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SUMMARY The single large rodent incisor in each jaw
quadrant is evolutionarily derived from a mammalian ancestor
with many small incisors. The embryonic placode giving rise to
the mouse incisor is considerably larger than the molar placode,
and the question remains whether this large incisor placode is a
developmental requisite to make a thick incisor. Here we used
in vitro culture system to experiment with the molecular
mechanism regulating tooth placode development and how
mice have thick incisors. We found that large placodes are
prone to disintegration and formation of two to three small
incisor placodes. The balance between one large or multiple
small placodes was altered through the regulation of bone
morphogenetic protein (BMP) and Activin signaling. Exogenous
Noggin, which inhibits BMP signaling, or exogenous Activin

cause the development of two to three incisors. These incisors
were more slender than normal incisors. Additionally, two
inhibitor molecules, Sostdc1 and Follistatin, which regulate the
effects of BMPs and Activin and have opposite expression
patterns, are likely to be involved in the incisor placode regulation in vivo. Furthermore, inhibition of BMPs by recombinant
Noggin has been previously suggested to cause a change in
the tooth identity from the incisor to the molar. This evidence
has been used to support a homeobox code in determining
tooth identity. Our work provides an alternative interpretation,
where the inhibition of BMP signaling can lead to splitting of the
large incisor placode and the formation of partly separate
incisors, thereby acquiring molar-like morphology without a
change in tooth identity.

INTRODUCTION

in each jaw quadrant happened later (Asher et al. 2005). This
suggests that if the placode size reﬂects only rudimentary teeth,
ancestral rodents would presumably have had small placodes
which nevertheless formed thick incisors. The question remains
therefore, whether the large incisor placode in mouse is an
evolutionary leftover with no developmental signiﬁcance, or
whether the large incisor placode is a developmental requisite
to make a thick tooth. In the latter case the principal cause for
diﬀerences in placode size would be organ size.
The development of all ectodermal organs such as teeth,
hairs, or feathers, requires reciprocal interaction between
epithelium and underlying mesenchyme. This dialogue
between the two diﬀerent tissues is mediated by conserved
signaling molecules in the Wnt, ﬁbroblast growth factor
(FGF), bone morphogenetic protein (BMP), and hedgehog
families (Hh). The development of ectodermal organs is initiated from epithelial thickenings called placodes, and their
patterning and growth has been shown to be regulated by an
intricate interplay of inhibitor and activator molecules (Jung
et al. 1998; Michon et al. 2008). Studies mainly on feather

A characteristic feature of the modern rodent dentition is the
pair of thick continuously growing incisors, used for gnawing.
These large rodent-type of incisors have evolved independently
multiple times in diﬀerent mammalian orders. The incisor of
the mouse is generally interpreted to correspond to the middle
incisor (I2) of the general eutherian dental formula (I3, C, P4,
M3), the other two (I1, I3) having disappeared during the rodent evolution (Hershkovitz 1976; Meng et al. 2003; Asher et
al. 2005). Peterkova et al. 1993 questioned the simple disappearance of incisors by proposing another theory. Histological
studies suggested that modern mouse upper incisor may have
formed by fusion of several distinct dental primordia, which all
contribute to the formation of a single thick incisor (Peterkova
et al. 1993). They interpreted that the multiple placodes are
suggestive of the ancestral incisor formula. This is in part supported by the fact that mouse incisor placodes are considerably
larger than molar placodes. Evolutionarily, rodent ancestors
had thick incisors and the reduction of incisor number to one
& 2010 Wiley Periodicals, Inc.
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and hair placodes indicate that the Wnt, Ectodysplasin (Eda),
Shh, and FGF pathways belong to the stimulators of placode
formation while BMP signaling inhibits placode formation
(Jung et al. 1998; Mikkola 2008). However, both experimental results and mathematical modeling on feathers has shown
that especially the role of BMPs appears to be more complex;
distinct BMPs, or BMPs at diﬀerent concentrations, may
function as placode activators (Scaal et al. 2002; Michon et
al. 2008). In tooth patterning, experiments and mathematical
modeling have implicated BMP4 as an activator (Jernvall et
al. 1998; Salazar-Ciudad and Jernvall 2002, 2010; Kassai et
al. 2005; Kavanagh et al. 2007). At the early developmental
stage the inductive potential in tooth development is considered to be in the epithelium, but to shift to the mesenchyme
after E12.5 (Vainio et al. 1993; Chen et al. 1996). This shift
requires epithelial BMP4 to induce the mesenchymal BMP4
trough the transcription factor Msx1 (Vainio et al. 1993;
Chen et al. 1996). Without the mesenchymal BMP4 the
epithelial signaling centre, enamel knot, fails to form and the
tooth development is arrested at the bud stage (Chen et al.
1996). This signaling center is required for morphogenesis
and correct patterning of teeth (Vaahtokari et al. 1996;
Jernvall et al. 1998; Kassai et al. 2005). The functions of the
various other signal pathways in tooth placode formation
have been addressed in few studies. Eda signaling stimulates
the growth of placodes while stimulation of Wnt signaling
accelerates the initiation of tooth placode formation (Mustonen et al. 2004; Järvinen et al. 2006; Liu et al. 2008).
In our previous work, we observed a pair of rudimental
extra incisors in the incisor region of Sostdc1 null mutant
mouse (Munne et al. 2009). Sostdc1 has been described as a
secreted molecule antagonizing BMPs by binding them with
high aﬃnity (Laurikkala et al. 2003; Yanagita et al. 2004). We
showed that the extra incisors were removed by apoptosis in
the wild type mice and that they developed in the wild type in
vitro after reducing the mesenchymal tissue and thus the Sostdc1 expression. As Bmp4 is located in the mesenchyme in
closer proximity to dental epithelium than Sostdc1, we postulated that the trimming and culturing of the incisor explants
in vitro reduced the amount of Sostdc1 in relation to BMP4
thus explaining the same phenotype in trimmed wild type
incisors as in Sostdc1-deﬁcient mice.
Sostdc1 is also known as Ectodin, USAG1, and Wise as it
has been discovered three times independently (Itasaki et al.
2003; Laurikkala et al. 2003; Yanagita et al. 2004). In addition
to the BMP inhibition, Sostdc1 has been shown to regulate
the canonical Wnt-pathway in a context-dependent manner
(Itasaki et al. 2003). The epithelial Sostdc1 has been proposed
to inhibit the epithelial Wnt-pathway in teeth (Ohazama et al.
2008). We proposed the same since deleting the epithelial
Sostdc1 expression, similar de novo-tooth formation is seen as
in the mice with forced epithelial Wnt activity (Järvinen et al.
2006; Liu et al. 2008; Munne et al. 2009). This dual role in

tooth number regulation makes Sostdc1 an interesting molecule during the development of mouse incisor region.
Other inhibitor molecules, such as Follistatin, are known
as well to be essential for the formation of the typical rodent
incisor. Follistatin regulates the asymmetric distribution of
enamel between incisor labial and lingual surfaces by inhibiting the activity of two mesenchymal TGF-b-family members, BMP4 and Activin (Wang et al. 2004a). The balance
between the activities of these two molecules determines the
diﬀerences in development in the labial-lingual axis (Wang et
al. 2007). Activin induces Follistatin expression in the tooth
epithelium (Ferguson et al. 1998). As Follistatin is able to
interact with both BMPs and Activin, it has been suggested
to function in the ﬁne tuning of pattern formation in the
incisor (Wang et al. 2004b, 2007).
We found that slight perturbations of BMP and Activin
signaling aﬀect the number and size of the incisor placodes.
The incisors developing from small placodes are more slender
than normal incisors, suggesting that the large mouse incisor
placode is required for thick incisor morphology. Furthermore, partial splitting of the large incisor placode can result in
the formation of incisors with molar-like morphology.

MATERIALS AND METHODS
Animals
Wild type embryos were from the NMRI mouse strain. The generation of Sostdc1
/
and Follistatin
/
mouse lines has
been described earlier (Wang et al. 2004b; Kassai et al. 2005) and
were kindly provided by N. Itoh and M. Matzuk, respectively. The
Sostdc1/Follistatin double knockout mice were generated through
crossing of these two lines. Diﬀerent mouse lines were crossed with
heterozygos Shh-GFPcre males to produce the reporter lines, which
express green ﬂuorescent protein (GFP) under the Shh-promoter
(Harfe et al. 2004), kindly provided by A. Gritli-Linde. The appearance of the vaginal plug was considered as a start point for
embryonic development (E0) and the age of embryos was estimated
from their exterior features.

Organ culture
Incisors from the lower jaw (E11–E13) and mandibular arch explants (E10) were dissected and cultured in vitro in the Trowell type
organ culture system (Sahlberg et al. 2009). The culture procedure
was the same as described earlier in Munne et al. 2009.
Recombinant Noggin (0.3–50 ng/ml R&D, Minneapolis, MN,
USA) and Activin A (0.3–2 ng/ml, (kind gift by Marko Hyvönen)
were supplemented to the medium for 48 h. The explants were
photographed daily with light (Olympus SZX9, Olympus Finland
Oy, Espoo, Finland) and ﬂuorescent (Leica MZFLIII, Leica
Nilomark Oy, Espoo, Finland) microscope. For bead experiments,
200 ng/ml Noggin was used.

Kidney capsule transplantation
E10 mandibular arches and E12 wild type incisor tooth germs were
cultured in vitro with Noggin in the culturing media. After 48 h, the
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incisor and molar region was dissected from the explants and implanted under the kidney capsule of anesthetized nude mice. After 2
or 3 weeks, the mouse was killed and the transplants were carefully
dissected from the kidneys. Also the E14 incisors from Sostdc1/
Follistatin-deﬁcient mice were transplanted under the kidney capsule for 2 weeks.

Processing of tissues for histology and in situ
hybridization
The tissues (E11, E12, E13, E16, E17) were dissected and processed
for histology and in situ hybridization as described earlier in
Munne et al. 2009. The sections were counterstained with hematoxylin and eosin. Radioactive in situ hybridization for paraﬃn
sections was carried out according to standard protocols using
35S-UTP labeling (Perkin Elmer, Boston, MA, USA). The following probes were used: Sostdc1 (Laurikkala et al. 2003; Kassai et al.
2005), and Follistatin (Wang et al. 2004b). The jaws from E11 to
E13 NMRI embryos were processed for whole mount in situ hybridization performed by using the InSituPro robot (Intavis AG,
Cologne, Germany) as described earlier (Laurikkala et al. 2003).
The Shh (Vaahtokari et al. 1996) and Barx1 (Mitsiadis et al. 1998)
probes were used.

RESULTS

Reducing the incisor surrounding mesenchyme at
E12 stage changes the incisor number and size
The formation of incisor placodes can be visualized by the
expression of Shh. The expression appears at E11 stage to the
incisor region (Fig. 1A). Subsequently the expression becomes
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stronger and shows the incisor region as a long stripe compared with the molar region exhibiting a small punctuate
placode (Fig. 1C). We have previously shown that removing
most of the mesenchyme surrounding the wild type incisor
tooth germs at E13 stage reduces the Sostdc1-expression
around the dental epithelium and an extra incisor forms
(Munne et al. 2009). This phenocopies the Sostdc1-deﬁcient
phenotype, where the normally disappearing rudimental incisors are rescued and develop as a part of wild type dentition.
To investigate the initial incisor placode formation, we ﬁrst
observed the early development of control mouse incisors in
vitro. The tooth germs from E12 stage were dissected from the
jaws of mice expressing GFP in the Shh locus. This enables
the visualization of the incisor morphogenesis since after expression in the placodes, Shh is expressed in the forming signaling centre, the enamel knot and later in the diﬀerentiating
dental epithelium during crown morphogenesis. After 2 days
of culture three small Shh-positive domains were seen in the
trimmed explants (n 5 46/55) (Fig. 1H). After 3 days of culture the two medial domains had progressed to separate cap
staged tooth germs and were developing in close proximity
(Fig. 1I). After 5 days of culture they either had fused to form
one normal-sized incisor (Fig. 1K) or in some cases they
stayed separate and formed two small incisors (Fig. S1J). The
third lateral Shh expressing domain developed at a lower rate
and remained a separate tooth after 5 days (Fig. 1, J and K).
We showed earlier in vivo that the enamel knot activation of
this rudimental tooth is prevented by Sostdc1 and leads to the
apoptotic disappearance of this structure at E14 stage (Munne et al. 2009). In the untrimmed explants the placode was a
long stripe (n 5 50/50, Fig. 1, E and F).

Slight inhibition of BMP in cultured incisors
results in the formation of thin incisors instead of
one thick incisor

Fig. 1. The large incisor placode splits into multiple placodes after
reducing the surrounding mesenchyme. The size of the incisor placodes (black arrows), visualized by the Shh expression, are larger
than the placodes forming molars (white arrow) in the E11 to E12.5
mouse lower jaw (A–C). In vitro-cultured incisors from E12 ShhGFPcre reporter mice typically show normal development of a
single incisor (D–G). After trimming the surrounding mesenchyme,
three separate Shh expression domains develop (H–K) resulting in
three separate, and sometimes partly fused (K), incisors. Scale bar
0.5 mm.

One large incisor formed in the control untrimmed explants
with an occasional rudimentary extra incisor (Fig. 2, B and
C). As seen after the reduction of the surrounding mesenchyme by trimming (Fig. 1), the culture of the untrimmed
early incisor (E12) explants in the lowest Noggin concentration (0.3 ng/ml) for 48 h caused the formation of three small
separate Shh-expressing domains (n 5 50/55) (Fig. 2, D–F).
The third domain appears to correspond to the later forming
rudimentary incisor in the control explants. The Noggin eﬀect
was concentration dependent and when the concentration was
increased, the incisor number decreased accordingly (Fig. 2,
G–L). In the higher Noggin concentration (0.5 ng/ml) the main
incisor splitted into two, but the development of the third
incisor was prevented (n 5 23/30) (Fig. 2, G–I). The highest
concentration (1 ng/ml) either prevented incisor development
completely or a single small incisor was formed (n 5 18/20)
(Fig. 2, J–L).
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Fig. 2. Inhibition of bone morphogenetic protein signaling and
stimulation of Activin-signaling cause the splitting of the incisor.
Compared with the single incisor (Fig. 1A–C) and occasional two
incisors forming in control E12 incisor explants, 0.3 ng/ml Noggin
in the culture medium causes the formation of three
incisors (D–F). Increasing Noggin concentration to 0.5 ng/ml
decreases the incisor number to two (G–I), and with 1 ng/ml
Noggin, only one thin incisor forms (J–L). Activin in the culture
medium (0.3 ng/ml) causes an initial delay in tooth formation but
leads to formation of three incisor placodes as seen also in the
0.3 ng/ml Noggin treatments (M–O). Scale bar 0.5 mm.

Simultaneous deletion of Sostdc1 and Follistatin
causes partial splitting of the large incisor
Follistatin and Sostdc1 are BMP inhibitors, which have been
implicated in incisor formation. In the Follistatin-deﬁcient
mice ectopic enamel forms on the lingual surface of the incisor
and the postnatal growth of the incisor is inhibited (Wang
et al. 2004a, 2007), while in Sostdc1-deﬁcient mice the main
incisor develops normally, but an extra thin incisor develops
at its lingual side (Munne et al. 2009). In situ hybridization
analysis indicated that Sostdc1 and Follistatin were expressed
in complementary patterns in the epithelium at E12 and E13
stage (Fig. 3, A–F). Additionally, unlike Follistatin, Sostdc1
was expressed in the mesenchyme as reported earlier (Munne
et al. 2009).
We generated double knockouts of Follistatin and Sostdc1
and as the Follistatin knockouts die at birth (Matzuk et al.

Fig. 3. Sostdc1 and Follistatin are expressed in a complementary
pattern during the early incisor development and their simultaneous deletion causes partially splitted incisors in vivo. Radioactive
in situ hybridization shows the expression patterns of Sostdc1 and
Follistatin at E12 and E13 stage. The Follistatin expression (A, C,
E) is mainly in the epithelium and at the E13 it is restricted at the
lingual side of incisor epithelium (E). Sostdc1 expression appears to
be complementary to Follistatin in the epithelium (B, D, F). Sostdc1 is expressed as well in the mesenchyme and especially at the
lingual side of the incisor. Figures A and B are frontal sections and
C–F are sagittal sections. Sagittal section from the Sostdc1 / /
Follistatin 1/ E17 incisor shows the normal incisor phenotype
(G) The Sostdc1/Follistatin-double-mutant incisor exhibits a partial
splitting in the apical end (towards left) of the tooth (H). Scale bar
200mm (A–F), 0.5 mm (G–H).

1995) we analyzed the tooth phenotype at E17 stage. The
double-mutant mice had an extra incisor similar to the
Sostdc1 single null mutants. In addition, they had partially
splitted incisors which were not seen in the single knockouts
(Fig. 3, G and H). These teeth resembled the cultured E12
wild type incisors, which had been either trimmed before the
start of culture or exposed to Noggin. Because this reduction
of BMP inhibition appears to produce similar phenotype as
an increase in BMP inhibition by Noggin, we monitored the
placode formation in the Sostdc1/Follistatin-deﬁcient mice by
crossing them with the Shh-GFP reporter mice. When the
Follistatin-deﬁcient E13 incisor explants were cultured in
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incisor mesenchyme Activin is co-expressed with BMP (Chen
et al. 1996; Andl et al. 2004; Wang et al. 2007) and we therefore studied the eﬀect of Activin on the incisor placode
formation. The results showed that, similarly to low concentration Noggin treatment, three incisor placodes formed when
exogenous Activin was introduced to the dissected E12 wild
type incisor placodes for 48 h (n 5 18/20) (Fig. 2, M–O). No
eﬀect was observed in E13 incisor explants (data not shown).
Activin caused a delay in incisor development during the
48 h of treatment, but the development proceeded normally
when the explants were transferred to the normal medium.
Therefore, the Sostdc1/Follistatin double knock-out incisor
phenotype is likely to be, at least in part, due to both the
BMP and Activin pathways having been aﬀected at the same
time.
Fig. 4. The visualization of enamel knot formation in Follistatin
and Sostdc1 mutant incisors in vitro. The control incisors from the
E13 embryos presented only one enamel knot (A–D). The E13
Sostdc1-deﬁcient incisor exhibits one enamel knot (E), but after the
ﬁrst culture day a second enamel knot appeared and fused with the
ﬁrst one (F, G). An extra incisor developed after few days of culture (white arrow) (H). In the Follistatin-deﬁcient incisors two
enamel knots appeared simultaneously already at E13 (I, J). They,
however, fused to form only one incisor at the third culture day
(K, L). The Sostdc1/Follistatin-double-mutant mice had as well two
simultaneous enamel knots at E13 that seemed to develop independently (M–O). Like in the Sostdc1-deﬁcient mice, an extra incisor formed at the fourth culture day (white arrow) (P). Scale bar
0.5 mm.

vitro, two placodes were observed after 1 day (Fig. 4J). After
2 days their morphogenesis had progressed to cap stage and
during the next 2 days of culture the teeth had fused to form
only one normal-sized incisor (Fig. 4L). In the Sostdc1-deﬁcient explants, the previously reported rudimentary placode
formed later in development (Fig. 4H). The Sostdc1/Follistatin
double knock-out incisors seemed to form two placodes
simultaneously like the Follistatin-deﬁcient incisors (Fig. 4M)
but these placodes developed more independently and seemed
to form partly separate incisors. Additionally, the third incisor
formed in the double knockouts similarly as in Sostdc1-deﬁcient explants (Fig. 4, H and P).

The exposure of wild type incisor placodes to
Activin resembles the Sostdc1/Follistatin-deficient
phenotype and the effects of Noggin
The similarity between the Sostdc1/Follistatin-deﬁcient and
Noggin-treated teeth suggested that the Sostdc1 and Follistatin may aﬀect other pathways in addition to BMP. While
both Sostdc1 and Follistatin inhibit BMPs (Nakamura et al.
1990; Iemura et al. 1998), Follistatin is additionally a strong
inhibitor of Activin (Balemans and Van Hul 2002). In the

Early exposure to Activin or Noggin leads to
splitting of the large incisor placode and the
formation of partly separate incisors and molarlike morphology
Tucker et al. (1998) reported that incisors from Noggintreated E10 mandibular arches change their identity from
incisors to molars. As our results indicated that Noggin, when
introduced to the incisors at E12 stage, caused a change in the
tooth number rather than in the tooth identity, we explored
the eﬀects of Noggin on E10 incisors. We also examined the
eﬀect of Activin treatment on the E10 incisors, because it had
similar eﬀects as Noggin at E12 stage. We dissected E10
mandibular arches from the Shh-GFP embryos and cultured
them in vitro with recombinant Activin or Noggin protein for
48 h. The Shh-positive area was enlarged and histological
sections showed an enlarged epithelial region as a response to
the Activin treatment (Fig. 5, C and D, Fig. S2). When the
incisor region was dissected from the mandibular arch
explants after 2 days of culture and cultured for additional
14 days in vitro, they grew as shown earlier for E12 Activintreated incisor explants (n 5 6/6), and two thinner incisors
formed in place of one thick (Fig. 5A and B). In the Noggintreated explants, again following the E12 results, two placodes
appeared (Fig. 6, A and B), which either fused after a few
days of culture or stayed separate and formed two smaller
incisors (n 5 7/10) (Fig. 6, C and D).
Next we transplanted some of the E10 and E12 incisor
explants cultured with or without Noggin for 2 days under the
kidney capsule and cultured them for 2–3 weeks to allow the
development of mineralized crowns. The results show that
Noggin treatment of E10 incisors caused the formation of
two-cusped incisors (Fig. 7B). At E12 stage Noggin treatment
led to the formation of three thin incisors (Fig. 7D). The
morphology of all Noggin-treated and control incisors harvested from the kidneys was typical of continuously growing
incisors and no root formation was observed.
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of culture. Barx1 expression was intense in the molars but no
expression was detected in the incisors either when exposed to
Noggin or trimmed before culture (Fig. 7, Fig. 3S). Additionally, in contrast to the results of Tucker et al. (1998) we
did not observe upregulation of Barx1 expression in the E10
incisor region by Noggin releasing beads (Fig. 3S). These results suggest that the two-cusped teeth produced by Noggin
treament are indeed incisors, not molars.

Fig. 5. Early Activin treatment splits the main incisor into two
smaller teeth and expands the early incisor epithelium. Compared
with the control explants (A), E10 incisor regions treated with
Activin (2 ng/ml) caused the splitting of the incisor into two thinner
incisors (B). This change corresponds to the expansion of the incisor epithelium seen in the frontal histological sections at E10 (C,
D). Scale bar 0.25 mm (A–B), 0.2 mm (C–D).

Because Barx1 is known to be expressed in molars but not
incisors and its expression was previously reported in the
Noggin-treated molar-like incisors (Tucker et al. 1998), we
analysed Barx1 expression in E12 tooth explants after 2 days

Fig. 6. Early Noggin treatment splits the main incisor into two
smaller teeth. Jaws from E10 Shh-GFPcre reporter embryos show
two separate enamel knots, visible after 48-h culture with recombinant Noggin (20–50 ng/ml) (A, B, anterior towards left, showing
both the left and right incisors at E10 15 days). When the incisors
were dissected free from the Noggin-treated E10 jaws after 48 h and
cultured in vitro for additional 14 days, they formed two smaller
incisors (D) that together roughly equaled the size of the normal
mouse lower incisor (C). Scale bar 0.5 mm.

Fig. 7. Depending on the day of Noggin treatment, the dissected
incisors develop two cusped incisors with molar-like morphology
or separate thin incisors when transplanted under the kidney capsule. The E10 molar morphology after 3 weeks development under
the kidney capsule (A) resembles the two cusped incisors obtained
after the Noggin treatment of the E10 incisors (B). The E12 control
incisor formed one large tooth (C). Three smaller incisors formed
as a response to Noggin treatment of the E12 incisors (D). Barx1 is
expressed in E12 molar explants after 2 days of culture but not in
control incisor explants or incisor explants after treating with
Noggin or cultured after trimming the mesenchyme (E–H). Scale
bar 1 mm (A–B), 0.5 mm (E–H).
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DISCUSSION
The induction and morphogenesis of a structure is antagonized by many inhibitor molecules, which cause spatial and a
temporal diﬀerences in development. Modiﬁcations in the
expression patterns of these inhibitory molecules may thus
alter the normal organ development and change the shape,
which is crucial for the functionality of an organ. In this study
we have shown how the balance between placode induction
and inhibition is critical to stabilize the large mouse incisor
placode, and hence to secure the development of one thick
incisor.

Impairing the effect of mesenchymal BMP4
causes a trade-off between placode size and tooth
number
We have shown earlier that the extra incisor in the Sostdc1deﬁcient mice can be phenocopied in wild type mice by
reducing the amount of mesenchymal tissue surrounding the
incisor at E13 indicating that the mesenchyme exerts an inhibitory eﬀect on tooth initiation (Munne et al. 2009). In the
current study we have examined the initiation of the incisors
at an earlier stage when one large placode delineates the area
giving rise to the thick mouse incisor. We show that the reduction of the mesenchyme surrounding the forming incisor
caused formation of three separate placodes and consequently
the development of up to three small incisors (Fig. 1, Fig. S1).
Similar formation of multiple small incisors was observed
when the BMP antagonist Noggin was added to the culture
medium (Fig. 2). When the Noggin concentration was
increased, however, the tooth number decreased. We have
previously shown that in the absence of Sostdc1 the addition
of BMP4 to the culture medium increases the enamel knot
size and accelerates the appearance of one extra incisor
(Munne et al. 2009). This incisor was interpreted to be a
rudimentary replacement tooth of the main incisor, and our
present results seem to support this inference because the third
placode formed typically later than the ﬁrst two. Taken
together, the reduction in the early Bmp4 expressing
mesenchyme or treatment with Noggin at E12 stage is likely
to impair the eﬀects of mesenchymal BMP4 in vitro and thus
destabilizes the large placode. Further reduction in BMP
signaling will eventually cause the loss of individual placodes,
which is in line with the well known indispensability of BMP4
for tooth formation (Chen et al. 1996).

Opposite effects of BMP4 and Activin on
proliferation and differentiation in the formation of
large incisor placode
Our in vitro experiments showed that in addition to the BMP
repression during the early incisor development also the
increase in the Activin concentration was able to cause the
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splitting of the main incisor into two thinner teeth (Fig. 5B). It
has earlier been shown by Wang et al. (2007) that the balance
between mesenchymal BMP4 and Activin is able to dictate
the rate of epithelial progenitor cell proliferation in the base of
the continuously growing rodent incisors. They presented
Activin as a positive regulator of epithelial cell proliferation
whereas BMP4 inhibited proliferation. Our current work
proposes that the balance between these two factors is crucial
also during the initiation of mouse incisor development. Both
Activin and Bmp4 are expressed in the dental mesenchyme
(Vainio et al. 1993; Chen et al. 1996; Ferguson et al. 1998;
Wang et al. 2007) and whereas Activin caused the expansion
of the dental epithelium (Fig. 5D), BMP4 induces the expression of p21 in the dental epithelium and is required for the
diﬀerentiation of placodes and enamel knots (Chen et al.
1996; Jernvall et al. 1998; Andl et al. 2004; Munne et al. 2009).
These results also agree with Plikus et al. 2005 who showed
that the proliferation zones were expanded in the mouse incisors over-expressing Noggin in the epithelium. Interestingly,
Klopcic et al. (2007), showed that ectopic epithelial expression
of Smad7, an antagonist of both Activin and BMP pathways
(Casellas and Brivanlou 1998; Souchelnytskyi et al. 1998; Ishisaki et al. 1999), causes an aberrant incisor phenotype with
smaller size, but increased incisor number.

The complementary expression patterns between
Sostdc1 and Follistatin and the phenotypes of
loss of function mutants are suggestive of spatial
regulation of incisor formation
The Activin and BMP antagonist Follistatin was expressed in
a complementary manner to Sostdc1 during the early incisor
development (Fig. 3). This together with the opposite eﬀects
of the mesenchymal BMP and Activin on tooth formation
suggests the involvement of Follistatin in the early regulation
of the main incisor development. Interestingly, Sostdc1 and
Follistatin were expressed in the incisor bud epithelium on the
labial and lingual sides, respectively. In developing incisors,
the labial side grows faster in relation to the lingual side
leading to the formation of the curved incisor morphology.
Therefore, Sostdc1 and Follistatin may be key factors in
spatially limiting the eﬀects of BMP4 and Activin to ensure
normal incisor morphology (Wang et al. 2007). Moreover, the
diﬀerent expression patterns of Sostdc1 and Follistatin may in
part cause the slight diﬀerences in early development of
Follistatin-deﬁcient and Sostdc1-deﬁcient incisors (Fig. 4). In
addition to BMP signaling, Sostdc1 is involved in the regulation of Wnt signaling (Itasaki et al. 2003; Ohazama et al.
2008), and this can also contribute to the extra incisor phenotype in the absence of Sostdc1. The stimulation of Wnt/
betacatenin signaling in oral epithelium results in the formation of multiple small placodes giving rise to small conical
teeth (Järvinen et al. 2006).
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Activator-inhibitor mechanisms regulating
placode size
When the balance between diﬀerentiation and proliferation
regulating placode integrity was disrupted, the large incisor
was replaced by two or three small incisors. A question
remains whether during normal development large placodes
form within a competent tissue through fusion of multiple
smaller ‘‘cryptic’’ placodes or through expansion of one induced placode. Our results are perhaps more compatible with
the former kind of nonlinear change where one pattern turns
suddenly into another pattern. As in feather patterning
(Michon et al. 2008; Lin et al. 2009), mathematical modeling
has demonstrated that tooth patterning may be regulated by
activation-inhibition dynamics where small changes in signaling can determine the fate between multiple small placodes or
one large placode (Salazar-Ciudad and Jernvall 2002, 2010;
Järvinen et al. 2006). This kind of threshold is also evident in
two cases in which stabilized betacatenin was conditionally
expressed in the surface ectoderm by two diﬀerent K14-Cre
alleles. In one case placodes of variable sizes formed at abnormally high density (Närhi et al. 2008) while in the other,
the entire epithelium adopted the hair fate (Zhang et al. 2008).
Finally, it has been shown by Nakao et al. (2007) that when
tooth germs are bioengineered from dissociated dental cells
multiple tiny incisors form in vitro. Taken together, activatorinhibitor dynamics may form large placodes through fusion of
multiple small, often cryptic placodes which at the same time
predisposes morphological patterns to show abrupt responses
to changes in molecular signaling and tissue manipulation.

allowed to develop further as transplants under the kidney
capsule they either formed small separate incisors (E12) or
two cusped incisors (E10). The observation that the crowns of
these incisors appeared to develop continuously, a characteristic feature of incisors but not molars suggests that in our
experiments tooth identity did not change. Tucker et al. 1998
used the cusp number as a key criterion in inferring molar
tooth identity, but we rather suggest, that the multicusped
appearance of the incisor followed the splitting of the large
incisor placode area causing the initiation of two smaller
incisors that might later on fuse. Additionally, molecular
analysis suggested that the teeth had retained incisor identity,
since we did not observe expression of the molar marker
Barx1 in the Noggin-treated incisors, which is similar to
Wang et al. (2009) but contrary to the results of Tucker et al.
(1998). Finally, another recent study (Ohazama et al. 2009)
shows that a partial or complete loss of Lrp4 function, a cell
surface receptor modulating multiple signaling pathways,
produces enamel grooves and infolding of incisor surfaces
that may stem from incomplete separation of the placodes.
Indeed, these authors proposed that the enamel grooves are
due to multiple cusps (Ohazama et al. 2009), which, however,
will require conﬁrmation by the analyses of early development
and unworn tooth crowns because grooves and ‘‘crenulations’’ (Skinner et al. 2010) may form without underlying
cusps.

CONCLUSIONS

Early inhibition of BMP signaling or stimulation of
Activin results in multiple incisors or a molar-like
incisor
It was reported previously that when E10 stage incisor
explants were cultured with Noggin releasing beads for 2 days
and then transplanted under the kidney capsule they formed
multicusped teeth and it was concluded that the incisor identity had switched to molar identity (Tucker et al. 1998). Our
observations on the cultures of E12 stage incisor explants
exposed to Noggin indicated that the incisor region enabled
the development of up to three small incisors. They all started
to develop independently, but during further development in
organ culture two of them tended to fuse and they exhibited
multicusped appearance resembling a molar crown. Therefore
we wanted to repeat the same experiment at E10 stage to see
whether the multicusped appearance of the incisor followed
from the change in the tooth identity as reported earlier by
Tucker et al. 1998, or from splitting of the incisor placodes.
We observed that like at the E12 stage, the E10 Noggin- or
Activin-treated incisor explants formed thin incisors but that
tended to fuse during further development and gave the incisor a multicusped appearance. When these explants were

We suggest that the large incisor placode in mice has a key
role in establishing a large tooth. Whether the multiple placodes and teeth in our experiments reﬂect ancestral tooth
number will require further studies. If the multiple placodes
reﬂect ancestral tooth number, all rodent species might be
expected to have the same number of ‘‘cryptic’’ placodes,
irrespective of incisor size. On the other hand, if the placode
size is purely related to the size of the incisor, rodent species
with a thin incisor would be predicted to have a small placode. In species with an extremely thick incisor the placode
would be predicted to be even larger than in the mouse. In the
latter case Noggin treatment, for example, would cause the
formation of even larger number of placodes than in our
experiments. This would suggest that large placodes are a
challenge for nature, as small disturbances in the balance of
signaling could cause disintegration of the placodes and
change the resulting phenotypic pattern. Finally, this sensitivity of the large incisor placodes to splitting may create
tooth morphologies reminiscent of molar morphology without changes in tooth identity as sometimes proposed. This
suggests that mechanisms determining tooth identity will
beneﬁt from continuing investigations.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article:

Fig. S1. Trimming of the incisor surrounding mesenchyme
at E12 causes the formation of multiple incisors. The incisor
with large amount of surrounding mesenchyme forms only
one large incisor (A–E), whereas trimming the mesenchyme at
E12 stage causes the formation of three incisors (F–J). Scale
bar 0.5 mm.
Fig. S2. Activin treatment of cultured E10 jaws causes an
expansion of the incisor epithelium. Addition of Activin (2 ng/
ml) to the culture medium of E10 jaws of Shh-GFPcre reporter
embryos revealed the expanded incisor epithelium (A, B).
Scale bar 0.25 mm.
Fig. S3. Noggin releasing beads do not induce Barx1 expression in the incisor region. Noggin releasing beads placed
near the developing incisors (red asterisks) at E10 do not
cause the upregulation of Barx1 expression after two (B) or
six (F) days. In contrast, Barx1 is expressed in the molar
region (white asterisks) throughout the development (A, B, D,
F). The C, E and D, F show the explants before and after in
situ hybridization, respectively. Scale bar 0.5 mm.
Please note: Wiley-Blackwell are not responsible for
the content or functionality of any supporting materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the
article.

