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Abstract dHAND/Hand2 is a basic helix-loop-helix
transcription factor required for the development of the
heart, pharyngeal arches, and vasculature and is ex-
pressed during embryogenesis. However, there are no re-
ports on the involvement of the dHAND gene in tooth
development. In the present study, the expression of
dHAND was examined in developing tooth germs of
mice. The dHAND gene was expressed in the mesen-
chyme of the presumptive incisor region of the lower
jaw at an early stage and in the mesenchyme of the lower
incisor tooth germ at a later stage. However, the dHAND
gene was not expressed in the upper incisor region or the
upper and lower molar regions during jaw development.
Treatment of tooth germ explants of lower incisors with
antisense oligodeoxinucleotide (ODN) against dHAND
prevented the differentiation of tooth germ cells, includ-
ing ameloblasts and odontoblasts, the formation of den-
tin and enamel, and the proliferation of tooth germ cells
and increased the apoptosis of tooth germ cells, suggest-
ing that dHAND is essential for these cells during devel-
opment. On the other hand, the treatment of tooth germ
explants of upper incisor and upper or lower molars did
not induce severe effects on their development. Treat-
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ment of the explants with basic fibroblast growth factor
in association with antisense ODN partially rescued
them from the effects of antisense ODN. The present re-
sults suggest that the JHAND gene plays important roles
in type-specific development of lower incisors, and that
basic fibroblast growth factor is involved downstream of
the dHAND pathway in tooth germ cells.

Keywords dHAND - Tooth germ - Incisor - Basic
fibroblast growth factor - Antisense oligodeoxinucleotide -
Mouse (ICR)

Introduction

Murine teeth develop through a series of morphological-
ly distinct stages, and reciprocal epithelial-mesenchymal
interactions are essential for the development of teeth
and branchial arches. Many regulatory molecules, such
as sonic hedgehog (SHH), bone morphogenetic proteins
(BMPs), fibroblast growth factors (FGFs), and WNTs
participate in tooth development (for reviews, see The-
sleff and Nieminen 1996; Maas and Bei 1997; Peters and
Balling 1999; Jernavall and Thesleff 2000). Furthermore,
the products of non-Hox-type homeobox genes, such as
DIx, Msx, and Barx, are involved in these processes
(Jowett et al. 1993; Mackenzie et al. 1991; Thomas et al.
1997; Tissier-Seta et al. 1995).

Mammalian dentitions are highly patterned, e.g., inci-
sors (single-cusped teeth) are present in the distal region,
whereas molars (multi-cusped teeth) are found in the
proximal region. In rodents, the development of incisors
is different from that of molars in that (1) incisors rotate
proximo-distally after the epithelial bud forms, (2)
enamel formation is observed only on the labial side, and
(3) incisors continuously erupt throughout the animal’s
life by virtue of stem cells distributed to the labial apex
of the incisor (Smith and Warshawsky 1975a, 1975b,
1976; Harada et al. 1999). Several candidate genes have
been proposed as determining the type of teeth. DIx and
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Msx genes are expressed in the restricted region of the
branchial arch at a very early stage, viz., embryonic days
(E) 9.5-10.5, and are subsequently expressed in both in-
cisors and molars where they may play a role in cell dif-
ferentiation (Thomas et al. 1997; Jowett et al. 1993;
MacKenzie et al. 1991, 1992; Zhao et al. 2000). To date,
Barx1 is the only gene known to be expressed in a re-
gion-specific or tooth-type-specific fashion, being ex-
pressed in the proximal region of the branchial arches at
an early stage but being confined to molar tooth germs in
a later stage (Tissier-Seta et al. 1995). Double-knockout
DIx-1 and DIx-2 mice only show developmental defects
in the upper molars, indicating that these two genes are
essential for the specific development of the upper molar
region, and that dentition is determined in the early stage
of branchial arch development (Thomas et al. 1997;
Weiss et al. 1998). Activin-beta-A-null embryos exhibit
developmental arrest of the upper and lower incisors and
lower molars but show normal development of upper
molars (Ferguson et al. 1998, 2001). Moreover, the in-
volvement of BMPs in dentition has been demonstrated
in experiments by using Noggin, an effective inhibitor of
BMP signaling: the exposure of early branchial arch
(E9-10) to Noggin results in transformations of incisors
to molars evaluated from cusp morphology (Tucker et al.
1998). These results suggest that dentitions are deter-
mined in an early stage of branchial arch development
under the control of several genes.

dHAND, also known as Hand2/Thing2, is a basic he-
lix-loop-helix (bHLH) transcription factor expressed
during embryogenesis and is required for the develop-
ment of several organs (Srivastava et al. 1995, 1997;
Hollenberg et al. 1995; Thomas et al. 1998; Yamagishi et
al. 2000). During mouse development, the dHAND gene
is expressed in the heart, neural-crest-derived mesenchy-
mal cells in the pharyngeal arches, and limb buds
(Hollenberg et al. 1995; Srivastava et al. 1995, 1997,
Fernandez-Teran et al. 2000; Charité et al. 2000).
dHAND is predominantly expressed in the right ventricle
region of the heart and in the posterior region of limb
buds. Mice lacking dHAND display hypoplasia of the
right ventricular region, and transgenic mice misexpress-
ing dHAND in the anterior region of the limb bud exhibit
pre-axial polydactyly with duplication of posterior skele-
tal elements, suggesting that region-specific expression
of dHAND is important for normal development of the
heart and limbs (Srivastava et al. 1997; Fernandez-Teran
et al. 2000; Charité et al. 2000). Pharyngeal arch defects
and vascular defects have also been described in
dHAND-null embryos (Thomas et al. 1998; Yamagishi et
al. 2000). Moreover, the expression of Msx-/, which is
considered to be one of the key molecules in tooth devel-
opment (Satokata and Maas 1994), is downregulated in
the neural-crest-derived mesenchyme of dHAND-null
branchial arches, suggesting that Msx-1 is downstream
of the dHAND signaling pathway in early branchial arch
development (Thomas et al. 1998; Mina 2001). Dentition
is determined at the early stage of branchial arch devel-
opment when dHAND is expressed, and since Msx-1 is

thought to be downstream of the dHAND signaling path-
way, it is speculated that the dHAND gene also partici-
pates in the formation of dentition and the morphogene-
sis of tooth germs.

In the present study, we first present the expression
patterns of dHAND in the mandibular arch and tooth
germs of mice and compare its expression pattern with
Msx-1. Secondly, to investigate the role of dHAND in the
development of tooth germs, we examine the effect of
antisense oligodeoxinucleotide (ODN) against dHAND
in arresting the translation of dHAND on the cultured in-
cisor tooth germs of lower incisors. Finally, in order to
search for factors participating downstream of the
dHAND signaling pathway, the effects of exogenous
regulatory molecules, such as basic FGF (bFGF), SHH
and BMP4 on the antisense ODN-treated incisor tooth
germs are examined.

Materials and methods

Animals

Pregnant ICR mice were purchased from Japan SLC (Shizuoka,
Japan). The day that a vaginal plug appeared was designated as
EO, and the day of birth was designated as PO (postnatal day 0).
All animal experiments were reviewed and approved by the Insti-
tutional Animal Care and Use Committee of Osaka University
Graduate School of Dentistry prior to the experiments.

In situ hybridization

Radioactive in situ hybridization was carried out as described pre-
viously (Maeda et al. 2001). Briefly, animals at E12.5-P0.5 were
immersed in 4% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4) and embedded in paraffin. They were sectioned at a
thickness of 7-9 um and mounted on 3-aminopropyltriethoxysi-
lane-coated glass slides (Muto Pure Chemicals, Tokyo, Japan).
Paraffin sections were deparaffinized and rehydrated through a de-
scending ethanol series, treated with proteinase K (TaKaRa,
Ohtsu, Japan), and post-fixed in 4% paraformaldehyde. Hybridiza-
tion was performed (1x105 cpm/slide) at 56°C for 16 h. After hy-
bridization, the sections were washed with 5xSSC (saline sodium
citrate; 1xSSC=150 m NaCl, 15 mM sodium citrate, pH 7.0) con-
taining 10 mM dithiothreitol (DTT) at 50°C for 30 min, SF solu-
tion (2xSSC, 50% formamide, 20 mM DTT) at 65°C for 30 min,
and NTE buffer (0.5 M NaCl, 10 mM TRIS-HCI, 1 mM EDTA) at
37°C for 30 min, treated with 20 mg/ml RNase A (Wako Pure
Chemicals, Osaka, Japan) at 37°C for 30 min, and then washed
with 2xSSC and 0.1xSSC at room temperature. The sections were
dehydrated through graded series of ethanol, air-dried, coated with
NTB-2 emulsion (Eastman Kodak) and exposed for 2 weeks in the
dark. Microphotographs were taken by both bright- and dark-field
optics. Several dark-field images were incorporated by the Adobe
Photoshop (version 5.5) with red images. The full-length dHAND
probe used in this study was as described previously (Srivastava et
al. 1997), and the Msx! probe (900 bp in pSP72: a gift from Dr.
Masahiro Iwamoto, Osaka University Graduate School of Dentist-
ry) was used for sense and antisense cRNA preparation.

Total RNA preparation and reverse transcription/polymerase
chain reaction

Total RNA preparation and reverse transcription/polymerase chain
reaction (RT-PCR) were performed as described previously (Maeda
et al. 2000). Total RNAs from tooth germs of E16.5 mice and



E14.5 incisor tooth germs cultured for 3 days with or without
ODNs were prepared by using the RNeasy mini kit (Qiagen, Hil-
den, Germany), digested with RNase-free DNase I (Promega,
USA), and then reverse transcribed with 200 U Moloney murine
leukemia virus reverse transcriptase (Wako Pure Chemicals) on a
20-pl scale. Aliquots of 1 pl reverse-transcribed samples were
used for the following PCR. Thirty cycles of denaturation (95°C,
30 s), annealing (60°C, 30 s), and extension (72°C, 45 s) were car-
ried out in the DNA thermal cycler PERSONA (TaKaRa). The
primer sequences for mouse dHAND were 5STACCAGCTACA
TCGCCTACCT3' and 5'TCACTGCTTGAGCTCCAGGG3', gen-
erating a 242-bp fragment. The primer sequences for the mouse
glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH) were
5'AAGCAACATAGACGTTGTCGC3' and 5'AATCAACACCTT
CTTCGCACC3', generating a 286-bp fragment. The amplified
products were analyzed by 1.5% agarose gel electrophoresis.

Organ culture of incisor tooth germs of mice

Explants containing incisor tooth germs of the lower incisor were
obtained from mandibles of E14.5 mice and cultured in a modified
Trowell’s system for periods of up to 11 days as described else-
where (Tabata et al. 1996; Liu et al. 2000). Explants were cultured
in BGJb medium (Fitton-Jackson’s modified BGJ; Gibco BRL,
Gaithersburg, USA), containing 100 pg/ml ascorbic acid (Nakai
Chemical, Kyoto, Japan) and 100 U/ml penicillin-streptomycin
(Gibco BRL). The initial pH was adjusted to 7.4, and the explants
were cultured in a humidified atmosphere of 5% CO, in air at
37°C. The medium was changed every 2 days. For the control ex-
periment, tooth germs of the upper incisor and upper and lower
molars were dissected from the same E14.5 mice from which
tooth germs of the lower incisors were dissected. They were cul-
tured by the same method.

Translation arrest of dHAND gene expression by antisense ODN

For the translation arrest of dHAND, we designed antisense-phos-
phorothionate-ODN (5'ACTCGGGGCTGTAGGACS3'; for 17-mer
of nucleotides 191-207 of mouse dHAND: GenBank accession
no. AJ131846), which is exactly the same as that used by Srivastava
et al. (1995) and Howard et al. (1999). The corresponding sense
(5'GTCCTACAGCCCCGAGT3') and random sequence ODN
(5'GATAGCGTCACGCTAGG3'") were designed for control exper-
iments. A homology search was performed by BLAST. The ODNs
were synthesized by Hokkaido System Science (Sapporo, Japan).
They were added to the culture medium at a final concentration of
30 uM, and the culture medium was changed every 2 days. The
optimal concentration of antisense ODN, 30 uM, was determined
after testing various concentrations (5 nM-30 uM) on the basis of
the morphology of the cultured explants. In the rescue experiment,
30 uM antisense ODN together with 100-200 ng/ml bFGF (R and
D Chemicals, Minneapolis, USA), 100-200 ng/ml BMP4 (Gen-
zyme, Mass., USA) or 100-200 ng/ml SHH (R and D Chemicals)
were added to the culture simultaneously. The explants were cul-
tured for 3 or 6 days, fixed in 10% neutralized buffered formalin,
embedded in paraffin, and sectioned at a thickness of 7 pm. They
were stained with hematoxylin-eosin and observed under the light
microscope.

Van Gieson staining, keratin immunohistochemistry, proliferation
assay, TUNEL staining, and alkaline phosphatase activity detection

For van Gieson staining of whole-mount tooth germs, tissues cul-
tured for 6 days were fixed with 10% neutralized-buffered forma-
lin, stained with van Gieson solution (1.25% 2.4,6-trinitrophenol,
0.15% acidic fuchsin in distilled water), dehydrated with ethanol,
and finally cleared with xylene.

For keratin immunohistochemistry, tooth germ explants of in-
cisors treated either with antisense or sense ODN were freshly em-
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bedded in OCT compound. Sections were cut at a thickness of
14 pym on a cryostat and thaw-mounted onto poly-L-lysine-subbed
glass slides. Sections were dried, fixed with 10% neutralized-buf-
fered formalin, and treated in 0.1 M sodium citrate buffer (pH 6.0)
for 10 min in a microwave oven for antigen retrieval (Cattoretti et
al. 1992). They were incubated with monoclonal mouse anti-kera-
tin (1:200; clone K8. 13; Sigma, St. Louis, USA) overnight at
room temperature. This monoclonal antibody recognizes epitopes
of cytokeratins 1, 5-8, 10, 11, and 13 (Gigi-Leitner et al. 1986).
After being rinsed in phosphate-buffered saline, sections were in-
cubated with fluorescein-isothiocyanate-conjugated horse anti-
mouse IgG (1:100; Vector). These sections were coverslipped with
PermaFluor (Immunon, Pittsburgh, PA, USA) and examined under
an Olympus fluorescence microscope equipped with an appropri-
ated exciting filter.

Proliferation assay was performed by using a cell proliferation
kit (RPN20; Amersham Pharmacia Biotech, Buckinghamshire,
UK) according to the manufacturer’s protocols. Tooth germ ex-
plants of lower incisors cultured for 3 days were labeled with la-
beling reagent for 4 h at 37°C and then fresh-frozen in OCT com-
pound. Cryosections were made at a thickness of 14 um and fixed
by 10% neutralized-buffered formalin for 15 min at room temper-
ature. Immunodetection of the labeled cells was performed ac-
cording to the protocol of the manufacturer.

Adjacent sections were used for detection of alkaline phospha-
tase activity. After fixation with 10% neutralized buffered forma-
lin and several rinses in distilled water, sections were treated with
0.05% Fast Ted BB salt (Sigma), 0.05% naphthol AS-MX phos-
phate (Sigma) in 0.1 M NaCl, 0.1 M TRIS-HCI (pH 9.5) and
50 mM MgCl,. The reaction was stopped by rinsing in tap water.

TUNEL staining was performed in paraffin sections as de-
scribed elsewhere (Thomas et al. 1998). Paraffin-embedded sec-
tions were deparaffinized and treated with 10 pg/ml proteinase K
(TaKaRa) and then with 0.3 U/ml terminal transferase (Roche Mo-
lecular, Indianapolis, USA). The sections were subsequently la-
beled with digoxigenin-11-dUTP at 37°C for 60 min. Labeled
cells were detected with alkaline-phosphatase-conjugated anti-dig-
oxigenin Fab fragment (Roche Molecular, 1:1000) and followed
by nitroblue tetrazolium chlotide/5-bromo-4-chloro-3-indolyl-
phosphatate p-toluidine salt colorization in darkness.

Statistical analysis

To assess the effects of ODNs and exogenous molecules added to
organ cultures of tooth germs, significance of the mean differences
was tested by using the unpaired Student’s ¢ test. Samples in
which normal cellular morphology was observed were counted as
either normal or rescued. Differences were considered significant
at the probability level of P<0.05 in all analyses. The statistical
analysis of all data was performed on a Macintosh computer with
a standard statistical package (StatView version 4.5, Abacus Con-
cepts, Berkeley, USA).

Results

Expression of dHAND and Msx-1 in orofacial region
of embryonic mouse

In E12.5 mice at the initiation stage of tooth develop-
ment, dHAND was first expressed in the distal (presump-
tive incisor region) mesenchyme of the mandible
(Fig. 1A, C), whereas it was not expressed in the proxi-
mal (presumptive molar region) mesenchyme of the
mandible (Fig. 1A). In E14.5-P0.5 mice, dHAND ex-
pression was detected in the dental papilla of the man-
dibular incisor (Figs. 1D, 2A, C, E-G), but not in tooth
germs of the lower molars (Figs. 1F, 2B), suggesting that
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Fig. 1 In situ hybridization of
expression of dHAND (A, C,
D, F) and Msx! (B, E, G) in
the mandibles of E12.5 (A-C)
and E14.5 mice (D-G). Red
lines in A and B indicate the
median line of the mandible
(Tn tongue, Pr proximal re-
gion, Di distal region, OC oral
cavity, e dental epithelium, m
dental mesenchyme, MC
Meckel’s cartilage, DL dental
lamina). Dark-field images of
dHAND (A) and MsxI (B) ex-
pression in the frontal sections
of the orofacial region of E12.5
mouse. C Expression of dHAND
in a sagittal section of mandible
of E12.5 mouse is superim-
posed on the bright-field image
as red spots. Expression of
dHAND (D, F) and Msx1

(E, G) of incisor (D, E) and
molar (F, G) tooth germs of
E14.5 mouse. dHAND expres-
sion is detected in dental mes-
enchyme of incisor but not in
molar tooth germs, whereas
Msx1 expression is detected in
dental mesenchyme of both in-
cisor and molar. Bars 300 pm
(A, B), 100 um (C), 200 um
D-G)

dHAND is expressed tooth-type specifically. Interesting-
ly, dHAND expression was not detected in tooth germs
of the maxilla (Fig. 1F), including the tooth germs of the
upper incisor (data not shown). The intensity of dHAND
expression coincided with the differentiation of odonto-
blasts in the lower incisor (Fig. 2E-G). Dental papilla
cells other than odontoblasts of the lower incisor ex-
pressed dHAND weakly (Fig. 2E-G). In contrast, MsxI,
which has been reported to be expressed in the dental
mesenchyme, was expressed in both incisor and molar
tooth germs of both the maxilla and mandible (Figs. 1B,
E, G, 2D). By RT-PCR analysis, dHAND gene expres-
sion was detected only in lower incisor tooth germs but
not in other tooth germs including the upper incisor
(Fig. 3).

Morphology of cultured tooth germs of lower incisors

In explants cultured for 3 days (Fig. 4A—C), an apical
loop-like structure on one side of the developing epithe-

lium (Fig. 4B), differentiation of the outer layer cells of
the dental papilla to odontoblasts (Fig. 4C), and the for-
mation of dentin matrix (Fig. 4C) were observed and
persisted during the culture period (Fig. 4E, F, H, ). Dif-
ferentiation of the inner enamel epithelium to preamelo-
blasts and ameloblasts was seen in explants cultured for
6 days (Fig. 4D, F) and 11 days (Fig. 4G, I). Formation
of enamel matrix was detected in explants cultured for
11 days (Fig. 41).

Effect of antisense ODN against dHAND
on cultured tooth germs of the lower incisor

To examine the effect of antisense ODN treatment on
gene expression, we performed RT-PCR analysis by us-
ing mRNA isolated from explants cultured with or
without ODNs. The level of amplified PCR products
derived from antisense ODN-treated explants was low
compared with those derived from control and sense
ODN-treated explants (Fig. 5). The products for



Fig. 2 In situ hybridization on
the expression of dHAND
(A-C, E-G) and MsxI (D) in
mandibular tooth germs of
E18.5 and P0.5 mice (M, tooth
germ of first molar, iee inner
enamel epithelium, od odonto-
blast layer, dp dental papilla,
asterisk dentin matrix, ce ce-
mentoblast layer, ap apical
loop). Expression of dHAND in
incisor (A) and molar (B) tooth
germs in frontal sections of the
orofacial region of E18.5
mouse. Expression of dHAND
(C) and Msx1 (D) in sagittal
section of mandible of P0.5
mouse. dHAND is expressed
the dental papilla of incisor
tooth germs but not in molar
tooth germs, whereas Msx! is
expressed in the dental papilla
and surrounding mesenchymal
cells of both incisor and molar
tooth germs. Higher magnifica-
tions of an incisor tooth germ
in C (squares) at the tip (E),
middle (F), and apical (G) re-
gions. Heavy labeling is detect-
ed in the differentiated odonto-
blasts secreting dentin matrix
(arrows in E), whereas preod-
ontoblasts (od in F) and undif-
ferentiated dental papilla cells
(dp in G) show moderate label-
ing. Bars 100 um (A), 200 pm
(B), 300 um (C, D), 100 pm
(E,F, G)
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Fig. 3 Expression of dHAND (top) and GAPDH (bottom) genes in
tooth germs of E16 mice as determined by RT-PCR. Expression of
dHAND is detected only in tooth germs of the lower incisor (L[),
but not in tooth germs of upper incisor (UI), lower molar (LM), or
upper molar (UM)

GAPDH were used as an internal marker control and
were detected in all samples including the antisense
ODN treated explants (Fig. 5). After 3 days culture, al-
though the size of tooth germ was slightly reduced and
the development of the apical loop structure was poor
in antisense ODN-treated explants, there was no obvi-
ous histological difference between tooth germ explants
treated with sense ODN and those treated with anti-

sense ODN (data not shown). Treatment of lower inci-
sor explants with antisense ODN for 6 days reduced the
size of the explants (Fig. 6A), whereas treatment with
sense ODN showed no such effect (Fig. 6B). Treatment
of the lower molar (Fig. 6C) and upper incisor
(Fig. 6D) for 6 days with antisense ODN produced no
obvious effect on tissue size compared with sense ODN
treatment (data not shown). Histologically, in the tooth
germ explants of lower incisors cultured for 6 days
with antisense ODN, cells of the inner enamel epitheli-
um and dental papilla did not differentiate, the size of
the tooth germ rudiment was small, and no dentin ma-
trix was observed (Fig. 6E), whereas the explants treat-
ed with sense ODN showed normal development
(Fig. 6F) as observed in non-treated explants. Most of
the explants of lower molars (Fig. 6G), upper incisors
(Fig. 6H), and upper molars (data not shown) treated
with antisense ODN showed normal development when
they were dissected from the same embryos from which
the explants of lower incisors were dissected. The ef-
fect of antisense ODN treatment on dentin formation
was clearly demonstrated by van Gieson staining of the
explants. The explants of the lower incisors treated
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Fig. 4A-1 Morphology of
tooth germs of lower incisors
cultured in control conditions
(dp dental papilla, double as-
terisks dentin, asterisk enamel,
arrows preameloblasts, arrow-
heads ameloblasts). Tooth
germs of lower incisors re-
moved from E14.5 mice were
cultured for 3 (A-C), 6 (D-F)
and 11 (G-I) days. B, C Higher
magnification of indicated ar-
eas in A. E, F Higher magnifi-
cation of indicated areas in D.
H, I Higher magnification of
indicated areas in G. Formation
of apical loop structure is main-
tained (B, E, H); the differenti-
ation of odontoblasts (C, F, I)
and ameloblasts (F, I), and the
formation of dentin (C, F, H, I)
and enamel (I) are observed in
this culture system. Bars

200 um (A, D, G), 50 um

B, C), 100 um (E, F, H, I)

GAPDH

Fig. 5 Effect of antisense ODN against dHAND on dHAND gene
expression in cultured tooth germs of lower incisors. Expression
of dHAND (top) and GAPDH (bottom) genes in tooth germ ex-
plants from E14.5 mice cultured for 3 days without ODNs (CNT),
or with sense (S) or antisense (AS) ODN for dHAND mRNA was
determined by RT-PCR (MK molecular standard). Note that the
antisense ODN treatment induced the selective suppression of the
dHAND gene expression (arrowhead)

with antisense ODN were negative for van Gieson
staining (Fig. 6I), whereas positive staining, which rep-
resented dentin, was detected in the explants treated
with sense ODN (Fig. 6J). Although some cultured ex-
plants of lower and upper molars and upper incisors
showed a reduction in size, the differentiation of the
cells was normal in all cases (Table 1). To confirm the
effect of antisense ODN treatment on tissue differentia-
tion of tooth germ explants, we performed immuno-
staining for keratin, which clearly discriminates epithe-

Table 1 Numbers of normal tooth germs observed after 6 days
culture with antisense ODN treatment

Lower incisor ~ Lower molar ~ Upper incisor Upper molar

0/182 17/18b 16/18b 16/18b

aAll of the samples showed reduction in tissue size, and normal
cellular differentiation was not observed
bThe samples that showed modest reduction in size were counted
as abnormal tooth germs, but cellular differentiation was normal in
all these samples at the histological level

lial tissue from mesenchyme in tooth germ. Differentia-
tion of enamel organ was not detected in the explants
treated with antisense ODN (Fig. 6K), whereas normal
enamel organs were observed in the explants treated
with sense ODN (Fig. 6L). Explants cultured with ran-
dom sequence ODN (data not shown) showed normal
structure, as observed in those cultured without ODN
(see Fig. 4D-F).

Antisense ODN treatment for 3 days greatly reduced
the numbers of BrdU-positive cells in tooth germ ex-
plants of lower incisors (Fig. 7G, H) compared with that
following sense ODN treatment (Fig. 7A, B). Although
TUNEL-positive cells were scarcely detected in tooth
germs of sense ODN-treated explants (Fig. 7C, D), large
numbers of TUNEL-positive cells were observed in den-
tal papilla and dental epithelium of antisense ODN-treat-
ed explants (Fig. 71, J). Antisense ODN treatment for
3 days reduced the alkaline phosphatase activity in den-
tal papilla cells but up-regulated that in dental epithelial



Fig. 6 Effect of ODNs on the development of cultured tooth germ
explants of lower incisors (A, B, E, F, I-L), lower molars (C, G),
and upper incisors (D, H). The tooth germ explants removed from
E14.5 mice were cultured with antisense (A, C-E, G-I, K) or
sense (B, F, J, L) ODN for 6 days. The explants were examined at
the stereomicroscopic (A-D, I, J) and histological (E-H, K, L)
levels (dp dental papilla, eo enamel organ-like structure). The low-
er incisor explants treated with antisense ODN show an obvious
reduction of tissue size (A) compared with those treated with
sense ODN (B). On the other hand, the explants of lower molar
(C) or upper incisor (D) treated with antisense ODN do not show
such an effect. No histodifferentiation of tooth germ is observed,
and dentin is not formed in the lower incisor explants treated with
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antisense ODN (E), whereas normal differentiation is observed in
the explants treated with sense ODN (F). Note that the antisense
ODN treatment of explants of lower molar (G) and upper incisor
(H) removed from the same embryo from which the lower incisor
explants were removed induces normal differentiation of tooth
germs. Lower incisor explants treated with antisense ODN are
negative for van Gieson staining (I), whereas those treated with
sense ODN show red positive staining (J). The lower incisor ex-
plants treated with antisense ODN show inhibition of the differen-
tiation of the enamel organ, which is immunopositive for keratin
(K), whereas those treated with sense ODN exhibit normal differ-
entiation of this organ (L). Bars 200 um (E, also applies to F-H,
K, L), 1 mm (I, also applies to J)

Table 2 Histological analysis of the effect of ODN treatment with or without bFGF on the tooth germ explants of lower incisors from
E14.5 mice cultured of 6 days (numbers in parentheses represent percentages)

Histology Without ODNs Sense Antisense Antisense+bFGF
Differentiation of ameloblasts 12/12 (100) 6/6 (100) 0/15 (0)2 4/12 (33)b
Dentin formation 12/12 (100) 6/6 (100) 0/15 (0)2 5/12 (41)c
Normal apical loop structure 12/12 (100) 6/6 (100) 0/15 (0)2 0/12 (0)

aIncidence is significantly different from that of the sense ODN-treated group at P<0.001
bIncidence is significantly different from that of antisense ODN-treated group at P<0.05
¢Incidence is significantly different from that of antisense ODN-treated group at P<0.01

cells (Fig. 7K, L) compared with that of sense ODN-
treated cells (Fig. 7E, F). Antisense ODN treatment of
explants for 3 days reduced the size of tooth germs
(Fig. 7H, J, L) compared with sense ODN treatment
(Fig. 7B, D, F).

Effect of bFGF on antisense ODN-treated tooth
germs of lower incisors

In order to investigate the role of dHAND in the develop-
ment of incisors, we examined the effect of SHH, BMP4
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Fig. 7A-L Effect of antisense ODN treatment on the proliferation,
apoptosis, and alkaline phosphatase activity of cultured tooth germ
explants of the lower incisor (dp dental papilla). The explants re-
moved from E14.5 mice were cultured with sense (A-F) or antisense
ODN for dHAND (G-L) for 3 days and processed for proliferation
assay (A, G), TUNEL analysis (C, I), or alkaline phosphatase histo-
chemistry (E, K). B, H Phase-contrast images of A and G, respec-
tively. D, J, F, L Hematoxylin-stained images of adjacent sections of
C, L E, and K, respectively. BrdU incorporation is greatly reduced in
antisense ODN-treated tooth germs (G) compared with the sense
ODN-treated tooth germs (A). TUNEL-positive cells are abundantly
observed in the tooth germ in dental epithelium and dental papilla of
antisense ODN-treated explants (I) compared with sense ODN-treat-
ed explants (C, arrows). Alkaline phosphatase activity of dental pa-
pilla cells of antisense ODN-treated explants (asterisk in K) is great-
ly reduced compared with sense ODN-treated explants (asterisk in
E), whereas that of dental epithelial cells is up-regulated in antisense
ODN-treated explants (arrowheads in K) compared with sense
ODN-treated explants (arrowheads in E). In comparison with sense
ODN-treated tooth germs (B, D, F), antisense ODN-treated ones (H,
J, L) show a reduction in size. Bar 200 um (A, applies also B-L)

Fig. 8A-F Effect of bFGF on tooth germ explants of lower inci-
sors treated with antisense ODN for dHAND. The explants re-
moved from E14.5 mice were cultured with antisense ODN in
combination with 200 ng/ml bFGF for 3 (A-C) or 6 (D-F) days.
(B, C, E, F). Squares Higher magnifications of A in B and C, and
of D in E and F. At 3 days of culture, the cell differentiation of
pre-ameloblasts and dental papilla cells is normal (arrows in C),
but the apical loop structure is somewhat irregular (arrows in B).
At 6 days of culture, dentin formation (asterisks in C, F) and po-
larization of pre-ameloblasts (arrows in F) are observed, whereas
the formation of the apical loop is poor (arrows in E). Bars
100 um (A, D), 50 um (B, C, E, F)

and bFGF, which are known to be expressed in tooth
germs during the expression of the dHAND gene, on the
tooth germ explants of lower incisor treated with anti-
sense ODN against dHAND. Of the molecules examined,
bFGF showed partial rescue effects. When 100 ng/ml
bFGF was added with antisense ODN to the culture for
6 days, dentin formation was observed in a few explants,
although the differentiation of ameloblasts and the for-
mation of an apical loop were not detected (data not
shown). When 200 ng/ml bFGF was added with anti-
sense ODN for 3 days, relatively normal development of
tooth germs was observed (Fig. 8A, C) as in the control
explants (Fig. 6G), although the apical loop structure
was poorly developed (Fig. 8B). When 200 ng/ml bFGF
was added with antisense ODN for 6 days, dentin forma-
tion (41% of explants, Table 2) and the differentiation of
ameloblasts (33% of explants) were observed (Fig. 8D,
F), although the tooth germs were relatively small, and
the apical loop structure was very poor (Fig. 8E).



Discussion

In the present study, we have demonstrated, by using in
situ hybridization, that the expression of the dHAND
gene can be detected in the mesenchyme of the presump-
tive region of incisor development at an early stage of
mandibular development and in incisor tooth germs at a
later stage, but that it is undetectable in other tooth
germs of both jaws including the tooth germs of the up-
per incisors. These observations have further been con-
firmed by RT-PCR analysis by using tooth germs re-
moved from E16.5 mice. The treatment of tooth germ
explants of lower incisors removed from E14.5 mice for
6 days with antisense ODN against dHAND inhibits the
differentiation of ameloblasts and odontoblasts and the
formation of dentin matrix, whereas treatment without
ODNs or with sense ODN induces no effect on the ex-
plants. On the other hand, antisense ODN treatment in-
duces no remarkable effects on most of the tooth germ
explants of upper incisors and upper and lower molars.
These results suggest that the dHAND gene plays impor-
tant roles in type-specific development of lower incisor.
Mammalian dentitions are highly patterned, with dif-
ferent types of teeth being positioned in different regions
of the jaws. In their in situ hybridization study on the ex-
pression of homeobox genes in the first branchial arches
of mice, Thomas and Sharpe (1998) have demonstrated
that Msx-1 and Msx-2 are expressed within the mesen-
chyme of the distal region, the presumptive region of in-
cisor development, whereas Barx-I and DIx-2 are ex-
pressed within the mesenchyme in a more proximal as-
pect of the arches, the presumptive region of molar de-
velopment. Within the ectoderm, both Dix-2 and Msx-2
expression is seen in the most ventral (incisor) aspects of
the maxilla and mandible. The inhibition of BMP signal-
ing in mandibular development by the addition of exoge-
nous Noggin protein, which binds BMP4 with high affin-
ity and can abolish BMP4 activity by blocking binding
to cell surface receptors, results in ectopic Barx-I ex-
pression in the distal presumptive incisor mesenchyme
and a transformation of tooth identity from incisor to
molar (Tucker et al. 1998). Msx-1 and Msx-2, however,
are expressed even in the molar tooth germ (Jowett et al.
1993). These observations indicate that Msx-1 and Msx-2
are not incisor-specific genes. Logan et al. (1998) have
reported that T-cell leukemia translocation homeobox
gene, TIx-1/Hoxll, is detectable in tongue, salivary
gland, and several components of the nervous system,
and in incisor tooth germs. They, however, do not indi-
cate whether Tlx-/ is expressed in tooth germs of maxil-
lary incisors. In the present study, we demonstrate that
dHAND is the first gene specifically expressed in the
tooth germ of a single type of tooth, the lower incisor.
Several developmental differences between upper and
lower incisors have been reported. Ferguson et al. (2000)
have reported that ectomesenchymal cells of the mandib-
ular and maxillary primordia appear to be intrinsically
different in their response to the epithelial signal, FGFS,
by using DIx-2 for the maxillary marker and DIx-5 for
the mandibular marker. Upper incisors are formed from
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the nasal processes, not from maxillary processes where
the upper molars are formed, whereas lower incisors are
formed from mandibular processes where lower molars
are formed. Moreover, fate mapping in avian and mouse
embryos shows that the mandible is mainly composed of
cranial neural crest cells that migrate from the midbrain
with some contribution from rhombomeres 1 and 2 (Imai
et al. 1996; Kontges and Lumsden 1996), whereas the
maxillary ectomesenchymal cells are derived from cells
migrating from both the midbrain and forebrain (Osumi-
Yamashita et al. 1994). The difference of origin of the
upper and lower incisor cells may cause the difference of
expression of dHAND gene in these teeth. Further inves-
tigation is needed to confirm this hypothesis.

The null mutation mouse is a powerful tool for inves-
tigating gene function. However, it cannot be used to ex-
amine the role of dHAND in tooth development, because
dHAND (—/-) mice are embryonic-lethal because of car-
diac failure at E10.5, a point when tooth germs have not
yet developed (Srivastava et al. 1997). Therefore, we
have used the antisense technique and examined cultured
tooth germs of incisors to analyze the function of dHAND
in incisor development. The antisense technique has
been shown to be an effective method for investigating
the function of molecules involved in tooth development,
including epidermal gowth factor (Kronmiller et al.
1991; Shum et al. 1993), amelogenin (Diekwisch et al.
1993), transforming growth factor-2 (Chai et al. 1994),
hepatocyte growth factor (Tabata et al. 1996), and para-
thyroid hormone-related peptide (Liu et al. 2000). Using
an in ovo culture system, Srivastava et al. (1995) have
shown that treatment with antisense ODNs against JHAND
and eHAND simultaneously affect heart looping. Organ
culture of incisor tooth germs has been employed to ex-
amine the effects of various molecules on development
(Schwartz and Snead 1982; Bloch-Zupan et al. 1994;
Meyer et al. 1995; Harada et al. 1999). Although care
needs to be taken in the interpretation of the results of
such experiments, the previous reports described above
and our present observations demonstrate that antisense
ODN:s selectively suppress gene expression when the ap-
propriate target sequence and experimental conditions are
selected. Treatment with antisense ODN against dHAND
inhibits the development of the lower incisor but not that
of the upper incisor and upper and lower molars, even if
these tooth germs are removed from the same embryo.
This result provides a good control for the antisense
technique, as the dHAND gene is only expressed in the
lower incisor. Although similar development occurs in
the upper and lower incisors in vivo, dHAND gene activ-
ity has not been detected in the upper incisor, and anti-
sense ODN against dHAND does not disturb its morpho-
genesis in organ culture system.

In this study, the tooth germ explants have been re-
moved from E14.5 mice, because (1) the incisor tooth
germ is at the cap stage in which dentin matrix is not yet
secreted, and (2) the tooth germs are easily separated
from neighboring Meckel’s cartilage, which disturbs the
development of tooth germs in vitro. Since dHAND ex-
pression is initially detected in the first branchial arch of
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E12.5 mice, we have tried, in the preliminary study, to
use explants of tooth germs or mandibles from embryos
earlier than E14.5, e.g., incisor tooth germs of E13.5
mice or first branchial arches of E10.5 mice. However,
for technical reasons, we have not been able to obtain re-
producible results using such materials. Therefore, we
have performed the present study on explants of incisor
tooth germs from E14.5 mice. The expression pattern of
dHAND gene in tooth development indicates that the
gene works in different ways at different developmental
stages. Therefore, the information obtained in our study
on the role of the JHAND gene by using tooth germ ex-
plants from E14.5 mice is restricted to the middle or later
stage of tooth development. Further studies with other
methods, e.g., transgenic or mis-expression techniques,
will be needed to investigate the role of dHAND gene in
earlier stages of tooth development.

Although the treatment of tooth germ explants of low-
er incisors removed from E14.5 mice with sense ODNs,
random sequence ODNs, or without ODNs induces al-
most normal development of tooth germ, that with anti-
sense ODN against dHAND prevents the differentiation
of tooth germ cells, including ameloblasts and odonto-
blasts, and the formation of dentin and enamel. These re-
sults are highly reproducible. Histological observation of
antisense ODN-treated tooth germs suggests that the anti-
sense ODN treatment suppresses the proliferation and
differentiation of tooth germ cells. However, the severe
effect of antisense ODN observed in explants cultured for
6 days prevents a precise analysis of the effects of anti-
sense ODN on tooth germs. Therefore, we have used ex-
plants cultured for 3 days with antisense ODN. Prolifera-
tion assays of cultured tooth germs have revealed that an-
tisense ODN treatment of explants inhibits the prolifera-
tion of tooth germ cells. The TUNEL method has demon-
strated that apoptosis is induced in tooth germ cells by the
antisense ODN treatment. This suggests that dHAND is
essential for the survival of tooth germ cells. Tooth germ
explants of the lower incisor treated with antisense ODN
show a decrease in alkaline phosphatase activity in the
dental papilla. However, the reason that alkaline phospha-
tase activity is up-regulated in the dental epithelium of
antisense ODN-treated tooth germs is unclear.

It has been suggested that SHH is involved down-
stream of the dHAND signaling pathway in limb devel-
opment (Fernandez-Teran et al. 2000; Charité et al.
2000), and that BMPs participate upstream of dHAND
during sympathetic ganglia development and in early
heart development (Howard et al. 2000; Schlange et al.
2000). In order to search for the candidate molecules in-
volved downstream of dHAND in tooth development,
we have explored the effects of molecules that can res-
cue the inhibitory effect of antisense ODN against
dHAND on the development of mouse tooth germs of
lower incisors. Of several growth factors examined, only
bFGF shows a partial rescue effect on the inhibition of
tooth development induced by antisense ODN, suggest-
ing that bFGF is involved downstream of the dHAND
pathway. We cannot however exclude the possibility that

bFGF stimulates the proliferation of mesenchymal and
epithelial cells by a pathway different from that of
dHAND (Jernvall et al. 1994; Shiba et al. 1995;
Kettunen and Thesleff 1998; Kettunen et al. 1998).
bFGF is confined to odontoblasts in tooth germs at a la-
ter tooth developmental stage, suggesting that bFGF
plays an important role in dentin formation (Russo et al.
1998). Therefore, bFGF might induce the dentin forma-
tion of incisor tooth germs. Further investigation is how-
ever necessary to clarify these issues.

Heart looping is affected when the expression of
dHAND and eHAND, which can form heterodimers in
vitro (Firulli et al. 2000), are inhibited at the same time
(Srivastava et al. 1995), suggesting that these two mole-
cules work in concert. In tooth development, however,
dHAND is expressed in the tooth germs of mandibular in-
cisors, whereas eHAND 1is not expressed in tooth germs
but in the median area of the mandible until at least E18.5
(unpublished observation), suggesting that eHAND does
not cooperate with dHAND in tooth development.

Koyama et al. (1996) have reported that, when bud
and late bell-stage tooth germs of incisors and molars of
embryonic mice are grafted into the anterior margin of
wing buds of chick embryos, supernumerary digits are
induced, whereas, when the tooth germs from postnatal
mice are so grafted, only incisor tooth germs induce su-
pernumerary digits. These results indicate that incisor
and molar tooth germs of embryonic mice and incisor
tooth germs of postnatal mice have polarizing activity.
This may be attributable not only to the presence of SHH
in the graft, but also to dHAND in the postnatal incisor
mesenchyme, which also possesses polarizing activity
(Fernandez-Teran et al. 2000; Charité et al. 2000).

In conclusion, dHAND gene is expressed exclusively
in the mesenchyme of tooth germs of mandibular incisors
in embryonic mice, suggesting that it plays a role in type-
specific development of lower incisors. The treatment of
tooth germ explants of lower incisors from embryonic
mouse mandibles with antisense ODN against dHAND
inhibits the development of tooth germs of the lower inci-
sor. The treatment of explants with bFGF in association
with antisense ODN partially rescues the inhibitory effect
of antisense ODN on tooth development, suggesting that
bFGF is involved downstream of dHAND.
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