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Growth factors and tooth development
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ABSTRACT. The effects of various growth factors on tooth development were studied in organ cultures
of mouse embryonic tooth germs. Transferrin was shown to be a necessary growth factor for early tooth
morphogenesis. Transferrin was required for the development of bud- and early cap-staged teeth, and
it was shown to be the only serum protein that was needed by early cap-staged teeth in organ culture
Promotion of tooth morphogenesis and dental cell differentiation was shown to be based on the stimula-
tion of cell proliferation.

The roles of polypeptide growth factors in tooth development were studied by adding these factors
to the transferrin-containing chemically-defined culture medium which supports early tooth morphogen-
esis and cell differentiation. Fibroblast growth factor or platelet-derived growth factor did not affect cell
proliferation or morphogenesis of tooth germs in culture. On the contrary, epidermal growth factor (EGF)
stimulated cell proliferation in tooth explants, but at the same time inhibited tooth morphogenesis and
dental cell differentiation. Autoradiographic localization of proliferating cells revealed that dental tissues
responded to EGF with different proliferation rates. The responsiveness to EGF was stage-dependent,
early cap-staged teeth were sensitive to EGF but late cap-staged and bell-staged teeth developed nor-
mally in the presence of EGF in the culture medium.

The presence and distribution of receptors for both transferrin and EGF were studied in mouse
embryonic teeth at various developmental stages by incubating freshly-separated tooth germs with
z*|lodine-labeled transferrin or EGF, and then processing the tissues for autoradiography. The number of
transferrin receptors in embryonic teeth correlated with the proliferation rate, and the receptors were
uniformly distributed between the dental epithelium and the dental mesenchyme. The responsiveness of
embryonic teeth to EGF in organ culture correlated with the expression of EGF receptors in dental tissues.
However, the distribution of receptors changed markedly from bud stage to cap stage and further to bell
stage of development. Furthermore, at early cap stage, which is responsive to EGF, the distribution of
EGF receptors between the dental epithelium and the dental mesenchyme was not related to the stimula-
tion of cell proliferation by EGF in these tissues. These results suggest that epithelial-mesenchymal tissue
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interactions may control the response of dental tissues to EGF.
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Introduction

Tooth morphogenesis starts with the thickening of the pre-
sumptive dental epithelium to dental lamina, and is followed by
intrusion of the actively proliferating dental epithelium into the
jaw mesenchyme. The neural crest-derived mesenchymal cells
under the dental epithelium condense to form the dental
mesenchyme. The multistep process of tooth morphogenesis
and dental cell differentiation proceeds in a specific temporal
and spatial pattern. It is known that from the earliest stages of
morphogenesis, tooth development is tightly regulated by reci-
procal epithelial-mesenchymal tissue interactions in which
extracellular matrix molecules appear to play important roles
(Kollar and Baird, 1970; Slavkin, 1974; Thesleff and Hurmer-
inta, 1981; Ruch et a/, 1983; Mina and Kollar, 1987; Thesleff
etal., 1987a, 1988; Lumsden, 1988).

Results from the active research in the field of growth factors
in recent years indicate that these molecules have important
physiological functions in embryonic development. The pres-
ence of growth factors and their receptors in embryos, and
their differential expression at various developmental stages
suggest that these growth-promoting polypeptides are involved
in the regulation of morphogenetic and differentiation events
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(for review see Mercola and Stiles, 1988). We have examined
the effects of some growth factors on tooth development and
the presence of growth factor receptors in embryonic teeth.
These studies, which are discussed below, indicate that besides
the extracellular matrix, growth factors are involved in tooth
development, particularly during the early stages of morphogen-
esis.

Transferrin is a necessary growth factor for tooth
morphogenesis

The effects of various factors on tooth development can be
examined under controlled conditions in organ culture of
embryonic tooth germs. The use of chemically-defined culture
media makes possible exact analysis of the influence of different
supplemented factors because numerous undefined serum
components are not present.

Transferrin, the iron transporter protein of vertebrate serum,
is an essential growth promoting component in chemically-
defined culture media used in monolayer cell cultures (Barnes
and Sato, 1980). The stimulation of cell proliferation by trans-
ferrin is based on the delivery of iron to cells by receptor-
mediated endocytosis. The main site of transferrin synthesis in
adult mammals is the liver. Besides the yolk sac, which is the
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main source in embryos, several fetal tissues seem to synthesize
transferrin (Adamson, 1982; Levin et al, 1984; Meek and
Adamson, 1985). Transferrin is apparently provided for the
rapidly growing embryonal tissues both as maternal transferrin
through the placenta and as intrinsic embryonic transferrin
(Booth and Wilson, 1981; McArdle and Priscott, 1984). Hence,
transferrin can be regarded as an embryonic growth factor. The
essential role of transferrin in organogenesis has been experi-
mentally demonstrated in organ culture studies of mouse
embryonic kidney where transferrin was the only serum protein
that was needed for differentiation (Ekblom et a/., 1981).

Previous organ culture studies of mouse embryonic teeth
have established that teeth which have reached the bell stage
of development undergo morphogenesis as well as differentia-
tion of odontoblasts and ameloblasts in a basal chemically-
defined culture medium containing the necessary amino acids,
vitamins and minerals, but no hormones or growth factors
(Thesleff, 1976; Yamada et a/., 1981), while serum or embryo
extract supplement is needed for the development of teeth at
earlier stages. We have studied the growth requirements of teeth
at early developmental stages, i.e. bud and cap stages, by
adding various hormones and growth factors to the culture

Fig. 1. Light micrographs illustrating the effects of transferrin and epidermal growth factor (EGF) on the development of early cap-staged first mandibular

molar teeth in organ culture.

A. First mandibular molar tooth from 14-day mouse embryo (day O = day of vaginal plug) prior to culture. Tooth germs were dissected free from
surrounding tissues. Some adherent oral epithelium and surrounding jaw mesenchyme were left in the explants. At early cap stage the condensation of dental
mesenchymal cells (dm) is covered by dental epithelium (de) which has begun to grow around the mesenchymal papilla.

B. After 6 days of culture in the chemically-defined basal culture medium, improved Eagle’s minimum essential medium (1-MEM), which contains the
necessary amino acids and minerals, but not any hormones or growth factors, the tooth explant has grown in size, and cuspal morphogenesis has advanced

to some extent.

C. After 6 days of culture in [-MEM supplemented with transferrin (50 pg.ml), the tooth has undergone morphogenesis, and differentiation of dental cells,
mesenchymal odontoblasts and epithelial ameloblasts is proceeding at cuspal tips (arows). The developing second molar tooth is visible on the left side.

D. Epidermal growth factor (20 ng:.ml) in the transferrin-containing culture medium has inhibited tooth morphogenesis. The tooth germ has grown
slightly. but morphogenesis has not proceeded. The surrounding nondental mesenchymal tissue is stimulated. Magnification: x 105.




medium, and observing the effects on morphogenesis, cell pro-
liferation and differentiation. Transferrin was shown to be
necessary for the development of bud and cap-staged teeth
(Partanen et al,, 1984). Furthermore, transferrin turned out to
be the only serum protein required for the development of early
cap-staged teeth in organ culture (Fig. 1). Promotion of tooth
morphogenesis and dental cell differentiation by transferrin was
shown to be based on the stimulation of cell proliferation in
tooth germs. The DNA content of teeth cultured in the presence
of transferrin was nearly two-fold as compared with the teeth
cultured without transferrin supplement (Fig. 2, Partanen et a/,,
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Fig. 2. The effects of various culture media on the DNA content of early
cap-staged day-14 tooth explants after 6 days of culture. The DNA content
of tooth explants cultured in the basal chemically-defined culture medium,
improved Eagle’s minimum medium (I-MEM), increased about 1.5-fold.
Addition of 50 ug/ml of transferrin or 10% fetal calf serum to the basal
medium increased the DNA content of tooth explants 2.5-fold during culture

1984). Transferrin can be replaced by a synthetic lipophilic iron
chelator, ferric pyridoxal isonicotinoyl hydrazone, in the culture
medium (Thesleff et al, 1985). This implies the crucial role of
iron transport in the growth stimulation by transferrin.

The need for exogenous transferrin was shown to be stage-
dependent so that late cap-staged teeth developed /n vitro even
without transferrin supplement (Partanen et al, 1984). This
was unexpected, because there is active cell proliferation still in
the bell-staged tooth (Ruch et a/., 1972).

The need for transferrin for proliferation at bell stage could
be satisfied either by endogenous synthesis of transferrin in
dental tissues, or by storage and reuse of serum transferrin pres-
ent in tooth explants transferred to organ culture. We could not
detect synthesis of transferrin in embryonic teeth, but immu-
noblotting the electrophoretically-separated proteins from
tooth explants and culture media by transferrin antibodies
showed that the bell-staged teeth were able to retain transferrin
considerably long in culture (Partanen and Thesleff, 1987a).
This amount of transferrin appears to be sufficient for the prolif-
eration and proceeding of morphogenesis.

Epidermal growth factor inhibits early tooth
morphogenesis in organ culture

Polypeptide growth factors can be grouped into several
families based on their molecular structure, structural homolo-
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gies and receptor-binding activity (Mercola and Stiles, 1988).
Some members from all these families seem to be involved in
proliferation and differentiation during embryonic development
Representatives from three different groups were tested in
organ culture of mouse embryonic tooth germs, and their effects
on morphogenesis, cell proliferation and differentiation were
examined during culture. The chemically-defined transferrin-
containing culture medium which supports tooth morphogene-
sis (see above) was used as the basal control medium to which
other growth factors were added.

Fibroblast growth factor (FGF) and platelet-derived growth
factor (PDGF) are potent mitogens for various cell types of
mesodermal, and in case of FGF, also of neuroectodermal origin
(Gospodarowicz et al,, 1986; Ross et al., 1986). These factors
did not detectably affect the development of early cap-staged
teeth. However, the addition of epidermal growth factor (EGF),
which is mitogenic for both mesenchymal and epithelial cells,
inhibited morphogenesis and dental cell differentiation (Fig. 1 o,
Partanen et al., 1985). At the same time, the same concentration
(20 ng/ml of EGF) was the most stimulatory to cell prolif-
eration, when measured as incorporation of *H-thymidine in
tooth explants. Localization of proliferating cells by autoradio-
graphy in histological tissue sections showed that the various
cell lineages in a tooth germ responded to EGF with different
proliferation rates. EGF appeared to stimulate proliferation of
dental epithelial cells and surrounding nondental jaw mesen-
chyme, while proliferation in the dental mesenchymal papilla
was inhibited. This inhibition apparently prevented tooth crown
morphogenesis. Because of the combined inhibitory and stim-
ulatory effects on cell proliferation, no differences could be
measured at the end of culture in the DNA content of EGF-
treated explants as compared to control cultures.

The responsiveness to EGF during tooth development was
shown to be dependent on the developmental stage, so that
only teeth at the early cap stage responded to EGF, while the
late cap-staged and bell-staged teeth developed normally even
in the presence of EGF in the culture medium (Partanen et al/.,
1985). In our subsequent studies we were able to demonstrate
that the loss of responsiveness correlates with the loss of EGF
receptors in dental tissues (Partanen and Thesleff, 1987b).

Receptors for transferrin and epidermal growth factor
in embryonic teeth are developmentally regulated

Growth factors, including transferrin and epidermal growth
factor, mediate their biological effects to cells by binding to spe-
cific cell surface receptors, which span the cell membrane.
However, the mechanisms of mitogenesis and processing of the
ligand and the receptor molecule are different with transferrin
and EGF.

The mitogenic effect of transferrin is based on iron transport
into cells. Iron is released intracellularly from the receptor-
bound transferrin into the acidic environment of the endocytotic
vesicles, and both apotransferrin and receptor molecules are
returned to the cell surface and are reused (Karin and Minz,
1981; Hopkins and Trowbridge, 1983). In the case of EGF,
binding of EGF to the receptor activates the intrinsic tyrosine
kinase activity in the receptor molecule. Autophosphorylation in
the intracellular domain of the receptor molecule apparently
plays an important role in transmitting the mitogenic signal to
the nucleus (Schlessinger, 1987). After internalization of the
ligand-receptor complex both the EGF molecule and the recep-
tor molecule are degraded in lysosomes.
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Fig. 3. Autoradiographs of '*[-transferrin binding in mandibular tooth germs at different stages of development. The freshly separated tooth explants were
incubated with 1ug;ml of '*I-transferrin.

A. The early cap-staged first mandibular tooth of 14-day mouse embryo binds '*[-transferrin more intensely than the surrounding jaw mesenchyme. The
label of bound '#I-transferrin is uniformly distributed in the dental epithelium (de) and the condensed dental mesenchyme (dm). The oral epithelium {oe)
is heavily labeled.

B. The bell-staged first mandibular molar tooth of 16-day mouse embryo has less label than the cap-staged tooth. The dental epithelium (de) has grown
downwards to surround the dental mesenchymal papilla (dm). There are more intensely labeled areas in the inner dental epithelium (ie) at cuspal folds and
at the cervical loops (arrows). These areas are known to be sites of active cell proliferation in bell-staged tooth.

C. In the mandible of newborn mouse all three molar tooth germs are visible. The first molar tooth (left) has undergone cuspal morphogenesis, and
differentiation of dental cells is proceeding. The second molar is at the bell stage, and the third molar (right) is at the bud stage of development. Both in
the first and second molar teeth there is intense label of bound '*[-transferrin in cervical areas and at cuspal folds (small arrows). The epithelial bud of the
third molar tooth is heavily labeled (large arrow). Also the basal cell layers of the oral epithelium are intensely labeled.

D. Autoradiograph of a bell-staged first mandibular molar tooth incubated with 1 ug;ml! of '}-transferrin and 1000-fold concentration (1 mg,ml) of
unlabeled transferrin in the incubation medium. The label of '*5-transferrin is absent. This confirms the specificity of the labeling in tooth explants.
Magnifications: A. B, D x 215, C x 85. (From: Partanen, A-M. and Thesleff, |. 1987¢c).

The expression of receptors by cells is obviously essential for  tors. For this, tooth germs were separated from the jaw and were
their responsiveness to growth factors. Hence, the presence of immediately incubated with '#iodine-labeled transferrin or EGF.
receptors for transferrin and EGF was studied in embryonic  Binding of the '#5|-labeled ligand was localized by autoradio-
teeth at various developmental stages to find out how it was graphy in histological tissue sections.
related to the requirement for and responsiveness to these fac- The number of transferrin receptors in mouse embryonic
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Fig. 4. Autoradiographs of '#l-epidermal growth factor ('*51-EGF) binding in embryonic first mandibular molar tooth germs at various stages of
development. The separate tooth germs were incubated with 5 ng.ml of "*[-EGF.

A. In the bud-staged first mandibular molar tooth of 13-day mouse embryo, the bud of dental epithelium (de) is heavily labeled by bound '**1-EGF, while
the labeling is sparse in the condensed dental mesenchymal cells (dm) around the epithelial bud. The jaw mesenchyme surrounding the tooth germ shows
more intense labeling than the dental mesenchyme.

B. In the early cap-staged tooth of 14-day mouse embryo there is label in the dental mesenchyme (dm), but in the dental epithelium (de) only the outer
dental epithelial cells are labeled. The inner dental epithelium facing the dental mesenchyme is unlabeled. The surrounding nondental mesenchyme is
intensely labeled.

C. In the bell-staged tooth of 16-day mouse embryo there is only very sparse labeling in the dental mesenchyme (dm) and the dental epithelium (de).
whereas the dental follicle, which consists of condensed mesenchymal cells (arrows) around the tooth germ, and the jaw mesenchyme are heavily labeled.
D. In the cap-staged first mandibular molar tooth, which was incubated with 5 ng.ml of '*I-EGF and a 1000-fold concentration of unlabeled EGF in

the incubation medium, the label of '%[-EGF is removed. Magnifications: A x 340, B-D x 215.
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teeth correlated with the proliferation rate and was decreased
with overt differentiation (Fig. 3). In the early cap-staged tooth
which required exogenous transferrin in organ culture, binding
of transferrin was more intense in the dental tissues than in the
surrounding jaw mesenchyme, and the grains were uniformly
distributed in the dental epithelium and the dental mesenchyme
(Fig. 3A). The amount of transferrin receptors did not, however,
correlate with the loss of transferrin requirement of bell-staged
teeth /n vitro, since at bell stage there was still moderate binding
of transferrin (Fig. 3B). The binding sites were aggregated at
sites of active cell proliferation (Partanen and Thesleff, 1987c).
It is thus evident that transferrin is still needed and used for cell
proliferation in bell-staged teeth. As discussed above, the
requirement for transferrin is apparently satisfied by retention of
transferrin by the bell-staged teeth in culture.

The number of EGF receptors was considerably high in
mouse embryonic teeth, but there was a remarkable change in
the distribution of binding sites from bud stage to cap stage and
further to bell stage of development (Partanen and Thesleff,
1987b). In bud-staged teeth the dental epithelium bound EGF.
The condensed dental mesenchymal cells around the epithelial
bud did not have many EGF receptors, while the surrounding
nondental mesenchyme showed intense binding of EGF (Fig.
4A). In early cap-staged teeth the number of EGF receptors had
decreased, and epithelial cells near the epithelio-mesenchymal
interface lacked receptors totally. Now the dental mesenchyme
had EGF receptors which were uniformly distributed in the den-
tal papilla. In the nondental mesenchyme around the tooth,
binding of EGF was still more intense than in the tooth mesen-
chyme (Fig. 4B). EGF binding decreased markedly from early
to late cap stage, and at bell stage had nearly totally disappeared
from both the dental epithelium and the dental mesenchyme. At
the same time, abundant binding of EGF was observed in the
cells of the dental follicle which consists of condensed mesen-
chymal cells around the tooth germ (Fig. 4C).

Thus, the responsiveness of embryonic teeth to EGF was
related to the expression of receptors in dental tissues. The dis-
tribution of receptors did not, however, correlate with the stim-
ulation of cell proliferation by EGF in the early cap-staged teeth.
The cells of the dental epithelium were stimulated by EGF, but
did not bind EGF, while the cells of the dental mesenchyme
bound EGF, but their proliferation was prevented.

Hence, the response of dental tissues to EGF may be con-
trolled by epithelial-mesenchymal tissue interactions, where the
dental mesenchyme is the primary target tissue. This was sug-
gested also by the results from cell culture studies; EGF stimu-
lated the proliferation of disaggregated dental mesenchymal
cells in monolayer cultures (Partanen et al, 1985), and EGF
enhanced the stimulation of proliferation in dental epithelial
cells in the presence of dental mesenchymal tissue (Brownell
and Rovero, 1980). Regulation of hormonal response by tissue
interactions occurs in the development of other epithelial-
mesenchymal organs, like mammary gland, prostate and lung,
and the mesenchymal stroma seems to be the primary target tis-
sue (Kratochwil and Schwartz, 1976; Cunha and Lung 1978;
Beeretal, 1984).

EGF receptors decreased in the dental epithelium and the
dental mesenchyme with advancing morphogenesis and declin-
ing cell proliferation, and totally disappeared with dental cell
differentiation. The binding of EGF increased, however, at the
same time in the dental follicle around the tooth germ. The
abundant binding of EGF by follicular cells was still evident in

erupting teeth (Thesleff et a/., 1987b), and besides the dental
sac, EGF binding was observed also in the apical mesenchymal
tissue, in the cervical loop epithelium and around the blood ves-
sels. It has been suggested that these tissues play a role in tooth
eruption (Massler and Shour, 1941; Ten Cate 1969; Berkovitz,
1971), but the role of dental follicle has been emphasized
(Cahill and Marks, 1980). EGF was originally discovered due to
its ability to stimulate tooth eruption and eyelid opening in
newborn mice (Cohen, 1962). The presence of EGF receptors
in tissues which are involved in tooth eruption may be asso-
ciated with the responsiveness of these tissues to EGF during
the process.

Conclusions and Hypotheses

The effects of transferrin and EGF on tooth development in
organ culture, and the appearance of their receptors in embryonic
tooth germs indicate that both transferrin and EGF, or EGF-like
factors, play physiological roles in tooth development. The
number of receptors for both transferrin and EGF in embryonic
teeth is highest during the stages of most active cell prolifera-
tion, but decreases with overt differentiation of odontoblasts
and ameloblast. Thus, transferrin and EGF-like growth factors
are apparently involved in the regulation of cell proliferation.

Effects of EGF on embryonic tissues /n vivo and /n vitro
(Hassel, 1975; Sundell et a/, 1975; Goldin and Opperman,
1980), and the presence of EGF receptors in embryonic tissues
(Adamson et al., 1981; Hortsch et a/., 1983; Partanen and Thes-
leff, 1987b) indicate that EGF is involved in embryonic devel-
opment. However, synthesis of EGF at the level of transcription
was not detected in mouse embryos, but only two weeks post-
natally (Popliker et a/., 1987). It seems that another member of
the EGF family, namely transforming growth factor -alpha
(TGF-alpha), which is structurally analogous to EGF and binds
to the same receptor molecule, represents the embryonic form
of EGF-like activity (Nexo et a/., 1980). This is suggested also
by the presence of TGF-alpha in mouse embryos from early ges-
tation onwards (Twardzik, 1985).

Furthermore, the changes in the pattern of EGF binding at
the early stages of tooth development suggest that the action
of EGF in tooth morphogenesis is somehow associated with
epithelial-mesenchymal tissue interactions. Both EGF and TGF-
alpha are synthesized as larger precursor molecules which are
thought to be transmembrane peptides (Rall et a/, 1985; Teix-
ido et al., 1987). It is possible that these precursor molecules
could mediate cell-cell interactions when binding to a receptor
molecule on another cell.

In future, the technique of in situ hybridization of TGF-alpha
transcripts in tissue sections could give more information on the
role of EGF-like growth factors as paracrine or autocrine regula-
tors of embryonic development.

The biological functions of growth factors in tissue interac-
tions may also be intimately linked with extracellular matrix.
Growth factors have been shown to affect the production and
turnover of matrix molecules, and may thus control cell-matrix
interactions by regulating the composition of extracellular
matrix (Chen et al., 1977; Massague, 1987). On the other hand,
the responses of cells to growth factors are influenced by extra-
cellular matrix molecules. It is possible that growth factors can
be stored in tissues by binding to matrix molecules. Hydrolysis
of extracellular matrix occurs during morphogenetic events



(Bernfield et a/., 1984; Gospodarowicz et al., 1986) whereby
growth factor molecules can be released locally to stimulate cell
proliferation.
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