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ABSTRACT

Temporospatial tissue interactions regulating
the regeneration of the enamel knot
in the developing mouse tooth

Sung-Won Cho

Department of Medical Science
The Graduate School Yonsei University

(Directed by Professor Han-Sung Jung)

The enamel knot (EK), a transient signaling centerthe tooth germ,
has been known to regulate both the differentiabwgh of dental
epithelium and the tooth shape. Our studies evelliahe regeneration
of the EK. The EK regions were removed in the EEA4 and E16
dental epithelium, and remaining epithelia were ombined with its
original dental mesenchymes. All these tooth gerousilddevelop into
calcified teeth after three-week transplantation kiiney capsule, and
regenerated one primary EK earlier and two or theszondary EKs
laterin culture. The E16 tooth germ generated omeng@ry EK firstly
and many secondary EKs later, when it was simplyconebined
without removal of the EK. These results suggesattmeither the
dental epithelium nor the dental mesenchyme canaticthe pattern
of the EKs formation directly. It is also suggestdtat the pattern of
the EK in tooth germs restart from a primary EK anbat the
interaction betweenthe dental mesenchyme and desfdthelium is
crucial to restart the patterning of the EKs.

Key words : enamel knot, tooth germ, regeneration, tissue interaction,

fate map, molar
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Temporospatial tissue interactions regulating the regeneration
of the enamel knot
in the developing mouse tooth

Sung-Won Cho

Department of Medical Science
The Graduate School, Yonsei U/niversity

(Directed by Professor Han-Sung Jung)

l. INTRODUCTION

The mammalian tooth is one of the ectodermal orgaos which the
development is controlled by reciprocal interacobetween the epithelium
and the mesenchyme. All ectodermal organs share ilaimsignaling
molecules during early morphogenesis, but each rorgadergoes its own
specific pattern formation later in developméft.

The teeth develop from pharyngeal epithelium ane thnderlying neural
crest-derived mesenchymal cellsThese neural crest cells derive from the
midbrain region, and their final position in the xillary and mandibular
processes is associated with the original positafnthe cells in the neural
crest as well as with the time when the cells ledke cresf”

Tooth formation is a continuous process that may diaracterized by a
series of distinguishable stages. The stages aassifled according to the
shape of epithelium of the tooth germ. Four différestages are recognized,
for example the dental lamina stage, bud stage, stage or bell stage. The
dental lamina stage is characterized by a thickgnaf the oral epithelium.
The bud stage designates a rounded, localized drowft the epithelial cells
of the dental lamina. Proliferating mesenchymallgedurround the bud and
form an ectomesenchymal condensation. Graduallg épithelial bud gains
a concave surface to be considered as a cap-shamednel organ. The
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enamel organ, dental papilla and dental folliclenstitue the cap stage tooth
germ. After the enamel organ and adjacent dentalillgaincrease further in
size, the tooth germ proceeds from the cap stagehéo bell stage, at which
tooth germ establishes the definitive tooth shapwwang epithelial tips of
developing cusps.

In mice, tooth morphogenesis is initiated at E1lhew the oral epithelium
begins to thicken in the incisor and molar regiorshe dental lamina in
mice is very thin, unlike in other mammals. At labaid stage, the enamel
knot begins to develop.

The enamel knot (EK) is considered to be the maspdrtant structure in
the determination of the number of cusps, as well the shape of an
individual tooth. In mouse molar tooth developmenthere are three
signaling centers: the early signaling center, grémary enamel knot (EK),
and the secondary EK.Both the primary EK and the secondary EK share
the expression patterns of the same genes. Sigpafimlecules such as
Fgf4, 9, Shh, Wntl0a, b, and Bmp2, 4, 7, and transcription factors such as
Msxl, 2 and Lefl are expressed in the primary EK and the secondary
EK.>*1%™2 Among these genesgf4 and Slitl can be used as EK markers,
as these are two genes observable only in both pmienary and the
secondary EK>'*™

Many investigators have proposed that the primaty &cts as a signaling
center, which may also regulate crown morphogengsfs Signaling
molecules expressed in EKs have been shown to #imucell division in
both the dental epithelium and the dental papilldowever, no fibroblast
growth factor (FGF) receptors appear to be presentteK cells, and these
cells do not undergo mitosis when FGFs are addedn addition, the
cyclin-dependent kinase inhibitor, p21, which isvafved in apoptosis, is
also expressed in the primary EKTherefore, it has been suggested that
both cell death in the primary EK and cell proldéon in the epithelium
adjacent to the primary EK coordinate epitheliallding and the transition
of the bud to the cap stagé®



This study examined the phenomena occurring aftemaving these
epithelial signaling centers. At first, early sidimg center, the primary EK
and the secondary EKs were mechanically removednfihe E12, E14 and
E16 tooth germs respectively. The shape of caldifieeth from these tooth
germs were analyzed and the regeneration of EKsewrvestigated in these
tooth germs.

Furthermore, the precursor of regenerated EK ane tBK-regeneration
mechanism were both investigated by the variousd&irof recombinations
and cell labeling methods.

In general, to investigate the lineage and diff¢iation ability of certain
specific cells, two strategies for intracellular béding have been used,
fluorescent dye markers and the transgene expnessié the reporter
genes®® Fluorescent dye markers are widely used for déatgctcell
proliferation and cell movemeff. Recent extracellular cell labeling dyes are
Dil and DiO, hydrophobic substances dissolving ime tlipid membranes of
the labelled cells and are well retained in the goval cells and their
progeny. They are intensively fluorescent, Dil puocthg red and DiO
producing green emission. In tooth development, tinleage of the primary
and secondary EKs has been investigated by the ladleling using Dif*
Transgenic animals with the reporter genes, suchlaed ([3-galactosidase)
and GFP (green fluorescent protein), are suitalebe investigated for the
cell lineage, migration, proliferation, and diffegation during the
development and the regeneration processes. RgcefdcZ system was
found to be more popular than the GFP system, whiels the nonspecific
fluorescence, interferences of the background amdnune responses within
the host™* ROSA26 mice expressing thkcZ have been widely used not
only to study the ability of stem cells to diffetéate into various cell types
including endothelial cell&**° smooth muscle cel®” nerve cell§’,
skeletal muscle ceff8 and cardiomyocyté® but also to investigate the
targeted gene activity during embryonic development

In this study, lacZ transgenic mice were used to distinguish the



epithelium from the mesenchyme and to identify then-contamination of
epithelial cells into the mesenchyme during sepamatDil was used for the
investigation of the target cell lineage.



Il. MATERIALS AND METHODS

1. Removal of the EK region from the tooth germ different stages

Tooth germs at the early bud stage (E12), the ctgges (E14), and the
early bell stage (E16) were carefully isolated frothe mandibles of ICR
mice embryos. The anterior and posterior portiorfsttee first molar in the
E12, E14 and E16 tooth germs were initially excisddhe dental epithelium
and dental mesenchyme of the first molars were dpd from each other
after 12 minutes of incubation in dispase Il (Baeber Mannheim). The
apical half of the dental epithelium, including th&ignaling centers, was
mechanically removed with fine tungsten needles.e Themaining dental
epithelium at E12 was referred to the remaining Eg&pithelium. The
remaining dental epithelium at E14 and E16 wereemeid to the remaining
E14 epithelium and the remaining E16 epitheliumpedively (Fig. 1).

2. Recombination

A. Recombination between remaining epithelium arnshtdl mesenchyme
The RTG, which was made up of the remaining El1l2theium and the
E12 dental mesenchyme, was simplified as the E12GRThe remaining
E14 epithelium and the remaining E16 epithelium everecombined with
each original dental mesenchyme to form the E14 Ra®& the E16 RTG
respectively (RECOMBINATION #1 in Fig. 1).



RECOMBINATION #1

Early bud stage e e
remainin, epithelium
E12 — EI2 RTG
—_— —_—
remammg E14 epithelinm
Cap stage
El4 El4 RTG
_.| X
Early bell st remaining E16 epithelium
gt & EI6 RTG

Fig. 1. Recombination method and various kinds @&combinant tooth
germs (RTGS)

After being separated from the dental mesechymemairing epithelium
without the primary EK(PEK) and secondary EK(SEK)ere recombined
with the original mesenchyme. The RTG between themaining E12
epithelium and the E12 dental mesenchyme was sfiaglias the E12 RTG.
The remaining E14 and E16 epithelia were recombineith each original
dental mesenchyme to form the E14 RTG and the ET& Rrespectively.

B. Recombination with cell labeling

After the dental papilla was labeled with lipophkildye, the remaining E14
epithelium and the E14 dental mesenchyme were rébdosd (see
RECOMBINATION #2 in Fig. 2).



C. Recombination without removal of secondary EKs

After being separated from the E16 dental mesenehyithe E16 dental
epithelium was recombined with the E16 dental mebgme without any
mechanical removal of secondary EKs to form the ErB&ombined tooth
germs (rtgs) (see RECOMBINATION #3 in Fig. 2).

D. Recombination between apical half epithelium ash@ntal mesenchyme
The apical half of the E14 dental epithelium coub@ considered as the
enamel organ, therefore the RTG, which was composeédthe apical half
of the E14 dental epithelium and the E14 dental emebyme, was
simplified as the E14 enamel organ RTG (see RECONWBIION #4 in
Fig. 2)

RECOMBINATION #2
T Dil injection
Cap stage in vitro
El4 culture Fgf4
—_— — —_— s
== +2 days expression
RECOMBINATION #3
Early bell stage
in vitro culture
—_— + — —_—
Fgf4 expression
RECOMBINATION #4
Cap stage
El4 m E14 enamel organ RTG in vitro
culture
—_— —_— - —_—
Transplantation into
kidney for 3 weeks



Fig. 2. Various kinds of recombination methods atodth germs
(RECOMBINATION #2) After dissociation of the dentahesenchyme from
the dental epithelium in E14 tooth germ, the denpapillae were labeled
with Dil, and then recombined with the remaining &%pithelium which
had lost primary EK. Two days later, the E14 RTGsersv in situ
hybridized. (RECOMBINATION #3) The E16 dental eplum with four
secondary EKs (SEK) and the E16 dental mesenchynith our dental
papillae were recombined to form the E16 recombinwdth germ (E16
rtg). (RECOMBINATION #4) The apical half of the Eldental epithelium,
which can be regarded as the enamel organ (EO), rgasmbined with the
E14 dental mesenchyme (DM) to form a RTG (E14 enlaorgan RTG).

3. Cross-recombination between the E14 and E16htamrms

After removal of primary EK and secondary EKs frothe E14 and E16
dental epithelium, the remaining E14 epithelium anlle remaining E16
epithelium were cross-recombined with the E16 demeesenchyme and the
E14 dental mesenchyme respectively to make crossméinant tooth germs
(cross-RTGs). The cross-RTGs of the remaining Elhtal epithelium and
the E16 dental mesenchyme were called as the EBA/Ebss-RTGs. The
E16/E14 cross-RTGs were composed of the remainid§ Hental epithelium
and E14 dental mesenchyme (Fig. 3).



CROSS-RECOMBINATION E14/E16 cross-RTG

El4

transplantation into

Bell stage kidney for 3 weeks
EI6 = ?

—_—

El 6/E 14 cross-RTG

in vitro culture

Fig. 3. Cross-recombination methods and variousd&imf cross-RTGs.
The cross-recombinant tooth germs (cross-RTGs) lbé temaining E14
dental epithelium and the E16 dental mesenchyme wadled as the
E14/E16 cross-RTG. The E16/E14 cross-RTG was comgosof the
remaining E16 epithelium and E14 dental mesenchyr@eoss-RTGs were
also cultured for three weeks in kidney and two dlay vitro

4. Transplantation of RTGs into the subcapsularetapf mouse kidney
The recombinant tooth germs, each over twenty, wgamsplanted into the
subcapsular layer of an adult ICR mouse kidney, andtured for three
weeks. All surgery was performed after the admmaon of intra-peritoneal
injections of anesthesia. No immuno-suppressive igebn was used.

5. Whole mountin situ hybridization

In vitro cultured tooth germs were fixed overnigim 4% paraformaldehyde
in phosphate-buffered saline (PBSn situ hybridization was carried out by



treating the tooth germs with 20 g/ml proteinase f&r four minutes at

room temperature. Anti-sense RNA probes were labeleith digoxygenin

(BMS, Korea). After in situ hybridization, the specimens were
cryo-sectioned at a thickness of /.

11

6. ldentification of thelacZ transgenic cells

Specimens were washed with 2mM MgCI2 in PBS for %n,nrinsed three
times with a rinse buffer (2mM MgCI2, 0.02% NP-4®.01% sodium
deoxycholate in PBS) for 20 min at room temperatustéained with 3-gal
staining solution (Img/ml of 5-bromo-4-chloro-3-olgl- 3
-D-galactopyranoside (X-gal), 5mM potassium ferraoide, and 5mM
potassium ferricyanide), and incubated at 37? forhdur. After the X-gal
staining, the samples were washed again with PB$ 1® min, and
mounted on slides.

7. Cell labeling with Dil

Dil (dioctadecyl tetramethyl indocarbocyanine pdorhte; Molecular
Probes, Eugene, OR, USA) was used as a cell tr&merthe observation of
epithelial or mesenchymal cell migration during tioo development. A
0.3%solution w/v Dil in DMSO was microinjected, ngi 10 cm borosilicate
capillary pipettes (BF120-94-10, Sutter InstrumentdSA), pulled using a
Flaming/Brown micropipette puller (Sutter Instrunign USA), and filled by
capillary action. Lipophilic carbocyanine dye wa$eh inserted into the
membrane of the cells adjacent to the injectione siwith an electronic
device. In order to determine the exact locatiorfstie labeled cells, 9m
frozen sections were prepared. The location of tdge can then be
determined using fluorescent microscopy.
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[ll. RESULTS

1. RTGs can develop into calcified teeth

In order to investigate the necessity of signalingenters in tooth
development, the early signaling center at E12, phgnary EK at E14, and
the secondary EK at E16 were surgically removedre€hweeks after being
transplanted into a kidney, all RTGs at variousgsts were able to develop
into calcified teeth.

Calcified teeth developing from various RTGs showedferent shape
each other. Teeth developing from the E12 RTG (F4p, a) and teeth
from the E14 RTG (Fig. 4B, b) showed molar shapethwcusps. On the
other hand, the E16 recombinant teeth exhibitedoam@l molar shape with
very low cusp (Fig. 4C, c) or human incisor-like ape (Fig. 4D). These
results indicate that although the E12 and the ER¥Gs had lost their
signaling centers, they proved capable of formirgcidied teeth with cusps.
From these results, two possibilities can be coerdd for the necessity of
signaling centers: (1) The signaling center is mecessary for the formation

of tooth cusps; (2) The signaling center can beensgated after being
removed.

_11_



EI2 RTG

Fig. 4. Calcified teeth from RTGs.

Calcified teeth from various RTGs differed in shafem each other. (A)
The E12 recombinant tooth showed molar shape witlsps. (a) The E12
recombinant tooth showed well forming tooth struetuwith cusps in the
section. (B, b) The E14 recombinant tooth also bkbkd a molar shape
with cusps. (C, ¢) The E16 recombinant teeth shovabtormal molar shape

with low cusp. (D) The E16 recombinant teeth alsernfed human
incisor-like tooth.

2. Shh or Fgf4-expressing spots in RTGS

In order to prove the regeneration of the signalingnter, RTGs were
cultured in vitro and were in situ hybridized.

_12_



A. Shh-expressing spot in the E12 RTG

The existence of the EK in the E12 RTG was investg by theShh
expression, becausgégf4 is known not to express at the E12 tooth germ. In
the E14 and E16 RTGs, the existence of the EK wagedtigated by the
Fgf4 expression.

After two days in culture, the E12 RTG showed ordye dark blue spot
expressingShh in an upper view (Fig. 5A). After four days, thelE RTG
exhibited a large spot expressir@ph (Fig. 5B).

B. Fgfd-expressing spot in the E14 RTG

There was noFgf4-expressing spot in the E14 RTG after 12 hours (Fig
5C). This result proves that the EK region was Itgtaexcised during
mechanical removal procedure. The E14 RTG showede osmall
Fgf4-expressing spot (arrow) after one day (Fig. 5D)iteA two days, the
E14 RTG contained a round spot (arrow in Fig. 5B) two spots (black
and red arrows in Fig. 5F). Two spots (black andl rrrows in Fig. 5F)
were so distant from each other that might be abe®d as the one spot
in each tooth germ (black arrow in gray dotted l@rcand red arrow in
pink dotted circle in Fig. 5F). After four days, e&hE1l4 RTG showed two
(arrowheads in Fig. 5G) or three spots (arrowheatsl red arrow in Fig.
5H). The size of two spots (arrowheads in Fig. 5Gas same, and the
distance was very short between them, thereforesethtwo spots might be
included in one tooth germ (Fig. 5G). In the E14 ®TBhowing three spots
(Fig. 5H), two spots (arrowheads) was same in siamd the distance
between them was very short, while one spot wadaised. These results
indicate that there were two tooth germs, one oficvhshowed two spots
(gray dotted circle in Fig. 5H), and the other ofhish showed one spot
(pink dotted circle in Fig. 5H). In summary, the £RTG regenerated one
spot first, which was followed by two spots later.

C. Fgf4-expressing spot in the E16 RTG

_13_



The E16 RTG revealed one spot expressigf4 (arrow in Fig. 5l) after
two days in culture and exhibited two or three spon a row after four
days (arrowheads in Fig. 5J, K).

EI2 A
RTG
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Fig. 5. Shh and Fgf4-expressing spots in the RTGs (upper view).

(A) After two days in culture, the E12 RTG showealyp one dark blue
spot expressingShh. (B) After four days, the E12 RTG exhibited a larg
spot expressingShh abundantly. (C) The E14 RTG did not show any spot
expressingFgf4 after 12 hours. (D) The E14 RTG showed one smalbts
(arrow) expressingFgf4 following one day in culture. (E) At the end of
two days, the E14 RTG had a biggfd4-expressing spot (arrow). (F) The
E14 RTG had twoFgf4-expressing spots (black and red arrows) after two
days in culture. One spot (black arrow) was big afidtant from the other
small spot (red arrow), therefore the big spot ntighe included in one
tooth germ (gray dotted circle), and the small spoight be included in the
other tooth germ (pink dotted circle). (G) Afteruio days, in the E14 RTG
showing two spots (arrowheads), the size of botlotspwas the same, and
the distance between the two spots was short. (Hné& of the E14 RTG
showed three spots in the RTG after four days. Temots (arrowheads)
were close to each other, but one spot (red arrowaps isolated. Two spots
might be included in one tooth germ (gray dottedcle), and the isolated
spot might be included in the other tooth germ kpidotted circle). (I) The
E16 RTG showed only one spot (arrow) that expresBgth after two days
in culture. (J, K) After four days in culture, some E16 RTG exhibited
two (J) or three spots (three arrowheads in K). epithelium; m,
mesenchyme
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3. Localization of spots in the section of toothrme

Fgf4 is known as a maker gene of the EK, therefore i€ can be
defined as theFgf4-expressing cluster in the dental epithelium facitige
dental mesenchyme. In other words, thgf4-expressing spot, which was
identified as the epithelial cell cluster facingetidental mesenchyme, can be
considered as the EK. To identify the location dfetspot in the tooth
germ, all in situ hybridized RTGs were sectioned.

A. EK in the E12 RTG

After two days in culture, the E12 RTG appeared as early cap stage
tooth germ and exhibited Shh-expressing cell cluster located in the
epithelium facing the mesenchyme (Fig. 6A). Aftaruf days, the E12 RTG
appeared to be in the late cap stage, and it shovileel wide Shh
expression in the epithelium facing the mesenchyfRi. 6B). These results
indicate that theseShh was expressed in the epithelial cluster facing the
mesenchyme and that the fir§hh-expressing spot in the E12 RTGs (Fig.
5A) was the EK.

B. EK in the E14 RTG

The E14 RTG was at the cap stage after two daysuhure and showed
a Fgf4-expression (Fig. 6C) and the limiteghh expression (Fig. 6D) in the
epithelial cell cluster facing the dental mesencleymAfter four days in
culture, the E14 RTG appeared to be at bell stagye] contained two cell
clusters expressing-gf4 strongly in the inner enamel epithelium (Fig. 6E).
These results indicate that all spots in the E14GRT(Fig. 2D, E, F, G, H)
were the regenerated EKs.

C. EK in the E16 RTG

In the E16 RTGs after two days in culture, a fewitleglial cells facing
the mesenchyme showed the expressionFgf4 (Fig. 6F), while Shh was
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expressed widely in the epithelium facing the metgme (Fig. 6G). These
localized Fgf4 expression and wideShh expression in the epithelium is
coincident with that of secondary EK. In the sentiof the E16 RTG along
the line (from a to a' in Fig. 5K), the E16 RTG shad one cell cluster
expressingFgf4 in inner enamel epithelium after four days in cuéu(arrow

in Fig. 5H). These results indicate that all spatsthe E16 RTGs (Fig. 2I,
J, K) were the regenerated EK.

-_EZ days . Shh +4 days Shh
El4 ¢ D
RTG 3

e ® /

m b

+2 days Fgf4 +4 days Shh|+4
El6 =£ _—

RTG \\:’: 'i R

+2days  Fgfd +2 days Shh +4 days ~ Fgfd
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Fig. 6. Shh and Fgf4 expression in the RTGs (section view).

(A) After two days in culture, the E12 RTG showed cell cluster
expressing Shh. (B) After four days, the E12 RTG appeared to be the
cap stage, and exhibited abunda®hh expression. (C) The E14 RTG
entered cap stage after two days of culture, andeldped cell cluster
expressing Fgf4 in the epithelium facing the mesenchyme. (D) Thd4E
RTG showed the limitedShh expression in the epithelial cell cluster facing
the mesenchyme. (E) Following four days of cultutee E14 RTG showed
two EK-like cell clusters expressinggf4 strongly. (F) The E16 RTGs, after
two days in culture, exhibited the expression Fdf4 in a few cells of the
epithelium facing the mesenchyme. (Ghh was expressed widely in the
epithelium facing the mesenchyme. (H) In the settiof the E16 RTG
along the line (from a to a' in Fig. 2J), the E16T® showed one cell
cluster expressing=gf4 in inner enamel epithelium after four days in cué
(arrow). e, epithelium; m, mesenchyme.

4. Complete separation of epithelium from mesencéym

The remaining epithelium and dental mesenchyme tod lacZ transgenic
ROSA26 mice were recombined with the dental mesgmsh and remaining
epithelium of the wild type ROSA26 mice in an at@@mto clarify the
complete separation of the dental epithelium frofre tdental mesenchyme
and to exclude the possibility of cell contaminatibetween the epithelium
and mesenchyme. The tooth germs with tlaeZ transgenic epithelium and
the wild type mesenchyme ((+)epi/(-)mes in Fig. 7&) showed a dark
blue stained epithelium after X-gal staining (FigA). This shows that the
dental epithelia were clearly separated from thentdle mesenchyme without
mesenchymal cell contamination in the epithelia. @me other hand, the
tooth germ with the wild type epithelium ankhcZ transgenic mesenchyme
((-)epi/(+)mes in Fig. 7B, D) also showed a bluaised mesenchyme after
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X-gal staining (Fig. 7B). This shows that the ddntpithelia were clearly
separated from the dental mesenchyme without elp@heell contamination
in the mesenchyme.

LacZ
RTG

Fig. 7. Recombination betweelacZ transgenic tooth germs and wild type
tooth germs

(A) Tooth germs with lacZ transgenic epithelium and wild type
mesenchyme ((+)epi/(-)mes) showed a dark blue ethirepithelium after
X-gal staining. (B) The tooth germ with the wild pig epithelium andlacZ
transgenic mesenchyme ((-)epi/(+)mes) showed bliaéned mesenchyme. (C)
Only the epithelial cells of the (+)epi/(-)mes thotgerms showed a blue
color in the section. (D) Only the mesenchymal self the (-)epi/(+)mes
tooth germs showed a blue color in the section.

5. Different characteristics in both epithelium antesenchyme between the
E14 and E16.

To investigate the difference between the remainmgthelia at E14 and
E16 and between the mesenchymes at E14 and E16,Ett& remaining
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dental epithelium was cross-recombinant with the4 Edental mesenchyme to
form a recombinant tooth germ (E16/E14 cross-RTGid ahe E16 dental

mesenchyme was cross-recombinant with the E14 neim@i dental

epithelium to form another RTGS (E14/E16  cross-RTG)see

CROSS-RECOMBINATION in Fig. 3). After 2 days of imitro culture, the

E14/E16 cross-RTG developed into the early bellgstatooth germ. Two

secondary EK-like cell clusters expressi@ph and Fgf4 strongly, and the

sharp epithelial edge, which is the trace of thémary EK, could be found

(Fig. 8A, B). After being transplanted for 3 weeknto the subcapsular
layer of kidney, all cross-RTGs formed calcifiedetle, which were different
from each other in size and shape. The E14/E16 seRBG formed a wide

but short calcified crown with a few Ilow cusps afte3 weeks

transplantation into the kidney (Fig. 8C).

On the other hand, the E16/E14 cross-RTG, which wasposed of the

E16 remaining epithelium and the E14 dental mesgmsh developed nto
the cap stage tooth germ showirghh and Fgf4 expression in epithelium
after two days ofin vitro culture (Fig. 8D, E). TheShh expression (Fig.

8D) and Fgf4 (Fig. 8E) expression in this cross-RTG was weakd an
restricted to a few cells of the inner dental epithm. The E16/E14

cross-RTG also formed a calcified tooth after 3 seeof transplantation

(Fig. 8F). This result indicates that the develapistage in the E14/E16
cross-RTG was faster than that of the E16/E14 cRE&. This indication

might be resulted from two assumptions. One is tlla¢ remaining E14

epithelium had less damage than the remaining Ep@helium did. The

other is that the E16 dental mesenchyme induced Ele generation faster
than the E14 dental mesenchyme did.
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E14/E16 >
cross-RTGY -

El16/E14
cross-RTG e

Fig. 8. Development of the cross-RTGs

(A, B) The E14/E16 cross-RTGs showed bell-stagedtiiogerms showing
two secondary EK-like cell clusters expressinghh (A) and Fgf4 (B)
strongly after two daysin vitro culture. (C) After 3 weeks transplantation
into the kidney, the E14/E16 cross-RTGs formed ttedcified teeth. (D-E)
The E16/E14 cross-RTGs at cap stage showed wsdk expression (D) and
weak Fgf4 expression (E) in a few cells of the inner denegithelium. (F)
The E16/E14 cross-RTGs formed the calcified teeth.
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6. Origin of regenerated EK

In order to investigate the origin of regenerated, Ethe movement of
epithelial cells in the dental lamina was tracedings a cell labeling
technique with Dil at E11.5 (Fig. 9A, a). The ddntmmina cells were
labeled with Dil. After two days in culture, somef ahe Dil-labeled
epithelial cells had moved towards the tip of thpitkelial bud (Fig. 9B,
b), but most of the labeled cells remained in theriginal positions. After
four days, all Dil-labeled cells had moved towarttee tip of the epithelial
bud, resulting in the formation of the budding @giium (Fig. 9C, c). This
result presents the possibility of the cell migoati from the dental lamina
of the remaining epithelium to regenerate the enlaorgan and the EK.
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Dil injection

Fig. 9. Origin of regenerated EK.

(A, a) The epithelial cells in the dental lamina LDabove the basement
membrane (yellow dashed line) were traced by calbeling with Dil (red)
at E11.5 to investigate the precursor of the prim&EK. (B, b) A few
labeled cells in the dental lamina moved towarde tip of the epithelial
bud after two days. (C, c) Dil-labeled cells movéd a row towards the
primary EK after four days. DM: dental mesenchyme
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7. The new position of the regenerated EK in RTGs

The fact that primary EK can be regeneratedin thb4 RTG leads us to
identify the key tissue dictating the position ofiet EK. After dissociation
of the dental mesenchyme from the dental epithelium E14 tooth germ,
the dental papillae were labeled with Dil, and themcombined with the
remaining E14 epithelium (Fig. 6A). After two dayi® culture, the E14
RTG showed twoFgf4-expressing spots away from the Dil-labeled dental
papillae in an upper view (black and red arrowsFHig. 6B). In the section
of these specimens, Dil-labeled dental papillae evdocated between two
tooth germs (gray dotted line and pink dotted lime Fig. 6C, D), each of
which possessed the primary EK-like cluster expragsgf4 (black and red
arrows in Fig. 6C). This result implies that the sgn of EK is not
determined by the dental papillae.
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A

Cap stage
El4

Dil injection

e
—

in vitro
culture

—_—
+2 days

Fgft

expression

Fig. 10. The positional determination of the regeded EK.

(A) After the dental mesenchyme had been dissodiateom the dental
epithelium in the E14 tooth germ, the dental pagliwere labeled with Dil,
and recombined with the remaining E14 epitheliumhiah had lost the
primary EK. Two days later, the E14 RTGs were irtushybridized. (B)
After two days in culture, the E14 RTG containedeospot in each tooth
germ (black arrow in the gray dotted circle and radows in the pink
dotted circle) expressing-gf4 away from the labeled dental papilla in the
upper view. (C) The Dil-labeled dental papilla whscated between the two

upper view

section view

tooth germs, each of which showed EK expressiAgf4. (D) The RTG

developed into the cap stage and showed a primailike cell cluster

away from the labeled dental papilla.
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8. Number of regenerated EKs in the E16 RTGs

The E16 RTGs, which consisted of the epithelium tagring no EK and
dental mesenchyme containing four dental papilleegenerated one EK after
two days in culture. This means that the dental emehyme alone cannot
dictate the position and number of regenerated EKewever, this does not
mean that the position and number of regenerateds Efe dictated by a
dental epithelium with EKs. Therefore, in order tdarify the role of the
dental epithelium in dictating the position and rhen of regenerated EKs,
EK formation in an E16 recombined tooth germ (E1§)rwas investigated
using an E16 dental epithelium possessing four E&®d an E16 dental
mesenchyme possessing four dental papillae (RECOMVMEIION #3 in Fig.
4D). The tooth germ showed four EKs expressifgf4 at E16 (Fig. 4D).
The E16 rtg showed one large EK after 12 hours .(F§), two EKs after
18 hrs (Fig. 4F) and four EKs after culturing ford 2hrs (Fig. 4G).
Interestingly, all the E14 RTG, the E16 RTG and tB&6 rtg showed one
EK first. Although the E16 rtgs possessed four semyy EKs and four
dental papillae, there was only one EK at the bemig in culture. This
means that neither the dental epithelium nor thentale mesenchyme can
dictate the pattern of EK formation directly.
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RECOMBINATION #3
Early bell stage

El6 rig

in vitro culture
E—
Fgf4 expression

El6rtg +24hrs

Fig. 11. Number of regenerated EKs in the E16 RTGs

(RECOMBINATION #3) The E16 dental epithelium withodr EKs and
the E16 dental mesenchyme with four dental papillaere recombined to
form the E16 recombined tooth germ (E16 rtg). (AheT E16 wild type
tooth germ (E16 WT) showed four EKs expressifgf4. (B-D) The E16
rtg showed one large EK after 12 hours (B), two EKfer 18hrs (C) and
four EKs after 24hrs (D).

9. Apical half epithelium can develop into calciligooth at E14

The apical half of the E14 dental epithelium, whigdan be regarded as
the enamel organ, was recombined with the E14 dema&senchyme to
form another RTG (E14 enamel organ RTG in Fig. 12Ajter three-week
transplantation, this tooth germ showed calcifiedolan tooth with many
evident cusps (Fig. 12B). Even though this RTG wasmposed of one
enamel organ and one dental mesenchyme, this tgettm developed into
two tooth germs in vitro culture (Fig. 12C, D, E,).FThis result is
coincident with previous results that two tooth mer developed from the
E14 RTG (Fig. 5F, H and Fig. 11B, C).
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A Cap stage after 3 wks
El4 m E14 enamel organ RTG

Fig. 12. Recombination of the apical half epitheliu with dental
mesenchyme at E14.

(A) The apical half of the E14 dental epitheliumhish can be regarded
as the enamel organ (EO), was recombined with thd4 Edental
mesenchyme (DM) to form a RTG (E14 enamel organ RT@B) After
three week of transplantation, this tooth germ shdwcalcified molar tooth
with many evident cusps. (C-F) Two tooth germs aeveloping into bell
shape from one day to five days in vitro cultureC) (First molar tooth
germ (M1) was developing after one day in cultu(®) After two days,
second molar tooth germ (arrow) could be observ@s) After four days,
second molar tooth germ (M2) could be observed ewily next to the
bell-staged M1. (F) Both of M1 and M2 appeared te &t bell stage. PEK:
primary EK
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IV. DISCUSSION

Tooth development begins with epithelial thickemiron the future tooth
position>**** The primary EK appears at the center of the dental
epithelium facing the dental mesenchyme from thee ldbud stage. The
primary EK is considered as the most important cites in  the
determination of the number of cusps, as well a% tbhape, of an
individual tooth™'® Both the primary EK and secondary EK are the
signaling centers in crown morphogenesis duringtitodevelopment,

If the EKs are removed from the developing toothrnge what will
happen? Will calcified teeth be formed with cusp@All calcified teeth be
formed without cusps? As a result, the E12, E14d &16 RTGs developed
calcified teeth after three weeks following trareplation into an adult
mouse kidney. However, the shape and cusp heightthef calcified teeth
were different from each other according to thegstaof RTGs. The fact
that the E12 and E14 recombinant teeth exhibitedpsucan be interpreted
in two ways. One is that signaling centers may b® necessary for cusp
formation. The other is that signaling centers che regenerated to play
important roles in crown morphogenesis. These twosspilities were
evaluated by identifying the regenerated EK in tR&G.

Shh or Fgf4 expression was used as a marker for regenerated EK
Firstly, Shh was expressed exclusively in the epithelial comgrdnof tooth
germs from the dental lamina staljeThe Shh expression is confined to the
primary EK during the cap staffé® and this expression spreads laterally
thereafter to the inner enamel epithelium, the tstra intermediunt® and the
stellate reticulun?’ Because of these expression patterfish was used as a
marker for primary EK of the E12 RTG in this studgecondly, Fgf4 was
used as the marker for the EK of the E14 and E16GR&s this is one of

two genes observable in both the primary and seapndeK™**'** p

ut
which also means that the primary EK can be distisged from the

secondary EK not only by theFgf4 expression but also other gene
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expression such ashh.

Accordingly, Fgf4 was used as a marker for the EK of the E14 RTG,
the E16 RTG and the E16 rtg. HoweveFgf4 cannot be used to
distinguish between a primary EK from a secondarK. EHowever, the
number of Fgf4-expressing spots in one tooth germ is helpful istidguish
the primary and secondary EK. During tooth develept) two or more
spots in one tooth germ can be regarded as thenslecp EKs, and only
one spot in one tooth germ can be considered asptivmary EK when it
will be followed by many secondary EKs.

1. EK can be regenerated after being removed mechlyn

During the development of a mouse first molar, themary EK appears
as a line at E13, and as a spot at E14. There we, four and six
secondary EKs in an E15, E16 and E17 tooth gernspeetively (WT line
in Fig. 13).

In this study, the E14 RTG showed one regenerated, Bhich was
followed by two EKs (E14 RTG line in Fig. 13). Thepattern of
regenerated EKs in the E14 RTG was similar to tredtgyn observed from
E14 to E15 in normal development. This suggestst tthe first EK in the
E14 RTGs is the primary EK, and the two EKs are gexondary EKs. On
the other hand, the E16 RTG showed one regeneritedfirst, followed by
three EKs (E16 RTG line in Fig. 13). This patteri m@generated EKs in
the E16 RTGs was different to the pattern observied normal tooth
development. Therefore, it is difficult to name tHest regenerated EK in
the E16 RTG as the primary EK.

Interestingly, the E14 RTG, the E16 RTG and the Ei§ showed one
regenerated EK first. Even though the E16 rtgs abred four secondary
EKs and four dental papillae, they showed only df after 12 hours, two
after 18hrs and four after culturing for 24 hrs @EItg line in Fig. 13).
This pattern of the EKs in the E16 rtgs was simitar the pattern observed
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from E14 to E16 in normal tooth development. Thisggests that the first
EK in the E16 rtgs is a primary EK. FurthermoregtlEK pattern in tooth
germs restarts from a primary EK. The fact that tB&6 dental epithelium,
which had many secondary EKs, generated a primal &iggests that
there are no significantly different characteristibetween the primary EK
and the secondary EK. Hence, the first EK in the6ERTGs can be named
a primary EK (E16 RTG line in Fig. 13). Additiongll the arrangement of
three secondary EKs is similar to the arrangemehtmamelons in human
incisors. Therefore, three secondary EKs in a rawthe E16 RTG might
be related with the formation of human incisor-likeeth from the E16
RTG (Fig. 4D).
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wrT EI4RTG EI6 RTG El6 rig

El4 El6
Mouse
first molar
development *EK-remvwll# ‘Rec

+12hr.
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‘ : tooth germ

Fig. 13. Schematic diagram of the regenerating guatt of EKs in

developing tooth germs

(WT line) During tooth development in a mouse first larp the primary
EK appears as a line (red line) at E13 and a spetl (spot) at E14. Two
secondary EKs (blue spots) begin to form at E15¢ dour secondary EKs
(blue spots) appear at E16. Six (or seven) secondss were observed at
the E17 mouse first molar. (E14 RTG line) The primeEK was removed
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from the E14 RTG. The E14 RTG showed no EK after h@urs, one
primary EK (red spot) after two days, and two setary EKs (blue spots)
after four days in culture. (E16 RTG line) The EI1BTG lost four
secondary EK as a result of the removal of the BKe E16 RTG showed
one primary EK (red spot) after two days, which widlowed by two or
three secondary EKs (blue spots) after culturing four days. (E16 rtg
line) The E16 rtg showed one primary EK first (regpot) after 12 hours,
two secondary EKs after 18 hours (blue spots) awdr fsecondary EKs
after 24hours in culture (blue spots).

2. Interactions between the dental epithelium ahd tental mesenchyme
are important in the regeneration of the EK.

It is well known that during the early stages ofbotio development, signals
from the dental epithelium induce an odontogenicteptial in mesenchymal
cells as well as inductive potential shifts to thental mesenchym®&:****
However, even though the dental mesenchyme has togenic potential, the
EKs in the dental epithelium play important roles ¢usp patterning via an
interaction with the dental mesenchyrite.

In this study, the E16 RTGs and E16 rtgs possesdmg dental papilla
showed only one EK at the beginning. This meanst tthe dental
mesenchyme alone cannot dictate the position anthbeu of regenerated
EKs.

Furthermore, the role of the dental mesenchyme iatemnining the
position of EK was investigated in E14 RTGs usingceall labeling method.
The results showed that a new dental papilla hatnéal immediately below
the regenerated primary EK, and Dil-labeled pregiodental papilla was
observed in the position of dental follicles of tfel4 RTGs. This might
come from the interaction between the remainingthegium and the dental
mesenchyme including the dental follicles and demgapillae. Before birth,
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the dental follicles can interact with the dentalitbelium to form a tootf?
However, this does not mean that the dental epiihel dictates the
position of the regenerated EK. Although the El6@ysrtpossessed four
secondary EKs as well as four dental papillae, ®&6 rtgs showed only
one primary EK after culturing for 12 hours. Thisiggests that neither the
dental epithelium nor the dental mesenchyme cantatdc the pattern or
number of EK formation. It is also suggested thhe tregeneration of the
EK is regulated by an interaction between the demfaithelium and dental
mesenchyme.

3. The E16 dental mesenchyme might induce the agweent of tooth
germ faster than E14 did

To investigate the characteristics of the remainiegithelium and the
mesenchyme  respectively, the E14 remaining  epitheli was

cross-recombined with the E16 dental mesenchyme4{E16 cross-RTG)
and vice versa (E16/E14 cross-RTG). While the EI14/Ecross-RTG
developed into the early bell stage tooth germ raffe days of in vitro

culture, the E16/E14 cross-RTG developed into thep cstage tooth germ.
The result that the developing stage of the E14/Kil6ss-RTG was faster
than that of the E16/E14 cross-RTG might be intetpd as two
assumptions. One is that the remaining E14 epitinelihad less damage
than the remaining E16 epithelium did. The other timt the E16 dental
mesenchyme induced the tooth development fastem thlae E14 dental
mesenchyme did.

4. Regenerated EK can be originated from the remgirepithelium

In the investigation of the cell origin in the reggated EK, labeled cells
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in dental lamina at E11.5 moved in a row towards tlip of budding
epithelium after four days in culture. This reswdtiggests that cells in the
remaining dental lamina epithelium of RTG might lke origin of the
regenerated enamel organ and the regenerated EK.

5. Many teeth can be formed from one molar epitimali

In the E14 enamel organ RTG, developing tooth gercosld be observed
clearly under the microscope even after one daycidture, and the cusps
of calcified tooth were evident. These results nigie caused by the less
damage on the apical half epithelium than on thmaiming epithelium. The
fact that two tooth germs were formed from the Eddamel organ RTG as
well as the E14 RTG indicates the great prolifargticapacity of the dental
epithelium.
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V. CONCLUSION

Although a great deal of damage was inflicted or thental epithelium
during excising half of the epithelium, the regeatere and proliferative
ability of the dental epithelium was powerful endugo circumvent this
injury. After the half removal of the dental epithem, the precursors of the
regenerated EK, which remains in the dental laminalocated and
regenerated the EKs. The interaction between thetadeepithelium and the
dental mesenchyme determines the characteristice qosition of the
regenerated EK.
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