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ABSTRACT  Tooth development is controlled by reciprocal epithelial-mesenchymal interactions. 
Complete teeth can form when culturing and implanting re-associations between single embry-
onic dental epithelial and mesenchymal cells. Although epithelial histogenesis is clear, very little is 
known about cell diversity and patterning in the mesenchyme. The aim of this work was to compare 
the situation in engineered and developing teeth at similar developmental stages. To this end, 
the expression of cell surface markers in the mesenchyme was investigated by immunostaining 
in: 1) embryonic mouse molars at embryonic day 14, as the initial cell source for re-associations, 
2) cultured cell re-associations just before their implantation and 3) cultured cell re-associations 
implanted for two weeks. Surface markers allowed visualization of the complex patterning of dif-
ferent cell types and the differential timing in their appearance. The phenotype of mesenchymal 
cells rapidly changed when they were grown as a monolayer, even without passage. This might 
explain the rapid loss of their potential to sustain tooth formation after re-association. Except for 
markers associated with vascularization, which is not maintained in vitro, the staining pattern in 
the mesenchyme of cultured re-associations was similar to that observed in situ. After implanta-
tion, vascularization and the cellular heterogeneity in the mesenchyme were similar to what was 
observed in developing molars. Besides tissue oxygenation and its role in mineralization of dental 
matrices, vascularization is involved in the progressive increase in mesenchymal cell heterogeneity, 
by allowing external cells to enter the mesenchyme.

KEY WORDS: tooth organ engineering, mesenchymal cell heterogeneity, vascularization, cell surface marker

Introduction

The implantation of cultured re-associations between embryonic 
dental epithelial and mesenchymal cells allows the development of 
the whole tooth organ, including crown and root formation, as well 
as the functional differentiation of odontoblasts, ameloblasts and 
cementoblasts (Hu et al., 2006; Honda et al., 2008; Nait Lechguer 
et al., 2011; Oshima et al., 2011). Among the parameters used to 
follow tooth formation during these in vitro and implantation steps, 
the histogenesis of the epithelial compartment is a very important 
one to document the biomimetic progression of the re-associations 
(Hu et al., 2006). However, histology allows neither evaluating the 
diversity of mesenchymal cells during tooth engineering, nor a 
straight comparison with what happens physiologically during tooth 
development. Since the mesenchyme controls tooth morphogenesis 
and epithelial histogenesis, a better knowledge of this tissue may 
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be essential to select non dental cell sources for tooth engineer-
ing (Ohazama et al., 2004; Arany et al., 2009; Keller et al., 2011).

the dental and peridental mesenchyme has been demonstrated 
by different approaches (Chai et al., 2000; Farges et al., 
Balic et al., 2010; Feng et al., 2011; Rothova et al., 2011). Since 
the pioneer work by Gronthos et al., 2000), different cell surface 
markers are currently used to fractionate cells from the dental or 
peridental mesenchyme, as well as to follow their phenotype during 

in vitro  et 
al., 2009; Balic et al., 2010; Bakopoulou et al., 2011). However, 
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nor the sequence of their appearance during development, has 
been investigated. The aim of the present work was to visualize 
the cell diversity in the mesenchyme of teeth forming from cell re-
associations and to compare it with the situation in teeth developing 
in situ

as representing the cell source currently used for re-associations, 
2) cell re-association cultured for eight days, thus just before their 
implantation, to be compared to mouse molar germs at ED18, and 

(PN4). After implantation, cell re-associations became vascularized 
and the blood vessels are coming from the host (Nait Lechguer et 
al., 2008). Since vascularization might allow host cells to enter and 
participate in the dental mesenchyme formation, re-associations 
were implanted in GFP mice and combinations of double stainings 
were performed to search for the origin of the different cell types. 

Results

Cell re-associations and tooth organ engineering
To adjust to a previously established protocol (Hu et al., 2006; 

Nait Lechguer et al., 2011), tooth formation was investigated 
when culturing re-associations between dissociated single cells 
from embryonic (ED14) dental mesenchyme and epithelium (Fig. 
1A-D). After 8 days in vitro, cultured cell re-associations showed 
tooth crown formation, complete epithelial histogenesis, cusp 

ameloblasts (Fig. 1G). This development corresponded to that of 

Fig. 1. Protocol for tooth organ engineering and 
comparison with tooth development. First lower 
molars (B) were dissected from mouse embryos at 
ED14 (A). The epithelium (C) and ecto-mesenchyme 
(D) were then separated. Each tissue was dissoci-
ated into single cells, which were then re-associated 
and grown on a semi-solid cultured medium. After 
8 days in vitro, which allowed crown formation (G), 
cell re-associations were implanted subcutaneously 
in an adult mouse to lead to a complete tooth (K). 
When ED14 mesenchymal single cells were cultured 
in monolayer (E) before their re-association with an 
intact dental epithelium (H), these cells lost their 
potential to form tooth in vitro (I). The development 
of cultured (G) and implanted (K) cell re-associations 
corresponded to developing teeth at ED18 (F) and 
PN4 (J), respectively.
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in situ (Fig. 1F). 
Further development proceeded when these 
cultured re-associations were implanted 
subcutaneously in adult mice for two weeks 
(Fig. 1K). At that stage, the engineered teeth 
showed gradients of functionally differenti-
ated odontoblasts secreting pre-dentin and 
dentin and ameloblasts secreting enamel 
(Fig. 1K). At that stage the root development 
had been initiated as well (Fig. 1K). These 
features corresponded to molar development 
as observed at PN4 in situ (Fig. 1J). When 

ED14 dental mesenchymal single cells (Fig. 1E) were cultured 
prior to re-association with an intact ED14 epithelial tissue (Fig. 
1H), no tooth developed after 6 days in vitro (Fig. 1I). Indeed, no 
sign of epithelial histogenesis or dental cell differenciation could 
be observed in these conditions (Fig. 1I).

Mesenchymal material used for cell re-associations
The question of the delimitation of the mesenchyme and thus 

the amount of peridental tissue used to prepare cell re-associations 
had been raised by Rothova et al. (2011), when discussing our 

 et al., 2008). To address it, 
immunostainings were performed on molars isolated from the lower 
jaw at ED14 (Fig. 1B). The mesenchymal compartment used as 
a cell source for re-associations included the highly vascularized 

(Fig. 2A-C). 

dissociated mesenchymal cells when cultured as a monolayer 

Expression of cell surface markers during in situ tooth 
development 

The heterogeneity of the dental pulp cells was investigated during 
in situ mouse tooth development, from the cap stage at ED14 to 
PN4. Blood vessels and pericytes were visualized by immunostaining 

-SMA. Vascularization started in the 
condensed dental mesenchyme at the cap stage, forming a dense 
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network surrounding the dental and peridental mesenchyme (Fig. 

-

for -SMA to search for pericytes, positive staining in the dental 

stage, very few pericytes were visualized, mostly in the apical part of 
the pulp. At the periphery of the condensed mesenchyme at ED14, 
only few cells were Sca-1 positive (Fig. 1D). In the dental pulp, the 

absent at ED18 (Fig. 1H). At PN4, this cell surface marker could be 
detected in association with large blood vessels at the apical part 

positive cells could be observed: some which co-localized with the 

Whatever the stage was, cells associated with the blood ves-

4L). Very few CD45 positive cells were detected at the periphery 
of the condensed mesenchyme at ED14 (Fig. 4A). Their number 
increased at the bell stage, mainly in the peridental mesenchyme 
(Fig. 4B). In the dental pulp, the number of CD45 positive cells 
further increased from ED18 to PN4 (Fig.4B-D). The pattern of 
CD45 positive cells was clearly distinct from that of blood vessels 

at ED14, showing a strong asymmetric staining on the buccal side 

Fig. 2. Cell surface marker heterogeneity in the 
dental mesenchyme at ED14 (A-G) and ED14 
dental mesenchymal single cells grown as 
monolayer (H-Z’’).  Immunostaining of -SMA 
(A), collagen IV (B-G) in red and cell surface 
markers CD31 (A), CD34 (B), CD146 (C), Sca-1 
(D), CD45 (E), CD90 (F) and CD73 (G) in green. 
Immunodetection in green of CD31 (H,O,V), 
CD34 (I,P,W), CD146 (J,Q,X), Sca-1 (K,R,Y), CD45 
(L,S,Z), CD90 (M,T,Z’) and CD73 (N,U,Z’’) after 6 
hours (H-N), 24 hours (O-U) and 4 days (V-Z’’) in 
vitro. Antibodies to collagen IV, used to visualize 
the dental epithelial-mesenchymal junction, also 
stained the basement membrane of blood vessels 
(B-G). Scale bars: 50 m (H-Z’’) and 100 m (A-G).

of the tooth (Fig. 4E). At the bell stage (ED18), 
cells positive for CD90 were detected in the 
upper part of the dental pulp and later in most 
of the dental pulp (Fig. 4F-H). However, the 
odontoblasts remained negative for CD90 at 
PN4 (Fig. 4M, see Fig. S1 in supplementary 
material) and the staining was stronger in the 
vicinity of blood vessels (Fig. 4O, P). At the 

epithelium, but the mesenchyme remained 
completely negative (Fig. 4I). From ED18 to 
PN4, the outer dental epithelium was positive 

peridental mesenchyme was also positive for 

Expression of cell surface markers in 
cultured cell re-associations

Cell re-associations were cultured for 8 
days on a semi-solid medium before their 
subcutaneous implantation in adult mice 
(Fig. 1). At the end of this culture period, cell 
re-associations reached the early bell stage 

or -SMA remained negative (Fig. 5A, B). 
CD146 was detected in the dental epithelium, 
but not in the dental pulp (Fig. 5C). Sca-1 was 
not detected in the re-associations (Fig. 5D). 
The cells of the peridental mesenchyme were 
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in situ at the bell stage (Fig. 4B, F), only a few cells in the dental 

found in the upper part of the dental pulp (Fig. 5F, I).

Implanted cell re-associations allowing tooth organ engineering
The cultured cell re-associations were implanted for 2 weeks 

under the skin of adult nude or ICR mice allowing the functional 
differentiation of odontoblasts and ameloblasts, the vascularization 
of the tooth and the initiation of root formation (Fig.1K). The devel-
opmental stage of these re-associations corresponded to that of a 

6N, E). There was also a labeling in the outer dental epithelium 
(Fig. 6M). After implantation, the heterogeneity of the pulp in the 

at PN4 in situ
after implantation in Nude (Fig. 6) and ICR mice (not shown). 

Implantation in GFP mice
To evaluate the possible contribution of the host to the pulp cell 

heterogeneity, cultured cell re-associations were implanted under 
the skin of GFP mice. One week after the implantation, GFP posi-

Fig. 3. Cellular heterogeneity in the 
molar dental and peridental mesen-
chyme during tooth development: 
cell surface markers associated with 
blood vessels.  CD31 (A-T), -SMA 
(A,E,F,I,M,Q), CD34 (B,F,J,N), CD146 
(C,G,K,O) and Sca-1 (D,H,L,P,R-T) were 
observed in CD-1 mice at different 
stages of tooth development: the ED14 
cap stage (A-D), the ED18 early bell 
stage (E-H), and late bell stages at PN1 
(I-L) and PN4 (M-T). Scale bars: 30 m 
(Q-T), 50 m (A-D) and 150 m (E-P).

present in the whole dental pulp 
of the regenerated tooth organ and 
reached the odontoblast layer (Fig. 
6A, B, F, G, K, L). In the lower part 
of the dental mesenchyme mainly, 
blood vessels were surrounded 
by -SMA positive cells (Fig. 6A, 
B, R). Sca-1 positive cells were 
detected in the perivascular region 
mostly in association with the main 
blood vessels, in the apical part 

Further double staining for -SMA 
and Sca-1 showed only partial co-
localization (Fig. 6O, T, see Fig. S2 
in supplementary material). Many 
CD45 positive cells were present 
in the dental pulp (Fig. 6C, D). 
They were in contact with blood 
vessels but remained distinct from 
endothelial cells (Fig. 6S). CD45 
positive cells were in contact with 
odontoblasts (Fig. 6D, S). The 

cells (Fig. 6D, S) was better visible 

in supplementary material). Many 
CD90 positive cells were present 
in the dental papilla (Fig. 6H, I). 
These cells did not co-localize with 

6I, see Fig. S1 in supplementary 
material). The odontoblast layer 
remained negative for CD90 (Fig. 
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and Sca-1 positive cells were coming from the host. Indeed, some 
CD90 and Sca-1 positive cells in contact with blood vessels could 

-
tion, -SMA positive cells could be observed in the implants (Fig. 

Discussion 

Changes in mesenchymal cell heterogeneity during tooth 
development

-
genesis have been investigated in detail (for review, see Lesot 
and Brook, 2009). Much less is known about the mesenchyme 

Classical histology allows a quite precise follow up of odontoblast 
differentiation and progressive vascularization. Knowledge of the 

-

bodies (Fried et al., 2005; Moe et al., 2008). More recently, several 
different cell surface markers have been used to separate dental 
mesenchymal cells, mostly to search for stem cells (Karaöz et 
al., 2010; Balic and Mina, 2010; Atari et al., 2012). These studies 

in the dental and peridental mesenchyme. However, very little is 
known about their location and sequence of appearance during 
tooth development and nothing in case of cell re-associations. In 
order to address this question and try to determine how far the 
culture and further implantation of cell re-associations would allow 
mimicking physiological tooth development, immunostainings of 
such re-associations were performed using a series of antibodies 
for surface markers and were compared with results obtained for 
tooth germs at different stages of development. 

The detection of surface markers allowed visualizing this cell 

cell populations also showed a differential timing in their appear-

early cap stage (ED14), they were detected in the whole dental 

Fig. 4. Cellular heterogeneity in the molar 
dental and peridental mesenchyme during 
tooth development: cell surface markers 
expression not related with the vasculariza-
tion. Immunodetection of CD45 (A-D,Q), CD90 
(E-H,M,O,P) and CD73 (I-L,N) was performed at 
the ED14 cap stage (A,E,I), the ED18 early bell 
stage (B,F,J), and late bell stages at PN1 (C,G,K) 
and PN4 (D,H,L-Q). Nestin, an intermediate 
filament constituent present in odontoblast 
was used as a marker for these functional cells 
(M,N). Scale bars: 30 m (M-Q), 50 m (A,E,I) 
and 150 m (B-D,F-H,J-L).

mesenchyme at ED18, underlying the 
odontoblast layer. At ED18 also, CD45 
positive cells were detected in the dental 
and peridental mesenchyme, while CD90 
positive cells were restricted to the dental 

-
phology, better seen in monolayer culture 

Several dendritic cell types resident or not 
 

et al., 2006; Okiji, 2012). They include 
immunocompetent cells, which can be 
recruited to participate in reparative 
processes (Jontell et al., 1998; Farges 
et al.,  et al., 2008). From 
the postnatal day-1 (PN1), Sca-1 was 
detected in the dental mesenchyme, but 
still very few positive cells were visualized. 
At PN4, this antigen was mainly restricted 
to the largest blood vessels at the apical 
part of the dental mesenchyme. Although 
currently used as a marker to separate 
stem cells, very little is known about the 
function of Sca-1 (Holmes and Stanford, 
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participate in regenerative processes as shown mostly for repair and 
re-vascularization of cardiac tissue (Wang et al., 2006; Iwasaki et 
al., 2011). At PN4, -SMA positive cells were found in close contact 
with the main blood vessels, mostly in the apical part of the dental 
mesenchyme. At this stage also, odontoblasts became positive for 

alkaline phosphatase use AMP as a substrate (Andrade et al., 2008) 
 et 

al., 1998; Takedachi et al., 2012). Odontoblasts were transiently 
positive for CD90 at PN1 and negative again at PN4. The late 

in the pulp illustrates a progressive change in the heterogeneity 
of these cells during tooth development. This might be a conse-

by epithelial-mesenchymal interactions during odontogenesis, or 

after it became vascularized (Chai et al., 2000; Nait Lechguer et 
al., 2008; Rothova et al., 2011; Feng et al., 2011). Furthermore, 
cell re-associations, which had been cultured for 8 days and then 
implanted for two weeks, reached the developmental stage of a 

in situ (Nait Lechguer et al., 2011). Both 
-

erogeneity was observed, with very similar patterns of staining in 
the two types of samples (see Table S5 in supplementary material). 

Phenotypic changes in vitro
For tooth organ engineering, attempts are made to use clonal cell 

lines or iPS instead of dental embryonic cells and it is necessary 
 et al., 2009; 

Keller et al., 2011; Otsu et al., in vitro leads to 
major changes given the tissue organization is lost. Original cell-cell 

Fig. 5. Cell surface marker het-
erogeneity in the dental and 
peridental mesenchyme of en-
gineered teeth before implanta-
tion and vascularization. Double 
staining for CD31 and -SMA (A) or 
collagen IV in red (B-I) with CD34 
(B), CD146 (C), Sca-1 (D), CD45 (E, 
H), CD90 (F, I), CD73 (G) in green 
in cultured cell re-associations just 
before implantation in mice. Scale 
bars: 10 m (A-G), 20 m (H, I).

Fig. 6. Cellular heterogeneity 
in the dental and peridental 
mesenchyme engineered tooth 
organ. Double stainings for CD31 
(A-D,F-I,K-N,P-S) and -SMA (A,B) 
or CD34 (F,G), CD146 (K,L), Sca-1 
(P,Q), CD45 (C,D,S), CD90 (H,I) and 
CD73 (M,N) in cultured re-associa-
tions implanted for 2 weeks in nude 
mice. High mignifications showed 
the co-localization of -SMA with 
CD146 (R) and also -SMA with 
Sca-1 (O,T). Odontoblasts, positive 
for nestin in red (E,J), expressed 
CD73 (E), but not CD90 (J). Scale 
bars: 20 m (E,J,O,S,T), 50 m 
(B,D, G,I,L,N,Q,R) and 100 m 
(A,C,F,H,K,M,P).
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form when cells are grown as a monolayer, which involves many 
different cell surface constituents. It is not sure then that the differ-
ent cell types present in the mesenchyme at ED14 can all adjust 
to this new environment. Attempts were thus made to investigate 
the phenotype of cultured embryonic dental mesenchymal cells. 
After being cultured as monolayers for 4 days, ED14 mesenchymal 
cells indeed showed a very different phenotype when compared 
to mesenchymal cells used directly for cell re-associations (see 
Table S5 in supplementary material). 

cultured alone in vitro for only 6 hours. For longer culture periods, 

potential by cultured cells, as observed already after 24h only (Keller 
et al., 2011). The phenotypic instability of dental mesenchymal 
cells in vitro has already been reported when using very different 
criterion such as telomere attrition (Mokry et al., 2010). Since it 
has also been paralleled with a loss of differentiation potential, 

remains a major challenge for tooth engineering (Patel et al., 2009; 
Yu et al., 2010; Pei et al., 2011). 

Cells from different origins are present in the dental mesen-
chyme

in situ by the mesenchymal cells used 

mesenchyme of these re-associations, when cultured for 8 days 

Fig. 7. Host cellular participation in mesenchymal cell heterogeneity in the engineered tooth organ. 
Immunolocalization of GFP positive cells in red (A,C,D,F,G,I,J,L,M,O) and cell surface markers CD146 
(B,C), -SMA (E,F), CD45 (K,L), Sca-1 (H,I) and CD90 (N,O) in green in the pulp of cell-re-associations 
implanted in GFP mice for one (A-C,G-I,J-L,M-O) or two (D-F) weeks. White stars are located above the 
nucleus of cells positive for Sca-1 and negative for GFP. All Figs. from the right column correspond to 
overlays of Figs. from the two other columns. Scale bars: 10 m.

other surface markers for mesenchymal 
cells from erupted molars (Balic et al., 
2010). This demonstrated the instability 
of mesenchymal cell phenotype in vitro, 
even without passage, and also very 
distinct fates for the different markers. 
Furthermore, these three antigens could 
no longer be detected in the mesen-
chyme of re-association cultured for 
8 days, just before their implantation. 
This illustrated further difference when 
comparing mesenchymal cells cultured 
alone as a monolayer or organized 
as a tissue when re-associated with 
dental epithelial cells (see Table S5 in 
supplementary material). These differ-
ences might result either from the lack 
of epithelial-mesenchymal interactions 
or from major environmental changes 
when tissue organization was disrupted 
and single cells were grown in vitro (Lu 
et al., 2012). Changes related to the 

-

were absent from the mesenchyme at 

the mesenchymal cells were cultured 
alone, and the number of positive cells 
increased with the culture duration. 
These observations illustrate the ques-
tion of phenotype instability in vitro, to 

cells for tooth engineering (Volponi et al., 
2010; Kuchler-Bopp et al., 2011). In most 

cell phenotype was evaluated between 
distant passages (Horii et al., 2010; Pei 
et al., 2011; Lee et al., 2012). However, 
our data show that fundamental changes 

hours in a primary culture. The change 
in the phenotype or in the balance of cell 
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(i.e. prior to implantation) (see Table S5 in supplementary material). 
When blood vessels could not be maintained, the three antigens 
related to endothelial cells and pericytes were no longer detected. 

epithelial histogenesis, cusp formation and the initiation of odon-
toblast differentiation, do not require the participation of cells from 
the host, imported by the vascularization.

Previous observations after implantation of cultured tooth germs 
in GFP mice have shown that the implants could be re-vascularized 
and that this involved cells from the host (Nait Lechguer et al., 
2008). The implantation of cultured cell re-associations in GFP mice 

-SMA originated from the 
host. This indicated that not only endothelial cells, but also some of 
the cells associated with the vessel walls originated from the host. 

When re-associations were cultured for 8 days, the mesenchymal 

peridental mesenchyme. Few cells positive for CD45 were observed 
in the dental mesenchyme. In all three cases, this corresponded 
to what was observed in situ at a corresponding developmental 

the onset of the culture (see Fig. S4 in supplementary material). 
Moreover, CD45 was detected in the mesenchyme of cultured 
cell re-associations although it was initially absent just before cell 

conditions where there is no vascularization, demonstrate the 

were GFP negative. Even the CD45 positive cells present in the 
perivascular environment, as described by Okiji et al. 
human dental pulp, were GFP negative. The situation was different 
for CD90 or Sca-1 positive cells associated to blood vessels. These 
cells could be either GFP-positive or negative, indicating that, in 
both cases, they still consisted of heterogeneous populations, at 

detected in association with the main blood vessels and could also 
be positive for -SMA, a pericyte marker. Bianco (2011) proposed 
a model related to bone organogenesis, where cells might be 
recruited to the perivascular environment and become progenitor 
cells. This might apply to the population of Sca-1 positive cells in 
the dental mesenchyme, which were GFP negative. It is still not 
known whether these cells might later be involved in reparative 
processes (Feng et al., 2011). However, several lines of evidence 
suggest the participation of dental pulp cells in reparative processes 
(Smith and Lesot, 2001; Farges et al.,  et al., 2011). 
Further detailed investigation will be necessary to identify the cells, 
which are mobilized, and the signaling that is involved. Indeed, both 

is not sure yet whether a single cell population or several different 
ones can lead to reparative odontoblast-like cells.

Cell organization in the mesenchyme vs. histogenesis in the 
epithelium

organize as layers, the cell organization in the mesenchyme could 
hardly be detected from histological sections and histogenesis 

there ends up with the setting of functional networks at different 
times of tooth formation: vascularization and innervation. In both 
cases the functionality of these networks involves the formation 

odontoblasts interactions at the late bell stage (Carda and Pey-
dró, 2006; Diaz-Flores et al., 2009; Magloire et al., 2010; Bianco, 
2011). The stainings performed in this study allowed following the 
maturation of blood vessels and further illustrated the progressive 
spatial distribution of endogenous dendritic cells. In opposition to 
epithelial histogenesis, when cells organize as layers (i.e. inner 
and outer epithelia, stratum intermedium), or as transient clusters 
(i.e. primary and secondary enamel knots), dendritic cells in the 
mesenchyme mostly remain dispersed and isolated throughout 
the tissue. This pattern might be related to the possible involve-
ment of these cells in reparative processes (Farges et al., 
Goldberg et al., 2008).

In conclusion, the culture of cell re-associations allows odonto-
genesis to progress from the bud to the bell stage although there 
is no vascularization (Hu et al., 2005b). However, vascularization 
plays an important role in restoring the cell heterogeneity in the 
mesenchyme as seen when comparing either cultured or implanted 
cell re-associations with either tooth germs in situ at correspond-
ing developmental stages. For the same reason, the patterns of 

versus implanted re-associations. However, since the culture 
period allowed a complete histogenesis in the epithelium (Hu et 
al., 2005a), further epithelial-mesenchymal interactions allowed a 

-
ing, including cells imported from the host. The distribution of the 
different cell types, as observed in molars in situ, could be restored 
after the implantation of cultured cell re-associations although, at 
the onset of the re-associations, the different cell types present in 

types were present. Still, the process remains very fragile since 
a pre-culture of the dissociated mesenchymal cells for 24 hours 
before their re-association abrogates further tooth development 
(Keller et al., 2011). Even if the vascularization plays an active role 

to make mesenchymal cell lines become competent to form a tooth 
(Keller et al., 2011). Implanted cell lines failed to form teeth despite 
the vascularization of the implants and thus a possible supply of 

competent to engage in tooth formation (Keller et al., 2011). Im-
munostainings for cell surface markers showed that indeed rapid 
changes occurred when comparing cultured mesenchymal cells 
with their counterpart in intact tooth germs. Further work will be 
necessary to determine whether these phenotypic changes may 
result either from a cell selection or from alterations in environmental 
conditions. However, the rapidity of the changes, which occur in 
vitro, would favor the second hypothesis 

Materials and Methods

Cell re-associations and in vitro culture
First lower molars were dissected from CD-1 mouse (Charles River 

-
scope (Leica MZ9,5, Nanterre, France). To stage embryos, the day when 
a vaginal plug was detected was considered ED0. All procedures were in 
compliance with the recommendations of the European Economic Com-
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mesenchymal constituents of each molar were separated by using 1% 

Villebon sur Yvette, France) medium at 4
dental tissue was further dissociated into single cells. Cells were passed 

g for 2 minutes (Hu et 
al., 2005a). The pellets containing mesenchymal and epithelial single cells 
were cut into fragments and then re-associated in a semi-solid medium 

C (Hu et al., 2005b). 
The semi-solid medium consisted of DMEM-F12 (Invitrogen) containing 20 

The medium was changed every two days. 

Subcutaneous implantation
After 8 days in vitro, cultured cell re-associations were implanted 

subcutaneously behind the ears of CD-1 (n = 186) or nude (CD-1) (n = 
6) adult mice (Charles River Laboratories), between skin and muscles. 

GFP under the control of the CMV actin promoter, IGBMC, Illkirch, France). 

the implanted cell re-associations were harvested for further histological 
analysis or immunostaining. 

Mesenchymal cell culture
Dental and peridental mesenchymal tissues were prepared from ED14 

-
periments) in a chamber slide system (BD Biosciences) in MEM (Invitrogen) 

(Invitrogen), and 2 mM of L-glutamine (Invitrogen). The cells were cultured 
for 6 hours, 24 hours, or 4 days. 

Mouse embryos were obtained from pregnant CD-1 mice at ED14 (n 
-

dehyde at 4 C and then submerged overnight at 4 C in PBS containing 
5% sucrose. Then, heads were immersed for 6 h at 4 C PBS containing 

Saclay, France) and frozen in liquid nitrogen. 
PN1 (n = 1) and PN4 (n = 10) heads were obtained after the animal 

butane (Sigma-Aldrich) immersed in liquid nitrogen. Dissected ED14 
molars, cultured and implanted cell re-associations were mounted directly 
in Tissue Tek OCT after a PBS wash and frozen. All frozen samples were 
stored at -80 C before serial sections (10 m) were cut on a cryostat (Leica, 

C. 

anti-human smooth muscle -actin (

-

polyclonal anti-mouse nestin (tebu-bio, Le Perray en Yvelines, France). 
The secondary antibodies were: Donkey polyclonal anti-rat conjugated to 

Yvette, France). Negative controls were performed with corresponding sera 
instead of the primary antibody.

Slides were mounted in Fluorescence Mounting medium (Dako, Trappes, 
France) and observed on a microscope (Leica DM4000B) equipped for 

Histology

m) were stained with Mallory.
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