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Experimental gastroduodenal ulcer was simulated after pre-injection of serotonin; gastro-
esophageal reflux disease and duodenogastral reflux were induced. Activation of the
serotoninergic system promoted the development of alteration processes in gastro-

duodenal ulcer.
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Along with the parasympathetic and sympathetic
systems, the serotoninergic system is involved in
regulation of the contractile activity of visceral
smooth muscles, including those in the gastrointe-
stinal tract, common bile duct, and vessels [10].
Smooth-muscle cells express 5-HT, and 5-HT, ef-
fector serotonin receptors [7,9]. Intramural ganglio-
nar neurons and enterochromaffine cells have sur-
face 5-HT; and 5-HT, receptors. Through these
receptors serotonin (5-HT) regulates the contractile
activity of smooth muscles [1,4,13,14]. Serotonin
induces contractions of the smooth-muscle cells of
the fundal compartment of the stomach during re-
action with 5-HT,; receptors [4,6,8,12]. The con-
tractile effect of 5-HT towards the smooth muscles
of the gastric fundal compartment is confirmed by
other studies [6,8,12].

We tried to detect the role of 5-HT and seroto-
ninergic system in the development of ulcerative
lesions of the gastrointestinal tract and refluxes of
the upper portions of the gastrointestinal tract.

MATERIALS AND METHODS

Gastric ulcer was simulated in 24 male and female
Wistar rats (220-250 g) narcotized by Nembutal
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(40 mg/kg). Electromotor activity (EMA) of the
fundal, antral compartments of the stomach and
ascending portion of the duodenum was studied
using bipolar silver electrodes [3]. Local chemical
irritation was inflicted by 100% glacial acetic acid at
the interface of the fundal and antral compartments
of the stomach along the greater curvature. Electro-
motor activity was recorded during the moment of the
irritant application, during the first 15 min, 1 and 3
h, 1, 4, and 5 days after reproduction of the model.

The protective effects of 5-HT, , receptor bloc-
ker (sumatryptane) on the development of ulcera-
tive process was studied in 6 animals. The drug
was injected in a dose of 1 mg/kg 30 min before
gastric ulcer reproduction. Gastric tissue was fixed
in 10% formalin, dehydrated in ascending alcohols,
and embedded in paraffin. The sections were stai-
ned by hematoxylin and eosin.

Duodenal ulcer was simulated in 12 female
Wistar rats (250-270 g) by applying 100% glacial
acetic acid onto the serous membrane of the duo-
denal bulb. Electromotor activity of the duodenal
bulbar compartment, antral and fundal compart-
ments of the stomach was recorded before and di-
rectly after application of the chemical irritant, and
10 days after the beginning of experiment.

Statistical analysis of the amplitude and fre-
quency characteristics of slow-wave and spike acti-
vities of the gastroduodenal smooth muscles was
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carried out. Serotonin was injected in doses of 10—>-
10—* mg/kg intraperitoneally 1-3 min before simu-
lation of duodenal ulcer.

Gastroesophageal reflux (GER) was simulated
in 12 male Wistar rats (220-280 g) narcotized by
Nembutal. Methylene Blue (0.2-0.5 ml 1% solu-
tion) was injected with an insulin syringe once or
twice into the upper portion of the fundal com-
partment of the stomach. After 1-5 min EMA was
recorded in the lower third of the esophagus, pre-
fundal compartment, fundal and antral compart-
ments of the stomach, and the ascending portion of
the duodenum using submerged and non-submer-
ged electrodes (extracellularly, bipolarly) before
and during injection of Methylene Blue and during
7-10 min after injection. Gastroesophageal reflux
was also induced by Methylene Blue injection into
the prefundal compartment of the stomach under
conditions of experimental gastric ulcer.

Duodenogastral reflux was simulated in 10 fe-
male Wistar rats (220-250 g), narcotized by Nem-
butal, by applying 100% glacial acetic acid onto the
serous membrane of the duodenal bulb. Methylene
Blue (0.2-0.5 ml of 1% solution) was then injected
once or twice into the prefundal compartment of
the stomach. After 3-7 min the EMA in the lower
third of the esophagus increased and the esopha-
geal mucosa was stained. The height of the reflux
was evaluated by the length of stained portion of
the distal part of the esophagus. The EMA was re-
corded in the lower third of the esophagus, fundal
and antral compartments of the stomach, and ascen-
ding portion of the duodenum by submerged and
nonsubmerged electrodes (extracellularly, bipolarly).

The data were processed using Statistics 6.0
software and Student’s ¢ test.

RESULTS

Acetic acid, applied to the interface between the
gastric antrum and fundus, sharply stimulated EMA
of both gastric compartments (Table 1). When ap-
plied to the gastric serous membrane, it immedia-
tely activated EMA of the studied zones (Fig. 1, a).

Fifteen minutes after application of the irritant
the EMA of the fundal and antral compartments
was “painful” (Table 1) and remained high after 24 h.
The duodenal EMA normalized after 24 h (Table 1).

Gastric EMA was high during 4 days, while the
duodenal motor activity normalized. After 5 days
gastric EMA increased and persisted high till day 10.

Due to pre-injection of sumatryptane the fre-
quency of EMA slow waves in the gastric antral
and fundal compartments decreased 2-fold in re-
sponse to application of acetic acid (Table 1). Hence,

TABLE 1. Electromotor Activity of Various Gastroduodenal Compartments before, 15 min and 24 h after Application of Acetic Acid or Injection of Sumatryptane
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Note. *p<0.05 vs. basal level.



sumatryptane inhibited the development of high
frequency high amplitude EMA waves in the gas-
tric antrum and fundus.

Twenty-four hours after ulcer reproduction fol-
lowing preventive sumatryptane the amplitude and
frequency of EMA slow waves in both gastric com-
partments exhibited a trend to normalization (Table
1), while the duodenal EMA somewhat decreased
(Table 1). Hence, gastric ulcer leads to increase of its
EMA and less so of the duodenal EMA, this activity
being the most pronounced in the gastric antrum.

Preventive injection of sumatryptane promoted
a marked reduction of the “painful” motoricity of
the fundal and antral gastric compartments and the
duodenum. Sumatryptane normalized the gastro-

Bulletin of Experimental Biology and Medicine, Vol. 147, No. 2, 2009 MORPHOLOGY AND PATHOMORPHOLOGY

Fig. 1. Gastric ulcer (a, b) and its absence after preinjection of
sumatryptane (c, d). a) EMA of the gastric antrum and duodenum
before (7) and 15 min (2) and 24 h (3) after application of acetic
acid; b, d) main glands (arrow in b) in the bottom of gastric ulcer
10 days after its induction; c) veins (arrow) in the submucous layer
of ulcer bottom, 10 days after creation of the model after preinjection
of sumatryptane. b-d: hematoxylin and eosin staining, x70.

duodenal motoricity in animals with experimental
ulcer. This prompted analysis of the ulcer edges 10
days after the model creation. The veins of the
submucous layer were dilated. Stasis signs were
seen; the main glands were cystically dilated, the
ducts were blocked (Fig. 1, b).

In animals pretreated by sumatryptane (Fig. 1,
c) the ulcer during the same period was flat, healed,
adhesions were negligible, and epithelialization was
complete. The counts of fibroblasts in the marginal
zone of the ulcer were low, as was the content of
granulation tissue beyond the ulcer. Metachromasia
was less pronounced. The main glands were pre-
sent in the mucous membrane of the marginal zone
of the ulcer. Epithelial proliferation was more pro-
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Fig. 2. Duodenal ulcer. Hematoxylin and eosin staining, x120. a) ulcer edge, impairment of serous membrane, detritus (arrow); b) necrosis

of villi (arrow).

nounced. The content of glucosaminoglycanes was
higher in the ulcer edge mucosa.

Histological study of ulcer edges 10 days after
its creation following sumatryptane injection (Fig.
1, ¢, d) showed functionally active vessels, which
were not dilated; no stasis signs were seen; the
main glands were of normal size, functionally ac-
tive, the ducts were patent.

Hence, sumatryptane exhibited a gastroprotec-
tive effect, promoting reduction of the motor com-
ponent of experimental gastric ulcer and stimula-
ting its healing. The gastroprotective effect of su-
matryptane prevention was confirmed.

Application of acetic acid to the duodenal bul-
bar zone resulted in activation of EMA slow waves.
After 10 min the frequency increased from 30.0+
1.3 to 31.8+3.7/min (by 6%), the amplitude in-
creased from 0.20+£0.03 to 0.27+0.02 mV (by 35%,
p<0.05). Spike activity also increased (from 0.04 to
0.16+0.04 spikes/100 slow waves, that is, by 300%;
p<0.01); the amplitude of spikes increased from
0.22+0.03 to 0.43+£0.12 mV (by 91%; p<0.05). The
predominant increase of the spike activity indicates
drastic activation of the motor component of the
duodenal activity.

The gastric fundal EMA changed in the duo-
denum: the slow wave frequency increased from
10.2+£3.2 to 13.0£3.5/min (by 27.4%), while the
amplitude did not change (0.20+0.04 mV). Low-
frequency low-amplitude spike activity was ob-
served in 30.5% cases. Slow-wave activity of the
gastric antrum was inhibited: the frequency decrea-
sed from 13.7+4.2 to 13.4+4.0/min (by 5.1%), the
amplitude did not change (0.245+0.030 mV). Elec-
tromotor activity of the gastric antrum, the closest
to the duodenal bulbar ulcer, somewhat decreased,
which created conditions for reduction of the con-

tractile activity of smooth-muscle cells and deve-
lopment of their atrophy. Presumably, the contrac-
tile function of the pyloric sphincter smooth myo-
cytes suffered most of all, this being a prerequisite
for subsequent development of pylorostenosis.

The frequency of EMA slow-waves increased
by 13% in duodenal ulcer simulated after injection
of 5-HT, reaching 28.7+0.6/min in the bulbar com-
partment, the amplitude remaining unchanged
(0.23+0.03 mV). Pattern activity, detected in 20%
of control specimens, acquired a higher amplitude
type: 1.1+0.1 mV at the beginning and 1.7+0.3 mV
in the middle. Preinjection of 5-HT stimulated the
duodenal EMA in experimental duodenal ulcer.

Hence, a duodenal ulcer is associated with acti-
vation of motor activity of its bulbar compartment
in parallel with a retrograde reduction of EMA in
the gastric compartments.

The results are comparable with clinical morpho-
logical findings [5] indicating that patients with ulcers
in the duodenal bulb develop pylorostenosis. Pre-
sumably, its development is mediated through retro-
grade impairment of the pyloric sphincter smooth mus-
cle EMA and subsequent atrophy of smooth muscle
cells, development of connective tissue of increa-
sing compactness (from elastic and collagen fibers
with connective tissue cells to hyaline-like tissue).

The development of experimental duodenal
ulcer is characterized by the presence of detritus in
the ulcer, neutrophilic infiltration of the duodenal
wall, dilatation of adventitial layer vessels, and hemor-
rhages (Fig. 2, a, b). These morphological changes
are similar to those observed in gastric ulcer and
are largely caused by the development of the hyper-
serotoninergic syndrome, associated with the de-
velopment of edema, mucosal infiltration, and dila-
tation of veins [1].
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Before simulation of GER the basal frequency
of slow-wave EMA in the gastric antrum was 7.5+
1.5/min, with amplitude of 0.17£0.01 mV. In 25%
cases slow waves were grouped in patterns of 3-4 to
9 slow waves with a 0.1 mV amplitude at the begin-
ning of the pattern and 0.20 mV peaks in the middle
of the pattern. Basal frequency of EMA slow waves
in the ascending duodenum was 33.2+3.4/min with
amplitude of 0.24+0.06 mV. A microphotograph of
the normal esophagus is presented in Fig. 3, a.

Methylene Blue stimulated EMA in the lower
third of the esophagus, stained the esophageal mu-
cosa, and led to emergence of foci of necrosis after
24 hours in some experiments (Fig. 3, b). The fre-
quency of slow waves increased 2.4 times, am-
plitude by 40%, reaching 0.21+0.05 mV vs. basal
frequency of EMA slow waves 19+4/min and am-
plitude of 0.15+0.02 mV (Fig. 3, ¢).

The slow-wave activity of the gastric prefundal
compartment also changed during this period: slow
wave frequency increased 2.2 times (from 9.1x1.1
to 20.2+2.8/min), while the amplitude somewhat
decreased (from 0.20+0.05 to 0.16+0.06 mV; by
20%). The disappearance of spike activity is worthy
of note; it has been detected in 25% cases at a
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frequency of 0.1 spike/100 slow waves and am-
plitude of 0.25 mV. The frequency of EMA slow
waves in the gastric fundus increased from 7.8+0.8
to 15.0+1.5/min (by 92.3%; p<0.05), while the am-
plitude decreased from 0.22+0.04 to 0.14+0.02 mV
(by 36.3%; p<0.01). Low-amplitude spike activity
emerged in 50% experiments; its frequency varied
from 0.16 to 0.64/100 slow waves.

Gastric antral EMA increased 2.45 times in ex-
perimental GER (from 7.5+1.5 to 18.3+2.4/min;
p<0.05), the amplitude remaining virtually unchan-
ged (0.60+0.06; by 6%). The duodenal EMA ten-
ded to decrease during the first 30-40 min of GER
simulation: the slow wave amplitude decreased by
8.3% (from 0.20+0.03 to 0.22+0.05 mV), the fre-
quency decreasing by 6.6% (from 29.2+2.9 to
31.0+1.5/min). Spike activity, observed before
creation of GER model, was retained after Methy-
lene Blue injection.

The smooth muscle EMA in the lower third of
the esophagus and upper portion of the gastric
fundus were activated in experimental GER, which
was paralleled by relaxation of the annular muscles
(similar to the lower esophageal sphincter) due to
the effect of NO, donated by Methylene Blue.

02mV |

5 sec

Fig. 3. Esophagus in health (a) and lower third of esophagus in
experimental GER; necrotic focus (b); EMA (c¢). a) normal
esophagus. Hematoxylin and eosin staining, x120; b) lower third
of esophagus in GER; necrotic focus (arrow). a-b: hematoxylin
and eosin staining, x120. ¢) esophageal EMA: in health (7), after
injection of Methylene Blue into gastric cardia (2), in normal gastric
cardia (3), and after injection of Methylene Blue (4). Arrow shows
injection of Methylene Blue.
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Activation of the smooth muscles in the fundal
and antral compartments of the stomach was less
pronounced than in the prefundal compartment,
while the duodenal EMA virtually did not change
in GER induced by Methylene Blue. It seems that
the cholinergic and serotoninergic systems of the
gastric intramural nervous system are involved in
the development of GER. These systems promote the
formation of motor hyperkinesia in the proximal part
of the stomach, which is also characteristic of GER.

Methylene Blue, injected into the prefundal
compartment of the stomach under conditions of
gastric ulcer, led to development of GER. Basal
frequency of EMA slow waves in the lower third
of the esophagus was 11.1£1.0/min, amplitude
0.17£0.02 mV; basal frequency of EMA slow wa-
ves in the prefundal part of the stomach was 12.2+
1.8/min, amplitude 0.20+£0.05 mV. Injection of the
stain promoted EMA activation in the lower third
of the esophagus and staining of its mucosa, in
other words, led to electrophysiologically docu-
mented and visualized GER. The frequency of EMA
slow waves in the esophagus increased by 129.8%
and reached 25.5+6.1/min (p<0.05), the amplitude
increased by 53%, reaching 0.26+0.04 mV (p<0.05).
Spike activity with the rapid biopotentials frequ-
ency of 0.39+0.03/100 slow waves and amplitude
of 0.19+0.02 mV emerged in 77.7% cases. The
emergence of spike activity indicated a significant
increase of the esophageal motor activity.

Intensification of EMA was noted in the pre-
fundal part of the stomach: the frequency of slow
waves increased by 154% and reached 31.0+0.5/
min (p<0.05), while the amplitude changed ne-
gligibly (0.21+0.03 mV). Hence, injection of Me-
thylene Blue into the gastric prefundal portion led
to development of reflux into the lower third of the
esophagus with staining of its mucosa.

The gastric fundal portion reacted to intracavi-
tary injection of Methylene Blue by an increase in
the slow wave frequency from 12.5+4.5 to 24.8+
3.4/min (by 98.4%; p<0.05) and of amplitude from
0.15+£0.03 to 0.26+0.09 mV (by 73.3%), and also
by emergence of spike activity in 25% cases with
spike frequency of 0.24/100 slow waves and am-
plitude of 0.21+0.3 mV, which fact indicated an
increase of EMA in parallel with development of
GER. During the same period the gastric antrum
reacted to Methylene Blue by increase of the am-
plitude and frequency characteristics of EMA slow
waves. Frequency increased from 7.0+1.2 to 12.5+
1.3/min (by 78.5%; p<0.05), amplitude increased
from 0.20+0.01 to 0.38+0.04 mV (by 90%; p<0.05).
Previously detected probable early development of
the “macro re-entry” phenomenon in the stomach
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in ulcer simulation after Okabe [2] suggested the
participation of this mechanism in GER intensifica-
tion in response to Methylene Blue under conditions
of experimental gastric ulcer. The stain injected du-
ring the same period into the gastric prefundal por-
tion slightly modified the duodenal slow-wave acti-
vity: the frequency increased by just 3.9% (from
29.3+1.0 to 30.5+2.5/min), amplitude by 9.1% (from
0.33+0.07 to 0.36+0.06) mV. Hence, intensifica-
tion of GER after injection of Methylene Blue under
conditions of gastric ulcer could be explained by the
development of the macro re-entry phenomenon.

Gastroesophageal reflux developing under con-
ditions of gastric ulcer in 27.7% cases was higher,
with regurgitation of stained gastric contents into
the upper airways, which caused the death of 2
animals. These observations were confirmed by the
results of esophageal electromyogram analysis in
experimental GER and GER under conditions of
ulcer. In the former case the frequency of eso-
phageal smooth muscle slow waves increased by
70.6% and the amplitude by 46.1%, in the latter by
129.8 and 53%, respectively. Hence, Methylene
Blue injection to animals with gastric ulcer was
associated with an additional elevation of EMA in
the lower portions of the esophagus, which fact con-
firms the involvement of the macro re-entry pheno-
menon and the relevant intensification of EMA in the
antegrade and retrograde directions. Peptic ulcer sti-
mulates the electrophysiological manifestations of
GER, which is observed in clinical practice. Mor-
phological findings confirmed the presence of lesions
in the esophageal mucosa in experimental GER.

The frequency of slow-wave activity in the lower
third of the esophagus in intragastric administration
of Methylene Blue 5 days after duodenal ulcer in-
duction increased from 11.4+0.9 to 16.5+2.8/min
(by 44.7%; p<0.05), the amplitude increasing from
0.25+0.09 to 0.32+0.03 mV (by 28%; p<0.05). More-
over, the bile was detected in the pyloric and antral
compartments of the stomach (development of the
duodenogastral reflux). Increase of the slow-wave
activity of the esophagus during GER development
in the presence of duodenal ulcer was less prono-
unced than in gastric ulcer.

The fundal portion EMA decreased slightly in
response to Methylene Blue in duodenal ulcer: the
frequency decreased from 18.3+2.2 to 15.5+1.8/
min, the amplitude decreased from 0.23+0.02 to
0.18+0.02 mV.

Infusion of Methylene Blue into the gastric ca-
vity was associated with intensification of the antral
EMA: slow wave frequency reached 17.0+2.5/min
(143% increase; p<0.01), amplitude reached 0.28+
0.02 mV (40% increase; p<0.05).
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Changes in EMA in the antral portion of the
stomach under conditions of duodenal ulcer con-
sisted in an increase of the EMA frequency com-
ponent and reduction of the amplitude in compari-
son with the data obtained in GER simulation under
conditions of gastric ulcer. This indicates modifi-
cation of the chronoinotropic proportions in the
smooth muscles of the gastric antrum. Hence, a
descending gradient of EMA activation (from the
antral to fundal compartment and lower third of the
esophagus) is forming in duodenal ulcer. This, in
turn, leads to development of the duodenogastral
and rather low gastroesophageal reflux. Activation
of the serotoninergic system leads to an increase in
the reflux heights, promotes the development of
alteration processes in gastroduodenal ulcer.

The authors are grateful to Professor A. P. Et-
tinger and Professor V. I. Savchuk for assistance in
ulcer simulation.
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