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Abstract 

 

The effect of in vitro osteogenic induction on  

in vivo hard tissue forming potential of  

the dental pulp stromal cells from deciduous teeth 

 

Seunghye Kim 

 

Department of Dentistry 

The Graduate School, Yonsei University 

 

(Directed by Professor Jae-Ho Lee) 

 

 

Human dental pulp tissue of deciduous teeth has been considered as a source of 

multipotent stem cells, and there have been many attempts for its application in dentin or 

bone regeneration. The objective of this study was to examine the effect of in vitro 

osteogenic induction of deciduous dental pulp stromal cells (DDPSCs) on their in vivo 

hard tissue forming potential. DDPSCs were isolated from extracted deciduous teeth 



v 

using outgrowth method. During ex vivo expansion, DDPSCs were exposed to 

osteogenic stimuli for different time periods (4 and 8 days) while the control group was 

expanded without osteogenic stimuli. First, in vitro differentiation pattern was 

investigated using alkaline phosphatase (ALP) staining and quantitative reverse 

transcriptase-polymerase chain reaction (RT-PCR). Then the ex vivo expanded and 

differentiated DDPSCs were subcutaneously transplanted into immune-compromised 

mice with macroporous biphasic calcium phosphate (MBCP) as a carrier. The results in 

in vivo transplantation were analyzed by quantitative RT-PCR, ALP activity assessment, 

histological analysis, and immunohistochemical staining. The amount of hard tissue was 

greatest in Day 4 group, followed by Day 8 and the control group. The hard tissue 

generated in Day 8 group presented most bone-like morphology among the three groups, 

while the control group featured more dentin-like characters. 4-day induction period in 

the osteogenic media was related to greater potential to form hard tissue, whereas 8-day 

induction period was related to formation of more bone-like hard tissue. In conclusion, in 

vitro osteogenic induction of DDPSCs enhanced hard tissue formation in vivo and also 

altered character of the newly generated hard tissue. 

 

 

 

 

                                                                               

Keywords: deciduous teeth, dental pulp stromal cell, in vitro osteogenic induction,  

in vivo transplantation, hard tissue formation



- 1 - 

The effect of in vitro osteogenic induction on  

in vivo hard tissue forming potential of  

the dental pulp stromal cells from deciduous teeth 

 

Seunghye Kim 

 

Department of Dentistry 

The Graduate School, Yonsei University 

 

(Directed by Professor Jae-Ho Lee) 

 

 

I. Introduction 

The presence of multipotent postnatal stem cells have been identified in various 

types of tissues, such as bone marrow, adipose tissue, umbilical cord blood, and 

dental tissues (Campagnoli et al., 2001, Gronthos et al., 2000, Mareschi et al., 2001, 

Miura et al., 2003, Owen and Friedenstein, 1988, Seo et al., 2004, Zuk et al., 2002). 

Currently, the most well defined and clinically applied multipotential postnatal stem 



- 2 - 

cell is BMMSCs. Osteogenic potential of bone marrow mesenchymal stem cells 

(BMMSCs) has been extensively investigated, and there are several studies reporting 

favorable bony repair potential of BMMSCs in clinical application (Marcacci et al., 

2007, Quarto et al., 2001). However, postnatal stem cells isolated from dental tissues, 

such as human dental pulp tissue and periodontal ligament, have several advantages 

over BMMSCs in cases of large bony defect area or orofacial bony defect: higher 

incidence of clonogenic cells, higher proliferation rate, and matched ectomesenchymal 

origin with the orofacial bones (Gronthos et al., 2000, Miura et al., 2003, Seo et al., 

2004). In addition, human dental pulp tissue can be obtained with easy surgical 

access and low morbidity.  

The dental pulp stem cells from human permanent teeth (DPSC) and stem cells from 

human exfoliated deciduous teeth (SHED) presented in vitro multilineage differentiation 

potential in previous studies, such as osteogenic, chondrogenic, adipogenic, myogenic, 

and neurogenic potential (Gronthos et al., 2002, Kerkis et al., 2006, Laino et al., 2005, 

Miura et al., 2003, Zhang et al., 2006). However, DPSC and SHED demonstrated 

different in vivo characteristics when transplanted into immunocompromised mice. 

DPSCs exhibits odontogenic features, generating dentin pulp-like complex, whereas 

SHEDs produced both dentin-like and bone-like structures. However, SHEDs did not 

produce dentin-pulp-like complex like DPSCs (Batouli et al., 2003, Gronthos et al., 2002, 

Gronthos et al., 2000, Miura et al., 2003). Seo et al. (Seo et al., 2008) showed potential of 

SHED as a source of bony regeneration in orofacial region: they reported bony repair of 

critical-size cranial defect in immunocompromised mice using SHED.  
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Researchers have tried to determine the ideal expansion condition best for the 

cultivation of mesenchymal stem/stromal cells (MSCs) intended for bony repair. 

One of the interesting recent modifications is the use of scaffolds seeded with pre-

differentiated MSCs (Castano-Izquierdo et al., 2007, Scotti et al., 2010). In these studies, 

such pre-differentiation procedure imposed intrinsic capacity to undergo specific 

differentiation pathway more efficiently compared to MSCs without differentiation 

stimuli. SHEDs are known to form both dentin-like and bone-like structure in ectopic 

subcutaneous in vivo model, but there are no studies about in vivo characterization of 

SHEDs after pre-differentiation in osteogenic media (Miura et al., 2003).  

The purpose of this study was to examine in vivo hard-tissue forming potential of dental 

pulp stromal cells from deciduous teeth (DDPSCs) upon pre-differentiation in osteogenic 

media. In vitro osteogenic induction was executed for different time periods, and 

DDPSCs were transplanted into immunocompromised mice at various stages of 

osteogenic differentiation. 
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II. Materials and Methods 

1. Subjects and Cell Culture 

Human deciduous incisors (n=4), extracted for dental treatment, were collected from 4 

children (aged 7-11; 2 males and 2 female), under approved guidelines set by the 

Institutional Review Board of the Dental Hospital, Yonsei University (#2-2011-0008). 

The pulp tissue was separated from teeth and subjected to primary culture by outgrowth 

method. Briefly the separated pulp tissue was minced into about 1.0 mm
3
 size and 

pressed gently unto 60mm culture dish (BD Falcon, Franklin Lakes, NJ, USA) using 

cover glass (Superior, Lauda-Königshofen, Germany). The explants were cultured in 

alpha minimum essential medium (α-MEM; Invitrogen, Carlsbad, CA, USA) 

supplemented with 10% fetal bovine serum (FBS; Invitrogen), 100U/ml penicillin and 

100ug/ml streptomycin (Invitrogen) at 37 ℃ in 5% CO2. The isolated cells from 4 

samples were blended at passage 1, and passages 3 to 5 were used in this study.  

 

2. In Vitro Osteogenic Induction 

 The prepared cells were seeded at a density of 3.0x10
3
 cells/cm

2
 and were exposed to 

osteogenic media for different time periods of 4 or 8 days. Osteogenic media was made 

by adding osteogenic factors, 100nM dexamethasone (Sigma, St. Louis, MO, USA), 50 

mM L-ascorbic acid 2-phosphate (Sigma), and 2mM β-glycerophosphate (Sigma) to the 

α-MEM culture media. In 4-day group, the cells were cultured in α-MEM culture media 
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for 4 days and exposed to the osteogenic media for following 4 days. In 8-day group, the 

cells were cultured in the osteogenic media for 8 days. The control group was cultured in 

the α-MEM culture media for 8 days without exposure to osteogenic factors. Media was 

changed every two days, and all groups reached full confluency after 8 days.  

 

In Vitro Study 

3. Alkaline Phosphatase (ALP) Staining 

 After in vitro culture for 8 days, each group underwent ALP staining. After fixation 

with 10% neutral buffered formalin (Sigma) at 4℃ for 1 hour, the cells were washed and 

stained with ALP stain solution [100 mM Tris/HCl (pH 8.4; WelGENE Inc., Daegu, 

Korea), 0.01% naphthol AS-MX phosphate (Sigma) and 0.06% fast red violet LB salt 

(Sigma)], a modified composition from the one previously introduced (Kamon et al., 

2010), for 30 minutes. The cells were washed with distilled water for three times and 

observed for color change.  

 

4. Gene Expression Analysis by Quantitative Reverse Transcription Polymerase 

Chain reaction (RT-PCR) 

Quantitative RT-PCR was performed to examine relative gene expression level of DSPP, 

Runx2, osteopontin (OPN), and osteocalcin (OC). After completion of each culture 

period, total RNA of cells were extracted by using RNeasy Mini Kit (Qiagen, Valencia, 
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CA, USA) according to the manufacturer’s instruction. Its integrity and concentration 

were measured using a spectrophotometer (Nanodrop ND-1000; Thermo Scientific, 

Waltham, MA, USA). Reverse transcription of 1 ㎍ of total RNA was performed using 

Maxime RT premix kit (Oligo d(T)15 primer; iNtRON Biotechnology, Seoul, Korea), 

according to the manufacturer’s instructions. The reaction was set at 45℃ for 1 hour and 

terminated by incubation at 95℃ for 5 min. KAPA SYBR FAST Master Mix Prism 

(KAPA Biosystems, Woburn, MA, USA) and ABI 7300 Real-Time PCR system (Applied 

Biosystems, Carlsbad, CA, USA) were used for PCR reaction. It was initiated by 

activation at 95℃ for 3 min and performed with 40 cycles of denaturation at 95℃ for 3 

sec, annealing at 60℃ for 60 sec, and extension at 60℃ for 60 sec. The primer 

sequence and size of the target genes are shown in Table 1. Quantitative PCR was 

performed in duplicate for each target gene. For relative comparison of each target gene, 

the threshold cycle (CT) was calculated using the 2
-ΔΔCT

 method (Livak and Schmittgen, 

2001). Target gene transcript levels were normalized against GAPDH gene expression, 

an endogenous control. The relative expression level of each gene was calculated in 

respect to the value obtained for the control group.  
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Table 1. Primer sequence and size used for quantitative RT-PCR. 

Gene Primer Sequence (5’-3’) Size (bp) Reference 

DSPP 
F: GGGATGTTGGCGATGCA 

R: CCAGCTACTTGAGGTCCATCTTC 
70 (Wei et al., 2007) 

Runx2 
F: CACTGGCGCTGCAACAAGA 

R: CATTCCGGAGCTCAGCAGAATAA 
127 (Qian et al., 2010) 

OPN 
F: ACCTGAACGCGCCTTCTG 

R: CATCCAGCTGACTCGTTTCATAA 
66 (Dyson et al., 2007) 

OC 
F: CAAAGGTGCAGCCTTTGTGTC 

R: TCACAGTCCGGATTGAGCTCA 
150 (Garlet et al., 2007) 

BSP 
F: CTGGCACAGGGTATACAGGGTTAG 

R: ACTGGTGCCGTTTATGCCTTG 
182 (Fujii et al., 2008) 

Col I 
F: CGATGGCTGCACGAGTCACAC 

R: CAGGTTGGGATGGAGGGAGTTTAC 
180 (Dehne et al., 2009) 

GAPDH 
F: TCCTGCACCACCAACTGCTT 

R: TGGCAGTGATGGCATGGAC 
100 (Fujii et al., 2008) 

* Quantitative RT-PCR. Annealing procedures were performed at 60℃ for all primers. 
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In Vivo Study 

5. Transplantation 

These procedures were performed in accordance with protocol approved by the 

Institutional Animal Care and Use Committee of Yonsei University (#2011-0176). 

Cells were prepared according to the same condition as in in vitro study, differing the 

culture period in osteogenic media. Ex vivo differentiated 3.0x10
6
 cells were mixed 

with 40 mg of macroporous biphasic calcium phosphate (MBCP; Biomatlante, 

Vigneux de Bretagne, France) and subcutaneously transplanted into the dorsal surface 

of 5-week male immunocompromised mice (BALB/c-nu, SLC, Shizuoka, Japan), as 

described in the previous study (Kuznetsov et al., 1997). Four pockets were made per 

each mouse (n=20), and four different types of transplants were individually inserted; 

cell-loaded MBCP particles of the 4-day, 8-day, and control groups and MBCP 

particles only without cell-loading. All transplants were retrieved after 8 weeks post-

transplantation. 

 

6. Gene Expression Analysis by Quantitative RT-PCR in the Transplants 

The relative gene expressions of DSPP, Runx2, BSP, Col I, OPN, and OC were 

evaluated by quantitative RT-PCR. Total RNA was extracted from the retrieved 

transplants by using RNeasy Mini Kit (Qiagen) and cDNA was synthesized as 

previously described. After retrieval, the transplants were immediately immersed in 

buffer RLT, a component of RNeasy Mini Kit (Qiagen) and homogenized by using 
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stainless steel beads of 0.5mm mean diameter (Next Advance, Averill Park, NY, USA) 

and Bullet blender (Next Advance). Quantitative RT-PCR was performed by the same 

procedure as in in vitro study. The sequence and size of the primers are shown in table 

1. The value of each gene was normalized to the expression level of GAPDH. The 

expression level of each gene was calculated relatively to their expression level in the 

MBCP transplants without cells.   

 

7. ALP Activity in the Transplants  

 The level of ALP activity in the retrieved transplants was measured using SensoLyte®  

pNPP Alkaline Phosphatase Assay Kit (AnaSpec, Fremont, CA, USA). The retrieved 

transplants were rinsed and soaked in PBS (pH 7.4; Invitrogen) overnight. Then, it was 

lysed with Trinton-X-100, provided in the kit, according to the manufacturer’s 

instructions. The supernatant of the cell lysate was used for detection of alkaline 

phosphatase activity. Then, p-Nitrophenylphosphate (pNPP) was added to the tissue 

extract, and ALP activity was measured by colorimetric change caused by 

dephosphorylation of pNPP. The absorbance at 405nm was measured using Benchmark 

Plus Microplate Spectrophotometer (Bio-Rad Laboratories, Hercules, CA, USA). The 

quantity of ALP activity was normalized against the total protein quantity in the 

supernatant of the same cell lysate using Thermo Scientific Pierce BCA protein assay kit 

(Thermo Fisher Scientific Inc., Rockford, IL, USA).  
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8. Histology 

Transplants were fixed with 10% buffered formalin (Sigma) overnight, decalcified with 

10% EDTA (pH 7.4; Fisher Scientific, Houston, TX, USA) for 2 weeks, embedded in 

paraffin, and sectioned at a thickness of 5 ㎛. Sections were deparaffinized and stained 

with hematoxylin and eosin (HE) and Masson’s trichrome (MT). They were invested 

under optical microscope (Olympus BX40, Olympus Co., Tokyo, Japan). HE stained 

sections were captured with a CCD digital camera (Infinity 2.0, Lumenera Co., Ottawa, 

Ontario, Canada) and digitized using image analyzer software (InnerView 2.0, 

iNNERViEW Co., Seongnam-Si, Gyeonggi-do, Korea). On HE sections, the areas of 

newly formed hard tissue and of MBCP were measured by using ImageJ program 

(National Institute of Health, Bethesda, Maryland, USA). For comparison of hard tissue 

forming potential, the total area of newly formed hard tissue was divided by the total area 

of MBCP on the section.  

 

9. Immunohistochemistry  

The sections were deparaffinized in xylene, rehydrated, and rinsed with distilled water. 

For antigen retrieval, protease K (Dako, Carpinteria, CA, USA) was used in OC staining 

while no treatment was performed in dentin sialoprotein (DSP) staining. The sections 

were immersed in 3% hydrogen peroxide for 10 min to inactivate endogenous peroxidase 

activities and incubated with primary antibody overnight. For OC staining, a 1:2500 

dilution of the anti-human OC (rabbit polyclonal antibody, sc-33586; Santa Cruz 
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Biotechnology, Santa Cruz, CA, USA) was used. For DSP staining, a 1:3000 dilution of 

the anti-human DSP (rabbit polyclonal antibody, #AB10911; Millipore, Temecula, CA, 

USA) was used. Sections were subsequently incubated with HRP labeled polymer 

conjugated with secondary rabbit antibody in EnVision+ system kit (Dako), for 20 min. 

The color was developed using 3,3’-diaminobenzidine (DAB) substrate (Dako) and 

counterstained with Gill’s hematoxyline solution (Merck, Darmstadt, Germany). 

Negative control section was stained in the same manner, but without primary antibody 

reaction procedure. 

 

10. Statistical Analysis 

 Statistical analysis was performed with SPSS (19.0, Chicago, IL, USA). Multiple 

comparison test was performed using Kruskal-Wallis test (p<0.05), followed by Mann–

Whitney U test (Bonferroni correction; p<0.017).  
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III. Result 

1. In Vitro Effects of Osteogenic Induction  

Dyeing analysis by ALP staining method showed increased ALP production in the 

group with longer culture period in osteogenic media. As shown in Figure 1, increased 

ALP staining is detected in Day 8 group compared to Day 4, and no detection in the 

control group.  

The gene expression pattern according to different culture period in osteogenic media is 

shown in Fig. 2. DSPP, a dentin-specific marker, was expressed in similar level among 

Day 4, Day 8, and the control groups. The level of Runx2, a key transcription factor for 

osteoblast differentiation, slightly increased in Day 4 group compared to Day 8 group. 

OPN and OC, the late markers for mineralization, showed gradual increase as culture 

period in osteogenic media elongated (Fig. 2). 

 

2. In Vivo Effects of In Vitro Osteogenic Induction on DDPSCs 

2-1. Gene Expression Pattern of the Transplanted Tissues 

Sharp decrease in the level of DSPP was detected in Day 4 and Day 8 groups in 

comparison to the control group (p<0.05; Fig. 3). The level of DSPP further decreased in 

Day 8 group compared to Day 4 group. In contrast, the expression of BSP, Col I, and 

OPN was significantly up-regulated in Day 4 group compared to the control (p<0.05). As  
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Figure 1. Alkaline phosphatase (ALP) staining after exposure to osteogenic induction for 

0 day (A), 4 days (B) and 8 days (C).  
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Figure 2. Relative gene expression level of dentin sialophosphoprotein (DSPP), Runt-

related transcription factor 2 (Runx2), osteopontin (OPN), and osteocalcin (OC) after 

pre-culture in osteogenic media for different time periods. Data represents mean value ± 

standard deviation (SD). There was no statistical significance in Kruskal-Wallis test 

(p<0.05, n=6). 
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Figure 3. Relative gene expression level of DSPP, Runx2, Bone sialoprotein (BSP), 

Collagen I (Col I), OPN, and OC in retrieved transplants according to different period of 

in vitro differentiation in osteogenic media. Data represents mean value ± SD.  

*Kruskal-Wallis test (p<0.05, n=10)  
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shown in Fig. 3, the genes related with hard tissue formation, Runx2, BSP, Col I, OPN, 

and OC, showed their peak in Day 4 group, followed by Day 8 and the control group. 

 

2-2. Relative Amount of the Newly Formed Hard Tissue 

The ALP activity in the transplants and area of the newly formed hard tissue estimated 

on the HE sections were used to compare relative amount of the newly formed hard 

tissue. As shown in Fig. 4, the ALP activity was greatest in Day 4, followed by Day 8 

group and the control group. The difference between Day 4 group and the control was 

statistically significant (p<0.05). This result was in accordance with estimated hard tissue 

area on the histologic sections, as illustrated in Fig. 5. The amount of the newly formed 

hard tissue was greatest in Day 4 group, followed by Day 8 group and the control group. 

 

2-3. Histomorphologic Features of the Newly Formed Hard Tissue 

On HE sections, different histomorphologic characteristics were observed among the 

groups (Fig. 6, 7). In the control group, cultured without osteogenic stimuli, two types of 

hard tissue appearance were observed. Dentin-like appearance (Fig. 6A, D) was 

characterized by more linear alignment of mineral matrix, perpendicular to lining cell 

layer, and the absence of embedded cells. Another type presented irregular organization 

of mineralized matrix with cells entrapped within the matrix (Fig. 7A). In Day 4 group, 

increased deposition of mineralized matrix was observed compared to the thin layers in 

the control group, accompanying increased number of embedded cells. Its mineralized  
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Figure 4. ALP activity in the retrieved transplants. Y-axis indicates relative amount of 

ALP, which was calculated by dividing ALP (ng) by the total protein (ug) in the 

transplants. Data represents mean value ± SD. *Kruskal-Wallis test (p<0.05, n=15). 
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Figure 5. Comparison of the newly formed hard tissue area in respect of the pre-culture 

period. Relative area was calculated by dividing the total of newly formed hard tissue 

area by the total MBCP area. Data represents mean value ± SD. Kruskal-Wallis test 

(p>0.05, n=9). 
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Figure 6. Histomorphologic characteristics of the newly formed hard tissue (A-I). HE 

staining (A-F). Masson’s Trichrome staining on the consequent section (G-I). Sections 

are representative of the control transplant (A, D, G), Day 4 (B, E, H), Day 8 (C, F, I). 

Scale bars: 100 ㎛ (A-C), 20 ㎛ (D-I). Abbreviation: M, MBCP. 
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Figure 7. Immunohistochemical staining of human DSP and human OC in transplants. 

IHC staining was performed in consequent sections of HE sections (A-C). (D-F) Human 

DSP staining. (G-I) Human OC staining. (J) Negative control for DSP staining. (A, D, G, 

J) The control group. (B, E, H) Day 4 group. (C, F, I) Day 8 group. Arrowheads indicate 

the cell having positive signal. Scale bars: 20 ㎛ in all sections.  
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matrix presented poor level of organization, featuring intermingled alignment of matrix 

and embedded cells with large cytoplasmic space and large nuclei (Fig. 6B, E). In Day 8 

group, most of the newly formed hard tissue resembled typical appearance of bone (Fig. 

6D). Compact matrix with lamellar pattern of alignment, parallel to the lining of 

osteoblast-like cells, was apparent. There were embedded cells within the matrix, which 

had reduced cytoplasmic space and condensed nuclei like osteocytes in lacunae. The 

lining cells were more apparent along the margin of the newly formed hard tissue. 

 

2-4. Characterization of the Newly Formed Hard Tissue 

Immunohistochemical staining of human DSP and human OC was performed to 

characterize the newly formed hard tissue in each group. DSP was highly 

expressed in the control group, and the intensity of DSP staining significantly 

reduced in Day 8, in accordance with the result of quantitative RT-PCR (Fig. 7D-

F). OC expression was detected in all samples where mineralized hard tissue was 

present, but its expression was more obvious along the lining cells in Day 4 and 8 

groups (Fig. 7 G-I).  
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IV. Discussion 

In previous studies, SHED has been reported to differentiate and produce dentin-like 

and bone-like structures (Miura et al., 2003, Seo et al., 2008). Miura et al. (Miura et al., 

2003) showed various morphology patterns of newly formed hard tissue, some 

resembling characteristics of dentin and some of bone. Their in vitro study results 

demonstrated the potential of SHED to differentiate into functional odontoblast-like cells, 

but SHED failed to generate dentin-pulp-like complex in in vivo study. SHED generated 

only dentin-like hard tissue, and interestingly SHED induced formation of bone-like hard 

tissue (Miura et al., 2003). In other studies, in vivo osteogenic potential of SHED was 

confirmed. In a mouse calvarial defect model, Seo et al. reported repair of the defect area 

by regeneration of bone by SHEDs without detectable amount of dentin formation (Seo 

et al., 2008). Bony repair of cranial defect in nonimmunosuppressed rats using dental 

pulp stem cell from a nonexfoliated deciduous tooth has been also reported (de 

Mendonca Costa et al., 2008). These results indicate presence of osteogenic 

subpopulations in multipotent postnatal stem cells harvested and isolated from dental 

pulp tissue of deciduous teeth.  

Human dental pulp tissue of deciduous teeth can be obtained by two different methods, 

and the resulting population present different characteristics. Miura et al. (Miura et al., 

2003) isolated multipotent stem cells from exfoliated deciduous teeth using enzymatic 

method and named them SHED. There is another population of deciduous dental pulp 

stem cells, called immature dental pulp stem cells (IDPSCs), which was isolated by using 



- 23 - 

outgrowth method (Kerkis et al., 2006). There are controversies over efficacy between 

enzymatic method and outgrowth method regarding the stemness and osteo/odontogenic 

differentiation potential of the isolated deciduous dental pulp stem cells. Kerkis et al. 

reported higher STRO-1 expression percentage (24%) in IDPSCs compared to 9% in 

SHEDs as well as the expression of ES cell markers, such as Oct-4, Sox2, Nanog (Kerkis 

et al., 2006, Miura et al., 2003). In contrast, another study reported superiority of 

enzymatic method regarding higher expression level of surface markers, STRO-1 and 

CD34, and biomineralization potential (Bakopoulou et al., 2011). In this study, 

outgrowth method was used, and the isolated and harvested cell population was named as 

deciduous dental pulp stromal cells (DDPSCs) for two reasons: the stem cell properties 

of this population were not examined, and it seemed to gradually lose its proliferation 

potency and differentiation potential in repeated cultivation. 

In this study, DDPSCs were pre-cultured in the osteogenic media in order to evaluate 

the effect of in vitro osteogenic induction on in vivo odontogenic or osteogenic 

capacity of DDPSCs. Previous studies modified expansion conditions in order to 

manufacture MSCs intended for bony formation, such as by altering cell seeding 

density (Sotiropoulou et al., 2006), supplementation to culture media (Chadipiralla et 

al., 2010, Cheng et al., 1994), and low oxygen tension(Carrancio et al., 2008). Recent 

development deals with scaffolds seeded with pre-differentiated MSCs (Castano-

Izquierdo et al., 2007, Cowan et al., 2005, Scotti et al., 2010). In these studies, 

transplantation of pre-differentiated stem cells resulted in enhanced regeneration of 

bone-like tissue compared to transplantation of undifferentiated stem cells, and pre-
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culture period was an important factor affecting the amount and morphology of the 

newly generated hard tissue. 

The pre-culture period in differentiation media determines the stage of differentiation at 

time of in vivo transplantation. In a previous study, rat MSCs were expanded in vitro in 

osteogenic media for different time periods (4, 10, 16 days), seeded on sintered titanium, 

and implanted in the rat cranium. Implants seeded with cells that have been cultured in 

the osteogenic media for 4 days revealed the highest bone formation, followed by 10-day 

group, the control group, and 16-day group (Castano-Izquierdo et al., 2007). In other 

studies, rat MSCs were expanded in osteogenic media for 7 days and seeded on titanium 

fiber mesh for additional 1, 4, and 8 days. In this case, cell/scaffold constructs cultured 

for 1 day showed the highest bone formation in both subcutaneous and cranial 

transplantation (Sikavitsas et al., 2003, van den Dolder et al., 2002). These two previous 

studies showed highest osteogenicity of the pre-differentiated MSCs exposed to 

osteogenic media for short time periods. There is an inverse relationship between 

proliferation and differentiation (Owen et al., 1990). Osteoblastic differentiation 

accompanies a decrease in the proliferation rate, changes in gene and protein expression 

pattern, and a deposition of minerals. MSCs at early differentiation stage have stronger 

proliferation potency, therefore increasing their number after transplantation and 

resulting in greater amount of regenerated hard-tissue.  

Osteoblast differentiation is defined by three stages: proliferation, extracellular matrix 

maturation, and mineralization (Lian and Stein, 1992). Each stage can be characterized by 

different gene expression pattern, expression of proteins, and appearance of a mineralized 
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nodule formation. As differentiation progresses, proliferation decreases. Expression of 

Runx2 is observed in the early stage of osteogenic differentiation. Runx2 is the ‘master 

gene’ for osteoblast differentiation: it regulates the differentiation of MSCs to pre-

osteoblast s and it is required for the expression of BSP and OC (Ducy et al., 1997). The 

matrix maturation stage is defined by increased expression of ALP and simultaneous 

development of a collagen matrix. The peak of ALP expression level coincides with their 

commitment to become osteoblast (Tenenbaum, 1987). OPN and OC are expressed in high 

level along with consistent calcium accumulation during mineralization stage (Lian and 

Stein, 1992). In this in vitro study, Runx2, ALP, OPN, and OC were used as markers to 

assess the differentiation stages in in vitro study. In addition, dentin-specific marker, DSPP, 

was used to examine the differentiation potential of DDPSCs into odontoblast-like cells. 

During odontoblast differentiation and maturation, DSPP expression increases as Runx2 is 

downregulated (Chen et al., 2005). In this study, upon in vitro induction in osteogenic 

media, DDPSCs initiated differentiation as illustrated by timely gradual increase in mRNA 

expression level of ALP and OC level and increased area of ALP staining. Timely increase 

in the expression of marker genes and ALP-positive cells indicate DDPSCs in Day 8 group 

were most differentiated at time of in vivo transplantation among the three groups. 

However, the absence of significant increase in the mRNA level of later differentiation 

markers, such as ALP, OPN, OC, or DSPP indicates that DDPSCs are in early stage of 

differentiation, despite of relative difference in differentiation progress.  

 In contrast to in vitro data, significant increase in the expression level of odontogenic 

and osteogenic markers in the retrieved transplants was observed, which indicate 
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continued differentiation of DDPSCs and mineralization after in vivo transplantation. The 

relative amount of the newly formed hard tissue was evaluated by comparing expression 

level of Col I, BSP, OC, OPN, and DSPP. Col I is actively expressed during proliferation 

stage and early differentiation stage, produced by osteoprogenitor cells (Boskey et al., 

1999, Owen et al., 1990). BSP and OC are non-collagenous protein, expressed by fully 

differentiated osteoblasts, and they are involved in mineralization (Chenu et al., 1994, 

Oldberg et al., 1988). BSP binds to collagen I and nucleates hydroxyapatite crystal 

formation, initiating mineralization of bone (Tye et al., 2005). OC is the most abundant 

osteoblast-specific non-collagenous protein, and it is involved in binding of calcium and 

hydroxyapatite during mineralization stage (Chenu et al., 1994). Osteopontin also 

increases during matrix mineralization period (Franzen and Heinegard, 1985). Higher 

mRNA expression level of Col I, BSP, OC, and OPN in the retrieved transplants suggest 

greater amount of newly formed hard tissue. In particular, high expression level of DSPP 

distinguishes the dentin-like character of the hard tissue. Significant increase in the 

expression level of Col I, BSP, and OPN implies most active hard tissue formation 

occurred in Day 4 group, followed by Day 8 and the control group. The relative hard-

tissue forming potential suggested by mRNA expression level of marker genes was in 

accordance with ALP activity assessment and also hard tissue area estimated on the 

histologic sections.  

The results of this study are in accordance with other previous study results that shorter 

osteogenic induction period results in greater amount of hard tissue formation (Castano-

Izquierdo et al., 2007, Sikavitsas et al., 2003, van den Dolder et al., 2002). The 
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enhancement in hard tissue forming potential may be attributed to shorter induction 

period that results in maintenance high proliferation potential. The induced cells may 

keep proliferating after implantation and differentiate into specific lineage as they have 

been stimulated before implantation. In fact, Castano-Izquierdo et al. (Castano-Izquierdo 

et al., 2007) showed that transplantation of fully differentiated osteoblast resulted in very 

low bone formation. This shows the importance of differentiation stage at time of 

transplantation.  

The character of newly formed hard tissue was different between the pre-cultured group 

and the control. The expression level of DSPP, dentin-specific protein, in the retrieved 

transplants was significantly high in the control group compared to Day 4 and Day 8 

groups. It suggests loss of odontogenic character in the newly generated hard tissue when 

pre-differentiated in osteogenic media prior to transplantation. The distinctive 

Histomorphologic features of the three groups well reflect the result of in vivo 

quantitative RT-PCR. The control group, where DSPP was expressed in the highest level, 

presented dentin-like features on histologic sections and was stained positive for anti-

human DSP and OC. In contrast, Day 8 group featured more bone-like histomorphologic 

characteristics compared to the control and was negative to anti-human DSP.  

While 4-day pre-culture period resulted in greatest amount of hard-tissue formation, 8-

day pre-culture period in osteogenic media resulted in generation of hard tissue with 

more bone-like histomorphologic features and loss of dentinogenic character. Osteogenic 

induction of DDPSCs prior to in vivo transplantation guided the differentiation pattern of 

DDPSCs towards osteogenic lineage instead of odontogenic lineage.  
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Deciduous teeth provide easily accessible and immature source of stem cells for tissue 

engineering in various fields. The findings of this study can be utilized in future studies 

to increase the efficiency of target tissue engineering, especially in bone tissue 

engineering using DDPSCs.  
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V. Conclusion 

The objectives of this study were to investigate the effect of pre-osteogenic induction 

on in vivo differentiation pattern of DDPSCs. Shorter osteogenic induction period was 

effective in increasing the amount of the newly formed hard tissue due to greater 

proliferation potential, whereas longer osteogenic induction period was related to 

formation of more bone-like structure. The proliferation potential and degree of 

differentiation of DDPSCs at time of in vivo implantation were important determinants 

for quantity and quality of the newly generated hard tissue. 

  



- 30 - 

VI. References 

Bakopoulou, A., G. Leyhausen, J. Volk, A. Tsiftsoglou, P. Garefis, P. Koidis and W. 

Geurtsen. 2011. "Assessment of the impact of two different isolation methods on 

the osteo/odontogenic differentiation potential of human dental stem cells derived 

from deciduous teeth". Calcif Tissue Int, 88(2): 130-141. 

Batouli, S., M. Miura, J. Brahim, T. W. Tsutsui, L. W. Fisher, S. Gronthos, P. G. Robey 

and S. Shi. 2003. "Comparison of stem-cell-mediated osteogenesis and 

dentinogenesis". J Dent Res, 82(12): 976-981. 

Boskey, A. L., T. M. Wright and R. D. Blank. 1999. "Collagen and bone strength". J 

Bone Miner Res, 14(3): 330-335. 

Campagnoli, C., I. A. Roberts, S. Kumar, P. R. Bennett, I. Bellantuono and N. M. Fisk. 

2001. "Identification of mesenchymal stem/progenitor cells in human first-trimester 

fetal blood, liver, and bone marrow". Blood, 98(8): 2396-2402. 

Carrancio, S., N. Lopez-Holgado, F. M. Sanchez-Guijo, E. Villaron, V. Barbado, S. 

Tabera, M. Diez-Campelo, J. Blanco, J. F. San Miguel and M. C. Del Canizo. 2008. 

"Optimization of mesenchymal stem cell expansion procedures by cell separation 

and culture conditions modification". Exp Hematol, 36(8): 1014-1021. 

Castano-Izquierdo, H., J. Alvarez-Barreto, J. van den Dolder, J. A. Jansen, A. G. Mikos 

and V. I. Sikavitsas. 2007. "Pre-culture period of mesenchymal stem cells in 

osteogenic media influences their in vivo bone forming potential". J Biomed Mater 

Res A, 82(1): 129-138. 



- 31 - 

Chadipiralla, K., J. M. Yochim, B. Bahuleyan, C. Y. Huang, F. Garcia-Godoy, P. E. 

Murray and E. J. Stelnicki. 2010. "Osteogenic differentiation of stem cells derived 

from human periodontal ligaments and pulp of human exfoliated deciduous teeth". 

Cell Tissue Res, 340(2): 323-333. 

Chen, S., S. Rani, Y. Wu, A. Unterbrink, T. T. Gu, J. Gluhak-Heinrich, H. H. Chuang and M. 

Macdougall. 2005. "Differential regulation of dentin sialophosphoprotein expression by 

Runx2 during odontoblast cytodifferentiation". J Biol Chem, 280(33): 29717-29727. 

Cheng, S. L., J. W. Yang, L. Rifas, S. F. Zhang and L. V. Avioli. 1994. "Differentiation of 

human bone marrow osteogenic stromal cells in vitro: induction of the osteoblast 

phenotype by dexamethasone". Endocrinology, 134(1): 277-286. 

Chenu, C., S. Colucci, M. Grano, P. Zigrino, R. Barattolo, G. Zambonin, N. Baldini, P. 

Vergnaud, P. D. Delmas and A. Z. Zallone. 1994. "Osteocalcin induces chemotaxis, 

secretion of matrix proteins, and calcium-mediated intracellular signaling in human 

osteoclast-like cells". J Cell Biol, 127(4): 1149-1158. 

Cowan, C. M., O. O. Aalami, Y. Y. Shi, Y. F. Chou, C. Mari, R. Thomas, N. Quarto, R. P. 

Nacamuli, C. H. Contag, B. Wu and M. T. Longaker. 2005. "Bone morphogenetic 

protein 2 and retinoic acid accelerate in vivo bone formation, osteoclast recruitment, 

and bone turnover". Tissue Eng, 11(3-4): 645-658. 

de Mendonca Costa, A., D. F. Bueno, M. T. Martins, I. Kerkis, A. Kerkis, R. D. 

Fanganiello, H. Cerruti, N. Alonso and M. R. Passos-Bueno. 2008. "Reconstruction 

of large cranial defects in nonimmunosuppressed experimental design with human 

dental pulp stem cells". J Craniofac Surg, 19(1): 204-210. 



- 32 - 

Dehne, T., C. Karlsson, J. Ringe, M. Sittinger and A. Lindahl. 2009. "Chondrogenic 

differentiation potential of osteoarthritic chondrocytes and their possible use in matrix-

associated autologous chondrocyte transplantation". Arthritis Res Ther, 11(5): R133. 

Ducy, P., R. Zhang, V. Geoffroy, A. L. Ridall and G. Karsenty. 1997. "Osf2/Cbfa1: a 

transcriptional activator of osteoblast differentiation". Cell, 89(5): 747-754. 

Dyson, J. A., P. G. Genever, K. W. Dalgarno and D. J. Wood. 2007. "Development of 

custom-built bone scaffolds using mesenchymal stem cells and apatite-wollastonite 

glass-ceramics". Tissue Eng, 13(12): 2891-2901. 

Franzen, A. and D. Heinegard. 1985. "Isolation and characterization of two sialoproteins 

present only in bone calcified matrix". Biochem J, 232(3): 715-724. 

Fujii, S., H. Maeda, N. Wada, A. Tomokiyo, M. Saito and A. Akamine. 2008. 

"Investigating a clonal human periodontal ligament progenitor/stem cell line in 

vitro and in vivo". J Cell Physiol, 215(3): 743-749. 

Garlet, T. P., U. Coelho, J. S. Silva and G. P. Garlet. 2007. "Cytokine expression pattern 

in compression and tension sides of the periodontal ligament during orthodontic 

tooth movement in humans". Eur J Oral Sci, 115(5): 355-362. 

Gronthos, S., J. Brahim, W. Li, L. W. Fisher, N. Cherman, A. Boyde, P. DenBesten, P. G. 

Robey and S. Shi. 2002. "Stem cell properties of human dental pulp stem cells". J 

Dent Res, 81(8): 531-535. 

Gronthos, S., M. Mankani, J. Brahim, P. G. Robey and S. Shi. 2000. "Postnatal human 

dental pulp stem cells (DPSCs) in vitro and in vivo". Proc Natl Acad Sci U S A, 

97(25): 13625-13630. 



- 33 - 

Kamon, M., R. Zhao and K. Sakamoto. 2010. "Green tea polyphenol (-)-epigallocatechin 

gallate suppressed the differentiation of murine osteoblastic MC3T3-E1 cells". Cell 

Biol Int, 34(1): 109-116. 

Kerkis, I., A. Kerkis, D. Dozortsev, G. C. Stukart-Parsons, S. M. Gomes Massironi, L. V. 

Pereira, A. I. Caplan and H. F. Cerruti. 2006. "Isolation and characterization of a 

population of immature dental pulp stem cells expressing OCT-4 and other 

embryonic stem cell markers". Cells Tissues Organs, 184(3-4): 105-116. 

Kuznetsov, S. A., P. H. Krebsbach, K. Satomura, J. Kerr, M. Riminucci, D. Benayahu and P. 

G. Robey. 1997. "Single-colony derived strains of human marrow stromal fibroblasts 

form bone after transplantation in vivo". J Bone Miner Res, 12(9): 1335-1347. 

Laino, G., R. d'Aquino, A. Graziano, V. Lanza, F. Carinci, F. Naro, G. Pirozzi and G. 

Papaccio. 2005. "A new population of human adult dental pulp stem cells: a useful 

source of living autologous fibrous bone tissue (LAB)". J Bone Miner Res, 20(8): 

1394-1402. 

Lian, J. B. and G. S. Stein. 1992. "Concepts of osteoblast growth and differentiation: 

basis for modulation of bone cell development and tissue formation". Crit Rev Oral 

Biol Med, 3(3): 269-305. 

Livak, K. J. and T. D. Schmittgen. 2001. "Analysis of relative gene expression data using 

real-time quantitative PCR and the 2(-Delta Delta C(T)) Method". Methods, 25(4): 

402-408. 

Marcacci, M., E. Kon, V. Moukhachev, A. Lavroukov, S. Kutepov, R. Quarto, M. 

Mastrogiacomo and R. Cancedda. 2007. "Stem cells associated with macroporous 



- 34 - 

bioceramics for long bone repair: 6- to 7-year outcome of a pilot clinical study". 

Tissue Eng, 13(5): 947-955. 

Mareschi, K., E. Biasin, W. Piacibello, M. Aglietta, E. Madon and F. Fagioli. 2001. 

"Isolation of human mesenchymal stem cells: bone marrow versus umbilical cord 

blood". Haematologica, 86(10): 1099-1100. 

Miura, M., S. Gronthos, M. Zhao, B. Lu, L. W. Fisher, P. G. Robey and S. Shi. 2003. 

"SHED: stem cells from human exfoliated deciduous teeth". Proc Natl Acad Sci U 

S A, 100(10): 5807-5812. 

Oldberg, A., A. Franzen and D. Heinegard. 1988. "The primary structure of a cell-

binding bone sialoprotein". J Biol Chem, 263(36): 19430-19432. 

Owen, M. and A. J. Friedenstein. 1988. "Stromal stem cells: marrow-derived osteogenic 

precursors". Ciba Found Symp, 136: 42-60. 

Owen, T. A., M. Aronow, V. Shalhoub, L. M. Barone, L. Wilming, M. S. Tassinari, M. 

B. Kennedy, S. Pockwinse, J. B. Lian and G. S. Stein. 1990. "Progressive 

development of the rat osteoblast phenotype in vitro: reciprocal relationships in 

expression of genes associated with osteoblast proliferation and differentiation 

during formation of the bone extracellular matrix". J Cell Physiol, 143(3): 420-

430. 

Qian, H., Y. Zhao, Y. Peng, C. Han, S. Li, N. Huo, Y. Ding, Y. Duan, L. Xiong and H. 

Sang. 2010. "Activation of cannabinoid receptor CB2 regulates osteogenic and 

osteoclastogenic gene expression in human periodontal ligament cells". J 

Periodontal Res, 45(4): 504-511. 



- 35 - 

Quarto, R., M. Mastrogiacomo, R. Cancedda, S. M. Kutepov, V. Mukhachev, A. 

Lavroukov, E. Kon and M. Marcacci. 2001. "Repair of large bone defects with the 

use of autologous bone marrow stromal cells". N Engl J Med, 344(5): 385-386. 

Scotti, C., B. Tonnarelli, A. Papadimitropoulos, A. Scherberich, S. Schaeren, A. Schauerte, J. 

Lopez-Rios, R. Zeller, A. Barbero and I. Martin. 2010. "Recapitulation of endochondral 

bone formation using human adult mesenchymal stem cells as a paradigm for 

developmental engineering". Proc Natl Acad Sci U S A, 107(16): 7251-7256. 

Seo, B. M., M. Miura, S. Gronthos, P. M. Bartold, S. Batouli, J. Brahim, M. Young, P. G. 

Robey, C. Y. Wang and S. Shi. 2004. "Investigation of multipotent postnatal stem 

cells from human periodontal ligament". Lancet, 364(9429): 149-155. 

Seo, B. M., W. Sonoyama, T. Yamaza, C. Coppe, T. Kikuiri, K. Akiyama, J. S. Lee and S. Shi. 

2008. "SHED repair critical-size calvarial defects in mice". Oral Dis, 14(5): 428-434. 

Sikavitsas, V. I., J. van den Dolder, G. N. Bancroft, J. A. Jansen and A. G. Mikos. 2003. 

"Influence of the in vitro culture period on the in vivo performance of cell/titanium 

bone tissue-engineered constructs using a rat cranial critical size defect model". J 

Biomed Mater Res A, 67(3): 944-951. 

Sotiropoulou, P. A., S. A. Perez, M. Salagianni, C. N. Baxevanis and M. Papamichail. 

2006. "Characterization of the optimal culture conditions for clinical scale 

production of human mesenchymal stem cells". Stem Cells, 24(2): 462-471. 

Tenenbaum, H. C. 1987. "Levamisole and inorganic pyrophosphate inhibit beta-

glycerophosphate induced mineralization of bone formed in vitro". Bone Miner, 

3(1): 13-26. 



- 36 - 

Tye, C. E., G. K. Hunter and H. A. Goldberg. 2005. "Identification of the type I collagen-

binding domain of bone sialoprotein and characterization of the mechanism of 

interaction". J Biol Chem, 280(14): 13487-13492. 

van den Dolder, J., J. W. Vehof, P. H. Spauwen and J. A. Jansen. 2002. "Bone formation 

by rat bone marrow cells cultured on titanium fiber mesh: effect of in vitro culture 

time". J Biomed Mater Res, 62(3): 350-358. 

Wei, X., J. Ling, L. Wu, L. Liu and Y. Xiao. 2007. "Expression of mineralization markers 

in dental pulp cells". J Endod, 33(6): 703-708. 

Zhang, W., X. F. Walboomers, S. Shi, M. Fan and J. A. Jansen. 2006. "Multilineage 

differentiation potential of stem cells derived from human dental pulp after 

cryopreservation". Tissue Eng, 12(10): 2813-2823. 

Zuk, P. A., M. Zhu, P. Ashjian, D. A. De Ugarte, J. I. Huang, H. Mizuno, Z. C. Alfonso, J. 

K. Fraser, P. Benhaim and M. H. Hedrick. 2002. "Human adipose tissue is a source 

of multipotent stem cells". Mol Biol Cell, 13(12): 4279-4295. 

 

 

  



- 37 - 

국문요약 

 

유치에서 분리된 치수기질세포의 골유도 전처치 과정이  

생체 내 경조직 형성능에 미치는 영향 

 

 

연세대학교 대학원 치의학과 

 김 승 혜  

지도교수: 이제호 

 

인간 유치의 치수 조직에서 다분화 줄기 세포가 분리될 수 있는 것으로 알

려졌으며, 이를 상아질 및 골조직 재생에 응용하려는 시도가 계속 이루어지고 

있다. 이 연구의 목적은 유치에서 분리한 치수기질세포의 골유도 전처치 과정

이 생쥐의 생체 내에서 경조직 형성능에 어떤 변화를 가져오는지를 검사하는 

것이었다. 유치 치수기질세포는 발거된 유치에서 outgrowth 방법을 사용하여 

분리되었다. 시험관내 증식 과정에서 유치 치수기질세포는 골분화 유도 배지

에서 4일 (Day 4 군) 또는 8일 (Day 8 군) 간 배양되었고, 대조군의 경우 

일반 배양 배지에서 배양되었다. 시험관내에서 증식 및 분화된 유치 치수기질

세포를 MBCP와 함께 면역 억제된 쥐의 등에 이식한 후 생성된 조직을 조직

학적, 면역조직학적 방법으로 조사하고 정량적 역전사 중합효소 연쇄반응
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(RT-PCR)을 사용하여 분석하였다. 이식 후 생성된 조직에서 형성된 경조직 

양은 Day 4에서 가장 많았고, Day 8과 대조군 순으로 감소하였다. 형성된 경

조직의 조직형태학적 특성은 세 군에서 상이하였는데, Day 8 군의 경우 정상 

골의 형태와 가장 비슷한 특성을 보였으며 골유도 전처치를 시행하지 않은 

대조군의 경우 상아질과 비슷한 형태의 경조직을 형성하였다. 4일의 전처치 

기간은 더 많은 경조직 형성에 유리하였으며, 8일의 전처치 기간은 좀 더 골

과 비슷한 특성을 가진 경조직 형성을 가능하게 하였다. 결론적으로 유치 치

수기질세포의 골유도 전처치 과정을 통해 생체 내 경조직 형성능을 향상시킬 

수 있으며, 전처치 기간은 새로 형성되는 경조직의 양과 질을 결정하는 중요

한 요소이다.  
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