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1 Nicotine-induced relaxation and release of vasoactive intestinal polypeptide (VIP)- and peptide
histidine isoleucine (PHI)-like immunoreactivity (LI) were measured in longitudinal muscle strips from
the rat gastric fundus.

2 Under non-cholinergic conditions (0.3 mM atropine), nicotine (3 ± 300 mM) produced concentration-
dependent relaxations of the 5-hydroxytryptamine (3 mM)-precontracted strips. Under non-adrenergic
non-cholinergic (NANC) conditions (0.3 mM atropine+1 mM phentolamine+1 mM nadolol), relaxations
induced by sub-maximal nicotine concentrations (10 and 30 mM) were signi®cantly smaller, while that
produced by the highest concentration used (300 mM) was similar to that seen under non-cholinergic
conditions.

3 Re-exposure to the same nicotine concentration 1 h later induced smaller relaxations, indicating
desensitization. The reductions seen in the second responses were proportional to the concentration used.

4 Under non-cholinergic conditions, the relaxant response to 30 mM nicotine was abolished by
hexamethonium (100 mM) and signi®cantly reduced by tetrodotoxin (TTX, 3 mM). The TTX-resistant
component was not observed under NANC conditions.

5 NANC relaxation induced by 30 mM nicotine was signi®cantly reduced by a speci®c anti-VIP serum
(approximately 35% less than that seen with normal rabbit serum).

6 Nicotine (30 ± 300 mM) caused signi®cant, concentration-dependent increases in the out¯ow of VIP-
and PHI-LI from the strips; these e�ects were also diminished with re-exposure. The increases in both
types of immunoreactivity evoked by nicotine (300 mM) were abolished by hexamethonium (300 mM),
TTX (3 mM) and a calcium-free medium.

7 These ®ndings indicate that VIP and possibly PHI are involved in NANC relaxation of the rat gastric
fundus induced by nicotine.
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Introduction

Receptive and adaptive relaxations of the proximal third of the
stomach are physiological re¯exes that occur respectively
during and after food intake (Abrahamsson, 1986). They allow
the stomach to hold large amounts of food with small increases
in intraluminal pressure. Receptive relaxation is stimulated
during swallowing by the pressure of the food bolus on me-
chanoreceptors in the pharynx and oesophagus. The post-
ganglionic inhibitory neurones in the e�erent chain of this
re¯ex arc are intramural and non-adrenergic. They are acti-
vated by acetylcholine released by preganglionic vagal neu-
rones, which binds to nicotinic receptors located on their
bodies. Adaptive relaxation, in contrast, occurs when the food
reaches the stomach and appears to be elicited by local acti-
vation of intramural pathways (Desai et al., 1991).

The most probable neurotransmitters of non-adrenergic
non-cholinergic (NANC) relaxation of the proximal third of
the stomach are vasoactive intestinal polypeptide (VIP) and/or
nitric oxide (NO) (or a substance that releases it). The apparent
roles of these putative transmitters vary somewhat from spe-
cies to species and also seem to depend on the characteristics of
the stimulus used to elicit the response. NO seems to play a
predominant role in the stomachs of guinea-pigs (Lefebvre et
al., 1992; Meulemans et al., 1993; Desai et al., 1994), pigs
(Lefebvre et al., 1995) and mice (Yano et al., 1995), while both
are involved in the gastric smooth muscle inhibition seen in
rats (Li & Rand, 1990; D'Amato et al., 1992a), ferrets (Grundy
et al., 1993) and cats (Barbier & Lefebvre, 1993); con¯icting
results have been obtained in dogs (Ito et al., 1988; Meulemans
et al., 1995).

In rat gastric fundus strips, NANC relaxation produced by
in vitro electrical ®eld stimulation (EFS) is attenuated by L-
arginine analogues (Li & Rand, 1990; Boeckxstaens et al.,
1991; 1992; D'Amato et al., 1992a; CurroÁ et al., 1996), which
inhibit NO synthase (the enzyme that converts L-arginine into
NO and L-citrulline), peptidases and anti-VIP sera (De Beurme
& Lefebvre, 1987; 1988; Kamata et al., 1988; Li & Rand, 1990;
Boeckxstaens et al., 1992; D'Amato et al., 1992a). The latter
®ndings indicate that this response includes a peptidergic
component that is probably mediated by VIP and possibly
peptide histidine isoleucine (PHI), which is co-synthesized and
co-released with it. The peptidergic component appears to be
restricted to responses induced by high-frequency EFS
(D'Amato et al., 1992b; CurroÁ et al., 1994). The neural acti-
vation caused by vagal stimulation or nicotinic receptor ago-
nists is more selective and involves only those neurones with
nicotinic receptors (mainly the parasympathetic postganglionic
neurones, both excitatory, cholinergic and the inhibitory,
NANC). There is evidence that both NO and VIP are involved
in rat gastric relaxation elicited in the presence of atropine by
in vitro vagal stimulation (Takahashi & Owyang, 1995).
Moreover, nicotine has been shown to relax rat fundus strips in
vitro under NANC conditions and this e�ect was reduced not
only by the NO-synthase inhibitor, NG-nitro-L-arginine methyl
ester (L-NAME), but also by a-chymotrypsin (McLaren et al.,
1993), which indicates the involvement of one or more pep-
tides. The objective of our study was to investigate the roles of
VIP and PHI in the peptidergic component of this latter re-
sponse. The study was based on in vitro immunoneutralization
experiments with an anti-VIP serum and assays of VIP- and
PHI-like immunoreactivity (LI) released into the incubation
medium.1Author for correspondence.
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Methods

Male and female Wistar rats (180 ± 320 g) were decapitated
after an overnight fast and exsanguinated. The gastric fundus
was removed and two longitudinal muscle strips (3620 mm)
were prepared according to the method of Vane (1957)
in a Krebs solution of the following composition (mM):
NaCl 118.5, KCl 4.8, CaCl2 1.9, KH2PO4 1.2, MgSO4 1.2,
NaHCO3 25 and glucose 10.1. Each strip was then suspended
under a 1 g load inside an organ bath (for functional experi-
ments) or glass tube (for release experiments) containing 5 or
2 ml Krebs solution, respectively. The solution was maintained
at 378C and bubbled with a 95:5 mixture of O2/CO2 (pH 7.4).

In the functional experiments, the bath solution also con-
tained 5-hydroxytryptamine (5-HT, 3 mM) to increase strip
tone so that relaxation responses could be studied. Relaxation
was investigated under both non-cholinergic and NANC
conditions. In the former experiments, the bath contained
atropine (0.3 mM); in the latter, phentolamine (1 mM) and na-
dolol (1 mM) were also present. The strips were mounted be-
tween parallel platinum electrodes connected to a Palmer
Bioscience 6012 Stimulator linked in series with a constant-
current unit (Basile Biological Research Apparatus). This
system was used to deliver electrical ®eld stimulation (EFS)
consisting of rectangular, bipolar pulses of constant duration
(1 ms) and amplitude (120 mA). Smooth-muscle activity,
magni®ed 10 ± 20 times, was measured with isotonic transdu-
cers (Mod. 7006, Basile Biological Research Apparatus) con-
nected to Rikadenki R-01 or R-02 recorders. Stimuli were
delivered after an equilibration period of 60 min; the bath
solution was changed every 10 min between stimuli.

After the induction of a control relaxation with EFS at 4 Hz
for 2 min, each strip was exposed to a single concentration of
nicotine (3 ± 300 mM) for 2 min under non-cholinergic or
NANC conditions. One hour later, the strip was again exposed
to the same concentration to evaluate responses to repeat sti-
mulation. Nicotine concentration-response curves were plotted
for both situations. Studies were then conducted to identify the
e�ects of hexamethonium (100 mM; exposure time: 20 min),
tetrodotoxin (TTX, 3 mM, 20 min) and anti-VIP serum (1:100
and 1:50, 1 h) on the sub-maximal response evoked by 30 mM
nicotine. The e�ect of TTX (3 mM) on the response evoked by
300 mM nicotine (i.e., the maximal concentration used) was
also studied. Because the previous experiments had revealed
that the strips were less responsive to the second nicotine sti-
mulation, these studies were conducted on pairs of strips from
the same fundus (one of which served as a non-exposed con-
trol). The e�ect of the anti-VIP serum was compared with that
of normal rabbit serum (NRS, 1:100 and 1:50). At the begin-
ning of each experiment, control and test strips were subjected
to 4 Hz EFS to exclude di�erences in their relaxant responses.
At the end of each experiment, each strip was exposed for
5 min to papaverine (100 mM), which induced maximal re-
laxation, and all other relaxations were expressed as percen-
tage of this response.

In release experiments, bovine serum albumin (BSA,
50 mg l71), bacitracin (30 mg l71) and aprotinin (100,000
u l71) were added to the bath solution. After a 60 min equili-
bration period (during which the bath solution was renewed
every 10 min), the strips were subjected to a series of three (or,
in some cases, ®ve) consecutive 5 min incubations in di�erent
tubes. In the ®rst (pre-stimulation), there was no nicotine in the
medium. In the second (during stimulation), nicotine was ad-
ded to the medium after the ®rst 3 min (exposure time: 2 min).
The third (and, in some cases, fourth and ®fth) incubations
were carried out without nicotine in the medium (post-stimu-
lation). Each strip was exposed to a single concentration of
nicotine (10 ± 300 mM). To evaluate responses to repeated ni-
cotine stimulation, some of the strips were also subjected to a
second identical series of incubations. During the 1 h interval
between the two series, the bath solution was renewed every
10 min. After each 5 min incubation, the bath medium was
collected on ice, divided into 0.4 ml aliquots and stored at

7808C. On the day of the assay, the aliquots were lyophilized
and subjected to radioimmunoassay (RIA) to measure levels of
VIP-LI and PHI-LI.

The PHI-LI RIA was based on R8403 anti-porcine PHI
(pPHI) serum, which was kindly supplied by Prof. Dr N. Ya-
naihara (Yanaihara Institute Inc., Shizuoka, Japan). The RIA
used to measure VIP-LI was based on an anti-serum produced
in our laboratory by immunization of New Zealand white
rabbits with synthetic VIP coupled to bovine serum albumin
(BSA) with carbodiimide as previously described (CurroÁ et al.,
1994). The chloramine T method used to prepare iodinated VIP
and pPHI and the RIA method have been described in detail
elsewhere (CurroÁ et al., 1994). Brie¯y, the lyophilized samples
of bath solution were reconstituted with RIA bu�er (sodium
phosphate 10 mM, NaCl 154 mM, ethylene diamine tetraacetic
acid (EDTA) 25 mM, thimerosal 0.01%, BSA 0.5% and Tween
20 0.03%, pH 7.2) and concentrated four fold. The R8403 and
anti-VIP sera were used at respective ®nal dilutions of 1:500,000
and 1:1,200,000 to bind approximately 40% of the iodinated
peptides (& 6,000 c.p.m. per tube). The standard curves ranged
from 1.95 to 250 pg/tube of peptide, and the total incubation
volume and time were, respectively, 0.4 ml and 72 h. The sec-
ond antibody method (anti-rabbit IgG goat serum) was used to
separate free from bound antigen. Since peptide levels were not
related to the wet weight of tissues (CurroÁ et al., 1994), the
release ®ndings were expressed as fmol ml71. Total evoked
peptide release was calculated by subtracting basal values from
those observed during and after incubations with nicotine, and
expressed as an absolute value (fmol).

The in¯uence of hexamethonium, TTX and a calcium-free
bath solution on the release of VIP- and PHI-LI induced by
nicotine (300 mM) was also investigated. Paired strips from the
same fundus (test and control) were also used in these ex-
periments (as described above). The calcium-free medium was
prepared by substituting the Ca2+ in the bath solution with an
equimolar concentration of Mg2+ and adding the calcium
chelator, ethylene glycol-O, O'-bis(2-aminoethyl)-N,N,N',N'-
tetraacetic acid (EGTA, 1 mM). After pre-incubation with
hexamethonium (300 mM, 20 min), TTX (3 mM, 20 min) or the
calcium-free Krebs solution (30 min), each strip was subjected
to 5-min incubations before, during and after exposure to ni-
cotine (300 mM), and assays for VIP-LI and PHI-LI were
carried out as described above.

Drugs used

Atropine sulphate, bacitracin, BSA, chloramine T, guanethi-
dine sulphate, hexamethonium chloride, human corticotro-
phin-releasing factor (CRF), human growth hormone-
releasing factor (GRF), 5-HT creatinine sulphate, nadolol,
(7)-nicotine hydrogen tartrate salt, phentolamine hydro-
chloride, porcine gastric inhibitory peptide (GIP), porcine
glucagon, pPHI, porcine secretin, sauvagine, tetrodotoxin,
thimerosal, urotensin I, VIP, VIP (1 ± 12) (Sigma, St Louis,
MO, U.S.A.); aprotinin (Lepetit, Milano, Italy); 1-ethyl-3-(3-
dimethyl-aminopropyl) carbodiimide hydrochloride (Calbio-
chem, La Jolla, CA, U.S.A.); EDTA (Carlo Erba, Milano,
Italy); EGTA (Fluka, Buchs, Switzerland); helodermin (No-
vabiochem, Laufel®ngen, Switzerland); Na125I (Amersham,
Buckinghamshire, U.K.); papaverine hydrochloride (Merck,
Darmstadt, Germany); peptide histidine methionine (PHM),
(Pyr16)-VIP (16 ± 28), rat PHI (rPHI), VIP (10 ± 28) (Bachem,
Bubendorf, Switzerland). VIP (22 ± 28) was kindly supplied by
Dr P. Romualdi (Institute of Pharmacology, School of
Farmacy, University of Bologna, Bologna, Italy).

Statistical analysis

The results were evaluated by means of unpaired Student's t
test (functional experiments) and Dunnett's test for multiple
comparisons with a control (release experiments). All values
are presented as mean+s.e.mean. P50.05 was considered
statistically signi®cant.
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Results

The anti-VIP serum produced in our laboratory proved to be
highly speci®c and was not directed to any particular sequence
in the VIP molecule. Cross-reactivity with rPHI, PHM, se-
cretin, sauvagine, urotensin I, GRF, CRF, glucagon, GIP and
helodermin (each added at concentrations of41 mg/tube) was
less than 0.01%. The serum displayed no cross-reactivity with
VIP (1 ± 12) and VIP (22 ± 28) (each added at concentrations of
43 ng/tube). (Pyr16)-VIP (16 ± 28) and VIP (10 ± 28) partially
displaced antigen-antibody binding at the maximal concen-
tration (3 ng/tube) (by 49.5 and 56.6%, respectively), indicat-
ing that the entire VIP molecule is necessary for full binding of
the anti-serum. The mean IC50 of the standard curve was
21.2+2.5 pg/tube, and non-speci®c binding of the labelled li-
gand was less than 3%. The intra-assay (n=4) and inter-assay
(n=5) coe�cients of variation were respectively+1.43%
and+1.58% at the lowest level of standard (1.95 pg/tube)
and+4.54% and+3.93% at the highest level of standard
(250 pg/tube). The lowest concentration that could be mea-
sured with 95% con®dence (i.e. 2 s.d. at zero) was 1.95 pg/
tube. The detection limit was thus 4.87 pg ml71 of the original
sample (since each dried 0.4 ml sample was reconstituted in
0.1 ml in the RIA system).

EFS at 4 Hz for 2 min induced similar relaxations under
non-cholinergic and NANC conditions. In the experiments
performed for calculation of the nicotine concentration-re-
sponse curves, the mean non-cholinergic and NANC relaxa-
tions were, respectively, 83.4+2.2% (n=36) and 85.9+3.5%
(n=32) of those induced by papaverine under the same con-
ditions.

Nicotine (5.5 ± 300 mM) produced concentration-dependent
relaxations (Figure 1), that began immediately after the ad-
dition of this substance to the bath medium and persisted
throughout the 2-min incubation (Figure 2). Their total
duration varied and was generally longer with higher nicotine
concentrations. The relaxation induced by lower concentra-
tions of nicotine under NANC conditions was less marked
than that observed under non-cholinergic conditions: signi®-
cant di�erences of 38% and 27% were observed with nicotine
at 10 mM and 30 mM, respectively. In contrast, the NANC
and non-cholinergic responses to 300 mM nicotine were al-
most identical (respectively, 69.8+3.3%, n=8, and
68.4+5.9%, n=7, of the corresponding papaverine-evoked
relaxations) (Figures 1 and 2). Re-administration of nicotine
1 h later induced smaller relaxation (Figure 2), indicating the
occurrence of desensitization, which appeared to be concen-
tration-dependent (Figure 3). This phenomenon was some-
what more evident under NANC conditions, but this
di�erence was not statistically signi®cant. The greatest de-
sensitization was seen with a concentration of 300 mM: in
these experiments the second responses represented
24.0+3.0% (under non-cholinergic conditions) and 15.4+3.6
(NANC conditions) of the ®rst.

The e�ects of hexamethonium (100 mM), TTX (3 mM) and
anti-VIP serum (1:100 and 1:50) on strip relaxation produced
by 30 mM nicotine are shown in Table 1 and Figures 4 and 5. In
all of these experimental series, there were no signi®cant dif-
ferences between the initial relaxations induced by EFS at 4 Hz
in the test and control strips of each pair. Under non-choli-
nergic conditions, the strips that had been pre-incubated with
hexamethonium responded to nicotine with small contraction
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Figure 1 Mean concentration-response curves for nicotine (3 ±
300 mM)-induced relaxation of 5-HT (3 mM)-precontracted long-
itudinal muscle strips of the rat gastric fundus under non-cholinergic
(0.3 mM atropine) and NANC (0.3 mM atropine+1 mM phentolami-
ne+1 mM nadolol) conditions. Relaxations were measured as peak
amplitudes and expressed as percentages of maximal relaxation of the
same strip induced by papaverine (Pap; 100 mM). Each strip was
tested with a single concentration of nicotine. Each point represents
the mean and vertical lines s.e. mean of responses observed in 6 ± 10
strips. * P50.05 vs non-cholinergic conditions.

EFS 4 Hz Nic 30 µM
Nicotine
wash out Nic 30 µM

Pap 100 µM

2.5 mm

30 min

Phentolamine 1 µM + Nadolol 1 µM

EPS 4 Hz Nic 30 µM Nic 30 µM Pap 100 µM

5 mm

30 min

a

b

Figure 2 Representative tracings showing the relaxant e�ects of
30 mM nicotine (Nic) on 5-HT (3 mM)-precontracted longitudinal
muscle strips of the rat gastric fundus under non-cholinergic (a) and
NANC (b) conditions. At the beginning of each tracing, a control
relaxation was evoked with EFS (120 mA, 1 ms, 4 Hz, 2 min).
Readministration of nicotine 1 h after the ®rst induced smaller
relaxations. At the end of each experiment, maximal relaxation was
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(7.9+4.5%, n=3). In those exposed to TTX, the nicotine-in-
duced relaxation was 27.9+5.2% (n=7) of the control. Under
NANC conditions, 30 mM nicotine produced contraction in
two of the TTX-treated strips, small relaxation in two others
and no e�ect whatsoever in the remaining two. The average
e�ect was a small contraction (6.4+5.7%, n=6) similar to that
observed in hexamethonium-treated strips. In the experiments
performed to test the e�ect of TTX (3 mM) on the response
induced by 300 mM nicotine under non-cholinergic conditions,
the control relaxation was 63.0+3.9% (n=9). During the 2-
min incubation with 300 mM nicotine, the nine strips exposed
to TTX responded as follows: two contracted, three relaxed
and the remaining four displayed biphasic responses consisting
of relaxation followed by contraction. Since the latter was the
most frequently observed response, we decided to express the

mean results of these experiments in biphasic (i.e., relaxation/
contraction) terms. To this end, the responses of the three
strips that displayed relaxation only were added to the relaxant
phases of the four biphasic responses, and a value of zero was
inserted for each of the two strips that responded with con-
tractions alone. This sum was divided by the total number of
strips tested to obtain a mean relaxant phase. The mean con-
tractile phase was calculated in the same manner, with zero
values included for each of the three strips that displayed ex-
clusively relaxant responses. Using this method, the mean bi-
phasic response of the TTX-treated strips to 300 mM nicotine
was an initial relaxation of 19.1+5.8% followed by a con-
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Figure 3 Mean concentration-response curves for relaxation of 5-
HT (3 mM)-precontracted longitudinal muscle strips of the rat gastric
fundus induced by a second administration of nicotine (10 ± 300 mM)
1 h after the ®rst. Responses observed under non-cholinergic and
NANC conditions. Relaxations are expressed as percentages of the
®rst response in the same strip. Each point represents the mean and
vertical lines s.e.mean of responses observed in 6 ± 10 strips.

Table 1 E�ects of various test agents on nicotine (30 mM)-induced relaxation of rat gastric fundus strips under non-cholinergic and/or
NANC conditions

Test agent Conditionsa n Control strips Test stripsb

Hexamethonium (100 mM)
TTX (3 mM)
Anti-VIP serum (1 : 100)
Anti-VIP serum (1 : 50)
TTX (3 mM)

Non-cholinergic
Non-cholinergic

NANC
NANC
NANC

3
7
10
6
6

56.8+6.1
50.6+5.8
31.5+4.3c

33.8+4.5c

45.2+8.9

77.9+4.5
13.6+2.2*
19.8+2.2*
20.3+2.5*
76.4+5.7

Results are expressed as % of relaxation produced by papaverine (100 mM) (means+s.e.mean of n experiments). Control and test strips
for each experiment were prepared from the same fundus. aNon-cholinergic= in the presence of atropine (0.3 mM). NANC= in the
presence of atropine (0.3 mM)+phentolamine (1 mM)+nadolol (1 mM). bNegative values indicate contraction.c Control strips were
incubated with normal rabbit serum (NRS) at identical dilutions. *Signi®cant (P<0.05) di�erences between test and control strips.

EFS 4 Hz

Nicotine
wash out

Nic
30 µM Pap

100 µM EFS 4 Hz

Nic
30 µM Pap

100 µM

5 mm

30 min

5 mm

30 min

EFS 4 Hz

Hexamethonium
100 µM

Nic 30 µM Pap
100 µM

5 mm

30 min 30 min

5 mm

EFS 4 Hz

TTX 3 µM

Nic 30 µM Pap
100 µM

a b

Figure 4 Representative tracings showing the e�ects of hexametho-
nium (100 mM) (a) and TTX (3 mM) (b) on the responses of 5-HT
(3 mM)-precontracted longitudinal muscle strips of the rat gastric
fundus to 30 mM nicotine (Nic). Control tracings without hexam-
ethonium or TTX are shown in the upper parts of each panel. All
four tracings were recorded under non-cholinergic conditions. Each
strip was exposed only once to nicotine. EFS- and papaverine-
induced relaxations were obtained as described in Figure 2.
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traction of 16.5+5.0% (n=9). The anti-VIP serum (1:100)
abolished the relaxation induced by VIP (0.1 mM) (n =3) and
caused a signi®cant reduction (33.1+6.8, n=10) in that pro-
duced by 30 mM nicotine, compared with NRS treated con-
trols. At a lower dilution (1:50), the anti-VIP serum produced a
somewhat greater attenuation (37.6+5.9%, n=6) of the ni-
cotine (30 mM)-induced response that was not signi®cantly
di�erent from that observed with the 1:100 dilution (P=0.72).
The mean nicotine-induced relaxations observed in strips in-
cubated with NRS (at both 1:100 and 1:50) were smaller than
those of the TTX control strips (Table 1) and those of the
concentration-response curve (Figure 1). However, when the
pooled responses of the latter two experimental series
(44.7+5.2%, n=13) were compared with those of the NRS-
treated strips, the di�erences were not signi®cant (P=0.13 by
one-way analysis of variance).

At 30 ± 300 mM, nicotine produced statistically signi®cant,
concentration-dependent increases in the out¯ow of both VIP-
LI and PHI-LI (Figure 6). Bath levels of both peptides had
generally returned to basal values 5 min after the strips were
removed from the bath containing nicotine, with the exception
of PHI-LI induced by 300 mM nicotine. Mean (n=8) total re-
lease was (in fmol): VIP-LI 1.47+0.43/PHI-LI 2.18+0.94
after 30 mM nicotine; VIP-LI 4.7+1.1/PHI-LI 5.3+1.5 after
100 mM; VIP-LI 5.4+1.3/PHI-LI 10.4+2.2 after 300 mM. The
VIP-LI/PHI-LI ratios were close to 1:1 with nicotine concen-

trations of 30 and 100 mM; with 300 mM, the total release of
VIP-LI was only 53.1+6.1% of that of PHI-LI (P50.05).
Nicotine-induced release of both types of immunoreactivity
also appeared to be subject to desensitization: although the
second stimulation (1 h after the ®rst) still increased the out-
¯ow of both VIP-LI and PHI-LI with respect to basal levels,
neither of the increases was statistically signi®cant (data not
shown). The increased out¯ow of VIP-LI and PHI-LI pro-
duced by nicotine (300 mM) was abolished by hexamethonium
(300 mM) (n=4), TTX (3 mM) (n=4) and the removal of cal-
cium from the bath solution (n=4). Atropine (0.3 mM), phen-
tolamine (1 mM) and nadolol (1 mM) had no e�ect on nicotine-
induced release of either peptide (data not shown).

Discussion

Intramural inhibitory neurones in the proximal third of the
stomach are responsible for the NANC smooth muscle re-
laxation that underlies the receptive and adaptive responses of
the organ to food and liquids (Abrahamsson, 1986). Studies of
NANC innervation are frequently based on the in vitro re-
sponses of organ strips to EFS, but this approach does not
permit analysis of the inhibitory neurones located in any spe-
ci®c re¯ex circuit. In the rat gastric fundus, the main neuro-
transmitters involved in the NANC inhibitory responses to
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NRS 1:100

Nic 30 µM

Pap 100 µM

5 mm

30 min
Nicotine
wash out

EFS 4 Hz

Anti-VIP serum 1:100

Nic 30 µM
Pap 100 µM

5 mm

30 min

a

b

Figure 5 Representative tracings showing the e�ects of normal
rabbit serum (NRS, 1:100) (a) and anti-VIP serum (1:100) (b) on the
responses of 5-HT (3 mM)-precontracted longitudinal muscle strips of
the rat gastric fundus to nicotine (30 mM) under NANC conditions.
Each strip was exposed only once to nicotine. EFS- and papaverine-
induced relaxations were obtained as described in Figure 2.
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Figure 6 Vasoactive intestinal polypeptide-like (a) and peptide
histidine isoleucine-like (b) immunoreactivity (VIP-LI and PHI-LI)
released by rat gastric fundus strips before (open columns), during
(solid columns) and after (hatched columns) exposure to nicotine
(10 ± 300 mM). Each column represents means+s.e.mean measured in
5 min collection fractions of bath medium from 8 strips. Nicotine
was added to the medium after the ®rst 3 min of the second 5 min
incubation (total exposure time: 2 min). Each strip was exposed only
once to nicotine. * P50.05 vs baseline levels.
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EFS seem to be NO (or a molecule that releases it) and VIP.
These mediators appear to be, respectively, responsible for the
immediated and sustained components of the relaxant re-
sponse (Li & Rand, 1990; D'Amato et al., 1992a). There is also
evidence that the release of VIP and PHI occurs only in re-
sponse to high-frequency stimulation (4 4 Hz) (D'Amato et
al., 1992b; CurroÁ et al., 1994). The predominant e�ect of ni-
cotinic agonists in our experimental model is the global sti-
mulation of postganglionic parasympathetic neurones,
including the inhibitory neurones located in the e�erent chain
of the vago-vagal re¯ex arc, which is activated during swal-
lowing. The relaxant response observed under non-cholinergic
conditions thus simulates physiological gastric receptive re-
laxation. The attenuating e�ects of L-NAME and a-chymo-
trypsin on in vitro nicotine-induced NANC relaxation of the
rat gastric fundus indicate that this response also includes ni-
trergic and peptidergic components (McLaren et al., 1993).
The purpose of our study was to determine if the latter com-
ponent might be mediated by VIP and PHI, which are putative
neurotransmitters of NANC relaxation of this tissue evoked by
EFS.

In this study, nicotine induced concentration-dependent
relaxation under non-cholinergic conditions, with an EC50 in
the range of 10 ± 30 mM. The maximal nicotine-induced re-
laxation was smaller than the near-maximal response to EFS
4 Hz, indicating that not all of the intramural inhibitory neu-
rones have nicotinic receptors. The nicotine-evoked relaxation
(like that induced by EFS) began immediately, a feature con-
sidered to be indicative of NO involvement. The relaxation was
maintained throughout the 2 min period of exposure to nico-
tine and for variable periods thereafter. Recovery of basal tone
was generally slower after exposure to higher concentrations,
but it was always more rapid than that observed after high-
frequency (4 4 Hz) EFS (CurroÁ et al., 1994). These charac-
teristics are believed to be peculiar to the peptidergic compo-
nent of the response. Antagonists of a- and b-adrenoceptors
diminished the relaxation produced by sub-maximal nicotine
concentrations, indicating that this e�ect is partially dependent
on the release of noradrenaline. A noradrenergic component
has also been demonstrated in nicotine-induced relaxation of
the guinea-pig gastric fundus (Kojima et al., 1993). The de-
sensitization of the strips to nicotine is also a feature of nico-
tinic receptors. When the strips were re-exposed to an identical
concentration of nicotine one hour later, the responses were
signi®cantly less marked and the magnitude of the reduction
was proportional to the concentration used. In a previous
study of rat gastric fundus strips, no desensitization was noted,
even though a longer nicotine incubation (3 min) and a shorter
interval between exposures (40 min) were used (McLaren et
al., 1993). We do not have any adequate explanation of this
discrepancy with our ®ndings.

In light of the e�ects of hexamethonium, nicotine-induced
relaxation appears to be caused exclusively by its binding to
neuronal type receptors. In hexamethonium-treated strips, ni-
cotine caused small contraction, which was also observed un-
der NANC conditions in strips pre-incubated with TTX. This
latter ®nding indicates that the nicotine-induced contraction
does not appear to depend on propagated neural action po-
tentials. It might be due to binding of receptors una�ected by
the hexamethonium and located on muscle cells or on the
peripheral terminals of primary, capsaicin-sensitive a�erent
neurones. Activation of these terminals, which can also be
achieved with nicotine (Jinno et al., 1994), is, in fact, believed
to depend on a local mechanism that does not involve action-
potential propagation (Holzer, 1991). In addition, they are
known to contain and release tachykinins that excite smooth
muscle. Further investigation of this contractile e�ect was
beyond the scope of the present study. Pretreatment with TTX
merely attenuated the relaxation induced by nicotine under
non-cholinergic conditions, but, as noted above, it reversed the
NANC response. It is thus possible that the noradrenergic
component of the relaxant response is due to activation of
nicotinic receptors located on terminals, rather than on the

soma or dendrites, of noradrenergic neurones. These receptors
might induce noradrenaline release by means of a spatially
limited local depolarization that does not involve the opening
of voltage-dependent Na+ channels. Kojima et al. (1993) de-
scribed a TTX-resistant component in nicotine-induced re-
laxation of guinea-pig gastric fundus, and it has also been
observed in other peripheral tissues, including rat duodenum
(Irie et al., 1994), bovine retractor penis muscle (Klinge et al.,
1988), guinea-pig urinary bladder (Hisayama et al., 1988) and
the mainstem bronchi of rabbits (Takayanagi et al., 1984).
However, no such component was seen by McLaren et al.
(1993) in their study of the rat gastric fundus. Again, we have
no plausible explanation for this discrepancy. As shown in
Figure 1, the responses to 100 and 300 mM nicotine were al-
most identical under non-cholinergic and NANC conditions,
suggesting the possible absence of a noradrenergic component,
which was evident in the responses to lower concentrations (10
and 30 mM) of nicotine. To investigate this possibility, we
evaluated the response of TTX-treated strips to 300 mM nico-
tine under non-cholinergic conditions. However, in these ex-
periments, the mean response of the toxin-treated strips was an
initial relaxation (similar to that seen when they were stimu-
lated with 30 mM nicotine) followed by a contraction of
roughly the same magnitude. This observation indicates that
the response to higher concentrations of nicotine does indeed
include a noradrenergic component. The fact that no signi®-
cant reduction was observed with blockade of the latter com-
ponent (Figure 1) can be explained as follows: in the response
to higher nicotine concentrations, the nitrergic and peptidergic
components play more substantial roles, and they are thus able
to compensate for the abolished contribution of noradrenaline.
The contractile component of the response of the TTX-treated
strips can probably be attributed to the higher nicotine con-
centration, which would be expected to produce more con-
traction than that seen with 30 mM nicotine under NANC
conditions in the presence of TTX or under non-cholinergic
conditions in the presence of hexamethonium.

A number of studies have suggested that VIP is a mediator
of the NANC relaxation of the rat gastric fundus induced by
various stimuli (Kamata et al., 1988; De Beurme & Lefebvre,
1988; Li & Rand, 1990; D'Amato et al., 1992b; Takahashi &
Owyang, 1995). Our ®ndings clearly demonstrate that this
peptide ful®lls the criteria for a mediator of the neural inhi-
bitory response to nicotine. In 1993, McLaren et al. showed
that a-chymotrypsin reduced the nicotine-induced response by
up to 40%, suggesting the involvement of one or more peptide
mediators. In the present study, we achieved a reduction of
approximately 35% with anti-VIP serum. The fact that this
attenuation is quite similar to that produced with a-chymo-
trypsin in the McLaren et al. (1993) study would tend to ex-
clude the role of other peptides sensitive to a-chymotrypsin in
this response. However, it is also possible that the peptidase-
induced inhibition would have been greater than that produced
by our anti-VIP serum if a higher concentration of a-chymo-
trypsin and/or a longer incubation had been used. Our ob-
servation of a calcium-dependent, TTX-sensitive release of
both VIP- and PHI-LI by nicotine-stimulated strips suggests
that there may indeed be a PHI-mediated component in this
relaxant response. Both dilutions of NRS (1:100 and 1:50)
caused similar attenuation of the nicotine (30 mM)-induced
relaxation, but neither of these reductions was signi®cant. At
present, we have no explanation for the inhibitory e�ects of
this serum. However, other authors (De Beurme & Lefebvre,
1988) have shown that NRS also inhibits EFS-induced NANC
relaxation of the rat gastric fundus. The EFS frequency used
by these investigators (5 Hz) should not provoke co-release of
VIP- and PHI-LI (D'Amato et al., 1992b; CurroÁ et al., 1994).
In addition, De Beurme & Lefebvre (1988) found that the NRS
did not have any signi®cant e�ect on submaximal relaxation
induced by VIP or isoprenaline. In light of these ®ndings, it
seems improbable that NRS exerts a pre- or post-junctional
e�ect on the VIP-mediated component or an aspeci®c post-
junctional e�ect. Instead, it might be that one or more factors
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present in the serum partially trap the released NO, or interfere
with the NO synthase or guanylate cyclase system.

At lower concentrations of nicotine, VIP- and PHI-LI were
released in equimolar quantities, but the amount of PHI-LI
released in response to 300 mM nicotine was about twice as
much as that of VIP-LI. The PHI-LI release observed under
the latter conditions may partially re¯ect release of peptide
histidine valine (PHV), a C-terminal-extended form of PHI
that is also fully recognized by the R8403 serum we used
(CurroÁ et al., 1994), and this release is probably independent of
that of VIP-LI. The total evoked release of PHI-LI observed
after high-frequency EFS of the same tissue is much greater
than that observed after nicotine stimulation (CurroÁ et al.,
1994). It is possible that only a small percentage of the neu-
rones that release PHI-LI have nicotinic receptors, and that
PHI and PHV play more important roles in locally triggered
accomodative relaxation of the stomach, rather than in the
receptive response. The release of both VIP- and PHI-LI was
blocked by hexamethonium, indicating that this e�ect is
mediated by the activity of nicotine at the level of neuronal
type receptors. Like the functional response, the release of the
two peptides induced by a second administration of nicotine
was not as great as that seen with the ®rst administration, and,

on the basis of the statistical analysis, it would seem that this
desensitization was complete. However, the fact that the re-
laxant response to readministration of nicotine was partially
preserved is not surprising, since various mediators are be-
lieved to be involved in this response.

In conclusion, our ®ndings support the hypothesis that VIP
and probably PHI, as well, are mediators of nicotine-induced
NANC relaxation of the rat gastric fundus. Since re¯ex re-
ceptive relaxation of the stomach during food intake involves
the activation of nicotinic receptors located on parasympa-
thetic postganglionic neurones, we can conclude that this
physiological response is partially mediated by VIP.

Supported by MURST 60% and CNR Grant No. 94.02848.CT04.
The authors are indebted to Prof. Dr N. Yanaihara (Yanaihara
Institute Inc., Shizuoka, Japan) for the generous gift of the anti-
pPHI serum R8403, to Dr P. Romualdi (Institute of Pharmacology,
School of Farmacy, University of Bologna, Bologna, Italy) for
providing us with VIP (22 ± 28), to Mr M. Vitrone for his technical
assistance and to Mrs M. Kent for editorial help in preparing the
manuscript.

References

ABRAHAMSSON, H. (1986). Non-adrenergic non-cholinergic ner-
vous control of gastrointestinal motility patterns. Arch. Int.
Pharmacodyn., 280 (Suppl.), 50 ± 61.

BARBIER, A.J. & LEFEBVRE, R.A. (1993). Involvement of the L-
arginine:nitric oxide pathway in nonadrenergic noncholinergic
relaxation of the cat gastric fundus. J. Pharmacol. Exp. Ther.,
266, 172 ± 178.

BOECKXSTAENS, G.E., PELCKMANS, P.A., BOGERS, J.J., BULT, H.,

DE MAN, J.G., OOSTERBOSCH, L., HERMAN, A.G. & VAN

MAERCKE, Y.M. (1991). Release of nitric oxide upon stimulation
of nonadrenergic noncholinergic nerves in the rat gastric fundus.
J. Pharmacol. Exp. Ther., 256, 441 ± 447.

BOECKXSTAENS, G.E., PELCKMANS, P.A., DE MAN, J.G., BULT, H.,

HERMAN, A.G. & VAN MAERCKE, Y.M. (1992). Evidence for a
di�erential release of nitric oxide and vasoactive intestinal
polypeptide by nonadrenergic noncholinergic nerves in the rat
gastric fundus. Arch. Int. Pharmacodyn., 318, 107 ± 115.

CURROÁ , D., PREZIOSI, P., RAGAZZONI, E. & CIABATTONI, G.

(1994). Peptide histidine isoleucine-like immunoreactivity release
from the rat gastric fundus. Br. J. Pharmacol., 113, 541 ± 549.

CURROÁ , D., VOLPE, A.R. & PREZIOSI, P. (1996). Nitric oxide
synthase activity and non-adrenergic non-cholinergic relaxation
in the rat gastric fundus. Br. J. Pharmacol., 117, 717 ± 723.

D'AMATO, M., CURROÁ , D. & MONTUSCHI, P. (1992a). Evidence for
dual components in the non-adrenergic non-cholinergic relaxa-
tion in the rat gastric fundus: role of endogenous nitric oxide and
vasoactive intestinal polypeptide. J. Auton. Nerv. Syst., 37, 175 ±
186.

D'AMATO, M., CURROÁ , D., MONTUSCHI, P., CIABATTONI, G.,

RAGAZZONI, E. & LEFEBVRE, R.A. (1992b). Release of
vasoactive intestinal polypeptide from the rat gastric fundus.
Br. J. Pharmacol., 105, 691 ± 695.

DE BEURME, F.A. & LEFEBVRE, R.A. (1987). In¯uence of a-
chymotrypsin and trypsin on the non-adrenergic non-cholinergic
relaxation in the rat gastric fundus. Br. J. Pharmacol., 91, 171 ±
177.

DE BEURME, F.A. & LEFEBVRE, R.A. (1988). Vasoactive intestinal
polypeptide as possible mediator of relaxation in the rat gastric
fundus. J. Pharm. Pharmacol., 40, 711 ± 715.

DESAI, K.M., SESSA, W.C. & VANE, J.R. (1991). Involvement of nitric
oxide in the re¯ex relaxation of the stomach to accomodate food
or ¯uid. Nature, 351, 477 ± 479.

DESAI, K.M., WARNER, T.D., BISHOP, A.E., POLAK, J.M. & VANE,

J.R. (1994). Nitric oxide, and not vasoactive intestinal peptide, as
the main neurotransmitter of vagally induced relaxation of the
guinea pig stomach. Br. J. Pharmacol., 113, 1197 ± 1202.

GRUNDY, D., GHARIB-NASERI, M.K. & HUTSON, D. (1993). Role of
nitric oxide and vasoactive intestinal polypeptide in vagally
mediated relaxation of the gastric corpus in the anaesthetized
ferret. J. Auton. Nerv. Syst., 43, 241 ± 246.

HISAYAMA, T., SHINKAI, M., TAKAYANAGI, I. & TOYODA, T.

(1988). Mechanism of action of nicotine in isolated urinary
bladder of guinea-pig. Br. J. Pharmacol., 95, 465 ± 472.

HOLZER, P. (1991). Capsaicin: cellular targets, mechanisms of
action, and selectivity for thin sensory neurons. Pharmacol.
Rev., 43, 143 ± 201.

IRIE, K., FURUKAWA, K., NOMOTO, T., FUJII, E. & MURAKI, T.

(1994). Developmental changes in the response of rat isolated
duodenum to nicotine. Eur. J. Pharmacol., 251, 75 ± 81.

ITO, S., OHGA, A. & OHTA, T. (1988). Gastric relaxation and
vasoactive intestinal peptide output in response to re¯ex vagal
stimulation in the dog. J. Physiol., 404, 683 ± 693.

JINNO, S., HUA, X.-Y. & YAKSH, T. (1994). Nicotine and acetylcho-
line induce release of calcitonin gene-related peptide from rat
trachea. J. Appl. Physiol., 76, 1651 ± 1656.

KAMATA, K., SAKAMOTO, A. & KASUYA, Y. (1988). Similarities
between the relaxations induced by vasoactive intestinal peptide
and by stimulation of the non-adrenergic non-cholinergic
neurons in the rat stomach. Naunyn-Schmiedeberg's Arch.
Pharmacol., 338, 401 ± 406.

KLINGE, E., ALARANTA, S. & SJOÈ STRAND, N.O. (1988). Pharmaco-
logical analysis of nicotinic relaxation of bovine retractor penis
muscle. J. Pharmacol. Exp. Ther., 245, 280 ± 286.

KOJIMA, S.-I., ISHIZAKI, R. & SHIMO, Y. (1993). Investigation of
nicotine-induced relaxation of circular smooth muscle of the
guinea-pig gastric fundus. Eur. J. Pharmacol., 241, 171 ± 175.

LEFEBVRE, R.A., BAERT, E. & BARBIER, A.J. (1992). In¯uence of
NG-nitro-L-arginine on non-adrenergic non-cholinergic relaxa-
tion in the guinea-pig gastric fundus. Br. J. Pharmacol., 106,
173 ± 179.

LEFEBVRE, R.A., SMITS, G.J.M. & TIMMERMANS, J.-P. (1995). Study
of NO and VIP as non-adrenergic non-cholinergic neurotrans-
mitters in the pig gastric fundus. Br. J. Pharmacol., 116, 2017 ±
2026.

LI, C.G. & RAND, M.J. (1990). Nitric oxide and vasoactive intestinal
polypeptide mediate non-adrenergic, non-cholinergic inhibitory
transmission to smooth muscle of the rat gastric fundus. Eur. J.
Pharmacol., 191, 303 ± 309.

MCLAREN, A., LI, C.G. & RAND, M.J. (1993). Mediators of nicotine-
induced relaxations of the rat gastric fundus. Clin. Exp.
Pharmacol. Physiol., 20, 451 ± 457.

MEULEMANS, A.L., EELEN, J.G.M. & SCHUURKES, J.A.J. (1995).
NO mediates gastric relaxation after brief vagal stimulation in
anesthetized dogs. Am. J. Physiol., 269, G255 ±G261.

MEULEMANS, A.L., HELSEN, L.F. & SCHUURKES, J.A.J. (1993).
Role of NO in vagally-mediated relaxations of guinea-pig
stomach. Naunyn-Schmiedeberg's Arch. Pharmacol., 347, 225 ±
230.

Nicotine-induced relaxation of the rat stomach 1111D. CurroÁ & P. Preziosi



TAKAHASHI, T. & OWYANG, C. (1995). Vagal control of nitric oxide
and vasoactive intestinal polypeptide release in the regulation of
gastric relaxation in rat. J. Physiol., 484, 481 ± 492.

TAKAYANAGI, I., KIZAWA, Y. & HIRUTA, T. (1984). Tetrodotoxin-
resistant response to nicotine in rabbit bronchial preparation.
Eur. J. Pharmacol., 104, 351 ± 356.

VANE, J.R. (1957). A sensitive method for the assay of 5-
hydroxytryptamine. Br. J. Pharmacol., 12, 344 ± 349.

YANO, S., KIYOTA, Y., YAMAMOTO, M. & WATANABE, K. (1995).
Pharmacological features of non-adrenergic non-cholinergic
(NANC) relaxation induced by electrical vagal stimulation in
isolated mouse stomach. Jpn. J. Pharmacol., 69, 9 ± 15.

(Received December 10, 1996
Revised April 1, 1997

Accepted April 14, 1997)

Nicotine-induced relaxation of the rat stomach1112 D. CurroÁ & P. Preziosi


