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The development of a
bioengineered organ
germ method
Kazuhisa Nakao1,2, Ritsuko Morita1,2,
Yasumitsu Saji1,2, Kentaro Ishida1,2,
Yusuke Tomita1,2, Miho Ogawa1,2, Masahiro Saitoh3,
Yasuhiro Tomooka1,2 & Takashi Tsuji1,2
To bioengineer ectodermal organs such as teeth and whisker
follicles, we developed a three-dimensional organ-germ culture
method. The bioengineered tooth germ generated a structurally
correct tooth, after both in vitro organ culture as well as
transplantation under a tooth cavity in vivo, showing penetration
of blood vessels and nerve fibers. Our method provides a
substantial advance in the development of bioengineered organ
replacement strategies and regenerative therapies.

The approaches that have been adopted in regenerative medicine
are influenced by our understanding of embryonic development,
stem-cell biology and tissue-engineering technology1–3. To restore
the partial loss of organ function, stem cell transplantation therapies have been developed1–3. The ultimate goal of regenerative
therapy, however, is to develop fully functioning bioengineered
organs that can replace lost or damaged organs after disease, injury
or aging1–3. Almost all organs arise from the organ germ, which is
induced by the reciprocal interactions between the epithelium and
mesenchyme in the developing embryo4–7. Therefore, it has been
suggested that to properly reproduce the developmental process of
organogenesis, it will be necessary to fully reconstitute these events
in an artificially bioengineered organ7.
The purpose of our study was to improve bioengineering
methods for three-dimensional organ germs using completely
dissociated epithelial and mesenchymal cells. For this purpose,
we adopted the tooth and whisker follicle germs as model ectodermal organs. Although previous studies have demonstrated
three-dimensional reconstruction of an artificial organ germ
from dissociated single cells in vitro, improvement in bioengineering technology is needed before reconstitution of a primordial
organ precisely replicates tooth organogenesis as observed in
embryonic development7–11. The first step in multicellular aggregation of epithelial and mesenchymal cells is multicellular assembly
by self-reorganization in each cell type through cell movement
and selective cell adhesion until the cells reach an equilibrium
1Department

configuration12. Next the reciprocal interactions between epithelial
and mesenchymal cell layers initiate organogenesis and regulate
differentiation and morphogenesis5,6. The cell potential for
self-reorganization and tissue reconstitution, however, is different
among cell types of various organs10. Here we describe a bioengineered organ germ method with cell compartmentalization in vitro,
which is applicable to not only in vitro organ culture but also in vivo
transplantation. Our model improves our understanding of
the principles by which organ reconstitution can be achieved
with tissues that have been bioengineered in vitro and increases
the potential for the use of bioengineered organ replacement in
future regenerative therapies.
We first investigated the possibility of developing a bioengineered
tooth germ using completely dissociated single cells from epithelial
and mesenchymal tissues of incisor tooth germ at cap stage from
the lower jaw in ED14.5 mice (Fig. 1a, Supplementary Methods
online and Supplementary Fig. 1 online). The explants reconstituted by epithelial or mesenchymal cells alone generated keratinized oral epithelium-like structures or bone, respectively, but not a
complete tooth (Supplementary Fig. 1). The explants that reconstituted the cell compartmentalization between epithelial and
mesenchymal cells at a low-cell density (0.5–1  108 cells/ml) or
that did not form cell compartmentalization at high-cell density
(5  108 cells/ml), also could not generate a correct tooth structure
(Supplementary Fig. 1). To reconstitute a bioengineered tooth
germ with the correct cell compartmentalization between
epithelium- and mesenchyme-derived single cells, we injected the
cells in turn at high cell density (5  108 cells/ml) into adjacent
regions within a collagen gel drop (Fig. 1a and Supplementary
Methods). Within 1 d of organ culture, we observed formation of a
tooth germ with the appropriate compartmentalization between
epithelial and mesenchymal cells and cell-to-cell compaction
(Fig. 1b). We then performed transplantations of this bioengineered
tooth germ into subrenal capsules in mice and over a 10-d period
observed by histology that this primordium could generate plural
incisors, in which tissue elements such as odontoblasts, dentin,
dentinal tubules, ameloblasts, enamel, Tomes’ process, dental pulp,
root analog, blood vessels, alveolar bone and periodontal ligaments,
were arranged appropriately when compared with a natural tooth
(Fig. 1c, Supplementary Fig. 1 and Supplementary Fig. 2 online).
We also found that this occurred with a frequency of 100% in 50
separate transplants. In situ hybridization analysis of the reconstituted teeth showed mRNA for dentin sialoprotein, amelogenin and
periostin, specific markers for odontoblasts, ameloblasts and periodontal ligaments, respectively (Supplementary Fig. 1). We next
examined the origin of the cell types derived from epithelium or
mesenchyme using bioengineered tooth germ from GFP-transgenic
mice. GFP-transgenic mouse–derived mesenchymal cells generated
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Figure 1 | Generation of a whole tooth using bioengineered tooth germ derived from dissociated single cells in vivo. (a) Schematic of the bioengineering
technology used for the generation of a reconstituted tooth germ. The epithelial and mesenchymal tissues isolated from incisor tooth germ of ED14.5 mice
were completely dissociated into single cells. The bioengineered incisor tooth germ was then reconstituted using these dissociated cells that showed cell
compartmentalization at a high cell density. The explants were either transplanted beneath a subrenal capsule or were continuously cultured. (b) Phase-contrast
image of bioengineered incisor tooth germ after 1 d of cultivation. E, epithelial cells; M, mesenchymal cells. Scale bar, 250 mm. (c) Histological analysis of the
reorganized tooth germ under a subrenal capsule for 10 d (top) and 14 d (bottom) after transplantation. AM, ameloblasts; B, alveolar bone; BV, blood vessels;
PD, pre-dentin; D, dentin; E, enamel; OD, odontoblasts; P, pulp cells ; PDL, periodontal ligaments. Scale bars, 50 mm. (d,e) Time course images of a
bioengineered incisor and molar tooth germ in an in vitro organ culture. Bioengineered incisor (d) and molar (e) tooth germ were reconstituted between
dissociated epithelial and mesenchymal cells isolated from each incisor and molar tooth germ of ED14.5 mice, respectively. Multiple induction of primordia can
be observed by phase contrast microscopy (IX70 Olympus). Bioengineered incisor and molar that had been cultured for 14 d were also analyzed by hematoxylineosin staining (HE). Scale bars, 500 mm.

not only odontoblasts and dental pulp derived from dental papilla,
but also alveolar bone and periodontal ligaments, which are derived
from dental follicles (Supplementary Fig. 1). GFP-transgenic
mouse–derived epithelial cells generated ameloblasts (Supplementary Fig. 1). We also determined that bioengineered tooth germ
reconstituted with epithelial and mesenchymal cells isolated from
incisor tooth germ at bell stage in ED16.5 mice had a lower
frequency of development into teeth (data not shown). This result
228 | VOL.4 NO.3 | MARCH 2007 | NATURE METHODS

indicates that the developmental stage of the tooth germ is critical
for the application of this method.
We next examined whether our bioengineered tooth germ had
the capability of generating teeth via in vitro organ cultures
(Supplementary Methods). Notably, our experiments indicate
that bioengineered tooth germ successfully develops teeth in vitro,
and that these structures have correctly placed mineralized tissue
and cell types (Fig. 1d,e and Supplementary Fig. 2). Using
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Figure 2 | Development of the bioengineered incisor in the tooth cavity of adult mice. (a) Schematic
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molar-derived bioengineered tooth germ reconstituted using dis- our bioengineered tooth germ (Supplementary Note and Supplesociated epithelial and mesenchymal cells from the tooth germ of mentary Fig. 3 online). The spatial delineation of the enamel knots
an incisor or a molar, respectively, gave rise to multiple primordia in the bioengineered tooth germ is regulated by the expression of
from the periphery of the boundary surface between epithelial and both ectodin, belonging to the Dan/Cerberus family of secreted
mesenchymal cells after 2–3 d of growth. Thereafter we observed BMP antagonists and ectodysplasin receptor (Edar; Supplemendevelopment of plural teeth containing natural tooth materials and tary Note and Supplementary Fig. 3). The expression of patched
correct cell placement from each primordium (Fig. 1d,e). Notably, homolog 1, Ptch1, and the growth arrest–specific gene, Gas1, also
in the tooth germ cultures, the epithelial cells invaginated and regulates the regionalization of the odontogenic mesenchyme
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Figure 3 | Analysis of periodontal ligaments, endothelial cells of tooth blood
vessels and neural filaments in a bioengineered tooth. Incisors isolated from
3 day-post-birth normal mice (normal; top) and a bioengineered tooth
(explant; bottom) are shown. Periodontal ligaments (PDL) were morphologically analyzed by haematoxylin-eosin staining (left), and the endothelial
cells of blood vessels (vWF mAb; center) and neurons (NF-H mAb; right) were
analyzed by immunoreactivity with specific antibodies for von Willebrand
factor (vWF) and neurofilament-H (NF-H), respectively. Fluorescence and
differential interference contrast (DIC) images were merged. Scale bar, 50 mm.
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evidence that our present tooth germ model reproduces the
interaction between epithelial and mesenchymal cells in early
tooth organogenesis. These results also suggested that the cell
compartmentalization, which mimics multicellular assembly and
equilibrium configuration between epithelial and mesenchymal
cells, is effective for the initiation of organogenesis in an artificially
bioengineered organ primordium.
To examine the potential application of this bioengineering
technique to the reorganization of other ectodermal organs, we
examined the reconstitution of epithelium- and mesenchymederived single cells isolated from whisker follicles of ED14.5 mice
with positive results (Supplementary Note and Supplementary
Fig. 4 online).
Finally, we examined if either a bioengineered tooth germ or a
developing tooth in a subrenal capsule could be successfully
transplanted and redevelop in a tooth cavity after the extraction
of a mandibular incisor in an 8-week-old adult mouse (Fig. 2a and
Supplementary Methods). We allowed bioengineered teeth to
develop in a subrenal capsule for 2 weeks and bioengineered
tooth germ to develop in organ culture for 2 d. We dissected
individual teeth and primordia from each culture and determined
their mean length to be 1.5 ± 0.3 mm (Fig. 2b) and 250 ± 50 mm
(Fig. 2c), respectively. The individual primordia could generate a
single tooth after 14-d culture in a subrenal capsule or in vitro
(Supplementary Fig. 5 online). Just after dissection, we engrafted
these individual bioengineered teeth or primordia into the tooth
cavities in an anterior-to-posterior direction. In a nontransplant
control experiment, we could not detect the incisor in the cavity,
and we observed prominent ossification and cell infiltration
(Fig. 2d). At 14 d after transplantation both the single primordia
isolated from cultured tooth germ and the single teeth isolated
from explants in the subrenal capsules developed in the tooth
cavities and formed a correct tooth structure comprising enamel,
dentin, root analog, dental pulp, blood vessels and bone by
histological observations at frequencies of 17/22 and 23/27, respectively (Fig. 2d). The lengths of each of the bioengineered teeth
developed from either tooth or tooth germ were found to be 1.6 ±
0.3 mm (1.1-fold increase in length) or 2.0 ± 0.5 mm (8.0-fold
increase in length), respectively. Moreover, the transplantation of
explants reconstituted in combination with normal epithelial cells
and GFP-transgenic mouse–derived mesenchymal cells clearly
demonstrated that the bioengineered tooth had developed from
the explants in the cavity (Supplementary Fig. 5 online).
Periodontal ligaments could also be partially observed in
the root-analog side in the explants (Fig. 3). Blood vessels and
nerve fibers were also detectable in the pulp of not only an incisor
isolated from 3 day-post-birth mice (normal) but also the
developing bioengineered tooth (explant) in the oral cavity by
immunohistochemical analysis with antibodies against von
Willebrand factor and neurofilament-H, respectively (Fig. 3).
These results indicate that both bioengineered tooth germ and
teeth reconstituted by single cell-processing are transplantable, and
the bioengineered tooth germ can develop a normal tooth with a
complete structure. Furthermore, these data also strongly suggest
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that the replacement of biological and functional teeth is possible
by reconstitution in the tooth cavity of an adult animal.
It has been expected that reconstitution of an entire organ from a
single cell would be required to allow regenerative therapy in
addition to stem cell transplantation1–3. Our reconstituted tooth
germ generates a complete and entirely bioengineered tooth, not
only in in vitro organ cultures, but also in a tooth cavity in vivo after
the extraction of a mandibular incisor followed by the transplantation of either early primordia or a tooth that had partially developed
in a subrenal capsule. This study thus provides the first evidence of a
successful reconstitution of an entire organ via the transplantation of
bioengineered material. Our results therefore make a substantial
contribution to the development of bioengineering technologies and
the future reconstitution of primordial organs in vitro. Our present
findings should also encourage the future development of organ
replacement by regenerative therapy.
Note: Supplementary information is available on the Nature Methods website.
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Supplementary Notes
Analysis of the Development of a Chimeric Bioengineered
Tooth Germ in in Vitro Organ Culture. We investigated
whether our current bioengineered tooth germ is reconstituted by
completely dissociated single cells from both epithelial and
mesenchymal tissues of incisor tooth germ. We developed a
chimeric bioengineered tooth germ analysis using the single cells
dissociated from tooth germs of normal and GFP-transgenic
mice. Each dissociated cells of epithelial and mesenchymal
cells of normal or GFP-transgenic mice were prepared as
described (see Supplementary Methods). At first, we analyzed
the development of the chimeric bioengineered tooth germ
reconstituted between normal mice-derived epithelial cells and
the mixed mesenchymal cells isolated from normal and GFPtransgenic mice with cell compartmentalization at high-cell
density. The mesenchymal cells were premixed with normal and
GFP-transgenic mice-derived cells at the chimerism of 95% and
5%, respectively (see Supplementary Fig. 1). Whereas the
green fluorescence could not be detected in epithelial cellderived ameloblast, the fluorescence was observed and
distributed in dental mesenchymal-derived cell types, pulp and
odontoblast. The number of GFP-positive cells correlated to the
chimerism between normal and GFP transgenic mice-derived
cells in this chimeric tooth germ (data not shown). Furthermore,
we also examined the chimeric germ reconstituted between
epithelial and mesenchymal cells each containing of equally
number of normal and GFP-transgenic mice-derived single cells
with cell compartmentalization at high-cell density (see
Supplementary Fig. 1). GFP-positive cells largely distributed
in the bioengineered tooth according to the chimerism and
detected in the all cell types of ameloblast, pulp and odontoblast.
These results indicate that our current tooth germ method
successfully reconstituted by single cell manipulation.
Multiple Tooth Induction in a Bioengineered Incisor Tooth
Primordium by Gene Expressions of Signalling Network. We
analyzed the expression profile of signalling networks that play
essential roles both in early tooth development and in
morphogenesis1, 2. The expression of the enamel knot marker
genes3, Shh and Wnt10b, were detectable in plural sites and at
the boundary surface between epithelial and mesenchymal cells
in our bioengineered incisor tooth germ (see Supplementary Fig.
3). Activin βA and Fgf3 transcripts were also mainly detectable
in the mesenchyme that had formed in the region adjacent to the
epithelial Shh-expression site (see Supplementary Fig. 3).
Msx1 transcript was additionally observed throughout the entire
mesenchyme, as seen in normal tooth germ (see Supplementary
Fig. 3).
Ectodin inhibits the expression of p21, through its antagonistic
effects upon BMP4 signalling and is critical for the spatial
delineation of enamel knots and cusps4, 5, 6. Consistent with this,
Ectodin and p21 were found to be inversely expressed at the
boundary surfaces between the epithelial and mesenchymal cells
(see Supplementary Fig. 3). Furthermore, the signalling
between ectodysplasin (Eda) and its receptor, Edar, is thought to
induce enamel knot formation7 and the expression pattern of
Edar was identical to those of Shh and p21 in the reconstituted
tooth germ (see Supplementary Fig. 3).

The Shh signalling network molecules, patched 1 (Ptc1) and
growth arrest-specific gene (Gas1) are thought to regulate the
regionalization of the odontogenic mesenchyme in the
mandibular arch8. Ptc1 and Gas1 transcripts were detectable in
the proximal and distal mesenchyme, respectively, of the
boundary surface between the epithelium and mesenchyme, and
the strong expression of Ptc1 transcripts could be observed in the
regions adjacent to the enamel knot (see Supplementary Fig. 3).
These observations are clearly indicated the evidences that our
current tooth germ model reproduce the interaction between
epithelial and mesenchymal cells in early tooth organogenesis.
Generation of a Reconstituted Whisker from a
Bioengineered Follicle. We investigated whether it would be
possible to a bioengineered mouse whisker using our developed
bioengineering technology for the reconstitution of artificial
primordial organs. Tissues containing whisker follicles were
dissected from the cheeks of ED14.5 mice and the epithelial and
mesenchymal tissues were completely dissociated to single cells
via the same enzymatic method used for tooth germ regeneration
(see Supplementary Fig. 1). Epithelial and mesenchymal cells
were also reconstituted with cell compartmentalization at a highcell density in a collagen gel, and the bioengineered whisker
follicle was transferred to a cell culture insert. After one day of
incubation, the explant was then transplanted into a subrenal
capsule for 14 days (see Supplementary Fig. 4). At posttransplantation day 14, the explants in the subrenal capsule were
found to regenerate a whisker at a 100% frequency (20/20; see
Supplementary Fig. 4). Histological analysis of these explants
also revealed the expected tissue morphologies, such as the
whisker shaft (ws), inner root sheath (irs) and outer root sheath
(ors). Moreover, these tissues were arranged normally, when
compared with a natural whisker (see Supplementary Fig. 4).
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Animals
C57BL/6 mice were purchased from CLEA Japan Inc (Tokyo,
Japan). C57BL/6-TgN (act-EGFP) OsbC14-Y01-FM131 mice
were obtained from RIKEN Bioresource Center (Tsukuba,
Japan). Mouse care and handling conformed to the NIH
guidelines for animal research. All experimental protocols were
approved by the Tokyo University of Science Animal Care and
Use Committee.
Reconstitution of bioengineered primordial organs from single
cells
Tooth germs derived from incisors or molars were dissected
from the mandibles of ED14.5 mice. The extra tissues
surrounding of tooth germ should be carefully removed. The
purity of tooth germ cells affect to the frequency of tooth
formation. Isolated tooth germs were incubated in 1.2 U/ml
dispase II (Roche, Mannheim, Germany) and 20 U/ml DNase I
(Takara Bio, Shiga, Japan) for 12.5 min at room temperature.
The epithelial and mesenchymal tissues were separated using a
fine needle. The epithelial tissues were treated twice at 37oC for
20 min in 100 U/ml collagenase I (Worthington, Lakewood, NJ)PBS(-), then in Ca2+- and Mg2+-phosphate-buffered saline
(PBS(-)) supplemented with 0.25% trypsin (Sigma, St. Louis,
MO) and 20 U/ml DNase I (Takara Bio) for 5 min at 37oC, and
dissociated into single cells by gentle pipetting. Single cells of
mesenchymal origin were also prepared by treatment with PBS() supplemented with 0.25% trypsin (Sigma), 50 U/ml
collagenase I, and 20 U/ml DNase I (Takara Bio) at 37oC for 10
min. Each epithelial and mesenchymal cells were precipitated
by centrifugation in a siliconised microtube and the supernatant
was removed completely using a GELoader Tip 0.5-20 μl
(Eppendorf, Hamburg, Germany). The cell density of the
precipitated epithelial and mesenchymal cells after the removal
of supernatants reached at the concentration of 5 x 108 cells/ml.
We defined the cell concentration (5 x 108 cells/ml) as a “highcell density”. To prepare bioengineered primordial organs with
the correct cell compartmentalization between the epithelial and
mesenchymal cells at a high-cell density (5 x 108 cells/ml), the
precipitated mesenchymal cells were mixed without further
dilution and injected (0.2 μl) using 0.1-10 μl pipette tip
(Molecular Bio Products, San Diego, CA) into a 30 μl gel drop
of Cellmatrix type I-A (Nitta gelatin, Osaka, Japan), which is
acid-soluble collagen isolated from tendon of pig, formed on a
siliconised dish. Epithelial single cells were then mixed without
further dilution and injected (0.1-0.2 μl) into an area adjacent to
the mesenchymal cell aggregate to enable direct cell contact (Fig.
1a).
To prepare bioengineered tooth germ without cell
compartmentalization between the epithelial and mesenchymal
cells at a high-cell density (5 x 108 cells/ml), the cell suspensions
of epithelial and mesenchymal cells were premixed and
precipitated. The cell precipitate were mixed and injected (0.30.4 μl) into a collagen gel drop. The bioengineered tooth germs
were incubated for 5 min at 37oC, placed on a cell culture insert
(0.4 μm pore diameter; BD, Franklin Lakes, NJ), and the
explants were then incubated at 37oC in a humidified atmosphere
of 5% CO2. For the neutralization of CD29, each epithelial and
mesenchymal cell preparation were preincubated with 100 μl of
50
Supplementary Information VOL.4 NO.3 FEBRUARY 2007 NATURE METHODS

50 μg/ml of an anti-CD29 monoclonal antibody (αCD29 mAb;
clone 9EG7, BD, San Diego, CA) in PBS(-) in the absence of
NaN3. The reconstituted tooth germ was prepared in collagen
gel containing 50 μg/ml of αCD29 mAb. The explants were
then subjected to a subrenal capsule assay as described below.
Organ cultures
Reconstituted explants were cultured for 2 days for up to 14 days
on cell culture inserts in 12-well cell culture plates (BD)
containing 380 μl/well Dulbecco’s modified eagle medium (DMEM; Sigma) supplemented with 10% FCS (JRH), 100 μg/ml
ascorbic acid (Sigma), 2 mM L-glutamine (Sigma). Cultures
were incubated at 37oC in a humidified atmosphere of 5% CO2
and the culture medium was changed at 2-day intervals.
Subrenal Capsule Assays
After 2 days cultivation, the reconstituted germs of tooth or
whisker follicles were transplanted into a subrenal capsule for 14
days using 8 week-old male mice as the host, according to the
method of Bogden and co-workers1.
Tissue Preparation and Immunohistochemistry
The tissues were removed and immersed in 4%
paraformaldehyde in PBS(-). After fixation, the tissues were
decalcified in 4.5% EDTA (pH 7.4) for 1-10 days at 4oC. To
store frozen samples, the specimens were immersed in a series of
graded sucrose solutions and embedded in Tissue-Tek O.C.T.
(Sakura-Finetek
USA,
Torrence,
CA).
For
immunohistochemistry, the primary antibodies used were antivon Willibrand factor (αvWF pAb; 1:100, Chemicon, Temecula,
CA)2 and anti-neurofilament H (αNF-H pAb; 1:100, Chemicon)3
polyclonal antibodies. Immunoreactivity was detected using
fluorescence-conjugated goat anti-rabbit IgG (1:200, Chemicon).
The sections were observed using an Axio Imager A1 (Carl Zeiss,
Jena, Germany) with an AxioCAM MRc5 (Carl Zeiss) and
processed with AxioVision software (Carl Zeiss). Fluorescent
images were acquired using an Axiovert 200M (Carl Zeiss) with
an AxioCAM MRm (Carl Zeiss).
In Situ Hybridization Analysis
In situ hybridizations were performed using 10 μm frozen
sections. Digoxgenin-labelled probes for specific transcripts
were prepared by PCR with primers designed using published
sequences (GenBank Accession Numbers; Shh: NM009170,
Msx1: NM010835, Fgf3: NM008007, Wnt10b: NM011718,
Activin βA: NM008380, Periostin: NM015784, Amelogenin:
NM009666, Dspp: NM010080, Ectodin: NM025312, Edar:
NM010100, p21: NM007669, Ptc1: NM008957, Gas1:
NM008086). After hybridization, the expression patterns for
each mRNA were detected and visualized by immunoreactivity
with an anti-digoxigenin alkaline phosphatase-conjugated Fab
fragments (Roche), according to the method of Iseki and coworkers4.
Transplantation
After incubation, reconstituted explants were separated into the
individual primordium using a fine needle. The mandibular
bones around the right incisors of 8 week-old adult male mice
were surgically removed and the right incisors were then
extracted
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extracted under deep anaesthesia. After 3 days, the vestibular
surface of the right mandibular ramus was surgically exposed
also under deep anaesthesia. An incision of about 8 mm in
length was then made through the skin with a fine scissors to
access the muscle layer, according to an imaginary line joining
the auditory meatus to the lip commissure. The fibres of the
masseter were separated along their longitudinal axis with a
scalpel blade. The underlying bony surface of the ramus was
then exposed and a scalpel blade was used to create a hole
through the alveolar bone. The bony window was placed
approximately 2 mm anterior to the posterior border of the ramus
and slightly superior to the bony elevation at the apical end of
the incisor. A sample was then inserted through the bony
window. The animals were then sutured and the surgical site
was cleaned.
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Supplementary Fig. 1 Effects of cell density and cell
compartmentalization
between
epithelial
and
mesenchymal cells upon the generation of
bioengineered teeth. (a) Phase contrast images of tooth
germ, tissues and dissociated single cells as described
(see Supplementary Methods. Scale bar, 200 μm. (b)
Histological analysis of the explants under various
Tissues
Single cells
conditions. The reconstituted tooth germs were prepared
from epithelial cells only (upper left), mesenchymal cells
only (upper right), a combination of epithelial and
mesenchymal cells showing compartmentalization at a
Epithelium + Mesenchyme,
Epithelium + Mesenchyme,
low-cell density (lower left) and a combination of
Without compartmentalization
Low-density reconstitution
epithelial and mesenchymal cells in the absence of
compartmentalization at a high-cell density (lower right).
For the preparation of a low-density reconstituted
structure, the cells were suspended in medium of four
volumes to the packed cell volume. To prepare tooth
germ in the absence of compartmentalization between the
epithelial and mesenchymal cells, a equal number of each
cell type was premixed, followed by reconstitution. The
reconstituted germs were grown for 2 days by in vitro
organ culturing and then subjected to the subrenal capsule
d Epithelial cell (Normal) + Mesenchymal cell (GFP)
assay. Scale bar, 200 μm. (c) Histological analysis of
the expression of typical differentiation markers for
am
ameloblasts, odontoblasts and periodontal ligaments in a
p
od
D
bioengineered incisor at post-transplantation day 14 in the
od
subrenal capsule. The regenerated tooth displays normal
PD/D
p
cellular and tissue components in the correct location,
bv
E
including ameloblasts (am), odontoblasts (od), pulp cells
am
PDL
(p), blood vessels (bv), enamel (E), dentin (D), pre-dentin
B
(PD), periodontal ligaments (PDL) and alveolar bone (B).
Epithelial cell (GFP) + Mesenchymal cell (Normal)
Amelogenin
Periostin
Gene expression patterns were detected by in situ
p
od
hybridization of sequential sections of bioengineered
E
incisor. Scale bar, 250 μm. (d) Analysis of the cell types
PD/D
that have differentiated from the epithelial and
am
mesenchymal cells in the bioengineered incisor tooth
germ. The origins of the epithelial and mesenchymal
cells are indicated above the panels. Green fluorescent
images were merged with DIC images.
The
abbreviations used are identical to those shown in (c).
f E (N) + M (95% of normal + 5% of GFP)
g Pre-treatment with αCD29 mAb
Scale bar, 250 μm. (e) Wholemount analysis of
bioengineered tooth germ, which was reconstituted using
a combination of epithelial (E) or mesenchymal cells (M)
isolated from normal mice (N) or GFP-transgenic mice
(G), and cultured for 4 days. The origins of the epithelial
and mesenchymal cells are indicated above each panel.
Green fluorescent images were merged with those of DIC.
Images were acquired using a SteREO Lumor V12 (Carl
Zeiss). Scale bar, 200 μm. (f) Analysis of development
E (50% of normal + 50% of GFP) +
of aorgan culture. The chimeric bioengineered tooth germ
of a ‘chimeric’ bioengineered tooth germ in in vitro
M (50% of normal + 50% of GFP)
was reconstituted between epithelial cells isolated from normal mice and mesenchymal cells mixed with
normal mice and GFP-transgenic mice-derived mesenchymal cells at the chimerism of 95% and 5%,
respectively, with cell compartmentalization at high-cell density (upper). The chimeric tooth germ was
reconstituted between epithelial and mesenchymal cells each containing of equally number of normal and
GFP-transgenic mice-derived single cells with cell compartmentalization at high-cell density (lower).
These explants were cultured for 14 days. Images were acquired using a LSM 510 META (Carl Zeiss).
Green fluorescent images were merged with those of DIC. Scale bar, 50 μm. (g) Histological analysis of
an explant reconstituted using cells treated with CD29 antibodies. Scale bar, 200 μm.
b Epithelial cells alone

Tooth germ
ED14.5

E (N) + M (G)

E (G) + M (N)
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Supplementary Fig. 2 Three-dimensional histological analysis of bioengineered teeth under various developmental conditions. Bioengineered incisors developed in a subrenal capsule (a), via in
vitro organ culturing (b), bioengineered molars developed via in vitro organ culturing (c) were sectioned and stained with haematoxylin-eosin. The sections were then observed by an Axio Imager A1
(Carl Zeiss, Jena, Germany) with an AxioCAM MRc5 (Carl Zeiss) and processed with AxioVision software (Carl Zeiss). Serial images were compiled and aligned using an LSM 5 Image Browser (Carl
Zeiss) and AutoAligner (Bitplane AG, Zurich, Switzerland), and analyzed using Imaris 4 software (Carl Zeiss). A three-dimensional overview, x-y projection, y-z projection and x-z projection are
demonstrated.
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Supplementary Fig. 3 Expression of the regulatory genes that function during early tooth development in a bioengineered incisor tooth germ Gene expression in bioengineered incisor tooth
germ that had been cultured in vitro for 2 days was detected by in situ hybridization. Dotted lines indicate the interface between the epithelial and mesenchymal cells and the inside of the lined areas
indicate the epithelial cell aggregates. Scale bar, 200 μm. (a) Expression analysis of enamel knot and mesenchymal cell markers. Shh, Wnt10b, Msx1, Activin βA and Fgf3 transcripts are detectable in
sequential sections. (b) In situ hybridization analysis of genes associated with the induction of the enamel knot in bioengineered tooth germ. mRNAs for Shh, Ectodin, p21 and Edar were analyzed in
sequential sections of the explant. (c) Analyses of Shh-signaling related genes that function in the regionalization of odontogenic and non-odontogenic mesenchyme. Ptc1 and Gas1 transcripts are
detectable in sequential sections of reconstituted tooth germ.
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Supplementary Fig. 4 Generation of a reconstituted whisker in vivo from a bioengineered follicle. (a) Schematic representation of the bioengineering method employed for the reconstitution of a
whisker follicle in vitro. Scale bar, 250 μm. (b) Whole mount analysis of a bioengineered whisker following a subrenal capsule transplant for 14 days. Scale bar, 250 μm. (c) Histological analysis of a
bioengineered whisker following a subrenal capsule transplant for 14 days. Abbreviations: ws, whisker shaft; irs, inner root sheath; ors, outer root sheath. Scale bar, 100 μm.
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Subrenal capsule assay, Day 14

c

Incisor, developed from the single primordia isolated from tooth germ in organ culture for 2 d.
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Supplementary Fig. 5 Development and transplantation of individual primordia. (a) In vivo and (b) in vitro development of individual primordia, regenerated either in a subrenal capsule or by in
vitro organ culture, both for 14 days. Boxes indicate the area shown by higher magnification in the right hand panels. Scale bar, 100 μm. (c) Bioengineered single incisor developed from a dissected
single primordium via in vitro organ culturing for 2 days were sectioned and stained with haematoxylin-eosin. The sections were then observed by an Axio Imager A1 (Carl Zeiss, Jena, Germany) with
an AxioCAM MRc5 (Carl Zeiss) and processed with AxioVision software (Carl Zeiss). Serial images were compiled and aligned using an LSM 5 Image Browser (Carl Zeiss) and AutoAligner (Bitplane
AG, Zurich, Switzerland), and analyzed using Imaris 4 software (Carl Zeiss). A three-dimensional overview, x-y projection, y-z projection and x-z projection are demonstrated. (d) Transplantation of
bioengineered incisor tooth germ reconstituted by a combination of normal and GFP-transgenic mouse epithelial cells and mesenchymal cells. GFP fluorescent and DIC images were merged. Scale bar,
200 μm.

NATURE METHODS VOL.4 NO.3 FEBRUARY 2007 Supplementary Information

