & Murray, 1986). Statistical analysis for significant
differences between two groups was obtained by Student’s
t-test. When multiple groups were compared, two- or one-way
analysis of variance (ANOVA) was used, followed by a Tukey
post hoc test. A value of P<0.05 was considered significant.
For evaluating the correlation between MPO activity and the
morphine antitransit effects in animals treated with and
without NOS inhibitors, a Pearson test was used.

Results
Gastrointestinal transit

Gastrointestinal transit was evaluated in CD-1, iNOS-deficient
mice and their littermates at 5 days after treatment with saline
or croton oil. The two-way ANOVA showed a significant
effect of genotype (P<0.001), croton oil treatment (P<0.001)
and their interaction (P <0.013). The administration of croton
oil significantly enhanced gastrointestinal transit in CD-1 and
WT (P<0.02; Tukey test) but not in iNOS™~ mice (Figure 1).
In saline-treated animals, no significant differences in gastro-
intestinal transit were observed between genotypes.
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Figure 1 Percent of gastrointestinal transit in CD-1, WT and =
iNOS~/~-deficient mice treated with saline (SS) or croton oil (CO).
Each column represents the mean+s.e.m. of six to eight animals.
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CD-1-CO and WT-CO group, P<0.001 (Tukey’s test). 0 T T T |
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Table 1 Gastrointestinal transit (%) in CD-1 mice
treated with saline (SS) or croton oil (CO) and co-
treated with vehicle, L-NAME, L-NIL or D-NAME

Treatment Saline (SS) Croton oil (CO)

Vehicle 48.6+1.5 75242.3%
L-NAME 54.8+2.2 52.843.3%*
L-NIL 48.1+1.3 55.244.8%**
D-NAME 46.1+2.4 70.2+2.3*

Results are expressed as mean values +s.e.m. for six to eight
animals per group. For each group, *compares CO with SS,
P<0.001; **compares L-NAME-CO with vehicle-CO and D-
NAME-CO-treated animals, P<0.001 and, ***compares L-
NIL-CO with vehicle-CO and D-NAME-CO-treated animals,
P<0.03 (Tukey’s test).

In saline- and croton oil-treated CD-1 mice, the effects of
two NOS inhibitors (L-NAME and L-NIL) on the gastro-
intestinal transit were evaluated and the results are shown in
Table 1. The two-way ANOVA demonstrated a significant
effect of croton oil (P<0.001), NOS inhibitor treatment
(P<0.004) and their interaction (P<0.001). The administra-
tion of croton oil significantly enhanced gastrointestinal transit
in vehicle- (54.7%) and D-NAME- (52.2%) treated animals
(P<0.001, Tukey’s test). This increased gastrointestinal transit
induced by croton oil was completely (P<0.001) and
significantly reduced (14.7%; P<0.03, Tukey’s test) by
cotreatment of the animals with L-NAME or L-NIL,
respectively. In control animals, the administration of L-
NAME, L-NIL or D-NAME did not alter gastrointestinal
transit.

Antitransit effects of morphine

The involvement of nitric oxide in the enhanced antitransit
effects of morphine observed in CD-1 mice with intestinal
inflammation was evaluated by measuring their antitransit
effects in controls and animals with intestinal inflammation

Dose (mg kg™)
—4— SS —8— SS-L-NAME —A— CO —e— CO-L-NAME

b 100 -

80

60 -

40 A

20 A

Inhibition of gastrointestinal transit (%)

0 T T T 1
0.01 0.1 1 10 100

Dose (mg kg")
—8— SS-L-NIL

—4—SS

Figure 2 Inhibition of gastrointestinal transit induced by the
subcutaneous administration of morphine in controls (SS) and
croton 0il-(CO) treated animals, cotreated with L-NAME (a) or
L-NIL (b). Each point represents the mean of six to eight animals;
vertical lines show s.e.m. *P<0.01, indicates significant differences
in the dose-response curve of morphine in croton oil-treated animals
when compared to the other groups (Tukey’s test).

—4—CO —e—CO-L-NIL

treated with L-NAME or L-NIL. In control animals, the
subcutaneous administration of morphine produced a dose-
related inhibition of gastrointestinal transit, which was
significantly shifted to the left in croton oil-treated mice
(Figure 2). The dose-response curves to morphine after
cotreatment with L-NAME (Figure 2a) or L-NIL (Figure 2b)
were unaltered in controls and did not shift to the left in croton

British Journal of Pharmacology vol 145 (6)



762 0. Pol et al

Nitric oxide and u-opioid receptors

Table 2 EDs, mean values (mgkg™') of morphine on
the inhibition of gastrointestinal transit in CD-1 mice,
treated with saline (SS) or croton oil (CO), and
cotreated with vehicle, L-NAME, L-NIL or D-NAME

Treatment Saline (SS) Croton oil (CO)
Vehicle 1.43+0.11 0.15+0.03*
L-NAME 1.74+0.13 2.57+0.15%*
L-NIL 1.7340.13 2.06+0.20%**
D-NAME 1.60+0.07 0.18+0.04*

Results are expressed as mean values +s.e.m. for six to eight
animals per group. For each group *compares CO with SS,
P<0.001, **compares L-NAME-CO with vehicle-CO- and
D-NAME-CO-treated animals, P<0.001 and, ***compares
L-NIL-CO with vehicle-CO- and D-NAME-CO-treated
animals, P<0.001 (Tukey’s test).
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Figure 3 Inhibition of gastrointestinal transit induced by the
administration of a fixed dose of morphine (1 mgkg~") in WT and
iNOS™~ mice treated with saline (SS) or croton oil (CO). Each
column represents the mean of six to eight animals; vertical lines
show s.e.m., *compares CO with SS, P<0.001 and *“compares
iNOS-CO with WT-CO group, P<0.05 (Tukey’s test).

oil-treated animals. Thus, treatment with NOS inhibitors
prevented the shift to the left of the dose response to morphine
induced by croton oil.

Table 2 shows the EDs, mean values of morphine on the
inhibition of gastrointestinal transit in saline- and croton
oil-treated CD-1 mice co-treated with vehicle, L-NAME,
L-NIL or D-NAME. Results show that the administration
of croton oil significantly enhanced (9.5-fold) the antitransit
effect of morphine when compared to saline-treated animals
(P<0.001; Tukey’s test). Similar effects were observed in D-
NAME-treated mice, where inflammation (CO) increases 8.9
times the antitransit effects of morphine as compared to
their respective control group (P<0.001; Tukey’s test).
Treatment with NOS inhibitors did not alter the potency of
morphine in control animals, but completely abolished the
enhanced potency of morphine observed during inflammation
(P<0.001; Tukey’s test). The EDs, value of morphine in mice
treated with croton oil and L-NAME animals was significantly

higher than that obtained in all of the other groups (P<0.01;
Tukey’s test), except the group of mice treated with croton oil
and the specific iNOS inhibitor, L-NIL.

In addition, the antitransit effects produced by a fixed dose
of morphine (1 mgkg™") were evaluated in WT and iNOS-
deficient mice (Figure 3). Two-way ANOVA indicated a
significant genotype (P <0.001) and croton oil treatment effect
(P<0.012), and also their interaction (P<0.05). A significant
increase in the inhibitory effects of morphine was observed in
WT but not in iNOS knockout mice after croton oil treatment
(P<0.001, Tukey’s test).

MPO activity

The severity of intestinal inflammation induced by croton oil
in CD-1 mice treated with or without nitric oxide inhibitors
was assessed by measurement of MPO activity (Table 3). The
results showed a 3.5-fold increase in the MPO activity in the
jejunum of croton oil-treated animals when compared to
controls (saline-treated mice; P<0.001, Tukey’s test). The
enhanced jejunal MPO activity induced by croton oil was
significantly inhibited by treatment with L-NAME or L-NIL
(P<0.001, Tukey’s test), although their administration did
not modify the basal MPO activity in saline treated animals.
In addition, the MPO activity in croton oil-treated animals
was significantly enhanced after D-NAME administration
(3.3 times; P<0.001 Tukey’s test). A significant correlation
(r=0.70; P<0.001, Pearson’s test) between the levels of
intestinal inflammation and the morphine antitransit effects
in animals treated with and without NOS inhibitors has also
been demonstrated.

Expression of iNOS mRNA levels in the gut

The mRNA levels of iNOS in the jejunum of WT mice with
and without intestinal inflammation were determined by using
relative real-time PCR with PGK-1 as an endogenous control.
PGK-1 gene expression is unaffected by croton oil treatment.

Intestinal inflammation induces a 10-fold increase in the
levels of iNOS messenger RNA (Figure 4a). The statistical
analysis of the iNOS transcript expression revealed a
significant increase in the iNOS mRNA levels in the gut of
mice with intestinal inflammation (P<0.0001; Student’s t-
test). Each experiment was repeated in samples obtained from

Table 3 MPO activity (Ug wet tissue™') in the
jejunum of CD-1 mice treated with saline or croton
oil and cotreated with vehicle, L-NAME, L-NIL or
D-NAME

Treatment Saline (SS) Croton oil (CO)

Vehicle 1.17+£0.28 4.16+0.22*
L-NAME 1.2740.19 1.81+0.16%*
L-NIL 1.40+0.11 2.02+£0.20%**
D-NAME 1.1940.16 3.93+0.29*

Results are expressed as mean values +s.e.m. for six to eight
animals per group. For each group *compares CO with SS,
P<0.001; **compares L-NAME-CO with vehicle-CO- and
D-NAME-CO-treated animals, P<0.001 and ***compares
L-NIL-CO with vehicle-CO- and D-NAME-CO-treated
animals, P<0.001 (Tukey’s test).
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Figure 4 (a) Is a graphical representation of the relative expression
of iNOS mRNA in the jejunum samples of WT mice with (CO) and
without intestinal inflammation (SS). Inflammation induced by
croton oil enhances the iNOS mRNA levels. *P<0.0001 when
croton oil-treated and saline-treated animals are compared (Stu-
dent’s t-test). (b) Represents the relative expression of MOR mRNA
in the jejunum of WT and iNOS™~ mice treated with vehicle (SS)
or croton oil (CO). Inflammation enhances the intestinal MOR
mRNA levels in WT but not in iNOS™'~ mice. For each genotype,
*compares CO with SS, P<0.01 and #compares iNOS-CO with WT-
CO group, P<0.05 (Tukey’s test). Each column represents the
mean+s.e.m. of four different samples from independent experi-
ments.

four different animals (control and inflamed) and similar
results were obtained.

Transcript expression of MOR in the gut

To evaluate if nitric oxide released during intestinal inflamma-
tion could modulate MOR gene expression, we tested their
expression in the gut from mice lacking the iNOS gene.
Figure 4b shows the mRNA relative expression of MOR from
WT and iNOS™/~ mice 5 days after the intragastric adminis-
tration of saline or croton oil. Two-way ANOVA demon-
strated a significant effect of genotype (P<0.033), croton oil
treatment (P <0.004) and their interaction (P <0.046). Thus,
although the basal levels of MOR mRNA were similar

between WT and iNOS animals, intestinal inflammation only
increased the expression of MOR in WT but not in iNOS™/~
mice (P<0.01, Tukey’s test).

Discussion

In this study, we showed that nitric oxide derived from the
increased expression of iNOS is implicated in the upregulation
of MOR gene transcription as well as in the increase of
gastrointestinal transit observed during intestinal inflamma-
tion. Nitric oxide liberated during inflammation is also
implicated in the increase of the antitransit effects of morphine
during croton oil-induced inflammation. Thus, the absence of
iNOS gene and treatment with NOS inhibitors, both prevent
the increased gastrointestinal transit induced by croton oil,
in a manner similar to the amelioration of the hypermotility
induced by the iNOS inhibitors after Trichinells spiralis
infection or lipopolysaccharide treatment (Torrents et al.,
2003; Mathison et al., 2004). This effect could not be mimicked
by the administration of the inactive stereoisomer, D-NAME.
In addition, an increased expression of iNOS has been found
in different models of intestinal inflammation and in inflam-
matory bowel disease (Evans et al., 2000; Yue et al, 2001). Our
results support these findings showing that intestinal inflam-
mation provoked by croton oil induces iNOS expression in the
gut of CD-1 mice. Owing to the primary source of iNOS,
mRNA and protein expression in the inflammed tissue is
activated in resident immune cells and immune cells that traffic
to sites of inflammation from the systemic circulation; then,
these cell population could contribute to the increased iNOS
gene expression reported in our study (Kalff ez al., 2000). In
summary, our results show that the increased gastrointestinal
transit induced by croton oil appears to be mediated by nitric
oxide derived from iNOS since: (1) the inducible form of NOS
is increased during croton oil-induced inflammation, (2) the
specific inhibitor of the enzyme normalizes transit and (3)
gastrointestinal transit is not altered in iNOS™/'~ deficient mice
treated with croton oil.

The role of nitric oxide on the enhanced intestinal effects
of p-opioids during inflammation was evaluated by measuring
the antitransit effects of morphine (MOR agonist) in animals
treated with NOS inhibitors. According to previous studies,
the antitransit effects of morphine were significantly increased
during intestinal inflammation (Puig & Pol, 1998). However,
this increased potency of morphine (9.5 times) was signifi-
cantly diminished in iNOS™/~ mice and in WT mice treated
with L-NAME or L-NIL. In control animals, the administra-
tion of NOS inhibitors did not alter the antitransit effects of
morphine. Thus, nitric oxide appears to mediate the enhanced
effects of u-opioids during peripheral inflammation. The fact
that treatment with a specific (L-NIL) or the nonspecific
NOS inhibitor (L-NAME) produced similar effects suggests
that nitric oxide synthesized by iNOS could be primarily
responsible for the observed effects. This hypothesis is
supported by the 10-fold increase in the iNOS mRNA
levels in the gut of WT mice with intestinal inflammation.
Other inflammatory agents such as indomethacin and
TNBS, also increase iNOS mRNA levels (Evans et al., 2000;
Yue et al, 2001). This is the first study to report that the
nitric oxide pathway is involved in the antitransit effects of
morphine during intestinal inflammation. Our results agree
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with data reported in other nociceptive models of peripheral
inflammation in which the analgesic effects of u-opioids were
enhanced or diminished by the local administration of nitric
oxide donors or NOS inhibitors, respectively (Nozaki-Taguchi
& Yamamoto, 1998; Tasatargil & Sadan, 2004). Granados-
Soto et al. (1997) also demonstrated that peripheral adminis-
tration of methylene blue (a soluble guanylyl cyclase inhibitor)
significantly attenuated the antinociceptive effects of mor-
phine, supporting the view that the activated L-arginine/nitric
oxide/cGMP pathway during inflammation is implicated in the
antinociceptive effects produced by u-opioids in this experi-
mental condition.

In this work, intestinal inflammation induced by croton oil
was confirmed by the measurement of MPO activity (3.5-fold
increase) and according to other inflammatory models (Kolios
et al., 2004), the administration of a non-(L-NAME) and a
specific iNOS inhibitor (L-NIL), both attenuated the intestinal
inflammation induced by croton oil. Since the increased
potency of morphine in croton oil-treated animals was also
diminished after L-NAME or L-NIL treatment, a significant
correlation between the levels of intestinal inflammation and
the morphine antitransit effects in animals treated with and
without NOS inhibitors has been demonstrated.

We and other investigators have shown that intestinal
inflammation enhances the transcription and expression of
MOR in the gut, thus explaining the increased antitransit
and also the anti-inflammatory effects induced by p-opioids
during intestinal inflammation (Pol et al., 2001; Philippe et al.,
2003). Likewise, the analgesic effects of p-opioids were
also augmented in animals with peripheral inflammation
related to an upregulation of peripheral MOR (mRNA and
proteins) that occurs under inflammatory conditions (Z&llner
et al., 2003; Puehler et al., 2004). In croton oil-treated
animals, the augmented effect of morphine was demonstrated
by an increase in the levels of MOR mRNA and proteins
located in the myenteric plexus of animals, which mainly
control intestinal motility (Pol et al., 2001). However, due
to immune cells such as macrophages and lymphocytes
constitutively express opioid receptors (Tomassini et al.,
2003) and their number increases at the site of inflammation,
we cannot exclude that these cell populations could contribute
to the increased MOR gene expression reported in this
study.

In addition, morphine as an endogenous signaling molecule
is also involved in controlling gut motility via nitric oxide
release (Stefano er al., 2004). Thus, the specific binding of
morphine with MOR can stimulate the production of cNOS-
derived nitric oxide, as well as other inflammatory mediators,
from activated immune cells (Kowalski, 1998; Stefano et al.,
2000). Nitric oxide synthesized by constitutive nitric oxide
synthase (cNOS) is involved in the tonic inhibition of the
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