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ORIGINAL ARTICLE

Developmentally regulated expression of intracellular Fgf11-13,
hormone-like Fgf15 and canonical Fgf16, -17 and -20 mRNAs in the
developing mouse molar tooth
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Abstract
Objective. To investigate and compare the cellular expression of non-secreted Fgf11-14 and secreted Fgf15-18 and -20 mRNAs
during tooth formation. Materials and methods. mRNA expression was analyzed from the morphological initiation of the
mouse mandibular first molar development to the onset of crown calcification using sectional in situ hybridization.Results. This
study found distinct, differentially regulated expression patterns for the Fgf11-13, -15-17 and -20, in particular in the epithelial-
mesenchymal interface, whereas Fgf14 and 18mRNAs were not detected.Fgf11, -15, -16, -17 and -20were seen in the epithelium,
whereas Fgf12 and -13 signals were restricted to the mesenchymal tissue component of the tooth. Fgf11 was observed in the
putative epithelial signaling areas, the tertiary enamel knots and enamel free areas of the calcifying crown. Fgf15, Fgf17 and -20
were transiently colocalized in the thickened dental epithelium at E11.5. Later Fgf15 and -20 were exclusively expressed in the
epithelial enamel knot signaling centers. In contrast, Fgf13 was present in the dental mesenchyme including odontoblasts cell
lineage, whereas Fgf12 appeared transiently in the preodontoblasts. Conclusions. The expression of the Fgf11-13, -15, -17 and
-20 in the epithelial signaling centers and/or epithelial–mesenchymal interfaces at key stages of the tooth formation suggest
important functions in odontogenesis. Future analyses of the transgenic mice will help elucidate in vivo functions of the studied
Fgfs during odontogenesis and whether any of the functions of the tooth expressed epithelial and mesenchymal Fgfs of different
sub-families are redundant.
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Introduction

The tooth, in particular the mouse mandibular first
molar one, is an excellent model system for analyzing
molecular mechanisms regulating organ formation
[1–4]. Morphologically, tooth formation starts as a
thickening of the oral epithelium. During the subse-
quent bud, cap and bell stages, the shape of the tooth
is established by epithelial folding morphogenesis.
Subsequently the shape of the tooth crown is finalized
by secretion of the enamel and dentin by amelo- and
odontoblasts, respectively.
Tooth formation including crown mophogenesis

and differentiation of the tooth-specific odonto-
and ameloblasts is controlled by the reciprocal,
instructive interactions between the tooth-forming

ectodermal epithelium and neural crest derived ecto-
mesenchyme [5,6]. Molecules belonging to con-
served families such as Wnt (wingless), canonical
Fgf- (fibroblast growth factor), Bmp- (bone morpho-
genetic protein) and Hedgehog-families mediate
epithelial-mesenchyme signaling [1,7]. Signaling
pathways are integrated into complex networks at
different levels and are modulated by specific inhi-
bitors and activators [7] such as the Fgf-signaling
inhibiting Sproyty-family of proteins [8]. Many of
the key signals are specifically expressed in three
consecutive primary (PEK), secondary (SEK) and
tertiary (TEK) epithelial enamel knot signaling cen-
ters, the successive activity of which appears to be of
crucial importance for molar crown morphogenesis
and determination of its final shape [9–12].
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Fgfs (fibroblast growth factor) form a large family
of conserved signaling proteins with multiple, essen-
tial developmental functions in neural induction as
well as organ patterning and morphogenesis [13,14].
DefectedFGFsignalingunderlies various humandevel-
opmental defects and disorders including many cranio-
facial ones [15]. To date, 22 (Fgf 1–23) Fgfs have been
reported in mouse and man. Fgf15 is a mouse ortholog
of human FGF19 [13,14]. Based on the mediation of
their biological responses and on the mechanisms of
how they are released from cells the mammalian Fgf
family havebeendivided into three sub-families, namely
the intracellular (intracrine) Fgf11/12/13/14 (iFgfs),
the hormone-like (endocrine) Fgf15/21/23 (hFgfs) and
the canonical (paracrine) (cFgf)Fgf1/2/5,Fgf3/4/6,Fgf7/
10/22, Fgf8/17/18 and Fgf9/16/20 sub-families [14].
cFgfs are secreted extracellular signaling proteins that
bind and activate cell surface tyrosine kinase Fgf recep-
tors (Fgfrs) with heparin/heparan sulfate as a cofactor
and act as autocrine/paracrine signals. They have been
shown to control the development of various organs and
tissues [14–16]. Similarly, eFgfs are secreted andmedi-
ate their biological responses via Fgfrs, but they bind to
Fgfrs and heparin/heparan sulfate with very low affinity,
making it possible for them to function in an endo-
crine manner [14]. iFgfs are not secreted and they
function as intracellular proteins in a Fgfr-independent
manner [14].
Fgf signaling is essential for tooth formation. Many

cFgfs and Fgfrs are expressed in the developing tooth in
a developmentally regulated manner. cFgfs have been
shown to mediate epithelial and mesenchymal tissue
interactions and regulate various cellular functions such
as regulation gene expression, cell proliferation, apo-
ptosis and dental stem cells as well as controlling dental
patterning, morphogenesis and calcification [17–28].
Recently Fgfr2, which is essential for toothmorphogen-
esis, was demonstrated to mediate tissue interactions
integrating tooth formation and innervation [29].
Earlier several Fgfs have been reported in the

tooth germ [17,18,30,31] and many of them have
been shown to serve important functions in odon-
togenesis [17,18,30,31]. The aim of the study was to
investigate mRNA expression of non-secreted
Fgf11–14 and secreted Fgf15–18 and -20 during
early tooth development. The analysis was per-
formed from the morphological initiation of the
mouse mandibular first molar development (embry-
onic day (E) 11.5) until the onset of crown calcifi-
cation (day 3–5 post-natally (PN)) using radioactive
in situ hybridization.

Materials and methods

Preparation of tissues

The use of the mice was approved by the
Animal Welfare Committee of the Department

of Biomedicine at the University of Bergen under
the surveillance of the Norwegian Animal Research
Authority. The NMRI mice were mated overnight
and the appearance of a vaginal plug was taken as day
0.5 of embryonic development (E0.5). The adult
animals were killed by cervical dislocation and the
embryos and pups by decapitation. The develop-
mental stage of the tooth germs was further con-
firmed by morphological criteria from the tissue
sections. The tissues were fixed in 4% PFA (para-
formaldehyde). The E14.5-PN5 tissues were decal-
cified in 12.5% EDTA (ethylenediaminetetraacetic
acid) and 2.5% PFA in phosphate-buffered saline
(PBS). The tissues were paraffin embedded and cut
into 7 mm sections.

Generation of Fgf cDNAs for in situ hybridization

The Fgf cDNAswere generated by RT-PCR from total
RNA isolated from E10–E13 mouse heads and sub-
cloned into pGEM-T Easy Vector (Promega Corpo-
ration, Madison, WI). The details of the construction
of the cDNAs are available upon request.

In situ hybridization

In situ hybridization on sections was performed as
described [12,17]. Briefly, the 35S-UTP-labeled anti-
sense and sense cRNA probes were generated by
in vitro transcription. No specific signal was detected
in sections hybridized with the control sense probes
(not shown). Bright- and dark-field images of the
in situ sections were photographed using a Zeiss
Axioskop 2 microscope (Carl Zeiss Jena GmbH,
Jena, Germany) and a SPOT Insight digital camera
(Diagnostic Instruments, Sterling Heights, MI). The
figure plates were prepared with Adobe Photoshop
6.0 program (Adobe Systems, San Jose, CA).

Three-dimensional reconstruction of gene expression

Three-dimensional (3D) reconstruction of the gene
expression in the developing tooth germs was gener-
ated from 10 mm serial frontal bright and dark field
images. The processing of the images was done using
custom-made scripts and programs made with Java
Advanced Imaging and Java 3D (Sun Microsystems,
Menlo Park, CA). 3D reconstruction was rendered
with perspective camera view in Visualization Toolkit
(Kitware, Inc., Clifton Park, NY, USA). About 70%
transparent 3D surface was generated using the
Marching Cubes function in the Visualization Toolkit
from the outlines of the jaw epithelium. Hybridization
signal with intensity over 190 was considered to
represent positive gene expression. The sections
were median-filtered to reduce the background signal
in the 3D-image.
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Results

In situ hybridization analysis revealed that Fgf11-13,
Fgf15-17 and -20 showed distinct, differentially reg-
ulated expression patterns, in particular at the inter-
face of epithelial-mesenchymal tissues, while Fgf14
and 18 mRNAs were not detected in the tooth germ
proper. Fgf18 transcripts were seen in the oral mes-
enchyme next to the dental and vestibular lamina for
E16.5 molar (Figure 1F).

Comparison of Fgf expression during early stages of molar
formation

At the morphological onset of tooth formation
(E11.5) the molar tooth germ is visible as an
epitelial thickening. At this stage, Fgf15, -17 and
-20 were colocalized in the dental epithelium, whereas
Fgf13 was seen in the underlying presumptive dental
mesenchyme (Figures 1C, 2A1, B1 and 3B1). At
E12.5 when the tooth germ was at the early bud stage,

Fgf17 transcripts displayed restricted expression in
the dental epithelium while Fgf13 expression contin-
ued in the underlying mesenchyme (Figures 1D
and 3B2). Fgf15 expression, however, had shifted

Figure 1. Localization of Fgf11 (A), -15 (B), -17 (C, D), -16 and
-18 mRNAs during embryonic (E) (B–F) and 5-day post-natal (A)
development of the mandibular first (B–F) and second (A) molar
tooth germs. mRNA expression (red color in A, C–F) and blue (B)
is detected by radioactive in situ hybridization in sagittal (A) and
frontal (C–F) sections. Arrows in (A) show Fgf11 expression in the
ameloblasts of the enamel-free areas. (B) Three-dimensional (3D)
computer reconstruction of the E16.5 first (1) and second (2)
molars showing Fgf15 mRNA expression in the dental papilla
mesenchyme. Dental epithelium (blue color) is outlined marking
the epithelial–mesenchymal interface in each serial section. The
expression of Fgf15 in the epithelial enamel knots is not shown in
the model (for epithelial expression see Figure 2A5). Abbreviations:
cl, cervical loop; de, dental epithelium; dl, dental lamina; dp, dental
papilla mesenchyme; pek, primary enamel knot; v, vestibular
lamina. Scale bars: 100 mm. Bar in (D) applies to (C, D).
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Figure 2. LocalizationofFg15and-20mRNAsduringembryonic (E)
(A1–B6)andpost-natal (PN)(A7,B7)developmentof themandibular
first molar tooth germ. mRNA expression (red color) is detected by
radioactive in situ hybridization in frontal (A1–B6) and sagittal (A7,
B7) sections.Arrowhead inB1 indicatesFgf20 expression in thedental
epithelium of the upper and lower jaw. Abbreviations: cm, condensed
dental mesenchyme; de, dental epithelium; dm, dental mesenchyme;
dp, dental papilla mesenchyme; pek, primary enamel knot; pdm,
presumptive dental mesenchyme; sek, secondary enamel knot. Scale
bars: 100 mm in B5 applies to A1–B5; 100 mm in A6–B7.
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to the oral epithelium at the lingual side of the
epithelial bud (Figure 2A2).

Comparison of Fgf expression during molar
morphogenesis

At E13.5 the dental epithelium had formed a bud and
the dental mesenchyme had condensed around it. At
this stage the primary enamel knot (PEK) is located at
the tip of the epithelial bud [32]. Of note, the secreted
Fgf20 was exclusively colocated in the signaling center
(Figure 2B3). While Fgf17 mRNAs were down-
regulated from the tooth, Fgf13 expression continued
in the condensed dental mesenchyme. In addition, the
peridental mesenchyme, including the developing,
tooth supporting alveolar bone showed Fgf13 tran-
scripts (Figure 3B3). In contrast, Fgf12 expression
was mostly confined to the developing mandibular
bone at this stage (Figure 3A3).
One day later (E14.5) the dental epithelium had

reached the cap stage. The PEK is now observable in
the middle part of the anterior-posterior axis of the
enamel organ as a distinct torpedo-shaped epithe-
lial cell cluster [10]. The secreted Fgf15 and -20
were exclusively expressed in the signaling center
(Figures 2A4 and B4). Fgf13 mRNA expression
continued in the dental mesenchyme and was now
evident in the dental papilla and the enamel organ
surrounding the dental follicle (Figure 3B4). Like
Fgf12, they were also present in the peridental mes-
enchyme (Figures 3A4 and B4). A weak Fgf16 signal
was seen in the inner dental epithelium including the
cervical loops and PEK at E15.5 stage (Figure 1E).
At later stages, little if any expression of Fgf16 was
detectable in the inner dental epithelium.
The molar cusp formation is evident when the

secondary enamel knots (SEK) gradually appear at
the sites of future cusp tips [10]. At the early bell stage
(E16.5) Fgf15 was specifically expressed in the SEKs.
Moreover, transcripts were also dynamically expressed
in the coronal part of the dental papilla mesenchyme,
especially at the cusp tips (Figure 2A5), as visualized by
3D reconstruction (Figure 1B). As in earlier stages,
Fgf12 and -13 expressions continued in the mesen-
chymal tissue components of the tooth, the dental
papilla and follicle (Figures 3A5, B5 and B6).

Comparison of Fgf expressions during molar crown
calcification

The final shape of tooth crown becomes determined
after differentiation of odonto- and ameloblasts,
which secrete dentin and enamel, respectively. In
the mouse molar, however, the tips of the cusps
and the transverse connecting lophs of the parallel
cusps are not covered by enamel. This is proposed to
be regulated by the signaling of the tertiary enamel
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Figure 3. Localization of Fgf12, and -13 mRNAs dur-
ing embryonic (E) A1–B5 and B6 and post-natal (PN) (A7–B7)
development of the mandibular first molar tooth germ. mRNA
expression (red color) is detected by radioactive in situ
hybridization in frontal sections (A7). The apparent expression
of Fgf12 and -13 the formation bone next to the tooth germ
suggest a role for intracellular FGF signaling in the development
of the tooth supporting alveolar bone. Abbreviations: cm, con-
densed dental mesenchyme; de, dental epithelium; dl, dental
lamina; dp, dental papilla mesenchyme; po, preodontoblasts;
pdm, presumptive dental mesenchyme. Asterisks in A4 indi-
cate the mesenchymal dental follicle surrounding the dental
epithelium. Scale bars: 100 mm in B5, applies to A1–B5;
100 mm A6–B7.
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knot (TEK) and the enamel free signaling areas
(EFAs), respectively [12]. Fgf11 was exclusively
observed in the cells of the enamel-free areas next
to TEK and EFA (Figure 1A). Besides the developing
alveolar bone, Fgf12 was transiently expressed in the
differentiating odontoblasts (Figure 3A6). Fgf13 tran-
scripts were evident in the E18 dental papilla includ-
ing the preodontoblasts (Figure 3B6). Later, during
crown calcification the expression of Fgf13 conti-
nued in the dental pulp, including the odontoblasts
(Figure 1B7), whereas Fgf12 transcripts were not
observed in the odontoblasts secreting dentin, as
shown for PN5 molar (Figure 3A7).

Discussion

Fgf signaling serves critical functions during odonto-
genesis. In this descriptive study we have systemati-
cally compared, for the first time, the presence and
cellular localization of the intracellular Fgf11-14 and
secreted Fgf15-18, -20 mRNAs during tooth forma-
tion. We found distinct expression patterns for the
intracellular Fgf11-13, hormone-like Fgf15 and canon-
ical Fgf17 and -20, while Fgf14 and 18 mRNAs were
not detected in the tooth germ proper.

Fgfs show dynamic expression mainly in either epithelial
or mesenchymal tissue component

Whereas Fgf11, -15, -17 and -20 were seen in the
dental epithelium the expression of Fgf12 and -13
was restricted to the mesenchymal tissue compo-
nents. This, in line with the earlier findings, shows
that individual Fgfs are predominantly expressed in
either epithelial or mesenchymal tissue component
and often show overlapping expression patterns
[17,18,21–23,33]. The distinct expression domains
of the observed Fgfs suggest that they are differen-
tially regulated.
There is emerging data that, besides the canonical

Fgfs, the hormone-like Fgfs and intracellular Fgfs
serve developmental functions. Hormone-like Fgfs
acts locally as a differentiation factors in embryos
[34] and, for instance FGF15/19, regulate cardiac
outflow and brain development [35–37]. Although
the developmental importance of the intracellular
Fgf sub-family has remained mostly unknown,
Fgf13 has been shown to control neural differenti-
ation in Xenopus and over-expression experiments
suggest involvement in chick limb development
[38,39]. Fgf14 knockout mice suffer from neurolog-
ical disorders [40]. Odontogenic functions for the
tooth expressed endocrine and intracellular Fgfs are
supported by their expression patterns. The tooth
expressed iFgfs and hFgfs showed spatio-temporally
changing expression domains, especially in sites of
signaling centers and/or the epithelial–mesenchymal

interface, where signaling controlling odontogenesis
takes place.

Possible roles for Fgfs in tooth initiation

The early dental epithelium expresses signaling mole-
cules of different families that signals to the adjoining
mesenchyme and activate expression of genes essen-
tial for tooth formation [7,27]. Canonical Fgf signal-
ling, as shown for Fgf8, is essential for the molar
formation [17,24,27]. Fgf8, like the observed canon-
ical Fgf17 and -20, is expressed in the early dental
epithelium, signals to the underlying mesenchyme
and controls the expression of genes essential for
tooth formation [41–43]. The expression of Fgf17
and -20 and their Fgfr1c signaling receptor in the
thickened dental epithelium and underlying mesen-
chyme, respectively [33,44], suggest that, like Fgf8,
Fgf17 and -20 may mediate epithelial signaling to the
mesenchyme and regulate early tooth formation.
We also observed endocrine Fgf15 in the presump-

tive dental epithelium. It has been shown earlier
that the rostral patterning center of the developing
brain, like the early dental epithelium, expresses Fgf8
and Fgf15, which have parallel differential signaling
properties [36]. Fgf15 represses proliferation and
promotes neural differentiation, whereas Fgf8 has
opposing effects [36,37]. Moreover, their expression
is controlled by Shh, which is also expressed in the
early dental epithelium [36,37,45–47]. Thus, it is
tempting to speculate that Fgf15, like Fgf18, func-
tions in the early stages of tooth formation and that
its expression is regulated by Shh. Intracellular
Fgf13, which was expressed in the dental mesen-
chyme including the odontoblast cell lineage at all
stages studied, may exert autocrine in the mesen-
chyme. Fgf13 regulates neural differentiation in early
developing Xenopus [38] and may, therefore, serve
similar functions during odontogenesis.

Possible roles for Fgfs in molar crown morphogenesis

The enamel knots are clusters of non-proliferative
epithelial cells which, by exerting paracine signaling
to the adjoining epithelial and mesenchymal cells,
control the molar crown shape [9,10]. The PEK
appears in the tip of the dental epithelium at the
bud stage and later it is present in the cap stage tooth
germ [10,32]. In the molar tooth, it is followed by the
appearance of the SEKs in the future cusp tips at the
bell stage [10]. The PEK and SEK cells specifically
express number of key signaling molecules of different
families [10,17,18,32]. That secreted Fgf20 was spe-
cifically expressed in both PEK and its receptor,
Fgfr1c, in the adjacent dental epithelial and mesen-
chymal tissues [33]. This suggests that Fgf20 may act
as a paracrine epithelial-mesenchymal signal involved
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in tooth morphogenesis and that its function may be
redundant with other enamel knot-expressed canon-
ical Fgfs such as Fgf3-4 and -9, which for instance
promote cell proliferation [17,18]. Intracellular Fgf15
was also present in both PEK and SEK. Because
Fgf15 signaling receptors are not located in the sig-
naling centers [33,44] it may, like Fgf20, excert para-
crine signaling to the adjacent dental epithelium
and mesenchyme [33,44]. Interestingly, available
data of the function of Fgf15 suggests that it appears
to promote gene expression and cell differentiation
[35,36,48].

Dual role for Fgf signaling in crown calcification

The final molar shape is determined when the tooth-
specific odonto- and ameloblasts secrete hard-tissues,
dentin and enamel, respectively, in the crown. The
differentiation of the tooth-specific cells is regulated
by epithelial–mesenchymal interactions between the
dental papilla and inner dental epithelium cells and
involves signalingmolecules [49,50]. There is evidence
for a role of Fgf signaling in dentin and enamal
formation. For instance, Fgf1 and Fgf2 can act syn-
ergistically with Tgf-beta1 and Igf-I to strengthen their
inductive effects on odontoblast differentiation in vitro
[51]. Moreover, targeted genetic inactivation of Fgfr1
in ameloblasts results in abnormal enamel formation
[28]. We found that Fgf15 transcripts were present in
the secondary enamel knots and in adjacent dental
papilla mesenchyme at the cusp tips prior to the
odontoblast differentiation. Because the differentiation
of the odontoblasts starts from the tips of the cusps [52]
it is tempting to propose that Fgf15 may be involved
in the initiation of the odontoblast differentiation. The
expression of Fgf12 and Fgf13 was seen in the pre-
odontoblasts and in the odontoblast cell lineage
including the secreting odontoblasts, respectively.
This suggests a putative autocrine function for the
intracellular Fgfs in determination and differentiation
of the odontoblast cell lineage and possibly in main-
tenance of the odontoblast function. In contrast to
Fgf12 and -13, Fgf11 signal was exclusively observed
in the epithelial tissue component, namely in the
ameloblasts of the enamel-free areas of the calcifying
crown. The inhibitory paracrine signaling from the
adjacent TEK and EFA signaling area are proposed
to control the establishment of the enamel-free areas at
the cusp tips and in the transverse connecting lophs
of the parallel cusps in the mouse molar [12].
Thus, intracellular iFgf11 may, by exerting autocrine
signaling, control the signaling functions of the TEK
and EFA and thereby control the formation of the
enamel-free areas and the final crown shape.
In conclusion, our results here show dynamic

expression patters for Fgf11-13, -15, -17 and -20
during odontogenesis. Their presence in the epithelial
signaling centers and/or epithelial–mesenchymal

interface suggests that they may serve important
signaling functions during tooth formation. Future
investigations of transgenic mice will help to elucidate
in vivo functions of the studied Fgfs during odonto-
genesis and whether their functions are redundant.
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