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Abstract
Objective—Tongue papillae are critical organs in mastication. There are four different types of
tongue papillae; fungiform, circumvallate, foliate, and filiform papillae. Unlike the other three
taste papillae, non-gustatory papillae, filiform papillae cover the entire dorsal surface of the tongue
and are important structures for the mechanical stress of sucking. Filiform papillae are further
classified into two subtypes with different morphologies, depending on their location on the
dorsum of the tongue. The filiform papillae at the intermolar eminence have pointed tips, whereas
filiform papillae with rounded tips are found in other regions (anterior tongue). It remains
unknown how the shape of each type of filiform papillae are determined during their development.
Bmp signalling pathway has been known to regulate mechanisms that determine the shapes of
many ectodermal organs. The aim of this study was to investigate the role of Bmp signalling in
filiform papillae development.

Design—Comparative in situ hybridization analysis of six Bmps (Bmp2–Bmp7) and two Bmpr
genes (Bmpr1a and Bmpr1b) were carried out in filiform papillae development. We further
examined tongue papillae in mice over-expressing Noggin under the keratin14 promoter (K14-
Noggin).

Results—We identified a dynamic temporo-spatial expression of Bmps in filiform papillae
development. The K14-Noggin mice showed pointed filiform papillae in regions of the tongue
normally occupied by the rounded type.

Conclusions—Bmp signalling thus regulates the shape of filiform papillae.
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1. Introduction
The dorsal surface of the tongue is covered by papillae that play critical roles in the
mastication and gustatory system. Inrodents, there are four different types of tongue
papillae; fungiform, circumvallate, foliate, and filiform. The fungiform, circumvallate and
foliate papillae contain taste buds and are referred to as taste papillae, whereas filiform
papillae contain no taste buds (non-gustatory papillae). These papillae are distributed in a
specific pattern over the tongue. A single circumvallate papilla is located in the centre of the
terminal sulcus, which divides the tongue from the pharynx. Fungiform papillae are present
on the anterior tongue in a pattern of longitudinal rows, bracketing a median furrow. Unlike
the taste papillae, non-gustatory filiform papillae cover the entire dorsal surface of the
tongue (Fig. 1A).1 To date, the molecular mechanisms of filiform papillae development
remain largely unknown, whereas it has been well studied in gustatory papillae
development.2–9

The filiform papillae are important structures for the mechanical stress of sucking.10,11 In
rodents, filiform papillae are further classified into two subtypes with different
morphologies, depending on their location on the dorsum of the tongue. In the intermolar
eminence, the filiform papillae have pointed tips in both the anterior–posterior and the left-
right axis (pointed type; Fig. 1B).12 The pointed type filiform papillae are frequently
bifurcated. Unlike the intermolar eminence, in other parts of the tongue surface (anterior
tongue), the filiform papillae have rounded tips in the left-right axis, whereas their spines
point posteriorly in the anterior–posterior axis (rounded type; Fig. 1B).12 It is unclear how
the shape of each type of filiform papillae is determined during their development.

It is known that multiple signalling pathways such as Bmp play critical roles in regulating
the shape of ectodermal organs, including taste tongue papillae and teeth.2,4,12–15 However,
the role of Bmp signalling in filiform papillae development remains unknown.

We show here that Bmp signalling is activated in filiform papillae development. Bmp
ligands and their receptors show a dynamic temporo-spatial expression pattern in filiform
papillae development. Mice over-expressing Noggin under the keratin14 promoter (K14-
Noggin) develop abnormal pointed filiform papillae in the anterior tongue where the
rounded type are normally located. This result provides evidence of a role for Bmp
signalling in regulating the morphogenesis of filiform papillae.

2. Materials and methods
2.1. Production and analysis of transgenic mice

K14-Noggin transgenic mice were produced as described by Guha et al.16 Five K14-Noggin
mice (five month-old) and twenty mice (E14.5, E16.5 and newborn) of the CD-1 strain were
used. Noon of the day on which the plugs were detected was considered as E0.5. To
accurately assess the age of embryos, somite pairs were counted and the stage confirmed
using morphological criteria, e.g., relative sizes of maxillary and mandibular primodia,
extent of nasal placode invagination, and the size of limb buds.
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2.2. In situ hybridization
Embryo heads were fixed in 4% buffered paraformaldehyde, wax embedded, and serially
sectioned at 7 µm. Sections were split over three to ten slides and prepared for histology or
radioactive in situ hybridization. In situ hybridization with [35S]UTP-labelled riboprobes
was carried out as described previously.17

2.3. Scanning electron microscope (SEM) analysis
Tongues were fixed with 2% glutaraldehyde in 0.1 M Nacacodylate buffer and 0.1 M
sucrose, followed by post-fixation with 1% osmium tetroxide in 0.1 M Na-cacodylate buffer.
After critical point drying, the samples were coated with gold and photographed using
scanning electron microscopy.

2.4. Immunohistochemistry
After deparaffinization, sections were treated by proteinase K and then incubated with
antibody to phosphorylated Smad1, Smad5 and Smad8 (p-Smad1/5/8; 1:100; Cell signalling
Technology; #9511). As a negative control, normal rabbit serum was used instead of
primary antibody. Secondary antibodies conjugated with biotin (Abcam; ab6828) were used
at dilution of 1:100. Tyramide signal amplification system was performed (Perkin Elmer
Life Science; NEL701) for detecting the antibody. DAPI (4′,6-diamidino-2-phenylindole
dihydrochloride; Sigma) was used for nuclear staining. Pictures were taken with same
exposure between control wild-type and mutant mice.

3. Results
3.1. Expression of Bmps and Bmp receptors in filiform papillae development

At 11.5 days gestation (E11.5) the tongue emerges as a swelling on the floor of the
developing mandible, with a spatulate tongue being observed at E12.5. At E13.5, the tongue
has a distinctive topography. The well-formed taste bud papillae can be detected by E13.5.
Unlike taste papillae development, filiform papillae start to develop later, at around E15.5.18

In common with other ectodermal appendages, such as hair and tooth, the first
morphological sign of tongue papillae development is localized thickenings of the
epithelium and condensation of the underlying mesenchymal cells. The subsequent
formation of epithelial arch-like structures is proceeded by their vertical elongation into a
cornified stratified squamous epithelium.19 Filiform papillae seem to develop rapidly during
the few days before birth.19 At birth, filiform papillae show a similar distribution to those
seen in the adult.1

In order to investigate whether Bmp signalling is involved in filiform papillae development,
we examined Bmp signalling in filiform papillae development by immuno his to chemistry
using anti-phosphorylated Smad1/Smad5/Smad8 (p-Smad1/5/8) antibody. Smad1, Smad5
and Smad8 are phosphorylated by Bmp receptors following binding of ligands.20 P-
Smad1/5/8 positive cells could not be detected in either tongue epithelium or underneath
mesenchyme at E13.5, although they were observed in developing tongue muscle (Fig. 2A).
P-Smad1/5/8 was localized in entire tongue epithelium at E14.5 and E16.5, whereas they
were found in basal epithelial cells at birth (Fig. 2B–I). These suggested that Bmp signalling
is activated in filiform papillae development from E14.5.In addition to filiform papillae, p-
Smad1/5/8 positive cells were observed in fungiform papillae (Fig. 2D). Most of p-
Smad1/5/8 was localized in nuclear of filiform papillae epithelial cells (Fig. 2J–L).

A comprehensive expression analysis of Bmps in filiform papillae development was
therefore carried out between E14.5 and E18.5 using radioactive in situ hybridization to
understand the significance of this gene family in filiform papillae organogenesis. In
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addition to the presence of Bmp signalling, this period also encompasses development
preceding the morphological appearance of filiform papillae to maturation of the organs. In
order to investigate Bmp expression in both pointed and rounded type filiform papillae
development, we examined the expression at the intermolar eminence anterior to the
circumvallate papillae for the pointed type, and in the anterior part of tongue (anterior
tongue) for the rounded type (Fig. 1C).

3.2. E14.5
At E14.5, the presumptive filiform papilla epithelium is composed of a few layers of
cuboidal cells.18,19

In both the anterior tongue and the intermolar eminence, Bmp2 was expressed in the filiform
papillae epithelium (Fig. 3A and B). Bmp4 expression was observed in mesenchymal cells
facing the epithelium in the intermolar eminence, whereas very little expression was seen in
the equivalent mesenchymal cells in the anterior tongue (Fig. 3E and F). In the intermolar
eminence, Bmp5 expression was found in the filiform papillae mesenchyme of the anterior
portion but not seen in the posterior region (Fig. 3H). Bmp5 expression was not observed in
the anterior tongue (Fig. 3G). Bmp6 and Bmp7 was weakly expressed in the filiform
papillae epithelium of both the anterior tongue and the intermolar eminence, with no
significant difference in their expression between the two regions (Fig. 3I–L). Bmp3
expression could not be detected in either the epithelium or mesenchyme of the filiform
papillae at this stage (Fig. 3C and D). The biological activities of Bmps are mediated by
heterodimeric receptor complexes consisting of type I Bmp receptors (Bmpr1a and Bmpr1b)
and the type II receptor (Bmpr2). The formation of heterodimers of type I and type II
receptors is essential for Bmp signal transduction.21–23 It is possible that filiform papillae
type is regulated by differences in expression of these receptors. We further examined
Bmpr1a and Bmpr1b expression in filiform papillae development. Bmpr1a expression was
observed in both the epithelium and mesenchyme, with a slightly weaker expression seen in
the latter (Fig. 3M and N). Bmpr1b expression was restricted to the basal epithelial cells in
both the anterior tongue and the intermolar eminence (Fig. 3O and P). There was no
significant difference in the both receptor expression between in the anterior tongue and the
intermolar eminence.

3.3. E16.5
At E16.5, primitive arch-like epithelial structures are found in regions of the dorsal surface
of tongue.18,19

Bmp2 expression was only observed in the epithelial cells facing the oral cavity (Fig. 4A
and B). There was no significant difference in expression between the anterior tongue and
the intermolar eminence. Bmp4 was weakly expressed in epithelium of both the anterior
tongue and the intermolar eminence (Fig.4E and F). In the intermolar eminence, Bmp5
expression was only found in the filiform papillae mesenchymal cells facing the epithelium
at the anterior portion, but not seen in the posterior region (Fig. 4H). Bmp5 expression was
not observed in the anterior tongue (Fig. 4G). Bmp7 was weakly expressed in the entire
filiform papillae epithelium of both the anterior tongue and the intermolar eminence (Fig.
4K and L). Bmp3 and Bmp6 showed no expression in the filiform papillae epithelium or the
mesenchyme at this stage (Fig.4C,D,I and J).Bmpr1a expression was observed in both the
epithelium and the mesenchyme, with a slightly weaker expression in the epithelium (Fig.
4M and N). Bmpr1b was expressed in the basal epithelial cells of both the anterior tongue
and the intermolar eminence (Fig. 4O and P). There was no significant difference in
expression between the anterior tongue and the intermolar eminence.
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3.3.1. Newborn—At birth, the dorsal tongue epithelium is composed of a typical stratified
squamous epithelium. Filiform papillae become more distinct and the connective tissue of
the lamina propria penetrate the centre of each structure.18,19

Bmp2 was expressed in the basal epithelial cells of both the intermolar eminence and the
anterior tongue (Fig. 5A and B). Bmp4 was weakly expressed in the filiform papillae
epithelium and the mesenchymal cells facing the epithelium in the anterior tongue but not in
the intermolar eminence (Fig. 5E and F). In the intermolar eminence, Bmp5 showed
restricted expression only in the mesenchymal cells facing the epithelium to the anterior
domain, with no expression seen in posterior region (Fig. 5H). Bmp5 expression could not
be detected in the anterior tongue (Fig. 5G). Bmp7 was expressed in the epithelial cells in
both the anterior tongue and the intermolar eminence (Fig. 5K and L). Bmp3 and Bmp6
expression could not be detected in the epithelium or the mesenchyme of the filiform
papillae at this stage (Fig. 5C, D, I and J). No expression of Bmpr1a was observed in either
the anterior tongue or the intermolar eminence (Fig. 5M and N). Bmpr1b expression was
found in the basal epithelial cells in both the intermolar eminence and the anterior tongue,
with no significant difference in expression between the two regions (Fig. 5O and P).

Bmp ligands and their receptors thus show a dynamic temporo-spatial expression pattern in
filiform papillae development.

The expression of Bmps and Bmprs during filiform papillae development is summarized in
Table 1.

3.4. Tongue papillae in K14-Noggin mice
In order to investigate the role of Bmp signalling in filiform papilla development, we
examined the tongue papillae of transgenic mice over-expressing the BMP antagonist,
Noggin, under the control of the Keratin 14 (K14) promotor (K14-Noggin). K14 is
expressed in tongue epithelium from E12.5 to adult in both the anterior tongue and the
intermolar eminence (Fig. 6A–D). 19,24 In the wild-type tongue, significant Noggin
expression could not be detected in the filiform papillae within the embryonic or adult
stages, whereas expression was seen in the fungiform papillae at E14.5 (Fig. 6E; data not
shown).4 Ectopic Noggin expression and reduced p-Smad1/5/8 positive cells were seen in
the filiform papillae epithelium of K14-Noggin adult mice (Fig. 6F and H).

In the wild-type tongue, the pointed tips of the filiform papillae were observed in the
intermolar eminence (Fig. 7C). In other regions, including the anterior part and edges of the
tongue, filiform papillae have rounded tips (Fig. 7D and E). In K14-Noggin mice, the
fungiform papillae were more prominent than those seen in wild-type mice (Fig. 7G). This
supports previous reports that primitive fungiform papillae are enlarged by addition of
exogenous Noggin in vitro.4 In K14-Noggin mice, the anterior part and edge of the tongue
showed abnormally pointed tips of the filiform papillae, where rounded types are usually
presented (Fig. 7I and J). Significant differences could not be found in the filiform papillae
in the intermolar eminence in the K14-Noggin mice (Fig. 7H). Unlike the left-right axis, the
filiform papillae were normal in the anterior–posterior axis in K14-Noggin mice (data not
shown).

4. Discussion
Bmps show a dynamic temporo-spatial expression pattern in filiform papillae development
of both anterior tongue and intermolar eminence. Reduced Bmp signalling induces pointed
type papillae formation in the anterior tongue that usually have rounded type papillae. This
suggests that Bmp signalling is required for regulating the shape of filiform papillae in
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anterior tongue. Unlike anterior tongue, the filiform papillae in the intermolar eminence
retained their shape as pointed type in K14-Noggin mice. Mice with mutation of follistatin,
an antagonist of a subset of TGFβ superfamily molecules, however show a lack of the
filiform papillae only in the intermolar eminence which is believed to be caused by
upregulation of Bmp7.2 This suggests that Bmp signalling is involved in the formation of
both types of filiform papillae, but that there are differences in sensitivity to the Bmp
signalling between filiform papillae in the anterior tongue and the intermolar eminence.

It is also conceivable that filiform papillae development is regulated by the expression of
different ligands between the anterior tongue and the intermolar eminence. In fact, the Bmp
ligands and Bmp receptors examined in this study show slightly difference in expression
between the anterior tongue and the intermolar eminence. Bmp5 expression was found in the
intermolar eminence but not in the anterior tongue at E14.5 and E16.5. Bmp4 also showed
slightly restricted expression pattern. In addition to these ligands, it is feasible that
differences in the expression patterns of other Bmp signalling related ligands, such as Gdf5
and Gdf11, could contribute to the different shapes of filiform papillae between the tongue
regions.

Mutation of Hoxc13 is known to lead to weaken filiform papillae, which results in break of
tip of filiform papillae. Hoxc13 mutant mice therefore show abnormal rounded filiform
papillae.25 However, any sign of broken-off filiform papillae pieces could not be detected in
K14-Noggin mice. Unlike the left-right axis, the filiform papillae were normal shape in the
anterior–posterior axis in K14-Noggin mice, ruling out possibility that abnormal shape of
filiform papillae in K14-Noggin mice is caused by wearing papillae during usage. In the
anterior tongue, Bmps thus only regulate the shape of filiform papillae in the left-right axis.
In Pax9 mutant mice, filiform papillae lack anterior–posterior polarity and a cornified layer
is absent.26 This suggests that the pathways regulated by Pax9 are related to shape in the
anterior–posterior polarity, whereas Bmps regulate the left-right axis morphology.

K14-Noggin mice also show significant increase in the number of trigeminal neurons in
skin.27 Innervation is known to play a critical role in morphology of tongue papillae.28–30 It
is possible that alteration of innervation lead to abnormal shape of filiform papillae
formation in K14-Noggin mice.

Epithelium of oral mucosa including tongue papillae provides permeability barrier function.
Follistatin mutants show defects in barrier formation in intermolar eminence, suggesting that
Bmp signalling play a critical role in barrier formation.2 In K14-Noggin mice, any
significant signs of disruption of barrier formation such as oedema, erythema, blister and
infusion of inflammatory cells could not be detected in anterior tongue where shapes of
filiform papillae are altered. In common with filiform papillae shape, barrier formation is
probably regulated by different molecular mechanisms between the anterior tongue and the
intermolar eminence.

Similar transgenic mouse model (overexpression of Noggin in epithelium) has shown that
strength of phenotypes correlates with transgene copy number in the mouse genome and
Noggin expression level.31 Filiform papillae phenotypes could be variable by intensity of
Bmp signalling.
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Fig. 1.
Mouse tongue papillae. (A) Schematic diagram of mouse tongue papillae. (B) Schematic
diagram of the two types of filiform tongue papillae; pointed type in the intermolar
eminence and rounded type in the anterior region. (C) Schematic diagram of the direction of
sections; sagittal sections including circumvallate papillae of the intermolar eminence.
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Fig. 2.
P-Smad1/5/8 in filiform papilla development. Immunohistochemistry of p-Smad1/5/8 in
frontal head sections of the developing tongue at E13.5 (A), E14.5 (B–D), E16.5 (E–H, J–L)
and birth (I). Arrowheads indicating p-Smad1/5/8 positive cells in tongue papillae (B, E, I).
Arrow indicating p-Smad1/5/8 positive cells in fungiform papillae (D). DAPI (C, F, J), p-
Smad1/5/8 (A, B, D, E, G, I, K), Merge images (H, L). (F–H, J–L) High magnification of E.
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Fig. 3.
Bmp expression in filiform papilla development at E14.5. In situ hybridization of Bmps (A–
L) and Bmp receptors (M–P) showing expression in sagittal head sections of the anterior
tongue (A, C, E, G, I, K, M, O) and the intermolar eminence (B, D, F, H, J, L, N, P) at E14.5
Bmp2 (A, B) Bmp3 (C, D) Bmp4 (E, F) Bmp5 (G, H) Bmp6 (I, J) Bmp7 (K, L) Bmpr1a (M,
N) and Bmpr1a (O, P). Arrowheads indicating the circumvallate papillae (B, D, F, H, J, L,
N, P). (A, B, E, F, H, I–P) Inset is high magnification view of the filiform papillae.
Arrowhead indicating the boundary between epithelium and mesenchyme in inset.
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Fig. 4.
Bmp expression in filiform papilla development at E16.5. In situ hybridization of Bmps (A–
L) and Bmp receptors (M–P) showing expression in sagittal head sections of the anterior
tongue (A, C, E, G, I, K, M, O) and the intermolar eminence (B, D, F, H, J, L, N, P) at
E16.5. Arrowheads indicate the circumvallate papillae Bmp2 (A, B) Bmp3 (C, D) Bmp4 (E,
F) Bmp5 (G, H) Bmp6 (I, J) Bmp7 (K, L) Bmpr1a (M, N) and Bmpr1a (O, P) Arrowheads
indicating the circumvallate papillae (B, D, F, H, J, L, N, P). (A, B, E, F, H, K–P) Insets are
high magnification views of the filiform papillae. Arrowheads indicating the boundary
between epithelium and mesenchyme in insets.
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Fig. 5.
Bmp expression in filiform papilla development at birth. In situ hybridization of Bmps (A–
L) and Bmp receptors (M–P) showing expression in sagittal head sections of the anterior
tongue (A, C, E, G, I, K, M, O) and the intermolar eminence (B, D, F, H, J, L, N, P) at birth.
Arrowheads indicate the circumvallate papillae Bmp2 (A, B) Bmp3 (C, D) Bmp4 (E, F)
Bmp5 (G, H) Bmp6 (I, J) Bmp7 (K, L) Bmpr1a (M, N) and Bmpr1a (O, P). Arrowheads
indicating the circumvallate papillae (B, D, F, H, J, L, N, P). (A, B, E, H, K, L, O, P) Insets
are high magnification views of the filiform papillae. Arrowheads indicating the boundary
between epithelium and mesenchyme in insets.
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Fig. 6.
K14 and Noggin expression and p-Smad1/5/8 localization in tongue papilla of wild-type and
K14-Noggin mice. In situ hybridization showing the expression of K14 (A–D) and Noggin
(E, F) in frontal head sections (A, D–F) and in sagittal head sections (B, C) of wild-type (A–
E) and K14-Noggin (.F) at E12.5 (A), E14.5 (B), E16.5 (C) and five months of age (D–H).
Arrowheads indicating the circumvallate papillae (B, C). (G, H) Immunohistochemistry of
p-Smad1/5/8 in sagittal head sections of wild-type (G) and K14-Noggin mice (H) at five
months of age. Arrowhead indicating p-Smad1/5/8 positive cells (G). T = Tongue.
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Fig. 7.
SEMs of Filiform papillae in K14-Noggin (A, F) Oral view of the entire tongue. (B, G) Oral
view of the anterior part of the tongue. (C, H) High magnification of the intermolar
eminence (1 in A, F). (D, I) High magnification of the side edge of the tongue (2 in A, F).
(E, J) High magnification of the anterior part of the tongue (3 in A, F). Wild-type (A–E) and
K14-Noggin mice (F–J) at five months of age.
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