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Abstract
Mammalian dentition consists of teeth that develop as discrete organs. From anterior to posterior, the dentition is divided into regions of
incisor, canine, premolar and molar tooth types. Particularly teeth in the molar region are very diverse in shape. The development of
individual teeth involves epithelial±mesenchymal interactions that are mediated by signals shared with other organs. Parts of the molecular
details of signaling networks have been established, particularly in the signal families BMP, FGF, Hh and Wnt, mostly by the analysis of gene
expression and signaling responses in knockout mice with arrested tooth development. Recent evidence suggests that largely the same
signaling cascade is used reiteratively throughout tooth development. The successional determination of tooth region, tooth type, tooth crown
base and individual cusps involves signals that regulate tissue growth and differentiation. Tooth type appears to be determined by epithelial
signals and to involve differential activation of homeobox genes in the mesenchyme. This differential signaling could have allowed the
evolutionary divergence of tooth shapes among the four tooth types. The advancing tooth morphogenesis is punctuated by transient signaling
centers in the epithelium corresponding to the initiation of tooth buds, tooth crowns and individual cusps. The latter two signaling centers, the
primary enamel knot and the secondary enamel knot, have been well characterized and are thought to direct the differential growth and
subsequent folding of the dental epithelium. Several members of the FGF signal family have been implicated in the control of cell
proliferation around the non-dividing enamel knots. Spatiotemporal induction of the secondary enamel knots determines the cusp patterns
of individual teeth and is likely to involve repeated activation and inhibition of signaling as suggested for patterning of other epithelial
organs. q 2000 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction
The studies on molecular mechanisms underlying tooth
morphogenesis have proliferated during the 2 years since
the previous tooth review in this journal (Thesleff and
Sharpe, 1997). At that time it had just become evident
that the epithelial±mesenchymal interactions are mediated
by the same conserved multigene signal families as in other
vertebrate organs. Since then, the molecular details of
signaling networks have been dissected in great detail particularly in four signal families, BMP, FGF, Hh and Wnt (for
recent reviews, see Maas and Bei, 1997; Weiss et al.,
1998a,b; Peters and Balling, 1999; Tucker and Sharpe,
1999).
Studies on the functions of signals and tissue interactions
in cultured tissue explants and in mutant mice have revealed
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inductive signaling and hierarchies in downstream transcription factors. This is a formidable task as the expression
of more than 200 genes has been studied in teeth; most of
the expression patterns can now be viewed in a graphical
www database (http://honeybee.helsinki.®/toothexp; Nieminen et al., 1998). Analyses of gene expression patterns have
revealed associations of numerous genes with tooth
morphogenesis. Most of the data have come from studies
on mouse embryos, but recently the signaling pathways
have started to be analyzed in other vertebrate species
with the aim to understand the genetic basis of the evolution
of the numbers and shapes of teeth. Teeth are excellent
targets for evolutionary studies because their good fossil
record enables the analysis of developmental mechanisms
producing known evolutionary changes.
The development of mammalian dentition can be divided
into a sequence of events beginning with the regional determination of dentition as a whole. This is followed by the
determination of subregions of tooth families, such as incisor and molar regions. Finally the morphologies of indivi-
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dual teeth within each tooth family are formed. Below we
will examine recent developments in the molecular regulation of these different stages of tooth morphogenesis.
2. Initiation of teeth
Mammalian teeth are initiated from the ectoderm covering the maxillary, frontonasal and mandibular processes and
they form single rows in the upper and lower jaws. Teeth are
grouped into families according to their speci®c locations in
the jaws. Mice which have been mostly used in developmental studies have only two tooth families, one incisor in
the front and three molars in the back of each half of the
jaws. The early stages of tooth development morphologically resemble other epithelial appendages, such as hairs
and glands. In all such organs, development is regulated
by interactions between the epithelial and underlying
mesenchymal tissues.
2.1. Determination of tooth region
Tooth buds form in a row from the dental lamina, a
thickened epithelial stripe marking the future dental arch
in E11 mouse embryos. It is remarkable that no teeth
develop outside the lamina and also that variably present
supernumerary teeth always develop within the tooth row.
In this respect dental lamina appears to resemble other
embryonic regions such as the milk-line along which the
mammary glands develop and the ¯ank ectoderm from
which limbs are initiated. Indeed, the regional speci®cation
of tooth area is now thought to involve molecular mechanisms resembling those in other developing organs. Antagonistic signaling between FGF and BMP regulates various
developmental processes in particular in the limb (Niswander and Martin, 1993; Buckland et al., 1998) and in facial
processes (see Section 2.2). Initially, FGF8 may be involved
in the regional speci®cation of the oral sides of the ®rst
branchial arch (Tucker et al., 1999). Later, FGF and BMP
determine the location of mesenchymal expression of Pax9,
a paired box transcription factor required for tooth morphogenesis to proceed beyond the bud stage (Peters et al.,

1998). FGF8 stimulates and BMP2 and BMP4 inhibit
Pax9 expression in the mouse E10 branchial arch mesenchyme, and this antagonistic signaling was suggested to determine the sites of tooth buds (Neubuser et al., 1997). Pax9
cannot, however, be the only gene performing this function
because tooth buds develop in normal locations in Pax9
knockouts. Indeed, other genes are more restricted to the
dental lamina, such as the transcription factor Pitx2
(Otlx2, RIEG), the gene behind Rieger syndrome comprising missing teeth, and Shh, both of which subsequently
become restricted to the forming tooth buds (Fig. 1) (KeraÈnen et al., 1999).
2.2. Determination of tooth identity
The mesenchymal component of teeth derives from
neural crest in the midbrain region (Imai et al., 1996;
KoÈntges and Lumsden, 1996). As only mesenchyme of
neural crest origin, and not mesodermal tissue, can participate in tooth formation (Lumsden, 1988), it has been
suggested that the determination of tooth type may be
prespeci®ed according to the sites of origin of the neural
crest cells (Ruch, 1995; Sharpe, 1995), much like the
patterning of posterior skeletal structures in branchial arches
(Noden, 1983; Rijli et al., 1993). In the case of mammalian
dentition, four types of teeth are usually considered to form:
incisor, canine, premolar, and molar teeth within each dental
lamina.
However, tissue recombination experiments gave an
indication that early dental epithelium, and not neural
crest, might determine tooth type (Mina and Kollar,
1987; Lumsden, 1988). Support to this possibility was
given by a recent work that uncovered ectodermal signals
specifying the type of teeth (Tucker et al., 1998). The
signaling molecules are much the same as in the determination of tooth regions. The involvement of BMPs was
demonstrated in experiments where the exposure of early
mandibular arches (E9±10 mouse) to Noggin, an effective
inhibitor of BMP signaling, resulted in the transformation
of incisors to molars (Tucker et al., 1998). BMP4, which is
expressed in the anterior part of the early mandibular arch
was shown to inhibit the expression of the homeobox gene

Fig. 1. Mouse upper jaw showing the partitioning of Shh and Pitx2 expression domains corresponding to the formation of incisor and molar tooth areas within
the dental lamina during day 11±12 embryos. Scale bar indicates 500 mm. Courtesy of Soile KeraÈnen (KeraÈnen et al., 1999).
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Barx1. This gene is con®ned to molar mesenchyme during
advancing morphogenesis and its expression is stimulated
by epithelial FGF8. As neural crest cells in all locations are
equally responsive to BMP4 and FGF8 at this stage, it was
concluded that the cells are determined by contact with
epithelial BMP signal. Hence, it is reasonable that the
dynamic patterns of signal molecules in the early facial
processes result in differential activation of key transcription factors, conceivably homeobox genes whose speci®c
combinations have been proposed to determine the identity
of teeth (Sharpe, 1995; Thomas and Sharpe, 1998; Tucker
and Sharpe, 1999).
A great number of transcription factors, in addition to
Barx1 and Pax9, have been identi®ed as targets for the
early epithelial signals in the branchial arch mesenchyme
(Fig. 2). Thus, FGFs induce the expression of the homeobox
genes Lhx6 and 7, Msx1, and Dlx1 and 2, BMPs upregulate
Msx1 and 2, and Dlx2, and Shh induces Gli1, 2 and 3
(Vainio et al., 1993; Bei and Maas, 1998; Hardcastle et
al., 1998; Tucker et al., 1999). Several of these genes
have been shown to perform essential functions at this
early stage of tooth development, because deletion of their
functions in transgenic mice results in an arrest in tooth
development at the dental lamina stage. These mutants are
all double knockouts and include Msx1 and 2, Gli2 and 3
(upper incisors develop to bud stage) and Dlx1 and 2 (only
maxillary molars are affected) (Thomas et al., 1997; Bei and
Maas, 1998; Hardcastle et al., 1998). Because the tooth
phenotypes are only evident in double mutants the pairs of
transcription factors are apparently functionally redundant.
The restriction of the tooth phenotype to upper molars in the
Dlx1 and 2 double knockouts indicates position-speci®c
differences in the regulation of the expression of Dlx
genes in the jaws. Although Dlx1 and 2 are expressed
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both in the upper and lower molar regions, Dlx5 and 6 are
present only in the lower molar regions (Thomas et al.,
1997; Weiss et al., 1998a,b), suggesting that the latter
genes compensate for the loss of Dlx1 and 2 in the lower
molars. The differences in the expression of Dlx family
genes between upper and lower molars may associate with
the regional determination of upper versus lower molars and
has been suggested to be part of a homeobox code in determination of tooth type (Tucker and Sharpe, 1999 and references therein). In addition, Dlx genes have been shown to
participate in a general regulation of the outgrowth of
appendages, such as limbs and ®ns (Panganiban et al.,
1997).

3. Budding, a transition stage in tooth development
The developmental stage between the tooth initiation and
tooth crown morphogenesis is the formation of a tooth bud.
The tooth bud can ®rst be seen as an outgrowth of the dental
lamina that subsequently grows and undergoes organ-speci®c morphogenesis. The budding of the lamina also marks
the shifting of inductive potential from the tooth epithelium
to the mesenchyme (Mina and Kollar, 1987). The mesenchymal responses to the dental epithelial signals have been
intensely studied during the past 3 years by the analysis of
the effects of recombinant signal molecules on dental
mesenchyme by the bead assays. Also, studies in which
the expression of a variety of potential downstream genes
have been analyzed in the mutant mice with arrested tooth
development have been particularly informative in the
dissection of the hierarchies of transcription factors and
signals. Indeed, the tooth bud stage is by far the most

Fig. 2. Schematic representation of the signals and transcription factors mediating the reciprocal signaling between epithelium and mesenchyme during
advancing tooth development. The molecular cascades are shown above and the corresponding morphological stages below. The transcription factors and
signals considered to be important for particular developmental stages are indicated in the squares and above the arrows, respectively. Note how the same
signaling pathways are used reiteratively during advancing tooth development, and how tooth development arrests in the knockout mouse experiments to the
early signaling center or the enamel knot stage. Yellow, tooth epithelium; red, enamel knots; blue, tooth mesenchyme.
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frequent stage of developmental arrest in various gene
knockout mice (Fig. 2).
3.1. The initiation of tooth buds is associated with the
appearance of transient epithelial signaling centers
The induced transcription factors in the early branchial
arch mesenchyme apparently regulate the expression of
reciprocal signals to the epithelium. Two such signals
have so far been identi®ed and these are BMP4, which is
induced by epithelial BMP4 via Msx1 (Vainio et al., 1993;
Bei and Maas, 1998), and Activin bA, which is induced by
epithelial FGF8 (Ferguson et al., 1998). Interestingly, in
Activin b A knockouts all teeth except upper molars are
arrested in development and the phenotype thus is reciprocal
of the Dlx1 and 2 mutants. The expression of Bmp4 and
Activin b A in the mesenchyme is followed by the initiation
of budding of the epithelium at the sites of individual teeth
around E11.5 in mouse embryos. At E12, when a starting
bud is morphologically visible, intense expression of several
signals appears in a subset of budding cells. These transient,
early epithelial signaling centers express signals in all four
signaling molecule families as well as other genes associated with signaling such as p21, Msx2 and Lef1 (Figs. 1
and 2). Although these signaling centers have been detected
in several analyses of gene expression (Dassule and McMahon, 1998; KeraÈnen et al., 1998), they have not been given
much attention, and the mechanisms whereby they are
formed have not been analyzed. Lateral interactions within
the epithelium may be involved in the restriction of gene
expression domains to the signaling centers, but it is likely
that key signals from the mesenchyme such as BMP4 and
Activin bA are involved in the initiation of bud formation.
A key function for Activin at this early stage is suggested by
the ®nding that exogenous Activin rescues the knockout
tooth phenotype at E11.5 in the mouse embryo but not at
later stages (Ferguson et al., 1998).
The appearance of the early epithelial signaling center
around E11.5±12 in mouse embryos corresponds to the
stage when the potential to instruct tooth development shifts
from the epithelium to the mesenchyme. In the tissue
recombination experiments by Mina and Kollar (1987),
the E11 epithelium induced tooth development in all
cases, whereas the mesenchyme was inductive in all
explants performed at E12. This suggests that mesenchymal
signals regulate the formation of the epithelial signaling
centers at E11.5, but that the mesenchyme may acquire
the full competence to induce tooth development only
after subsequent reciprocal signals are received from the
epithelial signaling centers. These signals may function in
the maintenance of the expressions of many of the
previously induced mesenchymal genes which become
more restricted to the condensing mesenchyme around the
budding epithelium, but also induce new genes in the
mesenchyme (Fig. 2).

3.2. Elucidation of the signaling networks within dental
mesenchyme
Signals in the four families, BMP, FGF, Shh and Wnt,
have been extensively analyzed, and they have been shown
to have distinct molecular actions on mesenchyme. The
signals in each family have their own cell surface receptors
and the intracellular cascades are largely different.
However, the pathways have been shown to be integrated
at different levels in developing teeth as members of different signal families activate partly the same transcriptional
targets. Both FGF and BMP activate Msx1 and Dlx2,
although Msx2 is only activated by BMP and Dlx1 by
FGF (Vainio et al., 1993; Bei and Maas, 1998; Kettunen
and Thesleff, 1998). Lef1 may integrate Wnt and BMP
signaling as both signals induce Lef1 expression in
mesenchyme, although it is also possible that BMP makes
the mesenchyme competent to Wnt signaling (Dassule and
McMahon, 1998). While shared transcriptional targets have
not been shown for Shh and the other signals, Msx1 appears
to be a component also of the Shh pathway, because the
expression of the Shh receptor Ptc, which is regulated by
Shh, depends on the expression of Msx1 in the dental
mesenchyme (Zhang et al., 1999). Interestingly, although
Shh regulates the expression of Gli genes in the mesenchyme, it does not stimulate the expression of Msx1 or Lef1
(Dassule and McMahon, 1998; Hardcastle et al., 1998).
However, in the epithelium, Shh appears to repress the
expression of Wnt10b (Dassule and McMahon, 1998).
Furthermore, unlike the situation in the limb, Shh does not
stimulate Bmp expression in dental mesenchyme and neither
does it stimulate Fgf3 and Fgf10 (Kettunen et al., 2000). It
appears that Shh is associated with epithelial proliferation,
since its application with beads induces epithelial invaginations, and as Ptc2 is expressed in dental epithelium, signaling within the epithelial cells can take place (Hardcastle et
al., 1998).
It is noteworthy that the requirement of different genes in
the signaling networks are stage-dependent. The analysis of
gene expression and signal responses in the different knockouts has elucidated the signaling pathways in this respect
and shown that the mesenchymal responses are different
when analyzed prior to E12 (i.e. the dental lamina stage)
and after E12 (i.e. the bud stage). For example, in Pax9
knockout mice, Msx1, Bmp4, and Lef1 are absent in the
tooth buds at E13 when their development is arrested.
Thus, Pax9 appears to be upstream of these genes at E13.
In contrast, Msx1 expression is normal in Pax9 knockouts
prior to E12 (Peters et al., 1998). Similarly, in Msx1 mutants
Dlx1 expression is affected after E12 whereas at the dental
lamina stage Dlx1 expression is normal (Bei and Maas,
1998). Taken together, the requirement of different genes
in the mesenchyme changes with the advancing development, emphasizing the sequential nature of the reciprocal
interactions and progressive determination and differentiation of the tissues.
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3.3. Analysis of signaling pathways associated with tooth
loss during evolution
Many mammalian lineages have lost some of their
teeth. Rodents lack canine and premolar tooth families
altogether which obviously limits the use of mice in dental
studies. The molecular basis of this evolutionary loss of
rodent teeth has been investigated in mice and voles
(Turescova et al., 1995; KeraÈnen et al., 1999). Their
maxillary diastema (the region between incisors and
molars lacking teeth) contains rudimentary tooth buds
that are present only during embryogenesis. While some
aspects of the signaling seem to be active, notably Shh and
Lef1 are expressed in the vole diastema tooth buds until
their apoptotic removal, Pax9 expression was found to be
weak in the diastema buds at a much earlier developmental stage. Thus, the natural arrest of tooth development to
bud stage in rodent diastema apparently involves genes
already participating in the formation of dental lamina.
This delay between the cause of developmental arrest
and the actual cessation of morphogenesis has been
shown in some mouse mutants, i.e. Lef1 (Kratochwil et
al., 1996) and Activin b A (Ferguson et al., 1998). The fact
that morphology and parts of the signaling proceed beyond
the initial cause of developmental arrest suggests further
that the signaling pathways are partly independent
`modules' during tooth morphogenesis.
An extreme case of tooth loss is seen in birds. Although
modern birds have no teeth, their ancestors did, and it has
been speculated that the birds may still have the competence for tooth formation. However, whether tissues in
chicken embryos can participate in tooth formation has
remained controversial (Kollar and Fisher, 1980; Kollar
and Mina, 1991; Ruch, 1995). It was recently shown that
odontogenic epithelium from E11 mouse embryos induced
similar morphological and molecular changes in the neural
crest-derived mesenchyme from chick and mouse branchial
arches, including induction of Msx gene expression
(Wang et al., 1998). The epithelial effects could also be
mimicked by BMP-releasing beads in chick tissue as
earlier reported for mouse tissue (Vainio et al., 1993).
This indicates that there are similar molecular pathways
in chick and mouse branchial arches and that genes
involved in early tooth development can be activated in
chick tissue with the same signals as in mouse tissue.
However, these as well as several other genes also regulate
the patterning of facial primordia in both species. In particular, differential expression of Bmp4 and Fgf8 results in
complementary expression patterns of Msx1 and Barx1
expression in the mandibular process of both mouse and
chick, and apparently patterns both teeth and other tissues
(Tucker et al., 1998; Barlow et al., 1999). Hence, more
experimental evidence is still needed before it can be
concluded that teeth can be induced in the facial processes
of birds.
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4. Regulation of tooth shape
The next stage in tooth morphogenesis is the development
of shape. The tooth bud folds at its tip and forms a capresembling structure surrounding the mesenchymal dental
papilla. Continued growth and folding in the epithelium
result in acquisition of the shape of the tooth crown during
the bell stage. Morphogenesis is accompanied by differentiation of the tooth-speci®c cells, the odontoblasts from
mesenchyme and ameloblasts from epithelium, resulting
in the production of the dentin and enamel matrices, respectively (Fig. 2).
4.1. The transition from bud to cap stage needs integration
of several signaling pathways and results in the induction of
the enamel knot
The tooth bud does not undergo branching morphogenesis like the buds of many other organs such as glands and
lungs but instead starts to invaginate at its tip which leads to
folding along the anterio-posterior (mesio-distal) axis of the
bud. The dynamics of the transition of the bud to the cap
stage have been analyzed in detail in mouse molar tooth
buds. The folding starts in the anterior (mesial) end of the
bud and proceeds in the posterior (distal) direction and
results in the formation of the cervical loops which grow
rapidly downwards (Jernvall et al., 1998). The dental
mesenchyme condensed around the bud forms the dental
papilla between the cervical loops and the dental follicle
surrounding the epithelium (Fig. 2).
The transition from the bud to the cap stage appears to be
a critical step in tooth morphogenesis, and it marks the onset
of the development of the tooth crown. The site at the tip of
the tooth bud where the folding of epithelium starts marks
the formation of the enamel knot, a signaling center that
expresses many of the same signals as the early epithelial
signaling center (Fig. 2) (Vaahtokari et al., 1996a).
Restricted expression of altogether 10 signals belonging to
the BMP, FGF, Hh and Wnt families has so far been
reported in the enamel knot. The enamel knot has been
suggested to be an important regulator of tooth shape, and
its induction conceivably is the prerequisite for the tooth to
develop into the cap stage. Indeed, tooth development is
arrested at the bud stage in the knockouts of Lef1, Msx1,
and Pax9 (Kratochwil et al., 1996; Bei and Maas, 1998;
Peters and Balling, 1999). As these transcription factors
are targets for BMP, FGF, and Wnt signaling, the formation
of the tooth cap seems to depend again on these signaling
pathways. No enamel knots develop in the arrested tooth
buds in the mutant mouse embryos and, interestingly, a
common feature in the three mutants is that Bmp4 expression is absent from the dental mesenchyme. BMP4 therefore
is a good candidate for a mesenchymal signal inducing the
transition from the bud to the cap stage. This is supported by
experiments in which the arrested tooth buds from Msx1
mutant embryos continued morphogenesis to the cap stage
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in vitro when BMP4 protein was added to the culture
medium (Chen et al., 1996). A role for BMP4 speci®cally
in the induction of the enamel knot was supported by in vitro
studies where BMP4 beads placed on isolated dental epithelium induced the expression of p21 and Msx2, two early
markers of the enamel knot (Jernvall et al., 1998). Another
recently identi®ed mesenchymal gene that is required for
progression of normal tooth development is the runt domain
transcription factor Cbfa1 (D'Souza et al., 1999). It is
expressed during the transition from bud to cap and the
most visible morphogenetic effect, in addition to the loss
of bone, is the arrest of tooth development to an aberrant cap
stage.
4.2. FGFs regulate cell proliferation and epithelial
morphogenesis
FGFs, in particular FGF8, have central roles as early
epithelial signals patterning the branchial arch mesenchyme
and regulating tooth initiation (NeubuÈser et al., 1997; Bei
and Maas, 1998; Tucker et al., 1998, 1999). FGFs are necessary for tooth morphogenesis to proceed beyond the bud
stage as shown in transgenic mice overexpressing a soluble-negative FGF receptor (Celli et al., 1998) and lacking a
functional FGFR2 receptor IIIb isoform (De Moerlooze et
al., 2000). In these mice the morphogenesis of several
organs besides the teeth was arrested at an early stage.
FGFs are also candidates for being key signals regulating
growth and folding of the epithelial sheet after the bud stage.
The shape of the tooth crown results from the morphogenesis of the epithelium during the cap and bell stages and
involves rapid proliferation of cells precisely controlled in
time and space as well as the folding of the epithelium at the
sites of the tips of future tooth cusps. Fgf4 and Fgf9 are only
expressed in the enamel knot cells while Fgf3 is also
expressed in the mesenchyme (Fig. 3). Fgf10, on the other
hand, is expressed only in the dental mesenchyme during
active morphogenesis in the cap and early bell stages. Interestingly, the expression of Fgf3 in the mesenchyme is stimulated by the epithelial FGFs (Bei and Maas, 1998; Kettunen
et al., 2000), again illustrating a parallel with limb development where reciprocal FGF signaling between epithelium
and mesenchyme regulates gene expression within the same
signal family (Xu et al., 1998).
All studied FGFs function as mitogens in cultured dental
tissues. Whereas the epithelial FGF4 and 9 stimulate cell
proliferation of both dental epithelium and mesenchyme,
FGF10 effectively stimulates cell division only in dental
epithelium but has no mitogenic effect on dental mesenchyme (Fig. 3) (Jernvall et al., 1994; Kettunen et al., 1998,
2000). The abundance of FGF receptor expression
(FGFR1c, 1b and 2b isoforms) in the cervical loops and
in dental papilla mesenchyme (FGFR1c) suggests that
these are the target tissues, and this is also in line with the
distribution of dividing cells in the tooth germs (Lesot et al.,
1996; Jernvall et al., 1998; Coin et al., 1999). Also, it has

Fig. 3. (A) Expression of different Ffgs in a cap stage mouse molar. Only
enamel knot cells express Fgfs in the dental epithelium. (B) The summed up
distributions of Fgfs and Fgf-receptors. Note how both the ligands and
receptors have inverted expression patterns in the epithelium and how
prominent mitosis is detected in the cells surrounding the non-proliferative
enamel knot (in red). The FGFs stimulate growth of the epithelia around the
enamel knot and in the dental mesenchyme (arrows), and may cause the
unequal growth resulting in the downgrowth of cervical loops and the
formation of the tooth crown base. Courtesy of PaÈivi Kettunen.

been curious how the enamel knot expresses growth stimulatory signals while its cells remain non-proliferative themselves (Jernvall et al., 1994, 1998). This non-proliferation of
the enamel knot cells is associated with the dearth of FGF
receptors in the enamel knot area (Kettunen et al., 1998).
However, an earlier marker for the enamel knot is cyclindependent kinase inhibitor p21 expression in the enamel
knot. p21 is associated with the exit from the G1 phase of
the cell cycle and terminal differentiation of cells like
muscle cells and may be involved in the differentiation
and withdrawal of the enamel knot cells from the cell
cycle (Bloch-Zupan et al., 1998; Jernvall et al., 1998). Interestingly, p21 is also expressed in the apical ectodermal
ridge, another signaling center expressing FGFs while
remaining non-proliferative (Parker et al., 1995).
Morphogenetically, the FGF signaling combined with
areas of non-dividing epithelial cells (the enamel knot)
surrounded by areas of strongly proliferative epithelia may
play a central role in the folding of dental epithelia (Fig. 3)
(Jernvall et al., 1994). No distinct pattern in cell proliferation in the dental mesenchyme has been observed (Jernvall
et al., 1994) suggesting that intricate temporospatial control
of epithelial proliferation and differentiation is required for
tooth morphogenesis.
4.3. Secondary enamel knots are key players in the
development of cusp patterns
The enamel knot is a transient structure that disappears
apoptotically. After the apoptosis of the enamel knot in teeth
with many cusps (like mouse molars), new enamel knots
form at the places of future cusp tips. Hence, the ®rst enamel
knot and the later forming enamel knots have been denoted
as the primary and the secondary enamel knots, respectively
(Jernvall et al., 1994). Also, the secondary enamel knots are
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non-proliferative, express Fgf4, and are removed apoptotically (Vaahtokari et al., 1996b; Coin et al., 1999). The
apoptosis of the enamel knot cells is associated with the
expression of BMP4 in the knot cells. This is another case
of a repeated use of the same signal in tooth development
Ê berg et al., 1997), and again the role of BMP in tooth
(A
re¯ects its role in other organs (e.g. apoptosis in rhombomeres, digits). In the enamel knots, apoptosis has been
suggested to be a mechanism controlling the duration of
signaling (Vaahtokari et al., 1996b; Jernvall et al., 1998)
and a similar function was recently suggested for the apoptotic removal of the AER in the limb bud (Pizette and
Niswander, 1999).
The secondary enamel knots are the ®rst signs of speciesspeci®c cusp patterns. Using Fgf4 as an enamel knot
marker, the onset of species-speci®c cusp patterns was
recently analyzed by comparing the development of the
same tooth in mammalian species with different molar
tooth morphologies. Cusp patterning was estimated to
begin as early as E15 in mouse and vole molar teeth, i.e.
late cap stage when cusp development is not yet evident
morphologically (KeraÈnen et al., 1998). Thus, the molecular
signals regulating relative positions of cusps are active
immediately after the apoptosis of the primary enamel
knot. While FGF4 and p21 appear to be active in the initiation of cusp development, only Fgf4 expression is strictly
restricted to the cusp tips. p21 expression begins to spread
around the enamel knots and is associated with cessation of
cell proliferation and subsequently together with some other
signals, including Fgf9 and Shh, with the differentiation of
ameloblasts.
An accurate control of secondary enamel knot spacing
must exist during morphogenesis as this process determines
the correct cusp position and size resulting in a functional
tooth shape (Fig. 4). The localized expression pattern of
Fgf4 in the secondary enamel knots is accompanied by
more diffused expression domains of other signals like
Shh and Bmp4 (the latter being expressed in the underlying
mesenchyme). The nested expression domains may be
involved in the regulation of the differential growth of the
dental epithelium and also the spacing of adjacent secondary enamel knots (Fig. 5). Particularly BMPs have been
suggested to play a role in the formation of periodic patterning by inhibiting the spreading of FGF signaling (Jung et al.,
1998). In the case of teeth, FGF4 might function as cusp
activator while BMPs, and perhaps Shh (as suggested in
lung buds, Metzger and Krasnow, 1999), could function as
inhibitors regulating the distance between forming cusps
(Fig. 5). In this kind of reaction-diffusion model, the inhibitors would have to diffuse faster (further) than the activators. However, as recently shown by Hammer (1998) the
effects of signaling do not necessarily have to involve
long distance diffusion but can also be realized by cell±
cell mediated propagation of the signal. One obvious difference between feather patterning and cusp patterning is the
limited number of cusps formed in a tooth. It will be inter-
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Fig. 4. Occlusal view (viewed from above) of developing (embryonic day
16) and fully formed (erupted) mouse ®rst lower molar of a wild type mouse
and Tabby mutant. The expression domains of the Fgf4 gene in the secondary enamel knots (E16) are shown in yellow-red and correspond to the tips
of future cusps. Note how the fused secondary enamel knots result in fused
main cusps in the Tabby molars. The development of the distal part of the
Tabby molar germ (the talonid) is further delayed and no secondary enamel
knot is present at E16 resulting in a very short distal cusp. The most anterior
pair of cusps (the anteroconid), which are normally initiated around E17,
are missing from Tabby molars altogether. The fully formed tooth images
are a combination of digital elevation models where the gray levels of
slopes correspond to elevation (lighter being higher) and surface feature
images (Jernvall and SelaÈnne, 1999). Anterior is toward the top, and buccal
toward the left. Scale bar indicates 1 mm.

esting to see what role the general growth of a tooth germ
plays in controlling the number of secondary enamel knots
and cusps.
In addition to similarities between teeth and organs of
skin, the molecular signaling involved in the initiation of
tooth cusps resembles that of branching morphogenesis of
mammal lungs and insect trachea (Hogan, 1999; Metzger
and Krasnow, 1999). While lung morphogenesis is a result
of reiterative addition of new lung buds to the tips of existing branches, cusp morphogenesis is reiterative addition of
new secondary enamel knots within an existing tooth crown
base (Fig. 5). Lung bud tips have been proposed to function
as signaling centers (Metzger and Krasnow, 1999) and they
could be analogous to the secondary enamel knots at the
cusp tips in teeth. However, while the FGFs may have similar functions among the organs, in teeth the localized
expression of Fgfs is in the epithelia (Fgf4) and in lungs
in the mesenchyme (Fgf10).
In teeth, current evidence also indicates that largely simi-
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Fig. 5. Sequence of cusp formation in mouse ®rst lower molar (viewed
from above). The primary enamel knot (p) establishes the tooth crown base
and is removed apoptotically except for the anterior portion in the area
forming the ®rst secondary enamel knot (1). The initial folding of the
epithelium is longitudinal around the primary knot and subsequent folding
happens around each individual secondary enamel knot. The second
secondary enamel knot (2) forms in the widest portion of the tooth crown
base directly lingual to the ®rst secondary knot. As a model to regulate tooth
cusp patterns, FGF4, the expression of which is restricted to the enamel
knots (in blue), functions as an activator promoting cusp initiation and
growth. Inhibitors, such as BMP4 which has more diffuse expression
domain in the mesenchyme, control the minimal distance between adjacent
secondary enamel knots and could also negatively regulate cusp growth (in
orange). The total number of cusps on a tooth would be limited by the size
of the tooth crown base. If the primary knot is small, a small crown base is
formed altering the positions and numbers of cusps. In the case of Tabby
molars (Fig. 4), the primary enamel knot is small and only one large
secondary enamel knot forms in the place of two separate ones (Pispa et
al., 1999). It is not known if the sequential cusp patterning is controlled by
autocrine signaling within epithelium or if it involves continuous paracrine
signaling from the mesenchyme. Anterior is toward the top, and buccal
toward the right.

lar molecular signaling is used from the tooth initiation to
the formation of the last tooth cusp (Fig. 2), and thus the
signaling is reiterated in a progressively nested fashion from
dental lamina to cusps (Fig. 6). In addition to the activation
of the signaling centers, a fascinating problem is also the
reiterative silencing of the signaling centers as it is presumably a prerequisite for the progression of tooth development.
The silencing of the enamel knots has been suggested to
involve upregulation of Bmp4 and apoptosis but it is also
becoming evident that intracellular negative feedback
mechanisms may function in parallel with positive feedback
resulting in signaling that can turn itself off without any new
external signals (Casci et al., 1999; Ghiglione et al., 1999).
It remains to be seen how these negative feedback mechanisms operate in tooth development.

of cusp patterning are studied. However, a natural mutant
Tabby has defects in tooth cusp patterning. Tabby gene is
the mouse homologue of the human anhidrotic ectodermal
dysplasia (EDA) gene (Kere et al., 1996; Ferguson et al.,
1997; Srivastava et al., 1997). Both EDA patients and Tabby
mice are characterized by abnormal development of several
epithelial appendages such as teeth, hair, and sweat glands.
Ectodysplasin is the protein encoded by the EDA and Tabby
genes and recent sequence comparisons have revealed that
ectodysplasin is a novel member of the tumor necrosis
factor (TNF) ligand superfamily which are either soluble
or membrane bound signaling molecules (Mikkola et al.,
1999). TNF-like proteins have not been earlier associated
with morphogenesis and the functions of ectodysplasin are
not yet understood. The major responses triggered by the
TNF family members are induction of apoptosis or cell
survival and proliferation.
In Tabby mice, molar teeth cusp patterns are compressed
as the tips of the cusps are close to each other or completely
united. In addition, the last developing cusps are often missing, as is the last developing molar (third). A likely mechanism for the disturbed cusp patterning has been proposed to
be the fused secondary enamel knots (Fig. 4) (Pispa et al.,
1999). However, the ultimate cause appears to be in the
small size of the tooth germs resulting in a small primary
enamel knot. The Tabby enamel knot expresses all the signal
molecules analyzed but at greatly reduced levels and the
growth of the cervical loops, i.e. the formation of the
tooth crown base, is slow. It appears that in teeth, ectodysplasin may be associated with FGF signaling as FGF4 and
10 partially rescue the Tabby teeth in vitro (Pispa et al.,
1999). Interestingly, the cell survival response of TNF
proteins is mediated by the transcription factor NF-kB
which was recently shown to be required for limb development and associated with FGF signaling (Bushdid et al.,
1998).
The progressive disturbances in Tabby cusp patterning
are another example of how early disturbances in the signaling can affect only some aspects of later development. In
Tabby teeth, the spacing of secondary enamel knots, and
consequently the spacing of cusps, is affected. In contrast,
the differentiation of odontoblasts and ameloblasts and
growth in tooth height are not affected. Like the members
of the four widely used signal families, ectodysplasin is
required for normal development of other ectodermal
organs such as several glands and hair follicles.
5. Outlook

4.4. Early disturbances in signaling via ectodysplasin, a
novel TNF family ligand, can affect cusp patterning
The reiterative use of the same signaling pathways in
tooth development is likely to be the reason why knockout
mice with dental defects usually lack teeth altogether and
not just some cusps. This is a problem when the mechanisms

It has been a busy 2 years in the study of dental development. A basic message of the new studies has been the
repeated use of molecular signals at various stages of development. As these shared molecular `toolboxes' are also
shared with other organs and organisms, it is a fairly safe
prediction that these molecular cascades are going to
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Fig. 6. Largely the same signaling modules (see Fig. 2) are reiterated from the tooth initiation to the formation of cusps. In each iteration, the dental region is
partitioned into new compartments and a progressively larger number of the signaling domains are induced. The ®rst partitioning involves the formation of
tooth identity (incisor, canine, premolar, or molar identity) and may be regulated by differences in signaling (represented as different shadings in the signaling
boxes) after the determination of dental lamina or already prior to lamina formation (see for discussion Weiss et al., 1998a,b). Generally, the premolar and
molar teeth have several cusps but they can also be unicusped (e.g. many seals); incisors can also have many cusps (e.g. ¯ying lemurs, Dermoptera). Deciduous
teeth (milk teeth) are generally equal or more complex in morphology than their replacement teeth (teeth not shown). As the same genes are repeatedly used in
tooth development, knockout experiments affecting signaling will mostly result in early disruption of tooth development and also affect other organs sharing
the same signaling pathways (e.g. Kratochwil et al., 1996; Hardcastle et al., 1998; De Moerlooze et al., 2000).

continue to unravel. With the increasingly sophisticated
transgenic mouse technology allowing targeting of transgenes and conditional knockouts it will be possible to ask
and answer more precise questions concerning the signaling
networks at different stages of tooth development. We are
also learning about counteracting mechanisms, such as
secretory inhibitors of signaling and negative feedback
mechanisms (Perrimon and McMahon, 1999). Besides the
four widely used and mostly studied families of signaling
molecules, there are many more signaling pathways, which
are starting to be elucidated and which may modulate and be
integrated at various levels with each other. The discovery
of ectodysplasin as a TNF ligand illustrates one example,
and as discussed above, this pathway may be linked with
FGF signaling. Other signals that have been associated with
tooth development include EGF, neurotrophins, and HGF
(Partanen et al., 1985; Tabata et al., 1996; Luukko, 1998)
but their functions in tooth morphogenesis remain largely
unknown. Furthermore, Notch and its ligands show dynamic
expression patterns in teeth, and are associated with epithelial±mesenchymal interactions (Mitsiadis et al., 1997;
Valsecchi et al., 1997). Interestingly, the Notch pathway
was recently linked with the cell fate decisions of stem
cells in the epithelium of continuously growing mouse incisors, and the pathway was shown to be regulated by FGF
which stimulated the expression of lunatic fringe, a secretory modulator of Notch signaling (Harada et al., 1999).
Another aspect that will probably get more attention is
how we get from signals to structural molecules and tissues.
How does signaling transform to changes in cell morphol-

ogy and adhesion? In addition, while we have been investigating the shared molecular cascades, somewhere there are
still the basic mechanisms controlling the differences among
teeth. In this respect, the reiterative control of secondary
enamel knot spacing is a central question when evolutionary
changes are to be studied. Is there an activator±inhibitor
mechanism modulating the spacing of enamel knots and
does a homeobox code have something to do with it? To
this end, more detailed ways to analyze the developing
shape in connection with expression patterns of several
genes are required in order to link molecular induction pathways to shape. Also, to overcome the early developmental
arrest of most knockout experiments in teeth, there are
candidate genes (Zeichner-David et al., 1997) that could
allow the targeting of knockouts or overexpression of
genes to later stages of tooth development.
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