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alveolar bone absorption, the capacity to restore the 
physiological architecture of the original periodontium 
is limited2 and these methods do not address the basic 
problems. However, recently, more attention has been 
focused on periodontal tissue engineering, which is 
considered to be a promising way to achieve complete, 
reliable and reproducible periodontal regeneration3. Tis-
sue engineering comprises three components: seed cells, 
signal molecules and scaffolds4. Thus, seed cells play a 
significant role in periodontal regeneration. Seo (2004)5 
demonstrated the existence of stem cells in the peri-
odontal ligament (PDL), as well as their potential peri-
odontal tissue lineage differentiation capacity. However, 
the origin of these cells remains to be elucidated. During 
tooth development, stem cells in the periodontium are 
believed to originate from ancestral cells in the dental 
follicle6-9, although the origin of renewed periodontal 
ligament stem cells (PDLSCs) after tooth development 
is still unknown. Bone marrow stem cells (BMSCs) 
share similar characteristics with PDLSCs5,10,11 and 
is contributed to periodontal regeneration12-14. Conse-
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Objects: To test the hypothesis whether bone marrow stem cells (BMSCs) could migrate into 
the periodontium as the precursor available for the repair of tissue injury.
Methods: A chimeric mouse model was established by transplanting BMSCs derived from red 
fluorescent protein mouse into irradiated BALB/c mice. Subsequently, a periodontal defect 
was created beside the maxillary first molar and filled with ceramic bovine bone. Finally, 
the chimeric mice were divided into three groups and were observed 3, 14 and 28 days later 
respectively. The involvement of BMSCs in periodontal defects was analysed using an in vivo 
imaging system and immunohistochemical staining of CD45, CD105 and CD31. Cell surface 
marker expression in injured tissue was also compared with that in normal tissue. 
Results: Increasing numbers of BMSCs migrated into the periodontal defect with time. The 
distribution was initially limited to ceramic bovine bone and then around blood vessels and 
near alveolar bone. Furthermore, expression of CD105 and CD31 was much higher in injured 
periodontal tissue than that in healthy periodontium, although CD45 was not expressed in 
either of these tissues.
Conclusion: BMSCs, but not haemopoietic stem cells, were involved in periodontal defect; 
they entered the periodontium probably via blood vessels. 
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Currently, periodontitis remains an irreversible dis-
ease involving loss of attachment levels and sup-

porting alveolar bone1. This disease is extremely com-
mon and, in spite of its prevailing incidence, no effective 
dental therapy is available for periodontal regeneration. 
Over past decades, the treatment of periodontitis has 
relied mainly on traditional clinical strategies, such as 
scaling and root planing and guided tissue regeneration. 
Although these measures mediate beneficial effects, 
such as the improvement of attachment level loss and 
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quently, we postulated that BMSCs were the precursor 
of PDLSCs in periodontal regeneration and this study 
was aimed to investigate this hypothesis in vivo.

Materials and methods

The protocols in this study were approved by the institu-
tional review board and the Animal Care and Use Com-
mittee of Tongji University (Shanghai, China).

Animals

Male BALB/c mouse (aged 4–5 weeks) recipients were 
purchased from the Shanghai Laboratory Animal Cen-
tre (Shanghai, China). Male red fluorescent protein 
(RFP) mouse (aged 6 weeks) donors were a gift from 
the Shanghai Cancer Institute. Animals were housed in 
a pathogen-free barrier facility at the Animal Centre of 
Tongji University (Shanghai, China).

Chimera preparation

BALB/c recipients were subjected to whole body irra-
diation (8.5  Gy over 15  min). The BMSCs of RFP mice 
were obtained by flushing tibia and femur bones with 
phosphate buffered saline (PBS) (Gibco) and filtered 
through a sterile nylon mesh. Cells were centrifuged at 
1,000  rpm for 3  min and resuspended at 107/ml. 1.0 x 
107 RFP+ BMSCs were injected into BALB/c recipients 
via the tail vein at a concentration of 106 per 1  ml to 
establish an RFP+ chimera model. Successful creation 
of the RFP+ chimera was confirmed by demonstrating 
that RFP+ peripheral blood mononuclear cells (PBMCs) 
in recipients had risen to 89% two months after trans-
plantation.

Created periodontal defect (CPD)

After the successful creation of RFP+ chimera, chimeric 
mice (N = 15) were anaesthetised with sodium pentobar-
bital. The gingival and palate mucosa on the mesial side 
of the left maxillary first molar were flapped to expose 
the alveolar bone overlying the mesial root. A three-wall 
defect (0.8–1.0  mm) was created using a steel round 
dental burr cooled with PBS. The defect was filled with 
pieces of ceramic bovine bone (CBB) (a gift from Sec-
ond Military Medical University). Finally, the gingival 
flaps were repositioned and sutured using a 10-0 silk 
strand (Fig  1). 

In vivo fluorescence imaging

Successfully transplanted BMSCs were tracked using 
an imaging system (IVIS spectrum, Caliper). A single 
untreated mouse was used as a negative control. Subse-
quently, chimeric mice were divided into three groups 
at random and observed 3, 14 and 28 days respectively 
after the creation of the periodontal defect. Mice were 
anaesthetised with isoflurane in an induction chamber 
prior to the imaging process. 

Statistical analysis

RFP signals detected in chimeric mice (n = 15) were ana-
lysed using SPSS 12.0 software (SPSS. San Rafael, CA, 
USA). Data were presented as mean ± standard error of 
the mean (SEM). Differences among multiple experi-
mental groups were evaluated by ANOVA for multiple 
comparisons. A P value of less than 0.05 was considered 
to indicate significant differences.

Haematoxylin and eosin staining and immunohisto-
chemical analysis

Three groups of chimeric mice were sacrificed 3, 14 
and 28 days after the creation of the periodontal defect 
respectively. Maxillae were removed and fixed in for-
malin for 24  h and then decalcified in ethylene diamine 
tetraacetic acid (EDTA-2Na) for 15 days at 4°C. Par-
affin sections were used for haematoxylin and eosin 
(H&E) staining or immunohistochemical analysis. The 
periodontium of the right maxillary first molar was used 
as a control group. Specimens were sectioned in the 
mesial-distal plane. For immunohistochemical analysis, 
sections were first blocked in 10% normal goat serum 
in PBS for 30  min at room temperature and then incu-
bated with primary rabbit anti-RFP antibody (1:150, CW 
Biotech), rat anti-mouse CD31 (1:150, Biolegend), rat 

Fig 1  Image and diagrammatic illustration of the CPD. B: 
alveolar bone; CBB: ceramic bovine bone.
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anti-mouse CD105 (1:150, Biolegend) or rat anti-mouse 
CD45 (1:150, Biolegend) at 4°C overnight. Sections 
were then incubated with HRP-conjugated secondary 
goat anti-rabbit antibody (1:500, Jackson) or goat-rat 
antibody (1:500, Jackson) at room temperature for 
1  hour. Finally, sections were visualised using 3,3-diam-
inobenzidine tetrahydrochloride (DAB, Boster).

Results

Establishment of bone marrow transplantation model

Two months after transplantation, the frequency of RFP+ 
PBMCs in recipients has risen to 89% (data not shown), 
therefore demonstrating that the model of bone mar-
row transplantation was successfully established. Fur-
thermore, in vivo imaging revealed RFP signals across 
almost the entire body (Fig  2), with particularly strong 
signals detected in the forelimbs, which may be attrib-
uted to homing of a mass of BMSCs to the bone marrow 
of the tibia and femur. In contrast, only weak signals 
(attributed to interference) were detected in the negative 
control (far right image).

RFP signals in the periodontal defect after transplan-
tation

Red fluorescence was detected in the mesial region of 
the maxillary first molar on day 3, which indicated that 
RFP+ cells had entered the defect. The intensity of the 
signal was stronger and the area was enlarged on day 
14 compared with that on day 3. Moreover, this trend in 
increased area and intensity of the RFP+ signal contin-
ued to day 28. Unfortunately, the signal was not traced 
beyond this point (Fig  3).

Signal value analysis

Statistical analysis revealed increased RFP signal with 
time in 28 days, with a rapid rise in intensity from day 3 
to day 14 (Fig  4). Moreover, there were significant dif-
ferences among three groups (P < 0.05).

H&E staining

H&E staining of periodontal tissue was performed and 
analysed after the creation of periodontal defect. On day 
3, there was no newborn tissue among the CBB (Figs  5a 
and 5b). However, on day 28, space inside the CBB was 
filled with fibre-like structures and fibroblasts (Figs  5c 
and 5d).

Fig 3  RFP signal in the periodontal defect observed 3, 14, 
and 28 days respectively after the creation of periodontal 
defect. I: maxillary incisor; T: tongue.

Fig 4  Analysis of RFP signal values after the creation of peri-
odontal defect. There were significant differences among three 
groups.

3 days 14 days 28 days

Fig 2  Signals detected by in vivo imaging system 2 months 
after bone marrow transplantation (BMT). A, B, C, D are chi-
meric mice treated with bone marrow transplatation. The far 
right image is the negative control mouse without any treatment.

A B C D control
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Location of RFP+ cells over time

Immunohistochemical analysis was conducted to inves-
tigate the involvement and location of RFP+ BMSCs in 
periodontal repair. Increasing numbers of RPF+ cells 
were detected with time after the creation of a perio-
dontal defect. On day 3, only a small fraction of cells, 
located among the CBB, were positive for RFP (Figs  6a 
and 6b). Increasing numbers of RPF+ cells migrated into 
the periodontal defect with a dispersed distribution in 
and around CBB on day 14 (Figs  6c and 6d). Although 
the location of RFP+ cells at these two time points was 
limited to the CBB, a greater number and more exten-
sive distribution of RPF+ cells were observed on day 
28 (Figs  6e to 6g). A mass of RFP+ cells was observed 
outside the CBB, including areas surrounding the blood 
vessels (Fig  6g, transparent arrows). Furthermore, 
RFP+ cells tended to accumulate near the alveolar bone 

a b

c d

Fig 6  Immunohistochemical staining of RFP+ cells in the periodontal defect on day 3 (a and b), 
day 14 (c and d) and day 28 (e, f and g). b and d are magnified images of a and c respectively. f 
and g are magnified images of e. f shows immunohistochemical staining of RFP+ cells in normal 
periodontal tissue (control). (a and b) On day 3, only a small fraction of RFP+ cells were located 
among the CBB (black arrows in b). (c and d) On day 14, increasing numbers of RPF+ cells were 
observed in the periodontal defect with a dispersed distribution in and around the CBB (black 
arrows in d) (e, f and g) However, on day 28, a greater number and more extensive distribution 
of RPF+ cells was observed (g). Cells were predominantly located around the blood vessels 
(transparent arrows), near the alveolar bone (black arrows), (f) and in the periodontal ligament 
(transparent arrows). (f) Moreover, RPF+ cells were also found in the pulp (black arrows). B: 
alveolar bone; D: dentine; P: pulp; PL: periodontal ligament; CBB: ceramic bovine bone.

Fig 5  Diagram showing H&E staining of the periodontal defect 
on day 3 (a and b) and day 28 (c and d). b and d are magnified 
images of a and c respectively. (a and b) On day 3, there was no 
newborne tissue among CBB (black arrow). (c and d) However, 
on day 28, space inside CBB was filled with fiber-like struc-
ture and fibroblasts (black arrows). B: alveolar bone; D: dentine; 
CBB: ceramic bovine bone; PL: periodontal ligament.
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(Fig  6g, black arrows) and in the PDL (Fig  6f, transpar-
ent arrows) and in the pulp of the maxillary first molar 
(Fig  6f, black arrows). No RFP+ cells were observed in 
the control group. 

Cell surface markers analysis

A large number of CD105+ cells were detected in the 
periodontal defect, while relatively few cells were found 
in normal periodontal tissue (Fig  7a and 7b). Similarly, 
more CD31+ cells were detected in defect compared 
with in normal defect (Figs  7c and 7d), while CD45+ 
cells were not detected in either injured or healthy tis-
sues (Figs  7e and 7f). 

Discussion

Both in vivo fluorescence imaging and immunohisto-
chemical analysis showed the increased number of RFP+ 
cells with time from day 3 to day 28, which indicated 
more and more BMSCs recruited to participate in the 
periodontal repair. It was a strong proof for the hypoth-
esis that BMSCs act as the role of precursor of PDLS-
Cs in periodontal repair. In recent years, BMSCs were 
found contributing to the periodontal regeneration by 
many scholars with the way of cell injection in situ or in 
vitro experiments12-14. Our research, with an overall new 
method, found a similar result in living body.

In order to analyse the population of BMSCs 
involved in periodontal defects, cell surface markers 

were labelled in our search. In the periodontal defect, 
a large number of CD105+ cells were detected, while 
almost no CD45+ cells were found, which indicated 
no haemopoietic stem cells (HSCs) migrated into the 
defect. The population of BMSCs that were involved 
in periodontal repair might probably be mesenchymal 
stem cells (MSCs). As we know, BMSCs are mainly 
comprised of two populations of cells, HSCs and 
MSCs15. Both HSCs and MSCs possess a differentia-
tion capability toward orofacial tissues. For example, 
MSCs are able to differentiate to form the periodontal 
tissue12,13,16, the craniofacial bone17,18 and the man-
dibular condyle19, while HSCs can differentiate toward 
the buccal mucosa20. In this study, the origin of MSCs 
might come from two aspects. One was bone marrow-
derived MSCs, which migrated into the periodontium 
after injury occurred, the other was dormant tissue resi-
dent MSCs activated due to this stimulus. 

The distribution of RFP+ BMSCs became more 
dispersed with time, mainly in the paravascular region, 
near the alveolar surface and within the PDL. This spe-
cific positioning indicated two points. Firstly, BMSC 
flowed into periodontal tissue probably through blood 
vessels, and then migrated near the alveolar surface and 
in the PDL21,22. Secondly, the PDL possesses asym-
metrically distributed stem cells, on the alveolar bone 
surface and on the root surface. Stem cells on the alveo-
lar bone surface exhibit strong proliferation capability 
and higher multilineage differentiation potential23. In 
our research, BMSCs were only found near the alveo-

Fig 7  Cell surface marker analysis: CD105 (a and b), CD31 (c and d) and CD45 (e and f). b, 
d and f are control groups. (A and B) numerous CD105+ cells were detected in the periodontal 
defect (black arrows in a), while relatively few cells were found in normal periodontal tissue (black 
arrows in b). (c and d) Fewer CD31+ cells in normal tissue (black arrows in d) were detected than 
in the CPD (black arrows in c). (e and f) CD45+ cells were not detected in either injured or healthy 
tissues. B: alveolar bone; D: dentine; P: pulp; PL: periodontal ligament.
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lar bone surface, which might be the result that cells 
on the alveolar bone side evolved from adult BMSCs, 
while those on the root side developed during embry-
onic development6-9. 

Moreover, compared to normal tissue, more CD31+ 
cells were detected around the vessel in defect, which 
might be attributed to the crosstalk between endothelial 
cells and BMSCs. The paravascular region exists as 
a “cell niche”, which is similar to that of stem cells. 
Signals in the niche stimulate the self-renewal, prolif-
eration, differentiation and apoptosis of stem cells24. 

In this study, we firstly used in vivo imaging system 
in dental research area for tracing labelled cells. This 
non-lethal conditioning approach as well as the estab-
lishment of BMT model provided new methodology for 
observing the role of BMSC in periodontal regeneration 
in the future study. 

Conclusion

Bone marrow derived stem cells were shown to migrate 
to the periodontal injury in vivo without lethal condi-
tioning. Increasing numbers of BMSCs were detected 
during 28 days after the creation of periodontal defect, 
which tended to accumulate around blood vessels and 
near alveolar bone. Greater number of CD105+ and 
CD31+ cells were detected in defective periodontium 
compared with normal tissue. Furthermore, the presence 
of CD105+ cells and the absence of CD45+ cells indicat-
ed that MSCs participated in periodontal regeneration, 
while HSCs did not. 
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