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Abstract 

Neuropeptide Y (NPY) acts as a neurotransmitter in the autonomic nervous system, in-

cluding in the metasympathetic intramural ganglia of the intestine. In this study, NPY-

positive neurons were detected using immunohistochemical methods in intramural ganglia of 

the duodenum in the following age groups of rats: newborn pups; 10-, 20-, 30-, and 60-day-

old; 1- and 2-year-old rats. 

As a result of the immunohistochemical analysis, the NPY-containing neurons were 

found in small number in the intramural ganglia of the myenteric plexus from the moment of 

birth and during other periods of life. In ganglia of the submucosal plexus, NPY-immunoreac-

tive neurons were detected in large numbers only starting from day 10 of life. Their proportion 

did not change until the age of one year and then decreased in the two-year-old rats. The density 

of Y1R and Y2R receptors increased, while the proportion of Y5R receptors decreased. These 

changes can be associated with the trophic action of the NPY. 

It was concluded that neuropeptide Y is a fairly common neuropeptide in various parts of 

the autonomic nervous system, including sympathetic, parasympathetic, and metasympathetic, 

and plays an important role in the processes of age-related neuronal development. 
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Introduction 

Neuropeptide Y (NPY) and its receptors are present in all major tissues of 

the body and implicated in numerous internal processes: NPY is widely distributed in 

the central and peripheral nervous systems; it has been functionally related to feeding 

behavior, anxiety, memory processing, and cognition in the central nervous system, as 

well as to vasoconstriction and gastrointestinal tract motility in the peripheral nervous 

system [1]. NPY also acts an important developmental factor by promoting prolifera-

tion and differentiation of a variety of cells. During embryogenesis, NPY expression 

results from a complex combination of regulatory cues [2]. 

The biological effects of NPY and its homologs are mediated by the activation 

of at least five receptors, known as the Y1R, Y2R, Y4R, Y5R and Y6R. Y1R, Y2R, 

and Y5R are the three major subtypes of NPY receptors that mediate the biological 

functions of NPY in humans and rats. All known NPY receptors belong to the large 

superfamily of G-protein-coupled heptahelical receptors. NPY affects peripheral tar-

get organs mostly through postsynaptic Y1R, Y5R, and presynaptic Y2R [3, 4]. 
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As already mentioned, NPY plays an important developmental role by promo-

ting growth and/or differentiation of a variety of cells in a receptor-specific manner. 

Via its Y1R, Y2R, and Y5R, NPY promotes angiogenesis and preadipocyte differen-

tiation [5–7]. NPY has been shown to be a potent, multifunctional angiogenic factor, 

which stimulates proliferation, migration, and capillary tube formation in endothelial 

cells. NPY is angiogenic at concentrations below those required for vasoconstric-

tion [8]. 

The neurochemical specificity of autonomic ganglionic neurons is changed dur-

ing pre- and postnatal development [9–11]. In sympathetic ganglia, NPY is identifia-

ble from birth. In ontogenesis, the percentage of NPY-positive sympathetic neurons 

increases during the first month of life [12, 13]. In the rat heart, Y1R and Y2R ex-

pression is upregulated, whereas Y5R expression is downregulated during the devel-

opment [14]. 

The chemical coding of neurons in the mouse and guinea-pig small intestine has 

been already investigated in detail [15, 16]. Most literature sources are more focused 

on the distal parts of the small intestine [17]. However, the age-related aspects of syn-

aptic transmission in the enteric intramural ganglia involving neuropeptide Y remain 

unclear. The aim of this work was to investigate the developmental changes of NPY-

immunoreactive (IR) intramural ganglionic neurons, Y1R, Y2R, and Y5R, in the small 

intestine of rats of different ages (from the newborn period up to and through senes-

cence) using immunohistochemistry. 

Materials and Methods 

All animal procedures were approved by the Institutional Animal Care and Use 

Committee of the Yaroslavl State Medical University and were conducted in accord-

ance with the relevant Guidelines of the Russian Ministry of Health for scientific ex-

perimentation on animals. Wistar rats (2 × 7 groups, each containing 5 animals) – 

newborn, 10-day-old, 20-day-old, 30-day-old, 2-month-old, 1-year-old, and 2-year-

old – were used to label NPY and Y1R, Y2R, Y5R in the small intestine by im-

munohistochemistry. All rats were kept in acrylic cages with wood shavings in an 

acclimatized room (12/12h light/dark cycle; 22 ± 3 °C) and were provided with water 

and pellets ad libitum.  

The rats were sacrificed with a lethal dose of sodium pentobarbital (Nembutal


, 

300 mg/kg, i.p.). Then they were perfused transcardially with 20 mL (newborn and 

10-day-old), 100 mL (20- and 30-day-old), or 500 mL (2-month-old and older) of 

physiological saline and 1 mL heparin followed by a similar volume of the fixative 

composed of 4% paraformaldehyde (PF) in 0.1 M phosphate buffer. After the perfu-

sion, the duodenum was dissected out, rinsed in physiological solution, and immersed 

in 4% PF for 1–2 h at room temperature. Following the fixation, it was washed in three 

30-min changes of phosphate-buffered saline (PBS; 0.01 M; pH 7.4), cryoprotected by 

overnight immersion in 20% buffered (pH 7.4) sucrose solution at 4 °C, mounted in 

TissueTek (Sakura Finetek Europe, Zoeterwoude, Netherlands) on a cryostat chuck, 

and frozen. Twelve-m-thick cross sections were cut with a cryostat, mounted on 

poly-L-lysine-coated slides, and air-dried for 1 h. 
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Table 1 

a) Primary antisera used for immunohistochemistry 

Primary antisera Host species Dilution Source 

NPY Sheep 1:500 Abcam, ab6173 

PGP9.5 Rabbit 1:200 Abcam, ab10404 

Y1R Rabbit 1:500 Abcam, ab73897 

Y2R Rabbit 1:500 Santa Cruz, H-147 

Y5R Rabbit 1:500 Abcam, ab133757 

b) Secondary antisera used for immunohistochemistry 

Secondary antisera Dilution Source 

Donkey anti-rabbit IgG FITC 1:200 Jackson Immunoresearch 

Donkey anti-rabbit IgG CY3 1:200 Jackson Immunoresearch 

Donkey anti- sheep IgG FITC 1:200 Jackson Immunoresearch 

Donkey anti-sheep IgG CY3 1:200 Jackson Immunoresearch 

CY3 – cyanine 3, FITC – fluorescein isothiocyanate. 

 

The obtained serial sections were processed for immunohistochemistry. The sec-

tions were preincubated for 30 min at room temperature with the blocking buffer con-

taining 5% normal donkey serum (Jackson ImmunoResearch Laboratories, USA) and 

0.3% Triton X-100 (Sigma, USA) in PBS to prevent non-specific binding of secondary 

antibodies. In order to visualize NPY, Y1R, Y2R, Y5R, single or double immunostain-

ing with antibodies (raised in different host species; see Table 1, a) was performed. 

The antibodies to PGP9.5 were used to label the neuronal cell bodies in the intramu-

ral ganglia. 

Subsequently, the sections were incubated in the primary antisera for 24 h at 

room temperature, rinsed in PBS, and further incubated in the corresponding secondary 

antisera for 2 h at room temperature (see Table 1, b). The sections were then rinsed 

three final times in PBS, mounted on glass slides, allowed to dry overnight, and co-

verslipped using VectaShield (Vector Bioproducts, USA). The control experiments 

were carried out with the primary antibody replaced with NDS. 

The specimens were examined under the Olympus BX43 fluorescence micro-

scope (Tokyo, Japan) fitted with filter sets that allowed separate visualization of FITC 

or CY3. The images from the fluorescence microscope were recorded using a TCH 5.0 

cooled CCD digital camera and ISCapture version 3.6 for Windows imaging soft-

ware (Tucsen, China). Each image was processed using a sharpen filter and contrast 

and brightness adjustment only. All photomicrographic plates were made using Adobe 

Photoshop 6.0 software (Adobe Systems, USA). 

To determine the percentage of NPY-IR profiles, we counted the total number of 

PGP-IR neurons in the measured area and took them as 100%. The NPY-IR neuronal 

profiles were counted in randomly selected measured areas (1 microscopic field was 

0.12 mm
2
) at 200-fold magnification. To avoid duplicate counts of neurons in the serial 

sections of the ganglia, only those nerve cell bodies containing a clearly identified 

nucleus were counted in any given section. Data from 10 measured areas per gangli-

on per age group, per animal, were included in this study. Data from individual ganglia 

in each age group were meaned yielding group sizes of n = 5.  
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Fig. 1. Percentages of PGP-IR neurons containing NPY in the myenteric (MP) and submu-

cous (SP) plexus of the duodenum in rats of different ages. The error bars represent the stand-

ard error of the mean. (*p < 0.05, when compared to 10-day-old) 

The applied statistical methods include calculation of the mean and standard error 

of the mean value. Differences in the mean values were subjected to one-way ANOVA 

followed by Tukey’s post-test of multiple comparisons. Differences were considered 

statistically significant at p < 0.05. 

Results 

NPY immunoreactivity was observed in the myenteric plexus of all studied ani-

mals from birth onwards. 

The results of the immunohistochemistry showed that the NPY-containing neurons 

were found in the small intestine in the myenteric plexus from the moment of birth. 

Their percentage slightly but significantly increased from 2.1 ± 0.12% in the newborn 

rats to 3.5 ± 0.36% in the 10-day-old rats (p < 0.05) and did not change significantly 

in the further development through the senescence (Fig. 1). 

In the submucosal plexus, NPY immunoreactive neurons were detected in large 

numbers only from the 10th day of life (36.7 ± 4.09%, Fig. 1). Their proportion did 

not change until the age of one year (41.7 ± 4.18%, p < 0.05), but substantially de-

creased in the two-year-old rats (22.6 ± 2.16%, p < 0.001).  

Y1R-immunoreactivity was most distinct on the membrane of smooth muscles, 

with additional granular intracellular labeling. The density of Y1R significantly in-

creased between days 10 and 20 of life. A faint Y2R-immunoreactivity was only ob-

served after 20 days of life. Y2R granules were located in smooth muscles. The density 

of Y2R-IR granules increased in the 30-day-old rats as compared with the 20-day-old 

rats and did not change during subsequent development. In contrast, the highest level 

of Y5R expression was registered in the newborn pups as compared with the older rats. 

In the newborn rats, the receptors were observed in the vessels, villi, and NPY-IR 

nerve fibers.  

All neurons in the intramural ganglia also exhibited Y1R and Y5R immunoreac-

tivity. No Y2R-IR profiles were observed in the ganglia during the development. 
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Discussion 

The present study shows changes in the expression of NPY, Y1R, Y2R, and 

Y5R in the small intestine of rats during their postnatal development. We did not ob-

serve NPY-IR neurons in the submucous plexus of the newborn rats. The literature 

data suggest that the submucosal plexus is not yet formed at the time of birth [18, 19]. 

The percentage of NPY-IR neurons in the intramural ganglia of the myenteric plexus 

slightly increased in the first 10 days of life. In ganglia of the submucosal plexus, 

NPY-immunoreactive neurons were detected in large numbers only on day 10 of life. 

Their proportion significantly increased in the rats aged from 10 to 20 days, and then 

decreased in the two-year-old rats. In the majority of the mammalian autonomic gan-

glia, an increase in the proportion of NPY-containing neurons occurs in the develop-

ment [10–12, 20]. This process varies in different ganglia. The greatest increase is 

found in the heart intramural ganglia, the lowest one is observed in the enteric ganglia 

[14, 19]. In contrast to the sympathetic and heart intramural ganglia, the percentage 

of NPY-IR neurons decreased in the older rats. 

Unfortunately, there are no data available on embryonic changes of NPY in 

the enteric neurons in rats. The entire length of the gut is colonized by neural crest 

cells on embryonic day 14 in mice [21] and 16.5 in rats [22]. We suggest that the de-

velopment of enteric neurons in rats is similar to that one in mice with a short delay.  

In our previous work, we found the same pattern of the development of NPY recep-

tors in the rat heart. Y5R expression was the largest in the newborn pups and signifi-

cantly decreased the first 10 days, without subsequent changes. In contrast, the density 

of Y1R and Y2R increased in ontogenesis. Y1R were detected in a small number in 

the newborn rats and their number increased significantly in the first 20 days of life; 

Y2R were detected only in the 20-day-old rats, without changes in the degree of ex-

pression [14]. The developmental changes of Y5R were also found in the central 

nervous system, where Y5R inhibited synaptic excitation in the hippocampal slice 

only in young rats and their contribution declined with age [23]. 

NPY acts as a trophic factor by promoting growth and/or differentiation of a variety 

of cells in a receptor-specific manner. The hypertrophic effect of NPY is accompa-

nied by an increased activity of cytosolic creatine kinase, protein kinase C, and pro-

tein kinase C-dependent activation of mitogen activated protein kinase in adult and 

neonatal myocytes and activation of phosphoinositol 3-kinase in adults [24]. 

Via its Y1R, Y2R, and Y5R, NPY promotes angiogenesis [5–7], where Y5R acts 

as an enhancer [25]. According to our data, the highest level of expression is observed 

in Y5R in the first 10 days of life. We suggest that Y5R has the most important role in 

stimulating blood vessels growth during the early development. The growth-stimula-

ting effect of the Y5R activation leads to increased protein kinase C-activity, cAMP in-

hibition, and to mitogen activated protein kinase phosphorylation and activity [26, 27].  

Thus, in the heart of a newborn rat, NPY may play a trophic function via Y5R 

promoting growth of smooth muscle cells and capillaries. This type of receptors may 

be very important during the period of rapid increasing of the intestine weight and 

establishing of autonomic innervation. 
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Conclusions 

Thus, in rats, NPY-ergic innervation of the gut is present from the moment of 

birth. In early postnatal ontogenesis, there are small differences in the number of NPY-

containing neurons between newborn and older rats. The density of Y1R and Y2R in-

creases, while the proportion of Y5 receptors decreases. Probably, these changes are 

associated with the trophic action of NPY. Further physiological and pharmacologi-

cal studies using selective agonists and antagonists of NPY receptors are required to 

better understand the function of NPY during the development. The obtained results 

can be a basis for future studies on the mechanisms of development of autonomic 

regulation. 
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Аннотация 

Нейропептид Y (НПY) выполняет нейромедиаторные функции в автономной нервной си-

стеме, в том числе в метасимпатических интрамуральных узлах кишки. В ходе исследования мы 

регистрировали иммуногистохимическими методами НПY-позитивные нейроны в интрамураль-

ных узлах двенадцатиперстной кишки крыс следующих возрастных групп: новорожденных; 10-, 

20-, 30-, 60-суточных;1-, 2-летних. 

Результаты иммуногистохимического анализа показали, что НПY-содержащие нейроны 

присутствуют в интрамуральных узлах межмышечного сплетения у крыс с рождения (в незначи-

тельном количестве) и далее на протяжении всех возрастных периодов. В узлах подслизистого 

сплетения НПY-иммунореактивные нейроны были выявлены в большом количестве только 

начиная с 10-го дня жизни. Их число не менялось на протяжении первого года жизни, а затем 

уменьшалась у крыс, достигших возраста двух лет. Плотность рецепторов Y1R и Y2R увеличилась, 

а доля рецепторов Y5R уменьшилась. Эти изменения могут быть связаны с трофическим дей-

ствием НПY. 
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Сделан вывод о том, что нейропептид Y достаточно распространен в различных отделах авто-

номной нервной системы, включая симпатический, парасимпатический и метасимпатический, и 

играет важную роль в процессах возрастного развития нейронов. 

Ключевые слова: нейропептид Y, рецепторы, автономная нервная система, крысы, онтогенез 
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