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1. Introduction
Disturbances of the lower esophageal sphincter function 
and of esophageal motility are important factors in the 
development of reflux esophagitis. Dysfunction of the lower 
esophageal sphincter (LES) due to inappropriate smooth 
muscle relaxation and loss of muscle tone are the major 
factors which lead to gastric reflux (1). The mechanism 
behind LES dysfunction has been a major subject of 
research. Some agents, such as the oral β-2 agonists and 
anticholinergics, and certain foods or beverages, such 
as coffee, can cause smooth muscle relaxation (1,2). A 
decrease occurs in the contractile smooth muscle response 
and the relaxant response of smooth muscle to serotonin 
in chronic reflux esophagitis (3).

Although esophagitis is a common health problem, 
the changes that occur during esophagitis in the central 
nervous system are not well known. The control of the 
nervous system over the factors that control the LES is 
important. There are anatomical and physiological studies 
showing that the dorsal motor nucleus of the vagus 
(DMV) plays a role in the parasympathetic control of the 
gastrointestinal tract (4–6).

Nitric oxide (NO) is a freely diffusing gas. NO takes 
part in different functions such as cognition, synaptic 
plasticity, sleep, neurosecretion, appetite, temperature, and 
homeostasis (7). NO can be measured by means of nitric 
oxide synthase (NOS) because NO is a highly diffusible 
and short-lived gas (8). NADPH-diaphorase (NADPH-d) 
selectively stains NOS-containing neurons (9).

NO acts as a neurotransmitter of nonadrenergic, 
noncholinergic inhibitory nerves innervating 
gastrointestinal (GI) smooth muscles. It is claimed that 
NOS might be transported toward the axon terminal 
and is probably recycled by retrograde transport (10). 
Berthoud showed that some NADPH-d–positive vagal 
efferent terminals contact NADPH-d–positive enteric 
neurons, which project to the circular muscle (11). NO has 
a role in the control of smooth muscle tone and motility as 
well as fluid secretion in the GI tract. NO released from the 
nitrergic nerves and the vascular endothelium results in 
vasodilatation and leads to an increase in mucosal blood 
flow, which might help to protect the mucosa (12). The 
cyclic guanosine monophosphate (GMP), cyclic GMP-
independent mechanisms, and decreased intracellular Ca2+ 
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levels play an important role in NO-induced relaxation in 
the GI smooth muscles (3,12). Likewise, neurotransmitters 
such as acetylcholine, ATP, peptides, and norepinephrine 
have a role in the control of the NO release from the 
nitrergic nerves. The inhibition of the NO synthesis due to 
pathological conditions can cause an increase in GI muscle 
contractility and an impairment of GI function (12).

A recent study indicated that acid and pepsin perfusion 
of the esophagus results in c-Fos expression in the 
amygdala, paraventricular nucleus, parabrachial nucleus, 
nucleus tractus solitarius (NTS), DMV, nucleus ambiguus 
(NA), medullary reticular nucleus, and the area postrema. 
NOS reactivity was observed in the paraventricular 
nucleus, the parabrachial nucleus, the nucleus of the 
tractus solitarius, and the dorsal motor nucleus of the 
vagus, as well as the medullary reticular nucleus and the 
area postrema. Previous authors suggested that during 
esophageal acid exposure, NOS-containing neuronal cells 
are activated to modulate esophageal reflux (5).

Zhang et al. (6) examined the effect of electrical 
stimulation of the NA and DMV. Electrical stimulation 
of the NA had no effect on the volume of gastric juice, 
titratable acidity, or acid concentration, but an increase in 
bicarbonate secretion was shown. Electrical stimulation 
of the DMV showed a significant increase in titratable 
acidity, in the volume of gastric juice, and in the acid 
concentration. It was suggested that these findings indicate 
that DMV innervates both gastric glands and gastric 
smooth muscles (6).

The response of the central nervous system to diseases 
of the GI system has not been a major area of research. 
The present study aims to show whether there are any 
changes of NOS expression in the brainstem in a chronic 
gastroesophageal reflux model. We aimed to understand 
the response of the nuclei of the vagus nerve to chronic 
esophagitis. 

2. Materials and methods
Male Sprague-Dawley rats weighing between 200 and 250 
g were housed in standard conditions. Standard laboratory 
chow was withdrawn 16 h before surgery with free access 
to water. All experimental protocols were approved by 
the Animal Care and Use Committee of the Marmara 
University School of Medicine.

The study was planned to include 3 groups. After 
intraperitoneal anesthesia of ketamine hydrochloride 
(20 mg/kg) and xylazine hydrochloride (100 mg/kg), the 
abdomen was opened with an upper midline incision. 

In the chronic gastroesophageal reflux group (n = 4), 
chronic acid reflux esophagitis was induced by pyloric 
stenosis plus limiting ridge ligation method (13). The 
duodenum near the pyloric ring was wrapped with a 
small piece of an 18F Nelaton catheter and the transitional 
region between the forestomach and the glandular portion 
(limiting ridge) was ligated by a nonabsorbable suture. 

In the sham group (n = 4), rats underwent a sham 
operation. In the ranitidine group (n = 4), after the surgical 
procedure to prevent development of esophagitis, the 
rats were treated with ranitidine, a histamine H2 receptor 
antagonist group antacid (14), at 0.5 mg kg–1 day–1. The plan 
was to observe the pure effect of surgical procedures without 
inflammation of the mucosa of the stomach and esophagus. 

All animals were perfused and fixed with 4% 
paraformaldehyde transcardiacally 1 month after surgery. 
The horizontal sections taken from the lower part of 
the esophagus and stomach were processed routinely, 
embedded in paraffin, sectioned at 3–5 µm, and stained 
with hematoxylin-eosin. Each specimen was examined by 
light microscopy to detect signs of inflammatory changes. 

The brains were removed, put overnight in a 
4% paraformaldehyde containing fixative, and then 
transferred to a 30% sucrose solution. Next, 40-µm serial 
coronal frozen sections of brainstem were taken on a 
sliding microtome. All the sections were put into Tris 
buffer solution (TBS) at pH 7.6, washed in TBS of pH 7.6 
for 30 min, and then washed for 30 min in 0.05 M Tris-
HCl buffer of pH 8.0 containing 0.2% Triton X-100. The 
sections were then incubated in a solution containing 
0.05 M Tris-HCl buffer of pH 8.0 containing 0.2% Triton 
X-100, nitroblue tetrazolium (Sigma N6876), and reduced 
β-NADPH-d tetrasodium salt (Sigma N1630) at 37 °C. 
After incubation, the sections were rinsed in TBS of pH 
7.6 for 30 min. Sections were then transferred to slides in 
serial order and were mounted using DPX (Sigma DPX 
Mountant for Histology 44581).

In each section we counted all the cells that had a 
nucleus stained for NADPH-d. The average number of 
NADPH-d–stained neurons per section for each rat was 
calculated by dividing the total number of stained neurons 
counted in all sections by the number of sections taken 
from each brain nucleus. The numbers of cells containing 
NADPH-d were counted unilaterally in specific nuclei 
in several sections: 5 sections for DMV, NTS, and NA. 
GraphPad Prism 5.1 was used for analysis of data. Data 
were expressed as mean ± SE of the respective brain areas. 
The groups were compared by one-way ANOVA post-hoc 
Tukey test. P < 0.05 was considered as an indication of 
statistical significance. 

3. Results
3.1. Histopathological examination
The lower esophagus and stomach of all animals was evaluated 
histopathologically. Evidence of chronic reflux esophagitis 
was decided on the basis of the following features: thickness 
of the esophageal mucosa, elongation of the lamina propria 
papillae, infiltration by inflammatory cells, interruption 
of the lamina muscularis mucosa, and amount of collagen 
fibers in the lamina propria and submucosa. The treatment 
and control groups did not indicate any major pathological 
changes (Figures 1a and 1b). 
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The sections of the brainstem were examined under 
a light microscope. NADPH-d activity was observed as a 
blue color within the perikarya, dendrites, and axons.  

There was no significant difference between the 2 sides 
of the nucleus for either DMV or NTS. The total number 

of labeled neurons in each nucleus was evaluated. The 
mean number of labeled neurons in the DMV was 14.95 ± 
1.37 in the chronic gastroesophageal reflux group, whereas 
this number in the control group was 1.3 ± 0.30 and in 
the ranitidine group it was 2.8 ± 0.46 (Figures 2a–2c). 

Figure 1. a) Basal cell hyperplasia, elongation of lamina propria, and chronic inflammatory cell infiltration as histopathological findings 
of chronic esophagitis in chronic gastroesophageal reflux group; b) stomach of ranitidine group. 

Figure 2. NADPH-d–stained neurons in the DMV: a) sham group, b) ranitidine group, c) chronic gastroesophageal reflux group. There 
was a statistically significant difference between the NADPH-d positive neurons in the DMV of the chronic gastroesophageal reflux 
group compared to the sham and ranitidine groups.

a

c

a

b

b
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There was a statistically significant difference between 
the chronic gastroesophageal reflux group and the other 
2 groups, the sham and ranitidine groups (P < 0.0001). 
A statistically significant difference was also observed in 
NTS between the chronic gastroesophageal reflux group 
and the other 2 groups (Figures 3a–3c and 4a–4d). The 
number of labeled neurons was 21.45 ± 2.8 in the chronic 
gastroesophageal reflux group, whereas this number in 
the control group was 3.06 ± 0.75 and in the ranitidine 
group was 3.75 ± 0.99. There was no statistically significant 
difference between sham and ranitidine groups. The results 
are given in the Table. 

4. Discussion
The vagus nerve is the one of the major structures that 
have influence over the neural control of the GI system. 
The DMV, NTS, and NA are the vagal nuclei taking part in 

the central control mechanism of the GI tract. The control 
and integration of visceral functions are closely related to 
vagal reflexes. Dysfunctional vagal reflexes are associated 
with GI pathologies and digestive disorders (15–21).

The rostral and caudal portions of the DMV contain 
the esophageal preganglionic neurons. The esophagus and 
the LES receive inhibitory input from the caudal neurons 
and excitatory input from the rostral neurons (4,20,22–24). 
The excitation is provided by the preganglionic cholinergic 
projections onto cholinergic neurons, while the inhibition 
is provided by nitrergic enteric neurons (4,25–27). The 
activation of the intrinsic nitrergic inhibitory neurons 
by the preganglionic vagal efferents in the caudal DMV 
leads to LES relaxation during deglutition (4,20,22,23). 
The stimulation of gastric vagal afferents and vagovagal 
reflexes causes transient LES relaxation, which may lead to 
gastroesophageal reflux (4,28,29) The central, intermediate, 
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Figure 3. The NADPH-d–stained neurons in the NTS: a) sham group, b) ranitidine group, c) chronic gastroesophageal reflux group. 
NADPH-d–positive neurons in the NTS and DMV were more abundant in the chronic gastroesophageal reflux group compared to the 
sham and ranitidine groups.

a

a

b

b

Figure 4. There was a statistically significant difference between the chronic gastroesophageal reflux group and sham and ranitidine 
groups in a) DMV and b) NTS. ***: P < 0.001.
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and interstitial NTS subnuclei and the compact formation 
of NA are active during deglutitive activity, whereas 
commissural and dorsomedial NTS subnuclei and the 
caudal DMV are active during LES relaxation (4). The 
commissural and dorsomedial NTS subnuclei and caudal 
DMV are active in controlling the transient LES relaxation 
(5). Shuai and Xie (5) emphasized the effect of DMV, 
NTS, and NA on the esophageal motility. The proposed 
mechanism was that the acid-pepsin exposure to the lower 
part of the esophagus stimulates the mucosal receptors, 
which in turn activate the neurons of the NTS through the 
vagal afferents and finally the neurons in DMV and NA to 
modulate the esophageal peristalsis. 

The neural control of esophageal motility has been a 
major subject of many studies (4). However, the changes 
that occur in the central nervous system due to long-term 
acid exposure in the esophagus are not well explained. 
In this study, the difference in NADPH-d staining in the 
sham, ranitidine, and chronic gastroesophageal reflux 
groups was studied. To our knowledge the effects of chronic 
esophagitis in the brainstem have not been examined until 
now. For this reason, the present study was designed to 
investigate the alterations occurring after a longer period 
of chronic gastroesophageal reflux.

In a previous study, the results of acute acid exposure 
were evaluated (5). However, these methods might have led 
to severe esophageal damage. Thus, it was not analogous to 
the human situation. The chronic esophagitis model used in 
this study is a well-validated method. In the hematoxylin-
eosin staining of the esophagus the pathologic changes 
related to chronic esophagitis were verified. In this model, 
eliminating the mechanic effect of surgical procedures 
is critical to isolate the effect of increased acidity and 
mucosal damage on vagal nuclei. Therefore, ranitidine 
was given to surgically operated rats and thus the increase 
in acidity and the development of mucosal damage were 

suppressed. In the ranitidine-treated group, the gastric and 
esophageal mucosa was intact. The number of NADPH-d 
stained neurons did not show any significant difference 
between the sham and ranitidine groups.

Several studies demonstrated the presence and 
importance of NO in vagal pathways. NO is involved in 
the control of esophageal peristalsis (30–32). Murray 
et al. (33) suggested that NO has an inhibitory effect on 
the esophageal muscle contraction. It was reported that 
NOS expression increases in the nuclei of DMV and NTS 
due to acid exposure in the esophagus (5). In the present 
study, we also found an increase of NOS expression in the 
nuclei of the DMV and NTS. The esophageal peristalsis 
has been controlled by the caudal and rostral DMV, which 
have inhibitory and excitatory effects on the esophagus, 
respectively (4). We could not observe any prominent 
difference in NADPH-d staining of the 2 parts of the 
nucleus. 

There was no staining difference between right and 
left sides of the nuclei. This is in accordance with the 
histological changes seen in the esophagus. The findings 
due to esophagitis were observed all around the horizontal 
sections of the esophagus. Therefore, the nuclei at each site 
seem to be affected equally.

We generally observed no stained neurons in NA. 
However, 1, or at most 2, neurons could be stained in a 
very few sections of NA. This finding can be considered in 
agreement with the study of Shuai and Xie (5), in which 
the number of NOS-positive neurons in NA was 2 and 
there was no significant difference between the control 
and experimental groups. 

The model in this study causes disturbed esophageal 
peristalsis, and also mucosal damage of stomach and 
esophagus, due to increased acidity. As a result, chronic 
changes that occur in esophagitis may lead to adaptive 
changes in the brainstem nuclei. The increased NADPH-d 
staining is probably a sign of ability to modulate the 
disturbed esophageal peristalsis. The increase of NOS 
expression may be a protection mechanism against 
mucosal damage. 
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Table. The average number of neurons counted per section of 
DMV and NTS. 

Nucleus DMV NTS

Sham group 1.3 ± 0.30 3.06 ± 0.75

Ranitidine group 2.8 ± 0.46 3.75 ± 0.99

Chronic GER group 14.95 ± 1.37* 21.45 ± 2.8 *

GER: gastroesophageal reflux, DMV: dorsal motor nucleus of 
vagus, NTS: nucleus tractus solitarius, *: P < 0.0001.
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