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This study was designed to determine the involvement of nitric oxide (NO) in gastric
and duodenal alkaline under basal conditions and in response to exogenous and
endogenous stimulants in conscious dogs with Heidenhain pouches and duodenal
loops. A topical application of HCI or capsaicin increased both gastric and duodenal
alkaline secretion. A meat meal stimulated only duodenal alkaline secretion while
gastric secretion was not significantly changed. The NO synthase inhibitor,
NC-nitro-L-arginine (L-NNA), significantly inhibited basal gastroduodenal alkaline
secretion and almost completely suppressed the alkaline responses to food, acid or
capsaicin. L-arginine given alone did not affect significantly basal or stimulated
gastroduodenal alkaline secretion but when given together with L-NNA partially
reversed the inhibitory effects of L-NNA on this secretion. For the comparison, the
administration of indomethacin to suppress the generation of prostaglandin
biosynthesis, also reduced basal and stimulated alkaline secretion but this reduction
was relatively smaller than that attained by the inhibition of NO synthase with
L-NNA. Luminal application of nocloprost, a stable prostaglandin E, analog, and
glycerin trinitrate caused significant increase in both gastric and duodenal alkaline
secretion but these responses were not affected by the administration of L-NNA or
indomethacin. We conclude that endogenous NO together with prostaglandins plays
a significant role in secretory alkaline response of gastroduodenal mucosa to acid,
food and capsaicin.
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INTRODUCTION

Endothelium-derived relaxing factor (EDRF) (1) characterized as nitric
oxide (NO) (2, 3) is an unstable vasodilator secreted from the endothelial cells
to act as a local hormone in the immediate vicinity of the cells which release it
(4). NO is formed from L-arginine by NO synthase in endothelial cells (5).

A better understanding of the physiological action of NO comes from
studies on the effects of agents which suppress the NO synthase and which
prevent NO release such as L-arginine analogs, N-mono-methyl-L-arginine
(L-NMMA) or NCS-nitro-L-arginine (L-NNA) (6, 7). Studies using these
inhibitors of NO synthase have shown that NO plays an important role in the
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control of systemic arterial blood pressure (8) by actively dilating the blood
vessels. NO synthase has been described in a number of tissues including those
of upper gastrointestinal tract (9, 10). In the stomach NO has been linked with
the control of motility (11) and mucosal integrity and microcirculation (12, 13).

Bicarbonate secretion by the gastroduodenal mucosa has been considered
to play an important role in the mucosal defense against acid (14, 15). Although
recent studies have suggested that this secretion may be regulated by neural
(16, 17) and hormonal factors (18) as well as endogenous prostaglandins (14,
19), the detailed mechanism has not been fully defined. It has been shown that
the stimulation of sensory nerve by intragastric capsaicin prevents ethanol
injury to gastric mucosa and augments mucosal blood flow, at least in part, by
activation of NO-system (20, 21). Endogenous NO has been also implicated in
the regulation of gastric mucosal microcirculation under secretory stimulation
with pentagastrin (22). Since capsaicin was reported to stimulate mucosal
bicarbonate secretion (23) and since alkaline secretion depends on the mucosal
blood flow (24, 25), we investigated the possible role of NO in the control of
gastric and duodenal bicarbonate secretion under basal conditions and
following feeding, mucosal acidification, and administration of capsaicin,
prostaglandin (PG) and glycerin trinitrate (GTN) as exogenous donor of NO in
conscious dogs without or with pretreatment with NO synthase inhibitor
(L-NNA).

MATERIAL AND METHODS

Six mongrel dogs, weighing 18—22 kg, were prepared surgically with a Gregory-type cannula
in the vagally denervated Heidenhain pouches (HP) or with isolated duodenal loops (19). The
isolated duodenal loops were 10 cm long, and were fashioned from the distal part of the duodenum
(starting just below the entrance of the main pancreatic duct). Both ends of each loop were
connected to the Herrera type cannula with the straight limb of the cannula inserted into proximal
end (for the instillation of saline or test solutions) and the lateral limb placed in the distal end (for
the collection of the effluent). Gastrointestinal continuity was restored by end-to-end
duodeno-jejunal anastomosis. The operation was performed under aseptic conditions and
anaesthesia induced by intravenous (i.v.) injection of 50 mg/kg pentobarbitone sodium (Polfa,
Poland). A tracheal tube was inserted in each animal and a Harvard respirator was used to
maintain intermittent positive pressure respiration when necessary. During recovery, animals
hydration was ensured in first 2 days after surgery by the s.c. administration of 1 1 of 0.15 M NaCl
per day. Then, liquid meal was given for 1 week and then normal diet. Postoperatively, the dogs
lost 2—4 kg of the body weight during the first week but then regained their normal weight during
the subsequent 2—3 weeks. They were allowed to recover fully over a period of about 3 months
and remained in excellent health throughout the examination period. Food, but not water, were
withheld for at least 18 h before each test. In tests involving dogs with the HP, omeprazole was
given i.v. in a dose of 10 mg/kg to completely suppress acid secretion. The cannula of each pouch
was connected by rubber tube to the barostat to keep a constant pressure of about 5—10 cm H,O
in the pouch lumen as described previously (19). The pouch was bathed every 15 min with 20 ml of
saline adjusted to pH 6.0 and applied alone or with test solutions. Duodenal loops were perfused,
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at a rate of 20 ml/15 min with saline that was adjusted to pH 6.0 and given alone or with test
substances. The volume of the fluid recovered every 15 min from the HP or duodenal loop was
recorded to the nearest 0.1 ml and bicarbonate concentrations and outputs were determined by
backtitrating the effluent samples to the initial pH level (6.0) and expressed in micromoles per
15min as described previously (19).

Several tests were performed on each animal including; 1. Control tests with irrigation by
saline at pH 6.0 throughout the 4 h study period; 2. Instillation of 100 mM HCI; 3. Feeding with
a meat meal (ground beef, 500 g); 4. Capsaicin (topically in increasing concentrations
30—240 pg/ml) 5. GTN (topically in increasing concentrations (0.25—2 mg/ml), each concentration
of capsaicin or GTN was applied at same constant volume into the HP or duodenal loops
(20ml/15 min); 6. Nocloprost (topically, 10 pg/ml). In all these tests, basal secretion was first
collected for 60 min and then the administration of test substances or feeding was started.
Intravenous infusion of saline (40 ml/h) was maintained throughout the study period. In control
experiments, the animals received the test substances alone. The control experiments were
randomized with those using L-NNA (5.0 mg/kg bolus i.v. injection followed by infusion of 1.0
mg/kg-h), L-arginine (50 mg/kg bolus i.v. injection followed by infusion of 5 mg/kg-h), or L-NNA
plus L-arginine added in the same doses to i.v. infusion for 30 min before and during the
application of the test substances or feeding. For the comparison, the experiments with saline
perfusion, luminal perfusion wth HCIl, meat feeding, capsaicin or GTN were repeated after
pretreatment with indomethacin (5 mg/kg i.v.) administered 60 min before the experiment.

Results are expressed as means + SEM. The statistical analysis was done using the
non-parametric Mann-Whitney and Friedman two-way analysis of variance. Differences with
P value of less than 0.05 were considered significant.

RESULTS

In control tests with saline alone, the HCO3 secretion from HP the or
duodenal loops showed small fluctuations around the average values of about
9.1+ 1.4 and 48.8 + 5.3 umol/15 min, respectively. Effects of L-NNA, L-arginine
or their combination on basal gastric and duodenal HCOj3 secretion are
shown on Fig. 1. L-NNA decreased significantly basal HCOj3 secretion both
from gastric and duodenal mucosa. The addition of L-arginine alone to i.v.
infusion tended to increase basal duodenal (but not gastric) HCOj3 secretion
but this did not reach statistical significance. The HCOj response to the
combination of L-NNA plus L-arginine was significantly higher than that to
L-NNA alone.

Topical application of HCI directly to the mucosa of the HP duodenal
loops for 15 min was followed by an immediate rise in HCOj3 outputs from
both gastric pouches and duodenal loops reaching peak in the first 30 min and
then returning to basal value during subsequent 30 min period. Pretreatment of
L-arginine alone tended to increase the HCOj secretion induced by luminal
HCI from the duodenal loops but not from gastric pouches but this increase
was not statistically significant. The HCOj3 secretory response to luminal acid
was almost completely abolished when animals were given earlier L-NNA but
when this pretreatment with L-NNA was combined with L-arginine, the
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alkaline secretion was significantly higher than that obtained in experiments
with L-NNA alone but lower than in tests with instillation of HCl alone
(Figs 2 & 3).
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Fig. 3. The HCO; outputs from the duodenal loop in response to the instillation of HCI alone

(control) or HCl in combination with the administration of L-NNA, L-arginine or their

combination. Asterisk indicates significant change as compared to the control value. Cross
indicates significant increase above the value obtained with L-NNA.

Feeding caused only a small and not significant changes in alkaline
secretion from the HP and these results are omitted for the sake of clarity.
Feeding resulted in a marked rise in HCOj secretion from the duodenal loops.
The addition of L-arginine did not result in any significant change in HCO3
response as compared to feeding alone. Pretreatment with L-NNA prevented
almost completely the HCOj3 secretion for the entire period after feeding.
Combination of L-arginine and L-NNA caused greater increase in HCOj
output after food than that observed in experiments with L-NNA alone but
still much lower than that obtained with feeding alone (Fig. 4).

The effects of various concentrations of capsaicin on HCOj3 outputs are
shown on Fig. 5. The exposure of the gastric or duodenal mucosa to capsaicin
for 15 min significantly and dose-dependently increased alkaline secretion. The
lowest effective concentration was 60 pg/ml in the HP and 30 pg/ml in
duodenal loop. Higher concentrations produced greater responses but at
concentration 240 pg/ml the animals showed restlessness and some of them
retched. Pretreatment with L-NNA almost completely abolished the alkaline
response to capsaicin at all concentrations used both in the HP and duodenal
loops. Addition of L-arginine to L-NNA partially reduced this inhibition while
L-arginine alone was without any significant effect (Fig. 6).
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Pretreatment with indomethacin (5 mg/kg 1.v.) caused a significant
reduction in basal and stimulated (by HCI instillation, feeding and capsaicin)
alkaline secretion mainly from the duodenal loops (Fig. 7).



548

40- HEIDENHAIN POUCH
CONTROL *
— 207 >
€
(S
Ln
-~ +
I -
E
=
& 1205 DUODENAL LOOP
(-
o
80+
Fig. 8. The HCOj secretion from the
40- HP and duodenal loop in response to
luminal perfusion with GTN alone or
GTN plus L-NNA. Asterisk indicates
significant increase above the values.
T Y — v — Cross indicates significant decrease
0 0.25 05 10 20 below the value obtined in tests
GTN (mg/ml) without L-NNA.

HEIDENHAIN POUCH

80;
401
<€
€
A
=
€
2>
e DUODENAL LOOP
o
()
T 160+ T
80
Fig. 9. The HCO; secretion from the HP
nd duodenal loop in response to topical

application of nocloprost alone or NOCLOPROST mCLSPROST
nocloprost plus L-NNA. L'NNA



549

GTN given topically in gradually increasing concentrations also caused
a significant increase in gastric and duodenal HCOj3 secretion, but the addition
of L-NNA to i.v. infusion did not affect significantly these secretory responses
(Fig. 8). Also the pretreatment with indomethacin (5 mg/kg 1.v.) failed to affect
the alkaline response to graded concentrations of GTN and these results have
not been included.

Nocloprost applied topically at a concentration of 10 pg/kg increased the
alkaline secretion to the value similar to that obtained with the irrigation by
100 mM HCI but the administration of L-NNA (Fig. 9) or indomethacin
(see Fig. 7) failed to affect this secretion from the HP or duodenal loops.

DISCUSSION

This study provides an evidence that endogenous NO plays a significant
role in alkaline secretory response of gastroduodenal mucosa to acid and food
as well as to capsaicin. This alkaline secretion was most pronounced in the
duodenum, and this secretory effect was markedly suppressed when NO
sythase was inhibited by L-NNA.

Alkaline secretion by the gastroduodenal mucosa has been demonstrated to
be an active process contributing to the mucosal defense against luminal acid.
A variety of agents, particularly prostaglandins (PG) and cholinergic agonists
(14) were shown to stimulate this secretion. The HCO; response to acid was
accompanied by a significant increase in the biosynthesis of mucosal PG and
the pretreatment with indomethacin attenuated both alkaline secretion and PG
release (15). This report confirms that the suppression of endogenous PG
biosynthesis by indomethacin significantly reduces the alkaline response to
mucosal acidification and feeding but also demonstrates that the alkaline
response to capsaicin can be significantly diminished by the inhibition of
mucosal PG. Other studies found that the alkaline response to acid can be
partially suppressed by atropine and hexamethonium (16, 17). This indicates
that a variety of neuro-hormonal factors may be implicated in the control of
alkaline secretion (14).

Recent studies showed that the increase in mucosal HCOj3 output induced
by acid was also reduced by functional ablation of afferent neurons by chronic
administration of capsaicin, suggesting that luminal acid alters HCOj;
secretion through the excitation of the sensory nerves in the mucosa. This is
supported by the observation that capsaicin applied to intact duodenal mucosa
stimulated alkaline secretion in anesthetized rats (23). Our results confirm that
also in conscious dogs capsaicin applied topically stimulates dose-dependently
gastroduodenal alkaline secretion but also show for the first time that this
stimulation can be completely eliminated by the inhibition of NO biosynthesis

6#
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suggesting the implication of NO in the mechanism of alkaline secretion. As the
pretreatment with indomethacin, a potent inhibitor of PG biosynthesis (15)
also reduced, in part, the alkaline response to capsaicin, it is obvious that NO
and PG interact in the stimulation of alkaline secretion by this neurotoxin.

It 1s likely that topical application of HCI solutions acts on HCOj
producing mucosal cells through the stimulation of capsaicin-sensitive afferent
neurons. This is supported by previous finding that alkaline response to
duodenal mucosa to luminal acidification is attenuated by functional ablation
of capsaicin-sensitive afferent nerves in rats (23). Also the increase in gastric
blood flow upon the exposure of the mucosa to acid appears to be mediated by
capsaicin-sensitive sensory nerves (20) because this vasodilation can be reduced
by the pretreatment with the inhibitor of NO synthesis. In the gastrointestinal
tract, the NO synthase has been detected in myenteric and submucosal plexus
as well as in the gastric mucosa (26, 27). NO could be implicated in the
vasodilatory action of several neuropeptides released from the nerve terminals
by the action of capsaicin such as calcitonin gene-related peptide (CGRP) or
vasoactive intestinal peptide (VIP) (28, 29). The presence of these neuropeptides
was detected in the gastric (29) and duodenal mucosa (30). VIP has been shown
to stimulate duodenal alkaline secretion (14), but CGRP was reported to
exhibit rather an inhibitory effect in rats (31).

Further studies are needed to elucidate whether capsaicin stimulates the
HCO;—producing cells in gastroduodenal mucosa directly by releasing the
neuropeptides from nerve terminals which in turn release NO or whether it
directly activates the NO synthase in directly activates the NO synthase in
nerve terminals or endothelial cells. The fact that GTN, an exogenous donor of
NO, is a potent stimulant of alkaline secretion and that this secretion is not
influenced by NO synthase inhibitor, L-NNA, suggests that NO acts directly
on HCO_ -producing cells. Unlike capsaicin, whose HCO/ -stimulatory
activity can be reduced by indomethacin, the action of GTN on alkaline
secretion remains unaffected by indomethacin indicating that NO released
from GTN does not interact with endogenous prostaglandins in the control of
alkaline secretion.

Our results are in contrast with observations reported by Takeuchi et al.
(32). In their experiments in rats, NOS inhibitors have stimulated the duodenal
alkaline secretion. These results suggested that it is neurally mediated action,
dependent on intact vagus. In our experiments, animals have vagally
denervated gastric pouches and duodenal loops. In later paper (33) the same
authors have shown that NOS inhibitor decreases the alkaline gastric response
to hypertonic NaCl solution.

It is of interest, that endogenous NO generated in the oxynic mucosa by
secretory stimulants such as pentagastrin did not directly affect the acid
secretion but that it made a substantial contribution to the mucosal
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vasodilation that is associated with this secretion (22). This conclusion is
supported by the finding that the inhibition of NO synthase by
N-monomethyl-L-arginine significantly reduced pentagastrin-stimulated
gastric mucosal blood flow but failed to affect basal or pentragastrin-induced
gastric acid secretion. Thus, in the stomach NO has been implicated in the
control of the mucosal blood flow associated with gastric acid secretion but not
directly with gastric acid secretory process though a significant correlation was
found between mucosal blood flow and gastric acid secretion in the rat
stomach (34).

There is an evidence indicating that mucosal blood flow plays an important
role in the mucosal alkaline/mucus secretion and mucosal defense. This is
supported by the increased susceptibility of the mucosa to damaging agents
following the reduction in gastric blood flow (35—37), and by increased
mucosal protection against the damage when the blood flow in the mucosa was
enhanced (38). Reduction in the mucosal blood flow was reported to play
a more important role in duodenum than in the stomach as assessed by the
increased susceptibility of the mucosa to acid-induced injury (35). Studies with
anesthetized rabbits provided an evidence that mucosal vascular supply of
HCO, in the duodenum is a rate limiting factor for the mucosal alkaline
secretion (24). Duodenal mucosal resistance to luminal acid can be enhanced
by raising the blood flow o the mucosa or by elevating the blood concentration
of HCO, . The decrease in the duodenal mucosal blood flow by vasopressin or
hemorrhagic shock caused a parallel decrease in alkaline secretion and mucosal
blood flow (24, 24, 39). Further studies are needed to determine whether NO
acts directly on the secretory cells or via increasing the blood flow. Our findings
that GTN, which is a potent vasorelaxing agent, stimulates dose-dependently
the gastroduodenal alkaline secretion and that capsaicin, which is also known
to increase the mucosal blood flow is an effective stimulant of this secretion
suggest that the vasodilation is a prerequisite of the enhancement of alkaline
secretion by NQO.
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