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Summary

We have studied the expression of transforming growth
factor beta-1 (TGF-/W) RNA during mouse tooth
development, using in situ hybridization and experimen-
tal tissue recombinations. Analysis of the serial sections
revealed the appearance of local expression of TGF-/J1
RNA in the dental epithelium at bud-staged teeth (13-
day embryos). Just before transition to the cap stage,
TGF-/J1 RNA expression rapidly increased in the
epithelial bud, and it also extended to the condensed
dental mesenchyme. At cap stage (14- and 15-day
embryos), there was an intense expression of TGF-/31
RNA in the morphologically active cervical loops of the
dental epithelium.

During early bell stage (16- and 17-day embryos),
TGF-/J1 RNA expression was detected in the inner
enamel epithelium where it subsequently almost disap-
peared (18-day embryos). After birth TGF-01 tran-
scripts transiently appeared in these cells when they
were differentiating into ameloblasts (1-day mice). The
transcripts were lost from the ameloblasts when they
became secretory (4-day mice), but the expression
continued in ameloblasts in enamel-free areas. Transient
expression of TGF-/J1 RNA was also detected in
epithelial stratum intermedium cells at the time of
ameloblast differentiation. In the mesenchyme, TGF-/J1

RNA was not detected during bell stage until it appeared
in differentiated odontoblasts (18-day embryos). The
secretory odontoblasts continued to express TGF-/J1
RNA at all stages studied including the odontoblasts of
incisor roots.

Analysis of the distribution of bromodeoxyuridine
(BrdU) incorporation indicated apparent correlations
between TGF-/31 RNA expression and cell proliferation
at the bud and cap stages but not at later stages of tooth
development. Tissue recombination experiments of bud-
staged (13-day embryos) dental and non-dental tissues
showed that tooth epithelium, when cultured together
with tooth mesenchyme, expressed TGF-/31 RNA. When
the tooth epithelium was combined with non-dental jaw
mesenchyme, TGF-/J1 transcripts were not expressed.
However, TGF-/J1 RNA expression was seen in oral
epithelium cultured with dental mesenchyme, while no
expression of TGF-/J1 transcripts was seen in the oral
epithelium during normal development. Thus, TGF-/J1
RNA expression seems to be regulated by epithelial-
mesenchymal interactions.

Key words: TGF-/51, tooth morphogenesis, epithelial-
mesenchymal interactions, in situ hybridization, BrdU.

Introduction

The tooth is an organ whose development is controlled
by a chain of reciprocal interactions between its
epithelial and neural crest-derived mesenchymal com-
ponents (Kollar and Braid, 1970; Slavkin, 1974;
Thesleff and Hurmerinta, 1981; Ruch et al. 1983).
Tooth morphogenesis begins with the thickening of the
oral epithelium. When the jaw mesenchyme condenses
around the epithelial bud, the tooth germ has reached
the bud stage. Tissue recombination experiments have
shown that until this stage the epithelium contains all
the information required for the formation of a mature
tooth, but at this stage the instructions for subsequent

odontogenesis shift from epithelium to mesenchyme
(Mina and Kollar, 1987; Kollar and Braid, 1970).
During the following cap and bell stages, the mor-
phology of the tooth crown is established and at late bell
stage the dentine-producing odontoblasts and enamel-
producing ameloblasts differentiate.

Although the exact molecular mechanisms involved
in the tissue interactions that regulate tooth develop-
ment are largely unknown, there is evidence from our
and other laboratories that ECM molecules and growth
factors as well as their receptors may play central roles.
These include the ECM glycoprotein tenascin and the
cell surface matrix receptor syndecan which are
intensely expressed in the condensing dental mesen-
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chyme (Thesleff et al. 1987, 1988). Of the growth
factors, epidermal growth factor (EGF) affects tooth
morphogenesis (Partanen et al. 1985) and EGF recep-
tors appear to be regulated by epithelial-mesenchymal
interactions during early tooth development (Partanen
and Thesleff, 1987).

TGF-/J1 is a multifunctional peptide growth factor
which is known to be both a positive and negative
regulator of cellular growth (Roberts et al. 1981; Moses
et al. 1985) and differentiation (Ignotz and Massague,
1985; Masui et al. 1986; Massagu6 et al. 1986; Seyedin et
al. 1987), and to enhance the deposition of ECM
(Heino and Massagu6, 1989). TGF-/31 may also
modulate cell adhesion and phenotype e.g. by regulat-
ing the synthesis of integrins (Ignotz and Massagu6,
1987). Growth factors belonging to the TGF-/3 super-
family have been shown to be involved in the induction
of mesodenn formation in Xenopus embryos (Rosa et
al. 1988) and in the mediation of interactions between
mesoderm and endoderm in Drosophila embryos
(Panganiban et al. 1990). TGF-/3 has also been shown to
mediate epithelial-mesenchymal cell transformations
during chicken heart development (Potts and Runyan,
1989; Potts et al. 1991).

TGF-/S1, TGF-£2 and TGF-/S3 RNAs have been
detected in the tooth germ (Lehnert and Akhurst, 1988;
Pelton et al. 1990), and TGF-/S1 protein has been
localized in developing teeth by immunohistology
(Heine era/. 1987; Camera/. 1990; D'Souzaetal. 1990).
Although TGF-/31 RNA has been localized in develop-
ing teeth, the consecutive changes in the distribution
pattern of TGF-/91 transcripts during tooth develop-
ment have not been studied earlier. Also, there has
been no experimental evidence concerning involvement
of TGF-/31 in secondary inductions during tooth
development.

Materials and methods

Preparation of tissues
The regions of first (and occasionally second) molar tooth
germs were removed from 11-day mouse embryos to 4-day
postnatal mice (CBAxC57BL). Embryonic age was deter-
mined according to the vaginal plug (day 0). In addition, the
non-mineralized apical regions of the roots of incisors were
removed from 14-day mice. All tissues were staged by using
morphological criteria. For in situ hybridization, tissues were
fixed in 4 % paraformaldehyde (PFA) in phosphate-buffered
saline (PBS) and embedded in paraffin. Serial sections of 7 /an
were cut and transferred to siliconized slides.

Preparation of probes
[35S]UTP-labelled single-stranded RNA probes were syn-
thesized by in vitro transcription from a 974 bp Smal-Smal
fragment of murine TGF-/51 cDNA (nucleotides 421-1395 in
the cDNA) (Derynck etal. 1986; Wilkinson and Green, 1990).
Most of the sequence resides in the region encoding the TGF-
pi precursor peptide. The same region was earlier used by
Lyons et al. (1990) and Pelton et al. (1990) to generate RNA
probes for in situ hybridization. They could not detect any
cross-hybridization with the other TGF-/3 transcripts under
conditions similar to ours. Also, we have found that using the

procedure described here, the distribution pattern of TGF-/J3
RNA differs from that detected for TGF-/S1 RNA (A.
Vaahtokari, unpublished results).

pBluescript II SK(-) (Stratagene) into which TGF-^1
DNA fragment had been subcloned was linearized using
Eco~Rl restriction enzyme (Boehringer Mannheim) and
transcribed with T3 RNA polymerase (Boehringer Mann-
heim) to generate the antisense TGF-/31 RNA probe. The
control sense probe was obtained using 5amHI-linearized
plasmid and T7 RNA polymerase (Boehringer Mannheim).
The probes were shortened to an average length of 100 bases
by a limited alkaline hydrolysis (Cox etal. 1984) and separated
from unincorporated [ S]UTP (Amersham), using Sephadex
G-50 (Pharmacia) gel chromatography. After ethanol precipi-
tation, the probes were redissolved in the hybridization buffer
and diluted to about Sxl^ctsmin"1/^"1. Before hybridiz-
ation the probes were denaturated by heating at 80°C.

In situ hybridization
In situ hybridization was performed as described by Wilkinson
et al. (1987, 1990). Briefly, tissue sections were pretreated
with proteinase K (Sigma) and acetylated. Hybridization was
done overnight in a moist chamber in 60% formamide at
50°C. Also, 50% formamide or 52°C were used in some
experiments. The results were identical with both concen-
trations and temperatures. After hybridization, the tissue
sections were washed using high-stringency washes as
described by Wilkinson and Green (1990). Dried slides were
dipped in diluted (1:1) autoradiographic emulsion (Kodak),
dried and exposed for 10 days at 4°C in the presence of silica
gel. Following development, the emulsion was fixed, and the
sections were stained with Delafield's hematoxylin and
mounted with DePeX (BDH). Photomicrography was per-
formed using Leitz Orthoplan microscope and Ilford PanF
film.

Cell proliferation assay
Dissected tooth rudiments were preincubated in a Trowell-
type culture for 3h in Minimum Essential Medium (MEM)
supplemented with 10% fetal calf serum (FCS, GIBCO) at
37 CC. Subsequently the tissues were incubated for 60min in
the same medium containing 5-bromo-2'-deoxyuridine
(BrdU) and 5-fluoro-2'-deoxyuridine (both included in
Amersham's labelling reagent, diluted in 1:1000), which
increases BrdU incorporation by lowering competition by
endogenous thymidine. The tissues were washed in PBS,
pH7.3, for 3x5 min at room temperature, fixed in cold
ethanol and processed for immunohistology. BrdU incorpor-
ated into DNA was located in the tissue sections by using a
specific mouse monoclonal antibody (Amersham). The bound
antibody was detected using biotinylated secondary antibody
to mouse immunoglobulins and the Vectastain-ABC kit
(Vector).

Tissue recombination experiments
Dissected molar tooth germs with some surrounding tissue of
13-day embryos were incubated for 2 min in 2.25% trypsin/
0.75 % pancreatin on ice, and the epithelia and mesenchymes
were microsurgically separated in MEM supplemented with
10 % FCS. The epithelium of the tooth bud was separated
from the oral epithelium and the dental mesenchyme from the
non-dental jaw mesenchyme. 3-5 isolated epithelia were
placed in intimate contact with 3-5 isolated mesenchymes on
a polycarbonate membrane (Nuclepore Corp.). The recombi-
nations were cultured for three days in Trowell-type cultures
in MEM supplemented with 10% FCS. The explants were
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fixed in PFA and processed for in situ hybridization as
described above.

Results

Tooth development until bud stage (11- to 13-day
embryos)
The examination of the serial sections indicated that
during tooth development the pattern of TGF-/51 RNA
expression changed along both mesiodistal and buccol-
ingual axes corresponding with the advancing morpho-
genesis and cell differentiation.

During the initiation of molar tooth development
(11-day embryos), no specific hybridization signal was
detected either in the jaw epithelium or in the jaw
mesenchyme in the region of the presumptive molar
tooth germ (data not shown). Analysis of serial sections
of the lower jaw of 13-day embryos indicated that rapid
changes of TGF-/?1 expression take place during the
bud stage: no TGF-/S1 transcripts were seen either in.
epithelium or mesenchyme at the early bud stage (data
not shown), but after a short period low levels of TGF-
fil RNA expression were located at the tip of the
invaginating dental epithelium (Fig. IB). This ex-
pression was evident only in a restricted region along
the mesiodistal axis of the tooth germ. At this stage, no
TGF-/31 expression was detected in the dental mesen-
chyme. Just before transition to the cap stage, TGF-/J1
RNA expression increased in the epithelium, and it also
appeared in the condensed dental mesenchyme sur-
rounding the bud (Fig. IE), again in a localized region
along the mesiodistal axis. TGF-/J1 transcripts were not
detected in Meckel's cartilage or in the surrounding jaw
mesenchyme, which is in contrast to an earlier report
according to which TGF-^1 transcripts were located in
the mesenchyme between the epithelium of the tooth
bud and the lip furrow in the 13-day mouse embryo
(Lehnert and Akhurst, 1988). The developing mandibu-
lar bone expressed high levels of TGF-/?1 RNA
(Fig. IE). In sections hybridized with the sense probe,
no specific hybridization was detected at this or later
stages (Fig. 3E).

Cap-staged tooth (14- and 15-day embryos)
In the 14-day embryo, first molar development has
reached the cap stage. An intense expression of TGF-
pi RNA appeared in the developing cervical loops of
the dental epithelium, and relatively high levels of
TGF-/J1 transcripts were also seen in the inner enamel
epithelium between the developing cervical loops and
in the mesenchyme (Fig. 1H). However, analysis of the
serial sections indicated regional differences in the
expression pattern: in the mesial and distal ends of the
tooth, no TGF-/S1 transcripts were detected in the
epithelium (data not shown). In 15-day embryo, the
first molar tooth germ is still at the cap stage, and the
cervical loops of the dental epithelium and the inner
enamel epithelium continued to express TGF-/51 RNA
in the central areas of the tooth. In the mesial and distal
ends, TGF-/31 transcripts were only localized in the
mesenchyme (data not shown).

Bell-staged tooth (16- to 18-day embryos) and
completion of crown morphogenesis (1- to 4-day
mice)
During the early bell stage (16- and 17-day embryos),
expression of TGF-jSl transcripts diminished in the
dental epithelium so that, in comparison with the cap
stage, lower levels of TGF-/S1 RNA expression were
detected in restricted areas in the inner enamel
epithelium (Fig. 2B). In the dental mesenchyme, no
TGF-/51 RNA was detected at this stage (Fig. 2B). One
day later, expression of TGF-/31 transcripts almost
disappeared in the dental epithelium whereas in the
dental mesenchyme TGF-/J1 RNA expression was
detected in the polarized odontoblasts (Fig. 2D).

In 19-day embryos, the epithelial stratum inter-
medium cells transiently expressed TGF-/J1 RNA
(Fig. 2F). After birth, preameloblasts also expressed
TGF-/91 transcripts transiently at the onset of their
differentiation (Fig. 3B). Interestingly, even after
crown morphogenesis was completed (4-day postnatal
mice), the non-secreting ameloblasts at the tips of the
cusps continued to express TGF-/51 RNA (Fig. 3D). In
other areas secretory ameloblasts as well as other
epithelial cells lacked TGF-01 transcripts.

TGF-/S1 RNA expression persisted in terminally
differentiated odontoblasts (Fig. 3D). Secretory odon-
toblasts expressed TGF-/S1 at all locations examined,
including the roots of the incisors of 14-day mice
(Fig. 3F). Examination of the second molars, which
develop two days later than the first molars, revealed
identical distribution of TGF-/S1 transcripts as detected
in the first molars (data not shown). No TGF-/31 RNA
was detected in the mesenchymal and epithelial tissues
surrounding the developing tooth germ except in the
developing mandibular bone.

Changes in cell proliferation
Proliferating cells were localized by analyzing the
incorporation of the thymidine analogue, BrdU, into
replicating DNA. Incorporated BrdU was detected by a
specific monoclonal antibody and immunoperoxidase
staining. During active morphogenesis, both epithelial
and mesenchymal cells incorporated BrdU intensely.
However, regional differences were observed in the
distribution of dividing cells. An apparent correlation
between cell proliferation and TGF-/J1 RNA expression
was seen during the bud and cap stages. During the
early bud stage, BrdU incorporation was evident in the
dental epithelial cells and mesenchymal cells next to the
basement membrane separating the epithelial and
mesenchymal components of the tooth (Fig. 1C). At
the late bud stage more cells in the dental mesenchyme
were BrdU-positive (Fig. IF).

At the cap stage the developing cervical loops which
intensely expressed TGF-/J1 transcripts also incorpor-
ated BrdU (Fig. II). At the same stage, dental
mesenchyme which expressed TGF-/S1 RNA was also
BrdU-positive. However, the correlation between
BrdU incorporation and TGF-/31 RNA expression was
not consistent. The stellate reticulum cells incorporated
BrdU but did not express TGF-/31 RNA. At later stages
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of tooth development, no co-distribution of TGF-/J1
transcripts and cell proliferation was detected. Thus,
TGF-/91 RNA expression pattern could be correlated
with cell proliferation only during the bud and cap
stages.

Tissue recombination experiments
The possible role of tissue interactions in the regulation
of TGF-/51 RNA expression was studied by experimen-
tal tissue recombination experiments. Epithelial and
mesenchymal components of bud-staged molar tooth
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Fig. 1. Localization of TGF-/?1 RNA and proliferating cells
in bud- and cap-staged teeth. (A) Bright-field photography
of an early bud-staged tooth (13-day embryo). The
developing mandibular bone is also present in the section
(arrow). (B) Dark-field photography of the section shown
in A. A faint hybridization signal is visible in cells at the
tip of the dental epithelium. In the developing mandibular
bone, strong TGF-/W RNA expression is detected.
(C) Immunoperoxidase localization of BrdU incorporation
in a bud-staged tooth (corresponding to A and B). BrdU-
positive cells are accumulated in the dental mesenchyme
and the dental epithelium next to the basement membrane
separating the epithelial and mesenchymal components of
the tooth. (D) Bright-field photography of a late bud-
staged tooth (13-day embryo). (E) Dark-field photography
of the section shown in D, snowing hybridization in both
the dental epithelium and the dental mesenchyme. The
developing mandibular bone is also strongly labelled, but
Meckel's cartilage shows no expression of TGF-/51
transcripts. (F) Immunoperoxidase localization of BrdU
incorporation in a bud-staged tooth (corresponding to C
and D). BrdU-positive cells are accumulated in the dental
mesenchyme and in the dental epithelium adjacent to the
mesenchyme. (G) Bright-field photography of a cap-staged
tooth (14-day embryo). An intense hybridization signal is
visible in the developing cervical loops of the dental
epithelium (arrows). The dental mesenchyme shows a
weaker signal. (H) Dark-field photography of the section
shown in G. (I) BrdU incorporation in a cap-staged tooth
(15-day embryo). The cells of the developing cervical loops
(arrows), the inner enamel epithelium and the dental
mesenchyme show strong positivity. db, developing
mandibular bone; de, dental epithelium; dm, dental
mesenchyme; me, Meckel's cartilage.

germs (13-day embryo) were separated and cultured in
vitro in different combinations. After three days in
recombination culture, restricted regions of the dental
epithelium and dental mesenchyme formed a structure
that resembled a cap-staged tooth germ. In this
morphologically distinct region, local TGF-/?1 RNA
expression was detected in the epithelial cells adjacent
to the mesenchymal component (Fig. 4B). In other
parts of the epithelium and in the mesenchyme no TGF-
pi transcripts were seen. When a similar experiment
was made by combining dental epithelium with non-
dental jaw mesenchyme, no expression of TGF-/31 was
detected either in the epithelium or in the mesenchyme
(Fig. 4D). However, in the reciprocal recombinant
TGF-/31 RNA expression was seen in the oral epi-
thelium cultured with the dental mesenchyme (Fig. 4F).
This expression was restricted to epithelial projections
resembling the developing cervical loops of a tooth
germ.

Discussion

The role of TGF-/31 in epithelial-mesenchymal
interactions
Our in situ hybridization analysis of serial sections of
carefully staged tooth germs from initiation to com-
pletion of morphogenesis indicates that marked

changes take place in the expression pattern of TGF-/J1.
Although our studies confirm most earlier findings of
TGF-/S1 RNA expression in the developing tooth,
interesting patterns were revealed that have gone
unnoticed in previous studies.

The appearance of TGF-|S1 RNA first at the tip of the
epithelial bud and subsequently in the condensed
mesenchyme suggests that epithelially derived TGF-/J1
induces its own expression in the dental mesenchymal
cells, i.e. TGF-/51 may act as an autoinducer (Van
Obberghen-Schilling et al. 1988). Our results are in
agreement with the finding that intracellular TGF-/J1
protein has been found both in epithelial and mes-
enchymal tissues (Thompson et al. 1989; Flanders et al.
1989). The extracellular TGF-/31 protein product has
only been detected in mesenchyme of developing
organs including the tooth (Heine et al. 1987; Thomp-
son et al. 1989). Although there is evidence that TGF-^1
regulates growth in some epithelial tissues, the current
data can be interpreted so that the primary responding
tissue for the TGF-/91 synthesized by the dental
epithelium is the underlying mesenchyme (Shipley et al.
1986; Kurokowa et al. 1987).

That epithelial-mesenchymal interactions are in-
volved in the regulation of epithelial expression of
TGF-̂ Sl RNA is suggested by our experimental tissue
recombination experiments. Bud-staged dental epi-
thelium expressed TGF-/51 RNA when cultured
together with the dental mesenchyme, whereas no
expression of TGF-/31 transcripts was detected when
the dental epithelium was cultured with the jaw
mesenchyme surrounding the tooth germ. In the
reciprocal recombination, the dental mesenchyme
induced the expression of TGF-^1 RNA in the oral
epithelium, which does not express TGF-/S1 transcripts
during normal development. Thus, the bud-staged
dental mesenchyme appears to regulate the expression
of epithelial TGF-/S1 RNA. The epithelial tissues were
not cultured alone, because without any mesenchymal
tissue the epithelium grows poorly and loses its normal
morphology. Because the environment for develop-
ment is sub-optimal in in vitro cultures, the levels of
TGF-/31 expression may be lower than in vivo and
possibly for that reason the less intense dental
mesenchymal expression of TGF-/?1 was not seen in
recombinations.

One candidate molecule which may be involved in
the regulation of epithelial TGF-/J1 expression is
homeobox gene Hox 7.1 which has been found to be
expressed in the dental mesenchyme earlier than we
have detected TGF-/51 RNA in tooth germs (Mackenzie
et al. 1991). It has recently been shown that, in
Drosophila, homeotic genes regulate the expression of
decapentaplegic (dpp), which is a member of the TGF-/3
superfamily (Reuter etal. 1990). Thus, it is possible that
also in tooth development the homeobox genes regulate
the expression of TGF-/31.

The possible functions of TGF-/31 in the dental
mesenchyme
Our BrdU incorporation analysis showed that at the
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Fig. 2. Expression of TGF-/31
transcripts in 17- to 19-day
embryos. (A) Bright-field
photography of a section of an
early bell-staged tooth (17-day
embryo). (B) Dark-field
photography of the section
shown in A. Only the inner
enamel epithelium shows TGF-
pl expression (arrow in A).
(C) Bright-field photography of
a section of a late bell-staged
tooth (18-day embryo).
(D) Dark-field photography of
the section shown in C. TGF-
/31 transcripts are visible in the
dental mesenchyme in the first
polarized.odontoblasts (arrow
in C). (E) Bright-field
photography of a section of a
tooth from 19-day embryo.
(F) Dark-field photography of
the section shown in E. TGF-
/31 RNA expression is detected
in stratum intermedium (arrow
in E) and odontoblasts. The
differences between the buccal
and lingual cusps are due to
slightly tilted plane of
sectioning, de, dental
epithelium; dm, dental
mesenchyme.

bud and cap stages the dental mesenchyme is rapidly
proliferating while the dental epithelium intensely
expresses TGF-^1 RNA, and the mesenchyme itself
also expresses TGF-/31 although at lower levels. It is
known that TGF-/51 can function as an indirect mitogen
by inducing the expression of platelet-derived growth
factor A and B chains in some cells (Leof et al. 1986;
Makela et al. 1987). Thus, the local expression of TGF-
)S1 in the dental epithelium may regulate cell prolifer-

ation in the underlying dental mesenchyme and
contribute to the determination of tooth morphology.

Another possible function of TGF-/31 during tooth
morphogenesis is regulation of matrix deposition,
because TGF-/31 is known to promote the synthesis of
ECM, to modify cell surface matrix receptors and to
prevent degradation of ECM (Rasmussen and
Rapraeger, 1988; Rizzino, 1988). The ECM glyco-
protein tenascin and the cell surface proteoglycan
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Fig. 3. Expression of TGF-/J1 transcripts during completion of cuspal morphogenesis. (A) Bright-field photography of a
transverse section of a molar tooth (1-day postnatal mouse). (B) Dark-field photography of the section shown in A. The
mesenchyme-derived secretory odontoblasts as well as the differentiating epithelial ameloblasts show hybridization signal.
(C) Bright-field photography of a sagittal section of a tooth (4-day postnatal mouse). (D) Dark-field photography of the
section shown in C. TGF-^1 RNA is expressed in all secretory odontoblasts. The secretory ameloblasts do not express
TGF-/31 transcripts, but the ameloblasts in enamel-free areas at the tips of the cusps (arrows in C and D) continue to
express TGF-/& RNA. (E) Bright-field photography of a horizontal section of a dental root (14-day mouse) hybridized with
TGF-/51 sense probe showing non-specific hybridization. The epithelium and dentin have been lost during preparation of
sections. (F) Bright-field photography of a similar section but hybridized with an antisense probe. The odontoblasts show a
hybridization signal, a, ameloblastic layer; de, dental epithelium; dm, dental mesenchyme; o, odontoblastic layer.
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Fig. 4. Expression of TGF-/31 RNA in tissue recombination explants (from 13-day embryos) cultured for three days.
(A) Bright-field image of a section of an explant of recombined dental mesenchyme and dental epithelium. (B) Dark-field
image of the section shown in A. TGF-/31 RNA expression is visible in the dental epithelium adjacent to the dental
mesenchyme. (C) Bright-field image of a section of an explant of recombined non-dental jaw mesenchyme and dental
epithelium. (D) Dark-field image of the section shown in C which shows no specific hybridization signal. (E) Bright-field
image of a section of an explant of recombined oral epithelium and dental mesenchyme. (F) Dark-field image of the
section shown in E. TGF-/31 transcripts are detected in the oral epithelium adjacent to the dental mesenchyme. de, dental
epithelium; dm, dental mesenchyme; oe, oral epithelium; jm, jaw mesenchyme.

syndecan are expressed in the condensed mesenchyme
around the epithelial dental bud (Thesleff et al. 1987,
1988), and their expression is regulated by the dental
epithelium (Vainio et al. 1989). TGF-/31 is also known
to modulate both syndecan and tenascin expression
(Pearson et al. 1988; Rapraeger, 1989). Syndecan
expression in the dental mesenchyme increases signifi-
cantly from the bud to cap stage and decreases rapidly
during the bell stage (Thesleff et al. 1988), just as TGF-
p\. RNA expression in the dental epithelium. Thus, it is

possible that TGF-/31 is involved in regulation of
syndecan and/or tenascin expression in developing
tooth.

Possible autocrine functions of TGF-fil in ameloblasts
and odontoblasts
At later stages of odontogenesis, TGF-/J1 RNA was
detected transiently in stratum intermedium cells
before the differentiation of ameloblasts. TGF-/91
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synthesized by stratum intermedium may regulate the
initiation of ameloblast differentiation in a paracrine
way.

The expression of TGF-/91 in ameloblasts was
restricted to a short period during their polarization;
when ameloblasts became secretory, TGF-/31 tran-
scripts disappeared. Only the ameloblasts at the tips of
the cusps that do not differentiate terminally and which
remain non-secretory continued to express TGF-/31 at
least 4 days after birth (Sutcliffe and Owens, 1980).
TGF-/S1 RNA has been detected by northern blot
analysis in the ameloblastic layer isolated from embry-
onic bovine teeth (Robey et al. 1987). However, TGF-
p\ RNA has not earlier been reported in ameloblasts by
using in situ hybridization. This may be due to the
developmental stages studied because the expression of
TGF-/JI RNA in most ameloblasts is transient and may
therefore go unnoticed. Our data suggest that TGF-/31
may regulate the terminal differentiation and/or the
secretory functions of ameloblasts.

In the dental mesenchyme, no TGF-fil transcripts
were detected in the preodontoblasts when they
polarized, whereas high levels of expression of TGF-/31
transcripts were detected in secretory odontoblasts.
Recent comparison of the distribution of TGF-/S1,
TGF-/32 and TGF-£3 by Pelton et al. (1990) suggested
that odontoblasts do not express TGF-/31. However,
TGF-/31 transcripts were detected in the subodontoblas-
tic mesenchymal cell layer. The most probable expla-
nation for this discrepancy in comparison to our results
is a fixation artefact: in the report by Pelton et al. in the
section that represented TGF-/J1 RNA distribution the
odontoblasts appeared poorly preserved and thus the
expression noted in subjacent tissue may actually have
represented TGF-pi RNA in the odontoblasts.

We suggest that in odontoblasts TGF-/31 acts as an
autocrine factor which regulates both its own synthesis
and the formation of dentin matrix. Since TGF-/J1 has
been reported to induce the expression of type 1
collagen gene (Roberts et al. 1986) and type I collagen is
the main component of dentine, the regulation of type 1
collagen is a possible function of TGF-/J1 in odonto-
blasts. TGF-/3 also enhances the expression of
osteonectin/SPARC (Noda and Rodan, 1987) which is
a matrix molecule expressed by odontoblasts (Holland
et al. 1987). Another possible fate for TGF-/S1 protein
secreted by odontoblasts is to accumulate in dentine
(Harada et al. 1990) from which it may become released
during pathological resorption associated e.g. with
infections and stimulate reparative processes by regu-
lating differentiation and/or matrix production of
mesenchymal cells.

In conclusion, the stage-specific changes detected in
the distribution of TGF-/31 RNA in the developing
tooth suggest that TGF-/31 has multiple roles in
odontogenesis. Our results support the proposal that
TGF-/31 acts as a paracrine and autoinducing factor as
well as participates in the epithelial-mesenchymal
interactions.

We thank Merja Makinen, Anja Tuomi and Annikki Siren

for excellent technical assistance. We also thank Dr D.
Lindholm, Max-Planck-Institut fiir Psychiatrie, Planegg-
Martinsried, Germany, for generously providing the TGF-/J1
plasmid. The work was supported by grants from the Finnish
Academy, The Sigrid Juselius Foundation, The Finnish
Cancer Foundation and by the NTH grant DE09399-01.

References

CAM, Y., NEUMANN, M. R. AND RUCH, J. V. (1990).
Immunolocalization of transforming growth factor-beta-1 and
epidermal growth factor receptor epitopes in mouse incisors and
molars with a demonstration of in vitro production of
transforming activity. Arcks Oral Biol. 35, 813-822.

Cox, K. H., DELEON, D. V., ANGERER, L. M. AND ANGERER, R.
C. (1984). Detection of mRNAs in sea urchin embryos by in situ
hybridisation using asymmetric RNA probes. Devi Biol. 101,
485-502.

DERYNCK, R., JARRETT, J. A., CHEN, E. Y. AND GOEDDEL, D. V.
(1986). The murine transforming growth factor-/3 precursor.
J. biol. Chem. 261, 4377-4379.

D'SOUZA, R. N., HAPPONEN, R. P., RJTTER, N. M. AND BUTLER,
W. T. (1990). Temporal and spatial patterns of transforming
growth factor-/?l expression in developing rat molars. Archs
Oral Biol. 35, 957-965.

FLANDERS, K. C , THOMPSON, N. L., CISSEL, D. S., VAN
OBBERGHEN-SCHILLING, E., BAKER, C. C , KASS, M. E.,
ELLINGSWORTH, L. R., ROBERTS, A. B. AND SPORN, M. B.
(1989). Transforming growth factor-/31, Histochemical
localization with antibodies to different epitopes. /. Cell Biol.
108, 653-660.

HARADA, K., OIDA, S., SASAKI, S. AND ENOMOTO, S. (1990).
Chondrocyte-like colony formation of mesenchymal cells by
dentin extracts in agarose gel culture. /. dent. Res. 69,
1555-1559.

HEINE, U. I., MUNOZ, E. F., FLANDERS, K. C , ELLINGSWORTH, L.
R., LAM, H.-Y. P., THOMPSON, N. L., ROBERTS, A. B. AND
SPORN, M. B. (1987). Role of transforming growth factor-/? in
the development of the mouse embryo. J. Cell Biol. 105,
2861-2876.

HEINO, J. AND MASSAGUE, J. (1989). Transforming growth factor-/?
switches the pattern of integrins expressed in MG-63 human
osteosarcoma cells and causes a selective loss of cell adhesion to
laminin. /. biol. Chem. 264, 21806-21811.

HOLLAND, P. W. H., HARPER, S. J., MCVEY, J. H. AND HOGAN, B.
L. M. (1987). In vivo expression of mRNA for the Ca + + -
binding protein SPARC (Osteonectin) revealed by in situ
hybridization. / . Cell Biol. 105, 473-482.

IGNOTZ, R. A. AND MASSAGU£, J. (1985). Type-/? transforming
growth factor controls the adipogenic differentiation of 3T3
fibroblasts. Proc. natn. Acad. Sci. U.S.A. 82, 8530-8534.

IGNOTZ, R. A. AND MASSAGUE, J. (1987). Cell adhesion protein
receptors as targets for transforming growth factor-/? actin. Cell
51, 189-197.

KOLLAR, E. J. AND BRAID, G. (1970). Tissue interactions in
developing mouse tooth germs, n . The inductive role of the
dental papilla. J. Embryo!, exp. Morph. 24, 173-186.

KUROKOWA, M., LYNCH, K. AND PODOLSKY, D. K. (1987). Effects
of growth factors on an intestinal epithelial cell line:
Transforming growth factor /? inhibits proliferation and
stimulates differentiation. Biochem. biophys. Res. Commun.
142, 775-782.

LEHNERT, S. A. AND AKHURST, R. J. (1988). Embryonic expression
pattern of TGF beta type-1 RNA suggests both paracrine and
autocrine mechanisms of action. Development 104, 263-273.

LEOF, E. B., PROPER, J. A., GOUSTIN, A. S., SHIPLEY, G. D.,
DICORLETO, P. E. AND MOSES, H. L. (1986). Induction of c-sis
mRNA and activity similar to platelet-derived growth factor by
transforming growth factor /?: A proposed model for indirect
mitogenesis involving autocrine activity. Proc. natn. Acad. Sci.
U.S.A. 83, 2453-2457.

LYONS, K. M., PELTON, R. W. AND HOGAN, B. L. M. (1990).



994 A. Vaahtokari, S. Vainio and I. Thesleff

Organogenesis and pattern formation in the mouse: RNA
distribution patterns suggest a role for Bone Morphogenetic
Protein-2A (BMP-2A). Development 109, 833-844.

MACKENZIE, A., LEEMING, G. L., JOWETT, A. K., FERGUSON, M.
W. J. AND SHARPE, P. T. (1991). The homeobox gene Hox 7.1
has specific regional and temporal expression patterns during
early murine craniofacial embryogenesis, especially tooth
development in vivo and in vitro. Development 111, 269-285.

MASSAGUE, J., CHEIFETZ, S., ENDO, T. AND NADAL-GINARD, B.
(1986). Type beta transforming growth factor is an inhibitor of
myogenic differentiation. Proc. natn. Acad. Sci. U.S.A. 83,
8206-8210.

MASUI, T., WAKEFIELD, L. M., LECHNER, J. F., LAVECK, M. A.,
SPORN, M. B. AND HARRIS, C. C. (1986). Type beta transforming
growth factor is the primary differentiation-inducing serum
factor for normal human bronchial epithelial cells. (1986). Proc.
natn. Acad. Sci. U.S.A. 83, 2438-2442.

MINA, M. AND KOLLAR, E. J. (1987). The induction of
odontogenesis in non-dental mesenchyme combined with early
murine mandibular arch epithelium. Archs Oral Biol. 32,
123-127.

MOSES, H. L., TUCKER, R., LEOF, E. B., COFFEY, R. J., HALPER,
J. AND SHIPLEY, G. (1985). Type beta transforming growth factor
is a growth stimulator and a growth inhibitor. In Cancer Cells
(ed. J. Feramisco, B. Ozanne and C. Stiles), pp. 65-71. Cold
Spring Harbor Laboratory.

MAKELA, T. P., AUTALO, R., PAULSSON, Y., WESTERMARK, B.,
HELDIN, C.-H. AND ALJTALO, K. (1987). Regulation of platelet-
derived growth factor gene expression by transforming growth
factor beta and phorbol ester in human leukemia cell lines.
Molec. cell. Biol. 7, 3656-3662.

NODA, M. AND RODAN, G. A. (1987). Type /3 transforming growth
factor (TGF/S) regulation of alkaline phosphatase expression and
other phenotype-related mRNAs in osteoblastic rat
osteosarcoma cells. J. Cell. Physiol. 133, 426-437.

PANGANTBAN, G. E. F., REUTER, R., SCOTT, M. P. AND HOFFMAN,
F. M. (1990). A Drosophila growth factor homolog,
decapentaplegic, regulates homeotic gene expression ctor
homolog, decapentaplegic, regulates homeotic gene expression
within and across germ layers during midgut morphogenesis.
Development 110, 1041-1050.

PARTANEN, A.-M., EKBLOM, P. AND THESLEFF, I. (1985).
Epidermal growth factor inhibits morphogenesis and cell
differentiation in cultured mouse embryonic teeth. Devi Biol.
Il l , 84-94.

PARTANEN, A. M. AND THESLEFF, I. (1987). Localization and
quantitation of 125I-epidermal growth factor in mouse embryonic
tooth and other embryonic tissues at different developmental
stages. Devi Biol. 120, 186-197.

PEARSON, C A., PEARSON, D., SHTBAHARA, S., HOFSTEENGE, J. AND
CHIQUET-EHRISMANN, R. (1988). Tenascin: cDNA cloning and
induction by TGF-/3. EM BO J. 7, 2677-2981.

PELTON, R. W., DICKINSON, M. E., MOSES, H. L. AND HOGAN, B.
L. M. (1990). In situ hybridization analysis of TGF-/S3 RNA
expression during mouse development: comparative studies with
TGF-/31 and pi. Development 110, 609-620.

POTTS, J. D., DAGLE, J. M., WALDER, J. A., WEEKS, D. L. AND
RUNYAN, R. B. (1991). Epithelial mesenchymal transformation
of embryonic cardiac endothelial cells is inhibited by a modified
antisense oligodeoxynucleotide to transforming growth factor
beta-3. Proc. natn. Acad. Sci. U.S.A. 88, 1516-1520.

POTTS, J. AND RUNYAN, R. (1989). Epithelial-mesenchymal cell
transformation in the embryonic heart can be mediated, in part,
by transforming growth factor B. Devi Biol. 134, 392-401.

RAPRAEGER, A. C. (1989). Transforming growth factor (type ft)
promotes the addition of chondroitin sulfate chains to the cell
surface proteoglycan (syndecan) of mouse mammary epithelia. /.
Cell Biol. 109, 2509-2518.

RASMUSSEN, S. AND RAPRAEGER, A. (1988). Altered structure of
the hybrid cell surface proteoglycan of mammary epithelial cells
in response to transforming growth factor beta. J. Cell Biol. 107,
1959-1967.

REUTER, R., PANGANIBAN, G. E. F., HOFFMAN, F. M. AND SCOTT,
M. P. (1990). Homeotic genes regulate the spatial expression of

putative growth factors in the visceral mesoderm of Drosophila
embryos. Development 110, 1031-1040.

RIZZINO, A. (1988). Transforming growth factor-/?: multiple effects
on cell differentiation and extracellular matrices. Devi Biol. 130,
411-422.

ROBERTS, A. B., ANZANO, M. A., LAMB, L. C , SMITH, J. M. AND
SPORN, M. B. (1981). New class of transforming growth factors
potentiated by epidermal growth factor. Proc. natn. Acad. Sci.
U.S.A. 78, 5339-5343.

ROBERTS, A. B., SPORN, M. B., ASSOIAN, R. K., SMITH, J. M.,
ROCHE, N. S., WAKEFIELD, L. M., HEINE, U. I., LIOTTA, L. A.,
FALANGA, V., KEHRL, J. H. AND FAUCI, A. S. (1986).
Transforming growth factor type fi: Rapid induction of fibrosis
and angiogenesis in vivo and stimulation of collagen formation
in vitro. Proc. natn. Acad. Sci. U.S.A. 83, 4167^4171.

ROBEY, P. G., YOUNG, M. F., FLANDERS, K. C , ROCHE, N. S.,
KONDAIAH, P., HARI REDDI, A., TERMINE JOHN, D., SPORN, M.
B. AND ROBERTS, A. B. (1987). Osteoblasts synthesize and
respond to transforming growth factor-type /S (TGF-^) in vitro.
J. Cell Biol. 105, 457-463.

ROSA, F., ROBERTS, A. B., DANIELPOUR, D., DART, L. L., SPORN,
M. B. AND DAWID, I. B. (1988). Mesoderm induction on
amphibians: the role of TGF/32-like factors. Science 239,
783-785.

RUCH, J. V., LESOT, H., KARCHER-DJURICIC, V., MEYER, J. M.
AND MARK, M. (1983). Epithelial-mesenchymal interactions in
tooth germs: mechanisms of differentiation. J. Biol. Buccale 11,
173-199.

SEYEDIN, S. M., SEGARTNI, P. R., ROSEN, D. V., THOMPSON, A.
Y., BENTZ, H. AND GRAYCAR, J. (1987). Cartilage inducing
factor-B is a unique protein structurally and functionally related
to transforming growth factor B. J. biol. Chem. 262, 1946-1949.

SHIPLEY, G. D., PITTELKOW, M. R., WILLE, J. J., SCOTT, R. E.
AND MOSES, H. L. (1986). Reversible inhibition of normal
human proliferation by type-/3 transforming growth factor-
growth inhibitor in serum-free medium. Cancer Res. 46,
2068-2071.

SLAVKTN, H. (1974). Embryonic tooth formation: a tool in
developmental biology. Oral Sci. Rev. 4, 1-36.

SUTCLTFFE, J. E. AND OWENS, P. D. A. (1980). A light and
scanning electron microscopic study of the development of
enamel-free areas on the molar teeth of the rat. Archs Oral
Biol. 25, 263-268.

THESLEFF, I. AND HURMERTNTA, K. (1981). Tissue interactions in
tooth development. Differentiation 18, 75-88.

THESLEFF, I., JALKANEN, M., VAINIO, S. AND BERNFIELD, M.
(1988). Cell surface proteoglycan expression correlates with
epithelial-mesenchymal interactions during tooth
morphogenesis. Devi Biol. 129, 565-572.

THESLEFF, I., MACHE, E., VAINIO, S. AND CHIQUET-EHRISMANN, R.
(1987). Changes m the distribution of tenascin during tooth
development. Development 101, 289-296.

THOMPSON, N. L., FLANDERS, K. C , SMITH, J. M., ELLINGSWORTH,
L. R., ROBERTS, A. B. AND SPORN, M. B. (1989). Expression of
transforming growth factor-^ 1 in specific cells and tissues of
adult and neonatal mice. /. Cell Biol. 108, 661-669.

VAINIO, S., JALKANEN, M. AND THESLEFF, I. (1989). Syndecan and
tenascin expression is induced by epithelial-mesenchymal
interactions in embryonic tooth mesenchyme. J. Cell Biol. 108,
1945-1954.

VAN OBBERGHEN-SCHILLING, E., ROCHE, N. S., FLANDERS, K. C ,
SPORN, M. B. AND ROBERTS, A. B. (1988). Transforming growth
factor beta-1 positively regulates its own expression in normal
and transformed cells. J. biol. Chem. 263, 7741-7746.

WILKINSON, D. G., BAILES, J. A. AND MCMAHON, A. P. (1987).
Expression of the proto-oncogene int-1 is restricted to specific
neural cells in the developing mouse embryo. Cell 50, 79-88.

WILKINSON, D. G. AND GREEN, J. (1990). In situ hybridization and
the three-dimensional reconstruction of serial sections. In
Postimplantation mammalian embryos: a practical approach (eds.
A. J. Copp and D. L. Cockroft), pp. 155-171. IRL Press,
Oxford.

(Accepted 19 July 1991)


