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Ameloblastin expression in rat incisors and
human tooth germs
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ABSTRACT We recently identified ameloblastin as an ameloblast~specific gene product from a rat
incisor cDNA library (Krebsbach et a/., J. B;o/. Chern. 271: 4431-4435, 1996). Here we report the
developmental pattern of expression of ameloblastin in rat incisors and human tooth germs as
visualized by in situ hybridization and immunochemistry. Compared to the expression of amelogenin,
the major ameloblast product, ameloblastin mRNA was more widely expressed in ameloblasts from
the presecretory to the late maturation stage of development, Ameloblastin mRNA was first observed
in the juxtanuclear cytoplasm of pre secretory stage ameloblasts, gradually increased in the distal
cytoplasm of secretory stage ameloblasts and was found throughout the cytoplasm of early to late
maturation stage ameloblasts. The immunostaining of ameloblastin, using a monospecific antibody
raised against a recombinant protein, showed intense reactivity in Tomes' processes of secretory
stage ameloblasts and surrounding enamel. The immunoreaction was concentrated in the juxtanuclear
cytoplasm of late maturation stage ameloblasts, High-resolution colloidal gold immunocytochemistry
established the presence of ameloblastin antigenicity in the Golgi apparatus. secretory granules in
Tomes' process and enamel. Humantooth germs in early to late bell stage also expressed ameloblastin
mRNA and ameloblastin antigenicity in the ameloblasts, Western blot analysis of protein extracts from
rat incisor tissues indicated that ameloblastin can be found in the enamel epithelial tissue and in
mineralized enamel, as well as in the EDTA decalcification solution. These data indicate that
ameloblastin is an ameloblast secretory product which is sequentially expressed from the presecretory
to the late maturation stage in rat and human teeth. This unique developmental pattern suggests that
ameloblastin may have a broader role in amelogenesis than amelogenin and tuttelin.
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Introduction maturalion stage, and 4) late maturation stage (Warshawsky and
Smith, 1974) (Fig. 1).

To date, two major classes of enamel proteins called amelogenins
and non.amelogenins have been identified and characterized
(Termine et al., 1980a; Ogata et a/., 1988; Inage et a/.. 1989;
Deutsch et a/.. 1991, 1995a). Amelogenins are relatively small (22
to 30 kDa), proline-rich, hydrophobic proteins, which are prone to
aggregate. Among the non-amelogenins, enamel ins are relatively
large (48 to 70 kDa), glycine-rich, hydrophilic proleins, which are
acidic and are posttranslalionally modified by sugar and phosphate
moieties (Limeback and Simic, 1990; Menanleau et al.. 1988;
Ogata et al., 1988; Fincham et at., 1991 ).It is broadly accepted that

Tooth organogenesis results from reciprocal interactions be-
tween neural crest.derived ectomesenchyme and oral epithelium
(Lumsden, 1988; Kollar and Mina, 1991; Ruch etal., 1995; Zeichner-
David et a/., 1995). Specialized cells called odontoblasts and
ameloblasts produce the dentin extracellular matrix (denfnogen-
esis) and the enamel extracellular matrix (amelogenesis), respec-
tively. Amelogenesis is characterized by the stage- and spatial-
specific regulation of different enamel proteins (Slavkin et a/., 1988;
Snead et a/., 1988; Inage et al.. 1989; Ruch et al., 1995). The rat
incisor is a useful system 10 study the molecular mechanism
underlying amelogenesis since the continuously erupting incisor
contains a complete series of developmental stages in a single
tooth, i.e., 1) presecretory stage; 2) secretory stage; 3) early
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removed during tooth germ extraction. the cervical enamel epithe-
lium which remained closely attached to the forming dentin and
enamel matrix expressed ameloblastin mRNA (Fig. 2-1 D). In situ
hybridization in microsection of human bell stage tooth germs
showed that cuspal ameloblasts also expressed ameloblastin
mRNA (Fig. 2-1 E).
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the amelogenins comprise the largest fraction of enamel matrix
(Termine et al.. 1980b: Deutsch. 1989) in developing teeth and is
lost during the maturation stage when the total mineral content of
this tissue increases. In addition, several uncharacterized enamel
proteins that do not belong to the amelogenin or enamelin protein
families have been identified (Graham, 1985: Strawich et al..
1993).

We recently cloned and sequenced ameloblastin, a novel amel-
oblast-specific protein whose gene maps to mouse chromosome
5 (Krebsbach et al., 1996), Ameloblastin mRNA encodes an open
reading frame of 422 amino acids corresponding to a protein of 45
kDa, and it is predicted as an acidic protein (pI: 5,54), rich in proline
(15.2%), glycine (9.9%) an'd leucine (9.9%). From these data, it is
likely that ameloblastin does not belong to the amelogenin or
enamel in families. In this report, we have studied the expression of

ameloblastin in developing rat and human teeth, and compared its
expression pattern to amelogenin.

Results

Whole-mount in situ hybridization
Whole-mount preparations of 3-4 week old rat mandibles re-

vealed a linear pattern of expression of ameloblastin mANA that
was restricted to the inner aspect of the enamel epithelium (Fig. 2-
1B and Fig. 2-2A, schematic diagram). This expression pattern
was similar to that exhibited by amelogenin, but ameloblastin
mANA was distributed more apically and more incisally than the
amelogenin mRNA (Fig. 2-1A,B).

Ameloblastin mRNA was also consistently expressed in human
tooth germs. Whole-mount in situ hybridization revealed that
particularly intense expression of ameloblastin mRNA was found
in the cuspal regions of early bell stage tooth germs (Fig. 2-1 C and
Fig. 2-28. schematic diagram). The secretory ameloblast zone
showed strong staining while the immature enamel epithelial zone
was negative (Fig. 2-1C). Similar staining was also found in the
cervical region of late bell stage tooth germs (Fig. 2-10), where
early stage secretory ameloblasts begin to produce enamel matrix.
Although the cuspal enamel epithelium in Figure 2-' D was partly

Pre-secretory
stage

Secretory
stage

Early maturation
stage

Late maturation
stage

In situ hybridization
In situ hybridization sections of paraffin embedded rat incisors

showed that ameloblastin expression is limited to the ameloblast
cell layer . Presecretory stage ameloblasts first showed expression
of ameloblastin mRNA as a diffuse granular pattern throughout
their cytoplasm (Fig. 3A-area b, Fig. 3B). Ameloblastin mRNA
increased substantially in secretory stage ameloblasts (Fig. 3A-
area c, Fig. 3C) and was particularly prominent in early maturation
stage ameloblasts (Fig. 3A-area d, Fig. 3D). The expression of
amelcblastin persisted at reduced levels in late maturation stage
ameloblasts (Fig. 3A-area e, Fig. 3E) where little amelogenin
mRNA is expressed (Snead et al., 1988: Lee, unpublished). The in
situ hybridization signal was characteristically concentrated in the
juxtanuclear cytoplasm of secretory, early and late maturation
stage ameloblasts. In comparison to the pattern of expression of
amelogenin mRNA, ameloblastin mRNA appeared to be expressed
earlier during the presecretory stage of development (Fig. 3B).

Immunohistochemistry
Immunolabeling with an antibody to arneloblastin showed in-

tense reaction in ameloblasts and linear staining at the dentino.
enamel junction (composite pictureof immunostaining in Fig. 4A).
No reactivity was seen in the negative control using the antibody
preabsorbed with recombinant ameloblastin (Fig. 4J). Ameloblastln
was first immunodetecled in the distal cytoplasm of preameloblasts
(Fig. 4A-area b, Fig. 4B). The labeling was intense in the Tomes'
processes of secretory ameloblasts (Fig. 4A-areas c,d,e: Fig.
4C,D,E) and then appeared localized to the distal cytoplasm of
early maturation stage ameloblasts. At a later developmental
stage, ameloblastin was also weakly detected in the papillary iayer
of the enamel organ (Fig. 4A-areas g,l, Fig. 4G,F). In late matura-

Stratum intermedium cell
Outer enamel epithelium Capillary

/
Inner enamel epithelium

'"

Tomes' process Odontoblast

Dentino-enamel junction

EnamelDentine Fig. 1. Schematic represen-
tation of the sequential
stages of ameloblast cell dif-
ferentiation.
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Fig. 2.1. Expression of ameloblastin in rat incisor and human tooth germ. IA,BI Whole-moum in SItu hvbridlzation of 3 week-old rat mandibles. IAI

Ame/ogenln mRNA eApression. (8) Ame/oblastin mRNA expression, arne/ablastin mRNA Is more widely expressed towards the apical end and the inCisal
area rhan amelogenin (extent of e~preSSlon demarcated by arrows) IC,D) Whole-mount in situ hybridization of human tooth germs. ICI Early bell stage;
enameJ.-producing zone In rhe cuspal area IS strongly poSl(Jve (brown) and shows a clear-cut border (arrows) with the immature ameloblast zone. IDI Late

bell stage; ca/cdlcation IS advanced, and remarning enamel epithelium at the cervical margin (arrows) shows strong reaction (blue). IE.F) Microsections of

human tooth germ {x200}; lEI In situ hybridization of arneloblastln mRNA In m;crosecrion of earty bell stage of human tooth germs; secretory amelobfasts
of the cusp area (arrow' are positive. IFI fmmunostainlng with anti-amefobfasM antibody. Positive reaction (brown) ISseen in rhe same arneloblasts (arrow)
as seen in £, G
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Molars
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Fig. 2-2. Schematic diagrams of rat incisor and human tooth germ. (AI Schematic diagram of Fig. 2-18. !B) Schematic diagram of Fig. 2-1C. Left half
represents a cross-section, and area marked In blackindicatesthe regionpositiveforarne/ablastmmRNAe\pression.

tion stage ameloblasts, ameloblastin was immunolocalized in the
juxtanuclear region (Fig. 4A-areas h.i, Fig. 4H,I). In EDTA-decalci-
fied sections, weak staining could only be detected in the superfi-
cial porfion (indicated with an arrow) of the enamel matrix (Fig.
4A,D,E,F,G,H). Ameloblastin was also expressed inthe ameloblasts
of human tooth germs at the bell stage of development (Fig. 2-1 F).

High-resolution colloidal gold immunolabeling revealed the pres-
ence of ameloblastin antigenicity in the organelles for protein
synthesis and secretion (Fig. 5). Saccules of the Golgi apparatus
and secretory granules on the trans aspect of this organelle(Fig.
5B) and in Tomes' processes were labeled. Numerous gold parti-
cles were also present over the enamel layer (Fig. SA).

Western blot analysis
Western blot analysis was performed to identify ameloblastin

protein from tooth tissues using an antibody raised against
recombinant ameloblastin. The highest molecular weight band of
the full length recombinant ameloblastin expressed in bacteria
migrated at about 50 kDa (Fig. 6g) consistent with the calculated
molecular weight of the recombinant protein together with an extra
20 amino acid sequence containing the histidine-tag sequence
from the expression vector (pQE-30). In addition, there were
several lower molecular weight bands which probably represent
proteolytic degradation products (Fig. 6g). Protein extracts from
the enamel epithelial tissue of rat incisors showed several intensely
stained protein bands corresponding to approximately 62 kDa, 70
kDa, 84 kDa and 120 kDa in molecular weight (Fig. 6f). The two less
intensely staining bands near47 kDa and 44 kDa correspond to the
calculated molecular weight of two forms of precursor ameloblastin
that may be derived from alternative splicing of mRNA (unpub-
lished data). Protein extracts of enamel from three different por-
tions of incisors showed major bands of 84 kDa and 120 kDa, and

little staining of other smaller molecular weight protein bands (Fig.
6c,d,e). The lower third of incisor roots showed the most intense
staining (Fig. 6e) and the upper third the least (Fig. 6c). The EDTA
decalcification solution contained S moderate to weakly reactive
protein bands, the major one situated between 84 and 112 kDa
(Fig. 6b). The extract from brain showed no staining with the anti-
ameloblastin antibodies (Fig. 6a).

Discussion

Ameloblastin is a unique protein specifically expressed by
ameloblasts. The DNA sequence of ameloblastin has no homology
with amelogenins and tuftelin, and ameloblastin is mapped to a
locus in mouse chromosome 5 (Lau et al., 1989; Deutsch el al.,
1991; Bonass elal, 1994; Krebsbach elal., 1996), whileamelogenin
and tuftelin genes are localized to human X chromosome and
chromosome 1, respectively (Bailey el al., 1992; Deutsch el al.,
1994). Here, we reporf the complete developmental expression
pattern of ameloblastin in the rat incisor and human tooth germs,
and compare its expression to amelogenin.

The secreted enamel matrix is composed of two major classes of
proteins, the amelogenins and enamelins (Termine et al., 1980a).
The hydrophobic amelogenins comprise over 90% of the secreted
extracellular matrix proteins and are rich in proline, histidine and
glutamine. The acidic enamelins make up less than 10% of enamel
matrix and are rich in glutamic acid, aspartic acid, serine and glycine.
Developmental studies suggest that enamel proteins are sequentially
expressed, with the anionic enamelins such as tuftelin being synthe-
sized prior to the amelogenins (Zeichner-David el al., 1989). Conse-
quently, acidic enamel proteins would first be deposited along the

dentino-enamel junction and appear to function as nucleators (or
templates) and regulators of biomineralization (Deutsch, 1989; Slavkin

Fig. 3. In situ hybridization in microsections of rat incisor, showing a composite photomicrograph including all developmental stages of the
rat incisor. IA,S,C,D,E) Arne/ablastin mRNA expression. (A) Low power magnification of different stages of ame/oblast differentiation (x40). Areas
marked b.c,d,e in A are magnified In panels S,C,D,E (x400). IS) Fine granularexpression In the cyroplasm of presecrerory ame/oblasts. (C) Expression
in the Juxtanuclear and distal cytoplasm of secretory ameloblasts. fD) Highest expression is found in early maturation stage ame/oblasts. fEI Some
expression remained in the juxtanuclear cytoplasm of late maturation stage ame/ob/asts. IF) Negative control; RNA in situ hybridization using the sense
probe of ame/oblastin shows no reaction (x400). (G) RNA in situ hybridization of amelogenin; note the condensed expression in the distal cytoplasm of
secretory ame/ob/asts (x400).
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eJ al" 1992). The more hydrophobic amelogenins are synthesized
approximately 48 h after the anionic murine tuttelin and appear to
function as calcium chelating nucleating sites (Glimcher, 1989),in-
hibitors of crystal growth (Doi eJ al., 1984; Aoba er al., 1987) and/or
regulators of crystal size, growth and orientation (Fearnhead, 1979;
Aoba eJ al., 1989; Robinson eJ al., 1989; Fincham eJ al., 1991;
Deutsch eJ a/., 1995b).

We used the continuously erupting rat incisor as a model system
to determine the expression pattern of ameloblastin, because the
entire developmental sequence of amelogenesis can be studied in a
single tooth. In situ hybridization, immunostaining. and Western
blotting techniques were applied to compare ameloblastin expres-
sion to that of amelogenin, the major secretory product of ameloblasts.
By in situ hybridization, ameloblastin mRNA was first obser/ed in
presecretory ameloblasts, at which stage the Golgi apparatus and
rough endoplasmic reticulum are already well developed (Smith and
Nanci, 1989b). Ameioblastin protein gradually accumulated in the
distal cytoplasm of ame/oblasts, particularly in the Tomes' processes
of secretory stage ameloblasts. Diffuse immunostaining was found
in the superficial enamel matrix and the dentino-enamel junction_
Colloidal gold immunolabeling further showed that ameloblastin is
present in the Golgi apparatus, secretory granules, and throughout
enamel. These immunocytochemical observations indicate that
ameloblastin is a secretory product of ameloblasts.

Ameloblastin was also highly expressed in ameiobiasts of
human tooth germs. AmeJoblastin protein was deposited in the
enamel matrix of early bell stage tooth germs, and amelcblastin
mRNA showed a stage-specific pattern of expression that was
abundant in secretory stage ameloblasts. These data suggest that
ameloblastin is a phylogenetically conserved protein which plays
a fundamental role in enamel formation.

The neutral EDTA decalcified incisor sections showed little
immunostaining for ameloblastin in the enamel matrix. However,
the frozen sections showed a strong positive reaction in the enamel
matrix, and the neutral EDT A decalcification solution itself showed
a weak positive reaction in Western blot analysis. This suggests
that ameiobiastin is extracted by neutral EDT A during the decalci-
fication procedure, which is a chemical property that contrasts with
the known solubility property of amelogenin (Fincham er al., 1991).

In the continuously erupting rat incisor, early maturation stage
ameloblasts begin to show immunolocalization of ameloblastin into
the enamel epithelium. and late maturation stage ameloblasts
showed an irregular accumulation of ameJoblastin in the juxtanuclear
cytoplasm as well as in the distal cytoplasm near the enamel
surface. Weak immunostaining was continuous in the papillary
layer of enamel epithelium until the late maturation stage. How-
ever. the cytoplasmic accumulation as large granular bodies was
not seen in the immunostaining patterns of amelogenin and enamelin
(Slavkin ef al.. 1982; Snead eJ al., 1988; Zeichner-David ef al.,

Ameloblanill t'xpre.'ilioll in lit'\'doping It't'llt 11~7

1995). Thus, these findings suggest that there may be multiple
roles of ameloblast in for enamel maturation in the late maturation
stage ameloblasts, or that ameloblastin could be degraded and
ingested by mature ameloblasts, resulting in cytoplasmic vesicular
accumulations. Discrete and progressive protein degradation by
specific proteases have been implicated in protein removal from
developing teeth (Shimizu er al., 1979; Nanci eJal., 1987; Carter et
al., 1989; Smith eJ al., 1989), but the detailed mechanism of such
processes needs to be elucidated.

Western blot analysis showed that both enamel epithelial tissue
and enamel matrix contained several protein bands strongly stained
with the antibodies to ameloblast in whose sizes are larger than the
molecular weight calculated from the deduced protein sequence.
These proteins probably represent a posl1ranslational
modification(s) of precursor ameloblastin. Such modifications could
include phosphorylation, glycosylation and sultation. Alternatively,
these proteins may represent a protein complex with other enamel
proteins. In the enamel epithelial tissue, there are two proteins, 47
kDa and 44 kDa, which are less abundant than the proteins with
higher molecular weight. Since there are at least two variant
mRNAs tor ameloblastin differed by 45 bp in size which are likely
the result of alternative splicing, these proteins may correspond to
u'nmodified precursor ameloblastin translated from the two differ-
ent size mRNAs. Interestingly, the enamel epithelial tissue con-
tains two strongly expressed proteins, 62 kDa and 70 kDa, which
are not found in the enamel matrix. It is possible that these proteins
may originate from a transcript which does not have a signal
peptide and which may function intracellularly in a certain stage,
especially the late maturation stage of amelogenesis in which
ameloblastin is still expressed whereas amelogenin and tuftelin
are not. Ameloblastin may have broader functions than ameJogenin
since its expression continues to the late stage of ameloblast
differentiation. Thus, it will be important to examine if ameloblastin
has multiple functions throughout amelogenesis.

Materials and Methods

RNA probes for In situ hybridization
The 2.0 kb tull-Jength ameloblastin cDNA clone Y224 (Matsuki et al.,

1995) was linearized by BamHI and Xhol for antisense and sense probe
production, respectively. The 0.8 kb amelogenin cDNA clone Y 166 (Matsuki

et al., 1995) was linearized by 8amHI and Hindi!! for antisense and sense
probe production, respectively. Digoxigenin-UTP labeled. single-stranded

antisense and sense ANA probes were prepared with T7 ANA polymerase
and T3 ANA polymerase, respectively, using an RNA labeling kit (Boehringer
Mannheim, Indianapolis, IN, USA).

Arne/ablastin antibody preparation
A recombinant protein was generated by subcloning a fragment of Y224

corresponding to +613 to +1134 bp into the expression vector pOE-3D,

Fig. 4. Immunostaining of ameloblastin in microsections of rat incisor. (A-I) No counter-stainmg. IAI Low power composIte reconstructIOn showmg
adjacent stages of ameloblast differenriation; note the positIve mrracellular immunoperol(idase reactlvtry up co the apIcal end of the incisor. bur nor including

rhe apical end (small arrows', and pOSItive react/on at the dent/no-enamel junction (arrowheads) (x40), The regions labeled b.c.d,e.f.g.h.i m A are shown
magnifIed m B,C.D.E,F,G,H. andl.IBI Pre secretory stage (x400): ameloblastin appears in the distal cytoplasm of ameloblasts. but is negative /n denrsn (dO
and odoncobfasts (00). IC,D.E) Secretory srages (Jr.400).JnC. the enamel (em) shows condensed stammg for ameloblastin. In D. the denrmoenamel Junction
(arrows) shows pOSItive reaction and Tomes' processes (arrowheads) develop strong stamlOg, but the enamel becomes negative. In E. stainmg of Tomes'
processes remains generally strong. IF.G) Early maturation srage (>.400). iFI Tomes' processes are generally retracted or flarrened. and ameloblastin /s
posirlve m the superflcial/ayer of enamel. Note also the posm.vl~ in the outer enamel epithelium (arrow). IG) Ameloblastln becomes concenrrared m the

cvrDPfasm as irrf'gular, large granules. and there ;s increased staining in the ourer enamel epithelium (arrow). (H,!) Lare maturation srage 4(0).
(HI Ameloblastln remains condensed on the surface layer of ena'TJel (arrownead). III Ame/ablastm gradually accumulates in the proximal cyroplasm (arrow).

tJI Negative control after preabsorption of the antibody by the Immunizmg fusion protein sho~'Vs no staming (x400).
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Fig. 5. Immunogold preparations showing the presence of ameloblastin antigenicity in the protein synthetic and secretory organelles of
secretory stage ameloblastin. (AI Secretory granules (arrows) accumulating in Tomes' process (.) and the surroundmg enamel (em) show numerous
gold particles (bar, ,26, 000). IB) The saccufes (arrows) of rhe Goigiapparatus (G)as well as secrerory granules on theirtransaspect are also Intensely
Immunolabeled. Gold pamcles are also occasionally seen In association with endoplasmic reticulum proper (arrowhead), Bar, x21,OOO

whichconlains a tag consisting of six histidinecodons (Qiagen. Chatsworth.
CA. USA). The plasmid was transformed into competent M15(pREP4)
cells, and the recombinant protein was induced with isopropyl-B-D-
thiogalactopyranoside and purified using a Ni-nitrilo-tri-acetic-acid agarose
affinity column (Qiagen, Chatsworth, CA, USA). Polyclonal antibodies
against the purified recombinant ameloblastin were produced using stand-
ard procedures. New Zealand white rabbits were inoculated with 500).lg of
recombinant ameloblastin in an equal volume of Freund's complete adjuvant
(Sigma. S1. Louis. MO. USA). The rabbil was boosted 3 times at 2 week
intervals using 250 ).Igof recombinant ameloblastin and an equal volume
of Freund's incomplete adjuvant, and polyclonal ameloblastin antibody was
generated (Duncroft Inc, VA, USA). Isolation of IgG from serum was
performed by recombinant-protein antigen-affinity purification using the
recombinant protein bound to a Ni-nitrilo-tri-acetic acid agarose column.

Whole-mount in situ hybridization
Three-week old Sprague-Dawley rats were anesthetized with ketamine

hydrochloride (Sigma, St. Louis, MO, USA), and were perfused through the
left ventricle with 4~o paraformaldehyde in PSS (pH 7.0). The mandibles
were excised, decalcified in 10% EDTA (pH 8.0) for 10 days, and bisected
longitudinally to expose the incisor. Fixed sections of human fetal tooth
germs were kindly provided by the Registry of Congenital Malformation
administered by the Department of Pathology, Seoul National University
College of Medicine. They were diagnosed as non-pathologic in routine
pathological examinations. The human fetal tooth germs at 20, 24 and 30

weeks of gestation were extracted during autopsy . Tooth germs were fixed

in 10% neutral formalin and maintained in 70% ethanol solution at -70=C
until analyzed. Whole-mount ANA in situ hybridization was performed
using single-stranded sense and antIsense probes (see above) using

digoxigenin-Iabeled, in vitro transcribed ANA probes (Wilkinson, 1992).

RNAinsffuhybrld~ation
Three week-old Sprague-Dawley rats and human tooth germs were

fixedas described above for whole-mount in situ hybridization. Specimens
were embedded in paraffin and 5 11m sections were prepared. After
deparaffinization, the sections were treated with proteinase K (10 ).Iglml) for

15 min at room temperature. and endogenous alkaline phosphatase was
inactivated using 0.2 N HC!. Hybridization in the tissue sections was
performed in a hybridizafion solution containing 50% formamide. 10 mM
Tris-HCI, pH 7.6, 200 Ilglml tANA, 1x Denhardt's solution, 10% dextran
sulfate, 600 mM NaCI. 0.25% SDS, and 1 mM EDT A at 50'C for 16 h in a
humidified chamber. Slides were washed in 2xSSC containing 50''10

formamide at 55°C for 30 min, and then rinsed at 37°C for 10 min in TNE
(10 mM Tris-HCI, pH 8.0, 500 mM NaCI, 1 mM EDTA). Non-hybridized

transcripts were digested with 20 Ilg/ml RNase A (Sigma. St. Louis, MO,
USA) in TNE at 37'C for 30 min. The slides were washed again in TNE at

37'C for 10 min, once with 2xSSC atSO°C for 20 min, and finally twice with
0.2xSSC at 50=C for 20 min.

Detection of in situ hybridization was carried out using the Genius
Detection system (Boehringer Mannheim, Indianapolis, IN, USA), in which
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Fig. 7. Western blot analysis for ameloblastin; ameloblastin isseen in

EDT A.decalcification solution as well as in various rat incisor tissues.
Rae incisors were treatedwirh fOTA and the soluble (raCllan was ana/rzed.
Inaddlcion mracrcalctfledmcisors without fOTA treatment were dissected
,nco apical, cervical, and incisal portions and were homogenized by Polvtron

insample buffer. The soluble fractions trom these tissues were fractIonated
by 50S 4.2096 polyacrylamide gel electrophoresis under reducing condi-

rions. Proteins were transferred inraa Nylon fllrer followed by staining with
anei-recombmant arne/ablastin antlbody_ lal Control, rar bram tIssue. (bl
fOTA deea/ctf/cauon solution of rar Incisors. fdl Cervical rhird of rar Incisor.

lei ApIcal rh;rd of rar mcisor. tfl Enamel eplrhellal flSsue. {gl Recomb,nanr
ameloblasrm using fufl-Iengrh cDNA.

the specific transcripts were detected with an anti-digoxigenin antibody
conjugated to alkaline phosphatase in DIG 1 solution. The slides were
washed several times with DIG 3 solution (100 mM Tris-HCI, pH 9.5 100
mM NaCI. 50 mM MgCI2) and then immersed in the color-development
solution (0.3 mg/ml Nitro Blue Tetrazolium and 0.15 mg/ml ot 5.bromo-4-
chloro-3.indolyl phosphate in 0.1 M NaHCOJ) (Boehringer Mannheim,
Indianapolis, IN, USA). Color development was stopped by immersing the
slides in DIG 4 solution (10 mM Tris-HCI buffer, pH 8.0,1 mM EDTA).

Immunohistochemistry
Paraffin sections of rat incisors and human tooth germs were deparaffinized

and hydrated before inactivation of endogenous peroxidases by 3% hydro--
gen peroxide for 10 min. The sections were blocked with normal goat serum,

and three.layer immunolabeling was performed. For immunolabelin), an
antigen.affinity purified antibody raised against recombinant ameloblaSlin

was used. The sections were incubated with a biotinylated secondary anti-
rabbit IgG antibody followed by streptavidln.peroxidase. Immunolocalization
was visualized by dlaminobenzidine (HistoMark, KPl, Gaithersburg. MD.
USA). As a negative control. the antibody against ameloblastin was

preabsorbed with the recombinant protein and then used in the same
immunostaining procedure described above.

For postembedding colloidal gold immunolabeling, male Wistar rats
(Charles Rivers, St-Constant, OC) weighing approximately 100 g were

anesthetized with chloral hydrate (0.4 mg/g body weight) and perfused
through the left ventricle into Ihe aorta with laclated Ringers solution
(Abbott laboratories. Montreal, Canada) for approximately 30 sec
followed by 1% glutaraldehyde buffered with 0.08 M sodium cacodylate
containing 0.5% CaCI2 (pH 7.2.7.4). Hemimandibles were dissecled

out and immersed overnighl in the pertusion fixative. Segments of
incisors containing early secretory stage ameloblasts were prepared
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using a molar reference tine (Smith and Nanci. 1989a). The segments
were washed extensively in 0.1 M sodium cacodylate bulfer containing
0.5~o GaGI2 and 5~o sucrose (pH 7.2-7.4). dehydrated in graded
methanols and processed in lowicryl K4M resin (Chemische Werke
Lowi. Waldkraiburg, Germany) as described previously (Bendayan et
al., 1987; Nanci et al., 1989). Thin sections were cut, mounted on
formvar-carbon coated nickel grids and processed for colloidal gold
immunolabeling using the rabbit antiserum to recombinanl ameloblastin
(see above). The sections were then stained with uranyl acetate and
lead citrate and examined in a JEOl1200EX-1i electron microscope
operated at 60 kV.

Western blot analysis
Incisor roots were carefully removed from 3 week-old Sprague-

Dawley rats, and the enamel epithelial tissue was excised from the
labial surfaces of incisors under a dissecting microscope. The tissue
was homogenized in sample buffer (0.6 M Tris-HCI, pH 6.8, 2~o SOS)
using a Polytron (Tekmar. Cincinnati OH. USA). The remaining incisor
root tissues were washed in 6~o H202 PBT solution (phosphate buff-
ered saline, 0,1 % Tween.20) for 2 h on a rocking platform at room
temperature. Any remaining soft tissue was gently removed, and the
incisor roots with the exposed enamel surtace were then decalcified in
a 10% EOTAsolution (pH 7.5) for 10 days. The decalcification solution
was collected, Iyophylized, and resuspended in sample buffer. Non-
decalcified incisors. without EDT A treatment, were evenly cut into
three pieces: the upper third, the middle Ihird, and the lower third. Each
piece of the incisors was homogenized in sample buffer. and was
centrifuged for 20 min at 3000 rpm (Beckman, RJ6), and the supernatants
were used for Western blot analysis. Recombinant ameloblastin was
also made by subcloning a fragment of Y224 encoding the entire
ameloblastin open reading frame (nucleotide residues from +92 to
+1359) into pQE-30. The pQE-30 vector was designed to express an
additional 20 amino acid sequence including a six-histidine tag for
column purification. Rat brain extract was used as a negative control.
The samples were treated with protease inhibitors, phenylmethylsulfonyl
fluoride (1 mM), aprotonin (0.3 mM), and leupeplin (1 mM) (Boehringer
Mannheim, Indianapolis, IN, USA) during the extraction procedure.
The protein extracts were fractionated by electrophoresis through a 4-
20% polyacrylamide gel (Novex. San Diego, GA. USA) in the presence
of sodium dodecyl sulfate buffer under reducing conditions. The elec-
trophoresed proteins were then transferred to a Nylon filter (PVDF.
Millipore, Bedford, MA, USA). Immediately alter transfer. the filter was
blocked in TBST buffer (50 mM Tris-HCI, pH 8.0,150 mM NaGl, 0.1~o
Tween-20) containing 5% dry non.fat-milk for 30 min at room tempera-
ture, was washed in TBST and transferred to a fresh solution of TBST
containing a 1:1000 dilution of the antibody, and incubated at room
temperature overnight. The filter was washed with TBST and then
incubated with a 1:2000 dilution of goat anti-rabbit IgG conjugated to
alkaline phosphatase for 2 h. After washing several times with TBST,
the filter was immersed in the color-development solution (0.3 mg/ml
Nitro Blue Tetrazotium and 0.15 mg/ml of 5.bromo-4-chloro-3-indolyl
phosphate in 0.1 M NaHCOJ) (Boehringer Mannheim, Indianapolis, IN,
USA). The color reaction was stopped by immersing the filter in TE
buller (10 mM Tris-HCI. pH 8.0.1 mM EDTA).
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