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Abstract

 

The mechanism that regulates the synthesis of nitric oxide
synthase (NOS), a key enzyme responsible for NO produc-
tion in the myenteric plexus, remains unknown. We investi-
gated the roles of the vagal nerve and nicotinic synapses in
the mediation of NOS synthesis in the gastric myenteric
plexus in rats. Truncal vagotomy and administration of
hexamethonium significantly reduced nonadrenergic, non-
cholinergic relaxation, the catalytic activity of NOS, the
number of NOS-immunoreactive cells, and the density of
NOS-immunoreactive bands and NOS mRNA bands ob-
tained from gastric tissue. These results suggest that NOS
expression in the gastric myenteric plexus is controlled by
the vagal nerve and nicotinic synapses. We also investigated
if stimulation of the nicotinic receptor increases neuronal
NOS (nNOS) expression in cultured gastric myenteric gan-
glia. Incubation of cultured gastric myenteric ganglia with
the nicotinic receptor agonist, 1,1-dimethyl-4-phenylpiper-

 

izinium (DMPP, 10

 

2

 

10

 

–10

 

2

 

7

 

 M), for 24 h significantly in-
creased the number of nNOS-immunoreactive cells and the
density of immunoreactive nNOS bands and nNOS mRNA
bands. nNOS mRNA expression stimulated by DMPP was
antagonized by a protein kinase C antagonist, a phospholi-
pase C inhibitor, and an intracellular Ca

 

2

 

1

 

 chelator. We
concluded that activation of the nicotinic receptor stimu-
lates a Ca

 

2

 

1

 

-dependent protein kinase C pathway, which in
turn, upregulates nNOS mRNA expression and nNOS syn-
thesis in the gastric myenteric plexus. (

 

J. Clin. Invest.

 

 1998.
101:1479–1489.) Key words: hexamethonium 
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Introduction

 

Nitric oxide (NO)

 

1

 

 is known to be an important nonadrener-
gic, noncholinergic (NANC) inhibitory neurotransmitter in the
gastrointestinal tract, including the stomach. Neuronal NO
synthase (nNOS), a key enzyme responsible for the production
of NO, has been detected in the myenteric plexus (1, 2) and in
the central nervous system (1). It has been reported that nNOS

is not detected in the myenteric plexus of patients with achala-
sia (3, 4) or infantile hypertrophic pyloric stenosis (5). The lack
of nNOS associated with impaired local production of NO may
be one of the factors responsible for the defective sphincter
function of the lower esophagus and pylorus in these patients.
Recently, we demonstrated that nNOS activity in the gastric
myenteric plexus is significantly reduced in spontaneously dia-
betic BioBreeding/Worcester rats (6). This may be the patho-
genic mechanism responsible for the symptoms of early satiety
and postprandial fullness often seen in patients with diabetic
gastroparesis (7–9). Currently, the mechanism that regulates
nNOS synthesis in the myenteric plexus is unknown.

The accommodation reflex, which allows the stomach to
receive large volumes during food intake with only minimal in-
creases in pressure, was first reported by Cannon and Lieb in
1911 (10). This reflex appears to be mediated by the vagovagal
reflex, which involves the vagal afferent and efferent path-
ways. The preganglionic vagal fibers activate postganglionic el-
ements in the gastric wall, which release NANC neurotrans-
mitters in the gastric myenteric plexus that in turn mediate
gastric relaxation (11–16). Recently, we demonstrated that the
accommodation reflex involves the vagal efferent pathway and
nicotinic synapses, using NO released from the gastric myen-
teric plexus as the final neurotransmitter to mediate gastric re-
laxation (17). It has been reported that the accommodation re-
flex is impaired after vagotomy and in patients with functional
dyspepsia. Troncon et al. (18) have shown that patients with
functional dyspepsia have a low vagal tone. An NO donor,
glyceryl trinitrate, reduces abnormal antral filling in patients
with functional dyspepsia, suggesting that the NO pathway is
impaired in these patients (18).

In this study, we investigated if the synthesis and gene
expression of nNOS in the gastric myenteric plexus are con-
trolled by the vagal nerve and nicotinic synapses. We evaluated
NANC relaxation of gastric muscle strips and the number of
nNOS-immunoreactive cells and NADPH diaphorase–posi-
tive cells in the gastric myenteric plexus after vagotomy or
nicotinic receptor blockade. The quantitative changes of nNOS
synthesis in the myenteric plexus after vagotomy or nicotinic
receptor blockade were studied by 

 

3

 

H-citrulline assay and
Western blot analysis. We also investigated changes in nNOS
mRNA expression in the gastric myenteric plexus after va-
gotomy or nicotinic receptor blockade using Northern blot
analysis.

To further demonstrate that stimulation of the nicotinic re-
ceptor mediates nNOS synthesis, we isolated the gastric myen-
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teric plexus in neonatal rats by collagenase digestion and cul-
tured the ganglia in the absence and presence of the nicotinic
receptor agonist, 1,1-dimethyl-4-phenylpiperizinium (DMPP).
We also studied the intracellular mechanisms responsible for
nNOS mRNA expression in response to nicotinic receptor
stimulation.

 

Methods

 

Animal preparation.

 

Male Sprague-Dawley rats (body wt, 250–280 g)
were fasted overnight and anesthetized by intramuscular injection of
xylazine and ketamine (13 and 87 mg per kg body wt, respectively).
To investigate the involvement of the vagal nerve in the mediation of
nNOS synthesis in the gastric myenteric plexus, bilateral abdominal
truncal vagotomy was performed. Sham-operated rats served as con-
trols. 3 d after the operation, rats were killed for in vitro studies. To
investigate the involvement of the nicotinic receptor in the mediation
of nNOS synthesis, rats were treated with hexamethonium for 3 d (40
mg/kg/d, intraperitoneally). Rats injected with saline (400 

 

m

 

l per rat,
intraperitoneally) served as controls. This dose of hexamethonium
was chosen because 40 mg/kg (intraperitoneally) has been shown to
block nifedipine-induced hyperglycemia in streptozotocin-induced
diabetic rats in vivo (19). The effectiveness of hexamethonium ad-
ministration was confirmed by demonstrating that the gastric motor
response to vagal stimulation was abolished in hexamethonium-
treated rats, as reported previously (20).

NANC relaxation in response to transmural stimulation. 3 d after
vagotomy, circular muscle strips from the anterior wall of the gastric
body were prepared. As described previously (21, 22), muscle strips
(8-mm long, 3-mm wide) were suspended between two platinum elec-
trodes in a 20-ml organ bath filled with Krebs-Henseleit buffer. Me-
chanical activity was recorded on a polygraph using isometric trans-
ducers. Muscle strips were stretched in 1-mm increments and
repeatedly exposed to carbachol (10

 

2

 

6

 

 M) to determine L

 

O

 

, the length
at which maximal active tension developed. Dose–response curves
were constructed for each muscle strip for sodium nitroprusside
(SNP, 10

 

2

 

8

 

–10

 

2

 

5

 

 M), an activator of soluble guanylate cyclase, and
carbachol (10

 

2

 

8

 

–10

 

2

 

5

 

 M). To study NANC relaxation, muscle strips
were stimulated for 30 s by transmural electrical stimulation (65 V, 1 ms,
1–10 Hz) in the presence of atropine (10

 

2

 

6

 

 M) and guanethidine (10

 

2

 

6

 

M). All experiments were performed using muscle strips stimulated
by 5-hydroxytryptamine (10

 

2

 

5

 

 M) to evaluate the inhibitory effects of
NO, as described previously (23). Tensions were expressed per cross-
sectional area of each muscle strip and were calculated from the
equation: 

 

Cross-section

 

 (

 

mm

 

2

 

) 

 

5 

 

tissue weight

 

 (

 

mg

 

)/

 

L

 

O

 

 (

 

mm

 

) 

 

3

 

 

 

den-
sity

 

; where L

 

O

 

 is the optimum length, and the density of smooth mus-
cle is 1.05 mg/mm

 

3

 

 (6, 24). To study NO-dependent relaxation, the
muscle strips were exposed to transmural stimulation in the presence
of atropine (10

 

2

 

6

 

 M), guanethidine (10

 

2

 

6

 

 M), and 

 

N

 

G

 

-nitro-

 

L

 

-arginine
methyl ester (

 

L

 

-NAME) (10

 

2

 

4

 

 M). Gastric muscle strips from control
rats demonstrated frequency-dependent relaxation in response to
transmural stimulation (1–10 Hz). This relaxation was completely
abolished by tetrodotoxin (TTX) (10

 

2

 

7

 

 M) (data not shown), which
indicated mediation by a neural pathway. We have shown recently
that 

 

L

 

-NAME (10

 

2

 

4

 

 M) significantly reduced NANC relaxation in-
duced by 1 and 2.5 Hz, by 95 and 80%, respectively, suggesting that
the muscle relaxation was primarily mediated by NO synthesis in the
myenteric plexus in rat stomach (6). On the other hand, 

 

L

 

-NAME re-
duced NANC relaxation induced by 5 and 10 Hz by 60 and 50%, re-
spectively, indicating partial mediation by NO (6). The effect of
transmural stimulation (1 Hz) on 

 

L

 

-NAME–sensitive NANC relax-
ation was compared between the muscle strips from sham-operated
and vagotomized rats, and vehicle-treated and hexamethonium-
treated rats. We have demonstrated previously that DMPP (10

 

2

 

6

 

–
10

 

2

 

4

 

 M) caused 

 

L

 

-NAME–sensitive relaxation of the gastric muscle in
vitro (20). The 

 

L

 

-NAME–sensitive relaxation induced by DMPP
(10

 

2

 

5

 

 M) was compared between the muscle strips from sham-oper-

ated and vagotomized rats, and vehicle-treated and hexamethonium-
treated rats.

 

Catalytic activity of nNOS.

 

Gastric muscle strips from sham-
operated rats, vagotomized rats, vehicle-treated rats, and hexametho-
nium-treated rats were quickly frozen in liquid nitrogen, powdered in
a mortar kept at 

 

2

 

80

 

8

 

C, and homogenized in Hepes (50 mM, pH 7.4)
containing EGTA (0.1 mM), DTT (1 mM), leupeptin (10 

 

m

 

g/ml),
aprotinin (10 

 

m

 

g/ml), PMSF (1 mM), and Triton X-100 (0.1%). After
centrifugation at 14,000 

 

g

 

 for 15 min at 4

 

8

 

C, the supernatant was incu-
bated with 

 

L

 

-[

 

3

 

H]-arginine (3 

 

m

 

Ci/ml) for 6 min at 37

 

8

 

C in the pres-
ence of cofactors and substrates (1 mM NADPH, 1 

 

m

 

M flavin adenine
dinucleotide, 1 

 

m

 

M flavin mononucleotide, 1 

 

m

 

M tetrahydrobiop-
terin, 1.25 mM CaCl

 

2

 

, and 10 

 

m

 

M 

 

L

 

-arginine). Protein contents in the
supernatant were measured by the Bio-Rad method using BSA (Bio-
Rad Laboratories, Richmond, CA). 

 

L

 

-[

 

3

 

H]-Citrulline in the sample
was extracted with diethyl ether and an aliquot was applied to a
Dowex AG50W-X8 column (sodium form) and eluted with distilled
water. 

 

L

 

-[

 

3

 

H]-Citrulline in the effluent was measured by liquid scintil-
lation spectroscopy. The production of 

 

L

 

-[

 

3

 

H]-citrulline, stoichiomet-
rically equivalent to NO, was expressed as picomoles per milligram of
protein per minute. Chromatography showed retention of 98.2% of

 

L

 

-[

 

3

 

H]-arginine in the resin. 

 

L

 

-NAME inhibited the conversion of

 

L

 

-arginine to 

 

L

 

-citrulline by 

 

.

 

 95%. 

 

3

 

H-Citrulline formation was
compared between the muscle tissues from sham-operated and vagot-
omized rats, and vehicle-treated and hexamethonium-treated rats.

 

NADPH diaphorase histochemistry.

 

As previously reported,
NADPH diaphorase–positive neuronal cell bodies and fibers were
found throughout the entire rat gastrointestinal tract, including the
stomach (2, 25). Most of the myenteric neurons in all regions of the
gut that were NOS positive also stained for NADPH diaphorase (25).
Tissue from the anterior wall of the gastric body was obtained from
sham-operated rats, vagotomized rats, vehicle-treated rats, and hex-
amethonium-treated rats. After the removal of mucosa, whole muscle
layers were fixed overnight in 4% paraformaldehyde at 4

 

8

 

C. His-
tochemical staining for NADPH diaphorase was performed using the
method described by Aimi et al. (2). NADPH diaphorase activity was
rendered visible by incubating the tissue in 0.1 M phosphate buffer
(pH 8.0) containing 0.01 mM 

 

b

 

-NADPH, 0.02 mM nitroblue tetrazo-
lium, and 0.3% Triton X-100 at 37

 

8

 

C for 2 h. The reaction was termi-
nated by washing the whole mount layer in 0.1 M phosphate buffer.
After several washes in 0.1 M phosphate buffer, the whole muscle
layers were placed on glass slides, air-dried, and cover-slipped with
gelmount. The number of NADPH diaphorase–positive cells in 50
ganglia was counted in each preparation and expressed as the average
number of NADPH diaphorase–positive cells per ganglion, as previ-
ously described (6).

 

nNOS immunohistochemistry.

 

Tracey et al. (26) demonstrated that
NADPH diaphorase activity does not always colocalize with nNOS
activity. This suggests that NADPH diaphorase may not be nNOS.
Therefore, we also performed immunohistochemistry using nNOS anti-
body to detect neurons containing nNOS in the gastric myenteric
plexus. Animals that had undergone vagotomy or sham operation
previously were anesthetized with pentobarbital and perfused with
300 ml of 0.15 M PBS (pH 7.4), followed by 300 ml of ice-cold fixative
consisting of 4% paraformaldehyde in 0.15 M PBS. Tissue from the
anterior wall of the gastric body was removed. Each 5-

 

m

 

m section of
paraffin-embedded tissue was washed three times with PBS, 5 min
each time. Sections were blocked for 1 h in 0.15 M PBS containing
4% normal goat serum and 0.2% Triton X-100 and incubated with
antisera raised in rabbits against purified, soluble NOS extract from
rat cerebellum (nNOS antibody; Euro-Diagnostica, Malmo, Sweden)
at a dilution of 1:1,000 in PBS for 18 h at 4

 

8

 

C. After washing in PBS,
sections were incubated with biotinylated anti–rabbit IgG for 1 h at
room temperature. Sections were stained with horseradish peroxi-
dase using an avidin-biotin labeled kit (Vectastain ABC kit). Diami-
nobenzidine and nickel chloride were used as chromogens. The total
number of nNOS-immunoreactive cells in the myenteric plexus was
counted microscopically and expressed as the number of immunore-
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active cells per millimeter length of muscle strip, as previously de-
scribed (6).

 

Protein gene product (PGP) 9.5 immunohistochemistry.

 

It has been
demonstrated that antisera raised against neuronal cytosolic protein,
PGP 9.5, stain generic neurons in the central nervous system and the
myenteric plexus (27). To investigate the effect of vagotomy on the
number of generic neurons, we performed immunohistochemical
staining of myenteric neurons using antisera to PGP 9.5.

 

Western blot analysis of nNOS synthesis.

 

Gastric tissue was ob-
tained from sham-operated and vagotomized rats. Soluble homoge-
nates of these samples were prepared in lysis buffer containing 25 mM
Tris-HCl (pH 7.4), EGTA (1 mM), DTT (1 mM), leupeptin (10 

 

m

 

g/ml),
aprotinin (10 

 

m

 

g/ml), PMSF (1 mM), and Triton X-100 (0.1%). West-
ern blot analysis of the gastric tissue was performed as described by
Matsumoto et al. (28). Protein (each sample, 20 

 

m

 

g) was separated by
SDS-PAGE (7.5% wt/wt gel) and transferred to a nitrocellulose
membrane. All procedures were done in Tris buffer (40 mM, pH
7.55) containing 0.3 M NaCl and 0.3% Tween 20. The membrane was
blocked with dried milk (6% wt/vol), and subsequently incubated
with specific polyclonal nNOS antibody (1:1,000 dilution) and a
horseradish peroxidase conjugate of affinity-purified goat antibody to
rabbit IgG. The immune complexes were detected on photographic
film by H

 

2

 

O

 

2

 

/luminol chemiluminescence and the band density was
measured by an imaging analyzer.

 

Northern blot analysis of NOS mRNA expression.

 

For Northern
blot analysis, total RNA was isolated from homogenized gastric tissue
from sham-operated rats, vagotomized rats, vehicle-treated rats, and
hexamethonium-treated rats. Extraction and preparation of RNA
was performed using TRIzol reagent. The amount of RNA was esti-
mated by measuring absorbance at 260 nm. After isolation, the total
RNA samples (each sample, 20 

 

m

 

g) were electrophoresed on an aga-
rose gel and transferred onto a nylon membrane. As demonstrated by
Huang et al. (29), we used 2947 b rat neuronal NOS cDNA probe that
extends 2.1 kb in the 3

 

9

 

 direction beyond the first exon (244–3191) of
the cloned cDNA (30). This probe was made from the original cDNA
(provided by Dr. S.H. Snyder) cut by the restriction endonuclease
AatII. The cDNA probe (2.9 kb) was labeled with [

 

32

 

P]dCTP (111
TBq/mmol) by the random-primed labeling method. The samples
were prehybridized at 65

 

8

 

C for 3 h and hybridized with the labeled
probes at 65

 

8

 

C for 16 h. The samples were washed twice for 5 min
each time in 2

 

3

 

 SSC, 0.1% SDS at 65

 

8

 

C, followed by two 5-min
washes in 0.2

 

3

 

 SSC, 0.1% SDS at 65

 

8

 

C. Equivalent loading of RNA
in the various lanes was confirmed by washing the membranes and re-
hybridizing them with a probe against glyceraldehyde-3-phosphate
dehydrogenase. Autoradiography was performed with intensifying
screens at 

 

2

 

80

 

8

 

C. The density of radioactivity was measured by an
imaging analyzer.

 

Culture of isolated gastric myenteric ganglia.

 

Our preliminary stud-
ies showed that there is a similar distribution of NADPH diaphorase–
positive cells and nNOS-immunopositive cells in the myenteric plexus
in gastric tissue from adult and neonatal rats. 

 

L

 

-NAME antagonized
NANC relaxation in gastric muscle strips obtained from adult and
neonatal rats. Because isolated ganglia from adult rats are difficult to
grow in culture, we used isolated ganglia from neonatal rats for the
cell culture. The gastric muscle layers obtained from neonatal rats
were stretched on a silicone-coated Petri dish containing HBSS and
kept at 4

 

8

 

C for 30 min. The tissue was minced and incubated for 20
min at 37

 

8

 

C in HBSS containing 0.2% collagenase (type II) and 0.2%
protease (type IX), as previously reported (31). At the end of this pe-
riod, the partially digested tissue was mechanically disrupted by re-
peated suction into a 5-ml pipette to free the ganglia. The suspension
was centrifuged for 4 min at 200 

 

g

 

. The supernatant containing dis-
persed muscle cells was discarded and the pellet containing ganglia
was resuspended in HBSS and filtered through Nitex (500 

 

m

 

m). The
ganglia were placed in tissue culture wells coated with Matrigel (1:5
dilution). The explants were exposed to a defined culture medium
that contained DME supplemented with 10% rat serum (heat-inacti-
vated), nerve growth factor (50 ng/ml), penicillin-streptomycin solu-

 

tion (100 U/ml), and cytosine arabinoside (10

 

2

 

5

 

 M). Cytosine arabi-
noside has been shown to eliminate nonneuronal cells of cultured
neonatal rat sympathetic neurons (32, 33) and cultured adult guinea
pig myenteric plexus (34). This mitotic inhibitor has been shown to
strongly inhibit the proliferation of nonneuronal cells in culture, with-
out influencing the regulation of neuronal gene expression (35). The
culture medium was changed every second day. The myenteric gan-
glia were cultured for 5 d with cytosine arabinoside and used in the
following experiments.

To confirm the viability of the cultured neurons, we measured in-
tracellular Ca

 

2

 

1

 

 ([Ca

 

2

 

1

 

]

 

i

 

) using a single neuron preloaded with fura-2,
a fluorescent Ca

 

2

 

1

 

 indicator, as described previously (31). Cells were
stimulated by KCl (60 mM) or DMPP (10

 

2

 

4

 

 M) for 15 s every 5 min.
[Ca

 

2

 

1

 

]

 

i

 

 in response to KCl or DMPP was measured using a dual wave-
length modulator fluorometer.

To investigate if nicotinic receptors stimulate nNOS expression,
cultured myenteric ganglia were incubated with DMPP (10

 

2

 

10

 

–10

 

2

 

6

 

 M)
or vehicle for 6–72 h. The cells were subjected to nNOS immunocy-
tochemistry, Western blot analysis of nNOS, and Northern blot anal-
ysis of nNOS mRNA.

 

Materials.

 

Atropine, aprotinin, collagenase (type II), diamino-
benzidine, flavin adenine dinucleotide, flavin mononucleotide,
guanethidine, leupeptin, NADPH (reduced form), nitroblue tetrazo-
lium, TTX, Triton X, protease (type IX), and PMSF were obtained
from Sigma Chemical Co. (St. Louis, MO). Tetrahydrobiopterin was
obtained from ICN (Costa Mesa, CA). 

 

L

 

-NAME was obtained from
Research Biochemicals (Natick, MA). 

 

L

 

-[

 

3

 

H]-Arginine was obtained
from New England Nuclear (Boston, MA). Dowex AG50W-X8 was
obtained from Bio-Rad Laboratories. Antibody to constitutive nNOS
was obtained from Euro-Diagnostica. Antibody to PGP 9.5 was ob-
tained from Ultraclone (Isle of Wight, United Kingdom). Anti–rabbit
IgG and an avidin-biotin labeled kit were obtained from Vector Lab-
oratories (Burlingame, CA). [32P]dCTP and the random-primer label-
ing (Rediprime) were obtained from Amersham (Arlington Heights,
IL). TRIzol was obtained from Life Technologies (Gaithersburg,
MD). AatII and DTT were obtained from Boehringer Mannheim
(Indianapolis, IN). Matrigel was obtained from Collaborative Bio-
medical Products (Bedford, MA). Genistein and U73122 were ob-
tained from Biomol (Plymouth Meeting, PA). PMA, BAPTA/AM,
and bisindolylmaleimide were obtained from Calbiochem (San Di-
ego, CA).

Statistical analysis. Statistical analysis was performed by Stu-
dent’s t test. Bonferroni’s correction was used for multiple t tests. P ,
0.05 was considered significant.

Results

NANC relaxation. Transmural stimulation caused a frequency-
dependent NANC relaxation in the presence of atropine and
guanethidine in the preparations from sham-operated rats
(Fig. 1 a and Fig. 2 a) and vehicle-treated rats. As previously
described (6), NANC relaxation was significantly antagonized
by L-NAME and abolished by TTX (data not shown), which
suggests mediation by neural release of NO from the gastric
myenteric plexus. The L-NAME–sensitive component of the
NANC relaxation induced by transmural stimulation (1 Hz)
was significantly impaired in the muscle strips from vagoto-
mized rats (Fig. 1 b and Fig. 2 a) and hexamethonium (C6)-
treated rats (Fig. 2 a). However, muscle relaxation induced by
exogenous SNP (1026 M) remained unaffected in the prepara-
tions from vagotomized rats (Fig. 1 b and Fig. 2 b) and hexa-
methonium-treated rats (Fig. 2 b).

L-NAME–sensitive relaxation evoked by DMPP (1025 M)
was 0.5260.07 g/mm2 in the gastric muscle strips from sham-
operated rats and 0.4860.06 g/mm2 in the gastric muscle strips
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from vehicle-treated rats. L-NAME–sensitive relaxation evoked
by DMPP (1025 M) was significantly reduced in vagotomized
rats (0.2360.03 g/mm2) and hexamethonium-treated rats
(0.2560.04 g/mm2) (mean6SE, n 5 4, P , 0.05).

NOS catalytic activity. 3H-Citrulline formation was 0.186
0.03 pmol/mg protein/min in the gastric muscle tissue from
sham-operated rats and 0.2060.04 pmol/mg protein/min in the
gastric tissue from vehicle-treated rats. 3H-Citrulline formation
was significantly reduced in vagotomized rats (0.0960.01
pmol/mg protein/min) and hexamethonium-treated rats
(0.0860.01 pmol/mg protein/min) (mean6SE, n 5 8, P ,
0.05).

NADPH diaphorase histochemistry. The NADPH dia-
phorase–positive cells and fibers were clearly observed in the
gastric myenteric plexus of the sham-operated rats (Fig. 3 a)
and vehicle-treated rats (Fig. 3 c). The number of NADPH di-
aphorase–positive cells in the gastric myenteric plexus was sig-
nificantly reduced in the muscle strips from vagotomized rats
(Fig. 3 b) and hexamethonium-treated rats (Fig. 3 d). The av-
erage number of NADPH diaphorase–positive cells was

4.660.6 cells per ganglion in sham-operated and vehicle-
treated rats (n 5 6). The number was significantly reduced in
the muscle strips from vagotomized rats and hexamethonium-
treated rats to 2.560.7 and 2.460.8 cells per ganglion, respec-
tively (P , 0.05, n 5 6).

nNOS immunohistochemistry. nNOS-immunoreactive neu-
ronal cell bodies were found throughout the myenteric plexus
in the gastric body of sham-operated rats. Nonneuronal tissues
such as muscle cells, endothelia, mucosal cells, and macro-
phages were unstained. NOS-immunoreactive neuronal fibers
were abundant in the circular muscle layers (Fig. 4 A). In con-
trast, the numbers of nNOS-immunoreactive cells and fibers
were significantly reduced in vagotomized rats (Fig. 4 B). The
average number of nNOS-immunoreactive cells was 0.946
0.12/mm in sham-operated rats (n 5 3). This was significantly
reduced to 0.5160.08/mm in vagotomized rats (P , 0.01, n 5 3).

PGP 9.5 immunohistochemistry. The number of PGP 9.5–
immunoreactive cells in the gastric myenteric plexus was not
significantly different between the muscle strips from sham-
operated rats (Fig. 4 C) and vagotomized rats (Fig. 4 D).

Western blot analysis of nNOS synthesis in gastric tissue.
The molecular masses of nNOS and endothelial NOS (eNOS)
have been shown to be 155 and 130 kD, respectively (36). To
investigate any changes in nNOS synthesis in the gastric myen-
teric plexus in vagotomized rats, we performed Western blot
analysis using nNOS antibody. The nNOS-immunoreactive
bands at 155 kD obtained from gastric tissue corresponded
well with those from rat cerebellum. The density of nNOS-
immunoreactive bands (155 kD) was clearly observed in gas-
tric tissue from sham-operated rats, and was significantly re-
duced to 5366% in gastric tissue from vagotomized rats
(Fig. 5).

Northern blot analysis of nNOS mRNA in gastric tissue.
We investigated whether reduced nNOS synthesis in the gas-
tric myenteric plexus in vagotomized rats and hexametho-
nium-treated rats is caused by reduced nNOS mRNA expres-
sion. The size of nNOS mRNA and eNOS mRNA has been
demonstrated to be 9.5 and 4.5 kb, respectively (36). nNOS
mRNA expression (9.5 kb) was clearly observed in the gastric
tissue from sham-operated rats and vehicle-treated rats. As
shown in Fig. 6, the nNOS mRNA bands obtained from gastric
tissue correspond well with the bands obtained from rat cere-
bellum. The density of nNOS mRNA of gastric tissue obtained
from vagotomized rats and hexamethonium-treated rats was

Figure 1. NANC relaxation in response to 
transmural stimulation (65 V, 1 ms, 1–10 
Hz) and SNP (1026 M)-induced relaxation 
in the gastric muscle strips from sham-
operated rats (a) and vagotomized rats (b). 
NANC relaxation was significantly reduced 
in the muscle strips from vagotomized rats. 
SNP induced a similar relaxation in sham-
operated rats and vagotomized rats.

Figure 2. L-NAME–sensitive NANC relaxation in response to trans-
mural stimulation (65 V, 1 ms, 1 Hz) (a) and SNP (1026 M)-induced 
relaxation (b) in the gastric muscle strips from sham-operated rats, 
vagotomized rats, vehicle-treated rats, and hexamethonium (C6)-
treated rats. L-NAME–sensitive NANC relaxation was significantly 
reduced in the muscle strips from vagotomized rats and hexametho-
nium (C6)-treated rats. SNP-induced relaxation remained unaffected 
in vagotomized rats and hexamethonium (C6)-treated rats 
(mean6SE, n 5 4, *P , 0.05).
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significantly reduced compared with that obtained from sham-
operated rats and vehicle-treated rats. The density of glyceral-
dehyde-3-phosphate dehydrogenase bands of the gastric tissue
was not significantly different among sham-operated rats, va-

gotomized rats, vehicle-treated rats, and hexamethonium-
treated rats (data not shown).

Isolation of gastric myenteric plexus. Approximately 1,000
myenteric ganglia were harvested from each neonatal rat. No

Figure 3. NADPH diaphorase 
histochemistry in whole mount 
preparations of gastric muscle 
tissue from sham-operated rats 
(a), vagotomized rats (b), vehi-
cle-treated rats (c), and hexame-
thonium-treated rats (d). The 
number of NADPH diapho-
rase–positive cells in the gastric 
myenteric plexus was signifi-
cantly reduced in the muscle 
strips from vagotomized rats and 
hexamethonium-treated rats. 
Bar 5 100 mm.

Figure 4. nNOS immunohistochemistry of gas-
tric muscle tissue obtained from sham-operated 
rats (A) and vagotomized rats (B). PGP 9.5 im-
munohistochemistry of the gastric muscle tissues 
from sham-operated rats (C) and vagotomized 
rats (D). The number of NOS-immunoreactive 
cells in the gastric myenteric plexus was signifi-
cantly reduced in the muscle strips from vagoto-
mized rats, compared with sham-operated rats. 
In contrast, the number of PGP 9.5–immunore-
active cells in the gastric myenteric plexus of the 
muscle strips from vagotomized rats was not af-
fected. Bar 5 50 mm.
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contamination of smooth muscle cells was observed. KCl (60
mM) or DMPP (1024 M) increased [Ca21]i spiking in single
neurons preloaded with fura-2, with increases of 165628 and
105619 nM, respectively (mean6SE, n 5 6).

nNOS immunocytochemistry of isolated cultured myenteric
plexus. The number of nNOS-immunoreactive cells in each
ganglion was counted under a microscope (magnification
3100). 30 ganglia were counted. Incubation for 24 h with
DMPP (1028 M) significantly increased the number of nNOS-
immunoreactive cells in isolated myenteric ganglia (Fig. 7).
The average number of nNOS-immunoreactive cells in the
control was 7.661.7 cells per ganglion. Incubation with DMPP
(1028M) for 24 h increased the number of nNOS-immunoreac-
tive cells to 13.762.2 cells per ganglion. Incubation with PMA
(1027 M) for 6 h also increased the number of nNOS-immu-
noreactive cells, from 7.461.4 to 16.062.0 cells per ganglion.

Western blot analysis of nNOS synthesis in the cultured gas-

tric myenteric plexus. To quantify the amount of nNOS formed
in the gastric myenteric plexus in response to DMPP, Western
blot analysis of nNOS was performed. As shown in Fig. 8, incu-
bation with DMPP (1028 M) for 24 h caused a significant in-

Figure 5. Western blot analysis of nNOS of the gastric tissues ob-
tained from sham-operated rats (lanes 1–3) and vagotomized rats 
(lanes 4–6). The nNOS-immunoreactive bands at 155 kD obtained 
from gastric tissues corresponded well with those obtained from rat 
cerebellum (lane 7). The density of nNOS-immunoreactive bands 
(155 kD) obtained from gastric tissue of vagotomized rats was signifi-
cantly reduced to 5366% (mean6SE, n 5 4, P , 0.05).

Figure 6. Northern blot analysis of nNOS mRNA in gastric tissue 
from sham-operated rats (lanes 1 and 2) and vagotomized rats (lanes 
3 and 4) (a). Northern blot analysis of NOS mRNA in gastric tissue 
from vehicle-treated rats (lanes 6 and 7) and hexamethonium-treated 
rats (lanes 8 and 9) (b). nNOS mRNA in cerebellum was used as a 
positive control (lanes 5 and 10). nNOS mRNA expression in gastric 
tissue from vagotomized rats and hexamethonium-treated rats was 
significantly reduced (5667 and 4968%, respectively) compared 
with sham-operated rats and vehicle-treated rats (mean6SE, n 5 4, 
P , 0.05).

Figure 7. nNOS immunocytochemistry of cultured myenteric ganglia in the absence (a) or presence (b) of DMPP (1028 M). Bar 5 50 mm.
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crease (208627% of basal) in the density of the immunoreac-
tive nNOS bands at 155 kD. Treatment of the cultured gastric
myenteric ganglia with TTX (1027 M) did not affect DMPP
(1028 M)-stimulated nNOS-immunoreactive bands (Fig. 8).

Northern blot analysis of NOS mRNA in the cultured gas-
tric myenteric plexus. Incubation with DMPP (1028 M) for 24 h
also stimulated nNOS mRNA expression. Treatment with
TTX did not affect this response (Fig. 8).

Incubation with DMPP (10210–1027 M) for 24 h provoked a
dose-dependent increase in nNOS mRNA expression. A maxi-
mum effect was observed with DMPP at 1028 M (245636% of
basal) (Fig. 9).

DMPP (1028 M)-stimulated nNOS mRNA expression was
maximal after a 48-h incubation. The increase was 282632%
of basal (Fig. 10). Prolonged exposure with DMPP (. 48 h) re-
duced nNOS mRNA expression, suggesting that desensitiza-
tion to DMPP occurred in the gastric myenteric plexus.

nNOS mRNA expression stimulated by DMPP was antag-
onized by the protein kinase C (PKC) antagonist bisindolyl-

maleimide, the PLC inhibitor U73122, and the intracellular
Ca21 chelator BAPTA/AM. In contrast, the tyrosine kinase in-
hibitor genistein had no effect on DMPP-stimulated nNOS
mRNA expression (Fig. 11).

Discussion

Recently, we demonstrated that the gastric accommodation re-
flex is mediated by the vagal efferent pathways and nicotinic
synapses using NO released from the gastric myenteric plexus,
resulting in gastric relaxation (17, 20). In this study, we investi-
gated if the synthesis and gene expression of NOS in the gas-
tric myenteric plexus are also regulated by the vagal nerve and
nicotinic synapses. We evaluated NANC relaxation, the num-
ber of NOS-immunoreactive cells and NADPH diaphorase–
positive cells, and the catalytic activity of NOS, NOS synthesis,
and NOS mRNA expression in the gastric myenteric plexus af-
ter vagotomy or nicotinic receptor blockade.

As previously described (6), NANC relaxation in response

Figure 8. Effects of DMPP (1028 M) on 
nNOS synthesis and nNOS mRNA expres-
sion in the absence (lanes 1 and 2) or pres-
ence (lanes 3 and 4) of TTX (1027 M) in 
cultured myenteric ganglia. Incubation 
with DMPP (1028 M) for 24 h caused a sig-
nificant increase in the density of immu-
noreactive NOS bands at 155 kD (lane 2). 
nNOS synthesis stimulated by DMPP was 
not affected by TTX (lane 4). The density 
of nNOS mRNA bands at 9.5 kb was also 
increased by a 24-h incubation with DMPP 
(1028 M) (lane 2), but was not affected by 
TTX (lane 4).

Figure 9. Dose–response study of DMPP-
stimulated nNOS mRNA expression in
cultured gastric myenteric ganglia. Incuba-
tion with DMPP (10210–1027 M) for 24 h 
caused a dose-dependent increase in nNOS 
mRNA expression. Maximum effect was 
observed with 1028 M DMPP, which stimu-
lated a 245636% increase of basal 
(mean6SE, n 5 4).
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to transmural stimulation was significantly antagonized by
L-NAME and abolished by TTX in muscle strips from the gas-
tric body. This suggests mediation by neural release of NO
from the gastric myenteric plexus. NANC relaxation was sig-
nificantly impaired in the muscle strips from vagotomized rats
and hexamethonium-treated rats. In contrast, gastric relax-
ation evoked by exogenous SNP was not affected in these
preparations. This suggests that the sensitivity of the muscle
cells to NO remains unaffected after vagotomy and nicotinic
receptor blockade, and that the vagal nerve and nicotinic syn-
apses are important factors in mediating the integrity of the
NO pathway in the gastric myenteric plexus.

NO is synthesized from L-arginine by NOS. NOS has been

classified into two categories: constitutive NOS is found in the
cerebellum and vascular endothelium and is Ca21/calmodulin-
dependent; inducible NOS (iNOS) is found in macrophages,
hepatocytes, vascular endothelia, and smooth muscle cells and
is Ca21/calmodulin-independent (37). In our previous studies,
NO synthesis in response to electrical stimulation was com-
pletely abolished by pretreatment with a Ca21-free medium
(20), suggesting that the constitutive form of NOS is found in
the gastric myenteric plexus. The catalytic activity of NOS in
gastric tissue from sham-operated rats and vehicle-treated rats
was completely abolished by incubation with Ca21-free me-
dium or L-NAME. Catalytic activity of NOS was significantly
reduced in the gastric tissue from vagotomized rats and hex-
amethonium-treated rats. However, 3H-citrulline formation
does not distinguish between NO generated from nNOS in the
nerves and eNOS in the smooth muscle cells (38) or endothelia
(36) of gastric tissue. Therefore, we performed nNOS immu-
nohistochemistry and Western blot analysis of gastric tissue us-
ing nNOS antibody. nNOS antibody has been shown to have
no cross-reactivity with eNOS antibody or with iNOS (39). We
showed that the number of NOS-immunoreactive cells was re-
duced significantly in the gastric myenteric plexus of vagoto-
mized rats and hexamethonium-treated rats. In contrast, the
number of PGP 9.5–immunoreactive cells was unaffected, sug-
gesting that vagotomy and nicotinic receptor blockade do not
affect the generic neurons in the gastric myenteric plexus.

It has been demonstrated that nNOS is highly expressed
in rat cerebellum (1, 30, 40). The immunoreactive bands at
155 kD obtained from gastric tissues corresponded well with
the bands obtained from rat cerebellum, suggesting that nNOS
in the gastric myenteric plexus is similar to nNOS in the central
nervous system. The density of immunoreactive bands of
nNOS was significantly reduced in the gastric tissue from vago-
tomized rats. This may be the result of changes in transcrip-
tion, translation, or posttranslation.

We investigated the effect of vagotomy or hexamethonium
on nNOS mRNA expression in the gastric myenteric plexus.

Figure 10. Time course of nNOS mRNA expression stimulated by 
DMPP (1028 M) in cultured gastric myenteric ganglia. nNOS mRNA 
expression was maximum after a 48-h incubation period, resulting in 
a 282632% increase of basal (mean6SE, n 5 3).

Figure 11. Effects of various antagonists 
on DMPP-stimulated nNOS mRNA
expression in cultured gastric myenteric 
ganglia. nNOS mRNA expression evoked 
by DMPP (1028 M) was significantly re-
duced by BAPTA/AM (1025 M) (lane 3), 
U73122 (1025 M) (lane 4), and bisindolyl-
maleimide (1025 M) (lane 6), but not by 
genistein (1025 M) (lane 5). Mean6SE,
n 5 4, *P , 0.05 by Bonferroni.
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The density of nNOS mRNA bands at 9.5 kb was significantly
reduced in the gastric tissue from vagotomized rats and hex-
amethonium-treated rats, compared with sham-operated rats
and vehicle-treated rats. This indicates that the reduced nNOS
synthesis observed in the gastric tissue from vagotomized rats
and hexamethonium-treated rats was caused by impaired gene
transcription of nNOS.

We demonstrated previously that the activation of nNOS
in the gastric myenteric plexus is under vagal regulation
through nicotinic synapses (20). Studies have shown that mem-
brane depolarization does not only cause rapid alternations in
protein phosphorylation; it also activates new programs of
gene expression in neuronal cells (41). We propose that nico-
tinic receptor stimulation provokes expression of nNOS
mRNA and activation of nNOS in the gastric myenteric
plexus. The release of acetylcholine from nerve terminals of
preganglionic fibers generates the gene expression and synthe-
sis of nNOS in the gastric myenteric plexus through nicotinic
synapses. Reduction of cholinergic stimulation to the myen-
teric plexus after vagotomy results in decreased nNOS mRNA
expression, nNOS synthesis, NO release, and NANC relax-
ation (Fig. 12). This may explain the impaired accommodation
reflex observed in patients after truncal vagotomy (18, 42).

Various regulatory elements for the expression of iNOS or
eNOS have been characterized. Synthesis of iNOS in murine
macrophages is stimulated by LPS and IFN-g (43, 44). In hu-
man hepatocytes, iNOS mRNA is induced by treatment with
TNF, IL-1, IFN-g, and LPS (45–47). Expression of iNOS

mRNA is regulated by cAMP in rat vascular smooth muscle
cells (48) and by c-fos in insulin-producing cells (49). Expres-
sion of eNOS mRNA in cultured bovine aortic endothelial
cells was not increased by coincubation with TNF, but was
markedly increased by exposure to shear stress for 24 h (50).
Chronic exercise in dogs increases coronary vascular NO pro-
duction and eNOS gene expression (51).

The regulatory mechanism of nNOS expression is not
known. Hammer et al. (52) proposed that prolonged activation
of brain N-methyl-D-aspartic acid (NMDA) receptors in-
creases intraneuronal Ca21 concentration and nNOS synthesis
in rat dorsolateral striata. Using an in situ hybridization tech-
nique, Valerie et al. (53) reported that nerve sectioning in-
duced a dramatic increase in the number of nNOS mRNA–
positive cells in the dorsal root ganglia. The plasticity of NO
synthesizing neurons has been demonstrated in the ileal myen-
teric plexus after extrinsic denervation (54) and in dorsal root
ganglia after axotomy (53). The number of NADPH diapho-
rase–positive cells increased after extrinsic denervation of the
rat ileum (55), resulting in enhanced NANC relaxation (54).
We have shown recently that nNOS expression of the myen-
teric plexus in rat small intestine is independent of the vagal
nerve, but is negatively controlled by the splanchnic nerve
(62). Western blot analysis and Northern blot analysis showed
a significant increase in NOS and NOS mRNA expression, re-
spectively, in the myenteric plexus of rats treated with splanch-
nic ganglionectomy and 6-OH-dopamine, but not in the myen-
teric plexus of rats treated with truncal vagotomy (56). In
contrast, there was a significant reduction in nNOS expression
after truncal vagotomy in the rat gastric myenteric plexus in
this study. It has been demonstrated that the distribution of va-
gal efferent fibers is significantly different between the stom-
ach and the intestine in rats (57). Ganglia in the myenteric
plexus innervated by vagal efferent fibers are more numerous
in the stomach than in the small intestine. Vagal innervation of
ganglia in the small intestine becomes progressively more
sparse distally. In fact, z 80% of the myenteric neurons in the
duodenum are not innervated by vagal efferents (57). This dif-
ference in distribution of vagal efferents may explain the dif-
ferential effects of extrinsic denervation on nNOS expression
between the stomach and small intestine.

In this study using isolated cultured gastric myenteric gan-
glia, the number of nNOS-immunoreactive cells was increased
by incubation with the nicotinic receptor agonist, DMPP. We
also demonstrated that incubation of the cultured gastric my-
enteric ganglia with DMPP induced a dose-dependent increase
in nNOS mRNA expression. These results strongly suggest
that activation of nicotinic synapses stimulates nNOS expres-
sion in the rat gastric myenteric plexus. The isolated gastric
myenteric ganglia preparation is a heterogeneous population
of neuronal cells. It is not clear if DMPP acts directly or indi-
rectly by releasing other neurotransmitters, which in turn af-
fect nNOS synthesis. DMPP-stimulated nNOS synthesis and
nNOS mRNA expression were not affected by TTX in the cul-
tured gastric myenteric plexus, which strongly suggests that
DMPP directly stimulates nNOS mRNA expression and nNOS
synthesis in the gastric myenteric plexus.

The role of PKC on iNOS expression has been the focus of
intense investigation. Angiotensin II upregulates IL-1b–induced
iNOS mRNA expression in cardiac myocytes by activating
PKC (58). LPS stimulates myocyte PKC activity, iNOS expres-
sion, and NOS activity. Direct activation of PKC with b-phor-

Figure 12. Proposed mechanism of impaired nNOS expression in the 
gastric myenteric plexus after vagotomy. Vagal release of acetylcho-
line from the nerve terminal of preganglionic fibers regulates the 
gene expression and synthesis of nNOS in the gastric myenteric 
plexus through nicotinic synapses. Reduced cholinergic stimulation
in the myenteric plexus after vagotomy results in decreased nNOS 
mRNA expression, nNOS synthesis, NO production, and NANC re-
laxation.
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bol 12,13-dibutyrate induced myocyte iNOS synthesis and
NOS activity, and reduced electrically stimulated contractility
(59). These findings suggest that PKC is a significant intracel-
lular mediator for iNOS expression and contractility in cardiac
myocytes. The role of PKC in the induction of iNOS by IFN-g
has also been demonstrated in murine macrophage cell lines
(43, 44).

Although nNOS is activated by a Ca21-dependent PKC
pathway in the central nervous system (60–62), it remains un-
known if a PKC pathway is involved in regulating nNOS
mRNA expression in the myenteric plexus. In this study, incu-
bation with PMA significantly increased the number of nNOS-
immunoreactive cells in the cultured gastric myenteric plexus.
We also demonstrated that DMPP-stimulated nNOS mRNA
expression was antagonized by the PKC antagonist bisindolyl-
maleimide, the PLC inhibitor U73122, and the intracellular
Ca21 chelator BAPTA/AM. In contrast, the tyrosine kinase in-
hibitor genistein had no effect on nNOS mRNA expression
stimulated by DMPP. These studies suggest that nNOS gene
expression and its synthesis in the gastric myenteric plexus are
upregulated by nicotinic receptor activation, which stimulates
the phosphoinositol cascade, which in turn, activates a Ca21-
dependent PKC pathway.

The role of NO in the mediation of the gastric accommoda-
tion reflex is well established (17, 63). This neural pathway
may play an important role in the regulation of gastric motility.
An understanding of the mechanism that regulates nNOS gene
expression and synthesis in the gastric myenteric plexus may
elucidate the cellular mechanisms mediating gastric motor
function.
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