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Much of the basic information about individual organ development
comes from studies using model species. Whereas conservation of
gene regulatory networks across higher taxa supports generaliza-
tions made from a limited number of species, generality of mecha-
nistic inferences remains to be tested in tissue culture systems. Here,
using mammalian tooth explants cultured in isolation, we investigate
self-regulation of patterning by comparing developing molars of the
mouse, the model species of mammalian research, and the bank vole.
A distinct patterning difference between the vole and the mouse
molars is the alternate cusp offset present in the vole. Analyses of
both species using 3D reconstructions of developing molars and
jaws, computational modeling of cusp patterning, and tooth explants
cultured with small braces show that correct cusp offset requires
constraints on the lateral expansion of the developing tooth. Vole
molars cultured without the braces lose their cusp offset, and mouse
molars cultured with the braces develop a cusp offset. Our results
suggest that cusp offset, which changes frequently in mammalian
evolution, is more dependent on the 3D support of the developing
jaw than other aspects of tooth shape. This jaw-tooth integration of a
specific aspect of the tooth phenotype indicates that organs may out-
source specific aspects of their morphology to be regulated by adja-
cent body parts or organs. Comparative studies of morphologically
different species are needed to infer the principles of organogenesis.
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he conservation of gene regulatory networks in the devel-

opment of homologous organs is well exemplified by denti-
tions. Teeth in fish, reptiles, and mammals have been found to
use largely shared developmental gene networks (1, 2). Fur-
thermore, tooth development, similar to organ development in
general, results from sequential events that appear to be rela-
tively independent from the development of other organs. In
particular, mammalian teeth have been considered highly self-
regulatory, as they form inside the dental follicle buffered from
the surrounding environment (3-5). The self-regulatory aspect of
teeth is further supported by the reiterative use of the same
signaling pathways and signaling centers, called enamel knots,
present within each growing tooth (2). Experiments on growing
teeth have revealed how an activator—inhibitor balance of sig-
naling molecules within a developing tooth and between adjacent
teeth regulate dental patterning (6-12).

Despite the evidence from mice indicating self-regulation of
teeth, several observations suggest an intriguing link between jaw
bone and tooth crown formation (3, 13, 14). In humans, abnor-
mal crown patterns in patients with congenital syphilis have been
ascribed to result from infection of the tooth follicle (3). Like-
wise, loss of function of parathyroid hormone-related protein
(PTHrP) leads to loss of alveolar bone resorption and de-
formation of the tooth crown in the mouse (15-19). A lethal
human syndrome called Blomstrand chondrodysplasia, which
involves a loss of function of the receptor for PTHrP, results in a
severe deformation of the base of a tooth crown due to an excess
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of bone formation (20). Conversely, experiments using cultured
sections of mouse jaws show that molars grow larger after alve-
olar bone has been removed (21).

To address the limited comparative evidence on the self-
regulation of teeth, here we asked whether molar cusp patterns are
indeed entirely self-regulatory, or whether the surrounding jaw
should also be considered in tooth patterning and evolution. Our
specific focus is inspired by early computational modeling, which
has implicated that the lateral configuration of cusps depends on
lateral expansion of the developing molar (22). Molars typically
have lateral cusp configurations that range from largely parallel, as
in mice and humans, to alternate, as in the evolutionarily basal
mammalian molar, the tribosphenic molar. Teeth of several lineages
have repeatedly evolved from alternate to parallel cusp configura-
tions during the Cenozoic, and in particular, rodents show great
evolutionary diversity in their lateral cusp configurations (Fig. 1;
Table S1) (23-26). Functionally, lateral cusp configuration is related
to occlusion and to chewing direction in cuspidate teeth (26, 27).

Developmentally, parallel and alternate cusp configurations
are one of the earliest features to appear during crown pat-
terning (28), suggesting a relatively narrow time during which the
cusp offset can be influenced. Despite the increasing knowledge
about developmental regulation of tooth patterning, none of the
known pathways or mutations in the mouse has transformed its
parallel cusp configuration to the pattern of alternate cusp
configuration (2, 6-8, 10-12, 29-31). This lack of suitable mouse
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Fig. 1. Cusp offsets show diverse evolutionary patterns across the phylogeny of muroids. The plot shows the range of protoconid (white arrow) and

metaconid (black arrow) angular values measured for extant and extinct muroid families (Materials and Methods; Table S1). Mouse (Murinae) and vole
(Arvicolinae) cusp offsets are in the extreme ends of muroids. The teeth are not to scale.

mutants further necessitates a comparative approach to studying
lateral cusp configurations.

We examined molar development of two extreme cases: the
mouse (Mus musculus), the model species used in mammalian
tooth development with parallel cusps, and the bank vole
(Myodes glareolus), with alternate cusps (Fig. 1; Fig. S1).

Results

Computational Modeling Implicates Lateral Expansion in the
Regulation of Cusp Offset. First we used soft tissue micro-
computed tomography (microCT; Materials and Methods) to
measure cusp-offset angles in the first (m1) lower molars of the
mouse and the vole. This method allowed us to examine the de-
velopment of lateral cusp configuration more accurately than with
histology-based 3D reconstructions. The tomography data (Fig.
2A4) show that the difference in m1 cusp offset between mouse and
vole is well established by stage E16 (corresponding to the late bell
stage of tooth development), agreeing with earlier reports (28).

Although previous computational modeling had implicated
lateral growth to control lateral cusp configuration (22), the model
used had only a rough depiction of tissue growth dynamics.
Therefore, here we used a morphodynamic model incorporating
genetic interactions with tissue biomechanics through the Tooth-
Maker interface (12, 32). We systematically constrained lateral
expansion of teeth, starting from parameters used to model a
mouse tooth; that is, parallel cusp configuration (12).
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Our ToothMaker simulations show that a substantial re-
duction in the parameters affecting lingual (Lbi) and buccal
(Bbi) expansion of the tooth at a critical stage results in the al-
ternate vole cusp pattern (Fig. 2; Table S2; Fig. S2). The de-
velopment of the alternate vole pattern results from a narrower
cross-section of the simulated tooth germ, which fit in the sec-
ondary enamel knots only in the alternating pattern (Fig. 2B; Fig.
S2). These modeled patterns suggest mechanisms limiting lateral
expansion of developing teeth at this stage are needed for al-
ternate cusp configuration. To specifically simulate the rapid
longitudinal extension of the vole first molar (33), anterior and
posterior biases also need to be changed (Fig. 2; Fig. S2C).
However, minimizing lateral biases alone is sufficient to produce
cusp offset in the mouse model (Fig. S2 B and D).

Because the modeling approach does not directly identify the
factors limiting lateral expansion of molars, next we examined
whether the appearance of mouse and vole cusp patterns are
associated spatiotemporally with jaw formation.

Cusp Offset Appears When the Developing Tooth Becomes Surrounded
by the Jawbone. Because our tomography imaging also provided
high-resolution data on developing jaws, we examined the spa-
tiotemporal association between the developing bone crypt and
the tooth (Materials and Methods). The reconstructions show
that the growing jawbone appears to be dynamically associated
with the lateral expansion of the molars (Fig. 3; Fig. S3; Movie S1).
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Fig. 2. Adjusting lateral biases changes cusp offset in computational
modeling and mimics the real patterns of vole and mouse molar develop-
ment. Soft tissue tomography reconstructions of developing mouse and vole
molars show early appearance of cusp-offset patterns (A). The protoconid is
marked with a white arrow, and the metaconid with a black arrow. Mouse
molar simulation used parameters from ref. 12, and the vole simulation has
greatly reduced lingual and buccal biases to produce the cusp offset (B). In
addition, to simulate the greater anterior elongation of the vole molar
compared with the mouse molar, we increased the anterior and decreased
the posterior biases (see Table S2 for parameter values). The secondary
enamel knot produced growth factor is shown in red, marking the de-
veloping cusp patterns (B). Anterior is toward the top. (Scale bar, 500 pm.)

The close temporal and spatial association of forming bone with
developing tooth is further supported by osteoclast activity de-
tected using tartrate-resistant acid phosphatase (TRAP) staining
(21, 34) (Fig. 4). In both species, first the buccal and then the
lingual sides show TRAP staining in the bone closest to the tooth
(Fig. 4 A and B), suggesting an active remodeling of the jaw (21)
(Fig. 4). Vole m1 shows a larger TRAP-positive region close to
buccal cervical loop than mouse m1, possibly due to the continuing
crown growth of hypsodont (tall) vole molar (Fig. 4B; Fig. SI).

Experimentally Constraining Lateral Expansion of Teeth. The presence
of active bone remodeling adjacent to developing teeth during the
appearance of cusp offset further suggests a role of the adjacent
jawbone in the regulation of lateral cusp configuration. To ex-
amine cusp patterning experimentally, we next explored how the
cusp offset forms in cultured teeth when no jawbone is present.
We used an organ culture system to grow both mouse and vole
molars (Fig. 54; Fig. S4). In these organ cultures, the tooth pri-
mordia are dissected from the surrounding jaw tissue before the
appearance of bone, and cultured on a filter paper (Materials and
Methods; Fig. 5B). Tooth development can be followed continu-
ously, and mouse molar patterning has been reported to be rela-
tively normal, using the ex vivo cultures (e.g., refs. 9, 12). We
cultured first lower molars of both species, starting at E14, when
the cusps have not yet appeared (Fig. 54; Materials and Methods).

The results show that vole molars, when cultured ex vivo
without surrounding jaw tissue, lose their in vivo alternate cusp
pattern (Figs. 54 and 6 4 and B). The change in the vole cusp
offset is so large that the lateral cusp patterns of both the vole
and the mouse are very similar ex vivo. Moreover, ex vivo cul-
tured mouse molars showed more perfectly parallel cusp con-
figuration than the small offset present in mouse teeth in vivo
(Figs. 24, 5, and 6 4 and B). We note that, to our knowledge, this
loss of cusp offset in cultured mouse molars has not been pre-
viously reported, most likely because it has been overlooked due
to the subtleness of the offset in the in vivo mouse molars.

Renvoisé et al.

Compared with in vivo molars and dental crypts in the jaw, the
cultured mouse and vole molars grow wider (Table S3). In
contrast to the lateral cusp patterns, longitudinal patterning of
the teeth was largely unaffected during culture.

Because whole-tooth primordia can be cultured only in isolation
from the jaw and bone, we used artificial lateral constraints on the
growing tooth to test whether they modify lateral cusp patterns.
We used stainless steel wires to make small braces that limit the
lateral growth of the rodent molar to a fixed width of ~400 to
~500 pm (Fig. 5 C and D; Materials and Methods). These widths
approximate the distances between the buccal and lingual jawbone
when cusp configuration is being determined (Fig. S54).

In the culture experiments using braces, the alternate vole
pattern was partially restored (Figs. 5 D and E and 6C; Tables S4
and S5). Furthermore, some of the mouse molars cultured with
braces switched to the alternate-like vole pattern (Figs. 5 D and E
and 6C). These results indicate that lateral constraint of the de-
veloping m1 ex vivo is necessary to recover the cusp offset of the
vole crown, and sufficient to transform mouse m1 cusp offset into
vole m1 pattern. Compared with the in vivo patterns, the cusp
offset angles were highly variable in the brace experiments (Fig. 6;
Tables S4 and S5). While the high variability is likely to reflect
variation in the experimental settings, our modeling also suggests
buccal and lingual sides may have to be constrained differently to
fully capture the in vivo patterns (Fig. S2D; Table S2). This in-
ference from the modeling agrees with the dynamics of real molar
development; in developing mouse and vole molars, the lingual
side expands more during the initiation of cusp development, and
the first lingual secondary enamel knot establishes the metaconid
cusp (28). On the buccal side, the protoconid cusp is established by
the remnants of the primary enamel knot.

Finally, because our wire experiments physically limit the lat-
eral expansion of growing teeth, we explored whether jaw
thickness during the patterning might be associated with lateral
cusp configuration. We measured jaw thickness during the pat-
terning in mouse, gerbil (Meriones unguiculatus), vole, and

Developmental stage (days)
15 16 17

Mouse

Vole

Fig. 3. Soft tissue tomography reveals a close proximity of molars and
jawbone from the onset of patterning. The first lower molar (m1) and its
surrounding alveolar jawbone of mouse and vole are represented in false
color (m1 in gray and jawbone in red) from the posterior view. An animation
showing the development of the m1-jawbone relationship from E15 to
E17 stages (Movie S1) further illustrates the close association of the jaw with
growing tooth. Buccal is toward the right. (Scale bar, 500 pm.)
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Fig. 4. Osteoclast activity indicates active interaction between growing
molars and jawbone in both species. Mouse (A) and vole (B) histological
sections with TRAP staining (Upper) and H&E staining (Lower) show osteo-
clast activity (black arrowheads) first on the buccal (at E15 and E16) and then
on the lingual (at E17) side. Accordingly, the H&E stainings show that bone
encroaches the tooth first from the buccal and then from the lingual side (at
E16). Buccal is toward the right. (Scale bar, 200 pm.)

hamster (Mesocricetus auratus) jaws, with the former two lacking
and the latter two having a more pronounced cusp offset, re-
spectively. The results show that the vole and the hamster jaws
are thicker relative to tooth width than the mouse and the gerbil
jaws (Fig. S5B), suggesting cusp offset might be associated with
more robust jaws during development. However, because bone
geometry and heterogeneity of mineral density also affect bone
properties (35), the exact role of the jaw structure remains to be
determined. It is equally possible that the role of the jaw in the
development of the lateral cusp configuration is relatively passive
by providing a 3D constraint or support for the growing tooth.
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Discussion

The spatiotemporal association of jawbone formation with the
appearance of the lateral cusp offset, the requirement of lateral
constraints to achieve cusp offset in cultured teeth, and the com-
putational modeling implicating lateral biases in the regulation of
cusp offset all point to the jaw providing a 3D environment that
physically facilitates the formation of the correct cusp patterns. A
relevant aspect of the system is that the physical effect occurs
during early stages of tooth development when mineralized jaw-
bone is already present, whereas mineralization has not yet begun
in molars. One implication of our results is that cusp offset might
be more sensitive to disturbances than other aspects of tooth
shape. Another possibility is that the jawbone may form a de-
velopmental module with the teeth that specifically affects the
lateral cusp configuration. This interpretation is in agreement with,
and may provide comparative support for, studies implicating
stronger genetic links between body size and tooth width than
between body size and tooth length (36, 37). Nevertheless, addi-
tional comparative studies will be needed to decompose the mul-
tifactorial quagmire (38) of selective targets on tooth phenotypes.

Regardless of the exact molecular details of the interactions
between the tooth and the jaw, our analyses suggest organs may
outsource specific aspects of morphology to be regulated by
adjacent body parts or organs. This kind of physical outsourcing
differs from developmental integration in which, for example,
adjacent organs affect the size of each other (9, 39-41). It re-
mains to be explored what kind of organs are more purely self-
regulated (genetically and physically), and what kind of organs
are more likely to have evolved regulatory feedback mechanisms
with surrounding tissues that physically modify shape.

Finally, the morphology-specific effect of the lateral constraint
in regulating cusp configuration may explain why the role of the
jaw has not been realized previously. The model species of dental
research, the mouse, has close to parallel cusp configuration, and
thus mouse teeth develop relatively normally in organ culture.
This point underscores the importance of evolutionary compar-
ative data for research on biological pattern formation, including
organ engineering, where the role of surrounding or adjacent
tissue in regulating organ shape is unknown.

Mouse Vole

Develdlpmental stage (days)

Fig. 5. Cusp offset is lost in teeth cultured ex vivo and regained by using small braces. First lower molar (m1) explants of mouse and vole have largely parallel
lateral cusp configurations (A). A Petri dish culturing system using small steel braces was used to constrain lateral expansion of teeth (B). ShhGFP-mouse
molars show relatively normal cusp offset when cultured without braces and pronounced offset of the protoconid and the metaconid when cultured with
closely spaced braces (C). Vole molars cultured with the braces rescue wild-type vole cusp offset. The cuspal patterns of vole molars (which lack GFP reporter
activity) are more visible in 3D reconstructions made from soft tissue tomography (D and E). The protoconid is marked with a white arrow, and the metaconid

with a black arrow. Anterior is toward the top. (Scale bar, 500 pm.)
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Fig. 6. Both mouse and vole cusp offset can be controlled ex vivo. The
mouse (white) and vole (black) cusp offset angles between the two first
developing cusps, the protoconid and the metaconid, are distinct in vivo (n =
4 for mouse and 6 for vole) (A). In ex vivo cultured teeth, the cusps are al-
most parallel both in the mouse and the vole (n = 9 for mouse and 26 for
vole) (B). In ex vivo cultured teeth with braces, the cusps show comparable
offset both in the mouse and the vole (n = 6 for mouse and 5 for vole)
(C). Boxes enclose 50% of observations; the median and mean are indicated
with a horizontal bar and circle, respectively, and whiskers denote range.
Statistical tests are in Table S5.

Materials and Methods

Mouse and Vole Teeth. The development of the lower jawbone was observed
in the vole species (M. glareolus) and the mouse species (M. musculus) from
embryonic day 15 (E15), when it starts to reach the buccal side of the de-
veloping tooth, to stage E17, when the crown cusp pattern is settled. The
appearance of the vaginal plug was taken as developmental stage 0 (EQ) in
mouse and vole. The developmental stages were defined by limb mor-
phology and tooth comparison in both mouse and vole. Adult vole and
mouse skulls were used to compare the final process of tooth implantation
into the jawbone. Positive embryos from Shh"7f"<® reporter mice expressing
green fluorescent protein under a Sonic hedgehog promoter (42) were used in
the constraint experiment. The epifluorescence of ShhGFP molars was used to
visualize the enamel knots leading to the cusp pattern development. ShhGFP
mutant mice were maintained in a Naval Medical Research Institute back-
ground. All the procedures of this study involving animals were reviewed and
approved by the National Animal Experiment Board, Helsinki.

MicroC -Data and 3D Reconstructions. MicroCT scans on dissected half-lower
jaws allowed us to reconstruct in three dimensions the codevelopment of
teeth and jawbone. Dissected tissue samples were fixed overnight in 4%
paraformaldehyde (PFA) and then dehydrated in 50-70% ethanol overnight.
To increase tissue contrast during the microCT scanning, soft tissues were
stained overnight with 0.3% (wt/vol) phosphotungstic acid in 70% ethanol.
Then samples were stored at 4 °Cin 70% ethanol (43). Samples were scanned
in 70% ethanol. X-ray microCT of the lower jaws was obtained with a
custom-built microCT system Nanotom 180 NF (with an effective voxel size
between 3 and 8 um). Tooth segmentations between epithelium and mes-
enchyme were performed with Image J 1.45c software (https:/imagej.nih.
gov/ij) and Amira (FEI Visualization Science Group). Jawbones were seg-
mented with Amira and Avizo software (FEI Visualization Science Group).
Both structures were assembled in Amira and Avizo software. Three em-
bryos were used for each developmental stage (E15-E17) in mouse and vole.
In addition, alveolar bone thickness (relative to tooth width) was measured
from buccal and lingual sides at the level of the broadest part of the de-
veloping molar in mouse, gerbil, vole, and hamster teeth (Fig. S5B). The
measured mouse and vole stage E15 and E16 equivalents were E13 and
E14 in the hamster and E20.5 and E21 in the gerbil. Adult skulls were
scanned without specific staining. Fossil specimens were scanned using a
microtomograph VISCOM x8050 (Centre de Microtomographie at the Uni-
versity of Poitiers) (26). All the subfamilies were measured from one or two
genera. Phylogenetic relationships and molecular estimated dates of di-
vergence from ref. 44, and fossil dates from refs. 45 and 46.
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Modeling Buccolingual Biases in Silico with ToothMaker. We used ToothMaker
(12) to find parameters that would reproduce a buccolingual bias during the
developing molars in silico (Table S2). The model integrates experimentally
inferred genetic interactions with tissue biomechanics to simulate tooth de-
velopment. The genetic parameters entail three diffusible signals: an activator
inducing enamel knots, an enamel knot-secreted inhibitor of enamel knot
formation, and a growth factor regulating growth of the epithelium and the
mesenchyme. The buccal (Bbi) and lingual (Lbi) bias parameters adjust for the
differential expression of activator in the mesenchyme surrounding the tooth
germ in the buccal and lingual sides. Since the activator inhibits epithelial
growth, these biases result in stronger or weaker lateral expansion of the
tooth, which indirectly affects the positions to which new enamel knots and
cusps form. In addition to the lateral biases, we increased the anterior side
elongation of the tooth (Abi) relative to the posterior growth (Pbi). The model
was run for 14,000 iterations. ToothMaker software is freely available for
Windows, MacOS, and Linux (available from the authors).

Histological Sections and Analyses. Head samples of embryonic mouse and
voles were fixed in 4% PFA at 37 °C for 30 min, and the 4% PFA was then
changed every 30 min over the course of 3 h at room temperature. Then the
samples stayed overnight in 4% PFA at 4 °C. Samples were paraffin em-
bedded over the course of 64.5 h in a Leica ASP200: 1 min, milliQ-H,O; 10 h,
70% ethanol; 14 h, 94% ethanol; 3x2 h of absolute ethanol washes; 3x3.5 h
of xylene washes; 3x8 h of paraffin embedding. Samples were not decal-
cified to preserve the structure of the mineralized jawbone. Histological
sections are 10 pm thick. To observe the cell structure of the tooth-jawbone
relationship between mouse and vole, histological sections were stained
with hematoxylin and eosin, using standard protocols.

TRAP or acid phosphatase leukocyte (Sigma-Aldrich, Proc. No. 387) was used
to stain osteoclast cells in mouse and vole alveolar jawbone from E15 to
E17 developmental stages. The deparaffination protocol used xylene 100% for
10 min (four steps), absolute ethanol for 5 min (three steps), and 94% ethanol
(two steps), 75% ethanol (one step), 50% ethanol (one step), and reverse os-
mosis water for 3 min each. The staining was performed on paraffin sections
of 7 um thickness, according to the manufacturer protocol, in 60-mL jars. The
temperature was carefully maintained at 37 °C for all the solutions. Slides were
not air-dried, but cover-slipped with water-based mounting. Pictures were
taken with a Zeiss microscope Axio Imager 2 with Bright Field mode.

Ex Vivo Culturing Experiments of Mouse and Vole Molar Explants. Mouse and
vole tooth germs from E14 were cultured ex vivo, subjected to a constraint on
lateral growth by placing a wire barrier on both sides of the tooth germ (Fig.
5B). Autoclaved stainless steel wires (0.016 mm and 0.007 mm) were used in
experiments. Both wire widths produced comparable results. Only the exper-
iments for which the distance between wires remained constant in all se-
quential images were measured. Wire distances of ~400-500 pm were used for
the experiments. Wider and narrower wire distances were also tried. The
former had no discernable effect on cusp offset, and the narrower caused
severe distortion of the tooth. Tooth germs were cultured in a Trowell-type
organ culture system using established tooth culture methods (47) for 4-5 d.
The culture medium was changed every 2 d. Pictures were taken every 24 h
from the first day of culture with a fluorescent microscope LEICA MZFLIII"and
a fluorescent stereomicroscope ZEISS-Lumar V12 for the ShhGFP mice and with
an Olympus SZX9 for mouse and vole bright light images.

Cusp-Offset Measurements of the Protoconid and the Metaconid in Developing
and Fully Formed Teeth. The two first cusps to develop in every lower molar of
rodents are the protoconid (buccal) and the metaconid (lingual) (28). The
cusp-offset angle was measured between these two cusps during all the
developmental stages studied, in both constrained and nonconstrained
teeth. The measurements corresponding to the stage E14+4 d of culture
were used in comparison with the in vivo measurements. The angle was
measured between the external tangents of the anterior edge of the cusps
and the lines crossing the cusps tips (Fig. S4). This method reduces the error
that could be made measuring the cusp tip, especially in flat surfaces such as
the vole teeth. Statistical tests were performed using Mann-Whitey U tests,
and random permutation tests on differences between group means
(Table S5).
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