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As a result of the analysis of literary sources, it was found that the study and identification of the processes of
formation of the dentofacial system of laboratory animals, in particular rats, allows for a deeper understanding of
the evolutionary, structural and functional aspects of odontogenesis, to lay the basis for the development of bioengi-
neered mechanisms for tooth restoration, and also contributes to the creation of experimental models of diseases of
the teeth and jaws (for example, caries, periodontitis, osteoporosis, disorders of tooth development). The importance
of model organisms, for example rats, is the possibility of identifying the spatiotemporal dynamics of the formation
of the dentofacial system during the period of embryogenesis. The classically accepted four-stage model of tooth de-
velopment is: placode stage, bud stage, cap stage and bell stage. In the dentofacial system of the rat, there are two
morphologically and functionally distinct types of teeth: paired incisors and molars. The rat dentofacial system is a
dynamic system that combines complex morphological organization with a high level of functional plasticity, making
the rat a valuable model for studying not only normal development but also pathologies of the dentofacial region,
as well as for testing tissue repair methods in experimental dentistry.
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Connection of the publication with planned re-
search work.

The study is a fragment of the complex topic of the
Department of Anatomy, Clinical Anatomy and Oper-
ative Surgery of the Bukovinian State Medical Univer-
sity “Sexual and age patterns of ontogenetic transfor-
mations and morphometric parameters of organs and
structures under normal and experimental conditions.
Morpho-functional and anthropometric features of the
musculoskeletal system of athletes” (state registration
number 0125U001531).

Introduction.

Obtaining knowledge and conducting in-depth study
of the morphogenetic features of the dentofacial system
(DFS) in laboratory animals, particularly rats (Rattus nor-
vegicus), is an extremely important task in modern bio-
medical science. Rats are classic model organisms widely
studied in fields such as morphological, embryological,
molecular biology, dentistry, and regenerative medicine
(1, 2].

Rodents are a group of mammals, most of which be-
long to the heterodont mammals, i.e., organisms with
more than one morphological feature of the teeth. Ac-
cordingly, the dental system of rodents, including rats,
consists of incisors and molars with distinct structures
and functions. The morphogenetic features of the inci-
sors, the growth of which occurs throughout the life of
the organism (open-rooted incisors) [3, 4] attract atten-
tion. Due to the above-mentioned features, rats are a
unique model for studying the processes of odontogen-
esis, adaptive osteogenesis, and tooth tissue remodel-
ing. These morphological and functional characteristics
not only allow for in-depth study of embryonic devel-
opment processes, but also for designing and modeling
the processes of postnatal growth, functional loading,
regeneration, abrasion, and remineralization of teeth.

One of the important directions of modern morpho-
logical science is the study and identification of molec-
ular genetic mechanisms that influence the processes

of tooth and jaw bone development [5-7]. These devel-
opmental processes begin during early embryogene-
sis, when the rudiments of teeth and jaws are formed
from the first branchial arch. All modern studies relat-
ed to this topic emphasize the special role of ectoder-
mal-mesenchymal interactions, signaling pathways (FGF,
SHH, BMP, WNT) and transcription factors (PAX9, MSX1,
DLX, RUNX2), the functions of which are to coordinate
morphogenetic processes, cell differentiation, and
the processes of enamel and dentin matrix formation.
Since these pathways are highly conserved, i.e., those
preserved during evolution in all organisms almost un-
changed, results obtained in the rat model are often ex-
trapolated to humans [8, 9].

Research and identification of the processes of for-
mation of DFS in rats allows for a deeper understanding
of the evolutionary, structural and functional aspects of
odontogenesis, lays the basis for the development of
bioengineered mechanisms for tooth restoration, and
also contributes to the creation of experimental models
of diseases of the teeth and jaws (for example, caries,
periodontitis, osteoporosis, dental developmental dis-
orders). In addition, as tissue engineering, the creation
of bioactive implants, and 3D bioprinting technologies
continue to advance, it is important and necessary to ac-
quire fundamental knowledge of the physiological fea-
tures of DFS development and growth in model systems.

The aim of the study.

Generalization and critical analysis of modern scien-
tific data on the formation of anatomical structures of
the dentofacial system of rats.

Main part.

Morphogenetic features of embryonic development
of DFS is an extremely complex, multicomponent and
clearly regulated process that ensures the formation
of a functionally perfect apparatus for mechanical food
processing. DFS morphogenesis includes gradual and
sequential coordination between molecular signals, the
interaction of various embryonic tissues (ecto- and me-
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soderm), with gradual morphological differentiation of
cells and organs. DFS consists of bone structures of the
jaws, teeth, ligaments and supporting tissues, the devel-
opment of which begins in the early stages of embryo-
genesis and continues until the postnatal period.

The importance of model organisms, for example,
rats, is the ability to identify the spatiotemporal dynam-
ics of DFS formation during the period of embryogene-
sis. Thanks to the classically described and well-known
morphological science of the chronology of intrauterine
development of the rat (stage E10-E21), researchers
have the opportunity to track in detail the stages of for-
mation of tooth buds, jaw bones, bone tissue develop-
ment, innervation and vascularization. The combination
of methods of molecular biology, histology and immu-
nohistochemistry (in situ hybridization, CRISPR-editing,
etc.) provides precise localization and temporal dynam-
ics of gene expression that directly participate in the de-
velopment of DFS. The research methods listed above
contribute to a deeper understanding of pathological
conditions that arise as a result of gene aberrations or
the influence of both exogenous and endogenous fac-
tors [10, 11].

It is necessary to emphasize the role of the rat model
in revealing the processes of postnatal remodeling of
DFS. The presence of stem cells located in the cervical
region of rat incisors contributes to their continuous
growth. This feature of rat incisors, as well as rodents,
provides unprecedented opportunities and conditions
for observing the morphogenetic features of the contin-
uous formation of dental tissue during postnatal devel-
opment, taking into account the processes and mech-
anisms of regulation of cell division, differentiation of
odontoblast and ameloblast cell lines, as well as resorp-
tion and regeneration processes [12].

According to literature sources: at the initial stages,
the development of DFS begins with the formation of
the first tooth rudiments in the form of localized thick-
enings of the ectodermal epithelium of the upper and
lower jaw arches. These thickenings are known as dental
placodes, which are laid down around day 11-13 of em-
bryogenesis in rodents (depending on the species) and
correspond to the future location of the teeth. Simulta-
neously with the dental plates, the jaw mesenchyme is
formed, which originates from the neural crest (of ec-
todermal origin), an important source of mesenchymal
cells capable of differentiating into various DFS tissue
types [13].

Scientists indicate that the key mechanism in the
development of DFS is the interaction between the epi-
thelial cells of the dental placodes and the deeper mes-
enchyme. This interaction occurs through the exchange
of signaling molecules that directly affect the cell cycle,
proliferation, differentiation, and apoptosis. The most
important signaling pathways are fibroblast growth fac-
tors (FGFs), bone morphogenetic proteins (BMPs), Wnt
proteins, which are glycoproteins that play an extremely
important role in signal transmission and are involved
in the processes of cell migration; development, mat-
uration, differentiation, and tissue regeneration. Sonic
Hedgehog (Shh) - proteins involved in signal transmis-
sion and others. They determine not only the spatial
arrangement of tooth germs, but also their morphogen-
esis, i.e. the formation of a specific shape of the future
tooth [14].

Among scientists, the four-stage model of tooth de-
velopment is classically accepted. In the initial stages of
tooth development, mesenchymal cells stimulate the
epithelium to form dental nodules (rudiments), which
then pass through several morphological stages: plac-
ode stage, bud stage, cap stage and bell stage:

Placode stage. This stage of development, covering
days 11-12 of embryonic development (E11-E12), is
characterized by local proliferation of epithelial cells that
form placodes, thickened areas of the epithelium with a
diameter of 100-200 microns. At this stage of develop-
ment, cells of mesenchymal origin still lack a clear orga-
nization, but scientists indicate that already at this stage
of development critical signaling interactions occur be-
tween mesenchymal and epithelial cells in the area of
the forming placodes. In addition to the above process-
es, a parallel and coordinated reduction in cell adhesion
to adjacent areas is provoked through cellular signaling
mechanisms to form placode boundaries.

This stage of tooth development is extremely import-
ant, because it is from this stage that the full initiation
of morphogenetic processes in tooth formation occurs.
Placodes determine, create localization features of the
tooth, spatial orientation for the formation, in the fu-
ture, of the tooth bud.

Initial stage or bud stage — E12.5-E13.5. During this
stage of development, the hemispherical (ovoid) shape
of the placode is immersed in the mesenchyme. This
placode-mesenchymal complex is now called the tooth
bud (tooth bud). The mesenchyme, which is located
more caudally, begins the processes of proliferation and
further organization with the formation of the dental
papilla (papilla dentalis). The latter is an undifferentiat-
ed rudimentary structure that will give rise to dentin and
tooth pulp.

Cap stage — E13.5-E14.5. Characterized by morpho-
logical transformations of the bud-shaped tooth bud,
which gradually covers the caudally located compacted
mesenchyme of the dental papilla and has the appear-
ance of a cap covering it from the upper side. It is during
this stage of tooth development that the fundamental
laying of the further structural organization of the tooth
is noted. As a result of the indentation of the tooth bud
and the gradual differentiation of the epithelial-mesen-
chymal cell complex, three embryonic structures arise:
the enamel organ — the epithelial layer itself, covering
the mesenchyme; the dental papilla — a section of com-
pacted mesenchyme, located deeper than the enamel
organ and covered on top by the latter; dental follicle
— which is a peripheral layer of mesenchyme located
around the dental papilla and the enamel organ. Sci-
entists unanimously emphasize that it is at this stage of
development that gradual differentiation and “stratifi-
cation” of the enamel organ cells occurs into separate
epithelial lines: outer enamel epithelium (OEE): an ep-
ithelial layer of cells that occupies the outer peripher-
al area, forming a protective shell with its own protec-
tive functions; inner enamel epithelium (IEE): a dense
layer of epithelial cells that occupies the inner part of
the enamel organ, in the area where the latter directly
covers the area of the dental papilla (the concave part
of the enamel organ). The cells of the inner epithelium
subsequently undergo differentiation into cells of the
ameloblastic series; stellate reticulum cells: have a star-
shaped shape, with pronounced intercellular processes,
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which are located between the inner and outer epithe-
lium of the enamel organ in a gel-like environment filled
with glycosaminoglycan molecules; stratum interme-
dium cells: this population of cells appears at the end
of the cap stage E14.5, and is located in the area of the
inner epithelium of the enamel organ. Researchers and
scientists indicate that one of the important functions of
these cells is to support the maturation and activity of
cells of the ameloblastic row.

The cells of the dental papilla at this stage of devel-
opment undergo gradual differentiation into the odon-
toblastic cell line to ensure further processes of den-
tinogenesis. The mesenchyme surrounding the area of
the dental papilla and the enamel organ on both sides
— the dental follicle — gives rise to several cell lines: os-
teoblasts, fibroblasts and cementoblasts, which in turn
form the periodontium and areas of the alveolar pro-
cesses of the jaws.

4. Bell stage E14.5-E16.5 — named for the characteris-
tic shape of the enamel organ, which at this stage resem-
bles a bell, while covering the mesenchyme not only cra-
nially, but also on both sides of the dental papilla. During
the bell stage, the enamel organ is clearly differentiated
into four layers, which were previously indicated and de-
scribed. The inner epithelium of the enamel organ is a
line of elongated, rod-shaped and oriented perpendicu-
lar to the basement membrane ameloblast cells, which
will eventually form and produce enamel components.
In the area where the crown apex is laid, morphogenetic
activity is noted, which at this stage lays the shape of
the tooth. The outer epithelium of the enamel organ is
formed by a flat layer of cells that performs protective
and trophic functions. The cells of the stellate reticulum
form an absorbing and hydrating layer that supports the
shape and structure of the tooth, due to glycosamino-
glycan molecules that retain water and thereby create
internal pressure. The intermediate layer, described by
scientists as a “metabolically active link” that supports
the synthesis of enamel by ameloblasts. Already at this
stage of development, odontoblasts, which are differen-
tiated cells of the dental papilla (mesenchymal origin),
begin to form dentin. There is a clear relationship be-
tween the development of dentin and the synthesis of
enamel components by ameloblasts: dentinogenesis
precedes amelogenesis, under the influence of dentin.

During this stage, it is important to lay out the
shape of the tooth crown, the number of grooves and
tubercles, their relationships and mutual arrangement,
and their heights. The shape of the tooth crown is set
by the so-called “enamel knots”, which are temporary
structures formed by highly specialized cells of the inner
epithelium of the enamel organ during the third and
fourth stages of tooth development. The main function
of these cells is to create signaling centers that, through
signaling proteins, control epithelial proliferation, adhe-
sion, apoptosis and cell differentiation, thus influencing
the morphogenetic features of the tooth crown [15, 16].

During this period, the processes of cell proliferation
and differentiation that form dental tissues are activat-
ed: enamel from the epithelium, and dentin and cemen-
tum from the mesenchyme. Simultaneously with the
morphogenetic processes of the teeth, the processes
of ossification of the mesenchyme of the areas of the
laying of the upper and lower jaws occur. The jaw bones
are formed mainly by means of endesmal or direct ossi-

fication, without the presence of a cartilage model — a
precursor, which distinguishes them from most other
bones of the skeleton. During bone formation, cellular
processes are laid down, during which teeth are placed
over time. This stage of development is critical for the
formation of a functionally correct bite, because during
this time, a clear ratio of adjacent jaw bone growth and
tooth formation is established and coordinated.

Embryogenetic processes of formation of DFS struc-
tures are regulated by a complex network of genes and
signaling pathways. In particular, genes from the Msx,
Pax, DIx, and Barx families control and coordinate cell
formation and differentiation. Signaling molecules BMP4
act as trigger factors in launching the processes of dif-
ferentiation of odontoblasts, which are responsible for
the formation of dentin, while FGF8 initiates the devel-
opment of the enamel organ. It is the discordance and
disruption of the course of these factors and processes
in which the signaling molecules are involved that lead
to congenital defects of DFS areas [17].

After the processes of formation of the morpholog-
ical structure of the tooth, a gradual and step-by-step
interconnected process of mineralization of tissues
— enamel and dentin — begins. The hardness and resis-
tance of teeth to mechanical wear depend on the course
of this process. In rodents with hypsodont teeth (inci-
sors), further growth of teeth is ensured by areas of pro-
liferation in the cervical region of the tooth. Brachydont
teeth (molars) are characterized by the completion of
growth after root formation and mineralization.

In the DFS of the rat, there are two types of morpho-
logically and functionally different types of teeth: paired
incisors and molars. Thus, unlike humans, the rat lacks
canines and premolars, and the dental formula is as fol-
lows: 2/2, 0/0, 0/0, 6/6 (upper/lower jaw, respectively).
Therefore, the total number of teeth is 16: 4 incisors and
12 molars.

Rat incisors are large, backward-curved teeth that
have a pronounced hypsodont structure (hypsodont
teeth) - that is, an open root and a constant ability to
grow throughout life. The continuous growth of the in-
cisors is compensated for by abrasion during gnawing,
maintaining a dynamic balance between growth and
abrasion. This property is realized due to the presence
of a stem cell area in the cervical region, where odonto-
genic cells proliferate and differentiate into ameloblasts
and odontoblasts [18, 19].

Unlike rats, in humans, all teeth have closed roots,
which are characterized by a fully formed root, delimit-
ed from its neighboring tissues by cementum and peri-
odontium. In addition to the above processes, the apical
foramen (foramen apicis dentis) is obliterated and disap-
pears, with the subsequent formation of apical cemen-
tum, which seals the apex of the tooth. The pulp in the
root part is partially reduced. After final formation, the
tooth finally loses the source of odontogenic cell prolif-
eration.

The vestibular, anterior surface of rat incisors is cov-
ered externally with enamel, while the lingual surface
remains dentine, creating a difference and asymmetry in
surface hardness that supports natural self-sharpening
processes. This is a key mechanism that allows rats to
use their teeth effectively in gnawing, particularly when
penetrating hard objects.
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Unlike incisors, molars in rats are brachydont teeth
(i.e., they have a closed root and do not grow after erup-
tion). They are located in the terminal parts of the jaws,
functionally provide food grinding and have a complex
tuberculate surface. Molars are characterized by a lim-
ited period of functional activity. The molars of most
rodents are subject to constant remodeling throughout
their existence depending on the type and characteris-
tics of food, and, accordingly, the functional load [20].

An important feature of the DFS of rats is the contin-
uous growth of the lower jaw in the postnatal period,
which is caused by active osteogenesis processes in the
area of the mandibular symphysis and in areas of chew-
ing load. The upper jaw is also formed by the fusion of
paired bones and is closely interconnected with other
bones of the facial skull. Osteogenetic features of the
jaws are that they are formed by endesmal osteogene-
sis, respectively, bone tissue replaces the precursor mes-
enchyme, that is, without a previous cartilage model,
which is typical for the bones of the facial skull.

The muscular apparatus of the DFS of rats is well de-
veloped and includes the masticatory, temporal, medial
and lateral pterygoid muscles, which provide complex
movements of the lower jaw during chewing and gnaw-
ing. The mobility of the jaws occurs due to the temporo-
mandibular joint, in which the movements of the lower
jaw, both vertical and horizontal, are carried out.

Most scientists indicate that, from a functional point
of view, the DFS of the rat, in addition to its mechanical
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function, also has an important sensory function, con-
sisting of a complex of teeth, periodontium, and mucous
membrane. The latter have a high level of innervation,
which provides feedback during chewing. The sensitiv-
ity of the teeth is realized through the trigeminal nerve
system (n. trigeminus), which also participates in the for-
mation of protective reflexes.

The blood supply to the upper and lower jaws and
teeth is carried out by branches of the maxillary artery
(a. maxillaris), which supplies blood to both hard and
soft tissues of the DFS. Vascularization ensures the main-
tenance of a metabolically active state of tooth tissues,
especially in areas of growth and remodeling [21-25].

Conclusions.

The rat dentofacial system system is a dynamic sys-
tem that combines complex morphological organization
with a high degree of functional plasticity. Its unique
features, including the continuous growth of incisors,
active osteogenesis, and adaptive changes in the teeth
and jaws in response to loading, make the rat a valu-
able model for studying not only normal development
but also pathologies of the dentofacial region, as well as
for testing tissue regeneration methods in experimental
dentistry.

Prospects for further research.

Conduct a literature study on a comparative analy-
sis of the development of the dentofacial system in rats,
mice, and humans.

CYYACHUIMN CTAH HOPMA/IbHOTO PO3BUTKY 3YBOLLE/NIENHOT CUCTEMU
Y TABOPATOPHUX TBAPUH

K3BO «PiBHeHCbKa MeauyHa aKagemia» PiBHeHCcbKoi o6nacHoi pagu (m. PiBHe, YKpaiHa)
2ByKOBUHCbKUIA Aiepr>KaBHUI meauuHuii yHiBepcuter MO3 YkpaiHu (M. YepHiBu,i, YkpaiHa)
slobodjanaleksandr@ukr.net

B pe3ynbmami aHanizy nimepamypHux Oxcepes 8CMAHOB/EHO, W0 00CAIOH(eHHA ma 8UsAB/AeHHA rpouecis
CMaHo8/eHHA 3ybowenenHoi cucmemu 1ab6opamopHUX MEApPuUH, 30KpemMa wypie 003805€ enubwe 3po3ymimu
esonoyiliHi, cmpykmypHi ma @yHKYiOHAA6HI acriekmu 000HMoezeHe3y, 3akaacmu 6a3uc 018 po3pobKu
bioiHM#eHepHUX MexaHi3mie 8i0HOo8s1eHHA 3yb6i8, d MAKOMC CrIPUAE CMBOPEHHIO eKCriepumMeHmasabHUX moodenel
3axsoprosaHb 3ybie ma wienen (Harnpukaaod, Kapiec, napodoHMuUm, ocmeoropos, nopyweHHs po3sumkxy 3ybis).
Baxcaugicmioo mMoOesibHUX op2aHi3amis, 00 MpuKkaady wypie, € MOMAUBICMb BUAB/AEHHA [MPOCMOPOBO-4YACOBOI
OuHaMiKu cmaHoesneHHA 3yboujesnenHoi cucmemu ynpodosxc repiody embpiozeHesy. Kaacu4yHo rnpuliHaAmor €
Yyomupbox cmadiliHa modesnb po3sumky 3yba: naakodHa (placode stage), 3auamkosa (bud stage), KancynbHa
(kosnaukosa) (cap stage) i cmadis popmysaHHA KopoHKu (bell stage). ¥ 3ybowenenHili cucmemi wypa npucymHi
08a munu Mmopgon02iYHO Ma PyHKYIOHAAbHO pi3HUX murie 3y6ie: HaABHI NapHi pi3yi, ma monasapu. 3ybowenenHa
cucmema wypie € OUHAMIYHOK CUCMEeMOto, W0 MOECHYE 8 cobi CKAadHy Mopghoso2aiuHy opeaHi3ayito 3 8UCOKUM
pigHeM pyHKUiOHANbHOI naacmu4yHocmi ma pobume wWypa UiHHOK Mo0esnnto 0418 BUBYEHHS He UUWEe HOPMATbHO20
po3sumky, a U namosoaili 3yboujenenHoi 0ingHKU, @ MAKOX 07189 mecmy8aHHA Memooie 8i0HO8/1EHHA MKAHUH Y
eKcrnepumeHmaneHiti cmomamosnoaii.

Kntouosi cnoea: 3yboujenenHa cucmema, 3ybu, wenemna, M’a3u, KpoBONOCMAYaHHA, eMbpiozeHes, Mopghosoais,
aHamomif, wypu.

38’A30K ny6nikauii 3 n1aHOBMMW HAyKOBO-Z0CAIA-
HUMU poboTamu.

[ocnigeHHA € ¢$parmMeHTOM KOMMIEKCHOT TeMwu
Kadeapu aHaTOMIl, KNiHIYHOI aHAaTOMIT Ta onepaTMBHOI
Xipyprii ByKOBMHCbKOro AepaBHOIO0 MeAUYHOrOo YHi-
BepcuteTy «CTaTeBO-BiKOBI 3aKOHOMIPHOCTI OHTOre-

HETUYHUX MEepPeTBOPEHb i MOPOMETPUYHI NapameTpu
OpraHiB Ta CTPYKTYP 33 YMOB HOPMM i €KCMEePUMEHTY.
Mopdo-dyHKLUioHaNbHI Ta aHTPOMNOMETPUYHI 0cobau-
BOCTi OMOPHO-PYXOBOro anapaTty CNopTCMEHiB» (Homep

AepyKasBHoi peecTpauii 0125U001531).
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Bctyn.

OTpUMaHHA 3HaHb Ta MMbOKe BUBYEHHA Mopdore-
HeTUYHUX ocobansocTel 3ybouenenHoi cuctemu (3LLC)
y nabopaTtopHux TBapuH, B ocobamBocTi, wypis (Rattus
norvegicus), € HaA3BUYANHO BAXKANBUM 3aBAAHHAM CY-
YyacHoi biomeanyHoi Hayku. LLlypn € KnacuyHi mogenbHi
OpraHi3aMu, WO AOCUTb PO3MOBCIOAKEHO AOCNIAKYIOTb-
CA B TaKMUX CYy4YaCHMUX ranysax, sik: MopdonoriyHi, embpi-
ON0riYHi, ranysi MmosekynspHoi bionorii, cTomaTonorii Ta
pereHepaTuBHOI meguumum [1, 2].

MPU3YHU — KMBI OpraHismMmun pagy ccasLiB, 6inbLlwicTb
3 AKWUX HajsexaTb A0 reTepofoHTHMX CccaBLiB, TO6TO
TaKUX OpraHiamis, AKi matoTb binblue Hix oaHy mopdo-
JloriyHy ocobameicTb 3y6iB. BignosigHo 3ybHa cucTema
rPU3yHIB, a TaK, i WypiB NpeAcTaBaAeHa pPi3yuAMM Ta MO-
NApamu, WO MatoTb pi3Hy byaosy Ta dyHKUiOHanbHe
npusHayeHHA. [NpuBepTatoTb yBary MopdoreHeTUyHi
0COb6MBOCTI Pi3LLiB, PICT AKMX BiAOYBAETbCA BNPOAOBK
YCbOrO WUTTS opraHiamy (open-rooted incisors) [3, 4].
3a paxyHOK came BULLEeHaBeAEHMX 0COBMBOCTEN, LLypU
€ YHiKaZIbHOIO MOAeNNo Npu AOCNIAXEHHI npouecis
OfOHTOreHesy, afanTaLiiHOro ocTeoreHesy Ta npouecis
pemoaentoBaHHA TKaHUHKM 3yba. [laHi mopdonoriyHi Ta
bYHKLIOHa/IbHI XapaKTepPUCTUKKN He TiIbKW [03BONAIOTD
TMMOOKO A0CAiIAKYBATU NpoLLecn eMmbpioHaNbHOTO Po3-
BUTKY, @ 1 NPOEKTYBATK Ta MOAENOBATM NPOLLECU NOCT-
HaTafIbHOrO POCTY, OYHKLIOHA/IbHOTO HaBaHTAXKEHHS,
pereHepaLiii, CTUpaHHsA Ta peMiHepanisau,ii 3ybis.

OOHUM i3 Ba*KNMBUX HAMPAMIB cy4acHoi mopdoso-
riYHOT HAaYKM € JOCNIAXKEHHA Ta BUABNEHHA MONEKYNAP-
HO-TEHETUYHUX MEXaHi3MiB, LLLO BN/MBAOTb Ha NpoLEecH
pO3BMTKY 3yb6iB Ta KicTok wenen [5-7]. JaHi npouecn
PO3BUTKY NMOYMHAIOTLCA BNPOLOBK PAaHHBOrO embpiore-
Hes3y, B TOM Yac Konmn GopmyroTbCA 3a4aTKuM 3y6iB i Wwenen
3 nepuwoi 3a6poBoi Ayru. Yci cyyacHi gocnigxeHHs, wo
CTOCYIOTbCA AAHOI TEMATUKM, NiAKPecaoTs 0coban-
BY POJib eKToAepMaibHO-Me3eHXIMabHUX B33aEMOSIN,
curHanbHux wasaxis (FGF, SHH, BMP, WNT) Ta daKTopis
TpaHckpunu,ii (PAX9, MSX1, DLX, RUNX2), dyHKUii sKnx
NoONAratoTb Y KOOPAMHALIT MOpdOreHeETUYHNX NPOLLECIB,
AndepeHLitoBaHHA KNITUH, NpoueciB GopMyBaHHS ema-
NeBOro Ta AEHTUHHOTO MaTPUKCiB. OCKINbKM Li WAAXK €
BUCOKOKoHcepBaTuBHUMM (highly conserved), To6To Ta-
KMMMU, AKi 36epiraloTbCs BNPOAOBXK €BOOLIMHOro npo-
LLecy y BCix opraHiamiB maike 6e3 3miH TO pe3y/abTaTy,
OTPMMaHIi Ha MogAeni Lypa, YacTo eKCTPanoNThCA Ha
noanHy [8, 9].

JocniayKeHHn Ta BUAB/EHHA NPOLECIB CTAHOB/EHHA
3UC wypiB fo3Bonse rmnble 3p03yMiT eBOJIOLLiVHI,
CTPYKTYPHI Ta @YHKLiOHANbHI acnekTu ofoHTOreHesy,
3aKknacTM 6asuc ana po3pobku bGioiHKEeHepHUX mexa-
Hi3MmiB BigHOB/MEHHSA 3ybiB, a TAKOXK CMPUAE CTBOPEHHIO
eKcrnepMMeHTanbHUX MoAenien 3axBoptoBaHb 3ybiB Ta
wenen (HanpuKnag, Kapiec, NapoaoOHTUT, OCTEONOPOS,
NopyLlIeHHs pPO3BUTKY 3y6iB). Kpim Toro, BHacnigoK
AKTUBHOTO PO3BUTKY TKAHMHHOI iHXXeHepii, CTBOpeH-
HA Gi0AaKTUBHMX IMMNAHTATIB Ta PO3BUTKY TEXHOJOTIN
3D-6i04pyKy, BaXK/INBOIO Ta HEODOXiAHO € OTPUMAHHSA
dyHOAAMEHTAIbHUX 3HaHb NPO ¢i3ioNoriyHi 0cob6AMBOCTI
po3BUTKY Ta pocTy 3LLC y mogenbHux 06’ eKTiB.

Merta gocnigKeHHs.

Y3aranbHEHHA Ta KPUTUYHMIA aHani3 Cy4yacHUX Hay-
KOBMX AaHUX WoA0 GOPMYyBaHHA aHATOMIYHUX CTPYKTYP
3yboLlenenHoi cucTemu Lypis.

OCHOBHa YacTuHa.

MopdoreHeTnuHi ocobamsocTi embpioHanbHOroO
po3suTKy 3LUC € Hag3BMYaliHO CKAagHUM, BaraToKom-
MOHEHTHMM Ta YiTKO BiApery/sibOBaHUM NPOLLECOM, AKMNIA
3abesnevye cTaHOBNEHHA GYHKLIOHANbHO AOCKOHANO-
ro anapaty Aana mexaHiyHoi 06pobku ixi. MopdoreHes
3ULUC BKAoyae B cebe MocTynoBy Ta NOCAIAOBHY Koop-
OVHALI0 MiXK MONIEKYNAPHUMM CUTHANAMU, B3AEMOZiO
Pi3HUX emMBpioHaNbHUX TKAHWH (eKTo- Ta me3odepmu),
3 nocTynosot MmopdosoriyHow andepeHuialieto Kni-
TMH Ta opraHis. 3LLC cknaga€eTbCa 3 KiCTKOBUX CTPYKTYP
wenen, 3y6iB, 3B’A3KOBOro anapaty Ta LOMOMIMKHMUX
TKAHWH, PO3BUTOK AKUX NMOYMHAETLCA Ha pPaHHIX eTanax
embpioreHesy Ta TpMBaE A0 NOCTHATa/IbHOrO nepioay.

BaXnuMBICTIO MOAENbHUX OpraHiamis, 40 NpUKNa4y
LLYpPiB, € MOXAMBICTb BMABNEHHA NPOCTOPOBO-4aCOBOI
OVHamikm ctaHoBneHHA 3LLUC ynpogoBx nepiogy emb6-
pioreHesy. 3aBASKW KNAaCMYHO OMNWCaHIM Ta Bigomin
MOPGONOriUHI HayLi XpOHONOTii BHYTPILWHbOYTPOBHO-
ro po3suTKy LWwypa (E10-E21 cTagji), AOCNIAHMKM MalOTb
MOAUBICTb [AeTaNbHO BiACTEXYBATU eTanHicTb ¢Gop-
MYBAHHSA 3yOHWUX 3a4aTKiB, LLeNenHUX KiCTOK, PO3BMTOK
KICTKOBOI TKaHWHKM, iHHEpPBaLilO Ta BaCKynApm3aLito.
MoegHaHHA MeToAiB MONeKynapHoi bionorii, rictonorii
Ta imyHorictoximii (in situ hybridization, CRISPR-peaa-
ryBaHHA, TOWO) 3abe3neyvytoTb TOYHY JOKani3aLito Ta
YacoBy AMHaMIKy eKcnpecii reHis, wo 6esnocepesHbo
6paTtu yyactb y po3suTKy 3LLC. MepeniyeHi Buwe meTo-
AMKW JOCAigKeHb CNPUAOTb NOTMBAEHHIO PO3YMIHHSA
NaToNONYHMX CTaHIB, AKI BUHWUKAIOTb BHACNIAOK FreHHUX
abepauin abo BN/MBY SIK €K30- TaK i €HAOreHHUX YMH-
HukiB [10, 11].

Cnig, nigKkpecnuTtu, ponb MoAeni Wypis npu BuAB-
JIeHHI npoLeciB NOCTHATabHOro pemogentoBaHHA 3LLC.
HasBHicTb cTOBOYPOBUX KNITUH, LLLO PO3TALLOBYHOTHCA B
WWIAHIN AinAaHui pisuiB WypiB, cnpuATb 6esnepepsHoO-
My ix pocTty. [laHa ocobamBicTb pi3LiB LLypiB, a TaK 1 rpu-
3yHiB HagatoTb be3npeuefeHTHI MOXKANBOCTI Ta YMOBM
ANA  BiA3HAYeHHA MopdoreHeTUYHUX ocobamnsocTei
NOCTIMHOrO CTaHOBAEHHS 3yBHOI TKAHWHK Nig, Yac NocT-
HaTa/IbHOrO PO3BUTKY, BPAaXOBYHUYM NMpoLecu Ta mexa-
Hi3MM perynauii noginy KNiTuH, audepeHLitoBaHHSA NiHin
O[0HTOBNACTHMX Ta aMeN0BNACTHUX KANITUH, @ TAKOXK pe-
306pLiHMX Ta pereHepaLiiHmx npouecis [12].

BignosigHO 40 niTepaTypHUX A)Kepen: Ha no4aTt-
KOBMX eTanax, po3suTok 3LLUC po3nounHaeTbeca 3 yTBO-
peHHA nepLunx 3a4aTkis 3y6iB y BUrNAAI 1OKaNizoBaHMX
NOTOBLUEHb EKTOA4EePMasbHOrO eniTenilo BEepPXHbOi Ta
HUXHbOI WwenenHux ayr. Ll noToBLEeHHA BigoMi AK 3y6Hi
nnakoau (dental placode), aki 3aknagatoTbea npubams-
HO Ha 11-13-i aeHb embpioreHesy y rpusyHiB (3a1eXKHO
BiZ BMAY) i BignoBigatoTb ManbyTHbOMY PO3TallyBaHHIO
3y6iB. OAHOYacHO i3 3yBHMMKM nNiacTMHKamu dopmy-
€TbCA LlenenHa me3eHxiMma, Lo NOXOAUTb 3 HEPBOBOIO
rpebeHs (eKToAePMaNbHOTO NOXOAMKEHHS) — BAXK/MBOTO
J)Kepena me3eHXiManbHUX KAITUH, 30aTHUX aubepeH-
uiroBaTMCA y pisHi TN TKaHuH 3LLUC [13].

BueHi BKa3yloTb, WO KAKOYOBMM MEXaHI3MOM Yy pO3-
BUTKY 3LLC € B3aemogia MixK eniTeniaibHUMM KAITUHAMM
3yOHUX N1AKOA, Ta PO3TALLOBAHO NbLIE Me3eHXiMolo.
s B3aemopgisa BiabyBaeTbcA yepe3 oO6MiH CUrHaNbHU-
MW MOJIeKyNamMM, fiKi BnauBatloTb Be3snocepefHbo Ha
KNTUHHUA UuMKA, nponidepauio, audepeHuiauio Ta
anonTo3. HamBaXKAMBILLMMM CUTHANBHUMWU WIAAXAMU €
dakTopu pocty dibpobnactis (FGFs), KicTkosi mopdore-
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HeTu4Hi 6inkn (Bone Morphogenetic Proteins (BMPs)),
6inkn Wnt, wo AsnstoTb cob0ot0 rNiKonpoTeiHn, AKi Bigj-
rpatoTb HaA3BMYAMHO BAXK/IMBY PO/b Y Nepesadi curHa-
NiB Ta 3a/lyy4eHi y npouecax mirpauii KNiTMH; poO3BUTKY,
[03piBaHHA, audepeHuiauii Ta pereHepauii TKAHWUH.
Sonic Hedgehog (Shh) — 6inkn, wo 3anyyeHi y nepeaaui
CUTrHanNiB Ta iHWi. BOHM BM3HAYalOTb He MLle NPOCTOPO-
BE PO3TallyBaHHA 3yOHWMX 3a4aTKiB, a 1 IXx MopdoreHes,
To6TO popmyBaHHA cneumndivHoi bopmu mManbyTHbLOro
3yba [14].

Cepepn, HAyKOBL,iB KNAaCUYHO NPUNHATOIO € YOTUPLOX
CTagiliHa moaenb po3BUTKY 3yba. Ha noyaTkoBuMX cTagisx
3yOHOro po3BUTKY Me3eHXiMabHi KNITUHU CTUMYIOOTb
enitenin go dopmyBaHHA 3yH6HWUX BY3/MKIB (3auyaTkis),
AKi NOTIM NPoxoAATb Yepes Kiibka MOpPdONOriYHNX cTa-
Aain: nnakogHa (placode stage), 3auaTtkoea (bud stage),
Karncy/nbHa (KoBnauykosa) (cap stage) i ctagia dopmysaH-
HA KopoHKu (bell stage):

1. MNnakogHa cTagis (placode stage). [daHa cTagis
po3BUTKY, Wo oxontoe 11-12 ageHb embpioHanbHO-
ro po3sutky (E11-E12) xapaKTepusyeTbCA NOKaNbHO
nponipepaLieto KAITUH eniTenito, Wwo GopmMyloTb NIaKO-
AW, NOTOBLUEHI AinaHKM enitenito 3 giametpom 100-200
MKM. Ha gaHomy eTani po3BWUTKY Y KNITUHAX Me3eHXi-
Ma/bHOrO MOXOAKEHHA e BiACYTHA YiTKa opraHisauis,
npoTe BYEHi BKa3ylTb, WO B}KEe HAa AaHOMy eTani pos-
BUTKY BiAOYBalOTbCA KPUTUYHI CUTHANbHI B3AaEMOZIT Mix
Me3eHXiMaIbHUMW Ta eniTeNia/IbHUMM KAITUHaMK B -
NAHUI nnakog, wo ¢opmytoTbca. OKpim BULEHAaBEAEHUX
npouecis, NapanefbHO Ta KOOPAMHOBAHO MPOBOKYETb-
CA, 33 PAXYHOK KJNITMHHUX CUTHANbHUX MEXaHi3MiB 3HU-
YKEHHA KNITUHHOT agresii 3 CyMidKHIMM ginaHKkamu 3aana
bopMyBaHHA MexX niakoaum.

[JaHa cTagis po3BUTKY 3yba HaZ3BMYAMHO BaXK/IMBaA,
agKe came 3 Hel BifOyBa€eTbCA NOBHOLHHA iHiujayin
MOpPOreHeTUYHUX NPOLECIB Y CTaHOBAEHHI 3yba. Mna-
KOAM BWM3Ha4aloTb, CTBOPHOIOTb JI0KanNi3aliiHi ocobau-
BOCTi 3y6a, NpoCcTOpoBY OpieHTALO 414 GOpMyBaHHA, B
noZanblomy, 3a4aTka 3yba.

2. 3auaTkoBa cTagis abo bpyHbKoBa cTagia (bud
stage) — E12.5-E13.5. YnpoaoB AaHOi cTagii po3BUTKY,
HaniBKyNACTOi (0BOiAHOI) PpopmM Nnakoga 3aHYpPHOETb-
cA B Me3eHxiMmy. [laHMW nnakogHO-Me3eHXiManabHUN
KOMMJIEKC BifTenep Ma€e Ha3By 3y6HOro 3a4atka (3ybHoi
6pyHbKM). Me3eHxima, WO pOo3TaLIOBYETLCA KayAabHi-
e NoYMHaEe npouecu nponidepalii Ta NnoganbLIoi opra-
Hi3auji 3 yTBOpeHHsAM 3ybHOro cocoukKa (papilla dentalis).
OcTaHHil aBnse cobot HesigandepeHLitoBaHy 3a4aT-
KOBY CTPYKTYpY, fIKa JACTb NMOYaTOK AEHTWMHY Ta ny/bni
3yba.

3. KosnaukoBsa cTagia (cap stage) — E13.5-E14.5.
XapakTepusyeTbcs MOPPONOTIYHUMM  NEepPeTBOPEHHA-
MU BpyHbKonoAibHoro 3avyaTka 3yba, AKMIA NOCTYNOBO
OXOMJIOE KayAa/lbHO PO3TALLOBAHY YLLiIZIbHEHY Me3eHXi-
My 3yOHOro COCOYKa Ta Ma€ BUIMAL KOBMayKa, Lo Moro
OXOM/IOE 3 BepxHboro 60Ky. Came BNPOAOBXK AAHOrO
eTany po3BMTKY 3yba BiA3HAYaETbCA yHAAMEHTaNb-
Ha 3aKnafKa NoJanbLIOi CTPYKTYPHOI opraHisauii 3yba.
BHacnifoK BrMHaHHA 3a4aTka 3y6a, Ta nocTtynosoi gnde-
peHuiauii enitenianbHO-Me3eHXiMaNbHOro0 KAITUHHOIO
KOMMJIEKCY, BUHWUKAIOTb TPY 3apPOAKOBI CTPYKTYpU: eMa-
nesuii opraH (enamel organ) — BnacHe enitenianbHUR
MPOLUAPOK, L0 OXOMN/IOE Me3eHXiMy; 3yOHWIN COCOYOK
(dental papilla) — ginAHKa yulinbHeHOT Me3eHximu, Wo
pPO3TaWOBYETHCA MMOLWE eManeBoro opraHa Ta nokpu-

Ta 3BepXy OCTaHHim; 3ybHuIA donikyn (dental follicle) —
AKMI ABNAE cCObO0 NepudepitHMiA NPOLLIAPOK Me3eHXi-
MM, WO PO3TALLOBYETbCA HABKOMO 3yBHOrO COCOYKa Ta
€MaJiIeBOro opraHy. BueHi KOHCEHCYCHO NigKpec owTh,
O came Ha [aHil cTagii po3BUTKY BUHMKAE NOCTYMNOBa
andepeHUiaLia Ta «po3wapyBaHHA» KAITUH emaneBoro
opraHa, Ha OKpemi eniTenianbHi NiHii: 30BHILLHIA eniTe-
N emanesoro opraHa (outer enamel epithelium; OEE):
enitTenianbHUI NPOLLAPOK KNITUH, WO 3aMMaE 30BHILLHIO
nepuoepuyHy LinaHky, GopmMyoun 3axXxMCcHY 060NOHKY 3
BNACTUBUMMU MOMY 3aXMCHUMU OYHKLIAMW; BHYTPILWHIN
enitenin emanesoro opraHa (inner enamel epithelium;
IEE): WwinbHWIM NnpowapoK eniTeniabHUX KAITWH, WO 3a-
MMa€ BHYTPILWHIO YaCTUHY emMasieBOro opraHa, B Tilt Ai-
NAHUj, Ae OCTaHHiM 6e3nocepefHbO OXOMIOE AiNAHKY
3yH6HOro cocouyka (BBirHyTa 4acTMHa emaneBoro opraHa).
KNiTMHM BHYTPIWHBLOrO enitenito B No4aNblLIOMY 3a3Ha-
10Tb gudepeHruiauii y KniTMHKM amenobnactHoro psay;
3ipuacTi peTurynapHi KnitnHu (stellate reticulum cells):
MatoTb 3ipyacty Gopmy, 3 BUPANKEHUMU MINKKAITUHHUMMU
BiAPOCTKaMM, AKi PO3TALLOBYIOTLCA MiXK BHYTPILIHIM Ta
30BHIlWHIM eniTeNiem emaneBoro opraHa y renenogib-
HOMY CepefoBWLL, O 3aNOBHEHE MONEKY1aMW [iKo-
3aMiHOMIKaHIB; KAITUHW MPOMIXKHOro Lwapy (stratum
intermedium): gaHa nonynAuia KAiTUH 3’ABAAETLCA Ha-
NPUKiHUi KoBnaykosoi cTagii E14.5, Ta po3TaloByeTbCA
B AiNAHLI BHYTPILWHbLOrO eniTenito emaneBoro opraHa.
JocnigHMKM Ta HAyKOBL,i BKA3yHOTb, LLO OAHIE0 i3 BaX-
NIMBUX QYHKLIM AaHUX KNITUH € NiATPUMKA A03pPiBaHHA
Ta aKTUBHOCTI KNITUH amenobnacTHoro paay.

KnitnHm 3ybHOro cocoyka, Ha AaHOMy eTani po3BuT-
KY 3a3HatoTb NOCTynoBoi AndepeHLiauii y ogqoHTobnac-
TUYHY NiHItO KNITWH, 33419 3abe3neyeHHA noAasblumx
npouecis AeHTUHOreHesy. MeseHxima, WO OTOYYE Ai-
NIAHKY 3yOHOro CocoYKa Ta emasieBOro opraHa o6abiy —
3y6HUI GONIKYA, AA€E NOYATOK AEKINTbKOM NiHIAM KNITUH:
octeobnactam, ¢pibpobnactam Ta uemeHTobacTam, sKi
B CBOIO Yepry, oOpmytoTb NEPIOAOHT Ta AiNAHKMN aNbBeO-
NIAPHUX BiAPOCTKIB Lenen.

4. O3BoHonoaibHa ctagia (bell stage) E14.5-E16.5
— Ha3BaHa 3a PaXyHOK XapakTepHoi ¢opmu emanesoro
OpraHa, WO Ha AaHOMY eTani Haragye A3BiH, OXOMJIOH-
UM MPU LUbOMY ME3EHXiMY He TifIbKM KpaHianbHO, ane i
06abiy cocouka 3yba. YnpoaoBs:K A3BOHOMNOAI6HOI cTaaii
emManieBMin opraH YiTKo BigandepeHLiioBaHN Ha Yo-
TMPW Wapw, Wo bynun BKasaHi Ta onucaHi nonepeaHbo.
BHyYTpilWHilA eniTeniin emanesoro opraHa, ABnse coboto
NiHIIO BMAOBXEHUX, MNa/sIMYKOMNoAibHMX Ta OpieHTOBaA-
HUX NepneHAMKYNapHO o 6a3anbHOi membpaHu ame-
NoBNACTHUX KAITWH, WO 3 Yacom 6yayTb dopmyBaTh Ta
npoAayKyBaTy KOMMOHEHTU emani. Y ainaHui, ae Binbysa-
€TbCA 3aKNAAKa BEPXiBKM KOPOHKM Bif3HAYAETbCA MOP-
doreHeTMYHa aKTUBHICTb, LLLO Ha JaHOMY eTani 3aKknagae
dopmy 3yba. 30BHilLHIM eniTenin emaneBoro opraHa
YTBOPEHUIM NAACKUM LLUAPOM KNITUH, LLLO BUKOHYE 3aXMUC-
HY Ta TpodiuHy PyHKLT. KNiTHK 3ipyacToro peTnkynyma
ABNsAE COB0K0 aMOPTU3YIOUMIA Ta FiApaTyoUuniA Wap, AKUi
BAacHe NiaTpumye Gopmy Ta CTPYKTYpY 3ybHa, 3a paxyHOK
MOJIEKYN TNIKO3aMiHOMIKaHIB, AKI yTPMMYIOTb BOAY Ta
CTBOPHOHOTb TAKMM YMHOM BHYTPILLHIN TUCK. MPOMiXKHNI
LIap, HAYKOBLAMM ONUCAHUI, AK «MeTaboNiYHO aKTUBHa
NaHKa», AKa NiATPUMYE CMHTE3 emani amenobnactamu.
B)ke Ha gaHoOMy eTani po3BUTKY 040HTO6AACTH, WO AB-
nATbcA BiaandbepeHUiioBaHUMM KAiTMHaMKU 3ybHOro
COCOYKa (Mme3seHxiManbHe MNOXOAMKEHHS), MOYMHAIOTL
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dopmyBaTM AEHTUH. TPUCYTHIN YiTKMIN B3aEMO3B’A30K
Mi’K PO3BUTKOM [OEHTMHY Ta CUMHTE30M KOMMOHEHTIB
emMani amenobnactamu: nNepwnmm NPOLECOM € AEHTU-
HOreHes, Aani amesioreHes, nif iHAYKYHOYMM BNIVBOM
OEHTUHY.

YNpoaoBXK [aHOI CTagii, Ba)KAMBMM € 3aKIafKa
dbopmm KopoHKM 3yba, KinbkicTb BoposeH, ropbkis, ix
B3aEMOBIJHOLWEHHA Ta B3aEMOpPO3TallyBaHHA Ta BU-
cota. dPopma KOpOHKM 3yba 3a4a€TbCA, TaK 3BAHWMMU
«emanesumu Bysznamm» (enamel knot), wo sense coboto
TMMYacoBY CTPYKTYpy YTBOPEHY BMCOKO crnewiani3oBa-
HUMW KAITMHAMW BHYTPILWHbOrO eniTenito emaneBoro
opraHa nNpoTArom TPeTbOi Ta YeTBEePTOi CTaAin PO3BUTKY
3y6a. OCHOBHOW (YHKLIEID AAHUX KNITUH € CTBOPEHHSA
CUTHA/NIbHUX LEHTPIB, WO LWASXOM CUrHalbHUX biNkKiB
KOHTPOAIOOTb Nponipepalito enitenito, aaresmBHiICTb,
anonTo3 Ta AvdepeHLiaLilo KNiTUH, BNIMBAOUYM TaKUM
YMHOM Ha MopdoreHeTUYHI 0COBAMBOCTI KOPOHKM 3yba
[15, 16].

Y uei nepiog aKkTMBI3yeTbcA npouec nposnidpepadii
Ta audepeHuiauii KNiTUH, AKi yTBOPATb 3yOHI TKAHUHU:
emasib — 3 eniTenito, AeHTUH i LEMEHT — i3 Me3eHXiMu.
BogHouac i3 mopdoreHeTMYHMMM npouecamu 3y6is
BifbyBatoTbCA npouecy ocudikauii meseHximu AinsHOK
3aKNa[KM BEPXHbOI Ta HUXKHbOI Wwenen. LenenHi KicTku
dopMyHOTbCA NepeBarkHO 3a 4ONOMOro eHAeCManbHO-
ro abo NpAMOro oKocTeHiHHA, 6€3 HAaABHOCTI XPALLOBOI
mogeni — nonepeaHuKa, Wo Biapi3HAE iX Big 6inblUOCTi
iHWKX KicTOK cKeneTa. Y npoueci GopmyBaHHA KiCTKOBOT
TKAaHMHW 3aKNaJatoTbCA KOMIPKOBI BigPOCTKM, Y AKKX 3
Yacom po3MilLytoTbcA 3ybu. [laHuiA eTan PO3BUTKY €
KPUTUYHWUM MPU CTAaHOB/IEHHI GYHKLiOHAabHO NPaBu/ib-
HOTO NPUKYCY, agyKe BNPOLOBXK AAHOr0 Yacy BCTAHOB-
JIIOETbCA Ta CKOOPAMHOBYETLCA YiTKE CMiBBiAHOLIEHHSA
CYMiKHUX POCTY LLeNeNHMUX KiCTOK Ta dopmyBaHHA 3y6iB.

Emb6pioreHeTMYHi Npouecy CTAHOBIEHHA CTPYKTYp
3LLUC peryntotoTbCA CKIAAHOK MEPEXKEK FeHiB Ta CuUr-
Ha/IbHUX WAAXIB. 30Kpema, reHu cimencts Msx, Pax, DIx,
Barx KOHTPO/OIOTb Ta CKOOPAMHOBYIOTb GOpPMYBaHHA
Ta gudepeHuiauito KnitTMH. CurHanbHi monekynn BMP4
BUCTYNaOTb TPUFEPHUMM YMHHUKAMK NPU 3anyCcKy Npo-
uecis andepeHuialii ogoHTob6MacCTiB, WO BiANOBIAAOTH
32 YTBOPEHHA AEHTUHY, Toai AK FGF8 iHiuitoe po3BUTOK
emaneBoro opraHy. Came ANMCKOOPANHOBAHICTb Ta MOpPY-
LWEHHA NPOTiKaHHA AaHWUX GAKTOPIB Ta MPOLECIB, B AKMX
3a/ly4YeHi CUrHaNbHi MONEKYN NPU3BOAATL A0 ypoaKe-
HUX Bag ainaHok 3WC [17].

Micnsa npoueciB cTaHOBAEHHA MOPHONOTIYHOI CTPYK-
Typu 3y6a NOUYMHAETLCA NOCTYNOBMUI Ta NOETAaNHMI B3a-
€MONOB’A3aHNI Npouec MiHepanisauii TKAHUH — emani
Ta AEHTUHY. Big nNpoTiKaHHA LbOro Mpouecy 3anexuTb
TBEPAICTb i CTiMKICTb 3y6HiB 40 MEXAHIYHOTO 3HOLLYBAHHA.
Y rpu3yHiB 3 rincogoHTHMMM 3yHamu (pisusmu) noganb-
Wnin pict 3ybiB 3abe3neyyeTbca AinaHkamu nponidpepa-
Lii y WuiiKoBin ginanHui 3yba. Ana 6paxigoHTHUX 3y6is
(monspu) xapakTepHe 3aBepLUeHHs pocTy nicaa dopmy-
BaHHA KOpPeHA Ta MiHepanisau,i.

Y 3LUC wypa npucyTHi gBa TMnu mopdoorivyHo Ta
dYHKUiOHaNbHO pi3HMX TUNiB 3y6iB: HAasABHI MapHi pisLi,
Ta monapw. Tak, Ha BigMIHY Bif, NOAMHM, Y LLypa BIACYTHI
ikna Ta npemonsapwu, a 3ybHa popmyna € Takoro: 2/2, 0/0,
0/0, 6/6 (BepxHA/HWKHA wWenena BignosigHo). OTxe,
3arasibHa KinbKicTb 3y6iB — 16: no 4 pi3ui Ta 12 monnpis.

Pi3ui WypiB fABNAIOTL COBOIO BENMKI, BUTHYTI A03ady
3y6u, AKi MatOTb ACKPABO BMPAXKeEHY rincoaoHTHY byaoBy

(hypsodont teeth) — T06To BiZKPUTMIA KOPiHb i NOCTiNHY
30aTHICTb A0 POCTY BMPOAOBXK YCbOrO KUTTA. besne-
pepBHe 3pOCTaHHA Pi3LiB KOMMNEHCYETLCA iX CTUPAHHAM
nig, Yac rpusiHHA, WO CTBOPKE AMHAMIYHY piBHOBAry
MiX pocTOM i abpasieto. Taka BNACTUBICTb peanisyeTbes
3aBAAKM HAABHOCTI AiNAHKM CTOBOYPOBUX KNITUH Y LWUNI-
KOBil AinsHLUi, ae BiadyBaeTbcA nponipepauia ogoHTO-
reHHUX KNITUH i andepeHuitoBaHHA B amenobnactu Ta
ofloHTObNacTm [18, 19].

Ha BigmiHy Big, wypis, y ntoanHu — yci 3ybu matotb
3aKPUTI KOpeHi, AKi XapaKTepusyTbca NoBHicTIO cdop-
MOBAHMM KOpPEHeM, BigMeXKOBAaHUM Big, CyCigHix npu-
Nernnx Moro TKaHWH LLeMEeHTOM Ta nepiogoHToM. OKpim
BMLLEHABeAEHNX MpoLeciB, obniTepyeTbcA Ta 3HWUKAE
anikanbHKUi1 oTBip (foramen apicis dentis), 3 noganbwmnm
YTBOPEHHAM anika/ibHOro LIeMEeHTY, WO repmMeTU3ye
BepxiBKy 3yba. lNynbna B KOpeHeBili YaCTUHi YaCTKOBO
3a3Ha€e peaykuii. Bxke nicna octatoyHoro ¢popmyBaHHS,
3y6 KiHLEBO BTpayae gxxepeno nponidpepauii ogoHTO-
reHHUX KAITUH.

MpuciHkoBa, NnepeaHA NOBEPXHA Pi3L,iB LLYPiB BKpUTA
330BHi eMannto, ToAj AK A3MKOBA NOBEPXHA 3a/IULLIAETHCA
AEHTUMHOLO, L0 CTBOPIOE Pi3HULIO T acCMMETpIto B TBep-
[OCTi NOBEpPXOHb i MiATPMMYE Mmpouecu NPUPOLHBLOTO
CamM03aToyyBaHHA. Lle — KNtoyYoBUIA MexaHi3m, KU 3a-
6e3neyye Wypam epeKTMBHE BUKOPUCTaHHA 3y6iB y rpu-
3iHHi, 30Kpema Npu NPOHUKHEHHI Kpi3b TBepAi 06’ eKTH.

Ha BiamiHy Big pi3uis, monapu y wypis € 6paxi-
AoHTHUMM (brachydont teeth) (To6To matoTb 3aKpuTHiA
KOPiHb i He pOCTyTb MicNA Mpopi3yBaHHA). BOHM po3-
MileHi y KiHueBMx Bigainax wenen, ¢yHKLiOHAaNAbHO
3abe3neuytoTb NOAPIGHEHHA KOPMY Ta MatoTb CKAAAHY
ropbucTy noBepxHto. Monapu xapaktepumsyroTbcs obme-
YKEHUM TepMiHOM QYHKLiOHaNbHOT aKTUBHOCTI. Monspu
6iNbLWOCTI rpM3yHIB NiANAratoTb NOCTIMHOMY PeMOAEeNto-
BaHHIO BMPOAOBK CBOrO iCHYBaHHA 3a1€XKHO Bif TUNY Ta
XapaKTePUCTUK iXKi, Ta, BignosigHo, ¢yHKLiOHaNbHOro
HaBaHTaXeHHA [20].

Baknusoto ocobamsictio 3LLUC wypis € 6e3nepeps-
HWI PICT HUKHBOI LWEenenu y nocTHaTalbHOMY nepioaj,
O CAPUYMHEHUA aKTUBHUMW NPOLECAMMU OCTEOreHesy
B AiNAHUI HUXHbOWwenenHoro cumeisy Ta B AiNAHKAX
)KYBa/IbHOTO HaBaHTa)KEHHA. BepxHA LWenena TaKoX
YTBOPEHA 3POLLEHHAM MiXK COOOI MapHMX KICTOK i TiCHO
B33aEMOMOB’A3aHa 3 iIHWWMM KiCTKaMM NULEBOTFO Yepe-
na. OcteoreHeTUYHUMMU OCOBNMBOCTAMM Lienen € Te,
LLLO BOHW GOPMYHOTLCA LUAAXOM EHAECMaNbHOFO OCTEO-
reHesy, BiAMNOBiAHO KICTKOBa TKaHWHA 3aMiHIOE Me3eH-
Ximy-nonepeaHuka, To6To 6e3 nonepegHboi XpPALLOBOI
MoZeni, Wo € TUMNOBMM ONA KiCTOK /JIMLEBOro Bigainy
yepena.

M’asoBuit anapat 3LUC wypis obpe po3BUHEHUN i
BK/IHOYAE }KYBa/bHi, CKPOHEBI, NpucepeHi Ta 6iuHi Kpu-
nonofibHi m’a3n, aki 3abesneyytoTb CKAAAHI PYXU HUXK-
HbOI LWeNenu Mig Yac XyBaHHA Ta rPU3iHHA. PyxomicTb
wenen BigOYBAETbCA 3aBAAKM CKPOHEBO-HUMKHbBOLLE-
nenHomy cyrnoby, B AKOMY 34iACHIOIOTbCA PYXU HUKHBOT
Lenenu, AK BePTUKa/IbHI, TaK 1 FOPU3OHTAbHI.

BifbWicTb BYUEHUX BKa3yHTb, WO 3 PYHKLIOHAbHOI
TOYKM 30pYy, 3LLC Wwypa oKpim MexaHiYHOi, MaE€ LWwe i1 BaXK-
JIMBY CEHCOPHY GYHKLLO, L0 CKAAZAETHCA i3 KOMMEKCY:
3ybu, NapofoHT i cam3oBa 060n10HKA. OCTaHHI MatoTb
BMCOKY iHHepBaL,ito, Wo 3abe3neyye 3BOPOTHIN 3B'A30K
npu neperKoByBaHHiI ixi. YyTnumsicTb 3y6iB peanisyeTbea
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yepes cucTemy Tpiituactoro Hepsa (n. trigeminus), aka  Ti. 1i yHikanbHi 0co6aAMBOCTI, 30Kpema MOCTilHWIA picT
TaKkoX bepe yyacTb y GOpMyBaHHI 3aXMCHUX pedpaeKCiB.  pi3wis, akKTUBHMI OCTeOreHes Ta afanTUBHI 3MiHM 3y6is

KpoBonocTayaHHA BePXHbOI Ta HUXKHbBOI LWenen Ta i wenen y BiANOBiAb Ha HaBaHTaXKeHHA, PobAATL Lypa
3y6iB 3A4IMCHIOETbCA 33 PaxyHOK FiIOK BepXHboOLLenen- LiHHOIO MOZE//IIO 415 BUBYEHHSA HE JILLE HOPMAsbHO-
Hoi apTepii (a. maxillaris), Aka KpoBoNocTavae sk TBepa|, FO PO3BUTKY, a i NaToNOrii 3y6OLWEenenHoi AiNAHKN, a

Tak i m’aki TKaHnHKM 3LLUC. Backynsapusauia 3abesneuye L

- . TAKOX ANA TeCTYBaHHA METOAiIB Bi4HOBNEHHA TKAHUH Y
NiATPMMKY MeTabosliYHO aKTUBHOIO CTaHy TKaHMH 3yba, Lo
eKCnepuMeHTabHI CTOMATONOTI.

0C06/MBO B AiNSHKAX POCTy Ta peMoentoBaHHsA [21-25]. .
BUCHOBKM MepcnekTMBM NOJAANBLUUX AOCNIAKEHD.

3ybolienenHa cuctema LypiB € AMHAMIYHOIO CuCTe- MposecTn nitepaTypHe AOCNIAKEHHA LWOAO nopis-
MO0, LLO MOEAHYE B COBi CKNaaHY MOPOOriUHY opraHi- ~ HAJIBHOTO aHanisy possuTKy 3ybolienenHoi cuctemmn y
3aLLit0 3 BUCOKMM PiBHEM PYHKLOHaNbHOT NAacTUYHOC-  LLYPiB, MULLEN Ta toaen.
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CYYACHWIA CTAH HOPMAJIbHOIO PO3BUTKY 3YEOLLENENHOI CUCTEMMU Y IABOPATOPHUX TBAPUH

AyHatok-bepesiHa C. I., Cho6ogsaH O. M.

Pestome. B ornafoBili HayKoBIM CTaTTi 4OBEAEHO, O AOCNIANKEHHA Ta BUABIEHHA NPOLECiB CTaHOBAEHHSA 3y6o-
LenenHoi cutemm nabopaTtopHMX TBapMH, 30Kpema LypiB A03BOASAE MMbLIE 3p03yMiTU €BOJIIOLLIMHI, CTPYKTYPHI Ta
dYHKUiOHaNbHI acnekTM ogoHTOreHesy, 3aknactu 6asmc Ana po3pobKu BioiHKeHepHUX MexaHi3aMiB BiAHOBNEHHSA
3y6iB, @ TAKOX CMPUSAE CTBOPEHHIO EKCMEPUMEHTA/IbHUX MOZesel 3aXBOptoBaHb 3y6iB Ta LWesnen (HanpuKnag, Ka-
piec, NapofoHTUT, OCTEONOPO3, NOPYLIEHHA PO3BUTKY 3y6iB). BaxNMBICTIO MOAENbHUX OpraHiamis, 40 NpuKaagy
LLYpPiB, € MOM/IMBICTb BUABNEHHA MPOCTOPOBO-4AaCOBOI AMHAMIKM CTAHOB/IEHHA 3yboLLenenHoi CMcTeMM YNPOAOBK
nepiogy embpioreHesy. Knto4oBMM MexaHi3MOM y pO3BUTKY 3yboLuenenHoi cMcTemMu € B3aEMOZIA MiXK eniTenianb-
HUMM KNITUHAMK 3yOHUX NNAKOZ Ta PO3TALLOBaHO rMmbLie meseHximolto. LA B3aemogin BinbyBaeTbcs Yepes 0bMiH
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CUTHaZIbHUMM MOJIEKYNIaMM, AIKi BNAMBatOTb He3nocepesHbo Ha KNITUHHUI LMKA, nponidepadito, andepeHuiaLiro
Ta anonTos. HalMBaX/IMBILLMMM CUTHANBHUMMU LWAAXaMU € bakTopm pocTy dibpobnacTis (FGFs), KicTkoBi MopdoreHe-
TWYHI 6inkn (Bone Morphogenetic Proteins (BMPs)), 6inkn Wnt. KnacuiHo npuitHATO € YOTUPbLOX CTafiliHa MoAeNb
po3BUTKY 3yb6a: nnakogHa (placode stage), 3auatkoBa (bud stage), kancynbHa (KoBnaukoBa) (cap stage) i ctagis dop-
MyBaHHA KopoHKM (bell stage). Y 3yboluenenHili cuctemi wypa npucyTHI 4Ba TUNK MOPGOIOTiIYHO Ta GYHKLIOHANbHO
pi3HMX TUNiB 3y6iB: HaABHI NapHi pisui, Ta monspu. 3ybolienenHa cuctema LWypiB € AMHAMIYHOO CUCTEMOIO, LLLO
noeaHye B cobi cknagHy MopdONOriYHy OpraHisaLito 3 BUCOKMM piBHeM yHKLIOHaAbHOT NaacTUUHoCTi. Ii yHiKanbHi
0c06MBOCTI, 30KpeMa NOCTINHMIA PicT pi3LiB, aKTUBHUI OCTeoreHes Ta aflanTUBHI 3MiHM 3y6iB i Wenen y Bignosigb
Ha HaBaHTaXeHHA, PobAATD LLypa LiHHO MOAENIIO A1 BUBYEHHA HE INLIE HOPMAaibHOTO PO3BUTKY, @ 1 MaToNOri
3yboLLenenHoi AiNSHKK, @ TAKOXK 415 TECTYBAHHA METO/IB BiHOB/IEHHA TKAHWH Y EKCNEPUMEHTAJIbHI CTOMATO/OFI.

Kntoyosi cnosa: 3ybolenenHa cuctema, 3ybum, wenena, M’a3m, KPOBOMOCTAYaHHA, embpioreHes, mopdonoris,
aHaToMiA, Wypw.

CURRENT STATE OF THE NORMAL DEVELOPMENT OF THE DENTOFACIAL SYSTEM IN LABORATORY ANIMALS

Dundiuk-Berezina S. I., Slobodian O. M.

Abstract. The review article demonstrates that the investigation and identification of the processes underlying
the development of the dentofacial system in laboratory animals, particularly rats, allow for a deeper understanding
of the evolutionary, structural, and functional aspects of odontogenesis, provide a foundation for the development
of bioengineering mechanisms for tooth regeneration, and contribute to the creation of experimental models of
dental and jaw diseases (e.g., dental caries, periodontitis, osteoporosis, developmental abnormalities of teeth). The
importance of model organisms, such as rats, lies in the possibility of identifying the spatiotemporal dynamics of
dentofacial system development during embryogenesis. A key mechanism in the development of the dentofacial
system is the interaction between epithelial cells of the dental placodes and the underlying mesenchyme. This
interaction occurs through the exchange of signaling molecules that directly influence the cell cycle, proliferation,
differentiation, and apoptosis. The most significant signaling pathways include fibroblast growth factors (FGFs), bone
morphogenetic proteins (BMPs), and Wnt proteins. The classical and widely accepted model of tooth development
consists of four stages: the placode stage, the bud stage, the cap stage, and the bell stage. The rat dentofacial system
contains two morphologically and functionally distinct types of teeth: paired incisors and molars. The rat dentofacial
system is a dynamic system that combines complex morphological organization with a high level of functional
plasticity. Its unique features, including continuous incisor growth, active osteogenesis, and adaptive changes of
teeth and jaws in response to mechanical loading, make the rat a valuable model for studying not only normal
development but also pathologies of the dentofacial region, as well as for testing tissue regeneration methods in
experimental dentistry.

Key words: dentofacial system, teeth, jaw, muscles, blood supply, embryogenesis, morphology, anatomy, rats.
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