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ABSTRACT 

The aim of the present work was to characterize the odontoblastic proliferation, 

differentiation and matrix mineralization in culture of the recently established M2H4 rat 

cell line. Proliferation was assessed by cell counts, differentiation by RT-PCR analysis 

and mineralization by alizarin red staining, atomic absorption spectrometry and FTIR 

micro-spectroscopy. The results showed that M2H4 cell behavior closely mimics in vivo 

odontoblast differentiation, with in particular, temporally regulated expression of DMP-1 

and DSPP. Moreover, the mineral phase formed by M2H4 cells was similar to that in 

dentin from rat incisors. Finally, since it was reported that in mice, TGF-β1 over-

expression in vivo leads to an hypomineralization similar to that observed in 

dentinogenesis imperfecta type II, effects of TGF-β1 on mineralization in M2H4 cell 

culture were studied. Treatment with TGF-β1 dramatically reduced mineralization 

whereas positive control treatment with BMP-4 enhanced it, suggesting that M2H4 cell 

line is a promising tool to explore the mineralization mechanisms in physio-pathologic 

conditions.  
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INTRODUCTION 

 

Dentin is a mineralized tissue whose composition and mode of formation are relatively 

similar to those of bone. The dentin extracellular matrix (ECM) is composed of 

approximately 47 % (v/v) mineral, 30 % (v/v) protein and 21 % (v/v) water (1). In dentin 

and bone, type I collagen (COLL-1) accounts for about 90% of the protein fraction and 

most of the dentin non-collagenous proteins (NCP) are also expressed in bone. However, 

some NCP appear to be more specifically expressed in dentin even though they are also 

found, albeit weaker, in other tissues. For instance, odontoblasts express dentin matrix 

protein-1 (DMP-1) and dentin sialophosphoprotein (DSPP), the latter giving rise to dentin 

sialoprotein (DSP) and dentin phosphoprotein (DPP) after proteolytic cleavage (2-4). If 

the function of DSP remains poorly understood, it seems likely that DPP is involved in 

matrix mineralization. It is secreted from the odontoblast process directly at the 

mineralization front (5) and has a high affinity for calcium ions (6) and hydroxyapatite 

crystals (7). In addition, DPP may bind collagen fibrils by covalent (8,9) or electrostatic 

bonds (10) to regulate either or both mineralization (11,12) and fibrillogenesis (13,14). 

Defective expression of DPP is suspected to be the cause of dentinogenesis imperfecta 

type II (DI-II) (15). Interestingly, DI-II is characterized by a decreased mineral density 

(16), defects in collagen/crystal association (17,18) and increased collagen fibril diameter 

and orientation (17). Several studies have investigated the possible role of DPP on in 

vitro models of crystal formation and collagen fibrillogenesis (9,11-13,19,20). However, 

since these models can hardly reproduce the process of cell-mediated dentin 

mineralization, in vitro models of mineralizing odontoblasts appear important.  
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Today, if some cell lines were reported to express DSPP and mineralize their ECM 

(21,22), there has been no detailed analysis of the mineral phase formed in culture and 

there is still great uncertainty whether the mineralization is similar to the in vivo crystal 

formation. In this context, the aim of the present study was to further characterize the 

recently developed M2H4 rat cell line to propose a new tool to decipher the implication 

of DSPP in physiological and pathological dentinogenesis. The M2H4 cell line was 

developed from the RPC-C2A pulp cell line (23). Whereas the parent RPC-C2A cell line 

does not express DPP (24) nor mineralizes the ECM (23), M2H4 cells were selected by 

their ability to form crystals in culture, and they were found to express DSPP transcripts 

(23). This cell line could thus be a useful tool to study odontoblast differentiation and 

dentin ECM mineralization in vitro. However, little or no information is available 

concerning M2H4 proliferation, differentiation pattern, and the nature of the mineral 

phase formed in culture. In this context, we aimed at investigating in more details the 

behavior of this cell line. Moreover, since TGF-β1 over-expression in mouse dentin in 

vivo was shown to induce dental disorders similar to those found in DI-II (25), we 

investigated ECM mineralization in response to TGF-β1, as compared to mineralization 

in response to an “osteogenic” factor of the TGF-β family, bone morphogenetic protein-4 

(BMP-4). This work is the first step of an effort to provide new insights into the 

molecular events implicated in dentinogenesis both in physiological and pathological 

conditions. 
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MATERIALS AND METHODS 

 

Cell culture plasticware was purchased from Falcon (Becton-Dickinson, Franklin Lakes, 

NJ) and Corning-Costar (D. Dutscher, Brumath, France). Fetal calf serum (FCS) was 

obtained from D. Dutscher. MEM, α-MEM, glutamine, antibiotics, trypsin/ethylene-

diamine tetraacetic acid (EDTA), bovine serum albumin (BSA) were obtained from Life 

Technologies Ltd. (Paisley, UK). Transforming growth factor-β1 (TGF-β1) was obtained 

from R&D Systems (Abingdon, UK) and BMP-4 was generously provided by Genetics 

Institute (Cambridge, UK). TGF-β1 and BMP-4 were respectively dissolved as 

concentrated solutions in 4M hydrochlorid acid/BSA (HCl/BSA) and 0.1% BSA in 

phosphate buffered saline (PBS/BSA). Trizol reagent, DNase I and Taq DNA polymerase 

were obtained from Life Technologies. Avian myeloblastosis virus-reverse transcriptase 

(AMV-RT), random hexamers and recombinant ribonuclease inhibitor were purchased 

from Promega (Madison, WI). All other chemicals were from standard laboratory 

suppliers and were of the highest purity available.  

 

Rat incisors were extracted from three week-old Wistar females. All teeth were fixed in 

10% formaldehyde (pH 7.4). Before investigation by Fourier transform infrared micro-

spectroscopy (FTIR-M), teeth were dehydrated through increasing ethanol gradients and 

embedded in glycolmethylmethacrylate (GMA), as described elsewhere (26). 
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Cell and culture conditions 

As previously described (23), M2H4 cells were routinely grown in a maintenance 

medium consisting in MEM containing 10% FCS, 1% antibiotics and 1% glutamine. 

Cells were subcultured once a week using trypsin/EDTA, and maintained at 37°C in a 

humidified atmosphere of 5% CO2 in air. To induce odontoblast differentiation, MEM 

was switched to α-MEM. To induce ECM mineralization, 3 mM inorganic phosphate (Pi) 

were added to the culture medium on day 8. Pi was added as a mixture of NaH2PO4 and 

Na2HPO4 (pH 7.3). Cells were treated with 10 ng/ml TGF-β1, 100 ng/ml BMP-4, or 

vehicles from day 6 to day 21 and medium was replaced every two days. 

 

RNA isolation 

M2H4 Cells, with a final density of 10,000 cells/cm2, were seeded in 25 cm2 flasks for 

RNA isolation. After indicated times, media were removed, cell layers rinsed with 

RNase free PBS and stored at -80oC. Total RNA was extracted using the Trizol  

reagent according to the manufacturer’s instructions. Briefly, lysis of the cells in Trizol 

was followed by centrifugation at 10,000 g at 4oC for 15 minutes in the presence of 

chloroform. The upper aqueous phase was collected and the RNA was precipitated by 

addition of isopropanol and centrifugation at 7,500 g at 4oC for 5 minutes. RNA pellets 

were washed with cold 75% ethanol, dried, reconstituted with sterile water, and 

quantified by spectrometry.  
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Reverse transcription and polymerase chain reaction (RT-PCR) analysis 

After DNase I digestion, RNA samples (2 µg) were reverse-transcribed using AMV-RT 

and random hexamers in a total volume of 30 µl. Template cDNAs (2.5 µl) were then 

amplified in a typical 25 µl PCR reaction containing 20 mM Tris-HCl (pH 8.4), 50 mM 

KCl, 1 µM of the respective primers, 200 µM dNTP and 2.5 units of Taq DNA 

polymerase. The magnesium chloride concentration was 1.5 mM. The absence of DNA 

contamination in RNA preparations was tested by including RNA samples that had not 

been reverse-transcribed. Primer sequences and annealing temperatures are detailed in 

table 1 (27-29). Amplifications were carried out in an Eppendorf master cycler (VWR, 

Brumath, France) under the following conditions: denaturation for 3 minutes at 94oC 

followed by cycles of 30 s denaturation at 94o C, 30 s annealing at the primer specific 

temperature and 45 s elongation at 72oC. All PCR results show amplification products 

obtained in the linear range of amplification. Analysis of RNA levels after normalization 

to GAPDH (glyceraldehyde phosphate dehydrogenase) levels was realized by 

densitometry (Leica Q500, Cambridge, UK). 

 

Fourier transform infrared micro-spectroscopy 

Sections (2 µm-thick) of GMA-embedded rat teeth were obtained with a Supercut 2050 

microtome (Reichert-Jung, Heidelberg, Germany). After removal of the culture medium, 

cell layers from M2H4 culture (6 multiwell plates) were collected with a scalpel. Tooth 

sections and cell layers were placed on a barium fluoride (BaF2) disk for FTIR 

microscopic investigation. Spectra were recorded with a Magna-IR 550 spectrometer 

(Nicolet, Trappes, France) equipped with an IR-plan Advantage microscope (Spectra-
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Tech, Shelton, CT; X15 Reflachromat lens) fitted with a high-sensitivity mercury 

cadmium tellurite (MCT) detector. Sample positioning was obtained with a motorized x-y 

stage under computer control. FTIR data were acquired with the spatial resolution 

provided by a 20 x 20 µm2 aperture in order to prevent diffraction artifacts and maximize 

the signal/noise ratio. Infrared spectra were recorded at 4 cm-1 resolution with either 512 

or 1024 interferograms co-added and Happ-Genzel apodization. Omnic software 

(Nicolet, Trappes, France) was used for data analysis. Residual H2O and CO2 absorptions 

were automatically subtracted, and GMA peaks were subtracted when necessary. Before 

mineral analysis by deconvolution of the ν1ν3PO4 domain (k=2.3 and σ=22.5 cm-1), 

collagen absorption was subtracted, especially to eliminate weak contributions at 1080 

and 1030 cm-1 interfering with phosphate absorption (30). The ν1ν3PO4 domain was 

analyzed because its underlying bands provide information on apatite crystallinity (31). 

Whereas the bands at 1030 cm-1 and 1090 cm-1 are found in well-crystallized apatites, 

those at 1020, 1110 or 1125 cm-1 are typical of poorly organized crystals.  

 

Analytical methods 

To obtain data on M2H4 cell proliferation, cells were plated in 6 multiwell plates at a 

density of 10,000 cells/cm2 and cell number was measured by counting trypan blue 

stained cells under a contrast-phase microscope. Calcium deposition in cell layers was 

firstly investigated with Alizarin Red staining. Briefly, cells in 6 multiwell plates were 

stained with 1 ml per well 2% Alizarin Red at pH 4.2 for 2 minutes. ECM mineralization 

was then quantified as the amount (µg) of total calcium (Ca) in cell layers (12 multiwell 

plates), as determined by atomic absorption spectrometry at 422.7 nm (Unicam 989 AA 
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spectrometer, SOLAR), after extraction of the cells with 4 M HCl containing 1 % LaCl3. 

Protein content (mg) was determined with the Pierce Coomassie Plus assay reagent 

(Pierce, Rockford, IL). Each experiment was repeated at least once with similar results. 

Results are expressed as mean ± SEM of triplicate determinations. Comparative studies 

of means were performed using one way analysis of variance followed by a post-hoc test 

(Fisher’s projected least significant difference) with a statistical significance at p<0.05. 
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RESULTS 

 

In order to complete the characterization of M2H4 cell behavior, we investigated firstly 

cell proliferation in culture conditions developed by Ritchie et al. (23). Cell counting 

after Trypan Blue staining indicated that M2H4 cell proliferation may be maximal 

between days 7 and 14 and may slow thereafter (Fig.1).   

 

Then we investigated expression of odontoblastic markers at the mRNA level by RT-

PCR between days 7 and 20 (Fig. 2). We studied in particular the expression of type I 

collagen, which in dentin accounts for approximately 90% of the total protein fraction, 

and alkaline phosphatase (ALP), which by generating Pi from phosphorylated 

compounds is supposed to play an important role during the first steps of mineralization. 

In addition, we explored the expression pattern at the mRNA level of two major dentin 

NCP, DSPP and DMP-1, whose temporally regulated expression is a distinctive 

characteristic of odontoblasts. Densitometric analysis of bands in agarose gels revealed 

that M2H4 expression of COLL-1 and ALP was nearly constant from day 7 to day 20, 

whereas expression of DMP-1 and DSPP appeared to be regulated during differentiation. 

DMP-1 appeared as an early marker of M2H4 differentiation because its expression 

increased until day 11 and was relatively constant thereafter. Conversely, DSPP was 

rather a late differentiation marker, being weakly expressed until day 11 and increasing 

between day 11 and day 20. 
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In the present study, we aimed at determining whether the M2H4 cell line is suitable for 

the study of ECM mineralization. Therefore, we investigated quantitatively and 

qualitatively the mineralization in M2H4 culture. As illustrated by alizarin red staining at 

day 28 (Fig.3A), M2H4 cells cultured in medium supplemented from day 8 with 3 mM Pi 

accumulate calcium in cell layers whereas cells grown without Pi supplementation appear 

much less stained. Quantification of calcium content in cell layers was then performed by 

atomic absorption spectrometry. In control conditions (1 mM Pi), M2H4 cells failed to 

mineralize the ECM until 20 days culture. In contrast, when the culture medium was 

supplemented with 3 mM Pi on day 8, mineralization was induced from day 11, and 

increased dramatically until day 20 (Fig. 3B).  

 

Crystal composition and organization were then investigated by FTIR micro-

spectroscopy on cell layers cultured for 21 days and were compared with those in mature 

regions of dentin sections from three week old rats. Firstly, spectra suggest that the 

mineral/protein ratio was weaker in cell layers after 21 days culture than in mature rat 

dentin, because the protein Amide I band appeared much weaker with respect to ν1ν3PO4 

domain in spectra of rat dentin (Fig. 3C). Deconvolution of the ν1ν3PO4 domain revealed 

that crystals in culture consisted in a carbonated apatite similar to that in rat dentin slices 

(Fig. 3D). However, the high intensities in the culture spectrum of the bands at 1020, 

1110 and 1125 cm-1 indicated that crystals in culture were less crystallized than those in 

fully mineralized rat dentin. The weaker mineral/protein ratio and crystallinity suggest 

that ECM matrix was not fully mineralized on day 21.  
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Finally, because it has been reported that TGF-β1 overexpression in vivo induces dentin 

disorders similar to those observed in DI-II (25), we investigated the effects of TGF-β1 

on mineralization in M2H4 cell culture (Fig. 4A). As a positive control, we studied the 

effects of BMP-4 (Fig. 4B), which is an “osteogenic” member of the TGF-β super-

family. TGF-β1 and BMP-4 were added to the culture medium just before the onset of 

mineralization and calcium deposition was quantified after 10 days treatment. The results 

showed that whereas calcium deposition was significantly stimulated by BMP-4, it was 

dramatically inhibited by TGF-β1. The content of the inorganic phase remaining after 

TGF-β1 treatment was even so reduced that it could not be analyzed by FTIR micro-

spectroscopy.  
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DISCUSSION 

 

Because odontoblasts are post-mitotic cells that are difficult to maintain in culture for a 

long time due to their finite life span, several cell lines have recently been developed 

from mouse (32,33), and rat (22,34) cells. In the present investigation, we analyzed the 

behavior of the new odontoblast M2H4 cell line, developed from the RPC-C2A rat pulp 

cells, which in presence of ascorbic acid, expresses COLL-1 and DSPP transcripts, and 

has the capacity to mineralize the extracellular matrix (23). Since in culture conditions 

developed by Ritchie et al., mineralization begins on day 11, we analyzed proliferation, 

expression of odontoblast differentiation markers and mineralization for 20 days. We 

investigated expression at the mRNA level of type I collagen that represents nearly 90% 

of odontoblast synthesized proteins, and ALP that is highly expressed by cells 

undergoing mineralization process. Moreover, we explored the expression of DMP-1 and 

DSPP, which may not be specifically expressed by odontoblasts (35-37), but are 

considered as the main hallmarks of odontoblasts. Our results indicated that 

differentiation of M2H4 cells closely mimics odontoblast differentiation in vivo (35,38). 

COLL-1 and ALP were expressed early in the M2H4 differentiation and their expression 

remained relatively constant during M2H4 maturation (38). The constant expression of 

ALP agrees with ALP activity, which was also nearly constant during the same period 

(data not shown). It has been shown that ALP expression may decrease when the 

mineralization process is initiated (27). In the present study, we have investigated ALP 

expression until day 20, it is therefore possible that ALP levels may decrease later when 

mineralization is more advanced. DMP-1 expression increased before the beginning of 
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mineralization and was relatively constant thereafter (22,35). In contrast, the increase in 

DSPP expression seemed to occur after the M2H4 proliferation phase and coincided 

more or less with the time course of mineralization. This temporal expression pattern is 

consistent with odontoblast differentiation during in vivo dentinogenesis (35,38). Finally, 

it was shown that over-expression of DMP-1 in RPC-C2A cells induced the expression of 

DSPP (39). Since in our study, DMP-1 expression was up-regulated before the increase 

in DSPP expression, it is not totally unconceivable that DSPP expression in RPC-C2A-

derived M2H4 cells is also under the control of DMP-1.  

 

Whereas in recent studies reporting the development of other odontoblast cell lines, the 

mineral phase formed in culture was not qualitatively analyzed, the inorganic phase 

deposited by M2H4 cells was studied by FTIR-M, and compared with crystals from rat 

dentin. Indeed, because one of the main functions of odontoblasts is to mineralize the 

ECM, a convenient odontoblast cell line must form crystals identical to those formed in 

vivo. In the previous report of the M2H4 cell line, it was shown that crystals were 

deposited in association with the extracellular matrix (23), but it remained to be 

determined whether crystal composition was similar to that in vivo. Our results revealed 

that crystals formed in vivo and in vitro after 21 days culture consist similarly in a non-

stoichiometric apatite. The mineral/protein ratio was however inferior in cell layers as 

compared with mature rat dentin, suggesting that the ECM was not fully mineralized after 

21 days. This was confirmed by the lower crystallinity of the inorganic phase formed in 

vitro, which likely resulted from a weaker maturation time (26). Therefore, it seems 
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reasonable to assume that crystals deposited after 21 days in culture may be similar to the 

immature ones located near the mineralization front in dentin in vivo (40). 

 

In addition, we questioned whether mineralization in M2H4 culture could be modulated 

by factors known to regulate either or both DSPP expression and ECM mineralization. It 

has been shown recently that in vivo TGF-β1 over-expression by mouse odontoblasts 

resulted in inhibition of DSPP expression, decreased mineralization and development of 

dental disorders similar to those occurring during DI-II (25). In vitro, TGF-β1 was shown 

to down-regulate DSPP expression in the murine MO6-G3 cell line (41). Conversely, 

BMP-4, another member of the TGF-β super-family expressed during tooth development 

(42), may stimulate odontoblast differentiation (43). In M2H4 culture, mineralization in 

cell layers was dramatically reduced after treatment with TGF-β1 from day 6 to day 21, 

suggesting that M2H4 cells express TGF-β1 receptors. In contrast, the positive control 

treatment with BMP-4 significantly increased mineralization, consistently with an 

“osteogenic” effect of this TGF-β super-family member (44). These in vitro results agree 

with the report indicating that TGF-β1 may decrease mineralization in vivo (25). 

However, the dramatic inhibition of mineralization after TGF-β1 treatment prevented 

precise analysis of crystal composition. Today, new strategies to regulate specifically 

DSPP expression by M2H4 cells, based on DSPP antisense and over-expression, is under 

intense investigation to provide us with further insights into the role of DSPP in the 

physio-pathology of dentinogenesis. 
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In conclusion, the M2H4 model, which reproduces in vitro the in vivo odontoblast 

differentiation and dentin ECM mineralization appears as a promising tool. By 

modulating specifically DSPP expression, this model may provide us with new 

information on the mineralization process in physiologic and pathologic conditions. 
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FIGURE LEGENDS 

 
Fig. 1: M2H4 cell proliferation. Cells were cultured for the indicated times in 

conditions described in the “materials and methods” section. Cell proliferation was 

assessed by counting after Trypan Blue staining. *p<0.05 compared with cell number on 

day 2. **p<0.05 compared with cell number on day 7 and ***p<0.05 compared with cell 

number on day 14. 

 

Fig. 2: Time course of odontoblast marker expression during M2H4 cell 

differentiation. Cells were cultured for the indicated times in conditions described in the 

“materials and methods” section. Representative agarose gels of RT-PCR analysis (–RT: 

control without reverse transcriptase) and densitometric analysis after normalisation to 

GAPDH levels (ALP: alkaline phosphatase, AU: arbitrary units, COLL-I: type I collagen, 

GAPDH: glyceraldehyde phosphate dehydrogenase). 

 

Fig. 3: Quantitative and qualitative analysis of the mineral phase deposited in M2H4 

cell culture. Cells were cultured for the indicated times in conditions described in the 

“materials and methods” section. (A) Alizarin red staining (upper well: without Pi 

supplementation; lower well: with Pi supplementation; individual representations of a 

representative triplicate experiment). (B) Calcium deposition and protein content in cell 

layers as determined respectively by atomic absorption spectrometry and spectrometry 

after Coomassie blue staining. (C) Typical FTIR-M spectra of M2H4 cell layer after 21 

days culture (upper spectrum) and a mature dentin region from a three week-old rat 

(lower spectrum). (D) Deconvolution of the ν1ν3PO4 domain of M2H4 cell layer after 21 
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days culture (upper spectrum) and of a mature dentin region from a three week-old rat 

(lower spectrum). *p<0.05 compared with control without Pi supplementation. 

 

Fig. 4: effects of TGF-ββββ and BMP-4 on calcium deposition in M2H4 cell culture. 

Cells were treated on day 6 with 10 ng/ml TGF-β, 100 ng/ml BMP-4 or vehicles. On day 

21, calcium deposition and protein content in cell layers were determined respectively by 

atomic absorption spectrometry and spectrometry after Coomassie blue staining, as 

detailed in the “materials and methods” section. *p<0.05 compared with control 

conditions (treatment with respective vehicle). 
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