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Abstract

Background: Local regulation of gastrointestinal tract digestion is performed by a large number of hormones produced by the
mucosal enteroendocrine cells. Some of the earliest differentiating cells in the gastrointestinal tract are enteroendocrine cells. Sero-
tonin-producing cells - EC cells are found mostly in the stomach and duodenum.

Aim: The aim of our study is to establish the presence and to make morphological and morphofunctional characteristic of EC cells
in the developing gastrointestinal tract of a human.

Materials and methods: Our study was performed with biopsy specimen from human stomach and duodenum and frag-
ments of gastrointestinal tract of human embryos 6% gestation week, studied by immunohistochemical, electron microscopy and
morphometric methods.

Results: EC cells have already been differentiated in the 6™ gestation week. Embryonic EC cells had identical characteristics with
those of adults. They were in two morphofunctional conditions: stage of increased synthesis and stage of relative secretory rest.

Conclusion: In the early embryonic period - 6 gestation week EC cells have already been differentiated. The occurrence of EC cells
with hormonal production prior to the definitive differentiation of tissues presupposes participation of serotonin in the digestive
tube histogenetic processes.
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Introduction

Local regulation of digestion is performed by a large num-
ber of hormones produced by the enteroendocrine cells in
its mucosa. Some of the earliest described cells are the se-
rotonin-producing cells (Zavidcic et al. 1976; Simonsson
et al. 1988). Some of the earliest differentiating cells in the
wall of the future gastrointestinal tract are enteroendo-
crine cells. In birds they have been identified on day 9 of
incubation (Rawdon et al. 1999). In rats they are found on
18" day gestation (Ono et al. 1994), and in humans - in 8"
gestation week (Stein et al. 1983). Studying the duodenum
of human embryos Matsumoto et al. (2002) also estab-
lished the presence of enteroendocrine cells in 8™ gesta-
tion week. The presence of secretory granules suggests the
participation of endocrine cell differentiation processes in
the duodenal wall.

Serotonin (5-hydroxytryptamine, 5-HT) is a substance
with various functions in the human body. It is involved
in the regulation of a number of physiological processes,
it also affects mental function. Serotonin (5-hydroxytrip-
tamin, 5-HT) was found by V. Erspaner et al. in 1930.
In 1951 serotonin was synthesized chemically (Yu et al.
2001). The total amount of serotonin in the human body
is about 10 ug. 95% of it is in the gastrointestinal tract,
and the remaining 5% in platelets and the central nervous
system. Serotonin is an indole derivative, which belongs
to the group of biogenic amines. It is formed by essential
amino acid L-tryptophan. The enzyme tryptophan-5hy-
droxylase, which has two isoenzymes, performs a key role
in serotonin synthesis. One of the enzymes is contained
in the neurons and the other in the serotonin-producing
EC cells in the gastrointestinal tract (Walther et al. 2003;
Gershon et al. 2007; Li et al. 2011; Cho et al. 2014). In
the CNS, a large number of neurons located in rafalnite
nuclei, reticular formation, limbic system contain seroto-
nergic neurons. Serotonin affects the regulation of body
temperature, blood pressure, is related to higher ner-
vous functions such as mood, sleep, memory, cognitive
processes, food and sexual behaviors. Sunlight triggers
its synthesis in the pineal gland and thus serotonin is in-
volved in the regulation of biological rhythms in the body.

As a gastrointestinal hormone serotonin participates in
the regulation of motility, secretion of the glands, sensi-
tivity to pain (Voutilainen et al. 2002; Niesler et al. 2003;
Hansen et al. 2008). Serotonin-producing cells - EC cells
are found throughout the entire gastrointestinal tract but
mostly in its proximal regions - stomach, duodenum, je-
junum (Bruta et al. 2021). In the stomach they are locat-
ed mainly in the antral and rarely in the corpus mucosa
(Yacoub et al. 1996; Takahashi et al. 1998). Serotonin has
been linked to cellular proliferation in several types of
tissues, including vascular smooth muscle, neurons, and
hepatocytes. Activation of serotonin receptors on distinct
cell types has been shown to induce intracellular prolifer-
ation pathways. In the gastrointestinal tract, potentiation
of serotonin signaling results in enhanced intestinal epi-
thelial proliferation, and decreased injury from intestinal

inflammation. Furthermore, activation of the type 4 se-
rotonin receptor on enteric neurons leads to neurogene-
sis and neuroprotection in the setting of intestinal injury
(Shah et al. 2021).

The aim of the present study is to establish the presence
and to make a morphological and a morphofunctional
characteristic of serotonin-producing EC cells in the hu-
man developing gastrointestinal tract.

Materials and methods

Our study was performed with biopsy specimen from
the mucosa of human stomach and duodenum and small
pieces of embryonic gastrointestinal tract of human em-
bryos in 6™ gestation week. The experimental material was
studied by immunohistochemical, transmission electron
microscopy and morphometric methods.

Biopsy specimen from adult stomach: corpus et an-
trum gastricum; and from duodenum, pars superior du-
odeni was obtained through fibrogastroscopic study of 15
female patients aged 45-72 years from the Clinic of Gas-
troenterology at ‘St.George’ university hospital and ‘St.
Pantheleymon’ General hospital in the town of Plovdiv.
These patients lacked endoscopic data for pathological
changes in the gastric mucosa.

Material from 16 human embryos in 6" gestation
week was prepared through vacuum extraction in artifi-
cial discontinuation of regular pregnancy at the Clinic of
Obstetrics and Gynecology at ‘St.George’ university hos-
pital. Determination of gestational week was performed
not by anamnestic data from the patients but by morpho-
logical characteristics of the fragments from the aborted
fetus extremities.

Immunohistochemical study

Biopsy specimen from adult gastrointestinal tract and
fragments of 6™ gestation week human embryo gastroin-
testinal tract was studied by immunohistochemical reac-
tions for serotonin. The immunohistochemical analysis
(IHC) was performed by the ABC method through rabbit
ABC Staining System (Santa Cruz Biotechnology, USA)
with the corresponding primary antibody.

Biopsy specimen and embryonic material for the IHC
study we fixated in Buen solution for 24 hours and it in-
cluded paraffin. Immunohistochemical reactions were
performed according to the ABC method through rabbit
ABC Staining System (Santa Cruz Biotechnology, USA)
with the respective primary antibody. The material was
fixed in a Buen solution for 24 hours and contained par-
affin. The primary serotonin antibody (rabbit polyclonal
antibody, MAB352 srotonin - Chemicon USA) was di-
luted in PBS in 1:200 ratio. We used a semi-quantitative
evaluation method for the obtained results. The specificity
of THC reactions for each studied antigen was confirmed
by negative controls in which the specific antibodies were
substituted for a buffer (PBS) or normal non-immune



Pharmacia 70(4): 1499-1509

1501

serum. Observation and photo documentation of micro-
scopic preparations was performed with digital photo mi-
croscopic camera of a light microscope “Olympus BX51”.

TEM

The experimantal material for transmission electron mi-
croscopy was fixated in 4% glutaraldehyde, NaPO4 buffer
0,1M, with subsequent postfixation in 4% OsO4 and 0,2M
Scollin buffer. It was dehydrated in ascending alcohol se-
ries and was included in durcopan. Observation and mi-
crophotography was performed on TEM Philips CM 12,

Morphometric study

The ultrastructural images of twenty EC cells from adult
and twenty EC cells from embryonic gastrointestinal tract
was studied with morphometric methods for the calcula-
tion of two coeflicients:

1. Saturation index of the secretory granules in the EC
cells by the method of W. Creutzfeldt;

2. Cytoplasmic distribution index of the secretory
granules by the method of S. G. Khomeriki and
Morozov.

Using morphometric image analysis software Image]
1.8.0 we counted the number of the secretory dranules in
serotonin-producing EC cells (Image] for Windows 2021).

Saturation Index (SI) of the secretory granules in the
EC cells was determined by the method of W. Creutzfeldt.
The granules were determined as 1 - empty; 2 — half-emp-
ty (with small quantity of material); 3 -half-full and 4 -
full. The saturation index of the granules of each EC cell
was determined by multiplying the number of granules at
each level of saturation by the corresponding coefficient
(1, 2, 3, 4) and dividing the obtained value by the sum of
the granules in the cell (Creutzfeldt et al. 1976).

Cytoplasmic Distribution Index (CDI) of the secreto-
ry granules was calculated by the method by Khomeriki
and Morozov. The microphotographs of the different EC
cells performed with the same magnification were divided
into control areas of 0,5-0,25 cm? each. The number of the
areas with high granule concentration (2 and more gran-
ules) — A2 and the number of the areas with low granule
concentration (1 or no granules) — Al were determined.
The ratio between A2 and A1l represents the coeflicient of
granule distribution (Khomeriki et al. 1986).

The statistical analysis of the results was carried out in
accordance with the conventional standard statistical pro-
cedures using computer statistical analysis by SPSS, ver-
sion 26.0 for Microsoft Windows XP.

Data availability

This dataset is made available under the Open Data-
base License (http://opendatacommons.org/licenses/
0dbl/1.0). The Open Database License (ODbL) is a license

agreement intended to allow users to freely share, modify,
and use this Dataset while maintaining this same freedom
for others, provided that the original source and author(s)
are credited.

Results gastrointestinal tract of
adults

THC reaction to serotonin found serotonin-positive cells
in the biopsy material. Some of these are regularly scat-
tered among the cells of the covering epithelium. Others
are located in the neck and body of the corpus and py-
loric glands. Serotonin-positive cells have a conical shape.
Some of them do not reach the lumen of the gland. These
are “closed” type cells. Other cells are extended, and their
apical part reaches the lumen of the glands. These are
“open” type cells of endocrine and, probably, paracrine
action. Expression of serotonin is located in the enlarged
basal part of cells (Fig. 1).

TEM

The secretory granules of the EC cells are polymorphic
with rod-like or biconcave shape and a narrow light halo.
Their electron density is high. We detected the pres-
ence of two types of EC cells - EC1 and EC2 type. ECI
cells were located mainly in the stomach. Their gran-
ules were polymorphic, mostly prolonged or oval. Their
size was 200-300 nm. They contained serotonin and
substance P (Fig. 2). EC2 cells were located in the duo-
denum. There were mainly oval shaped granules sized
200-400 nm in their cytoplasm. EC2 cells contained sero-
tonin and motilin (Fig. 3).

Morphometric study

Based on their ultrastructucal characteristic, and the coef-
ficients identified by morphometric researches, we found
that EC cells revealed different morphofunctional stages.

In the stage of increased synthesis, EC1 cells had
big loose young granules that were detatched from the
trans-surface of the dictiosomes. The young granules
of the EC2 cells were numerous and filled a substance
with low electron density. They increased their sizes and
formed a gritted progranule with osmiffil covering mem-
brane. During the next ripening, the core of the gran-
ules became homogeneous, and the electron density was
high. The saturation index of the granules in adults (SIA)
was 3.23+0.3. The changes in the distribution index in
the granules in the cytoplasm showed an activation of the
secretory processes. In the stage of increased synthesis,
the granules were uniformly dispersed in the whole cy-
toplasm. The number of the Al fields with low density
of granules was lower than the number of A2 fields with
high density of the granules. The cytoplasmic distribu-
tion index of the granules in adults (CDIA) was 0.70+0.3
(Fig. 4).
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Figure 1. Gastrointestinal tract of adults. IHC. Paraffin preparation. A. Serotonin-positive cells in biopsy specimen from gastric
corpus. Magn x 10; B. Serotonin-positive cells in the area of the fundus of glands. Magn. x 20; C, D. Serotonin-positive cells from

‘closed’ type and from ‘open’ type. Magn x 40.

Figure 2. Gastrointestinal tract of adults. TEM. Biopsy specimen from gastric corpus mucosa. A. Serotonin-producing EC1 cell.
Micr. Magn. x 2350; Photogr. Magn. x 11750; B. Fragment of serotonin-producing ECI cell. Micr. Magn. x 5000; Photogr. Magn. x
25000; C. Fragments of two serotonin-producing EC1 cells. Micr. Magn. x 1500; Photogr. Magn. x 7500.

In the stage of relative secretory rest, the cytoplasm of
the EC cells was filled with ripe granules that were full of se-
cretion. The saturation index of the granules in adults (SIA)
was 3.45+0.3. In the stage of relative secretory rest, the gran-
ules occupied mainly the basal part of the cell. The number
of the Al fields with low density of the granules increased
and the cytoplasmic distribution index of the granules in
adults (CDIA) started to decrease — 0.38+0.3 (Fig. 5).

In the stage of increased secretion, the disintegration of
the granules began. Their diameter increased, the electron
density of the core decreased, the halo of the membrane
disappeared. Remnants of a dispersed substance could
be found later in the core of the granule. In the end there
was only a membrane skeleton left. The saturation index
of the granules in adults (SIA) was 2.95+0.2. In the stage
of increased secretion, the granules were in their highest
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Figure 3. Gastrointestinal tract of adults. TEM. Biopsy specimen from duodenal mucosa. A. Serotonin-producing EC2 cell. Micr.
Magn. x 1500; Photogr. Magn. x 7500; B. Serotoninproducing EC2 cell. Micr. Magn. x 2350; Photogr. Magn. x 11750; C. Fragment of
serotoninproducing EC2 cell. Micr. Magn. x 5000; Photogr. Magn. x 25000.
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Figure 4. Gastrointestinal tract of adults. Serotonin-producing EC cell in the stage of increased synthesis. Micr. Magn. x 2350;
Photogr. Magn. x 11750.
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Figure 5. Gastrointestinal tract of adults. Serotonin-producing EC cell in the stage of relative secretory rest. Micr. Magn. x 2350;
Photogr. Magn. x 11750.
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concentration. There were Al mostly fields with low elec-
tronic density. The cytoplasmic distribution index of the
granules in adults (CDIA) decreased to 0.36+0.2 (Fig. 6).

Gastrointestinal tract of human em-
bryo 6t gestational week

IHC reaction for serotonin was positive in the small intes-
tine of human embryos in 6™ gestation week. The reaction
was positive in a small number of cells. These were scat-
tered singularly between the resorptive cells in the epithe-
lial lining of the small intestine villi. Serotonin expression
was localized in the basal part of the cells (Fig. 7).

TEM

EC cells in the gastrointestinal tract during the early em-
bryogenesis in humans - 6" gestation week, showed high
degree of differentiation. Their morphological character-
istics were not very different from the characteristics of
the EC cells in adults. The nuclei of the embryonic EC cells
had well-outlined nuclear envelope and finely dispersed
chromatin. Secretory granules occupy mainly the basal
portion of the cell. And this leads to ultrastuctural po-
larization of embryonic EC cells. The mitochondria were
small with increased matrix density. The rough endoplas-
mic reticulum was diffusely scattered.

The type of EC cells we observed in the embryonic
stomach and small intestine was the same as in adults. We
detected the presence of EC1 - serotonin and substance
P producing cells (Fig. 8); and EC2 cells - serotonin and
motilin producing cells (Fig. 9).

Morphometric study

Morphometric analysis of the embryonic EC cells found
cells only in two morphofunctional stages: stage of in-
creased synthesis and stage of relative secretory rest.

EC cell in stage of increased synthesis At the stage of
increased synthesis, half-empty granules with scarce gran-
ular material predominated in EC cell cytoplasm. Their
contents had decreased electron density. The saturation
index of the granules in embryos (SIE) was 3,20+0.3. At
the stage of increased synthesis, granules were evenly dis-
persed throughout the cytoplasm. The number of fields
with the low density of the granules A1 was smaller than
the number of fields with high density A2. The cytoplas-
mic distribution index of the granules in embryos (CDIE)
was 0.72+0.3 (Fig. 10).

EC cell in stage of relative secretory rest At the stage of
relative secretory rest, the cytoplasm of EC cells was filled
with mature granules with maximum accumulated secre-
tion. The saturation index of the granules in embryos (SIE)
was 3.42+0.3. At the stage of relative secretory rest, granules
occupied mainly the basal part of the cells. The number of
fields with the low density of Algranules increased, and the
coefficient of distribution of the granules had begun to de-
crease. The cytoplasmic distribution index of the granules
in embryos (CDIE) was 0.40+0.3. (Fig. 11).

EC cells in the gastrointestinal tract of adults were
situated in three morphofunctional stages: stage of in-
creased synthesis; stage of relative secretory rest; stage of
increased secretion.

EC cells in gastrointestinal tract of human embryos in
the 6™ gestation week were situated in two morphofunc-
tional stages - in stage of increased synthesis and in stage
of relative secretory rest.

A comparative morphometric analysis of embryonic
EC cells with those of adults showed that embryonic cells
had identical morphological characteristics with those of
adults. There was no significant difference between SI and
CDI of the two age groups — adults and embryos in stage
of increased synthesis and in stage of relative secretory
rest. (Table 1, Fig. 12).

AT

- - 1'

Figure 6. Gastrointestinal tract of adults. Serotonin-producing EC cell in the stage of increased secretion. Micr. Magn. x 2350;

Photogr. Magn. x 11750.
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Figure 7. Small intestine of human embryo 6™ gestational week. IHC. Paraffin preparation. Serotnin-positive cells in the covering
epithelium of the small intestine villi and at the bottom of the crypts of Lieberkuhn. A. Magn. x 10; B. Magn. x 20; C. Magn. x 20; D.
Serotonin expression in the basal part of the cells. Magn. x 40.

Figure 8. Gastrointestinal tract of human embryo 6" gestational week. TEM. A. Stomach. Serotonin-producing EC1 cell. Micr.
Magn. x 2350; Photogr. Magn. x 11750; B. Small intestine. Fragment of serotonin-producing EC1 cell. Micr. Magn. x 3900; Photogr.
Magn. x 19500; C. Stomach. Fragment of serotonin-producing ECI cell. Micr. Magn. x 5000; Photogr. Magn. x 25000.
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Figure 9. Gastrointestinal tract of human embryo 6" gestational week. TEM. A. Stomach. Serotonin-producing EC2 cell. Micr.
Magn. x 5000; Photogr. Magn. x 25000; B. Small intestine. Fragment of serotonin-producing EC2 cell. Micr. Magn. x 5000; Photogr.
Magn. x 25000; C. Stomach. Fragment of serotonin-producing EC2 cell. Micr. Magn. x 2950; Photogr. Magn. x 14750.
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Figure 10. Gastrointestinal tract of human embryo 6 gestational week. Serotonin-producing EC cell in the stage of increased syn-
thesis. Micr. Magn. x 5000; Photogr. Magn. x 25000.

Figure 11. Gastrointestinal tract of human embryo 6 gestational week. Serotonin-producing EC cell in the stage of relative secre-
tory rest. Micr. Magn. x 5000; Photogr. Magn. x 25000.
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Figure 12. Graphical analysis of SI and CDI data of serotonin-producing EC cells from gastrointestinal tract of adults and human

embryos 6™ gestation week in the three morphofunctional stages.

Table 1. Comparative table of morphometric study of sero-
tonin-producing EC cells from gastrointestinal tract of adults
and human embryos in 6™ gestation week.

Serotonin-producingn EC  Saturation index SI Cytoplasmic
cells distribution index CDI

Stage of increased  adults 3,23+0.3 0.70+0.3
synthesis embryo 3.20+0.3 0.72+0.3

Stage of relative adults 3.45+0.3 0.38+0.3
secretory rest embryo 3.42+0.3 0.40+0.3

Stage of increased  adults 2.95+0.2 0.36+0.2
secretion embryo 0 0

. N
Discussion

In the biopsy material from gastric and duodenal mucosa
we found a large number of EC cells scattered in the cov-
ering epithelium, in the fundic, pyloric glands and crypts
of Lieberkuhn. By TEM we found the presence of sero-
tonin-producing cells from two types: EC1 - serotonin
and substance P producing cells; and EC2 cells - serotonin
and motilin producing cells.

EC cells are positioned along the length of gastric
glands, but especially in their basal compartments (Zavid-
cic et al. 1976; Simonsson et al. 1988). They have an oval
or conical shape (Takahashi et al. 1998). The wide part of
EC cells lies on the basal membrane of the glands or crypts
of Lieberkuhn. EC cells are enteroendocrine cells in the
gastrointestinal epithelium that release serotonin in re-
sponse to a variety of stimuli including mechanical force.
Mechanosensitive ion channel Piezo2 from EC cell’s basal
plasmalema is involved in EC cell mechanotransduction
(Knutson et al. 2016). The narrow apical part of cells is di-
rected towards the lumen of the gland (Rantala et al. 1996).
EC cells have long processes which resemble neuronal pro-
cesses with varicosities. Electron microscopic observations
revealed rod-like, tortuous, oval, or round small pleomor-
phic granules in the long process bearing EC cells. The cell
bodies and processes directly faced the crypt epithelial cells
- including the enterocytes and goblet cells on one side and
the basement membrane on the opposite side. The accu-
mulation of the granules sometimes appeared within the

cytoplasm on the side of the epithelial cells. These findings
suggest that serotonin is released from the long processes
of the EC cells and directly acts in a paracrine fashion on
the crypt epithelial cells (Kuramoto et al. 2007).

The characteristics of secretory granules established
by our study can be used as a database for comparison
of pathological conditions in neoplastic processes. The
normal EC cells have secretory granules with oval, elon-
gation or biconcave shape and narrow halo. The secreto-
ry product is equally distributed and has a high electron
density. Phenotypic characterization of EC cells in carci-
noid tumors shows a deviation from normal morphology
(Yu et al. 2001). Neoplastic EC cells have a large nucleus, a
large number of mitochondria; a mixture of small vesicles,
empty vacuoles and secretory granules with irregular elec-
tron density (Modlin et al. 2006; Kidd et al. 2008).

Our morphometric analysis of EC cells in adult showed
different functional states: stage of increased synthesis,
stage of relative secretory rest and stage of increased se-
cretion. Ultrastructure morphometry allows to make de-
tailed analysis of changes in different types of EC cells in
diseases of the gastrointestinal tract and in the course of
their therapy (D’Adda et al. 1996; Hirschowitz 1998; Bordi
2000; Bektas 2012).

Morphogenetic processes in the formation of the gas-
trointestinal tract include the formation of primary gut,
its elongation and sectoral differentiation of definitive or-
gans: esophagus, stomach, small and large intestines.

The primitive gut tube is composed of two tissues: a
luminal lining of endoblas-derived epithelium surround-
ed by an outer layer of splanchnic mesoderm. As devel-
opment progresses, the splanchnic mesoderm undergoes
smooth muscle differentiation, causing the gut tube to al-
ter its gross morphology. Meanwhile, the uniform luminal
epithelium undergoes regional specification along the an-
terior-posterior axis. For example, the lumen of the stom-
ach is lined with a gastric columnar epithelium, which
is required for secreting enzymes for the breakdown of
food, while the lumen of the small intestine contains bul-
bous microvilli required for the absorption of nutrients
(Theodosiou et al. 2003).
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In our study the we found that in the 6™ gestation week
of embryonic development of the gastrointestinal tract
differentiated EC cells are present.

They were located in the endoblast of the future stomach
and small intestine. Ultastructural characteristic of embry-
onic EC cells from the EC1 and EC2 type was identical to
those of serotonin-producing cells in adults. Comparative
morphometric analysis indicated that embryonic EC cells
were located in two morphofunctional stages: stage of in-
creased synthesis and stage of relative secretory rest.

Oberg K et al. (1998) describes the gastric epithelium
in the later period: 9" - 10™ gestation week. Mitrovi¢ O et
al. (2012) presented initial histological characteristics of
the developing gasroinestinal tract in humans through the
10™ gestation week.

Rindi et al. (2004) determined enteroendocrine cells
of the small intestine as a highly specialized population of
mucosal cells. Some of them - enterochromaffin EC cells
packed serotonin in large granules with a dense core and in
microvesicles similar to those synaptic (Rindi et al. 2004).

The endoblast of the small intestine begins to change
after 5™ gestation week. Between 5" and 8™ gestation week
the formation of the small intestine villi begins. Spence et
al. (2011) described the onset of this process. It starts from
the territory of the mesenchyme. Mesenchymal cells un-
der the endoblast begin to group and to grow in the direc-
tion of the lumen. At first wide folds with a small height
are formed. These folds gradually lengthen, become thin-
ner and increase their number (Spence et al. 2011).

In our study THC reaction for serotonin was positive for a
small number of cells on the wall of the small intestine in 6"
gestation week. Some of serotonin-positive cells were locat-
ed singly between the resorptive cells in the covering epithe-
lium of the small intestine villi, the other - at the bottom of
shallow crypts of Lieberkuhn. They were found both along
the villi as well as in their peak area. The small number of
serotonin-producing cells was probably due to the unfin-
ished processes of maturation in the small intestine wall.
The localization of these cells, found by us, in the peak areas
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