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Abstract
Somatostatin (SST) is a peptide expressed in the peripheral and central nervous systems, as well as in endocrine and immune 
cells. The aim of the current study is to determine the percentage of SST immunoreactive (IR) neurons and their colocaliza-
tion with choline acetyltransferase (ChAT), neuronal nitric oxide synthase (nNOS), neuropeptide Y (NPY), and glial fibril-
lary acidic protein (GFAP) in the myenteric plexus (MP) and submucous plexus (SP) of the small intestine (SI) and large 
intestine (LI) of rats across different age groups from newborn to senescence using immunohistochemistry. In the MP of the 
SI and LI, the percentage of SST-IR neurons significantly increased during early postnatal development from 12 ± 2.4 (SI) 
and 13 ± 3.0 (LI) in newborn rats to 23 ± 1.5 (SI) and 18 ± 1.6 (LI) in 20-day-old animals, remaining stable until 60 days 
of age. The proportion of SST-IR cells then decreased in aged 2-year-old animals to 14 ± 2.0 (SI) and 10 ± 2.6 (LI). In the 
SP, the percentage of SST-IR neurons significantly rose from 22 ± 3.2 (SI) and 23 ± 1.7 (LI) in newborn rats to 42 ± 4.0 in 
20-day-old animals (SI) and 32 ± 4.9 in 30-day-old animals (LI), before declining in aged 2-year-old animals to 21 ± 2.6 (SI) 
and 28 ± 7.4 (LI). Between birth and 60 days of age, 97–98% of SST-IR neurons in the MP and SP colocalized with ChAT in 
both plexuses of the SI and LI. The percentage of SST/ChAT neurons decreased in old rats to 85 ± 5.0 (SI) and 90 ± 3.8 (LI) 
in the MP and 89 ± 3.2 (SI) and 89 ± 1.6 (LI) in the SP. Conversely, in young rats, only a few SST-IR neurons colocalized 
with nNOS, but this percentage significantly increased in 2-year-old rats. The percentage of SST/NPY-IR neurons exhibited 
considerable variation throughout postnatal development, with no significant differences across different age groups in 
both the MP and SP of both intestines. No colocalization of SST with GFAP was observed in any of the studied animals. In 
conclusion, the expression of SST in enteric neurons increases in young rats and decreases in senescence, accompanied by 
changes in SST colocalization with ChAT and nNOS.
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Introduction

Somatostatin (SST) is a peptide expressed in the periph-
eral and central nervous system, endocrine, and immune 
cells (Brazeau et al. 1973; Kumar 2023). SST exists in two 

functionally active isoforms, namely SST14 and SST28, 
which are derived from a common precursor, preprosoma-
tostatin (Warren and Shields 1984; Ampofo et al. 2020). SST 
also serves as a neurotransmitter and neuromodulator in the 
CNS. It inhibits the release of hormones, cytokine, growth 
factor, and cell proliferation. SST has also been identified 
in the enteric nervous system of mammals (Furness 2006; 
Gonkowski and Rytel 2019).

Approximately 90% of SST in the gut is located in the 
enteroendocrine cells, with only 10% found in the enteric 
nervous system. Despite the majority being located in endo-
crine cells, SST still serves crucial functions within the 
enteric nervous system, both under normal circumstances 
and in disease states (Penman et al. 1983; Gonkowski and 
Rytel 2019). SST immunoreactive (IR) neurons in the 
enteric nervous system of the gut inhibit intestinal motility, 
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secretion, and inflammation (Van Op den Bosch et al. 2009; 
Gonkowski and Rytel 2019).

Distinctions are observed in the number of SST-IR neu-
rons in the enteric ganglia of different species. In the small 
intestine (SI) of the guinea pig, 5% of neurons in the myen-
teric plexus (MP) and 17% in the submucous plexus (SP) are 
SST-IR. Similar results were shown for the large intestine 
(LI) (Costa et al. 1980). In the colon of the domestic pig, 
only a small percentage of neurons in the MP and SP are 
SST-IR (Gonkowski and Całka 2010). In the rat ileum and 
jejunum, 18% of neurons in the SP are SST-IR (Pataky et al. 
1990), and 1–6 neurons per ganglion in the colon myenteric 
plexus of rats and mice contain SST (Heinicke and Kiernan 
1990).

The majority of enteric neurons utilize acetylcholine 
as the main neurotransmitter, which is synthesized by the 
enzyme choline acetyltransferase (ChAT). Another popula-
tion of neurons contains the enzyme neuronal nitric oxide 
synthase (nNOS) for nitric oxide (NO) synthesis. ChAT-con-
taining neurons are excitatory cells, while nNOS neurons are 
part of inhibitory motor neurons or interneurons (Furness 
2006; Furness and Stebbing 2018). In adult rats, nNOS-IR 
neurons have been identified in the myenteric plexus (MP) 
(Budnik and Masliukov 2023). However, in the submucous 
plexus (SP), many neurons colocalize ChAT with neuropep-
tide Y (NPY) (Furness 2006).

It has been established that the neurochemistry of enteric 
neurons changes during postnatal development (Hao and 
Young 2009; Foong 2016; Masliukov et al. 2017a, b, 2023; 
Scott-Solomon et al. 2021). SST is transiently expressed 
in embryonic sympathetic neurons (Masliukov et  al. 
2023). However, there are limited data available regard-
ing the developmental changes of SST-IR enteric neu-
rons in the postnatal period. The aim of the current study 
is to investigate changes in the location and percentage of 
SST-IR neurons, as well as the colocalization of SST with 
other neurotransmitters and the glial marker glial fibril-
lary acidic protein (GFAP) in rats of different ages using 
immunohistochemistry.

Experimental procedures

Animals

Experiments were performed on male Wistar rats at various 
ages: 1 day, 10 days, 20 days, 30 days, 60 days, and 2 years 
old, with each age group consisting of five animals. The 
young rats were kept with their mothers and siblings until 
weaning at day 30. The rats were given unlimited access 
to food and were housed in a controlled environment at 
20–22 °C with 40–70% humidity on a 12:12 h light–dark 
cycle. All animal procedures were carried out in compliance 

with the regulations of the Local Ethics Committee of Yaro-
slavl State Medical University, as detailed in protocol no. 60, 
dated 16 February 2023.

Tissue preparation

Rats were euthanized with an overdose of urethane (3 g/kg, 
i.p.) before being perfused through the heart with 500 ml 
of saline solution containing 1 ml of heparin and a fixative 
solution consisting of 4% paraformaldehyde in 0.1 M phos-
phate buffer. Pieces of the small intestine (proximal duo-
denum) and large intestine (mid colon) were then carefully 
isolated after perfusion and treated with the same fixative 
for 1–2 h at room temperature. In one type of experiment, 
the mucosa and submucosa were removed to expose the MP, 
while in the other, the muscularis externa and serosa were 
excised to visualize the intact SP.

After the fixation process, tissue samples underwent three 
30-min washes in 0.01 M phosphate-buffered saline (PBS) 
(pH 7.4), followed by cryoprotection through overnight 
immersion in a 20% sucrose solution (pH 7.4) at 4 °C. The 
samples were then embedded in Tissue-Tek® O.C.T. Com-
pound (Sakura Finetek Europe, the Netherlands), placed on 
a cryostat chuck, and frozen. Subsequently, 14-μm-thick 
sections were sliced using a cryotome (Shandon E, Thermo 
Fisher Scientific, UK) and mounted on glass SuperFrost™ 
Plus slides (Thermo Fisher Scientific, UK).

Immunohistochemistry

The tissue slices were blocked with a buffer comprising 5% 
normal donkey serum (Jackson ImmunoResearch Laborato-
ries, USA) and 0.3% Triton X-100 (Sigma, USA) in PBS at 
room temperature for a half an hour. Double immunostaining 
with antibodies from different host species (Table 1) was 
used to identify SST, nNOS, ChAT, NPY, and GFAP. An 
antibody targeting PGP9.5 was applied to label the entire 
population of enteric ganglionic neurons.

Subsequently, the sections were treated with the primary 
antisera overnight at room temperature, followed by rinsing 
in PBS and additional incubation with the appropriate sec-
ondary antisera (Table 1) for 2 h at room temperature. After 
three additional PBS rinses, the sections were coverslipped 
with VECTASHIELD® Antifade Mounting Medium (Vector 
Bioproducts, USA).

Two distinct steps were undertaken to assess the speci-
ficity of the antibodies. In the first step, which served as a 
negative control, sections that were not exposed to primary 
antibodies were stained. The second step involved preab-
sorption of the primary antibodies with an excess amount of 
the specific immunogen peptide (Table 2) at a concentration 
of 0.25 mg/ml for 2 h prior to the incubation process at room 
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temperature. No positive immunoreactivity was observed in 
any of the control sections.

Characteristics of antibodies

The polyclonal antibody to SST (Santa Cruz, sc-7819) has 
been used in numerous works, including studies of the cen-
tral nervous system and endocrine glands (34 articles on 
PubMed). The immunogen for this antibody was a synthetic 
peptide LELQRSANSNPAMAPRERK, mapping amino 
acids 84–102 of human SST. Western blot analysis of mouse 
brain lysates immunostained with this antibody revealed a 
molecular weight of 17 kDa (Real et al. 2009), which aligned 
with the manufacturer’s reported value. In our previous work 
(Vishnyakova et al. 2021), the staining pattern obtained with 
this antibody in rat hypothalamus was identical to the study 
with the same antibody (Kiss et al. 2006) and another rabbit 
SST antiserum (Foo et al. 2014). Additionally, SST immu-
noreactivity was completely absent in brain sections from 
SST knockout mice processed with this antibody (Lepousez 
et al. 2010).

Another SST antibody (Abclonal, A9274) has been 
employed in multiple studies. According to the datasheet, 

the immunogen for this antibody is a recombinant fusion 
protein encompassing a sequence from amino acids 
23–116 of human SST. Immunoblots using this antibody 
on the rat brain (Yu et al. 2020) showed a distinct band 
corresponding to the expected size of 17 kDa, consist-
ent with the product datasheet. In our study, the immu-
nohistochemical staining with this antibody was similar 
to that obtained with the Santa Cruz sc-7819 antibody, as 
mentioned above. In other works, such as those on the spi-
nal cord, the staining pattern achieved with this antibody 
(Zhang et al. 2024) resembled experiments where SST 
neurons were genetically targeted (Fatima et al. 2019).

The nNOS antibody (Abcam, ab15203) has been 
described in various studies. According to the datasheet, 
the immunogene for this antibody is a synthetic peptide 
within mouse nNOS (C terminal). The specificity of the 
nNOS antibody was tested by western blotting of mouse 
brain homogenates (Fazi et al. 2010). Previously, we used 
this type of antibody to label sensory nNOS neurons in the 
rat dorsal root ganglia using immunohistochemistry (Mas-
liukov et al. 2014). The results obtained were similar to 
those achieved using other nNOS antibodies in that study, 
as well as in other works (Islam et al. 2020).

The results obtained using the guinea-pig PGP9.5 anti-
body (Abcam, ab10410) have been described in multiple 
studies. The immunogen for this antibody was a synthetic 
peptide GASSEDTLLKDAAKVCL, corresponding to 
amino acids 175–191 of the soluble human cytoplasmic 
protein PGP9.5. We previously used this antibody to label 
the whole population of neurons in the enteric ganglia 
using immunohistochemistry (Budnik and Masliukov 
2023). The results were comparable with the studies where 
another rabbit PGP 9.5 antibody was employed (Barren-
schee et al. 2015).

Table 1   Primary and 
secondary antisera used for 
immunohistochemistry

Antisera Host species Dilution Source

Primary
 SST Goat 1:300 Santa Cruz, sc-7819, lot F1609
 SST Rabbit 1:300 Abclonal, A9274, lot 5500009967
 nNOS Rabbit 1:300 Abcam, ab15203, lot GR90846-1
 PGP9.5 Guinea pig 1:200 Abcam, ab10410, lot GR3209499-22
 NPY Rabbit 1:500 Abcam, ab30914, lot GR3213170-1
 ChAT Goat 1:100 Millipore, AB144p, lot 3067431
 GFAP Goat 1:300 Abcam, ab53554, lot GR3307240-1

Secondary
 Anti-goat IgG FITC Donkey 1:200 Jackson Immunoresearch, code 705–095-147
 Anti-goat IgG CY3 Donkey 1:200 Jackson Immunoresearch, code 705–165-147
 Anti-rabbit IgG FITC Donkey 1:200 Jackson Immunoresearch, code 711–095-152
 Anti-rabbit IgG CY3 Donkey 1:200 Jackson Immunoresearch, code 711–165-152
 Anti-guinea pig IgG FITC Donkey 1:200 Jackson Immunoresearch, code 706–095-148

Table 2   Immunogen peptides used for reabsorption with primary 
antibodies

Primary antisera Immunogen peptide

SST Abcam, ab141206
nNOS Abcam, ab22863
PGP9.5 Abcam, ab198431
NPY Abcam, ab112330
ChAT Millipore, AG220MI
GFAP Abcam, ab114149
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Rabbit polyclonal NPY antibody (Abcam, ab30914) has 
been employed in multiple studies (61 on PubMed). The 
specificity of this antibody was tested in NPY knockout and 
control mice using immunohistochemistry (Peng et al. 2023; 
Cao et al. 2022) and western blotting (Cao et al. 2022).

The goat polyclonal antibody to ChAT of a peripheral 
type (AB144p, Millipore) is commonly used to label enteric 
cholinergic neurons using immunohistochemistry and west-
ern blotting (Mongardi Fantaguzzi et al. 2009; Hao et al. 
2013; Machado et  al. 2023). This antibody was raised 
against the human placental enzyme and recognizes a pro-
tein of 70–74 kDa in mouse brain lysates on western blot-
ting, according to the manufacturer's information.

The goat polyclonal GFAP antibody (Abcam, ab53554) 
has been employed in numerous studies (217 on PubMed). 
The immunogen for this antibody was a synthetic peptide 
corresponding to human GFAP amino acids 417–430 (C-ter-
minal). This antibody has been validated in various immuno-
histochemical and western blotting studies (Rosas-Arellano 
et al. 2016; Xu et al. 2016). Ab53554 has also been used to 
identify enteric glial cells through immunohistochemistry 
(Guyer et al. 2023). In this study, GFAP expression was fur-
ther confirmed using in situ hybridization.

Image processing and statistics

The samples were analyzed under Olympus upright fluores-
cence microscope model BX43 (Olympus, Japan), which 
was equipped with U-FBWA (blue excitation) and U-FGWA 
(green excitation) filter cubes. Olympus UPLFLN 20X 
Objective was normally used (Olympus UPLFLN U Plan 
Fluorite 20X/0.50 ∞/0.17/FN 26.5). A color-cooled CMOS 
Camera (FL 20) and Mosaic V2.1 imaging software (Tucsen, 
China) were used to obtain images.

To estimate the percentage of SST-IR neurons, the total 
number of PGP-IR cells in the measured area was deter-
mined and considered as 100%. IR profiles were analyzed 
distinctly in the MP and SP of the SI and LI. The cross-
section area, the number of neurons, and the intensity of the 
immunofluorescence were assessed in arbitrarily selected 
measured zones where microscopic field area was 0.12 mm2 
at 200× magnification by ImageJ (NIH image program, ver-
sion 1.53 k). Pearson’s correlation and Manders’ overlap 
coefficient (MC) were utilized for colocalization analysis 
using the JACoP plugin for ImageJ software, following the 
methods outlined in Bolte and Cordelières (2006) and Dunn 
et al. (2011). Records from ten examined areas per plexus 
per age category per animal were collected, and the results 
from animals in each age group were combined, resulting 
in group sizes of n = 5. The immunofluorescence intensity 

was assessed by calculating the mean gray value within a 
range of 0–255.

Statistical analysis was carried out with Sigma Plot 12 
software (Systat Software, USA). The data were expressed 
as the mean ± standard deviation (SD). The normality of 
the distribution was assessed using the Shapiro–Wilk test. 
To compare the means, a one-way analysis of variance 
(ANOVA) was conducted, and post hoc Tukey’s test for 
multiple comparisons was applied. Statistical significance 
was determined at p < 0.05.

Results

The results have shown that SST-IR neurons were present in 
the MP and SP of SI and LI in rats from birth through senes-
cence (Fig. 1). The SST-positive granular elements were 
observed surrounding the non-immunoreactive nucleus in 
the cytoplasm, with SST-IR fibers forming a network around 
other enteric neuronal cells in the ganglia of both the SI 
and LI.

SST/PGP9.5 colocalization

Regarding the colocalization of SST with PGP9.5, which 
is a pan-neuronal marker, it was found that all SST-IR cells 
also expressed PGP9.5. In the MP of both the SI and LI, the 
percentage of SST-IR neurons significantly increased during 
early postnatal development, rising from 12 ± 2.4 (SI) and 
13 ± 3.0 (LI) in newborn rats to 23 ± 1.5 (SI) and 18 ± 1.6 
(LI) in 20-day-old animals (p < 0.001, SI; p = 0.039, LI). 
These levels remained relatively stable until 60 days of age 
(Figs. 1 and 2). However, the proportion of SST-IR cells sig-
nificantly decreased in 2-year-old rats, dropping to 14 ± 2.0 
(SI) and 10 ± 2.6 (LI) compared with 20-day-old (p < 0.001), 
30-day-old (p < 0.001), and 60-day-old rats (p = 0.001) in the 
SI, and compared with 60-day-old rats (p = 0.012) in the LI.

In the SP, the percentage of SST-IR neurons also signifi-
cantly increased during early postnatal development, start-
ing from 22 ± 3.2 (SI) and 23 ± 1.7 (LI) in newborn rats and 
reaching 42 ± 4.0 in 20-day-old animals (SI) and 32 ± 4.9 in 
30-day-old animals (LI) (p < 0.001, SI; p = 0.039, LI). Simi-
lar to the MP, these levels remained steady until 60 days 
of age. Yet, the proportion of SST-IR cells decreased sig-
nificantly in 2-year-old rats, declining to 21 ± 2.6 (SI) and 
28 ± 7.4 (LI) compared with 20-day-old (p < 0.001), 30-day-
old (p = 0.029), and 60-day-old rats (p = 0.025) in the SI and 
compared with 30-day-old (p = 0.005) and 60-day-old rats 
(p = 0.015) in the LI.

The number of PGP-IR neurons per ganglion remained 
constant during development in the MP, with values varied 
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between 20.5 ± 3.0 and 21.5 ± 3.3 in both SI and LI. How-
ever, in the SP of newborn rats, we found fewer PGP-
IR neurons (6.2 ± 0.6 SI and 6.8 ± 0.5 LI) compared with 
10-day-old rats (10.4 ± 1.2 SI and 11.3 ± 1.4 LI) (p < 0.05). 

We did not detect statistically significant differences in the 
number of PGP9.5-IR neurons in the SP between 10-day-
old rats and older rats in either the SI or LI.

Fig. 1   Fluorescence micrographs of SST (red) and PGP9.5 (green) 
immunoreactivity in the MP (a–f) and SP (g–l) of SI (a–c, g–i) and 
LI (d–f, j–l) of 10-day-old (a, g, d, j), 30-day-old (b, h, e, k), and 
2-year-old (c, f, i, l) rats. A letter without an apostrophe represents the 

green channel, a letter with one apostrophe (') indicates the red chan-
nel, and a letter with two apostrophes ('') denotes the merged image. 
SST-IR neurons are marked with arrows. Scale bar, 30 µm
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Fig. 2   The percentage of SST-
IR neurons in the SI (a) and LI 
(b) of rats at various ages. N = 5 
in each age group (6 groups: 
1-, 10-, 20-, 30-, 60-day-old 
and 2-year-old rats). One-way 
ANOVA, #p < 0.05 compared 
with newborn rats, *p < 0.05 
compared with 2-year-old rats
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SST/ChAT colocalization

The vast majority (97–98%) of SST-IR neurons were found 
to colocalize with ChAT from birth in both plexuses of the 
SI and LI (Figs. 3 and 4), where MC varied from 0.97 ± 0.01 
to 0.98 ± 0.02. We did not observe statistically significant 
differences among different age groups in the percentage 
of SST/ChAT-IR neurons in the MP and SP of both intes-
tines from birth until 60 days of age. However, in aged rats, 
the percentage of SST-IR neurons colocalizing with ChAT 
decreased in both the MP [85 ± 5.0 (SI) and 90 ± 3.8 (LI)] 

and SP [89 ± 3.2 (SI) and 89 ± 1.6 (LI)] compared with 
younger animals [SI: p < 0.001 (MP), p < 0.05 (SP); LI: 
p < 0.05 (MP), p < 0.05 (SP)]. In aged rats, MC varied from 
0.82 ± 0.07 to 0.91 ± 0.03.

There were no statistically significant differences in 
the number of ChAT-IR neurons per ganglion in the MP 
of SI and LI during the first 60 days of life. However, in 
aged rats, the number of ChAT-IR neurons per ganglion 
significantly decreased from 18.6 ± 1.2 to 16.3 ± 1.3 in 
the SI and from 19.5 ± 1.4 to 17.1 ± 1.4 in the LI com-
pared with 60-day-olds (p < 0.05). In the SP of newborn 

Fig. 3   Fluorescence micrographs of SST (red) and ChAT (green) 
immunoreactivity in the MP (a–f) and SP (g–l) of SI (a–c, g–i) and 
LI (d–f, j–l) of 10-day-old (a, g, d, j), 30-day-old (b, h, e, k), and 
2-year-old (c, f, i, l) rats. A letter without an apostrophe represents the 

green channel, a letter with one apostrophe (') indicates the red chan-
nel, and a letter with two apostrophes ('') denotes the merged image. 
SST-IR neurons are marked with arrows. Scale bar, 30 µm
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Fig. 4   The percentage of SST-
IR neurons colocalized ChAT 
in the SI (a) and LI (b) of rats at 
various ages. N = 5 in each age 
group (6 groups: 1-, 10-, 20-, 
30-, 60-day-old and 2-year-
old rats). One-way ANOVA, 
#p < 0.05 compared with new-
born rats, *p < 0.05 compared 
with 2-year-old rats
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rats, a lower number of ChAT-IR neurons was observed 
(5.1 ± 0.4 SI and 5.5 ± 0.4 LI) compared with 10-day-old 
rats (9.2 ± 0.7 SI and 10.6 ± 0.8 LI) (p < 0.05). We did not 
observe statistically significant differences in the num-
ber of SP ChAT-IR neurons between 10-day-old rats and 
older rats in either the SI or LI.

SST/nNOS colocalization

In the MP, a small percentage of SST-IR neurons colocal-
ized with nNOS from newborn (13 ± 1.9 (SI); 3 ± 2.0 (LI); 
MC = 0.11 ± 0.01 SI, 0.02 ± 0.01 LI) until 60 days of life 
(1 ± 0.1 (SI); 2 ± 1.8 (LI); MC = 0.11 ± 0.01 SI, 0.02 ± 0.01 
LI) (Figs. 5 and 6). However, in aged rats, a large number of 
SST/nNOS-IR neurons were found (32 ± 8.5 (SI); 23 ± 6.7 

Fig. 5   Fluorescence micrographs of SST (green) and nNOS (red) 
immunoreactivity in the MP (a–f) and SP (g–l) of SI (a–c, g–i) and 
LI (d–f, j–l) of 10-day-old (a, g, d, j), 30-day-old (b, h, e, k) and 
2-year-old (c, f, i, l) rats. A letter without an apostrophe represents the 

green channel; a letter with one apostrophe (') indicates the red chan-
nel; and a letter with two apostrophes ('') denotes the merged image. 
SST-IR neurons are marked with arrows. Bar, 30 µm
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Fig. 6   The percentage of SST-
IR neurons colocalized nNOS 
in the SI (a) and LI (b) of rats at 
various ages. N = 5 in each age 
group (6 groups: 1-, 10-, 20-, 
30-, 60-day-old and 2-year-old). 
One-way ANOVA, #p < 0.05 
compared with newborn rats, 
*p < 0.05 compared with 2-year-
old rats
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(LI); MC = 0.36 ± 0.03 SI, 0.31 ± 0.04 LI). The differences 
in the percentage of SST-IR neurons between aged animals 
and rats at 1, 10, 20, 30, and 60 days old were statistically 
significant (p < 0.001 for both SI and LI in each age group). 

In the SP, the proportion of SST/nNOS neurons nota-
bly decreased from 10-day-old rats (12 ± 2.3) to 30-day-old 
rats (1 ± 0.1) in the LI (MC decreased from 0.14 ± 0.01 to 
0.01 ± 0.01) and from 20-day-old rats (10 ± 3.2) to 30-day-
old rats (1 ± 0.1) in the SI (MC decreased from 0.12 ± 0.02 
to 0.01 ± 0.01) (Figs. 5 and 6). Similar to the findings in 
the MP, in aged rats, the percentage of SST/nNOS neurons 
was high (34 ± 5.5 (SI); 34 ± 6.7 (LI), MC = 0.38 ± 0.04 
SI, 0.31 ± 0.03 LI) and significantly different from other 
age groups, including 1-, 10-, 20-, 30- and 60-day-old rats 
(p < 0.001 for both SI and LI in each age group).

The largest number of nNOS-IR neurons per ganglion 
was found in newborn rats (8.3 ± 0.5 in SI and 12.3 ± 0.9 in 
LI). Subsequently, this number decreased during ontogenesis 
up to 60 days of life (5.8 ± 0.4 SI, 6.3 ± 0.4 LI) and remained 
stable thereafter. In 1- and 10-day-old rats, the number of 
MP nNOS-IR neurons was significantly higher in the LI 
compared with the SI (p < 0.05).

In the SP of the SI and LI, the largest number of nNOS-
IR neurons was also observed in newborn animals (5.2 ± 0.6 
SI, 5.3 ± 0.6 LI). However, during the following 20 days, the 
number rapidly declined, with only a few neurons found in 
20-, 30-day-old, and 2-month-old rats, where most ganglia 
were devoid of nNOS-IR cells. In aged rats, there was a sig-
nificant increase in the number of nNOS-IR cells (5.4 ± 0.4 
SI, 6.3 ± 0.6 LI) (p < 0.001).

SST/NPY colocalization

In contrast to ChAT and nNOS, many SST-IR neurons colo-
calized with NPY (Figs. 7 and 8). However, the percent-
age of SST/NPY-IR neurons varied significantly through-
out postnatal development (MC ranged from 0.36 ± 0.04 to 
0.78 ± 0.05), and no statistically significant differences were 
found in this parameter between different age groups in the 
MP and SP of both intestines.

SST/GFAP colocalization

In both plexuses, GFAP immunoreactivity appeared as a 
network surrounding the ganglion cells (Fig. 9). No colo-
calization of SST with GFAP was observed in any of the 
studied animals.

The intensity of the immunofluorescence 
and cross‑sectional area of IR neurons

The intensity of immunofluorescence did not change in the 
MP of the SI and LI (p > 0.05). The mean cross-sectional 

area of SST-, PGP9.5-, nNOS-, ChAT-, and NPY-IR profiles 
gradually increased in the MP and SP of the SI and LI from 
birth to senescence (Fig. 5). No statistically significant dif-
ferences were observed in this parameter between different 
markers, between MP and SP or between the SI and LI in 
the same age group (Table 3).

Discussion

The results have shown that SST-IR neurons were present 
in the MP and SP of rats from birth until senescence. Our 
data on the distribution of SST-IR neurons and fibers in the 
rat SI and LI resemble the findings obtained on enteric neu-
rons of guinea pigs, where more SST-IR neurons in adult 
animals were located in the SP compared with the MP in 
both the SI and LI (Costa et al. 1980). The percentage of 
SST-IR neurons in the MP varied from 10% to 20% in dif-
ferent age groups, which is similar to the data of Heinicke 
and Kiernan (1990), where 1-6 SST-IR neurons per ganglion 
were observed.

In the MP and SP of both the SI and LI, the percentage 
of SST-IR neurons increased during early postnatal devel-
opment and reached its peak in the first month of life. The 
proportion of SST-IR cells then decreased in 2-year-old 
animals. In our previous works, we observed neurochemi-
cal changes in enteric neurons, including the expression of 
calcium-binding proteins, NPY, and nNOS during postnatal 
development (Masliukov et al. 2017b; Budnik et al. 2020; 
Budnik and Masliukov 2023). We found that the expression 
of calcium-binding proteins calbindin and calretinin, along 
with NPY, increases in early development (Masliukov et al. 
2017a; Budnik et al. 2020). In the SP of the small intestine, 
the proportion of NPY-IR neurons decreases with aging 
(Budnik et al. 2020), similar to our results on SST neurons 
in the current study.

According to our results, the number of PGP9.5-IR (pan-
neuronal marker) cells remains stable in the MP during post-
natal development. In the SP, both the number of PGP9.5-
IR and ChAT-IR neurons increases in the first 10 days of 
postnatal life. These findings are consistent with studies of 
the SP, revealing that SP neurons develop at a later stage 
compared with those in the MP (Kapur et al. 1992).

The majority of SST-IR neurons colocalized with ChAT. 
Vannucchi and Faussone-Pellegrini (1996) reported that 
ChAT-IR neurons were present in the MP of the gut in new-
borns but absent in the SP, where they appeared only in 
the second week of life. However, other data suggest that 
cholinergic neurons are born first at very early ages, from 
embryonic days 8–15 (Pham et al. 1991). We observed a 
decrease in the percentage of SST-IR neurons colocalizing 
with ChAT in the MP and SP of the SI and LI in aged rats. 
Literature data indicate that the age-associated decrease in 
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neuronal number in the MP is specific to ChAT-IR neurons 
in mice and humans (Nguyen et al. 2023).

In humans, the number of SST-IR neurons varies in 
different types of enteric plexuses from 4% to 50% of 
the total neuronal population (Godlewski and Kaleczyc 
2010; Kustermann et al. 2011). Treatment with somato-
statin analogues could be effective in various pathologi-
cal conditions of the gastrointestinal tract (Herszényi 
et al. 2013). SST analogues have shown effectiveness in 
treating patients with diarrhea associated with diabetes, 

irritable bowel syndrome, and ileostomy (Camilleri 1996; 
McMahan et al. 2023). SST inhibits ion secretion, pro-
motes water and sodium absorption in intestinal epithe-
lial cells to improve diarrhea symptoms through inacti-
vation of adenylate cyclase, inhibition of intracellular 
Ca2+ influx and K+ efflux via G-inhibiting protein, inhi-
bition of active anion secretion, and stimulation of both 
Na+ and Cl− absorption in the ileum (Xie et al. 2022). It 
also reduces the colonic tonic response in humans both 
in vivo and in vitro (Corleto 2010).

Fig. 7   Fluorescence micrographs of SST (red) and NPY (green) 
immunoreactivity in the MP (a–f) and SP (g–l) of SI (a–c, g–i) and 
LI (d–f, j–l) of 10-day-old (a, g, d, j), 30-day-old (b, h, e, k), and 
2-year-old (c, f, i, l) rats. A letter without an apostrophe represents the 

green channel, a letter with one apostrophe (') indicates the red chan-
nel, and a letter with two apostrophes ('') denotes the merged image. 
SST-IR neurons are marked with arrows. Scale bar, 30 µm
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Fig. 8   The percentage of SST-
IR neurons colocalized NPY in 
the SI (a) and LI (b) of rats at 
various ages. N = 5 in each age 
group (6 groups: 1-, 10-, 20-, 
30-, 60-day-old and 2-year-old). 
One-way ANOVA, no statisti-
cally significant differences 
were found between age groups
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A small number of SST-IR neurons colocalize with nNOS 
in young rats from birth until 20 days of age. However, in 
aged rats, we observed a large number of SST/nNOS-IR neu-
rons. These findings are consistent with our prior results 
indicating a higher number of nNOS-IR neurons in newborn 
rats compared with 30-day-old and 60-day-old animals and 
a significant increase in nNOS expression in aged neurons 
in the MP and SP of the SI and LI (Budnik and Masliukov 
2023). Constipation, often observed in elderly individuals, 

may be linked to increased production of NO by enteric neu-
rons, which can suppress gut motility. Moreover, a high level 
of NO as a free radical supports inflammation (Dawson and 
Dawson 2018). In this scenario, a reduction in SST expres-
sion could be a compensatory mechanism to balance the 
overproduction of NO, as both have inhibitory effects on 
the gut.

Enteric glial cells contain GFAP, similar to astrocytes 
in the CNS (Björklund et al. 1984). In our study, we did 

Fig. 9   Fluorescence micrographs of SST (red) and GFAP (green) 
immunoreactivity in the MP (a–f) and SP (g–l) of SI (a–c, g–i) and 
LI (d–f, j–l) of 10-day-old (a, g, d, j), 30-day-old (b, h, e, k) and 
2-year-old (c, f, i, l) rats. A letter without an apostrophe represents the 

green channel, a letter with one apostrophe (') indicates the red chan-
nel, and a letter with two apostrophes ('') denotes the merged image. 
SST-IR neurons are marked with arrows. Scale bar, 30 µm
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not observe colocalization of SST with GFAP in rats of 
different ages from birth to senescence. Therefore, in the 
enteric nervous system, SST is present in neurons but not 
in glial cells. Nonetheless, approximately 90% of SST in 
the gastrointestinal tract is located in enteroendocrine cells 
rather than enteric neurons (Penman et al. 1983). However, 
SST-IR enteric neurons play a role in regulating intestinal 
motility, secretion, and inflammation (Van Op den Bosch 
et al., 2009; Gonkowski and Rytel 2019).

In the gut, SST reduces intestinal movement, water, 
and electrolyte secretion (Furness 2006; Gonkowski and 
Rytel 2019). Its inhibitory effect involves the suppression 
of cholinergic excitatory stimulation of secretomotor neu-
rons coexisting with vasoactive intestinal peptide (VIP) 
(Foong et al. 2010). In rats, VIP is colocalized with NPY 
in the SP secretomotor neurons (Furness 2006). NPY, 
along with SST, inhibits gut motility and secretion (Fur-
ness 2006). No developmental changes were observed in 
the percentage of SST/NPY-IR neurons. It is worth noting 

that many sympathetic neurons in the prevertebral ganglia 
innervating the gut also colocalize NPY and SST (Mas-
liukov et al. 2023).

The aging of the gut is associated with microbiota dys-
biosis and neuroinflammation (Nguyen et al. 2023). In 
pigs, SST expression increases during gut inflammation 
(Gonkowski and Całka 2010; Palus et al. 2017). SST is 
known to reduce inflammation by inhibiting T lympho-
cyte activity, granulocyte proliferation, the synthesis of 
proinflammatory cytokines, and the release of pain medi-
ators, such as substance P and calcitonin gene-related 
peptide (Van Op den Bosch et al., 2009; Rai et al. 2015; 
Gonkowski and Rytel 2019). The decline in SST expres-
sion during aging may contribute to inflammatory pro-
cesses in the gut of elderly individuals. Concentrations of 
SST immunoreactivity in the mucosa-submucosa of the 
descending colon were significantly reduced in ulcerative 
colitis and Crohn’s colitis compared with a normal colon 
(Koch et al. 1988).

Table 3   Cross-sectional areas 
of IR neurons in rats of different 
ages

* P < 0.05, compared with newborn rats

Age SST PGP9.5 ChAT nNOS NPY

a) Cross-sectional areas of IR neurons in the MP of the SI (n = 100 in each age group)
 Newborn rats 88 ± 4 94 ± 8 96 ± 6 84 ± 5 96 ± 6
 10-day-old rats 92 ± 4 105 ± 6 108 ± 6 103 ± 9 101 ± 6
 20-day-old rats 120 ± 6* 119 ± 9* 125 ± 9* 111 ± 7* 118 ± 9*
 30-day-old rats 152 ± 7* 165 ± 11* 157 ± 11* 154 ± 9* 165 ± 10*
 2-month-old rats 168 ± 14* 171 ± 18* 185 ± 18* 177 ± 10* 175 ± 12*
 2-year-old rats 179 ± 15* 178 ± 15* 188 ± 15* 181 ± 12* 191 ± 13*

b) Cross-sectional areas of IR neurons in the SP of the SI (n = 100 in each age group)
 Newborn rats 82 ± 5 80 ± 4 86 ± 5 79 ± 5 78 ± 7
 10-day-old rats 79 ± 4 83 ± 6 81 ± 6 82 ± 9 81 ± 6
 20-day-old rats 117 ± 7* 123 ± 8* 120 ± 8* 119 ± 10* 121 ± 8*
 30-day-old rats 149 ± 7* 155 ± 12* 158 ± 11* 150 ± 9* 149 ± 8*
 2-month-old rats 172 ± 14* 182 ± 18* 179 ± 12* 191 ± 13* 188 ± 11*
 2-year-old rats 189 ± 15* 195 ± 15* 193 ± 15* 201 ± 12* 198 ± 12*

c) Cross-sectional areas of IR neurons in the MP of the LI (n = 100 in each age group)
 Newborn rats 91 ± 5 89 ± 6 90 ± 4 88 ± 6 91 ± 7
 10-day-old rats 89 ± 6 92 ± 5 94 ± 4 90 ± 4 88 ± 8
 20-day-old rats 122 ± 8* 138 ± 9* 139 ± 9* 141 ± 10* 125 ± 8*
 30-day-old rats 156 ± 8* 170 ± 12* 171 ± 10* 165 ± 8* 175 ± 11*
 2-month-old rats 174 ± 10* 182 ± 18* 180 ± 18* 178 ± 10* 181 ± 9*
 2-year-old rats 186 ± 15* 190 ± 15* 192 ± 12* 189 ± 12* 188 ± 12*

d) Cross-sectional areas of IR neurons in the SP of the LI (n = 100 in each age group)
Newborn 79 ± 5 82 ± 6 78 ± 6 86 ± 5 82 ± 4
 10-day-old rats 82 ± 4 84 ± 6 84 ± 6 88 ± 9 84 ± 8
 20-day-old rats 121 ± 6* 126 ± 9* 122 ± 8* 120 ± 8* 116 ± 11*
 30-day-old rats 156 ± 7* 148 ± 10* 150 ± 9* 152 ± 11* 161 ± 9*
 2-month-old rats 181 ± 14* 176 ± 12* 192 ± 12* 185 ± 13* 180 ± 12*
 2-year-old rats 205 ± 10* 198 ± 11* 189 ± 15* 188 ± 11* 196 ± 12*
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Conclusions

SST expression in enteric neurons increases in young rats 
and decreases in senescence, accompanied by changes in 
colocalization with ChAT and nNOS. Colocalization of SST 
decreases with ChAT and increases with nNOS in aging. 
These changes may play a compensatory role and have pro-
inflammatory effects in senescence.
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