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Effect of nitroglycerin and long-term electrical stimulation on
nitrergic relaxation in the pig gastric fundus

R.A. Lefebvre & K. Vandekerckhove

Heymans Institute of Pharmacology, University of Gent Medical School, De Pintelaan 185, B-9000 Gent, Belgium

1 The effect of incubation with the nitric oxide (NO) donor nitroglycerin and of long-term electrical
stimulation on relaxations induced by non-adrenergic, non-cholinergic nerve stimulation, exogenous NO,
vasoactive intestinal polypeptide (VIP) and lemakalim was investigated in the pig gastric fundus.

2 In physiological salt solution containing 10~¢ M atropine and 4 x 10~® M guanethidine, electrical field
stimulation (40 V, 0.1 ms, 0.5-8 Hz) for periods of 10 s at 5 min intervals (train stimulation) and
administration of NO (2x107°~10"* M) at 5 min intervals (NO boli) induced frequency- and
concentration-dependent transient relaxations, respectively. Continuous electrical field stimulation with
stepwise increase of the frequency (0.5-8 Hz; cumulative stimulation) induced frequency-dependent
sustained relaxations. VIP (10~7 M), lemakalim (10~° M) and an infusion of NO induced a sustained
relaxation.

3 Pretreatment for 30 min with 5x 10~* M nitroglycerin reduced the relaxations induced by train and
cumulative stimulation, but also the relaxant responses to NO, both when given in boli or as an infusion.
The relaxations to VIP and lemakalim were not influenced by pretreatment with nitroglycerin.

4 Long-term electrical stimulation at 4 Hz for 40 min induced a sustained relaxation of the tissues.
Administration of 3 x 10™* M NS-nitro-L-arginine methyl ester after 10, 20 or 30 min reversed the
relaxation to a similar extent (approximately 70%). Previous long-term electrical stimulation at 4 Hz for
30 min did not affect the responses to stimulation, NO and VIP.

5 These results illustrate that nitroglycerin can induce a postjunctional tolerance to nitrergic stimuli in
the pig gastric fundus but evidence for a prejunctional inhibition of neuronal NO synthase by NO was

not obtained.
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Introduction

The concept of the regulation of neurotransmitter release via
presynaptic receptors on the axon terminals is well established
(Starke, 1981). Neurone terminals may have such receptors for
their own neurotransmitter, the so-called presynaptic auto-
receptors. Via these receptors, the transmitter can autoregulate
its own release. In most cases, feedback inhibition of
neurotransmitter release is observed, although also presynaptic
facilitation can occur such as via presynaptic f-receptors on
peripheral noradrenergic nerve endings (Langer, 1981).

Nitric oxide (NO) is synthesized from L-arginine by a family
of iso-enzymes, the NO synthases (NOS). NO is synthesized in
endothelial cells by eNOS or NOS3 and is involved in tonic
vasodilatation (Moncada et al., 1991). In macrophages, iNOS
or NOS2 can be induced and the NO released contributes to
host defence mechanisms against infectious organisms
(Kroncke et al., 1995). Both in central and peripheral neurones,
NO can be synthesized by nNOS or NOSI and it is an
important peripheral non-adrenergic non-cholinergic (NANC)
neurotransmitter (Rand & Li, 1995), especially in the
gastrointestinal tract (Brookes, 1993). For the 3 types of NOS,
data have been obtained suggesting that NO might be involved
in autoregulatory inhibition of its own synthesis. In cultured
endothelial cells, NO inhibits eNOS activity (Buga et al., 1993)
and the NO donor S-nitroso-N-acetylpenicillamine (SNAP)
was shown to depress the vasoconstriction by the NOS
inhibitor N-nitro-L-arginine methyl ester (L-NAME) in vitro
and the hypertensive effect of L-NAME in vivo (Ma et al., 1996).
Assreuy et al. (1993) showed that the spontaneous decline in
iNOS activity in the murine macrophage cell line J774 was
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slowed down when the cells were cultured in a low L-arginine
medium and that the NO donor SNAP inhibited iNOS
extracted from the cytosol of stimulated J774 cells. As for
nNOS, exogenous NO and NO donors inhibit cerebellar NOS
activity (Rogers & Ignarro, 1992; Rengasamy & Johns, 1993).
In the rat gastric fundus, De Man et al. (1995) showed that
incubation with the NO donors nitroglycerin (NTG) and 3-
morpholino-sydnonimine (SIN-1) reduced transient nitrergic
relaxations induced by short periods of electrical stimulation
but not those by exogenous NO or vasoactive intestinal peptide
(VIP). We have previously shown that in the pig gastric fundus,
NO is involved in inhibitory NANC neurotransmission
(Lefebvre et al., 1995) and the aim of the present study was
to investigate whether NO may inhibit NO synthesis in this
tissue. To study the effect of exogenous NO, the influence of
prolonged incubation with the NO donor NTG on relaxations
induced by NANC nerve stimulation, NO and VIP was tested.
To study the effect of endogenous NO, the influence of long-
term electrical stimulation in NANC conditions on these
relaxations was investigated. NO is, indeed, a major con-
tributor to sustained electrically-induced NANC relaxation in
the pig gastric fundus (Lefebvre et al., 1995); this was confirmed
in the present study for stimulation durations up to 40 min.

Methods

Tissue preparation

The stomach was removed from healthy 6 months old male
castrated pigs, slaughtered at a local abattoir and transported
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to the laboratory in ice-chilled physiological salt solution. The
mucosa was removed and strips (15 x 3 mm) were cut from the
fundus in the direction of the circular muscle layer. The tissues
were used immediately or stored for a maximum of 24 h in
physiological salt solution at 4°C.

Strips were mounted between 2 platinum plate electrodes
under a load of 2g in 20 ml organ baths, containing
physiological salt solution at 37°C and gassed with 95% O,/
5% CO,. The composition of the physiological salt solution
was (mM): Na® 137, K* 5.9, Ca®" 2.5, Mg?" 1.2, Cl~ 124.1,
HCO;~ 25, H,PO,~ 1.2 and glucose 11.5 (Mandrek &
Milenov, 1991). To work in NANC conditions, the solution
also contained 107° M atropine and 4 x 10~° M guanethidine.
Changes in length were recorded isotonically via Palmer
Bioscience T3 transducers on a Graphtec Linearcorder FWR
3701 or a Graphtec Multicorder MC 6625. Electrical field
stimulation was performed by means of a Grass S88 stimulator
(40 V, 0.1 ms). The tissues were equilibrated for at least 1 h
with replacement of the solution every 15 min.

Protocols

All strips were first contracted with 3 x 1077 M 5-hydroxy-
tryptamine (5-HT) and subsequently relaxed by 107° M
sodium nitroprusside. After an interval of at least 1 h with
regular rinsing, 3 x 1077 M 5-HT was again administered and
when a stable contraction was obtained, electrical field
stimulation was performed or a relaxant substance was
administered. Frequency-response curves to electrical field

o
a1

a ES(Hz) |05

-—
-g= 00

i% l

=D

10 mm

5-HT
3x107" ™

b 0251 4
il

10 mm

5-HT
3x107" M

10 min

e

stimulation (0.5—-8 Hz) were obtained by stimulating the
tissues either with 10 s trains at 5 min intervals (train
stimulation) or continuously with stepwise increases of the
frequency every 3 min (cumulative stimulation). In the first
series of experiments, the lowest frequency tested was 0.25 Hz
but as this induced very little or no response, this was not
maintained. NO was administered in increasing concentrations
(2x107°M—-10"* M) at 5 min intervals (NO boli) or it was
continuously administered to the tissue for 10 min by infusing
per 10 s the amount yielding 107> M, when administered in
bolus, into the organ bath via a Braun infusion pump (NO
infusion). VIP was administered in a concentration of 1077 M.
Only one relaxant stimulus (train or cumulative stimulation,
NO boli or infusion, or VIP) was studied per tissue and after
the relaxant response had been obtained, the tissues were
rinsed at 10 min intervals for at least 30 min. The strips were
then incubated for 30 min with NTG (5x107*M) or
electrically stimulated at 4 Hz for 30 min (long-term stimula-
tion). In parallel control tissues, the solvent of NTG was
administered or there was no stimulation performed. After the
tissue had been rinsed 6 times at 3 min intervals, contraction
was induced a third time with 3x10~"M 5-HT and the
relaxant stimuli were studied again. The effect of NTG on the
relaxation induced by 107> M lemakalim was also studied. As
the response to lemakalim clearly declined when studied twice,
NTG was incubated for 30 min before the second administra-
tion of 5-HT and the response to lemakalim was compared to
that in parallel control tissues that received the solvent of
NTG.
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Figure 1 Representative traces showing the relaxation to cumulative electrical stimulation (ES, 40 V, 0.1 ms, 0.25—8 Hz) before and after
incubation with 5x 10~* m nitroglycerin (NTG; a) and before and after long-term stimulation at 4 Hz (b) for 30 min.
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In an additional series, the relaxant response to 107> M
NTG on a contracted tissue was studied before and after
incubation with 5 x 10~* M NTG. To study the involvement of
NO in the relaxant response occurring during long-term
electrical stimulation, four tissues were stimulated in parallel
at 4 Hz for 40 min, either after the tissues had been contracted
with 3x107"M 5-HT or at basal length. L-NAME,
3x107*M, was administered after 10, 20 or 30 min of
stimulation while the fourth control tissue did not receive L-
NAME.

Drugs used

Atropine sulphate, guanethidine sulphate, N©-nitro-L-arginine
methyl ester and sodium nitroprusside were obtained from
Sigma (St. Louis, U.S.A.), 5-hydroxytryptamine creatinine
monosulphate from Janssen Chimica (Geel, Belgium), vasoac-
tive intestinal polypeptide from CRB (Northwich, U.K.),
lemakalim from SmithKline Beecham Pharmaceuticals (Betch-
worth, U.K.) and nitroglycerin from Pohl Boskamp (Hohen-
lockstadt, Germany). The drugs were dissolved in deionized
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water, except for nitroglycerin which was a 1 mg ml~! solution
in dextrose 5%, PEG 400 0.5% and water, and lemakalim
which was dissolved in 70% ethanol. This solvent did not
influence tone induced with 5-hydroxytryptamine. A stock
solution of VIP (10~* M) was prepared and stored at —20°C.
All other solutions were prepared on the day of the
experiment. A saturated NO solution was prepared as
described by Kelm & Schrader (1990), yielding a vial
containing NO in a concentration taken to be 2 x 1073 M.

Data analysis

Relaxations are expressed as percentage of the relaxation
induced by 107> M sodium nitroprusside at the beginning of
the experiment. The contraction induced by 3x 1077 M 5-
hydroxytryptamine after incubation with NTG or after long-
term stimulation was expressed as percentage of that induced
before, as were changes in tone induced by the procedures.
When the effect of L-NAME was studied during long-term
stimulation, the relaxant response after 10 min was con-
sidered as 100% and the relaxation remaining after 20, 30 or
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Figure 2 Mean (n=7-8) relaxant responses to train stimulation (ES, 40 V, 0.1 ms, 0.5-8 Hz, 10 s trains) before and after
incubation with 5x 10~* M nitroglycerin (NTG; b) or its solvent (a) and before and after long-term stimulation (LTS) at 4 Hz (d).
In the control tissues for the latter series, the responses were studied twice without LTS in between (c). *P<0.05, **P<0.01:
significantly different from the response before. Vertical lines show s.e.mean.
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40 min was expressed as percentage of this control value.
Results are given as means+s.e.mean and n refers to strips
from different animals. Results within tissues were compared
by the paired ¢ test and results between tissues with an
unpaired ¢ test. A difference was considered statistically
significant at P<0.05.

Results

5-HT (3x 1077 M) induced stable contractions. This concen-
tration was previously shown to be submaximal, as 1077 M
and 10~¢ M 5-HT induced 59 and 93% of the maximum 5-HT-
induced contraction in circular muscle strips of the pig gastric
fundus (Lefebvre et al., 1995). Train stimulation (0.5-8 Hz)
and NO, administered at 5 min intervals (2x107¢M—
10 * M) induced frequency-dependent and concentration-
dependent, respectively, short-lasting relaxations. Cumulative
stimulation induced frequency-dependent sustained relaxa-
tions; when the stimulation was stopped after 3 min at 8 Hz, a
quick rebound contraction brought the tone back to its
original level (Figure 1). NO infusion (see Methods) and
107" M VIP induced sustained relaxations. In the control
tissues, the relaxant responses to these stimuli were repro-
ducible unless otherwise stated. The relaxant response to
10~ M lemakalim was sustained but was not reproducible.

Effect of NTG on relaxations induced by electrical
stimulation, NO, VIP and lemakalim

When NTG, 5x10~* M, was incubated for 30 min in non 5-
HT-contracted tissues, it usually induced a relaxation
illustrating that these tissues have some intrinsic tone. During
the rinsing procedure after the incubation, tone recuperated
but often only partly. However, when the tone was still
decreased before the next administration of 5-HT, the
contractile response to 5-HT at this lower tone level was
increased as compared with the response to the previous 5-HT
administration, so that the contraction level at which relaxant
stimuli were tested after incubation with NTG was similar to
that before. When, for example, the effect of incubation with
NTG on the responses induced by train stimulation was
studied, the administration of NTG induced a relaxation of
varying amplitude in the 8 tissues. In 4, the tone fully recovered
during the rinsing procedure after the 30 min incubation with
NTG and 5-HT induced a similar contraction as before. In the
4 other tissues, the tone was still decreased before the
administration of 5-HT again (-17, -167, -120 and -100%) but
the response to 5-HT in these tissues was increased to 115, 213,
200 and 167%.

Incubation for 30 min with 5x 10~* M NTG abolished the
relaxant response to 107> M NTG (111+9% before and
1+1% after, n=7). Incubation with NTG significantly
reduced the relaxations induced by train and cumulative
stimulation (Figures 1, 2 and 3). In the control tissues of the
series where the response to train stimulation was studied, the
electrically-induced relaxations significantly declined after
incubation with the solvent of NTG (Figure 2a) but the
reductions of the responses to train stimulation after
incubation with NTG were significantly more pronounced
than after its solvent at 0.5, 1, 2 (P<0.01) and 4 Hz (P<0.05,
unpaired ¢ test). Incubation with nitroglycerin also reduced the
relaxant responses to NO, both when given at 5 min intervals
(Figure 4) or as an infusion (100+8% before and 31+6%
after, n=8, P<0.01). The sustained relaxations to 107 M VIP
(63+18% before and 73+24% after, n=6) and 107> M

lemakalim (73+10% after incubation with solvent, n=11;
74+ 7% after incubation with NTG, n=11) were not affected
by NTG.

Effect of long-term stimulation on relaxations induced by
electrical stimulation, NO and VIP

Long-term electrical stimulation at 4 Hz for 40 min induced a
sustained relaxation of the tissues, when tissues had been
contracted with 5-HT as well as on tissues at basal length.
After 10 min of stimulation, the relaxation was 89+5% in
contracted tissues (n=32) and 33 &+ 5% in those at basal length
(n=130); the relaxations were well maintained for the whole
period of stimulation. When administered after 10, 20 or
30 min electrical stimulation in contracted tissues, L-NAME
reversed the electrically-induced relaxation by 90 +9% (n=3),
66+8% (n=28) and 66+ 10% (n=38), respectively (Figure 5).
When L-NAME was administered during electrical stimulation
in tissues at basal length, these values were 66 +13% (n=3),
74+ 14% (n=06) and 78 +£20% (n=38).

When the effect of long-term stimulation for 30 min versus
the relaxant stimuli was investigated, there was no decrease in
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Figure 3 Mean (n=5-38) relaxant responses to cumulative electrical
stimulation (ES, 40 V, 0.1 ms, 0.5—-8 Hz, 3 min at each frequency)
before and after incubation with 5x 10~* M nitroglycerin (NTG; a)
and before and after long-term stimulation (LTS) at 4 Hz (b).
*P<0.05, **P<0.01: significantly different from the response before.
Vertical lines show s.e.mean.
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Figure 4 Mean (n=23) relaxant responses to NO (2x 107°-10"% M,
administered at 5 min intervals) before and after incubation with
5x 107 M nitroglycerin (NTG; a) and before and after long-term
stimulation (LTS) at 4 Hz (b). *P<0.05, **P<0.01: significantly
different from the response before. Vertical lines show s.e.mean.

tone when 5-HT was again administered, as the rebound
contraction occurring after stimulation had ceased brought
tone back to its original level. The response to 5-HT was
maintained so that the relaxant responses to NO, VIP and train
and cumulative stimulation were studied at the same level of
contraction as before long-term stimulation. The electrically-
induced relaxant responses were not systematically depressed
by long-term stimulation (Figures 1, 2 and 3). The significant
reduction of the response to a train of stimulation at 0.5 Hz was
minimal, and the significant reduction of the response to
cumulative stimulation at 2 Hz after long-term stimulation was
also observed in a parallel control series (decrease from
39+6% to 29+4%, n=8, P<0.05). Long-term stimulation

NAME administered after 10 (b), 20 (c) or 30 min (d) of long-term
stimulation at 4 Hz (ES) in contracted tissues. The control tissue (a)
was stimulated for 40 min in the absence of L-NAME.

also did not affect the responses to NO boli (Figure 4) and to
NO infusion (84 +6% before and 108 +12% after, n=38). In
addition, the relaxation to VIP was not changed by long-term
stimulation (34 +8% before and 40+ 11% after, n=2_8).

Discussion

Data in the literature suggest that NO might be involved in
autoregulatory inhibition of its own synthesis. In the rat gastric
fundus, De Man et al. (1995) showed that pretreatment with
NTG and SIN-1 reduced the NANC relaxations induced by
short periods of electrical stimulation, without affecting the
responses to NO and VIP. They concluded that this inhibition
results from a prejunctional action of NO on the nitrergic
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component of the NANC response, most likely due to
downregulation of the neuronal NO synthase, and suggested
the presence of an autoregulatory mechanism for the nitrergic
innervation. In the pig gastric fundus, NO is involved in both
short-lasting and sustained NANC relaxation (Lefebvre et al.,
1995) and we, therefore, studied the effect of NTG on NANC
relaxations in the pig gastric fundus. As an autoregulatory
mechanism should be functional during endogenous NO
release, we also studied the effect of long-term stimulation.
Although the tissues have some intrinsic tone, we have
previously shown that tone has to be raised to obtain
reproducible responses to the relaxant stimuli (Lefebvre ef al.,
1995). 5-Hydroxytryptamine induces stable plateau contrac-
tions that are due to direct smooth muscle activation as the
responses are not influenced by tetrodotoxin (unpublished
results). No evidence for a prejunctional inhibition of NOS
was obtained.

Incubation with NTG inhibited the nitrergic relaxations
induced by train and cumulative stimulation, but also the
relaxations to exogenous NO, pointing to a postjunctional site
of interaction. Tolerance to the relaxant effect of organic
nitrates after prolonged exposure to NTG is well known in
vascular smooth muscle. A diminished metabolism of the
organic nitrates at the level of the smooth muscle cells by
depletion of the intracellular thiol pool has been proposed as
the underlying mechanism (Needleman et al., 1973; Axelsson &
Ahlner, 1987). In many studies, the response to agents that
generate NO in a non-enzymatic way such as SIN-1 and
sodium nitroprusside is, indeed, not reduced in vessels tolerant
to NTG (Berkenboom et al., 1988; Kithn & Forstermann,
1989; Kowaluk & Fung, 1990). Still, tolerance to this type of
NO donor or NO itself in vascular preparations has been
described (Kukovetz & Holzmann, 1989; Zhang et al., 1993)
and decreased soluble guanylate cyclase activity or increased
hydrolysis of cyclic GMP by phosphodiesterases might explain
these observations (Ahlner et al., 1986; Romanin & Kukovetz,
1989; Papapetropoulos et al., 1996). As incubation with NTG
reduced the responses to exogenous NO and to the endogenous
nitrergic neurotransmitter, a similar mechanism might prevail
in the pig gastric fundus. The reduced effectiveness is limited to
procedures inducing relaxation via the guanylate cyclase-cyclic
GMP pathway, as the responses to VIP, that activates
adenylate cyclase in smooth muscle cells (Bitar & Makhlouf,
1982) and lemakalim, a K™ channel opener (Quast & Cook,
1989), were not affected by incubation with NTG, excluding a
non-selective interaction with the relaxant capacity of the
smooth muscle cells. It has been suggested that the relaxation
of gastric smooth muscle cells by VIP is partly due to
generation of NO in the smooth muscle (Jin et al., 1993;
Murthy et al., 1993). In the pig gastric fundus, a reduced effect
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