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ABSTRACT

BACKGROUND: No studies have sufficiently evaluated the innervation of the mediastinal organs in the P1 period when the
blood circulation switches from placental to pulmonary and the regulation of respiration and functioning of the cardiovascular
system begin.

AIM: This study aimed to conduct a comparative immunochistochemical analysis of the innervation of the mediastinal organs of
newborn rats.

MATERIALS AND METHODS: Immunochistochemical methods were employed for identifying neuronal markers: PGP 9.5
protein, tyrosine hydroxylase, and synaptophysin. Primary antibodies were applied to mediastinal sections after they had been
deparaffinized.

RESULTS: Analysis of frontal sections of the cardiopulmonary complex of rats at P1 showed that the bronchi, esophagus,
great vessels (aorta and pulmonary artery trunks), veins (pulmonary and caval), adipose tissue, lymph nodes, lung fragments,
and heart occupied the upper and middle sections of the mediastinum. Closely adjacent parasympathetic and sympathetic
ganglia, microganglia, nerve trunks, and plexuses of nerve fibers were identified using neuronal markers in the interstitium
between organs. In the upper and middle mediastinum of newborn rats, synaptic structures were identified in the ganglia and
paraganglia, mixed lobules of adipose tissue, esophageal and bronchial wall, around small arteries and arterioles for the first
time using immunohistochemical methods.

CONCLUSION: This comparative study revealed that in the early period of postnatal development of rats, the walls of the
esophagus, trachea, and main bronchi are most innervated in the mediastinum; in the myocardium and lungs, these nervous
apparatuses are typically rare or absent. A high concentration of synaptic structures in the conducting myocardium has been
described.

Keywords: mediastinal organs; newborn rat; innervation; PGP 9.5 protein; tyrosine hydroxylase; synaptophysin;
immunochistochemistry.
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AHHOTALMA

06ocHoBaHMe. HeocTaTouHO M3yyeHa MHHEPBALMS OPraHOB CPeLOCTEHWUS B NEPUOA HOBOPOXKAEHHOCTH, KOTa NPOMCX0AMUT
nepekJIYeHne NpoLiecca KPoBOObpaLLEHMS C NALEHTApHOrO Ha NETOYHOE M HAYMHAETCA CTaHOBNIEHWE PEryNALMU [bIXaHus
1 QYHKUMOHMPOBAHNA OpPraHoB CepAEeYHO-COCYAUCTON CUCTEMBI.

Lieno uccnepoBaHus — cpaBHUTENbHOE WMMYHOTUCTOXMMWUYECKOE MCCNefioBaHWe 0COBEHHOCTEN MHHepBaLWW OpraHoB
CpefoCTeHMs: HOBOPOXAEHHOM KPbIChl.

Matepuansl u MeToabl. PaboTa BbiNonHeHa ¢ NPUMEHEHMEM MMMYHOTUCTOXMMUYECKUX METOL0B BbISBIEHNS HEMPOHANBHbIX
MapKképoB: Oenka PGP 9.5, TMposuHrMapoKcunasbl M cuHanTodusuHa. [lepBUYHbIe aHTUTENa HaHOCMIUCL Ha Cpesbl
CpenocTeHus nocne ux AenapadmH1poBaHus.

Pe3ynbratbl. AHanM3 QpoHTaNbHLIX CPE30B Yepe3 CepLeyHO-NIEr0YHbIA KOMMJIEKC KpbiC B Bo3pacTe 1 cyT NOCTHaTalbHOMo
pa3BUTMS MOKasas, YTo B [OpCaNbHOM M CpefHeM OTAenax CPeAoCTeHUS KOMMAKTHO PacronoeHbl BpOHXW, nuiiesog,
MarucTpanbHble cocydbl (aopTa, NEFOYHbIA CTBOA W JNETOYHbIE apTepWy), BEHBbI, 3KMPOBAas TKaHb, IMMQaTUyeckue y3nbl
1 cobcTBEHHO cepaLie. B MHTepCTMLMM MeXX Iy OpraHamMy C MOMOLLIbH HeVpOHaMbHBIX MAapKEPOB BblSBNIEHbI TECHO NpUeXaLLue
K HUM TaHrIMM, MUKPOTaHT MK, HEPBHbIE CTBOJIMKW W CTIIETEHUS MApacMMMATUYECKUX M CUMMATUYECKUX HEPBHBIX BOJIOKOH.
B popcanbHOM W cpefHeM OTfenax CpefoCTEHMs BrEpBblE C MOMOLLbK MMMYHOTUCTOXMMUYECKUX METOAO0B BhbiSBNEHb
CMHaNTUYeCKMe CTPYKTYpbl B FAHIAMAX, B CTEHKE MULLEBOAA U BPOHXOB, BOKPYr MESIKUX apTepuii 1 apTepuon. YcTaHoBneHa
BbICOKasl KOHLIEHTPaLMA CUHANTUYECKUX CTPYKTYP B CUHYCHO-NpeACcepAHOM Y3ie cepALa Kpbichl.

3aksioyeHme. Y HOBOPOKAEHHBIX KPbIC B CPEAOCTEHUM Hanbonee MHHePBUPYEMbIMU OKa3bIBAIOTCS CTEHKY NULLEBOJA, TPaXeu
M rnaBHbIX BpOHXOB. B MMOKapae enyaoukoB cepAla U B JIETKWUX HEPBHbIE anmapatbl, KaK NpaBuio, BCTPEYalTCca peaKo
unm otcyTcTBYHT. ONKcaHa BbiCOKas KOHLIEHTpaLMs CUHaNTUYECKWX CTPYKTYP B MPOBOASALLEN CUCTEMe cepaua.

KnioueBble cnoBa: opraHbl CpeloCTEHUS; HOBOPOXKAEHHAs Kpbca; MHHepBaums; 6enok PGP 9.5; TposuHruapokcunasa;
CUHaNTOGU3MH; UMMYHOTUCTOXUMMUS.
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BACKGROUND

Studies focusing on the pericardial region using
neurohistological and histochemical methods and electron
microscopy have described the presence of different nerve
structures, such as the ganglia, paraganglia, nerve plexuses,
and myelinated and unmyelinated nerve conductors [1-4].
Nerve fibers from various parts of the peripheral nervous
system, including the sympathetic and parasympathetic
links of the autonomic nervous system, are involved in
the innervation of tissues and organs of the dorsal and
middle mediastinum (DMMS) of animals and humans [5].
In recent decades, in addition to classical light-optical
neurchistological methods and electron microscopy,
immunohistochemical (IHC) methods have been widely
employed. They allow for the selective detection of nerve
structures of various mediating forms in different parts of
the cardiovascular, respiratory, and digestive systems in
both normal and pathological conditions [6—9]. Using humans
and experimental animals, researchers pay the greatest
attention to the innervation of the heart and great blood
vessels [6, 7, 10, 11]; however, the innervation of other
vital anatomical structures localized in the DMMS (bronchi,
esophagus, pulmonary and vena cava, and adipose tissue)
remains less investigated. In addition, the development of
DMMS innervation is established in newborns when the blood
circulation process switches from placental to pulmonary and
in the first days of postnatal development when the regulation
of respiration and functioning of the cardiovascular system.
In previous studies on rats using IHC markers that allow
the comprehensive study of neurons, nerve plexuses, nerve
fibers, and terminals of the parasympathetic and sympathetic
nervous system (PGP 9.5 protein, tyrosine hydroxylase,
and synaptophysin), this study paid attention mainly to
the heart [9, 11].

The work aimed to perform a comparative IHC study
of the innervation features of the mediastinal organs of
a newborn rat.

MATERIALS AND METHODS

An experimental single-center, one-stage, selective,
uncontrolled study was performed. Wistar rats aged 1 day
after birth were included.

The study objects were the organs and tissues of
the mediastinum of Wistar rats aged 1 day (P1) (n =10).
When experimenting with animals, the international rules
of the European Community for the humane treatment
of experimental animals were observed. The study was
approved by the Local Ethics Committee of the Institute of
Experimental Medicine (Protocol No. 2/22 dated April 6,
2022).

The material was fixed in a zinc ethanol formaldehyde
solution for 1 day [12] and, after dehydration in alcohols
of increasing concentrations and xylene, the samples were
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embedded in paraffin. Paraffin frontal sections through
the cardiopulmonary complex with a thickness of 5-7 pm
were made using a Pfm Rotary 3,003 rotary microtome (PFM
Medical, Germany). After deparaffinization, IHC reactions for
tyrosine hydroxylase, PGP 9.5 protein, and synaptophysin
were performed on the sections. Tyrosine hydroxylase, an
enzymatic marker of catecholaminergic structures, was
detected using rabbit polyclonal antibodies (Abcam, UK).
Polyclonal rabbit antibodies (Spring Bioscience, USA) were
used to detect PGP 9.5 protein. Polyclonal rabbit antibodies
(MONOSAN, Netherlands) were used to detect synaptophysin.
Primary antibodies were applied to histological sections
for 24 h. Reagents from the UltraVision Quanto Detection
System HRP DAB kit (Thermo Fisher Scientific, USA) were
used as secondary reagents. Some sections were stained
with toluidine blue, hematoxylin and eosin, and aster blue.
Histological preparations were analyzed under a Leica
DM750 microscope (Leica Microsystems, Germany) and
a Leica ICC50 digital camera (Leica Microsystems, Germany).

RESULTS

Before the morphological analysis, the number of
topographic features reflecting the general macroscopic
presentation of the DMMS in newborn rats was assessed.
Using the histological preparations stained with hematoxylin
and eosin or toluidine blue, at low magnification of
the microscope (x40) on longitudinal sections, most organs of
the mediastinum, including the heart, were visible. The trunks
of the vagus and recurrent nerves, main bronchi, great venous
and arterial vessels, fragments of the esophagus, lymph nodes,
and ganglia were clearly defined on the sections. Spaces
between organs were filled with fascicular—cellular elements
of loose connective tissue, forming lobules of adipose tissue
and vessels of the microcirculatory bed (Fig. 1).

IHC analysis helped in establishing important features
and patterns of innervation of organs and tissues of
the DMMS. Ganglia, nerve trunks, and bundles of nerve
fibers are found in different areas of the fascicular connective
tissue, forming plexuses of varying densities. Using the IHC
reaction for the PGP 9.5 protein and tyrosine hydroxylase,
they have different biochemical status, cholinergic and/
or sympathetic nature (Fig. 1). In the mediastinal region of
newborn rats, nervous apparatuses with morphological signs
of maturity and immature structures in a state of growth and
development were found. The innervation of the esophageal
wall, sinoatrial node of the heart, and ganglion of
the bronchial plexus was sufficiently differentiated. At this
stage of development, neuroblasts and young neurons of
small sizes with a narrow rim of cytoplasm and undeveloped
chromatophilic substance were seen in nearly all ganglia. In
such ganglia, no mature pericellular synaptic plexuses were
found around the neurons yet; however, separate clusters
of presynaptic boutons of interneuronal synapses already
existed.
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Fig. 1. Organs of the mediastinum of a newborn rat: B — bronchi, E — esophagus, M — atrial myocardium, HV — heart valve, PA —
pulmonary artery, LN — lymph node, AT — adipose tissue, v — veins, N — nerve trunks, G — atrial ganglion. Immunohistochemical
reaction to PGP 9.5 (a), to tyrosine hydroxylase (b); hematoxylin (a), toluidine blue (b); x40.

Puc. 1. OpraHbl cpepocTeHns HOBOPOXAEHHOM Kpbichl: B — 6poHxu, E — nuwesoa, M — muokapa npencepams, HV — cTBopky cep-
AeyHoro KnanaHa, PA — nerouHas aptepus, LN — numdatyeckuii ysen, AT — xupoBas TKaHb, vV — BeHbl, N — HepBHble CTBOSbI,
G — aTpuanbHbIf raHrmid. IMMyHorucToxuMmyeckas peakums Ha PGP 9.5 (a), Ha TuposuHruapokeunasy (b); noaKpacka reMaToKcunu-

HOM (@), TONYMAMHOBLIM CUHUM (b); x40,

In the nerve plexuses of the DMMS, along with the large
ganglia, microganglia, islets, and groups of chromaffin
cells were detected. Several large ganglia, reaching
150-300 pm in length, were constantly detected between
the main bronchi and pulmonary veins. Fig. 2 presents
one of the cardiac nerve nodes, closely adjacent to
the posterior wall of the myocardium between the right and
left atria. Above it, two main bronchi and vein profiles are
visible (Fig. 1).

The ganglion is elongated and consists of several rows of
round and pear-shaped differentiating PGP 9.5*, neuroblasts
of various sizes and young neurons, and branching bundles
of parasympathetic nerve fibers. In one case, a ganglion with
tyrosine hydroxylase-immunonegative neurons to tyrosine
hydroxylase was detected in the sympathetic trunk (Fig. 2c).
In different parts of the DMMS (in the area of the venous sinus,
between the aorta and pulmonary trunk, around the main
bronchi, on the posterior atrial wall, near the pulmonary
veins, and between the trachea, esophagus, and pulmonary
trunk), nerve nodes consisted exclusively of parasympathetic
nerve elements, namely, neuroblasts and young neurons of
round, triangular, and irregular shape (Fig. 2d). At this stage
of development, using the synaptophysin marker, synapses
are already forming on the neurons of the parasympathetic
ganglia (Fig. 2b).

In the mediastinum of P1 rats, the forming ganglionic
plexus is clearly visible on cross-sections through
the esophagus (Fig. 3). Numerous bundles of PGP 9.5* nerve
fibers were also noted in the connective tissue surrounding
the esophagus, on the border with other organs, such as
the bronchi, pulmonary arteries, and veins.

Loose connective tissues in the DMMS also comprise
numerous lobules of adipose tissue, whose cellular elements
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have different degrees of differentiation and innervation.
Some lobules are represented by rounded “epithelial bodies,”
with sizes reaching 150-200 pm in diameter. These lobules
contain preadipocytes (precursor cells of presumptive
adipose tissue) and are similar in structure to the glandular
tissue. “Body” cells have a hyperchromatic nucleus and large
cytoplasmic volume. The other part of the lobules consists
of mixed adipose tissue (brown and white). Some lobules
consisted of differentiated, predominantly white, adipocytes
(Fig. 4). Bundles of nerve fibers and branches of terminal
axons were visible in the parenchyma of the lobules.

In the heart of a newborn rat, abundant innervation
was noted in the region of bundles of conducting muscle
fibers located between the cranial vena cava and the base
of the right atrial appendage. Using the IHC reaction for
the PGP 9.5 protein and synaptophysin, many nerve terminals
were observed in this region. Using the IHC reaction for
tyrosine hydroxylase, the minority of them were found to be
sympathetic. The terminal network, innervating the cardiac
conduction system, can be traced at some distance to
branches into separate bundles.

In newborn rats, the terminal nerve plexus is already
formed. Few terminal synaptic networks consisting of
varicose axons are found in the adventitia of the main
bronchi, around small arteries, and in the bodies and lobules
of brown and white adipose tissue. In the esophageal wall,
in addition to the Auerbach ganglionic plexus, fragments
of bundles of the terminal network of varicose axons are
also found in all membranes, which indicates the early
functional development of the innervation of this segment of
the gastrointestinal tract. Individual immunoreactive axons
of the terminal network are also noted at these times in
the myocardium of the atrial appendages, to a small extent,
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Fig. 2. Neural structures in the newborn rat mediastinum: 11 — differentiating synapses of preganglionic fibers on TH/PGP 9.5* ganglion
neurons (G), * TH-immunonegative neurons in the sympathetic nerve trunk. Immunohistochemical reactions to PGP 9.5 protein (a, d),
synaptophysin (b) and tyrosine hydroxylase (c); x400. TH — tyrosine hydroxylase.

Puc. 2. HepBHble CTPYKTYpbI B CPEAOCTEHUM HOBOPOXKAEHHOW KpbIChl: TT — AnddepeHLMpYIOLLMCA CMHANChI NPeraHrIMoHapHble BOOKHA
Ha TH7/PGP 9.5* HeiipoHax cepaeyHoro napacumnatuyeckoro raHrms (G); * TH-MMMyHOHeraTMBHbIE HEMPOHbI B CUMNATUYECKOM HEPBHOM
ctBone. IMMyHorucToxummyeckue peakumu Ha 6enok PGP 9.5 (a, d), cuHanTodmsuH (b) u TuposuHruapokeunasy (c); x400. TH — tyrosine
hydroxylase (TMpo3uHruopokcunasa).

al b

Fig. 3. Nervous structures in the wall of the esophagus of a newborn rat in the mediastinum. MM — mucous membrane, SM — submucosa,
M — muscular shell of the esophageal wall; * nerve cells of the Auerbach plexus; 71 — bundles of nerve fibers. Immunchistochemical
reaction to PGP protein 9.5; x40 (@), x100 (b), x400 (c).

Puc. 3. HepBHble CTPYKTYpbl B CTEHKE NULLEBOAA CPELOCTEHUS HOBOPOXKAEHHOW Kpbickl: MM — cnusuctas obonoyka, SM — nopcnu-
31cTas 0CHOBa, M — MbilieyHas 000/104Ka CTEHKM MULLEBOA]; * FaHrIMO3HbIe HEpBHbIE KNeTKW AyapbaxoBa cnneTeus; T — nydku
HepBHbIX BOJIOKOH. IMMyHOrUCTOXMMMYeCKas peakums Ha 6enok PGP 9.5; x40 (a), x100 (b), x400 (c).

00I: https://doiorg/1017816/morph 629184

2]



OPUTHATTBHBIE MCCTTELOBAHA

a

Tom 161, N° 4, 2023

Mopdonorisa

b

Fig. 4. Fragments of adipose tissue of a newborn rat mediastinum, at different stages of its functional state and development: @ —
epithelial body, b — mixed adipose tissue, consisting of brown and white adipocytes. M — atrial myocardium, Eb — epithelial body, CC —
chromaffin cells, T — TH-immunonegative parasympathetic neurons; HB — nerve fibers of the vagal nerve; MAT — mixed adipose
tissue, CT — cartilage tissue. Immunohistochemical reaction to PGP 9.5 protein (a) and tyrosine hydroxylase (b); toluidine blue; x100.
Puc. 4. OparMeHTbI XMPOBOW TKaHU CPELOCTEHNS HOBOPOXAEHHOM KPbIChI, OTPAXKAIOLLME pa3Hble CTafuM €€ BYHKLMOHANIBHOI0 COCTOSHMS
W pasBUTUS: @ — 3NUTENWANbHOE TeNbLe; b — [0MbKa CMELLaHHOM XMPOBOI TKaHM, COCTOALLan U3 Bypbix W benbix agunoumToB. M —
MWOKapa, npefcepans, Eb — anutennansHoe Tenbue, CC — xpoMadduHHbie knetku, T — TH-MMMyHoHeraTMBHbIE NapacuMnaTyeckue
HelpoHbl, HB — HepBHble BONOKHa BarycHoro Hepea; MAT — fonbKa cMeLLaHHoW upoBom TKaHW, CT — xpsLeBas TKaHb. MMyHoru-
CTOXMMMYeCKasn peaKuums Ha 6enok PGP 9.5 (a) u Tupo3uHruapokcunasy (b); noaKpacka TonyMaMHOBBLIM cubuM; x100.

at the base of the valve apparatus, and in the upper part of
the interatrial septum.

DISCUSSION

As noted earlier, the morphology of the mediastinal
organs related to the circulatory, respiratory, digestive,
and immune systems (esophagus, great vessels, trachea,
bronchi, heart, adipose tissue, etc.) has not been sufficiently
studied in terms of their ontogenesis. The anatomical and
topographic localization of these organs is described in
well-known atlases and manuals. Most studies of the chest
organs of animals and humans have been performed using
physiological and clinical-instrumental methods [13-21].
Using these methods, reflex activity has been revealed in
the chest area of adults, and the existence of close functional
relationships between various organs of the respiratory and
digestive, cardiovascular and respiratory, nervous, and
immune systems has been assumed. The data obtained
from the analysis of hiopsy materials taken from the DMMS
deserve much attention. Researchers [13—17] have identified
and described various types of tumors developing in
the DMMS (neurinomas, lymphoblastomas, schwannomas,
fibroblastomas, etc.). Using electrophysiological methods,
the presence of reflexogenic zones similar to the carotid
sinus zone was established in this area.

Moreover, studies have revealed morphological
information, particularly the baroreceptor reflexogenic
zone in the aortic arch [22, 23]. Topographic,
anatomical, and morphometric data on the esophagus
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in human fetuses aged 16-22 weeks have recently been
published [24].

In this study, macroscopic and microscopic studies of
the DMMS organs of newborn rats were performed using
[HC methods, and the state of the nerve structures at this
stage of the body development was assessed. The originality
of the methodological approach was that on transverse
histological sections through the DMMS, owing to the use
of a low magnification microscope (x40), and several organs
simultaneously can be examined in one field of view on one
section, such as the trachea, nerves, main bronchi, heart, and
esophagus. As a result, close relationships were established
between these organ structures and branches, mainly
the parasympathetic nerve fibers of the vagus and recurrent
nerves, and to a lesser extent the sympathetic trunk.

The microscopic analysis of the material was performed
using neural markers (PGP 9.5 protein, tyrosine hydroxylase,
and synaptophysin) [10, 11]. Subtle neural-tissue relationships
were revealed, reflecting the development of innervation at
the synaptogenesis level and the formation of terminal synaptic
networks in addition to loose nerve plexuses [3]. For the first
time, using IHC markers, features of uneven development of
innervation processes in the chest organs were established,
and it is most pronounced in the esophageal wall. A high
density of terminal synaptic network was detected in the sinus
node of the right atrium. Terminal synaptic structures in
the walls of the bronchi were found following the direction of
the lobar segments of the lungs and in the lobes of the adipose
tissue. Moreover, the tissues of the left atrium and ventricles
of the heart remain weakly innervated.
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The cause of the most pronounced innervation,
in the early postnatal period of development, among
the DMMS organs, in the wall of the esophagus and region
of the venous sinus, or more precisely, the sinus node
located in the region of the conducting cardiomyocytes of
the right atrium, must be clarified. In our opinion, this is due
to the early development of these structures in phylo- and
ontogenesis. The recapitulation process originates from
the lower chordates of acranial animals. The lancelet with
a closed circulatory system already has sections such as
the Cuvier ducts and venous sinus, through an intestinal tube
with three sections, and an abdominal nerve cord. The region
of the nervous system that regulates the gastrointestinal
tract function is currently called the enteric nervous system
(ENS) (or metasympathetic, according to A.D. Nozdrachev
and E.I. Chumasov [3]). Some researchers compared the ENS
with the CNS by the presence of a large number of nerve
cells and called it the “second brain” [25]. Others believe
that the ENS can be considered the “first (and not second)
brain” [26] because, in phylogenesis, ENS structures appear
before the neural tube. It is also assumed that the “first brain”
passed to vertebrates in phylogenesis from annelids, which
were the first coelomic animals whose nervous system is
represented by the ventral nervous system.

The sinus node also develops quite early in phylogenesis.
The sinus node evolves when a closed type of circulatory
system arises and has already been described in annelids.
Obviously, the innervation of this area also appears earlier
than in other areas of the heart.

In addition to the two described areas of DMMS organs,
this study noted pronounced nerve structures in the adipose
tissue of the bronchial region and adventitia of large bronchi
and the walls of their branches. The established innervation
of developing adipose tissue in newborn rats complements
our previous data [27] and reveals that, from the first day of
development, the nervous system regulates the functioning of
developing adipocytes. In other tissues and organs of newhorn
rats, the morphological signs of innervation are very weakly
expressed. In the myocardium of the heart ventricles, lung lobes,
aortic wall, and pulmonary trunk, these signs are also very
weakly pronounced. The sequential development of the nervous
structures of these organs will be studied in further work.
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CONCLUSION

A comparative study of the features of the innervation of
the mediastinal organs of rats in the early postnatal period of
development using IHC methods revealed that the esophageal
wall and the venous sinus regions of the heart are the most
innervated. Presumably, this is due to the earliest formation
of these areas in phylo- and ontogenesis. For the first time,
this study using IHC methods presents data on the early
formation of synaptic structures with tissues of various
organs of the mediastinum.
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A0NOSIHATENIbHAS UHOOPMALIUA

WUcTounuk dmHaHcupoBaHUs. ViccnefoBaHWe BbIMOMHEHO B paM-
Kax rocymapcTeeHHoro 3aaaHua GefepanbHoro rocyaapcTBeHHOro
BHOIKETHOTO HaYYHOTO YYpeXAeHNs «HCTUTYT 3KCMePUMEHTaNbHOM
MeOMLMHBI», AoKyMeHT N2 122020300199-5.

KoHdnuKT uHTEpecoB. ABTOpbI [EKNapVpYIOT OTCYTCTBME SABHbIX
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