
It is widely accepted that nitric oxide (NO) and vasoactive

intestinal polypeptide (VIP) both play an important role as

inhibitory neurotransmitters in non-adrenergic non-

cholinergic (NANC) smooth muscle responses throughout

the gastrointestinal tract (Sanders & Ward, 1992; Brookes,

1993; Shuttleworth & Keef, 1995; Rand & Li, 1995). 

NO is produced from -arginine by one of three nitric

oxide synthase (NOS) enzymes, namely neuronal NOS

(nNOS), endothelial NOS (eNOS) and inducible NOS

(iNOS) (Förstermann et al. 1995). The source of NO as an

inhibitory regulator of gastrointestinal motility is usually

thought to be nNOS in so-called nitrergic nerves; by

immunochemistry, nNOS has indeed been localized to

neurones and nerve endings throughout the gastro-

intestinal tract (see e.g. Ekblad et al. 1994a). Investigations

into whether myenteric nitrergic neuron cell bodies and

nerve endings also contain VIP have yielded variable

results (Barbiers et al. 1993; Ekblad et al. 1994b). VIP and

NO, being released from the same or separate neurones,

are in general considered to contribute in parallel to a

given inhibitory motor response. At the level of the gastric

fundus, NO and VIP initiate and sustain NANC relaxation,

respectively, in some species such as the rat and the ferret

(Li & Rand, 1990; Boeckxstaens et al. 1992; D’Amato et al.
1992; Grundy et al. 1993), while NO seems to be the major

neurotransmitter, to both initiate and sustain NANC

relaxation, in the gastric fundus of other species such as the

guinea-pig, the cat and the pig (Barbier & Lefebvre, 1993;

Desai et al. 1994; Lefebvre & Vandekerkhove, 1998). The

stimulation frequency of the myenteric neurones is

important, as recently illustrated in the human gastric

fundus; low frequency stimulation caused only NO release

whereas high frequency stimulation induced both NO and

VIP release (Tonini et al. 2000). It has also been proposed

that NO is released from gastrointestinal smooth muscle

cells in response to VIP. In isolated smooth muscle cells

and smooth muscle strips of the guinea-pig gastric fundus

and rat colon, the relaxant effect of VIP was indeed

inhibited by NOS inhibitors (Grider et al. 1992; Grider,

1993; Jin et al. 1993). Although Western and immunoblot

analysis of rabbit gastric smooth muscle did not reveal the

presence of NOS, eNOS mRNA was localized in these cells

by RT-PCR (Teng et al. 1998). Additionally, nNOS mRNA

has been detected in gastrointestinal smooth muscle cells

(Chakder et al. 1997). All these results correlate with the

possibility that NO is a mediator synthesized in smooth

muscle cells by VIP.
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dependent relaxation by VIP (10–9 to 3 w 10–7 ) was not influenced by -NA or 1400W. These

results suggest that the experimental method determines the influence of NOS inhibitors on the

relaxant effect of VIP. iNOS, probably induced by the isolation procedure, might be involved in the

relaxant effect of VIP in isolated smooth muscle cells but not in classic smooth muscle strips.
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We recently demonstrated that, in the guinea-pig and pig

gastric fundus, NOS inhibitors exert a completely different

effect on VIP-induced relaxation depending on the use of

isolated smooth muscle cells or smooth muscle strips

(Dick et al. 2000; Dick & Lefebvre, 2000). In the smooth

muscle cells the relaxant effect of VIP was inhibited by

NOS inhibitors, including the iNOS-selective 1400W,

whereas in isolated smooth muscle strips it was not.

Although immunocytochemistry did not reveal systematic

iNOS expression in isolated cells, these results illustrate the

importance of the experimental method used and suggest

the involvement of iNOS in VIP-induced relaxation in

isolated smooth muscle cells. 

RT-PCR for iNOS, eNOS and nNOS in isolated smooth

muscle cell preparations might be influenced by

contamination with other cellular elements. However,

several lines of knockout mice have been developed in

which the genes encoding eNOS, nNOS or iNOS have been

selectively disrupted (Huang et al. 1993, 1995; Wei et al.
1995). These gene-targeted mice might allow us to further

investigate the identity of the NOS isoform involved in

VIP-induced relaxation in isolated smooth muscle cells of

the gastric fundus. The purpose of the present study was to

investigate the interaction between NO and VIP in isolated

smooth muscle cells and smooth muscle strips of the

mouse gastric fundus by use of iNOS, eNOS and nNOS

knockout mice.

METHODS
Animals
Breeding pairs of homozygous mutant mice lacking the gene for
inducible NOS (iNOS(_/_)), generated as described previously
by Wei et al. (1995), were purchased from Jackson Laboratories
(Bar Harbor, ME, USA). Breeding pairs of endothelial NOS-
deficient mice (eNOS(_/_)), generated as described previously
(Huang et al. 1995), were obtained from Dr Paul Huang
(Cardiovascular Research Center, Harvard Medical School, USA).
Both types of knockout mice were bred at the Department of
Molecular Biology at Ghent University. 

The neuronal NOS-deficient mice (nNOS(_/_)), generated as
described previously by Huang et al. (1993) and their wild-type
(WT) B6.129F2/J controls were obtained from Jackson Laboratories.
WT C57BL/6J controls for the iNOS(_/_) mice and WT Sv129
controls for the eNOS(_/_) mice were obtained from Iffa Credo
(Saint Germain sur l’Arbresle, France). Animals were housed in a
12 h light–dark cycle in a temperature-controlled, air-conditioned
room with food and water ad libitum; they were used at the age of
7–10 weeks.

All experiments were carried out in accordance with the Belgian
regulations on the use of experimental animals, as approved by the
Ethics Committee on Experimental Animals of the Ghent
University Faculty of Medicine and Health Sciences.

The efficacy of the gene deletion was assessed as follows. 

Nitrite assay. Blood from WT C57BL/6J control mice and
homozygous mutant iNOS knockout mice challenged .. with

20 µg murine tumour necrosis factor alpha (mTNF a) was
collected by cardiac puncture under avertin (2,2,2-tribromo-
ethanol) anaesthesia (100 mg kg_1, ..), 3, 6, 9 and 12 h after
mTNF a challenge. To estimate NO production, the procedure
described by Granger et al. (1991), based on the measurement of
the nitrite content in serum after reduction of nitrate to nitrite,
was followed in a slightly modified form. 

Immunoblotting of nNOS. Within 30 min after decapitation, the
cerebellum of B6.129F2/J control mice or homozygous mutant
nNOS knockout mice was homogenized in ice-cold
homogenization buffer (250 m sucrose, 10 m Tris, 10 m
MgCl2, 2 m EDTA, 0.2 m phenylmethylsulfonylfluoride
(PMSF), 1 µ leupeptin and 1 µg ml_1 aprotinin, pH 7.4) in 5–10
volumes (v/w) at 4 °C. The homogenate was centrifuged at 300 g
for 10 min at 4 °C. The proteins of the supernatant (post-nuclear
supernatant, PNS) were separated by SDS-PAGE under
denaturing conditions (Laemmli et al. 1970), blotted onto a
nitrocellulose membrane (Towbin et al. 1979) and nNOS was
immunologically detected as described below. All incubations
were performed at room temperature on a rocking platform. After
overnight incubation with 10 % (v/v) Western blocking reagent in
phosphate-buffered saline (PBS, 137 m NaCl, 2.7 m KCl,
1.5 m KH2PO4, 8.1 m Na2HPO4), the blot was incubated for
2 h with polyclonal rabbit anti-nNOS antiserum (diluted 1:5000
in PBS containing 0.05 % (v/v) Tween 20, PBS-Tween). After
extensive rinsing with PBS-Tween, the blot was incubated for 2 h
with goat anti-rabbit IgG HRP-conjugated antibody (diluted
1:5000 in PBS-Tween). Detection was performed by enhanced
chemiluminescence (Amersham Pharmacia Biotech), according
to the manufacturer’s instructions.

Blood pressure measurement. The blood pressures of WT
C57BL/6J control mice and homozygous eNOS(_/_) mice were
measured by a computerized non-invasive tail-cuff system as
described by Krege et al. (1995). The system measures blood
pressure by determining the cuff pressure at which blood flow to
the tail is eliminated. 

Preparation of isolated smooth muscle cells
Circular smooth muscle cells were isolated from the gastric fundus
of mice by collagenase digestion as previously described by Bitar &
Makhlouf (1982). Briefly, three to four mice (25–30 g in weight)
of either sex were killed by cervical dislocation to obtain cells for
one experiment. The gastric fundus was isolated immediately and
the circular muscle layer was separated from the rest of the
stomach wall by careful dissection under the microscope. Small
sheets from the circular muscle layer were incubated for 15 min at
31 °C, in 15 ml of 25 m Hepes-buffered medium, containing 150
U ml_1 collagenase (Type II) and 0.01 % soybean trypsin inhibitor,
and gassed with 95 % O2–5 % CO2. The medium consisted of:
NaCl, 98 m; KCl, 6 m; NaH2PO4, 2.5 m; CaCl2, 1.8 m;
(+)-glucose, 11.5 m; bovine serum albumin, 0.2 % (w/v). It
was supplemented with: sodium pyruvate, 5 m; sodium
fumarate, 5 m; sodium glutamate, 5 m; glutamine, 2 m;
amino acid mixture, 1 % (v/v); vitamin mixture, 1 % (v/v);
penicillin G, 50 µg ml_1; streptomycin, 50 µg ml_1. The pH of the
buffered medium was adjusted to 7.4. At the end of the
incubation, the medium was filtered through a 500 µm pore size
Nitex filter and the partly digested tissues were washed with 30 ml
enzyme-free medium, whereafter they were allowed to disperse
spontaneously in enzyme-free medium for 60 min. Finally the
spontaneously dissociated muscle cells were harvested by
filtration and used for functional measurements.
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Viability tests by exclusion of trypan blue showed that
86.6 ± 1.2 % (mean ± ..., n = 6) of the cells in suspension
obtained from WT C57BL/6J control mice were viable at the time
of the contraction experiments. Cell suspensions were maintained
at 31 °C and usually studied within 30 min .

The length of the isolated smooth muscle cells was measured using
an image splitting eyepiece connected to a micrometer after
fixation with glutaraldehyde. An aliquot of 50 µl treated cell
suspension was placed on a Malassez slide. The first 25 or 50
randomly encountered and morphologically intact cells were
measured using a Carl Zeiss eyepiece at a magnification of at leastw200. For the vials with control cells and carbachol-treated cells,
two different aliquots were taken and 25 or 50 cells were measured
from each aliquot. The absolute cell length measurement was
performed with a scale mask placed on a video screen, connected
to a video camera. Magnification due to the video camera had first
been calculated by use of a micrometer. 

Measurement of relaxation (inhibition of contraction) in
isolated smooth muscle cells
Untreated cells served as controls. Cells were contracted by
incubation with 10–8  carbachol for 30 s, followed by fixation of
the cells with glutaraldehyde (pH 7.4), added to a final
concentration of 2.5 %. In relaxation experiments, VIP (10_13 to
10–8 ) was added 60 s before the carbachol. The inhibition of the
carbachol-induced contraction was considered to be relaxation as
previously described (Grider et al. 1992; Jin et al. 1993; Rekik et al.
1996). The term relaxation will be used throughout this
manuscript. To study the possible involvement of NO, the cells
were incubated for 5 min before addition of VIP with the NOS
inhibitors NG-nitro--arginine (-NA) and N-(3-(aminomethyl)-
benzyl)acetamidine (1400W), with or without - or -arginine. In
parallel control vials, the cells were incubated with the solvent of
these agents. 

Preparation of smooth muscle strips
After cervical dislocation two smooth muscle strips (10 w 2 mm)
were prepared from the mouse gastric fundus by cutting in the
direction of the circular muscle layer as described by Öngülener et
al. (1995). The strips were suspended between two platinum plate
electrodes under a load of 0.5 g in 5 or 20 ml organ baths
containing Tyrode solution, maintained at 37 °C and gassed with
95 % O2–5 % CO2. The Tyrode solution had the following
composition: NaCl, 137 m; KCl, 2.7 m; NaH2PO4, 0.4 m;
MgCl2, 1.0 m; CaCl2, 1.8 m; NaHCO3, 12.0 m; and
(+)-glucose, 5.5 m. The Tyrode solution always contained
4 w 10–6  guanethidine to inhibit noradrenergic responses.
Changes in length were recorded isotonically via type 373 B40
Lever transducers (Hugo Sachs Elektronik-Harvard Apparatus
GmbH, March-Hugstetten, Germany) on a Linearcorder 8 WR
3500 (Western Graphtec Inc., Irvine, CA, USA) in the 5 ml baths
or via Palmer Bioscience (USA) T3 transducers on a Graphtec
Linearcorder WR 3701 F in the 20 ml baths. Electrical field
stimulation (EFS) was performed by means of a Hugo Sachs
Stimulator I type 215/I in the 5 ml baths or by a Grass S88
Stimulator in the 20 ml baths. The tissues were allowed to
equilibrate for 60 min, being rinsed every 15 min.

Measurement of relaxation in muscle strips
After the equilibration period, tone was raised by the
administration of 5 w 10–7  carbachol. Once a stable contraction
was obtained, EFS was performed or VIP was administered.
Frequency–response curves to EFS (40 V, 0.2 ms, 0.5–16 Hz) were
obtained by stimulating the tissues with 30 s trains at 5 min

intervals. VIP (10–9 to 3 w 10–7 ) was administered cumulatively.
After obtaining the first frequency–response or concentration–
response curve, the tissues were regularly rinsed for 30 min. -NA
(10–4 ) or 1400W (10–6 ) was then added and incubated for
30 min. Tone was then again raised by adding 5 w 10–7 
carbachol and a second frequency–response or concentration–
response curve was obtained. In parallel control strips, only the
solvent of the tested drug was administered. All experiments
ended with another cycle of carbachol-induced tone and
relaxation by 10–4  papaverine. 

Data analysis
The contraction of the isolated smooth muscle cells was expressed
as the percentage decrease in cell length compared to untreated
controls, using the following formula: ((L0 _ Lx)L0

_1) w 100,
where L0 is the mean length of cells in the control state and Lx is the
mean length of carbachol-treated cells. In relaxation experiments,
the degree of inhibition of contraction was expressed as the
percentage decrease in maximal contractile response, as observed
in carbachol-treated cells in the absence of relaxant agent.
Relaxations in the smooth muscle strips were expressed as the
percentage of the papaverine-induced relaxation at the end of the
experiment. 

Results are given as means ± ... and n refers to isolated smooth
muscle cell preparations or smooth muscle strips from different
animals. Blood pressure values and nitrite levels from eNOS(_/_)
and iNOS(_/_) mice were compared with those in controls by
Student’s unpaired t test. The length of smooth muscle cells from
iNOS(_/_), eNOS(_/_) and nNOS(_/_) mice was compared
with that from their respective WT mice by Student’s unpaired t
test. Responses in parallel vials of isolated smooth muscle cells
were compared by ANOVA and Student’s t test, corrected for
multiple comparisons by theBonferroni procedure. 

Responses during the first and second curves in the strips were
compared by Student’s paired t test. When a drug under test
induced a significant difference, this was compared with the
difference between the first and second curve in the parallel
control tissues by Student’s unpaired t test. 

P values of less than 0.05 were considered statistically significant.

Chemicals 
Collagenase was purchased from the Worthington Biochemical
Corporation (Freehold, NJ, USA). Vasoactive intestinal polypeptide
(VIP) was obtained from Bachem (Bubendorf, Switzerland) and
carbamoylcholine chloride (carbachol) from Fluka (Switzerland).
N-(3-(aminomethyl)-benzyl)acetamidine (1400W) was obtained
from the Alexis Corporation (Nottingham, UK) and essential
amino acid mixture from ICN (Costa Mesa, USA). Aprotinin, -
arginine hydrochloride, -arginine hydrochloride, bovine serum
albumin, glutamine, glutaraldehyde, goat anti-rabbit IgG HRP-
conjugated antibody, guanethidine sulphate, Griess reagent,
leupeptin, NG-nitro--arginine (-NA), penicillin G, phenyl-
methylsulfonylfluoride (PMSF), polyclonal rabbit anti-nNOS
antiserum, sodium fumarate, sodium glutamate, sodium pyruvate,
streptomycin, sucrose, trypan blue, Tween 20 and vitamin
mixture were bought from Sigma Chemicals (St Louis, MO,
USA). EDTA, Hepes, soybean trypsin inhibitor, Tris and Western
blocking reagent were obtained from Boehringer Mannheim
Biochemicals (Indianapolis, IN, USA) and papaverine from a
local pharmacist. Merck (Darmstadt, Germany) provided
trichloroacetic acid and tissue culture medium was bought from
Gibco BRL (Paisley, UK). Recombinant murine tumour necrosis
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factor a (mTNF a) was produced and purified at the Department of
Molecular Biology. It had a specific activity of 1.9 w 10–8 i.u. mg_1

and contained less than 10 U of endotoxin per milligram of
protein, as assessed by a chromogenic substrate test (Chromogenix,
Stockholm, Sweden).

All drugs were dissolved in deionized water, except for PMSF
(0.2 ), which was dissolved in pure ethanol. Further dilutions

were made in physiological salt solution. The solvents, diluted in
physiological salt solution to the final concentration applied to the
strips or the cells, had no effect per se on the tone of the strips or on
control isolated smooth muscle cells. Stock solutions of 1400W
(of up to 10–2 ⁾ and VIP (of up to 10–4 ) were prepared in
deionized water and stored at _20 °C. All other solutions were
prepared on the day of the experiment.
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Figure 1. Preliminary control experiments performed
to verify the accuracy of the iNOS, nNOS and eNOS
deletions in the knockout mice
A, concentration of nitrite, after reduction of nitrate to nitrite,
detected in serum of WT C57BL/6J control mice and
iNOS(_/_) mice 3, 6, 9 and 12 h after mTNF a challenge.
Values are means ± ..., n = 2–5. * P < 0.05, ** P < 0.01,
significantly different from control . B, blood pressure
determined in WT C57BL/6J control mice and eNOS(_/_)
mice. Values are means ± ..., n = 8. *** P < 0.001,
significantly different from control. C, immunodetection of
nNOS in the postnuclear supernatant of WT B6.129F2/J and
nNOS(_/_) mouse cerebellum.

Table 1. Effect of L-NA on VIP-induced relaxation in isolated smooth muscle cells obtained
from WT C57BL/6J gastric fundus

Muscle cell length Contraction Relaxation Inhibition
(µm) (%) (%) (%)

Controls 117.9 ± 1.0 — — —

Carbachol (10_8 ) 99.9 ± 1.3 *** 15.3 ± 0.8 — —

Carbachol (10–8 )

+ VIP (10–9 ) 120.0 ± 2.6 _1.2 ± 2.1 106.3 ± 12.8 —

Carbachol (10–8 )

+ VIP (10–9 )

+ -NA (10–4 ) 100.2 ± 2.1 *** 15.0 ± 1.8 11.6 ± 7.3 90.8 ± 5.7

Effects are described by muscle cell length (µm), contraction (% decrease in cell length), relaxation (%
inhibition of carbachol-induced contraction) and inhibition (% inhibition of VIP-induced relaxation).
Values are means ± ...; n = 6; *** Significantly different from control cells, P < 0.001.



RESULTS
Control experiments
Preliminary control experiments were performed to verify

the accuracy of the iNOS, nNOS and eNOS deletions

(Fig. 1). A time-dependent increase in the serum nitrite

level was observed in WT C57BL/6J control mice after ..

challenge with mTNF a, whereas the background nitrite

level was maintained in the serum of iNOS(_/_) mice. The

blood pressure of eNOS(_/_) mice (138.5 ± 1.8 mmHg)

was significantly higher than that of WT C57BL/6J control

mice (105.2 ± 0.7 mmHg). A positive 155 kDa nNOS band

was found by Western blotting in the postnuclear

supernatant of the cerebellum of a WT B6.129F2/J mouse

but not in that of a nNOS(_/_) mouse.

Isolated smooth muscle cells
Untreated control cells obtained by dissociation of the

circular muscle layer of the WT C57BL/6J mouse gastric

fundus had a mean cell length of 117.9 ± 1.0 µm (n = 6,

VIP–NO interaction in NOS knockout mouse gastric fundusJ. Physiol. 538.1 137

Figure 2. Influence of NOS inhibitors on the relaxant effect of VIP in isolated smooth muscle
cells from WT, iNOS(_/_), eNOS(_/_) and nNOS(_/_) mice

Effect of -NA (10–4 ) and 1400W (10–6 ) with or without -arginine (L-ARG, 10–4 ) and -arginine

(D-ARG, 10–4 ) on VIP(10–9 )-induced relaxation in isolated smooth muscle cells obtained from WT

C57BL/6J (A), Sv129 (B) and B6.129F2/J (C) mice and iNOS(_/_) (D), eNOS(_/_) (E) and nNOS(_/_) (F)
mice. Values are means ± ..., n = 5–7. * P < 0.05, ** P < 0.01, *** P < 0.001, significantly different from

cells treated with VIP. † P < 0.05, ††† P < 0.001, significantly different from cells treated with VIP and -NA

or 1400W.



Table 1). Incubation for 30 s with 10–8  carbachol

produced a 15.3 ± 0.8 % shortening of the cells to

99.9 ± 1.3 µm (n = 6, Table 1). 

When cells were preincubated for 60 s with increasing

concentrations of VIP (10–13 to 10–8 ), the contraction

was inhibited in a concentration-dependent manner (data

not shown). Full relaxation was obtained with 10–9  VIP

and this concentration was selected for further

investigation. In the absence of carbachol, VIP did not

affect the length of the smooth muscle cells (120.0 ±

2.6 µm, n = 6). The lengths of the smooth muscle cells

obtained from WT Sv129 and B6.129F2/J mice (112.9 ± 2.8

and 117.8 ± 2.2 µm, respectively; n = 5–6) were not

significantly different from that from C57BL/6J mice. The

smooth muscle cell lengths of iNOS(_/_) (106.1 ± 4.5 µm,

n = 6) and eNOS(_/_) (100.8 ± 3.7 µm, n = 7) mice were

significantly different from those of the corresponding

C57BL/6J and Sv129 WT control mice. Smooth muscle cell

length in nNOS(_/_) mice (121.3 ± 2.6 µm, n = 5) was

not significantly different from that in the corresponding

WT B6.129F2/J control mice. The gastric smooth muscle

cells of the WT Sv129 and B6.129F2/J and the iNOS(_/_),

nNOS(_/_) and eNOS(_/_) mice contracted in response

to 10–8  carbachol and relaxed fully in response to 10–9 

VIP, as observed for WT C57BL/6J mice. In the absence of
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Figure 3. Influence of NOS inhibitors on the relaxant effect of VIP in smooth muscle strips 

Concentration–response curve for VIP in the absence or presence of 10–4  -NA (A, B and C) or 10–6 

1400W (D, E and F) in circular gastric smooth muscle strips from iNOS(_/_) (A and D), eNOS(_/_) (B and

E) and nNOS(_/_) (C and F) mice. Values are means ± ..., n = 5–6. There were no significant differences

in response before and in the presence of a NOS inhibitor, when compared with the change in parallel control

tissues.



carbachol, VIP did not affect the length of the smooth

muscle cells. The relaxant effect of 10–9  VIP in gastric

smooth muscle cells obtained from WT C57BL/6J, Sv129

and B6.129F2/J mice was inhibited by the non-selective

NOS inhibitor -NA by 90.8 ± 5.7, 72.3 ± 13.6 and

75.0 ± 8.6 % (n = 6–7, Fig. 2), respectively. The inhibitory

effect of -NA was reversed by 10–4  -arginine, but not by

10–4  -arginine. In the gastric smooth muscle cells of the

three WT mouse strains, the relaxant effect of VIP was also

inhibited by the iNOS-selective inhibitor 1400W (10–6 )

by 90.5 ± 5.1, 84.7 ± 8.1 and 69.8 ± 6.4 % (n = 5–7, Fig. 2)

respectively. The inhibitory effect of 1400W was not

reversed by -arginine in the cells of C57BL/6J mice and

B6.129F2/J mice, but it was in the cells of Sv129 mice. In

the gastric smooth muscle cells of eNOS(_/_) and

nNOS(_/_) mice, the relaxant effect of VIP was reduced

by both -NA and 1400W (Fig. 2); the inhibitory effect of

-NA was reversed by -arginine, while that of 1400W was

reversed by -arginine in eNOS(_/_) mice. In iNOS(_/_)

mice, the relaxant effect of VIP was not significantly

influenced by -NA or 1400W.
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Figure 4. Influence of L-NA on the relaxation induced by electrical field stimulation in smooth
muscle strips

Representative traces from circular smooth muscle strips obtained from a WT C57BL/6J (A), an eNOS(_/_) (B)
and an nNOS(_/_) mouse (C) showing the response to electrical field stimulation (40V, 0.2 ms, 0.5–16 Hz)

with 30 s trains at 5 min intervals before and after addition of -NA (10–4 ). R, rinsing.



Isolated smooth muscle strips
In all strains tested (WT C57BL/6J and B6.129F2/J, not

shown; mutant iNOS(_/_), eNOS(_/_) and nNOS(_/_)

mice, Fig. 3), VIP (10–9 to 3 w 10–7 ) induced concentration-

dependent relaxations of gastric circular smooth muscle

strips. The response to VIP tended to be lower when

obtaining a second concentration– response curve. When

comparing responses to VIP before treatment with and in

the presence of 10–4  -NA with those in parallel control

strips from the same strain, -NA had no significant effect

except for a decrease in the response to 3 w 10–8  VIP in

strips from WT C57BL/6J mice. 1400W (10–6 ) had no

significant influence on the relaxant effect of VIP in the

strains tested (WT C57BL/6J and mutant iNOS(_/_),

eNOS(_/_) and nNOS(_/_) mice).

Electrical field stimulation (EFS; 40 V, 0.2 ms, 0.5–16 Hz,

30 s trains at 5 min intervals) in the presence of

guanethidine induced frequency-dependent relaxations in

gastric fundus circular smooth muscle strips obtained

from WT C57BL/6J and B6.129F2/J mice, and from

eNOS(_/_) and iNOS(_/_) mice. Representative examples

in strips obtained from a WT C57BL/6J mouse and an

eNOS(_/_) mouse are shown in Fig. 4A and B. At low

frequencies (0.5–2 Hz), EFS induced monophasic short-

lasting relaxations; at higher frequencies (4_16 Hz), a

quick relaxation occurred but tone did not return

completely to baseline and a second, sustained, phase of

relaxation was observed. -NA (10–4 ) abolished the

responses at 0.5–2 Hz and the first phase of the response at

4–16 Hz; instead a small primary contraction was seen at

4–16 Hz. The second phase of relaxation at the higher

frequency range was not influenced by -NA (Fig. 4 A and

B). 1400W (10–6 ) had no influence on the electrically

induced relaxations in the strains tested (C57BL/6J,

iNOS(_/_) and eNOS(_/_)). In tissues from nNOS(_/_)

mice, EFS only induced sustained relaxations at

stimulation frequencies of 4–16 Hz preceded by a small

contraction; these responses were not influenced by 10–4 M

-NA. An example is shown in Fig. 4C. 

-NA and 1400W had no influence on the basal tone of the

smooth muscle strips or on the carbachol-induced

contraction.

DISCUSSION
The aim of the present study was to investigate the

interaction between NO and VIP in isolated smooth

muscle cells and smooth muscle strips of the mouse gastric

fundus in iNOS, eNOS and nNOS knockout mice, to

evaluate the NOS isoform involved in VIP-induced

relaxation.

Homozygous iNOS, eNOS and nNOS mutant mice,

generated by homologous recombination (Huang et al.

1993, 1995; Wei et al. 1995) are viable, fertile and

indistinguishable from their respective WT counterparts

(C57BL/6J, Sv129 and B6.129F2/J) in appearance and

routine behaviour, except for nNOS knockout mice,

which have dilated stomachs. The accuracy of the iNOS,

nNOS and eNOS deletions was confirmed in preliminary

control experiments. iNOS is known to be induced in

many cell types by cytokines such as TNF and interleukins

(Förstermann et al. 1995). Administration of murine

(m)TNF a induced a time-dependent increase in serum

nitrite concentrations in WT C57BL/6J mice, whereas only

a background level of nitrite was detected in the serum of

mutant iNOS mice (see also Cauwels et al. 2000). No

nNOS enzyme immunoreactivity was detected in

nNOS(_/_) mice, whereas a 155 kDa band was observed

in WT B6.129F2/J mice. As Huang et al. (1995) observed,

the blood pressure of eNOS(_/_) mice was significantly

higher than that of WT C57BL/6J mice, demonstrating

that these mutant mice were deficient in eNOS. Because

WT Sv129 mice were not available at the time of the

preliminary control experiments, and because Huang et al.
(1995) reported that the blood pressure was the same in

WT C57BL/6J and Sv129 mice, we used WT C57BL/6J

mice as controls for eNOS(_/_) mice when measuring

blood pressure. 

The lengths of the smooth muscle cells isolated from

iNOS(_/_) and eNOS(_/_) mice were significantly

shorter than those from their respective WTs. This might

be due to the age of the mice used, as the iNOS(_/_) and

eNOS(_/_) mice were younger when used than their

respective WTs (e.g. 9.4 ± 0.2 weeks for Sv129, n = 18, and

6.8 ± 0.6 weeks for eNOS(_/_), n = 18). This age-related

difference in cell length was also observed in smooth

muscle cells of the rat muscular saphenous artery (Todd et
al. 1991). The length of the isolated smooth muscle cells

from nNOS(_/_) mice was not different from that in

the WT B6.129F2/J mice, as their age was similar

(8.8 ± 0.7 weeks for B6.129F2/J, n = 6, 8.2 ± 0.7 weeks for

nNOS(_/_), n = 5).

As has already been observed in guinea-pig and pig gastric

fundus (Dick et al. 2000; Dick & Lefebvre, 2000), both the

non-selective NOS inhibitor -NA and the iNOS-selective

inhibitor 1400W (Garvey et al. 1997) reduced the relaxant

effect of VIP in isolated gastric fundus smooth muscle cells

from WT C57BL/6J, Sv129 and B6.129F2/J mice and from

eNOS(_/_) and nNOS(_/_) mice. The inhibitory effect of

-NA was reversed by -arginine but not by -arginine,

thereby indicating the specificity of the inhibitory effect.

The inhibitory effect of 1400W was not reversed by

-arginine in C57BL/6J and B6.129F2/J mice, confirming

data obtained in isolated smooth muscle of the guinea-pig

gastric fundus (Dick et al. 2000). This might be related to

the very tight binding of 1400W to iNOS (Garvey et al.
1997). In WT Sv129 mice, the inhibitory effect of 1400W
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was partially reversed by -arginine while it was partially

reversed by -arginine in eNOS(_/_) mice; we have no

explanation for this observation. Teng et al. (1998)

proposed that eNOS was the isoform involved in the

relaxant effect of VIP in gastrointestinal smooth muscle

cells but the maintenance of the inhibitory effect of NOS

inhibitors on VIP-induced relaxation in the gastric fundus

smooth muscle cells of eNOS(_/_) mice argues against

this hypothesis. The maintenance of the same effect in cells

from nNOS(_/_) mice also excluded any possible role for

nNOS in VIP-induced relaxation. In isolated smooth

muscle cells from iNOS(_/_) mice, VIP still induced full

relaxation, but this relaxant effect was not significantly

influenced by either -NA or 1400W. This demonstrates

the fact that the effect of NOS inhibitors in isolated smooth

muscle cells of the gastric fundus of mice without the iNOS

deletion was due to the inactivation of iNOS. In the latter

animals, the iNOS-related mechanism of relaxation by

VIP seemed predominant, as only a small relaxation was

maintained in the presence of NOS inhibitors. Our

previous results in the guinea-pig gastric fundus (Dick et
al. 2000) suggested that VIP activated the iNOS–NO

pathway via cAMP-protein kinase A. When iNOS cannot

be induced, as in the iNOS(_/_) mice, another mechanism

of relaxation by VIP can be used. This is probably the

classic cAMP-protein kinase A non-NOS related

mechanism, which was also observed in strips (see below).

How and why this mechanism was suppressed in the cells

in which iNOS could be induced was not clear. This might

be related to other substrates that are induced in addition

to iNOS. It has, for example, been shown that treatment

with lipopolysaccharide (LPS) induces the synthesis of

tetrahydrobiopterin in rat aorta (Shimizu et al. 1999) and

that an excess of tetrahydrobiopterin inhibits

phosphorylation of tyrosine hydroxylase (Ribiero &

Kaufman, 1994; Alterio et al. 1998). As iNOS is known to

be expressed under certain pathophysiological conditions

such as stress, bacterial endotoxin and/or cytokine

challenge (Schulz et al. 1992; Knowles & Moncada, 1994),

a possible explanation for the presence of iNOS in isolated

smooth muscle cells could be its induction in response to

the stress of the crude enzymatic isolation procedure.

Indeed, Imagawa et al. (1999) recently demonstrated the

induction of iNOS in response to ischaemia–reperfusion

stress in vivo, demonstrating that stress without addition

of inflammatory mediators could also induce iNOS.

Similarly, the induction of iNOS was shown at mRNA and

protein levels in isolated rat hepatocytes obtained by

collagenase digestion (Tirmenstein et al. 2000). Our 2 h

dissociation procedure seems sufficient to induce iNOS, as

Liu et al. (1997) could detect iNOS mRNA 20 min after

LPS treatment of vascular preparations. Moreover, iNOS

activity has already been measured in cytokine- and LPS-

activated vascular endothelial cells after a lag period of 2 h

(Radomski et al. 1990).

In smooth muscle strips from WT C57BL/6J and

B6.129F2/J mice and from iNOS(_/_) and eNOS(_/_)

mice, electrically induced monophasic short relaxations at

low frequencies of stimulation, and peak relaxations

preceeding the sustained phase at higher frequencies, were

inhibited by -NA but not by 1400W. In nNOS(_/_) mice,

-NA-sensitive relaxations were no longer induced by EFS.

These results confirm the role of NO in inhibitory

neurotransmission in the mouse gastric fundus (Yano et
al. 1995) and demonstrate that nNOS is the enzymatic

source of the NO involved. Our results in the gastric

fundus of nNOS(_/_) mice correlate with those of Kim et
al. (1999) in lower oesophageal sphincter rings, in which

the electrically induced relaxation observed in WT mice

was absent in nNOS(_/_) but maintained in eNOS(_/_)

mice. The electrically induced inhibitory junction

potential in gastric fundus smooth muscle was partially

reduced in nNOS(_/_) mice, the first purinergic part

being maintained (Mashimo et al. 1996). In W/Wv mutant

mice, which lack the muscular interstitial cells of Cajal in

the gastric fundus, the EFS-induced inhibitory junction

potential was reduced and the relaxation was abolished,

although the nitrergic innervation was maintained; this

still fits with our results as the interstitial cells of Cajal are

said to transduce the NO signal into the smooth muscle

cells (Burns et al. 1996).

The sustained, -NA-insensitive relaxations at higher

frequencies of stimulation, which were also present in the

gastric fundus of nNOS(_/_) mice, suggest that a second

neurotransmitter was involved in electrically induced

relaxant responses of the mouse gastric fundus. This is

similar to the situation in the rat, where the more delayed

relaxations are thought to be due to VIP (Li & Rand, 1990;

D’Amato et al. 1992). In gastric fundus smooth muscle

strips from the strains tested, relaxation by exogenous VIP

was not influenced by either -NA or 1400W, arguing

against the involvement of NO in the relaxant effect of

VIP. This contrast between strips and cells of the mouse

gastric fundus confirms our data on the guinea-pig and pig

gastric fundus (Dick et al. 2000; Dick & Lefebvre, 2000).

When measuring smooth muscle membrane potential in

gastric fundus circular muscle strips, Mashimo et al.
(1996) reported that VIP induced hyperpolarization

which was abolished by -NA and absent in nNOS(_/_)

mice; they suggested that VIP induced NO release from

nitrergic nerve endings. No evidence for this serial

interaction between VIP and NO was obtained from

measuring smooth muscle contractile activity in our study,

as VIP-induced relaxation was not influenced by -NA and

was still present in nNOS(_/_) mice. Also, Burns et al.
(1996) found that VIP-induced hyperpolarization in

mouse gastric fundus was not influenced by NG-nitro--

arginine methyl ester and relaxation by exogenous VIP was

not influenced by NOS inhibition in smooth muscle strips

from the rat (Boeckxstaens et al. 1992), cat (Barbier &
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Lefebvre, 1993), dog (Bayguinov et al. 1999) and human

gastric fundus (Tonini et al. 2000). This suggests that NO

and VIP induce relaxation of gastric fundus smooth

muscle strips via parallel pathways. This is corroborated by

the observation in gastric fundus circular smooth muscle

strips from mice lacking cyclic GMP-dependent protein

kinase I, which is the subtype highly expressed in smooth

muscle, that VIP-induced relaxations did not differ

qualitatively from those in wild-type animals (Ny et al.
2000)

In conclusion, in isolated circular smooth muscle cells of

WT and eNOS(_/_) and nNOS(_/_) mouse gastric

fundus, the relaxant effect of VIP was inhibited by NOS

inhibitors, including the iNOS-selective NOS inhibitor

1400W, whereas no inhibitory influence of NOS inhibitors

could be observed in isolated smooth muscle cells of

iNOS(_/_) mice. In contrast, in gastric fundus circular

smooth muscle strips of WT, iNOS(_/_), eNOS(_/_) and

nNOS(_/_) mice, no influence of the NOS inhibitors on

the relaxation by VIP was observed, demonstrating that

VIP induced relaxation via an NO-independent pathway.

These results suggest that the experimental method

determines the influence of NOS inhibitors on the relaxant

effect of VIP. iNOS, probably induced by the isolation

procedure of the smooth muscle cells, seems to be involved

in the relaxant effect of VIP in isolated circular smooth

muscle cells but not in classic smooth muscle strips from

the mouse gastric fundus. 
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