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Bone morphogenetic proteins (BMPs) and BMP antagonists play a crucial role in the regulation of
tooth development. One of the BMP extracellular antagonists, gremlin, is a highly conserved 20.7-
kDa glycoprotein. Previously, researchers reported that transgenic mice overexpressing gremlin
under the control of the osteocalcin promoter (gremlin OE) exhibit a skeletal phenotype and tooth
fragility. To further define the tooth phenotype, teeth and surrounding supporting tissues, obtained
from gremlin OE at ages of 4 weeks, 2 months, and 4 months, were examined. The histological results
demonstrate that gremlin OE exhibit an enlarged pulp chamber with ectopic calcification and thinner
dentin and enamel compared with wild-type control. In vitro studies using murine pulp cells revealed
that gremlin inhibited BMP-4 mediated induction of Dspp. These data provide evidence that balanced
interactions between BMP agonists/antagonists are required for proper development of teeth and
surrounding tissues. It is clear that these interactions require further investigation to better define the
mechanisms controlling tooth root formation (pulp, dentin, cementum, and surrounding tissue) to
provide the information needed to successfully regenerate these tissues.
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INTRODUCTION
Bone morphogenetic proteins (BMPs) belong to the transforming growth factor (TGF)-β
superfamily of secreted signaling molecules [1–4]. In addition to their ability to induce ectopic
bone formation [5], BMPs have widespread signaling functions in skeletal development and
in maintenance of bone homeostasis [1]. Proper expression of BMPs and BMP antagonists are
crucial for normal tooth development [2–4,6].

BMP-2, -4, and -7 are considered key signals that participate in epithelial-mesenchymal
interactions during tooth development [7]. Detailed studies have mapped the temporospatial
expression patterns of BMP-2,-4, and -7 during tooth development using the techniques of in
situ hybridization and immunohistochemistry [8–17]. Briefly, at initiation of murine tooth
development (E10–12), BMP-2 is expressed in the dental lamina, while BMP-4 is expressed
in the epithelium and mesenchyme. As tooth development proceeds to the bud stage (E12–13),
BMP-4 expression shifts completely to the mesenchyme, while BMP-2 and -7 are expressed
in dental epithelium [8,11,16]. During the cap stage (E14–15), BMP-4 is expressed in the
enamel knot, which is reported to be a signaling center regulating odontoblast differentiation
[15], and in the dental mesenchyme. At this time, expression of BMP-2 and -7 spreads from
the enamel knot to the neighboring inner dental epithelium. At the bell stage (E16–19),
presumptive ameloblasts express BMP-4, and odontoblasts express BMP-2, -4, and -7 [8–
13].

During root formation, BMP-4 is expressed in pre-odontoblastic cells and throughout cells
within the pulp, while BMP-2 and -7 are expressed in early odontoblasts. As odontoblasts
differentiate further and start to secrete a dentin matrix, BMP-4 expression is markedly
downregulated. In contrast to BMP-2, -4, and -7, BMP-3 is a BMP antagonist, able to interfere
with the binding of activin and BMP-4 to activin type I receptor without activating R-smads
[18,19].

Strong BMP-3 expression is detected in cementoblasts found along the root-forming molars
as well as in the dental follicle/periodontal ligament region [17]. BMP-3 overexpressing mice
under the control of collagen type I promoter exhibit enlarged pulp chambers, widened
periodontal ligament, and increased mobility of teeth with malocclusion [20]. This suggests
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BMP-3 has an important role in the maintenance of the soft tissues, i.e., pulp tissue and
periodontal ligament.

In vitro, recombinant human BMP-2 (rhBMP-2) has been shown to induce both bovine and
human adult pulp cells to differentiate into odontoblasts [21–23]. Beads soaked in rhBMP-2
and -4 also stimulate odontoblast differentiation in organ cultures of murine dental papilla cells
[24]. Moreover, rhBMP-2, -4, and -7 are capable of inducing dental pulp cells to form
reparative/regenerative dentin in vivo [25–29].

Extracellular antagonists of BMPs include gremlin, noggin, chordin, the DAN/Cerberus family
of genes/proteins, ectodin, follistatin, and follistatin-related gene (FLRG), ventroptin, and
twisted gastrulation (Tsg) [1]. These antagonists prevent BMP signaling by binding BMP,
thereby precluding BMP from binding to receptors on the cell surface. Each extracellular
antagonist binds specific members of the BMP superfamily with different affinities.

Transgenic mice overexpressing follistatin, ectodin, and noggin exhibit tooth phenotypes [2,
3,6], indicating the importance of the interactions between BMPs and their antagonists for
normal tooth development. Further, studies mapping the temporospatial expression of these
antagonists indicate that follistatin is a key regulator of enamel, dentin, and cementum
formation. It is less clear as to the role of the other antagonists. For example, noggin and gremlin
expression have been detected in dental mesenchyme at E14 selectively [30].

The BMP antagonist, gremlin, is the focus of our studies here. Gremlin is a member of Dan/
Cerberus family, a highly conserved 20.7-kDa glycoprotein and was originally isolated in
Xenopus embryos as an anti-BMP dorsalizing agent [31]. Gremlin binds and blocks the actions
of BMP-2, -4, and -7 and is expressed in osteoblasts [1]. Studies by Pereira et al. [32] indicated
that BMP signaling induces gremlin expression, suggesting a feedback mechanism in the
regulation of BMP antagonists and agonists [33]. Beyond gremlin’s extracellular binding to
BMPs, gremlin binds to a BMP-4 precursor protein intracellularly, preventing production and
secretion of mature BMP-4 protein, resulting in the downregulation of BMP-4 ligand signaling.
This mechanism has been suggested to have a more potent antagonistic effect on BMPs than
the extracellular binding of BMPs by gremlin [34].

Mice overexpressing gremlin under the control of the osteocalcin promoter exhibit a decrease
in body size, spontaneous fractures, modeling defects of long bones, and severe osteopenia
[35]. At birth, gremlin OE mice are indistinguishable from wild-type controls, but by 1.5–2
weeks of age, they appear smaller. At 4.5 weeks, the body weight is reduced by approximately
35%. Interestingly, Gazzerro et al. [35] also noted abnormalities in tooth development; lower
incisors which erupted normally but fractured, so that upper incisors grew unopposed,
interfering with proper occlusion.

Based on these findings, the studies presented here were performed to further characterize the
tooth phenotype in gremlin OE mice.

MATERIALS AND METHODS
Gremlin Transgenics

Gremlin transgenic mice were generated to direct gremlin expression under the control of the
rat osteocalcin promoter, as previously reported [35]. Briefly, founder transgenic mice were
bred to wild-type CD-1 mice to generate individual transgenic lines. First-generation
heterozygous and wild-type littermates were genotyped by Southern blot analysis.
Heterozygous mice of subsequent generations were identified by PCR using a forward primer
(5′-ATGGTGCGCACAGCCTACACGGTG-3′) and a reverse primer (5′-
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TAGAAGGCACAGTCGAGG-3′). Animals were euthanized at 4 weeks, 2 months, and 4
months after birth for tissue harvesting. After the heads were dissected, they were immediately
immersed in Bouin’s fixative (0.9% picric acid, 9% v/v formaldehyde, and 5% acetic acid;
Polysciences, Warrington, PA USA) for 24 hr and then transferred to 70% ethanol for
histological analysis. For backscatter scanning electron microscopy (SEM), the tissues were
not fixed and were stored in phosphate buffered saline (PBS) saturated with thymol. Animal
experiments were approved by the Animal Care and Use Committee of Saint Francis Hospital
and Medical Center and by the University of Washington committee on Use and Care of
Animals in compliance with state and federal laws.

Gross Appearance and Radiographic Analysis
Head specimens from male and female gremlin OE mice at 4 weeks, 2 months, and 4 months
of age were photographed using a Nikon digital camera with a 105 mm macro-lenses (D70,
Nikon, Chiyodaku, Japan). The lower lips were removed to obtain optimal views of the
mandibular incisors. For radiographic analysis, the head specimens were hemisected along the
midline. The right halves were laid on a radiographic film (X-OMAT V Film, Kodak,
Rochester, NY, USA) and exposed at 50 kV and 3 mA for 50 sec in an X-ray unit (Faxitron
cabinet X-ray systems, Picker, Cleveland, OH, USA). The films were developed for analysis.

Histological Analysis
Mandibles were dissected from surrounding tissues, followed by decalcification for 2 weeks
in acetic acid and normal saline (4% formaldehyde in 0.85% NaCl +10% acetic acid).
Decalcification endpoint was determined by the flexibility of the mandible, and subsequently
tissues were processed by dehydration in a graded ethanol series and embedded in paraffin.
Buccolingual serial sections (5 μm) from 1st mandibular molars were prepared and stained
with hematoxylin and eosin (H&E).

Scanning Electron Microscopy (SEM)
SEM analyses were performed on fractured incisors for microstructural characterization of
enamel and polished lower 1st molars for mineral density characterization of pulp, dentin,
cementum, and enamel. Incisors from 4-month-old animals were fractured approximately 1
mm from the tip of the incisor. Fractured cross sections were mounted on SEM stubs, coated
with 5 nm of platinum (Pt) to achieve electron conductivity, and examined by SEM in
secondary electron (SE) mode using a JSM-7000F SEM at 10 keV (Jeol-USA, Peabody, MA,
USA).

For mineral density studies, extracted lower 1st molars, also from 4-month-old animals, were
dehydrated sequentially in 5%, 10%, 25%, 50%, 75%, and 100% aqueous ethanol solutions
for 30 min at each step. After dehydration, teeth were mounted in room-temperature-cure epoxy
(Allied High Tech, Rancho Dominguez, CA, USA). After grinding with 1500 grit silicon
carbide paper from the mesial surface to expose the interior of the 1st molar, 200 nm
ultrasections were cut using a 2.5 mm wide and 45° angle diamond knife (Diatome, Hatfield,
PA, USA) fitted on a MT 6000-XL ultramicrotome (Bal-Tec RMC, Tucson, AZ, USA). The
ultramicrotomed surface of the remaining block, which was not fixed, demineralized, or
stained, was coated with 5 nm of Pt and used for backscatter imaging (BSE) by SEM using
also the JSM-7000F SEM at 10 keV.

Cell Culture
Primary murine dental pulp cells were isolated from tooth germs of 23 days postcoital (DPC)
CD-1 mice. Briefly, the lower first molars were dissected using a stereoscope and pulp tissues
were removed and minced into pieces approximately 1 mm3. These pieces were allowed to
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attach to 35 mm culture dishes in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% (v/v) fetal bovine serum (FBS), 100 units/ml penicillin, 100 μg/ml streptomycin, and
2 mM L-glutamine. They were cultured at 37°C in 5% CO2 until cells began to migrate from
the tissue pieces (≈10 days). Cells were then trypsinized, passed to 100 mm plates, and
designated as passage 0 (P0). These cells were cultured and passaged until P2, at which time
they were aliquoted and stored in liquid nitrogen for further use. For in vitro experiments, cells
of passage 4 were used. Cells were maintained in DMEM supplemented with 10% (v/v) FBS,
100 units/ml penicillin, 100 μg/ml streptomycin, and 2 mM L-glutamine. Tissue culture
reagents were obtained from Invitrogen/GIBCO BRL (Carlsbad, CA, USA)

Mineralization Assay
To investigate the effect of BMP-4 and gremlin on odontogenic differentiation and associated
mineralization, cells were plated at a density of 0.9×104 cells/well (24 well plates) in DMEM
supplemented with 10% FBS. Upon reaching 70–80% confluence, the medium was changed
to DMEM with 2% FBS and 0.3 nM BMP-4 (R&D Systems Minneapolis, MN, USA) and/or
50 nM gremlin (R&D Systems) and cultured for up to 2 weeks. Doses selected for BMP and
gremlin were based on the manufacturer’s recommendation and preliminary experiments.
Ascorbic acid (AA, 50 μg/ml, Sigma-Aldrich, St. Louis, MO, USA) and β-glycerophosphate
(β-GP, 10 mM, Sigma-Aldrich) were added to all groups to promote mineralization. Controls
were cultured in 2% FBS DMEM plus 10 mM β-GP +/− 50 μg/ml AA [36]. Media were changed
every 2 days during the course of the experiment. Gene expression and mineral formation were
examined at 7 and 14 days after treatment. To quantitate mineralization, Alizarin red staining
(AR-S, Sigma-Aldrich) was used.

Real-Time Reverse-Transcription Polymerase Chain Reaction
Total RNA was isolated using the RNeasy Micro Kit (Qiagen, Valencia, CA, USA). cDNA
was prepared from 1 μg total RNA (Transcriptor kit; Roche Diagnostic, Indianapolis, IN, USA).
Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) was carried
out and data analyzed as previously reported [37]. Briefly, PCR was performed for 40 cycles
at 95°C for 0 sec, 55°C for 7 sec, and 72°C for 20 sec on the Lightcycler system (Roche
Diagnostics, Mannheim, Germany). Genes assayed included dentin sialophosphoprotein
(Dspp), bone sialoprotein (Bsp), osteopontin (Opn), osteocalcin (Ocn), with glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) serving as a housekeeping/reference gene for
normalization. The sequences used for qRT-PCR are 20 μM of a forward primer (5′-
AGTTCGATGACGAGTCC-3′) and of a reverse primer (5′-GTCTCTCCCGCATGT-3′) for
Dspp; a forward primer (5′-GAGACGGCGATAGTTCC-3′) and a reverse primer (5′-
AGTGCCGCTAACTCAA-3′) for Bsp; a forward primer (5′-TGAACAGACTCCGGCG -3′)
and a reverse primer (5′-GATACCGTAGATGCGTTTG-3′) for Ocn; a forward primer (5′-
TTTACAGCCTGCACCC -3′) and a reverse primer (5′-CTAGCAGTGACGGTCT -3′) for
Opn, and a forward primer (5′-ACCACAGTCCATGCCATCAC-3′) and a reverse primer (5′-
TCCACCACCCTGTTGCTGTA -3′) for Gapdh.

Statistical Analysis
Results are expressed as mean ± SD. One-way analysis of variance (ANOVA) followed by
Tukey-Kramer’s post-hoc test was performed, using Sigmastat 3.1 (Systat Software, Point
Richmond, CA, USA) to determine significance among treatment groups. A difference
between experimental groups was considered to be significant at p <0.05.
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RESULTS
Ex Vivo; Gross Appearance

The maxillary and mandibular incisors obtained from gremlin OE mice and wild-type controls
were first examined macroscopically (Figure 1A). The most dramatic observation was the
abnormal color of both maxillary and mandibular incisors in gremlin OE mice compared with
wild-type controls. This indicated a reduction in enamel/dentin thickness, and/or a reduced
degree of mineralization in enamel and/or dentin, which may be related to tooth fragility as
previously reported [35]. The space between mandibular incisors in gremlin OE mice was
wider than in wild-type controls, possibly resulting from occlusal forces. These differences
were more prominent in the mandibular incisors, where the pulp was more visible through the
translucent enamel/dentin layers compared with the maxillary incisors.

Radiographic Analysis
The observation that gremlin OE mice have more curved maxillary and mandibular incisors
was confirmed by radiographs (Figure 1B). In lower incisors from gremlin OE mice, the surface
of the teeth on the labial side exhibited a higher degree of radiolucency than in wild-type
controls, indicating enamel and dentin mineralization defects (Figure 1C 4 weeks, 1D 4 months
arrowheads, respectively). Further, the pulp chambers in molars from 4-week-old gremlin OE
showed significant enlargement compared with wild-type controls (Figure 1C, right panel).
The tips of the incisors of gremlin OE mice demonstrated a blunt-end as a result of periodic
trimming in an effort to prevent malocclusion and malnutrition [35].

Notably, molars of 4-month-old gremlin OE mice exhibited changes in the periodontia
compared with wild-type controls, with distinct radiographic signs of alveolar bone resorption
at the root apex (Figure 1D, right panel, arrow). There was no apparent difference in tooth
shape and size between wild-type and gremlin OE mice, suggesting that the interactions of
BMPs and gremlin have no effect on tooth pattern formation.

Histological/SEM Analysis
Molars—At 4 weeks, the dental pulp chamber was expanded, dentin width was significantly
decreased, and ectopic calcification was observed within the pulp chamber of gremlin OE mice
(Figure 2A). These findings corresponded with the gross appearance observations and
radiographic analyses (Figure 1). We noted that molars from gremlin OE mice exhibited a more
severe phenotype in the radicular region than in the crown region. Moreover, the root apex
started to show signs of inflammation at 4 weeks of age (Figure 2A, Gremlin, arrow). A higher
magnification image of the pulp from the gremlin OE mice demonstrated that the ectopic matrix
was bone-like, rather than the characteristic tubular appearance of dentin (Figure 2A, Gremlin,
enlarged image, asterisk), and the dentin-pulp border was ill-defined compared with that of
wild-type controls.

At 2 and 4 months, necrotic pulp cells were now observed within the radicular pulp chamber
in the apical region (Figure 2B enlarged image, arrow and 2C panel C2, arrow). The most
dramatic change was the extension of the inflammation into the periodontal (PDL) region
resulting in the disruption of the PDL in the apical region (Figure 2B and 2C, Gremlin).
Neutrophils were the major cell type noted with a few lymphocytes and plasma cells present
(Figure 2C, panel C4). Further, the PDL region exhibited a decrease in cellularity compared
with the WT (Figure 2B, enlarged images). No differences were noted in cementum and
alveolar bone between gremlin OE and wild-type mice at all time points (Figures 2A, 2B, and
2C).
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Figure 3 provides data on the characteristics of the molar tissues using BSE. In this technique,
greater numbers of backscattered electrons are generated in regions with higher mineral
density, which corresponds to a brighter appearance in the images. As shown in Figure 3,
enamel, the most mineralized tissue, appeared the most reflective, while the less mineralized
dentin and bone appeared less bright, and nonmineralized pulp, PDL, and surrounding epoxy
appeared darkest. BSE analysis of longitudinal sections from gremlin OE and wild-type molars,
respectively, revealed that the amount of intact enamel in the gremlin OE mice (Figure 3,
Gremlin) was less than that in wild-type (WT) (Figure 3, WT). A zoom-in image of the cervical
root revealed that the mineralized matrix within the pulp region in the gremlin OE mice (Figure
3, Gremlin, enlarged image) was similar to bone, containing cells resembling osteocytes.

Incisors—In rodent incisors, enamel forms exclusively on the labial surface, and their
enamel-free lingual surface is considered to be the root analogue [38–40]. Mandibular incisors
of gremlin OE mice were examined at ages of 4 weeks, 2 months (data not shown), and 4
months (Figure 4). The phenotype described above for molars was also apparent for incisors,
i.e. thin dentin and altered pulp chambers compared with wild-type controls (Figure 4A). The
ameloblasts were less polarized in incisors from gremlin OE mice compared with those from
wild-type. These observations suggest that ameloblast maturation was delayed in gremlin OE
mice. Similar findings were noted for odontoblasts on the labial side with lack of polarization
and the absence of columnar shape compared with those on the lingual side from the same
transgenic mice and wild-type (data not shown for WT odontoblasts and lingual side of
odontoblasts from Gremlin). This observation suggests that maturation of odontoblasts on the
labial side was inhibited.

SEM investigation of enamel from incisors of gremlin OE mice revealed a dramatic defect in
crystal formation with no recognizable rod structure, suggestive of a form of amelogenesis
imperfecta resulting from delayed maturation of ameloblasts (Figure 4B, right panel). In
contrast, the clear deccusation of enamel rods was seen in samples from wild-type incisors
(Figure 4B, left panel).

In vitro; Mineralization Assay—To assess the effect of excess gremlin on the accumulation
of mineral by pulp cells, Alizarin red staining was carried out after 7 and 14 days in culture
(day 7; data not shown, day 14; Figures 5A and 5B) with addition of BMP-4 and/or gremlin,
in the presence of 10 mM β-GP +/−50 μg/ml AA. In positive control samples, i.e. 10 mM β-
GP + 50 μg/ml AA, mineral formation was noted by 14 days. In contrast, no mineral formation
was noted in negative control pulp cells (-AA) (data not shown). In the presence of BMP-4,
pulp cells promoted mineral formation by day 7 with continuous mineral formation through
the period assayed. Increased matrix mineralization induced by BMP-4 was significantly
blocked by 50 nM gremlin, while gremlin alone did not inhibit mineral deposition in cells
treated with AA+β-GP (Figure 5B).

Effect of BMP-4 and Gremlin on Gene Expression
To analyze gene expression associated with mineral formation, the levels of mRNA for
Dspp were examined by qRT-PCR at day 14. In the presence of BMP-4, Dspp was increased
3 fold over control cells, while gremlin blocked this increase (Figure 5C). Gremlin alone has
no effects on Dspp expression beyond that noted for control cells. There were no significant
differences in the level of Bsp, Ocn, and Opn mRNA expression between BMP-4 treated cells
and all other conditions (data not shown).
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DISCUSSION
A previous study characterizing gremlin OE mice reported a decrease in body size, an increase
in cortical bone width, and a decrease in trabecular bone volume, resulting in spontaneous
fractures and modeling defects of long bones [35]. The data here provide new insights into the
importance of BMP agonist and antagonist interactions during odontogenesis/
cytodifferentiation.

Our findings demonstrate that transgenic mice overexpressing the BMP antagonist gremlin,
under the control of the osteocalcin promoter, develop teeth exhibiting enlarged pulp chambers
with ectopic calcification of the pulp, thin dentin and enamel, and inflammation surrounding
the root apex, resulting in periodontal pathology. In vitro studies revealed that gremlin inhibited
BMP-4-mediated induction of Dspp in murine pulp cells. Molars from gremlin OE mice
exhibited a more severe dentin phenotype in the radicular region than in the crown region
(Figures 2A, 2B, and 2C).

A number of studies suggest that the signaling pathways associated with crown formation are
different from those required for root formation, and our findings support this hypothesis. For
example, Six et al. [41], using rat molars, examined the ability of BMP-7 to induce reparative
dentinogenesis after pulp exposure and found that reparative dentin in the radicular portion
was comprised of homogeneous mineralized tissue characterized by a tubular structure, while
porous heterogeneous osteodentin was seen in the coronal region. Although the exact time of
transgenic expression of gremlin in the teeth of mice was not determined, its expression of
osteocalcin in teeth, used to direct gremlin overexpression, starts at E18.5, i.e., in late bell stage
in mature columnar odontoblasts [42]. Thus, it is reasonable to suggest that gremlin expression
was initiated by E18.5, and as a result, radicular dentin was more severely affected than crown
dentin.

Gremlin OE Mice Incisors Exhibited Enamel Defect
The disruption of ameloblast maturation in gremlin OE mice is not surprising. Several studies
have demonstrated the importance of interactions between BMP agonists and antagonists for
proper crown development [8,2]. Noggin is known to bind to and antagonize BMP-2, -4, and
-7, with higher affinity for BMP-2 and -4 [43]. It has also been shown that follistatin binds to
BMP-2, -4, and -7, with higher affinity for BMP-7 [44,45]. These differences in affinity for
the various BMPs may explain the different phenotypes for mice overexpressing a specific
BMP antagonist. For example, follistatin, a known antagonist of TGF-β signaling, inhibits
activin and BMP-mediated signaling [46]. Ameloblasts do not differentiate in K14-follistatin
overexpressing mice.

Work by Plikus et al. [3] demonstrated that overexpressing noggin keratin 14 (K14) in the oral
and dental epithelium prevented maturation of both ameloblasts and odontoblasts. Although
layers of dentin-like material eventually formed, these deposits were irregular, resulting in
markedly defective dentin in a similar fashion to noggin.

Therefore, we propose that gremlin overexpression inhibited BMP-mediated signaling from
preodontoblasts/odontoblasts to preameloblast/ameloblasts, altering ameloblast development
and resulting in defective enamel crystal deposition (Figure 4B).

Periodontal Pathology
From 4 weeks to 4 months, gremlin OE exhibited an increase in the degree of inflammation at
the root apex. We speculate that this response was induced by pulp necrosis rather than a direct
effect of gremlin on PDL cells.
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In Vitro Results
Histological and SEM analysis of first molars from gremlin OE mice revealed bone-like
mineralized tissue in the pulp chambers (Figures 2 and 3). In vitro studies explored the
regulatory mechanisms which contribute to this phenotype. Dspp, a protein belonging to the
SIBLING family (Small Integrin Binding Ligand N-linked Glycoprotein), is highly selective
to odontoblasts. The effect of gremlin on Dspp expression in pulp cells was determined in
murine dental pulp cells in vitro. The importance of Dspp in dentinogenesis has been
demonstrated by the observations that mutations in the Dspp gene are associated with
dentinogenesis imperfecta in humans [47], and Dspp gene knockout mice show
hypomineralization of dentin (widening of predentin) [48]. Transgenic mice overexpressing
active TGF-β1 driven by the Dspp promoter, displayed decreased mineralization of enamel
and dentin, abnormal dentin formation, and downregulated Dspp mRNA expression [49].

While highly speculative, it is possible to consider that the ectopic mineralized pulp tissues
observed in the transgenic mice result from the ability of gremlin to downregulate Dspp,
ultimately driving pulp cells toward an osteoblast rather than an odontoblast phenotype. In
support of this, subcutaneously transplanted pulp cells were shown to form a mineralized matrix
possessing bone- or cementum-like characteristics, suggesting that pulp cells are capable of
forming “osteogenic” versus “dentinogenic” tissues, depending on the microenvironmental
cues presented to the cells [50]. Further studies are needed to clarify the specific molecules
regulating the formation of dentin versus bone or cementum and would include the exposure
of pulp cells and PDL cells to multiple BMP agonists and antagonists.

CONCLUSION
These data substantiate existing evidence that balanced interactions between BMP agonists/
antagonists are required for proper development of teeth and surrounding tissues. The profound
effects that these factors have on tooth development highlight the sensitivity of cells associated
with tooth and supporting structures to these stimuli and thus the potential to use such factors
for regeneration of these tissues. Nevertheless, it is clear that these interactions are complex
and require further investigation to better define the mechanisms controlling tooth root
formation (pulp, dentin, cementum, and surrounding tissue) to provide the information needed
to successfully regenerate these tissues.
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FIG. 1.
Gross appearance and radiographic analysis. (A) 4-month-old male Gremlin OE mouse (right
panel) has pulp tissue visible through lower incisors. Also note widened space (black bar)
between lower incisors in Gremlin versus. Wild type(WT) mouse. (B) Lateral cephalic view
of 4-month-old male WT (left) and Gremlin (right) mice. Note the excessive curvature of upper
and lower incisors of the Gremlin mouse. (C, D) Lower mandible radiographic examination,
WT (left) Gremlin (right), 4 weeks (C), and 4 months (D). The pulp chamber in molars from
4 weeks Gremlin (C, right) showed significant enlargement compared with WT (C, left). Labial
surface of Gremlin incisor is more radiolucent (C, D white arrowhead) and molars exhibit
periapical alveolar bone resorption (D, white arrow).
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FIG. 2.
Histological analysis at 4 weeks (A), 2 months (B), and 4 months (C) of age. (A) At 4 weeks,
ectopic calcification with entrapped cells is visible in the pulp space of the Gremlin mice
(asterisk), which is seen as a tubular in nature in the enlarged view. Inflammation is seen at
the Gremlin root apex (white arrow). The WT mouse pulp space is seen as normal. (B) Similar
pulpal morphology is seen at 2 months, but with more extensive necrotic cells noted in root
pulp (see enlarged view, arrow), with continued apical inflammation. Further, the PDL space
of the Gremlin mouse appears to be much less cellular (see enlarged view Gremlin mouse).
(C) As noted at earlier time points, 4 month Gremlin mouse pulp contains mineralized tissue
with entrapped cells with extensive apical inflammation. C1–C4 Higher magnification of 4-
month-old mice pulp and apical regions. C1 = Normal appearance of WT pulp and C2 =
Entrapped cells in Gremlin mouse pulp (asterisk) with necrotic cells noted (black arrow). C3
= Periapical region of WT is normal in appearance. C4 = High degree of inflammation at the
apex of Gremlin mainly composed of neutrophils, but lymphocytes and plasma cells are also
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present. Scale bars = 100 μm in whole molar images, 10 μm in enlarged images. De = dentin,
od = odontoblasts, P = pulp, PD = periodontal ligament, AB = alveolar bone.
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FIG. 3.
Backscatter mode scanning electron microscopy (SEM) image at age of 4 months old 1st molars
in the left mandible. WT (left) mouse shows normal appearance of dentin (de), enamel (e), and
pulp chamber (p). Gremlin mouse (right) molar exhibits thinner enamel with mineralized tissue
in the pulp chamber. At higher magnification the mineral tissue appear bone-like, and also its
presence results in diminished thickness of root dentin. Scale bars = 100 μm, AB = alveolar
bone.
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FIG. 4.
Histological and SEM analysis of 4 month lower incisors. (A) WT (left) has normal dentin
thickness and labial enamel space with well-polarized ameloblasts observed. Gremlin OE
mouse incisor (right) has much thinner dentin, and the enamel space is constricted mesiodistally
with some ameloblasts lacking polarity. Scale bars = 100 μm, am = ameloblasts, de = dentin,
od = odontoblasts. (B) SEM of WT enamel (left) shows characteristic weaved pattern of enamel
crystal rods interpacked with interrod crystals. Gremlin enamel (right) lacks proper rod-
interrod packing structure. Scale bars = 1 μm.
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FIG. 5.
In vitro 14 days mineralization and gene expression assays using murine dental pulp (DP) cells.
(A) In vitro Alizarin red staining assay for calcium precipitation with murine dental pulp cells
treated with β-GP. Significant staining is seen in cells treated with BMP-4, with minimal
staining in control cells and cells treated with both BMP-4 and gremlin or gremlin alone. (B)
Quantification of staining in (A) above shows significant differences between BMP-4 treated
cells and all other conditions, p <0.05. (C) Quantitative RT-PCR analysis of Dspp mRNA
expression in DP cells. DP cells treated with BMP-4 had significantly higher Dspp expression
compared with other treatment groups or control cells, p <0.05.
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