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ABSTRACT

BACKGROUND: Age-related remodeling of the mucaociliary transport system (MCTS) of the airways plays a significant role in
the pathogenesis of respiratory diseases. However, the available published data lacks studies of the structural and functional
parameters of bronchial epithelial lining throughout postnatal development conducted under standardized conditions and using
unified methodological approaches, which highlights the relevance of further research in this area.

AIM: The work aimed to investigate age-related patterns of postnatal morphogenesis of the bronchial mucociliary transport
system in rats based on structural and functional analysis of the respiratory epithelium components.

METHODS: The work utilizes in vivo measurement of ciliary activity, light and electron microscopy, immunohistochemistry
(using antibodies against the proliferation marker Ki-67), and morphometry. The research material consisted of respiratory
epithelium from the main, lobar, and segmental bronchi of Wistar rats (n = 76) at ages of 1, 8, 14 days, and 1, 3, 6, 14, 20, and
26 months, 69 animals per time paint.

RESULTS: In newborn rats, the bronchial tree is lined with a single-layer epithelium composed predominantly of undifferentiated
cells (59%-62%) and a few ciliated cells (21%-26%). During the first postnatal month, MCTS elements undergo the most
intensive and asynchronous differentiation: in the first two weeks, active ciliogenesis predominates, with the number of ciliated
cells increasing by 2.2-2.7 times (p < 0.001); between days 14 and 30; goblet cell subpopulations are formed. Ciliary apparatus
development proceeds faster in segmental bronchi, whereas glandular element formation occurs primarily in the main bronchi.
Ciliary beat frequency is the highest in newborns (25.0-25.9 Hz), decreasing to 14.9-18.6 Hz by one month of age (p < 0.001),
and subsequently stabilizing at 13.2-16.2 Hz. The formation of the typical structure of the respiratory epithelium is completed
during puberty; starting from 3 months of age and throughout the entire reproductive period (6—14 months), its main structural
and functional characteristics remain largely unchanged. In aging (20 months) and old (26 months) animals, the number of
ciliated and goblet cells reaches its maximum, and ciliary apparatus activity is preserved. However, there is a decrease in
proliferative cell count, an increase in hypertrophic ciliated cells, and the appearance of ultrastructural signs of epithelial cell
damage.

CONCLUSION: Postnatal morphogenesis of the bronchial MCTS in rats continues throughout life, with the most pronounced
histogenetic changes occurring during the first month after birth. Subsequent age-related changes in the mature epithelial
structure are aimed at maintaining stable mucociliary clearance.
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DyHKuMOHaNbHasA MopdoNorua MyKoLUIUaPHOM
TPaHCMOPTHOM CUCTEMbl GPOHXOB Y KpbiC
B NOCTHaTaJIbHOM OHTOreHe3e

A.B. lNaBnos., H.A. TioMuHa

ApocnaBckuii rocyaapCTBEHHbI MeAMLMHCKMIA yHUBEpcuTeT, Apocnasib, Poccus

AHHOTALMA

06ocHoBaHMe. Bo3pacTHble NepecTpoiKM MyKOLMAMapHOM TpaHcnopTHoW cuctembl (MLITC) Bo3ayXOHOCHBIX MyTen urpatT
CYLLECTBEHHYI0 POJib B MaToreHese pecnuparopHblx 3aboneBaHuit. OAHaKO B JOCTYMHOW HAaY4HOW nuTepaType OTCYTCTBYIOT
MCCNEeA0BaHUA CTPYKTYPHBIX M QYHKLUMOHANbHBIX MOKa3aTeneil aMUTeNNabHON BbICTUIIKM BPOHXOB B X0 MOCTHATaNbHOro
OHTOreHe3a, BbIMOJIHEHHbIE B CTAaHAAPTHBIX YCIIOBUSX M C UCMOJb30BAHNEM eIUHbIX METOAMYECKMX NOAX0L0B, 4TO 06ycnoB-
JIMBAET aKTyaNbHOCTb AaNIbHEMLLIEr0 U3yYeHUs LaHHOro BOMpoca.

Lienb uccnepoBaHus — 13yunTb BO3pacTHbIE 3aKOHOMEPHOCTM NOCTHATaNbLHOro MopdoreHe3a MyKOLMMApHOW TpaHCMopT-
HOM CUCTeMbI BPOHXOB Y KPbIC Ha OCHOBE CTPYKTYPHO-(YHKLMOHANIBHOMO aHan13a 3neMeHToB pecnupaTopHOro anuTesus.
MeTogpl. B pabote ucnonb3oBanu MeToabl NPUMHKM3HEHHOTO U3MEPEHMS ABUraTeNIbHOW aKTMBHOCTU LIMNIMAPHOro annapara,
CBETOBOW M 3MIEKTPOHHON MWUKPOCKOMUM, UMMYHOTUCTOXMMUM (C UCTONb30BaHMEM aHTuTen K benky nponudepaumu Ki-67)
1 MopdoMeTpuu. 06BEKTOM MCCNej0BaHUS CIYXUIT PECTIMPATOPHBINA IMUTENMN TNABHBIX, [LONEBbIX U CEFMEHTapHbIX 6pOHX0B
NETKMX KpbIC NMHUKM Buctap (n=76) B Bo3pacte 1, 8, 14 cyTok, 1, 3, 6, 14, 20 n 26 MecsLeB, N0 6—9 XKMBOTHLIX Ha KaXaylo
BPEMEHHYH0 TOUKY.

Pesynbtathbl. bpoHxvanbHoe fepeBo HOBOPOMAEHHBIX KPbIC BbICTAIAHO OJHOCIOWHBIM 3MUTENMEM, COAEPHALLMM MpenMy-
LLLeCTBEHHO HeanddepeHUMpoBaHHble KNeTKM (59—62%), a TakKe HEMHOTOYUCTIEHHbIE pecHUTHaTbIe KeTku (21-26%). B Te-
YeHWe MepBoro Mecaua nocne poxaeHns auddepeHumposka aneMentoB MUTC npoucxogut Haubonee WHTEHCMBHO U OT-
JIMYAETCA aCUHXPOHHBIM XapaKTepoM: B NepBble 2 Hefenu npeobnafaeT aKTUBHBIN LMIMOrEHe3 U KOJIMYECTBO PECHUTYATBIX
KNeToK Bo3pacTaeT B 2,2-2,7 pa3a (p <0,001); ¢ 14 no 30 geHb — dopMupytoTca cybnonynsauMM DOKaNoBUAHBIX KIETOK.
PaseuTue uunmapHoro annapara MAET onepealowyuMi TeMnamMmu B CerMeHTapHbIX BpoHxax, a GopM1poBaHue XenesncTbix
3/EMEHTOB — MPEMMYLLIECTBEHHO B rMaBHbIX 6poHxax. HYacToTa bueHus pecHnuek B bpoHxax Bcex KanubpoB MaKcuMarbHa
Y HOBOPOXAEHHBIX XMBOTHBIX (25,0-25,9 Tw), cHwkaeTcsa po 14,9-18,6 'y K Bo3pacty 1 Mecsy, (p <0,001) u ganee ctabu-
nmaupyetca Ha yposHe 13,2-16,2 Ty, 3aBepLueHne GOPMUPOBaHMA TUMMYHOM CTPYKTYPbl PECMIMPATOPHOrO 3MUTENIUS Npo-
MCXOMT B MEpUOL, MONOBOr0 CO3PEBaHMs; HauMHas C 3-X MECALEB M Ha MPOTSIKEHUM BCEr0 PEnpoLyKTMBHOTO Nepuofa
(6—14 mec.) ero oCHOBHble CTPYKTYpHbIE M (DYHKUMOHANbHbIE XapPaKTEPUCTUKM CYLLLECTBEHHO HE U3MEHAKTCA. Y CTapeloLumx
(20 Mec.) n y cTapbIx (26 Mec.) JKMBOTHBIX KOJIMYECTBO PECHUTYATBLIX M HOKANOBUAHLIX KNETOK LOCTUraeT MaKCUMMaJbHbIX 3Ha-
UeHWW, ABUraTeNibHas aKTUBHOCTb LIMIMAPHOro annaparta coxpaHseTcs. 0OHOBpeMEHHO MPOMCXOOUT CHUMXEHWE KOMM4YecTBa
npondepupyOLLMX KIETOK, YBENIMYEHWE LOMM UNepTPOGMPOBaHHbIX MepLaTebHbIX KIETOK U pa3BUTHE YNbTPACcTPYKTYp-
HbIX MPU3HAKOB MOBPEXAEHMS SNUTENMOLMTOB.

3akntouenue. lNoctHaTanbHblii MopdoreHe3 MLITC 6poHX0B y KpbIC MPOAOIKAETCA Ha NPOTSHEHUN BCEHA U3HM, NPU ITOM
rucToreHeTUYeCKMe npoLecchl Haubonee BbipaxeHbl B TeHeHWe NepBoro Mecaua nocse poxaeHus. [ocnepytowme Bo3pact-
Hble npeobpa3oBaHus chopMUpoBaBLUEACA feDUHUTMBHON CTPYKTYPbI IMUTENMANBHOMO MIacTa HanpaseHbl Ha Noaaepxa-
HWe CTabuUnbHOro YpOBHA MyKOLIMITMAPHOTO KIMPEHCa.

KnioueBble cioBa: pecnvpaTopHbIit 3NUTENNIA; BPOHXM; MYKOLMAMAPHBIA annapaT; NOCTHaTasbHbI OHTOreHes.
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BACKGROUND

The pseudostratified columnar ciliated (respiratory)
epithelium ensures the effective functioning of the
mucociliary transport system (MCTS) of the airways.
The formation and clearance of mucus along the luminal
surface of the bronchi and trachea are achieved through
the coordinated activity of the ciliary apparatus of ciliated
cells and the secretory activity of glandular elements [1, 2].
Age-related remodeling of the epithelial layer, accompanied
by alterations in its barrier and transport functions, may
play an important role in the pathogenesis of respiratory
diseases [3, 4]. The microscopic structure and motor activity
of the airway epithelium in the upper airways at different
stages of postnatal development have been studied in detail
mainly [2, 5]; however, the studies in the bronchial tree are
much less extensive [6]. Typically, studies of bronchi are
limited by the use of a few control time points, and the
methodological approaches utilized to assess ciliary activity
vary significantly, complicating cross-study comparisons.
Furthermore, there are no experimental studies describing
the dynamics in quantitative structural and functional
parameters of the bronchial epithelial lining throughout
postnatal ontogeny under standardized conditions with
uniform methodological approaches.

This study aimed to investigate the age-related patterns
of postnatal morphogenesis of the mucociliary transport
system in the bronchi of rats based on structural and
functional analysis of the respiratory epithelium.

METHODS
Study Design

An observational, single-center, cross-sectional,
uncontrolled study was performed on laboratory animals.

Eligibility Criteria

The study included intact male Wistar rats with known
birth dates. Animals reaching the required age for analysis
were randomly assigned to study groups. The rats were bred
under vivarium conditions in compliance with GOST 33215-
2014 (January 7, 2016) and GOST 33216-2014 standards for
this species. The animals were housed with free access to
water and a standardized dry feed (Stoylenskaya Niva Agro-
Industrial Complex, Russia).

Study Setting

The experiments, histological, and immunohistochemical
studies were conducted at the Department of Histology,
Cytology, and Embryology, Yaroslavl State Medical University,
Ministry of Health of the Russian Federation. Transmission
electron microscopy (TEM) was performed at the Shared
Research Facility for Electron Microscopy, Papanin Institute
for Biology of Inland Waters, Russian Academy of Sciences.
Low-vacuum scanning electron microscopy (SEM) was
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conducted at the Yaroslavl Branch of the Institute of Physics
and Technology, Russian Academy of Sciences.

Study Duration

The study was conducted between 2017 and 2024. During
the first three years, the rats were bred, and biological material
was collected at different stages of postnatal development
(1,8, and 14 days; 1, 3, 6, 14, 20, and 26 months after birth).
Histological and morphometric processing of samples was
also performed during this period. In 2023, TEM and SEM
studies of bronchial samples were carried out, followed by
final data analysis. In 2024, the manuscript was prepared.

Intervention

The lung tissue for analysis was obtained following
intramuscular administration of a combination of tiletamine
and zolazepam (Zoletil 100°, Virbac, France) at a dose of
10 mg/kg. The right lung was used for in vivo analysis,
whereas fragments of the left lung were processed for
histological examination. Euthanasia was performed before
recovery from anesthesia by decapitation. Morphological and
functional analyses were conducted separately for the main
bronchi (MB), lobar bronchi (LB), and segmental bronchi (SB).

In vivo assessment. The motor activity of the ciliary
apparatus was evaluated on thin (<1 mm) fragments of lung
tissue using a modified method previously described in detail
[7]. A hardware—software complex (Azimut-4 Research and
Production Association, Russia) was used, consisting of
a Biomed-2 var. 3 microscope (LOMO JSC, Russia) equipped
with an electronic thermostatic control unit, a high-frequency
digital video camera Grasshopper 3 2.3 MP Color USB3
Vision (FLIR Integrated Imaging Solutions Inc., Canada), and
a personal computer with specialized MOSFRO software (v.4;
Azimut-4 Research and Production Association, Russia).

Light microscopy. Lung fragments were fixed in 10%
neutral buffered formalin (Element, Russia) and embedded in
paraffin (Deltalab, Spain). Sections 4-5 pm thick were stained
with hematoxylin and eosin (Emmonya Biotech Ltd, Bulgaria)
and Schiff’s reagent (Labiko, Russia) with counterstaining by
hematoxylin.

Detection of the proliferation marker Ki-67 protein was
performed on paraffin sections using rabbit monoclonal
antibodies (Ventana Medical Systems, USA; catalog no. 790-
4286; dilution 1:100) and the ultraView Universal DAB
Detection Kit (Ventana Medical Systems, USA).

Electron microscopy. For TEM, samples were fixed in
2.5% glutaraldehyde (Electron Microscopy Sciences, USA),
postfixed in 1% osmium tetroxide (Aurat, Russia), dehydrated
in acetone, and embedded in Epon (Sigma-Aldrich, USA).
Ultrathin sections were prepared using an ultramicrotome
Leica-EMU6C (Leica Microsystems, Germany), contrasted
with uranyl acetate (Sigma-Aldrich, USA), and examined with
a JEM-1011 transmission electron microscope (JEOL Ltd,
Japan). The images were digitized. For SEM, lung fragments
were fixed in 2.5% glutaraldehyde (Electron Microscopy
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Sciences, USA) and analyzed using a Quanta 3D 200i scanning
electron microscope (FEI Company, USA) under low-vacuum
conditions at a water vapor pressure of 70-130 Pa.

Main Study Outcome

The primary endpoint of the study was the determination of
morphometric and functional characteristics of the bronchial
epithelial cells of rats throughout postnatal ontogeny.

Subgroup Analysis

Animals were allocated into age groups according to
the postnatal development periodization of rats proposed by
Zapadnyuk et al. [8]: day 1, newborns; days 8 and 14, suckling
period; 1 month, infantile; 3 months, juvenile; 6 months, young;
14 months, adult; 20 months, aging; and 26 months, old rats.

Outcomes Registration

In vivo assessment. Quantitative processing of video
recordings was performed using the MOSFRO software (v.4),
which provided automatic calculation of ciliary beat frequency
(CBF, Hz) as well as the duration of effective and recovery
stroke phases of the ciliary beat (ms) [7].

Morphometry. The percentage of the main morpho-
logical types of epithelial cells was determined by counting
1000 cells per animal. A single animal served as the unit of
observation for subsequent statistical analyses. The relative
number of Ki-67—positive cells was determined by count-
ing 500-1000 cells per animal. Frequency parameters were
calculated using the Universal Histological Counter 2.0 appli-
cation.! Ciliary length was measured on digital images using
ImageJ software [9] at a total magnification of x1000, with
100 ciliated cells assessed per animal.

Statistical Analysis

Sample size calculation principles. The sample size was
not calculated in advance.

Statistical analysis methods. Statistical processing
was performed using Microsoft Office Excel 2019 (Microsoft,
USA) and Statistica 8.0 (StatSoft Inc., USA). The normality
of distribution was verified using the Shapiro-Wilk test, and
homogeneity of variances was confirmed with the F-test.
Quantitative data are presented as mean (M) and standard
error of the mean (m). Statistical significance between
independent samples was assessed using Student t-test,
with differences considered significant at p < 0.05.

RESULTS
Study Objects

The work was performed on 76 male Wistar rats without
external signs of disease and with precisely known dates of

Vol. 163 (3) 2025

Morphology

birth. For in vivo and histological examinations, fragments of
the main, lobar, and segmental bronchi were obtained from
animals of different ages: 1 day (n = 9), 14 days (n = 6),
1 month (n=6), 3 months (n = 6), 6 months (n = 9), 14 months
(n = 8), 20 months (n = 6), and 26 months (n = 5). SEM was
performed on 3 samples of bronchi of different calibers from
rats aged 1, 8, and 14 days and 1 month (12 animals in total).
TEM was conducted on 3 samples of bronchi of different
calibers from rats aged 1 day, 6 months, and 26 months
(9 animals in total).

Primary Results

A characteristic feature of the histological structure of
the rat bronchial tree is the absence of the submucosal
glands, which makes it a convenient model for studying the
subpopulations of motor (ciliated epithelial cells), secretory
(goblet cells), and progenitor (basal cells) elements of the
MCTS within a single epithelial layer.

In newborn rats, the bronchial tree in all regions is
lined with a simple epithelium composed predominantly of
undifferentiated (intermediate) cells, whereas ciliated cells
are relatively scarce (Fig. 1, a—c). During the first two weeks
after birth, the proportion of ciliated cells in the epithelial
layer increases markedly because of active differentiation
processes (ciliogenesis), accompanied by a proportional
decrease in the content of poorly differentiated elements.
Various stages of ciliary formation can be observed at the
apical poles of differentiating ciliated cells (Fig. 1, d, e). The
maturation of ciliated cells occurs in clusters, which is clearly
visible under scanning electron microscopy (Fig. 1, f). By the
end of the first month after birth, the typical structure of
a pseudostratified ciliated epithelium is established.

In the definitive epithelial layer of sexually mature
animals (6 months), ciliated epithelial cells predominate,
whereas the subpopulations of goblet and basal cells are
less numerous, and nonciliated (intermediate) cells are also
relatively few (Fig. 2, a, b). Numerous fully differentiated cilia
are clearly visible on the apical surface of ciliated epithelial
cells (Fig. 2, ¢). In aging and old animals (20 and 26 months),
the epithelium retains its differentiated structure with a well-
developed ciliary apparatus (Fig. 2, d, e). However, in rats of
these age groups, hypertrophied ciliated cells are consistently
present, along with elements showing ultrastructural
signs of damage: disruption of organelle architecture and
cytoplasmic vacuolization, as well as areas of intercellular
edema (Fig. 2, f).

Age-related dynamics of the quantitative characteristics
of the bronchial epithelium across bronchi of different
calibers are summarized in Tables 1 and 2. Based on light
microscopy, the epithelial lining was classified into ciliated,
goblet, basal, and intermediate (intercalated) cells.

! Kemoklidze KG. Universal histological counter. Version 2.0. Certificate of state registration of computer programs No. 2012617618 Russian Federation.
Application No. 2012615714; application date 09.07.2012; registration date 23.08.2012.
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Fig. 1. Bronchial epithelial lining in rats: a, main bronchus; b, lobar bronchus; c—e, segmental bronchi in newborns; f, segmental bronchus in 8-day-
old rats. 7, ciliated cells; 2, brush (non-ciliated) cells; 3, basal cells. Transmission electron microscopy: a—c, x5000; d, e, x8000; £, scanning electron
microscopy, x4500.
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Fig. 2. Bronchial epithelial lining in rats: at 6 months of age, a, main bronchus; b, segmental bronchus; at 26 months of age, ¢, segmental bronchus; d-f,
main bronchi. 1, ciliated cells; 2, goblet cells; 3, brush (non-ciliated) cells; 4, basal cells; 5, hypertrophic ciliated cell; 4, areas of intercellular edema; 7,
epithelial cell with morphological signs of damage. Transmission electron microscopy: g, b, e, f, x5000; c, d, x10000.
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Ciliated epithelial cells. In newborn rats, the proportion
of ciliated elements was minimal: 21% in the main and
segmental (small) bronchi, and 26% in the lobar bronchi.
During the subsequent two weeks, the number of ciliated
epithelial cells in the layer increased most intensively: 2.2-
fold in MB, 2.3-fold in LB, and 2.7-fold in SB. By day 30 after
birth, the density of ciliated elements increased 2.5-2.7 times
in the main and lobar bronchi and 3.3 times in the segmental
bronchi compared with newborns (p < 0.001). These values
remained stable throughout the subsequent observation
period. At the same time, the proportion of ciliated cells in
the lobar and segmental bronchi was, on average, 25%-30%
higher than in the main bronchi.

The analysis of the ciliary apparatus of ciliated cells
demonstrated that in newborn animals, the mean ciliary length
was comparable across all bronchial segments (range: 2.3-
2.6 pm, p > 0.05). After 2 weeks, this parameter increased
1.2-fold in MB and LB and 1.4-fold in SB. Between 6 and
20 months, the mean ciliary length stabilized at 3.8-3.9 ym
in MB, 2.8-3.1 ym in LB, and 2.5-2.6 ym in SB. In old rats,
the mean ciliary length in MB and SB was reduced by 18%
and 27%, respectively, compared with 20-month-old animals.

The CBF in all bronchi was highest in newborns (25—
26 Hz) but decreased by 37%-40% by day 14. Beginning at
3 months, and throughout the remaining observation period,
CBF stabilized within 14.1-16.2 Hz. In 1-month-old rats, CBF
in the lobar and segmental bronchi was 21%-25% lower
than in the main bronchi; however, at later time points no
significant inter-bronchial differences in ciliary activity were
found.

The frame-by-frame analysis of video recordings
revealed that in newborn rats, the rapid beating of short cilia
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had a poorly defined wave-like pattern and was insufficiently
synchronized (Fig. 3, b—d). The appearance of typical ciliary
beating cycles with distinct effective and recovery phases
occurred by day 14 of postnatal development. Between 14 and
26 months, the wave-like character of long ciliary movement
in the recovery phase was most pronounced (Fig. 3, f-h).
These observations were confirmed by the phase analysis
of ciliary beating. In newborn rats, the effective stroke phase
was minimal (16.5-16.6 ms) across all bronchial regions. By
day 14 and at all subsequent ages, this parameter stabilized
at 26-32 ms. Regardless of CBF, the fundamental cycle
structure was preserved: the ratio of the effective stroke
phase to the total cycle duration (normalized to 1.0) remained
stable across all time points (0.38-0.41).

Goblet cells. The first isolated glandular elements
appeared in the epithelial layer on day 14. By 6 months of
age, their proportion in the main and lobar bronchi increased
10-fold (p < 0.001), after which it stabilized at 14%—-17%.
Throughout the observation period, the proportion of goblet
cells in the segmental bronchi was consistently lower than in
the main bronchi. In segmental bronchi, the number of goblet
cells increased less intensively and reached the maximum
(11.2%) only at 26 months.

Basal and intermediate cells. The proportion of basal
cells in MB peaked at 25% in 14-day-old rats. Between 1
and 20 months, the proportion of progenitor elements
remained stable at 20%-21%, with a decrease to 15.5%
observed only in old rats. In smaller bronchi (lobar and
segmental), the age-related dynamics of basal epithelial
cell proportions followed a similar pattern; however, their
numbers were statistically significantly lower than in MB in
most observations.

Fig. 3. Phases of ciliary beating in epithelial cells of the main bronchi in rats: g, e, diagram; b-d, /~h , frames from intravital microvideo recording;
b-d, newhorn rats; f-h, 26-month-old rats; g, b, f, g, recovery stroke phase, bending direction indicated by arrows; c—e, h, effective stroke phase.

Objective lens, x40.
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Intermediate (nonciliated) cells constituted 59%—-61% of
epithelial cells in all types of bronchi in newborn rats. By
day 14, their numbers had decreased 2.1-fold in MB and 2.5-
2.7-fold in LB and SB. This trend persisted at 1 and 3 months.
By 6 months, the proportion of intermediate cells stabilized at
9%-11% across all bronchial regions. In pre-senescent and
senescent rats, against the background of a high proportion
of differentiated elements, the content of intermediate cells
reached its lowest values (3.4%—4.6%).

Cell proliferation. The results of quantifying Ki-67—
expressing cells in the bronchial epithelium across bronchi
of different calibers are presented in Table 3. The highest
proportion of proliferating cells was observed during the
first two weeks after birth, peaking on day 14 (8.2%-8.7%).
Beginning at 6 months, the Ki-67 index in the main bronchi
stabilized at 2.5%-3.9%. In LB and SB, the proportion of
proliferating epithelial cells was substantially lower, averaging
66% and 51% of the values in MB, respectively. At all studied
time points, Ki-67 expression was detected exclusively in the
nuclei of basal and intermediate (intercalated) epithelial cells.

DISCUSSION

Summary of Primary Results

Morphogenetic processes in the respiratory epithelium
of the bronchi are most active during the first postnatal
month in rats and proceed asynchronously. During the first
2 weeks after birth, accelerated differentiation of ciliated
cells predominates, and the formation of the goblet cell
subpopulation becomes more prominent starting from
day 14. Development of the ciliary apparatus progresses
more rapidly in SB, whereas glandular differentiation is more
pronounced in MB.

The establishment of the typical structure of the respiratory
epithelium is completed during puberty (3 months). During
the reproductive period (6-14 months), the quantitative
and structural parameters stabilize at levels typical of each
bronchial caliber. At the same time, the principal parameters
of ciliary activity of ciliated epithelial cells remain consistent
across all bronchial regions. In aging, preservation of high
functional activity of MCTS is accompanied by morphological
signs of cellular injury and reduced proliferative turnover of
the epithelial layer.

Discussion of Primary Results

At all levels of bronchial tree branching in rats, structural
and functional differentiation of the respiratory epithelium
proceeds at the highest rate during the first postnatal month.
Our observations are generally consistent with published
data describing the early stages of airway development
in laboratory animals and humans [1, 5, 10]. The principal
manifestations of morphogenesis aimed at establishing the
MCTS include active proliferation of undifferentiated cells and
the differentiation of ciliated and goblet cell subpopulations.
These differentiation processes in rats occur asynchronously:

Yol. 163 (3) 2025

00l https://doiorg/10.17816/morph.677130

Morphology

ciliogenesis is most pronounced in the first two weeks after
birth, whereas the system of secretory elements develops
by the end of the first postnatal month. Moreover, the
development of the ciliary apparatus progresses more rapidly
in the distal regions of the bronchial tree (SB), whereas
glandular elements differentiate predominantly in the main
bronchi. The intensive differentiation of the epithelial lining
during the first month (a period of maximal growth rates in
rats [8]) is supported by high proliferative activity across all
bronchial regions.

The CBF in newborn rats is higher than in any subsequent
age period. This phenomenon, characteristic of the airways of
both laboratory animals and humans [11, 12], when combined
with the underdeveloped ciliary apparatus and the absence of
differentiated secretory elements at this stage, indicates the
immaturity of the MCTS at birth.

Completion of the structurally and functionally
differentiated epithelial layer occurs during puberty. In
3-month-old rats, the quantitative parameters of ciliated cell
subpopulations approach those of sexually mature animals.
The analysis of ciliary motility demonstrated that starting
at 3 months, CBF stabilizes and remains unchanged at all
subsequent ages. Moreover, no inter-bronchial differences
in ciliary activity were detected. Temporal parameters of
ciliary beating cycles also remain stable throughout life.
These observations are consistent with measurements of
mucus transport velocity in the rat trachea, showing that
the establishment of a stable level of mucociliary clearance
(0.10-0.13 mm/s) is completed by 3 months of age [5].
Comparable results for CBF across specific age periods have
been reported for both the bronchial tree of rodents and in
human studies [13, 14].

In animals of reproductive age (6 and 14 months), MCTS
of the bronchial tree achieves full structural and functional
maturity. Across bronchi of different calibers, a distal
gradient can be traced in the proportion of differentiated cell
types (ciliated and goblet cells) and proliferating cells within
the epithelial lining.

In aging (20 months) and old (26 months) rats, the
previously established level of structural and functional
differentiation of the epithelial layer is preserved: the
proportion of ciliated and goblet cells reaches its peak values,
and the ciliary motility remains maintained. Similar findings
were previously obtained in our laboratory when examining
age-related remodeling of the tracheal epithelium [5]. These
results differ from reports of several authors who observed
a decline in mucaociliary transport with aging in the trachea of
mice, guinea pigs, and in the human nasal cavity [15, 16]. In
addition to interspecies differences, such discrepancies may
be explained by variations in in vivo methods used to assess
ciliary activity. Furthermore, in human studies, the influence
of comorbid airway conditions cannot be excluded.

Importantly, the processes described in aging and old
rats occur against the background of a marked decline in
the proportion of epithelial cells entering the mitotic cycle.
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With reduced proliferative turnover, previously differentiated
ciliated cells are forced to maintain viability and function under
increased workload. Morphologically, this is manifested by
a higher proportion of hypertrophied ciliated cells and the
appearance of ultrastructural features of epithelial injury,
including disrupted organelle architecture and cytoplasmic
vacuolization. The age-related changes identified in this study
complement published evidence on involutional remodeling
of the respiratory epithelium with aging: accumulation of
ultrastructural defects in ciliary microtubules [15]; altered
synthesis of proteins regulating epithelial barrier permeability
in the areas of intercellular junctions [3]; weakening of
adhesion to the basal lamina and enhanced desquamation
of epithelial cells [17].

Study Limitations

No factors were identified that could substantially
influence the study outcomes. However, it should be
considered that the histological structure of the bronchial
tree in rats differs significantly from that of humans and
other mammals.

CONCLUSION

Postnatal morphogenesis of the bronchial respiratory
epithelium in rats continues throughout life, with histogenetic
processes being most pronounced during the first month after
birth. The structural and temporal dynamics in differentiation
of the motor (ciliated cells) and secretory (goblet cells)
components of the MCTS demonstrate distinct regional
features across the tracheobronchial system.

One hallmark of structural and functional maturity
of the respiratory epithelium during reproductive age
is the establishment of a gradient in the proportions of
differentiated and proliferating epithelial cells across
bronchi of different calibers, with their relative abundance
decreasing in the distal direction. The preservation of high
functional activity of the MCTS during aging is achieved
at the expense of increased workload on ciliated and
secretory elements, leading to cumulative cellular injury
and reduced compensatory capacity of the epithelial
lining.

Overall, the respiratory epithelium in all regions of the
rat airways demonstrates uniform transport properties and
functions as an integrated tissue system, ensuring a stable
level of mucociliary clearance throughout the animal's
lifespan.
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AOMO/THUTE/IbHASA UHOOPMALIUA

Bknap, aBtopos. A.B. [1aBnoB — KOHLeNUMA W AM3alH 1ccnefoBaHus,
aHanus, MHTepnpeTaums AaHHbIX, HanucaHWe W peflakTUpOBaHWe TEKCTa,
MOAroTOBKa WMKOCTPALIMIA, MOVCK MTEPaTypHbIX NCTOYHMKOB; H.A. Tiomu-
Ha — npoBefeHVe UCCefoBaHMUs, CO0p NepBUYHBIX AaHHBIX U X CTaTU-
CTU4eckas 0bpaboTka, NoAroToBKa MMOCTPaLMiA, cbop v aHanm3 nuTepa-
TYPHbIX MCTOYHMKOB, HanucaHWe TekcTa. Bce aBTopbl 0406pMnm pyKonuch
(Bepcuto ans NybnvKaumm), a TakKe COrnacuaMCch HeCTM OTBETCTBEHHOCTb
3a BCe acreKTbl paboTkl, rapaHTVpysa Haanexallee pacCMOTpeHue U pe-
LLEHWE BOMPOCOB, CBA3aHHbIX C TOYHOCTHIO M A0BPOCOBECTHOCTHLIO NoboM
e€ yacTu.

BnaropapHocTn. ABTOpbI BbIpaXaloT CBOI MPU3HATENbHOCTL [OLEH-
Ty fpOCNaBCKOro rocynapCTBEHHOr0 MeLMLMHCKOTO YHWBEPCWTETA,
KaHa. buon. Hayk Kemoknmase K.I. 3a noMoLLb B Nofy4YeHWM NEPBUYHBIX
AaHHbIX.

JITnyeckas akcneptusa. ObpalleHne ¢ HKMBOTHEIMU OCYLLECTBAANN
COrNacHO [eMCTBYIOLMM HALMOHANBHBIM M MEX1YHapOaHbLIM HopMa-
tueam (FOCT 33215-2014 ot 07.01.2016 ., TOCT 33216-2014, impextnBa
2010/63/EC EN v CEC o1 22.09.2010, Pekomenaaums Konnervm E3K N° 33
ot 14.11.2023). MpoToKon MccneaoBaHns 0f0bpeH 3TUHECKUM KoMUTe-
Tom OrBOY BO ArMY Munaapasa Poccum (npoTokon N2 07 ot 16.02.2016).
WcTouHMKM dmHaHCMpoBaHUs. ABTOPbI 3aBISIOT 06 OTCYTCTBMM BHELLHETO
(MHAHCMPOBaHWA NpU NPOBEAEHNM UCCNe0BaHUA.

PackpbiTe uHTepecoB. ABTOpbI 3asiBASOT 06 OTCYTCTBUM OTHOLLIEHUI, fie-
ATENbHOCTM W MHTEPECOB 3@ MOCNefiHWE TPW rofa, CBA3aHHbIX C TPETbUMM
JmMLaMK (KOMMEPYECKUMI 1 HEKOMMEPYECKVMM), UHTEPECH! KOTOPLIX MOTYT
BbITb 3aTPOHYTHI COAEPIKAHMEM CTaTbU.
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JocTyn K aaHHbIM. Bce gaHHbIe, NosydeHHbIe B HACTOSALLEM MCCe0BaHUM,
MpeLCTaBsIeHb! B CTATbe.

'eHepaTUBHBIA UCKYCCTBEHHDbIA UHTENEKT. [1py CO3AaHMM HACTOALLEN CTa-
ThU TEXHOJSIOMN FEHEPATUBHOMO MCKYCCTBEHHOMO MHTESINIEKTA HE UCMOb30BasIN.
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