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Abstract
An understanding of the factors that promote or inhibit tooth development is essential for designing
biological tooth replacements. The embryonic mouse dentition provides an ideal system for studying
such factors because it consists of two types of tooth primordia. One type of primordium will go on
to form a functional tooth, whereas the other initiates development but arrests at or before the bud
stage. This developmental arrest contributes to the formation of the toothless mouse diastema. It is
accompanied by the apoptosis of the rudimentary diastemal buds, which presumably results from the
insufficient activity of anti-apoptotic signals such as fibroblast growth factors (FGFs). We have
previously shown that the arrest of a rudimentary tooth bud can be rescued by inactivating Spry2, an
antagonist of FGF signaling. Here, we studied the role of the epithelial cell death and proliferation
in this process by comparing the development of a rudimentary diastemal tooth bud (R2) and the first
molar in the mandibles of Spry2−/− and wild-type (WT) embryos using histological sections, image
analysis and 3D reconstructions. In the WT R2 at embryonic day 13.5, significantly increased
apoptosis and decreased proliferation were found compared with the first molar. In contrast, increased
levels of FGF signaling in Spry2−/− embryos led to significantly decreased apoptosis and increased
proliferation in the R2 bud. Consequently, the R2 was involved in the formation of a supernumerary
tooth primordium. Studies of the revitalization of rudimentary tooth primordia in mutant mice can
help to lay the foundation for tooth regeneration by enhancing our knowledge of mechanisms that
regulate tooth formation.
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The mouse embryonic dentition provides a natural model for studying the factors that support
or inhibit tooth development, as it contains not only germs of functional teeth but also several
types of rudimentary tooth primordia (Fig. 1). These rudiments undergo the initial stages of
tooth morphogenesis but then are repressed, either through regression or by merging with
primordia of functional dentition. These rudimentary primordia have been hypothesized to
represent vestiges of ancestral teeth that were suppressed during evolution (Peterkova et al.,
2000,2002a). The coexistence of rudimentary primordia and primordia of prospective
functional teeth in the jaw allows comparison of the molecular control of their development in
the same animal as well as between wild-type (WT) and mutant mice. The observation that
these rudiments can form functional teeth in mutant mice also raises the stimulating possibility
that these structures can serve as models of controlled tooth regeneration (Peterkova et al.,
2006;D'Souza and Klein, 2007).

Adult mice have a greatly reduced number of teeth compared with other mammals. In each
jaw quadrant, they have only one incisor and three molars (Fig. 1A). The incisor and molars
are separated by a toothless gap (diastema) where other mammals have incisors, canines and
premolars. The embryonic mouse diastema transiently contains the above-mentioned
rudimentary (vestigial) tooth primordia (Fig. 1B). The most prominent of these rudiments are
two large buds that are present in the posterior part of the diastema, just anterior to the first
molar, in each maxilla or mandible. These two rudiments are initially even larger than the first
molar itself, and therefore can be mistaken for the first molar primordium at early stages.
However, the development of these large diastemal buds ceases before the cap stage, and
programmed cell death (apoptosis) occurs in their epithelium (Peterkova et al., '96,2000;Viriot
et al., 2000). These large rudimentary buds have been homologized to the premolars lost during
mouse evolution (Peterkova et al., 2000;Viriot et al., 2002).

Mutations in both ectodysplasin (Eda) and sprouty (Spry) genes can stimulate the revival of
the large diastemal buds leading to the development of a supernumerary cheek tooth in front
of the first molar (Peterkova et al., 2005; Klein et al., 2006). Such a supernumerary tooth can
be thought of as a tooth atavism because it is located in the position of a lost premolar (Peterkova
et al., 2005, 2006).

Sprouty genes encode negative feedback antagonists of signaling by fibroblast growth factors
(FGFs) and other receptor-tyrosine kinase ligands (Minowada et al., '99). The FGF signaling
pathway is evolutionarily conserved and plays crucial roles in the development of many
craniofacial structures, including teeth (Nie et al., 2006). The effect of decreased FGF signaling
during tooth development has been studied in mouse embryos lacking the epithelium-specific
b-isoform of FGF receptor 2. In such mice, tooth development is arrested at the bud stage
(Celli et al., '98). In contrast to FGF receptor mutants, in sprouty null mice FGF signaling is
increased which leads to several abnormalities in tooth development (Klein et al., 2006,
2008). In WT mice, Spry2 and Spry4 are expressed in different tissue compartments during
early tooth development: Spry2 in the epithelium and Spry4 in the mesenchyme. In mice
carrying mutations in either Spry2 or Spry4, supernumerary teeth develop in front of the first
lower molars as a result of the abnormal survival and development of diastemal tooth buds
(Klein et al., 2006).

Apoptosis is involved in the repression of the development of the large rudimentary tooth buds
in the posterior part of the diastema in WT mice at embryonic day (ED) 12.5–13.5 (Peterkova
et al., '96; Viriot et al., 2000) (Fig. 1B). We have proposed that apoptosis in dental epithelium
is stimulated by a relative predominance of growth inhibitors (Fig. 1C), and that a relative
increase in growth activators (e.g. FGFs) can downregulate apoptosis and support further
growth (Peterkova et al., 2003). Therefore, we set out to test the following hypothesis: the
absence of an FGF antagonist leads to the abnormal survival of diastemal tooth buds in
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Spry2 null embryos by causing decreased apoptosis and increased proliferation, thus preventing
the growth arrest that normally occurs in these rudiments. We compared the development of
the posterior diastemal bud (R2) and the molar epithelium in the mandible of Spry2−/− and WT
mice using histological sections, 3D reconstructions, morphometry and quantitative evaluation
of proliferation and apoptosis.

Materials and Methods
Mouse lines and staging of embryos

Mouse lines carrying mutant alleles of Spry2 were maintained and genotyped as reported
(Shim et al., 2005). The females were mated overnight and noon after the detection of the
vaginal plug was considered as ED 0.5. The pregnant mice were killed by cervical dislocation
and their offspring were harvested at ED 13.5, 14.0, 14.5 and 15.5. Immediately after taking
the embryo out of the uterus, the drop of amniotic fluid on its surface was gently removed by
dabbing on a filter paper and the wet body weight was determined (Peterka et al., 2002). Each
embryo was individually put in a bottle with Bouin fluid and fixed at room temperature for 10
days. Age/body weight-matched WT embryos were used as controls.

Histology
We processed 14 WT and 14 mutant embryonic heads at ED 13.5–15.5 for histology. Heads
were embedded in paraffin, cut in 7 μm frontal serial sections and stained with a modified
Mallory method (alcian blue–hematoxylin–eosin) (Fig. 2).

3D reconstructions of dental epithelium and apoptosis distribution
Computer-aided 3D reconstructions of the developing lower cheek dentition were made in age/
weight-matched pairs of Spry2−/− and WT mice at ED 13.5, 14.0, 14.5 and 15.5 (Fig. 3).
Contours of the dental and adjacent oral epithelium were drawn from histological sections at
7 μm intervals using a Leica DMLB microscope (Leica Microsystems GmbH, Wetzlar,
Germany) equipped with a drawing chamber at a magnification of 320 ×. At ED 13.5, apoptotic
cells and bodies (Fig. 2A) were identified in the dental epithelium on histological sections
based on morphological criteria (Tureckova et al., '96). These were recorded into a drawing
and distinguished according to their position in one of the following three regions of dental
epithelium: the superficial zone (thickness similar to the adjacent oral epithelium), the internal
zone and the enamel knot zone (Fig. 4), corresponding to blue, white and red spots, respectively
(see Fig. 6). The digitalization of the serial drawings, the correlation of successive images and
the generation of 3D pictures have been previously described (Lesot et al., '96).

Morphometry of dental epithelium
The size of the dental epithelium was compared in age/weight-matched pairs of Spry2−/− and
WT embryos at ED 13.5, 14.0 and 14.5 (Fig. 5). We employed the same specimens that were
used for 3D reconstructions. The area of the dental epithelium on frontal sections in the cheek
region of the mandible was measured on every fifth section (i.e. at 35 μm intervals) along the
antero-posterior jaw axes (Fig. 5). The first evaluated section was the one in which the lingual
side of the infolding of the dental epithelium and the adjacent oral epithelium were at an angle
close to or less than 90°. The last evaluated section was the one in which the dental epithelium
still protruded into the mesenchyme.

We measured the frontal section area of the dental epithelium (at a magnification of 1,250 ×)
on digitalized images made by Leica DMLB microscope (Leica Microsystems GmbH, Wetzlar,
Germany) equipped with a camera Leica DC480 (Leica Microsystems GmbH, Wetzlar,
Germany) using PC software ImageJ (http://rsb.info.nih.gov/ij/). The measured area was
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delimited by the basement membrane, the oral surface of the epithelium and by the places
where the thickness of the dental epithelium decreased to the thickness of the medially and
laterally adjacent oral epithelium. The values were converted to μm2 and plotted (Fig. 5).

Quantitative evaluation of apoptosis
We analyzed the number of apoptotic cells and bodies (Fig. 2A) in the posterior diastemal bud
R2 and the molar epithelium in Spry2−/− and WT embryos at ED 13.5 (Fig. 7, Table 1). In order
to compare WT and mutant tooth primordia at similar stage of odontogenesis, we selected from
among ED 13.5 embryos one group of WT and one group of Spry2−/− embryos of similar body
weight. The embryonic body weight has been shown to correlate very well with the stage of
mouse tooth development (Peterka et al., 2002). The control group was composed of ten right
and left lower jaw quadrants of five WT embryos (weight range 154–178 mg), and the mutant
group was composed of six right and left jaw quadrants of three mutant embryos (weight range
167–182 mg) (Table 1).

In each lower jaw quadrant, apoptosis was analyzed in two segments of the dental epithelium
representing the R2 diastemal bud and the molar epithelium (Fig. 7). Each segment comprised
ten consecutive 7 μm thick histological sections. The segments were separated by a gap of 70
μm (ten sections). The boundaries of the segments were determined on the basis of the position
of the middle of the R2 segment. This corresponded to a section with the most pronounced
enamel knot at the tip of the bud R2 (compare with Fig. 4).

The apoptotic rate was calculated as the number of apoptotic cells and bodies per square unit
(× 103 μm2) of epithelium. This could be determined for individual sections, individual jaw
segments or individual groups of jaws (Table 1). Apoptotic cells and bodies were recorded into
the drawings of the dental epithelium made from sections (see above-“3D reconstructions”).
The size of the dental epithelium on frontal sections was measured using computer software
ImageJ (see above-“Morphometry of dental epithelium”). The apoptotic rate was evaluated
either in the entire dental epithelium (see the blue+white+red dots in Fig. 6) or separately in
the superficial cells (see the blue dots in Fig. 6) and interior cells (see the white and red dots
in Fig. 6). Fischer's exact test was used to determine the statistical significance between the
total values (Table 1) in a group of WT and mutant tooth primordia.

Quantitative evaluation of mitoses
The proliferation was evaluated at ED 13.5 in the same segments of dental epithelium (Fig. 7)
used for the quantitative evaluation of apoptosis (see above). In each section, the total number
of epithelial cells and the number of mitotic cells (from early metaphase to early telophase)
were counted on digitalized images (at a magnification of 1,250 ×) made by Leica DMLB
microscope (Leica Microsystems GmbH, Wetzlar, Germany) equipped with a camera Leica
DC480 (Leica Microsystems GmbH, Wetzlar, Germany). The mitotic stage was then checked
under a 100 × immersion objective (Fig. 2). Fischer's exact test was used to determine the
statistical significance between the total values (Table 2) in a group of WT and mutant tooth
primordia.

Whole mount in situ hybridization
RNA in situ hybridization was performed according to standard protocols on ED 13.5 jaws
that were fixed in 4% paraformaldehyde, hybridized in whole mount, embedded in paraffin,
sectioned in 10 μm thick frontal sections and counterstained by Nuclear Fast Red (Fluka/Sigma-
Aldrich Chemie GmbH, Buchs SG, Switzerland). To generate digoxigenin-labeled probes, we
used plasmids containing mouse Shh sequences for in vitro transcription as previously reported
(Klein et al., 2006).
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Results
Morphogenesis of dental epithelium

In order to elucidate the relationship between the development of the supernumerary tooth and
the morphogenesis of R2 and M1, changes in the size and morphology of the dental epithelium
were investigated in the mandibular cheek region from ED 13.5 to 15.5 (Figs. 3–5).

At ED 13.5, the dental epithelium had a bud shape on most frontal sections in WT and
Spry2−/− embryos (Fig. 4). The bud-shaped dental epithelium on sections corresponded to a
“mound” shape on 3D reconstructions (Fig. 3A). The morphology and antero-posterior extent
of this dental mound were similar in Spry2−/− and WT specimens. At the middle part of the
epithelial mound, a swelling of the R2 bud (Fig. 1B) was visualized on 3D pictures (Fig. 3A).
The anterior part of the swelling included the enamel knot of the R2 (compare with Figs. 4 and
6). The dental epithelium located anteriorly to the R2 bud corresponded to the residuum of the
MS rudiment (Fig. 1B), which undergoes regression at ED 13.5. The size (area) of the dental
epithelium varied along the antero-posterior axis of the mandible. These changes were similar
in WT and Spry2−/− embryos (Fig. 5A). The area of the dental epithelium was small anteriorly,
gradually increased in the posterior direction until reaching a maximum where the rudimentary
bud R2 was located and then decreased. The R2 bud could be identified on frontal sections
(Fig. 4) according to its large size, typical shape, increased number of apoptotic bodies and
presence of an enamel knot structure at its tip. Shh expression was assessed to show that this
marker of the enamel knot was indeed expressed at the tip of the R2 bud. The expression was
more pronounced in mutants than in controls (Fig. 4).

At ED 14.0–15.5, the antero-posterior length of the dental epithelium increased (Figs. 3 and
5). In contrast to WT mice, where R2 is incorporated into the anterior part of the rapidly growing
M1 cap (Viriot et al., 2000), the anterior part of the dental epithelium conspicuously increased
in Spry2−/− fetuses. It progressively separated from the developing M1 cap, giving rise to the
supernumerary tooth primordium (Fig. 3). In comparison with WT mice, the M1 in age/weight-
matched mutants was developmentally retarded (early cap stage) at ED 14.5, and remained
open at its anterior end at ED 15.5 (Fig. 3C). The morphometric analysis (Fig. 5) clearly showed
that the antero-posterior elongation of the dental epithelium mainly involved a region posterior
to the area where the R2 was incorporated into the M1 in controls or where the supernumerary
tooth developed in mutants. Although the length of the dental epithelium was similar in stage/
weight-matched WT and Spry2−/− mice, size differences of the dental epithelium became
progressively more evident between control and mutant fetuses (Figs. 3 and 5). In WT mice,
only one major elevation was present on the curve. However, its maximum values were higher
and located more posteriorly than those at ED 13.5 (Fig. 5). The maximum values reflected
the largest middle part of the M1 cap. An accessory peak on the anterior slope on the curve
marked the incorporated R2 bud. In contrast, the curves in Spry2−/− stage/weight-matched
animals showed two elevations separated by a depression (Fig. 5B, C). The anterior elevation
reflected the developing supernumerary tooth, whereas the posterior elevation corresponded
to the forming M1 cap in mutants (Fig. 3B, C). The maximum values of the anterior elevation
were observed at the R2 position (compare Fig. 5A, B). However, this anterior elevation also
included the area in front of the R2 (Fig. 5) where the anterior diastemal rudiment MS (Fig.
1B) occurred. Thus, not only the R2 but also the MS was increased in mutants, suggesting that
both of these rudiments contribute to the formation of the supernumerary tooth. The depression
between the anterior and posterior elevations on the curves in mutants corresponded to the gap
between the supernumerary tooth and the M1 primordium (compare Figs. 3B, C and 5B, C).
Interestingly, the position of this gap fit into the largest part of M1 in controls (Fig. 5C).

A defect in the segmentation of the dental epithelium along the antero-posterior jaw axes
(Peterkova et al., 2002b) was apparent in Spry2−/− mandibles. Although the total antero-
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posterior length of the dental epithelium was similar in WT and Spry2−/− animals, the anterior
boundary of the M1 was located more posteriorly in mutants than in WT mice, because of the
presence of a supernumerary tooth anlage (Fig. 5B, C). The distinct separation of the
supernumerary tooth primordium from M1 (Fig. 3C) was not observed in all mutant embryos;
some specimens only had hyperplasia of the anterior part of the M1 (data not shown).

Apoptosis
In order to test the hypothesis that apoptosis is decreased in the R2 bud in Spry2−/− embryos,
the distribution of apoptotic bodies and cells (Fig. 2A) was evaluated on frontal sections and
represented in 3D reconstructions (Fig. 6) and by quantitative measurements (Table 1, Fig. 7)
at ED 13.5.

In WT embryos, apoptosis was mainly concentrated in the anterior part of the dental epithelium,
where the diastemal rudiments (MS, R2) were repressed. The apoptotic cells and bodies were
abundant in both the internal and superficial cells (see the white and blue dots in Fig. 6), and
they were typically located in the enamel knot at the tip of the wide bud R2 (see the red dots
in Fig. 6). Interestingly, apoptosis occurred only rarely in the internal cells of the posterior part
of the dental epithelium, that is, posterior to the R2 bud (Fig. 6).

In Spry2 mutants, the apoptotic bodies and cells were also more concentrated in the anterior
part of the dental epithelium. However, they were much less abundant in mutant than in WT
specimens and were largely absent from the internal parts of the epithelium where both
diastemal rudiments were located (see white dots in Fig. 6). In the posterior part of the dental
epithelium, the apoptosis distribution did not exhibit a marked difference between WT and
mutant specimens and was almost exclusively present in the superficial cells (Fig. 6).

Quantitative evaluation of the number of apoptotic cells and bodies was compared in the R2
bud and the molar epithelium between WT and Spry2−/− embryos at ED 13.5 (Table 1, Fig. 7).
In the R2 of WT mice, the number of apoptotic cells and bodies was significantly higher
(P<0.01) than that in the molar region in both WT and Spry2−/− embryos. However, compared
with the R2 in WT animals, the number of apoptotic elements (in the whole structure as well
as in the internal or superficial parts) was significantly decreased (P<0.01) in the R2 in mutants
(Fig. 7). The number of apoptotic elements was also significantly lower (P<0.01) in the molar
area of mutants than in WT embryos. The number of apoptotic elements in the mutant R2 did
not differ from the molar epithelium in WT embryos (P>0.05).

Proliferation
To assess whether proliferation is increased in the R2 bud of Spry2 mutant embryos, the mitotic
index was evaluated and compared in the R2 bud and the molar epithelium in WT and
Spry2−/− mandibles at ED 13.5 (Table 2). In WT mandibles, the mitotic index was significantly
lower (P<0.01) in the R2 bud than in the molar region. In contrast, the mitotic index in the
R2 was significantly higher in Spry2−/− than in WT embryos and was similar to that in the
molar region. The mitotic index in the molar region showed no significant difference (P>0.05)
between WT and mutant jaws (Fig. 7).

Discussion
We have previously documented that the loss of Spry2 function leads the diastemal buds to
develop into supernumerary teeth (Klein et al., 2006). However, it was not known whether this
process occurs as a result of increased proliferation, decreased cell death or both. Here, we
show that both decreased apoptosis and increased proliferation were found in the diastemal
rudimentary bud R2 (the presumed premolar vestige) in Spry2−/− embryos at ED 13.5. This
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was followed by hyperplasia of the anterior part of the dental epithelium, where the R2 was
located, and by separation of this region from M1, leading to the formation of a supernumerary
tooth primordium.

Morphogenesis of the dental epithelium
In WT mice, the initial development of the rudimentary R2 bud, followed by growth retardation
and epithelial apoptosis, and finally incorporation into the anterior part of M1, occurred as we
previously described (Viriot et al., 2000).

The R2 rudiment has a specific wide-bud shape on frontal sections at ED 13.5 (Fig. 4). In the
cheek region, the tooth primordia that have a bud shape on frontal sections appear as ill-defined
swellings on a continuous mound of dental epithelium in three dimensions (Fig. 3A) in both
mice (Peterkova et al., 2000) and humans (Hovorakova et al., 2005). This dental mound has
the appearance of a long cylinder extending along the jaw arch. However, both the epithelial
mound and the tooth swellings exhibit a bud shape on frontal sections, and differ primarily in
terms of area. This can make it difficult to distinguish tooth primordia from surrounding dental
epithelium and explains why the anterior and posterior tooth boundaries are not yet distinct at
the bud stage (Hovorakova et al., 2005).

Here, as in previous reports, we observed a swelling on the dental mound in 3D reconstructions
at ED 13.5 (Figs. 3A and 5A), which indicated the presence of a distinct bud-stage tooth
primordium. Anteriorly, in this swelling, the tip of the R2 bud was marked by the presence of
apoptosis (Fig. 6) and had morphological characteristics that are typically present in the enamel
knot of the first molar cap (Lesot et al., '96). We suggest that the existence of the R2 primordium
as a discrete, active structure can be inferred by the apparent presence of a signaling center, as
marked by expression of Shh (Fig. 4). Shh expression at this location has generally been thought
to correspond to the enamel knot of M1 at day 13.

In WT mice, the anterior boundary of the lower M1 becomes apparent at ED 14.5–15.5, when
the M1 cap differentiates (Viriot et al., '97) (Fig. 3B, C). However, the well-differentiated
enamel organ of the lower M1 at ED 15.5 only corresponds to the anterior two-thirds of the
prospective tooth crown (Lesot et al., '99), i.e. to the prospective cusps B1, B2, L1, L2
(terminology by Gaunt, '55). The posterior part of M1 has not yet formed and the enamel organ
remains open posteriorly such that the posterior boundary is not yet apparent at ED 15.5
(compare with Fig. 3C). The posterior part of M1 (cusps B3, L3, 4) develops at later stages,
long after the primary enamel knot structure of M1 has disappeared (Lesot et al., '99; Obara
and Lesot, 2007).

The rudimentary diastemal primordia can advance as far as the bud stage before their arrest
(Fig. 1B). Interestingly, the arrest of molar or incisor development in many mouse mutants
that lack teeth also occurs at the bud stage (e.g. Peters and Balling, '99). It is not yet known
why this is the case, and the identification of factors that regulate physiological tooth arrest in
mouse diastemal buds can help to address this question. We have recently shown that the
expression of Spry2 and Spry4 in the epithelium and mesenchyme, respectively, prevents
diastemal tooth formation by making diastemal buds refractory to the FGF signaling that
normally sustains tooth development (Klein et al., 2006). The data presented here document
the cellular effects of the loss of Spry2 on morphogenesis. In comparison with the molar region,
decreased cell proliferation and increased apoptosis occurred during the physiological growth
arrest of the R2 bud in WT embryos. In contrast, both cell proliferation and apoptosis in the
R2 bud remained similar to the molar area in Spry2 mutants (Fig. 7) and allowed for further
growth of the diastemal rudiment.
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Supernumerary cheek teeth in mice with genetic alterations
In several mutant or transgenic mice, a supernumerary tooth is found anterior to the first molar.
A classical example is the supernumerary cheek tooth in tabby, downless or sleek mutant mice
(Gruneberg, '66; Sofaer, '69), which exhibit defects in the EDA signaling pathway (e.g. Elomaa
et al., 2001). A supernumerary tooth in front of the first molar has also been reported in
Tg737orpk mice (Zhang et al., 2003), in transgenic mice overexpressing the EDA receptor
EDAR (Tucker et al., 2004) or the EDA protein itself (Kangas et al., 2004), in ectodin/WISE-
deficient mice (Kassai et al., 2005) and in mice homozygous for a null allele of Spry2 or
Spry4 (Klein et al., 2006).

The supernumerary tooth appears to originate from a rudimentary diastemal bud, whose
development is not suppressed as it is in normal mice (Peterkova et al., 2005; Klein et al.,
2006). In the case of sprouty null mice, the lack of an FGF antagonist leads to the upregulation
of an epithelial–mesenchymal signaling loop that culminates in the formation of a
supernumerary tooth in the diastema (Klein et al., 2006).

The incorporation of a rudimentary diastemal bud (Viriot et al., 2000) appears to render the
anterior part of the mouse M1 more susceptible to developmental alterations than the rest of
the cheek dentition (Boran et al., 2005). The large rudimentary buds in the mouse diastema
(Fig. 1B) have been hypothesized to represent vestiges of ancestral premolars suppressed
during evolution (Peterkova et al., 2000; Viriot et al., 2002). We have proposed that the
incorporation of the rudimentary diastemal bud (premolar vestige) into the M1 fails in some
mouse mutants and that the rudiment takes part in the formation of a supernumerary tooth.
Such a tooth in front of the first molar in mutant mice might be, at least in part, homologous
to a premolar lost during the evolution of muroids, and can be thought of as an evolutionary
throwback (atavism) (Peterkova et al., 2005, 2006). This hypothesis is supported by (1) the
development and incorporation of the R2 bud into the lower M1 in WT mice (Viriot et al.,
2000), (2) the concentration of apoptotic cells and bodies in the anterior part of the dental
epithelium in WT mice at early and later prenatal stages (Viriot et al., 2000; Boran et al.,
2005), (3) the origin of a supernumerary tooth primordium in the location of R2 in tabby homo/
hemizygous embryos (Peterkova et al., 2002b, 2005) and (4) paleontological data, as follows.
During the evolution of muroid rodents (about 50 million years ago), the disappearance of the
last premolar correlated with the extension of the anterior part of the first lower molar (Viriot
et al., 2002). Thus, mutant mice with a supernumerary tooth in front of M1 are more similar in
terms of dentition to nonmuroid rodents with maintained premolars than are WT mice
(Peterkova et al., 2005, 2006).

If a rudimentary bud participates in the development of the anterior part of M1 in WT mice,
then the anterior domain of M1 should be reduced when the rudimentary bud is involved in the
formation of a supernumerary tooth in mutants. Indeed, a number of studies document such a
reduction in the anterior part of M1 adjacent to a supernumerary tooth in mice with different
genetic alterations (e.g. Gruneberg, '66; Kangas et al., 2004; Tucker et al., 2004; Kassai et al.,
2005). This reduction has been proposed to result from the inhibitory influence of the
developing supernumerary tooth (e.g. Sofaer, '75). However, our previous study (Peterkova et
al., 2002b, 2005) has clearly shown that the supernumerary tooth in tabby homo/hemizygous
mice forms where the diastemal bud is incorporated into the anterior part of the M1 cap in WT
mice. This is followed by a defect in the segmentation of the dental epithelium: the total antero-
posterior length of the dental epithelium is similar in WT and mutant embryos. However, this
epithelium is differently distributed to give rise to tooth primordia. The larger the most anterior
(supernumerary) tooth primordium, the shorter, more posteriorly located and developmentally
less advanced are the successive cheek teeth. Consequently, the positions of tooth boundaries
do not match those of the WT molars (Peterkova et al., 2002b, 2005). This reciprocal correlation
between the length of the first cheek tooth and the second or third tooth, together with a stable
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total length of the dental row, has also been reported in adult tabby homo/hemizygous mice
(Kristenova et al., 2002). The existence of size interactions between molar teeth in mice has
been proposed and led to the conclusion that the first molar controls the ultimate form of the
whole molar row, which tends to maintain a stable length (Gruneberg, '65; Sofaer, '69;
Kavanagh et al., 2007).

A defect in the segmentation of the dental epithelium was also found in the Spry2−/− embryos
reported here. In a similar antero-posterior length of the dental epithelium, M1 only developed
in controls, whereas both supernumerary tooth and M1 primordia developed in mutants at early
stages (Figs. 3 and 5). The supernumerary tooth originated in the location that corresponded
to the anterior part of the control M1. The mutant M1 was located more posteriorly and exhibited
a reduction in its anterior part, where the enclosure by the cervical loop was missing (Fig. 3C).
Despite these marked prenatal differences, the adult lower M1 adjacent to the supernumerary
tooth is surprisingly almost completely normal in Spry2−/− mice (Klein et al., 2006). In these
cases, the supernumerary tooth does not develop at the expense of M1, but has to include some
additional material at the anterior end of M1, which is not normally present there. A large
supernumerary tooth in front of an almost normal M1 occurs in some tabby heterozygous mice,
and the anterior diastemal rudiment MS (Fig. 1B) is thought to take a part in its origin
(Peterkova et al., 2005). It is possible that the MS rudiment, in addition to the R2, participates
in the morphogenesis of the supernumerary tooth in Spry2−/− embryos. This is indicated by the
increased size of the epithelium (Fig. 5A) and decreased amount of apoptosis (Fig. 6) in both
R2 and MS in these mutants. The specific roles of each of these diastemal rudiments in the
origin of supernumerary teeth in sprouty mutants will be the focus of future studies.

Apoptosis
In WT embryonic mouse mandibles apoptosis concentrates in the anterior part of the dental
epithelium in the cheek region, where the large diastemal buds have arrested (Viriot et al.,
2000). At ED 13.5, apoptosis is also specifically located in the enamel knot (see below), which
is transiently present at the tip of the R2 (Peterkova et al., 2002a). The concentration of
apoptosis in the anterior part of the M1 epithelium is present during cap formation, which points
to the incorporation of the R2 bud there (Viriot et al., 2000).

As the development continues, apoptosis remains concentrated at the base of the anterior part
of the M1 at late cap and early bell stages (Viriot et al., '97; Boran et al., 2005). This suggests
that, although incorporated into the M1, the R2 epithelium (the presumptive premolar vestige)
is somehow distinct from the rest of the molar in WT mice and represents a “locus minoris
resistentiae,” a region that is prone to developmental anomalies in genetically altered mice
(Boran et al., 2005).

During further tooth development, apoptosis is specifically concentrated in the primary enamel
knot of M1, which is a cluster of epithelial cells located in the middle of the molar cap and
adjacent to the papilla mesenchyme (Fig. 3B) (Butler, '56;Lesot et al., '96). The enamel knot
is thought to play an important role during tooth morphogenesis (Bolk, '22;Butler,
'56;MacKenzie et al., '92;Jernvall et al., '94, '98; Lesot et al., '96, '99;Vaahtokari et al.,
'96a;Coin et al., '99,2000a). Interestingly, although caspase-3, caspase-9 and APAF-1 are all
thought to be involved in the regulation of apoptosis in the molar enamel knot, these do not
seem to be required for molar tooth formation (Matalova et al., 2006;Setkova et al., 2007).
Similarly, inhibition of apoptosis in the primary enamel knot using a caspase inhibitor (Z-VAD-
fmk) in vitro does not affect mouse tooth crown morphogenesis (Coin et al., 2000b). These
studies focused exclusively on apoptosis in the enamel knot in the middle part of the M1 cap.
No experimental data are available regarding the regulation or effect of inhibition of apoptosis
during development of the large diastemal buds (Peterkova et al., 2003).
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We demonstrated that the absence of Spry2, by changing the equilibrium between growth
activators and inhibitors (Fig. 1C), leads to a revival of a diastemal bud owing to the
downregulation of apoptosis and increased proliferation (Fig. 7). As a consequence, the anterior
part of the dental epithelium in the cheek region of the mandible was more abundant. Instead
of growth arrest of the diastemal buds and incorporation of R2 into M1, as is found in WT mice,
the rudimentary dental epithelium was revitalized and tended to separate from M1, forming an
independent, supernumerary tooth (Figs. 3 and 5).

Molecular considerations
We have proposed a hypothesis to explain the regulation of epithelial apoptosis during tooth
formation by integrating two concepts (Peterkova et al., 2003): (1) The reaction/diffusion
model of budding morphogenesis controlled by the relative balance of growth-activating and
-inhibiting signals (for a review, see Peterkova et al., 2000, 2002a), and (2) a model of apoptosis
regulation by the relative balance between death-suppressing and death-stimulating signals
(Raff, '92) (Fig. 1C).

It appears that FGF signaling from dental mesenchyme to epithelium is increased in
Spry2−/− mice because of the absence of Spry2 in the epithelium. This is probably owing to
increased sensitivity to FGF10, which is only weakly expressed in diastemal mesenchyme in
WT mice, and to FGF3 from the adjacent first molar. In contrast, Fgf10 and Fgf3 are strongly
expressed in the M1 mesenchyme in WT mice (e.g. Klein et al., 2006). As a consequence of
inactivation of Spry2, there is more intense Shh expression in the signaling center of the
diastemal bud in mutant than in WT embryos (Fig. 4). It is also striking that Fgf4 expression
is seen in the diastemal bud in mutants, as this has never been seen in controls (Klein et al.,
2006). Thus, it is possible that FGF4 is a direct or indirect target of SHH signaling.

The epithelial Fgf4 expression is under the control of the transcription factor LEF1, which is
an effector of canonical Wnt signaling. It has previously been shown that FGF4 added
exogenously to cultured isolated WT dental mesenchyme prevents apoptosis (Vaahtokari et
al., '96b) in the dental epithelium of Lef1−/− mice (Sasaki et al., 2005). In Lef1−/− embryos,
tooth development is arrested at the bud stage (Kratochwil et al., 2002). EDA, which promotes
tooth development, is also under the control of LEF1 (Laurikkala et al., 2001), and EDA can
upregulate Shh expression in ectodermal derivatives (Pummila et al., 2007). These data suggest
that the level of EDA signaling could be a key parameter that controls Shh expression. We
hypothesize that the upregulation of FGF signaling stabilizes tooth bud development by
stimulating the canonical Wnt signaling pathway, which reinforces Fgf4, Shh and Eda
expression. These latter molecules then act as growth activators in the epithelium.

Bone morphogenetic proteins (BMPs) can act as growth inhibitors during epithelial budding
in feathers, hair and lungs (Hogan, '99), during tooth cusp formation (Weiss et al., '98; Jernvall
and Thesleff, 2000) and during budding of rudimentary tooth primordia (Peterkova et al.,
2000). BMPs have been detected in the epithelium and mesenchyme at the bud stage of tooth
development (Tureckova et al., '95; Vaahtokari et al., '96a; Nadiri et al., 2004) and stimulate
apoptosis and inhibit growth in the dental epithelium (Tureckova et al., '96; Vaahtokari et al.,
'96b; Jernvall et al., '98; Peterkova et al., 2003). In addition, BMP4 is able to inhibit Shh
expression in tooth primordia culture (Zhang et al., 2000). The BMPs appear to inhibit growth
in two ways: by affecting the SHH and/or FGF signaling pathways and by promoting cell cycle
arrest (Fig. 8). BMP4 activity can be blocked by the EDA pathway, as this pathway can increase
the expression of BMP inhibitors such as CCN2 and follistatin (Pummila et al., 2007). Thus,
EDA can exert its growth-activation effect either by the stimulation of Shh expression or by
the inhibition of BMPs (Fig. 8).
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Concluding Statement
In summary, our data have documented for the first time that Shh is expressed in the rudimental
diastemal R2 bud at ED 13.5. We demonstrated using quantitative techniques that the R2
structure, which is often thought to be M1 at ED 13.5, is arrested in WT mice owing to
significantly increased apoptosis and decreased proliferation compared with the molar region.
In contrast, the growth arrest of the R2 was prevented in Spry2 null mice by the upregulated
FGF signaling. There the epithelial proliferation and apoptosis in the R2 rudiment remained
similar to the molar area. Instead of undergoing arrest and incorporation into the M1 cap at ED
14–15, as it is in WT mice, the R2 was revitalized and involved in the formation of the
supernumerary tooth in mutants. These changes show that the evolutionary suppression of the
premolar anlage can be rescued by a relative predominance of growth activators (such as FGF,
EDA or SHH) over growth inhibitors.

Our studies may represent an alternative to tooth tissue engineering (Duailibi et al., 2006; Hu
et al., 2006; Yen and Sharpe, 2006) by raising the stimulating possibility that the rudimental
tooth structures can serve as models of controlled tooth regeneration (Peterkova et al., 2006;
D'Souza and Klein, 2007). It is indeed possible that the reactivation of the dental lamina to
form teeth, as shown here with an embryonic diastemal element, can be extended to other
regions of the jaw and to other timepoints in development or adult life.
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Fig. 1.
Schematic of tooth pattern in the adult and embryonic mouse and a model of apoptosis
regulation in tooth buds. (A) Each quadrant of the adult mouse dentition has one incisor and
three molars separated by a toothless diastema. (B) Schematic of tooth pattern in one jaw
quadrant in adult and embryonic mouse. In the anterior part of the embryonic diastema, either
rudimentary small placodes/buds (D1–D5) or an epithelial thickening (dashed line) develops
in the maxilla or mandible, respectively, until ED 13.0, at which point they start to disappear
(Peterkova et al., '95; Lesot et al., '99). In the posterior part of the diastema, two large
rudimentary buds consecutively appear and become the most prominent tooth primordia in the
cheek region at ED 12.5 and 13.5, respectively (R1 and R2 in the maxilla; MS and R2 in the
mandible), before their development ceases. After ED 13.0, R1, R2 and MS regress, whereas
the R2 bud is incorporated (large arrow) into the anterior part of the first molar cap (Peterkova
et al., '96; Viriot et al., 2000). The remnants of R1, R2 and MS are thought to contribute during
later morphogenesis to expansion of the first molar (Lesot et al., '96; Peterkova et al., 2005).
Black spots indicate the primordia affected by programmed cell death (apoptosis), which
occurs during elimination of D1–D5, regression of R1, R2 and MS and growth retardation of
R2 (Tureckova et al., '96; Peterkova et al., '96; Viriot et al., 2000). The upper mouse incisor
originates from five to six tooth placodes, whereas three placodes might occur in the lower
incisor region at initial stages (Peterkova et al., 2002a) (not shown). I, incisor; M1, M2, M3,
first, second and third molars, respectively. (C) A model for the regulation of apoptosis at the
tip of a tooth bud by interaction between growth activators (e.g. FGFs) and inhibitors (e.g.
BMPs). A local excess of inhibitors leads to the epithelial cells' failure to receive adequate
growth-activating (apoptosis-suppressing) signals (e.g. FGF). This signaling imbalance
(relative predominance of inhibitors) can stimulate apoptosis (modified from Peterkova et al.,
2003). ED, embryonic day; FGF, fibroblast growth factor; BMP, bone morphogenetic protein.
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Fig. 2.
Histological pictures of apoptosis and mitosis in the dental epithelium. (A) Examples of an
apoptotic cell (arrowhead) and apoptotic bodies (white and black arrows) in the R2 rudiment.
m, mitosis. (B) A mitotic cell (m) in molar epithelium.
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Fig. 3.
Three-dimensional reconstructions of the dental epithelium. Mesenchymal view of the dental
and adjacent oral epithelium in the cheek region of the mandible is presented in (A) aerial and
(B, C) antero-lateral views at embryonic days (ED) 13.5, 14.5 and 15.5. Dark—wild-type (WT)
embryos; light—Spry2−/− embryos. An epithelial ridge (MS) represents the residuum of the
anterior diastemal bud (Fig. 1B), which is most prominent at ED 12.5. R2, posterior diastemal
bud; S, supernumerary tooth primordium; M1, enamel organ of the first lower molar. Curved
arrow points to the anterior end of the M1 enamel organ, which is closed in controls and open
in mutants. Arrowhead indicates the enamel knot area bulging into the mesenchyme. Asterisk
shows the position of the connection between S and M1.
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Fig. 4.
Dental epithelium on frontal sections of mandible at embryonic day 13.5. In each wild-type
(WT) and mutant (Spry2−/−) embryo, the large posterior diastemal bud (R2) and molar
epithelium (M) is presented on histological sections stained with hematoxylin–eosin prestained
with alcian blue (H&E) and after Shh whole mount in situ hybridization. At the enamel knot
area at the tip of the R2 bud (arrowhead) in WT and Spry2−/− embryos, Shh is expressed,
whereas it is absent in the molar epithelium. Note the increased Shh expression in the mutant
R2 bud.
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Fig. 5.
Changes in size of the dental epithelium along the antero-posterior axis. Graphs depict changes
in the area (× 103 μm2) of the dental epithelium measured on frontal sections along the antero-
posterior axes in the cheek region of the mandible at embryonic day (ED) 13.5 (A), 14.0 (B)
and 14.5 (C). Three-dimensional reconstructions of the measured wild-type and mutant dental
epithelium are shown below and above the curves, respectively. Solid arrows point to the
position of the posterior diastemal R2 bud at ED 13.5, its estimated position (R2) in WT mice
at ED 14.0 and 14.5 or the position of a supernumerary tooth primordium S in mutants at ED
14.0 and 14.5. M1, the first lower molar. Dashed arrow points to the largest region of the M1.
Asterisk indicates the area between S and M1. The residuum of the anterior diastemal rudiment
(MS-Fig. 1B) is located in front of the R2 bud, and its increased size in Spry2−/− embryos is
reflected by the anterior part of the anterior elevation on the curve (B, C). WT, wild type.
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Fig. 6.
Distribution of apoptosis in the dental epithelium on 3D reconstructions at embryonic day 13.5.
The dental and adjacent oral epithelium in the cheek region of mandible of wild-type (WT)
and Spry2−/− embryos is presented in (A) aerial view or (B) lateral view. The first and second
rows show the shape of the epithelium and apoptosis distribution, respectively. The third row
images are overlays of the first and second rows. Blue and white dots indicate apoptosis in the
superficial and internal areas of dental epithelium, respectively. The red dots indicate apoptosis
in the enamel knot at the tip (arrowhead) of a wide diastemal bud R2.
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Fig. 7.
The apoptotic rate and mitotic index in the R2 bud and molar epithelium at embryonic day
13.5. Two segments of dental epithelium (represented in the aerial view in 3D reconstructions
at the top) of wild-type (WT) and Spry2−/− embryos were evaluated; colors as in legend. R2
and M refer to the segment of the rudimentary diastemal bud and molar epithelium,
respectively. Representative dental epithelia are shown in the frontal sections below the
reconstructions, and have been adjusted to the graphs. Compared with the molar region, note
the higher level of apoptosis in the R2 in controls, and its dramatic decrease in mutants. In
contrast, the mitotic index was significantly lower in the R2 than in the molar region in controls
and significantly increased in mutants.
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Fig. 8.
Model of revitalization of a diastemal bud. A drawing of a posterior diastemal bud (R2) at ED
13.5 with a signaling center (gray) at its tip (compare with Fig. 3). Growth inhibitors (e.g.
BMP) and growth activators (e.g. SHH, Wnt10, FGF3, FGF4, FGF10, EDA) are distinguished
by colors, as in legend (compare with Fig. 1C). We propose that FGF signaling from the
mesenchyme can induce expression of FGF4, SHH and EDA, perhaps by the stimulation of
the Wnt/LEF1 pathway, and SPRY2 can antagonize this cascade. In wild-type diastemal buds,
Spry2 is expressed, the growth-activation pathway is blocked and bud growth is stopped by a
relative prevalence of growth inhibitors. The mitotic index is decreased and apoptosis occurs
in the epithelium (crosses). In Spry2 mutants, development of the rudimentary bud is not
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arrested. In contrast to WT embryos, apoptosis is decreased in the rudimentary bud, whereas
its mitotic index is as high as in the molar region. Determination of the extent of the contribution
of the R2 rudiment to the supernumerary tooth will require future studies. This model is based
on findings reported in this study and on previously reported studies (Hogan, '99;Peterkova et
al., 2000,2003;Zhang et al., 2000;Laurikkala et al., 2001;Kratochwil et al., 2002;Nadiri et al.,
2004;Klein et al., 2006;Pummila et al., 2007). ED, embryonic day; BMP, bone morphogenetic
protein; FGF, fibroblast growth factor; SHH, Sonic hedgehog; EDA, ectodysplasin; SPRY,
sprouty; LEF, lymphoid enhancer binding factor.
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