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Abstract—Neuropeptide Y (NPY) performs varied functions in the nervous system, including the
regulation of vascular tone and gastrointestinal secretion. Specifically, it exerts a direct inhibitory
effect on intestinal motility and secretion. Colocalization of NPY with choline acetyltransferase
(ChAT), the enzyme catalyzing acetylcholine synthesis, as well as neuronal NO synthase (nNOS),
vasoactive intestinal peptide (VIP) and calcium-binding protein calbindin (CB), was studied in
enteric neurons of the submucosal plexus of the rat small intestine at different ages (from the
moment of birth until old age) using double immunolabeling and fluorescence microscopy. From
the moment of birth, all NPY-ergic neurons colocalize ChAT, while most of them also contain VIP
and CB. In aged rats, the percentage of NPY-ergic neurons colocalizing CB, VIP and ChAT
decreases. Both in juvenile (since birth until 20 days of age) and aged rats, NPY-ergic neurons were
found to express nNOS. Thus, at early stages of ontogeny and in senescence, the rat enteric
metasympathetic NPY-ergic submucosal neurons contain a wider range of neurotransmitters
compared to adult animals.
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INTRODUCTION

The neurochemical composition of metasym-
pathetic ganglia is highly variable. Acetylcholine,
synthesized by the enzyme choline acetyltransfer-
ase (ChAT), is found in most ganglionic neurons.
In addition to acetylcholine, neurons of intramu-
ral ganglia may contain other neurotransmitters,
including nitric oxide (NO), serotonin, hista-

mine, as well as neuropeptides, such as neuropep-
tide Y (NPY), vasoactive intestinal polypeptide
(VIP), and others [1-3].

NPY is widespread in the gastrointestinal tract
and occurs in nerve fibers heading to the mucosa
and muscularis propria, as well as to vascular
smooth muscles [4—6]. NPY occurs in about half
of the neurons of the submucosal nerve plexus and
only in a small part of neurons in the mouse and
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Table 1. Primary antibodies
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Type of antibody Host animal Dilution Supplier Cat No.
choline acetyltransferase (ChAT)* Goat 1:100 Millipore AB144p
vasoactive intestinal peptide (VIP) Rabbit 1:300 Abcam ab43841
neuronal NO synthase (nNOS) Rabbit 1:300 Abcam ab1376
Neuropeptide Y (NPY) Rabbit 1:500 Abcam ab30914
NPY Sheep 1:500 Abcam ab6173
calbindin (CB) Rabbit 1:500 Abcam ab11426

* Antibodies to peripheral ChAT isoform (pChAT).

rat intermuscular plexus [7, 8].

In the intramural enteric ganglia of rodents,
most NPY-immunopositive (+) neurons colocal-
ize ChAT [7, 9]. Neurons colocalizing ChAT,
calcium-binding protein calbindin (CB), NPY
and VIP are considered secretomotor neurons [1,
3, 9]. According to the literature, peripheral neu-
rons contain the so-called peripheral ChAT iso-
form (pChAT) [10].

NPY has a direct inhibitory effect on intestinal
motility and secretion. In addition, NPY pro-
motes neurogenesis and angiogenesis [11—13].
Submucosal neurons regulate the transport of ions
and water across the intestinal epithelium, as well
as the secretory function of the glands. Secretory
disorders in the form of hyper- or hyposecretion
may be associated with impaired activity of sub-
mucosal NPY-ergic neurons, mainly of the small
intestine.

During ontogeny, the morphological charac-
teristics and chemical composition of neurons of
the autonomic nervous system undergo changes
[2, 14, 15]. This concerns the changes in the size
of neurons, levels of calcium-binding proteins,
neuropeptides, neurotransmitters and enzymes of
their synthesis, including the expression of NPY
and its receptors. It was established that the pro-
portion of NPY-ergic neurons in submucosal
metasympathetic ganglia of the small intestine
increases from the moment of birth to 20—30 days
of life, and then declines [8]. Nevertheless,
changes in the neurochemical composition of
NPY-ergic enteric metasympathetic neurons
remain understudied.

This work aimed to determine the colocaliza-
tion of NPY with enzymes for the synthesis of
neurotransmitters as well as other neurotransmit-

ters, in submucosal neurons of the rat small intes-
tine during postnatal ontogeny from the moment
of birth to the onset of old age using immunohis-
tochemical methods.

MATERIALS AND METHODS

The experiments were carried out on Wistar
rats: newborn and aged 10, 20 and 30 days,
6 months and 2 years (5 animals per age group).
Animals were kept under standard vivarium con-
ditions in acrylic cages lined with wood chips, in
an acclimatized room (12 h/12 h light/dark cycle,
22 *+ 3°C), on a complete balanced diet with ad
libitum access to food and water. All the experi-
mental procedures met the “Rules for carrying
out animal research work” (order No. 775 of 08/
12/1977, Ministry of Health of the USSR), as well
as the principles of the Basel Declaration and the
recommendations of the Ethics Committee of the
Yaroslavl State Medical University (YSMU)
(minutes No. 41 of 10/22/2020).

Animals were euthanized with a lethal dose of
urethane (3 g/kg, i.p.) and immediately perfused
transcardially with a standard 0.01 M PBS
(pH 7.4) (Biolot, Russia) followed by (Sigma,
USA). After perfusion, duodenal segments
(0.5 cm long) were excised and placed into 4% para-
formaldehyde/PBS for 1—2 h. A series of 12-um
sections were prepared on a cryostat.

In order to identify neurons containing NPY,
ChAT, VIP, nNOS and CB, we used a double
immunolabeling technique. Sections were prein-
cubated for 30 min at room temperature in PBS
added with 10% donkey serum (Jackson Immu-
noresearch, USA), 1% Triton X-100, 0.1%
bovine serum albumin, and 0.05% thimerosol.
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(d) 4 (©) ,
Fig. 1. Micrographs of neurons containing neuropeptide Y (NPY) (a, d), choline acetyltransferase (ChAT) (b, e), and NPY
colocalized with ChAT (c, f) in the intramural ganglia of the duodenal submucous plexus of 20-day-old (a—c) and 2-year-old
(d—f) rats. ChAT+/NPY— neurons are indicated by arrows. Fluorescence: Cy3 (red, ChAT), FITC (green, NPY). Scale
50 pm.

Next, the sections were incubated with primary
antibodies (Table 1) for 24 h at room temperature.
After a short wash with PBS, the sections were
incubated with secondary antibodies for 2 h. The
latter were conjugated to different fluorochromes:
fluorescein isothiocyanate (FITC, green fluores-
cence) and indocarbocyanin (Cy3, red fluores-
cence) (1: 150; Jackson Immunoresearch, USA).
Thereafter, the sections were rewashed in PBS
and embedded in a Vectashield mounting
medium for immunofluorescence (Vector Labo-
ratories, USA). The negative control was per-
formed through a replacement of primary
antibodies by a donkey serum.

The histological preparations were analyzed on
an Olympus BX43 fluorescence microscope
(Tokyo, Japan) with an appropriate set of light fil-
ters and a cooled Tucsen TCC 6.11CE CCD digi-
tal camera and ISCapture 3.6 software (China).
The percentage of immunopositive neurons in
digital images of histological preparations was
determined using Image J (NIH, USA, http://
rsb.info.nih.gov/ij/). The analysis only con-
cerned the nerve cells whose images contained a
nucleus with a nucleolus. The total number of
immunoreactive neurons containing only red,
only green, and both colocalized labels (yellow in

()

overlapped images) was taken as 100%. Immuno-
reactive neurons were counted across randomly
selected measured areas (image area (.12 mmz) at
200-fold magnification. For each animal,
5 images were analyzed in 5 sections (one image
per section).

The data obtained were statistically processed
using Sigma Plot software packages (StatSoft,
USA). All values are presented as the arithmetic
mean =+ standard error of the mean (M = SEM).
The significance of differences in mean values was
determined using one-way ANOVA with the
Bonferroni correction. Differences were consid-
ered statistically significant at p < 0.05.

RESULTS

In the submucosal nerve plexus, NPY+ neu-
rons were detected in large numbers in all age
groups (Figs. 1-5). All NPY+ neurons (100%),
from birth to old age, contained the enzyme for
acetylcholine synthesis, ChAT (Fig. 1). At the
same time, a part of NPY-immunonegative (—)
neurons were also ChAT+, and the percentage of
these cells increased significantly from days 20 to
30, as well as in aged rats (p < 0.05, Fig. 2).

Since birth, most NPY-containing neurons also
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Fig. 2. Percentage of NPY+ neurons colocalizing ChAT (a), calbindin (CB, b), vasoactive intestinal peptide (VIP, c), neuro-
nal NO synthase (nNOS, d) in rats of different ages. *p < 0.05. Statistically significant differences vs. 30-day-old rats.

Fig. 3. Micrographs of neurons containing calbindin (CB) (a, d), NPY (b, e¢) and NPY colocalized with CB (c, f) in duodenal
submucosal intramural ganglia of 20-day-old (a—c) and 2-year-old (d—f) rats. CB—/NPY+ neurons are indicated by arrows,
CB+/NPY— neurons are indicated by asterisks. Fluorescence: Cy3 (red, NPY), FITC (green, CB). Scale 50 microns.

contained CB (Fig. 3), VIP (Fig. 4), and nNOS

(Fig. 5). The percentage of NPY+ neurons colo-
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Fig. 4. Micrographs of neurons containing NPY (a, d), VIP (b, e), and NPY colocahzed with VIP (c, f) in duodenal submuco-
sal intramural ganglia of 20-day-old (a—c) and 2-year-old (d—f) rats. NPY+/VIP— neurons are indicated by arrows. Fluores-

cence: Cy3 (red, VIP), FITC (green, NPY). Scale 50 microns.

Fig. 5. Micrographs of neurons containing NPY (a, d), nNOS (b, ¢) and NPY colocalized with nNOS (c, f) in duodenal sub-
mucosal intramural ganglia of 10-day-old (a—c) and 2-year-old (d—f) rats. nNOS+/NPY— neuron is indicated by arrow. Flu-
orescence: Cy3 (red, nNOS), FITC (green, NPY). Scale 50 microns.

calizing CB significantly increased between days
10 and 20 of postnatal life (p < 0.05, Fig. 2),
remaining constant up to 6 months, and
decreased in aged rats (p < 0.01). In aged vs.
younger rats, the percentage of CB+ neurons
containing no NPY also increased significantly
(p<0.001).

The percentage of NPY+ neurons colocalizing
VIP was not statistically indistinguishable in juve-
nile vs. adult rats (p > 0.05, Fig. 2), but signifi-
cantly decreased in aged rats (p < 0.001). In aged
vs. younger animals, the proportion of NPY+/
VIP— neurons significantly increased (p < 0.001).

In young rats, since birth to 20 days of life, as
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well as in aged animals, nNOS was detected in
NPY+ neurons. It is noteworthy that while a sig-
nificant number of nNOS+ neurons were
detected in newborn and 10-day-old animals,
only sparse cells were observed in 20-day-old rats.
Nevertheless, in aged rats, the proportion of
nNOS+ neurons again becomes comparable to
that in newborns and 10-day-olds, with no signifi-
cant differences between these groups (p > 0.05,
Fig. 2).

DISCUSSION

Our results show that NPY+ neurons are
detected in submucosal nodes in large numbers
since the very moment of birth. The data of our
previous study indicate that the percentage of
NPY+ submucosal neurons of the small intestine
varies during ontogeny, peaking in rats at the age
of 20—30 days [8].

NPY+ and NPY— neurons belong to different
functional populations. The submucosal nerve
plexus in guinea pigs and mice comprises four
types of neurons, including secretomotor and
vasomotor neurons, as well as their own primary
afferent neurons [1, 3]. Neurons that colocalize
ChAT, CB, NPY, and VIP are considered secre-
tomotor neurons [9].

NPY exerts a direct inhibitory effect on intesti-
nal motility and secretion. The inhibitory effect of
NPY on the intestinal secretory function is imple-
mented through activation of postsynaptic
Y1 receptors of enterocytes and neuronal presyn-
aptic Y2 receptors [4, 16]. Given that submucosal
neurons are involved in the regulation of secre-
tion, it can be assumed that at the age of 20—
30 days, the secretory function of the small intes-
tine undergoes an ultimate formation associated
with the transition from milk to independent
nutrition. At the same time, NPY can play a spe-
cial role in the development of the small intes-
tine’s function, acting not only as a co-
transmitter, but also as a trophic factor. Apart
from affecting vascular tone, cardiac perfor-
mance, secretory and motor functions of the gas-
trointestinal tract, NPY stimulates neurogenesis
and also has trophic effects, specifically, promot-
ing angiogenesis and myocardial hypertrophy
[11—13]. In the gut, NPY also plays an important
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role, modulating the functions of immune cells
and the epithelial barrier.

Here we addressed for the first time NPY and
ChAT colocalization in rats from birth to old age.
During postnatal ontogeny, all NPY+ neurons con-
tain the enzyme for acetylcholine synthesis, ChAT,
which is consistent with the literature data obtained
on adult animals [1, 3, 7]. We also found that NPY+
cholinergic neurons predominantly contain VIP
and CB in juvenile, adult, and aged rats.

Interestingly, one and the same neuron of the
submucosal nerve plexus contains neurotransmit-
ters that both stimulate (VIP) and inhibit (NPY)
intestinal secretion [1]. Apparently, the release of
VIP or NPY relies on the type of stimulation. For
example, noradrenaline is released from sympa-
thetic terminals at a low-frequency stimulation,
while NPY is released by high-frequency stimula-
tion [5]. NPY is believed to have a pro-inflamma-
tory effect, while VIP is anti-inflammatory [17].
An increase in the percentage of NPY+/VIP—
and a decrease in the percentage of VIP+ neurons
may indicate that aging is accompanied by an
increase in the level of inflammatory processes in
many tissues, including the nervous system and
gastrointestinal tract [18].

We found that, at an early age, most
NPY+ neurons transiently express nNOS. More-
over, a small part of NPY— neurons in newborn
and 10-day-old animals also colocalize nNOS.
Nevertheless, nNOS in the submucosal plexus is
detected only in single neurons at the age older
than 20 days, however, again becomes detectable
in aged animals. According to the literature data,
only 1% of submucosal neurons of the small intes-
tine in an adult mouse contain nNOS, whereas in
the late embryonic and early postnatal period,
nNOS occurs in 50% of submucosal neurons [19,
20]. Similarly, cholinergic neurons of sympathetic
ganglia express ChAT and the enzyme for the syn-
thesis of catecholamines, tyrosine hydroxylase,
which ceases to be detected since the third week
of life [21]. Also, transient nNOS expression is
observed during the embryonic period in the spi-
nal nodes, cerebellum, brainstem, cerebral cortex,
and hippocampus [22, 23]. Some authors relate
this transient expression with the role of NO in
eliminating excess synaptic innervation, which is
observed in the developing nervous system, as well
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as with fine tuning of the synaptic apparatus,
accompanied by the activation of some synapses
and the elimination of low-activity ones [23, 24].
Also, NO increases the excitability of neurons by
modulating the activity of K* channels [24]. An
increase in the expression of nNOS in old age is
also observed in CNS neurons [25, 26]. It is
assumed that this may, on the one hand, promote
apoptosis, and on the other hand, have an anti-
apoptotic significance.

Thus, at early stages of ontogeny and in old age,
enteric neurons of the metasympathetic nervous sys-
tem, specifically those expressing neuropeptide Y,
contain a wider spectrum of neurotransmitters as
compared to adult animals. In this study, it was
shown for the first time that NPY-ergic neurons
of the rat submucosal plexus, along with choline
acetyltransferase, vasointestinal peptide and cal-
bindin, in newborn and aged rats, also express
neuronal NO synthase.
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