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Anotace

Orofacidlni oblast patfi mezi slozité regiony vzhledem k embryondlnimu vyvoji, ale pozdéji
i diky relativné velkému poctu anatomickych struktur. Samotny zakladni vyzkum, ale ani
samotny klinicky vyzkum, mohou v takto komplikované oblasti samy o sobé pfinést jen dilci
Uspéchy, a pro dosazeni komplexniho pokroku v této oblasti je nezbytné nutné jejich
propojeni. Vyznam tohoto propojeni je ilustrovan na tfech pfrikladech vyzkumnych
projektu, které se uskutecnily v ramci spoluprdce Akademie véd jako vyzkumné instituce a
Fakultni nemocnice Ostrava jako klinického pracovisté. Prvni ¢ast se vénuje odontogenezi
a jejimu moznému vlivu na vznik odontogennich tumorl, druha ukazuje mozné vyuziti
zvifeciho biomodelu pro vyzkum celistniho kloubu, posledni se pak zaméfuje na

problematiku retromarginalni zlomeniny ocnice.



Abstract

The orofacial region is complicated not only from the perspective of embryonal
development, but also later throughout the individual’s life due to a large number of
anatomical structures. Isolated primary or isolated clinical research can, in such a
complicated region, bring only partial success and for complex progress in the field, joining
forces of these two branches of research is of utmost importance. Here, we illustrate the
significance of such linkage on three examples of research projects performed in
cooperation of the Czech Academy of Sciences as an institution of primary research and
the University Hospital Ostrava as a clinical department. The first part is devoted to
odontogenesis and its possible influence on the formation of odontogenic tumors. The
second one exhibits the possible usage of an animal biomodel for jaw joint research, and

the last part focuses on retromarginal orbital fractures.
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1. Uvod

Cilem této prace je zdUraznit dlleZitost propojeni preklinického vyzkumu orofacidlni oblasti s
klinickou praxi. Vyznam tohoto propojeni bude ilustrovan na tfech prikladech vyzkumnych
projektld. Pravé vznik védeckovyzkumnych tymU zahrnujicich jak védce, tak i klinické
pracovniky schopné a ochotné pfistupovat k dané problematice ne pouze na zakladé svych
individudlnich uhli pohledu, ale skute¢né multidisciplinarné, mlze byt cestou k zefektivnéni

(nejen) medicinského vyzkumu (Beger a Schwarz, 1998, Campanelli, 2020).

Prvnim pfikladem, ktery bude v této praci uveden, je vyzkum vyvoje zubu, kde modelovy
organismus (prase) pomaha pochopit jednotlivé faze vyvoje zubu a patologickych jevl s timto
vyvojem spojenych, jako je napt. vznik epitelidlnich perel pfi degradaci zubni listy. Tyto
epitelidlni perly pak mohou tvofit potencialni zaklad pro vznik odontogennich tumord, jako je

ameloblastom.

Dalsim tématem, kterému se prace vénuje, je vyuziti praseciho a krali¢ciho modelu pro vyzkum
Celistniho kloubu. V prvni ¢asti tohoto vyzkumu jsme wvyuZili cCelistni kloub prasete
k experimentu spocivajicimu v aplikaci autologni krve do tohoto kloubu a k naslednému
sledovani ucinku. Tato metoda se v klinické praxi sice rutinné vyuziva, ale princip neni
jednoznaéné znam. V druhé ¢&3asti vyzkumu jsme vyuzili kralika, jehoz Celistni kloub je ve
srovnani s prasetem lépe dostupny a chov méné nakladny. Na tomto modelu jsme se zabyvali

reparacnim ucinkem kmenovych bunék na defekt v oblasti celistniho kloubu.

Posledni ¢ast je vénovana retromargindlnim zlomenindm ocnice. V tomto pfipadé jsme ve
spolupraci s oftalmologem vyuzili nase zkusSenosti ziskané pfi vyvoji skorovaciho systému,
ktery by mél usnadnit rozhodovani o zplsobu terapie takto postizeného pacienta (chirurgicka
vs konzervativni terapie). Samotné chirurgické reSeni takovéto fraktury je dalsi vyzvou,
protoze vyZzaduje co nejpresnéjsi rekonstrukci defektu na spodiné ocnice. Cilem naseho
soucasného vyzkumu je vyvinout vstiebatelné rekonstrukéni lastury vymodelované pomoci
softwarové aplikace na zdkladé CT snimk(. Pro takovyto vyzkum je pouZiti vhodného
biomodelu v preklinické fazi nezbytné a pravé prase¢i model by mohl byt idealnim

kandidatem.
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Odontogeneze a jeji mozny vliv na vznik odontogennich tumort

Do vyvoje zubu se zapojuje jak ektodermalni, tak i ektomezenchymova tkan. Z ektodermalni
tkdné vznikd sklovinny orgdn a nasledné sklovina, naopak ektomezenchymova tkan
predstavuje zaklad pro dentinovou slozku, cement pokryvajici zubni kofen, zubni dren se
strukturami zajistujicimi inervaci, cévni zasobeni, imunitni systém (burky prostupuji pres cévy
a natrvalo osidluji pulpu zubu) a periodont nutny k uchyceni zubu v alveolu (Krivanek et al.,

2020).

U difyodontnich druht se vyviji nejprve primdrni zubni liSta, kterd dava zaklad primarni dentici.
Poté, v pribéhu dalsiho embryondlniho vyvoje, kdy dochazi k vyvoji samotnych zubd, primarni
zubni lista degraduje, ale soucasné se zacind vyvijet i sekunddarni zubni liSta jako zaklad pro
trvalou dentici. Po dokonceni vyvoje zubl degraduje i tato sekundarni dentalni lista. Pravé
proces degradace zubni listy, pfi které vznikaji shluky bunék v podobé epitelidlnich perel, pak
muze byt jednim z bunécénych zdrojl pro vznik odontogennich tumord(, jako je ameloblastom

(Stock et al., 1997, Fraser et Smith, 2011, Liu et al., 2021).

Cely proces zacind po vytvoreni neurdlni trubice, ktera vznikd invaginaci ektodermu
z dorzalniho stfedového regionu do vyvijejicich se faryngovych oblouk( (Bronner-Fraser, 1995,
Morikawa et al, 2016). Tyto bunky jsou schopny prodélat fenotypovou zménu
z ektodermového zakladu na mezenchymovy, a vytvofit tak zaklady zubniho ektomezenchymu
(Imai et al., 1996, Kfivanek et al., 2017). Nejprve dojde ke ztenceni epitelové tkané, poté pak
v oblasti budoucich zubnich zarodk( ke kondenzaci mezenchymové tkané, kde naopak
epitelova tkan ztlustuje a dochazi k tvorbé zubniho pupene (Thesleff et al., 1995, Krivanek et.
Al., 2017). Poté epitelové bunky proliferuji a postupné se vnoruji do okolniho mezenchymu,
az vytvori stadium zubniho pohdrku, ve kterém se v oblasti korunky zacne tvorit sklovinny
organ a v oblasti budouci zubni diené diky kondenzaci ektomezenchymu vznika zubni papila a
nasledné odontoblasty produkujici dentin. Spojenim vnéjsiho a vnitfniho sklovinného epitelu
vznikd Hertwigova epitelidlni pochva (HERS), kterd apikalné proridstd do mezenchymu a
enkapsuluje zubni papilu, coZz nazyvdme stadiem zubniho zvonku (Thesslef et al., 1995). Poté

se mezenchymalni bunky pfiléhajici k vnitfnimu sklovinnému epitelu diferencuji
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v odontoblasty a zacnou produkovat organickou matrix. Po po¢ate¢ni mineralizaci pre-dentinu

se prilehlé epitelidlni buriky méni v ameloblasty produkujici organickou matrix skloviny.

Po skonceni ukladani sklovinné hmoty ¢ast ameloblasti apoptoticky zanika a zbylé buriky
reguluji maturaci skloviny ve vysoce mineralizovanou tkdn s minimalni pritomnosti
organickych sloZzek. Ameloblasty a ostatni epitelidIni burniky jsou na povrchu skloviny az do
okamziku erupce (Fleischmanova et al., 2007). S pokracujici odontogenezi vznikaji epitelové
zbytky z vnéjsiho sklovinného epitelu, které nazyvame Serresovy buriky. Pravé tyto bunécné
shluky mohou byt potencidlnim zdrojem pro vznik odontogenniho tumoru v Celisti (Eversole,

1999, Buchtova et al. 2012).

Béhem vyvoje zubl dochdazi nejprve k vytvoreni korunkové casti zubu, poté nasleduje
vytvareni zubniho korene. Apikalni ¢ast HERS hraje duleZitou roli v prodluzovani zubniho
kofene, coz ma vliv na jeho vysledny tvar a na pocet kofenll (Ten Cate, 1996). Nasledné
Hertwigova epitelidlni pochva fenestruje, coz umoziuje burikdm mezenchymového zubniho
vaku kontakt s formujicim se povrchem zubniho kofene. Mezenchymové bunky vnitfni vrstvy
dentdlniho vaku se dostdvaji do kontaktu skorfenovym dentinem a diferencuji
v cementoblasty. Folikularni buriky hranicici s HERS (mezenchymové bunky vnéjsi vrstvy
zubniho vaku) obsahuji populaci bunék schopnych diferencovat v periodontalni burnky, véetné
cementoblastd, fibroblastl a osteoblastl. Spolecné se podileji na vytvoreni periodontalniho
aparatu (Zeichner-David et al., 2003). Nékteré buriky z HERS migruji od zubniho kotfene do
prostoru budoucich periodontdlnich vlaken, kde se shlukuji do Malassezovych ostravk(. Ty
mohou nasledné ovliviiovat reparaci cementu, ale mohou byt také zodpovédné za tvorbu

odontogennich tumordl (Kaneko et et al., 1999, Zeichner-David et al., 2003, Xiong et al., 2013).

Interdentalni i dentdlni oblasti zubni listy béhem dalSiho vyvoje zubl degraduji, i kdyzZ presny
mechanismus zatim pfesné nezndme. Podle riznych teorii jde o programovanou bunéénou
smrt (apoptdzu), jejiz zapojeni jiz bylo do vyvoje zubu prokazané (Matalova et al., 2004).
Rovnéz byly zaznamenadny projevy epitelidlni-mezenchymalni transformace neboli preména
fenotypu bunék z epitelového na mezenchymovy (Kang and Svoboda, 2005), ¢i migrace bunék
(Lee et al., 2004). | tyto zbytky bunék ze zubni listy (epitelidlni perly) pak mohou teoreticky

byt zdkladem pro vznik odontogenniho tumoru.
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V klinické praxi se mezi nej¢astéjsi odontogenni tumory fadi zmifiovany ameloblastom. Jedna
se o epitelovy odontogenni nador pivodem z ameloblastli, ktery je dominantné benigni
s lokalné destrukénim potencidlem, ale v klinické praxi mGZeme vzadcné nalézt i maligni formy.
Nador se vyskytuje pfedevsim v dolni Celisti (nej¢astéji je lokalizovan v Uhlu nebo v téle dolni
Celisti, vzacné v celisti horni) a diagnostikovan byva obvykle mezi 20. a 40. rokem Zivota
(Kreppel a Zoller, 2018).

Nador roste pomalu a vede ke zvétSeni objemu kosti, pficemz zdureld kost je palpacné
nebolestiva, vétSinou bez otoku, kryta zdravou sliznici. Zajimavosti je, Ze v klinické praxi se s
poruchou citlivosti v oblasti mandibuldarniho nervu setkdvdme pouze minimalné. Tento
klinicky bezpfiznakovy rlst byvd hlavnim divodem pozdnich zachytl ameloblastomu u
pacientl s timto onemocnénim (Singh et al., 2021).

V pokrocilych pfipadech uz ale nachazime resorpci koren(l zplsobujicich nestabilitu zubl nebo
parestezii ¢i hypestezii. Klinicky se rozezndva forma solidni a cysticka. Solidni forma je
vzacnéjsi, makroskopicky se skldada z bélavé Zlutych granulovanych mas, které jsou zevné
dobfe opouzdiené nebo alesporni ohranicené. Cystickd forma je bud" monocysticka, nebo
polycysticka, a obsahem dutin je nazloutla cysticka tekutina (Mendenhall et al., 2007).
Standardnim RTG vysetfenim je OPG (Obr. 1), kde se nador prokaze bud’ jako jedna dobre
ohranic¢ena dutina pfipominajici cystu, nebo jako skupina rdzné velkych dutin oddélenych od
sebe kostnimi prepazkami (to sméruje diagnostiku k ameloblastomu). Tyto pfepazky mohou
nékdy dokonce i zcela chybét a pak jsou na snimku patrné polokruhovité vyrezy v kosti,
oddélené od sebe nizkymi zbytky kostnich sept. V pokrocilejSim stadiu jsou patrné resorpce
kofen( zub(. Pfi podezieni na ameloblastom je vhodné doplnit diagnostiku i CT vysSetfenim

(Kitisubkanchana et al., 2021).
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Obr. 1: Vlevo: Zobrazeni ameloblastomu na OPG. Vpravo: 3D rekonstrukce z CT vysetfeni
stejného pacienta. Zajimavosti je pfitomnost neprofezaného zubu 47 a ageneze zubu 48

v misté vzniku ameloblastomu.

Histologicky se rozliSuje Sest typl ameloblastom: folikuldrni, plexiformni, akantozomatozni,
z granularnich bunék, desmoplasticky a bazaloidni. Z klinického hlediska je ovSsem terapie pro
vSechny stejnd, tzn. chirurgickd Iécba v podobé extirpace nebo dokonce resekce Celisti (Shi et

al., 2021).

Pfesné mechanismy kontrolujici iniciaci odontogennich nador( stale nejsou detailné znamy.
Proto je vhodné vyuzivat tkanové kultury, ale i zvifeci biomodely, které ndm mohou pomoci
pti odhalovani patologickych procest vramci signalizace a bunécné komunikace mezi
epitelovymi a mezenchymovymi slozkami v priibéhu vyvojovych procesu. V nasem vyzkumu
se v této souvislosti ukazuje byt jednim z nejvhodnéjsich kandidat( praseci model (Sus scrofa
f. domestica), nebot jsme u tohoto modelu pfi vyvoji primarni dentice zachytili rozpad dentalni
listy s tvorbou epitelidlnich perel, které se formuji do shluk(i bunék, obdobné jako je tomu u
¢lovéka. Pravé tyto buriky mohou byt v budoucnu zdrojem moznych patologii. Vzhledem k
tomu, Ze problematika vyvoje ameloblastoml je z velké Casti neprozkoumand, spojeni
klinickych nélez( s molekularnimi analyzami u jednotlivych pacientd a déle vyuziti vhodného
zvifeciho biomodelu by ndm mohlo pomoci Iépe pochopit etiologii vzniku téchto patologii a

umoznit rozsifeni mozného terapeutického spektra v podobé biologické lé¢by.
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Komentar k prilozené publikaci €. 1

STEMBIREK, Jan, Marcela BUCHTOVA, Tomas KRAL, Eva MATALOVA, Scott LOZANOFF a lvan

MISEK. Early morphogenesis of heterodont dentition in minipigs. European Journal of Oral

Sciences [online]. 2010, 118(6), 547-558. ISSN 0909-8836. Dostupné z: doi:10.1111/j.1600-
0722.2010.00772.x

IF =1,890; Kvartil Q2

V literature se prase domdci uvadi jako vhodny biomodel pro vyzkum embryonalniho vyvoje
zub(, protozZe stejné jako clovék ma dvé série zub (tzn. difyodontni dentici) s vice typy zubu
(heterodontni dentice; Liu et al.,, 2021). Detailni informace o jednotlivych stadiich vyvoje
dentice u tohoto biomodelu v literature presto chybély. Cilem nasi studie proto bylo u prasete
identifikovat a charakterizovat rana vyvojova stadia odontogeneze, konkrétné obdobi od
iniciace primarni dentice az po pozdni fazi zvonku, kdy se zacind vyvijet i sekundarni dentice.
V nejranéjsich stadiich byla zubni lista podél celé délky Celisti kontinualni. Nasledné se zacaly
objevovat dentalni a interdentalni oblasti, které byly charakteristické nejen zalozenim zubnich
zarodk( a vrGstanim zubni listy v lingvalnim sméru, ale také zmensovanim zubni listy
v interdentdlni oblasti. Stran dalSiho vyzkumu v souvislosti se vznikem moZnych patologii
povazujeme za nejdulezitéjsi stddium zvonku primarnich zubl (ED50), kdy zubni lista zacina
degradovat a oddélovat se od ordlniho epitelu. Vétsina bunék dentalni listy béhem tohoto
procesu postupné zmizela, nékteré vsak perzistovaly v podobé epitelovych perel. Pravé vznik
téchto perel pfi degradaci zubni liSty a jejich perzistence miZze predstavovat v dalSim vyvoji

riziko vzniku patologickych struktur, jako je odontogenni tumor.
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Early morphogenesis of heterodont
dentition in minipigs

Stembirek J, Buchtovd M, Krdl T, Matalovd E, Lozanoff S, Misek 1. Early morpho-
genesis of heterodont dentition in minipigs.
Eur J Oral Sci 2010, 118: 547-558. © 2010 Eur J Oral Sci

The minipig provides an excellent experimental model for tooth morphogenesis
because its diphyodont and heterodont dentition resemble that of humans. However,
little information is available on the processes of tooth development in the pig. The
purpose of this study was to classify the early stages of odontogenesis in minipigs
from the initiation of deciduous dentition to the late bell stage when the successional
dental lamina begins to develop. To analyze the initiation of teeth anlagens and the
structural changes of dental lamina, a three-dimensional (3D) analysis was per-
formed. At the earliest stage, 3D reconstruction revealed a continuous dental lamina
along the length of the jaw. Later, the dental lamina exhibited remarkable differences
in depth, and the interdental lamina was shorter. The dental lamina grew into the
mesenchyme in the lingual direction, and its inclined growth was underlined by
asymmetrical cell proliferation. After the primary tooth germ reached the late bell
stage, the dental lamina began to disintegrate and fragmentize. Some cells disap-
peared during the process of lamina degradation, while others remained in small
islands known as epithelial pearls. The minipig can therefore, inter alia, be used as a
model organism to study the fate of epithelial pearls from their initiation to their
contribution to pathological structures, primarily because of the clinical significance
of these epithelial rests.

© 2010 Eur | Oral Sci

European Journal of
Oral Sciences
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The minipig is currently used as an experimental model
for human systems in many biomedical fields because of
its apparent similarities in anatomy and physiology, as
well as for economic advantages. Many different porcine
strains have been utilized to investigate numerous
diseases, such as diabetes mellitus or melanomas, which
affect humans (1-3). Pigs are widely used for salivary
gland research because they have a salivary flow rate
that corresponds closely to that of humans (4, 5). The
pig is also similar to the human with respect to the
meniscotemporal and condylomeniscal joint, making it
suitable for experiments on abnormal or harmful func-
tion of the temporomandibular joint (6). Furthermore,
pig jaws are used for testing implant materials as well as
for investigating the introduction of new techniques in
implantology (7, 8). The porcine model facilitates testing
of stem cells/scaffold constructs in the restoration of
orofacial skeletal defects and provides a rapid transla-
tion of the stem-cell-based therapeutics in orofacial
reconstructions (9). The pig is also suitable for peri-
odontal disease research as inflammation of the gingiva
can be present after 6 months of age, characterized by
swelling, accumulated plaque, and calculus, consistent
with the common features seen in human gingivitis. Even
though the mouse is the most common laboratory ani-
mal used for dental research, it displays a heterodont
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and monofyodont dentition.
normodont diphyodont dentition without diastema, so
they have the potential to become an excellent model
organism for studying the mechanisms of replacement
and patterning of heterodont teeth.

Pig deciduous teeth exhibit numerous morphological
similarities compared with the human dental pattern.
The dental formula of the deciduous dentition for the
miniature pig is i3/3, cl/1, and p3/3 = 28, and for the
permanent dentition is 13/3, C1/1, P4/4, and M3/3 = 44.
The pig adult dentition with three incisors, one canine,
four premolars, and three molars represents the general
eutherian dental formula. The number of premolars
varies among animals because the first premolar may be
absent (10, 11). Incisors and canines have a simple
conical shape with one tooth cusp and one root, while
premolars are multicuspid and possess multiple roots
(Fig. S1). The curved canine teeth (tusks) of boars pos-
sess an open root canal and continue growing through-
out life. Piglets are born with the third incisor and canine
already erupted, and a detailed analysis of eruption has
been published recently (12). In contrast, humans are
born toothless, and the first primary teeth usually erupt
between 6 and 8 months postnatally. As a general rule,
the mandibular teeth erupt before the maxillary teeth,
and teeth appear earlier in females than in males.

However, pigs have



548 Stembirek et al.

Tooth development is characterized by a complex
series of reciprocal interactions that occur between the
epithelium (stomodeal ectoderm) and the underlying
cranial neural crest-derived mesenchyme (ectomesen-
chyme) that regulates tooth morphogenesis and differ-
entiation at the molecular level (13-16). Despite the
differences in final shape, teeth undergo successive
developmental stages common to all mammals, including
epithelial thickening, and bud, cap, and bell stages (17).
Epithelial thickening is the first morphological feature of
tooth development and is characterized by cell prolife-
ration and invagination of the dental placode into the
surrounding ectomesenchyme.

The monophyodont mouse is the most common model
used for experimental investigations of tooth develop-
ment and offers many advantages (18). However, certain
limitations exist. In the mouse, the epithelium forms a
tooth bud in close proximity to the oral epithelium
without any significant invagination into the mesen-
chyme. The mouse also lacks the full spectrum of teeth.
There is an incisor that grows permanently and three
molars in each jaw quadrant separated by a large,
toothless gap (19). Diphyodont species (including
humans) display epithelial growth that invaginates into
the underlying mesenchyme to form a distinct dental
lamina that is necessary for the development of both
primary and secondary generations of teeth (20, 21). The
pig has a normodont and heterodont dentition, with all
tooth families being present and without an obvious
diastema (22). These morphological features facilitate
analysis of pattern formation in the heterodont dentition
with the potential to address hypotheses concerning the
morphogenetic specificity of incisor—canine—premolar—
molar areas. The pig develops two generations of teeth,
similarly to humans, and thus has the potential to serve
as a suitable model for the analysis of successional tooth
development. Furthermore, cloning of the porcine gen-
ome is well underway, providing increased opportunities
to use molecular methods to address the underlying
mechanisms of pattern formation of specific tooth types.

Despite all the advantages of the pig model in odon-
tology, detailed descriptive information concerning tooth
development in the pig is lacking. The purpose of this
study was to identify and classify early stages of odon-
togenesis in minipigs, focusing on morphogenesis of the
dental lamina utilizing computerized three-dimensional
(3D) analyses. This study also compared the development
of individual teeth in different positions along the jaw and
aimed to obtain basic information about their develop-
ment for further molecular studies. Finally, we addressed
whether or not temporal and positional overlap occurs
between the initiation of dental lamina regression and the
beginning of replacement tooth formation.

Material and methods
Embryonic material

All procedures were conducted following a protocol
approved by the Institutional Ethics Committee. Minipig
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embryos and fetuses were obtained from Libéchov animal
facility (strain LiM; Libéchov, Czech Republic). The day
after insemination was established as day 1 of gestation.
Staged embryos and fetuses were obtained by hysterectomy
and collected between embryonic days (E)20 and 67. Spec-
imens were fixed in 4% neutral formaldehyde (E20, E25,
E30, E35, E41, E45, E50, E56, and E67) and processed for
routine paraffin embedding. Five-micrometer serial tissue
sections were prepared and stained with hematoxylin and
eosin for 3D reconstruction analysis. Tissues were observed
and photographed using a Leica microscope (DMLB2) with
a Leica camera (DFC480) attached (Leica Microsystems,
Wetzlar, Germany). In addition, tissues were collected for
immunohistochemical staining and analysis.

3D reconstruction

Gestation in the minipig takes 115 d, which is similar to that
of the common domestic pig. Serial histological sections
were used to analyze the initiation of teeth anlagen and
dental lamina morphology. To evaluate continuity of the
dental lamina and the corresponding arrangement of tooth
anlagen within the jaw during development, 3D analysis at
four developmental stages (E25, E30, E35, and E45) was
performed. Computerized 3D reconstructions were matched
with transverse histological sections through the dental
lamina along the lower right mandibular corpus, and the
pictures of individual teeth anlagen were arranged in the
rostrocaudal direction to elucidate details of heterodont
dentition development. Three-dimensional reconstruction of
the right mandibular corpus from representative specimens
was performed using SuRFdriver software (WINSURF, v.
3.6; SURFdriver Software, Kailua, HI, USA) and subse-
quently viewed with surFviewer (1.1). Sequential transverse
serial sections were photographed (magnification 200 X or
100 x) and opened in WINSURF. Relevant tissue bound-
aries were identified and manually segmented.

Immunohistochemical staining

The location of proliferating (positive) cell populations was
detected by immunohistochemical detection of the prolif-
eration marker, proliferating cell nuclear antigen (PCNA).
After deparaffinization and rehydration, the sections were
incubated for 1 h at room temperature with primary mouse
anti-PCNA IgG (clone PC10, 1:100 dilution; Dako,
Copenhagen, Denmark). The secondary biotinylated anti-
mouse IgG (1:500 dilution, ABC kit; Vectastain, Vector
Laboratories, Burlingame, CA, USA) and the avidin—biotin
complex (ABC Kkit; Vectastain) were applied for 30 min
each. Visualization was performed by diaminobenzidine
(DAB). Slides were counterstained with hematoxylin and
the non-proliferating (negative) cells were stained blue.

Proliferation index

To quantify temporo-spatial differences in proliferation, the
proliferation index [i.e. the ratio of positive cells out of the
total number of cells (approximately 100)] was determined.
Deeper vs. superficial parts of the dental lamina (E36), the
interdental vs. the dental areas of lamina, and the labial vs.
the lingual areas of the lamina at E36, E56, and E67 were
evaluated.

Proliferating and non-proliferating cells were counted
using the IMAGE J plugin Cell counter (Wayne Rasband,
Research Services Branch, Bethesda, Maryland, USA)



allowing individual cell tagging in different colors. The
results were evaluated using the Student’s z-test and multi-
factorial ANovAa (MaNovA) with Tukey’s post-hoc testing
(P < 0.05; sTATISTICA; StatSoft, Tulsa, OK, USA).

Results
Definition of individual tooth stages

All pig teeth, regardless of shape or identity, displayed
developmental stages (Fig. 1) equivalent to those of other
mammalian species where epithelial thickening was the
first morphological indication of tooth development
(Fig. 1A). In contrast to the mouse, we defined the dental
lamina stage in minipig embryos (Fig. 1B) as the epithe-
lium that proliferates into the mesenchyme without any
obvious bud formation. We distinguished the early cap
stage, where the central area of the primordium is formed
by the enamel knot (Fig. 1D), and the late cap stage,
where the enamel organ cells are loosened (Fig. 1E).
Diphyodont species exhibit a distinct asymmetry with the
dental lamina located on the lingual side of the tooth
anlagen (Fig. 1G). The histodifferentiation and morpho-
differentiation of epithelial cells occurred in conjunction
with the dental papilla deeply protruding into anlagen,
forming an acute-angled apex. The dental lamina became
reduced, which disrupted its connection to the oral
epithelium (Fig. 1G). Differentiation of odontoblasts at
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the bell stage was followed by the production of predentin
and dentin, which are typical for the secretory stage
(Fig. 1H). Epithelial pearls appeared in the dental lamina
at this stage of odontogenesis (Fig. 1H).

Odontogenesis at early prenatal stages

The first signs of invagination of the oral epithelium
into the underlying mesenchyme occurred at E20
(Fig. S2). The epithelial thickening was continuous
along one quadrant of the mandibular corpus. Right
and left dental thickenings were not connected in the
midline and tooth anlagen had not yet been initiated.
The dental epithelium became thinner and straightened
close to the caudal end of the epithelial thickening. At
this developmental stage, the primary and secondary
palates were still open.

At E25, the epithelial thickening had grown more
deeply into the mesenchyme to reach the dental lamina
stage (Fig. 2). The right and left laminae were in close
proximity in the midline area. Computerized 3D
reconstruction revealed a continuous dental lamina
along the jaw (Fig. 2A,A’A”). There was no interrup-
tion of the dental lamina in the region of the
presumptive canine. There were differences in the depth
of the invagination of the dental lamina into the
mesenchyme, with the deepest projections occurring in
the area of the future canine and the first incisor in the

Epithelial thickening | Dental lamina

Bud stage ] I Early cap stage |

uf

Fig. 1. Staging of tooth development in the minipig. (A) Epithelial thickening was the first morphological sign of odontogenesis. (B)
The epithelium grew into the mesenchyme to form the dental lamina. (C) Localized thickening of epithelium (arrow) appeared along
the dental lamina, which was characteristic for the bud stage of tooth anlagen with condensations of the surrounding mesenchymal
cells (D) The enamel organ differentiated into the early cap stage with the enamel knot (37). (E) Loosening of enamel organ cells was
evident at the late cap stage. The outer and the inner enamel epithelium and formation of dental papilla were distinguishable. (F)
Stellate reticulum cells differentiated and the dental papilla increased in size at the early bell stage. (G) Tooth anlage showed a distinct
asymmetry with the dental lamina located on the lingual surface at the late bell stage. The dental lamina was disrupted and detached
from the oral epithelium (arrow). Successional dental lamina (sdl) was observed as projecting into the mesenchyme. (H) Differen-
tiation of odontoblasts and their production of dentin (d) characterized the secretion stage. Epithelial pearls became visible in the

superficial part of the lamina (ep). Scale bars = 200 um.
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Lingual view
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Fig. 2. Odontogenesis in a minipig embryo at embryonic day
25 (E25). Computerized three-dimensional (3D) reconstruction
of the right mandibular dental lamina viewed from ventral (A)
and lateral (A’) perspectives. (A”) A detail of the rostral area
showing the continuity of the dental lamina between the rostral
and caudal areas. The labeled lines in (A) correspond to the
histological section below. (B) Section of the incisiform rostral
area. (C) The interdental area between canine and premolar
areas. Note the small epithelial thickening and differential
staining of basal layers (red) of the dental epithelium in com-
parison to the oral surface. (D) More caudally, the epithelium
of the interdental area protruded into the underlying
mesenchyme. (E) Epithelial thickening in the future premolar
formation zone exhibiting a diffuse growth pattern contrasted
against localized formation of the lamina rostrally. Scale
bar = 100 um.

rostral mandibular corpus (Fig. 2A’A”). The epithelial
anlagen of the future fourth premolar also protru-
ded deeply. Lamina between anlagens showed small
ingrowths into the mesenchyme and proliferative regions
were easily distinguishable by the presence of epithelial
cell condensations (Fig. 2C). The primary palate and
lips were fused at this stage, but the secondary palate
remained open.

At E30 (Fig. 3), the oral epithelium was thicker and
superficial cells became cornified. Right and left dental
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laminae were connected in the midline. The dental
lamina projected deeply into the mesenchyme
(Fig. 3C,E). In the rostral area, bud stages of the
deciduous first, second, and third incisors as well as
the canines were evident (Fig. 3B,D,G, Table S1). In the
caudal region, the fourth premolar progressed into the
cap stage (Fig. 3J). The third premolar was at the bud
stage with the enamel knot protruding into the mesen-
chyme (Fig. 31) and the second premolar had not yet
been initiated (Fig. 3A,H). Interdental lamina was
morphologically obvious at this stage and had expanded
into the mesenchyme; however, it was shorter and lagged
behind the tooth-forming regions (Fig. 3A”). The dental
lamina projected into the mesenchyme with a curved
trajectory and in a lingual direction rather than as a
simple straight protrusion and perpendicular (Fig. 3E).
An epithelial ingrowth forming the vestibular lamina
began to protrude in the lateral direction from tooth
anlagen (Fig. 3B,C). These epithelial ingrowths were
most prominent in the rostral area in a close relationship
to the incisor anlagen (Fig. 3A”).

The dental lamina was still connected to the oral
epithelium along the length of the mandibular corpus
at E35 (Fig. 4), except in the most caudal area where
this connection was lost. Teeth anlagen were initiated
superficially close to the oral epithelium and the dental
lamina did not overgrow the tooth anlagen (Fig.
4B,C,1,J). Further growth of the dental lamina conti-
nued asymmetrically into the mesenchyme with a
tendency to turn lingually (Fig. 4D,H). The dental
lamina was connected to all deciduous teeth anlagen
(Fig. 4A). The early cap stages of the deciduous first,
second, and third incisors were present at E35
(Fig. 4B,C,E, Table S1) whereas the late cap stages
were observed in the deciduous canine and the third
premolar (Fig. 4G,I, Table S1). The most developed
tooth anlagen were the deciduous fourth premolars that
had reached the early bell stage, as indicated by the
stellate reticulum (Fig. 4)). Vestibular lamina appeared
in the frontal area of the dental lamina (Fig. 4B,D in
contrast to J) and was associated with incisor and
canine teeth. The vestibular lamina became shorter in
the caudal direction and was well developed in the
interdental areas just anterior to the teeth anlagen
(Fig. 4AA).

At E41 of fetal development, the dental lamina was
still connected to the oral epithelium. The depression of
epithelium appeared at the junction of the dental lam-
ina and the oral epithelium. The deciduous incisors
were at the late cap stage, whereas the canine was at
the early bell stage (Table S1). The fourth premolar
progressed to the late bell stage; however, the third
premolar was still at the late cap stage (Table S1). The
second premolar appeared for the first time at this
developmental stage. Growth of the interdental lamina
lagged behind growth of the dental lamina in the
anlagen areas.

The dental lamina remained connected to the oral
epithelium at E45 (Fig. 5C,F). The depression of epi-
thelium appeared at the junction of the dental lamina
and the oral epithelium. The vestibular lamina
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Fig. 3. Odontogenesis in a minipig embryo at embryonic day 30 (E30). (A) Computerized three-dimensional (3D) reconstruction of
the right mandibular dental lamina viewed from a ventral (A”) perspective with the rostral area showing initiation of individual
anlagen along the mandibular corpus. The labeled lines in (A) correspond to the histological sections shown below. (B) Transverse
section of the first incisors. (C) Interdental area between the first and second incisors with invaginating vestibular lamina (vl). (D) The
second incisor reached the bud stage while the vestibular lamina decreased in height. (E,F) Interdental lamina between the third
incisor and canine showed continuity of lamina along the mandibular corpus. The growth of interdental lamina was slower during
this early developmental stage. (G) Cross-section of the bud stage of canine anlagen. (H) Interdental lamina between canine and
premolars. (I) The third premolar proceeded into the early cap stage. (J) The fourth premolar reached the late cap stage, at which
time it was fully developed. Scale bars = 100 pm.

protruded into the mesenchyme of the first incisor anlagen forming the second generation at its tip
region (Fig. 5A,B) but became reduced in size caudally (Fig. S3C,F,H). The first occurrence of odontoblast
(Fig. 5B-1). The first, second, and third incisors differentiation occurred in the presumptive canine as it
had progressed to the early bell stage, whereas the entered the secretory stage, which was characterized by
fourth premolar was still at the late bell stage and predentin production (Fig. S3F). The second premolars

the third premolar at the late cap stage (Fig. 5J,I). The were at the late cap stage (Fig. S3G), while all incisors
second premolar had reached the early cap stage. were at the bell stage (Fig. S3A-D). The dental lamina

The dental lamina became reduced in size and thickness of the interdental region was interrupted and reduced in

in the interdental region (Fig. 5C,F), particularly in the size (Fig. S3E).

area connecting to the oral epithelium. At ES56, the dental lamina was disconnected from the
At ES50, the dental lamina and the oral epithelium oral epithelium (Fig. S4A,C). In the caudal area of the

were disconnected (Fig. S3A,B). The dental lamina jaw where the lamina was retained, superficial portions

projected deeply into the mesenchyme in the lingual of the lamina were composed of flat cells forming a thin

direction, and had overgrown the deciduous tooth layer (Fig. S4F). Deeper portions of the lamina were
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Fig. 4. Odontogenesis in a minipig embryo at embryonic day 35 (E35). (A) Computerized three-dimensional (3D) reconstruction of
the right mandibular dental lamina viewed from the ventral perspective. (A”) The rostral area shows the progress of individual tooth
anlage development along the mandibular corpus. Detailed view of the third (A”) and the fourth (A””) premolars; the labeled lines in
(A) correspond to the histological sections shown below. (B) Transverse section of the first incisor. (C) Transverse section of the
second incisor. (D) Interdental area between the second and third incisors with well-developed vestibular lamina (vl). (E) The third
incisor reached the bud stage with the vestibular lamina displaying a decreased height (vl). (F) Dental lamina between the third
incisor and the canine anlagen. (G) The deciduous canine reached the late cup stage. Note that the vestibular lamina was not present
at this stage. (H) Interdental lamina between rostral and caudal dentigenous areas retained continuity at this stage. (I) The third
premolar progressed into the late cap stage. (J) The fourth premolar reached the early bell stage. Scale bars = 100 um.

characterized by three layers of cells, including superfi- Complete detachment of the dental lamina from the
cial cylindrical cells underlying the basal membrane and oral epithelium occurred at E67. The superficial portion
dispersed central polygonal cells. The cell layer facing had fragmented into numerous independent tissue
the tooth anlagen was covered with large acidophilic islands (Fig. SSA.,B). The number of cells with acido-
cells. The dental lamina was rudimental in the region philic cytoplasm appeared to increase while the total
between the canine and the premolar (Fig. S4E). The mass of the dental lamina decreased (Fig. S5G). Alve-
fourth premolar reached the secretion stage, as indi- olar bone was observed to surround the base of teeth
cated by dentin production (Fig. S4I). The second pre- and formed an alveolar pocket (Fig. SSD,F). Numerous
molar progressed into the early bell stage (Fig. S4G) osteoclasts were located on the superficial bone lamel-

and the third premolar into the late bell stage lae adjacent to the corresponding tooth. All teeth,
(Fig. S4H, Table S1). Incisors persisted at the late bell except for the second premolar, had reached the
stage (Fig. S4A-C). secretory stage. Enamel production was obvious in
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Wertral view

Fig. 5. Odontogenesis in a minipig embryo at embryonic day 45 (E45). (A) Computerized three-dimensional (3D) reconstruction of
the right mandibular dental lamina viewed from the lateral perspective. (A”) The rostral area shows continued progress of individual
anlagen development along the mandibular corpus. The labelled lines in (A) correspond to the histological sections shown below. (B)
Transverse section of the first incisor at the early bell stage and related vestibular lamina (vl). (C) Interdental lamina between the first
and second incisors. (D) The early bell stage of the second incisor and the third incisor. (E) The vestibular lamina decreased in size in
the caudal direction. (F) The interdental lamina between the third incisor and the canine was small and narrow. (G) The canine was
more developed than the incisor and reached the late bell stage. (H) Transverse section of the interdental region, where the dental
lamina was still continuous. (I, J) No obvious progress in development of the third and fourth premolars was seen in comparison to
the previous stage. Scale bars = 100 um.

the third incisor, canine, and the fourth premolar lamina, with a significantly higher number of positive
(Fig. S5A.,C,D). cells positioned labially (Fig. 6C, S6B, S7). The distri-
bution of PCNA-positive cells in the mesenchyme was
irregular, with condensations of these cells around the
lingual tip of the lamina (Fig. 6C). The interdental
region was characterized by a slightly decreased

Inclined growth of the dental lamina is underlined by
asymmetrical cell proliferation

Immunohistochemical detection of PCNA was used to number of proliferating cells compared with the dental
determine the proliferation rate during development of region. However, this difference was only marginally
the dentition, and differences in the growth capacity of significant for the superficial part of the lamina
the dental lamina were noted. (Fig. 6B,C, S7). A significantly lower number of pro-

At E20, PCNA-positive cells were dispersed in the liferating cells were located in the dental stalk of both
mesenchyme around the dental thickening and in the regions (Fig. 6B,C, S7). Condensation of positively

epithelial portion of the tooth germ (Fig. 6A). Later in stained cells preceded morphological signs of bud for-
development (E25 and E36), proliferating cells were mation at the distal tip of the lamina (Fig. S6B) and
located primarily at the tip of the growing dental appeared to persist to the late bud stage (Fig. 6C).

24



Stembirek et al.

Fig. 6. Proliferation in teeth anlagens and dental lamina at
early stages of odontogenesis. Positive cells were visualized by
diaminobenzidine (DAB) (brown) and counterstained by
hematoxylin (blue). (A) Proliferating cell nuclear antigen
(PCNA)-positive cells were dispersed in the epithelium and the
adjacent mesenchyme at the early stages of odontogenesis E20.
(B) The tip of the growing dental lamina contained more pro-
liferating cells than superficial lamina (E36). (C) Tooth anlagen
at the bud stage with positive cells concentrated in the forming
inner enamel epithelium (E36). (D) At the cup stage, positive
cells were concentrated in the cervical loop, whereas the enamel
knot area was PCNA-negative (E36). (E) At the early bell stage,
there appeared to be a decrease in the number of positive cells.
The enamel knot was PCNA-negative through the early (E) and
late (F) bell stages (ES6). (G) There was an asymmetrical dis-
tribution of proliferating cells in the dental lamina at ES56.
PCNA-positive cells were located on the side adjacent to the
oral epithelium. (H) The dental lamina became thinner at E67
and only a few PCNA-positive cells were located on the side
adjacent to the oral epithelium. Scale bars = 100 um.

Cells of the lateral epithelial ingrowth in the interdental
area were PCNA-negative (Fig. S6A), while a cluster of
positive cells appeared in the dental region (Fig. S6B).
There were no proliferating cells in the enamel knot
area (Fig. 6D). At the later stages (E56 and E67), the
number of proliferating cells significantly decreased in
the dental lamina (Fig. 6G,H, S7) and they were situ-
ated in the region adjacent to the oral epithelium
(lingual side). Furthermore, positively stained cells were
located in the cervical loop area of the early bell

25

(Fig. 6E) and also of the late bell (Fig. 6F) stages. An
apparent increase in the number of positive cells in the
inner enamel epithelium of the late bell stage was evi-
dent just before enamel and dentin production (Fig. S6
— compare E and F). In contrast, the enamel cord cells
were PCNA-negative (Fig. S6F).

Successional dental lamina follows the bell stage
deciduous dentition

The deciduous dentition was initiated superficially close
to the oral epithelium. The penetration of the succes-
sional dental lamina into the mesenchyme was apparent
at the late bell stage, when the tooth anlage had moved
away from the oral epithelium. The successional lamina
had overgrown the primary tooth anlage and elongated
into the mesenchyme to initiate the secondary dentition.
Budding of the successional lamina initiated from the
lingual aspect of the primary teeth.

Initiation of replacement lamina was not apparent
until E41 when the fourth premolar reached the late
bell stage and the lamina started to elongate. By ES56,
all deciduous teeth had progressed into the late bell
stage with a well-developed successional lamina
(Fig. S4). Any permanent tooth anlagen were not
observed during the time period under investigation.
Disconnection of the tooth anlage from the adjacent
dental lamina occurred by E67, particularly of the most
developed teeth (c, p4) that also displayed enamel
production (Fig. SS5). The teeth with reduced enamel
production, including the incisors and premolars
(p2, p3), were still connected to the dental lamina by a
thin dental stalk (Fig. S5).

Epithelial pearls

After the primary tooth germ had reached the late bell
stage, the dental lamina began to fragment and disinte-
grate (Fig. S4A). During the process of lamina degra-
dation, selected cells remained as epithelial pearls
(Fig. S4F). The epithelial pearls were localized to the
superficial region of the dental lamina between the tooth
anlage and the oral epithelium. The first observation
of these structures occurred at E56 (Fig. S4F). The epi-
thelial pearls appeared as groups of circumferentially
positioned cells situated separately or as components of
the dental lamina. In the course of further development,
they lost their reticular structure and became more
compact (compare Fig. S4F and S5B,I). The epithelial
cells assumed a flattened appearance as they became
arranged into several concentric layers.

Discussion

The minipig provides a good model for dental research,
in particular because of its normodont dentition with all
four types of teeth. The current study was initiated to
provide a detailed analysis of individual tooth develop-
ment in the minipig using a comprehensive documenta-
tion approach. Data from this study should facilitate



further dental experiments in the pig model, particu-
larly selection of appropriate developmental stages for
experiments.

Heterodont dentition development

The shapes of all minipig tooth anlagen showed a sim-
ilar appearance at early stages of development. Differ-
ences became obvious at the beginning of the late bell
stage when characteristic shaping of the inner enamel
epithelium occurred. The premolar (a multicuspid tooth
type) displayed a complex inner enamel epithelium
shape compared with the incisor and canine that had a
simple conical shape. The canine reached the early bell
stage at E41 and dentin production was visible at E50,
whereas the fourth premolar reached the early bell stage
at E35, but dentin production was not first visible until
ES56. Similar observations were reported for the albino
ferret (Mustela putorius) where the enamel organ was
observed in the canine and the fourth premolar at E30,
and dentin production was first seen in the canine at E35
and in the fourth premolar at E40 (23). This result
suggests that a complex tooth needs longer to achieve its
final shape before dentin production commences. Even
in the mouse, where the gestational period for tooth
development is very brief, individual tooth types main-
tain different temporal trajectories. For example, inci-
sors reach the bell stage by E17 and the predentine
production is obvious at EI8, while the first molar
achieves the bell stage at E17.5 and predentine secretion
is apparent at E19 (24). This temporal difference in
tooth-type morphogenesis is consistent among mouse,
ferret, and pig when compared with the length of the
entire gestational period. One possible explanation is
that the longer developmental period is necessary in the
multicuspid teeth to increase the number of inner en-
amel cells and re-organize cells sufficiently to form folds
on epithelial-mesenchymal junctions. This formation is
followed by cusp morphogenesis accompanied by
odontoblast differentiation in specific temporal and
special patterns (25). Because the simple conical shape
of incisors and canine teeth corresponds to the embry-
onic shape of the tooth anlage, the re-arrangement of
inner enamel cells is not necessary and histodifferentia-
tion of odontoblasts can occur in a shorter period of
time.

There is a wide distance separating the earliest initiated
teeth in heterodont dentition (Fig. 7). This may reflect an
independent morphogenetic potential of the specific
tooth types in normodont dentition, similar to the mouse.
In the minipig, deciduous incisors and canines (rostral
field) differentiate anteriorly in the mandibular corpus to
the caudally positioned presumptive fourth deciduous
premolar (caudal field), which differentiates at the same
time. While incisors trigger in the caudal direction,
premolars are initiated in the rostral direction (Fig. 7).
The space between both fields is formed by the dental
lamina. Similar observations of premolar rostral initia-
tion, with pl developing last, were observed also in other
Eutherians (17). This direction of prenatal development
underlying subsequent initiation of more rostral premo-
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EZ20

j Bud stage

J Early cap stage

j Late cap stage

j Early bell stage
i- Late bell stage

Fig. 7. Schematic drawing of initiation and early development
of the individual teeth anlagen in minipig embryos. E, embry-
onic day.

lars probably played a major role in the reduction and
loss of rostral premolars during therian phylogeny (17).

Dental lamina is continuous along the jaw in
normodont dentition

In the mouse, the oral epithelium thickens in the
anterior and posterior areas of the jaw to form incisi-
form and molariform dental laminae separated by a
diastema (26). The computerized 3D reconstruction
revealed additional small thickenings in the diastema
area that may represent remnants of additional canines
and premolars lost during evolution (27, 28). Discon-
tinuity of the dental lamina in the diphyodont dentition
was previously described also in human embryos (29)
where the presence of two thickenings of dental epi-
thelia, based on 3D reconstructions, was reported.
These investigators observed a gap between both lami-
nae that probably arose as a secondary effect reflecting
the dual origin of the upper jaw derived from the
frontonasal mass and maxillary prominence. To avoid
the effect of fusion from two different prominences, we
prepared 3D reconstructions of the mandible that arises
uniformly from the first pharyngeal arch. We focused
on answering the question of whether the incisor and
molar placodes arise separately as in the mouse, or
from a continuous epithelial lamina. Computerized 3D
reconstruction of normodont dentition in the minipig
revealed a continuous dental lamina along the jaw at
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the early stage of tooth development (E25). There was
no interruption of the lamina in the rostral half of the
mandible in the area of the presumptive canine similar
to the human condition.

Initiation of replacement lamina

Primary teeth are initiated at the tip of the dental
lamina, and the second generation grows from the suc-
cessional lamina. Successional teeth form at the lingual
aspect of the primary teeth budding from the dental
lamina. However, the mechanism of tooth replacement
related to re-organization of the outer epithelium of the
primary tooth germ to form a cervical extension of
dental lamina remains unclear (30). The minipig model
may contribute to understanding these developmental
processes. The lamina of the diphyodont dentition ini-
tially invades into the mesenchyme before successional
dentition morphogenesis commences, in contrast to the
monophyodont mouse where teeth develop in close
proximity to the oral epithelium (31). However, the
minipig deciduous teeth are also positioned close to
the surface during early development (up to E45) sub-
sequently becoming embedded more deeply into the
mesenchyme as teeth anlagen enters the late bell stage
(E50). This observation was unexpected because it
occurred simultaneously with the initiation of dental
lamina disruption and, moreover, detachment from the
oral epithelium is distinguishable. The tip of successional
dental lamina elongates at this late bell stage as the
deciduous dentition emerges.

The timing of initiation differs in premolar and canine
successional teeth. The dental lamina of the ferret is
disconnected from the deciduous premolar anlagen
before the permanent teeth begin to develop (20), while
the deciduous canine anlagen is still attached to the
lamina. We observed the disconnection of dental lamina
from tooth anlagen before the replacement dentition was
initiated in canine, as well as in premolar, areas. For the
ferret, it was suggested that temporal differences in the
initiation of successional teeth can result in differences in
the progression of replacement (20) based on shrew data,
where early development of the permanent dentition
leads to the inhibition of deciduous tooth development
(32). Previously published observations are consistent
with the fact that in the pig, a very early, even prenatal,
eruption of canines occurs. Therefore, impeding the
development of canine permanent teeth is required to
ensure rapid replacement of the deciduous tooth germ.
In contrast to pig, the ferret canine erupts 2 wk after
birth.

Proliferation during diphyodont dentition
development

In the mouse (33, 34) as well as in the pig, proliferating
cells are dispersed diffusely throughout the dental epi-
thelium and dental mesenchyme at the initiation stage of
tooth development. The tip of the dental epithelium
adjacent to the mesenchyme contains proliferating cells
at E13.5 in the mouse similar to the early developmental
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stage of the minipig dentition. The enamel knot encloses
PCNA-negative cells from the cup through the bell
stages corresponding to the situation in the mouse and
vole (33, 39).

While the early development and morphogenesis are
remarkably similar in the mouse and pig, the later phases
of odontogenesis undertake divergent developmental
pathways. Whereas the mouse has a short dental stalk
where apoptosis is present from early stages (E15) (35),
there are numerous proliferating cells present in the
minipig throughout all developmental periods, as deter-
mined in this study. This finding is in agreement with
morphological differences and timing, where the pig
dental lamina requires a prolonged growing capacity,
ensuring penetration into the mesenchyme at a proper
depth.

At E30, differences in the dental lamina depth became
apparent in minipig. The interdental lamina was shorter
in length and lagged in development. Analysis of PCNA
staining demonstrated that cellular proliferation starts to
decrease in the interdental area, in contrast to the pattern
in python embryos, where proliferation remains consis-
tent throughout the length of the mandible (36). This
observation suggests that differentiation of the dentition
is associated with regional variation of cellular prolifer-
ation in the dental lamina. This idea is further supported
by the observation that tooth anlagen project unequally
into the dental lamina and achieve different depths in
minipigs, in contrast to the python where the dental
lamina invaginates consistently into the mesenchyme as a
sheet (37). Similarly to the snake, there was an asym-
metrical growth of the dental lamina into the mesen-
chyme, the mandibular lamina was growing in the
lingual direction, and the distribution of proliferating
cells in the epithelium was asymmetrical, supporting the
inclined lamina growth.

Appearance of epithelial rests and their function
during odontogenesis

The dental lamina begins to disintegrate when the pri-
mary tooth germ achieves the late bell stage. During the
process of lamina degradation, some of its cells disap-
pear, while others remain in small islands known as the
rests of Serres or epithelial pearls. As odontogenesis
continues, the epithelial cell remnants arise from two
different sources, including the dental lamina and the
outer enamel epithelium. Epithelial rests are of clinical
interest in humans because these cellular masses can give
rise to cysts or ameloblastomas (38-40).

In the minipig embryos, the presence of the epithelial
pearls occurred in the deeper portions of the lamina in
the area between tooth anlagen and oral epithelium. This
finding contrasts with that of rat where the pearls are
situated in the central area of the short dental stalk
connecting the tooth anlagen to the oral epithelium.
They form in close proximity or within the oral epithe-
lium of the rat (41). We suggest that this difference may
relate to the length of the lamina in the rat, which is
shorter than that of the diphyodont pig. How pearls
development is initiated and why they arise remains



unknown. Owing to the clinical significance of epithelial
rests, it will be necessary to provide a detailed analysis of
their fate from the initial development up to their con-
tribution to pathological structure formation. The
minipig may provide an important experimental model
for answering these questions.
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Vzhledem k tomu, Ze rozpad dentalni listy mGze byt v pribéhu vyvoje zub( jednim z klicovych
mechanismu, které brani ve vyvoji dalsi generace zubl, zaméfili jsme se vtéto studii
provedené na prase¢im modelu na mechanismy zodpovédné za rozpad zubni liSty. Mezi tyto
mechanismy, které se mohou vzajemné kombinovat, mUzZe patfit i migrace bunék, preména
jedné zarodecné tkané na jinou (tzv. epitelidlné-mezenchymalni transformace) a/nebo
apoptdza. Pro rozpad zubni listy je charakteristickd ztrata bazdlni membrany, ktera epitelové
bunky ,drzi“ pohromadé. Dochdzi ktomu pravé diky procesu epitelidlné-mezenchymalni
transformace, kdy dojde k oddéleni bunék od ostatnich a k jejich nasledné migraci. Pro tyto
bunky je typicka ztrata epitelovych markerd, jako jsou E-cadherin zodpovédny za bunécné
spoje nebo cytokeratin, tvofici cytoskelet epitelovych bunék. Naopak, detekovat Ize zvySeni
exprese mezenchymovych markerl, jako jsou transkripéni faktor Slug typicky pro
mezenchymové bunky, matrix metaloproteindza 2 (MMP2), coZz je enzym degradujici
extraceluldrni matrix a umoZiujici burice migraci, nebo vimentin, ktery tvofi cytoskeletdlni

vldkna (Kang a Svoboda, 2005, Bazina et al., 2022).

V nasem experimentu jsme pozorovali v oblasti dentdlni listy na zaddtku odontogenenze
relativné vyraznou expresi E-cadherinu, kterd se v pozdéjsi stadiich, na rozdil od zbytku
ustniho epitelu, snizovala. Zaroven dochdzelo v obdobi degradace zubni listy ke zvyseni
hladiny MMP2, a to hlavné v ostrlvcich lokalizovanych v oblasti rozpadajici se zubni listy.
Podobné zmény jsme zachytili i u dalSiho mezenchymalniho faktoru SNAI2. Zajimavosti je, Ze
zanik pomoci apoptdzy jsme prokazali pouze u ¢asti bunék zubni listy; ¢ast (byt mensi) se pak
seskupovala do malych shluk(i ozna¢ovanych jako epitelidlni perly, které se zdaji byt klinicky
vyznamné i pro humanni medicinu, protoZze mohou predstavovat zaklad pro vznik patologii

v Celistech (Palanisamy et al., 2022).
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ABSTRACT

Functional tooth germs in mammals, reptiles, and chon-
drichthyans are initiated from a dental lamina. The longev-
ity of the lamina plays a role in governing the number of
tooth generations. Monophyodont species have no replace-
ment dental lamina, while polyphyodont species have a
permanent continuous lamina. In diphyodont species, the
dental lamina fragments and regresses after initiation of the
second tooth generation. Regression of the lamina seems
to be an important mechanism in preventing the further
development of replacement teeth. Defects in the complete
removal of the lamina lead to cyst formation and has been
linked to ameloblastomas. Here, we show the previously
unknown mechanisms behind the disappearance of the
dental lamina, involving a combination of cell migration,
cell-fate transformation, and apoptosis. Lamina regression
starts with the loss of the basement membrane, allowing
the epithelial cells to break away from the lamina and
migrate into the surrounding mesenchyme. Cells deacti-
vate epithelial markers (E-cadherin, cytokeratin), up-regu-
late Slug and MMP2, and activate mesenchymal markers
(vimentin), while residual lamina cells are removed by
apoptosis. The uncovering of the processes behind lamina
degradation allows us to clarify the evolution of diphy-
odonty, and provides a mechanism for future manipulation
of the number of tooth generations.
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Early Regression of the
Dental Lamina Underlies the
Development of Diphyodont
Dentitions

INTRODUCTION

he dental lamina (DL) has been described in many different species of ver-

tebrates and starts as an invagination of the epithelium growing deeply
into the mesenchyme (Buchtova et al., 2008; Jarvinen et al., 2009; Fraser and
Smith, 2011). Teeth bud off from the DL, with replacement teeth originating
from the free end of the lamina. There are significant variations in the mor-
phology of the DL during development in monophyodont, diphyodont, and
polyphyodont species that relate to their ability to form replacement teeth.
However, detailed accounts of the processes are unknown.

The mouse is the main model for the study of odontogenesis, but it forms
only one tooth generation. Our knowledge of the processes involved in
replacement tooth development is therefore limited. The mouse DL is very
short; therefore, the teeth develop at the oral surface, and there is no evidence
of a replacement lamina (Fig. 1A). In diphyodont species, such as the pig and
ferret, the replacement lamina is evident as the primary dentition reaches the
late bell stage, lying lingual to the deciduous tooth (Jarvinen et al., 2009;
Stembirek et al., 2010). A second generation of teeth then buds off from this
replacement lamina (Fig. 1B). After initiation of this second generation dur-
ing mid-gestation, the pig lamina, like that of humans, undergoes degradation,
preventing the initiation of further tooth generations (Moskow and Bloom,
1983; Stembirek et al., 2010). In humans, incomplete lamina degradation has
been linked to the formation of epithelial pearls, which can lead to the devel-
opment of oral cysts or tumors (Moskow and Bloom, 1983; Eversole, 1999).
In contrast to the pig and human, in species with multiple generations of teeth,
such as snakes, the lamina persists, linking the developing teeth in a chain,
and providing further generations from its leading edge (Fig. 1C) (Buchtova
et al., 2008).

Here, we have investigated the mechanisms behind the regression of the
lamina in a diphyodont species, the pig. The pig has a dentition very similar
to that of humans and therefore represents an excellent model.

There are three possible processes that have been proposed to play a role
in loss of epithelial cells during development: apoptosis, migration, and
epithelial-mesenchymal transformation (Prindull and Zipori, 2004; Ahlstrom
and Erickson, 2009). We therefore proposed that a combination of these pro-
cesses might be involved in loss of the replacement dental lamina in the pig.
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MATERIALS & METHODS
Embryonic Material

Minipig embryos and fetuses (E56 and E67) were obtained from
the Libéchov animal facility (Czech Republic, strain LiM). All
procedures were conducted following the Guide for the Care
and Use of Laboratory Animals and a protocol approved by the
Animal Science Committee of the Institute of Animal Physiology
and Genetics (Czech Republic).

In situ Staining

Standard protocol was used for immunohistochemical analysis
as described previously (Stembirek et al., 2010). Detailed lists
of antibodies and protocols are summarized in Appendix Table
1 and Appendix Methods. The apoptotic DNA fragmentation
was evaluated by the TUNEL method (ApopTag Peroxidase
In Situ Apoptosis Detection Kit — S7101, Chemicon, Temecula,
CA, USA).

Slice Cultures

Minipig mandibles were removed from 2 different developmen-
tal stages — E55 (2 embryos, 7 slices), and E60 (2 embryos, 6
slices) — and bone was dissected from the tissue for easier cut-
ting. Slice cultures were prepared as described for mouse man-
dibles (Matalova et al., 2005).

Cell Migration

We used a Dil labeling method to track groups of migrating
epithelial cells. Using a FemtoJet microinjection system
(Eppendorf, Hamburg, Germany), we injected CellTracker™
CM-Dil (Molecular Probes Inc., Eugene, OR, USA) dissolved
in dimethyl sulfoxide (DMSO) and diluted in 0.3 M sucrose to
a working concentration (0.5 mg/mL) into the dental lamina of
the mandible slices.

RESULTS

Breakdown of the Lamina Starts with Disruption of the
Basement Membrane

The first morphological sign of regression was visible at E50
(Stembirek et al., 2010). At E56, the regression was obvious in:
(a) the superficial part of the DL connecting the lamina to the
oral epithelium, and (b) the dental stalk attaching the DL to the
deciduous tooth anlagen (Figs. 1D-1F). The timing of regression
corresponded with the initiation of the second generation of
teeth from the replacement lamina. Later on, morphological
changes became apparent in the deeper parts of the DL. The
aboral part of the DL contained cells with acidophilic cytoplasm
forming circular structures disconnected from the DL at E67
(Figs. 1G-11), while, on the other side, the cells remained nar-
row and columnar (Figs. 1E, 1H). During these later stages,
clusters of epithelial cells (pearls) were evident close to the oral
epithelium (Figs. 1J, 1K) (Stembirek et al., 2010). To follow
these initial stages of degeneration, we dissected out the DL
before overt signs of disintegration (E55) and used a slice
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culture method to take a live frontal section (Fig. 2J). Over just
a few days, the DL was seen to thicken, and the initially straight
walls of the DL started to undulate and became rough on the
aboral side nearest the tooth, mimicking the process shown by
histology (Fig. 2M).

To determine the integrity of the basement membrane during
lamina fragmentation, we detected the presence of laminin
(Figs. 1L, 1M). Epithelial cells facing the oral side of the DL
were tightly packed and surrounded by a continuous laminin-
positive basement membrane (Fig. 1M). The aboral side of the
DL showed no laminin expression. Notably, high levels of lam-
inin expression were associated with the appearance of numer-
ous laminin-positive vessels close to the DL (Fig. 1M), and the
size and number of which increased along with lamina fragmen-
tation (Appendix Fig. 1).

Cell Death Is Associated with Loss of Some Cells in the
Fragmenting Lamina

Cell death by apoptosis during odontogenesis has been previ-
ously described (Kindaichi, 1980; Vaahtokari et al., 1996;
Sasaki et al., 2001). Since the number of cells that make up the
lamina appeared to reduce between E56 and E67, we analyzed
apoptosis during minipig DL regression. TUNEL-positive cells
were rarely located in the DL at early stages (Fig. 2A), but were
concentrated in the enamel knot (Figs. 2D, 2E, 2G), as in the
mouse. Only a few dispersed positive cells were in the dental
papilla and surrounding mesenchyme (Fig. 2G). As the DL
started to disintegrate, TUNEL-positive cells and apoptotic bod-
ies were observed at the edges of the lamina, where the most
fragmentation was visible (Figs. 2B, 2C, 2H, 2I), and in the
dental stalk of the first tooth (Figs. 2D, 2F). The main body of
the lamina, however, remained largely TUNEL-negative, with
no evident increase in apoptosis on the aboral vs. the oral side
(Figs. 2B, 2H).

Epithelial Cells Move Ovut of the Lamina

To test the possibility that the epithelial cells were moving out
of the lamina, we labeled the epithelial cells by injection of Dil
in the cultured slices of DL at ES5 (before overt DL fragmenta-
tion) (Figs. 2J-2R). At this stage, DL cells appeared to have high
migratory potential. After 2 days of incubation, the shape of the
DL was modified, and protrusion of cell clusters was apparent
(Figs. 2], 2M). Some cells appeared to spread into the adjacent
mesenchyme (Figs. 2N, 20), this movement being more pro-
nounced after 4 days (Figs. 2Q, 2R), when the DL was still
evident but much reduced in size (Fig. 2P). Simultaneously, the
lamina was also labeled at E60 (once degradation had started),
but at this stage less movement from the site of injection was
observed (Appendix Fig. 2), and the DL was no longer evident
after 4 days in culture (Appendix Fig. 2G).

Epithelial Cells Transform to Mesenchymal during
Lamina Regression

Epithelial-mesenchymal transformation (EMT) occurs during
normal prenatal development as well as in tumor metastasis and
wound healing (Jin and Ding, 2006; Baum ef al., 2008). Having
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species comparison
o= o

regression of dental lamina in pig

epithelial pearls

basal lamina interruption

Figure 1. Dental lamina morphology and regression are connected with the disruption of the basement membrane. (A-C) Species comparison of
dental lamina morphology. (A-K) Hematoxylin-eosin staining. (A) Monophyodont mouse with a stalk-like lamina connecting the tooth germ to the
oral epithelium. (B) Disruption of the dental lamina (arrows) during mid-gestation in the diphyodont pig. (C) Long lamina (arrow) connecting 4
generations of tooth germs in the polyphyodont boa. (D-K) Degradation of the pig dental lamina. (D-F, J,K) The dental lamina at E56. (E, F) High-
power views of boxed areas in (D). (E) In the deeper part of the lamina, on the side facing the tooth anlagen, the cells were rounded, while on
the other side the cells were narrow and columnar and the tip of the lamina was uniformly columnar. (F) Close to the oral surface, the dental
lamina showed signs of regression and was disconnected from the oral epithelium. Cells facing the tooth contained acidophilic cytoplasm and
protruded from the lamina (arrow). (G-) The dental lamina at E67 was fragmented into several pieces. (H, I) High-power views of boxed areas
in (G). (H) Clear differences were observed in cell morphology between the oral and aboral sides of the lamina. The mesenchyme on either side
of the lamina showed similar differences in morphology, being more closely packed on the oral side. (I} Close to the oral surface, the lamina was
thinner, with cell cluster formation on the tooth side. Some acidophilic cells were localized out of the lamina (arrow). (J) Epithelial pearls are
situated next to the lamina, close to the oral epithelium, by E56. (K) High-power view of pearl shown in (J), showing similarities to palatal epithelial
pearls formed during loss of the midline seam. (L-M) Basement membrane confluence was analyzed in the minipig dentition using lamina at E67.
(L) Background stained by DAPI (blue nuclei). (M, M’, detail) Laminin was labeled by FITC (in green). Oral side of the dental lamina displayed a
continuous basement membrane, while the aboral side was disrupted. Small blood vessels (bv) (white arrows) were attached to the aboral side
of the dental lamina. dl - dental lamina, ep - epithelial pearls, oe - oral epithelium, th - tooth, odl - oral side of dental epithelium, adl — aboral
side of dental lamina. Scale bar = 100 pm.
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Ina

the dental lam

IS In

Apoptos

Migration of cells - labeled by Dil

Figure 2. Apoptosis and cell migration of epithelial cells during dental lamina regression. (A-l) Apoptotic cells (dark brown) were labeled by TUNEL
assay. Slides were counterstained with hematoxylin to contrast negative cells in blue. (A-F) E56. (G-l) E47. (A,B) Very few dispersed TUNEL-positive
cells were associated with the main body of the dental lamina at E56. (C) High-power view of boxed area in (B). Positive cells were located in
areas of lamina fragmentation near and in the outer enamel epithelium (oee). (D) Positive cells were associated with the enamel knot, highlighted
in (E), and dental stalk, highlighted in (F). (G) Apoptosis was still evident in the enamel knot at E67 (positive cells arrowed). (H) A few positive cells
were observed in the main body of the lamina (arrow), but the majority were found in the thin dental stalk close to the outer enamel epithelium,
where the lamina had already degraded. (I) Boxed area in (H) highlighting positive cells (arrow). (J-R) Dil labeling of dental lamina cells at stage
E55. (J,M,P) Slice cultures of minipig embryos in bright field (BF), (L,O,R) dark field (DF), and (K,N,Q) both fields merged. (J,K,L) Label just after
injection (day O) showed a small fluorescent spot in the dental lamina at E55. (M,N,O) Label after 2 days of incubation. (M) The initially straight
outline of the lamina started to undulate and protruded into mesenchyme on the side facing the tooth germ. (N,O) Dil shows cells spread out of
the lamina. (P,Q,R) Label after 4 days of incubation. (P) The outline of the lamina is less defined. (Q,R) Dil shows cells spread out at a distance
from the lamina. adl - aboral side of dental lamina, dI — dental lamina, ek — enamel knot, odl - oral side of dental lamina, oe - oral epithelium,
oee — outer enamel epithelium. Arrows show positive cells. Scale bar = 100 pm.
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E-cadherin

negative control

Figure 3. Detection of markers of an epithelial-mesenchymal transformation (EMT). (A-D) Expression of E-cadherin. (A) E-cadherin showed strong
expression af the early stage of dental lamina degradation (E56). (B,C,D) As the lamina regressed, expression of E-cadherin was reduced (arrow)
(E67). (E-H) Expression of matrix metallopeptidase 2 (MMP2). (E) MMP2 expression was detected at high levels on the side of the lamina facing
the tooth germ at E56. (F,G,H) As the lamina regressed, expression increased (E67) (arrow). (H) Clusters of cells disconnected from the lamina
appeared strongly positive for MMP2. (I-L) Expression of Slug. (I} Only a few Slug-positive cells were found at E56. (JK,L) At E67, elevated Slug
expression was visible on the oral side of the lamina (arrow). (M-P) Expression of c-Myb. Asymmetrical c-Myb expression overlapped with Slug-
positive cells at E56 (M) and E67 (N,O,P) (arrow). (Q-T) Alternative sections were used as a negative control by omission of the primary antibody.
Immunohistochemical reactions were visualized with diaminobenzidine (brown cells). Slides were counterstained with hematoxylin to contrast
negative cells in blue. th — tooth, oe — oral epithelium. Scale bar = 100 um.

shown that DL cells appeared to move out, we looked for signs
of EMT. The key EMT proteins reported in the palate and neural
crest were analyzed: (1) loss of cell-cell attachment (E-cadherin),
(2) degradation of the extracellular matrix (MMP2), (3) down-
regulation of cell-cell adhesion and activation of mesenchymal
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differentiation (Slug), and (4) initiation of a mesenchymal fate
(vimentin). We observed strong expression of E-cadherin in
the dental and oral epithelium at early stages of odontogenesis
(Fig. 3A). At later stages of regression, the presence of
E-cadherin was decreased uniformly in the DL, while remaining
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high in the rest of the oral epithelium (Figs. 3B-3D and data not
shown). In the lamina, high levels of MMP2 were observed only
on the DL side facing the tooth anlagen at ES6 (Fig. 3E). The
elevation of MMP2 expression continued throughout DL degra-
dation, particularly in the islets of cells around the degrading
lamina (Figs. 3F-3H). Prior to overt degradation of the DL, we
observed only a few Slug-positive cells at E56 (Figs. 31-3L)
situated on the side facing the tooth and corresponding to the
acidophilic cells (Figs. 3K, 3L). The number of Slug-positive
cells increased with age and disintegration level, associated with
small islets away from the lamina (Fig. 3L). c-Myb was previ-
ously observed during the formation and migration of neural
crest cells (Karafiat et al., 2005). During DL development, the
area of c-Myb-positive cells overlapped with MMP2 and Slug
positivity (Figs. 3M-3P).

Changes in expression of E-cadherin, MMP2, Slug, and
c-Myb appeared to point to EMT (Appendix Table 2). Further,
we performed double staining for epithelial (cytokeratin) and
mesenchymal (vimentin) cytoskeletal proteins during lamina
disintegration (Fig. 4). Both were reported in cultured cells dur-
ing induced EMT (Boyer et al., 1989). In our sections, we saw
strong expression of cytokeratin in the DL cells and weak expres-
sion in a few cells already disconnected from the body of the
lamina (Figs. 4B, 4C, 4E). A few cells at the edge of DL, at the
site of lamina disintegration, were shown to be positive for cyto-
keratin and vimentin (Figs. 4D, 4F). Interestingly, only cells on
the aboral side of the lamina, in the migration direction observed
by Dil, were positive for both cytokeratin and vimentin.

DISCUSSION

The present study was designed to uncover the developmental
processes acting during DL regression in a diphyodont mammal.
As the lamina degenerated, lamina cells facing the tooth
enlarged, became rounded, contained acidophilic cytoplasm,
and formed circular structures disconnected from the lamina.
Similar to the pig lamina cells, an acidophilic appearance, cel-
lular hypertrophy, and changes in cell polarization and shape
have previously been described in cardiac endothelial cells dur-
ing EMT (Boyer et al., 1999) and during wound healing in the
palatal mucosa (Fejerskov, 1972).

The breakdown of the basement membrane resulted in a
movement of cells out of the lamina, as shown by our Dil label-
ing experiments, and seems to be the main mechanism involved
in the epithelial cell mass reduction during lamina degradation.
The laminin expression highlighted numerous small blood ves-
sels around this side of the lamina. Notably, the first signs of
lamina degradation correlated with the appearance of these
blood vessels. The close temporal and spatial relationship
between the initiation of angiogenesis in the adjacent mesen-
chyme and degradation of DL indicates that such vessels may
play a role in loss of the lamina. One possibility is that the blood
vessels might stimulate transformation of DL cells. A regulatory
loop between angiogenesis and EMT has previously been
described during carcinogenesis (Thiery et al., 2009).

Importantly, not all of the lamina undergoes degradation in a
diphyodont species at the same time and speed during prenatal
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development, since part of the lamina is required for production
of the next generation of teeth. In the middle of gestation, a set
of proliferating cells is therefore found at the tip of the extend-
ing lamina, where the second generation of teeth buds, while the
superficial part of lamina close to the oral epithelium already
exhibits signs of degradation (Stembirek et al., 2010). What
protects this deep part of the lamina from degradation is a chal-
lenging problem that we intend to investigate in the future.

Some apoptotic cells were observed in the disintegrating
lamina, but these were found mostly at sites connecting the
lamina with the outer enamel epithelium, where only remnants
of the lamina were located, rather than in the main body of the
lamina. In human dentition, TUNEL-positive cells were also
rare in the DL (Hatakeyama et al., 2000). This indicates that cell
death may play a role in clearing up those cells that failed to
migrate away, rather than driving the loss of the lamina.

The epithelial lamina cells adjacent to the tooth start to move
out of the lamina, triggered by loss of the basement membrane
on this side, with down-regulation of E-cadherin and up-regulation
of Slug, c-Myb, and MMP2. Once the cells have broken out of
the lamina, they appear to activate the production of the mesen-
chymal cytoskeletal filament vimentin and deactivate epithelial
cytokeratin, indicating EMT (Boyer et al., 1989). Vimentin also
regulates the induction of migration associated with EMT via
up-regulation of Slug (Ivaska, 2011). A few cells showed local-
ization of both vimentin and cytokeratin in non-overlapping
regions of the same cell, indicating cells in the process of trans-
formation. Similar asymmetrical expression was shown in pri-
mary mesenchymal cells and carcinoma cells (Franke et al.,
1982; Boyer et al., 1989). These dual-positive cells were situ-
ated on the aboral part of the lamina, where Slug expression was
observed.

The breakdown of the DL shares several similarities with the
palatal seam during secondary palate development (compared in
Appendix Table 3) and Hertwig's epithelial root sheath (HERS).
Apoptosis, EMT, and migration have all been considered
responsible for HERS breakdown (Suzuki et al., 2002; Zeichner-
David et al., 2003; Huang et al., 2009).

Analysis of our data has shown that regression starts on the
side nearest the tooth. This indicates that a signal from the tooth
or surrounding mesenchyme next to the lamina may induce the
lamina to regress, or that signals from the oral side can prevent
DL regression. In the snake, Bmps, Shh, and Wnts have all been
implicated as having a role in the development of the permanent
DL, with overexpression of Wnt signaling leading to increased
elongation of the lamina (Handrigan and Richman, 2010).
Overexpression of Wnt signaling in mice leads to multiple teeth
developing from the molar placode, although these additional
teeth appear to form by budding off from each other, rather than
sequentially from a DL (Jarvinen et al., 2006).

In summary, we have shown that, in the pig, loss of the
lamina is due to migration of cells away from the lamina and a
transformation to mesenchyme, with some loss of cells by apop-
tosis. The uncovering of further details can help to clarify the
evolutionary  routes toward mammalian diphyodonty.
Understanding how tooth number is controlled is an important
step in the modulation of this process. Failure of a second tooth
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Figure 4. Double staining of cytoskeletal intermediate filaments indicating an EMT. (A) The area of the dental lamina that exhibited a high level
of regression (arrow) was used for double labeling of filaments. Alternative section stained with hematoxylin-eosin. (B) Epithelial cytokeratin was
detected in the oral epithelium (oe) and disintegrating dental lamina (dl). Immunohistochemical reactions were visualized with diaminobenzidine
(brown cells), and slides were counterstained with hematoxylin to contrast negative cells in blue. (C,E) Higher power view of 2 parts of the lamina
(as shown boxed in B) stained for cytokeratin. (D, F) Mesenchymal vimentin filaments was labeled by FITC (in green) on the same slides, and
pictures were overlaid for analysis of the overlap. Cells facing the future direction of migration (red arrows) were found to express both proteins
(black arrows). The vimentin staining did not extend throughout the cytoplasm of these dental lamina cells, but appeared in clusters at the cell
periphery, while cytokeratin levels were reduced. Scale bar = 100 um.
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generation to form is a relatively common defect (Matalova
et al., 2008). According to our data, one cause of such a defect
might be premature lamina degradation. If the signals responsible
for degradation of the lamina can be controlled, it might be pos-
sible to sustain the DL and generate additional tooth generations
to replace lost, missing, or damaged teeth. It is therefore impor-
tant to address what triggers the DL to regress in diphyodont
species, and what prevents its regression in polyphyodont species.

ACKNOWLEDGMENTS

This work was supported by GAASCR (grant KJIB601110910).
The laboratory runs under IRP IPAG No. AVOZ 5045015.
International cooperation between the laboratories in London
and Brno was supported by an International Joint grant from the
Royal Society (JP080875). The author(s) declare no potential
conflicts of interest with respect to the authorship and/or publi-
cation of this article.

REFERENCES

Ahlstrom JD, Erickson CA (2009). The neural crest epithelial-mesenchymal
transition in 4D: a ‘tail’ of multiple non-obligatory cellular mecha-
nisms. Development 136:1801-1812.

Baum B, Settleman J, Quinlan MP (2008). Transitions between epithelial
and mesenchymal states in development and disease. Semin Cell Dev
Biol 19:294-308.

Boyer AS, Erickson CP, Runyan RB (1999). Epithelial-mesenchymal trans-
formation in the embryonic heart is mediated through distinct pertussis
toxin-sensitive and TGFbeta signal transduction mechanisms. Dev Dyn
214:81-91.

Boyer B, Tucker GC, Valles AM, Franke WW, Thiery JP (1989).
Rearrangements of desmosomal and cytoskeletal proteins during the
transition from epithelial to fibroblastoid organization in cultured rat
bladder carcinoma cells. J Cell Biol 109(4 Pt 1):1495-1509.

Buchtova M, Handrigan GR, Tucker AS, Lozanoff S, Town L, Fu K, ef al.
(2008). Initiation and patterning of the snake dentition are dependent on
Sonic hedgehog signaling. Dev Biol 319:132-145.

Eversole LR (1999). Malignant epithelial odontogenic tumors. Semin Diagn
Pathol 16:317-324.

Fejerskov O (1972). Excision wounds in palatal epithelium in guinea pigs.
Scand J Dent Res 80:139-154.

Franke WW, Grund C, Kuhn C, Jackson BW, Illmensee K (1982). Formation
of cytoskeletal elements during mouse embryogenesis. III. Primary
mesenchymal cells and the first appearance of vimentin filaments.
Differentiation 23:43-59.

Fraser GJ, Smith MM (2011). Evolution of developmental pattern for verte-
brate dentitions: an oro-pharyngeal specific mechanism. J Exp Zool B
Mol Dev Evol 316(B):99-112.

Buchtovd et al.

38

J Dent Res 91(5) 2012

Handrigan GR, Richman JM (2010). A network of Wnt, hedgehog and BMP
signaling pathways regulates tooth replacement in snakes. Dev Biol
348:130-141.

Hatakeyama S, Tomichi N, Ohara-Nemoto Y, Satoh M (2000). The immu-
nohistochemical localization of Fas and Fas ligand in jaw bone and
tooth germ of human fetuses. Calcif Tissue Int 66:330-337.

Huang GT, Gronthos S, Shi S (2009). Mesenchymal stem cells derived from
dental tissues vs. those from other sources: their biology and role in
regenerative medicine. J Dent Res 88:792-806.

Ivaska J (2011). Vimentin: central hub in EMT induction? Small GTPases
2:51-53.

Jarvinen E, Salazar-Ciudad I, Birchmeier W, Taketo MM, Jernvall J,
Thesleff I (2006). Continuous tooth generation in mouse is induced by
activated epithelial Wnt/beta-catenin signaling. Proc Natl Acad Sci
USA4 103:18627-18632.

Jarvinen E, Tummers M, Thesleff I (2009). The role of the dental lamina in
mammalian tooth replacement. J Exp Zool B Mol Dev Evol 312(B):
281-291.

Jin JZ, Ding J (2006). Analysis of cell migration, transdifferentiation and
apoptosis during mouse secondary palate fusion. Development
133:3341-3347.

Karafiat V, Dvorakova M, Krejci E, Kralova J, Pajer P, Snajdr P, et al.
(2005). Transcription factor c-Myb is involved in the regulation of the
epithelial-mesenchymal transition in the avian neural crest. Cell Mol
Life Sci 62:2516-2525.

Kindaichi K (1980). An electron microscopic study of cell death in molar
tooth germ epithelia of mouse embryos. Arch Histol Jpn 43:289-304.

Matalova E, Antonarakis GS, Sharpe PT, Tucker AS (2005). Cell lineage of
primary and secondary enamel knots. Dev Dyn 233:754-759.

Matalova E, Fleischmannova J, Sharpe PT, Tucker AS (2008). Tooth agen-
esis: from molecular genetics to molecular dentistry. J Dent Res
87:617-623.

Moskow BS, Bloom A (1983). Embryogenesis of the gingival cyst. J Clin
Periodontol 10:119-130.

Prindull G, Zipori D (2004). Environmental guidance of normal and tumor
cell plasticity: epithelial mesenchymal transitions as a paradigm. Blood
103:2892-2899.

Sasaki C, Sato T, Kozawa Y (2001). Apoptosis in regressive deciduous tooth
germs of Suncus murinus evaluated by the the TUNEL method and
electron microscopy. Arch Oral Biol 46:649-660.

Stembirek J, Buchtova M, Kral T, Matalova E, Lozanoft S, Misek I (2010).
Early morphogenesis of heterodont dentition in minipigs. Eur J Oral
Sci 118:547-558.

Suzuki M, Inoue T, Shimono M, Yamada S (2002). Behavior of epithelial root
sheath during tooth root formation in porcine molars: TUNEL, TEM, and
immunohistochemical studies. Anat Embryol (Berl) 206:13-20.

Thiery JP, Acloque H, Huang RY, Nieto MA (2009). Epithelial-mesenchymal
transitions in development and disease. Cel/ 139:871-890.

Vaahtokari A, Aberg T, Thesleff I (1996). Apoptosis in the developing tooth:
association with an embryonic signaling center and suppression by
EGF and FGF-4. Development 122:121-129.

Zeichner-David M, Oishi K, Su Z, Zakartchenko V, Chen LS, Arzate H,
et al. (2003). Role of Hertwig’s epithelial root sheath cells in tooth root
development. Dev Dyn 228:651-663.



Komentar k pfilozené publikaci ¢. 3
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a Jan STEMBIREK. Angled Growth of the Dental Lamina Is Accompanied by Asymmetrical
Expression of the WNT Pathway Receptor Frizzled 6. Frontiers in Physiology [online]. 2017, 8,
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IF = 3,394; kvartil Q1

V této publikaci jsme se zaméfili na protein Frizzled 6 (FZD 6), ktery patfi k
membranovym receptorlim kanonické i nekanonické signadlni WNT drahy, ktera je odpovédna
za regulaci proliferace bunék, bunééné adheze a/nebo migrace bunék a zaroven je klicova i
pro odontogenezi nebo karcinogenezi (Logan a Nusse, 2004). V bunikach ameloblastomu bylo
popsano naruseni této drahy (Siar et al., 2012), coz mlzZe potencialné souviset s tvorbou
karcinogennich bunék v ameloblastomu (Kim et al., 2021).

U FZD6 byla v literatufe popsdna zodpovédnost za bunécnou polaritu bunék béhem
embryogeneze, napf. pfi vyvoji neurdlni trubice nebo vlasového folikulu (Borelo et al., 1999,
Logan a Nusse, 2004, Chang et al., 2016), dosud vSak nebylo zndmo, zda hraje roli i pfi

degradaci zubni listy.

Vysledky naSich experimentd na prasec¢im biomodelu prokazuji asymetrickou expresi FZD6
v zubni listé, a to po celou dobu od pocatku jejiho vyvoje az po regresi. BEhem r(istu listy jsme
prokazali silnéjsi expresi tohoto proteinu predevsim na jeji labidlni strané, tedy ve sméru rlstu
dentadlni listy. BEhem regrese zubni listy byly buriky s pozitivnim FZD6 signdlem v povrchové
Casti liSty, pravé v misté, kde degradujici bunky zubni listy prochazeji epitelo-mezenchymalni
transformaci nebo migruji. Mozné zmény v expresi FZD6 béhem odontogeneze by tak mohly

byt klicové pti pozdéjsim vzniku odontogennich tumord, coz vsak vyzaduje dalsi vyzkum.
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Angled Growth of the Dental Lamina
Is Accompanied by Asymmetrical
Expression of the WNT Pathway
Receptor Frizzled 6
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Marcela Buchtova'** and Jan Stembirek"*
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Frizzled 6 (FZD6) belongs to a family of proteins that serve as receptors in the WNT
signaling pathway. FZD6 plays an important role in the establishment of planar cell
polarity in many embryonic processes such as convergent extension during gastrulation,
neural tube closure, or hair patterning. Based on its role during hair development, we
hypothesized that FZD6 may have similar expression pattern and function in the dental
lamina, which is also a distinct epithelial protrusion growing characteristically angled into
the mesenchyme. Diphyodont minipig was selected as a model species because its
dentition closely resemble human ones with successional generation of teeth initiated
from the dental lamina. We revealed asymmetrical expression of FZD6 in the dental
lamina of early as well as late stages during its regression with stronger expression
located on the labial side of the dental lamina. During lamina regression, FZD6-positive
cells were found in its superficial part and the signal coincided with the upregulation
of molecules involved in epithelial-mesenchymal transition and increased migratory
potential of epithelial cells. FZDB-expression was also turned on during differentiation of
cells producing hard tissues, in which mature odontoblasts, ameloblasts, or surrounding
osteoblasts were FZD6-positive. On the other hand, the tip of successional lamina
and its lingual part, in which progenitor cells are located, exhibited FZD6-negativity. In
conclusion, asymmetrical expression of FZD6 correlates with the growth directionality
and side-specific morphological differences in the dental lamina of diphyodont species.
Based on observed expression pattern, we propose that the dental lamina is other
epithelial tissue, where planar cell polarity signaling is involved during its asymmetrical
growth.

Keywords: FZD6, successional dental lamina, WNT signaling, planar cell polarity (PCP), odontoblast, ameloblast,
osteoblast, epithelial remnants

INTRODUCTION

Tooth development is a complex process that is dependent on reciprocal and strictly
regulated interactions between the ectoderm-derived epithelium and cranial neural crest-derived
mesenchyme (Thesleff et al., 1995). Numerous regulatory genes associated with all stages of
tooth formation (patterning, morphogenesis, cytodifferentiation, and mineralization) belong
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to evolutionarily conserved signaling pathways. They are
necessary for individual steps of odontogenesis and are regulated
by a precise timing mechanism (Thesleff, 2003; Mitsiadis and
Luder, 2011). The WNT signaling pathway has previously been
demonstrated to play an important role in mouse as well as
human tooth development (Sarkar and Sharpe, 1999; Sarkar
et al., 2000; Handrigan and Richman, 2010). FZD members
belongs to a family of proteins that serve as receptors in WNT
signaling pathways (Fischer et al., 2007; Dijksterhuis et al.,
2016; Wang et al, 2016). Their functions include activation
of the FZD/B-catenin, FZD/Ca™ and FZD/planar cell polarity
signaling pathways (Schulte and Bryja, 2007). To date, 10 FZD
proteins have been described in mammals (Schulte and Bryja,
2007; Dijksterhuis et al., 2016). While the expression of several
ligands of WNT signaling during odontogenesis has been well-
described (Cai etal., 2011; Lin et al., 2011; Wang et al., 2014), little
attention has been paid to the expression of individual receptors.
Here, we focus on FZD6, which is involved in PCP (planar cell
polarity) signaling and is required for the transmission of polarity
signals across the plasma membrane in epidermal cells (Wang
et al., 2006).

Cellular communication mediated by WNT and FZD has
been shown to be essential for proper embryonic development
of invertebrates as well as vertebrates. FZD induction has
been found in several developmental processes such as the
polarized cell movements required for convergent extension
during gastrulation in frog and fish (Borello et al., 1999), neural
induction and patterning, cell proliferation, cell specification,
stem cell differentiation, axonal outgrowth and guidance, and
synaptogenesis (Logan and Nusse, 2004; Chien et al., 2009; Wang
et al., 2010). Besides these early patterning processes, FZD3 and
FZD6 have been reported redundantly to control neural tube
closure and planar orientation of hair bundles on a subset of
auditory and vestibular sensory cells. In the inner ear, these two
proteins are located on the lateral faces of sensory and auxiliary
cells in a pattern that correlates with the axis of planar polarity
(Wang et al,, 2006). The polarity of FZD6 localization with
respect to the asymmetric position of the kinocilium is reversed
between vestibular hair cells in the cristae of the semicircular
canals and auditory hair cells in the organ of Corti (Wang et al,,
2006). FZD6 controls macroscopic hair patterning in the mouse
and is also expressed in the skin and hair follicles (Guo et al., 2004;
Wang et al., 2010; Chang et al., 2016).

Mutations in PCP genes lead to a wide range of developmental
defects, including a shortened body axis, a widened neural plate,
and neural tube defects (NTDs; Simons and Mlodzik, 2008).
In the case of targeted deletion of the Fzd6 gene, stereotyped
whorls on the hind feet, variable whorls and tufts on the head
and disorientation of hairs on the torso are evident (Guo et al.,
2004). In the Fzd6~/~ mouse, the orientations of the earliest born
hair follicles are uncorrelated, but over time the follicles reorient
to create patterns, which are typical for different body regions
and are characterized by a high degree of local arrangement
(Wang et al., 2010). Fifty percent of male newborns, but not
female Fzd6~/~ mice, displayed abnormal claw morphology. The
claws are easily lost with age or under increased mechanical
stress. The claw disappears or become rudimentary on the hind

limbs at the age of 2-3 months. The reason for the significant
misbalance between sexes is unknown but it could be due to
the more aggressive behavior of males (Frojmark et al., 2011).
Similarly in humans, loss-of-function mutations caused recessive
nail dysplasia (Frojmark et al., 2011; Naz et al., 2012). While
several ectodermal derivates have been found to be affected in
transgenic mouse lines or humans with defective FZD6, to date,
no tooth phenotype has been described.

Here, we analyzed the expression of FZD6, a transmembrane
protein of the WNT family, that is known to regulate
the number of epithelial differentiation-related genes. During
human odontogenesis, Fzd6 was shown to exhibit weak mRNA
expression in the dental epithelium of incisors and molars at
8 and 12 weeks of gestation (Wang et al., 2014). Later during
15 week, Fzd6 was observed in the inner and outer enamel
epithelium and in the surrounding mesenchymal cells (Wang
et al, 2014). However, the distribution of FZD6 on protein
level has not been analyzed yet. We focused on premolar
development in diphyodont dentition during early as well as
late mineralization stages of odontogenesis to determine the
distribution of its expression throughout development. Labio-
lingual differences during the initiation and regression of
dental lamina were analyzed to uncover signaling involved in
asymmetrical morphology and growth of the lamina. Therefore,
the main aim of our study was to describe the expression pattern
of FZD6 at the protein level during early odontogenesis in
the minipig dentition with a special focus on the asymmetric
distribution of FZD6 in the dental lamina during its angled
growth and regression. Furthermore, changes in FZD6-positivity
in odontoblasts and ameloblasts during their differentiation were
determined.

MATERIALS AND METHODS

Embryonic Material

Selected developmental stages of the minipig (E29, E30, E36,
E56, E67) were used to analyse the expression of FZD6 during
odontogenesis. Minipig embryos and fetuses were obtained from
Libéchov animal facility (Libéchov, Czech Republic). The day
after insemination was established as day 1 of gestation. Staged
embryos and fetuses were obtained by hysterectomy. All samples
were fixed in 4% neutral formaldehyde and decalcified in 12.5%
EDTA in 4% PFA until the mandibular bones of embryos
were soft enough for further processing. Sections were stained
with Haematoxylin-Eosin and alternative slides were used for
immunohistochemical labeling. All procedures were conducted
following a protocol approved by the Laboratory Animal Science
Committee of the Institute of Animal Physiology and Genetics,
Academy of Sciences (approval no. 020/2010, Libéchov, Czech
Republic).

Immunohistochemical Analysis

For  detection of FZD6-positivity, —we  performed
immunohistochemical labeling. After deparaffinization and
rehydration, antigen retrieval was performed in a water bath
(97°C) in citrate buffer (pH = 6) for 20 min. Blocking serum
was applied to the sections for 20 min and slides were incubated
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for 1 h at room temperature with primary FZD6 antibody (cat.
no. G260, Antibodies online, 1:200 dilution). The secondary
antibody was applied for 30 min. Streptavidin-FITC complex
(1:250 dilution, cat. no. 554060, BD Pharmigen, Franklin Lakes,
USA) was used for visualization of FZD6-positive cells (30 min).
DAPI (cat. no. P36935, Invitrogen, Oregon, USA) or DRAQS5
(1:500 dilution, cat. no. 62254, Thermo Scientific, USA) were
applied for the counterstaining. The photos taken under a
fluorescence microscope Leica DM LB2 (Leica Microsystems,
Germany) were merged together in Adobe Photoshop 7.0 (USA).
High power images were taken on confocal microscope Leica
SP5 using 40x (air) objectives (Leica Microsystems, Germany)
with Leica Application Suite software.

RESULTS AND DISCUSSION

Asymmetrical Expression of FZD6 at Early

Stages of Odontogenesis

PCP components are often localized asymmetrically in different
types of cells. The Frizzled family was found to be required
for producing the correct orientation of cuticular bristles and
hairs (Guo et al., 2004). This process is referred to as tissue
or planar polarity (Gubb and Garcia-Bellido, 1982; Vinson
et al., 1989). Such polarization is often precisely coordinated
relative to the axes of a tissue or organ, but the mechanisms
underlying this regulation are still poorly understood. As exact
coordination of tissue polarity in the labio-lingual axis is
necessary to direct the angled growth of dental lamina into the
mesenchyme, we wondered whether protein expression FZD6
can be associated with morphological side-related differences in
the dental lamina. Indeed, we observed significant differences
in the level of FZD6-positivity in distinct areas of the dental
lamina at all stages of minipig odontogenesis. Already at the
epithelial thickening stage, a strong FZD6 signal was apparent
on the labial side of the oral epithelium and in the dental
epithelium, especially in its basal layer (Figure 1A). The signal
became weaker toward its lingual side. Distinct expression was
also obvious in the mesenchyme surrounding the epithelial
thickening, where more FZD6-positivity was noticeable in the
labial area (Figure 1A). Later, during dental lamina growth into
the mesenchyme, stronger expression was observed also on the
labial side of the oral dental interface in comparison with the
lingual area (Figures 1B,C,C'). At the dental bud stage, FZD6 was
only weakly expressed inside the tooth anlagen (Figures 1D,D’)
while FZD6-immunopositivity was detected in the dental lamina
connecting the tooth to the oral epithelium, where stronger
expression was located on the labial side (Figures 1D,D’).

At the cap stage (Figure 1E), distinct expression was found
throughout all thicknesses of the oral epithelium and in the
dental lamina, but was not apparent inside the tooth anlagen.
The signal spread into the cervical loop area during the early
bell stage (Figure 1F). Almost no signal was visible in the stellate
reticulum (Figure 1F). The dental papilla and surrounding
mesenchyme were FZD6-negative. FZD6-signal was abundant in
the basal layer of the oral epithelium at all analyzed stages and
became localized to the superficial area of membrane in more
differentiated superficial layers of the epithelium (Figure 1).

It is known that FZD6 is transducing signals in non-canonical
WNT pathway and Wnt5a is one of its representative, which
signals upstream of PCP pathway in mammals (Moon et al,
1993; Kilian et al., 2003). It was shown that WNT5a regulates
tooth growth, cusp patterning and odontoblast differentiation
in developing mouse molars and incisors (Lin et al., 2011).
Previously, WNT5a expression was found not only in the
dental mesenchyme but also in the dental epithelium in mouse
during E14-E17 (Cai et al,, 2011). However, we detected FZD6
even at very early stages of epithelial thickening and in the
surrounding mesenchyme, and therefore another WNT ligand
probably activates signaling at these early stages, which will be
necessary to further analyse in future.

FZD can also mediate canonical signaling with activation of
B-catenin. WNT3a is strongly expressed in the inner enamel
epithelium of humans during the bell stage (Wang et al., 2014).
In mice, Wnt3a is expressed in the enamel knot at the cap stage
(Millar et al., 2003). These expression patterns do not seem to
correlate with our observations of a strong signal located in
the superficial part of the tooth anlagen whereas deeper parts
including enamel knots and cervical loops were FZD6-negative
(Figure 1).

FZD6 was also distributed in distinct areas of the mesenchyme
surrounding epithelial thickenings during the early stages
of odontogenesis; however, mesenchymal expression was
downregulated and only small spots were visible on the
mesenchymal cell surface at older stages. On the other hand,
FZD6 was mostly expressed in the epithelium with uniform
expression throughout the whole thickness of the oral epithelium.
This finding is consistent with observations in FZD6 knockout
mice, where numerous genes encoding keratins, keratin-
associated proteins and transglutaminases and their substrates
were significantly downregulated (Cui et al., 2013). Therefore,
the mesenchymal expression pattern is dissimilar to the epithelial
signal indicating distinct role of FZD signaling in the epithelium
in contrast to the mesenchyme.

FZD6 Expression in the Successional

Dental Lamina

During later stages of odontogenesis, the dental lamina protruded
deeply into the mesenchyme and morphological changes were
obvious in its superficial part (Figure 2). In the most superficial
area, cells connecting the lamina to the oral epithelium
were FZD6-positive (Figures 2A,B, 3A,A’,B,B’). Expression in
superficial cells even increased following disconnection of the
lamina from the oral epithelium (Figures 2C, 3D,D’,E,E’). Cells
on the labial side separating from the lamina were strongly
FZD6-positive similar to the stalk of very flat cells connecting
the dental lamina to the tooth (Figures 2A-C). On the other
hand, the apical tip of the successional lamina was FZD6-negative
(Figures 2A-D, 3C,C,EF’). Therefore, there are significant
differences in FZD6 expression through the dental lamina with
higher expression maintained in its superficial layers.

While, the most distal tip of the successional dental lamina was
FZD6-negative, B-catenin was previously described in the tip and
lingual side of the dental lamina in snake and alligator (Wu et al.,
2013) and transcription factor Lefl (Wnt/B-catenin pathway
target gene) in corn snake and python dental lamina (Handrigan
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labial lingual

FIGURE 1 | FZD6 expression is asymmetrical in the dental lamina. (A) At epithelial thickening stage, the oral epithelium and surrounding mesenchyme are
FzD6-positive. (B,C,C’ in detail) Later, FZD6-positive signal is located on the labial side (arrow) of the protruding dental lamina. (D,D’ in detail) At dental bud stage,
stronger FZD6-immunopositivity (arrow) was detected on the labial side of dental germ. (E,F) At bell stage, the labial cervical loop is more positive that the lingual one.
Almost no signal was visible in the stellate reticulum. The dental papilla and surrounding mesenchyme were FZD6-negative. b, bone; de, dental epithelium; di, dental
lamina; dp, dental papilla; oe, oral epithelium; th, tooth. Scale bar = 100 pum.
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FIGURE 2 | The tip of growing successional dental lamina is FZD6-negative. (A) In the most superficial area, flat cells connecting the lamina to the oral
epithelium were FZD6-positive. (B) Cells on the labial side separating from the lamina were also FZD-positive similarly to the stalk of very flat cells connecting the
dental lamina to the tooth. However, the apical tip of the successional lamina was FZD6-negative. (C) When dental lamina disconnected from the oral epithelium, the
stronger positivity of Fzd6 was evident in the superficial fragments and epithelial clusters of cells. (D) Rudimental interdental lamina exhibited only weak FZD6
expression. dl, dental lamina; oe, oral epithelium; sdl, successional dental lamina; th, tooth; red arrow, epithelial remnants. Scale bar = 100 pum.

and Richman, 2010; Gaete and Tucker, 2013). WNT ligands
that signal through B-catenin are involved in stem/progenitor
self-renewal and maintenance of cells in a proliferative and
undifferentiated state while non-canonical signaling promotes
their differentiation (Liu et al., 2009; Grumolato et al., 2010).
As non-canonical signaling is known to inhibit WNT/B-catenin
canonical signaling (Topol et al., 2003; Mikels and Nusse, 2006),
this asymmetrical expression of non-canonical and canonical
WNT molecules and the balance among them is critical for the
regulation of dental progenitor cell lines similar to that shown
in other systems (Grigoryan et al., 2008). Based on our evidence,
FZD6 is not expressed in the areas of dental lamina with high
cell proliferation or proposed localization of progenitor cells.
Therefore, canonical and non-canonical WNT signaling exhibits
distinct asymmetrical expression pattern through the lamina,
which seems to be aligned with side-specific differences during
successional dental lamina formation.

FZD6 Was Strongly Expressed in the
Epithelial Remnants and Pearls during

Dental Lamina Regression
The minipig similar to human has a diphyodont type of
dentition, where only two generation of teeth are initiated.

During embryonic period, the dental lamina undergoes major
morphological changes and becomes thinner and disconnected
from the oral epithelium. Cells are elongated in the superficial
area of the dental lamina (Buchtova et al., 2012). Furthermore,
they are elongated in the area of the dental stalk connecting
the tooth anlagen to the dental lamina. After the dental
lamina had disconnected from the oral epithelium, stronger
expression of FZD6 was evident in the superficial epithelial
cells. In deeper parts of the lamina, the expression of
FZD6 was apparent on the side facing the tooth, which
undergoes regression (Figure 2C). There were also differences
in the level of expression along the jaw axis. In the area
between teeth, rudimental interdental lamina exhibited only
weak FZD6 expression located in the most superficial area
(Figure 2D).

Later during dental lamina regression, the dental lamina
become fragmented, and only occasional epithelial islands
remain in the superficial area (Figure4A). Some of these
fragments undergo further morphological changes and epithelial
pearls become visible along the jaw (Buchtovd et al, 2012).
Expression was also found in the epithelial clusters during the
process of pearl formation (Figure 4C) as well as in the basal layer
of already formed pearls (Figure 4B), while the central area was
negative (Figure 4D).
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FIGURE 3 | Details of FZD6 expression in the dental lamina. (A,A’,B,B’) Stronger expression of FZD6 was observed in the superficial area of the dental lamina,
which was still connected to the oral epithelium. (C,C’) No FZD6 expression was found in deeper successional dental lamina while spotted pattern of expression was
observed in surrounding mesenchymal cells. (D,D’) Later in development, superficial part was disconnected from the oral epithelium and cells exhibited strong
FZD6-positivity. (E,E") Expression was gradually lost in the central part of the lamina. (F,F’) The tip of the successional lamina was negative similar to younger stage,
only few positive cells were found in more superficial position. dl, dental lamina; ep, epithelial pearl; oe, oral epitheliuml; sdl, successional dental lamina. Scale bar =
25 um.
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negative. ep, epithelial pearl; red arrow, epithelial remnants. Scale bar = 100 pm.

FIGURE 4 | FZD6 expression in epithelial remnants and pearls. (A,B) Localized and cytoplasmatic expression of FZD6 was found in epithelial remnants. (C) The
expression was found in the epithelial clusters during process of pearl formation as well as in the basal layer of already formed pearls (D), while their central area was

Interestingly, distinct expression was obvious especially in the
basal layers of the lamina epithelium facing the tooth where
clusters of elongated cells were moving out of the dental lamina.
The expression of FZD6 during lamina regression coincides
with the upregulation of molecules involved in epithelial-
mesenchymal transition of epithelial cells (Buchtova et al., 2012).
Our observations that cells moving from the dental lamina are
FZD6-positive is consistent with the previously known role of
PCP proteins in notochord or somite cell elongation during their
convergent extension (Keller et al., 2000; Keller, 2002; Seifert and
Mlodzik, 2007) as well as regulation of cell polarity and directed
motility during gastrulation in frogs and fish, and neural tube
and eyelid closure in mammals (Wang et al., 2006; Seifert and
Mlodzik, 2007).

Frizzled 6 in Differentiation of Hard-Tissue

Producing Cells

Both canonical and non-canonical WNT pathways were
previously shown to be involved in the differentiation of hard-
tissue producing cells (Millar et al, 2003; Lin et al, 2011;
Sakisaka et al., 2015). WNT signaling was shown to promote
the differentiation of dental follicle cells into the cementoblast

or osteoblast phenotype (Peng et al, 2010; Du et al, 2012;
Sakisaka et al., 2015; Nemoto et al., 2016). Moreover, Wnt5a
overexpression promotes the differentiation of dental papilla
cells and increased the expression of mineralization-related genes
(Peng et al., 2010).

In agreement with these findings, FZD6 expression was
switched on during the differentiation of odontoblasts,
ameloblasts, and osteoblasts in minipigs (Figure5) at time
when the production of hard tissues started. Differentiated
and secretory ameloblasts were FZD6-positive while non-
differentiated cells of the inner enamel epithelium were negative
(Figures 5A,A’). A similar pattern was observed in the dental
papilla where differentiated odontoblasts exhibiting dentin
production were FZD6-positive (Figures 5A,A’). Almost
no signal was found in the stellate reticulum or stratum
intermedium (Figure 5A). On the other hand, the outer enamel
epithelium was positive, especially the superficial clusters of cells
during disruption of the enamel organ by blood vessels. FZD6
signal was also located in the structures surrounding teeth in the
jaw such as alveolar bones, in which osteoblasts were positive
(Figures 5B,B’) along with the secretory area of salivary glands
or their ducts (Figures 5C,C’).
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FIGURE 5 | FZD6 in differentiated ameloblasts and odontoblasts. (A,A’) Differentiated and secretory ameloblasts were FZD6-positive while non-differentiated
cells of the inner enamel epithelium were negative. Similar pattern was observed in the dental papilla where differentiated odontoblasts exhibiting dentin production
were FZD6-positive. FZD6 signal was localized at different stages of ameloblasts differentiation after their elongation. (B,B’) FZD6 signal was located also in the
structures surrounding teeth such as alveolar bone where osteoblasts were positive and secretory cells of salivary gland or their ducts (C,C’). am, ameloblast; dp,
dental papilla; od, odontoblast; oee, outer enamel epithelium; sg, salivary gland. Scale bar = 100 wm.

While the tooth phenotype of FZD6 mutant mice has not
yet been described, Wnt5a-deficient mice exhibit delayed
odontoblast differentiation (Lin et al, 2011). Abnormal
morphology of ameloblasts and defective odontoblast
differentiation with absence of predentin formation were
also found in Ror2 mutant mice (Lin et al, 2011) in which
ROR2 can serve as an alternative WNT receptor (Oishi et al.,

2003). Odontoblasts in Wnt5a-deficient mice were shorter and
thicker than in control animals. Similarly in Ror2-deficient
mice, odontoblasts were polarized but appeared to be shorter
in comparison to littermate control animals (Lin et al., 2011).
While Wnt5a is expressed in the dental mesenchyme, its receptor
is also expressed in the epithelium. It was proposed that another
receptor must be involved in WNT5a-mediated signaling as
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FIGURE 6 | Schema of FZD6 protein expression through odontogenesis. (A) At the epithelial thickening stage, a strong FZD6 signal was apparent especially in
basal layers of the oral and future dental epithelium. (B) Later, FZD6-positivity was detected in the dental lamina with stronger expression on the labial side. (C) At the
bell stage, distinct expression was found throughout the oral epithelium and in the labial cervical loop area. Aimost no signal was visible in the stellate reticulum. (D)
The tip of successional dental lamina was FZD6-negative while cells in the superficial part of the lamina were FZD6-positive. Nuclei are labeled by blue and FZD6
expression in green through the epithelial tissues. de, dental epithelium; dI, dental lamina; oe, oral epithelium; th, tooth.

defects in tooth development in Ror2 mutants occur much later CONCLUSIONS
than observed in WNT5a-deficient mice (Lin et al., 2011). Based
on our observations, FZD6 could be one of these receptors. In summary, FZD6 was expressed asymmetrically in the dental
Odontoblasts and ameloblasts are highly polarized lamina at early as well as late stages of diphyodont dentition
cells with a characteristic morphology and arrangement  (Figure 6). We observed significant differences in the level of
of cellular compartments. In odontoblasts, FZD6 was FZD6 expression in distinct areas of the dental lamina with
expressed asymmetrically only on the side facing the dentin  stronger expression in the labial and superficial parts (Figure 6).
(Figures 5A,A"). In ameloblasts, FZD6 was observed on both  The apical tip of the successional lamina was FZD6-negative.
sides of differentiated cells, and later, the signal showed a  During dental lamina regression, labial cells separating from the
more uniform distribution through the cells. Differentiation  lamina were strongly FZD6-positive similar to the stalk of very
of ameloblasts and odontoblasts is characterized by elongation  flat cells connecting the dental lamina to the tooth germ. On the
of the cells and establishment of their polarity. Actin filament  other hand, FZD6 was not expressed in the areas of dental lamina
bundles exhibit a polarized distribution in rat ameloblasts and  with high cell proliferation or proposed localization of progenitor
are abundant at the ameloblast junction area (Nishikawa and  cells.
Kitamura, 1985, 1986). As actin cytoskeleton organization is FZD6 expression was also switched on during the
downstream of the PCP signaling pathway, it is possible that  differentiation of odontoblasts, ameloblasts, and osteoblasts
FZD6 can be involved in the rearrangement of cellular polarity  in minipigs at time when the production of hard tissues started.
in the odontoblasts and ameloblasts during their differentiation. In odontoblasts, FZD6 was expressed asymmetrically only on
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the side facing the dentin therefore it is possible that FZD6
can be involved in the establishment of cellular polarity in the
odontoblasts during their differentiation. However, the exact
role of FZD6 in the growth directionality of the lamina and
differentiation of hard tissue producing cells has to be proven
experimentally in future.
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Jednou z bunécnych struktur, které mohou hrat roli v etiologii odontogennich tumord, jsou
primarni cilie, respektive pfipadna porucha jejich signalizace. Jedna se o bunééné vybézky —
axonomy, které vychdazeji z povrchu burnky do extracelularniho prostoru a funguji jako
,bunééna anténa” zachytdvajici biosignaly z okoli bunky a predavajici je do jejiho nitra
k dalSimu zpracovani (Li et al., 2021). Tento proces je nutny k normalnimu fungovani burky,
k udrZzovani homeostazy, kterd souvisi s proliferaci, diferenciaci, migraci nebo tfeba polaritou.
Pritomnost primdrnich cilii v dentalni listé s pfevainé rostro-kaudalni orientaci jiz byla
popsdna drive, stejné jako fakt, Ze jejich pocet v prlbéhu jeji degradace klesa (Hampl et al.,
2017). Poruchy téchto struktur — ciliopatie — byly prokazany jednak v souvislosti s vyvojem
orofacialni oblasti a vznikem napf. Bardet-Biedlova syndromu, Ellis—van Creveldova syndromu,
Weyersovy akrofacidlni dysostdzy, kranioektodermalni dysplazie nebo orofaciodigitalniho
syndromu (Hampl et al., 2017). Kromé téchto vyvojovych poruch byla porucha funkce cilii
pozorovana rovnéz v procesu karcinogeneze u nadoru prsu, prostaty nebo rekta (Higgins et
al., 2019).

Proto jsme se v této studii zaméfili na detekci abnormalit primarnich cilii u ameloblastom( se
zamérenim na jejich morfologii a pocet, dale jsme pak analyzovali zmény exprese
v asociovanych genech (geny pro transportni proteiny IFT20, IFT80, IFT88, SHH receptor
PTCH1 a transkripcni faktor GLI1, ktery je efektorem SHH drahy).

V souboru jsme analyzovali celkem devét ameloblastom( (subtypy plexiformni, folikularni a
bazaloidni), které byly ziskany z Fakultni nemocnice Brno a Fakultni nemocnice Ostrava. Jako
kontrolu jsme poutZili zdravou gingivu a zarodecné vaky zubu, které jsme ziskali pfi extrakci

neprofezanych poslednich stolicek.
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Vysledky ukazaly rozdily v distribuci a morfologii primarnich fasinek u riznych histologickych
podtypli ameloblastomi. Nejvyssi pocet cilii byl nalezen v plexiformni formé ameloblastomu,
mensi pocet byl pritomen ve folikularnim; ve zdravé kontrolni tkani (gingiva) byl pocet
nejmensi.

Imunofluorescencni vySetfeni SHH proteinu v ameloblastomu a ve vyvojovém stadiu zvonku u
primarnich molar( lidskych embryi (ED 56) ukdzala stejnou miru exprese v obou tkanich; tento
protein byl lokalizovan v blizkosti primarnich cilii. Zajimavosti bylo zvySeni exprese
transkripéniho faktoru GLI1 a PTCH1 vameloblastomu, zatimco exprese transportnich
proteini IFT20, IFT80, IFT88 zlstala oproti kontrolni tkani beze zmény. Pfi funkénim
experimentu s inhibitorem SHH drahy doslo k sniZeni exprese efektoru GLI1 a CCDND1, ktery
pUsobi jako reguldtor bunécného cyklu, a k alteraci exprese transportnich protein( IFT20,

IFT80, IFT88.

Tato studie, kterd zahrnovala komplexni hodnoceni od popisné morfologie, pres
imunofluorescenci a analyzu genové exprese az po funkéni experiment s inhibitorem SHH
drahy, je ptikladem védecko—klinické spoluprace, kterad odhalila pfitomnost poruch primarnich

cilit u ameloblastomu a zmény v SHH draze pfi jeji inhibici.

K plnému pochopeni role téchto organel pfi iniciaci patologickych proces( vedoucich ke vzniku
a rlstu odontogennich tumord ndm nicméné mlze pomoci jen dalsi, podrobné;jsi, vyzkum se
zamérenim na signalizaci SHH a ciliogenezi. Sou¢asné nam takovyto vyzkum muzZe otevrit cestu

k dalsi nechirurgické terapii tohoto typu nadord.
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ARTICLE INFO ABSTRACT

Keywords: Objectives: Primary cilium is a cellular organelle with growing significance confirmed in tumour biology. Primary
Ameloblastoma cilia have been associated with fine tuning of numerous cell signalling pathways and the role of this structure in
f;H cancer initiation and progression is recently at the forefront of attention. Here, we investigated possible alter-

ations in the occurrence of primary cilia and changes of associated signalling in ameloblastoma, which represents
the most common odontogenic tumour.

Methods: We performed immunohistochemistry to assess the number and morphology of primary cilia in ame-
loblastoma tissues. The gene expression of key SHH pathway members was analysed by qPCR. As a functional
experiment, we treated a primary ameloblastoma cell line by a SHH pathway inhibitor Sonidegib (LDE225).
Results: We uncovered differences in primary cilia distribution and appearance in histological subtypes of
ameloblastoma with the highest number of ciliated cells in plexiform and follicular subtypes. SHH protein was
located close to primary cilia in ameloblastoma epithelial cells and the expression of molecules downstream of
SHH signalling was upregulated. Moreover, the inhibition of SHH pathway by Sonidegib caused downregulation
of SHH effector gene GLI1 and cell cycle regulator CCND1 in ameloblastoma primary cell line. The inhibition of
SHH signalling also altered the expression of molecules involved in intraflagellar transport.

Conclusions: In conclusion, our study uncovered alterations in number of ciliated cells and associated signalling in
ameloblastoma, which indicate SHH inhibitors as potential therapeutic target to treat this disease.

Primary cilia

1. Introduction Christensen, 2007; Satir et al., 2010). Although these organelles are

unable to move, they play an important role in the cellular physiology

Primary cilia are solitary, microtubule-based organelles, which are
found in most of vertebrate quiescent cells. They consist of an axoneme,
projecting from the cell surface, membrane components, and a basal
body, which anchors the primary cilium in plasmatic membrane (Sor-
okin, 1968). Their axoneme comprises of nine radial microtubule dou-
blets, and lacks a central doublet, which is found in motile cilia (Satir &

during developmental processes of dental structures as well as related
diseases (Berbari et al., 2009; Hampl et al., 2017). Their ciliary mem-
brane contains a unique array of receptors that can detect various
chemical and physical cues from the environment and relay them into
intracellular signals (Alcedo et al., 1996). Up to now, associations be-
tween primary cilia and multiple signalling pathways have been
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demonstrated including Hedgehog (Rohatgi et al., 2007) or WNT path-
ways (Corbit et al., 2008), Receptor tyrosine kinases (RTKs) (Chris-
tensen et al., 2017) and G protein-coupled receptors (GPCRs) (Berbari
et al., 2008).

Primary cilia appear to provide the spatial and temporal integration
of multiple signalling pathways, which makes them an essential
organelle in maintaining cellular homeostasis. In order for a primary
cilium to respond properly to surrounding signals, its internal environ-
ment needs to maintain specific adaptive dynamics, which is regulated
by the apparatus of intraflagellar transport (IFT) (Pazour et al., 2000).
This process is driven by molecular motor proteins kinesin-2 and
dynein-2 (Toropova et al., 2019; Zhao et al., 2012). The disruption of
these motors or other IFT-related proteins thus leads to primary cilia
defects and associated medical conditions, known collectively as cil-
iopathies (Li et al., 2004). Disorders or loss of primary cilia are also
typical for certain types of tumors. Reduction of these organelles was
noted in various carcinomas, such as breast cancer (Menzl et al., 2014),
renal cancer (Basten et al., 2013), or pancreatic cancer (Seeley et al.,
2009).

Here, we focus on the correlation of primary cilia disruption in
ameloblastoma, which is an odontogenic tumor characteristic by upre-
gulated expression of several genes associated with primary cilia and the
Sonic Hedgehog signalling pathway (Gurgel et al., 2014). Amelo-
blastoma was reported to display an upregulation of WNTI expression,
which is coordinated and coregulated with both cilia-related genes and
Sonic Hedgehog signalling during odontogenesis (Hosoya et al., 2020;
Liu et al., 2014). Moreover, SMO is the one of the most often mutated
gene in ameloblastoma patients (Gultekin et al., 2018; Sweeney et al.,
2014). Furthermore, a difference in the frequency of SMO mutation was
found in various histological subtypes of ameloblastoma, where almost
all plexiform types carried SMO mutation, while follicular type exhibi-
ted either SMO or BRAF mutations (Sweeney et al., 2014). Also, receptor
PTCH1 was found to be mutated in ameloblastoma patients (Shimura
et al., 2020). Based on these facts, we proposed the disruption of cilio-
genesis in ameloblastoma patients and analysed possible alterations in
expression cilia-related genes such as IFT20, IFT80, IFT88, the Sonic
Hedgehog receptor PTCHI, and its downstream transcription factor
GLI1. Moreover, we focused on the morphology of primary cilia in
ameloblastoma samples and analysed differences in primary cilia
appearance in the epithelial component of this tumour.

2. Material and methods
2.1. Human tissues

Patient tissue samples were obtained from the Clinic of Oral and
Maxillofacial Surgery of Faculty Hospital in Ostrava and from the Clinic
of Oral and Maxillofacial Surgery of Faculty Hospital in Brno. We
assessed 9 patients with ameloblastoma (n = 3 plexiform type; n = 3
follicular type; n = 3 basal cell type) and in total 6 patients with unre-
lated disease to obtain the control tissues (3 normal gingival tissue
containing superficial lamina propria and gingival epithelium; 3 follic-
ular sacs - dental sacs). Human embryonic tissue was obtained from
Department of Pathology of Faculty Hospital Ostrava. All procedures
were approved by the Hospital’s Ethical Committees (Ethical approval
number 472/2015, 469/2016).

2.2. Immunofluorescence and immunohistochemistry

For the immunofluorescent analysis of protein expression, the 5 ym
sections were prepared. Sections were stained by Haematoxylin and
Eosin and alternative sections were used for an immunofluorescent
analysis of protein expression. Following proteins were evaluated using
these primary antibodies: Anti-acetylated-alpha Tubulin (Lys40) in
dilution 1:100 (Cat. No. 32-2700, Thermo Fisher Scientific, USA); Anti-
Pericentrin antibody - Centrosome Marker in dilution 1:100 (Cat. No.
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ab4448, Abcam, UK); Anti-Sonic Hedgehog antibody in dilution 1:50
(EP1190Y, Cat. No. 53281, Abcam, UK). DRAQ5™ in dilution 1:500
(Cat. No. 62251, Thermo Fisher Scientific, USA) was used to counter-
stain the nuclei. As a secondary antibody Alexa Fluor 488 was used in
dilution 1:200 (Cat. No. A11008, Thermo Fisher Scientific, USA) and
Alexa Fluor 565 in dilution 1:200 (Cat. No. A11004 Thermo Fisher
Scientific, USA). In all cases, antigen retrieval was performed in citric
acid, pH6 (20 min, hot bath 90 °C). The tissue sections were observed
under the confocal microscope Leica TCS SP8 (Leica Microsystems,
Germany) and edited in Adobe Photoshop 2021 (Adobe, USA). To
determine the proliferation index, the tissue sections were prepared in
the same way as described above. As a primary antibody rabbit mono-
clonal anti-Ki-67 antibody was used (Cat. No. RBK027, Zytomed Sys-
tems, Germany), 3,3'-Diaminobenzidine (DAB; Cat. No. K3468, Dako,
USA) was used as a chromogenic substrate and Hematoxylin was applied
to counterstain nuclei.

2.3. Analyses of primary cilia occurrence

The percentage of ciliated cells was counted in follicular, plexiform
and basal cell type of ameloblastoma while using Image J (NIH, USA).
Only the epithelial neoplastic cells were included in our analyses.
Physiological gingiva was used as a control tissue. We counted only cells
with a visible centrosome and cells in the division were excluded from
analyses. Statistical significance was evaluated in GraphPad (GraphPad
Software Inc., San Diego, CA, USA).

2.4. Isolation of RNA from FFPE samples

The total RNA was isolated from the formalin fixed paraffin
embedded tissue blocks by RNeasy FFPE kit (Cat. No. 73504, Qiagen,
Hilde, Germany) and transcribed into cDNA by gb Reverse Transcription
Kit (Cat. No. 3012, Generi Biotech, Hradec Kralové, Czech Republic).

All used tissue blocks were obtained from the Department of Pa-
thology of University Hospital Ostrava (ethical approvals No. 472/2015,
469/2016).

2.5. Ameloblastoma cell cultures

Primary cell culture was established from plexiform ameloblastoma
of a 39-year-old male patient, the tumour was localized in the
mandibular region. The study was approved by the Ethics Committee of
the University Hospital Brno, Czech Republic (No. 08-120619/EK,
2019). Tissue was dissected and proteolytic dissociation was performed
in 1 mg/ml (300 U/ml) of Collagenase IV (cat. No. 4188, Warthington,
Germany) in MEM a medium with no nucleosides (Gibco™, cat No.
12561056), which was supplemented with 10% FBS, at 37 °C for 16 h.

The dissociation solution was replaced by growth medium (RnT
Prime, Epithelial Culture Medium, cat. No. CnT-PR, CELLnTEC) sup-
plemented with penicillin/streptomycin, without a FBS supplementa-
tion. The cells were seeded to the 12-well culture plates in the
concentration 20.000 cells/cm? and allowed to adhere to the culture
dishes during 12 h of incubation at 37 °C in a humidified atmosphere
containing 5% CO». The culture medium was replaced every 24 h. In the
40% confluence, the cells were stained by immunofluorescence for
Cytokeratin and Vimentin to verify their origin and they were treated
with Sonidegib (NVP-LDE225, Cat. No. S2151, Selleckchem, Houston,
USA) in the 0.1 pM and 0.5 pM concentrations, or in vehicle (DMSO) as a
control for 24 h. Each concentration was used on 3 replicates. Total RNA
was isolated from cells using RNeasy Plus Mini Kit (cat No. 74136,
Qiagen, USA).

2.6. Gene expression analyses by gPCR

The previously isolated mRNA was transcribed to the cDNA using
Elite Reverse Transcription Kit (Cat. No. 3012, Generi Biotech, Hradec
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Kralové, Czech Republic).

gPCR gene expression analysis (TagMan™ Gene Expression Assays,
ThermoFisher Scientific, USA) was performed on the paraffin block
samples and also on the samples obtained from the cell cultures.
Following genes were examined: CCND1 (ID: Hs00765553_m1), GLI1
(ID: Hs00171790_.m1), PTCH1 (ID: Hs00181117_ml), SHH (ID:
Hs00179843_.m1), IFT20 (ID: Hs015776074_ml), IFT80 (ID:

Hs00398803_m1), IFT88 (ID: Hs00197926_ml) and GAPDH (ID:

Archives of Oral Biology 142 (2022) 105499

HS02758991-m1) as a housekeeping reference gene. The qPCR was
performed on Light Cycler 96 (Roche, Manheim, Germany) during 40
cycles of 95 °C/15 s and 60 °C/1 min

In case of cell cultures, average of 3 technical replicates were
generated for each of 4 biological replicates and these values were used
for statistical analysis. Gene expression levels were calculated using
delta-delta CT analysis with normalization to the level of housekeeping
gene GAPDH. Obtained data were compared to the control (not treated)

Fig. 1. Primary cilia morphology and occur-
rence in ameloblastoma.

The appearance of primary cilia is different in
the plexiform (A) and follicular (B) histological
subtypes (A, B) in comparison to basal subtype
(C). Primary cilia are in ameloblastoma tissues
often long, irregular, and variably curved (D-D).
The primary cilia in basal subtype of amelo-
blastoma are shorter compared to the other two
histological forms, plexiform and follicular
subtypes (D).

(E) The analyses of the percentage of ciliated
cells display differences in primary cilia occur-
rence in gingiva and three histological subtypes
of ameloblastoma. The number of ciliated cells
was higher in plexiform and follicular histo-
logical subtype in comparison to basal cell
subtype. The number of cells counted: 3626 (for
plexiform and follicular subtypes), 1500 (for
basal cell subtype) and 1184 (for gingiva); * **
(p < 0.0001).

Basal type —]—| "
x *
*
. *
Follicular type — | %
* *
*
Gingiva *
] || || || 1
0 20 40 60 80
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cells, and the level of mRNA expression of control cells was set up as a
value 1. The unpaired two-tailed Student’s t-test was performed in
GraphPad (GraphPad Software Inc., San Diego, CA, USA), and the dif-
ferences in expression were considered to be significant at p < 0.05.

3. Results
3.1. Primary cilia morphology in ameloblastoma tissues

Follicular, plexiform and basal cell subtypes of ameloblastoma were
selected for our analyses. The primary cilia were found to be abundant in
plexiform and follicular ameloblastoma (Fig. 1A, B) while rare cilia were
dispersed in the basal subtype (Fig. 1C). The morphology of primary
cilia was altered with the presence of curved, S-shaped or extremely
elongated cilia (Fig. 1D-D). The appearance of ciliated cells in the
plexiform and follicular histological subtypes of ameloblastoma was
significantly higher than in normal gingiva (Fig. 1E). Only the basal cell
histological subtype of ameloblastoma did not exhibit significantly
higher number of ciliated cells compared to the normal gingiva (Fig. 1E).
Therefore, the evaluation of occurance of ciliated cells uncovered

Follicular
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statistically significant differences among the ameloblastoma histologi-
cal subtypes.

Because primary cilia are not present on dividing cells (as the
centriole is needed during the replication), we wanted to clarify the
possibility, if the lack of primary cilia in basal type of ameloblastoma is
due to higher proliferation activity. However, the Ki-67 index analysis
did not reveal statistically significant differences in the proliferation
among individual ameloblastoma subtypes (Fig. 2).

3.2. Primary cilia associated Hh signalling is upregulated in
ameloblastoma

SHH protein was found to be located asymmetrically in cytoplasm of
ameloblastoma cells (Fig. 3A, B). SHH signal was located mostly in a
close proximity to the primary cilia (Fig. 3 A, B). The expression pattern
suggests the accumulation of this protein in the area surrounding the
transitional zone of primary cilia. There were not differences in the
distribution of SHH signal in plexiform, follicular of basal subtypes and
all subtypes displayed polarized expression of this protein in epithelial
cells.

Basal cell type
;@gf/ = g A M

ty Qe

Ki-67 index

Plexiform

Follicular

Ameloblastoma subtype

|2.8786

1.5840

T
2

T T
4 6

% of positive cells

Fig. 2. Ki-67 index of a types of ameloblastoma.

(A) The positive cells were counted in the “hot spot” areas of neoplastic tissue. (B) There is no statistically significant difference among the histological subtypes. The
data were obtained by evaluating 3 tissue samples from each histological subtype.
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Fig. 3. Sonic hedgehog protein expression in ameloblastoma tissues.
Immunohistochemical analyses of SHH protein (purple) expression revealed its localization mostly in the close proximity of primary cilia (green) in ameloblastoma
epithelial cells. Nuclei are counterstained by Draq5 (blue). Scale bar — 20 um.

We also asked if there are some similarities in primary cilia expression pattern in embryonic tissue to ameloblastoma epithelium
appearance and SHH protein expression between ameloblastoma and (Fig. 4B). Expression of SHH in the human embryonic tooth was also
ameloblasts in embryonic tissues. Immunofluorescence detection of comparable to epithelial cells in the ameloblastoma (Fig. 4C).
primary cilia by acetylated-alpha tubulin in human molar ameloblasts at Next, we evaluated possible changes in gene expression of SHH
a bell stage in embryonic day 56 (ED56) uncovered very similar signalling members (Fig. 5A) in ameloblastoma tissues where mRNA

Bell stage

Fig. 4. Primary cilia and Sonic Hedgehog expression in a molar of human embryo (ED56). (A, A ’) Transversal sections through human molar tooth at bell stage
stained by DRAQ5 (A) and Haematoxylin and Eosin (A ). (B, B ) The primary cilia are sparsely located in the palisading layer of ameloblasts. There is a variation in
the cilia length and their orientation seems to be randomized in this early stage of their differentiation. (C, C *) The Sonic Hedgehog signal is often located in the close
proximity to the primary cilia. Nuclei are counterstained with DAPI.
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Fig. 5. Gene expression analysis of SHH signalling pathway members and
molecules of intraflagellar transport in ameloblastoma tissues.

Two types of tissue were used as controls: follicular sac (FS) and normal gingiva
(G). (A) SHH pathway members (GLI1 and PTCH1) were statistically signifi-
cantly upregulated in ameloblastoma tissues isolated from paraffin-embedded
samples. Moreover, CCND1 was significantly upregulated. There was no sta-
tistically significant difference when comparing results using two different
control tissues.

(B) The gene expression of intraflagellar transport molecules (IFT20, IFT80 and
IFT88) were not found to be significantly changed in comparison to control
gingiva.

The plexiform ameloblastomas are depicted as triangles, follicular as dots and
basal cell ameloblastomas as squares.

The expression levels of control tissues were set up as 1; all the values are
displayed in logarithm form (0 on the x axis shows control expression values).

was isolated from paraffin embedded samples. The expression of tran-
scription factor GLI1, which is effector of SHH pathway and the receptor
PTCH1 was upregulated in ameloblastoma samples in comparison to
control gingiva and follicular sac (Fig. 5A). No statistically significant
differences were observed among individual histological subtypes.

As SHH pathway is able to stimulate proliferation, we also evaluated
gene expression of CCND1, coding Cyclin D1, known regulator of cell
cycle (Todd et al., 2002). Expression of CCNDI was upregulated in all
types of ameloblastoma tissues compared to the normal gingiva and
follicular sac (Fig. 5A). There were not significant differences in CCDN1
expression when comparing plexiform, follicular or basal subtypes
(Fig. 5A).

The expression of genes coding intraflagellar transport proteins
IFT20, IFT80 and IFT88 was not changed from their expression in normal
gingiva and follicular sac (Fig. 5B). Samples of basal cell subtype of
ameloblastoma exhibited higher expression of all analysed intraflagellar
proteins (IFT20, IFT80 and IFT88), however this difference was not
statistically significant when compared to plexiform and follicular types
(Fig. 5B). The results did not reveal statistically significant differences
when they were compared to different type of control tissues (follicular
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sac or gingiva) (Fig. 5).
3.3. Effect of Hedgehog pathway inhibition on ameloblastoma cell line

Freshly dissected ameloblastoma tissue of patient mandible was used
to establish primary cell line. Cells were treated with SHH inhibitor
Sonidegib while using two different concentrations (0.1 pM and 0.5 pM)
for 24 h and the effect on selected members of SHH pathway or primary
cilia signalling was evaluated. A downregulation of SHH effector GLI1
was observed at both used concentrations (Fig. 6A). However, statisti-
cally significant change in comparison to control was found only when
using higher concentration of Sonidegib (Fig. 6A). The expression of
SHH receptor PTCH1 was not significantly affected by Sonidegib at any
of used concentrations (Fig. 6B).

As increased SHH signalling inhibitors negatively regulate the pro-
liferation of oral tumours (Freitas et al., 2020), we also evaluated the
effect of Sonidegib on Cyclin D1 expression in our ameloblastoma cell
line. We observed a downregulation of CCND1 expression after treat-
ment with higher concentration of Sonidegib (0.5 pM), however this
change was not statistically significant in comparison to control
(Fig. 6C).

Next, we wanted to determine the effect of SHH inhibitor on
expression of intraflagellar transport molecules (Fig. 7). The expression
of IFT20 was statistically significantly upregulated after Sonidegib
treatment when compared to cultures grown just in the medium
(Fig. 7A). There were no statistically significant changes in IFT80
expression in comparison to controls (Fig. 7B). The expression of IFT88
was significantly downregulated in comparison to control medium
(Fig. 7C) when using higher concentration of Sonidegib (0.5 pM).

4. Discussion

Ameloblastoma is probably one of the most controversial neoplasms
of the facial region. Ameloblastomas do not belong among the most
common lesions of the jaw, but they are the most common odontogenic
neoplasm in human (Philipsen & Reichart, 2006; Reichart et al., 1995).
Ameloblastomas are benign lesion, but they expand intensively into
surrounding tissues and the recurrence after a surgical excision is very
high, even when ,,clean margins“ are confirmed (Yang et al., 2017).

The pathogenesis of this neoplasm is still not well understood. As a
tumour of epithelial origin, they were proposed to arise from remnants
of dental lamina and the tumour itself resembles various stages resem-
bling odontogenesis (Heikinheimo et al., 2015; Melrose, 1999).

Here, we focused on primary cilia appearance in ameloblastoma and
evaluated possible differences among their histological subtypes. Up to
our best knowledge, there is no described evidence of a difference in the
biological behaviour, in terms of local recurrence or progression, be-
tween various histological subtypes of ameloblastoma. However, our
analyses uncovered higher abundance of ciliary cells with elongated
cilia in the most common subtypes of ameloblastoma, plexiform and
follicular types. Differences in primary cilia size or number have been
previously noticed in many types of tumours such as breast cancer, renal
cancer or pancreatic cancer (Basten et al., 2013; Schraml et al., 2009;
Seeley et al., 2009; Yuan et al., 2010). However, in most of these cases,
the reduction of primary cilia or their shortening was determined while
cilia elongation or their increased number is uncommon event in tumour
biology (Liu, Kiseleva, & Golemis, 2018). Even though, primary cilia
have been found on almost all cell types of human body, they are not
present on the cell for the whole cell cycle (Plotnikova et al., 2009).

One possible explanation of these differences can be generally very
slow progression of ameloblastoma. As primary cilia are detectable just
in non-dividing cells, ameloblastoma epithelium is fulfilled by these
cells, which is in contrast to the fast-dividing cells in tumours such as
pancreatic or breast carcinoma (Menzl et al., 2014; Seeley et al., 2009).

Interestingly, the basal subtype of ameloblastoma did not exhibit
difference in the number of ciliated cells in comparison to gingiva. Basal
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Fig. 6. Gene expression analysis of GLI1, PTCHI and CCND1 in primary ameloblastoma cell line.

Cell cultures were treated by Sonidegib (LDE255) for 24 h in concentrations 0.1 pM and 0.5 pM. (A) Tissue used for the primary cell culture was collected from
plexiform ameloblastoma type; Haematoxylin and Eosin staining. (B) There was statistically significant upregulation of GLI1 expression in cultures treated with SHH
inhibitor Sonidegib. (C) No changes in PTCH1 expression were observed when compared Sonidegib treated cultures to untreaded control cells. (D) CCND1 expression
was slightly decreased in the cells treated by Sonidegib in concentration 0.5 pM but these changes did not exhibit statistical significance.

The expression levels of control tissues were set up as 1; all the values are displayed in logarithm form (0 on the x axis shows control expression values).

Am e l o b l a St oma ce I I I i ne Fig. 7. Gene expression analysis of IFT20, IFT80 and IFT88

in primary ameloblastoma cell line.
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cell ameloblastoma is very rare cancer in human population (Sridhar
et al., 2015; Wright & Vered, 2017). It is probable that because of this
low incidence, there has not been up to now recognised any significant
difference in the biological behaviour of this subtype when compared to
the more common variants such as plexiform or follicular types. Our
findings demonstrate a variability in ameloblastoma pathogenesis and
uncovered differences in cell behaviour, which indicate necessity to
evaluate individual histological subtypes separately as different pro-
cesses may be involved in initiation and progression of these tumour
subtypes.

The essential function of primary cilia to Hedgehog pathway sig-
nalling was uncovered almost two decades ago (Huangfu et al., 2003).
The primary cilium is crucial to respond to the SHH ligands in
mammalian cells (Bangs & Anderson, 2017). The expression of SHH
protein has been previously investigated in ameloblastoma on the pro-
tein level, where ameloblastoma epithelial cells were found to be highly
positive by immunohistochemistry detection (Kumamoto et al., 2004;
Zhang et al., 2006). However, the information about its localisation in
the cells was missing. Using immunofluorescent labelling of SHH protein
allowed us to uncover its polarized expression in the epithelial cells of
ameloblastoma concentrating in close proximity to the primary cilium.

On the RNA level, we found a high expression of SHH effector GLI1 as
well as its receptor PTCHI1 in ameloblastoma tissues. Previously, high
expression of PTCHI receptor was detected in several stages through
tooth development (Hardcastle et al., 1998) and in ameloblastoma
samples when protein expression was detected by immunohistochem-
istry (Barreto et al., 2002; Kumamoto et al., 2004). Increased level of
PTCHI and GLI1 was detected also in laser capture dissected amelo-
blastoma tissues (DeVilliers et al., 2011) and our data further support
these findings. We also evaluated possible differences in expression of
SHH signalling members among ameloblastoma subtypes and have not
found significant variability in GLIT and PTCH1 expression regardless of
there was a significant difference in the number of ciliated cells in
subtypes.

As intraflagellar transport molecules (IFT20, IFT80, IFT88) are key
for primary cilia function, we evaluated their expression and surpris-
ingly, we have not found significant differences in their expression when
compared to a normal gingiva or follicular sac. On the other hand,
samples of basal cell subtype displayed tendency to exhibit higher
expression in all three analysed intraflagellar transport molecules in
contrast to plexiform and follicular subtypes. As primary cilia function is
affected by cell dynamic and cell cycle progression, we evaluated
CCND1 expression as marker of increased cell proliferation. Increased
CCND1 expression was previously determined in several cancer types
leading to dysregulation in CDK activity and rapid cell growth (Qie &
Diehl, 2016). Significantly increased expression of CCND1 was found in
all ameloblastoma tissues, however no difference was determined be-
tween individual histological subtypes, which would explain differences
in IFT molecules expression. This differential response of basal cell
subtype will need further experimental clarification in future.

Treatment of the ameloblastoma primary cell line by Hedgehog
signalling inhibitor Sonidegib (LDE225; SMO inhibitor) lead to down-
regulation of GLI1 expression. These results are corresponding to ex-
periments performed on basal cell carcinoma, medulloblastoma or
prostate cancer (Dummer et al., 2020; Rodon et al., 2014; Ross et al.,
2017). No significant changes were observed in the expression level of
receptor PTCH]1 in our study after the treatment with Sonidegib for 24 h.
As this is very short timepoint, back loop regulation on receptor level has
not been probably initiated yet.

Even though these data are not statistically significant, there was a
trend towards downregulation of CCND1 in treated cells while using
higher concentration of Sonidegib. Similarly, the association between
SHH signalling and cell proliferation was found in ameloblastoma cells
using AM-1 cells (Kanda et al., 2013). AM-1 cell line also express SHH
and PTCH1, and their growth was suppressed by using SHH antibody or
cyclopamine (pan-inhibitor of SHH signalling). Their results also
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indicated an anti-apoptotic role of SHH signalling in the growth of
ameloblastoma cells (Kanda et al., 2013). All these mentioned facts are
suggesting that blockage of Hh pathway in ameloblastoma cells leads to
their lower proliferation ability and indicate clinical potential of SHH
inhibitors to slow down ameloblastoma growth in patient.

Interestingly, after the Sonidegib treatment, there was upregulation
of IFT20 expression on the mRNA level while IFT88 expression was
downregulated compared to not treated cells used as a control. Why
there is differential respond of IFT molecules to SHH inhibition in
ameloblastoma cell line, it is difficult to explain as there is only sporadic
information about the role of individual IFT molecules in solid cancers
and no information at all about their role in ameloblastoma. Moreover,
IFT molecules can play role not just in primary cilia function and sig-
nalling, but also in regulation of cell migration independently of the
primary cilium. For example, ITF20 was found to regulate cell polarity
during collective cancer cell invasion in colorectal cancer (Aoki et al.,
2019) and breast cancer (Yang et al., 2021). Uncovering specific roles of
individual IFT molecules in cellular processes will be necessary to follow
first and special attention should be paid to differences between ciliated
and non-ciliated tumour types.

5. Conclusions

In contrast to most of tumour types, primary cilia are well formed
and elongated in ameloblastoma epithelial cells. However, there are
some differences among histological subtypes and our analyses uncov-
ered lower number of ciliated cells in basal cell subtype of amelo-
blastoma. Moreover, we found alterations in SHH signalling and SMO
inhibitor Sonidegib affected not just downstream Hh signalling, but also
the expression of intraflagellar transport molecules. However, further
uncovering of interplay between the Sonic Hedgehog signalling and
ciliogenesis in odontogenetic tumours will be crucial for understanding
the role of these organelles in initiation of pathological processes leading
to neoplasia growth, which can open new avenues for future therapies.
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Experimentalni chirurgie v oblasti temporomandibularniho kloubu

Temporomandibularni kloub (TMK) spojuje kloubni vybéZek dolni Celisti se spankovou kosti
lebky. Od okolnich struktur je oddélen pomoci kloubniho pouzdra a kloubnim diskem rozdélen
na horni kloubni prostor, ktery umoZiuje translacni pohyby, a dolni kloubni prostor, ktery
umoznuje naopak rotacni pohyby (Shu et al., 2022).

Povrch kloubnich ploch je tvofen kombinaci hyalinni a vazivové chrupavky s omezenou
regeneracni aktivitou, které umoziuji kompenzovat velké tlaky pfi Zvykani (Ottria et al., 2018)
Nadmérny pohyb nebo zména sméru pohybu kloubni hlavice vyznamné ovliviiuje kloubni
funkci (Zemen, 1999). Pravé pfi hypermobilité celistniho kloubu dochazi pfi otvirani ust k tzv.
»preskakovani“ kloubni hlavice spolecné s kloubnim diskem pfes kloubni hrbolek (tuberculum
articulare), ¢imz dochazi k jeho traumatizaci (Machor, 2005). U ¢lovéka se hypermobilita
projevuje ,vyskakovanim® celisti pfi Sirokém otvirani ust, ,lupnutim” béhem oteviraciho
pohybu a v nékterych pripadech i bolestivosti (Taskesen et al., 2020).

V soucasnosti je zndmo, Ze pfitomnost krve v kloubu napf. po jeho poranéni a fixaci
(nepohyblivosti) mize vést k vazivovému nebo dokonce az kostnimu sristu a tim ke snizeni
dynamiky jeho pohybu (Hase, 2002). V tomto pripadé se ukazuje jako dulezity fenomén
pfitomnost vlastni krve, kterd muze iniciovat vznik a vyvoj vazivovych srlistd v kloubu, a tim
pfiznivé sniZit jeho nadmérnou pohyblivost pfi soucasném zachovani funkénosti.

V klinické praxi se u hypermobility TMK, pokud selZze konzervativni terapie, vyuZiva aplikace
autologni krve do kloubu jako jedna z moznych terapeutickych metod (Obr.2). Lé¢ebny postup
spociva v odbéru plné krve z predlokti a jeji nasledné aplikaci intra- a periartikularné. Je nutno
dodat, Ze nékterd pracovisté doplniuji vlastni aplikaci o mezicelistni fixaci (Abrahamsson et al.,
2020), kterou ale na nasem pracovisti nedélame. Nicméné z vlastni praxe mame dobré
zkuSenosti s limitovanim otevirani Ust a pfijmem pouze tekuté stravy tyden po vykonu. Princip
pUsobeni aplikace autologni krve do kloubu a jeho okoli na snizeni hypermobility v TMK vsak

dosud neni zcela jasny.
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Obr. 2: Vlevo: odbér plné krve z pravé horni koncetiny. Vpravo: peri- a intraartikularni aplikace

krve do levého celistniho kloubu.

Pro blizsi zkoumani ucinkd aplikované autologni krve na vznik sristl limitujicich pohyblivost
TMK byl vybran experimentalni biomodel v podobé prasete domaciho, jehoz TMK je svoji
anatomickou strukturou velmi podobny lidskému (Stembirek et al., 2012, Kyllar et al., 2014).
Do celistniho kloubu prasete domaciho jsme aplikovali autologni krev a nasledné sledovali
zmény, které po aplikaci nastanou. V ramci tohoto experimentu se ndm podatilo prokazat
resorpci krve z kloubni Stérbiny 14 dni po aplikaci. Po mésici byla kloubni Stérbina bez ndlezu
zanétlivych zmén Ci srtstl (Stembirek et al., 2013). Tento vysledek naznacuje, Ze ucinek mozna
nespoCiva ani tak v predpoklddaném vzniku vazivovych srastli, ale spiSe ve vytvoreni
hematomu, ktery limituje pohyblivost kloubu kvili bolestivosti, pripadné diky sristidm v okoli
samotného kloubu spiSe nez v jeho vnitfnich prostorech. Limitaci tohoto vyzkumu je fakt, ze u
prasete neni mozné limitovat dva tydny po zakroku otevirani Celisti, které se v klinické praxi,
jak uz jsme uvedli vySe, ukazuje jako pozitivni faktor.

Dalsim prikladem kloubniho onemocnéni mize byt degradace kloubni chrupavky na zakladé
makrotraumatu (napf. Uraz) nebo systémového degenerativniho onemocnéni. Jelikoz
chrupavka neni schopna regenerace, postupné dochazi k jeji degradaci, coz se klinicky mGze
projevovat bolesti, ,vrzotem” ¢i omezenou hybnosti postizeného kloubu (Zemen, 1999,
Stembirek et al., 2018). Klinicka terapie takového onemocnéni je v soucasné dobé bud pouze
symptomatickd, protoZe soucasnda medicina dosud nedisponuje prostredky k regeneraci
kloubni chrupavky, nebo chirurgickd, spocivajici v artrocentéze, artroskopii nebo oteviené

chirurgii (Ferri et al, 2018).

64



| kdyZ se objevuji publikace o intraartikuldrni aplikaci preparatu na podporu regenerace
chrupavky v podobé napt. plazmy bohaté na desti¢ky (PRP; Liu et al., 2022) nebo dokonce
pomoci kmenovych bunék (Gong et al., 2022), princip jejich u¢inku neni pIné znam.

Cilem nasi dalsi studie proto bylo experimentdlni sledovani predpokladané regenerace
mékkych a tvrdych tkani celistniho kloubu po aplikaci kmenovych bunék pochazejicich z lidské
tukové tkané do celistniho kloubu imunodeficientniho kralika (Putnova et al., 2019). Cilem
bylo ovéfeni hypotézy, Ze pfitomnost faktorl pfitomnych v kmenovych burikach (byt lidskych)
muze stimulovat rychlejsi regeneraci traumatu v TMK. Jako experimentalni zvife byl vtomto
pfipadé zvolen krdlik domaci pro jeho snadnéjsi dostupnost, jednodussi chov a nizsi naklady
na experiment ve srovnani s prasetem. Celistni kloub krélika je morfologicky relativné
podobny lidskému kloubu, je v ném tedy ptitomen kloubni disk, ktery, stejné jako u ¢lovéka,
déli celistni kloub na dva prostory. Jednozna¢nou nevyhodou pro experimentalni pouZiti
tohoto zvifeciho modelu byl vyrazné mensi rozmér kloubu, ktery si vyZzadal nutnost
otevieného pfistupu pro aplikaci kmenovych bunék (Kyllar et al., 2014). Experiment s pouZzitim
lidskych kmenovych bunék ztukové tkané clovéka aplikovanych do poskozeného TMK
imunodeficientniho krdlika neodhalil rychlejsi regeneraci chrupavky, nicméné pozorovana

byla silnéjsi angiogeneze v okolnich mékkych tkanich ve srovnani s kontrolni skupinou.
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Cilem této studie bylo zhodnotit zakladni anatomické struktury oblasti hlavy u prasete
domaciho (Sus scrofa f. domestica) v souvislosti s jeho moznym vyuzitim v experimentdlnim
vyzkumu. Studie spocivala v naskenovani hlav prasecich kadaverl pomoci CT a MRi a v
nasledné preparaci vyznamnych struktur orofacidlni oblasti, které mohou byt u ¢lovéka
postizeny patologickymi procesy. Jednou ze struktur, které se ukdzaly byt velmi podobné
lidskym, byl Celistni kloub. U prasete, stejné jako u clovéka, je pfitomna kloubni jamka
s kloubni hlavici, ale také kloubni disk, ktery rozdéluje kloubni prostor na dvé ¢asti. Velikost
kloubu se lisi podle stafi zvoleného experimentalniho jedince. Nevyhodou je jeho horsi
dostupnost v souvislosti se silnéjsi vrstvou okolnich mékkych tkani ve srovnani s ¢lovékem, coz
komplikuje aplikaci krve nebo jinych terapeutickych latek do Celistniho kloubu a vyZzaduje
otevieny pfristup az na synovii kloubu. Vyznamny rozdil mezi lidskym a prase¢im celistnim
kloubem jsme nasli pouze v distdlni ¢asti, kde jamka kvlli menSimu mastoidnimu vybézku neni
ohranicena.

Vysledky nasi studie nam potvrdily, Ze kromé primatQ je mozné i prase domaci povazZovat za
zviteci model, jehoz Celistni kloub muze byt s Uspéchem vyuzit pfi experimentech v tkariovém

inZenyrstvi nebo pfi nacviku novych chirurgickych postupa.
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Abstract

The pig represents a useful, large experimental model for biomedical research. Recently, it has been used in different areas of
biomedical research. The aim of this study was to review the basic anatomical structures of the head region in the pig in
relation to their use in current research. Attention was focused on the areas that are frequently affected by pathological
processes in humans: the oral cavity with teeth, salivary gland, orbit, nasal cavity and paranasal sinuses, maxilla, mandible
and temporomandibular joint. Not all of the structures have an equal morphology in the pig and human, and these
morphological dissimilarities must be taken into account before choosing the pig as an experimental model for regenerative

medicine.
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History of using the pig as an experimental
model

The pig, one of the first species to be domesticated, re-
presents one of the most important livestock species with
nearly 500 different breeds with a worldwide distribution.'
Recently, the pig became a very frequent and favourite
biomedical model.>~'! Tt could possibly represent a signifi-
cant source of organs for future transplantations. Minipigs
are considered as an experimental model in many bio-
medical fields due to their apparent similarity to the
human in terms of anatomy, as well as for economic advan-
tages and ethical reasons. Because of the physiological
similarities, the transfer of results acquired in pigs to
human conditions is more exact compared with other
experimental animals such as the mouse, rat or rabbit.
The history of using pigs as an animal model suitable
for research is also much older. The first symposium
devoted exclusively to the basis for and the extent of the
utilization of pigs in biomedical research was held at
the Pacific Northwest Laboratory, Richland, Washington,
in 1965.°

Many different pig breeds carrying human diseases and
symptoms such as diabetes mellitus and melanomas have
been established.*'*"> Pigs and minipigs have become
firmly established as the main research models in some

67

areas of biomedical and pharmacological research because
of their anatomical similarities to humans (e.g. body size,
skin, cardiovascular system and urinary system), their func-
tional similarities (gastrointestinal system and immune
system) and because of the availability of disease models
(e.g. arteriosclerosis, metabolic syndrome, gastric ulcer and
wound healing).'* Recently, the minipig was used as a
model for testing the toxicity of new medicines and chemi-
cals. It is necessary to test new pharmaceuticals intended for
use in humans on non-rodent species. The most common
choices are dogs or, in limited numbers, primates. Pigs
and minipigs have been identified as being suitable to
take the role of non-rodent species in the toxicity testing
of pharmaceutical products because of their haematological
and cardiovascular similarities to humans. The RETHINK
project recently focused on the evaluation of the potential
impact of toxicity testing in the minipig as an alternative
approach.'>'® Therefore, it is evident that the pig can be a
more useful experimental animal model in many aspects
compared to the other animals (mice, rats, rabbits or dogs)
that are routinely used.

This study aimed to summarize the clinically most impor-
tant anatomical structures of the craniofacial region, to
compare their morphology in the pig with corresponding
structures in the human and to review a possible use of
the pig model in craniofacial research.

Laboratory Animals 2012; 46: 269-279
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Figure 1

Radiography of pig head. 1: os nasale, 2: os rostrale, 3: os frontale, 4: palatum durum, 5: concha nasalis dorsalis (sinus conchae dorsalis), 6: concha

nasalis ventralis, 7: sinus maxillaris, 8: sinus frontalis rostralis, 9: sinus frontalis caudalis, 10: meatus nasi medius, 11: canalis mandibulae, 12: processus para-
condylaris, 13: pars basilaris ossis occipitalis, 14: sinus sphenoidalis, 15: processus pterygoideus, 16: labyrinthus ethmoidalis, 17: corpus mandibulae,
18: angulus mandibulae, 19: arcus zygomaticus, 20: condylus mandibulae, 21: processus condylaris mandibulae, 22: squama ossis temporalis, 23: vomer

(septum nasi), 24: bulla tympanica

Clinical relevance of the pig model to human
oral cavity diseases

In contrast to humans, where the oral cavity is nearly oval-
shaped, the oral cavity of the pig is narrow and long, and
does not differ between breeds (Figure 1). The labia are
short and less movable, which reduces the ability of the
pig to fully open the oral cavity compared to other
species. Such an anatomical layout of the labia and oral
cavity makes intubation for anaesthesia complicated. For
clinicians, it is important to notice that the pig cannot
breathe with an open mouth and the nasal airways have
to be left free during intubation for respiration. The intuba-
tion technique requires training and experience as the long
oral cavity makes this difficult.

The external nose of the pig, supported by rostral bone,
is fused with the upper lip to form the rostrum (Figures 1
and 2). A thick layer of fat - panniculus adiposus buccae -
underlies the cheeks, and the buccal mucosa is smooth
without papillae. This solid layer makes access to caudal
cheek structures more difficult and must be taken into
account when a surgical approach is planned. Furthermore,
X-ray imaging of caudal areas is almost impossible (Figure 1).

The hard palate is covered by the oral mucosa with pro-
minent palatal ridges - rugae palatinge (Figure 4). Palatal
ridges (20-23) are printed on to the bony surface of the
hard palate - the maxillary and palatal bones - while in
humans they are only situated on the anterior part of the
palatal mucosa, without any prints on the supporting
bone."” The soft palate of the pig contains two tonsils -
tonsillae veli palatini. The tonsils in the lateral wall of the
oropharynx, which are present in other domestic species,
are not developed in the pig. In contrast to humans, the
frenulum lingue of the pig is bifurcated (data not shown).

The oral mucosa of the pig provides a suitable model for
studying the biological processes that regulate scarless
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wound healing in order to find novel approaches for pre-
venting scar formation. The histological structure of
the palatal mucosa shows the same pattern as that of
humans.'® Furthermore, oral scarless healing was shown
to resemble fetal skin, with rapid and transient inflamma-
tory reactions in contrast to the adult skin, and it showed
molecular responses during healing.'”* Uncovering the
molecular pathways involved in scar formation and pro-
cesses of the pig oral mucosa healing without their for-
mation might allow them to be used in the development
of new clinical techniques and in the discovery of molecules
suppressing scar formation after surgical treatments.

The oral mucosa of the pig can also be used to improve
clinically effective delivery systems for DNA and RNAi
technologies.” These days, interest in delivering drugs
through the buccal mucosa has increased, but a major limit-
ation in buccal drug delivery is the low permeability of the
epithelium. Therefore, knowing the effect of drug appli-
cations on individual layers of the oral mucosa is very criti-
cal.?’=® The porcine snout and buccal mucosa have been
successfully used as a model for human treatment in pen-
etration studies.”*! Finally, there is a need in reconstructive
surgery for flaps lined by non-keratizing stratified squa-
mous epithelium or mucous membrane in human medi-
cine.** Pig buccal mucosa flaps were prefabricated in the
skin and found to be significantly enlarged after 1 week of
incubation. These procedures can be used for nasal or oral
reconstructions.**

The porcine tongue, which is long and firmly attached to
the floor of the oral cavity by a double frenulum, possesses a
similar histological structure as in humans. It was recently
used as a model for investigating surgical techniques for
reducing tongue volume by cold ablation (coblation).”~%
Coblation is a radiofrequency method used for the volu-
metric reduction of soft tissues in patients with obstructive
sleep apnoea syndrome.® As significant lesions often
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Figure 2 3D reconstruction of CT in pig. 1: os rostrale, 2: os nasale, 3: arcus zygomaticus, 4: processus temporalis ossis zygomatici, 5: processus zygomaticus
ossis temporalis, 6: processus frontalis ossis zygomatici, 7: processus zygomaticus ossis frontalis, 8: foramen supraorbitale, 9: os frontale, 10: foramen
infraorbitale, 11: foramina mentalia, 12: angulus mandibulae, 13: ramus mandibulae, 14: maxilla, 15: fossa temporalis, 16: incisura nasoincisiva, 17: orbita,
18: os zygomaticum, 19: os lacrimale, 20: corpus mandibulae, 21: sulcus supraorbitalis, 22: processus coronoideus mandibulae, 23: processus condylaris
mandibulae, 24: angulus mentalis, 25: basis cranii, 26: os hyoideum

Figure 3 3D reconstruction of CT in human. 1: os frontale, 2: os parietale, 3: os occipitale, 4: processus mastoideus ossis temporalis, 5: os nasale, 6: maxilla, 7:
os zygomaticum, 8: angulus mandibulae, 9: sutura zygomaticofrontalis, 10: processus coronoideus mandibulae, 11: procesus condylaris mandibulae, 12: foramen
mentale, I3: foramen infraorbitale, 14: arcus zygomaticotemporalis, I5: spina nasalis anterior, 16: foramen supraorbitale, 17: foramen zygomaticofaciale, 18: fractura
mandibulae

develop after this procedure, surgical approaches were  process of lesion/scar formation and to develop further
tested on the porcine tongue in order to determine the  improvements in this surgical technique.
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Figure 4 MRI of pig head (sagittal plane). 1: m. masseter, 2: gl. parotis, 3: m. cutaneus faciei, 4: sinus maxillaris, 5: condylus mandibulae, 6: articulatio tempor-
omandibularis, 7: bulbus oculi, 8: gl. submandibularis, 9: labyrinthus ethmoidalis, 10: sinus frontalis (pars rostralis), 11: sinus frontalis (pars caudalis), 12: tongue,
13: rugae palatinae, 14: concha nasalis ventralis, 15: sinus conchae dorsalis, 16: septum nasi

Clinical relevance of the pig model to human
salivary gland diseases

The same types of major salivary glands are found in
humans as in the pig: the parotid gland and the submandib-
ular and sublingual glands (Figure 4). Minor salivary glands
are localized throughout the oral cavity in the buccal, labial,
palatal and lingual regions. In contrast to humans, pig
buccal glands are arranged into two lines: dorsal and
ventral.

The parotid gland (glandula parotis) in the pig is a large
and distinctly triangular structure covered by fatty tissue
(Figure 4). The parotid duct perforates the buccinator
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muscle at the level of the upper fourth premolar to the
first molar tooth and opens into the vestibule on the
papilla parotidea.

The mandibular gland (glandula mandibularis) is covered
by the parotid gland (Figure 4). The duct follows the inter-
mandibular space beneath the mylohyoideus muscle and
opens into the oral cavity at the frenulum linguae or on the
caruncula sublingualis.

There are two sublingual salivary glands in the pig.
The monostomatic sublingual gland (glandula sublingualis
monostomatica seu major) forms several ducts that unite into
the major sublingual duct (ductus sublingualis major),
which opens into the oral cavity in the same opening as



Stembirek et al. Pig in craniofacial research 273

the ductus mandibularis. The polystomatic sublingual gland
(glandula sublingualis polystomatica seu minor) is much
larger and conveys secretions through small openings into
the sublingual recessus.

The salivary glands in rodent models are well described
and often used. However, they exhibit several specifics
that hinder their use by many researchers. These limitations
include the small volume of the salivary glands, the thin
diameters of the gland ducts and also the short lifespan of
these animals.”’ Therefore, the pig is a more suitable
model for these studies due to the similar size of their sali-
vary glands and because pigs share many morphological
and physiological characteristics with human glands,
including the ductal system and their structure. Pigs are
also widely used for salivary gland research because their
saliva flow rate is very similar to that in humans.**
Furthermore, the histological structure of the sub-
mandibular gland is characterized by a parenchyma of
mixed acini and serous acini in both the human and pig.*'
Typical serous acini of the parotid gland have also been
found to be microscopically and histochemically similar.*?

Investigators and clinicians have been paying attention to
salivary glands due to the fact that these structures are very
often affected in patients with head and neck carcinoma,
which is treated by ionizing radiation.”® Studying
radiation-induced structural and functional changes in sali-
vary glands is important for human oncology treatment.>*3°
The similarity between porcine and human physiology and
the availability of slaughterhouse tissues suggests the use of
porcine parotid cells as a model for amylase secretion.*®
Also, localized gene transfer to salivary glands has great
potential for the treatment of salivary gland, systemic, oral
and upper gastrointestinal tract diseases. Numerous
studies on rodents have shown that salivary glands can
secrete transgenic secretory proteins into either the saliva
or bloodstream.’**” However, there are still many unsolved
questions regarding this problem, so minipig salivary
glands, given their volume and morphological similarities
to human salivary glands, may be useful as a large animal
model for preclinical gene transfer experiments.**~?

Clinical relevance of the pig model to human
dental diseases

The pig has been used as a dental model for a long time
as they share the bunodont and brachyodont type of
dentition with the same pattern of enamel mineraliz-
ation.***! Furthermore, both humans and pigs have diphyo-
dont and normodont dentition with four types of teeth in
the permanent dentition, each with a specific size and
shape (Figures 2 and 4). The dental formula of deciduous
dentition in the pig is 3i 1c 3p in all dental quadrants and
31 1C 4(3)P 3M for permanent dentition;” in some cases,
the first premolar is markedly smaller than the other teeth
or it can be absent, as also seen in some other domestic
animals where the presence of these teeth is rather rare.
This tooth is often called ‘dens lupinus’.

While humans are born edentulous, and the first decid-
uous teeth erupt at approximately 6 to 10 months after
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birth, newborn piglets usually have eight erupted teeth:**
they are the third incisor and canine in all dental quadrants.
These teeth are called ‘needle teeth’ and are often cut off
because they can injure the mammary gland of the sow.
Deciduous dentition in the pig is complete at 6 to 8
months of age and the permanent teeth erupt from 4 to 24
months after birth.

Recently, significant attention was paid to the possibilities
of tooth replacement in humans. The regeneration of a
functional tooth is one of the most promising therapeutic
strategies for the replacement of lost or damaged teeth.*’
With the enhancement in tissue engineering and stem cell
biology, several possible options for tooth replacement
have been developed. Current research is focused on
improvements in artificial dental implantations followed
by periodontal apparatus recovery or the de novo production
of biological teeth from embryonic or postnatal tooth
buds.**~*

From a clinical perspective, the most important part of
the tooth is the root, which forms the support for the
(natural or artificial) crown, as the crown alone cannot
fulfil normal tooth functions without a viable root.*” Stem
cells from human apical papillae or periodontal ligament
stem cells have been successfully used to form the root/
periodontal complex of porcelain crowns in the minipig.*’

Dental implants were tested for their stability and healing
process in minipig maxillae using different types of dental
implants, coatin§s and rate of osseointegration in different
age groups.”’ > Recently, growth factors such as bone
morphogenetic protein (BMP) and collagen were shown to
support the healing and osseointegration process after
dental implantation.”®~>> The pig mandible was shown to
be less suitable than the maxilla for testing dental implants
for two main reasons. Firstly, there is the superficial position
of the large inferior alveolar canal. During insertion of the
implant, penetration of the superior wall of the inferior
alveolar canal is likely in pigs and must be taken into
account. Secondly, the canines (especially in male pigs) fill
a major part of the mandibular bone. In cases where there
is a problem with these teeth, it is too complicated to
extract them without ruining the complex structure of the
bone. Therefore, proper implantation in the pig mandible
is more difficult and the rate of successfully implanted
teeth was only reported to be about 60%.>*

Tooth components of pigs on normal and low phos-
phorus diets were compared® and the effect of tooth extrac-
tion on bone mineralization apposition was analysed.””*®
As porcine alveolar bone shows a similar bone mineral
density and bone mineral content to human alveolar
bone,” it can be used as a model for human implantation
techniques or dietary effects on tooth mineralization.

Periodontal diseases are ranked among the most frequent
health problems in humans. At present, there is no ideal
therapeutic approach for the management of periodontitis
or for achieving optimal periodontal tissue regeneration.®
From the clinical aspect, the loss of periodontal supporting
tissue caused by inflammatory periodontal disease is the
main complication.”" Similar symptoms were observed in
a pig after the age of 6 months - swollen gingiva, plaque
and calculus formation, 1-2 mm red collarettes on marginal
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gingiva and bleeding on probing. The inflammatory process
in periodontal tissues in pigs was similar to that seen in
human periodontal diseases;?’ thus, the ability of culture
cells replanted from alveolar bone and the periodontium
to form new periodontal tissues was investigated in
pigs.®" Cultured cells were found to contribute to the for-
mation of new cementum, bone and attachment tissues
and they prevented epithelial downgrowth during wound
healing.®" Furthermore, the possibility of using autologous
periodontal ligament stem cells (PDLSCs) to treat periodon-
tal defects in a porcine model of periodontitis was studied.®’
Autologous PDLSCs were obtained from teeth extracted
from minipigs. Cells were cultured in vitro and transplanted
into areas with alveolar bone and periodontal defects. The
PDLSCs were shown to regenerate the periodontal tissues,
indicating the possibility of using stem cells for the treat-
ment of periodontitis.®*%%3

Clinical relevance of the pig model to human
nasal cavity diseases

The nasal cavity of the pig is very long and narrow
(Figure 4). The bony roof of the nasal cavity is almost com-
plete rostrally on account of the long nasal and rostral
bones.

Paranasal sinuses in the pig are separated into two main
complexes (maxillary and frontal) and another two small
sinuses (sphenoid and lacrimal). The maxillary sinus pro-
jects into the lacrimal and zygomatic bones (Figure 4).
Caudally, the maxillary sinus extends to a transverse level,
passing through the last molar tooth. The frontal sinus
(sinus frontalis) represents the largest cavity and excavates
the frontal, parietal, occipital and temporal bones
(Figure 4). The rostral medial frontal sinus also communi-
cates rostrally with the dorsal nasal concha and extends ros-
trally into the caudal part of the nasal bone and caudally to
the level of the medial wall of the orbit. The lacrimal sinus
(sinus lacrimalis) is an excavation into the lacrimal bone,
and is sometimes considered to be part of the rostral
medial frontal sinus. The sphenoid sinus (sinus sphenoidalis)
is a paired sinus (right and left side) divided by a septum
(septum sinuum sphenoidalium) that excavates into the pre-
sphenoid, basispheonid and temporal bones.

Discovering the pharmacokinetics of drugs administered
to the nasal cavity is the aim of many experimental
studies. The interest in delivering drugs through the nasal
mucosa (mucus and mucociliary clearance, enzymatic
degradation, immunological factors, blood flow and the
deposition of drugs in the nasal cavity) of experimental
animals is important for researching non-invasive treat-
ments in humans.®*®> The pig model was used to study
the effects of the systemic administration of the nitric
oxide synthesis inhibitor on the vasculature of the pig
nasal mucosa,®® and to test different vasodilators (capsaicin,
resisiferatoxin) on the nasal mucosa and superficial skin.*”
Furthermore, the airway cell biology of the pig is similar
to that of humans, therefore recombinant adeno-associated
virus (rAAV)-mediated gene therapy was used in the
lungs for the treatment of cystic fibrosis.®®®’

72

Nasal polyps develop from the respiratory mucosa.
However, the inflammatory conditions in the nasal
mucosa that may play an important role in the aetiology
and pathogenesis of nasal polyp formation are not fully
understood.”® The nasal mucosa of the pig can be used as
an experimental model in the study of Streptococcus infec-
tion, for which aspects of the pathogenesis of infection still
remain unclear,””’? for the laser therapy of structural
deformities in the nasal septum’>”* and for the closure
of oronasal fistulas and for nasal septal cartilaginous
surgery.””~”7  Furthermore, porcine paranasal sinuses
serve as a model for the experimental treatment of fungal
sinusitis or rhinosinusitis in both human and veterinary
medicine.”®”’

The pig was tested and found to be a suitable animal
model for creating and closing oronasal communications.*
Furthermore, whether or not these defects could be
closed using biodegradable materials was also analysed.®
Although bone formation in maxillary sinus rafting or
dental implants is routinely used in humans, surgeons
cannot take histological samples to gain a better under-
standing.®” However, a detailed analysis is possible in the
pig, which offers new opportunities for studying these pro-
cesses in in vivo models. More recent studies focused on
testing the effect of bone-substitution materials on de novo
bone formations, where the porcine model is a valuable
model for the preclinical testing of new materials.** On
the other hand, the excessive thickness of the cortical bone
restricts the use of pigs for the modified Caldwell-Luc pro-
cedure and the pig is not the best model for training in this
method.**

Clinical relevance of the pig model to human
maxillary bone diseases

The maxilla is the main bone of the upper jaw that carries
the upper premolar and molar teeth (Figure 2). The facial
surface is smoothly concave. The infraorbital opening
(foramen infraorbitale) is located near the centre of the bone
(occasionally there might be two openings). Caudally,
a facial crest (crista facialis) extends on to the zygomatic
process and continues as a crest across the zygomatic
bone. The infraorbital canal (canalis infraorbitalis) extends
longitudinally in a rostral direction from the maxillary
foramen to the infraorbital foramen (Figure 2). The canal
is wide and compressed dorsoventrally and its roof serves
as the floor of the maxillary sinus. The maxillary foramen
is located just medial to the zygomatic process.

Bone pillars or buttresses are areas with thicker bone
tissue supporting the maxillofacial region. In both humans
and dogs, they represent clinically important structures
regarding the management of craniofacial fractures.®
The buttresses can be identified by transillumination of
the skull (Figure 5). In humans, they are divided into
three main areas: the medial (nasomaxillary) buttress, the
lateral buttress (zygomaticomaxillary) and the posterior
(pterygomaxillary) buttress, similar to the pig (Figure 5).
The lateral buttress is the most prominent and seems to
play a major role in supporting the upper jaw of the pig.
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Figure 5 Transillumination of the pig skull. (A) lateral view, (B) caudal view,
(C) dorsal view. The buttresses formed by thick bony tissue are illustrated as
dark areas of the skull. Maxillary bone is supported by nasomaxillary (nmb)
and zygomaticomaxillary (zmb) buttresses

Similar to the dog and in contrast to humans, the pig
does not have a bony support around its entire orbit, but
its caudal part is supported by the orbital ligament.
Therefore, the zygomatic arch bridges and transmits all
forces and, therefore, it is reinforced by thick and dorsally
protruding bony tissue.

Regarding bone anatomy, morphology, healing and
remodelling, the pig is considered to be closely representa-
tive of humans and therefore a suitable species of choice.®®
Pigs have a denser trabecular network® but the structure
of the lamellar bone is similar to that in humans.*® When
compared to the bone composition of various different
species, porcine bone has been shown to have similarities
to human bone in terms of bone mineral density and bone
mineral concentration.”® Also, the bone remodelling pro-
cesses are similar, as well as the mechanical parameters
during trabecular and intracortical BMU-based remodel-
ling.*® A comparison of the regeneration rate of bone in
dogs, pigs and humans® revealed that pigs have a more
similar rate of bone regeneration to humans than to dogs
(dog, 1.5-2.0 mm/day; pig, 1.2-1.5 mm/day; human,
1.0-1.5 mm/day). In addition, in a study of the effects of
fluoride on cortical bone remodelling in growing pigs,
the results showed that pigs have a similar cortical bone
mineralization rate to humans.”

Due to these similarities, a pig model was recently used
to study bone formation after maxillary distraction.” This
surgical procedure is mainly recommended for children
with cleft palates where the upper teeth are situated
behind the lower teeth. The Le Fort I device was tested for
its stability and the pig was established as a useful model
for studying the healing mechanism during distraction
osteogenesis.

Experiments in the minipig may also help in designing
internal non-bioresorbable and bioresorbable distraction
devices. The pig maxilla can be used in tissue-engineering
approaches for coordinated autologous tooth and bone
reconstruction, and it also provides a basis for future
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improvements in this technique for eventual clinical use in
humans.”>*?

As the maxillary bone is a very thick and massive bone,
recent studies of distraction osteogenesis used a more
easily accessible bone: the frontal bone.”?~** Temporal and
parietal bone segments were used to evaluate the optimal
timing and long-term effects of fixation techniques on a
growing cranium in utero.”> The testing of new material,
for example coralline hydroxyapatite and an expanded
polytetrafluoroethylene membrane, was used in the treat-
ment of calvarian defects” and the implantation of biode-
gradable miniplates.”> Furthermore, platelet rich plasma
(PRP) was tested in peri-implant bone regeneration and
the pig was shown to be a suitable animal model for such

a purpose.”

Clinical relevance of the pig model to human
orbital diseases

The orbit of the pig is relatively small compared with
humans (Figures 2 and 3). The infraorbital margin is
formed by the lacrimal and zygomatic bone (os larimale et
zygomaticum), and the supraorbital margin by the frontal
bone (os frontale). Its bony margin is deficient caudolaterally,
and this space is filled with the orbital ligament (ligamentum
orbitale), which connects the processus zygomaticus ossis
frontalis with the processus frontalis ossis zygomatici (Figure 2).

The adult pig can effectively serve as a model for resident
training in lateral canthotomy or as a dummy orbit for the
teaching and training of diagnostic and eye surgery pro-
cedures.”®? To date, there is no precise method for control-
ling and monitoring expansion to induce normal growth in
the developing facial skeleton, but the pig orbit is suitable
for stimulating normal orbital growth in the neonatal
facial skeleton.'® Another application of the pig orbit is in
laser surgery for the detection of temperature distributions
in orbital tissues during and immediately after the appli-
cation of CO, and Nd:YAG laser irradiation to muscle
tissue adjacent to the optic nerve.”**"!

Moreover, the pig orbit is also an excellent experimental
model for the development and testing of alloplastic
materials that could be used in orbit reconstruction after
trauma, tumours or developmental abnormalities. These
materials would degrade slowly and have osteoconductive
properties to allow their replacement and remodelling
by osseous tissue. These properties should be tested in
a pig model in order to determine their uses in human
medicine. !>~ 1%

Clinical relevance of the pig model to human
mandible diseases

The mandible or the lower jaw consists of the body (corpus
mandibulae) and massive ramus (ramus mandibulae) in pigs.
A pair of medial mental foramina is situated dorsally to
the mandibular angle. On the lateral surface, the lateral
mental formina usually number from three to five; this is
in contrast to humans, where only one mental foramen
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opens up between the first and second premolars (Figures 2
and 3). Moreover, thick bone tissue is situated between the
tooth roots and mandibular canal in humans (the wisdom
teeth are sometimes exceptions to this), whereas in the pig
the tooth roots are in direct contact with the canal.

It must also be pointed out that the presence of multiple
mental foramens in pigs makes local anaesthesia more
difficult than with humans. Only large, local infiltration
anaesthesia is possible, with no possibility of selectively
anaesthetizing specific nerves, therefore making this an
imprecise procedure. Furthermore, the thick layer of fatty
tissue covering the ramus mandible can make access to
this area difficult.

Current strategies for jaw reconstruction require multiple
surgeries to replace bone and teeth. The pig mandibles
serve to help improve tissue engineering approaches for
coordinated autologous tooth and mandible reconstructions
and as a model for providing a basis for future improve-
ments in these techniques for eventual clinical use in
humans.'® "' Pigs are suitable experimental animal
models for studying the blood supply in the mandibular
cortex and the design of osteosynthetic plates and
screws.'®®1% The pig mandible is also necessary for under-
standing the mechanisms and molecular events that regu-
late bone formation during distraction osteogenesis.''*~>
Moreover, the pig mandible helps in testing endoscopic
procedures for the placement and activation of a distraction
device for mandibular advancement,’® and for the endo-
scopic resection of mandibular angles.'*

Stem-cell-based tissue engineering is currently viewed as
a very promising method for bone regeneration,''” and the
pig can be a very useful model. Stem cells of miniature
pigs were isolated from deciduous teeth, the ilium or bone
marrow and engrafted on to the critically sized bone
defects generated in pig mandible models.'!'0>106116-119
The results indicated that these cells were able to engraft
and regenerate bone in order to repair mandibular defects.
A further step will be to transfer the acquired results to
human clinical trials.

Clinical relevance of the pig model to human
temporomandibular joint diseases

The morphology of the pig temporomandibular joint (TM]J)
closely resembles that of humans,'* including its internal
structures, such as the articular disc, and its attachments.'?!
The pig TM] is a simple incongruent joint, similar to that of
humans (Figure 4). Except for the small mastoid eminence
(processus mastoideus), there are no caudal borders to the
mandibular fossa. The retroarticular process (processus retro-
articularis) is not formed in the pig.

Human disorders of the TM] are represented by a wide
spectrum of morphological and functional changes that
can affect not only the TMJ but also masticators and other
areas of the face. This disorder is showing an increasing
trend in humans, perhaps due to the influence of psycho-
logical stress in the present population. The presence of
long-term tenseness and emotional stress is considered to
be the main aetiological factor. These tissues are difficult
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to visualize dynamically and therefore the in vivo processes
are poorly understood.

The pig was recently proposed as the best non-primate
model for human TMJ disorders; it has been used for
direct measurements of TMJ tissue deformation and load
during biting."**'** The pig can also be useful in tissue
engineering of the articular disc as the topographical bio-
chemical and biomechanical parameters of its disc are
most similar to the disc in humans'**'?* or in the develop-
ment of new therapies for degenerative TM] diseases and
post-traumatic conditions."*®

Furthermore, the invasive arthroscopic surgery of the TMJ
is technically demanding and requires the acquisition of
adequate arthroscopic skills that can hardly be obtained
from patients alone. Thus, the pig TM] serves as a reliable
educational model for arthroscopic surgery and its further
refinement in the TMJ.'%”

Current applications for clinicians

The completion of pig genome sequencing has opened up
the pig model for use with modern molecular methods."
In recent times, the pig has not just been used as an
animal model for surgical treatment, but also for the possi-
bility of targeting diseases via gene therapy.’ Bone regener-
ation was found to be enhanced in minipigs after BMP-2
gene delivery using liposomal vectors,"**'* adenovirus-
mediated transfer®” or the gene delivery was combined
with collagen carrier."”® Moreover, the protein can be also
directly provided on hyaluronan-based hydrogel mixed
with hydroxyapatite nanoparticles’®' to improve the
healing of cranial defects. As the formation of new bone is
also accompanied by angiogenesis,'** the using of growth
factors represent an ideal method for the cranial reconstruc-
tion and the possibility to repair a large-scale skull defect'*
Furthermore, mesenchymal stem cell transplantation can be
used to reconstruct orofacial tissue.'® Therefore, we hope
that our recent study will open up the pig model to
further applications by surgeons, as well as veterinary
researchers.
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Cilem projektu bylo ziskat informace o osudu autologni krve aplikované do Celistniho kloubu
s cilem omezit jeho mobilitu, protoZe v literatufe se jako princip této terapie uvadi vznik
aseptického zanétu vedouciho k tvorbé adhezi mezi kloubnim diskem, kloubnim pouzdrem a

kloubni jamkou. Vysledkem vzniku téchto adhezi by méla byt pravé mensi pohyblivost kloubu.

Jako experimentalni model bylo pouZito 12 prasat domacich (Sus scrofa f. domestica), u
kterych jsme v celkové anestezii intraartikularné a do okoli TMK aplikovali jejich autologni
krev. Aplikace byla provadéna vzhledem k relativné hlubokému uloZeni kloubu (Stembirek et
al., 2012) pomoci otevieného pfistupu. Druhostranny kloub slouzil jako kontrolni. Zvifata byla
nasledné po 1 hoding, 1, 2 a 4 tydnech po aplikaci humanné utracena, celé hlavy byly vysetifeny
na magnetické rezonanci a nasledné byly celistni klouby (tzn. jamka, disk i hlavice)
vypreparovany a histopatologicky zpracovany. Nase vysledky ukazaly pfitomnost krve ve
formé srazenin v distalnich ¢astech horni kloubni stérbiny 1 hodinu a 1 tyden po aplikaci. Jesté
2 tydny po lécbé byly stale patrné malé krevni srazeniny v distalni ¢asti kloubniho prostoru, po
4 tydnech od operace v horni kloubni Stérbiné jiz nebyly patrné zadné zbytky krve. Co je vSak
vzhledem k vysvétleni mechanismu plsobeni popisovanému v literature jesté dulezitéjsi,
nebyly pozorovany zadné zanétlivé zmény nebo srlsty. Podobny experiment proved| Gulses a
jeho tym stim rozdilem, Ze aplikoval Sestnacti prasatim autologni krev bez otevieného
pristupu a do druhého celistniho kloubu aplikoval fyziologicky roztok (Gulses et al., 2013).
Vzorky odebiral za 4 tydny a analyzoval pouze retrodiskalni tkan a lateralni ¢ast pouzdra.
V jejich experimentu pak nalezli u kloubu po aplikaci autologni krve regenerativni zmény a
fibrotickou aktivitou v retrodiskalni tkani a lateralni ¢asti synovie. Podobné zmény pozorovali

i u kloubu po aplikaci fyziologického roztoku, ale se statisticky mensim rozsahem fibrdzy.
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Vysledky obou studii naznacuji, Ze aplikace autologni krve nema vliv na tvorbu adhezi pfimo
v kloubni stérbiné, ale postihuje mékké tkané, jako jsou retrodiskalni tkan nebo lateralni ¢ast
pouzdra. Je tak mozné zvazit i moznost pouze periartikularni aplikace, ktera vytvofi hematom
okolo kloubniho pouzdra a sval(, které se na néj upinaji; v takovém pripadé by mohlo dochdazet
ke sniZeni rozsahu otevirdni Ust ne na zdkladé intraartikularnich srast(, ale spiSe na zakladé
vzniklého sterilniho zanétu v okoli kloubu, ktery vede ke vzniku vazivovych srlistd limitujicich

jeho pohyblivost.
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Investigation of an autologous
blood treatment strategy for
temporomandibular joint
hypermobility in a pig model

J. Stembirek, E. Matalova, M. Buchtova, V. Machon, I. Misek: Investigation of an
autologous blood treatment strategy for temporomandibular joint hypermobility in a
pig model. Int. J. Oral Maxillofac. Surg. 2013; 42: 369-375. Published by Elsevier Ltd
on behalf of International Association of Oral and Maxillofacial Surgeons.

Abstract. Many different surgical and non-surgical techniques are used for the

treatment of temporomandibular joint (TMJ) hypermobility. One of these methods
is autologous blood injection into the TMJ. The fate of the autologous blood used for
treatment of recurring condylar dislocation is still not completely understood. The
authors used 12 pigs (Sus scrota f. domestica) as a model species for autologous
blood delivery into the TMJ. Blood injection was followed by histopathological
analysis at different times after treatment (1 h, 1, 2 and 4 weeks). Samples were
examined by magnetic resonance imaging, macroscopic and histological methods.
The deposition of the remaining blood was observed in the form of clots in the distal
parts of the upper joint cavity 1 h and 1 week after treatment. 2 weeks after
treatment, small blood clots were still apparent in the distal part of the upper joint
cavity. 4 weeks after surgery, no remnants of blood, changes or adhesions were
apparent inside the TMJ. No morphological or histological changes were observed
in the TMJ after the injection of autologous blood suggesting another mechanism is
involved in the hypermobility treatment.
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The temporomandibular joint (TMJ) pro-
vides the junction between the jaw (man-
dibular condyle) and the neurocranium
(temporal bone). Condyle dislocation (or
hypermobility) of TMJ is one of the most
frequent TMJ disorders in humans." In the
case of hypermobility, the condyle reaches
a position in front of the articular tubercle
at wide mouth opening, which can be
caused by abnormalities in the shape of
the joints, by ligament looseness or by
reduced muscle tension.’

0901-5027/030369 + 07 $36.00/0

The treatment of TMIJ hypermobility
includes  surgical or non-surgical
approaches. Surgical procedures can be
divided into two categories; those that
limit the range of condylar movement,
and those that remove the blocking factor
that prevents the condyle from returning.>~
© Non-surgical treatment includes a soft
diet, pharmacotherapy, physical therapy,
stress reduction, movement limitation and
occlusal splint therapy. Joint movement
reduction can be caused by the injection of

different substances such as autologous
blood or sclerosing solutions into the
upper joint cavity.”’* Although there
are many clinical studies about a high
success rate of autologous blood injection
into TMJ,>>7>10 the effect and the
detailed mechanism of this therapy are
not well understood.

It has been proposed that autologous
blood in the TMJ may result in joint
degeneration and/or formation of adhe-
sions inside the joint. There is a lack of

Published by Elsevier Ltd on behalf of International Association of Oral and Maxillofacial Surgeons.
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studies examining in detail the mechan-
isms of the effect of autologous blood
injection into the TMJ. This type of study
can only be carried out using a suitable
animal model (human-like size, with simi-
lar structure and motion of TMJ) paired
with subsequent histological evaluations.
Several studies have been performed to
understand the joint pathology and differ-
ent approaches have been tested for their
treatment. A sheep model was used for the
evaluation of histopathological changes
after intracapsular condylar fracture, the
fate of auricular cartilage graft in the
surgical treatment of TMJ ankylosis,
intraarticular scarring and ankylosis man-
agement.'' 3 Blood was injected into the
rabbit TMJ.'* The rabbit and sheep con-
dyles are adapted to a herbivorous diet so
are more rounded than those of humans,'*
which causes greater mobility in the trans-
verse plane and limited mouth opening.
In contrast, pigs are omnivorous like
humans and therefore the structure of their
TMJ resembles that of humans. Their
diarthrodial synovial TMJ consists of an
articular pit, articular disc and articular
condyle surrounded by a ligamentous cap-
sule. The articular disc, as in humans,
divides the joint into two compartments
described as two articulations: the menis-
cotemporal (suprameniscal) joint permit-
ting translational movements, and the
condylomeniscal (inframeniscal) joint,
which permits rotational movements.

The disc has a biconcave shape; the fossa
is shallow, and the condyle is elliptic.'>'
The masticator muscle arrangement is
similar to that in humans, therefore mod-
erate translation movements are allowed
in all planes; the major movement is pro-
vided by rotation of the joint condyle.'>!”

Based on these morphological simila-
rities, the authors selected the pig as a
model organism for this study, which aims
to confirm or disprove the hypothesis that
aseptic inflammation and subsequent for-
mation of lesions and adhesions are
responsible for the therapeutic effect of
autologous blood used for TMJ hypermo-
bility treatment.

Materials and methods

12 pigs (Sus scrofa f. domestica) aged 2
years were obtained from the breeding unit
of the Institute of Animal Physiology and
Genetics, Academy of Science of the
Czech Republic in Libechov. Animals
were divided into four groups of three
animals, none of which had any previous
history of TMJ hypermobility. The first
group was killed 1 h after treatment, the
second group 1 week, the third group 2
weeks and the fourth group 4 weeks after
autologous blood injection. The animals
were housed in separate breeding boxes
under conventional conditions and pro-
vided with water and food ad libitum.
The experimental procedure was approved

by the Animal Research Committee of
IAPG CAS, v.v.i. (Nr. 67985904).

All surgical procedures were performed
in the aseptic conditions of an operating
theatre with disinfectant applied over the
operating field. All animals were preme-
dicated with ketamine (22 mg/kg) and
atropine (0.04 mg/kg) and anaesthetized
with thiopental (15 mg/kg) prior to intu-
bation. Anaesthesia was maintained with
inhaled isoflurane (1.5%). The animals
were mechanically ventilated with an
initial tidal volume of 10 ml/kg and a
respiratory rate of 15 breaths per min.
The tidal volume was adjusted to maintain
an arterial PaCO, of 35-40 mmHg during
the experiment. Hydration was maintained
using lactated Ringer’s solution delivered
through a cannulated dorsal auricular vein.
Body temperature was maintained at
38.0-39.0 °C using a circulating hot water
heating pad. Both heart rate and oxygen
saturation levels were monitored through-
out all surgical procedures.

The lateral approach was carried out from
the lateral side of the articular capsule. A
small incision was made above the lateral
part of the left condyle, approximately 1 cm
below the external auditory meatus during a
wide mandible opening. The first 20-gauge
needle was inserted towards the posterior
aspect of the condyle in the posterior part
of the superior joint cavity in the
anterior- medial direction, before being
withdrawn ~slightly (about 1mm) to

Fig. 1. Surgical approach in the pig. (A) Small incision and preparation through the skin and adipose layer. (B) Arthrocentesis with saline solution,
black arrow shows positive return of irritant. (C) Recheck of arthrocentesis with autologous blood, black arrow shows positive return of autologous
blood. (D) Injection of autologous blood into left upper joint cavity. (E) Injection of autologous blood around left TMJ. (F) Skin suture.
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prevent subchondral application and saline
solution was injected. During the saline
solution application, no protrusive move-
ment of the mandible was observed and
the correct position of the needle therefore
had to be checked by arthrocentesis with
saline solution. The second 20-gauge needle
was inserted approximately 0.5—1 cm before
the first needle at the same horizontal level
but in the posterior-medial direction. After
this procedure, successful arthrocentesis
with saline solution was performed in all
cases. The next step was collecting blood
from the jugular vein and injecting 1.0 ml of
this blood into the superior joint cavity and
0.5 ml around the articular capsule, followed
by wound suture (Fig. 1). The left TMJ
served as the experimental joint for blood
application and the right TMJ was left with-
out treatment as the control tissue. As it
would be difficult to maintain pigs in a sterile
environment after the procedure, antibiotics
(amoxicillin Bioventa 15% inj. ad us.vet,
15 ml/kg and day, divided into two doses)
were administered to prevent infection.

The experimental pigs were killed by
intravenous injection of thiopental at four
different time intervals after successful
autologous blood delivery (1 h, 1, 2 and
4 weeks after treatment). The whole heads
were placed on ice and immediately trans-
ported for examination by 3T nuclear
magnetic resonance imaging (MRI; Sie-
mens Ltd., Siemens Magneton Trio 3T) at
the Institute of Clinical and Experimental
Medicine (Prague, Czech Republic). After
this analysis, both TMJs were dissected,
fixed in 10% paraformaldehyde and exam-
ined using a stereoscopic microscope
(Leica, Germany). After 10 days in par-
aformaldehyde, decalcification was per-
formed in Livrea’s solution (4% HNO;,
0.15% CrO;) for approximately 1 month,
after which the specimens were embedded
in paraffin, cut into 5 pm sagittal histolo-
gical sections, and split over four parallel
slides. Haematoxylin—eosin (HE) was
used as the primary staining for the his-
tological analysis, elastic fibres were
visualized by Orcein, reticular fibres were
stained with Gomori, and Van Gieson
staining was used for the detection of
collagen fibres.

Results

In the samples taken 1 h and 1 week after
treatment, macroscopic  examination
revealed deposition of the remaining
blood in the form of clots in distal parts
of the upper joint cavity. No alterations on
the articular surface were observed. 2
weeks after treatment, small blood clots
were still apparent in the distal part of the
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Fig. 2. Macroscopic view of pig TMJ after treatment. (A) Macroscopic view of left TMJ 1 h
after treatment, yellow arrows shows visible clots in the upper joint cavity. (B) Macroscopic
view of right control TMJ at same stage with physiological anatomical structure. (C) Macro-
scopic view of left TMJ 1 week after treatment, yellow arrows show remaining blood clots in the
distal and central parts of the upper joint cavity. (D) Macroscopic view of right control TMJ 1
week after treatment with physiological anatomical structure. (E) Macroscopic view of left TMJ
2 weeks after treatment, yellow arrows show remaining small blood clots in the distal part of the
upper joint cavity. (F) Macroscopic view of right control TMJ 2 weeks after treatment, there are
not apparent morphological changes. (G) Macroscopic view of left TMJ 4 weeks after treatment.
The upper joint cavity remained with smooth surfaces and without changes or adhesions. (H)
Macroscopic view of right control TMJ 4 weeks after treatment. There joint surfaces are still
smooth without changes.

upper joint cavity. 4 weeks after surgery,
no remnants of blood, changes or adhe-
sions were apparent inside the TMJ

(Fig. 2).
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In MR, the injection injury caused by the
needle was visible in the articular disc and
surface of the temporal bone 1 h after sur-
gery. There were no apparent morphological
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changes in the nuclear magnetic resonance
(NMR) images when comparing the control
and experimental joints (Fig. 3).

Regarding histological analysis, no
inflammatory or non-inflammatory mor-
phological lesions were observed at any
time after the treatment. The superior and
inferior articular spaces showed no sign of
joint exudation. The surface of the syno-
vium was covered with small finger-like
projections (villi) with no morphological
lesions. The fibrous articular discs
(menisci) formed fibrocartilage pads con-
taining bundles of elastic and collagen
fibres between opposing surfaces of the
joint. Fibroblasts were rare and were dis-
persed among fibres. Articular cartilage
covering the condyle of the mandible
and temporal bone was formed of hyaline
cartilage with no apparent erosion or
pathological defects (Fig. 4). The middle
and deep layers of cartilage were orga-
nized into columns of chondrocytes with
normal appearance.

Selective histological staining for dif-
ferent types of fibres demonstrated non-
fragmented fibres in their typical arrange-
ment. The menisci, peripheral surfaces of
the joints and the fibrous tissue of the joint
capsule showed no dystrophic or inflam-
matory lesions (Fig. 4).

Discussion

Autologous blood injection is a simple
treatment for TMJ hypermobility in
humans. The major advantage of TMIJ
autologous blood injection is that it is
minimally invasive, and being a non-sur-
gical technique it is more acceptable and
comfortable for patients. This method
does not require surgical incision, tissue
dissection, bone preparation or general
anaesthesia, and eliminates postoperative
complications such as facial nerve inju-
ries, infection and oedema. The disadvan-
tages of the technique are that the needle is
advanced without visualization and there
is therefore a risk of incorrect application
of the autologous blood. Needle insertion
can damage the surrounding tissues and
cause bleeding in and around the joint.
Schulz was the first to report the treat-
ment of human patients using autologous
blood for recurrent condyle dislocation.'®
He injected autologous blood twice a week
for 3 weeks and used intermaxillary fixa-
tion for jaw immobilization. 10 of 16
patients were asymptomatic after 1 year.
Jacobi-Hermanns et al. injected autolo-
gous blood once into the affected side
and used intermaxillary fixation for 2
weeks.®> This approach was successful in
94% of condyle dislocations. Hasson and
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Fig. 3. NMR analysis of TMJ after blood treatment. (A) Frontal view of pigs head with both TMJs.
(B) Sagittal view of physiological TMJ. (C) Frontal view of both TMJs 1 h after treatment, yellow
arrow shows damage of articular disc and temporal bone surface caused by needle. (D) Sagittal
view of left TMJ 1 h after treatment with no apparent evidence of blood and damage. (E) Frontal
view of both TMJs 1 week after treatment, yellow arrow shows left TMJ but there is no evidence of
blood. (F) Sagittal view of left TMJ 1 week after treatment. (G) Frontal view of both TMJs 2 weeks
after treatment, yellow arrow shows left TMJ with no apparent changes and blood rests. (H) Sagittal
view of left TMJ 2 weeks after treatment with no apparent morphological changes. (I) Frontal view
of both TMJs 4 weeks after treatment, yellow arrow shows left TMJ with no apparent changes. (J)
Sagittal view of left TMJ 4 weeks after treatment. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of the article.)
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Fig. 4. Microscopic structure of pig TMJ after blood treatment. (A) Right control TMJ stained with HE, (F) with Gémori for reticular fibres
visualization, (K) with Orcein for elastic fibres and (P) with van Gieson for collagen fibres. There are characteristic smooth surfaces in the upper
joint cavity. (B, G, L, O) Left treated TMJ collected 1 h after treatment. Yellow arrow shows blood clots in the distal part of cavity, there are not
other morphological changes. (C, H, M, R) Left treated TMJ 1 week after treatment; there is no apparent blood or other changes. (D, J, N, S) Left
TMJ 2 weeks after treatment. Special staining demonstrated non-fragmented fibres with their characteristic arrangement in the joint without

obvious microscopic changes. Scale bar 200 pm.

Nahlieli reported four patients who
received one injection of autologous blood
and were then instructed to restrict their
mandibular movement for 7 days.”> Dis-
location of condyles did not reoccur, and
all patients presented normal mouth open-
ing at follow-up inspections. Kato et al.
reported autologous blood injection as a
method for treatment of TMJ hypermobi-
lity in an 84-year-old woman with subse-
quent mandible fixation for 1 month. The
result was favourable, and no ankylosis
occurred.” Machon et al. treated 25
patients diagnosed with chronic recurrent
TMIJ dislocation.” The patients were trea-
ted by bilateral injections of autologous
blood into the upper joint space and
around the TMJ capsules. 80% of patients
did not require any further treatment dur-
ing the following year.

Based on clinical data, the presence of
autologous blood in the TMJ (injury,
surgery) and subsequent immobility
may result in adhesion or in development
of ankylosis. These studies also reported
limited mouth opening in patients with a
history of TMJ injury or degenerative
diseases.!®2? Despite the fact that auto-
logous blood injection is used as a rou-
tine therapy in humans, it remains
unclear what happens in unaffected TMJs
after injection. The injection of autolo-
gous blood into the knee joint in rabbit
and dogs led to joint changes under
pathological conditions such as traumatic
bleeding, haemophilic bleeding or rheu-
matoid arthritis.*>® Oxidative stress
(injury, arthritis, infection) at the mole-
cular level was shown to contribute to
formation of cross-linked proteins that
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may serve as an initial scaffold for the
development of adhesion under patholo-
gical conditions.?” Some authors suggest
that exposure of cartilage to blood alters
chondrocyte metabolism, which might
lead to unknown alterations and cartilage
destruction, plus changes in matrix integ-
rity that may result in lasting joint
damage.?>**?% Others suggest that such
exposure has only a temporary effect and
that a single episode of intra-articular
bleeding only leads to reversible carti-
lage damage.>>"*%%*

One possible explanation for the effect of
autologous blood is an aseptic inflamma-
tion resulting in scar and fibrous tissue
formation between the surfaces of the
articular disc and articular socket, causing
a reduction in the extent of condylar move-
ment. >’ No destructive changes to the bony
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components of the joint controlled by X-ray
have been observed in humans >*'°

Until now, experiments involving auto-
logous blood injection into unaffected
TMIJ in animals have only been performed
on rabbits. Candrl et al. used 8 white
rabbits for bilateral autologous blood
injection into the TMJ. After injection,
the mandibles were fixed by orthodontic
brackets and elastics for 24 h and the
animals killed after 1 month. There was
no evidence of degeneration in the joint
and no adhesions were found."*

In the present study on a pig model, the
authors have not found any lesions or
morphological changes, which could be
responsible for the beneficial results of
autologous blood injection reported else-
where. They cannot confirm that injection
of autologous blood into the TMJ has any
effect based on inflammatory chan-
ges.There were some disadvantages of
the pig model that should be taken into
account when using it for TMJ disease
research. The surgery had to be carried
out under general anaesthesia. In compar-
ison to experiments on rabbit or dog knee
joints, which provide easy access for nee-
dle penetration due to the thin layer of
subcutaneous tissue, the pig TMJ is situ-
ated under a large amount of subcutaneous
and adipose tissue and a small skin inci-
sion is therefore necessary. The correct
needle position could not be confirmed by
protrusive movement of the mandible,
meaning that in the pig, unlike humans,
a double arthrocentesis with saline solu-
tion was necessary.

In conclusion, a methodical approach
for autologous blood treatment of the TMJ
and pathohistological evaluation of speci-
mens in pigs has been demonstrated.
Although the human TMJ is unique, the
size of the articular structures in the pig,
the shape and microscopic characteristics
of the meniscus and further similarities
favour it as a model species.'>™'7 Although
the injection of autologous blood into the
TMI is a relatively successful treatment in
humans, elucidating the effect remains o
be determined. The present experiment
showed no structural changes in the joints
and did not confirm the theory of aseptic
inflammation resulting in the formation of
adhesions inside the joint. This informa-
tion can be extended by a detailed cellular
and molecular analysis, which may help to
explain the therapeutic effect in humans.
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Kralik (Oryctolagus cuniculus f. domesticus) je jako modelovy druh v rdmci vyzkumu oblasti
Celistniho kloubu pouzivan relativné ¢asto. V morfologii kréli¢iho a lidského TMK vsak existuji
vyznamné rozdily, které je tfeba pred pouzitim tohoto modelu pro experimentalni vyzkum vzit
v Uvahu. V této studii jsme si kladli za cil podobnosti a rozdily ve struktute krdli¢iho a lidského

TMK podrobné zmapovat a popsat pro tcely dalSiho vyzkumu v této oblasti.

Jednim z rozdil(i je kompletni laterdini kosténé prekryti kréliciho Celistniho kloubu jafrmovym
obloukem, coz komplikuje chirurgicky pfistup. Nejvyraznéjsim morfologickym rozdilem mezi
krali¢im a lidskym celistnim kloubem je vSak tvar kloubniho vybézku, ktery je u kralika vice
oplostény a kratkym krékem spojeny s vétvi dolni Celisti. V retrodiskalni oblasti neni v oblasti
kloubni jamky vytvofena kost, ale je krytd pouze tenkou vrstvou temporalniho svalu a
podkozZni tkané. Z tohoto dlivodu je pro chirurgickou intervenci do celistniho kloubu nutné
zvolit pristup z dorzalni ¢asti. Vzhledem k odliSnému anatomickému umisténi pak u kralik{

neni tfeba uvazovat o strukturdch, jako je licni nerv, maxilarni arterie a priusni zlaza.

Mandibularni kondylus kralika je pokryt sekunddarni chrupavkou a vazivovou tkani podobné
jako u lidi. V pripadé poutziti kralika jako zvifeciho modelu je také dllezité zvazit hloubku
experimentdlnich defektd vytvorenych v kondylarni chrupavce. Na zakladé zjisténych
parametrd jsme pro dalsi vyzkum v oblasti defektl chrupavky a kosti doporucili u kralika
hloubku defektu méné nez 150 um pro chrupavky a vice nez 220 um pro subchondralni
defekty. Na rozdil od lidi je krdli¢i chrupavka nejtlustsi ve stfedni oblasti, nikoliv v posterio-
superiorni oblasti. V usporadani chrupavéitych bunék pak mezi lidskymi a krali¢imi

chrupavkami TMK nejsou Zadné vyznamné rozdily.

Mezi lidskym a krali¢im kloubnim diskem vyznamné rozdily nachazime. Zatimco lidsky disk je
popsan jako hustd vlaknita fibrochrupavcita tkadn s burikami podobnymi chondrocyttiim, kralici

disk obsahuje dobte diferencovanou chrupavcitou tkan.
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Vzhledem k vySe jmenovanym rozdilim v utvareni krdli¢iho a lidského Celistniho kloubu se tak
kralik sice nejevi jako vhodny model pro zkoumani ¢i zdokonalovani chirurgickych postupd,
nicméné pro snadnou manipulaci a nizké naklady na chov muze byt (pfi respektovani a zvazeni
vSech morfologickych rozdili) uspéSné pouzit jako vyzkumny model pro experimenty

v tkanovém inZenyrstvi.
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Diagnostic imaging modalities
and surgical anatomy of the
temporomandibular joint in rabbits
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Abstract

The temporomandibular joint (TMJ] is a condylar synovial joint that, together with the masticatory muscles,
controls mandibular movement during mastication. The rabbit is often used as a model species for studying
the mechanisms of TMJ diseases, and in regenerative research. However, there are significant differences
between rabbit and human TMJs that should be taken into account before using this model for experimental
research. Here, we use several analytical approaches (radiography, computed tomography and magnetic
resonance imaging) to enable a detailed description and analysis of the rabbit TMJ morphology. Moreover,
possible surgical approaches have been introduced with a focus on available access into the rabbit TMJ cavity,

which relate our findings to clinical usage.
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The temporomandibular joint (TMJ, articulatio tem-
poromandibularis) is a multi-component structure that,
together with the masticatory muscles, controls man-
dibular movement during mastication. It consists of
the condylar process of the mandibular ramus (ramus
mandibulae), mandibular fossa of the temporal bone
(fossa mandibularis ossis temporalis), a thin articular
disc (discus articularis), and a loose joint capsule rein-
forced with fibrous lateral ligaments." The structure
and function of this incongruent, condylar synovial
joint (hinge sliding joint) are unique among the dia-
rthrodial joints.?

There are many diseases and traumas affecting the
TMIJ. While many studies have provided detailed
information about the development, anatomy and
aetiopathogenesis of TMJ diseases, there is a lack of
comprehensive understanding of the mechanism initiat-
ing these diseases. Many of the symptoms are difficult
or impossible to treat using current methods, highlight-
ing the need for extensive research in this field. The use
of animal models for such research is indispensable.’
Due to physiological and anatomical differences
between the human TMJ and those of experimental
animals, no one animal model can provide a full under-
standing that could be directly related to humans.* In

addition, many other variables, such as gender, age, size
and depth/age of the defect, postoperative treatment,
etc., need to be considered when designing experiments.
Therefore, an investigator faces the challenging task of
choosing the most suitable model and treatment proto-
col in order to answer a specific question. Discrepancies
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in the results of clinical studies focused on treatment
modalities for TMJ dysfunction make it obvious that
animal models are needed to define and control experi-
mental variables.” Although no one animal model can
exactly duplicate the human condition, a number of
authors have argued that, despite its prognathism, the
pig, Sus scrofa, is the best non-primate model for mod-
elling the human TMJ form and function.® °Although
large animal models such as the pig may resemble
humans more closely than smaller animals, they are
usually neither practical nor economically feasible for
conducting initial experiments in large animals.'®

One of the smaller animal models frequently utilized
in research is the rabbit. Rabbits are easy to handle and
inexpensive to maintain in cages, making them conveni-
ent animals for use in experimental studies. Rabbits are
often used in studies to test dental implants,'''* to test
bone grafts following the extraction of cheek teeth,'”
and to investigate the influence of biomaterials on the
bone healing process around the tooth sockets.'®!’
Studies on the effect of tooth loss on the histochemical
composition of TMJ cartilage and disc'® and on the
histology of the condyle’ have been performed.
Surgical alterations of the rabbit TMJ for investigation
of discectomy effects’™?! and implantation of disc
replacements have also been reported.”> However,
although the rabbit has been routinely used as an
experimental animal model, very little information is
available about the anatomy of its TMJ, and its cover-
age in veterinary textbooks is even more cursory.”
The best description of the rabbit TMJ** is unfortu-
nately not easily accessible to English-speaking
researchers; and other descriptions of rabbit TMJs are
contradictory, particularly with respect to their
nomenclature.”

Considering the lack of complete information about
the anatomical and histopathological characteristics of
the rabbit TMJ, the purpose of this investigation was to
(1) provide an overall description of a rabbit TMJ with
an emphasis on gross anatomy and its comparison to a
human TMJ; (2) describe the appearance of the
anatomical structures on radiographs, computed tom-
ography (CT) and magnetic resonance imaging (MRI)
scans, and discuss the advantages and disadvantages of
individual techniques for TMJ studies; and (3) relate
our findings to clinical usage and describe achievable
surgical approaches into a rabbit TMJ.

Materials and methods
Animals

Twelve clinically normal eight-month-old outbred male
New Zealand white specific pathogen-free rabbits
(Oryctolagus  cuniculus, strain HsdIf:NZW; Harlan
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Laboratories Inc, Belton, UK) were used in this
study. The weight of the animals ranged from 2.92 to
3.15kg (mean 3.03+0.2kg). The animals were fully
developed and were free of any pathological processes.
All the rabbits were housed individually in an animal
care facility under controlled conditions, and were
handled and euthanized according to the agreement
of the Branch Commission for Animal Welfare of the
Ministry of Agriculture of the Czech Republic (project
PP52-2013 UVPS).

Diagnostic imaging

The rabbit heads were radiographed using a Gierth
X-ray machine (Gierth HF 200A; Gierth X-Ray
International GmbH, Riesa, Germany). Radiographs
were captured on computed radiography cassettes.
The focal length was set to 100cm and the exposure
values were 50kV, 200 mA, and 150 ms (30 mAs). The
images were stored in a digital imaging and communi-
cations in medicine (DICOM) format using a computed
radiography system (FCR Capsula XL; Fuji, Tokyo,
Japan). The image resolution was 1760 x 2140 pixels.

Native transverse CT scans of each rabbit’s head
were obtained using a multidetector CT scanner
(LightSpeed 16; GE Medical Systems, Milwaukee,
WI, USA). The scanning protocol was 80kV, with an
automatic mA setting, a tube rotation time of one
second, a slice thickness of 1.25mm, a spiral pitch
factor of 0.9 and a high frequency convolution kernel
(proprietary name: bone). All the scans were obtained
using the helical mode. Radiographic and CT analyses
were performed at the Department of Diagnostic
Imaging, Small Animals Clinic, Faculty of Veterinary
Medicine (Brno, Czech Republic).

MRI analysis (Bruker Avance 9.4T, Bruker BioSpec;
Bruker, Ettlingen, Germany) of the rabbit heads was
conducted at the Institute of Scientific Instruments of
the Czech Academy of Sciences (Brno, Czech
Republic). Images were acquired in sagittal and trans-
verse planes with fast spin echo (FSE) sequences. The
heads were positioned in ventral recumbency during the
scanning procedure. FSE T1-weighted transverse MR
images were obtained with the following parameters:
FLASH, AVG=6, TE=3.7ms, TR =369 ms, matri-
ces =512 x 512. Acquisition time 14.5min and RARE,
AVG=6, TE=25ms, TR=3500ms, matrices=
512 x 256, RARE factor =8.

Dissection procedure

Palpable anatomical landmarks were identified prior to
dissection using a rabbit skull model as a reference.
Anatomical dissections of the TMJ were performed
using a stratigraphic approach, and each dissected
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layer was photographed using a Nikon D 5100 camera
(Nikon Europe BV, Amsterdam, The Netherlands).
The key anatomical structures were identified and indi-
cated on the photographs.

Histological evaluation

The harvested mandibular condyles (condyles mandibu-
lares), including the articular cartilage, were fixed for
three days in 10% buffered formaldehyde and decalci-
fied in 12.5% EDTA solution (pH =8), which was pre-
pared as a mixture of 0.5 mmol/L EDTA, 4% buffered
formaldehyde and PBS buffer (pH=7,4). The tissue
samples were left in this decalcification solution in an
incubator at a temperature of 37°C for 11 months.
Following the decalcification, the samples were pro-
cessed for histological analysis using a standard proced-
ure — they were washed in water (overnight) and
dehydrated in an increasing alcohol series (30% for
3h; 50% for 3h; 70% overnight; 80% for 2h; 95%
for 2h; 100% for 1h). Then, the samples were soaked
in xylene for 5h, run through three paraffin baths
(for 1h in each of them) and embedded in paraffin
blocks.

Five micrometre paraffin sections were stained with
haematoxylin and eosin (H&E), Alcian blue (AB) and
Masson’s trichrome.?® The staining protocols used in
this study were modified in the following steps: after

staining in Mayer’s haematoxylin, staining in acid—
alcohol was not differentiated but was left in warm
water for Smin. In the case of the AB staining, H&E
was used for a counterstaining. In the case of the
Masson’s trichrome, Weigert’s haematoxylin (Diapath
SpA, Martinengo BG, Italy) was used, then the sections
were differentiated in acid-alcohol, stained with
Fuchsin Ponceau acc. Masson (Diapath SpA), differen-
tiated in 1% phosphotungstic acid and stained with a
light green (Diapath SpA).

Morphometric assessment

Morphometric assessment was carried out on the dis-
sected and macerated skulls (Figure 1). TMJ width
(TMJW) was determined by measuring the distance
between the medial aspect of the zygomatic process of
the temporal bone (processus zygomaticus ossis tempor-
alis) and the squama of the temporal bone. TMJ length
(TMIJL) was measured as the distance between the ros-
tral aspect of the zygomatic process of the temporal
bone and the most caudal projection of the zygomatic
arch (arcus zygomaticus). Condylar width (CW) was
measured at its widest point.

Furthermore, a surface projection of the TMJ on the
rabbit skull was established by using an axis of the
zygomatic arch and the line connecting the caudal
aspect of the zygomatic process of the frontal bone

Table 1. Origins and insertions of muscles connected with temporomandibular joint (TMJ) function.

Muscle

Subdivision

Origin

Insertion

Musculus masseter

Musculus temporalis
superficialis

Musculus temporalis
profundus

Musculus pterygoideus
medialis

Musculus digastricus

Pars superficialis

Pars profunda rostralis

Pars profunda caudalis

Pars medialis

Pars lateralis

Arcus zygomaticus - rostral
portion

Arcus zygomaticus - medially
on caudal portion

Arcus zygomaticus - medially
on caudal portion

Os temporale and os parietale

Os temporale within the orbit

Os temporale

Os pterygoideum/fossa
pterygoidea

Processus jugularis of
the occipital bone

Angulus mandibulae

Caudal corpus mandibulae to
the level of angulus
mandibulae

Angulus mandibulae to distal
part of ramus mandibulae

Lateral and proximal aspect
of the processus coronoi-
deus mandibulae

Rostral ridge of the coronoid
process

Proximal ridge and medial
aspect of the coronoid
process

Medial aspect of the ramus
mandibulae distally, angu-
lus mandibulae and corpus
mandibulae caudally

Rostral extent of the angulus
mandibulae
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Figure 1. Mandible of the rabbit. (a) Lateral view of the rabbit mandible. (b) Medial view of the rabbit mandible. (c) Detail
of lateral aspect of the mandibular caput (arrow) (d) Detail of dorsal aspect of the mandibular caput. (e) Detail of medial
aspect of the mandibular caput. (f, g) Radiographs of rabbit skull. 1: cranial aspect of the ramus mandibulae, 2: processus
zygomaticus ossis temporalis, 3: processus condylaris mandibulae, 4: meatus acusticus externus, 5: bulla tympani,

6: caudal aspect of the ramus mandibulae, 7: processus angularis, 8: ramus mandibulae, 9: corpus mandibualae,

10: arcus zygomaticus, 11: spatium articulare of the temporomandibular joint (TMJ), 12: condylus mandibulae,

13: processus caudalis arcus zygomatici, 14: os temporale, 15: os prespheonidale, w: TMJ width (TMJW).

(processus zygomaticus ossis frontalis) and ear canal
(meatus acusticus externus).

Histological samples of the head of the mandible
(caput mandibulae) were stained using AB and were
used for measurements of the cartilage thickness.
Photodocumentation was taken using a DMC2900
camera (Leica, Wetzlar, Germany), and the thickness
of the hyaline cartilage was measured using the
AxioVision 40 version 4.8.2.0 software (Carl Zeiss
Microlmaging GmbH, Munich, Germany). The
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acquired data were processed using the Statistica soft-
ware (StatSoft, Tulsa, OK, USA).

Results

The TMJ is a complex congruent joint in a rabbit
(Figure 1), in which the convex surface of the mandibu-
lar condyle articulates with the concave articular sur-
face of the temporal bone (facies articularis squama
ossis temporalis) located ventrally on the zygomatic
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process of the temporal bone. The articular disc is
formed within the joint despite the joint being congru-
ent in rabbits.

Radiography

Lateral skull radiographs clearly displayed the bony
structures of the facial area. It was not possible to visu-
alize the bones of the TMJ in detail due to the super-
imposition of the adjacent bones and masticatory
muscles, therefore only some of the structures were
identified (Figure 1). Radiographs gave a clear picture
of the location of the zygomatic process of the temporal
bone overlying the less discernible mandibular condyle
followed by an overlap of the caudal process of the
zygomatic arch (processus caudalis arcus zygomaticus).
The bony part of the ear external opening and tym-
panic  bulla  (bulla  tympani)  were located
caudally (Figure 1f).

A dorsoventral radiographic view of the rabbit
skull showed the TMJ in even greater detail,
allowing easy identification of the TMJ articular
space (spatium articulare), the coronoid process of the
mandible (processus coronoideus mandibulae), the man-
dibular ramus and the wall of the temporal bone
(squama ossis temporalis) with the tympanic bulla
(Figure 1g).

The cross-section of the line connecting the ear
canal and caudal process of the supraorbital margin
(processus caudalis margo supraorbitalis) and the line
connecting the caudal processes of the zygomatic arch
was located above the joint space of the TMJ in all the
skulls under investigation.

Computed tomography

All TMJ structures identified on the radiographs were
identifiable on the CT images; however, a more detailed
morphology was visible in the transverse or sagittal CT
slices (Figure 2). The articular surface of the temporal
bone, which superimposed with the zygomatic arch in
the lateral view on the radiograph, was discernible on
the CT images (Figure 2). This surface was composed
of a transversally elongated shallow articular tubercle
of the temporal bone (tuberculum articulare ossis tem-
poralis) and a shallow triangular mandibular fossa of
the temporal bone, which was positioned sagittally and
caudally. In the dorsal view, the articular surface of the
mandibular condyle descended in a dorsolateral to
ventromedial direction. The articular surface was
also located rostrally on the mandibular condyle in
the shape of a convex triangle, with the base situated
rostrally and the apex caudally (Figure 2). Apart from
a small flat and indistinct mastoid eminence
(processus mastoideus), there were no caudal borders

to the mandibular fossa. The retroarticular process
(processus retroarticularis) was missing in the rabbits.
Only the anterior—superior aspect of the mandibular
condyle was in contact with the articular surface of
the temporal bone, interposing the central part of the
articular disc (Figure 2). Most of the muscular tissues
were recognizable on the CT images, including the tem-
poral, masseter (musculus masseter) and pterygoid
(musculus pterygoideus) muscles (Figure 2).

Magnetic resonance imaging

The soft tissues of the TMJ, including the sur-
rounding muscles, were well delineated on the MRI
scans. The oval articular disc was transversally pos-
itioned (Figure 3). The TMJ capsule was attached to
the borders of the articular surfaces. The articular disc
was connected to the medial and lateral aspects of the
joint capsule.

There are five main masticatory muscles in a rabbit
(Table 1);***” however, only four were identified on the
MR images. The masseter muscle consisted of three
heads (Figure 4). The superficial head, or pars super-
ficialis, originated from a point two-thirds of the way
along the anterior portion of the lower border of the
zygomatic arch (Figure 4), and was inserted into the
mandibular angle (angulus mandibulae). The deep
head, or pars profunda, originated one-third of the
way along the medial-posterior part as well as from
the medial portion of the zygomatic arch (Figure 4).
It was inserted into the masseteric fossa (fossa masse-
terica) and subdivided into a rostral and a caudal part,
which were indistinct on the MR images (Figure 3).
During mastication, these two heads differed in
function.

The superficial temporal muscle (musculus temporalis
superficialis) tendon slided in the muscular groove
(sulcus muscularis) dorsally over the TMJ. The medial
aspect of the condylar process of the mandible
(processus condylaris ossis mandibularis) and the man-
dibular ramus were the sites of attachment of the deep
temporal muscle (musculus temporalis profundus) and
both the pterygoid muscles (Figure 3, Table 1). The
deep temporal muscle in the rabbits was further divided
into the medial and lateral heads, which however were
not discernible on the MR images.

Surgical anatomy

The superficial projection of the TMJ could be located
by palpating the osseous part of the ear canal and
caudal process of the supraorbital margin as well as
the laterally located zygomatic arch (Figure 5). The
cross-section of the axis of the zygomatic arch
and the line connecting the supraorbital margin and
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Figure 2. (a-f) Transverse and three-dimensional computed tomography images of the rabbit skull with focus on TMJ. 1:
ramus mandibulae, 2: corpus mandibulae, 3: collum mandibulae, 4: arcus zygomaticus - processus temporalis ossis
zygomatici, 5: arcus zygomaticus - processus zygomaticus ossis temporalis, 6: arcus zygomaticus, 7: os temporale, 8: os
frontale, 9: musculus massetericus, 10: musculus pterygoideus medialis, 11: musculus temporalis superficialis, 12:
sulcus muscularis (musculus temporalis], 13: tongue, 14: condylus mandibulae, 15: condylus mandibulae, 16: porus
acusticus externus, 17: processus caudalis arcus zygomatici, 18: processus zygomaticus ossis temporalis, 19: processus
condylaris, 20: margo supraorbitalis, 21: processus caudalis margo supraorbitalis, 22: processus rostralis margo
supraorbitalis, 23: processus angularis mandibulae, 24: bulla tympani, 25: processus coronoideus mandibulae, 26: inci-
sura supraorbitalis rostralis, 27: incisura supraorbitalis caudalis, 28: processus mastoideus.

the ear canal was located just above the TMIJ space
(Figure 5).

The TMJ was bordered dorsally by the zygomatic
process of the temporal bone, medially by the squa-
mous part of the temporal bone, and laterally by the
zygomatic arch composed of the zygomatic process of
the temporal bone and the temporal process of the
zygomatic bone, which was projecting caudally into
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the caudal process of the zygomatic arch beyond the
borders of the mandibular ramus. The TMJ was caud-
ally and ventrally opened and surrounded by soft tis-
sues. The dorsal aspect of the TMJ was covered by the
musculotendinous origin of the superficial temporal
muscle, which was directed rostrally over the zygomatic
process of the temporal bone in the muscular groove
(Figure 5) and attached rostrally from the TMJ on the
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Figure 3. (a-d) Magnetic resonance imaging of the rabbit head in a transversal plane with focus on TMJ. 1: ramus
mandibulae, 2: condylus mandibulae, 3: processus zygomaticus ossis temporalis, 4: os temporale, 5: os preshenoidale, 6:
ala ossis presphenoidalis, 7: auris externa, 8: auris media, 9: bulbus oculi, 10: discus articularis, 11: bulla tympani, 12:
musculus temporalis, 13: processus pterygoideus, 14: foramen mandibulae, 15: musculus masseter, 16: musculus
zygomaticomandibularis, 17: musculus pterygoideus medialis.

indistinct coronoid process (processus coronoideus).
The TMJ was bounded medially by the deep temporal
muscle, which originated from the squamous part
of the temporal bone and sphenoid bone (ossis sphenoi-
dalis) and attached medially on the coronoid pro-
cess and mandibular ramus. The condylar process of
the mandible was covered caudolaterally only by the
superficial fascia and by the skin, and was therefore
easily palpable (Figure 5). The rostrolateral aspect of
the zygomatic arch served as the origin of the masseter
muscle — its superficial part originated from the base
of the zygomatic arch and its deep part originated
from the caudal process of the zygomatic arch
(Figures 4 and 5).

The TMJ was surrounded by a thin capsule consist-
ing of fibrous tissue and synovial lining. The capsule
stretched from the edge of the mandibular fossa to the
neck of the mandible (collum mandibulae) and as far
caudally as the caudal process of the zygomatic arch.
The articular space was divided into superior discotem-
poral and inferior discomandibular spaces. No large
vessels or nerves were located in close proximity to

the rabbit TMJ. The lacrimal gland was located ros-
trally and dorsally adjacent to the TMJ.

The interposed articular disc exhibited a biconcave
morphology and concave surface proximally and dis-
tally (Figure 5). Its central area was thinner and the disc
was attached to the joint capsule medially and laterally.

Histological analysis of the TMJ

Individual areas of the TMJ, such as the mandibular
head, mandibular fossa and fibrocartilaginous disc,
exhibited differences in  microscopic  structure
(Figure 6). The mandibular head was composed of
two types of cartilage — hyaline cartilage and fibrocar-
tilage. Collagen fibres of the fibrocartilage were
arranged parallel to the surface. The fibrocartilage
passed into the hyaline cartilage in a highly cellular
zone of small flattened chondrocytes, which represents
the resting zone of the cartilage. Chondrocytes in the
hypertrophic zone were arranged in columns which
were transversally orientated to the surface (Figure 6).
The calcified cartilage zone was wide, especially in
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Figure 4. Masticatory muscle attachments in the rabbit.
1: musculus temporalis superficialis, 2: musculus
masseter pars profunda caudalis, 3: musculus masseter
pars superficialis (part 1), 4: musculus masseter pars
superficialis (part 2], 5: musculus masseter pars profunda
rostralis.

younger animals, and passed into the subchondral bone
at a depth of about 200um under the surface.
Trabecular bone contained a large amount of chon-
dro-osseous tissue (Figure 6).

The articular disc was fibrocartilaginous (Figure 6)
and revealed dense interwoven collagen fibres oriented
predominantly mediolaterally on the periphery of the
disc, whereas the crimped collagen fibres of the inter-
mediate zone were directed rostrocaudally (Figure 6).

Morphometric assessment of rabbit TMJ

The cross-section of the line tangential to the dorsal
aspect of the zygomatic arch and the line connecting
the ear canal and the caudal process of the supraorbital
margin was located above the TMJ in all the rabbits
under investigation. The TMJ was roughly oval in
shape, with an average width of 5+£0.02mm and an
average length of 154 0.22 mm. The width of the man-
dibular condyle was 3 40.09 mm.

Morphometric analysis of the cartilage thickness in
the mandibular head area was carried out on histo-
logical sections, revealing differences in cartilage thick-
ness in the rostral and caudal areas. The average
thickness of the hyaline component was 196 um
rostrally, 209 um medially and 169 um caudally
(Figure 6a,b). The thickness of the fibrous component
also varied significantly — it was the thickest caudally
and the thinnest rostrally.

Discussion

The TMJ is unique to mammals, but its morphology
and function vary enormously among orders and spe-
cies. Currently, the most commonly used model species
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for studying TMJ diseases are rats, rabbits, pigs, and
ruminant ungulates. Each of these animal groups has
distinctive TMJ adaptations. With the exception of
pigs, these species show less loading of the jaw joints
during chewing than humans.?®

There are morphological differences between human
and rabbit TMJs. One difference is the complete shield-
ing of the rabbit TMJ by the zygomatic arch laterally
and by the condylar process of the mandible caudally in
rabbits. Therefore, the entire joint is covered by the
overhanging zygomatic flange. On the other hand, the
bone arrangement on the medial side is similar to that
in humans. The most striking morphological difference
between rabbit and human TMJs is, however, the shape
of the articular surface of the condyle and of the retro-
discal area. Rabbits have no postglenoid wall. Instead,
a prominent condylar process rises above the level of
the TMJ, leaving the posterior aspect of the TMIJ
unprotected by bone and covered only by a thin layer
of temporal muscle and subcutaneous tissue. For this
reason, resection of the condylar process is necessary
for surgical intervention in the TMJ using the posterior
approach. That the bony shield is missing has conse-
quences for posterior disc attachments, where the disc is
not rigidly anchored to the bone. In humans, the tem-
poral and condylar attachments are separated by a deli-
cate venous plexus, and the whole area is sheltered by a
postglenoid process. This area was proposed as a space
for disc attachments.” The equivalent space in the
rabbit TMJ is filled by the condylar process of the man-
dible and the temporal muscle attached to this process.
The general structure of the rabbit TMJ allows only a
limited range of movements, such as hinge joint move-
ments (e.g. opening and closing) and protrusive/retru-
sive movements.

The anatomy and location of the rabbit TMJ make
its evaluation by radiography a challenge due to the
limited visualization of craniofacial structures. The
superimposition of several bones and some soft tissues
disguises the clear pattern of the delicate structures of
the skull. Only frontal sinuses and the facial skeleton
are clearly discernible due to their superficial character.
Different radiographic views have been suggested to
improve visualization of the rabbit TMJ.>>*" Another
study that suggested the use of different angles of pro-
jection for the visualization of the rabbit TMJ have
reported a satisfactory assessment of the joint compo-
nents and space in the rabbit when using a rostrocaudal
view and a 10-20 degree rotation in a lateral
direction.”’

Any mini-invasive treatment (injection or arthro-
centesis) requiring TMJ access must always take into
account the surrounding anatomical structures. In
humans, these include the ear canal, facial nerve,
skull base, superficial temporal vein, maxillary artery
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Figure 5. (a-f] Dissection of the temporomandibular joint in the rabbit. 1: margo supraorbitalis, 2: processus caudalis
margo supraorbitalis, 3: ligamentum orbitale, 4: processus caudalis arcus zygomatici, 5: meatus acusticus externus,

6: arcus zygomaticus, 7: line connecting processus caudalis margo supraorbitalis and meatus acusticus externus, 8: line
connecting contralateral processus caudalis arcus zygomatici, 9: intersection of the lines defines surface projection of the
temporomandibular joint, 10: incision connecting margo supraorbitalis and meatus acusticus externus, 11: musculus
temporalis, 12: capsula articularis of the temporomandibular joint, 13: processus zygomaticus ossis temporalis,

14: processus condylaris mandibulae, 15: ligamentum orbitale transacted, 16: sulcus musculi temporalis, 17: condylus
mandibulae/facies articularis, 18: removed processus zygomaticus ossis temporalis, 19: discus articularis, 20: cavum

articulare after the removal of the discus articularis.

and parotid glands. In rabbits, structures such as the
facial nerve, maxillary artery and parotid gland, do not
need to be considered due to the different anatomical
location of its TMJ. To perform a mini-invasive pro-
cedure in a rabbit, open surgery exposing the joint cap-
sule is necessary and special care has to be taken with
respect to the joint position. Whereas the joint is
located posteriorly to the muscular prominence
in humans, it is positioned anteriorly in rabbits.**
Therefore, the best approach for any mini-invasive sur-
gery in a rabbit TMJ should be from a dorsal aspect of
the TMJ. An incision should be made halfway through

the line connecting the caudal process of the supra-
orbital margin and the base of the ear.

The condyle of a rabbit is covered by secondary car-
tilage and fibrous tissue as in humans.®' It is also
important to consider the depth of experimental defects
created in the condylar cartilage before using the rabbit
as an animal model. We proposed a depth of less than
150 pm for a cartilage defect and more than 220 pm for
a subchondral defect. Unlike humans, the rabbit cartil-
age is thickest in the middle area and not in the poster-
osuperior region. The densest part of the human TMJ
cartilage is 480 um.** This fact should be taken into
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Figure 6. Microscopic analysis of the rabbit temporomandibular joint (TMJ). (a-e) Sagittal sections of caput mandibulae
in the rabbit. Alcian blue, haematoxylin and eosin stainings of an eight-month-old animal. (b] Graph of hyaline cartilage
thickness. We observed statistically significant differences in cartilage thickness between individual areas of caput
mandibulae. *P < 0.05, **0.00 < P<0.01. (c] Detail view of the cranial part of caput mandibulae. (d) Detail of the middle
part of caput mandibulae. (e) Detail of the caudal part of caput mandibulae. (f-n) Horizontal sections of articular disc. (f-h)
Transitional area from disc to the capsule. (i-k] Most of the disc is formed by fibrocartilage. (l-n) Central area of the disc is
mostly formed by cartilage. Scale bar in Figure A=500 um, scale bars in Figures B-N =100 pm.
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consideration when selecting tools for the preparation
of experimental defects. With regard to the arrange-
ment of cartilaginous cells, there are no significant dif-
ferences between human and rabbit TMJ cartilages.™
However, there are significant differences between
human and rabbit TMJ discs. Whereas the human
disc is described as dense fibrous tissue, or fibrocartila-
ginous plate, where the chondrocyte-like cells should
not be referred to as chondrocytes,® the rabbit disc
contains well-differentiated cartilaginous tissue. These
chondrocytes are arranged between fibrous stripes, and
islets of this cartilaginous tissue are present in the cen-
tral area of the disc. It is worth noting that the cartil-
aginous tissue is found in young animals. Nevertheless,
for a deeper understanding of the origin of these cells
further immunohistochemical investigation will be
necessary.

To identify the exact area for local injection into the
rabbit TMJ it is possible to use the connection of the
palpable reference points of the bony ear canal and
caudal process of the supraorbital margin and the inter-
section of that line with a line tangential to the dorsal
aspect of the zygomatic arch. The needle should be
inserted at this point with its bevel pointing towards
and parallel with the zygomatic arch. However, this
approach may penetrate the tendon of the temporal
muscle overlying the joint, which can cause sample con-
tamination or possible tendinitis. Therefore, in cases in
which an non-contaminated sample has to be collected,
an open surgical approach above the TMJ is the only
viable option. The incision should be performed sagit-
tally above the TMJ along the line connecting the
caudal process of the supraorbital margin and the
base of the ear and by retracting the tendon of the
temporal muscle laterally. A practical execution is how-
ever relatively difficult due to the size of the joint and
also to the risk of cartilage damage. Unlike in humans,
it is not possible to rely on the ‘clap’ of the needle on
the fossa during its insertion. From our point of view,
tilting the needle perpendicularly to the joint surface
and performing a lateral perforation as in humans
seems to be the best solution. The maximum dip of
the needle insertion should be about 2-3 mm.

An arthrocentesis in a rabbit model is obviously even
more difficult to perform and may also require open sur-
gery. Due to the differences between rabbit and human
TMlIs, the rabbit TMJ is not really a suitable educa-
tional model for practicing arthroscopic surgery.
Rabbit TMJ can however be used as a research
model: while performing a surgical intervention, ana-
tomical differences should be taken into account.
Moreover, due to the very small size of the articular
disc, the rabbit TMIJ is not suitable for performing
procedures such as arthroscopies, discopexis or
discectomy.®
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L'articulation temporo-mandibulaire (ATM] est une articulation synoviale condylienne qui, avec les muscles
masticatoires, contréle le mouvement mandibulaire lors de la mastication. Le lapin est souvent utilisé en tant
qu’espece modele pour étudier les mécanismes des maladies de 'ATM ainsi qu'en recherche régénérative. Il
existe toutefois des différences significatives entre UATM du lapin et celle de 'humain, qui devraient étre
prises en compte avant d’utiliser ce modele pour la recherche expérimentale. Nous utilisons ici plusieurs
approches analytiques (radiographie, balayage CT et IRM] pour permettre une description et une analyse
détaillées de la morphologie de larticulation temporo-mandibulaire du lapin. Des approches chirurgicales
possibles qui relient nos découvertes a lutilisation clinique sont également présentées en mettant l'accent

sur l'accés disponible dans la cavité de U'ATM du lapin.
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Abstract

Das Kiefergelenk st ein kondyldres Synovialgelenk, dass zusammen mit Kaumuskeln die
Unterkieferbewegung beim Kauen kontrolliert. Das Kaninchen wird haufig als Modell zur Untersuchung
von Krankheiten des Kiefergelenks und in der regenerativen Forschung verwendet. Es bestehen jedoch
wesentliche Unterschiede zwischen dem Kiefergelenk von Kaninchen und Mensch, die vor einer Nutzung
dieses Modells fiir experimentelle Forschung berticksichtigt werden missen. Anhand verschiedener
Analyseverfahren (Radiografie, CT und MRI) ermdglichen wir hier eine detaillierte Beschreibung und
Analyse der Kiefergelenkmorphologie des Kaninchens. Zudem werden mdgliche chirurgische Verfahren
mit Schwerpunkt auf verfligbharem Zugang zur Kiefergelenkhohle des Kaninchens vorgestellt, die unsere
Erkenntnisse mit klinischem Einsatz verbinden.

Resumen

La articulacién temporomandibular (TMJ] es una articulacién sinovial condilar que, junto con los musculos
masticatorios, controla el movimiento durante la masticacion. El conejo suele utilizarse como especie modelo
para estudiar los mecanismos de los trastornos de TMJ y para la investigaciéon regenerativa. No obstante,
existen diferencias significativas entre la TMJ en humanos y en conejos que deberian tenerse en cuenta antes
de utilizar este modelo para la investigaciéon experimental. En este estudio utilizamos varios métodos
analiticos (radiografia, CT y MRI) para conseguir una descripcién y un analisis precisos de la morfologia de
la articulacién temporomandibular. Asimismo, se introducen métodos quirdrgicos posibles con un foco en el
acceso disponible a la cavidad de TMJ del conejo, uniendo de este modo nuestras conclusiones al uso clinico.
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Soucasna medicina hledd cestu k vyuZziti potencialu kmenovych bunék v regeneraci
jednotlivych tkani. JelikoZ embryonalni kmenové buriky jsou z etického hlediska nedostupné,
do popredi zajmu se dostavaji mezenchymadlni kmenové burky, u nichZz neni s odbérem ani
etickou otdzkou problém (Pagotto et al., 2021). N&$ projekt se zabyval posouzenim vlivu
kmenovych bunék na hojeni |éze temporomandibuldrniho kloubu a jejich moznym vyuZzitim
pro klinickou praxi.

Jako experimentalni modelovy organismus byl vyuzit kralik domdaci (Oryctolagus
cuniculus f. domesticus). Kmenové buriky, které mély slouzit jako zdroj faktor( ovliviujicich
hojeni, byly odebrany z lidské tukové tkané. Po navozeni imunosuprese pomoci kortikoidd
jsme u 17 kralikQ (9 v experimentalni skupiné, 8 v kontrolni skupiné) v celkové anestezii
vytvorili z otevieného pfistupu chirurgicky defekt v chrupavce a v kosti. U experimentalni
skupiny byla do horni kloubni Stérbiny a do operaéni rany aplikovana suspenze
nediferencovanych lidskych kmenovych bunék z tukové tkané (ASCs), zatimco u kontrolni
skupiny doslo jen k proplachu fyziologickym roztokem. Zvitata byly humanné utracena po 11
a 28 dnech a oba celistni klouby byly poté vypreparovany a histologicky zpracovany.

V oblasti rany vykazovala experimentdlni skupina po 11 dnech mensi znamky
zanétlivého infiltratu, byl zde patrny vyssi pocet granulocytl a nekrotickych zmén. Po 28 dnech
mély obé skupiny v meékkych tkanich stejné mnoizstvi zanétlivého infiltratu, ale u
experimentalni skupiny byl patrny vyssi stuper angiogeneze.

V pripadé vyhodnoceni reakce chrupavky vykdazaly obé skupiny po 11 dnech
experimentu srovnatelné zndmky nové vytvorené chrupavky. U experimentalni skupiny byla
patrnd vyraznéjSi nekréza mékkych tkani, u jednoho kloubu doslo dokonce k resorpci

chrupavky i kosti. Po 28 dnech bylo u kontrolni skupiny prokazano vétsi mnozstvi nové
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vytvorené chrupavky. Zajimavosti je, Ze v oblasti defektu kosti nebyl za 28 dni rozdil v obou
skupinach v mnoiZstvi osteoklastl ani osteoblast(i. PfestoZze byly nalezeny urcité ndznaky
zvyseného hojeni (vyraznéjsi angiogeneze v mékkych tkanich ve skupinég, jiz byly aplikovany
kmenové bunky), nepovazujeme celkové tento experiment s vyuZitim mezidruhové aplikace
kmenovych bunék (byt po navozeni imunodeficience a s Umyslem vyuZit téchto bunék pouze
jako zdroje rUstovych faktort) za pfiliS nadéjny pro potencidlni praktické vyuzZiti. Vzhledem
ktomu, Ze u kralika je pomérné obtizné (vzhledem k jeho fyziognomii) ziskat dostatecné
mnozstvi tukové tkané pro odbér kmenovych bunék ztuku, vhodnéjSim modelovym

organismem by z tohoto pohledu mohlo byt prase domaci.
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Abstract

Increasing research attention has focused on the use of stem cells (SCs) in regenerative and
reparative medicine. Adipose-derived regenerative cells (ADRCs) are a relatively cheap and
ethical source of SCs. Temporomandibular disorders (TMDs) have been reported with rising
incidence over recent decades. The main aims of this study were to evaluate the effects of ADRCs
application on the healing of both soft and hard temporomandibular joint (TMJ) tissues, and to
assess the possible utilization of ADRCs in TMD treatment. We investigated the effects of human
ADRC s on the healing of TMJ defects in immunodeficient rabbits. With no prior cultivation,
ADRCs were applied to a surgically created defect in the cartilage of a rabbit TMJ. The healing
process and inflammatory response were examined. Our results indicated that ADRCs supported
repair processes in soft tissues. However, ADRC treatment induced a significant immune response
in both soft and hard tissues, with hard tissues showing a higher level of bone remodelling.
Non-differentiated ADRCs can be a promising tool for regenerative medicine of TMJ; however,
deeper understanding of their effect on the cellular level is needed.

Joint regeneration, allotransplantation, animal model

The temporomandibular joint (TMJ) is a paired joint that connects the lower jaw to the
temporal bone in mammals. A joint capsule attaches cranially to the temporal bone and
caudally to the mandibular condyle neck, enclosing the entire articular system, including
the condyle, articular disc, and fossa. This capsule is responsible for proprioception,
articular structure nourishment, and prevention of joint dislocation (Berkovitz et al.
2009) The articular disc is located inside the TMJ, and divides it into two compartments
that can be considered two individual joints: the meniscotemporal (suprameniscal) joint
that enables translational movement, and the condylomeniscal (inframeniscal) joint that
permits rotational movements. The articular surfaces comprise a hyaline/fibrocartilage
composite with limited regenerative capacity. This joint structure is able to withstand the
pressures occurring during mastication (Puricelli et al. 2012).

Regenerative cell therapy is currently the focus of extensive research, mostly involving
the use of stem cells of various origins. Embryogenic stem cells are impractical for ethical
reasons, therefore, attention is shifting to the use of adult stem cells or so-called tissue-specific
stem cells, such as adipose-derived stem cells (ADSCs). The ADSCs can differentiate into
other cell types, including endothelial cells and other cells that participate in angiogenesis
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(Planat-Benard et al. 2004), as well as pancreatic endocrine cells that produce insulin,
glucagon, and somatostatin (Timper et al. 2006). An in vitro study of rheumatoid arthritis
reported that ADSCs exhibited immunomodulative effects, reducing the production of some
proinflammatory cytokines and increasing production of the anti-inflammatory cytokine
IL-10 and of antigen-specific regulatory T-lymphocytes (Gonzalez-Rey et al. 2010).
However, the specific mechanisms underlying these processes remain unclear. The ADSCs
can also accelerate neovascularisation. An investigation of skin healing in diabetic mice
revealed that the ADSCs can increase expression of the vascular endothelial growth factor
(VEGF) and the hypoxia-inducible factor 1-alpha (HIF-1a) (Miranville et al. 2004; Gao
et al. 2011). Another promising therapeutic use of ADSCs is in the treatment of ischaemia-
caused pathologies (Moon et al. 2006). Experiments using bioactive glass or -tricalcium
phosphate scaffolds seeded with autologous ADSCs have been conducted to examine the
role of ADSCs in healing jaw and skull injuries. The authors reported successful integration
of the construct with the surrounding skeleton in 10 of 13 cases (Sandor et al. 2014).

While the stem cells’ immunomodulative character and influence on tissue healing
can be beneficial in reconstructive surgery and healing of problematic wounds, there is
also a cancerogenic potential. It was shown that ADSCs co-cultivated with cancer cells
can increase their multiplying (Yu et al. 2008). Notably, in breast cancer, both local and
intravenous administration of ADSCs reportedly induces tumour cell proliferation and
increases the risk of metastases (Muehlberg et al. 2009). Studies have also described
the use of undifferentiated xenogenous ADSCs in the rabbit, for treatment of neural tissue
(Lasso et al. 2015) or osteochondral defects (Jang et al. 2014).

In this study, we used a relatively cheap and ethically sourced heterogeneous population
of cells from adipose tissue, termed human adipose-derived regenerative cells (ADRCs).
These cells include ADSCs, endothelial cells, smooth muscle cells, haematopoietic cells,
and other stromal cells. Compared to pure ADSCs, ADRCs are easier and less expensive
to obtain, and are already used in clinical practise at our hospital. We used a rabbit model
because this animal is easy to breed and is bigger than mice or rats, and thus more suitable
for some types of studies, including investigations of the TMJ. The present study was
designed to examine the suitability of direct application of unfiltered ADRCs in a rabbit
model for TMJ research, as well as the effects of such xenogenous cells on the healing of
TMIJ defects.

Materials and Methods
Animals and immunosuppression

Seventeen 10-month-old male outbred New Zealand White SPF rabbits (strain Crl:KBL) were obtained
from Charles River Laboratories, Inc. (Wilmington, USA). These rabbits were individually housed in wire-
mesh cages at an animal care facility with controlled environmental conditions at the University of Veterinary
and Pharmaceutical Sciences Brno, Czech Republic. The room temperature was maintained at 20-23 °C, with
40-55% relative humidity, and a 12-h light/dark cycle. The rabbits had free access to water, and were fed
a complete pelleted diet and hay ad /ibitum. This study was performed in accordance with the ethical principles
stated in the Declaration of Helsinki and approved by the Ethics Committee of the Faculty of Veterinary Medicine,
University of Veterinary and Pharmaceutical Sciences Brno, approval No. 30307/2013-11. The animal housing,
handling, and euthanasia were approved by the Branch Commission for Animal Welfare of the Ministry of
Agriculture of the Czech Republic (project PP52-2013 UVPS).

After a three-week acclimatization period, the 17 rabbits were randomly divided into two groups: 9 in the
experimental group and 8 in the control group. Prior to surgery, immunosuppression was induced in all rabbits
via intramuscular administration of 2 mg/kg dexamethasone sodium phosphate (Dexamed, Medochemie Ltd,
Limassol, Cyprus) three times at 6-h intervals (Jeklova et al. 2008). After surgery, all rabbits were administered
2 mg/kg of dexamethasone sodium phosphate 15 times at 2-day intervals (Jeklova et al. 2008).

Isolation of ADRCs

Adipose tissue was obtained from a single patient undergoing elective lipoplasty at the University Hospital
Ostrava, with this patient’s informed consent. The ADRCs were isolated from the adipose tissue using the
Celution 800/CRS system (Cytori Therapeutics, Inc., San Diego, CA, USA). In this closed system process,
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the adipose tissue was digested with Celase™ Reagent (Cytori Therapeutics, Inc., San Diego, CA, USA).
Figure 1 shows the cell type proportions according to the manufacturer. The collection of adipose tissue from
human volunteers was approved by the Ethics Committee of FN Ostrava (Approval No. 654/2014).

Experimental surgery

The animals were placed under total anaesthesia, and open surgery was performed. The incision was made in
the parotidomasseteric region, approximately 3 cm cranioventrally from the auricle base. Using a rotational tool
with a spherical head, we created two defects in the condyle. Into these defects, we added 1 ml human ADRCs in
the experimental group, and 1 ml saline in the control group. Prior to the final suture, the wound was flushed with
0.5 ml human ADRC solution in the experimental group, and 0.5 ml saline in the control group (Plate III, Fig. 2).

Histological assessment

The animals were euthanized at two time points: 11 days (four from the experimental group, four from the
control group) or 28 days (five from the experimental group, four the from control group) after the surgery. Joints
were harvested together with the surrounding soft tissues. Samples were fixed in 10% buffered formaldehyde for
3 days, and then decalcified in EDTA solution with 4% formaldehyde for approximately one year. We prepared
5 um thick paraffin sections, and then soft tissues were stained with haematoxylin and eosin, and hard tissues
were stained with haematoxylin and eosin and Alcian blue. These histological sections were evaluated by two
pathologists, with a focus on inflammatory and healing processes (Table 1). The validity of our results was
verified using the STATISTICA software (StatSoft s.r.o., Pilsen, Czech Republic).
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Fig. 1. Cell type proportions in the adipose-derived regenerative cells (ADRCs) isolated using the Celution 800/
CRS system, according to the manufacturer (Cytori Therapeutics).

Results

Soft tissue healing after ADRC application

At 11 days after surgery, both the experimental and control groups showed notable
inflammatory reactions in the soft tissues. Compared to the control group, the ADRC-
treated group showed less pronounced inflammatory infiltrate around the area of suture.
The ADRC-treated animals also showed higher occurrence of Langhans giant cells and
eosinophilic granulocytes in the inflammatory infiltrate, and a higher degree of necrotic
changes in the soft tissues. Moreover, compared to samples from the control group, samples
from ADRC-treated animals showed lower proliferation of newly formed fibrovascular
tissue.
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Table 1. Tissue section features identified by microscopic At 28 days after surgery, both
evaluation. groups showed the same amount of
inflammatory infiltrate. Compared to

Feature Occurrence
T the control group, the ADRC-treated
Inflammatory infiltrate i animals showed higher occurrence
" of Langhans giant cells and necrotic
Inflammatory infiltrate deep in the tissue changes, and more proliferation
; of granulation tissue. On the other
Langhans giant cells in the sutura hand, the experimental group showed
; a slightly higher angiogenesis rate
Langhans giant cells deep in the tissue compared to the control group.
Fi . + Hard tissue healing after ADRC
ibrovascular tissue . .
- application
Necrosis + At 11 days after surgery, the

- experimental and control groups
showed similar degrees of newly

Blood vessel proliferation in the site of sutura .
P - formed cartilage. Compared to the

o + control group, the ADRC-treated group
Eosinophil granulocytes . .

- showed more evidence of necrosis,

+ present; - not present. as was observed in soft tissue. In one

case, necrosis progressed to resorption
of cartilage and bone, which was microscopically confirmed (Plate III, Fig. 3). The
experimental group showed a higher amount of osteoclasts than the control group (Fig. 4).
Compared to the control group, the ADRC-treated group showed a thicker layer of fibrosis
underlying the defect, a lower frequency of fibrovascular tissue.
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Fig. 4. Numbers of osteoclasts in the temporomandibular joint (TMJ) condyle during healing.
Intact = normal rabbit TMJ condyle. ADRC - adipose-derived regenerative cell. Y axis shows the osteoclast-
to-100 osteoblasts ratio (absolute value). Significance: * P < 0.05; ** P <0.01; *** P <0.001
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At 28 days after surgery, the ADRC-treated animals showed a more pronounced
inflammatory reaction in the hard tissues compared to the control group. Surprisingly, the
control group exhibited more newly formed cartilage than the experimental group. The two
groups did not significantly differ regarding the layer of the fibrosis underlying the defect,
or the amount of osteoclasts (Fig. 4). Similarly, the groups did not significantly differ in
the other investigated indicators, such as the distance of the osteoblast activity from the
experimental defect.

Discussion

Among the widely used laboratory animals, the pig is the only omnivore having a TMJ
condyle similar in size to humans, along with a similar dentition type and means of joint
loading during mastication (Stembirek et al. 2012). However, the use of a pig model has
several drawbacks, including the high cost, the time required for histological assessment
of hard tissues, and the more complicated immunological preparation of animals for
transplantation of heterologous biologic material. Rats and mice were not suitable for the
present research due to the small size of their TMJ, and its morphological differences from
the human TMJ. Carnivores, such as dogs and cats, were not considered due to ethical
reasons. These factors led us to use rabbits as our animal model. The rabbit TMJ shares
several important similarities with the human TMJ, and is larger than the rat or mouse
TMIJ. Moreover, the rabbit TMJ model has been successfully used in other studies (Ali and
Sharawy 1996; Ahtiainen et al. 2013; Embree et al. 2016).

The morphological complexity of the TMJ limits the options for surgical resolution of
serious TMJ dysfunctions and injuries. Any surgical intervention in this area is burdensome
for the patient. Joint transplants often have a restricted service life, and full joint function
is not always maintained. Cell therapy is considered a promising tool in regenerative
medicine (Madeira et al. 2015; Mardones et al. 2015). Joint prostheses and scaffolds
with stem cells are under development, which may facilitate the integration of implanted
bone or other tissues, decrease GvHD (graft-versus-host disease), and improve healing
(Murphy et al. 2013).

A previous study describes the use of ADSCs in a therapeutic method for treating
inflammatory and degenerative TMJ disorders (Detamore and Athanasiou 2003).
Adipose-derived stem cells are typically recruited to injury sites, where they assist in
injured tissue repair and regeneration, and locally differentiate into smooth muscle or
endothelial cells that can participate in angiogenesis and neovascularisation (Lin et al.
2010). Adipose-derived stem cells can also differentiate into other tissue-specific cells,
such as adipocytes in adipose tissue or chondrocytes in cartilage. Since they exhibit good
chondrogenic potential in vitro and can assist in cartilage repair, they are theoretically
better candidates for treatment of degenerative or inflammatory disorders than current
medications (Shen et al. 2015; Wu et al. 2015). Direct application of ADRCs is the
preferred method of use, since it minimizes the surgical interference with the integrity of
the damaged joint; an outpatient procedure, such as arthrocentesis or arthroscopy, would
be sufficient. The ADRCs could potentially help with regeneration and repair processes,
reduce inflammatory reactions, and directly integrate into the damaged tissue, contributing
to its reconstruction.

In this study, we used ADRCs, which are heterogeneous cell population that includes
stem cells. One previous study tested a suspension of non-differentiated SCs for TMJ
regeneration in rabbits with osteoarthritis (Chen et al. 2013). The animals in one group
were treated with autologous non-differentiated bone marrow stromal stem cells (BMSCs),
while the second group was treated with chondrogenic differentiated BMSCs. The study
results show that the non-differentiated SCs had a significantly smaller effect on joint

108



54

healing compared to the differentiated cells. Mapping of the BMSCs’ fate revealed their
survival in cartilage, subchondral bone, and synovial membrane for at least four weeks. The
authors suggest that a suspension of autologous BMSCs can improve TMJ regeneration
and slow the process of cartilage destruction in an osteoarthritic joint (Chen et al. 2013).

To our knowledge, no prior studies have investigated the application of human ADRCs
in immunodeficient rabbits, or have described the effects of undifferentiated ADSCs in the
TMIJ region. Some authors consider successful differentiation to be a crucial step (Chen
et al. 2013). In studies showing good results following the application of undifferentiated
mesenchymal stem cells in joint osteoarthritis, the applied suspension has usually contained
stem cells along with other factors that may have affected the results, such as platelet-
rich plasma (Koh and Choi 2012). Prior reports also describe the use of undifferentiated
xenogenous ADSCs in rabbits for treating neural tissue (Lasso etal. 2015) or osteochondral
defects (Jang et al. 2014). These authors claim that even undifferentiated SCs can reduce
the immune response and support better healing of defects. On the other hand, application of
undifferentiated ADSCs during cornea xenotransplantation in rabbits did not influence the
immune response or result in better graft integration. However, this treatment did increase
inflammatory markers and neovascularisation (Fuentes-Julian et al. 2015). Most current
data suggest that SCs can increase the proliferation of newly formed tissues. Accordingly,
we found that prechondral fibrosis was more frequent in the experimental group, which
may reflect an increased rate of repair processes in the treated joints (Murphy et al. 2013)

We considered the difference in osteoblast-to-osteoclast ratio to be a valid indication of
bone remodelling and inflammatory response. This information can be easily obtained by
light microscopy examination (Tanaka et al. 2005). We assumed that an increased number
of osteoclasts signified a higher rate of bone remodelling. According to this assumption,
the ADRC-treated animals showed a higher bone remodelling rate at 11 days after surgery
compared to the control animals.

Prior studies have also suggested that SCs have benefits due to their immunomodulatory
character (Bartholomew et al. 2002; Le Blanc et al. 2003; Tse et al. 2003; Gonzalez-
Rey etal. 2010; Murphy et al. 2013). However, our present results indicated that ADRCs
had the opposite effect, as evidenced by the more pronounced inflammatory reaction in
ADRC-treated joints. It is possible that this effect may have stemmed from the use of
heterologous cells.

Adipose-derived regenerative cells contain endothelial cells and ADSCs, and can
reportedly induce neovascularisation due to increased VEGF expression in the treated
tissue (Miranville etal. 2004; Zhu etal. 2010; Gao etal. 2011; Matsugami etal. 2014).
Our results confirmed this expectation, with a higher number of vessels observed in soft
tissues in the experimental group compared to the control group.

To prevent GVHD, we used an immunosuppressive protocol tested for rabbits (Jeklova
et al. 2008). Despite this measure, we observed a higher than expected immunologic
response to the heterologous cells in the experimental group. Our results did not confirm the
previously described immunomodulative effects of ADRCs and ADSCs (Bartholomew
etal. 2002; Le Blanc et al. 2003; Tse et al. 2003; Zhu et al. 2010). However, our present
data do not enable us to determine whether this was due to the stem cells themselves or to
the heterologous character of the ADRCs.

In conclusion, this study was designed to evaluate the potential of unprocessed ADRCs
for TMD treatment. Adipose-derived regenerative cells have the advantages of being
simple to use, requiring reduced time, providing increased comfort for the potential patient,
and lowering the procedure costs. Our present results indicated that ADRC treatment
promoted a slight increase of newly formed vessels in soft tissues, which can be considered
amarker of improved reparative processes. Application of the ADRC suspension resulted in
a stronger inflammatory reaction and a more pronounced foreign body reaction compared
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to the control group. These observations can be explained by the fact that the applied
ADRCs were heterogeneous, such that an immune-mediated reaction occurred despite
immune suppressive therapy. Compared to controls, the ADRC-treated animals also
showed a higher rate of bone remodelling. Overall, we conclude that ADRCs may be
a promising tool for TMD treatment. Further studies are needed to better understand their
effects on tissues in vitro.
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Plate I1I
Putnova B. et al.: Effect of human ... pp. 49-56

Fig. 2. Experimental surgery. (A) The incision was made in the parotidomasseteric region, approximately
3 cm cranioventrally from the auricle base (B) The temporomandibular joint (TMJ) was exposed. (C) The
prepared adipose-derived regenerative cell suspension.

Fig. 3. Healing of hard tissues after adipose-derived regenerative cell (ADRC) application. (A) The loss
of cartilage and bone resorption observed in one case. (B) Bone necrosis (arrow) and fibrosis formation
(arrowhead). (C) Macroscopic appearance of the temporomandibular joint (TMJ) condyle shown in
A. (D) Normal rabbit TMJ condyle surface presented for comparison. Scale bar, 100 pm. Sections are
stained with Alcian blue and haematoxylin-eosin.
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Retromarginalni zlomeniny ocnice

Zlomeniny ocnice se v ramci sdruZenych poranéni oblicejového skeletu nejrlznéjsi
etiologie vyskytuji relativné casto. Setkdvdme se s nimi vSak i izolované, pficemz nejcastéji
dochazi k prolomeni spodiny a/nebo medialni stény ocnice, které jsou k tomuto typu poranéni
z hlediska anatomického usporadani nejvice nachylné. ProtoZze mékké tkané vykazuji vétsi
pruznost nez kosténé struktury, dochazi k pfenosu sily, jeji sumaci a prolomeni nejslabsi ¢asti,
typicky tedy spodiny ocnice. Po vyrovnani tlaku v orbité se mékké tkané vraci na zadkladé
elasticity do pavodni polohy, je zde vsak nebezpedi uskfinuti do kostniho defektu, a tedy
vyhiezu mékkych tkani pres okraje kostniho defektu (Warwar et al., 2000).

Typickym nalezem u retromargindlnich zlomenin o¢nice (nebo také blowout zlomenina
ocnice) je rGzné velky kostény defekt s moZznou dislokaci kosténych dlomkl do maxilarniho
sinu, ¢asto doprovazeny vyse zminénou herniaci mékkych tkani (Obr.3). Geometricky se
vétsSinou jednd o nepravidelnou elipsu riznych velikosti, zasazenou do trojuhelnikovité

tvarované spodiny orbity. Tyto zlomeniny se liSi také rozsahem vyhfezu mékkych tkani ocnice

(Kovar et al., 2017).

Obr. 3: Vlevo: CT vySetfeni s frontdlnim fezem pacienta s retromargindlni zlomeninou ocnice
se zaznamenanou velikosti defektu v mediolateralnim sméru. Vpravo: CT vySetieni se

sagitdlnim fezem se zaznamenanou velikosti defektu v anterioposteriornim sméru.

V soucasné dobé nejsou vodborné literatufe dostupnd Zadna jednoznaénd
doporuceni, kterd by v béiné klinické praxi usnadnovala proces rozhodovani mezi
konzervativni a chirurgickou lIé¢bou izolovanych retromargindlnich zlomenin spodiny ocnice u

dospélych. Obecné doporucovanymi kritérii pro chirurgickou intervenci jsou enoftalmus vétsi
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nez 2 mm nebo defekt vétsi nez 1/3 ¢i % spodiny orbity s pretrvavajici herniaci mékkych tkani
a pritomnost pacientem subjektivné Spatné snasené diplopie na podkladé poruchy postaveni
a motility ocniho bulbu (Harris et al.,1998, Harris, 2006, Rozsival, 2006, Gosse et
al.,2010,Gosau et al., 2011, Hirjak et Machon 2013, Boyette et al.,2015, Kovar et al, 2017, Lin
et at., 2022, Oztuker et al., 2022).

Podle nasich zkuSenosti vSak tato kritéria nejsou v bézné klinické praxi dostacujici.
Prikladem je obecné preceniovany enoftalmus, ktery je sice skute¢né cennym diagnostickym
kritériem, to vsak plati jen za predpokladu, Ze je pfitomen — jeho nepritomnost nem(iZe byt
povazovdna za kontraindikaci k chirurgickému fesSeni. V bézné klinické praxi se navic ¢asto
stavd, Ze je tento pfiznak zastifen rozvijejicim se edémem meékkych tkani ocnice, ktery naopak
vede k exoftalmu (Timkovic et al., 2021). Problematika je ddle komplikovana nepravidelnym
tvarem orbity, ktery je jen stézi presné identifikovatelny a méfitelny béinymi CT
zobrazovacimi technikami.

Nasim cilem proto bylo identifikovat mozna indikacni kritéria pro rozhodovani mezi
konzervativni |é¢bou a chirurgickou revizi spojenou s rekonstrukci izolovanych
retromargindlnich zlomenin spodiny ocnice. Jako podklady pro tento vyzkum nam slouzila data
ziskand pomoci CT a data z komplexniho vySetfeni pomoci panelu ortoptickych metod. Na
zakladé téchto udajl jsme navrhli skérovaci systém indikujici konzervativni a chirurgickou
|é€bu (podobné jako funguje Glasgow ComaScale hodnotici stav védomi po traumatu hlavy).
JelikoZ z nasSich vysledk( vyplyva, Ze pomér velikosti defektu k celkové velikosti spodiny je
jeden ze dvou silnych faktord v nasem skérovacim systému (druhym je elevace bulbu mérena
na Lancasterové platné), radi bychom se v dalsi fazi zaméfili na vyvoj softwaru, ktery by
dokazal provést automatickou 3D rekonstrukci ocnic a defektll u pacientll se zlomeninou
ocnice, u nichz neexistuji CT snimky z dospélého véku pred vznikem kostniho defektu na
spodiné ocnice.

Ziskané informace by se daly vyuzit i v terapii, protoZze princip operaci
retromargindlnich zlomenin oénice spociva v repozici mékkych tkani zpét do ocnice a v co
nejpresnéjsi rekonstrukci defektu pomoci rGznych materialll (AlSubaie et al., 2022,
Chattopadhyay et al., 2022; Murra — Douglass et al., 2022).

Jisté je, Ze tvar spodiny ocnice a vzniklého traumatu je relativné slozity a vytvoreni

softwaru, ktery by nam ve virtudlni rekonstrukci pomohl navrhnout individualizovany tvar
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orbitalniho implantatu, ktery by byl poté napftiklad vyrobitelny 3D tiskem, by pfinos do klinické
praxe bezpochyby mit mohl. Takovyto postup je ovSéem samoziejmé pred klinickym vyuZzitim
nutné ovérit na vhodném biomodelu. Dle nasich poznatkd by pro vyzkum tohoto charakteru
opét mohlo byt vhodnym biomodelem prase domdci, jehoZ ocnice je relativné podobna lidské,
pficemz dostupnost tohoto modelového organismu je vyrazné jednodussi, nez je tomu v

pfipadé primata (Kyllar et al., 2016).
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ProtozZe v literature byly dostupné pouze omezené informace tykajici se anatomie ocnice u
prasete, rozhodli jsme se podrobné porovnat jednotlivé morfologické struktury praseci a
lidské ocnice. DalSim cilem bylo zvazit praktické wvyuziti prasete jako biomodelu v

experimentalni chirurgii orbitalniho regia.

Deset hlav prasecich kadaverd bylo vysSetfeno pomoci pocitatové tomografie (CT) a
magnetické rezonance (MRI) a ndsledné byla provedena chirurgickd preparace ocnice.
Pozornost byla zaméfena na struktury ocnice (spodina, okraje a pribéh nervi a svall), které

jsou pfi traumatech ¢asto postizeny.

Jednim ze zavér( nasi studie bylo, Ze praseci o€nice je vétsi nez lidskd a ma ovalny tvar. Kostni
¢ast ocnice je utvarena podobné jako u ¢lovéka, pouze ve ventrdini ¢asti je oCnice prasete
oteviena do fossa pterygopalatina a laterdlné chybi okraj Uplné a je nahrazen svazkem

vazivovych vldken (ligamentum orbitalle).

Tyto rozdily vSak nejsou prekdzkou pro vyuziti prasete jako vhodného biomodelu pro
vyzkumné ucely nebo pro chirurgicky vycvik pfistupu do ocnice. PfestozZe primati jsou ¢lovéku
anatomicky blize, prase zUstava, zvlasté kdyz vezmeme v Uvahu jeho dostupnost, stale velmi

vhodnym modelem pro tyto Ucely.
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A porcine model: surgical anatomy of the
orbit for maxillofacial surgery
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René Foltan®

Abstract

Due to its similarity to humans, the pig has proven to be a suitable biomodel for both research purposes and
for training medical professionals, particularly in surgical specializations. For example, new implant mater-
ials have been tested on pig jaws and pigs have also been used in the development of new surgical techniques.
For optimizing the effectiveness of such research or training, detailed data on the anatomy of their particular
features are needed. At present, however, only limited information related to surgical and imaging anatomy of
the facial and orbital areas of the pig and its comparison to human structures from the experimental surgery
point of view is available in the literature. The aim of this study was to obtain such data and to compare
the morphological structures of the porcine and human orbital regions and to lay down the foundation for
practical use in experimental surgery. Ten pig heads were examined using computed tomography (CT) and
magnetic resonance imaging (MRI) and, subsequently, a dissection of the orbit was carried out. Attention was
focused on the structure of the orbit (floor, rim and nerves) frequently affected by pathological processes in
humans (such as trauma, infection or tumours) and which consequently are frequently the subject of max-
illofacial surgery. The porcine orbit is suitable for use in experimental medicine. However, if used in experi-
ments, its anatomical peculiarities must be taken into consideration. Our study presents a foundation of basic
knowledge for researchers who plan to use the pig as a biomedical model to investigate alternative
treatments in the head region.

Keywords
pig, orbit, orbital surgery, animal biomodel
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Figure 1. Morphometric assessment of the porcine orbit.
Computed tomography 3D reconstruction of the porcine
orbit.

OW: orbital width; OH: orbital height; a: line connecting
processus zygomaticus ossis frontalis and processus
frontalis ossis zygomatici.

However, only limited information has been
obtained using modern imaging methods, or is avail-
able comparing the anatomy of the pig orbit to human
structures from the perspective of experimental surgery.
Compared with humans, the pig orbit is relatively small
(Figure 1).

The eyelids, lacrimal system, orbit and conjunctiva
together play an important role in the protection and
function of the eye. Many diseases or trauma altering
the structure or function of the eyelids, lacrimal system
and/or the orbit can be detrimental to vision. Periorbital
and facial injuries are mainly caused by assaults and falls
and may at times involve the forehead.'® Such injuries
necessitate cranial and orbital reconstructions to correct
both aesthetic and functional defects.'* In order to
achieve this, the surgeon needs to have a proper under-
standing of the human orbital structure, its relationship
to both intra- and extracranial structures, and associated
key surgical/anatomical landmarks. In general, the pig is
a widely used animal model in medical research discip-
lines as it is very similar to humans in both physiological
and individual anatomical aspects."'> However, little
information is available about surgical procedures affect-
ing the facial area and the orbit in animal models.'®

The aim of this study was to describe the surgical
anatomy, imaging and morphometric findings of the
orbit required when planning surgery of maxillofacial
aspects of the porcine orbital region. This information
could be helpful both in the training of maxillofacial
surgeons to enable them to perform trial surgeries on a
cheap model similar to humans, and in the research of

118

new surgical methods that could be later extrapolated
to humans.

Materials and methods

Ten heads of 24-month-old neutered male pigs were
obtained from a slaughterhouse (Steinhauser, TiSnov,
Czech Republic). All procedures were conducted fol-
lowing a protocol approved by the ethical committee
of the university (VFU Brno, Czech Republic, No.
67985904). All the heads were fully developed and
free of any obvious pathology in the facial area. The
animals had no local or systemic illness likely to cause
any pathological tissue alteration. The health status of
the animals was inspected and confirmed by a certified
veterinarian prior to and following the slaughter.
Heads were examined by computed tomography (CT)
and magnetic resonance imaging (MRI) and subse-
quently a dissection of the orbit was performed.

Diagnostic imaging

CT was performed using a single slice CT scanner
(Synergy; GE Healthcare, Milwaukee, WI, USA). The
following protocol was used: 120kV, 100mA, 3 mm
slice thickness/3mm spacing, DFOV 25cm, standard
reconstruction algorithm. MRI analysis (Magnetom
Trio 3T; Siemens AG, Erlangen, Germany) of the pig
heads was undertaken by the Institute for Clinical and
Experimental Medicine, IKEM (Prague, Czech
Republic). Forty-eight transverse and sagittal TI1-
weighted images were acquired using the above
parameters.

Morphometric assessment of the orbit was carried
out on the 3D reconstructed CT images and on the
CT sagittal sections. Three measurements of the orbital
rim and the orbit were collected. Aditus orbitae was
assessed using orbital width (OW) and orbital height
(OH). OW was measured from the most medial
aspect of the orbital rim to the level of the imaginary
line connecting laterally zygomatic process of the fron-
tal bone with the frontal process of the zygomatic bone.
OH was a line connecting the most proximal aspect of
the supraorbital margin with the most distal aspect of
the infraorbital margin (Figure 1, Table 1).

Orbital dissection

Dissection of the orbit was carried out using a strati-
graphic approach based on surgical approaches used in
human orbital surgery with adaptations to porcine
anatomy. Each layer dissected was photographed for
future description and comparison using a Nikon D
5100 camera (Nikon Europe BV, Amsterdam, The
Netherlands). Detailed anatomic description of the
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Table 1. Orbital rim measurements.

Head No OW (mm) OH (mm)
1 35 55

2 32 50

3 34 51

4 36 55

5 35 52

6 30 52

7 33 56

8 37 57

9 34 50
10 35 52
Mean 34.1 53
SD 2.02 2.53

OW: orbital width, OH: orbital height, SD: standard
deviation.

images and dissected surgical approaches were carried
out and served as a background for a comparison to
human orbital anatomy and surgical approaches
described in the literature.'”'®

Results
CT findings

The orbit of the pig is oval shaped and its longer axis
vertically positioned, such that its average height is
53.0mm and average width 34.1 mm.

Its infraorbital margin is formed by the lacrimal and
zygomatic bones and the supraorbital margin of the
frontal bone. Its bony margin is incomplete caudolat-
erally and is completed by the orbital ligament, which
connects the processus zygomaticus ossis frontalis with
the processus frontalis ossis zygomatici (Figure 1). The
cavity is limited ventrally by a ridge on the frontal and
lacrimal bones and is separated by a crest from the
temporal fossa. The medial wall is perforated dorsally
by the orbital opening of the canalis supraorbitalis and
ventrally by the optic and ethmoidal foramina. Two
lacrimal foramina can be found on or close to the ros-
tral margin, and these open into the large open fossa
sacci lacrimalis which is located in the medial orbital
canthus on the orbital face of the lacrimal bone. The
zygomatic bone continues caudally with the processus
temporalis, which together with the processus zygoma-
ticus of the temporal bone forms a thick, dorsally
convex zygomatic arch (Figures 2 and 3). The zygo-
matic, lacrimal and frontal bones that form the aditus
orbitae are all pneumatized bones. The lacrimal sinus
(sinus lacrimalis) is an excavation into the lacrimal
bone. It borders ventromedially on the lacrimal canal

and the maxillary sinus, medially and dorsally on the
rostral sinuses, and caudally on the rostromedial wall
of the orbit. The zygomatic bone is pneumatized by the
maxillary sinus extending all the way to the processus
temporalis ossis zygomatici. The sphenoid sinus (sinus
sphenoidalis) is a paired sinus (right and left sides)
divided by a septum (septum sinuum sphenoidalium).
It excavates into the presphenoid, basis phenoid and
temporal bones, creating a sinus in the medial wall of
the orbit, in close proximity to the chiasma opticum. It
extends laterally and dorsally, excavating into the squa-
mous part of the temporal bones, and reaching into the
zygomatic process (Figures 2 and 3).

MRI findings

Soft tissue structures such as the mucosal covering of
the conchae and paranasal sinuses, the detailed struc-
ture of the ectoturbinalia and endoturbinalia of the
labyrinthus ethmoidalis, and muscular tissue are all
shown in clear detail in the MR images (Figures 4
and 95).

The globe and the other orbital tissue structures are
surrounded by orbital fat. This orbital fat starts as a
dense connective tissue at the aditus orbitae and
extends dorsally towards the roof of the orbit and ven-
trally towards the pterygopalatine fossa as an intermus-
cular fat pad. The orbit is lined by a continuous fibrous
membrane, the periorbita, which forms a dense conden-
sation in close proximity to the orbital margin.

MRI clearly facilitates the differentiation of extrao-
cular muscle groups. The dorsal and ventral oblique
muscles of the eye bulb (m. obliquus dorsalis and ven-
tralis oculi) are easily discernible from straight muscles
of the bulbus (m. rectus bulbi dorsalis, ventralis, med-
ialis and lateralis) which however cannot be distin-
guished from the retractor muscle of the bulbus (m.
retractor bulbi) except at their origins on the basis of
sphenoid and presphenoid bones. The temporal muscle
(musculus temporalis) originates in the temporal fossa
or planum parietale and inserts into the internal side of
the coronoid process of the mandible (Figures 4 and 5).
This insertion occupies the entire rostral region down to
the level of the third molar tooth.

Surgical anatomy of the orbit

The pig orbit is a cavity delineated by four walls, all but
one of which is formed by bones. The medial wall is
almost rectangular. It comprises the lacrimal bone, the
zygomatic bone rostrally and medially and maxilla
ventromedially. The thick bone of the medial wall
covers the underlying sphenoid paranasal sinus caud-
ally and the frontomaxillary sinus rostrally. It also
adjoins the optic canal and the supraorbital opening
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Figure 2. Computed tomography 3D reconstruction of the porcine orbit. (a) Overview of the skull: lateral aspect.

(b) Overview of the skull: rostral aspect. (c) Orbit: dorsal view. (d) Orbit: dorsolateral view. (e) Orbit: ventrolateral view.
(f) Orbit: lateral view. 1: os frontale; 1a: processus zygomaticus ossis frontalis; 1b: os frontale - facies orbitalis;

1 c: margo supraorbitalis; 2: foramen supraorbitale - frontal opening; 2a: foramen supraorbitale - orbital opening;

2b: sulcus supraorbitalis; 3: os lacrimale; 3a: os lacrimale - orbital surface; 3 b: foramen lacrimale; 4: maxilla; 5: for-
amen infraorbitale; 6: os zygomaticum; 6 a: processus frontalis ossis zygomatici; 6 b: processus temporalis ossis zygo-
matici; 6 c: margo infraorbitalis; 7 a: processus zygomaticus ossis temporalis; 7b: squama ossis temporalis; 8: foramen
ethmoidale; 9: arcus zygomaticus; 10: processus coronoideus mandibulae; 11: incisura mandibulae.

for the same artery and nerve. The lacrimal bone carries
two lacrimal foramina (Figure 2). Ventrally it continues
as the lamina pterygopalatina bordering the ventrally
located fossa pterygopalatina filled with pterygoid
musculature.

The roof consists of the frontal bone and a wing of
the sphenoid bone (Figures 2 and 3). It is composed of
very thick bone pneumatized by the frontal lateral sinus
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(Figure 4). The ventral aspect of the orbital roof lodges
a large and shallow fossa for trochlear attachment of
the dorsalis obliquus muscle. The lacrimal gland is
housed in a shallow fossa in the rostrolateral aspect
of the roof where the zygomatic process of the frontal
bone connects with the ligamentum orbitale (Figure 6).

The floor of the orbit is very short, extending only
one centimetre behind the infraorbital edge and
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Figure 3. Computed tomography transverse sections through the orbit. (a) Transverse section through the cranial aspect
of the orbit. (b) Sagittal section through the lateral aspect of the arcus zygomaticus. (c) Transverse section through the
mid-part of the orbit. (d) Sagittal section through the middle of the arcus zygomaticus. (e] Transverse section through the
caudal part of the orbit. (f) Sagittal section medially from the arcus zygomaticus. 1: maxilla; 2: os zygomaticum; 3: sinus
maxillaris; 4: margo infraorbitalis; 4 a: os lacrimale; 4 b: sinus lacrimalis; 5: arcus zygomaticus; 6: choana; 7: os frontale;
8: sinus frontalis rostralis; 9: labyrinthus ethmoidalis; 10: os temporale - squama ossis temporalis; 11a: os temporale -
processus zygomaticus; 11b: os temporale - meatus acusticus externus; 12: ramus mandibulae; 13: os ethmoidale; 14:
foramen supraorbitale - orbital opening; 15: palatum durum; 16: processus pterygoideus ossis palatini; 17: corpus
mandibulae; 18: processus coronoideus mandibulae; 19: os pterygoideum; 20: hamulus pterygoideus; 21: processus
condylaris mandibulae.
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Figure 4. Magnetic resonance imaging: T1-weighted sagittal sections of the orbit. (a) Sagittal section of the porcine head
at the level of the medial orbit. (b) Detail of the orbit. (c) Sagittal section of the porcine head through the centre of the orbit.
(d) Detail of the orbit. (e] Sagittal section of the porcine head at the level of the lateral orbit. (f] Detail of the orbit. 1: sinus
frontalis; 2: sinus lacrimalis; 3: musculus temporalis; 4: musculus pterygoideus lateralis; 5: fourth mandibular molar
tooth; 6: musculus levator nasolabialis; 7: bulbus oculi; 8: squama ossis temporalis; 9: musculus rectus bulbi dorsalis; 10:
musculus rectus bulbi ventralis; 11: musculus retractor bulbi; 11 a: meatus acusticus externus; 12: os frontale; 13: auris
externa; 14: condylus mandibulae; 15: discus articularis.
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Figure 5. Magnetic resonance imaging: T1-weighted transverse sections of the orbit. (a) Transverse section of the
porcine head at the level of the second maxillary molar tooth. (b] Detail of the orbit. (c) Transverse section of the porcine
head at the level of the third maxillary molar tooth. (d) Detail of the orbit. (e] Transverse section of the porcine head at the
level of the fourth maxillary molar tooth. (f) Detail of the orbit. 1: sinus frontalis; 2: bulbus oculi; 3: labyrinthus eth-
moidalis; 4: choana; 5: second maxillary molar tooth; 5a: third maxillary molar tooth; 5b: fourth maxillary molar tooth;
6: sinus maxillaris; 7: corpus mandibulae; 8: sinus zygomaticus; 9: os frontale; 10: os zygomaticum; 11: lingua;

12: musculus masseter; 13: musculus pterygoideus lateralis; 14: musculus rectus bulbi dorsalis; 15: musculus rectus
bulbi ventralis; 16: musculus retractor bulbi.
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Figure 6. Surgical anatomy of the orbit. 1: palpebra superior; 2: palpebra inferior; 3: canthus medialis; 4: canthus
lateralis; 5a: musculus orbicularis oculi pars inferior; 5 b: musculus orbicularis oculi pars superior; 6: musculus malaris;
7: musculus zygomaticus - tendo originis; 8: nervus zygomatico facialis accessorius; 9: nervus zygomaticofacialis;

10: ramus communicans cum nervus buccalis; 11: arteria malaris; 12: margo supraorbitalis; 13: nervus trochlearis;
14: ligamentum orbitale; 15: processus zygomaticus ossis frontalis; 16: processus frontalis ossis zygomatici; 17: corpus
adiposum periorbitae; 18: glandula lacrimalis; 19: musculus temporalis.

descending sharply into the fossa pterygopalatina
(Figure 6). This is occupied mainly by an infraorbital
fat pad (Figure 6) which continues ventrally into the
fossa pterygopalatina between the lateral and medial
pterygoid muscles, protecting the large neurovascular
bundle comprising the maxillary artery, and its
branches and branches of the trigeminal nerve.

The caudolateral wall is composed of soft tissues
represented by a ligament (ligamentum orbitale) that
extends between the zygomatic process of the frontal
bone and the frontal process of the zygomatic bone
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(Figures 2, 3 and 6). Caudally and ventrally it opens
widely into the infratemporal fossa, which contains the
terminal fibres of the temporalis muscle, the maxillary
artery, and the maxillary vein.

The orbicularis muscle underlying the eyelids is com-
posed of two layers of muscular tissue and is anchored
with short ligaments to the medial and lateral aspects of
the orbital opening. Its innervation arises from the tri-
geminal origin of the zygomatic nerve branches located
on the ventral margin of the orbit and dorsally from the
trochlear nerve. The blood supply of the ventral part of
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the orbit is provided by the arteria malaris, and of the
dorsal part by the arteria supraorbitalis (Figure 6).

Discussion

The porcine orbit is larger than its human counterpart.
They however share the oval shape. Morphometric
assessment of human orbits shown on the CT scans
of Caucasian individuals have orbits with an average
height of 32.0mm and an average width of 36.9 mm,
making them slightly horizontally oval shaped.' Our
study revealed that the porcine orbit is vertically oval
shaped, with a significantly taller orbital opening than
that of humans. The bone anatomy of the porcine orbit
is similar to that of humans where seven bones in total
contribute to its formation. As shown in our study, the
same number of bones forms the orbit in pigs, with the
maxilla contributing to the formation of the ventro-
medial part of the orbit. Furthermore, the infraorbital
margin of the bony orbit is very narrow in pigs and the
orbit is ventrally open to the pterygopalatine fossa. The
human orbit has a ventral floor which is formed by the
lacrimal and zygomatic bones.*”

As well as differing from the the porcine orbit in size
and shape, the human orbit is considered to be enclosed
while the porcine orbit is open or incomplete.?! The
enclosed orbit is formed by bones along its whole cir-
cumference, whereas the open orbit, such as in the pig,
lacks bones at its caudolateral aspect. This gap is
bridged by a strong band of collagen fibres, the orbital
ligament, which completes the orbit. It is believed that
the enclosed orbit is essential for protection and skull
reinforcement during dominance rituals (such as the
one in a large animal) and chewing; whereas the open
orbit allows a better ability to open jaws widely, with
reduced orbital closure.?’

All the bones contributing to the formation of the
orbit in pigs are pneumatized, forming paranasal
sinuses. Some reports regarding the extent of the para-
nasal sinuses in pigs are contradictory.'’° The extent
of paranasal sinuses in our study was found to be the
same in all the skulls investigated. The disagreements
between different anatomical studies and textbooks
could be explained by different breeds of pigs, with dif-
ferences in development of the skulls varying from
almost brachycephalic to dolichocephalic breeds.
Paranasal sinuses in pigs seem to be more extensive
than those of the human skull, which could be
explained by the size of the skull. Pigs’ skulls are
larger and heavier, and the paranasal sinuses create
empty cavities within the bone, adding to the bone
mass while maintaining a low weight.'’

Orbital fasciae in pigs are separated by the adipose
tissue that fill the dead space in the orbit and between
the extraocular muscles, which acts as a protective

cushion for the eye bulb and muscles and therefore
makes the periorbital and orbital anatomy in this
aspect identical to that of humans.'® Porcine eyelids
are relatively thick and their movement is limited due
to their considerably thicker dermis and also to the
amount of fat under the skin and the conjunctiva.
The upper eyelids contain heavy cilia but the lower eye-
lids lack them, unlike in humans. The porcine conjunc-
tiva, unlike that of humans, has developed a third
eyelid which is located in the medial canthus of the
eye. It contains a cartilaginous plate which serves as
an attachment of smooth muscle and third eyelid
gland. It is believed to be involved in immunological
defence of the conjunctiva, photoprotection and phero-
mone production.”?

Despite certain anatomical differences between
human and porcine orbits, the pig is an important ana-
tomical and surgical model as described in other stu-
dies*® ?° and has to be considered in many areas of
maxillofacial trauma and aesthetic surgery training.
The porcine model can be very useful in simulating
reconstruction of an injured eye bulbus, eye muscles,
oculomotor or optic nerves of the lateral, upper and/
or lower orbital wall, or reconstructions after onco-
logical resections.'!8

However some conditions and surgeries cannot be
simulated in the pig model due to differences in the
structure and thickness of the orbit-forming bones
between pigs and humans. Most orbital injuries in
humans occur due to impact forces acting on the very
thin (sometimes described as ‘paper-thin’) bone form-
ing the floor and the medial wall. Upon impact on the
bulbus, hydrodynamic forces lead to breakage of these
thin bones with subsequent prolapse of the orbital tis-
sues and their incarceration into the fracture lines,”®
known as a ‘trap door’ fracture. This type of fracture
however cannot be modelled in the porcine orbit due to
the different anatomical arrangement of the bones,
namely formation of the caudolateral wall of the orbit
by fibrous tissue in the form of a ligament, and the
significantly thicker orbital bones.

There are many other pathologies affecting the
human orbit. In addition to orbital trauma, patho-
logical processes such as damage to the brainstem or
cortical centre scan can lead to individual orbital nerve
defects.”® Defects of mobility or binocular vision which
are caused by mechanical disruption or by changes of
orbital volume are also common in humans. The causes
might be infraorbital and/or extraorbital and may be
due to trauma, tumours or other orbit-located expan-
sive processes (such as orbital thyreopathy).??” Other
causes include pathologies leading to expansion of the
paranasal cavity or myogenic pathologies caused by
illness or by incarceration of eye muscles. The location
and composition of the porcine orbit do not allow
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modelling situations requiring coordination  of
both eyes.’** It is not possible to identify a disruption
of binocular sight after carrying out the simulated surgi-
cal procedure. It is also impossible to simulate surgeries
aimed at modifying optical properties of the eye.>

Surgical approaches into the orbit

Surgical approaches to the orbit used in human medi-
cine are well described, and require particular attention
to ensure a good aesthetic result and to prevent damage
to the optic nerve, oculomotor muscles and nerves, and
damage to the eyelids (entropion and ectropion). These
surgical approaches are based on detailed knowledge of
human orbital anatomy. The surgeon must be aware of
the limited volume of the orbit, which must not be
altered during the surgical procedure. Any change in
the volume or violation of the closed space can lead
to a shift of the bulbus and thus to disruption of bin-
ocular vision.?”**3* The surgical approaches involving
the skin of the lower eyelid — subciliary, subtarsal, or
transconjunctival — are employed for surgeries concern-
ing the edge of the orbit or of the orbit itself. The deci-
sion about a particular incision the surgeon is going to
perform is in large part dependent on the experience
and surgical skills of the surgeon.** 3¢

A supraorbital approach offers direct access to the
upper lateral edge and fronto-zygomatic suture.
Disadvantages include a skin scar and possible disrup-
tion of branches of the trigeminal and facial nerves or
the lacrimal gland.?¢-737-%?

These routes of access can also be practised on the
pig; it is however necessary to take into consideration the
differences in the supraorbital nerve outlet and in the
course of the facial nerve. In addition, the lacrimal
gland is located dorsomedially from the orbital ligament.

The transconjunctival incision is another of the pos-
sible approaches into the lower part of the orbit. With
this approach the skin remains intact, the scar is hidden
in the conjunctiva (although this approach could be
extended through the lateral cantus as a skin incision),
and if the surgery is performed correctly there is a min-
imal risk of complications. The incision can be made in
both the preseptal or retroseptal area, however this
method requires a certain degree of surgical experience
and practice.***?

Since the porcine orbit is a suitable model for this
type of approach, appropriate experience can be gained
using the pig.

A transantral endoscopy-assisted approach provides
direct access to the bottom of the orbit through the
maxillary sinus. Due to possible complications asso-
ciated with incisions to the lower eyelids, this approach
is currently used to reposition tissues of the orbit and to
insert osteosynthesis mesh. Its advantage is the
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avoidance of damage to soft tissues around the eye,
resulting in no scarring and no risk of extropy. The
disadvantages however lie in the long surgical time
required in comparison with other surgical approaches,
in the requirement for specific instrumentation, and the
need for surgeons experienced in endoscopic sur-
gery.*** The skin remains intact but this approach is
technically difficult due to the limited space within the
maxillary sinus.

The porcine model is however not suitable for prac-
tising this approach due to anatomical differences
between pigs and humans, particularly in the layout
of the orbit and the maxillary sinus.

The aim of surgeries of the orbit is to restore func-
tion and to reconstruct the orbit in order to achieve an
outcome as close as possible to its normal anatomy.
There is no ‘one size fits all’ surgical approach, and a
wide range of techniques, materials and approaches are
available for specific case scenarios. Therefore, careful
pre-surgical planning is necessary and the porcine orbit
can serve as a training model and can help to establish
the advantages and disadvantages of each technique in
different situations.

In conclusion, the porcine orbit is a suitable model
for experimental medicine. However, if used in
research, its anatomical differences and the breed of
pigs must be taken into consideration. Consequently,
the porcine orbit could serve as a suitable model for the
training of surgeons, allowing them to gain necessary
experience. All the most common surgical approaches
used in human orbital surgery can be performed on a
porcine head; therefore, the pig is a suitable model for
practical training.
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V této praci jsme se zabyvali Uspésnosti |écby pacientl s retromaginalni zlomeninou
ocnice ve Fakultni nemocnici Ostrava, analyzovali jsme vztahy mezi vysledky CT a ortoptickych
vySetfeni na jedné strané a Uspésnosti vybéru konzervativni ¢i chirurgické 1é¢by na strané
druhé. U konzervativni |é¢by jsme u 35 pacientl dosdhli 97 % Uspésnosti terapie. Pfi
zavére¢ném ortoptickém vysSetfeni byla diplopie zjiSténa pouze u jednoho pacienta (3%)
léceného konzervativné, v daném pripadé vsak byla zpisobena obrnou trochlearniho nervu a
chirurgicka |écba by v takovém pripadé pravdépodobné rovnéz neméla zadny efekt. Z tohoto
pohledu mlzZeme povaZovat Uspésnost indikace pacientll ke konzervativni terapii prakticky za
100% (ptesnéji feCeno, nikdo z pacientl, ktefi byli indikovani ke konzervativni 1écbé, by

neprofitoval z chirurgické IéCby).

Chirurgicka Iécba byla zvolena u 34 pacient(, z ¢ehoZ jsme absolutni nebo ¢astecnou
uspésnost zaznamenali u 80 % pacient(. Terapie byla bez efektu u 15 % (5 pacientu), u kterych
pretrvdvaly minoritni okohybné poruchy v podobé nepfimé diplopie, tj. pouze v jednom z
dalSich osmi smérd pohledu. U dvou chirurgicky lécenych pacientd (6 %) byla terapie
neuspésna (porucha o¢ni motility a binokularni diplopie pretrvavala i v pfimé poloze). U obou
téchto pacientl byla binokularni diplopie, ktera byla pacientem Spatné tolerovana, uspésné
eliminovdna predepsanim prizmatické korekce v brylich; v jednom ptipadé byl proveden dalsi
chirurgicky zakrok resici strabismus. Nicméné pacienti, u kterych chirurgickd terapie nebyla
Uspésna, prichazeli s relativné zdvaznymi poranénimi o¢nice a neda se ocekavat, Ze by u nich
konzervativni terapie prinesla lepsi vysledky. Z tohoto didvodu mizeme povaZovat rozpoznani
pacientl indikovanych k chirurgické |é¢bé rovnéz za Uuspésné. Nase vysledky ukazuji, Ze pro

spravné rozhodnuti o indikaci ke konzervativni nebo chirurgické terapii je zasadni provedeni
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komplexniho ortoptického vysetteni a zhodnoceni poruchy o¢ni motility. Ortoptické vysetieni

je pak dulezitym pomocnikem i v priibéhu rehabilitacni faze.

Rozhodnuti ohledné konzervativni nebo chirurgické terapie v soucasné dobé z(stdvd na
zkuSenosti |ékarl, ktefi se problematikou zabyvaji. Proto jsme na zadkladé nasich vysledku
vyvinuli skorovaci systém, ktery si klade za cil poskytnout pti tomto rozhodovani pomoci (viz
Tabulka €. 1). V nasi studii se ukdzalo, Zze 80% pacientl s hodnotou <22 bodl ve skdrovacim
systému bylo Iéceno konzervativné (s excelentnimi vysledky, viz vyse), zatimco 80 % pacientU
s hodnotou >35 bylo indikovano k chirurgické |écbé. Vysledek skdérovaciho systému tak
nedefinuje jednoznaéné indikaci ke konzervativni nebo chirurgické terapii a neni absolutni,
cilem je, aby skérovaci systém mohl fungovat jako pomocny ndstroj pfi tomto rozhodovani. Je
tfeba rovnéz upozornit, Ze tento skérovaci systém neslouzi k predikci vysledkt lécby. Vzdy je
nutno mit pfi rozhodovani mezi chirurgickou a konzervativni terapii individualni pfistup a
zohlednit dalsi faktory, jako jsou vék pacienta, celkovy zdravotni stav nebo presné misto
defektu, a dle toho se rozhodnout. To plati zejména tam, kde pacienti spadaji mezi vysledné
hodnoty 23 - 34 bodU. V tomto rozmezi strmé rostla indikace k chirurgické 1é¢bé, ale nebyla
vzdy jednoznacna (napf. skére 29 bodd bylo spojeno s 50 % pravdépodobnosti operace).
Zajimavosti je, Ze silnymi faktory ve skdrovacim systému byly zejména elevace o¢niho bulbu

na Lancasteroveé platné a pomérna velikost defektu ku velikosti spodiny, a to vice jak 25%.

Tabulka €. 1: Skérovaci systém indikace operace fraktury spodiny ocnice, kde nejsilnéjsSimi
faktory jsou elevace o¢niho bulbu na Lancasterové platné a vice jak 25% relativni velikost
defektu spodiny ocnice.

PROPOSED THRESHOLD VALUES:
- CONSERVATIVE SOLUTION <22
- SURGICAL SOLUTION >35
- 50% PROBABILITY OF SURGERY 29
AWARDED POINTS: ”
LANCASTER — ELEVATION
* RFA > 25 % — 2D 19
VERTICAL DEVIATION — PRISM COVER TEST 7
LANCASTER — DEPRESSION 5
DIPLOPIA 4
LANCASTER - VERTICAL DEVIATION (PRIMARY .
POSITION)
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Jednoznaénym omezenim studie je, Ze si nemUzeme byt zcela jisti, Ze u nékterych pacientd,
ktefi byli indikovani k chirurgické 1écbé, by nedostacovala konzervativni terapie, zvlast u
pacientl s vyslednym skore 24-34 bodu. Ke zvazZeni je proto mozné ovéreni nami vyvinutého
skérovaciho systému na vétsim souboru pacientd v podobé multicentrické studie, popf. jeho

nahrazeni algoritmickym schématem a postupné zavedeni do klinické praxe.
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Abstract

e AIM: To assess the role of orthoptics in referring patients
with orbital floor blowout fracture (OFBF) for conservative or
surgical treatment and based on the results, to propose a
scoring system for such decision making.

e METHODS: A retrospective analysis of 69 patients with
OFBF was performed (35 treated conservatively, 34 surgically).
The role of orthoptics in referring to surgery or conservative
treatment was retrospectively evaluated, the factors with
the highest significance for decision making were identified,
and a scoring system proposed using Logistic regression.

e RESULTS: According to defined criteria, the treatment
was unsuccessful in 2 (6%) surgically treated and only
in one (3%) conservatively treated patient. The proposed
scoring system includes the defect size and several values
resulting from the orthoptic examination, the elevation of
the eyebulb measured on Lancaster screen being the most
significant.
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e CONCLUSION: The study demonstrates the benefits
of orthoptic examination when making decisions on
conservative or surgical treatment and for diagnosing ocular
motility disorder (with or without binocular diplopia) in OFBF
patients. The proposed scoring system could, following
verification in a prospective study, become a valuable
adjunctive tool.

o KEYWORDS: orbital floor blowout fracture; scoring
system; orthoptics; ocular motility; diplopia; conservative
treatment; surgical treatment
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INTRODUCTION

n patients with orbital floor blowout fractures (OFBF),
I two principal treatment options are available: conservative
and surgical treatment. At present, no guidelines facilitating
the decision making which of those treatment options to
choose and the decisions depend to a great degree on the
general experience and habitual practices of the individual
departments'’. The most common criteria include the size of
the defect exceeding one-third of the orbital floor or binocular
diplopia resulting from the disruption of ocular motility due
to the herniation of soft tissues into the defect™. Here, it is,
however, necessary to mention that binocular diplopia may
not be obvious and in some cases, it can be altogether missing
despite the presence of a clear ocular motility disorder (e.g.
patients with preexisting concomitant strabismus with an
alternating suppression)” . The diagnosis and treatment of
ocular motility disorders are a complex process'”. As orthoptic
examination is the best-suited method for diagnosing ocular
motility disorders, the fact that its use in the decision making
related to OFBF treatment is largely neglected is actually quite
surprising!”™*.
The aims of the presented study were to retrospectively
evaluate the results of the conservative and surgical treatment
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of isolated blowout fractures at our department based on given
criteria of therapy success. Providing that the success rate was
good, additional aims were to identify possible factors, the
presence of which can be associated with the chosen treatment
path and based on a detailed analysis of those factors, to
propose an easy-to-use pilot scoring system for individualized
referring to surgical or conservative treatment.

SUBJECTS AND METHODS

Ethical Approval This study was performed in accordance
with the Declaration of Helsinki and approved by the Ethics
Committee of the University Hospital Ostrava, Approval
No0.397/2017.

Patients A retrospective analysis of the documentation of all
patients who were treated for isolated blowout orbital fracture
and followed up between September 2013 and October 2016
was performed. All patients meeting the following inclusion
criteria were included in the study: age at the time of injury
15-80y, isolated one-sided orbital floor fracture confirmed
by CT scan, a full orthoptic examination performed per our
standard procedure, normal retinal correspondence, normal
direct and indirect pupillary light reflex, and known long-term
results of the therapy (at least 6-months follow up). Preexisting
concomitant strabismus with an alternating suppression was an
exclusion criterion.

Treatment Procedures at Our Hospital In each patient,
a CT scan with slices below 1 mm was performed, meeting
the guidelines and criteria set by the American College
of Radiology™. The size of the orbital floor defect was
measured using defect-delineating and orbital floor delineating
tangents in the xVisionViewer software (Vidis, s.r.o, Prague,
Czech Republic) and evaluated both in the mediolateral and
anterioposterior axes on frontal and sagittal slices of the orbit.
The convex shape of the orbital floor was not considered due to
the software capabilities. The acquired data were subsequently
used for calculating a percentage of the defect in the direction
of each axis and of the orbital floor area.

All patients were examined by a maxillofacial surgeon and
by an ophthalmologist. The complex examination by an
ophthalmologist took place several days after the injury,
which allowed time for the initial swelling to partially subside
and, therefore, to help us distinguish between ocular motility
disorders caused by intraorbital swelling/bleeding from
true ocular motility disorders. The examination included
the evaluation of refraction, near and far vision, intraocular
pressure, biomicroscopic examination of the anterior and
posterior segments of both eyes, examination of motility,
fixation, accommodation and convergence, of binocular
spatial functions using colour filters, Worth four lights and
Bagolini striated glasses tests, the degree of strabismus in
prism cover test and by synoptophore. The eye position
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in the anterior-posterior orbital axis was assessed using
Hertel exophthalmometer. The ocular motility disorders
were objectively assessed and documented by the Lancaster
screen test. Based on all those findings, a team consisting of a
maxillofacial surgeon and ophthalmologist decided about the
treatment methods (conservative/surgical revision with orbital
floor reconstruction). The decision whether or not to operate
was made strictly individually in each patient, considering
multiple factors, among others the defect size and position,
enophthalmos on the affected side >2 mm, or ocular motility
disorder (with or without binocular diplopia). All the above
examinations were repeated during follow-ups.

Where the decision to perform surgery was made, the
intervention was performed once the swelling had subsided.
We operate through a combination of subciliary and subtarsal
approaches in the region of the lower eyelid, accessing the
periorbita through the orbitalis oculi muscle. Cutting through
the periorbita and exposing the orbital floor defect, herniated
tissues are released. The defect is subsequently reconstructed
using a resorbable RapidSorb Orbfloor Pl plate (DePuy
Synthes, Massachusetts, USA), which is during the surgery
shaped to fit the orbital floor and fixed to the edge of the defect
with two resorbable stitches. Finally, the plate position and
ocular motility are evaluated using the forced duction test and
close the wound.

The rehabilitation of ocular motility and, if need be, prismatic
correction were managed by an ophthalmologist. The recorded
parameters included the need for revision of the original
surgery of the orbital floor fracture, the need for surgical
correction of an ocular motility disorder and eventual prism
correction using glasses.

For evaluating the long-term results of the treatments, the
criteria of success/failure of the treatment were set as detailed
in Table 1.

Methods of descriptive statistics were used for the initial
evaluation of data; namely, the sample mean, sample standard
deviation, sample median, minimum and maximum values and
the number of patients were used for the continuous variables
[relative fracture area (RFA) and lengths in individual axes, age
of patients, follow-up period] and sample relative and absolute
frequency for categorical variables (all remaining variables
used only a binary differentiation between normal/abnormal
finding was used for orthoptic variables). Subsequently, the
statistical significance of individual factors for their referring
to conservative or surgical treatment was assessed using
Mann-Whitney test for continuous data and contingency tables
with y’-test for categorical data at the level of P<0.05. The
null hypothesis was HO: the variables in the contingency table
are independent. “To achieve a better approximation, Yates
correction was used for selected contingency table analyses.
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Table 1 Criteria of the success/failure of the treatment

Result of treatment

Conservative treatment

Surgical treatment

Successful

Partially successful

No effect

Unsuccessful

The patient had neither ocular motility disorder nor
binocular diplopia during the initial examination and
none of these problems developed by the end of the
follow-up period

The patient had either ocular motility disorder or
binocular diplopia (regardless of whether in primary
or non-primary position) during the initial examination
and these regressed spontaneously without surgical
intervention

The patient had neither ocular motility disorder nor
binocular diplopia during the initial examination but any
of these developed by the end of the follow-up period

The patient had an ocular motility disorder with
binocular diplopia in the primary and/or non-primary
position during the initial examination and these
persisted for longer than 6mo or surgical revision was

The patient had neither ocular motility disorder nor
binocular diplopia during the initial examination and none
of these problems developed by the end of the follow-up
period

The patient had either ocular motility disorder or any
form of binocular diplopia (or both) during the initial
examination and these disappeared after surgical
intervention

The patient had either ocular motility disorder or
binocular diplopia (or both) in the primary position during
the initial examination but after surgery, it only persisted
in the secondary position.

The patient had either ocular motility disorder or
binocular diplopia (or both) in a non-primary position
during the initial examination and these persisted even
after surgical intervention (the patient’s condition
remained unchanged)

The patient had neither ocular motility disorder nor (any)
binocular diplopia during the initial examination but these
developed after surgery

The patient had an ocular motility disorder or binocular
diplopia in primary position (or both) during the initial
examination and these persisted in the primary position
after the surgery

The patient had an ocular motility disorder or binocular
diplopia (or both) outside the primary position during
the initial examination and after the surgery, these were
present in the primary position

subsequently needed

Individual variables were subsequently sorted according to
the relative risk of being referred to the surgical treatment
and strong and weak factors were determined. Correlations
between individual variables were determined and uncorrelated
variables were subsequently used for creating a pilot scoring
system by Logistic regression. Statistical evaluation was
performed in the R (R Core Team, 2018) and Microsoft Excel
2010 (Microsoft Corporation, Redmond, Washington, USA).
RESULTS

From September 2013 till October 2016, 69 patients were
treated for isolated one-sided orbital floor fracture, 47 of
which were male and 22 female. The mean age was 43y
(SD=19, median age 42y, min-max 15-80y). Mann-Whitney
test revealed no statistically significant difference between
the age of patients who were and were not referred to surgery
(P=0.94). The median time from the injury to the orthoptic
examination was 7d (mean 9d, min-max 1-19d). The median
time from the injury to surgery (if performed) was 10d (mean
16d, min-max 5-21d).

Surgical treatment was performed and the orbital floor
reconstructed (always after a thorough evaluation of the patient
by both the maxillofacial surgeon and the ophthalmologist) in
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34 patients (49%) while the remaining 35 patients (51%) were
treated conservatively. The mean follow-up period was 26mo
in patients after surgical intervention (median 24mo, min-
max 12-50mo), and 24mo in patients treated conservatively
(median 21mo, min-max 12-51mo). No statistically significant
difference in the length of the follow-up period was found
between patients treated conservatively and those who
underwent surgical treatment (Mann-Whitney test, P=0.453).
The mean orbital floor defect size was 279 mm’ in patients
who underwent surgical intervention (SD=124, median 276 mm’,
min-max 77-498 mm”) while in conservatively treated patients,
the mean was 177 mm* (SD=98, median 178 mm’, min-max
40-481 mm®). The difference in defect size between both
groups was statistically significant (Mann-Whitney, P=0.003).
The comparison of the results of the orthoptic examination
between the groups can be found in Table 2.

By the end of the follow-up period, we recorded success in
97% of patients who were conservatively treated. Only in
one (3%) patient treated conservatively, the final orthoptic
examination revealed an ocular motility defect with binocular
diplopia; this defect was, however, caused by a partial paralysis

of the trochlear nerve, hence the surgical treatment would
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Table 2 Results of orthoptic examination, comparison of the presence of individual disorders between the

conservatively treated and surgically treated patient groups

. L Conservative Surgical

Result of orthoptic examination P

n % n %
Any form of binocular diplopia 12 29 29 71 <0.001
Binocular diplopia in primary position 1 9 10 91 <0.001
Binocular diplopia in a non-primary position only 12 29 29 71 <0.001
Anterior/posterior shift (Hertel) 12 32 25 68 <0.001
Enophthalmos (Hertel) 8 42 11 58 <0.002
Vertical deviation (Prism cover test) 2 12 14 88 <0.009
Vertical deviation (Lancaster) 7 25 21 75 <0.001
Horizontal motility disorder (Lancaster) 6 23 20 77 <0.001
Vertical motility disorder (Lancaster) 9 24 29 76 <0.001
Combined motility disorder (Lancaster) 4 23 13 77 <0.008
Patients total 35 51 34 49

All parameters derived from Lancaster test describe the injured side only.

in all likelihood not have any effect anyway. Where surgical
treatment is concerned, we recorded absolute or partial success
in 80% of patients. The therapy was without effect in 15% (5
patients) in whom minor ocular motility disorders persisted,
namely binocular diplopia in non-primary position, i.e., only
in one of the other eight cardinal directions of gaze. In two
surgically treated patients (6%), the therapy was unsuccessful
(the ocular motility disorder and binocular diplopia persisted
even in the primary position). In both these patients, the
binocular diplopia that was poorly tolerated by the patient was
successfully eliminated by prescription of prism correction
in eyeglasses; in one case, an additional surgical procedure
addressing strabismus was performed.

Results of the subsequent calculation of relative risks and
odds ratios of individual parameters for their referring to the
surgical treatment is shown in Table 3. Subsequently, Logistic
regression was used to propose a pilot scoring system (Table 4).
Models using multiple values of the RFA derived from the
CT scans were tested; of those, 25% RFA yielded the best
results and hence, this value was used in the developed scoring
system. The RFA and limitation of the eyeball elevation
detected by the Lancaster screen test were the strongest
predictors and assigned the highest values in the scoring
system. Additional factors included changes in the ocular
motility and position assessed on the Lancaster screen test,
presence of any form of binocular diplopia and evaluation of
the ocular motility disorder in the vertical direction using the
prism cover test.

The threshold values for the scoring system were determined
as values associated with an 80% probability of being referred
to surgery or conservative treatment in our retrospective
study. The use of the scoring system is simple-all factors with
assigned values that are present in the patient are to be summed
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Table 3 Relative risk of referring patients with named factors for

surgical treatment

Relative risk
(confidence interval)

6.72 (1.63; 27.76)
6.42 (2.51; 16.44)
5.30 (1.68; 16.69)
4.37 (2.24; 8.50)
3.67 (1.33; 10.08)
3.67 (1.10; 12.22)
3.14 (1.55; 6.39)
2.78 (1.69; 4.55)
2.55 (1.47; 4.43)
2.00 (1.15; 3.47)
1.83 (0.88; 3.83)
1.57 (0.67; 3.66)
1.17 (0.46; 2.95)

Disorder (presence of):

Vertical deviation (Prism cover test)

Vertical motility disorder-depression (Lancaster)
Horizontal motility disorder-adduction (Lancaster)
Vertical motility disorder-elevation (Lancaster)
Horizontal motility disorder-abduction (Lancaster)
Vertical deviation (Synoptophore)

Vertical deviation (Lancaster)

Any form of binocular diplopia

Relative fracture area >25%

Anterior/posterior shift (Hertel)

Horizontal deviation (Lancaster)

Horizontal deviation (Prism cover test)

Horizontal deviation (Synoptophore)

Factors were distinguished in a binary way only (normal/abnormal
finding). Where the confidence interval included the value of 1.00,
the relationship was considered weak and not taken into account for

subsequent modeling.

up; if the total is 22 or less, the patient should be treated
conservatively while where it exceeds the threshold value of
35 points, the patient is referred for surgical treatment. This
is, of course, valid unless a clear contraindication for either
decision is present (e.g., when the patient’s condition prevents
surgery). Between those two values, the dependency is almost
linear, with a score of 29 denoting a 50% likelihood for being
referred for either treatment.

DISCUSSION

Results of Treatment In our patient group, success was
recorded in 97% of conservatively treated and 80% of
surgically treated patients. All patients with conservative
treatment healed well; in the only patient with persisting
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Table 4 A pilot scoring system for decision for surgical or

conservative treatment of orbital floor blowout fracture

Proposed threshold values Scor;ée}rlvta;rded
Conservative solution <22
Surgical solution >35
50% probability of surgery =29

Awarded points (if disorder present):

Vertical motility disorder-elevation (Lancaster) 19
RFA>25% 19
Vertical deviation (prism cover test) 7
Vertical motility disorder-depression (Lancaster) 5
Any form of binocular diplopia 4
Vertical deviation (Lancaster) 2

The threshold values were set as values where more than 80% of
patients reaching that score (23 and less for conservative or 36 and
more for surgical) were indicated for the respective therapy; with a
score of 29, the probability of either therapy was equal. RFA: Relative

fracture area.

problems, those were caused by a reason outside the orbit,
namely paralysis of the trochlear nerve. Of seven surgically
treated patients in whom the surgical treatment was regarded
as ineffective or unsuccessful according to the set criteria, the
condition after surgery was better than before it in 4 patients
out of 7.

Our results indicate that none of the patients who were
referred for conservative treatment would benefit from surgical
treatment and we can thus state that the decision not to operate
was correct in all of them. In surgically treated patients, the
condition worsened in one patient and failed to improve in
two patients. Although the surgical therapy was unsuccessful
in these patients, we still believe that the decision to operate
was correct as the character of the injuries was so serious (RFA
over 30 % of the orbital floor and objectively detected ocular
motility disorder) that conservative therapy could in no way
yield a better result.

In patients with surgical therapy, the defect size was typically
larger than in patients with conservative therapy, which
was also associated with a higher risk of complications and
represented another reason for a seemingly lower success rate
in these patients. Even relatively small defects may in some
cases require surgical intervention. As an example, we can
mention a patient with the RFA of only 20% of the orbital floor
in whom however a decision to operate was made. The main
reason for such decision was the localization of the defect in
the medial axis of the orbital floor and the consequent definite
restriction of movement of the inferior rectus muscle with
binocular diplopia. It is, therefore, necessary to emphasize
that especially where the decision whether to operate or
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not is close, it is also necessary to take the site of the defect
into account as centrally located defects are associated with
herniation of oculomotor muscles much more often than even
larger defects localized outside the axial position.

Risk Factors and Scoring System The decision whether or
not to operate a patient with an orbital blowout fracture can
be a complicated one, especially since subjective complaints
of the patient may be changing over time-both in the sense
of spontaneous regression of the ocular motility disorder
(potentially including binocular diplopia) and recovery of the
facial sensitivity and, conversely, in the sense of developing
late complications such as ocular motility disorders due to
the late change in the volume of orbital soft tissues that can
be caused by fading of the swelling or by atrophy of (usually
adipose) tissue occurring over a longer period after the injury.
It is therefore necessary to evaluate each patient individually
and to consider the possible benefits even in patients who
show no subjective complaints in the early post-injury
period. At present, there is no scoring system that could help
clinicians in decision making. According to existing papers,
the most common indication criteria for surgical solution are
enophthalmos over 2 mm and RFA over 50% of the orbital
floor with persisting herniation of soft tissues of the periorbit,
binocular diplopia and affected ocular motility resulting from
herniation of oculomotor muscles™*"®).

Our results confirm that the defect size determined by CT and
its accurate measurement is indeed one of the most important
criteria in decision making. A detailed analysis of CT scans in
both sagittal and frontal slices can provide information both on
the size and localization of the defect. Kovaf et al''” performed
a retrospective study on 80 patients where they attempted to
determine indication criteria for surgical intervention based on
the volume of the prolapsed tissue. According to their findings,
the threshold for surgical intervention was 500 mm” in anterior
and posterior fractures and 1400 mm’ in anterior-posterior
"1 ysed the CT-derived ratio of
width and length of inferior and medial rectus muscles in their

fractures. Chiason and Matic

study on 18 patients. In their study, the indication criterion was
the length/width ratio of 1.0 for the inferior rectus muscle and
0.7 for the medial rectus muscle.

The change of the eyeball position in the anterior-posterior
direction in the sense of enophthalmos, if present, is generally
considered to be an indication for surgery™'""'*'*, While we
observed a statistically significant difference between the
presence of a defect in the anterior/posterior shift of the eye
by Hertel test, the effect was relatively weak when compared
to most of the others and its addition into the scoring system
was not shown to have a notable effect on the accuracy.
We can also find support for this finding in the literature.
For example, Alinasab et al'” who studied the relationship
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between herniation of soft tissues and enophthalmos disproved
the opinion that herniation of 1 mL of orbital soft tissues into
maxillary sinus leads to 1 mm eyeball shift in the anterior-
posterior axis. Another study described a conservative
treatment in patients with blowout fractures, 22% of whom
presented with enophthalmos with more than 2 mm and
despite that, all of them resolved without surgical treatment

2 We believe that the main reason is the fact that in

over time
the early post-injury period, the presence of enophthalmos is
often confounded by changes in the orbital tissues (swelling
of orbital soft tissues, bleeding or the presence of pneumo-
orbit caused by penetration of the air from paranasal sinuses)''”.
Besides, enophthalmos is largely a cosmetic problem and as
such, it can be resolved through surgery at a later time if the
patient is treated conservatively and enophthalmos persists.
Therefore, disregarding enophthalmos as an indication criterion
in the initial decision making does not pose a significant risk
(if any) to the patient”®'.

Our experience shows that performing a full orthoptic
examination and evaluation of the ocular motility disorder
before indicating the patient for conservative or surgical
treatment as well as during the rehabilitation is crucial. In
the early post-injury period, orthoptic examination allows a
more accurate evaluation of motility and position of the eye in
the orbit and differentiation between dynamic and restrictive
strabismus. From this perspective, the Lancaster screen test
is of utmost importance, providing among other data also
information about the extent of incomitant, usually restrictive,
strabismus. The possibility to evaluate the development
of individual parameters over time further underlines the
importance of complex orthoptic examination.

The ocular motility disorders represent a frequent, diagnostically
very important, symptom of orbital fractures as well as one
of their most serious complications. Vertical ocular motility
disorders are more common than horizontal in orbital
fractures”. In our study, the limitations to the vertical ocular
motility documented on the Lancaster screen, together with
the vertical strabismus deviation detected by cover prism test,
represent crucial factors affecting to a great degree the decision
whether or not to indicate surgical intervention.

The most typical subjective presentation of ocular motility
disorders is binocular diplopia. From this point of view,
the relatively low importance of binocular diplopia for the
indication for surgery revealed by Logistic regression in
our model is surprising. Although the presence of binocular
diplopia was an important and statistically significant factor in
our study, it was awarded only 4 points in the scoring system,
which makes it a parameter of substantially lower importance
than the RFA or elevation abnormalities detected on Lancaster
screen. The likely reason is that in the early post-injury period,
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binocular diplopia can be to a major degree masked by the
swelling of orbital soft tissues with a drooping upper eyelid.
Besides, in the long term, binocular diplopia can be obscured
by neuroadaptation and suppression that is highly individual.
The presented scoring system aims to provide help in
deciding whether or not to operate in patients with orbital
blowout fracture. In our experience, the results of orthoptic
examinations are more important than the RFA on itself and/
or a focus on the presence of binocular diplopia. It is of course
necessary to further improve the accuracy and verification
of the system and we need to emphasize that we present this
system as an adjunctive tool, especially at this stage. The
proposed thresholds of <22 points for conservative treatment
and >35 for surgical treatment correspond to 80% probability
to be referred for either treatment in our retrospective study.
Our recommendation to refer patients with scores <22 points
for conservative treatment and those with scores >35 for
surgery is, however, obviously not absolute-the scoring
system aims to provide guidance but in every single case, an
individual approach taking additional factors into account,
such as the patient’s age, overall health condition or exact
site of the defect, is necessary. This is especially true where
patients with a score falling between the proposed threshold
values are concerned (i.e., in the range where the relative
frequency of the indication to surgery steeply and almost
linearly increases). The total score of 29 points was associated
with a 50% probability of surgery.

Study Limitations It must be of course emphasised that as
this is a retrospective study, it is burdened with autocorrelation.
Hence, we present it rather as a basis for further prospective
studies and, at this moment, an adjunctive tool; in other words,
the proposed scoring system should not be interpreted as
the only correct decision-making procedure but rather as a
procedure that would lead to results identical to ours (which
are, however, very good).

Speaking of results of our treatment, an objection can be made
that all patients including those whose therapy was not fully
successful were included in modelling. Here, we would like
to point out that this scoring system is not used for predicting
results of the treatment but only for selecting the treatment
method. Not even the best therapy can resolve all defects
without any consequences and the injuries of patients in whom
we did not record full success were very serious (scores 37
to 56); hence, we believe that their referring to surgery was
correct and that their inclusion into the model was, therefore,
justified.

An obvious limitation of the study is that although we can
be quite sure that none of the patients who were referred for
conservative treatment would have benefited from surgery,

we cannot be certain that conservative treatment would not
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be sufficient in some patients who were referred to surgery. In
the retrospective view and knowing the results of our scoring
system, there were patients with low scores who were referred
to surgery. This, however, only underlines the potential value
of the presented scoring system in preventing surgery in such
patients, i.e., patients who would in all likelihood not benefit
from it.
In conclusion, referring patients with orbital blow-out fracture
to surgical or conservative treatment is a complex and
complicated problem. The decision must be therefore made
individually for each patient and consider surgical revision
even in patients without subjective complaints in the early
post-injury period with relatively smaller orbital floor defects.
In our experience, a full orthoptic examination by an
experienced ophthalmologist should form an indispensable
part of the examination of each patient with orbital blowout
fracture, both to provide data necessary for treatment decision,
for the rehabilitation of ocular motility disorders and for
evaluation of the therapeutic success. The proposed scoring
system could become a valuable adjunctive tool for deciding
which path to take in the treatment of isolated orbital blowout
fractures in everyday practice.
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Za zakladni klinickou vySetfovaci metodu pro detekci okohybné poruchy u pacientt
s retromargindlni zlomeninou ocnice je obecné povazovdna metoda vyuzivajici pohybu prstu
pfed obli¢ejem v osmi smérech. V této studii jsme se zabyvali otazkou, zda je toto vysetieni
pro detekci okohybné poruchy dostatec¢né. Proto jsme vramci této nasi prace srovnali
uspésnost klinického vysetfeni pomoci pohybu prstu s vysledky komplexniho ortoptického
vysSetieni u pacientl s retromarginalni zlomeninou ocnice.

V souboru bylo zahrnuto 66 pacientll sizolovanou frakturou spodiny ocnice (31
operovanych, 35 neoperovanych), u kterych bylo provedeno klinické vysetreni
maxilofacidlnim chirurgem pomoci pohybu prstu i kompletni ortoptické vysetreni.

Zajimavosti nasi studie bylo, Ze mezi konzervativné 1ééenymi pacienty ze studijniho
souboru bylo dvanact konzervativné |écenych pacientl, kterym byla pti vySetreni prokadzana
porucha ocni motility a méli také diplopii, kterd muize byt obecné povaZovana za indikaci
k chirurgické |écbé. Na zakladé komplexniho ortoptického vysetieni a vysledk( CT vysetreni
jsme nicméné u téchto pacientl diplopii povazovali pouze za nésledek otoku mékkych tkani,
coz se ukazalo jako spravna diagndza a vsichni tito pacienti se pti konzervativni terapii plné
zhoijili.

NejdulezitéjSim vysledkem této studie bylo, Ze vySetfeni pomoci pohybu prstu
prokazalo diplopii pouze u 23 % pacientl, zatimco plné ortoptické vySetfeni se ukazalo
mnohem efektivné;jsi a odhalilo poruchu oc¢ni motility u 65 % pacientd. Jako nejucinnéjsi test
se ukazalo vysetreni na Lancasterové platné, které odhalilo 97,7 % okohybnych poruch. Dle
ortoptického vysetfeni u 4 konzervativhé feSenych pacientd pretrvdvala ortopticky

detekovana porucha oc¢ni motility az do konce doby sledovani; pouze u jednoho pacienta se
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viak projevila ve formé diplopie a Zadny z téchto pacientl si nestéZoval na problémy v
kazdodennim Zivoté. Kromé toho se u Zadného z pacientl indikovanych ke konzervativni
terapii nerozvinula okohybna porucha, kterou by prvotni ortoptické vysetreni neodhalilo.

U 30 chirurgicky lé¢enych pacientd z 31 jsme pomoci ortoptiky odhalili okohybnou
poruchu. Jediny pacient, ktery podstoupil chirurgicky vykon a nemél zndmky okohybné
poruchy dle ortoptiky, byl operovdn pro velky rozsah defektu dna ocnice (vice neZ polovina
plochy dna ocnice). U 19 z 31 chirurgicky Ié¢enych pacientd klinické vysetfeni neodhalilo
zadnou diplopii.

Uspéch (absolutni nebo ¢asteény) jsme zaznamenali u 77 % chirurgicky Ié€enych
pacientl. Operace neméla Zadny efekt u 16 % (5 pacientu), u kterych po operaci pretrvavaly
drobné poruchy (binokularni diplopie vjednom z osmi neprimarnich smér( pohledu). U dalSich
dvou pacientd, ktefi podstoupili operaci (6 %), pretrvavala binokuldrni diplopie v primarni
poloze. Jeden z téchto dvou pacientl podstoupil operaci k feseni strabismu, u obou pak byla
nutna dalsi prizmatickd brylova korekce, ktera prinesla uspokojivé vysledky.

Z nasich zavéra vyplyva, Ze vzhledem k tomu, Ze pfitomnost okohybné poruchy je
dilezitym indikacnim kritériem pro operacni feseni retromarginalni zlomeniny ocnice, mélo
by vidy kromé klasického klinického a CT vysetfeni provedeno kompletni ortoptické vysetreni

s naslednou dispenzarizaci pro riziko rozvoje mozné okohybné poruchy.
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Abstract: Background and Objectives: In patients with orbital floor blowout fracture (OFBF), accurate
diagnosis of ocular motility disorder is important for decisions about conservative or surgical therapy.
However, the accuracy of the traditional test for detecting binocular diplopia/ocular motility disorder
using a moving pencil or finger (hereinafter, “finger test”) has been generally accepted as correct and
has not been subject to scrutiny so far. Hence, its accuracy relative to full orthoptic examination is
unknown. Materials and Methods: In this paper, the results of the “finger test” were compared with
those derived from a complex examination by orthoptic tests (considered “true” value in patients
with OFBF). Results: “Finger test” detected ocular motility disorder in 23% of patients while the
full orthoptic examination proved much more efficient, detecting ocular motility disorder in 65%
of patients. Lancaster screen test and test with color filters were the most important tests in the
battery of the orthoptic tests, capable of identifying 97.7% and 95.3% of patients with ocular motility
disorder, respectively. Still, none of the tests were able to correctly detect all patients with ocular
motility disorder in itself. Conclusions: As the presence of ocular motility disorder/binocular diplopia
is an important indication criterion for the surgical solution of the orbital floor blowout fracture, we
conclude that a complex orthoptic evaluation should be always performed in these patients.

Keywords: diplopia; orthoptic examination; orbital blowout fractures; orbit; maxillofacial surgery;
ocular motility disorder

1. Introduction

Binocular diplopia is one of the most common problems arising as a result of orbital
floor blowout fractures (OFBF) and, at the same time, an important criterion in deciding
whether to treat the patient conservatively or surgically [1,2]. It is, however, necessary to
note that binocular diplopia is just one manifestation of the ocular motility disorder (OMD)
that can arise as a result of herniation of soft orbital tissues in the defect and that such
herniation is, in principle, the cause for referring patients for surgical solution [3-5].

Still, in clinical practice, binocular diplopia (not OMD in itself) is considered an
important indication criterion for the surgical solution [4]. The most widely used method
of diagnosing binocular diplopia is a simple test where the surgeon moves an object (often
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a pencil or a finger; hence, hereinafter, we will call this method a “finger test”) in front of
the patient’s eyes. A full orthoptic examination represents an alternative to this method
that is capable, thanks to its complexity, of detecting a wider range of OMDs and of its
objective quantification [2,3,6-8]; it is, however, not widely used [4]. Surprisingly, even
after an extensive search, we have found no valid head-to-head evaluation of these two
methods in the literature and for this reason, we have decided to perform this study on
the differences in the performance of these two methods in diagnosing binocular diplopia
resulting from OFBE.

2. Materials and Methods

The study was performed in accordance with the Declaration of Helsinki and approved
by the local Ethics Committee. All patients signed informed consent to participate in
the study.

Sixty-six patients with orbital floor blowout fracture aged 15-80 with a computed
tomography- (CT-) proven OFBF were included in the study. Exclusion criteria were:
known pre-existing ocular motility disorder, diplopia, or spatial vision disorder. The
binocular diplopia was determined in these patients after a complex clinical examination
and exclusion of other trauma to the facial skeleton using two methods: (i) the most widely
used examination of ocular motility, i.e., a simple clinical test when the patient followed the
surgeon’s finger moving in eight gaze directions (up, down, left, right, and four diagonal
directions) and convergence. Hereinafter, we will refer to this examination as a “finger
test”, which is typically performed by a maxillofacial surgeon and diplopia is reported
by the patient; and (ii) by a complex ophthalmological (evaluation of refraction, near and
far vision, intraocular pressure, biomicroscopic examination of the anterior and posterior
segments of both eyes) and orthoptic examination (consisting of the “finger test” itself
combined with examination of fixation, accommodation and convergence, of binocular
spatial functions using color filters, Worth four lights and Bagolini striated glasses tests, the
degree of strabismus in prism cover test and by synoptophore, and Lancaster screen test)
performed by an ophthalmologist. Both examinations were performed on the same day and
never later than two weeks after the injury (sooner if the swelling of soft tissues subsided
before that). The combined result of the complex evaluation was used as a reference value
(i.e., (our “gold standard” for diplopia)) for subsequent test performance evaluations.

The difference between the results of both tests was evaluated using the chi-square test
in the contingency table. Performances of the individual tests relative to the “true” value
(i.e., presence of the ocular motility disorder measured as a complex combination of all
orthoptic examinations based on the standard methodology of orthoptics) were calculated
in Stata v.14 (StataCorp LLC, College Station, TX, USA). The raw data is available from
https://doi.org/10.6084/m9.figshare.14538111.v1 (accessed on 10 September 2021).

3. Results

The mean age in our patient group was 43 years (SD = 19; median age 42 years,
min-max 15-81 years). Out of the 66 patients participating in our study, 45 were male and
21 were female. 31 patients were treated surgically, 35 conservatively. 43 patients (65.2%)
with isolated orbital floor blowout fracture had an ocular motility disorder and out of these,
41 suffered from binocular diplopia detected by a complex orthoptic examination.

Thirteen patients in our group were treated conservatively despite having ocular
motility disorder. Out of these, 6 (46.1%) had detectable strabismus that were neither
on synoptophore nor on the cover test. In 10 of these patients (76.9%), Lancaster screen
proved the limitation of ocular motility on the affected side, which was most likely caused
by a swelling of the orbital soft tissues that regressed spontaneously over time. Twelve
conservatively treated patients with ocular motility disorder had also diplopia but were
not surgically treated because, based on the complex orthoptic examination and CT results,
the diplopia was, at the time, judged to be a result of soft tissue swelling. In 4 such patients
(30.8%), ocular motility disorder detected by orthoptics persisted until the end of the
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follow-up period; only one patient, however, suffered from diplopia as well and none of
these patients complained of problems in everyday life. The one patient with persisting
diplopia had binocular diplopia and ocular motility disorder already during the original
examination and, due to a suspected herniation of the inferior rectus muscle, was originally
referred for surgery. However, as he suffered from severe renal insufficiency, the surgery
in general anaesthesia was abandoned. After a partial recovery of the renal functions
(2 months later), he was no longer eligible for surgery due to the long period from the
injury and a fully developed orbital scarring. The last conservatively treated patient who
had an ocular motility disorder but no binocular diplopia did not develop diplopia by the
end of the follow-up period. None of the patients in whom orthoptic examination revealed
no ocular motility disorder and who were treated conservatively (22 patients) developed
any ocular motility disorder by the end of the follow-up period.

All but one of the 31 patients who underwent surgery had an ocular motility disorder
diagnosed by the complex orthoptic examination. The single patient who underwent
reconstruction of the orbital floor, despite having no signs of an ocular motility disorder,
was operated due to the large size of the orbital floor defect (more than half of the orbital
floor area). In 19 of the surgically treated patients, the “finger test” revealed no diplopia.

We recorded success (absolute or partial) in 77% of surgically treated patients. Surgery
had no effect in 16% (5 patients) in whom minor disorders persisted after surgery (binocular
diplopia in one of the eight non-primary gaze directions). In two more patients who under-
went surgery (6%), binocular diplopia persisted in the primary position. One of these two
patients underwent surgery to address strabism. Nevertheless, additional prism correction
in eyeglasses was necessary in both these patients and yielded satisfactory results.

In all, the standard “finger test” revealed only 15 out of 41 patients with binocular
diplopia and 15 out of 43 patients with ocular motility disorder. Therefore, while the
“finger test” revealed binocular diplopia only in 23% out of 66 patients with OFBF, the
complex orthoptic examination detected ocular motility disorder in 65% of such patients
(p < 0.01). If considering the full orthoptic examination as a reference method, we detected
15 true positives, 2 false positives, 21 true negatives, and 28 false negatives. In other
words, the sensitivity of the “finger test” was 34.8% (95% confidence interval 21.5-51.0%),
specificity was 91.3% (70.5-98.5%), negative predictive value was only 42.9% (29.1-57.7%),
and positive predictive value was 88.2% (62.3-97.9%).

The performance of selected individual tests from the battery of orthoptic tests, i.e., their
capability to detect the binocular diplopia revealed by the entire battery, is detailed in Table 1.

Table 1. The performance of individual tests from the battery of orthoptic examinations in detecting ocular motility disorders

resulting from OFBF (complex combined evaluation used as a reference value, results are presented as estimates with 95%

confidence intervals in brackets).

Disorder—Method of Measurement Sensitivity Specificity PPV NPV
Binocular disparity—color filter test 95.3 (84.2-99.4) 100 (85.2-100) 100 (91.4-100) 92.0 (74.0-99.0)
Strabismus—synoptophore 39.5 (25.0-55.6) 87.0 (66.4-97.2) 85.0 (62.1-96.8) 43.5 (28.9-58.9)
Strabismus—prism cover test 46.5 (31.2-62.3) 91.3 (72.0-98.9) 90.9 (70.8-98.9) 47.7 (32.5-63.3)
Bulbus deviation—Lancaster screen 76.7 (61.4-88.2) 91.3 (72.0-98.9) 94.3 (80.8-99.3) 67.7 (48.6-83.3)
Motility insufficiency—Lancaster screen 93.0 (80.9-98.5) 91.3 (72-98.9) 95.2 (83.8-99.4) 87.5 (67.6-97.3)

Lancaster screen combined

97.7 (87.7-99.9)

91.3 (72.0-98.9)

95.5 (84.5-99.4)

95.5 (77.2-99.9)

PPV—positive predictive value; NPV—negative predictive value; Lancaster screen combined—if any abnormality was detected in any of
Lancaster parameters, this parameter was considered abnormal.

4. Discussion

Ocular motility disorders resulting from orbital floor blowout fracture are well man-
ageable if a complex diagnostic approach is used. The overall treatment success in our
group was high. Out of 34 patients originally referred for conservative treatment, only
a minor ocular motility disorder unaffecting the patients in their normal life persisted in
3 patients at the end of the follow-up period. One patient treated conservatively was origi-
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nally referred for surgery, which could not be performed due to his overall condition; in
his case, binocular diplopia persisted. 77% of surgically treated patients healed completely
and the remaining patients in whom some problems persisted suffered from injuries so
serious that it is highly unlikely that conservative treatment would yield better results than
the surgical approach.

The difference between the detection success of the most commonly used method, the
“finger test” and full orthoptic examination, is astounding. The “finger test” actually failed
to capture 65.1% of patients suffering from ocular motility disorder as a result of the OFBE.
Surprisingly, this crucial information has been completely missing in the literature so far.

Of course, one can object that we could not have even expected the good fit of these as
binocular diplopia is just a subgroup of ocular motility disorders; however, we must still
bear in mind that in this paper, we discuss patients with OFBF in whom ocular motility
disorder is likely caused by herniation. Besides, comparing the results of the “finger test”
with those of the color filters test (targeting binocular disparity, i.e., the closest test to
detecting solely binocular diplopia of the entire orthoptic battery), the difference is still
big. The likely reason is that in the early post-injury period, binocular diplopia can be,
in the case of the “finger test”, to a major degree masked by the swelling of orbital soft
tissues with drooping upper eyelid, which eliminates the picture projected by the respective
injured (squinting) eye, and the patient may not realize the binocular diplopia at all in
such conditions. The same applies even when performing a full orthoptic examination,
especially when binocular diplopia with vertical disparity in the extreme eye positions is
concerned (in particular when looking upwards). However, the full orthoptic examination,
unlike the “finger test”, facilitates the exact quantification of the ocular motility disorder
and of its dynamics over time. Besides, it also allows detection of a pre-existing ocular
motility disorder in patients with strabismus and can distinguish between incomitant and
concomitant ocular motility disorder.

Lancaster red—green test appears to be the single most important test of the battery
of orthoptic tests, as the combined result of both provided outcomes objectively detected
diplopia in 97.7% of cases. The only patient in whom this test failed to detect the ocular
motility disorder was a patient with the disorder only apparent in the extreme position
(i.e., outside the size of the Lancaster screen). Theoretically, a patient’s non-compliance
(shift in the head position) can also confound the result. Patients with “false positive”
results in the Lancaster screen test suffered from pre-existing strabismus. The second
most important test was the test with color filters for binocular diplopia detection, which
missed only two patients with ocular motility disorder and yielded no false positives.
Still, none of the individual tests were able to accurately detect all patients with an ocular
motility disorder resulting from OFBF, which emphasizes the need for performing the full
orthoptic examination. Moreover, it is necessary to note that, for example, performing only
Lancaster screen and color filters tests could (i) miss the same patients and (ii) provide
false positive results (i.e., had we considered Lancaster screen as a proof of herniation and
ocular motility disorder associated with orbital floor blowout fracture, we would come to
false conclusions).

The revelation that the “finger test” performs so poorly in comparison to orthoptics
has great potential implications for practice. As the presence of binocular diplopia indicates
that some parts of the ocular motility apparatus are trapped in the fracture and need to be
released, binocular diplopia remains one of the widely recognized indication criteria for
surgical resolution of OFBF. Our results suggest that more than half of the patients with
binocular diplopia after this injury fail to be detected during a conventional examination.
Although binocular diplopia (representing an ocular motility disorder) is not the only
indication for surgical therapy, failure to detect it because of using an unsuitable method
of examination can lead to erroneous decision to treat the patient conservatively. For this
reason, we believe that, where available, a full orthoptic examination should always be
performed in patients with OFBEF, rather than a simple finger test. The primary aim of
treatment is to prevent or eliminate the binocular diplopia limiting the patient’s life and
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orthoptics facilitates the evaluation of the dynamics, as well as of the rehabilitation success
of the ocular motility disorder in both conservative (spatial vision exercises, compensation
of strabismus using prismatic glasses) and surgical solutions. This recommendation of
the use of orthoptics in patients with OFBF is also in accordance with the proposal by
Laurentjoye et al. [5].

The limitation of our study is that it is a single center study. Additionally, we should
consider that its results are valid only in the indication of orbital floor blowout fracture and
cannot be generalized to any possible ocular motility disorder (although it is likely that
similar results would be found there as well). Our results, therefore, need to be confirmed
by larger, prospective, multicenter studies; nevertheless, the success rate of our treatment
indicates that our method of referring the patients to surgical or conservative treatment
based on orthoptics is correct and, therefore, supports the notion that orthoptics is superior
to the standard “finger test” in determining ocular motility disorder in patients with OFBF.

5. Conclusions

We consider the fact that compared to the full orthoptic examination, the “finger test”
usually performed for diagnosing ocular motility disorders failed to reveal 65% of cases,
to be of the utmost importance and to be a strong reason for advocating full orthoptic
examination in these patients.
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Komentar k prilozené publikaci ¢. 12

Jifi STRANSKY, Jan STEMBIREK a Juraj TIMKOVIC. Fraktury orbity. In: Détskd
oftalmologie: klinické a mezioborové souvislosti. Praha: Grada, 2022, s. 425-428.
ISBN 978-80-271-3052-8.

Kapitola v knize, kterd shrnuje nase klinické zkusenosti a ukazuje multioborovy pohled na
zlomeniny ocnice v détském véku, které mohou byt rozdilné oproti dospélym. Jednou
z odliSnosti je i tvar zlomeniny. U déti prevlada vyskyt ,blow-out” zlomenin ocnice, ale
relativné ¢asto, ze m(iZze objevovat i zZlomenina typu , padacich dvitek” (trapdoor fracture), kdy
dislokovany fragment kosti se vlastni elasticitou vraci do plvodni polohy a pfitom dochazi k
uskfinuti mékkych tkani. Tento mechanismus poté vede k poruse o¢ni motility a mozné
diplopii. Mezi posledni typ, ktery u déti nalézdme jsou pak zlomeniny ,blow-in“, u kterych
dochazi k dislokaci fragmentu kosti dovnitf ocnice a tim redukuji jeji obsah, coz se klinicky
muze projevit okohybnou poruchou.

V klinickém obrazu nemusi byt nutné u déti prfitomen zZadny z typickych lokdlnich priznakd
(sufuze spojivky, hematom, porucha motility bulbu), ale jen nauzea, zvraceni, nékdy i
bradykardie v disledku okulokardidlniho reflexu. Nékdy dokonce détsti pacienti nepocituji
zadné subjektivni ani objektivni potize. | tak je s vyhodou pfi podezfeni na Uraz o¢nice vhodné
doplnit CT vysSetreni.

Pred vlastni terapii vidy dopliiujeme ortoptické vysetreni, které nam pomaha presné urcit
moznou okohybnou poruchu a rozhodnout se k pfipadné chirurgické terapii, ktera u détskych

pacientl je vétSinou na druhém misté.
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sobenim primé sily na povrch oka. Nejcastéji se jedna
o zasaZeni drobnymi stolnimi pfedméty, hrackou, prs-
tem, rostlinou, sportovnim nac¢inim a dal$imi.

Klinicky obraz: Muze byt v zavislosti na lokalizaci
léze, jeji velikosti a prahu bolesti postizeného ditéte
zna¢né variabiln{ a rozmanity. Nejcastéji se setkdvame
s pocitem ciziho télesa v oku nebo bolesti postizeného
oka, kterd byva vét§inou mirného charakteru. Ne-
ztidka, zejména u mensich déti, mize byt piitomna
svétloplachost (fotofobie) az kiecovité sevieni vicek
(blefarospasmus). Spojivka na postizeném oku byva
prokrvend a lehce otekld. Zrakova ostrost byva nor-
malni nebo lehce snizena.

Diagnéza: Opira se o vy$e zminéné priznaky po-
stizeni, a zejména u déti v preverbalnim véku o pec-
livé odebranou anamnézu urazového déje od dopro-
vodu ditéte. Zakladem pro stanoveni spravné diagnozy
je biomikroskopické vySetfeni predniho segmentu
oka ru¢ni ¢i stolni $térbinovou lampou, které obvykle
prokaze ptitomnost rizné velkého povrchového de-
fektu epitelu rohovky ¢i hlubsiho lameldrniho defektu
(obr. 20.5). Velmi ndpomocné, zejména u déti méné
spolupracujicich, je vkapnuti fluoresceinu do spojiv-
kového vaku, kdy v typickém pripadé dochazi k obar-
veni defektu, které je dobfe patrno pti pouziti modrého
kobaltového svétla $térbinové lampy ¢i primého oftal-
moskopu. Neméli bychom opomijet rovnéz kontrolu
obou fornixa (véetné everze horniho vicka), kdy pat-
rdme po pritomnosti ciziho téliska na tarzalni spojivce,
které byva casto zdrojem zminénych potiZi.

0br. 20.5 Eroze rohovky

Lécba:

o Lokalni aplikace antibiotické masti a mydriatik s ci-
lem zabranéni vyvoje sekundarni infekce.

e K zmirnéni bolestivych projevii mohou prispét to-
picky aplikovand nesteroidni antiflogistika a o¢ni
lubrikancia ve formé gelu ¢i masti.

e U tézsich pripadii miize pomoci ke zmirnéni bolesti-
vych projevii rovnéz aplikace terapeutické kontaktni
¢ocky, ktera je vSak spojena s prodlouzenim doby
hojeni a rizikem mozného vyvoje syndromu recidi-
vujici eroze.

Prognoza: U povrchovych defektii epitelu rohovky
je prognoza zpravidla dobra, plné zhojeni lze v zavis-
losti na velikosti léze o¢ekdvat do nékolika dnt od za-
héjeni 1éc¢by. Hlubsi, lamelarni defekty se obvykle hoji
rohovkovou jizvou, kterd muze byt podle lokalizace
1éze zcela asymptomatickd, ale v pripadé centrdlni lo-
kalizace muze vést k poklesu zrakové ostrosti rtizného
stupné. U malych déti maze byt i jemna jizva v této
lokalizaci spoustécim mechanismem tupozrakosti!

U zhruba 7-8 % pacientt s traumatickou erozi mize
dojit k zhojeni defektu ménécennym epitelem, ktery je
pak zdrojem protrahovanych potizi ve smyslu vyvoje
syndromu recidivujici eroze. Pfi¢inou tohoto stavu
je neobvykle slaba vazba mezi bazalnimi bunikami epi-
telu rohovky a jejich bazdlni membranou. Lécba téchto
stavil je svizelnd. Jednak muize zahrnovat dlouhodobou
aplikaci o¢nich lubrikantt ve formé gelti nebo masti,
u ¢asti pacienttt pak aplikaci hyperosmotickych ld-
tek (5% chlorid sodny ve formé kapek nebo masti) po
dobu nékolika tydnt. Dal$i moznosti je dlouhodobé
noseni terapeutické kontaktni ¢ocky. V posledni radé
pak muze dojit k 1é¢bé chirurgické, zahrnujici fototera-
peutickou keratektomii excimerovym laserem.

20.3 Orbitalni traumata

20.3.1 Fraktury orbity

Jifi Strdnsky, Jan Stembirek, Juraj Timkovic

Zlomeniny oc¢nice patfi mezi béznd obli¢ejova pora-
néni. V zasadé je lze rozdélit do dvou typu: zlomeniny
s porusenim okraje orbity, resp. orbitalniho vchodu,
které byvaji soucasti kombinovanych obli¢ejovych
fraktur (zlomeniny typu Le Fort II a I, zlomeniny zy-
gomatikomaxildrniho ¢i nazomaxildrniho komplexu,
frontobazalni zlomeniny) a zlomeniny retromargi-
nalni, tedy izolované zlomeniny ocnice.

Urazy prvniho typu se dostatecné zabyva literatura
maxilofacidlni chirurgie, otorinolaryngologie a neuro-
chirurgie, v tomto textu se budeme vénovat pouze sku-
piné druhé ¢ili izolovanym retromarginalnim zlomeni-
ndm ocnice.
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Détsky vék z pohledu maxilofacialni traumatologie
Maxilofacialni poranéni jsou u déti daleko méné casta
nez u adolescentti a dospélych, ale i u détskych pacienta
prevazuji chlapci nad divkami. P¥iblizné do véku 5 let
zije vétSina déti v prostredi, které je relativné chrani
proti vaznym drazim, byvaji viceméné pod stalym do-
zorem dospélych. V tomto véku jsou ¢asté pady z malé
vy$e, s nizkou traumatizujici silou, ktera je obvykle ab-
sorbovana elastickym skeletem. Vék 5-7 let je charak-
terizovan rychlou progresi neuromotorického vyvoje,
jsou castéj$i interakce s jinymi détmi, objevuje se $i-
rokd $kala aktivit mimo domov, postupné jsou ome-
zeny moznosti neustalého dohledu. Dité se stale vice
pohybuje ve venkovnim prosttedi, dostava se do kon-
taktu s dopravnim provozem. Tyto faktory vedou ke
zvySenému riziku obli¢ejového poranéni.

V maxilofacidlni traumatologii détského véku hraje
zdsadni roli vyvoj lebe¢niho skeletu. Poc¢ate¢ni roky zi-
vota jsou charakterizovany nedostate¢nym vyvojem
paranazélnich dutin, oblicejovd ¢ast je relativné nizka
a $irokd s prominenci cela, traumatologicky expono-
vana je zejména frontalni a horni orbitélni oblast. Ko-
lem 4. roku zivota za¢ind rozvoj sint a pokracuje az do
adolescence. Pneumatizované paranazélni dutiny pu-
sobi jako oslabend mista mezi piliti obli¢ejového ske-
letu, coz umoziiuje vznik zlomenin. Na druhou stranu
vysoce osteogenni détsky periost vede k rychlému ho-
jeni fraktury se zna¢nou schopnosti remodelace.

Déti obecné maji pruznéjsi kosti a flexibilni linie §v.
Z téchto duvodu jsou pediatrické zlomeniny mnohem
¢astéji nekompletni, s minimdlni dislokaci, a proto také
daleko méné ¢asto vyzaduji chirurgickou intervenci.

Nejcéastéjsi pri¢inou détskych obli¢ejovych fraktur
jsou dopravni nehody, jejich incidence stoupa s vé-
kem stejné jako pocet urazti vyzadujicich chirurgické
oSetfen.

Izolovana zlomenina ocnice u déti

U izolované retromargindlni zlomeniny o¢nice je nutna
ptitomnost pneumatizovaného sinu, coz byvé okolo 7.
roku Zivota, u mladsich jsou tyto zlomeniny vzacné
a spiSe se setkdvdme s postizenim stropu o¢nice. Tato
fraktura vznikd na principu prenosu tlaku mezi mék-
kymi tkanémi a kosténou schrankou. Protoze mékké
tkané vykazuji vét§i pruznost nez kosténé struktury,
dochazi k pfenosu sily, sumaci a prolomeni stény o¢-
nice. Po vyrovnani tlaku v orbité se mékké tkdn¢ vraci
na zdkladé elasticity do ptivodni polohy. Mohou vsak
ztistat herniovany do kostniho defektu. Takovouto zlo-
meninu oznacujeme jako hydraulickou nebo ,,blow-
-out, obvykle postihuje spodinu, ale poranény mohou
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byt i ostatni ¢asti o¢nice. Pro détsky vék je prizna¢na
zlomenina typu padacich dvifek (trapdoor fracture),
kdy fragment kosti, dislokovany do sinu (nej¢astéji ma-
xildrniho), se vlastni elasticitou vraci do pivodni po-
lohy a ptitom dochdzi k usktinuti mékkych tkani, coz
vede k poruse motility bulbu a diplopii. Podle nékte-
rych zdroji téméf polovina détskych orbitdlnich zlo-
menin vykazuje tento mechanismus.

Jinym typem poranéni kosténé oc¢nice jsou pak zlo-
meniny ,,blow-in®, rovnéz ¢astéjsi u déti. Podstatou je
fragment kosti dislokovany dovnitf o¢nice, a reduku-
jici tak jeji obsah. Muze také dojit k poranéni okohyb-
nych svald, o¢niho bulbu ¢i optického nervu. Izolovana
»blow-in“ zlomenina o¢nice je pomérné vzacna.

Klinicky obraz: U izolovanych pediatrickych zlo-
menin o¢nice byvd chudy. Bolestivost nemusi byt vy-
raznd, muzeme vidét razné veliky hematom v okoli
o¢nice a sufuzi spojivky (obr. 20.6). U fraktur spodiny
o¢nice se setkdvame s poruchou senzitivity v inervaéni
oblasti druhé vétve trojklaného nervu (diivodem je jeho
anatomicky prabéh infraorbitdlnim kandlem). Pfi re-
tromarginalni zlomeniné o¢nice ¢asto dochdzi k prova-
leni mékkych tkani orbity do defektu a jejich herniaci,
ptipadné az inkarceraci do sinu, nej¢astéji maxildrniho,
coz muze mit za nasledek poruchu postaveni a motility
bulbu, enoftalmus (z déivodu prolapsu tukové tkané na
spodiné), nebo i exoftalmus (pro vyrazny otok uvnitt
orbity, ktery bulbus tla¢i ven z o¢nice) a/nebo diplo-
pii. Tyto ptiznaky mohou byt pfitomny i bez uskfinuti
mékkych tkani.

™

0br. 20.6 Klinicky obraz zlomeniny o¢nice

U déti nemusi byt pfitomen Zadny ze zminénych
ptiznakd, ale jen nauzea, zvraceni, nékdy i bradykardie
v dtisledku okulokardidlniho reflexu. Détské zlomeniny
typu padacich dvifek mohou byt velmi malého roz-
sahu, s minimalni inkarceraci mékkych tkéni, mnohdy
sotva patrné na CT. Zji$téni poruchy o¢ni motility a ne-
volnost/zvraceni by mély upozornit na moznost tako-
véhoto urazu a potebu v¢asné chirurgické intervence.

Vyjimkou ov§em nejsou ani ptipady, kdy pacient
nepocituje zadné obtize a ani objektivni klinické
zhodnoceni stavu nenaznacuje poruchu. Pokud ne-
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jsou tyto pripady diagnostikovany pomoci zobrazova-
cich metod, mohou se komplikace projevit az nékolik
mésici po traumatu, kdy jsou hiife fesitelné. Proto pri
podezieni na trauma oc¢nice je vhodné vidy provést
CT vySetfeni.

Diagnoza: Vysetiovaci postup je stejny jako u vSech
pacientll s urazem v obliceji, pouze u nezletilych je
nutnd pritomnost zakonného zastupce béhem vyset-
feni. Po peclivé odebrané anamnéze stran drazu a cel-
kového stavu pacienta je nutno vyloucit mozkové po-
ranéni. Po celkovém klinickém vysetieni a vylouceni
ostatnich moznych traumat se zaméfujeme na vy-
Setfeni o¢i a o¢nice. Postupné kontrolujeme stav zra-
kovych funkci, rozsah poranéni oka a periokuldrni
krajiny. Palpaci vysSetfujeme okraje ocnice a citlivost
v obliceji (pro vylouceni zranéni nervus infraorbitalis).

Zlaty standard v hodnoceni téchto stavl piedstavuje
i nadale ortoptické vySetfeni, které dokaze spolehlivé,
a zejména objektivné zhodnotit charakter a rozsah pii-
padné okohybné poruchy. Navic umoznuje jednotlivé
parametry, a tim i dynamiku celého procesu hojeni
sledovat v ¢ase. Kromé zakladniho oftalmologického
vySetteni by méla tedy diagnostika zahrnovat rovnéz
zhodnoceni postaveni o¢i, motility v osmi pohledo-
vych smérech, fixace, akomodace a konvergence, vyset-
feni binokuldrnich funkci v prostoru pomoci riznych
testtl (barevné filtry, Worthova svétla, Bagoliniho skla),
velikosti uchylky $ilhani v prizmatickych dioptriich
a na troposkopu. Polohu o¢i v predozadni ose o¢nice
hodnotime pomoci Hertelova exoftalmometru. Ob-
jektivizaci okohybné poruchy tradi¢né provddime na
Lancesterové ¢i Hessové platné (viz kap. 6), event. vy-
uzitim nékterého z novych modernich sofistikovanych
systému pracujicich na podobném principu disociace
obrazti obou o¢i (GazeLab apod.) (obr. 20.7). Vysledky
ortoptického vysetfeni ndm vyznamnou meérou napo-
mahaji v procesu rozhodovani, zda pacient bude lé¢en
konzervativné, nebo chirurgicky.

Pro diagnostiku orbitalnich fraktur jsou naprosto
nezbytné zobrazovaci metody, jelikoz klinické vySet-

0br. 20.7 VlySetfeni postaveni a hybnosti odi pfi fraktufe o¢nice
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feni nedokdze do detailu zhodnotit jejich pfitomnost
a zavaznost. K ozfejméni a potvrzeni diagnozy je ob-
vykle zapotiebi CT vySetfeni hlavy v koronarnim
a sagitalnim fezu, jez hodnoticimu lékafi umozni
posoudit rozsah kosténého defektu ve spodiné o¢nice
(obr. 20.8). Typickym nélezem u retromargindlnich
fraktur je razné velky kostény fragment prolomeny do
maxildrniho sinu, ¢asto doprovazeny vyse zminénou
herniaci mékkych tkéni do defektu orbity. Geometricky
defekt vétsinou pfipomind nepravidelnou elipsu s riz-
nymi velikostmi priimért a riznou velikosti herniace
mékkych tkani orbity, zasazenou do trojahelnikovité
tvarované spodiny ocnice.

0br. 20.8 (T vy3etteni zZlomené ocnice

Lécba: Terapie zlomenin oc¢nice v zdsadé zahrnuje
konzervativni a chirurgické postupy. Pti rozhodo-
vani o zptsobu lé¢by téchto urazii u détskych pacientt
je nutno vzit v potaz jak riziko poruchy rastu, zpui-
sobené chirurgickym vykonem, tak hledisko prevence
malpozice o¢niho bulbu a problémi s jeho motilitou.
Pristup k oSetfeni pediatrickych orbitdlnich fraktur je
odli$ny od pacientt dospélych; neni-li pfitomna inkar-
cerace, akutni enoftalmus ¢i pokles bulbu, volime kon-
zervativnéjsi postup.

Konzervativni lécba

Détské fraktury orbitdlnich stén s propagaci fragmentu
do okolnich sint byvaji povahy vrbového proutku. Vét-
$inou dojde v pritbéhu nékolika dnti observace ke spon-
tanni upravé a ndvratu ulomku do ptvodni polohy;
vhodnad je aplikace antiedematdzni 1é¢by, celkova an-
tibiotickd terapie v rdmci prevence sekundarni infekce
a rezimova opatfeni (nesmrkat) zabranujici praniku
vzduchu a infekce z paranazalnich dutin do mékkych
tkani o¢nice. Nutna je ovéem pecliva observace, nejlépe
v ramci mezioborové spoluprace maxilofacialniho chi-
rurga, ORL lékate a oftalmologa se zkuenostmi s dia-
gnostikou a 1é¢bou okohybnych poruch.

Chirurgicka 1écba
Vyhodou chirurgické terapie je prevence vzniku oko-
hybné poruchy (neni-li jiz pfitomna) s diplopii, nevy-
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hodou pak samotny chirurgicky vykon se vSemi po-
tencialnimi konsekvencemi vcetné rizika traumatizace
infraorbitalniho nervu.

Indikaéni kritéria chirurgické intervence nejsou jed-
nozna¢né dana a obvykle se odvijeji od zkusenosti zu-
¢astnénych specialistd. Uvadi se diplopie v dusledku
uskfinuti okohybného svalu, enoftalmus vétsi nez
2 mm po vymizeni otoku mékkych tkdni a defekt spo-
diny o¢nice vétsi nez 1 cm?.

0br. 20.10 Okohybnd porucha po obli¢ejovém poranéni s frakturou
spodiny ocnice
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Hlavnim indika¢nim kritériem pro chirurgickou
intervenci by vSak méla byt okohybna porucha re-
striktivniho charakteru, kterou je nutno odlisit od
omezeni motility bulbu zptisobené otokem mékkych
tkan{ o¢nice. Indikace k chirurgické intervenci by méla
byt navic piisné individudlni, zohlednujici lokalizaci
a velikost defektu. I malé defekty lokalizované axidlné
mohu snadnéji vést k restrikci okohybného svalu nez
Castokrat i vétsi 1éze lokalizované excentricky na okra-
jich spodiny o¢nice.

Podstatou oSetfeni je revize zlomeniny, uvolnéni in-
karcerovanych tkani a pfipadné rekonstrukce kostniho
defektu. Chirurgickou intervenci provadime u pediat-
rického pacienta obvykle v prabéhu 7-10 dni, k rekon-
strukci u déti pouzivame resorbovatelny materidl nebo
autologni $tép (obr. 20.9).

Neni-li indikace k chirurgickému o$etfeni jedno-
znaéna, je nutné peclivé sledovdni, protoze hojeni dét-
ského pacienta je velmi rychlé a hrozi trvald cikatrizace.

Prognéza: U retromarginalnich zlomenin o¢nice
u déti je variabilni v zdvislosti na rozsahu pridruzeného
obli¢ejového ¢i multiorganového postizeni. Plné zho-
jeni u chirurgicky fe$enych nekomplikovanych izolo-
vanych jednostrannych retromargindlnich zlomenin
o¢nice lze o¢ekdvat v horizontu osmi az dvanacti tydnt
od provedené intervence.

Rehabilitace hybnosti oéniho bulbu ¢i ptipadna ko-
rekce okohybné poruchy jsou provadény pod vedenim
o¢niho lékare se zkusenostmi v oblasti diagnostiky a lécby
okohybnych poruch. Zahrnuji jak postupy konzervativni
(pfedpis optimélni prismatické korekce), tak i postupy
chirurgické (operace restriktivniho $ilhani) (obr. 20.10).

U détskych pacienttl je potfebnd pravidelna dispen-
zarizace do dokonceni rtistu pro riziko vyvoje pozd-
nich komplikaci (napf. okohybna porucha s diplopii
na podkladé jizevnatych zmén v oénici) a dale jsou
vhodné kontroly senzitivity v oblasti vystupu druhé
vétve trojklaného nervu pfi jeho traumatizaci.

20.3.2 Uzavrena a oteviena poranéni vicek

Adam Kopecky, Juraj Timkovic, Lukds Kolarcik
Vicka predstavuji pfirozenou a dileZitou ochranu o¢-
niho bulbu pted nasledky poranéni razné etiologie.
Statisticky je prokdzano, ze poranéni vicek spojend
s otevienym poranénim o¢niho bulbu jsou castéjsi
v populaci déti do 10 let neZ v populaci dospélych.
Kazdé dité s poranénim vicek, zvlasté otevienym,
musime disledné vySetfit a jednoznacné u néj vylou-
Cit poranéni o¢niho bulbu!



Predkladand prace sumarizuje vysledky, které byly ziskany jak z bazalniho vyzkumu, tak
z klinické praxe. Vzhledem ke stadle se zdokonalujicim laboratornim metoddam dokazeme
v poslednich desetiletich mnohem lépe pronikat do problematiky fungovani bunék,
regulacnich systéma Ci celych organism(. Ruku v ruce s tim se rozsifuji i moznosti detailnéjsich
diagnostickych metod, které jiz nezahrnuji pouze zobrazovaci nebo histologické metody, ale
do rutinni klinické praxe ¢im dal vice pronikaji i metody na molekularni Grovni, jako je
sekvenace gend, single-cell RNA sequencing (scRNA-seq) nebo microarray. V rdmci moji
specializace tento trend pozoruji zejména v oblasti orofacialni onkologie, kde je soucasny
progres nejpatrné;jsi a i nase pracovisté ma v tymu molekuldrni biology.

Doufam, Ze vysledky nasi prace poskytnou dulezité informace dalSim védeckym
skupinam, které danou problematiku posunou opét dale, a pravé takovymito drobnymi krlcky
a multioborovou spolupraci dokadzeme tyto znalosti prevést do klinické praxe a ke konkrétnim
pacientim.

Z mého pohledu v dnesni dobé nelze pouze shrnovat klinicka data o pacientech, ale je
nutné klinicky tym rozsifit o vyzkumniky z oblasti molekuldrni genetiky nebo bunécéné biologie,
ktefi dokazi na dany problém nahlédnout jinou optikou a prozkoumat jej az na molekularni
arovni.

Nutnd je ovSem i opacna cesta, tzn. interpretace obrovského mnoizstvi zjiSténych dat
védeckymi pracovniky a postupné prevedeni téchto poznatkd do klinické praxe. To vyZaduje
enormni komplexitu, mezioborovou spolupraci, znalosti a praktické poznatky nejen z klinické
mediciny, ale pravé i ze spolupracujicich védnich oborl. Jedinec muze jen tézko obsahnout
celou komplexitu takovéto problematiky, proto pro zodpovézeni otazek, které se neustale
objevuji, je nutny multioborovy ptistup, ktery kombinuje bazalni vyzkum s klinickou praxi.
Tohoto pfistupu je moiné dosdahnout pouze pomoci tvorby Uzce spolupracujicich tym

sdruzujicich védce rliznych obor.
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