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Abstract
TGF-β subtypes are expressed in tissues derived from cranial neural crest cells during early mouse
craniofacial development. TGF-β signaling is critical for mediating epithelial-mesenchymal
interactions, including those vital for tooth morphogenesis. However, it remains unclear how TGF-
β signaling contributes to the terminal differentiation of odontoblast and dentin formation during
tooth morphogenesis. Towards this end, we generated mice with conditional inactivation of the
Tgfbr2 gene in cranial neural crest derived cells. Odontoblast differentiation was substantially
delayed in the Tgfbr2;Wnt1-Cre mutant mice at E18.5. Following kidney capsule transplantation,
Tgfbr2 mutant tooth germs expressed a reduced level of Col1a1 and Dspp and exhibited defects
including decreased dentin thickness and absent dentinal tubules. In addition, the expression of the
intermediate filament nestin was decreased in the Tgfbr2 mutant samples. Significantly, exogenous
TGF-β2 induced nestin and Dspp expression in dental pulp cells in the developing tooth organ. Our
data suggest that TGF-β signaling controls odontoblast maturation and dentin formation during tooth
morphogenesis.
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Introduction
Neural crest cells are multipotential progenitor cells that contribute extensively to vertebrate
development and give rise to various cell and tissue types. Proliferation of CNC cells produces
the discrete swellings that demarcate each branchial arch, and CNC cells contribute to the
formation of mesenchymal structures in the head and neck (Echelard et al., 1994; Graham and
Lumsden, 1993; Imai et al., 1996; Le Douarin et al., 1993; Noden, 1991; Trainor and Krumlauf,
2000). When odontogenesis begins, the primitive oral epithelium thickens and proliferates to
project into the underlying CNC-derived ectomesenchyme. Mesenchymal cellular
condensation results in the establishment of the dental papilla (Cobourne and Sharpe, 2003).
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Odontoblasts are neural crest-derived cells that secrete predentin and dentin after terminal
differentiation (Chai et al., 2000; Ruch, 1990). During odontogenesis, odontoblast terminal
differentiation is controlled by the inner dental epithelium and is also dependent on matrix-
mediated interactions (Cam et al., 1992; Ruch et al., 1995; Ruoslahti and Yamaguchi, 1991).
Analysis of the expression patterns of growth factors during odontogenesis suggests that
members of the TGF-β family, IGFs and FGFs contribute to odontoblast terminal
differentiation (Begue-Kirn et al., 1994; Cam et al., 1992; Cassidy et al., 1997; Finkelman et
al., 1990; Heikinheimo, 1994; Heikinheimo et al., 1993; Helder et al., 1998; Inage and Toda,
1996; Joseph et al., 1993; Russo et al., 1998; Thesleff and Vaahtokari, 1992; Vaahtokari et al.,
1991). Within the TGF-β family, TGF-β1, TGF-β2, TGF-β3, BMP-2, BMP-4, BMP-7 and
follistatin have been detected in the inner dental epithelium and in polarizing and functional
odontoblasts. The complexity of events in vivo has led to the use of in vitro models to
investigate and characterize the roles of these growth factors in regulating tooth
morphogenesis. However, as most of these studies were carried out using cultured odontoblast
cells, they were unable to address the biological significance of tissue-tissue interaction in
regulating odontoblast differentiation. Furthermore, it has been difficult to identify the specific
role of these growth factors during odontoblast differentiation because of their overlapping
expression patterns and functional redundancy.

TGF-βs bind to two distinct receptor types, and both type II and type I receptors are required
for signal transduction. In order to investigate the functional significance of TGF-β signaling
in regulating odontoblast differentiation and dentin formation in vivo, we generated mutant
mice in which the Tgfbr2 gene is specifically inactivated in the CNC-derived odontoblast cells.
Our study demonstrates that TGF-β signaling plays an essential role in odontoblast maturation,
including cytological differentiation and dentin formation.

Materials and Methods
Generation of Wnt1-Cre;R26R and Tgfbr2fl/fl;Wnt1-Cre mutant mice

The Wnt1-Cre transgenic line have been described previously (Danielian et al., 1998). Mating
Tgfbr2fl/+;Wnt1-Cre with Tgfbr2fl/fl mice generated Tgfbr2fl/fl;Wnt1-Cre null allele progeny
that were genotyped using PCR primers as previously described (Chytil et al., 2002). Mice
with no detectable Cre transgene were used as control.

Kidney capsule transplantation
The 1st lower molar region including surrounding tissue was collected from E14.5 wild type
or mutant mouse embryo. The host mouse was weighed and anesthetized using pentobarbital
(0.5 mg/10 g body weight). Kidneys were exposed through incision of the skin and muscle in
the back of the host mouse. The kidney capsule was opened with the fine tip of No. 5 forceps.
The embryonic tissue block that contained the tooth germ was placed under the kidney capsule.
Sutures were placed to close the muscular layer and skin. After operation, genotypes of each
transplanted samples were confirmed by PCR. The host mouse was kept in a warm chamber
until it fully recovered. The kidney capsule grafting products were harvested in some periods
after the operation. All surgical procedures were performed according to IACUC guidelines.

In situ hybridization
Tissue was fixed with 4% paraformaldehyde in PBS, embedded in paraffin, serially sectioned,
and mounted following standard procedures. DNA fragments of Dspp Amelogenin and
Col1a1 were subcloned in pBSK, pGEM and pDrive vector plasmids, respectively.
Digoxigenin (DIG)-labeled sense and antisense cRNA riboprobes were synthesized using the
DIG RNA Labeling Mix (Roche Molecular Biochemicals). Paraffin-embedded sections were
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dewaxed and treated with proteinase K (20 μg/ml), 0.2M HCl, acetylated, and hybridized
overnight with Digoxigenin labeled probes as previously described (Xu et al., 2005).

Immunohistochemistry, Immunofluorescence and Von Kossa staining
Tissue was fixed with 4% paraformaldehyde in PBS, embedded in paraffin, serially sectioned,
and mounted following standard procedures. Samples were treated with mouse anti-nestin
(CHEMICON International) or rabbit anti-Neurofilament M (CHEMICON International) as
primary antibody. Signals were visualized with Histostain®SP for mouse primary (Zymed
Laboratories) for immunohistochemistry, or with Alexa Fluor 488 or 568 (Invitrogen) as
second antibody for immunofluorescence. For Von Kossa staining, the tissue was fixed with
Karnovsky fixative solution, embedded in EPON, sectioned and mounted. Staining was
performed according to standard procedure.

Scanning Electron Microscopy (SEM)
Dissected tooth organs were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer,
pH 7.2, at 4°C for 2 hours. Specimens were washed in buffer, dehydrated in graded ethanol,
and placed in perforated Beem capsules in acetone. They were then dried in a critical-point
drying bomb using carbon dioxide, mounted on specimen studs, and sputter coated with gold
palladium alloy in an argon atmosphere (Hummer V, Technics; pulsed for 7 minutes at 9 volts
and 10 milliamps). Tooth topography was viewed with a Cambridge S4-10 scanning electron
microscope operating at 10 kV.

Organ culture of wild type and Tgfbr2fl/fl;Wnt1-Cre mutant lower 1st molar tooth germ
explants

Timed-pregnant mice were sacrificed on post-coital day 18.5. Dissected lower 1st molar tooth
germs were cultured in serumless, chemically defined medium according to standard methods
(Ito et al., 2002). We used affi-gel blue beads (BioRad) for delivery of TGF-β2. The beads
were washed in PBS and then incubated for 1 hour at room temperature in 10μg/ml TGF-β2
(R&D). Control beads were incubated in 0.1% BSA.

Results
Loss of TGF-β signaling affects the terminal differentiation of odontoblasts

TGF-β signaling plays a critical role during tooth morphogenesis. To investigate whether there
is a cell-autonomous requirement for TGF-β signaling during odontoblast differentiation, we
generated Tgfbr2fl/fl;Wnt1-Cre mutant mice. We have previously shown that conditional
inactivation of Tgfbr2 does not adversely affect the migration of CNC cells (Ito et al., 2003).

To examine the status of odontoblast functional differentiation in Tgfbr2fl/fl;Wnt1-Cre mutant
mice, we assayed the expression of markers using in situ hybridization. Type I collagen and
dentin phosphoprotein (Dpp) are the major organic components in dentin and predentin,
respectively. Fully differentiated odontoblasts express type I collagen (Col1a1) and dentin
sialophosphoprotein (Dspp), which have been used extensively as differentiation markers for
odontoblasts. In wild type mice at E18.5, Col1a1 expression was observed in the odontoblast
layer and osteogenic region (Fig. 1A), and Dspp was present in the odontoblast and ameloblast
layer (Fig. 1C). In Tgfbr2fl/fl;Wnt1-Cre mutant mice, however, Col1a1 expression in the
odontoblast layer was dramatically reduced (Fig. 1B), and Dspp expression was not detectable
(Fig. 1D). Interestingly, expression of Amelogenin, an ameloblast differentiation marker, was
also reduced in the Tgfbr2fl/fl;Wnt1-Cre sample (Fig. 1E,F). To determine when Tgfbr2 was
expressed in dental pulp cells, we performed in situ hybridization analysis. Tgfbr2 expression
was first detectable in CNC-derived dental pulp cells at E16.5 (Fig. 1G) and in odontoblast
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cells at E18.5 (Fig. 1H). Our data suggest that TGF-β signaling plays an important role in tooth
development at late embryonic stages.

Abnormal dentin formation in Tgfbr2fl/fl;Wnt1-Cre mice
Unfortunately, Tgfbr2fl/fl;Wnt1-Cre mutant mice die at birth because of cleft palate defect (Ito
et al., 2003), so we cannot observe tooth development at postnatal stages to investigate the
functional significance of TGF-β signaling in regulating odontoblast differentiation and dentin
formation. Therefore, we transplanted the lower 1st molar tooth germ under a kidney capsule
to observe postnatal dentin formation. After four weeks cultivation under the kidney capsule,
the mineralized tooth was well formed, with normal cusp and root formation in wild type (Fig.
2A,B). In contrast, Tgfbr2fl/fl;Wnt1-Cre teeth appeared translucent. Tgfbr2fl/fl;Wnt1-Cre
crowns were smaller than those of wild type and root formation was abnormal. We observed
well-organized enamel and dentin, including a predentin layer, in wild type sections (Fig.
2C,E). Although we observed well-organized enamel in the Tgfbr2fl/fl;Wnt1-Cre mutant, we
discovered that the dentin consisted of a very thin monolayer (Fig. 2D,F). Using Von Kossa
staining, we found that the mineralization of the enamel and the dentin was normal in the
Tgfbr2fl/fl;Wnt1-Cre sample as compared to the control. However, we rarely observed non-
mineralized dentin (pre-dentin) in Tgfbr2fl/fl;Wnt1-Cre mutant sample (Fig. 2G,H).

Given that both enamel and dentin were formed in Tgfbr2fl/fl;Wnt1-Cre mutants, we
investigated the differentiation status of odontoblasts and ameloblasts at a postnatal stage two
weeks after kidney transplantation. Col1a1 and Dspp expression persisted in wild type at this
stage (Fig. 3C,E,G). In Tgfbr2fl/fl;Wnt1-Cre samples, the expression of Col1a1 was present in
odontoblasts, although the level of the expression appeared lower than that of wild type (Fig.
3D). The expression of Dspp, which was not detectable at E18.5 in the mutant, finally appeared
in odontoblasts at this stage (Fig. 3F). In fact, we observed Col1a1 and Dspp expression in
Tgfbr2fl/fl;Wnt1-Cre samples as early as 5 days after transplantation (E14.5 + 5), a time that
should essentially represent a newborn stage (Fig. 3I,J). The level and pattern of Amelogenin
expression in the mutant was indistinguishable from that of wild type (Fig. 3G,H). These data
are consistent with a requirement for TGF-β signaling in the secretion of the extracellular
matrix and the formation of dentin, but not in the terminal differentiation of odontoblasts in
vivo.

TGF-β signaling is required for cytological differentiation of odontoblasts
To determine if there were any dentinal tubule structure defects in Tgfbr2fl/fl;Wnt1-Cre
samples, we examined the ultrastructure of mineralized dentin using scanning electron
microscopy (SEM). Dentinal tubules were clearly visible in wild type (Fig. 4A). In contrast,
we observed no dentinal tubules in the Tgfbr2fl/fl;Wnt1-Cre sample, although the structure of
the enamel was normal (Fig. 4B).

Previous studies have shown that nestin, a member of the intermediate filament family, is
expressed in fully differentiated odontoblasts, especially in odontoblast processes (About et
al., 2000; Terling et al., 1995). We investigated odontoblast process development in the
Tgfbr2fl/fl;Wnt1-Cre sample by analyzing nestin expression. Nestin expression began at the tip
of the cusps in wild type at E18.5 (Fig. 4C,E), but failed to express in the Tgfbr2fl/fl;Wnt1-
Cre sample (Fig. 5D,F). After cultivation under the kidney capsule, we observed strong nestin
expression in odontoblasts and in the dentin matrix area, the region containing odontoblast
processes, in the wild type sample (Fig. 4G,I). In Tgfbr2fl/fl;Wnt1-Cre transplants, we found
that nestin was barely detectable in odontoblasts (Fig. 4H,J). Thus, TGF-β signaling is required
for the formation of odontoblast processes.
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Next, we treated the lower 1st molar explant with either TGF-β2 or BSA control beads and
evaluated nestin expression. Wild type tooth explants treated with BSA for 5 days showed no
expression of nestin around the beads, whereas odontoblasts adjacent to the dentin-enamel
junction did express it (Fig. 5A,B). When we treated Tgfbr2fl/fl;Wnt1-Cre mutant tooth explants
with TGF-β2 beads, there was no expression of nestin (Fig. 5C,D). In contrast, TGF-β2 beads
did induce the expression of nestin in wild type dental papilla cells, and those cells were
cytologically differentiated with an enlargement of the cytoplasm (Fig. 5E,F). However, nestin
is expressed in neuronal cells as well as odontoblasts. We performed in situ hybridization using
a Dspp probe in order to confirm whether nestin positive cells around the TGF-β2 beads were
differentiated odontoblasts. In fact, we observed Dspp positive cells around the TGF-β2 beads
and around the odontoblasts adjacent to the dentin-enamel junction (Fig. 5G,H). Furthermore,
we performed double immunofluorescence using anti-Neurofilament M (NF-M) and anti-
nestin antibody. Nestin expression was induced in cells around the TGF-β2 beads. However,
we were unable to detect any NF-M positive cells in the dental pulp cell population (Fig. 5I).
These results suggest that TGF-β signaling is required for odontoblast cytological
differentiation via the regulation of nestin expression.

Discussion
Odontoblasts represent one of the primary fates of CNC cells entering the first branchial arch.
TGF-β is known to mediate epithelial-mesenchymal interactions, and TGF-β ligands are
conspicuously expressed in the dental epithelium and the CNC-derived mesenchyme
throughout different stages of tooth development. We have shown here that there is a cell-
autonomous requirement for TGF-β signaling during terminal differentiation of the CNC-
derived odontoblasts and dentin matrix formation.

TGF-β is secreted by differentiated odontoblasts and regulates the biological activity of these
cells through an autocrine mode of action (Begue-Kirn et al., 1994; Begue-Kirn et al., 1992).
Studies using mice with Tgfb1 null mutation or overexpression of Tgfb1 support an essential
role for TGF-β1 signaling in dentin mineralization (D'Souza et al., 1998; Thyagarajan et al.,
2001). Although there was a delay in odontoblast differentiation in the Tgfbr2 mutant, all CNC-
derived odontoblast cells expressed Dspp, ColIa1 and formed dentin matrix following kidney
capsule transplantation. However, exogenous TGF-β2 induced ectopic Dspp expression in wild
type dental mesenchymal cells. Therefore, we conclude that TGF-β signaling is not required
for the functional differentiation of odontoblasts during tooth morphogenesis in vivo, even
though exogenous TGF-β can induce odontoblast differentiation. The delay in amelogenin
expression in ameloblasts in Tgfbr2fl/fl;Wnt1-Cre mice suggests that normal odontoblast
differentiation is required for ameloblast differentiation. We did not observe any ameloblast
differentiation defect in K14-Cre;Tgfbr2 mutant mice, in which TGF-β signaling was
completely blocked in the dental epithelium throughout tooth development (our unpublished
data), implying that TGF-β signaling is dispensable during ameloblast differentiation.

Dentin and enamel are formed and calcified in Tgfbr2fl/fl;Wnt1-Cre mice, although the dentin
thickness was dramatically reduced when compared to that of wild type. Specifically, dentinal
tubules and dentin matrix were malformed in the Tgfbr2fl/fl;Wnt1-Cre sample. Type I collagen
is the major organic component of the dentin matrix, and type I procollagen is composed of
two polypeptide chains, α1(I) and α2(I). The synthesis of these two polypeptide chains is under
the control of two separate genes, COL1A1 and COL1A2 (Cutroneo, 2003; Verrecchia and
Mauviel, 2004). There is a potential TGF-β activation region located upstream of both
COL1A1 and COL1A2 genes (Ritzenthaler et al., 1991). However, we have been unable to
detect an induction of Col1a1 mRNA by TGF-β2 stimulation in dental pulp cell culture within
1 hour (data not shown). Therefore, the question remains open whether TGF-β induces
Col1a1 directly or as a secondary consequence of activation of other signaling targets.
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Nestin is expressed predominantly in the developing nervous system and muscles, and it is
replaced by neurofilament and glia fibrillary acid protein (GFAP) in nervous tissue and by
desmin in muscle (Kachinsky et al., 1994; Sejersen and Lendahl, 1993). Previous studies have
shown that nestin is expressed in developing and adult human teeth under normal and
pathological conditions such as carious lesions and dental wound healing. In particular, nestin
expression is evident in odontoblast processes up to the dentin-enamel junction where dentin
matrix is produced. It has also been reported that nestin expression becomes progressively
restricted to differentiating odontoblasts and is absent from older permanent teeth (About et
al., 2000). These studies suggest that nestin expression is involved in the cytological
differentiation of odontoblasts, especially in generating the odontoblast process.

We have shown in this study that nestin is expressed in odontoblasts at the tip of the cusp region
in wild type samples at E18.5, but it is missing in the Tgfbr2fl/fl;Wnt1-Cre mutant. Following
transplantation under the kidney capsule, nestin expression is clearly visible in wild type
odontoblasts and their processes within the dentin matrix, whereas it is rarely observed in
Tgfbr2fl/fl;Wnt1-Cre teeth. These results are consistent with the morphological phenotype of
our mutant tooth, which has no dentinal tubules in the dentin. The dentin in our mutant consisted
of a very thin monolayer, and it is well mineralized, suggesting that the defect in dentin
formation in this model is downstream of the defect of odontoblast process formation. Newly
differentiated odontoblasts are relatively closely packed and characterized by numerous
cytoplasmic processes oriented toward the basement membrane of the inner enamel epithelium.
As the odontoblast continued to mature, the many small cytoplasmic processes are replaced
by a single major cytoplasmic process, the odontoblast process, which becomes the major
secretory pole of the cell. (Sasaki and Garant, 1996). In the Tgfbr2 mutant, odontoblast process
formation is perturbed, resulting in reduced dentin formation.

There is limited information regarding the regulation of nestin expression during tooth
development. Application of exogenous BMP-4 in dental pulp tissue induces the expression
of nestin in organ culture (About et al., 2000). In this study, we found no difference in the
distribution and expression level of Bmp4 in the Tgfbr2fl/fl;Wnt1-Cre mutant as compared to
wild type (data not shown). Our study provides the novel finding that exogenous TGF-β2 can
induce ectopic nestin expression in wild type dental mesenchymal cells, but not in
Tgfbr2fl/fl;Wnt1-Cre cells. We have also cultured dental pulp cells with TGF-β2 stimulation,
however we have been unable to detect an induction of Nestin mRNA (data not shown). So, it
remains unclear whether induction of nestin expression by TGF-β2 is direct or indirect.

In conclusion, the present study demonstrates that TGF-β signaling is critical for the functional
differentiation of the CNC-derived odontoblasts in vivo. Compromised type I collagen and
odontoblast process formation result in reduced dentin matrix formation, dentin thickness and
smaller tooth size in the Tgfbr2fl/fl;Wnt1-Cre mutant. This animal model will provide additional
useful information regarding the mechanism of TGF-β signaling in regulating dentin matrix
formation.
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Fig. 1. Abnormal odontoblastic and ameloblastic differentiation in lower 1st molar teeth of E18.5
Tgfbr2fl/fl;Wnt1-Cre mice
In situ hybridization of Dspp, Col1a1 and Amelogenin using wild type (A,C,E) and
Tgfbr2fl/fl;Wnt1-Cre (B,D,F) samples at E18.5. (A,B) Col1a1 is expressed in osteoblasts
(arrowhead) in both wild type and Tgfbr2;wnt1-Cre mutant mice, but expression in Tgfbr2;
Wnt1-Cre mice is dramatically reduced compared to wild type. (C,D) Dspp is expressed in
odontoblasts and ameloblasts in wild type (arrow). In contrast, Dspp expression is not observed
in Tgfbr2;wnt1-Cre mice. (E,F) Amelogenin expression is detected in ameloblasts in wild type
mice (arrow), but is not detectable in Tgfbr2; wnt1-Cre mice. (G,H) In situ hybridization of
Tgfbr2 using wild type 1st lower molar at E16.5 (G) and E18.5 (H). Tgfbr2 is expressed in
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dental mesenchymal cells at E16.5 (arrow) (G), and odontoblast cells at E18.5 (arrow) (H).
Scale bars: 100 μm in A-F, 30 μm in G and F.
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Fig. 2. Tooth development defect in Tgfbr2fl/fl;Wnt1-Cre mice after kidney capsule transplantation
Wild type and Tgfbr2fl/fl;Wnt1-Cre lower 1st molar tooth germ were cultivated for four weeks
under host kidney capsules. Normal cusp patterning is detectable in both wild type (left side)
and Tgfbr2fl/fl;Wnt1-Cre (right side) from a lateral (A) and top view (B). However, the shape
of the crown and roots in the mutant sample is different than wild type (A), and the mutant
sample appears translucent (B). (C-H) H&E and Von Kossa staining of wild type and
Tgfbr2fl/fl;Wnt1-Cre tooth germ sections. In the wild type samples, the enamel and dentin are
well organized (C) and well mineralized (G). The dentin is composed of two layers (E). In the
Tgfbr2fl/fl;Wnt1-Cre samples, the enamel is well formed (D), but the dentin consist of a thin
monolayer (F). Both the enamel and dentin are well mineralized, although predentin is rarely
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observed (H). Dotted-line boxes in C and D are enlarged and shown in E and F, respectively.
e, enamel; d, dentin; pd, predentin; scale bars: 1 mm in A and B; 100 μm in C and D; 50 μm
in E-H.
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Fig. 3. Expression of odontoblastic and ameloblastic differentiation markers in Tgfbr2fl/fl;Wnt1-
Cre tooth germ cultured under a kidney capsule
H&E staining and in situ hybridization of Dspp, Col1a1 and Amelogenin in wild type (A,C,E,G)
and Tgfbr2fl/fl;Wnt1-Cre (B,D,F,H) samples after 14 days cultivation under a kidney capsule.
(C,D) Expression of Col1a1 (arrows) in Tgfbr2fl/fl;Wnt1-Cre transplants is detectable in a
similar pattern to wild type, although the level of the expression is reduced. (E,F) Expression
of Dspp (arrows) is detectable in wild type and Tgfbr2fl/fl;Wnt1-Cre odontoblasts, but the level
of expression is reduced in the Tgfbr2fl/fl;Wnt1-Cre sample. (G,H) The level and pattern of
Amelogenin expression (arrows) in the Tgfbr2fl/fl;Wnt1-Cre sample are indistinguishable from
wild type. (I,J) In situ hybridization of Col1a1 (I) and Dspp (J) in wild type samples after 5
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days cultivation under a kidney capsule. Both Col1a1 and Dspp are already expressed in
odontoblasts at the tip of the cusp at this stage (arrow). Scale bars: 100 μm in A-H; 50 μm in
I and J.
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Fig. 4. Loss of dentinal tubules in Tgfbr2fl/fl;Wnt1-Cre tooth germ
(A,B) SEM analysis of wild type and Tgfbr2fl/fl;Wnt1-Cre teeth after 28 days cultivation under
a kidney capsule. Dentinal tubules are clearly visible in the wild type dentin layer (arrowheads
in A), but not in the Tgfbr2fl/fl;Wnt1-Cre dentin (B). The structure of the Tgfbr2fl/fl;Wnt1-
Cre enamel is indistinguishable from wild type. Broken line; dentin-enamel junction, d; dentin,
e; enamel. (C-J) Nestin immunohistochemistry in wild type and Tgfbr2fl/fl;Wnt1-Cre tooth
germ at E18.5 (C-F) and after 14 days cultivation under kidney capsules (G-J). E, F, I, and J
are enlarged views of the yellow dashed boxes in C, D, G, and H, respectively. Nestin
expression is detectable in wild type odontoblasts at the tip of the cusp (E, arrow), but not in
Tgfbr2fl/fl;Wnt1-Cre odontoblasts (F). After cultivation under the kidney capsule, nestin is
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highly expressed in odontoblasts and in the dentin matrix area in wild type transplants (G,I).
In Tgfbr2fl/fl;Wnt1-Cre transplants, nestin was barely detectable in odontoblasts (H,J). Scale
bars: 20 μm in A, B; 100 μm in C, D, G and H; 25 μm in E, F, I and H.
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Fig. 5. TGF-β induces nestin expression in odontoblasts
Nestin and Dspp expression in wild type and Tgfbr2fl/fl;Wnt1-Cre E18.5 tooth germ implanted
with BSA or TGF-β2 beads. Nestin expression is analyzed by immunohistochemistry (A-F)
and Dspp expression is analyzed by in situ hybridization (G,H). Enlarged areas of A, C, E and
G are shown in B, D, F and H, respectively. (A,B) Nestin expression is detectable in
odontoblasts adjacent to the dentin-enamel junction in wild type tooth germ (arrow), but BSA
beads do not induce nestin expression in dental papilla cells. (C,D) There is no expression of
nestin in odontoblasts adjacent to the dentin-enamel junction in Tgfbr2fl/fl;Wnt1-Cre mutant
tooth germ, and nestin is not induced in dental papilla cells around TGF-β2 beads. (E,F) In
wild type tooth germ, nestin expression is again visible in odontoblasts adjacent to the dentin-
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enamel junction (arrow in E) and is induced in dental papilla cells around TGF-β2 beads
(arrowhead). Cells expressing nestin around beads appear differentiated cytologically with an
enlargement of the cytoplasm and the production of processes (arrow in F). (G,H) Dspp mRNA
expression in wild type tooth germ from an adjacent section to E and F shows the same pattern
as nestin. Arrow indicates the Dspp expression in odontoblasts adjacent to the dentin-enamel
junction, and the arrowhead highlights that in dental papilla cells around the TGF-β2 bead. (I)
Double immunofluorescence for nestin and NF-M in E18.5 tooth germ implanted with TGF-
β2 bead. Nestin is expressed spontaneously in odontoblasts adjacent to epithelial cells (arrow),
and its expression is induced in dental papilla cells by TGF-β2 (arrowhead). NF-M expression
is not observed in any area of tooth germ. (J) Antibodies against NF-M can react with neurons
in trigeminal ganglia. E, dental epithelium; P, dental papilla. Scale bars: 100 μm in A, C, E,
G, I and J; 20 μm in B, D, F, and H.
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