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Nitric oxide (NO) plays important roles in CNS and smooth muscle function. Here we reveal an additional function in peripheral sensory
transmission. We hypothesized that endogenous NO modulates the function of gastrointestinal vagal afferent endings. The nonselective
NO synthase (NOS) inhibitor N G-nitro-L-arginine methyl ester hydrochloride increased responses to tactile mechanical stimuli of mu-
cosal afferent endings in two species, in some cases severalfold. This was mimicked by a neuronal NOS inhibitor but not an endothelial
NOS inhibitor. NOS inhibitors did not affect the responsiveness of smooth muscle afferent endings, suggesting that the endogenous
source of NO is exclusively accessible to mucosal receptors. The role of the NO-soluble guanylyl cyclase (sGC)– cGMP pathway was
confirmed using the sGC inhibitor 1H-[1,2,4]oxadiazolo[4,3-a]quinoxaline-1-one and the cGMP phosphodiesterase 5� inhibitor silde-
nafil. The first enhanced and the second inhibited mechanosensory function. Exogenous NO, from the donor S-nitroso-N-
acetylpenicillamine, significantly reduced mechanosensitivity of both types of ending. Up to one-third of stomach-projecting afferent
neurons in the nodose ganglia expressed neuronal NOS (nNOS). However, anterograde-traced vagal endings were nNOS negative, indi-
cating NOS is not transported peripherally and there are alternative sources of NO for afferent modulation. A subpopulation of enteroen-
docrine cells in the gut mucosa were nNOS positive, which were found anatomically in close apposition with mucosal vagal afferent
endings. These results indicate an inhibitory neuromodulatory role of epithelial NO, which targets a select population of vagal afferents.
This interaction is likely to play a role in generation of symptoms and behaviors from the upper gastrointestinal system.

Introduction
Since the identification of nitric oxide (NO) as an endothelium-
derived relaxing factor (Furchgott and Zawadzki, 1980; Palmer et
al., 1987), it has been shown to be involved in a range of physio-
logical processes (Moncada, 1992), including a role as a messen-
ger molecule within the CNS and peripheral nervous system
(Garthwaite et al., 1988; Bredt and Snyder, 1992; Garthwaite and
Boulton, 1995). NO is synthesized from L-arginine by NO syn-
thase (NOS), of which there are three isoforms: neuronal NOS
(nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS)
(Alderton et al., 2001). The two types of constitutive NOS, nNOS
and eNOS, participate in normal physiological responses,
whereas iNOS, not usually present in tissues, is induced during
injury and inflammation (Xie et al., 1992).

The role of NO in peripheral sensory signaling is currently
obscure. Interfering with NO production increases articular
C-fiber activity (Kelly et al., 2001), but exogenous NO can in-
crease or decrease mechanosensitivity of somatic nociceptors
(Vivancos et al., 2003; Levy and Strassman, 2004). NO decreases
soma excitability of vagal sensory neurons (Bielefeldt et al., 1999).
Inhibition of visceral afferents is an important therapeutic target

in several gastrointestinal diseases. Functional dyspepsia is char-
acterized by increased perception of gastric stimuli (Tack et al.,
2004). Nausea and vomiting are linked to activation of vagal
afferents (Andrews and Sanger, 2002; Blackshaw and Gebhart,
2002). Eating disorders are associated with abnormal responses
to luminal contact with a meal (Robinson et al., 1988), and may
involve altered nitrergic function (Morley et al., 1995).

Possible sources of NO within the gastrointestinal tract are
numerous. It has been demonstrated that NO is a inhibitory non-
adrenergic noncholinergic neurotransmitter and NO release
causes relaxation of gastrointestinal smooth muscle (Bult et al.,
1990; Boeckxstaens et al., 1991; D’Amato et al., 1992). NO is also
released from the myenteric plexus, where it is synthesized by
nNOS in myenteric neurons (Bredt et al., 1990). Sensory nerves
are another credible source of NO with both nNOS and eNOS
being present within vagal afferent cell bodies (Yamamoto et al.,
2003). In addition to neuronal sources of NO a variety of cells in
the gastric epithelium can also produce NO (García-Vitoria et al.,
2000). The epithelial-to-neuronal communication process is very
important in many areas of the body, including the bladder
(Birder, 2005) and the gastrointestinal tract, and as such, the
gastric epithelium is a rich source of NO. Various specialized cells
within the gastric mucosa have been found to contain nNOS,
including brush cells (Kugler et al., 1994), chief cells (Fiorucci et
al., 1995), and some endocrine cells (Burrell et al., 1996) and
mucosecretory cells (Brown et al., 1992; Price et al., 1996; Byrne et
al., 1997; Ichikawa et al., 1998; Price and Hanson, 1998).

We have developed methods that enable evaluation of the
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modulatory effect of endogenous and exogenous compounds on
mechanosensitivity of vagal afferents innervating the gastrointes-
tinal tract (Page and Blackshaw, 1998; Page et al., 2002). Using
these preparations, we have shown that GABA and glutamate are
coupled to inhibition of afferent mechanosensitivity (Page and
Blackshaw, 1999; Page et al., 2005b), effects that translate to
changes in gastrointestinal function in vivo (Blackshaw, 2001;
Zhang et al., 2002). We considered the possibility that NO may
have peripheral actions on sensory neurons, which may be im-
portant in modulation of visceral sensation and reflex control of
gastrointestinal function. The aims of this study were to deter-
mine the effect of NO on mechanosensitivity of gastroesophageal
vagal afferents and the source of endogenous NO. We also sought
to determine the mechanism of action by which NO elicits its
effect.

Materials and Methods
All experimental studies were performed with the approval of the animal
ethics committee of the Institute of Medical and Veterinary Science and
the University of Adelaide, and in accordance with the Australian Code
of Practice for the Care and Use of Animals for Scientific Purposes.

In vitro mouse gastroesophageal afferent preparation
C57BL/6 mice fed ad libitum (20 –30 g) were humanely killed via CO2

inhalation, and the thorax was opened by a midline incision. The stom-
ach and esophagus with attached vagal nerves were removed and placed
in a modified Krebs’ solution containing the following (in mM): 118.1
NaCl, 4.7 KCl, 25.1 NaHCO3, 1.3 NaH2PO4, 1.2 MgSO4�7H2O, 1.5
CaCl2, 1.0 citric acid, and 11.1 glucose, bubbled with 95% O2–5% CO2 at
4°C during dissection to prevent metabolic degradation. After further
dissection, the preparation was opened out longitudinally along the
esophagus and greater curve of the stomach. The preparation was then
placed mucosal side up in the organ bath. This preparation has been
described in detail previously (Page et al., 2002, 2005a). Nifedipine (1
�M) was also added to the Krebs’ solution to prevent smooth muscle
contraction. In a previous preliminary study, we have shown that nifed-
ipine has no effect on the mechanical sensitivity of gastroesophageal vagal
afferents (Page et al., 2006).

In vitro ferret gastroesophageal afferent preparation
Ferrets (0.5–1.0 kg body weight) were deeply anesthetized with sodium
pentobarbitone (60 mg � kg �1, i.p.), and the thorax was opened by a
midline incision. The ferret was killed by exsanguination under anesthe-
sia. The stomach and esophagus were then placed in an organ bath in a
similar manner to the mouse preparation. This preparation has already
been described in detail previously (Page and Blackshaw, 1998).

Characterization of gastroesophageal vagal
afferent properties
In the ferret, three distinct types of afferent fiber were recorded: those
responding to circular tension but not to low-intensity mucosal stimuli
(tension receptors), those responding only to mucosal stroking (mucosal
receptors), and those responding to both mucosal stroking and circular
tension [tension/mucosal receptors (Page and Blackshaw, 1998, 1999)].
In the mouse, two types of mechanosensitive afferent fiber were studied,
those responding to mucosal stroking but not circular tension (mucosal
receptors) and those responding to mucosal stroking and circular ten-
sion (tension receptors) as reported previously (Page et al., 2002).

Location of receptive fields of all types of afferent fiber was determined
by mechanical stimulation throughout the preparation with a brush.
Accurate quantification of mechanical responses was performed differ-
ently according to the primary adequate stimulus for the type of fiber.
Mechanical thresholds of both types of fiber were determined using cal-
ibrated von Frey hairs. The most reproducible, stimulus-dependent re-
sponses of these afferents to mucosal stroking were evoked when the
probe was moved at a rate of 5 mm � s �1 across the receptive field rather
than being kept static. Due to the fact that the receptive fields were small

(�1 mm 2), a single test at each intensity is prone to missing the center of
the receptive field on some occasions. Therefore, we minimized experi-
menter error by measuring the mean response to the middle 8 of 10
standard strokes given at 1 s intervals. Because the von Frey hair was bent
throughout the stroking stimulus, the receptive field was subjected to an
even force as the hair passed over it. Tension–response curves were also
obtained for all afferent fibers, which were used in combination with von
Frey thresholds to determine whether the receptive fields of fibers were
located in the mucosa or the muscle layer. Tension stimuli were applied
via fine suture silk attached to an unpinned point adjacent to the mech-
anoreceptive fields. The thread was attached to a cantilever via a pulley
close to the preparation. Reference standard weights were then placed on
the opposite end of the cantilever. Each weight was applied as a step and
maintained for 1 min, and the response was measured as the mean dis-
charge evoked over this period. Due to the fact that all responses to
tension adapted slowly, this method of assessment was considered rep-
resentative of physiological responsiveness. The tension–response curves
were produced by applying weights to the cantilever system in the range
of 1–5 g. A recovery period of at least 1 min was allowed between each
tension stimulus.

Effect of the nonselective nitric oxide synthase inhibitor L-
NAME on the mechanosensitivity of vagal afferents
After mechanical sensitivity of the gastroesophageal vagal afferent had
been established, the effect of the nonselective NOS inhibitor N G-nitro-
L-arginine methyl ester hydrochloride (L-NAME) on mechanical sensi-
tivity was determined. L-NAME (0.1 mM) was added to the superfusing
solution and allowed to equilibrate for 20 min, after which time the
tension–response and stroke–response curves were redetermined. This
equilibration period was observed so as to ensure penetration of the drug
into all layers of the tissue. If L-NAME had an effect on the mechanical
sensitivity of the vagal afferent, then L-arginine (0.1 mM) was added to the
superfusing solution along with L-NAME (0.1 mM) to determine whether
the effect of L-NAME could be reversed. The preparation was allowed to
equilibrate for a further 20 min, after which time the mechanosensitivity
of the vagal afferent was redetermined. Time-controlled experiments
were performed in which there was no significant change in the mechan-
ical responses over a comparable duration.

Effect of the selective nitric oxide synthase inhibitors L-NIO
and N-PLA on the mechanosensitivity of vagal afferents
After mechanical sensitivity of the gastroesophageal vagal afferent had
been established, the effect of the eNOS inhibitor, N 5-(1-iminoethyl)-L-
ornithine dihydrochloride (L-NIO; 1 �M), or the nNOS inhibitor, N �-
propyl-L-arginine (N-PLA; 0.1 �M) on mechanical sensitivity was deter-
mined. L-NIO or N-PLA was added to the superfusing solution and
allowed to equilibrate for 20 min, after which time the tension–response
and stroke–response curves were redetermined. This procedure was re-
peated for L-NIO (1–10 �M) or N-PLA (0.1–1 �M) at increasingly higher
doses. The concentrations of L-NIO and N-PLA used were based on
previous in vitro pharmacological experiments reported in the literature
(Gumusel et al., 1998; Fornai et al., 2007a,b). Time-controlled experi-
ments were performed in which there was no significant change in the
mechanical responses over a comparable duration (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material).

Effect of the nitric oxide donor SNAP on the
mechanosensitivity of vagal afferents
After mechanical sensitivity of the gastroesophageal vagal afferent had
been established, the effect of the NO donor S-nitroso-N-
acetylpenicillamine (SNAP) on mechanosensitivity was determined.
SNAP (3 �M) was added to the superfusing solution and allowed to
equilibrate for 20 min, after which time the tension–response and stro-
ke–response curves were redetermined. This procedure was repeated for
SNAP at increasingly higher doses (10 –30 �M).
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Effect of the phosphodiesterase 5�
inhibitor sildenafil on the
mechanosensitivity of vagal afferents
Sildenafil (10 nM) was added to the superfusing
solution and allowed to equilibrate for 20 min.
Stroke–response curves were determined be-
fore and after sildenafil. This procedure was re-
peated for sildenafil at increasingly higher doses
(30 –100 nM). Time-controlled experiments
were performed in which there was no signifi-
cant change in the mechanical responses over a
comparable duration.

Effect of the NO-sensitive guanylyl
cyclase inhibitor ODQ on the
mechanosensitivity of vagal afferents
Stroke–response curves were determined before
and 20 min after adding 1H-[1,2,4]oxa-
diazolo[4,3-a]quinoxaline-1-one (ODQ; 1 �M) to
the superfusing solution. This procedure was re-
peated for ODQ at increasingly higher doses
(3–10 �M).

Data recording and analysis
Afferent impulses were amplified with a biolog-
ical amplifier (DAM 50; World Precision In-
struments), filtered (bandpass filter-932;
CWE), and monitored using an oscilloscope
(DL 1200 A; Yokogawa). Single units were dis-
criminated on the basis of action potential
shape, duration, and amplitude using Spike 2
software (Cambridge Electronic Design). All
data were recorded and analyzed off-line using
a personal computer (IBM ThinkPad). Data are
expressed as means � SEM, with n equal to the
number of individual afferents in all instances.
The pharmacological protocol was performed
on a maximum of one afferent fiber in each
preparation. Differences between stimulus–re-
sponse curves were evaluated using two-way ANOVA (Prism 3.02;
Graphpad). Differences were considered significant if p � 0.05.

Drugs
Stock solutions of all drugs were kept frozen and diluted to their final
concentration in Krebs’ solution on the day of the experiment. L-NAME,
L-NIO, N-PLA, ODQ, and SNAP were obtained from Tocris Cookson.
Sildenafil was obtained from the Royal Adelaide Hospital Pharmacy (Ad-
elaide, Australia).

Tracing studies
Adult (20 – 40 g) male C57BL/6 mice had ad libitum access to water and a
standard diet and were fasted overnight before experimentation.

Retrograde tracing
Gastric muscle. Mice (n � 5) were anesthetized with isoflurane (2% in
oxygen), a laparotomy performed, and an Alexa Fluor 555 conjugate of
cholera toxin B-subunit (CTB-AF555 (0.5%); Invitrogen) was injected
subserosally into the columnar epithelium of the proximal stomach us-
ing a 33 ga Hamilton syringe. Multiple equally spaced injections of 1–2 �l
were made parallel to and 1–2 mm from the less curvature on both
anterior and posterior surfaces (total volume 10 �l). The injection sites
were dried, the laparotomy incision was closed, and antibiotic (Terramy-
cin; 10 mg/kg) and analgesic (butorphanol; 5 mg/kg) were administered
subcutaneously.

Gastric mucosa. Separate mice (n � 3) were anesthetized with isoflu-
rane, a laparotomy performed and a mucolytic (10% N-acetylcysteine;
200 �l) injected into the stomach lumen, then removed via syringe after
5 min, followed by two saline rinses (200 �l each). Then, 10 �l of 0.5%

CTB-AF555 was applied onto the posterior proximal wall mucosal via a
33 ga Hamilton syringe and the proximal stomach walls gently apposed
for 5 min to equally expose the dorsal and ventral surfaces to tracer. The
laparotomy incision was then closed and antibiotic and analgesic admin-
istered as above. Food and water were withheld for 2 h postoperatively in
these mice to maximize exposure of tracer. All mice recovered well from
surgery and were routinely monitored. Control experiments for detect-
ing tracer spread were also performed in two separate mice, by assess-
ment of tracer distribution in transverse sections of the whole stomach at
2 h after administration of tracer.

After 2 d, traced mice were anesthetized with pentobarbitone (60 mg/
kg, i.p.) and transcardially perfused with heparinized saline at 40°C, then
4% paraformaldehyde in 0.1 M PBS (PFA-PBS) at 4°C. The nodose gan-
glia were then removed and fixed in 4% PFA-PBS at room temperature
for 2 h and then cryoprotected in 30% sucrose at 4°C for 24 h. Frozen
serial transverse sections (10 �M) were then cut for
immunohistochemistry.

Anterograde tracing
Adult male mice (n � 5) were anesthetized with isoflurane (2% in oxy-
gen). The left nodose ganglia was exposed, and 1 �l of a horseradish
peroxidase conjugate of wheat-germ agglutinin [WGA-HRP (4
mg � ml �1); Vector Laboratories] was pressure injected into the nodose
ganglia via a glass micropipette (ID � 25 �m). The injection site was then
dried, the skin incision closed, and antibiotic and analgesic administered
as above. All mice recovered well from surgery and were routinely mon-
itored. Two days following injection, mice were anesthetized and per-
fused as above. The stomach was removed and dissected in PBS into
anterior and posterior flat sheets along the greater and lesser curvature.
The submucosa and mucosa were gently removed leaving the smooth

Figure 1. L-NAME potentiates ferret gastroesophageal vagal afferents. A–C, Stimulus–response functions of mucosal (A),
tension (B), and tension/mucosal (C) receptors to mucosal stroking (A, Ci) with calibrated von Frey hairs and circumferential
tension (B, Cii). The responses are before (F) and after (E) exposure to L-NAME (100 �M) and L-NAME along with L-arginine (100
�M; f). **Significant difference from control curve using a two-way ANOVA ( p � 0.01). ##Significant difference of data curve
obtained in the presence of L-NAME alone from the data curve obtained in the presence of L-NAME and L-arginine using a two-way
ANOVA ( p � 0.01).
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muscle layers and myenteric plexus intact. Permanent visualization of
WGA-HRP was done using tyramide signal amplification (TSA). Briefly,
whole mounts were rinsed in TNT buffer (0.05% Tween 20, 0.15 M NaCl,
and 0.1 M Tris-HCl, pH 7.5), blocked for 30 min in TNB (prepared as per
the directions provided with the Perkin-Elmer TSA biotin reagent kit),
and then reacted for 20 min with tyramide-biotin, diluted 1:50 in ampli-
fication diluent. The tissue was then rinsed in TNT buffer and reacted
with streptavidin conjugated to Alexa Fluor 546 (Invitrogen) for 2 h at
room temperature. Following nNOS immunoreactivity (below) speci-
mens were mounted on slides and coverslipped using ProLong antifade
(Invitrogen) as the mounting medium.

Immunohistochemistry
Immunoreactivity for nNOS was detected in
retrograde-traced nodose ganglia sections and
anterograde-traced stomach and esophageal
sections and stomach whole mounts using a
rabbit anti-rat nNOS polyclonal antibody (61-
7000; Invitrogen). Primary antibody was visu-
alized by a goat anti-rabbit secondary antibody
conjugated to Alexa Fluor 488 (Invitrogen).
Briefly, sections were air dried at room temper-
ature and rinsed in PBS � 0.2% Triton X-100
(Sigma-Aldrich; PBS-T, pH 7.4) to facilitate an-
tibody penetration. Primary antibody was di-
luted 1:500 in PBS-T and incubated at 4°C over-
night for sections, or for 48 h for stomach whole
mounts; unbound antibody was then removed
with PBS-T washes, and slides plus whole
mounts were incubated for 1–2 h at room tem-
perature with secondary antibody (1:200 in
PBS-T). The tissue was given final PBS-T
washes, drained, and mounted with ProLong
Antifade (Invitrogen). Slides where the primary
antibody was omitted showed no labeling and
served as negative controls.

Visualization and quantification
Slide sections and whole mounts were visual-
ized using an epifluorescence microscope (BX-
51, Olympus) equipped with filters for FITC
and AF546, with images acquired by a Cool-
Snapfx monochrome digital camera (Roper
Scientific). Pseudocolored fluorescence and
differential interference contrast (DIC) images
were overlaid and fluorescence imaging soft-
ware (analysis LifeScience, Olympus) used to
calculate the percentage of complete traced and
labeled nodose ganglia neurons, counted in
6 – 8 whole ganglion profiles representative of
the rostrocaudal extent of each ganglion; cell
fragments were ignored. Luminance of images
was not adjusted.

Statistical analysis
Differences in the proportion of vagal afferents
innervating gastric muscle and mucosa, and la-
beled for nNOS, were assessed using an un-
paired t test. A p value of �0.05 was considered
significant, and results are expressed as the
mean � SEM of the number of animals (n).

Results
Endogenous nitric oxide modulates
vagal afferent mechanosensitivity
In the ferret, inhibition of NOS with
L-NAME (100 �M) significantly enhanced
the response of mucosal receptors in vitro
to mucosal stroking with calibrated von
Frey hairs (10 –200 mg, p � 0.01) (Fig.
1A). The effect of L-NAME (100 �M) was

reversed by the addition of the NOS substrate L-arginine (100 �M,
p � 0.01) (Fig. 1A). This effect of L-NAME on mucosal receptors
was selective, because L-NAME did not affect the response of
tension or tension/mucosal receptors to circular tension (Fig.
1B,Cii), or the response of tension/mucosal receptors to mucosal
stroking (Fig. 1Ci).

The effect of L-NAME on mouse mucosal and tension recep-
tor sensitivity to mechanical stimulation (Fig. 2) was comparable
with that in ferret. L-NAME (100 �M) significantly enhanced the

Figure 2. L-NAME potentiates mouse gastroesophageal vagal afferents. A, B, Stimulus–response functions of mucosal (A) and
tension (B) receptors to mucosal stroking with calibrated von Frey hairs and circumferential tension, respectively. The responses
are before (F) and after (E) exposure to L-NAME (100 �M) and L-NAME along with L-arginine (100 �M; f). ***Significant
difference from control curve using a two-way ANOVA ( p � 0.001). ###Significant difference of data obtained in the presence of
L-NAME alone from data obtained in the presence of L-NAME and L-arginine using a two-way ANOVA ( p � 0.001). C, Original
recording of a mucosal receptor to mucosal stroking with a 50 mg calibrated von Frey hair in the absence (i) and presence of
L-NAME (ii) and L-NAME along with L-arginine (iii).
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response of mouse mucosal receptors to mucosal stroking (10 –
1000 mg, p � 0.001) (Fig. 2A,Cii). This effect was significantly
reversed by the addition of L-arginine (100 �M, p � 0.001) (Fig.
2A,Ciii).

To determine the likely source of NO involved, we tested the
effect of selective NOS inhibitors on mouse mucosal receptor
responses. L-NIO (1–10 �M), the eNOS inhibitor, had no signif-
icant effect, whereas N-PLA (0.1–1 �M), the nNOS inhibitor,
significantly and dose-dependently enhanced their responses
( p � 0.001) (Fig. 3B).

Mechanism of action of nitric oxide
Our experiments using NOS inhibitors suggested an inhibitory
effect of NO on afferent sensitivity. This was assessed by exoge-
nous NO administration using the NO donor SNAP on mouse
mucosal and tension receptors. SNAP (3–30 �M) significantly
and dose-dependently reduced the responses of both populations
(Fig. 4).

One of the major targets for NO in neurons is soluble guany-
late cyclase, resulting in accumulation of cGMP. We determined
whether inhibition of cGMP breakdown using the phosphodies-
terase 5� inhibitor sildenafil mimicked NO effects on mouse mu-

cosal receptors. Sildenafil (10 –100 nM) significantly and dose-
dependently reduced the stimulus–response functions of
mucosal receptors ( p � 0.001) (Fig. 5A,C). We also determined
the effect of inhibiting NO-sensitive soluble guanylyl cyclase with
ODQ on mucosal receptor function. ODQ (1–10 �M) signifi-
cantly and dose-dependently enhanced the stimulus–response
functions of mucosal receptors ( p � 0.0001) (Fig. 5B).

Localization of NOS in vagal afferent pathways
Having shown that endogenous NO has inhibitory effects on
afferent endings, we investigated its likely source anatomically.
First we tested the hypothesis that NO was derived from the
afferents themselves using neuronal tracing and immunohisto-
chemistry. Tracing from gastric muscle with injections of CTB-
AF555 resulted in bright cytoplasmic labeling of 9 � 1 of cell
bodies within the nodose ganglia; tracing from gastric mucosa
labeled 7 � 1% (Fig. 6A,D). In the whole nodose ganglia, 10 �
1% of cell bodies were positive for nNOS (Fig. 6B,D), whereas
27 � 3% and 33 � 1% of neurons traced from gastric muscle and
mucosa, respectively, were nNOS positive (Fig. 6C,F,G). The
proportion of cell bodies immunoreactive for nNOS was signifi-
cantly greater in the gastric muscular and mucosal populations

Figure 3. Effects of selective nitric oxide synthase inhibitors on mouse gastroesophageal
vagal afferent mucosal receptors. Stimulus–response functions of mucosal receptors to muco-
sal stroking with calibrated von Frey hairs. The responses are before (F) and after exposure to
N 5-(1-Iminoethyl)-L-ornithine dihydrochloride (A; E, 1 �M; f, 3 �M; �, 10 �M) and N �-
propyl-L-arginine (B; E, 0.1 �M; f, 0.3 �M; �, 1 �M). ***Significant difference from control
curve using a two-way ANOVA ( p � 0.001).

Figure 4. The nitric oxide donor SNAP inhibits mouse gastroesophageal vagal afferents. A,
B, Stimulus–response functions of mucosal (A) and tension (B) receptors to mucosal stroking
with calibrated von Frey hairs and circumferential tension, respectively. The responses are be-
fore (F) and after (E) exposure to SNAP (E, 3 �M; f, 10 �M; �, 30 �M). *p � 0.05, **p �
0.01, ***p � 0.001, significant difference from control curve using a two-way ANOVA.
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than in the whole ganglia ( p � 0.0001, unpaired t test) (Fig. 6G),
suggesting that they may be a significant source of peripheral NO.

We investigated whether or not the nNOS found in nodose
neurons is transported to their peripheral endings using antero-
grade tracing and immunohistochemistry. Vagal afferent endings
anterogradely traced from the nodose ganglia are illustrated in
Figure 7, A and D. Identified vagal afferent endings observed
during the present investigation were immunonegative for
nNOS. However, as expected, cell bodies and fibers of the myen-
teric plexus were strongly immunoreactive for nNOS (Fig. 7B),
and vagal afferent axons and nerve endings often enveloped the
myenteric ganglia, forming intraganglionic laminar endings
(IGLEs), but did not appear to penetrate them, and no double

label was seen (Fig. 7C). Isolated cells in
the stomach submucosal gland were
strongly immunoreactive for nNOS (Fig.
7E), and had morphology consistent with
enteroendocrine cells. Anterogradely
traced vagal afferent fibers penetrating the
mucosal layer of the stomach were found
closely apposed within a few micrometers
of these cells (Fig. 7F).

Discussion
We have demonstrated that endogenous
NO inhibits mechanosensory function in a
subpopulation of primary sensory end-
ings. Inhibition of NO production poten-
tiated the response of gut mucosal recep-
tors in two widely different mammalian
species—mice and ferrets, in some cases
severalfold. This effect was mimicked by a
nNOS inhibitor but not an eNOS inhibi-
tor, suggesting that the NO is neuronal or
enteroendocrine in origin. Another con-
sistent finding was that effects of NOS in-
hibition were confined to mucosal end-
ings, with no effect on muscular endings,
providing further clues as to the anatomi-
cal source of NO. Neuroanatomical trac-
ing and immunohistochemistry con-
firmed a mucosal source of NOS within
enteroendocrine cells close to vagal termi-
nals. The afferent endings themselves were
unlikely as a source, since they were nNOS
negative, even though their cell bodies
produce the enzyme. We confirmed that
intrinsic myenteric neurons are also a po-
tential source of NO. However, tension re-
ceptors, which terminate in IGLEs sur-
rounding myenteric ganglia, did not
penetrate them, and were correspondingly
unaffected by blockade of endogenous
NOS. The NO donor SNAP reduced the
response of both mucosal and tension re-
ceptors to mechanical stimulation. There-
fore, although endogenous NO is not
available at tension receptor endings, ex-
ogenous NO can influence their mechano-
sensitivity. Its mechanism of action on va-
gal afferents is likely via the arginine–NO–
cGMP pathway, since sildenafil, a specific
inhibitor of cGMP phosphodiesterase, and
thus a stimulator of the cGMP pathway,

mimicked the effects of the NO donor. This is supported by the
fact that inhibition of NO-sensitive guanylyl cyclase with ODQ
had the opposite effect.

Our data support a model of nitric oxide derived from gut
mucosal cells exerting an inhibitory influence on nearby vagal
afferent endings. Distension of the stomach is sufficient to in-
crease luminal NO release (Ito et al., 2008), which would be de-
rived from mucosal cells, and luminal contact is also well estab-
lished as a stimulus for enteroendocrine cell degranulation
leading to activation of sensory neurons (Kirchgessner et al.,
1992; Kim et al., 2001). Therefore there are several physiological
circumstances in which this process would be active. It is conceiv-

Figure 5. Interfering with the NO– cGMP pathway. A, B, Stimulus–response functions of mucosal receptors to mucosal strok-
ing with calibrated von Frey hairs. The responses are before (F) and after (E) exposure to sildenafil (A) (E, 10 nM; f, 30 nM; �,
100 nM) and ODQ (B) (E, 1 �M; f, 3 �M; �, 10 �M). ***Significant difference from control curve using a two-way ANOVA ( p �
0.001). C, Original recording of a mucosal receptor response to stroking with a 50 mg von Frey hair before (i) and after (ii, 10 nM;
iii, 30 nM; iv, 100 nM) exposure to sildenafil.
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able that NO release mitigates the neural
actions of excitatory transmitters and
modulators coreleased from the gut mu-
cosa in response to meals such as 5-HT and
CCK (Blackshaw and Grundy, 1993a,b;
Grundy et al., 1994; Lal et al., 2001), which
might otherwise mediate undampened ac-
tivation of vagal afferents and behavioral
consequences such as nausea and vomit-
ing after a normal meal. A question that
arises from our study is whether NO is
continually released from the mucosa or
only during mechanical stimulation by
stroking. Evidence from previous studies
indicates that NO is released by specific
mechanical or neural stimuli (King et al.,
2003; Ito et al., 2008), suggesting the latter.

In addition to the gastrointestinal tract,
there are numerous areas within the body
where similar epithelial-to-neuronal com-
munication processes exist. A prime ex-
ample is the bladder urothelium and adja-
cent subepithelial nerve supply (Birder,
2005), where nerve fibers are in close prox-
imity to cells in the urothelium that con-
tain transmitters, which can be released
and influence the activity of subepithelial
nerves. Although actions of nitric oxide on
sensory endings have been shown else-
where in the body, on articular, dural, or
cutaneous sensory nerves, the endogenous
source is not clear, but would obviously be
from a different cell type than that in the
gut. In these, NO can either enhance or
decrease the responsiveness of endings to
either chemical or mechanical stimuli de-
pending on the location, the specific sub-
set of nerves concerned, or even the in-
flammatory status (Kelly et al., 2001;
Vivancos et al., 2003; Levy and Strassman,
2004). In contrast, in the present study NO
reproducibly inhibited the response of
both types of gastroesophageal vagal affer-
ents, suggesting that the downstream
mechanism is more consistent.

We found 10% of nodose ganglion
neurons were positive for nNOS. The pro-
portion of gastric-projecting cell bodies
immunoreactive for nNOS was three
times greater than in the whole ganglion,
indicating a degree of specificity of nNOS for gastric afferents, but
not in individual subtypes of gastric afferents. Our data indicate
that nodose nNOS is not transported to the stomach, because
peripheral endings of vagal afferents were nNOS negative. This
corroborates tracing data from the rat, in which peripheral vagal
afferent terminals in the esophagus were NOS negative (Dütsch et
al., 1998), as are those in rat lung (Brouns et al., 2002). Therefore,
although nNOS is three times more likely to be expressed in
gastric neurons compared with the general vagal afferent popu-
lation, this is not transported to the peripheral endings and is
therefore unlikely to be responsible for the generation of NO
involved in modulating afferent mechanosensitivity. Vagal affer-
ent NOS is also unlikely to be involved in central neurotransmis-

sion, since it is not transported to central terminals (Atkinson et
al., 2003), although again it was detected in the nodose ganglion.
Therefore NOS may be more important in metabolic and anti-
apoptotic processes within the nodose ganglion cell body, as is
found in dorsal root ganglion neurons (Thippeswamy and Mor-
ris, 2002).

Immunohistochemistry for nNOS in the mouse stomach con-
firmed that there is an abundance of myenteric neurons and their
processes that are immunopositive for nNOS, supporting previ-
ous literature (Grozdanovic et al., 1992; Neuhuber et al., 1994;
Raab and Neuhuber, 2004). We found vagal afferent fibers, traced
from the nodose ganglia, formed IGLEs surrounding myenteric
ganglia containing nNOS-immunopositive neurons. Although

Figure 6. Combined nNOS immunohistochemistry and retrograde tracing in the mouse nodose ganglia. A, Mouse nodose
ganglia showing retrogradely traced (CTB-AF555) gastric mucosal afferent neurons (red; indicated by the white arrows). B,
Neurons immunoreactive for nNOS (green; indicated by pink arrows). C, nNOS immunoreactivity (green) and colabel (yellow;
indicated by white arrow). Two gastric mucosal afferents are seen prominently colabeled with nNOS (indicated by white arrows).
D, Retrogradely traced (CTB-AF555) gastric muscular afferent neurons (red; indicated by white arrows). E, Neurons immunoreac-
tive for nNOS (green; indicated by pink arrows). F, nNOS immunoreactivity (green) and colabel (yellow; indicated by white arrow).
Two gastric muscular afferents are prominently colabeled with nNOS (indicated by white arrow). Scale bars, 150 �m. G, The
percentage of neurons in the nodose ganglia immunoreactive for nNOS. The percentage of neurons immunoreactive for nNOS in
the whole nodose ganglia is significantly less (***p � 0.001; unpaired t test) than the percentage of both gastric mucosal and
muscular afferent neurons immunoreactive for nNOS.
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IGLEs are the mechanotransduction sites of vagal tension recep-
tors (Zagorodnyuk and Brookes, 2000; Zagorodnyuk et al.,
2003), the nNOS inhibitor did not affect their mechanosensitiv-
ity. Therefore, the NO produced by myenteric neurons does not
reach IGLEs surrounding them at sufficient concentrations. This
is possibly due to a diffusion barrier provided by the collagenase
that surrounds bundles of myenteric neurons (Gabella, 1972; Ro-
drigues de Souza et al., 1988), and the characteristic rapid degra-
dation of NO (Cary et al., 2006).

Immunoreactivity for nNOS was detected in a distinct sub-
population of cells within the gastric mucosa. Neuronal nitric
oxide synthase has been detected within several different types of
cells of the gastrointestinal mucosa, such as the epithelium of the
rat forestomach (Schmidt et al., 1992), brush cells (Kugler et al.,
1994), chief cells (Fiorucci et al., 1995), and some endocrine cells
(Burrell et al., 1996) and mucosecretory cells (Brown et al., 1992;
Price et al., 1996; Byrne et al., 1997; Ichikawa et al., 1998; Price
and Hanson, 1998). Preliminary studies investigating eNOS im-
munoreactivity in the gastric mucosa agree with previous reports
on eNOS immunoreactivity in the rat stomach (Price et al., 1996),
indicating that although eNOS was present in blood vessels pen-
etrating the submucosa, the specialized gastric epithelial cells
were eNOS negative (data not shown). It is clear from the present
investigation that vagal afferent endings can be found in very
close proximity to these nNOS-containing cells in the gastric
mucosa; this provides an anatomical correlate of our evidence for
NO released from the mucosa influencing the mechanosensitiv-
ity of mucosal vagal afferents. There is no diffusion barrier within
the lamina propria, preventing NO from acting on these affer-
ents, as is the case with IGLEs and myenteric neurons.

One of the main signal transduction pathways for NO occurs
through formation of a complex with soluble guanylate cyclase,
which activates the enzyme to catalyze the conversion of GTP to
cGMP and pyrophosphate. cGMP then binds to various target

proteins such as protein kinases, ion chan-
nels, and several families of phosphodies-
terases, resulting in cell-specific down-
stream outputs (Cary et al., 2006).
However, there are some examples of NO
signals being transduced in a cGMP-
independent manner in the CNS (Jacoby
et al., 2001; Lev-Ram et al., 2002) and in
sensory neurons (Renganathan et al.,
2002). In the present study we have shown
that inhibiting cGMP breakdown using a
specific inhibitor of cGMP phosphodies-
terase mimics completely the effect of the
NO donor. It is therefore likely that NO
signaling in gastroesophageal vagal affer-
ents is via the arginine–NO– cGMP path-
way. This is supported by our observation
(data not shown) that the majority of vagal
afferent cell bodies in the mouse nodose
ganglia were immunopositive for soluble
guanylate cyclase.

In conclusion, we have discovered a
role for NO in the peripheral modulation
of vagal afferents during physiological ac-
tivation. The source of this NO is in spe-
cialized cells of the gastric mucosa, and its
target is soluble guanylate cyclase in mu-
cosal afferent endings. This novel role is
likely to modulate symptoms, behavioral

responses, and vagal reflexes from the upper gastrointestinal
system.
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