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Abstract

Introduction: Odontoblasts produce dentin throughout life and in response to trauma. The 

purpose of this study was to identify the roles of endogenous Wnt signaling in regulating the rate 

of dentin accumulation.

Methods: Histology, immunohistochemistry, vital dye labeling and histomorphometric assays 

were used to quantify the rate of dentin accumulation as a function of age. Two strains of Wnt 

reporter mice were employed to identify and follow the distribution and number of Wnt-responsive 

odontoblasts as a function of age. To demonstrate a causal relationship between dentin secretion 

and Wnt signaling, dentin accumulation was monitored in a strain of mice in which Wnt signaling 

was aberrantly elevated.

Results: Dentin deposition occurs throughout life, but the rate of accumulation slows with age. 

This decline in dentin secretion correlates with a decrease in endogenous Wnt signaling. In a 

genetically modified strain of mice, instead of tubular dentin, aberrantly elevated Wnt signaling 

resulted in accumulation of reparative dentin or osteodentin, secreted from predontoblasts.

Conclusions: Wnt signaling regulates dentin secretion by odontoblasts, and the formation of 

reparative or osteodentin is the direct consequence of elevated Wnt signaling. These preclinical 

data have therapeutic implications for the development of a biologically based pulp-capping 

medicant.
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Introduction

Bone turnover is maintained by osteoclasts that resorb bone matrix and osteoblasts that 

deposit new matrix. With aging, the balance between osteoblast and osteoclast function is 

lost, and the result is osteoporosis, a low bone mass disease (1, 2). The dental pulp, on the 

other hand, only houses dentin-producing odontoblasts; consequently, dentin accumulates 

with age (3).

In response to activities of daily living including exercise that can cause micro-cracks, 

osteoclasts resorb mineralized matrix and osteoblasts deposit new osteoid. This remodeling 

activity restores the structural integrity of the skeleton. The dental pulp is also capable 

of mounting a response to sub-acute trauma e.g., extreme temperature changes, or acid 

production by bacteria- but this is distinctive from bone because there is no remodeling 

activity. Instead, odontoblasts can only increase their rate of dentin secretion and in 

doing so, create a thicker protective barrier between the insult and the pulp (4). In acute 

trauma, other cells in the pulp, e.g., pre-odontoblasts can be recruited to rapidly secrete a 

mineralized matrix that protects the pulp. This mineralized tissue does not have a tubular 

structure because the cells producing it lack processes (5, 6) and is called osteoid-like 

dentin, or osteodentin (7).

A key regulator of the balance between osteoblast and osteoclast function is the Wnt 

pathway (8–10). Wnt signals operate at multiple levels in the programs of osteoblastogenesis 

and osteoclastogenesis, but in general, the effects of this pathway can be summarized as 

having a pro-osteogenic effect (11). For example, the genetic gain in Wnt function mutations 

cause high bone mass conditions (12, 13), whereas loss of Wnt function leads to low bone 

mass diseases including osteoporosis (14). Others and we have demonstrated that the Wnt 

pathway is also operational in the dental pulp (15–20).

Here, we sought to better understand the role of Wnt signaling in age-related changes 

to the pulp, and specifically how these changes might contribute to the ability of the 

pulp to respond to sub-acute traumas resulting from the activities of daily living. We 

employed three transgenic mouse strains: in the Axin2LacZ/+ strain of mice, the LacZ 

gene is under control of the promoter for the Wnt dependent target gene Axin2 (21); 

consequently, Wnt-responsive cells can be identified by visualization of Xgal staining (15). 

In the Axin2CreERT2/+; R26RmTmG/+ strain of mice, the Cre gene is under control of the 

Axin2 promoter; when presented with tamoxifen, cells expressing Cre/Axin2 undergo a 

recombination event, and then become permanently labeled with GFP (16, 19). Thus, Wnt-

responsive cells and all their progeny express GFP (15). Finally, in the DMP1–8kb-Cre+/−; 

Catnblox(ex3)/lox(ex3) (also referred to as daβcatOt) mice, the Cre gene is under control of 

the DMP1 promoter; DMP1 is expressed in odontoblasts (22); therefore, in daβcatOt mice, 

βcatenin is stabilized, leading to elevated Wnt signaling in DMP1-expressing cells.
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Collectively, analyses of tissues from these mice demonstrated that 1) odontoblasts are 

sensitive to an endogenous Wnt signal; 2) endogenous Wnt signaling in the pulp decreases 

with age, along with rate of dentin secretion; and 3) genetically amplifying Wnt signaling 

in the pulp leads to a massive and rapid accumulation of dentin that, because of its rate of 

accrual, resembles osteodentin.

Materials and Methods

Animals

Experimental procedures were approved by the Stanford Committee on Animal 

Research (#13146) and the Institutional Animal Care and Use Committee of Indiana 

University School of Medicine. Four strains of transgenic mice were used: Axin2LacZ/+, 

Axin2CreERT2/+; R26RmTmG/+, DMP1–8kb-Cre+/−; Catnblox(ex3)/lox(ex3) (daβcatOt), and 

DMP1GFP. For detailed information on the individual strains as well as breeding, please 

see the Supplemental Materials and Methods.

Vital dye labeling and quantification of mineral apposition rate

Vital dye labeling was previously described (23). Mice were intraperitoneally injected with 

20 mg/kg of Calcein (Sigma-Aldrich) and 30 mg/kg of Alizarin Red (Sigma-Aldrich) with a 

10-day interval. Two days after Alizarin Red injection, mice were sacrificed and harvested. 

Samples were fixed in 4% PFA overnight, dehydrated with 30% sucrose overnight, and 

then processed for hard tissue embedding and sectioning, using Kawamoto’s method (24). 

Mineral apposition rates (MAR) were calculated by measuring the distance between the 

Calcein labeled bone (green line) and Alizarin Red labeled bone (red line); this measurement 

was made at eight distinct, randomly chosen sites around the maxillary first molars, in three 

separate mice. MAR was then calculated as the distance in μm/interval of time between 

when the labels were injected.

Sample preparation, processing, histology, Xgal staining, and immunohistochemistry 
assays

Maxillae were harvested, fixed, sectioned at a thickness of 8 μm, and processed using 

established procedures (18). Aniline blue and Movat’s pentachrome staining were performed 

as described before (18, 25). For aniline blue staining, sections were submerged in 1% 

aniline blue (B8563, Sigma-Aldrich) for 3 minutes until a dark blue color developed. 

Slides were then washed in 1% acetic acid (A38–212, Fisher) for 5 minutes and 

repeated twice until appropriately discolored. The Movat’s pentachrome method employs 

alcian blue, (A3157, Sigma-Aldrich), sodium thiosulfate (14518, Alfa Aesar), crocein-

scarlet (210757, Sigma-Aldrich) acid-fuchisn (F8129, Sigma-Aldrich), phosphotungstic acid 

(P4006, Sigma-Aldrich), acetic acid, and alcoholic saffron (3801, Sigma-Aldrich). Movat’s 

pentachrome staining results in nuclei that are black, collagen and reticulin that are yellow, 

glycosaminoglycans are light blue, and muscle, cytoplasm and keratin in red (26). Dentin 

and alveolar bone were stained green/yellow while the PDL and dental pulp stain red.

To detect β-galactosidase activity, X-gal staining was performed (Supplemental Materials 

and Methods). Immunostaining was performed using standard procedures (25). For the 
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information of primary and secondary antibodies, please see the Supplemental Materials and 

Methods.

Statistical analyses

All data were presented as mean ± standard deviation of each group. One-way analysis of 

variance (ANOVA) was used to quantify differences, using Prism 7 (GraphPad Software, 

USA). A p-value ≤0.05 was considered significant.

Results

Dentin deposition rate declines with age

Similar to humans, we found that mice exhibited an accumulation of dentin throughout 

life and as a consequence, the volume of the pulp cavity was gradually reduced (Fig. 1A–

C, quantified in D). This increase in dentin volume occurred even as the rate of dentin 

accumulation slowed in older mice (Fig. 1D): for example, the average rate of dentin 

deposition in 1-month-old mice was between 2.1~8.4 μm/day (Fig. 1E) while in 6-month-old 

mice, the rate of deposition was below the limit of resolution (Fig. 1F).

The decline in dentin deposition is paralleled by reduced Wnt responsiveness

Does Wnt signaling regulate the rate of dentin secretion? In Axin2LacZ/+ reporter mice, cells 

that are responsive to an endogenous Wnt signal can be identified by their Xgal+ve status. 

In 1-month-old mice, abundant Xgal+ve cells lined the dentin/pulp interface (Fig. 2A). In 

3-month-old mice, a single layer of Xgal+ve Wnt-responsive odontoblasts was evident (Fig. 

2B). In 6-month-old mice, only a small portion of odontoblasts remained Xgal+ve (Fig. 2C). 

Thus, within the pulp, there was a significant decline in the number of Xgal+ve cells as a 

function of age (Fig. 2D).

We used a second method to determine if endogenous Wnt signaling declined with age. 

In 1-month-old mice, cells at the dentin/pulp interface abundantly expressed the Wnt 

transcription factor, Lef1 (Fig. 2E). Lef1 immunostaining was reduced in 4-month-old mice 

(Fig. 2F), and by 6 months of age, Lef1+ve cells were no longer detectable in the pulp (Fig. 

2G), demonstrating a progressive decline in Wnt signaling in the pulp as a function of age 

(quantified in 2H).

The gradual loss in Wnt-responsive odontoblasts was confirmed using a lineage 

tracing strain Axin2CreERT2/+; R26RmTmG/+ mice. The Wnt-responsive population and its 

descendants was identifiable by virtue of its GFP expression. In 1-month-old mice, most 

odontoblasts were GFP+ve (Fig. 2I), indicating that they were responsive to an endogenous 

Wnt signal. In 2-month-old mice, the number of GFP+ve cells had declined significantly 

(Fig. 2J), indicating that descendants of the initial Wnt-responsive population had been 

lost. In 4-month-old mice, GFP+ve descendants of the initial Wnt-responsive population had 

diminished still further (Fig. 2K; quantified in L).

How were the GFP+ve cells lost? Co-immunostaining of GFP and the apoptosis marker, 

Caspase 3, was performed at the 1, 4, and 6-month time points. Only the 1-month old 

mice showed evidence of GFP/Caspase 3 co-expression (Fig. 2M); in 4- and 6-month old 
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mice, Caspase 3 expression was undetectable (Fig. 2N,O). Therefore, some reduction in 

the Wnt-responsive population appeared to be due to apoptosis. Coupled with the gradual 

reduction in mitotic activity as shown by PCNA immunostaining (Fig. 2P–S), it became 

readily apparent that the density of Wnt-responsive cells at the dentin-pulp interface was 

reduced as a function of age (Fig. 2T–V).

Wnt signaling regulates the rate of dentin secretion

Data thus far demonstrated a correlation between Wnt signaling and the rate of dentin 

deposition. To establish a causal relationship between Wnt signaling and the rate of dentin 

deposition, we genetically engineered odontoblasts to always express a stabilized form the 

Wnt pathway intermediate, beta catenin. To achieve this we used a strain of mice in which 

Cre was expressed in odontoblasts. Odontoblasts and pulp cells expressed DMP1 (Fig. 

3A), suggesting that the DMP1-Cre strain of mice could serve as a means to activate Wnt 

signaling in odontoblasts.

We confirmed that DMP1 was expressed in odontoblasts and pulp cells by following the 

expression of GFP in DMP1GFP reporter mice. In these transgenic mice, GFP is under 

control of the DMP1 promoter and as expected, odontoblasts were positively labeled (Fig. 

3B). We then proceeded with crossing DMP1-Cre mice with a strain of mice expressing the 

stabilized form of β-catenin. These mice, referred to as daβcatOt, exhibited amplified Wnt/β-

catenin signaling in DMP-expressing cells (see Fig. 3C,D and reference (27)). Compared 

with age-matched littermates (Fig. 3E), significantly more dentin accumulated in daβcatOt 

mutant teeth, in both the incisors (Fig. 3F) and the molars (compare Fig. 3G with H). The 

dentin accumulation nearly eliminated the pulp cavity in the crown region (Fig. 3G, H). 

Histologic analyses confirmed μCT imaging (compare Fig. 3I,J). Cumulatively, these data 

demonstrated that amplified Wnt signaling in odontoblasts led to a dramatic increase in 

dentin accumulation.

Accelerating deposition converts a tubular dentin into osteodentin

The nature of the dentin was examined in daβcatOt mutant mice. Whereas in control 

animals, the tubular structure of dentin was obvious and the pulp cavity was densely cellular 

(Fig. 4A), the dentin of daβcatOt mutant had no tubular arrangement and cells were trapped 

within the mineralized matrix (Fig. 4B). In controls, aniline blue staining highlighted the 

ordered nature of the odontoblasts and the tubular dentin (Fig. 4C), in daβcatOt mutants, the 

odontoblasts were disorganized, and the dentin had an osteoid-like appearance (Fig. 4D).

Osterix expression was undetectable in the adult pulp of control mice (Fig. 4E). In contrast, 

Osterix was strongly expressed in the adult pulp of daβcatOt mutant mice (Fig. 4F), 

indicating the pre-odontoblasts, instead of odontoblasts, were presented in daβcatOt mutant. 

Nestin is expressed by mature, fully differentiated odontoblasts as shown by analyses of 

1-, 4-, and 6-month-old pulps (Fig. 4G–I and see (28, 29)). In daβcatOt mutants, Nestin 

expression was abolished, and in its place were only pre-odontoblasts secreting atubular 

osteodentin (Fig. 4J). These data supported our hypothesis that aberrantly elevated Wnt 

signaling triggered osteodentin production by pre-odontoblasts.
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Discussion

Wnt signals maintain dentin secretion

Here we provide evidence that the survival of odontoblasts and their continued production 

of dentin is ensured in part by endogenous Wnt signaling. This interpretation is 

strongly supported by the literature (reviewed in (30)). For example, using a loss-of-

function approach, Han and collogues demonstrated that β-catenin was required for 

odontoblast differentiation (31) and in a murine pre-clinical study, Yoshioka and colleagues 

demonstrated that Wnt signaling and β-catenin are both up-regulated in response to sub-

acute pulp trauma (32). These data and others (19, 33) firmly establish the Wnt/β-catenin 

pathway as a critical regulator of odontoblast function. We extend these observations by 

demonstrating that the age-related decline in dentin production is mirrored by a decline in 

Wnt signaling (Fig. 1) and a diminishment in the population of Wnt-responsive cells in the 

pulp (Fig. 2).

Not all published data comport with our model. For example, Berdahl and colleagues 

showed that rather than activation, inhibition of Wnt/β-catenin signaling by Msx2 controls 

formation of osteodentin (34). It is not clear at this time how these data can be reconciled 

with findings shown here. Others have shown using in vitro analyses that Msx2 enhances 

Wnt signaling and promotes mineralization (35). Some of these differences may be due 

to timing or the duration of the Wnt signal. Indeed, constitutive activation or constitutive 

repression of the Wnt/β-catenin pathway can lead to similar outcomes in mineralized tissues.

The repair response of the pulp is orchestrated by Wnt signals

In patients and in animal models, the pulp demonstrates an extraordinarily vigorous repair 

response to trauma. Variously referred to as reactionary, reparative, and tertiary dentin, the 

mineralized matrix produced in response to injury tends to be atubular and rather than being 

secreted by fully differentiated odontoblasts, it is produced by pre-odontoblastic progenitor 

cells in the pulp ((36) and reviewed by (6)). This “back-up” system appears to be ideally 

suited for a relatively quiescent tissue that must survive for an entire lifetime. How is this 

quiescent status maintained, and how is it reversed upon injury is still open for debate. In 

tissues that do not turn over, adult stem cells exist in a mitotically arrested state with a 

low metabolic demand (37). In response to injury, however, this stem cell pool is capable 

of proliferating and then differentiating to aid in tissue repair (37). Applying this theory to 

the pulp seems reasonable: it is a tissue with very low turnover rate, but fully capable of 

mounting a robust repair response to trauma. In many tissues, Wnt signals maintain adult 

stem cells in a quiescent state (38) and we propose the pathway plays a similar role in the 

adult pulp.

Clinical implications

If primary odontoblasts respond to trauma and secrete copious amounts of new dentin, then 

the pulp generally retains its vitality. When that repair response is attenuated with age, the 

result is typically chronic inflammation followed by pulp necrosis, which necessitates a 

root canal. The vast majority of endodontic cases begin with sub-acute, chronic trauma to 

the pulp, e.g., chronic pulpitis that is not adequately repaired by the pulp’s natural defense 
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strategy. Our goal is to devise new biologically based strategies to enhance this natural repair 

response that has become attenuated as a result of aging. We envision a therapeutic strategy 

to stimulate the repair potential of an aged pulp by enhancing Wnt signaling via delivery 

of a liposomal formulation of WNT protein. We demonstrated the feasibility of such an 

approach (15), with one important caveat. In our studies, the dentin injury was produced 

in an otherwise healthy tooth. This characteristic does not match with most endodontic 

pulp cases, where the pulp is inflamed and potentially infected at the time of treatment. 

Consequently, it will be critically important to test a WNT-based strategy to enhance dentin 

secretion in a model that replicates this clinical scenario.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Dentin deposition occurs throughout life, but the rate of accumulation slows 

with age.

• Dentin secration rate correlates with endogenous Wnt signaling.

• Elevated Wnt signaling in odontoblasts leads to osteodentin formation.
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Figure 1. Dentin deposition rate declines with age.
Representative Movat’s pentachrome stained maxillary molar sections showing the dentin 

thickness and pulp volume in (A) 1M, (B) 3M to (C) 6M groups. In Movat’s pentachrome, 

dentin and alveolar bone stain green to yellow, and PDL and dental pulp stain red. (D) 

Quantification of the pulp area and dentin area over the total pulp + dentin area from 1M, 

3M, 6M and 12M mice (N=3 for each group). Vital dye labeling showing the new dentin 

formation in mice around (E) 1M and (F) 6M old in a 10-day interval. Calcein (green) 

was first injected, Alizarin red (red) was injected 10 days later, and mice were harvest 2 

days after the last injection. Blue dotted lines indicate the crown. Abbreviations: d: dentin; 

p: pulp; ab: alveolar bone; g: gingiva; scale bars: 100 μm. Data are expressed as mean ± 

standard deviation; *p < 0.05; ***p < 0.0001.
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Figure 2. The decline in dentin deposition is paralleled by a decline in the population of Wnt-
responsive odontoblasts.
Xgal+ve, Wnt-responsive cells in the maxillary first molars at the age of (A) 1M, (B) 3M 

and (C) 6M. (D) Quantification of Xgal+ve pixels in the pulp by age. Microscopy images 

showing Lef1 expression in odontoblasts in (E) 1M, (F) 4M and (G) 6M groups. (H) 

Quantification of Lef1+ve pixels in the pulp by age. (I) GFP+ve, Wnt-responsive cells in the 

maxillary first molar dental pulp of 1M-old mice, 5 days after tamoxifen treatment. GFP+ve, 

Wnt-responsive cells were examined with (J) 1-month tracing and (K) 3-month tracing. 

(L) Quantification of GFP+ve, Wnt-responsive cells in the pulp area. Co-Immunostaining 

Zhao et al. Page 12

J Endod. Author manuscript; available in PMC 2024 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of apoptosis marker Caspase 3 (Red) with Wnt-responsive cells (Green) in odontoblasts of 

(M) 1M, (N) 4M and (O) 6M mice. Immunostaining for the proliferation marker PCNA in 

odontoblasts in (P) 1M, (Q) 4M and (R) 6M mice. (S) Quantification of PCNA+ve pixels in 

the pulp by age. Pentachrome staining showing the odontoblasts in the maxillary first molar 

in (T) 1M, (U) 4M and (V) 6M mice. Double head arrows indicate the odontoblast layer. 

Abbreviations: d, dentin; p, pulp; scale bars: 25 μm. Data are expressed as mean ± standard 

deviation; *p < 0.05; **p < 0.01; *** p < 0.0001.
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Figure 3. Wnt signaling regulates the rate of dentin secretion.
(A) Immunohistochemistry identifies DMP1 expression (brown) in a maxillary first molar. 

(B) Immunohistochemistry confirmed the GFP expression (purple) in a maxillary first molar 

in DMP1GFP mice. Immunohistochemistry for β-catenin (brown) in odontoblasts in (C) 

control and (D) daβcatOt mutant mice (42-d-old). The sections were counterstained with fast 

green. Representative micro-CT sagittal-sectional reconstructed images of incisor from (E) 

control and (F) daβcatOt mutant mice (42-d-old). Representative micro-CT sagittal-sectional 

reconstructed images of the maxillary first molar from (G) control and (H) daβcatOt mutant 

mice (42-d-old). Pentachrome staining of the maxillary first molar from (I) control and (J) 

daβcatOt mutant mice (42-d-old). Dentin stains green to yellow, with the more mature dentin 

staining yellow. Abbreviations: d, dentin; p, pulp. Scale bars: 25 μm (A-D), and 200 μm 

(E-J).
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Figure 4. Accelerating deposition converts a tubular dentin into osteodentin.
Representative Pentachrome staining of a maxillary first molar in (A) control and (B) 

daβcatOt mutant mice. Representative cross-section of Aniline Blue staining of the maxillary 

first molar in (C) control and (D) daβcatOt mutant mice. Immunostaining of Osterix of the 

maxillary first molar in (E) control and (F) daβcatOt mutant mice. Immunostaining of Nestin 

in (G) 1M, (H) 4M and (I) 6M control mice. (J) Immunostaining of Nestin in daβcatOt 

mutant mice. Abbreviations: d, dentin, p, pulp. Scale bar: 25 μm.
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