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Nitric oxide-mediated relaxation without concomitant changes in
cyclic GMP content of rat proximal colon
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1 We studied the relation of nitric oxide-mediated relaxation of longitudinal muscle to changes in cyclic
GMP content of the tissue in the proximal colon of rats.
2 Dimethylphenylpiperazinium (DMPP) and electrical field stimulation (EFS) induced nitric oxide-
mediated relaxation of the segments with a concomitant increase in cyclic GMP content.
3 LY 83583 and methylene blue, soluble guanylyl cyclase inhibitors, significantly inhibited the
stimulatory effects of DMPP and EFS on the cyclic GMP content, but did not affect the relaxant
responses of the segments to DMPP and EFS.
4 Rp-8 bromo cyclic GMPS, an inhibitor of cyclic GMP-dependent protein kinase had no effect on
DMPP- and EFS-induced relaxation.
5 These data strongly suggested that nitric oxide-mediated relaxation of the rat proximal colon is not
associated with change in cyclic GMP content of the tissue.

Keywords: Rat proximal colon; nitric oxide; nonadrenergic noncholinergic relaxation; cyclic GMP; LY 83583

Introduction

Several lines of evidence suggest that nitric oxide or a nitric
oxide-related compound is a mediator of nonadrenergic,
noncholinergic (NANC) inhibitory response in the gastro-
intestinal tract (Stark & Szurszewski, 1992). We have reported
that electrical field stimulation (EFS) induced NANC-induced
relaxation of longitudinal muscle of the proximal colon of rats.
NG-nitro-L-arginine (L-NOARG), an inhibitor of nitric oxide
synthase, inhibited the EFS-induced relaxation and L-arginine
reversed this inhibition, while exogenous nitric oxide induced
relaxation (Suthamnatpong et al., 1993a). EFS of the pre-
parations significantly increased the guanosine 3':5'-cyclic
monophosphate (cyclic GMP) content and L-NOARG in-
hibited while L-arginine reversed this inhibition. Exogenous
nitric oxide increased the cyclic GMP content of the prepara-
tions (Suthamnatpong et al., 1993b). We also showed a re-
laxant effect of cyclic GMP in 'skinned smooth muscle'
preparations obtained from the longitudinal muscle layer of
rat proximal colon (Maehara et al., 1994). From these findings,
we suggested that the mechanism of NANC inhibition in rat
proximal colon involves a nitric oxide and cyclic GMP gen-
eration system. However, there has been no direct evidence for
coupling of nitric oxide-cyclic GMP-relaxation in rat proximal
colon. To study this coupling, we examined the effects of in-
hibitors of soluble guanylyl cyclase on the increase in cyclic
GMP content and NANC inhibitory responses induced by
EFS in longitudinal muscle of the proximal colon of rats.
We have reported participation of cholinergic interneurones

in the descending neural pathway in rat proximal colon (Hata
et al., 1990) and ileum (Kanada et al., 1993). Irie et al. (1991)
first suggested that activation of nicotinic acetylcholine (ACh)
receptors within the myenteric plexus resulted in nitric oxide-
mediated NANC relaxation in the rat duodenum. In the pre-
sent study, we examined whether activation of nicotinic ACh
receptors by dimethylphenylpiperazinium (DMPP) results in
NANC relaxation in rat proximal colon and found that DMPP
induced NANC relaxation mediated by nitric oxide and cyclic
GMP elevation. Therefore, we further examined the effects of
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inhibitors of soluble guanylyl cyclase on the increase in cyclic
GMP content and NANC inhibitory responses induced by
DMPP.

Methods

Male Wistar rats (250-350 g) were lightly anaesthetized and
then stunned by a blow on the head. The colon was removed
and placed in Tyrode solution consisting of (mM): NaCl 137,
KCl 2.7, CaCl2 1.8, MgCl2 1.1, NaH2PO4 0.42, NaHCO3 11.9
and glucose 5.6. The narrow part formed by a sphincter in the
ascending colon defined the boundary between proximal and
middle regions. The contents of the excised segment were
gently flushed out with Tyrode solution.

Recording of responses of longitudinal muscle of the
proximal colon to EFS or DMPP

Colonic segments were suspended in an organ bath filled with
Tyrode solution aerated with 5% CO2 in 02 and maintained at
37°C. Atropine (1 gM) and guanethidine (5 gM) were present
throughout the experiment to block cholinergic and nora-
drenergic responses, respectively. Responses of the long-
itudinal muscle of the proximal colon to DMPP or EFS with
trains of 100 pulses of 0.5 ms width and supramaximal voltage
(30 V) at a frequency of 10 Hz were recorded isotonically with
a 10 min interval between tests. The longitudinal muscle was
subjected to a resting load of 1.0 g. The preparations were
equilibrated for at least 30 min before experiments. Drugs
were added to the organ bath in volumes of less than 1.0% of
the bathing solution. These volumes of vehicle of the drugs,
distilled water, did not affect the spontaneous contractile ac-
tivity or the muscle tone. When effects of LY83583 (1-10 gM)
or methylene blue (30 gM) on DMPP- or EFS-induced re-
laxation were examined, three trials at least were examined
after addition of the drug. The extent of the relaxation was
measured as the area under the line for the resting tone im-
mediately before addition of drugs. Relaxations after treat-
ment with drugs were expressed as percentages of those before
treatment.
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Measurement of cyclic GMP content of longitudinal
muscle myenteric plexus preparations

Longitudinal muscle preparations with adhering myenteric
plexus were prepared from the proximal colon as described by
Paton & Zar (1968). The preparations (10-20 mg wet weight)
were equilibrated for 20 min with Tyrode solution at 370C
without or with LY83583 (1-10 gM) or methylene blue
(30 gM) and aerated with 95% 02 and 5% CO2. The pre-
parations were then incubated with various concentrations of
DMPP (1-100 gM) for 30 s or stimulated electrically for 10 s.
After the incubation or stimulation period, preparations were
quickly frozen on dry ice. Frozen preparations were then
homogenized in 2 ml 6.0 N trichloroacetic acid (TCA) solution.
After removal of TCA by mixing with ether, the cyclic GMP
contents were determined with a cyclic GMP assay kit
(Amersham Japan, Tokyo). Every determination of cyclic
GMP was carried out in the absence of phosphodiesterase
inhibitor.

Drugs

Dimethylphenylpiperazinium iodide was purchased from Al-
drich, U.S.A. N0-nitro-L-arginine (N5-nitroamidino-L-2,5-
diaminopentanoic acid, L-NOARG), L-arginine hydrochloride,
D-arginine hydrochloride and 8-bromo cyclic GMP were from
Sigma Chemical Co., St. Louis, U.S.A. 8-Bromoguanosine-3',
5'-cyclic monophosphate, Rp-isomer (Rp-8 bromo cyclic
GMPS) was from BIOLOG Life Sci, Inst., Bremen, Germany.
6-(Phenylamino)-5, 8-quinolinedione (LY83583) was from
Res. Biochem. Inc., MA, U.S.A. Tetrodotoxin was from Wako
Pure Chemical, Osaka, Japan. Nicotine was from Nakarai
Tesque, Kyoto, Japan. All other chemicals were of analytical
grade.

Statistical analysis

Results were analysed by Student's t test and a P value of
< 0.05 regarded as significant.

Results

Relaxant responses of longitudinal muscle of rat
proximal colon to DMPP and EFS

DMPP induced relaxation of longitudinal muscle of the
proximal colon in a concentration-dependent manner in the
absence or presence of atropine (1 gM) and guanethidine
(5 gM; Figure 1). Tetrodotoxin (TTX; 1 gM) or hexametho-
nium (500 gM) inhibited the DMPP (1-10 gM)-induced re-

laxation completely. Since the relaxation was clearer when
resting tone of the preparations was increased by treatment
with prostaglandin (PG) F2a, the proximal segments were
treated with 1 pM PGF2a, in the following experiments. Nico-
tine (30 gM) also relaxed the segments (Figure 1), though its
effect could not be examined repeatedly due to prompt de-
sensitization. NG-nitro-L-arginine (N5-nitroamidino-L-2,5-dia-
minopentanoic acid; 100 pM) markedly inhibited the DMPP-
induced relaxation, causing significant inhibition within 20-
40 min (Table 1). Addition of L-arginine (1 mM) to the bathing
fluid reversed the effect of L-NOARG, causing complete re-
versal in 20-30 min. D-Arginine had no effect (Table 1).

As we have already shown, EFS also induced nitric oxide-
mediated relaxation of the smooth muscle (Suthamnatpong et
al., 1993a; Table 1).

Effect of Rp-8 bromo cyclic GMPS on the DMPP- or
EFS-induced relaxation of longitudinal muscle of rat
proximal colon

8-Bromo cyclic GMP, a membrane permeable analogue of
cyclic GMP, inhibited the spontaneous contractile activity of
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Figure 1 Relaxations of longitudinal muscle of rat proximal colon
in response to DMPP and nicotine. The proximal colonic segments
were first contracted with 1 Mm PGFu. When the contraction reached
a constant level, various concentrations of DMPP (0; n = 5) or 30 yM
nicotine (@; n = 5) were applied. Relaxations were expressed as
percentages of amplitude of precontraction with PGF24X. Values are
means with standard errors.

Table 1 Effects of NG-nitro-L-arginine (L-NOARG) and inhibitors of soluble guanylate cyclase or PKG on DMPP- or EFS-induced
relaxation

Treatment % relaxation

L-NOARG (100 MM)
+ L-Arginine (1 mM)
+D-Arginine (1 mM)

LY83582 (5 MM)
Methylene blue (100 yM)
Rp-8 bromo cGMPS (30 yM)

L-NOARG (10 MM)
+L-Arginine (1 mM)

LY83583 (5 MM)
Methylene blue (100 MM)
Rp-8-bromo cGMPS (30 MM)

27.9+ 15.9* (5)
100.9 8.5** (5)
39.6+16.0 (3)
123.5 19.4 (3)
102.7+15.4 (3)
113.0+23.4 (3)
12.7 +16.7*# (11)
92.6+ 4.3**# (8)

122.9+ 11.2 (5)
103.6+6.1 (4)
114.4+ 15.9 (3)

The proximal segments of rats were treated with drugs indicated for 20-40 min. Relaxations induced by 100 MM DMPP or EFS after
the treatments are expressed as percentages of those before treatments (control). Values are mean+s.e.mean for the numbers of
experiments shown in parentheses. Significantly different from the value of corresponding control (*) and from the value with L-
NOARG (**) by Student's t test at P<0.01. #These data are from the reference, Suthamnatpong et al. (1993a).

DMPP-induced
relaxation

EFS-induced
relaxation
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the segments at concentrations over 10 gM. At 30 gM it also
induced significant sustained relaxation of the longitudinal
muscle precontracted by PGF2,. Rp-8 bromo cyclic GMPS, an
inhibitor of cyclic GMP-dependent protein kinase (PKG), at
30 /M significantly inhibited the relaxant effect of 8-bromo
cyclic GMP (Figure 2). However, the same concentration of
the inhibitor did not affect the DMPP- and EFS-induced re-
laxations (Table 1).

Effects of DMPP and EFS on cyclic GMP content of
longitudinal muscle of the proximal colon of rats

Although whole segments of rat proximal colon were used to
record spontaneous contractile activity and relaxation of

8 Bromo cGMP 30 gM

1 min

PGF2a 1 gM_
Rp-8 Bromo cGMPS 30 gM

Figure 2 Effect of Rp-8 bromo cyclic GMPS on 8-bromo cyclic
GMP-induced relaxation of the rat proximal colon. When the
contraction induced by 1 gM PGF20, reached a constant level, 30pM
8-bromo cyclic GMP was applied in the absence (left side) or
presence (right side) or 30 yM Rp-8 bromo cyclic GMPS. Lines
indicate the presence of drugs. The recording is typical of three
preparations.

longitudinal muscle, longitudinal muscle myenteric plexus
preparations were obtained from rat proximal colon for cyclic
GMP measurement to avoid contamination by circular muscle
cells. DMPP increased the cyclic GMP content of the pre-
parations concentration-dependently (Figure 3). Nicotine (1-
10 Mg ml-') also increased the cyclic GMP content of the
preparations, though nicotine was less effective than DMPP
(Figure 3). TXX (1 gM) completely inhibited the stimulatory
effect of 100 gM DMPP on the cyclic GMP content. Treatment
of the muscle preparations with 10 gM L-NOARG inhibited
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Figure 3 Effects of DMPP and nicotine on cyclic GMP content of
longitudinal muscle myenteric plexus preparations of rat proximal
colon. Longitudinal muscle myenteric plexus preparations were
incubated with indicated concentrations of DMPP (0) or nicotine
(@) for 30 s at 370C. Effects of 100 gM DMPP in the presence of 1 pM
TTX (A\) or 1OpM L-NOARG (El) were also examined. Values are
means with standard errors for 3-6 experiments. Significance of
difference from the value in the absence of agonist: *P<0.01,
**P<0.02. Significance of difference from the value of DMPP alone:
*P <0.01. For further details, see Methods.
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Figure 4 Effects of DMPP and EFS in the absence or presence of LY 83583 or methylene blue on cyclic GMP contents of
longitudinal muscle myenteric plexus preparations of rat proximal colon. Longitudinal muscle myenteric plexus preparations were
incubated with 100yM DMPP for 30s at 370C, or were stimulated electrically for lOs in the absence or presence of indicated
concentrations of LY 83583 or 30 M methylene blue (MB). Columns and bars represent means with standard errors from three to
ten experiments. Values significantly different at P<0.01 from the value of DMPP alone (*) and at P<0.05 from the value of
control (t). Values significantly different at P<0.01 from the value of EFS (#).
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not only the stimulatory effect of DMPP on the cyclic GMP
content and decreased it below the resting level (Figure 3).

As we have already shown, EFS also increased the cyclic
GMP content of the preparations (Suthamnatpong et al.,
1993b; Figure 4).

Effects of LY83583 and methylene blue on the DMPP-
or EFS-induced increase in cyclic GMP content and
relaxation of longitudinal muscle of rat proximal colon

LY83583, an inhibitor of soluble guanylyl cyclase, significantly
inhibited the stimulatory effects of DMPP and EFS on cyclic
GMP content of the longitudinal muscle myenteric plexus
preparations. At 10 gM LY83583 not only inhibited the sti-
mulatory effect of DMPP, but also decreased the cyclic GMP
content below the resting level (Figure 4). Methylene blue,
another inhibitor of soluble guanylyl cyclase, at 30 gM also
inhibited the increase in cyclic GMP content elicited by DMPP
and EFS (Figure 4).

However LY83583 (5 gM) and methylene blue (100 gM) did
not have any appreciable effect on the basal tone and the re-
laxations induced by DMPP and EFS (Table 1).

Discussion

Katsuki et al. (1977) and Schultz & Schultz (1977) reported
activation of guanylyl cyclase by nitrosocompounds and sug-
gested that cyclic GMP played a role in relaxation of smooth
muscle. There have been many studies which report an asso-
ciation of increases in cyclic GMP with NANC relaxation of
gastrointestinal smooth muscle, such as canine internal anal
sphincter (Grous et al., 1991), and opossum (Barnette et al.,
1989) and human (Barnette et al., 1991) lower esophageal
sphincter. Moreover, there is recent evidence for an association
of the cyclic GMP level with nitric oxide-mediated relaxation
in preparations of gastrointestinal tract, such as the lower
esophageal sphincter of dogs (Shikano et al., 1988), the gastric
fundus of guinea-pigs (Jin et al., 1993), ileum (Kanada et al.,
1992; 1993) and proximal colon (Suthamnatpong et al., 1993b)
of rats, the taenia coli of rabbits (Shikano et al., 1988) and
guinea-pigs (Shikano et al., 1988; Jin et al., 1993), and dis-
persed gastric muscle cells (Murthy et al., 1993; Murthy &
Makhlouf, 1995). These findings strongly suggest that a nitric
oxide-cyclic GMP generating system is responsible for the
NANC relaxation in the gastrointestinal tract.

In the present study, relaxation of the segments and increase
in cyclic GMP content of longitudinal muscle preparations of
rat proximal colon induced by DMPP and EFS were inhibited
by L-NOARG and the inhibition was reversed by a high
concentration of L-arginine, indicating an essential role of ni-
tric oxide in these responses. LY83583 has been reported to
destroy nitric oxide and inhibit soluble guanylyl cyclase
(Mulsch et al., 1988). Methylene blue has also been reported to
inhibit soluble guanylate cyclase (Gruetter et al., 1981; Martin
et al., 1985; Ignarro et al., 1986). Although LY83583 and
methylene blue are not very specific, their inhibitory effects on
soluble guanylyl cyclase were also confirmed in longitudinal
muscle strips from rat proximal colon in the present study.
LY83583 at 10 Mm was especially potent: the cyclic GMP levels
decreased below the resting level. Under these conditions,
surprisingly, the relaxant response induced by EFS or DMPP
treatment remained unchanged, indicating a dissociation be-
tween EFS or DMPP effect and cyclic GMP-relaxation cou-
pling. The result that a PKG inhibitor, Rp-8 bromo cyclic
GMPS (Butt et al., 1990; Baumner & Nawrath, 1995) did not
affect the relaxant response to DMPP and EFS was consistent
with this finding. Nevertheless, cyclic GMP did relax skinned
muscle preparations obtained from rat proximal colon (Mae-
hara et al., 1994) and a high concentration of 8-bromo cyclic
GMP induced gradual sustained relaxation in the present
study. It seems that cyclic GMP could induce relaxation of the
muscle strips under some experimental conditions, probably at
higher concentrations, but the nitric oxide-mediated relaxation
induced by treatment with DMPP or EFS is cyclic GMP-in-
dependent. We previously showed that nitric oxide-mediated
relaxation of rat proximal colon is not associated with the
inhibitory junction potentials of the cell membrane (Sutham-
natpong et al., 1994). Thus, it is likely that nitric oxide med-
iates relaxation of rat proximal colon by an unknown
mechanism which is not associated with changes in cyclic GMP
content and membrane potential of the smooth muscle cells.

This work was supported in part by a Grant-in-Aid for Scientific
Research from Ministry of Education, Science, Sports and Culture
of Japan.
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