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AOMHMENH MEPIAHWH

ZKOIMMOZ: Na ekupnBei n enibpacn tou poppoyeveu-
KoU napdyovta BMP4 otnv ooteoyéveon twv patviwv
ka1 otn Giapoponoinon twv odovuvoBAactwy, pe
npoonukh peAfovukns epappoyns twv anoteNeoud-
twv o€ kiviké eningdo.

IXEAIAZIMOZX MEAETHE: Ztaukns opddos.

XPONOZX KAI TOINOX APAZHZ: H epyacia auth anote-
Aei wunpa s Sidaktopikns diatpiBhs mou eknovei n
npwIn twv ouyypagéwv otov Topéa BioAoyias Kuttd-
pou ka1 Bioguoikns tou Tuhpatos Biodoyias tou
EBvikoU ka1 KanobiotpiakoU Mavemotnpiou ABnvav.
H npoaéyyion atov otdéxo emtuyxdvetal ye éveon avu-
BMP4 oe éykua novtikia kon PEAETN TwV EMMIOOEWV
ota veoyévvnta dropa.

YAIKA KAI MEGOAOQI: Kdbe opdda neipapatozawv
nepiendpBave 20 dtopa. H neipapaukh opdda eykiwy,
Aeukwv novuk®v (Mus musculus) unéotn enidpacn
povokAwvikoU avu-BMP4 avuompatos katd v 9n
nuépa eykupooUvns. Ta anoteféopata ekupcvial, (a)
pakpookomkd, (B) oe otepeookomo, Uotepa and
dinAn 1otoxnpikh xpwon xévdpou/oaotitn 10100, Kol pe
QWTIOVIKA piIkpookonia Uotepa and (y) 1otodoyiknh
xpwon (Domagk) topmv napagivns, kai (&) avoooioto-
xnpeia.

AMOTEAEZMATA: H in vivo xophynon opiopévns

EAAHNIKH OPOOAONTIKH EMIOEQPHIH 2006 « TOMOZ 9 * TEYXOZX 1

STRUCTURED ABSTRACT

AIM: To assess the effect of BMP4 morphogenetic fac-
tor on alveolar osteogenesis and odontoblast differ-
entiation, aiming at future clinical implementation of
results.

STUDY DESIGN: Static Group.

TIME AND PLACE OF STUDY: This study is part of the
doctoral thesis of the first author at the Department
of Cell Biology and Biophysics, Faculty of Biology,
National and Kapodistrian University of Athens,
Athens, Greece. Research involves injection of anti-
BMP4 in pregnant mice and study of effects in new-
born subjects.

MATERIAL AND METHODS: Each experimental group
comprised 20 subjects. The experimental group of
pregnant white mice (Mus musculus), was subjected
to the effect of monoclonal antibody anti-BMP4 dur-
ing the 9th gestational day. Results were evaluated,
(@) macroscopically, (b) stereoscopically, following
double histochemical staining of cartilage/osseous tis-
sue, and with photon microscopy following (c) histo-
logical staining (Domagk) of paraffin sections, and (d)
immunohistochemistry.

RESULTS: In vivo administration of a certain quantity
of monoclonal anti-BMP4 antibody does not seem to
affect the general development of the mature organ-
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noo6tntas povokAwvikou, avu-BMP4 avuompatos
Qaivetan va pnv ennpedzel thv ev yével avantuglakn
nopeia oto €ninedo tou wPIPoU opyaviopou. Qotdaoo,
oo eninedo twv odéviwv Siamotmveran napodiknh
napéuBaon otn Quaolodoyikh nopeia diagoponoinans
v odovuvoBAaotdwv ka1 otnv napaywyn npoodovti-
vns, v n kaBuotépnon tns ooteonoincns GUUMEPT-
AapBave kar ta eatvia.

ZYMITEPAEMATA: H efgyxépevn, neipapatkhn xophyn-
on tou avu-BMP4 @aivetar va sivan acgadns yia tov
opyaviopo, anid ka1 eAmdo@opos Npos okonoupevn,
kateuBuvousvn diagoponoinon twwv odovuvoBAa-
otwV.

Aé€ais kdadid: Adapavtivn, BMP4, obovuvoBdotes,
obovtoyéveon, pawvia
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EIXArQrH

H opyavoyéveon twv yvaBwv Kai twv 086viwv pubpizetal
ano noAdous evboyeveis napdyovies, 16iws tns unepoiko-
véveias TGF-B (transforming growth factor - au§nukos
napdywv petacxnpyaucpou) (Koussoulakou kai ouv.,
2001; ten Berge ka1 ouv., 2001). H noAunfAokétnta twv
pNXaviop@v nou eféyxouv kal pubuizouv thv odovioyé-
VEON OUVENAYETAl OPICHEVES POPES TOV ANOCUVIOVIOHUO
wns avantu€lakns nopeias kai tnv ppdvion yvabikwv kal
obovukav duoniaciwv. O1 duoniaaies autés €xouv ws
ouvnBes anotéfeopa v anouocia opbns cuykiions twv
066viwvy, yeyovos Mou eM@EPEl TETOIES KOOUITIKES Kal
naBonoyikés EMMTWOEIS OTOV PEPOVIA OPYAVIOHO WOTE Va
givar anapaitntn n opBodovukh H/kal n yvabBoxeipoupy-
kh enéuBaon (Georgiakaki ka1 ouv., 2003). Apketés
Qopés, 1o aito s anouacias odovukhs cuykhons gival n
anoucia CUPHETPIas Ka1 CUVEN®S Kal guvappoyns petagu
avw Kkai katw yvabwv (Mossey, 1999).

H unepoikoyéveia TGF-B oupnepinapBavel ninBwpa pop-
Qoyeveukwv/augnukwv napayéviwv nou dpouv katd tnv
euBpuikn avanwén. MéAn tns unepoikoyévelas auths
gival ka1 o1 ooteopopPoyevetkés npwreives (BMPs, bone
morphogenetic proteins). Méxp1 ohpepa gival yvwaotoi 16
106tunol BMPs, o1 onoiol, av kai apxikd avixveudnkav
ané ooteoenaywyikés dpaotnpidtntes, anedeixbn 6u dia-
Spapatizouv npwtelovies poous kab éAn tnv euBpuikn
avanwén twv opyaviopwv Kail v ovioyéveon noAfwv
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ism. However, at the dental level, there is transitory
interference with the normal course of odontoblast
differentiation and the production of pre-dentin,
whereas delay in ossification also includes the alveoli.
CONCLUSIONS: Controlled, experimental anti-BMP4
administration seems to be both safe for the organism
and promising for intended, guided odontoblast dif-
ferentiation

Key words: Enamel, BMP4, odontoblasts, odontogen-
esis, alveoli
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INTRODUCTION

Organogenesis of jaws and teeth is regulated by many
intrinsic factors, especially of the TGF-8 superfamily
(transforming growth factors) (Koussoulakou et al.,
2001; ten Berge et al., 2001). Occasionally, the complex-
ity of mechanisms controlling and regulating odontoge-
nesis entails aberration of the developmental course and
occurrence of gnathic and dental dysplasias. These dys-
plasias usually result in lack of correct dental occlusion,
which has both cosmetic and pathological consequences
for the bearer, so much so that orthodontics or/and
orthognathic surgery become necessary (Georgiakaki et
al, 2003). Often, the cause of the malocclusion is
absence of symmetry and, consequently, absence of
maxillomandibular intercuspation (Mossey, 1999).

The TGF-B superfamily includes many morphoge-
netic/growth factors active during fetal development.
Osteomorphogenetic proteins (BMPs, bone morpho-
genetic proteins) belong to this superfamily. To date, 16
BMP isotypes have become known; these isotypes,
although initially traced from osteoinductive activities,
have been shown to play a major role throughout fetal
development and organogenesis (Tziafas et al., 2001;
Trimmer et al., 2002; Koussoulakos, 2004). BMP activities
during embryogenesis are revealed through gene target-
ing of certain sequences. In most embryonic models,
BMP action is regulated by various factors, as well as by
specific types of BMP antagonists (Grotenwold and
Ruther, 2002; Wang et al., 2004); interactions with BMP4
inhibitors play a decisive role in mandibular formation
(Stottmann et al., 2001; Wang et al., 2004). Furthermore,
BMP4 plays an important role in the differentiation of

HELLENIC ORTHODONTIC REVIEW 2006 * VOLUME 9 * ISSUE 1



EAnHNIKH OpaoAONTIKH EneEQPHEH

Avu-BMP4 povokiwvikd aviiowpia / Anti-BMP4 monoclonal antibody

opydvawv (Tziafas kai ouv., 2001; Trimmer ka1 cuv., 2002;
Koussoulakos, 2004). O1 6pactnpidtntes twv BMPs katd
v euBpuoyéveon avadeikviovial Pe yovidiakn atéxeuon
(knock out n gene targeting) e16ik@v afdndouxicv. Lta
nepiocotepa ePBpuikd poviéda n dpdon twv dapdpwv
BMPs puBpizetan ané noikifous napdyovies kaBws kai
and  OUYKEKPIMEVOUS TUMOUS aVIAYWVIOTWV TOUS
(Grotenwold ka1 Ruther, 2002; Wang ka1 ouv., 2004) eved
o1 adAndemdpdoeis pe avaotoneis tns BMP4 givar kaBo-
PICTKES yIa TOV OXNUATIoHO tns Kdtw yvabou (Stottmann
ka1 ouv., 2001; Wang kar ouv., 2004). Akéun, n BMP4
Sabpapatizer onpavukd poéno otn drapoponoinon t6co
twv odovuvoBiactmv 600 kal twv adbapavuvoBAactmv
katd tv euBpuikn avanweén (Tabata kar ouv., 2002;
Wang ka1 ouv., 2004), evew endyel tn dnpioupyia odovu-
voBAaotwv ané peosyxupatkd kuttapa tou odovukou
nof@ou, yeyovos nou pnopei va tixel kvikhs epapuo-
yns o€ Bepansutikh aywyh tou noAgou (Tucker kol ouv.
1998; Iohara ka1 ouv., 2004; Goldberg ka1 Smith, 2004).
01 wpipor odovuvoBAdotes eupiokovian diatetaypévor oe
pa povokuttdpia ouBdda ota épia tns noAPiKhs Koio-
wntas. O1 Agitoupyikws dpaotnpior odovuvoBidotes ivar
emunkn, kufivopikd, noAwpéva KUTIapa, 1wV onoiwv 1o
éva akpo gival otpappévo npos tnv npo-odovtivn kan dia-
Oéte1 emphkn anopudada nou «eykAgieta» evids tou 0do-
vuvikou owAnviokou ka1 n onoia &1aoxizer tnv npo-obo-
vuvikh zovn kal v epafatwpévn odovtivn (Linde ko
Goldberg, 1993). Kupios pdéios twv odovuvoBlaotmv
givar n olvBeon ka1 €kkpion kofifayovoUxwv Kal un,
npwteivav kar ninpo@opiak®mv popiwv (Cassidy ka1 ouv.,
1997). Metd 1o népas tns ouvBeons tnNs NPWTOYEVOUsS
obovtivns, o1 odovuvoBidotes petanintouv o€ epnouxd-
zouoa katdotaon, Opws e§akodouBouv va ouvBétouv
Seutepoyevin odovtivn, alnd pe noAu Bpadutepo pubuo.
Qotoo0, éxel HramotwOei 6U UNO cUyKeEKPIUEVES GUVONA-
Kes, n.x. t€pndova, Sidtpnon, 1padpa K.AN., 01 EPNOUXA-
zovies obovuvoBndotes au€dvouv ek véou th ouvOsuKN
1Kavotntd tous Kal ekkpivouv tpitoyevh odoviivn npos
npootaacia tou noAgou (Ten Cate, 1994).

To kat e§oxnv NPoCTateUTIKO OTPWHA Tou 066VToS €ival n
eCwtepikn adapavtivn, n onoia Spws POeipetal und tnv
enibpaon noikidwv napayoéviwy, n 6 Bopd ns abapa-
vtivns gival n 6eltepn o€ ouxvétnta naBofoyikn katd-
otacn tou avBpwnou petd 1o koivé kpuoAdynpua. H npo-
obeutikh Kkataotpo®h evos 0ddvios pnopei va diakonei n
va emBpaduvBei onpavukd pe éuepaln, n onoia dpws

EAAHNIKH OPOOAONTIKH EMIOEQPHIH 2006 « TOMOZ 9 ¢ TEYXOZX 1

both odontoblasts and ameloblasts during fetal devel-
opment (Tabata et al., 2002; Wang et al., 2004), while it
induces odontoblast formation from mesenchymal cells
of the dental pulp, a finding that may be clinically useful
in pulpal treatment (Tucker et al.,, 1998; Iohara et al,,
2004; Goldberg and Smith, 2004).

Mature odontoblasts are arranged in a single-cell layer
on the borders of the pulp cavity. Functionally active
odontoblasts are longitudinal, cylindrical, polarized cells
whose one end is turned to the pre-dentin and has a lon-
gitudinal ending “confined” within the dentinal tubule,
which crosses the pre-dentinal zone and mineralized
dentin (Linde and Goldberg, 1993). The major role of
odontoblasts is synthesis and secretion of collagenous
and non-collagenous proteins and signal molecules (Cas-
sidy et al., 1997). Following completion of primary
dentin synthesis, odontoblasts come to a rest state; how-
ever, they continue to synthesize secondary dentin,
although at a much lower rate. Nevertheless, it has been
found that under specific conditions, e.g. caries, perfora-
tion, trauma etc., resting odontoblasts increase once
more their synthesizing activity and secrete tertiary
dentin for pulp protection (Ten Cate, 1994).

The major protective dental layer is the external enamel,
which, however, decays under the influence of various
factors. Enamel decay is the second most frequent
pathological human condition after the common cold.
Gradual dental destruction may be interrupted or signif-
icantly slowed down by dental fillings, which, however,
are often painful, while several of the pharmaceutical,
vaso-constrictive agents (e.g. adrenaline) used are not
always safe. Recent studies further support the impor-
tant observation that odontoblasts are capable of
expressing even amelogenin-producing genes (Papager-
akis et al., 2003; Nagano et al., 2003; Wang et al., 2004).
Since ameloblasts undergo apoptosis before tooth erup-
tion, enamel regeneration is considered impossible.
Today, the evolution of molecular biology offers the pos-
sibility to hope for odontoblast-guided enamel synthesis
in the future (a rather distant goal, for the time being)
and proper enamel deposition over the existing dentin.
The possibilities for clinical applications of a preventive
and therapeutic nature are largely based on fully illumi-
nating all developmental procedures and identifying all
factors involved in jaw morphogenesis and odontogene-
sis (Mao and Nah, 2004). The aim of this study was to
analyze the action of a BMP4 inhibitor on mandibular

37



Avu-BMP4 povokwwik avtiowya / Anti-BMP4 monoclonal antibody

HevLenic ORTHODONTIC ReviEw

ouxva givanl en®duvn, evid opiopéva and ta xpnoilphonol-
oUpEva (QUPUAKEUTIKA, ayyeloouotaukd okeudopata
(n.x. adpevanivn) dev eivan ndvia akivbuva. Mpdopates
penétes evioxUouv tn onpavukh napathpnon éu, o1 0o-
vuvoBAdates sivar og O¢on va ekppdoouv akopn Kai yovi-
610 napaywyns apedoyevivns (Papagerakis ka1 ouv.,
2003; Nagano ka1 ouv., 2003; Wang kai ouv., 2004).
ApouU o1 abapavuvoBAdotes ugpictavial anénwwaon npPv
anod v ékpuon tou ododvios Bewpeital aduvatn n ena-
vadnpioupyia s adapavtivns. LApepa, n npoéodos tns
popiakns Bionoyias pas emrpénel va eAnizoupe o évav
(npos 10 napov apketd pakpivo) otdxo, dnAadn otnv
KateuBuvopevn ouvBeon adapavtivns and tous odovuvo-
BAdotes ka1 otn owoth tonoBétnon auths eni tns undap-
xouaas odovtivns. O1 mBavontes yia KAVIKES EpappoyEs
s npoAnyns ka1 tns Bepaneias Baoizovian ev noAfois
ownv nAnpn Sapmuon wv avantuglakov Sadikaoiwv
Ko otnv Tautonoinon twv Napayoviwy nou spniékovial
otn pop@oyéveon twv yvdbwv ka1 otnv odovioyéveon
(Mao ka1 Nah, 2004). O eyyutepos otdxos tns napouaons
€PEUVNTIKNS €pyacias ntav n avdduon tns 6pdons ava-
otoféws tns BMP4 eni tns ogteoyéveons tns katw yvdbou
Ka1 tns opyavoyéveons twv oddéviwy, o€ zwika poviéla
OnAaotkmv.

YAIKA KAI ME©OAOI

Mpos eniteuén tou otéxou, NPOUUNBNKE N NEIPAPATIKA
oxebiaon otaukhs opddas. XpnoiponoinBnkav téooepis
106upes opddes (i, i, iii ka iv, nepinou iG1a niikia ko
Bapos zawwv) Asukav, OnAukwv novukwv (gibos Mus
musculus, oténexos Balb/c, npopnBsia andé 1o EAAnvikd
Ivoutouto Mactép) o1 onoiol eupiokovto nepinou otnv 9n
nuépa eykupooUvns [avanwéiakéd otddio TS13, (Theiler,
1989)]. Ma Adyous afiomotias, pedethBnkav 20 dtopa
and kabe opdda. Ze kGO zwo twv opddwv (i), (ii) kan (iii)
evébnke evbokoitiakd 61dAupa 50 pg povokAwvikoU
avuompatos avu-BMP4 (mouse monoclonal antibody,
knwvos 3H2, Novocastra), otn 6¢ opdda (iv) eviovtar 100
ul tou &rafutou (Quatonoyikds opds). Ones o1 eneuBdoels
npaypatonoindnkav cUpPwva pe us odnyies twv Federal
Animal Welfare Regulations. Apéows petd tn yévvnon
T0Us ta veoyvd tns opddas (i) napapévouv pe tn pntépa
ToUs péxp1 va nepatwBei n ékpuon 6Awv twv 0déviwy. Ta
veoyvd twv opddwv (i) kar (iii) vapkwvovial apéows Kkai
poviponolouvtal, ta pev (i) evios adkodnns 95%, ta &
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osteogenesis and tooth organogenesis in mammal ani-
mal models.

MATERIALS AND METHODS

A static group experimental design was preferred. Four
equal groups (i, ii, iii and iv, of approximately similar ani-
mal age and weight) of white, female mice were used
(species Mus musculus, strain Balb/c, provided by the
Greek Pasteur Institute), all of them being at the 9th ges-
tational day [developmental stage TS13, (Theiler, 1989)].
For validity purposes, 20 subjects of each group were stud-
ied. Every animal in groups (i), (i) and (iii) was given an
intra-ventral injection of a 50 pg anti-BMP4 monoclonal
antibody solution (mouse monoclonal antibody, clone
3H2, Novocastra); group (iv) was injected with 100 pl of
solvent (normal saline). All procedures were performed
according to the guidelines of Federal Animal Welfare
Regulations. Immediately after birth, group (i) newborns
remained with their mother until all their teeth had erupt-
ed. Group (i) and (iii) newborns were anesthetized imme-
diately and specimens were fixed: group (ii) in 95% alco-
hol and group (jii) in 5% aqueous formaldehyde solution.
Similar procedures were also followed for group (iv) new-
borns. Results were analyzed with, (a) macroscopic exam-
ination, in order to investigate external, morphogenetic
anomalies (group i, ii and iii off-spring), (b) double, histo-
chemical staining (Alcian blue for cartilage, Alizarin red S
for osseous tissue, Gavaia et al., 2000) of intact embryos
and clearing (in glycerine) in order to reveal craniofacial
skeletal elements (group ii off-spring), () Domagk histo-
logical staining (Romeis, 1948) of paraffin sections (group
iii off-spring) and (d) immunohistochemical DAB staining
(group iii off-spring).

RESULTS
Dental development

Murine teeth are symmetrically positioned in both jaws,
following the same pattern per quadrant, that is, one
central, anterior incisor and three molars (1I-diastema-
3M). Incisors (I) always have open roots (hypsodonts,
they grow throughout life) and enamel is found on their
anterior surface only. Molars (M) do not keep developing
(brachydonts). Mice do not possess lateral incisors,
canines and premolars. Thus, an edentulous area called
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(iii) evtos ubaukou Sranupatos Popuandelions 5%. Ixeu-
kés Grabikaaies akodouBnBnkav kail yia veoyvd tns opa-
6as (iv). Ta anoteféopata avanubnkav e, (a) pakpooko-
mkh e€étaon, npos d1akpiBwon e§wiepikwy, popPoyeve-
Koov avwpafov (anéyovor opddwv i, ii kan iii), (B) 61nAn,
1otoxnpikn xpwon (Alcian blue yia tov x6vdpo, Alizarin
red S, yia tov oatitn 1016, Gavaia ka1 ouv., 2000) oflokAh-
pwv euBplwv ka1 Sapavonoinon (os yAukepivn) npos
anokdafuyn twv KPAVIONPOOWMKWY OKEAEUKWY OTOIXE -
wv (andyovor opados ii), (y) 1otofoyikn xpwon Domagk
(Romeis, 1948) topwv napagivns (anéyovor opados iii) kai
(6) avoooiotoxnpikh xpwon DAB (andyovor opados iii).

AMNMOTEAEZIMATA
Avanwén o66vimv

01 066v1es 1wv novukwy edpdzovial CUMPETPIKA atny dvw
Kan otnv kdww yvabo, e i61o npdétuno tetaptnpopiou, évav
KEVTIPIKO, NPOabio topéa Kan tpels yougious (1I-6idotnpa-
3M). O1 topeis (I) eivar ndvta avoiktoi own piza (upddovtes,
au&avouv ouvexws kab 6An tn &idpkeia s zwhs), Exouv
6¢ abapavtvn pévo otnv npéobia emedaveia. O1 yougiol
(M) 6ev avantooovtal ouvexws (Bpaxudovtes). Eneidn ata
novtikia 6ev undpxouv NAEUPIKOi TopEls, Kuvodovies Kai
nPoyouPIol, petafl topéwv Kal yop@inv undpxel vados
XWpos o onoios kafsitan Sidotnpa.

01 yvdBor npoépxovtal and to npwto Bpayxiakéd 16€o, 10
onoio, oto novtiki dnpioupyei katd v 8n npépa KUnons
(TS 12) 10 npoownopiviké énappa, Us ouzuysis dvw yva-
Bikés npoeoxés ka1 us ouzuyeis Kdtw yvabikés npoego-
xés. O1 NPoeCoxés aUTés oUVINKOVTAL, HE NPTES TS KATW
yvaBikés, ka1 €101 oxnpatizetan n Kdww yvabos. H kdww
yvdBos avnkel oto onfaxvokpavio I ka1 dSnpioupyeitanl pe
xovbpoyevh ooteoyéveon and KUTAPA NS VEUPIKNS
akpono@ias. Ztnv avdnwén tns kdtw yvdbou diadpapa-
tlizel onpavukd pono o xovépos Meckel ko upevoyevhn
0atd nou dnpioupyouvial yUpw tou (Lee kai ouv., 2001)
(Eik. 1).

Makpookomka guphpata
E€wtepikn €€étaon twv avatopikv OTOIXEIWV Kal s
OUMNEPIPOPAS TwV anoydvwv s opddas (i) (éveon avu-

BMP4, extpépovial péxpis nanpous ékpuons twv 066-
viwv) dev anokdiuye diagopés oe ouykpion pe pdptu-
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diastema exists between incisors and molars.

In mice, jaws derive from the first brachial arch which,
during the 8th gestational day (TS 12), forms the nasofa-
cial eminence and the bilateral maxillary and mandibular
gnathic processes. These processes are fused, beginning
with the mandibular ones, thus forming the mandible.
The mandible belongs to viscerocranium I and is formed
through cartilagenous osteogenesis from neural crest
cells. Meckel’s cartilage and membranous bones formed
around it, also play an important role in mandibular
development (Lee et al., 2001) (Fig. 1).

Macroscopic findings

External examination of the anatomical elements and
behavior of group (i) off-spring (anti-BMP4 injection,
bred until full tooth eruption) did not show any differ-
ences compared to controls. Form and distribution of the
dental cusps of mandibular molars were studied more
extensively and no deviation from the normal pattern
was noticed (Lyngstadaas et al., 1998).

Clearing of embryos

Certain members of group (ii) [fixed in 95% alcohol]
undergo detailed stereoscopic study of their external
features, as well as inspection of the internal anatomy of
the most apparent organic systems. Double staining of
osseous tissue and cartilage reveals that the blue color
prevails in more anatomical sites as compared to the con-
trol group (group iv), a fact, which suggests ossification
delay. Chondrogenesis of the alveoli is prolonged, espe-
cially in the mandible (Fig. 2).

Histological staining

Paraffin section staining using the Domagk method shows
that anti-BMP4 antibody injection in a female mouse dur-
ing the 9th gestational day delays (at least until labor day)
the differentiation and stratification of pre-odontoblasts
and the secretion of pre-dentin (Fig. 3B); pre-dentin, on
the other hand, is well formed by the already differentiat-
ed odontoblasts in normal subjects (Fig. 3A).

Immunohistochemistry

Expression and distribution of BMP4 protein to anatomi-
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pes. H popn ka1 n katavopn twv 08oVUK®OY PUUAT®Y
TV YOUPiwv tns KAww yvdBou pedetnBnke ektevéotepa
xwpis va onueiwBolv anokniogls and 1o @uaoionoyikd
npoéwno (Lyngstadaas ka1 ouv., 1998).

Aagavonoinon euBpUwv

Opiopéva veoyvd tns opdadas (i) [poviponoinon evids
95% ankoo6nns] ugictavial Aentopephn OTEPEOTKOMIKN
peN€Tn TV EEWTEPIKMV XAPAKTINPITUKWY TOUS, KaBws Ka
emOepnNoN s E0WTEPIKNS avatopias twv nAéov epQa-
VOV opyavikwv cuotnpdwwy. H 61nAn xpdaon ootitn 10toU
kan x6vépou anokaduntel emkpdinon tns yandzias ano-
XPWONSs O€ NePICOOTEPES AVOTOMIKES Baels o oxéon e
tov pdptupa (opdda iv), katdotacn nou unodniwvel
kaBuatépnon otnv ooteonoinon. [6iws otnv kdtww yvabo,
ekbnAdvetan napdraon s xovdpoyéveons npos ta at-
via (Eik. 2).

Iotofloyikh xpan

Xpwon 1otofoyikwv Topwv napagivns pe th péBodo
Domagk o&¢ixver 6u, éveon avu-BMP4 avuompatos o€
OnAukd novtiki katd tnv 9n npépa eykupooUlvns kabu-
otepei ota €uBpua (toundxiotov péxpl TNV NUEPA TOKETOU)
in Sagoponoinon kai otpwpdiwon twv npo-odovuvo-
BAaotwv kan tnv ékkpion npo-odovtivns (Eik. 3B), v 010
i61o xpoviké &idotnpa oto @uaoiofoyikd Gtopo n npo-
obovtivn éxel kanws oxnpaucBei and tous dn drapopo-
noinuévous odovuvoBadotes (Eik. 3A).

Avoooiotoxnpeia

H ékppaon kai n katavoph s npwteivns BMP4 oe avato-
pkd otoixeia tns emioyhs pas (odovukd nétado, yvador,
obovukd BAaothpata) Ogixvel oUYKEKPIPEVO NPOTUMO OTO
op1o petafu emOniiou ka1 pPecodEppATOS/PETEYXULATOS
(Ek. 4). H paivopévn anoucia avoooiotoxnpikns xpwons
ns BMP4 ané us eikdves 4B ka1 4A iows opeifetan og nepio-
pIopo tns euaiadbnaias tns peBddou, apou n puaciofoyiknh
pop@oyévean npolnobétel kan tnv napouaia BMP4.

LYZHTHIH

Avantgn odoéviwv
H opyavoyéveon twv 06éviwv Eekivd pe pa oeipd dado-
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cal elements of our choice (dental arch, jaws, dental
buds) follows a specific pattern at the border between
epithelium and mesoderm/mesenchyme (Fig. 4). The
apparent absence of BMP4 immunohistochemical stain-
ing in figures 4B and 4A may be due to limitations of
method sensitivity, since normal morphogenesis requires
the presence of BMP4.

DISCUSSION
Dental development

Dental organogenesis begins with a series of successive,
alternate interactions between oral epithelium and
ectomesenchymal cells that have migrated from the
neural crest and are located “under” the oral epithelium
(Koussoulakou et al., 2001). The primary information for
tooth formation is most probably transmitted through
signals (e.g. FGF8) sent by the epithelium to the underly-
ing ectomesenchyme (Grigoriou et al., 1998). Moreover,
proteins BMP4 and SHH (sonic hedgehog) are also
expressed at the epithelium. It seems that Fgf8 gene
expression at the epithelium induces the expression of
Pax9 at the ectomesenchyme. Consequently, simultane-
ous action of proteins FGF8 and BMP4 limits the expres-
sion of Pax9 only to mesenchymal areas where teeth will
be formed (Peters and Balling, 1999). In more advanced
developmental odontogenesis stages, ectomesenchymal
cells become differentiated as pre-odontoblasts. The lat-
ter, after several mitoses, undergo final differentiation
and are transformed into cylindrical, post-mitotic odon-
toblasts that synthesize pre-dentin; at the same time,
epithelial cells are differentiated to ameloblasts that are
responsible for enamel formation. These epithelial-mes-
enchymal interactions have been well investigated in
combination with regulatory mechanisms, growth fac-
tors, molecules of the extra-cellular matrix and cell adhe-
sion molecules (Thesleff and Sharpe, 1997; Colbourne,
1999) (Fig. 3).

Macroscopic findings

The presence of appropriate BMP4 quantities in specific
fetal sites at the right time is considered absolutely nec-
essary for the normal course of development (Ohazama
et al., 2005). However, BMP4 action is also regulated by
numerous intrinsic antagonists (Stottmann et al., 2001).
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Eikova 1. Mapa-oBeaia topn otnv NEPIOXA TV «XEINEWY» VEOYEV-
vntou novukoU [X40]. Exel emieyei O¢on nou oupnepiapBave (yia
AGyous avatopikns avayvmpions) THApA twv topéwv (I) s dvw
(a.y.) ka1 tns kaww (k.y.) yvdBou. yA = yAdaooa. Ltous topeis tou
novukoU undpxe adapavtivn pévo oto npdéabio tphpa tns puans,
€€ ou ka1 n napouaia (a) otpwuatos adapavuvoBiaotwy. o = 0do-
vuvoBAdaotes. Mpo tns ékpuons twv 066viwv o1 adapavuvoBidotes
anonintouv. H @Bopd tns adapavtivns ivar puotofoyikd avena-
vopBwn ka1 ekbétel 1o évu o HiaBpwukoUs napdyovies. H odo-
vuvoBAaoukn anogudda kdBe odovuvoBAdotns @Bdvel péxpr to
opio odovtivns/adapavtivns (undieukn otpwon petal odovuvo-
BAaotwv ka1 adapavtivns). H abyxpovn popiakn BioAoyia anoBé-
nel otn dpactnpionoinon tou OTtP@HATOS twv odovuvoBiaotdv
npos ouvBeon, owoth ékkpion ka1 evanoBeon adapavtivns eni tns
undpxouaas odovtivns.

Figure 1. Para-sagittal section at the “lip” area of newborn mouse
[X40]. The selected site includes (for purposes of anatomical
identification) part of the incisors (I) of the maxilla (a.y.) and
mandible (k.y.). yA = tongue. In murine incisors, enamel is found
only at the anterior part of the crown, which explains the presence
of an ameloblast layer (a). o = odontoblasts. Before tooth eruption
ameloblasts undergo apoptosis. Enamel wear is irreversible
physiologically and subjects the tooth to corrosive factors. The
ending of each odontoblast reaches the dentin/enamel border
(whitish layer between odontoblasts and enamel). Modern
molecular biology aims at activating the odontoblast layer toward
synthesis, proper secretion and enamel deposition over the
existing dentin.

xikav, evaffaccopévwv afindembpdoswy petafl tou
otopaukoU emBnAiou Kal WV EKTOUECEYXUUATIKMV KUT-
pwv, ta onoia €xouv petavacteloel and tn VEUPIKN
akpofo@ia kar eykataotabei «kdww» and 10 otopatko
emBnmo (Koussoulakou ka1 ouv., 2001). H npwtapxikn
nAnpo@opia yia th dnpioupyia evos ododvios Sidbetan
mOavétata pe onpata (n.x., FGF8) ta onoia anoaténne to
emBnMo NPos 10 UNOKEipEVO eKtopecéyxupa (Grigoriou
Kan ouv., 1998). Akoun, oto emBnfio ekppdzovial Kal o1
npwteives BMP4 kan SHH (sonic hedgehog). ®aivetal éu n
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Eikéva 2. (A) Aagpavonoinpévo kpavio veoyévniou novukoU-pdp-
wpa. Napatnpoupe 6u katd t yévvnan to kpavio (k) kar o1 yvabor
(y) eivon oxeb6v nAnpws oateonoinpéva (KOKKIVN 10TOXNUIKA Xpwon
Alizarin red S). (B) Lto neipapaukéd autd zmo eaivetal n KaBuoté-
pnon oty ooteonoinon (yaddzia xpwon, Alcian blue), v ixvn
evaoBeotiwons epgavizovian ous yvdBous. o = onévdunol, x =
autonobio npooBiou dkpou.

Figure 2. (A) Cleared cranium of newborn control mouse. We
observe that, at birth, the cranium (k) and jaws(y) are almost
totally ossified (red histochemical staining Alizarin red S). (B) Delay
in ossification is observed in this experimental animal (blue
staining, Alcian blue), whereas mineralization traces are found in
the jaws. o = vertebrae, x = forelimb autopodium.

In this study, an extrinsic BMP4 inhibitor/antagonist was
administered but macroscopic findings, at the level of
this study, did not reveal any changes of the normal phe-
notype. This may suggest that the specific quantity and
way of in vivo antibody administration does not entail
any risk for the newborns and may be considered safe.
The most probable explanation for this observation is
that normal phenotype may be due to the relative effi-
ciency of non-bound BMP4 (Liu et al., 2005), to BMP4
replacement (“degeneration”) by other BMP's (e.g.
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Eikéva 3. BAaothpata yop@iwv veoyévvniwv novukdv. (A) And
pdptupa (6nAadn, n pntépa tous evéBnke pe pualofoyikd opd). To
pavpo Bénos Heixvel t povooubn otpion twv odovuvoBAactmy,
€V n npoodovtivn (yandzio otpmua) katadeikvugtar and 1o Aeukod
Bénos. (B) EGv o€ novtikia eveBouv katd v 9n npépa eykupoolvns
(xpovos petavaoteuons KUTtdpwv Veupikns akpoRogias — npéyovol
obovuvoBAaot®v - kal oxnpauouds 1ou papuyyikou t6§ou) noad-
nta avu-BMP4 avuowparos, tte n diagoponoinon twv odovuvo-
BAaotwv ota éuBpua kabuotepei onpavukd kal Gev eppavizetan
npo-odovtivn (touddxiotov péxpr tn yévvnon).

Figure 3. Molar buds in newborn mice. (A) From control mouse
(that is, the mother was injected with normal saline). The black
arrow shows the single-cell layer of odontoblasts and pre-dentin
(blue layer) is shown by the white arrow. (B) If a quantity of anti-
BMP4 antibody is injected in mice during the 9th gestational day
(time of neural crest cell migration - odontoblast predecessors -
formation of 1rst pharyngeal arch), then odontoblast
differentiation in embryos is significantly delayed and no pre-
dentin is observed (at least until birth).

ékppaon tou yowvibiou Fgf8 oto emBnfio endyel tnv
ékppaon tou yovidiou Pax9 010 EKTOPECEYXUHD, EVQ n
ékppacon tou Bmp4 oto emBho kataoténnel tnv ékppa-
On Tou Pax9 o10 EKTOPECEYXUPA. LUVEN®MS, N Tautdxpovn,
6pdon wv npwteiviov FGF8 ka1 BMP4 nepiopizel tnv
€k@paon tou Pax9 Povo OE NEPIOXES TOU HECEYXUUATOS
nou Ba dnpioupynBouv d6vua (Peters kan Balling, 1999).
Ze niéov npoxwpnuéva avanwéakd otadia tns odovio-
yéveons, ektopeoeyxupatkd kuttapa Siagoponoiolvial
npos npo-odovuvoBAdotes. Autoi, Uotepa anod opiIoHEVES
ptwukés Siapéosis, upiotaviar tedikn drapoponoinon
Kol petatpénovial o Kumvopikous, petapitwukoUs 0do-
vuvoBAdaotes o1 onoiol guvBétouv tnv npo-odovtivn, eV
ta emOnAiakd kuttapa Srapoponololvial Npos adapavu-
voBndotes, o1 onoior gival ungUBuvol yia Tov oXNPATIoHO
tns abapavtivns. Autés o1 emBnfiopeosyxupaukés anfn-
Aemdpdoeis éxouv SigpeuvnBei Ikavonointkd og ouvdua-
oo pe pubpioukous pnxaviopous, au§nukoUs napdyo-
vies, popia s ewkuttdpias Bepétas ouaoias kar popia
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BMP2, Dassule and McMahon, 1998), to the complexity
of the regulatory network (Wang et al., 2004), etc. Fur-
thermore, absence of any change in molar anatomy may
suggest that the pattern of proliferation and apoptosis
of enamel knot cells is not significantly affected (Jernvall
et al., 1998).

Clearing of embryos

Delay in osteogenesis observed in this study is in full
agreement with the results of other studies (Bennet et
al., 1995) related to direct involvement of BMP4 and its
antagonists in the developmental processes of neurula-
tion, chondrogenesis and head formation (Meech et al.,
2005). Since a quantity of BMP4 antagonist is intro-
duced in the pregnant animal, limitation of BMP4
allows the expression of growth and survival factors
(e.g. FGF8), thus delaying the death of chondrocytes
and their replacement by osteoblasts (Suzuki et al.,
2005).

Histological staining

It is known that differentiation of pre-odontoblasts is
induced by the ameloblast layer (Thesleff and Vaah-
tokari, 1992), which, as shown in figure 3B, is well
formed. Furthermore, thickening of the basal mem-
brane separating pre-ameloblasts from pre-odonto-
blasts is essential. Consequently, in order to fully
understand the role of BMP4 in odontoblast differenti-
ation and apply this knowledge clinically, further stud-
ies on the temporospatial expression of BMP4 are nec-
essary. In this case too, lack of deviation from the nor-
mal pattern supports indications about the safety of
anti-BMP4 use.

Immunohistochemistry

The apparent absence of colored sediment in the experi-
mental animals (Fig. 4B and 4A) as opposed to its pres-
ence in the controls (Fig. 4A and 4T) could, at first glance,
be interpreted as absence of BMP4 protein. However,
since immunohistochemical staining, in general, is not a
very sensitive method and subjects develop a normal
phenotype, we are led to conclude that the residual
BMP4 quantity suffices for morphogenetic action, but is
inadequate for immunohistochemical tracing.
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Eikova 4. Mapa-oBemaies topés [X400] kdtw yvaBou veoyévvniwv
novuk@v nepifapBdvouaes emBnio kar otpwpa (A kan B) kan tpito
youoio (I ka1 A). (A) Zta puaionoyikd atopa (A, ) avadeikvuetal n
napouacia ka1 n katavopn (paupes anobéocels) ths BMP-4, dnws
anokafuntetal and v 1dikn ouvdeon avu-BMP4 avuiompatos ka
xpwaon DAB, 1600 ato 6p1o peta§u odovukoU emOndiou kol Peoey-
xupatos (A), 600 ka1 ota éow ka €Ew adapavuvikd emOAMa (). Ze
veoyévvnta, twv onoiwv n pntépa €6éxBn katd v 9n npépa
katdAAnAn nooodtnta avu-BMP4 avuowpatos 6ev napatnpouvial
okoupdxpwpes anoBéoels oUte oto odovukd éAacpa (B) oUte atov
M; (A), yeyovds nou iows onyaivel anouaia h/kal un avixveUoipn
noo6wnta BMP4. Qotéoo, 6nws npokuntel and v e&étaon avu-
otoixwv tou (A) novukdv, ta §évua avantuooovial Guaionoyikd.

Figure 4. Para-sagittal mandibular sections [X400] of newborn
mice including epithelium and stroma (A and B) and third molar (T
and A). (A) In normal subjects (A, T), the presence and distribution
(black deposit) of BMP4 are prominent. The latter is revealed by
the special linking between anti-BMP4 antibody and DAB staining,
on the border between dental epithelium and mesenchyme (A), as
well as at the inner and outer enamel epithelia (I). In newborns
whose mother was injected with an appropriate quantity of anti-
BMP4 antibody during the 9th gestational day, no dark deposits
are observed either on the dental lamina (B) or on M; (A), a fact
possibly suggesting absence of or/and non-traceable BMP4
quantity. However, examination of the corresponding to (A) mice
shows that teeth are developing normally.

kuttapikhs npoéoeuons (Thesleff ko Sharpe, 1997;
Colbourne, 1999) (Eik. 3).

Makpookomkd euphpata
H napouoia kataAdhAwv nocothtwv ths BMP4 o cuyke-

Kpipéves Béaels evos euBpuou kar otov katdAinAo xpdvo
Bzwpeitan evieAms anapaitntn yia tn guaiofoyikh nopeia
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CONCLUSIONS

Since the number of subjects in each group was more
than adequate (more than 20 subjects/experiment) and
results were identical, one may conclude rather reliably,
at this level of investigation, that (a) anti-BMP4 antibody
administration in pregnant mice is safe for the fetuses
and, (b) the presence of this antibody during the specific
period of fetal development affects the developmental
course of odontoblasts.
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Aagavonoinon euBpUwv
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Iotofloyikh xpan
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otV ENAyetan and t otpwon twv adapavuvoBiaotwy
(Thesleff kan Vaahtokari, 1992) n onoia, énws gaivetar
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EAnHNIKH OpaoAONTIKH EneEQPHEH

Avu-BMP4 povokiwvikd aviiowpia / Anti-BMP4 monoclonal antibody

OTMV KA1 0TNV EQAPHOYN AUTAS NS yvmaons o€ KMvikS ni-
nebo anatouvial NepaItépw HENETES €M NS XWPO-XPOVI-
Khs ékppaons tou BMP4. Kol og auth tnv nepintwon, n
anoucia anokAioewv €k TouU GuOIoAoyIKoU NPOTUNOU Evi-
oxuel us evoeiels nepi acpanoUs xphaons tou avu-BMP4.

Avoooiotoxnpgia

H gavopévn anouocia tou eyxpwpou 1zApatos ota neipa-
poukd zwa (Eik. 4B ka1 4A) ané us Béogis napouaias tou
otous pdptupes (Eik. 4A kar 4T) Ba pnopolce ot pia
npwn ektipnon va ekAn@BOsi ws anouaia tns npwteivns
BMP4. Qot6oo, eneidh n avoooiotoxnpIKN Xpwon €V YEVEl
Oev eivan e€apeukd euaioBntn pébodos, ta b€ dropa ava-
nwooouv Guaiofoyikd Gaivotuno, opeilouE va GUNE-
pavoupe 6u napapével nogdtnta BMP4 1kavh npos pop-
poyeveukn dpdon, avenapkns &€ Npos avoooictoxnpikn
avixveuon.

LYMMNEPAZMATA

Enaibh o apiBuods twv atdpwv nou xpnoigonoinbnkav
ava opdda ntav Aiav enapkhs (nepiocdiepa and 20
aropa/neipapa), ta de anoteféopata Ntav tautdonpa,
pnopoUpe, o€ autd 1o eninedo Giepelivnons, va cupnepa-
VOUpE pE apketd BaBuoé aGiomotias 6u, (a) n xophynon
avu-BMP4 avuompatos o€ éykua novtikia sival acganns
yia ta éuBpua ka, (B) n napouasia autou 10U AVUOWHATOS
Katd tn ouykekpipévn nepiodo epBpuikns avantu€ns enn-
peaze v avantu€lakn nopeia twv odovuvoBAaotwv.

EYXAPILTIEX

H epyacia auth xpnpatodothBnke anéd tov Eidikd Aoya-
praopo6 Kovouniwv Epeuvas tou EKMA (70/4/5709, £.A.K.)
ka1 ané 1o I6pupa Kpaukwv Ynotpo@iwv (A.L.K.).
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