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Abstract
Initiation of enamel formation requires reciprocal signaling between epithelially and mesenchymally
derived cells.

Objective—In this study, we used a transgenic mouse model which drives overexpression of an
activated form of TGF-β2 under control of the osteocalcin promoter, to investigate the role of TGF-
β2 in the dental mesenchyme, on enamel formation.

Design—Dentin and enamel were imaged by scanning electron microscopy (SEM) and atomic force
microscopy (AFM). Dentin mechanical properties were characterized for hardness and elasticity,
following nanoindentation with a modified AFM. Pores found in enamel were quantified and
compared using image analysis software (Scion Image™).

Results—The elastic modulus of dentin was significantly reduced in the male TGF-β2
overexpressor mice as compared to male wildtype mice, with no significant differences between
female mice. Similarly, there were significantly more pores in the male transgenic mice as compared
to male wildtype mice, with no significant differences between female mice. In-situ hybridization of
the continuously erupting incisor confirmed that osteocalcin expression was limited to the
odontoblast cell layer at all stages of tooth formation.

Conclusion—TGF-β2 overexpression in the dentin matrix, results in sex-linked differences in
dentin and enamel formation.
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Introduction
Teeth form in a highly ordered process that includes reciprocal signaling between the
epithelium and mesenchyme (1,2). Differentiation of odontoblasts from the dental
mesenchyme requires signals from the oral epithelium. Subsequent to the initiation of dentin
formation, ameloblasts differentiate from the oral epithelium to begin enamel formation.

TGF-β family ligands are known to regulate a number of epithelial and mesenchymal tissue
interactions. For example, loss of TGF-β signaling in mice and humans has been implicated
in cleft palate defects resulting from impaired epithelial/mesenchymal interactions (3-5). The
expression pattern of TGF-β family ligands, receptors, and downstream Smad effectors in the
developing tooth and in odontogenic tumors suggests that these growth factors are also
important for the epithelial/mesenchymal interactions required for tooth development (6-8)
(for reviews see (9-11)

In vitro studies have shown that pulp cells express several members of the TGF-β ligand family
including TGF-β1, BMP-2, and BMP- 4 (12). Liu et al. showed that when pulp cells grown in
vitro differentiate into an odontoblast phenotype, TGF-β3, Smad3, and Smad8 are strongly
upregulated (>10X), as well as TGF-β2, and TGF-β receptor I (> 3 X)(13). As pulp cells express
both ligands and receptors for the TGF-β family, these growth factors can regulate cell
proliferation and differentiation in autocrine and paracrine manners (14). Clearly, the TGF-β
signaling pathway is intact and important in odontoblast differentiation and tooth development.
However, the mechanisms by which TGF-β acts to control dentin and enamel formation remain
unclear. For example, TGF-β1 has been shown to stimulate pulp cell proliferation but inhibit
odontoblast differentiation, whereas, Huojia and co-workers showed that TGF-β3 enhanced
terminal odontoblast differentiation and promoted the formation of ectopic dentin (15). The
relevance of these in vitro studies to tooth formation is difficult to assess in view of the
complicated epithelial mesenchymal interactions of tooth development in vitro.

Therefore, in this study we investigated the role of TGF-β in tooth formation in vivo by using
transgenic mice that express the active form of TGF-β2 under control of a 1.8-kb fragment of
the rat osteocalcin promoter, made by Erlebacher and Derynck (16). The D4 line of these
transgenic mice express 16-fold elevated levels of TGF-β2 in cells that express osteocalcin,
including osteoblasts, odontoblasts and cementoblasts. Because osteocalcin expression has
only been reported in the dental mesenchyme, but not in the enamel epithelium or differentiated
ameloblasts (17,18), this transgenic mouse model is useful in understanding the effects of TGF-
β signaling by the dental mesenchyme on enamel. The aim of this study was to determine
whether changes in TGF-β2 expression by cells of the dental mesenchyme would also affect
enamel formation.

Materials and Methods
SEM and AFM analysis of D4 and WT teeth

D4 mice (16), containing the plasmid pOc-β2C2S2, which expresses 16-fold elevated levels
of active TGF–β2 under control of the osteocalcin promoter, were used for these studies. Eight
week old male (n=3) and female (n=4) D4 mice, and their age and sex matched controls (male:
n=3 and female n=4) were killed by CO2 inhalation, followed by cervical dislocation according
to UCSF approved animal care protocols. The lower mandible was removed. Following
dissection of excess soft tissue, isolated mandibles were placed into Hanks’ balanced salt
solution prior to embedding in epoxy resin (Stycast, Emerson & Cuming, MA). The mouse
mandibles were polished using SiO2 abrasive paper to the center of the pulp chamber to provide
sagittal sections of the first molar crown. The samples were further polished with a series of
abrasive papers down to 1200 grit (American National Standards Institute, ANSI #1200) and
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then with water based diamond suspensions down to 0.25 μm particle size (Buehler, Ltd., Lake
Bluff, IL). The sections were cleaned ultrasonically in deionized water for 10 seconds and
imaged by light microscopy and scanning electron microscopy (SEM) (ISI ABT, SX-40A,
Topcon Instruments, Pleasanton, CA) using back scattered imaging.

Mechanical properties of the specimens were studied immediately after final surface
preparation using atomic force microscopy (AFM) based nanoindenation, (Nanoscope III,
Digital Instruments, Santa Barbara, CA) with the standard head replaced by a Triboscope
nanoindenter system (Hysitron Inc., Minneapolis, MN), as described elsewhere (19,20).
Nanoindentations were made in a liquid cell containing distilled and filtered water (“wet”
condition). A Berkovich diamond indenter with a tip radius of about 20 nm or Berkovich
indenter, radius around 100nm was used for indentation and imaging. Fused silica was used
for calibration of the machine compliance, the elastic modulus, and to define the tip area
function for indentation depths over a range of 50 to 200 nm. Indentation loads of 750 μN on
dentin resulted in indentation depths 150-200nm. A linear series of indentations, spaced
approximately 10μm apart, were made in each specimen. AFM imaging ensured positioning
of the indenter on the intertubular dentin while avoiding tubules and the peritubular region.
The indentation load-displacement data were analyzed to determine the elastic modulus,
according to the method of Oliver and Pharr (21,22).

Analysis of pores in the enamel matrix
Backscattered imaging of the enamel overlying the dentin-enamel junction (DEJ) showed the
presence of pores that were further imaged by conventional atomic force microscopy (AFM)
(Nanoscope III, Digital Instruments, Santa Barbara, CA). For each first molar, 8 positions, 2
in the cervical region, 3 in the occlusal region, and 3 in the proximal region, were selected. At
each position, AFM topographic images 50μm × 20μm of the enamel adjacent to the DEJ and
mid-enamel (100μm from the DEJ) were obtained (Fig. 1A).

Pores noted in AFM topographic images were analyzed using image analysis software (Scion
Image™). An example of the AFM images and their processing is shown in Figure 2. Within
each 1000 μm2 field, the number of pores was counted and their individual sizes were recorded.
Individual pore sizes were summed to estimate the area of the field occupied by pores. The
image analysis technique for identifying pores depends on a subjective identification of the
periphery of a pore. Wider peripheries result in fewer distinct pores, since some pores then
merge together, but a larger cumulative area. Consequently, this measurement error
accumulates with pore count and pore area. For a given field, we controlled this effect by
repeatedly defining the periphery, on the basis of a relatively large “index” pore within the
field, and then selecting typical data (pore count, cumulative area) for analysis.

Statistical Analysis
To model random effects for pore area and pore number, we accounted for clustering of
outcomes within mice, since there was sufficient data to support this approach. On the natural
scale, both outcome variables, pore area and pore count, were right skewed before log
transformation but were approximately normally distributed afterwards, judging from QQ plots
and Kolmogorov-Smirnov tests. When the transformed data were stratified by tooth, no
extreme outlier was identified for either outcome variable.

We used mixed effects models to examine the dependence of each outcome variable on the
fixed effects of mouse type (D4 or WT), sex, tissue type (enamel at the DEJ or mid-enamel),
and field position (cervical, occlusal, or proximal). For mouse-type, sex, and tissue-type, all
two-way interaction terms and the 3-way effect were included in the models of both outcomes.
In addition, the models were adjusted for pairing of tissue types within the 8 locations along
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the DEJ (see Figure 1; 5 locations shown) as well as for nesting of tissue types and locations
within mice. Analyses were performed on the log scale, and means and confidence intervals
were transformed to the natural scale for reporting. Findings are presented both overall and by
field position (cervical, occlusal, and proximal).

In situ hybridization
Mandibles from 2 WT and 2 D4 mice were fixed overnight in 4% paraformaldehyde,
demineralized in 10% EDTA, embedded in paraffin, and sectioned in RNAse free conditions.
A 35S-labeled cRNA osteocalcin antisense probe was generated following linearization of the
corresponding plasmid with BamHI and in vitro transcription using T3 polymerase as described
by Ferguson and co-workers (23). As a negative control, a 35S-labeled cRNA histone
deacetylase 5 (HDAC5) sense probe was generated by linearization of pRK5-HDAC5 with
XbaI and transcription using Sp6 polymerase as described,(24). Sections were counterstained
with 4’, 6-diamidino-2-phenyindole (DAPI) to visualize nuclei. Dark-field illumination was
used to reveal in situ labeling, which was then colorized using Adobe Photoshop to evaluate
localization of osteocalcin mRNA expression.

Results
Examination of the dentin under light microscopy and SEM revealed no obvious structural
difference in the dentin of WT as compared to either the male or female D4 mice (data not
shown). However, backscattered SEM showed pores in enamel at the DEJ and into the mid
enamel region (Fig.1).

Dentin Mechanical Properties
Dentin elastic modulus was found to be significantly lower in male D4 mice than in other
groups (P = 0.0009) (Table 1). For hardness measurements, variation by group was less
dramatic (P = 0.17), but this outcome was again lowest in male D4 mice (Table 1).

Porosity in enamel
To gain a better understanding of the structure near the DEJ, we utilized AFM which visualizes
the DEJ region with less sample distortion. Figure 3 shows typical AFM images of the enamel
pores. AFM was used to quantify the porosity in enamel near the DEJ. In 1000 μm2 fields of
enamel, pores occupied an average of 1.7% of the surface area (range, 0.03% to 20.3%). Pore
areas were greatest in D4 male mice (Figure 4). Near the DEJ, pores occupied 6.4% of the 1000
μm2 image in D4 male mice, compared with 2.6% in D4 female mice, 2.3% in WT male mice
and 1.8% in WT female mice (Figure 4a).

The relationship between mouse type and sex seen in enamel near the DEJ also was observed
in the mid-enamel; however, the pore areas in the mid-enamel region occupied significantly
less area by a factor of 3.35 (95% confidence interval (CI), 2.52 to 4.44; P < 0.001) In addition,
pore count was consistently higher near the DEJ than in mid-enamel (DEJ:mid-enamel ratio,
1.81; P = 0.004). Among D4 mice, pore area was significantly greater in males than females
by a factor of 2.58 (95 % CI, 1.48 to 4.51; P = 0.002), whereas among WT mice pore area
hardly varied by sex (male:female ratio, 1.23 (0.70 to 2.15; P = 0.45)). Further, among male
mice, pore area was larger in D4 than WT mice by a factor of 3.13 (1.57 to 6.26; P = 0.004)
but among female mice, the D4:WT ratio was only 1.48 (0.81 to 2.69; P = 0.18). Pore size was
larger in male D4 as compared to WT mice teeth (ratio 2.06). Larger pore size was observed
consistently in D4 as compared to WT (p=0.03), in both sexes and both regions. Pore size was
larger in the near DEJ region than mid-enamel region. (p<0.001) (Fig 5).
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Some male:female differences were also seen across tooth regions. Near the DEJ, the enamel
of male teeth was more porous in the proximal and occlusal regions than in the cervical region
(P=0.097 for any difference among positions), whereas female teeth were more porous in the
cervical and proximal regions than in the occlusal region (P=0.042 for any difference among
positions in females; Figure 4b). The significance level is lower in male than female mice
because of the difference in sample size (male: n=3, female: n=4). Near the DEJ, male mice
tended to have higher pore counts in proximal and occlusal regions than cervical regions,
whereas female mice tended to have higher pore counts in the proximal region than in the
cervical and occlusal regions (P > 0.15).

Osteocalcin expression
Our data show severe defects in enamel porosity in D4 mice. However, in these mice, the
osteocalcin promoter was expected to drive TGF-β2 overexpression only in odontoblasts; not
in cells that formed enamel. To determine if the enamel defects were due to altered TGF-β2
expression by dentin or enamel producing cells, we confirmed the expression pattern of
osteocalcin by in situ hybridization with a radiolabelled osteocalcin cRNA probe. In situ
hybridization of the mouse molars showed osteocalcin expression in the dentin layer. However,
since mouse molar enamel development is complete in 2 month old mice, ameloblasts were
no longer present (Fig 6 A and B). Therefore we examined osteocalcin expression in the
continuously erupting incisor, which contains all stages of dentin and enamel development in
a single tooth. Osteocalcin mRNA also localized to odontoblast layer in the incisor, with no
evidence of osteocalcin expression by the ameloblasts or in any other cells of the enamel organ
(Fig. 6C and D) The expression patterns in both molars and incisors were similar in the WT
and D4 mice.

Discussion
The TGF-β2 overexpressing transgenic mouse model examined in this study expresses an
activated form of TGF-β2 linked to an osteocalcin promoter. Similar to our previous results
(25), we did not find differences in nanohardnes between the transgenic and wildtype mouse
dentin. However, in this study we did find significantly reduced dentin elastic modulus in the
male TGF-β2 overexpressor mice, as compared to the other groups. The male TGF-β2
overexpressor mice exhibited an increased number of pores in the enamel, suggesting
incomplete enamel formation. In this mouse model, the osteocalcin promoter drives TGF-β2
overexpression in dentin, but not enamel development. Therefore, these data indicate that the
defects that are found in the enamel, result from changes in the response of the underlying
dentin to TGF-β2 overexpression.

One explanation for the effects of TGF-β2 produced by odontoblasts, on enamel formation, is
that the overexpressed TGF-β2 synthesized by the developing odontoblasts, directly contacts
the epithelial cell layer prior to enamel matrix synthesis. An inhibition of pre-ameloblast
proliferation or enhanced differentiation relative to exposure to higher levels of TGF-β is
consistent with the known effects of TGF-β on epithelial cells (26).

However, it seems more likely that changes in the enamel of TGF-β2 overexpressing mice,
result from altered dentin formation. Although the dentin layer in the transgenic mice appeared
normal, nanomechanical testing showed a reduced elastic modulus in male D4 male mice.
Increased enamel porosity was also found in this group of male D4 mice.

The phenotype of the TGF-β2 overexpressing mice is unlike those found in the transgenic
mouse that overexpressed TGF-β1 linked to the dentin sialophosphoprotein (DSPP) promotor.
The TGF-β1 overexpressor mice had a much more severe phenotype, with a highly
disorganized odontoblast layer, and reduced dentin mineralization (27,28). However, in the
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TGF-β1 mouse model, TGF-β overexpression was linked to the DSPP promotor, which is
present in both the dental mesenchyme and epithelium. This, along with the requirement for a
type III TGF-β receptor for efficient TGF-β2 activity (29) may account for the increased
severity of the defects found in the TGF-β1 mouse model.

A surprising finding in this study were the differences between male and female mice. A
possible explanation for the sex difference observed in the mouse teeth is that osteocalcin
synthesis is greater in the odontoblasts of transgenic male mice, with resultant higher TGF-
β2 synthesis in the male transgenic mice as compared to female transgenic mice. Studies in
humans (30) and horses (31) have shown higher levels of osteocalcin in males as compared to
females. The mechanism of sex-specific osteocalcin expression is not clear, and little
information on sex-linked differences in tooth formation is available. These data suggest that
sex differences should be considered when studying tooth formation.

The effect of overexpression of TGF-β2 by odontoblasts on enamel development, shown in
this study emphasizes the importance of signaling by the dental mesenchyme on enamel
formation. This study is the first to show sex-related differences in enamel structure, secondary
to changes in dentin signaling. The presence of such porosities in enamel, would likely
dramatically affect the resistance of this tissue to dental caries, since acids could more readily
diffuse through the larger and more numerous pores. This suggests that genetic and
environmentally-related differences in dentin signaling could alter enamel structure with a
potential impact on dental health.
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TGF-β  

transforming growth factor-β

SEM  
scanning electron microscopy

AFM  
atomic force microscopy

BMP  
bone morphogenetic protein

DAPI  
4’, 6-diamidino-2-phenyindole

DSPP  
dentin sialophosphoprotein

WT  
wildtype mice

D4  
TGF-β overexpressor transgenic mice
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Figure 1.
A: Schematic drawing of examined area on sagittal section of first molar. B: optical
microscopic image (male WT) squares show the examined area in A. C: SEM (backscattered)
showing porous structure of enamel.
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Figure 2.
These panels show an example of how the AFM images were processed with Scion Image™.
A: Topographic image captured by AFM. A 20×50 μm area (shown as white outlined box)
along the DEJ was selected. B) The z axis value is shown in the chromatic scales to the right
of the image, with darker colors showing lower topography, representing pores in the enamel.
C) The Scion image system was used to identify pores by color, with pores defined as small
dark spots. When capturing the images of pores in the lighter elevated regions, larger concave
areas were falsely identified (green outlined area). These areas were manually deleted and a
second image (C2) was made of the pores in the darker concave regions. These two images
were transferred to a black scale (binarized) and the total number and size (area) of the pores
were counted and recorded.
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Figure 3.
AFM topographic images of the occlusal area of enamel near the DEJ. A: WT male, B: D4
male, C: WT female, D: D4 female. More pores were apparent in the D4 male.
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Figure 4.
a. Percentage of 1000 μm2 field occupied by pores, by tissue type, mouse type, and sex. Plotted
are means (95% confidence interval), per tissue type, over 3 male mice at 8 positions; 4 female
mice at 8 positions. Pore areas in enamel are greatest in D4 male mice, in which pores occupied
3.3-fold more area near the DEJ than in mid-enamel (p<0.001).
b. Enamel near the DEJ: Percentage of 1000 μm2 field occupied by pores, by mouse type, tissue
location, and mouse sex. Plotted are means (95% confidence interval), per tissue type, over 3
male mice at 2 cervical, 3 proximal, and 3 occlusal positions; and 4 female mice at 2 cervical,
3 proximal, and 3 occlusal positions. Male teeth are more porous in the proximal and occlusal
regions than in the cervical region, whereas female teeth are more porous in the cervical and
proximal regions than in the occlusal region (tests of variation by position: male, P=0.097;
female, P=0.042).
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Figure 5.
Pore size (μm2), by tissue type, mouse type, and sex. Plotted are means (95% confidence
interval), per tissue type, over 3 male mice at 8 positions; 4 female mice at 8 positions. Pore
size is larger in D4 than WT, after controlling for tissue type and sex (P=0.03). Pore size is
larger in enamel near the DEJ than in the mid-enamel region (P<0.001).
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Figure 6.
In situ hybridization of the TGF-β mouse teeth. Molars showed osteocalcin expression in the
dentin (d) and cementum (c) layers (A). Antisense control shows no staining (B). However,
since mouse molar enamel development is complete in 2 month old mice, ameloblasts (a) were
no longer present. Osteocalcin in situ hybridization (C) and control (D) of incisors show the
cervical loop (CL) area where enamel formation is initiated up to the enamel maturation stage.
At all stages of enamel formation only the dentin is positive for osteocalcin mRNA, indicating
that alterations in the enamel of the TGF-β mice are secondary to TGF-β2 overexpression by
the odontoblasts (o), pulp (p).
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Table 1
Dentin Mechanical Properties

Group Elastic modulus (GPa)
Mean (95% CI)

Hardness (GPa)
Mean (95% CI)

Female WT 17.5 (15.0 – 19.9)* 0.71 (0.57 – 0.85)
Female D4 16.3 (14.2 – 18.5) 0.73 (0.60 – 0.86)
Male WT 15.1 (13.0 – 17.2) 0.62 (0.50 – 0.75)
Male D4 9.6 (7.5 – 11.8) 0.55 (0.42 – 0.67)
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