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ABSTRACT

Relationship between Enamel Knot and Cuspal Fasmati Mouse Molar

Hyun-A Lee

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Han-Sung Jung)

The enamel knot (EK), which is located in the cewtebud and cap stage
tooth germs, is a transitory cluster of non-dividipithelial cells. The EK acts
as a signaling center that provides positional rmgtion for tooth
morphogenesis and regulates the growth of tootpscby inducing secondary
EKs. The morphological, cellular and molecular dgserteading to the
relationship between the primary and secondary Ed{&e not been described
clearly. Therefore, this study investigated thatiehship between the primary
and secondary EKs in the mouse molar. | investibdtee location of the
primary EK and secondary EKs by chasifgf4 expression patterns in tooth
germ. To clarify the relationship between the prm&K and the buccal

secondary EK, the primary EK cells were traced hwy ¢ell labeling method.



The present Dil-labeling experiment demonstrateat torrectly Dil-labeled
primary EK cells would not migrate during the 48ub® of culture, which
correspond to the future paracone and protocorsgestively according to
Osborn's terminology. Semithin and ultrathin sexiof the cap stage enamel
organ of molars demonstrated morphological strestguch as the primary EK,
enamel cord (septum), and enamel navel.

Overall, these results suggest that primary EKscsllictly contribute to
form the paracone or protoconid, which are the ncaisps of tooth in maxilla

or mandible.

Key words:tooth development, enamel knot, Dil-labeling, slice culture,

cuspal patterning
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Hyun-A Lee

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Han-Sung Jung)

|. INTRODUCTION

One of the crucial events for pattern formationimiyiembryonic genesis is
an interaction between epithelium (endoderm) andemehyme (mesoderm).
Tooth bud, kidney, hair follicle and feather budjuigze specific and complex
epithelial-mesenchymal interactions in order toediey completely as an organ.
These all ectodermal organs share similar signalimgplecules and
morphological processes during early developmetit aach organ undergoing
its own specific pattern of formation later in dey@nent” ® The tooth develops
from the epithelium lining the oral region and frdne ectomesenchymal derived
from the caudal mesenphalic and rostral rhomberatiepheural crest.® The

tooth is an excellent model to study reciprocasueés interaction that occur
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between the oral epithelium and its underlying demtesenchyme, which lead
to cuspal pattern, cell differentiation and the thesis of specialized
mineralized matrice¥. During mammalian tooth development, the oral
ectoderm and mesenchyme coordinate their growthd#fetentiation to give
rise to organs with precise shapes, sizes andifmnsct From these reasons,
tooth development would be often used as a modestialying the nature of
epithelial-mesenchymal interactions  controlling  themorphogenesis,
histogenesis, and cytodifferentiation as Well.

At embryonic day 11 (E11), oral epithelium thickemiis the first
indication of tooth morphogenesis in mfteSubsequently, this thickening
proliferates and invaginates into the underlyingpe®senchyme forming an
epithelial tooth bud at E12.5 with the mesenchymadensing around the
dental lamina resulting in dental papffiuring the bell stage (E14.5), the
tooth shape is determined by epithelial foldingd ahe dentin and enamel
forming odontoblasts and ameloblasts, respectivebre differentiated.® A
key event during tooth morphogenesis is the tremmsitrom bud to cap stage
when the epithelial bud is divided into specifiargmartments distinguished by
morphology as well as gene expression patt€riifie enamel knot (EK), a
transient epithelial structure, appears at the toabenammalian tooth shape

development’ EK, located in the center of cap-stage tooth gerimsa
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transitory cluster of non-dividing epithelial celld might act as a signaling
center providing positional information for toothorphogenesi&® The EK is
considered to be the most important structure tedérmine the number of
cusps and regulate the growth of tooth cusps a$ agelthe shape of an
individual tooth through the induction of secondasjgnaling® * A
characteristic feature of tooth development is riieerated appearance of the
enamel knot in the epithelium.

The first EK (primary EK) appears during the budctp stages of tooth
germs and the subsequent EKs (secondary EKs) apptee sites of epithelial
folding that mark the cusp initiation sit€s!’ The primary EK expresses
several signals belonging to different familiessasBmps, Fgfs, Wnts, and
Shh, which is proposed to act as a signaling centat tegulates early tooth

morphogenesi§” ' *°

Secondary EKs share gene expression patternstiveth
primary EK. Among these signalBgf4 and Sitl can be used as EK markers
because they are observed in the primary and sappriKs® **' The
secondary EKs in the bell stage tooth germ have eggested to determine
the cusp sites and promote their grofifherefore, the patterning of secondary
EKs can determine the cuspal patterning. Each tebtws a specific cuspal

pattern, by which the teeth can be classified sdveral categories such as

incisors, canines, premolars, and molars, evergtihdioe number of each varies
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from one species to another and some categoriedbmapsent. Studies on the
signaling molecules have revealed associationfi@fgene expression pattern
with tooth morphogenesis. The signaling pathwaysehbeen analyzed to
determine the relationship between tooth evolutiod the shape of teeth.

Cope and Osborn first developed the theory of maimmanolar evolution
that is generally accepted tod@yOsborn also proposed a nomenclature for the
various tooth cusps. According to Osborn's terntigp) the three major cusps
are referred to as the protocone, paracone, anacoret in the maxilla, and the
protoconid, paraconid, and metaconid in the mard{#lig. 1). Trigon and
trigonid refer to the triangular arrangement ofsthéhree major cusps of the
upper and lower cheek teeth (premolars and molats)e the distal triangular
regions are known as the talon (hypocone) or tdl@mypoconid, hypoconulid,
and entoconid), respectively. This terminology floe various cusps has also
been applied to the naming of the various seconéi#y according to their
locations in the developing tooth germ (Fig:2j> **

The signals of the primary EK have been considéoebe instructive for
the formation of secondary EKs on the future clsg’® It was suggested that
primary EK might have cellular continuity with tisecondary EKs through the
division of the surviving cells in the primary EKic their migration into the

secondary EKs. In this case, some cells of theggirEK would have to escape
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the apoptotic fate. In teeth such as the molarsyhich multiple cusps are
formed, secondary EKs develop at the tips of tharéucusp$.In the other
words, the primary EK could induce the formatiorsetondary EKs located at
the tips of forming cusps and endowed with siméignaling activitie$> 2°
However, a recent study reported that no cellhiefpgrimary enamel knot were
seen to move toward the developing secondary en&nws. Although the
primary and secondary enamel knots have a closeamar and functional
relationship in molar development, they are notaty derived from the same
cells?’ The other paper probed the existence of primary iEkhe gene
expression and cell proliferation methods. Theyficmed on many cases that
primary EK is slanted toward the buccal away fohm mandible in between
the cap stage and the bell stagé®

In this study, in order to elucidate the preciseciamisms in tooth cuspal
formation, | investigated the relationship betwdkea primary and secondary
EKs was investigated from the evolutional and deelental biology points of
view by analyzing the gene expression pattern aacing cell migration in

tooth development.
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Figure 1. The Cope-Osborn theory of molar evolution

The theory of molar evolution on which is based nioenenclature (known
as the Tritubercular theory). (A) In the upperttte mesial of the protocone, the
cusp that appeared is the paracone. Distal tortiteqone is the metacone. The
protocone displaced to the lingual with the bastheftriangle. (B) In the lower
the protoconid remained to the buccal with the bafséhe triangle. A cusp
appeared earlier, which was that the protoconeofoponid being the 'first
cusp'. (B) Note that the theory was essentiallyemiras regards the lower
molars, (A) but not the upper molars. Pa; paracdP&d; paraconid, Pr;

protocone, Prd; protoconid, Me; metacone, Med; ouatal.
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Figure 2. Names of the cusps on tribosphenic molars

(A) upper molar, (B) lower molar. All living mamngl excepts the
monotremes, have been derived from Cretaceous tansesith tribosphenic
molars. A new cusp (protocone) developed from thsabridge (cingulum).
The protocone pounded into the surface of the iglamich had developed as
basin ringed by further cusps: the hypoconid bugctie hypoconulid distally

and the entoconid lingually. Thus the hypoconigdn and the
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protocone/talonid are reciprocal cusp and basifiaserof interaction. The
mesial edge of the trigonid (protoconid-paraconidst) sheared against the
distal edge of the upper molar in front. The distalge of the trigonid
(protoconid-metaconid crest) sheared against theialmedge of the upper
molar. Meanwhile the metaconid sheared against miesial crest of the
protocone. Pa; paracone, Pad; paraconid, Pr; mmoéod°rd; protoconid, Me;
metacone, Med; metaconid, Pcl; paraconule, Mcl;agwtule, Pas; parastyle,

Mts; metastyle, Hyd; hypoconid, End; entoconid, ;Hiigpoconulid.



Il. MATERIALS AND METHODS

1. Animals

Adult ICR mice were housed in a temperature-colg@toroom (22+1°C)
under artificial illumination (lights on from 05:00 to 17:00 h) and at 55%
relative humidity, with free access to food and ewatThe embryos were
obtained from time-mated pregnant mice. Embryonig @ (EO) was designated
as the day a vaginal plug was confirmed. Embryasaah developmental stage

(daily intervals from E13.5-E15.5) were used irs thiudy.

2. Slice culture

The E13.5 embryos were placed in a petri-dishedillwith a sterile
physiological saline containing penicillin-streptgein (100 U/ml; GIBCO).
The embryos were rinsed in the sterile saline aowe extra embryonic
membranes. The embryos were Transferred througle guccessive washes in
sterile saline containing penicillin-streptomycifter the last wash, maxillae
and mandibles were got from dissected E13.5 miiod. they were embedded
in 2% low melting agarose (Invitrogen, UltraPuredarose, Carlsbad, CA,
USA) made up in sterile physiological saline in lasfic boat of the type

commonly used for paraffin or cryo embedding. Thebe/os were placed in
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the boat once the agarose has sufficiently codled.embryos into the desired
slicing orientation by use forceps to move. A blafkagarose containing the
embryo was mounted on the vibratome platform. Spens were cut using a
Vibratome (Vibratome Series 1000, TED PELLA systgt®, TPI Inc., ST.
Louis MO. USA) at a thickness of 250 um. Slices weamsferred to a petri
dish containing culture medium. Slices can be keghese dishes for several
hours at 37°C and 5% Ga@ntil transferred to their final culture dishes.eTh
sliced tooth germ specimens showing a clear prired&ywerein vitro cultured
using the Trowell method. The culture medium cdesi®f 10% fetal bovine
serum with DMEM, which had been supplemented witnigillin and
streptomycin. The slices were cultured in this nearat 37°C and 5% CQor 2

days (Fig. 3).

3. Dil-labeling

Dil (1,1-dioctadecyl-3,3,3',3'-tetramethylindo-cadyanine  perchloride;
Molecular Probes) is a vital dye and a member efddwbocyanine dye family.
Dil is a strongly fluorescent lipophilic dye thatblels the cell membrane and is
widely used for examining cell fate. Dil, non-toxieagent, is passed on to the
progeny of labeled cells but does not leak to rmigiing cells® Dil (3 mg/ml

in dimethylformamide) was administered by a airsgtge injection using a
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rubber bulb (Microcaps, Drummond Scientific Co.,A)Ssia a micropipette
with a tip opening of 1 mm, which was made usinghim walled 10 pm
diameter capillary pipette in a Flaming Brown Migigette puller (Model P-97,
Suter Instrument). This method labels approximad&l§ cells. The sliced tooth
germs were cultured for 48 hours, and the migratifoime Dil-labeled cells was

investigated each day (Fig. 3).

4. Whole mount in situ hybridization

Embryos were fixed in 4% (w/v) paraformaldehyde agmibcessed in
methanol for whole mounin situ hybridization as previously describ&d
Whole tissue was washed in PBST and was treatedGe20 minutes with
proteinase K (10 pg/ml in PBST). It was washed éwit PBST and refixed for
1 hour in 4% PFA. Embryos were then prehybridizedZ hours at 60°C in
hybridization buffer containing 50% deionized farrhamide. Hybridization
was performed overnight at 65°C in hybridizationfféiu containing 0.2-0.5
pg/ml riboprobe. Excess probe was removed by sdiglemashes in 2X
standard saline citrate (SSC; three times at 600@)X SSC (three times at
60°C), 1:1 of 0.2X SSC: 0.1 M phosphate buffer (PBhd PB(twice).
Nonspecific binding in the tissue was blocked fe2 fiours in 15% goat serum.

After this treatment, the specimen was incubatedermght with
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anti-digoxigenin antibody conjugated to alkalinegphatase diluted 1:2,000 in
blocking solution. Excess antibody was removed agives in 0.1M PB, and
the tissue was equilibrated with color buffer camitay 100 mM Tris, pH 9.5;
50 mM MgCEL 100 mM NaCl; and 0.1% Tween 20. Afiersitu hybridization,

specimens were cryosectioned at a thickness ofrii5

5. Electron microscopy

The dissected tooth germs were fixed in 4% (w/Mafeamaldehyde plus
2.5% glutaraldehyde in 0.05 M phosphate buffer3dao 4 hours at €. They
were then post-fixed in 1% osmium tetroxide forduh dehydrated through a
graded series of ethanol, and embedded in LX-11#% ffontal semi-thin
sections of tooth germs (@m in thickness) were counter-stained with 0.03%
methylene blue. Ultra-thin sections (70 nm in thieks) were double-stained
with uranyl acetate and lead citrate, and examingidg a Hitachi H-7100

transmission electron microscope.

6. Histological analysis
Cell count correction factors for the guantitathistological analysis of the
tooth development. The number of nuclei visibleaimicrotome section can

easily be counted. But not all of the objects tbosnted are whole nuclei.
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Some must be fragments of nuclei, because someiriglpartly within the
section examined, partly within an adjacent sectidannuclear-point cannot
overlap two adjacent sections, and the number deau-points in a section can
therefore be extrapolated to the number in anymelwf tissue without error,
and can serve for exact comparison of nuclear @adipul in different tissues.
Although all cell counts are presented as relatiakies rather than absolute
values, Abercrombie's correction factor was usedhe purpose of calculating
enamel organ cell densitP=A[M/(L+M)], whereP is estimated cell number,
Ais nuclear countyl is section thickness in micrometers (1um for thighgsis)

andL is average nuclear diameter.
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Figure 3. Schematic diagram of cutting and culgiembryo slice.

(A) At E13.5, mice tooth germs are dissected froandible. And obtained
tooth germs are embedded in 2% low melting agaroade up in sterile
physiological saline in a plastic boat of the tyymenmonly used for paraffin or
cryo embedding. The embedded embryos are placetheinboat once the
agarose has sufficiently cooled. (B) A block of mg& containing the embryo
are mounted on the vibratome platform. These afyaokb are sectioned with

250 um thickness. (C) The sliced tooth germ spetérere showed a clear
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primary EK, therefore theses sliced tooth germeasy to be micro-injected.
(D) After Dil micro-injection, slices are transfed to a petri-dish containing
culture medium. The culture medium consisted of T8¢l bovine serum with
DMEM, which had been supplemented with penicillindastreptomycin.

Specimens are cultured specimen by modified Trésvelliture method at 37°C

and 5% CQfor 2 days.
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I1l. RESULTS

1. Sequential appearance of the EK in the developing molar of maxilla

and mandible

The dynamic transformation of the EK during toogvelopment in maxilla
and mandible was investigated by determining theatlon of the
Fgf4-expressing spots in developing tooth germs at BtMEAL7, as well as in
the E14 tooth germs in culture for 8, 16, and 24irso(Fig. 4). At E14
maxillary molars, the primary EK expressifkgf4 showed a spindle shape in
the center of the tooth germs (Fig. 4A). After &itgdn vitro culture, the~gf4
expression domain was smaller than that at E14 @Bg. After 16 hours, in
two restricted domains d¢fgf4 expression were found detected. They would be
considered as the secondary EKs. The secondarynEiiecal side was located
in the center of the tooth germs, whereas the atbeondary EK appeared on
the lingual side from the center of the tooth ge(fig. 4C). After 24 hours in
culture, Fgf4 was expressed in two clear domains. Interestintig, buccal
secondary EK, which was smaller than the linguatosdary EK, might
correspond to the prospective paracone (Fig. 4D).

At E14 mandibular molars, the primary EK expresdugyi} appeared as an
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oval shape in the center of the tooth germs (F@g). After 8 hoursin vitro
culture, the size of the primary EK was similathat in the previous stage (Fig.
4H). After 16 hours, the tooth germs showed twgid-expressing EKs which
connected to each other. The size of the buccahsiecy EK was smaller than
that of the lingual secondary EK. The buccal seaon&K located in the center
of the tooth germs might correspond to the prospegirotoconid (Fig. 4l).
After 24 hours, the two secondary EKs, thgf4 expressions were clearly
distinguished. The buccal secondary EK was maiethiits position in the
center of the tooth germs. The lingual-positionedosidary EK separated from
the center of the tooth germs could be regardetieasnetaconid (Fig. 4J). At
E17, eightFgf4-expressing spots were observed in the upper moldigh
corresponded to a pair of putative anterocones,r@oqone, paracone,
metacone, hypocone, anterostyle, and enterostyte @E). Six spots were
observed in the lower molars, which correspondedatgair of putative
anteroconids (some would consider them as paragorad protoconid,
metaconid, entoconid, and hypoconid (Fig. 4K).

On the day of postnatal 6 weeks, eight upper malaps (Fig. 4Fand six

lower molar cusps (Fig. 4L) were recognizable iohearupted tooth.
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Figure 4.Fgf4 gene expression patterns in tooth germ.

(A and G) At E14, the primary EK showirfggf4 expressions are clearly
identified along the dental lamina (surrounded biteadl lines) in the center of
the tooth germs in both the maxilla and mandiBagd H) After 8 hours of
culture, the size dfgf4-expressing domain is slightly smaller or equahtat at
E14. (C and |) After 16 hours, anothiegf4-expression domain appears, (C)
resulting in two smalFgf4-expression domains (secondary EKs) corresponding
to the future paracone and protocone forming reginrthe maxilla, (I) and the
protoconid and metaconid in the mandible. (D an&f@®r 24 hours, thé-gf4
domain on the buccal side is smaller than on thgull side, and the two spots
separate from each other in both maxilla and maad{g and K) At E17, eight
Fgf4-expressing domains are recognizable in the uppaarmand (K) six
domains appear in the lower molar. (F and L) Eagp@osition of the erupted
teeth on postnatal day 6 weeks is identical to eadondary EK position with
an Fgf4-expression domain in the prenatal tooth germs. amerocone, Anid;
anteroconid, Ans; anterostyle, End; entoconid, Enterostyle, Hy; hypocone, Hyd;
hypoconid, Me; metacone, Med; metaconid, Mn; mdediMx; maxilla, Pa;
paracone, Pad; paraconid, Pr; protocone, Prd;qmaith White dotted lines indicate

the dental lamina, white dash lines indicate tlo#htboundary (scale bar; 100 um).
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2. Cell lineage of the primary EK from the bud to bell stages

The primary EK cells were labeled with Dil on edaohth germ in the maxilla
and mandible at E13.5 (Figs. 5A and D). It was dblédentify whether the
primary EK cells contributed to the secondary EKdbyasing the Dil-labeled
primary EK cells for 48 hours witim vitro slice culture.

In the maxilla, after 24 hours @f vitro culture, the shape of the tooth germs
transformed into a cap shape, and the labeled diellaot migrate far from the
center of the tooth germs (Fig. 5B). After 48 hoting shape of the tooth germs
developed into the bell shape, and the labeled @&ke located in the buccal
secondary EK, which corresponded to the paracoige E).

In the mandible, after 24 hours, the shape of dwtht germs transformed
from a bud to a cap shape, and the labeled prifa&rgells did not move far
away from the center, thereby remaining in the primEK (Fig. 5E). After 48
hours, the shape of tooth germs changed into theshape, and the labeled
cells were located just within the buccal secondaty which corresponded to
the protoconid (Fig. 5F). Even when the above tagghms of maxilla and
mandible were cultured for 60 hours vitro, Dil-labeled cells kept their
position within the buccal secondary EKs, whichresponded to the paracone

in the maxilla and the protoconid in the mandildata not shown).
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On the other hand, Dil tracking of the EK aroundifion area demonstrates
different cell migration pattern (Figs. 5G-L). Ddbeled cells in a slightly away
from the primary EK (Fig. 5G) moved to the lingsade and dispersed after 24
hours, when the tooth germs transformed into tipesbape (Fig. 5H). After 48
hours, the tooth germs transformed into the belpshand the Dil-labeled cells
moved around the lingual secondary EK corresponttnthe protocone, and
scattered to a greater extent than those in thetegge (Fig. 5I).

The Dil-labeled cells located above the primary &KeE14.5 also showed the
different cell migration pattern from Dil-labeleélts on primary EK. (Fig. 5J).
After 24 hours, the tooth germs developed intota ¢ap stage and Dil-labeled
cells were observed in slightly above primary EKotxlusal direction. (Fig.
5K). After 48 hours, the tooth germs transformedhte bell shape, and the
Dil-labeled cells were located on the occlusal sifithe buccal secondary EK,

which corresponded to the protoconid (Fig. 5L).
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Figure 5. Spatial relationship between the primaargt secondary EK.

(A and D) Dil is injected into the primary EK at Eb (late bud stage) of
upper and lower molars. (B and E) After 24 hourscaofture (cap stage),
Dil-labeled cells are located in the center oftthmth germs. (C and F) After 48
hours (bell stage), Dil-labeled cells are obserirethe buccal secondary EK
corresponding to the paracone in the maxilla ang pinotoconid in the
mandible. (G) Dil is injected around the primary BKE13.5 (late bud stage).
(H) After 24 hours of culture, Dil-labeled cellseadispersed throughout in the
secondary EK on the lingual cusp. (I) After 48 te(lvell stage), Dil-labelled
cells are observed around the secondary EK witlad®o localization pattern
than those cultured after 24 hours. Most the ledetells migrate to the lingual
cusp forming region. (J) Dil is injected into thenpary EK at the cap stage
(E14.5). (K) After 24 hours of culture, Dil-labelezklls are monitored in
slightly above from primary EK to occlusal directio(L) After 48 hours,
Dil-labeled cells are located on the occlusal sifléhe buccal secondary EK.
EK; enamel knot, Mn; mandible, Mx; maxilla, Pa; @eone, Pr; protocone, Prd;

protoconid. White dotted lines indicate the baagét (scale bar; 100 um).
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3. Cell lineage of enamel organ in the buccal and lingual region from the

bud to bell stages

Enamel organ cells were Dil-labeled on buccal amgll region from EK axis
at bud stage tooth germ (E13.5) (Figs. 6A and BerA4 hoursn vitro culture,
the Dil-labeled cells on the lingual region migdate the center area and the area
of labelled cells widened about 3 times than thahe moment of injection (Fig.
6B). After 48 hoursn vitro culture, the Dil-labeled cells distributed hdifingual
area at tooth germ (Fig. 6C). The buccal Dil-latbelells on tooth germ, migrated
to the buccal area lengthwise included inner dexgahelium after 24 hours (Fig.
6E). Dil-labeled cells were detected in the alldalcegion of tooth germ after 48
hours (Fig. 6F). In order to define the precise &dtcell on both buccal and lingual
regions of tooth germ, cells on both lingual anddalisides near EK region in each
specimens were labelled by Dil at E13.5 (Figs. §GAfter 24 hours culture, few
Dil- labeled cells in the buccal region were aweynf the initial injection point
(Fig. 6H). Whereas the Dil-labeled cells on theglial region migrated and
diffused to distribute of tooth germ widely (Figk)6 After 48 hours culture, the
Dil-labeled cells in the buccal region showed samipattern to culture for 24
hours, however the Dil-labeled cells on the lingegion were observed with weak

color of Dil on lingual region (Figs. 61 and L).
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Figure 6. The lineage of enamel organ cells from ud to bell stages on

mandible.

The enamel organ cells are labeled with Dil (Alhe buccal region, (D) the
lingual region tooth germ at E13.5 base on EK g83.After 24 hoursn vitro
culture, the labelled cells are observed in theezesf tooth germ. (C) After 48
hoursin vitro culture, the Dil-labeled cells extend to the liagpart. (E) After
24 hours culture, the Dil-labeled cells in the kalceegion of tooth germ
migrate to the buccal area lengthwise include imteetal epithelium. (F) After
48 hoursn vitro culture, the Dil-labeled cells in the buccal regiigrate all of
buccal tooth germ. (G and J) The two region (buecal lingual) are labeled
Dil at early cap stage (E14). (H and K) After 24utsoculture, Dil-labelled cells
in buccal region are observed away from the initigction point. While the
Dil-labeled cells on the lingual part migrated atiffused to distribute of tooth
germ widely. (I and L) After 48 hours culture, siani pattern of Dil-labeled
cells is formed as that after 24 hour culture. &eldotted lines demarcate the
basal layer. White lines indicate EK axis, whickides the tooth germ into

lingual and buccal parts (scale bar; 100 pm).
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4. Expression patterns of signals related with the EK

The strongest expression fegf4 domain was observed in the tooth germs at
the late bud stage or early cap stage (Figs. 7AJandfter the cap stage, the
range and intensity of tHeégf4 expression domain were reduced and weakened
than those in the previous stage (Figs.af8lK), and intense expression was
detected in the secondary EKs at the bell staggs(FiCandL).

At the bud stageBmp4 expression, was detected at the primary EK and was
detected condensed dental mesenchyme around theeligghi bud with a
somewhat stronger expression at the buccal sideedbud in both maxilla and
mandible (Figs. 7andM). Msx2 was intensely expressed on the buccal side of
the dental epithelium, which did not reach the amyEK area at the bud stage
(Figs. 7G and P). At the cap stage, intend&mp4 expression was found
continuously in the dental papilla mesenchyme, digtht Bmp4 expression was
observed throughout the dental epithelium includimg EK (Figs. 7E anil).
Msx2 expression was observed in the primary EK areaaatite buccal side of
the dental epithelium (Figs. 7lnd Q). At the bell stage, stron®mp4
expression was localized in the cuspal area ofldrdal papilla (Figs. 7&nd
0O). The dental epithelium showed a modefdi®2 expression. Wealksx2

expression was observed around the dental papilgs.(71 and R). Taken
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togetherBmp4 andMsx2 were expressed mainly on the buccal side, but sHow
an opposite pattern to each othBmp4 was most predominantly expressed in
the EK and mesenchyme biMsx2 was expressed in the buccal side of the
epithelium at the bud stage. These key signalinteoades showed a similar

pattern in both the upper and lower molars.

- 28 -



Bmp4  Fgf4

Msx2

bud stage

cap stage

bell stage

Fgf4

Bmp4

Msx2

- 29 -




Figure 7. Expression patterns d&fgf4, Bmp4 and Msx2 in the tooth

development.

(A and B)Fgf4 is strongly expressed in the center region ofttlaeh germs
corresponding to the primary EK at the bud andstages. (C) In the maxillary
molar at the bell stage, intenBgf4 expressions are observed at the secondary
EKs in both the buccal and lingual cusps. (J andr¢f¥ is strongly expressed
in the center region of the tooth germs correspundd the primary EK from
the bud to cap stages. (L) In the mandibular maidhe bell stage, intensgf4
expressions appears at the areas of the second&sywith some weak
expression pattern in the bell stage. (D and M)the bud stageBmp4
expression, is detected at the primary EK and coselk dental mesenchyme
around the epithelial bud with a somewhat strorgy@ression at the buccal
side of the bud in the maxilla, the saBrep4 expression pattern is found in the
mandible as well. (E and N) At the cap stage, sed@mp4 expression remains
in the dental papilla mesenchyme, and weak exmnesgiBmp4 is observed in
the EK. (F and O) At the bell stage, stroBagp4 expression localize in the
cuspal area of the dental papilla, @mdp4 expressions are observed with faint
and broad expression pattern in dental lamina.(GR)Msx2 is expressed on

the buccal side of the dental epithelium at the stagdje, but do not reach the
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primary EK. (H and QMsx2 is observed in the primary EK area and the buccal
side of the dental epithelium at the cap stagan@ R) At the bell stag@/sx2
is expressed moderately in the dental epithelium aeakly in the dental

papilla (scale bar; 100 um).
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5. Relationship between the enamel navel, enamel cord and enamel knot

Transverse semi-thin and ultra-thin sections of theth germs clearly
demonstrated the presence of transient structutesihe enamel organ. Here,
the structures of EK, enamel cord and enamel naviide enamel organ were
investigated (Fig. 8). Although these structuresenmot recognizable until the
late bud stage (data not shown), they were vidiblthe lower molar at cap
stage. The enamel cord is a condensed cell closterected to the EK, which
contains a strand of cells running from the enaknet to the external dental
epithelium, which appears to divide the dental orgatwo (Figs. 8A, D and
E)°. The enamel navel is a concave patch of cellshm duter enamel
epithelium on the buccal side of the tooth gernigdF8B and F). Even at the
bell stage, the connection between the enamel nawell, and the EK was
maintained on the buccal side (Fig. 8D), even thotlgs connection was not
always apparent depending on the position of tkéases. The direction of the
enamel cord at the bell stage was positioned adowertical line relative to the
oral epithelium (Fig. 8D), which is different frothat at the cap stage (Fig. 8A).
The enamel navel and cord were missing on the dihgide between the cap

and bell stages (Figs. 8A, D and E).
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Figure 8. Spatial relationship among the enametha&anamel cord and EK.

(A) At the cap stage (E14), the tooth germs possessap-shaped
conformation including the inner and outer enameithelium, stellate
reticulum (SR). The dotted lines indicate the bamdof three structure
including the enamel navel (EN), enamel cord (E@mamel septum), and EK.
(B and C) Boxed areas denote a higher magnificagfo®). (D) At the bell
stage (E15), the size of tooth germs increase esultrin the establishment of
tooth shape. The relation among the enamel nagal, end EK is maintained
at this stage (dotted lines). (E) The cell clusitérthe enamel navel (arrow
head), cord, and EK can be distinguished from therocomponents of dental
epithelium (dotted lines). (F) The boxed areas teeachigher magnification of
(E), the enamel navel, shows the concave featymessed to the dental follicle.
(G) The enamel knot, shows the condensed cellesliistthe center of dental
epithelium opposed to the dental papilla. EN; enaraeel, ES; enamel septum,

SR; stellate reticulum, EK; enamel knot.
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6. Cell density in enamel cord and other area of the dental epithelium

Surprisingly, it looks different cell condensestire different areas of the
enamel organ. Therefore, the number of cells weuated in the different areas
of the stellate reticulum such as the buccal @ a enamel cord (b and b')
and lingual (c and c¢") area (Fig. 9). The cell papon densities were measured
in terms of cell counts per unit square (30 x30) (Fig. 9A) and were
converted to cells per unit volume irufn-thick section using the Abercrombie
method®"

In the E14 dental epithelium, there were 3.6 cEI80um’ in the buccal area
(N=13), 4.1 cells/100@m® in enamel cord area (N=15), and 2.6 cells/1000
in lingual area (N=9). At the E15 dental epitheljuimere were 3.0 cells/10Q0
m® in buccal area (N=9), 3.8 cells/1006° in enamel cord area (N=11) and 2.7
celIs/lOOOum3 in lingual area (N=8). Interestingly, the cell ddn was highest
in the enamel cord, and higher in the buccal anaa tn the lingual part (Fig.
9C). This suggests that the enamel cord is a egis@ structure in the stellate

reticulum of the dental epithelium.
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Figure 9. Cell density comparison in enamel cotatclal, and lingual area.

(A) Tooth germ would be divided into buccal (a aig enamel cord (b and
b") and lingual (c and c') parts and the numbecaifs in the quadrangle
(yellow square; 30 x 3@m) at each parts. (A-a; red dotted) Enamel cord
structure is showed at E14. (A-b; red dotted) Edaroed structure is observed
at E15. The position of the enamel cord structwesimilar during tooth
development from E14 to E15. (B) The cell populatadensities measured in
cell counts per unit area, using the method redoote Abercrombie (1946),
assuming that the cells araut long in the plane normal to the section. (C) In
the E14 dental epithelium, there are 3.6 cells/1060 in the buccal area
(N=13), 4.1 cells/100@m® in enamel cord area (N=15), and 2.6 cells/1000

in lingual area (N=9). At the E15 dental epitheliuthere are 3.0
cells/1000um® in buccal area (N=9), 3.8 cells/100fn’ in enamel cord area

(N=11) and 2.7 cells/100@m° in lingual area (N=8). S.D.; standard deviation
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V. DISCUSSION

1. The primary EK might be incorporated in the buccal secondary EK

during tooth devel opment

The primary EK appears during the bud to cap stddgeoth germs, and the
secondary EKs appear at the sites of epitheliairigl which mark the cusp
initiation sites. Both the primary and secondary Ehares similar
characteristics such as their non-proliferating eefivity, gene expression
pattern, and histological appearantEgherefore, primary EKs may have some
cellular continuity with the secondary EKs througjie division of surviving
cells in the primary EK and their migration intoettsecondary EK¥: *
However, a recent study has reported that prima¢ycéls do not migrate to
form secondary EK&.This study has investigated the relationship betvtae
primary and secondary EKs not only in the mandibutalar but also in the
maxillary molar from both developmental and evalo#l points of view.

Initially, the locations of the primary EK and sedary EKs were
investigated by chasinggf4 expression patterns in the tooth germ (Fig. 4). It
showed that th&gf4-expressing domains are not the only domains oEtke

It is known that the size of thegf4-expressing domains is smaller than that of
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the primary EK domains. This could explain why #gf4-expressing spot is
small in the E14.5 tooth gerrtt.is difficult to investigate the transition ofeh
EKs in detail because the transition from the primBK to secondary EKs
occurs during one embryonic day (from E14 to EL%)order to examine the
transitional events occurring in one embryonic dde E14 molars were
culturedin vitro for 8, 16 and 24 hours, and their EKs expressigig were
investigated. Interestingly, as revealed in thipesiment, EK markerfFgf4
expressions showed similar expression patternspperand lower molar.
Morphology, locations of primary EK and buccal setary EK were similar
during tooth development. From these observatibrisypothesized that the
primary EK maintain its original position and bearnmcorporated into the
buccal secondary EK, corresponding to the paradonbe maxilla and the
protoconid in the mandible. In addition, the lingsacondary EK might be
newly formed by interactions between the epithelamd the mesenchyme (Fig.
10). It is important to carefully exam the firstpeassed primary EK, which is
located below the dental lamina in the tooth geamd the other expressed
Fgf4-domain, newly located near the lingual side offttet Fgf4-domain. After
24 hours of culture from E14, primary EK was diiltated below the dental
lamina and the last exprességf4-domain became more distant form the

primary EK to the lingual side gradually. | havegaestion about the results
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showed in Fig.4. Even though tooth germ developmerst in process, primary
EK, the firstFgf4-domain expression did not move in any directiorth#t was
true, primary EK cells would become incorporatethvdecondary EK cells in
the buccal main cusp during tooth morphogenesisveier, it was difficult to
declare where one~gf4-domain was divided in two, and the lingual
Fgf4-domain moved gradually away from the bucEgf4-domain, or a newly
formedFgf4-domain on the lingual side moved gradually awaynfthe buccal
Fgf4-domain after the firsFgf4-domain appear. Based dfgf4 expression
results, | hypothesized that primary EK would bmaeéed buccal secondary
EK. In order to define the precise relationshipwsstn primary EK and

secondary EK. | examined the cellular event usiiidebelling.
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Figure 10. Schematic diagram showing the relatigngletween the primary

EK and the secondary EK.

At the bud stage (E14), the primary EK wigf4-expressed domain appears
in the center of tooth germ (A). After 8 hours ouolt, Fgf4-expressed domain is
reduced slightly than that in the previous stage fter 16 hours, the primary
EK becomes the secondary EK in the buccal cusp.aanadditional new spot
with Fgf4 expression appears nearby resulting in the secpridd in the
lingual cusp (C). After 24 hours culture, the setany EK in the buccal cusp
remains in its original place and the secondaryirfee lingual cusp moves to
the lingual side gradually and becomes a broad, spstilting in two clear
Fgf4-expressed domains (D). Two separated domains kgl expression are
clearly identified on day E15 (E). Thus, the prign&K does not move to any
direction and is incorporated into the secondary dekresponding to the first
buccal main cusp (paracone and protoconid). (Igfe:frontal view, right : the
occlusal view, X; buccal to lingual, Y; cusp forraak potential, Z; anterior to

posterior).
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2. The cells of the primary EK may migrate into the buccal secondary

EK, but not into the lingual secondary EK

The E14.5 tooth germ at cap stage is mesiodistafiger than the E13.5
tooth germ at early bud stage, and the primary Ekhe E14.5 tooth germ is

33, 34

mesiodistally longer than that of the E13.5 primg¥. The long primary
EK at the E14.5 tooth germ was removed apoptogicaith the exception of
the anterior portion in the area forming the fsstondary enamel kntt.>> *
The primary EK in the E13.5 tooth germ correspaadthe anterior portion of
the primary EK at the E14.5 tooth germ. In orderckaxify the relationship
between the primary EK and the buccal secondary t&& primary EK cells
were traced by the cell labeling method which hasnbsuggested in the
previous study’

However, in contrast to the previous study, Dil wgected into the primary
EK cells of the E13.5 sliced tooth germ. The predaiflabeling experiment
demonstrated that correctly Dil-labeled primary &Hls never migrated during
the 48 hours of culture, and that the primary EKsdgecame incorporated with
the secondary EK cells in the buccal main cuspndutooth development.

These results support my hypothesis that the pyirkd does not move but

maintains its original position. Primary EK givdserto the buccal secondary
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EK, which determines the main cusp (the paracon¢hén maxilla and the
protoconid in the mandible) (Fig. 10).

The recent study using a similar Dil-labeling methbas reported that
primary EK cells did not migrate to form a secoydBK, and concluded that
the primary EK and secondary EK were not derivethfthe same celfé. The
discrepancy between previous reports and my studkitrbe due to differences
in experimental design, such as the developmetatgés of tooth germs and the
Dil injection point. It is hard to define the preeimorphological change, since
tooth germ is too small and develops so fast. Algoit would be shown
various results, in my study, | was able to defime pattern of cell migration
after summarizing the results from the experimeningecting Dil in EK at
E13.5. These results showed that the origin of &lusecondary EK would be
primary EK. In contrast, in tooth buds, which wengcted with Dil at the
buccal side of the EK, the labelled cells were tedanot far away from the
injection point. In tooth buds, which were injectgith Dil at the lingual side of

the EK, the labelled cells migrated to the whatglial area.
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3. The primary EK during development may be the primitive (main) cusp

According to the Cope-Osborn theory, the primitisem of the tooth in the
maxilla and mandible is a simple cone (referredasothe protocone in the
maxilla and the protoconid in the mandible), andliserved in many reptiles.
Small mesial and distal cusps (the paracone andome¢ in the maxilla and the
paraconid and metaconid in the mandible) are atti¢ide primitive coné’ In
the subsequent stages, the relative position gkthiee cusps shifts to form a
triangular cusp arrangement which the cusps aatddoopposite of each other;
the primitive cusp is situated lingually in the rillax(protocone) and buccally
in the mandible (protoconid). Paleontological ewicks and the study of the
cusp development sequences of several mammals diewen that the first
cusps to develop are the paracone in the maxilththe protoconid in the
mandibles. This study demonstrated that the prinBywas incorporated into
the secondary EK in the paracone of the maxilla ianthe protoconid of the
mandible. The results from this study provide ekpental evidence that the
primary EK plays an important role in determinirg touccal main cusp (the
paracone and protoconid) during tooth developniEmts also suggests that the

paracone and the protoconid might correspond tptingtive (main) cusps.
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4. Enamel cord and enamel navel might be functionally significant in

determining the position of the primary EK

The formation of the cap-shaped tooth germ involaesansient structure
within the enamel organ, known as the enamel kereymel cord, and enamel
navel®” In order to define the precise cellular mechanismimeage of enamel
knot cells and structure of enamel organ in toatkietbpment, semi-thin and
ultra-thin sectionin situ hybridization and cell count were examined. Sehini-t
and ultra-thin sections of the cap stage enamearorgf molars showed
morphological structures such as the primary EKgneel cord (septum), and
enamel navel. The connection between the enamel,neerd, and EK was
maintained in the buccal side even during bell estalgterestingly, these
structures are always observed in the buccal enangain. According to the
result from than situ hybridization showing thd#lsx2 expression is overlapped
with the primary EK, enamel cord, and enamel naitelyas suggested that
these transitory structures are involved in theo@ation between the tooth
position and the tooth shapieThe fact that cell density of enamel cord as well
as the primary EK was much higher than that of roti®a in the stellate
reticulum at the cap and bell stage strongly suggbsit enamel navel and the

primary EK are connected by the enamel cord.
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Overall, the transitory structures consisting af primary EK, enamel cord,
and enamel navel might be involved in specifying toboth shape and in
maintaining the location of the primary EK in th@oth germ. It is generally
believed that the enamel navel and enamel cordoimection with the EK
specify the position of the first buccal cusp (parge and protoconid), which

serves as a reference point for the later deveiopiisps’™ *°
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5. Possible roles of Bmp4 and Msx2 involved in determination of tooth

morphogenesis

The genes such &Bmp4, Msx2, and Fgf4 showed distinct developmental
regulated expression patterns during tooth orgamegie. Interestingly, the
gene expression pattern in the upper molars wagasito that in the lower
molars. During bud to cap stag&mp4 was expressed mainly in the
mesenchymal cells facing the buccal side of theadl@pithelium in addition to
the EK. Interestingly, after the cap stage, the il@aayx and mandibular tooth
germs expanded into the lingual area, which isribgative area foBmp4.
From these findings, it could be suggested Brap4 might be an important
factor inhibiting buccal growth of the dental egiiim. The fact, thaMsx2 is
expressed on the buccal enamel cord at cap ang legtistage, suggests that
the enamel cord might be closely related to thetipagng of the primary EK
by connecting the enamel navel and primary EK dutooth development. In
addition, Msx2 was detected on the outer enamel epithelium aratust
intermedia around the lingual and buccal seconB&nat late bell stage. At the
same time, the position of the secondary EKs weeriaéned. Moreover, it was
reported thaMsx2 is the only transcription factor found in the Bkwhich is

regulated by BMP4 during tooth developmé&htt is also involved in the
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BMP4-dependent apoptosis pathway controlling silepof the enamel knot
and the interference with this function does négatfon early cusp patternifig.
Consistent with this view, inhibition of apoptosisthe primary enamel knot
with specific caspase inhibitois vitro results in down-regulation dfisx2 and
Bmp4 transcripts but normal cusp patternifg.

During the expression of thes&sx2 and Bmp4 genes, the EK resembles the
apical ectodermal ridge (AER) and the zone of [imlag activity (ZPA) in the
developing limb bud, the notochord, and the flotatep of the spinal cord.
This suggests that the appearancéat2 expression might be related to the
fixations of the secondary EK on the lingual sititha late bell stage as well as
on the buccal side during the cap to bell stagbes@& results show how the first
buccal cusp and the second lingual cusp are eva@eedrding to the advance

of the tooth development (Fig. 11).
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Figure 11. A scheme of the relationship betweerptivaary and secondary EK

from the cap to bell stages.

(A) In the upper view of the cap stage tooth geltme, primary EK (primary
EK, red circle) is located in the center of toottrrg. (A") The section of the
tooth germs demonstrates a cap-like appearancehargtimary EK withFgf4
expression is located in the center of the toothmge(beneath the dental
lamina). (B) In the upper view of the early belgt tooth germ, the primary
EK remains in its original place. (B') In the seatiof the early bell stage tooth
germ, the primary EK remains in its original plgbeneath the dental lamina)
and gives rise to the buccal secondary EK corrafipgnto the future main
cusp, e.g., the protoconid, whereas another secpriela (red dotted circle)
corresponding to the metaconid (med) appears itirtgaal side of the buccal
side. (C and C") In the late bell stage tooth gesix, secondary EKs
corresponding to six cusps can be seen in the watm in upper and section
view. (A") Bmp4 expression in the buccal mesenchyme of the toetim git cap
stage may inhibit the buccal growth of the dengathelium. (A' and B'Msx2
is expressed on the buccal enamel cord connedimgnamel navel and the
primary EK during tooth development. Anid; antenoich End; entoconid,

Hyd; hypoconid, Med; metaconid, Pad; paraconid; protoconid.
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V. CONCLUSION

The enamel knot (EK), located in the center of dnd cap stage tooth germs,
is a transitory cluster of non-dividing epitheliaélls. The morphological,
cellular and molecular events leading to the refethip between the primary
and secondary EKs have not been described clefnlythis study, the
relationship between the primary and secondary El&s investigated by
analyzing gene expression pattern and tracing oefration from the
evolutional and developmental biology points ofwie

The primary EK appears during the bud to cap stdgeoth germs, and the
secondary EKs appear at the sites of epitheliadiigl which mark cusp
initiation sites. At first, | investigated the Id@n of the primary EK and
secondary EKs by chasigf4 expression patterns in tooth germ. The primary
EK in the E13.5 tooth germ corresponds to the art@ortion of primary EK
at the E14.5 tooth germ. To clarify the relatiopshétween the primary EK and
the buccal secondary EK, the primary EK cells wesieed by the cell labeling
method. The present Dil-labeling experiment denratesti that correctly
Dil-labeled primary EK cells would not migrate chgithe 48 hours of culture,
and that the primary EK cells became incorporatil the secondary EK cells

in the buccal main cusp during tooth development.
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This study provide experimental evidence that thiengry EK plays an
important role in determining the buccal main cu@pe paracone and
protoconid) during tooth development. Semithin atidathin sections of the
cap stage enamel organ of molars demonstrated wlogibal structures such
as the primary EK, enamel cord (septum), and enamagkl. It has been
postulated that these transitory structures areyaswobserved on the buccal
enamel organ. It is suggested that the transittyctsires consisting of the
primary EK, enamel cord, and enamel navel mighinlelved in specification
of the tooth shape and in maintenance of the pyirg# location in the tooth
germ. The prevalent presumption is that the enaraetl and enamel cord in
connection with the EK specify the position of fivst buccal cusp (paracone
and protoconid), which serves as a reference gointhe later developing
cusps

1. Buccal secondary EK would be originated fronmyany EK.

2. Connections among enamel knot, enamel cord aachel navel could be

examined from cap to bell stage in tooth develogmen

3. Differential expressions @dmp4 andMsx2 would involve in tooth cuspal

formation with polarity.

4. Buccal secondary EK, originated from primary BE¥ould play an

important role in determination of main cusp.
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