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Abstract

Background

Human gastric fundus relaxation is mediated by intrinsic inhibitory pathway. We investi-

gated the roles of nitrergic and purinergic pathways, two known inhibitory factors in gastric

motility, on spontaneous and nerve-evoked contractions in human gastric fundus muscles.

Methods

Gastric fundus muscle strips (12 circular and 13 longitudinal) were obtained from patients

without previous gastrointestinal motility disorder who underwent gastrectomy for stomach

cancer. Using these specimens, we examined basal tone, peak, amplitude, and frequency

of spontaneous contractions, and peak and nadir values under electrical field stimulation

(EFS, 150 V, 0.3 ms, 10 Hz, 20 s). To examine responses to purinergic and nitrergic inhibi-

tion without cholinergic innervation, atropine (muscarinic antagonist, 1 μM), MRS2500 (a

purinergic P2Y1 receptor antagonist, 1 μM), and N-nitro-L-arginine (L-NNA, a nitric oxide

synthase inhibitor, 100 μM) were added sequentially for spontaneous and electrically-stimu-

lated contractions. Tetrodotoxin was used to confirm any neuronal involvement.

Results

In spontaneous contraction, L-NNA increased basal tone and peak in both muscle layers,

while amplitude and frequency were unaffected. EFS (up to 10 Hz) uniformly induced initial

contraction and subsequent relaxation in a frequency-dependent manner. Atropine abol-

ished initial on-contraction and induced only relaxation during EFS. While MRS2500

showed no additional influence, L-NNA reversed relaxation (p = 0.012 in circular muscle,

and p = 0.006 in longitudinal muscle). Tetrodotoxin abolished any EFS-induced motor

response.
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Conclusions

The relaxation of human gastric fundus muscle is reduced by nitrergic inhibition. Hence,

nitrergic pathway appears to be the main mechanism for the human gastric fundus

relaxation.

Introduction
Several mechanisms have been suggested to explain the association between the symptoms of
functional dyspepsia (FD) and underlying pathophysiology [1,2]. Among them, impairment of
gastric accommodation accounts for about 40% of cases in FD [3]. Gastric accommodation is
activated as the bolus of food reaches the stomach and triggers a reflex largely mediated by
intramural intrinsic inhibitory pathways [4].

Over the years, numerous studies with animal models have attempted to explain the neuro-
transmitters involved in this adaptive relaxation. These studies reached upon an agreement
that there is more than one neurotransmitter released by the inhibitory neurons, including
nitric oxide (NO) [5–8], vasoactive intestinal polypeptide (VIP) [9–12], and adenosine triphos-
phate (ATP) [13,14]. Based on animal studies, there is still debate on whether NO predomi-
nantly mediates the relaxation [4,15,16], or NO and VIP act as co-transmitters [17–20]. ATP,
on the other hand, was addressed as the third agent of inhibitory neurotransmission in the rat
gastric fundus by Jenkinson & Reid [21].

On the contrary, only a small number of studies have further substantiated the hypothesis
that NO is the major contributor in the non-adrenergic, non-cholinergic (NANC) relaxation of
human stomach [22–25]. Although ATP and VIP have also been suggested as responsible
agents in the human gastric relaxation, nitrergic pathway seems to the most plausible inhibi-
tory mechanism based on previous in vivo gastric barostat experiments [24,25]. However, this
hypothesis has not yet been confirmed in physiologic studies. Thus, in this present study, we
aimed to clarify the roles of NO in the relaxation of human gastric fundus.

Methods

Subjects and tissues
Gastric fundus smooth muscle specimens were obtained from a total of 16 subjects (10 males
and 6 females, median age: 55 years, range: 35–83 years) who underwent gastrectomy for gas-
tric cancer at Samsung Medical Center from December 2010 to November 2013. None of these
patients had pre-operative radiotherapy, irritable bowel syndrome, or neurological disorders
which may alter the basal motility of human stomach. They had no known gastrointestinal dis-
ease other than gastric cancer. Diffuse infiltrating stomach cancer, such as Borrmann type IV
advanced gastric cancer, was also excluded in this study.

After gastrectomy, the fundus muscle strip samples were taken from the regions free of mac-
roscopic evidence of cancer infiltration. The specimens were incubated in oxygenated modified
Krebs-Ringer bicarbonate (KRB) solution (95% O2 and 5% CO2) at 4°C and immediately trans-
ported to the laboratory.

All patients provided written informed consent in accordance with the Declaration of Hel-
sinki. The study protocol was approved by the Institutional Review Board of Samsung Medical
Center (No 2009-05-018).
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Isometric force measurements
Experiments were performed in vitro with strips of both circular (n = 12) and longitudinal
(n = 13) muscles from human gastric fundus and their mechanical activities were recorded as
changes in isometric force. These experiments were conducted using standard organ bath tech-
niques, as previously described in another study by our laboratory [26,27].

Electrical field stimulation (EFS) of intramural nerves was carried out by giving stimuli of
various frequencies and durations (0.3 ms in trains of 1–20 Hz for 1–20 s, 150 V) which were
applied via the two platinum ring electrodes attached to each strip. The electrodes were con-
nected to a GRASS S88 (GRASS Instruments, Quincy, MA, USA) stimulator.

Protocols
In the first series of experiments, to understand purinergic and nitrergic roles in the spon-
taneous contraction-relaxation of gastric fundus muscle under non-cholinergic condition,
atropine (a muscarinic antagonist, 1 μM), MRS2500 (a purinergic P2Y1 receptor antago-
nist, 1 μM), and N-nitro-L-arginine (a nitric oxide synthase inhibitor, L-NNA, 100 μM)
were added in a sequential order to the organ bath. Then TTX (1 μM) was administered to
inhibit any nerve-mediated contraction. Basal tone, peak, mean amplitude and frequency
were observed for 5 minutes in the control state and after serial administration of each
drug. The peak amplitude represented the highest measured amplitude, while the basal
tone stood for the lowest value measured during the observation time. The amplitude was
calculated as the subtracted amplitude between the peak and basal tone. Frequency was
defined as the number of contractions per one minute which was measured as the total
number of contractions divided by the minutes of observation time. The contractions were
expressed in grams for peak, basal tone, and amplitude, while cycles-per-minute (cpm) was
used for frequency.

Next, optimal conditions for EFS experiments using human gastric fundus muscles
were studied; (i) EFS was applied at various frequencies (1, 5, 10, and 20 Hz) and train
durations (1, 5, 10, and 20 s); (ii) recovery of regular contraction was observed after varying
durations of EFS (from 10 s to 5 min); and (iii) electrical stimulations with frequencies
from 1 Hz to 100 Hz for 20 s were delivered to the specimens immersed in TTX (1 μM)-
containing organ bath to define the maximum frequency of EFS causing neurally-mediated
contraction.

Using the optimal study setting obtained from this study (150 V, 0.3 ms, trains of pulses at
10 Hz, and 20 s in duration), the muscle strips immersed in standard organ baths were perfused
with atropine (1 μM), MRS2500 (1 μM), L-NNA (100 μM), and TTX (1 μM) sequentially, as in
the first set of study for spontaneous contraction. Peak and nadir were measured for 1 minute,
including the 20 s of EFS, in the control state and after addition of each of the four drugs. We
defined the peak as the highest value and the nadir as the lowest value during the first one min-
ute after the initiation of EFS (Fig 1).

Immunofluorescence
The fundus from human stomach was isolated and pinned flat on Sylgard coated dish. Tissue
was fixed in 4% paraformaldehyde saline solution for 1 hour at 4°C and washed with phos-
phate buffered saline (PBS). Tissue was dehydrated in successive sucrose solution in PBS in
5%, 10%, and 15% for 1 hour and at 20% overnight. The fundus was cut into pieces approxi-
mately 5 mm x 5 mm circumferentially and put into Tissue-Tek Cryomold (Sakura Finetek,
Torrence, CA, USA) containing Tissue-Tek OCT solution (1:1 20% sucrose solution and
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OCT). Tissues in blocks were snap-frozen in liquid nitrogen cooled isopentane and stored
at -80°C.

12 μm thin sections were cut on a Leica 3050S cryostat (Leica Microsystems, Wetzlar,
Germany) on Vectabond (Vector Laboratories, Burlingame, CA, USA) coated slides. Sec-
tions were air dried at room temperature for 1 hour and washed in PBS three times for 5
minutes then blocked with 10% bovine serum albumin (BSA) solution for 1 hour then incu-
bated overnight with anti-nNOS (SC-648, Santa Cruz Biotechnology, Inc, CA, USA) at
1:250 in 0.5% Triton X-100 in PBS overnight in 4°C. Slides were then washed three times
for 5 minutes in PBS and incubated in Alexa Fluor 488 donkey anti-Rabbit IgG (1:1000 in
PBS, Invitrogen, Carlsbad, CA, USA) for 1 hour at room temperature and washed in PBS (3
times, 5 minutes each) and mounted with glass cover slips with Aqua-Mount (Lerner Labo-
ratories, Pittsburgh, PA, USA). The sections were then visualized with Zeiss LSM150 with
the 488 nm laser and acquired in Zeiss LSM 5 Image Examiner and arranged in CorelDraw
X4.

Statistical analysis
Data are expressed as mean ± SEM. The Wilcoxon signed-rank test was used to evaluate the
effects of each drug. Multiple comparisons were corrected by Bonferroni’s post-hoc test. P-val-
ues less than 0.05 were considered significant. Statistical analysis was performed using SPSS
version 21 (SPSS IBM, NY, USA).

Fig 1. Peak and nadir represent the contractile response induced by electrical field stimulation (EFS). Peak
is the highest value, while nadir stands for the lowest value during the first one minute after the initiation of EFS.

doi:10.1371/journal.pone.0162146.g001
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Results

Contributions of purinergic, and nitrergic pathways in the spontaneous
contractions of human gastric fundus muscle
Stretching muscle strips to a resting tension developed spontaneous phasic contraction, which
persisted throughout the experiment. Firstly, we tested the effects of atropine, MRS2500,
L-NNA, and TTX on spontaneous contractility. Overall, in the circular muscle, addition of
atropine and MRS2500 had no effect on contractility measured by the four parameters men-
tioned above (Fig 2). However, L-NNA in the mixture increased the peak amplitude (atropine
vs atropine + MRS2500 + L-NNA, 0.42 ± 0.06 vs 0.55 ± 0.08, p = 0.024). A similar tendency
was observed for basal tone as L-NNA reversed the intrinsic relaxation component and
increased basal tone to a significant degree (atropine vs atropine + MRS2500 + L-NNA,
0.36 ± 0.06 vs 0.50 ± 0.07, p = 0.018). In terms of the amplitude and frequency, there was no
significant change regardless of the administration of L-NNA. TTX did not further alter spon-
taneous contractility in the presence of these drugs.

The results were consistent in the gastric longitudinal muscles. Under the same non-cholin-
ergic condition, MRS2500 did not significantly influence spontaneous contraction. L-NNA, on

Fig 2. The four parameters of spontaneous contraction in the circular smoothmuscle of human gastric fundus. Basal tone
and peak amplitude increase to a significant degree by inhibition of NOS. Mean amplitude and frequency, on the other hand, are not
affected by inhibition of purinergic and nitrergic pathways.

doi:10.1371/journal.pone.0162146.g002
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the other hand, increased the peak (atropine vs atropine + MRS2500 + L-NNA, 1.02 ± 0.14 vs
1.15 ± 0.16, p = 0.012) and basal tone (atropine vs atropine + MRS2500 + L-NNA, 0.77 ± 0.13
vs 0.95 ± 0.15, p = 0.012) (Fig 3). Amplitude and frequency were not affected. TTX had no
additional effect on spontaneous contraction.

Effects of EFS frequency and duration on human gastric fundus muscle
In our experiments, human gastric fundus muscle in response to EFS commonly elicited early
phasic contraction and delayed relaxation, which depended on the frequency and duration of
EFS. In this set of experiments of EFS with various frequencies (1 Hz, 5 Hz, 10 Hz, and 20 Hz),
EFS-induced relaxation was found to be frequency-dependent up to 10 Hz. The nadir of relaxa-
tion between 10 and 20 Hz was not different. In addition, since the muscle strips were not toler-
able to repeated exposure to EFS of frequencies higher than 20 Hz, it was impossible to
continue further tests. When strips of gastric fundus muscle were also exposed to EFS with
varying durations (1 s, 5 s, 10 s, and 20 s), the nadir dropped with a duration-dependent
manner.

Fig 3. The four parameters of spontaneous contraction in the longitudinal smoothmuscle of human gastric fundus. As in
the circular muscle, basal tone and peak amplitude increase significantly by L-NNA, but mean amplitude and frequency are
unchanged by serial administration of MRS2500, and L-NNA.

doi:10.1371/journal.pone.0162146.g003
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Frequency of EFS and nerve-mediated relaxations in human gastric
fundus muscle
The EFS-induced relaxations were abolished by TTX (1 μM) when the frequency was 20 Hz
and below. Frequencies of 50 Hz and higher (70 Hz, and 100 Hz) produced contractions, rather
than relaxations, which were not TTX-sensitive.

Contributions of purinergic, and nitrergic pathways in the EFS-induced
relaxations of human gastric fundus muscle
Based on above experiments, we concluded that electrical parameters to evoke optimal nerve-
mediated relaxation in human gastric fundus are 10 Hz for 20 s. With this preset condition for
EFS, we tested the effects of pharmacological treatment using atropine, MRS2500, L-NNA and
TTX. Fig 4 shows the typical tracings of responses to the four drugs under EFS. Overall, in both
layers of the gastric fundus smooth muscle, electrical field stimulation induced initial contraction
and subsequent relaxation. The degree of EFS-induced relaxation was increased by atropine. The
tracing pattern after the addition of MRS2500 did not exhibit any significant change from that
produced by atropine. However, the relaxation was antagonized by L-NNA, which abolished
relaxation produced by previous drugs. TTX blocked any nerve-mediated contractile response.

The peak and nadir in circular and longitudinal muscle strips during EFS are represented in
Fig 5. In the circular muscle (n = 12), none of the following drugs, atropine, MRS2500, and

Fig 4. Serial administration of atropine, MRS2500, L-NNA, and TTX under EFS on circular and longitudinal
human gastric fundusmuscles (10 Hz, 150 V, 0.3 ms and 20 s). (A) A representative tracing of EFS-evoked
motor responses of circular muscle. NOS inhibitor reverses the EFS-induced relaxation. (B)A typical tracing of
EFS-evokedmotor responses of longitudinal muscle. EFS-induced relaxation is also reversed by L-NNA.

doi:10.1371/journal.pone.0162146.g004
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L-NNA significantly reduced the peak amplitude p = 0.061, p = 0.179, and p = 0.159, respec-
tively) (Fig 5A). On the contrary, when atropine was added to the control, its anticholinergic
effect accentuated the relaxation and resulted in a more negative value of nadir, from
-0.10 ± 0.02 g to -0.16 ± 0.03 g (p = 0.012). MRS2500 did not reverse the relaxation caused by
atropine. However, as L-NNA was superimposed on MRS2500-containing media, the nadir
was reversed from -0.16 ± 0.03 g to 0.01±0.01 g by inhibiting NO-mediated relaxation
(p = 0.012). TTX abolished any existing electrically-induced neurogenic response and the nadir
of TTX-treated specimens was not statistically different from that of L-NNA-treated muscle
strips. In longitudinal muscles (n = 13), as in the circular muscles, addition of atropine,
MRS2500 and L-NNA failed to reduce the peak contraction during EFS (Fig 5B). The nadir, on
the other hand, more deepened from -0.30 ± 0.06 g to -0.41 ± 0.08 g (p = 0.03), as atropine
blocked contraction which was not affected by MRS2500, but significantly attenuated by
L-NNA from -0.41 ± 0.08 g to -0.03 ± 0.02 g (p = 0.006).

Fig 5. Pharmacological responses, measured by peak and nadir values, to purinergic and nitrergic inhibitors under non-
cholinergic condition. (A) In circular muscle, the peak contraction is not changed by addition of MRS2500 and L-NNA to atropine-
containing media. The relaxation effect of atropine on nadir is not affected by MRS2500, but reversed significantly by addition of L-NNA.
(B) As in the circular muscle, the peak contraction of longitudinal gastric smooth muscle is not affected by MRS2500 and L-NNA. The
nadir is reversed significantly by addition of L-NNA.

doi:10.1371/journal.pone.0162146.g005
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Neuronal NOS (nNOS) immunohistochemistry in human fundus smooth
muscle
NO in the gastrointestinal tract is believed to be synthesized by a nNOS [28,29]. The presence
of nNOS in the human fundus was examined by immunohistochemistry. The nNOS+ myen-
teric ganglion and nerve fibers were present throughout the circular and longitudinal muscle,
as well as the myenteric plexus (Fig 6). Long and slender immunostaining was observed intra-
muscularly throughout the thickness of the muscle running parallel with the circular muscle.
The longitudinal muscle layer also displayed immunopositivity as well as myenteric ganglia at
the level of the myenteric plexus.

Discussion
Even now, six decades after the first introduction of the concept NANC relaxation in human
gastric fundus muscle [30], there is only limited explanation for the mechanism of how the
proximal part of human stomach relaxes and serves as a reservoir during food ingestion
[4,5,9,10,13–21]. Animal studies have demonstrated that gastric accommodation is a complex
phenomenon induced by multiple neurotransmitters [31]. So far, NO [5–8,22], VIP [9–12],
and ATP [13,14,21] have been considered to be the most plausible candidates. Among these
inhibitory neurotransmitters, previous studies on animals have provided evidence that mainly
NO, and possibly ATP, take part in the early phase of relaxation. VIP, on the other hand, is sus-
pected to be more responsible for sustained relaxation [32]. However, since little is known
about how human gastric fundus relaxes as opposed to other animals, our study aimed to
understand the physiology of human gastric accommodation. As previous studies have sug-
gested NO to be the major contributing inhibitory neurotransmitter in the stomach, as well as
throughout the gastrointestinal tract, a greater portion of those pertaining to the subject has
attempted to explain the role of nitrergic pathway in the relaxation of gastric fundus [22–25].
Tonini et al. [22] elucidated that NO and VIP have different roles in the human gastric fundus

Fig 6. Immunohistochemical localization of neuronal nitric oxide synthase (nNOS) in human gastric fundus. (A) A
myenteric ganglion (mg) and nNOS+ nerve fibers (arrows) in a cryostat cross section through the circular (cm) and
longitudinal muscle (lm) layers. (B) nNOS+ nerve fibers at a higher magnification running in parallel with the circular
muscle (cm) fibers and are varicose in nature (arrows). Scale bars are as indicated in each panel.

doi:10.1371/journal.pone.0162146.g006
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relaxations: NO being accountable for relaxation evoked by low frequency electrical stimula-
tion and VIP for high frequency stimulation-induced relaxation. In addition, a few in vivo
experiments on healthy adults have shown that NOS inhibitor, NG-monomethyl-L-arginine
(L-NMMA), blunts postprandial gastric accommodation by demonstrating a decrease in
change of gastric volume after meal ingestion using either 99mTc-single-photon-emission
computed tomography imaging [23] or gastric barostat [24,25]. In the same context, we inves-
tigated the inhibitory influences of NO in the early relaxation of the proximal human stomach
in this study. As the former in vitro study included a small number of subjects and only the cir-
cular muscle, we supplemented our experiments with more specimens from both layers of
human gastric fundus.

Initially, spontaneous tonic contractions of both circular and longitudinal human gastric
smooth muscle were observed. Under non-cholinergic environment, the basal tone and peak
amplitude were unchanged by MRS2500, but increased to a significant level in the presence of
L-NNA in both muscle layers. It indicates that the relaxation component of spontaneous con-
traction is mediated primarily by nitrergic pathway, rather than purinergic pathway. However,
as L-NNA had little effect on the mean amplitude, the change in peak amplitude can be pre-
sumed to be the result of increased basal tone.

Also in this study, optimal experiment conditions for EFS of human gastric fundus muscle
were determined by reviews of contraction and relaxation patterns evoked by various frequen-
cies and durations of electrical stimulation. Our results suggest that motor responses of human
gastric fundus muscle are mediated by neural pathway at lower frequencies (� 20 Hz), while
muscle strips are directly stimulated by EFS of higher frequency (� 50 Hz). In addition, the
degree of EFS-induced relaxation was found to have a positive correlation with the duration of
stimulation up to 20 s. EFS for longer duration than 20 s did not accentuate relaxation. Thus,
we concluded that the optimal condition maximally acceptable for EFS study was 10 Hz for 20
s. The outcomes of these preliminary experiments can be expected to be used for subsequent
EFS studies using human stomach muscles.

The specimens of gastric fundus were also exposed to the purinergic receptor antagonist
and NOS inhibitor under EFS. Electrical stimulation with isolated trains in non-cholinergic
conditions induced TTX-sensitive, short-lasting, frequency-dependent relaxations. Perfusion
with L-NNA yielded an increase in nadir, and even reversed it by causing contraction in the
circular layer, of the EFS-induced relaxation in the gastric smooth muscle by suppressing the
inhibitory pathway. The peak and nadir values of L-NNA-treated muscle strips were not signif-
icantly different from those of TTX-treated specimens, indicating that inhibition of NOS alone
almost completely blocked any nerve-mediated relaxation. Therefore, NO seems to be the
major neurotransmitter in the short-lasting relaxation induced by train stimulation and addi-
tionally in the non-cholinergic relaxation of human gastric fundus muscle. However, to fully
reverse the relaxation, the possibility of ancillary mechanisms, such as VIPergic pathway,
should also be sought in further studies.

The present study has a few strengths. Firstly, preliminary studies defined a setting which
enables the muscle specimens to display their optimal and physiologic contractile patterns. Fol-
lowing experiments were conducted with such condition, thereby providing more reliability.
Secondly, to the best of our knowledge, it is the first EFS study to distinctly demonstrate that
NO has a pivotal role in human gastric fundus relaxation in both circular and longitudinal
smooth muscle layers. Moreover, our results show that non-nitrergic pathway was not signifi-
cantly involved in the relaxation of fundus in human species. In conclusion, we demonstrated
that NO predominantly mediates the relaxation of proximal human stomach and that non-
nitrergic pathway, including purinergic neurotransmission, has only limited role in the NANC
relaxation.

Mechanism of the Human Gastric Accommodation

PLOS ONE | DOI:10.1371/journal.pone.0162146 September 2, 2016 10 / 12



Supporting Information
S1 Dataset. Isometric force measurement dataset.
(XLSX)

Author Contributions

Conceptualization: PLR.

Formal analysis: YWM YSH.

Investigation: SJK JYL.

Methodology: PLR.

Resources: KDA JMB.

Writing – original draft: YWM YSH.

Writing – review & editing: PLR.

References
1. Tack J, Bisschops R, Sarnelli G. Pathophysiology and treatment of functional dyspepsia. Gastroenter-

ology. 2004; 127: 1239–1255. PMID: 15481001

2. Nan J, Liu J, Mu J, DunW, Zhang M, Gong Q, et al. Brain-based Correlations Between Psychological
Factors and Functional Dyspepsia. J Neurogastroenterol Motil. 2015; 21: 103–110. doi: 10.5056/
jnm14096 PMID: 25540947

3. Tack J, Piessevaux H, Coulie B, Caenepeel P, Janssens J. Role of impaired gastric accommodation to
a meal in functional dyspepsia. Gastroenterology. 1998; 115: 1346–1352. PMID: 9834261

4. Desai KM, SessaWC, Vane JR. Involvement of nitric oxide in the reflex relaxation of the stomach to
accommodate food or fluid. Nature. 1991; 351: 477–479. PMID: 1675430

5. Toda N, Herman AG. Gastrointestinal function regulation by nitrergic efferent nerves. Pharmacol Rev.
2005; 57: 315–338. PMID: 16109838

6. Bult H, Boeckxstaens GE, Pelckmans PA, Jordaens FH, Van Maercke YM, Herman AG. Nitric oxide as
an inhibitory non-adrenergic non-cholinergic neurotransmitter. Nature. 1990; 345: 346–347. PMID:
1971425

7. Rand MJ. Nitrergic transmission: nitric oxide as a mediator of non-adrenergic, non-cholinergic neuro-
effector transmission. Clin Exp Pharmacol Physiol. 1992; 19: 147–169. PMID: 1325878

8. Baccari MC, Calamai F. Modulation of nitrergic relaxant responses by peptides in the mouse gastric
fundus. Regul Pept. 2001; 98: 27–32. PMID: 11179775

9. Fahrenkrug J. Transmitter role of vasoactive intestinal peptide. Pharmacol Toxicol. 1993; 72: 354–363.
PMID: 8103215

10. Shuttleworth CW, Keef KD. Roles of peptides in enteric neuromuscular transmission. Regul Pept.
1995; 56: 101–120. PMID: 7544470

11. Curro D, De Marco T, Preziosi P. Involvement of peptide histidine isoleucine in non-adrenergic non-
cholinergic relaxation of the rat gastric fundus induced by high-frequency neuronal firing. Naunyn
Schmiedebergs Arch Pharmacol. 2002; 366: 578–586. PMID: 12444500

12. Curro D, De Marco T, Preziosi P. Evidence for an apamin-sensitive, but not purinergic, component in
the nonadrenergic noncholinergic relaxation of the rat gastric fundus. Br J Pharmacol. 2004; 143: 785–
793. PMID: 15504756

13. Burnstock G. The non-adrenergic non-cholinergic nervous system. Arch Int Pharmacodyn Ther. 1986;
280: 1–15.

14. Burnstock G, Satchell DG, Smythe A. A comparison of the excitatory and inhibitory effects of non-
adrenergic, non-cholinergic nerve stimulation and exogenously applied ATP on a variety of smooth
muscle preparations from different vertebrate species. Br J Pharmacol. 1972; 46: 234–242. PMID:
4631338

Mechanism of the Human Gastric Accommodation

PLOS ONE | DOI:10.1371/journal.pone.0162146 September 2, 2016 11 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162146.s001
http://www.ncbi.nlm.nih.gov/pubmed/15481001
http://dx.doi.org/10.5056/jnm14096
http://dx.doi.org/10.5056/jnm14096
http://www.ncbi.nlm.nih.gov/pubmed/25540947
http://www.ncbi.nlm.nih.gov/pubmed/9834261
http://www.ncbi.nlm.nih.gov/pubmed/1675430
http://www.ncbi.nlm.nih.gov/pubmed/16109838
http://www.ncbi.nlm.nih.gov/pubmed/1971425
http://www.ncbi.nlm.nih.gov/pubmed/1325878
http://www.ncbi.nlm.nih.gov/pubmed/11179775
http://www.ncbi.nlm.nih.gov/pubmed/8103215
http://www.ncbi.nlm.nih.gov/pubmed/7544470
http://www.ncbi.nlm.nih.gov/pubmed/12444500
http://www.ncbi.nlm.nih.gov/pubmed/15504756
http://www.ncbi.nlm.nih.gov/pubmed/4631338


15. Desai KM, Warner TD, Bishop AE, Polak JM, Vane JR. Nitric oxide, and not vasoactive intestinal pep-
tide, as the main neurotransmitter of vagally induced relaxation of the guinea pig stomach. Br J Pharma-
col. 1994; 113: 1197–1202. PMID: 7534182

16. Lefebvre RA, Baert E, Barbier AJ. Influence of NG-nitro-L-arginine on non-adrenergic non-cholinergic
relaxation in the guinea-pig gastric fundus. Br J Pharmacol. 1992; 106: 173–179. PMID: 1504726

17. Boeckxstaens GE, Pelckmans PA, De Man JG, Bult H, Herman AG, Van Maercke YM. Evidence for a
differential release of nitric oxide and vasoactive intestinal polypeptide by nonadrenergic noncholinergic
nerves in the rat gastric fundus. Arch Int Pharmacodyn Ther. 1992; 318: 107–115. PMID: 1463368

18. D'Amato M, Curro D, Montuschi P. Evidence for dual components in the non-adrenergic non-choliner-
gic relaxation in the rat gastric fundus: role of endogenous nitric oxide and vasoactive intestinal poly-
peptide. J Auton Nerv Syst. 1992; 37: 175–186. PMID: 1587995

19. Lefebvre RA, Smits GJ, Timmermans JP. Study of NO and VIP as non-adrenergic non-cholinergic neu-
rotransmitters in the pig gastric fundus. Br J Pharmacol. 1995; 116: 2017–2026. PMID: 8640340

20. Li CG, Rand MJ. Nitric oxide and vasoactive intestinal polypeptide mediate non-adrenergic, non-cholin-
ergic inhibitory transmission to smooth muscle of the rat gastric fundus. Eur J Pharmacol. 1990; 191:
303–309. PMID: 1964906

21. Jenkinson KM, Reid JJ. Evidence that adenosine 5'-triphosphate is the third inhibitory non-adrenergic
non-cholinergic neurotransmitter in the rat gastric fundus. Br J Pharmacol. 2000; 130: 1627–1631.
PMID: 10928967

22. Tonini M, De Giorgio R, De Ponti F, Sternini C, Spelta V, Dionigi P, et al. Role of nitric oxide- and vaso-
active intestinal polypeptide-containing neurones in human gastric fundus strip relaxations. Br J Phar-
macol. 2000; 129: 12–20. PMID: 10694197

23. Andrews CN, Bharucha AE, Camilleri M, Low PA, Seide B, Burton D, et al. Nitrergic contribution to gas-
tric relaxation induced by glucagon-like peptide-1 (GLP-1) in healthy adults. Am J Physiol Gastrointest
Liver Physiol. 2007; 292: G1359–1365. PMID: 17290009

24. Tack J, Demedts I, Meulemans A, Schuurkes J, Janssens J. Role of nitric oxide in the gastric accom-
modation reflex and in meal induced satiety in humans. Gut. 2002; 51: 219–224. PMID: 12117883

25. Kuiken SD, Vergeer M, Heisterkamp SH, Tytgat GN, Boeckxstaens GE. Role of nitric oxide in gastric
motor and sensory functions in healthy subjects. Gut. 2002; 51: 212–218. PMID: 12117882

26. Sinn DH, Min BH, Ko EJ, Lee JY, Kim JJ, Rhee JC, et al. Regional differences of the effects of acetyl-
choline in the human gastric circular muscle. Am J Physiol Gastrointest Liver Physiol. 2010; 299:
G1198–1203. doi: 10.1152/ajpgi.00523.2009 PMID: 20798355

27. Min YW, Ko EJ, Lee JY, Min BH, Lee JH, Kim JJ, et al. Nitrergic Pathway Is the Major Mechanism for
the Effect of DA-9701 on the Rat Gastric Fundus Relaxation. J Neurogastroenterol Motil. 2014; 20:
318–325. doi: 10.5056/jnm13098 PMID: 24920748

28. Berezin I, Snyder SH, Bredt DS, Daniel EE. Ultrastructural localization of nitric oxide synthase in canine
small intestine and colon. Am J Physiol. 1994; 266: C981–989. PMID: 7513956

29. Ward SM, Xue C, Sanders KM. Localization of nitric oxide synthase in canine ileocolonic and pyloric
sphincters. Cell Tissue Res. 1994; 275: 513–527. PMID: 7511059

30. Burnstock G, Campbell G, Bennett M, Holman ME. Inhibition of the Smooth Muscle on the Taenia Coli.
Nature. 1963; 200: 581–582. PMID: 14082235

31. Boeckxstaens GE, Pelckmans PA. Nitric oxide and the non-adrenergic non-cholinergic neurotransmis-
sion. Comp Biochem Physiol A Physiol. 1997; 118: 925–937. PMID: 9505411

32. Lefebvre RA. Non-adrenergic non-cholinergic neurotransmission in the proximal stomach. Gen Phar-
macol. 1993; 24: 257–266. PMID: 8387048

Mechanism of the Human Gastric Accommodation

PLOS ONE | DOI:10.1371/journal.pone.0162146 September 2, 2016 12 / 12

http://www.ncbi.nlm.nih.gov/pubmed/7534182
http://www.ncbi.nlm.nih.gov/pubmed/1504726
http://www.ncbi.nlm.nih.gov/pubmed/1463368
http://www.ncbi.nlm.nih.gov/pubmed/1587995
http://www.ncbi.nlm.nih.gov/pubmed/8640340
http://www.ncbi.nlm.nih.gov/pubmed/1964906
http://www.ncbi.nlm.nih.gov/pubmed/10928967
http://www.ncbi.nlm.nih.gov/pubmed/10694197
http://www.ncbi.nlm.nih.gov/pubmed/17290009
http://www.ncbi.nlm.nih.gov/pubmed/12117883
http://www.ncbi.nlm.nih.gov/pubmed/12117882
http://dx.doi.org/10.1152/ajpgi.00523.2009
http://www.ncbi.nlm.nih.gov/pubmed/20798355
http://dx.doi.org/10.5056/jnm13098
http://www.ncbi.nlm.nih.gov/pubmed/24920748
http://www.ncbi.nlm.nih.gov/pubmed/7513956
http://www.ncbi.nlm.nih.gov/pubmed/7511059
http://www.ncbi.nlm.nih.gov/pubmed/14082235
http://www.ncbi.nlm.nih.gov/pubmed/9505411
http://www.ncbi.nlm.nih.gov/pubmed/8387048

