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Study on the cyclic GMP-dependency of relaxations
to endogenous and exogenous nitric oxide in the
mouse gastrointestinal tract
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Background and purpose: cGMP mediates nitrergic relaxations of intestinal smooth muscle, but several studies have indicated
that cGMP-independent mechanisms may also be involved. We addressed this contention by studying the effect of ODQ and
NS2028, specific inhibitors of soluble guanylate cyclase, on nitrergic relaxations of the mouse gut.

Experimental approach: Mouse gastric fundus and small intestinal muscle preparations were mounted in organ baths to
study relaxations to exogenous NO, NO donors and electrical field stimulation (EFS) of enteric nerves.

Key results: In gastric fundus longitudinal muscle strips, ODQ and NS2028 abolished the L-nitroarginine-sensitive relaxations
to EFS and the relaxations to NO and NO donors, glyceryl trinitrate (GTN), SIN-1 and sodium nitroprusside (SNP). EFS of
intestinal segments and muscle strips showed L-nitroarginine-resistant relaxations, which were abolished by the purinoceptor
blocker suramin. In the presence of suramin, ODQ and NS2028 abolished all relaxations to EFS in intestinal segments and
strips. ODQ and NS2028 abolished the relaxations to exogenous NO and to the NO donors GTN, SIN-1 and SNP in circular
and longitudinal intestinal muscle strips. Intestinal segments showed residual relaxations to NO and GTN.

Conclusions and Implications: Our results indicate that relaxations to endogenous NO in the mouse gastric fundus and small
intestine are completely dependent on cGMP. ODQ and NS2028 incompletely blocked nitrergic relaxations to exogenous NO
in intact intestinal segments. However, it is unlikely that this is due to the involvement of cGMP-independent pathways
because ODQ and NS2028 abolished all relaxations to endogenous and exogenous NO in intestinal muscle strips.
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Introduction

Nitric oxide (NO), which is the most important non-
adrenergic non-cholinergic (NANC) inhibitory neurotrans-
mitter in the gut (for a recent review see Toda and Herman,
2005), relaxes smooth muscle by activating soluble guany-
late cyclase thereby stimulating the formation of cyclic
guanosine-3’,5-monophopshate (cGMP). The major target of
cGMP is protein kinase G, which modulates smooth muscle
tone by interacting with myosin light chain Kkinase.
However, previous studies on the NO-cGMP pathway have
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shown that NO can also induce smooth muscle relaxation
through a cGMP-independent mechanism which, at least
in vascular smooth muscle, may involve calcium-dependent
potassium channels (Bolotina et al., 1994). cGMP-indepen-
dent NO-mediated relaxations have also been demonstrated
in smooth muscle preparations from airways (Zhou and
Torphy, 1991; Perkins et al., 1998; Venugopalan et al., 1998;
Janssen et al., 2000), myometrium and uterus (Kuenzli et al.,
1996; Modzelewska et al., 1998) and the urinary tract
(Garcia-Pascual et al., 2000; Costa et al., 2001).

In the gastrointestinal tract, cGMP-independent relaxa-
tions to NO have been observed in the lower oesophageal
sphincter (Knudsen et al., 1992; Murray et al., 1992; Saha
et al., 1993), stomach (Kitamura et al., 1993; Takakura and
Muramatsu, 1999) and duodenum (Martins et al., 1995; Serio
et al., 2003b). In the earlier studies, the lack of availability of



selective inhibitors of guanylate cyclase may be responsible
for an incomplete blockade of nitrergic relaxations. Methy-
lene blue and cystamine, for instance, have been extensively
used as modulators of NO-stimulated guanylate cyclase, but
these compounds lack the specificity of the recently devel-
oped guanylate cyclase blockers such as ODQ (Hwang et al.,
1998). The ODQ-sensitivity of nitrergic relaxations was
subsequently demonstrated in a number of gastrointestinal
preparations. However, ODQ-resistant relaxations, sugges-
tive of the involvement of cGMP-independent pathways,
have also been reported, for instance in the canine lower
oesophageal sphincter, rat gastric fundus, guinea-pig, rat and
hamster small intestine, mouse caecum and rat colon (Young
et al.,, 1996; Goyal and He, 1998; Matsuyama et al., 1999;
Tanovic et al., 2001; Daniel et al., 2002; Serio et al., 2003b;
Van Crombruggen and Lefebvre, 2004; Vanneste et al., 2004).
These discrepancies are intriguing and difficult to explain
because the physiological significance of the putative cGMP-
independent nitrergic pathway in the intestine is unknown.
Similar to vascular smooth muscle, it was suggested that
NO-mediated cGMP-independent responses in the intestine
involve the activation of Ca®*-dependent K* channels. In
longitudinal segments of the mouse small intestine, guany-
late cyclase-independent relaxations to enteric nerve stimu-
lation appear to be sensitive to apamin, a blocker of small
conductance Ca”®"-activated K* channels (Martins et al.,
1995; Serio et al., 2003b). Apamin-sensitive K* channels,
which are abundantly present in intestinal smooth muscle
cells, mediate various physiological processes among which is
purinergic NANC neurotransmission. Consequently, apamin
is widely used as a tool to block the purinergic component of
enteric inhibitory transmission. This underlines the impor-
tance of blocking these purinergic pathways when studying
the mechanisms of nitrergic relaxations in the intestine.
The aim of this study was therefore to investigate, in
detail, the guanylate cyclase dependency of nitrergic relaxa-
tions in the gastrointestinal tract by using two specific
blockers of guanylate cyclase, 1H-[1,2,4]oxadiazolo[4,3-
alquinoxalin-1-one (ODQ) and 4H-8-bromo-1,2,4-oxadiazo-
lo[3,4-d]benz[b](1,4)0xazin-1-one (NS 2028) (Garthwaite
et al., 1995; Olesen et al., 1998). The effects of ODQ and NS
2028 were determined on relaxations induced by either
endogenous or exogenous NO in isolated preparations of the
mouse gastric fundus and small intestine. Endogenous NO
release was induced by electrical stimulation of intramural
NANC nerves. Exogenous NO was added either as NO in
solution or as glyceryl trinitrate (GTN), SIN-1 and sodium
nitroprusside (SNP), all widely used NO donors.

Methods

Tissue preparation

Swiss OF1 mice (25-30 g) were deprived of food for 24 h with
free access to water before experimentation. Mice were
anaesthetized with diethyl ether and exsanguinated from
the carotid artery. The stomach and the small intestine were
rapidly removed and put in ice-cold aerated Krebs-Ringer
solution (containing in mM: NaCl 118.3, KC1 4.7, MgSO4 1.2,
KH,PO,4 1.2, CaCl, 2.5, NaCHO3; 25, CaEDTA 0.026 and
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glucose 11.1). A ~10cm long segment of the jejunum,
located ~7-cm from the ligament of Treitz, was used for
further preparation. All experimental procedures received
approval of the Committee for Medical Ethics of the
University of Antwerp.

Pharmacological studies: tissue preparation and isometric tension
recording

The stomach was opened along the lesser curvature, the
mucosa removed by sharp dissection and longitudinal
muscle strips were prepared. The jejunal segment of
~10cm was gently flushed with Krebs-Ringer solution and
cut in half. One segment of ~5cm was cut into 3-4 smaller
longitudinal segments. The other jejunal segment of ~5cm
was opened longitudinally along the mesenteric border; the
mucosa was removed and muscle strips were cut either in the
longitudinal or in the circular direction. A silk thread was
attached at the upper and lower end of the segments and
muscle strips after which they were mounted in organ baths
(volume S5ml) filled with Krebs-Ringer solution (37°C,
aerated with 5% CO2/95% O;). The segments and muscle
strips were carefully positioned in the organ bath between
two platinum ring electrodes (distance in between rings:
10mm, diameter of rings: 3mm) that were mounted on
a fixed Plexiglas rod. The lower end of the segments and
muscle strip was fixed on the Plexiglas rod and the other
end of the muscle strip was connected to a strain gauge
transducer (Scaime transducers, Annemasse, France) for
recording of isometric tension. After an initial equilibration
period of 30min, during which the tissues were washed
every 10min, the tissues were contracted with 0.1 uM
carbachol. After washout of carbachol, the tissues were
stretched (increments of 0.25¢) and when the basal tone of
the muscle preparations was stabilized, 0.1 uM carbachol was
added again. This procedure was repeated until the contrac-
tion to 0.1 uM carbachol was maximal. This point was taken
as the point of optimal length-tension relationship (De Man
et al., 2003). The tissues were then allowed to equilibrate for
60 min before starting the experiment. During the equilibra-
tion period, the preparations were washed every 15min
with fresh Krebs-Ringer solution containing atropine and
guanethidine.

Experimental protocols

Once the tissues were optimally stretched, non-adrenergic
non-cholinergic (NANC) conditions were obtained by add-
ing atropine (1 uM) and guanethidine (3 uM) to the Krebs—
Ringer solution. Atropine and guanethidine remained in the
Krebs-Ringer solution throughout all further experiments.
Preparations were precontracted with prostaglandin F,,
(0.3 uMm). Relaxations were induced either by electrical field
stimulation (EFS, 1-8 Hz, 40V, pulse width: 1 ms, pulse train:
105s) of NANC nerves, or by addition of NO or the NO donors
glyceryl trinitrate (GTN), 3-morpholinosydonimine-N-ethyl-
carbamine (SIN-1) and sodium nitroprusside (SNP). The
effects of the specific inhibitors of guanylate cyclase, ODQ
(10 M) and NS 2028 (10 uMm), were investigated, either alone
or in combination with the purinoceptor blocker suramin
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(200 uMm). The incubation time for suramin, ODQ and NS
2028 was 15min. NO was prepared by acidification of a
NaNO; solution as described previously (De Man et al.,
2001). Briefly, a stock solution of 0.1mM NaNO, was
prepared freshly in distilled water on the day of the
experiment. Appropriate dilutions (10, 30 and 100 uM) of
this stock solution were made. Thirty seconds before
injection of NO in the organ bath, the appropriate NaNO,
solution (10, 30 or 100 uM) was adjusted to pH 3 with 5mwm
HCI. A control solution of acidified distilled water did not
affect the tension of the muscle strips.

Solutions and drugs

The following drugs were used: GTN, sodium nitrite (Merck,
Darmstadt, Germany); sodium nitroprusside (SNP, Acros
Organics, Geel, Belgium); NS 2028, ODQ (Tocris Bioscience,
Bristol, UK); ATP sodium salt, atropine sulphate, carbachol,
L-NOARG, SIN-1, suramin (Sigma-Aldrich, St Louis, MO,
USA); prostaglandin F,, (Upjohn, Puurs); guanethidine
monosulphate (Ciba Geigy, Basel, Switzerland). NS 2028
and ODQ were dissolved in 50% ethanol. The final
concentration of ethanol in the organ bath did not exceed
0.1% and this did not affect the contractions and relaxations
of the muscle preparations.

Presentation of results and statistical analysis

Relaxations were calculated as the maximal inhibitory
response induced by electrical field stimulation (EFS), NO
or the NO donors. Values are calculated as % inhibition of
the prostaglandin F,,-induced contraction. Results are
shown as mean +s.e.m. for the number (1) of mice indicated.
For statistical analysis, Student’s t-test for paired values
or one-way ANOVA followed by Dunnett post hoc testing

was used. P-values less than 0.05 were considered to be
significant.

Results

Gastric fundus

EFS (1-8Hz) of longitudinal gastric fundus muscle strips
induced transient and frequency-dependent NANC relaxa-
tions (Figure 1a), which were unaffected by the purinoceptor
blocker suramin (Table 1) but abolished by the NO synthase
blocker L-nitroarginine (L-NOARG) (Figure 2a). Relaxations
to EFS were also abolished by ODQ or NS 2028 (Figures 1a, 2b
and c). NO, GTN, SIN-1 and SNP induced concentration-
dependent relaxations of gastric fundus muscle strips
(Figure 3a). Relaxations to NO were acute and transient
(Figure la) and unaffected by suramin (Table 1) whereas
relaxations to GTN, SIN1- and SNP were more sustained.
ODQ or NS 2028 virtually abolished all relaxations to NO,
GTN, SIN-1 and SNP (Figure 3a and b). ODQ or NS 2028 did
not affect the NO-independent relaxations to isoprenaline
(Table 2).

Jejunum: intact intestinal segments

Intact jejunal segments relaxed in response to EFS (1-8 Hz)
of NANC nerves. Relaxations to EFS were acute and tone
quickly recovered after cessation of EFS (Figure 1b). The
purinoceptor blocker suramin by itself had no effect on these
relaxations (Table 1) whereas L-NOARG inhibited them
(Figure 4a). Residual relaxations to EFS were observed in
the presence of L-NOARG. The L-NOARG-resistant relaxa-
tions to EFS were of small amplitude and abolished by
suramin (Figure 4a), indicating a purinergic component that
is only apparent after blockade of the nitrergic component.
Similar to L-NOARG, ODQ and NS 2028 inhibited the
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Typical tracings of isolated preparations of the mouse gastrointestinal tract. (a) Tracing of a longitudinal muscle strip of the gastric

fundus showing the effect of ODQ on NANC nerve-mediated relaxations to EFS (1-8 Hz) and on relaxations to exogenous NO (10 um).
Tracings of an intact jejunal segment (b) and a circular jejunal muscle strip (d) showing the effect of ODQ and ODQ plus suramin on NANC
nerve-mediated relaxations to EFS (1-8 Hz). Tracings of another intact jejunal segment (c) and another circular jejunal muscle strip (e) showing
the effect of ODQ (10 uM) on the relaxation to exogenous NO (10 uM), obtained in the presence of suramin to block purinergic responses.
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Effect of the purinoceptor blocker suramin (200 uM) on relaxations to EFS (2 and 4 Hz) and NO (10 uM) in gastric fundus and circular jejunal

Gastric fundus strips

Jejunal segments Circular jejunal strips

EFS 2Hz EFS 4Hz NO EFS 2Hz EFS 4Hz NO EFS 2Hz EFS 4Hz NO
Control (%) 52+6 71+4 68+7 4143 50+2 5145 71+4 77 +4 7315
Suramin (%) 48+6 67+5 65+4 46+4 53+4 53+4 7443 83+2 7843

Abbreviations: EFS, electrical field stimulation; NO, Nitric oxide.

Relaxations are expressed as % relaxation of a prostaglandin F,,-induced contraction and shown as mean +s.e.m. for n=5 experiments. Student’s t-test for paired

observations did not show significant differences.
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Figure 2 Nerve-mediated relaxations induced by EFS (1-8 Hz) of the mouse gastric fundus and the effect of (a) L-NOARG (300 um), (b) ODQ
(10 um) and (c) NS 2028 (10 um). Relaxations are expressed as per cent relaxation of a prostaglandin F,,-induced contraction and shown as
mean +s.e.m. for n=5-6 experiments. *P<0.05, Student’s t-test for paired observations.
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Figure 3 Muscle relaxations induced by NO, GTN, SIN-1 and SNP of the mouse gastric fundus and the effect of (a) ODQ (10 um) and (b) NS
2028 (10 um). Relaxations are expressed as per cent relaxation of a prostaglandin F,,-induced contraction and shown as mean+s.e.m. for
n=5-6 experiments. *P<0.05, Student’s t-test for paired observations.

relaxations to EFS (Figure 4b and c), but small amplitude
relaxations were still observed. In the presence of suramin,
ODQ and NS 2028 almost completely inhibited the relaxa-
tions to EFS (Figures 1b, 4b and c).

Suramin did not affect the relaxation in response to
exogenous NO (Table 1), but to avoid any interference owing
to purinergic signalling, all further experiments on exogen-
ous NO were conducted in the presence of suramin. The
jejunal segments relaxed on addition of NO or the NO
donors GTN, SIN-1 and SNP (Figure 5). The relaxations to NO
(Figure 1c) and GTN were acute and transient and resembled
those to EFS. Relaxations to SNP were rapid in onset and
recovered slowly. Relaxations to SIN-1 were slow both in
onset and recovery. In the intact jejunal segments, ODQ

almost completely blocked the relaxations to exogenous NO
(Figure 1¢) and those to the NO donors SIN-1, SNP and 10 uM
GTN (Figure 5a). However, a significant residual relaxation
to 100 uM GTN was still observed after ODQ treatment
(Figure Sa). Similar to ODQ, NS 2028 significantly inhibited
but did not abolish the relaxations to NO and the NO donors
(Figure 5Sb). Sporadically, the relaxation to 100 uM SIN-1 (one
out of six experiments) and to 100 uM NO (two out of six
experiments) was reversed into a twitch contraction in the
presence of ODQ. This was also observed with NS 2028: the
relaxation to 100 uM SIN-1 and to 100 um NO was reversed
into a twitch contraction in two out of six tissues in each set
of experiments. Contractions in response to either EFS, GTN
or SNP were never observed in the presence of either ODQ or
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Table 2 Effect of ODQ (10 um) and NS 2028 (10 uM) on relaxations to isoprenaline (3-30 nM) in gastric fundus and circular jejunal muscle strips and in

intact jejunal segments

Gastric fundus strips

Jejunal segments

Circular jejunal strips

1SO 10 nm 1SO 30nm 1SO 3nm 1SO 10 nm I1SO 3 nm 1SO 10 nm
Control (%) 20+2 64+2 31+4 71+4 26+3 67+6
OoDQ (%) 19+4 59+8 28+5 69+6 27+3 72+7
Control (%) 23+3 72+8 2742 66+2 29+4 70+6
NS 2028 (%) 26+3 74+6 3243 735 30+2 73+8

Abbreviation: 1SO: isoprenaline.

Relaxations are expressed as % relaxation of a prostaglandin F,,-induced contraction and shown as mean +s.e.m. for n=4 experiments. Student’s t-test for paired

observations did not show significant differences.
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Figure 4 Nerve-mediated relaxations induced by EFS (1-8 Hz) of intact segments of the mouse jejunum and the effect of (a) L-NOARG
(300 um), (b) ODQ (10 um) and (c) NS 2028 (10 um) in the absence and presence of suramin (200 uM). Relaxations are expressed as per cent
relaxation of a prostaglandin F,,-induced contraction and shown as mean+s.e.m. for n=6-8 experiments. *P<0.05, one-way ANOVA

followed by Dunnett post hoc test.
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Figure 5 Relaxations induced by NO, GTN, SIN-1 and SNP of intact segments of the mouse jejunum and the effect of (a) ODQ (10 uM) and
(b) NS 2028 (10 uMm) in the presence of suramin (200 uM). Relaxations are expressed as per cent relaxation of a prostaglandin F,,-induced
contraction and shown as mean+s.e.m. for n=6-8 experiments. *P<0.05, Student’s t-test for paired observations.

NS 2028. The guanylate cyclase blockers had no effect on the
NO-independent relaxations to isoprenaline in the jejunal
segments (Table 2).

Jejunum: circular muscle strips

EFS of NANC nerves induced frequency-dependent relaxa-
tions of the circular jejunal muscle strips and these relaxa-
tion responses were rapid in onset and transient (Figure 1d).
Suramin had no effect by itself on these relaxations (Table 1).
L-NOARG inhibited the relaxations to EFS but did not
abolish them: residual acute twitch relaxations were still
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observed in the presence of L-NOARG (Figure 6a). These
L-NOARG-resistant relaxations to EFS were abolished by
suramin (Figure 6a). Similar to L-NOARG, ODQ and NS 2028
only partially inhibited the relaxations to EFS of circular
jejunal muscle strips (Figures 1d and 6b, c). However, in the
presence of suramin, ODQ and NS 2028 abolished the
relaxations to EFS (Figures 1d and 6b, ¢).

Suramin by itself did not affect the relaxations to
exogenous NO (Table 1) but to avoid any interference of
purinergic pathways, all experiments with exogenous NO
and NO donors were conducted in the presence of suramin.
In the presence of suramin, circular jejunal muscle strips
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Figure 6 Nerve-mediated relaxations induced by electrical field stimulation (EFS, 1-8 Hz) of circular muscle strips of the mouse jejunum and
the effect of (a) L-NOARG (300 um), (b) ODQ (10 uM) and (c) NS 2028 (10 uM) in the presence and absence of suramin (200 uM). Relaxations
are expressed as per cent relaxation of a prostaglandin F,-induced contraction and shown as mean+s.e.m. for n=5 experiments. *P<0.05,

one-way ANOVA followed by Dunnett post hoc test.
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Figure 7 Relaxations induced by NO, GTN, SIN-1 and SNP of circular muscle strips of the mouse jejunum and the effect of (a) ODQ (10 um)
and (b) NS 2028 (10 uMm) in the presence of suramin (200 uMm). Relaxations are expressed as per cent relaxation of a prostaglandin F,,-induced
contraction and shown as mean+s.e.m. for n=>5 experiments. *P<0.05, Student’s t-test for paired observations.

readily relaxed to NO, GTN, SIN-1 and SNP (Figure 7).
Relaxations to NO were rapid in onset and transient
(Figure 1e) whereas relaxations to GTN, SNP and SIN-1 were
rapid in onset but sustained. ODQ and NS 2028 abolished
the relaxations to NO (Figure 1e) and those to GTN, SNP and
SIN-1 (Figure 7a and b) without affecting the NO-indepen-
dent relaxations to isoprenaline (Table 2). No contractions to
NO or SIN-1, such as those sporadically seen in intact jejunal
segments in the presence of ODQ or NS 2028, were ever
observed in circular jejunal muscle strips.

Jejunum: longitudinal muscle strips

EFS (1-8 Hz) of longitudinal jejunal muscle strips had no
clear relaxant effect. Only a minor relaxation was observed at
EFS 8 Hz. This relaxation was abolished on addition of either
L-NOARG (from 8.5+4.1 to 0+0%), ODQ (from 13+7 to
0+0%) or NS 2028 (from 8+3 to 0+0%). Longitudinal
jejunal strips relaxed to exogenous NO and to GTN, SIN-1
and SNP (Figure 8). Relaxations to NO, GTN and SNP were
rapid in onset and transient whereas those to SIN-1
developed slowly and were sustained. ODQ and NS 2028
abolished all these relaxations (Figure 8a and b). No
contraction to NO or SIN-1 was ever observed in the presence
of ODQ and NS 2028.

Discussion and conclusions

The possibility that NO-mediated relaxations in the intestine
may be partially cGMP-independent is debatable. We there-
fore, studied the effect of the specific guanylate cyclase
blockers ODQ and NS 2028 on relaxations to endogenous
and exogenous NO in the mouse gastrointestinal tract.

In gastric fundus muscle strips, the NO synthase blocker
L-NOARG abolished all NANC relaxations to EFS confirming
the nitrergic nature of these responses (De Man et al., 2001).
The effect of L-NOARG was completely mimicked by the
guanylate cyclase blockers ODQ and NS 2028: ODQ and NS
2028 abolished all NANC nerve-mediated relaxations to EFS.
In addition, ODQ and NS 2028 abolished the relaxations to
exogenous NO. These results extend previous findings in the
mouse and rat gastric fundus, where ODQ blocked the
responses to NO and inhibited EFS-induced NANC relaxa-
tions to a similar degree as NO-synthase blockers (Lefebvre,
1998; Selemidis and Cocks, 2000). We also demonstrated
that ODQ and NS 2028 completely inhibited the relaxations
to three different NO donors (GTN, SIN-1 and SNP). From
these results, it was concluded that relaxations induced by
nitrergic nerve stimulation and by exogenously added NO
in the mouse gastric fundus are completely dependent
on cGMP.
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Figure 8 Relaxations induced by NO, GTN, SIN-1 and SNP of longitudinal muscle strips of the mouse jejunum and the effect of (a) ODQ
(10 um) and (b) NS 2028 (10 um). Relaxations are expressed as per cent relaxation of a prostaglandin F,,-induced contraction and shown as
mean ts.e.m. for n=6 experiments. *P<0.05, Student’s t-test for paired observations.

We further studied nitrergic relaxations in the small
intestine, in both intact segments and isolated muscle strips.
The nerve-mediated NANC relaxations in mucosa-intact
longitudinal segments of the small intestine were largely
blocked by L-NOARG, indicating the involvement of neuro-
nal NO in these responses. A small relaxation was still
observed in the presence of L-NOARG and this residual
relaxation was blocked by the purinoceptor blocker suramin.
Interestingly, suramin by itself had no effect on the NANC
relaxations to EFS. This indicates that the nerve-mediated
purinergic relaxation is revealed only after blockade of the
nitrergic response. This highlights the importance of block-
ing all non-nitrergic inhibitory pathways when studying
the mechanisms of nitrergic neurotransmission. All further
studies with ODQ and NS 2028 in the intestinal segments
were therefore performed in the presence of suramin. In
these conditions, the neurogenic NANC relaxations were
almost completely blocked by ODQ or NS 2028. The
intestinal segments readily relaxed to exogenously added
NO and to the NO donors GTN, SIN-1 and SNP. ODQ and NS
2028 potently inhibited, but did not abolish, these relaxa-
tions. The effect of NS 2028 appeared to be less marked
compared to that of ODQ.

To investigate whether cGMP-independent mechanisms
may mediate these residual relaxations to NO, additional
experiments were performed on isolated intestinal muscle
strips. Muscle strips have the advantage that the mucosal
layer can be removed, avoiding interference of mucosal
substances with enteric neuromuscular signalling. Circular
muscle strips of the mouse jejunum showed marked
relaxations in response to NANC nerve stimulation. Block-
ade of NOS revealed acute non-nitrergic twitch-like relaxa-
tions that were more pronounced in the intestinal strips
compared to intestinal segments. The non-nitrergic relaxa-
tions to EFS were abolished by suramin. This confirms the
hypothesis that inhibitory NANC neurotransmission in the
intestine involves purines, acting mainly on P2Y; receptors
as shown in mouse jejunum (De Man et al.,, 2003) and
human colon (Gallego et al., 2006). It is important to note
that, similar to intestinal segments, the pronounced nitrergic
relaxation in response to NANC nerve stimulation masked
the acute purinergic-mediated relaxation of the intestinal
strips. Indeed, in the absence of L-NOARG, NANC relaxations
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to EFS were not affected by suramin. This finding was rather
unexpected. Possibly, the purinergic response may come into
play only after blockade of the nitrergic response. However,
this does not accord with results from electrophysiological
studies showing that EFS of enteric inhibitory NANC nerves
induces an inhibitory junction potential (ijp), which is the
electrical equivalent of the mechanical muscle relaxation
that consists of a distinctive fast purinergic and slow
nitrergic phase. The fast purinergic phase is also observed
in the presence of NOS blockers (Crist et al., 1992; He and
Goyal, 1993; Keef et al., 1993; Pluja et al., 1999; Xue et al.,
1999; Serio et al., 2003a; Gallego et al., 2006). However, the
distinctive fast and slow electrical phases may be difficult to
differentiate when studying the mechanical muscle relaxa-
tion that is associated with the ijp. Therefore, an alternative
explanation for the lack of effect of suramin alone is that the
fast twitch-like purinergic relaxation to EFS is masked by the
sustained nitrergic component of the NANC relaxation to
EFS. A more detailed study in which the mechanical and
electrical behaviour of the muscle can be studied simulta-
neously is needed to unravel this matter.

To avoid any interference of purinergic signalling, further
studies on the cGMP-dependency of nitrergic pathways were
performed in the presence of suramin. In these conditions,
ODQ and NS 2028 completely abolished the relaxations to
NANC nerve stimulation. In addition, the relaxations to NO
and to the NO donors GTN, SIN-1 and SNP were potently
inhibited or abolished by ODQ and NS 2028. These results
strongly indicate that relaxations to the endogenously
released nitrergic neurotransmitter and to exogenously
added NO in circular jejunal muscle strips are mediated
solely by guanylate cyclase. No evidence was obtained for
the involvement of a cGMP-independent component in the
relaxation of mouse jejunal circular muscle strips in response
to endogenous and exogenous NO.

To substantiate these findings, we also studied nitrergic
relaxations in longitudinal jejunal muscle strips. These strips
did not readily relax in response to electrical stimulation
of intrinsic NANC nerves: only a modest relaxation was
observed at 8Hz EFS. Stimulation at higher frequencies
(16 Hz, results not shown) did not induce a more pro-
nounced relaxation. These results are in contrast to those
from a previous study in the mouse intestine, showing a



pronounced EFS-induced NANC inhibitory response in
mucosa intact longitudinal intestinal muscle strips (Ueno
et al.,, 2004). However, in this study NANC inhibitory
responses were measured as percentage inhibition of the
spontaneous activity of the muscle strips, whereas in our
experiments NANC relaxations were measured as the
relaxant activity of a precontracted muscle strip. Similar
weak relaxations to EFS have been observed previously in
longitudinal muscle of the mouse small intestine (Young
et al., 1996), and this accords with immunohistochemical
evidence showing that nitrergic and purinergic inhibitory
motor nerves preferentially innervate the circular and not
longitudinal muscle layer of the small intestine in mice
(Sang and Young, 1996) and other species (Costa et al., 1992;
Wilhelm et al., 1998). Nevertheless, the relaxation to 8 Hz
EFS was blocked by L-NOARG, thus nitrergic in nature, and
also by ODQ and NS 2028. Similarly, Ueno et al., (2004)
showed that ODQ strongly inhibited, although did not
abolish, the EFS-induced NANC responses in longitudinal
strips of the mouse small intestine. The ODQ-insensitive
relaxation in the study of Ueno et al. (2004) may indicate the
involvement of a non-nitrergic (possibly purinergic) neuro-
transmitter, because L-NOARG did not completely block the
EFS-induced NANC relaxation either (Ueno et al., 2004).
Longitudinal jejunal muscle strips readily relaxed to exo-
genous NO and to GTN, SIN-1 and SNP, although slightly
higher concentrations had to be used to obtain similar (50—
70%) degrees of relaxation to those in circular jejunal muscle
strips. All relaxations to NO and NO donors were abolished by
ODQ or NS 2028. These results indicate that nitrergic path-
ways, activated by endogenous or exogenous NO, are also
completely cGMP-dependent in longitudinal jejunal muscle.

As outlined above, the effect of guanylate cyclase blockers
on relaxations to exogenously added NO was less marked in
intestinal segments compared to intestinal muscle strips.
However, it is unlikely that this is owing to the involvement
of cGMP-independent pathways, because ODQ and NS 2028
abolished the nitrergic relaxations in isolated intestinal
muscle strips. Possibly, the penetration of the blockers into
the tissue is hampered when intact segments are used. Using
muscle strips from which the mucosa is removed, but which
still contain the muscle layers and myenteric plexus, may
overcome this problem thereby optimizing penetration of
the drugs under study.

In some experiments, ODQ and NS 2028 unmasked a
sharp twitch contraction to exogenous NO and SIN-1 in the
intestinal segments. Such contractions were not observed
with GTN or SNP or upon electrical stimulation of NANC
nerves. Contractions to NO and NO donors have been
observed previously in rat ileal intestinal muscle strips
(Lefebvre and Bartho, 1997; Tanovic et al., 2001). A detailed
study on the underlying mechanisms showed that these
nitrergic contractions are Ca®"-dependent and apamin-
sensitive (Lefebvre and Bartho, 1997) and, as also observed
in our study, cGMP-independent. The physiological rele-
vance of nitrergic contractions in the intestine is still not
known but this phenomenon should not be overlooked
when investigating the mechanisms of nitrergic relaxations.

In conclusion, we provided evidence that nitrergic relaxa-
tions induced by electrical stimulation of NANC nerves and
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by exogenously added NO in muscle strips from the mouse
gastric fundus and small intestine are completely inhibited
by the guanylate cyclase blockers ODQ and NS 2028. Our
results therefore do not support the involvement of cGMP-
independent pathways in nitrergic relaxations in the mouse
stomach and small intestine.
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