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ABSTRACT In mice, a toothless diastema separates the single incisor from the three molars in each dental
quadrant. In the prospective diastema of the embryo, small rudimentary buds are found that are
presumed to be rudiments of suppressed teeth. A supernumerary tooth occurs in the diastemaof adult
mice carrying mutations in either Spry2 or Spry4. In the case of Spry2 mutants, the origin of the
supernumerary tooth involves the revitalization of a rudimentary tooth bud (called R2), whereas its
origin in the Spry4mutants is not known. In addition to R2, another rudimentary primordium (called
MS) arises more anteriorly in the prospective diastema. We investigated the participation of both
rudiments (MSandR2) insupernumerary toothdevelopment inSpry2andSpry4mutantsbycomparing
morphogenesis, proliferation, apoptosis, sizeandShhexpression in thedental epitheliumofMSandR2
rudiments. Increasedproliferationanddecreasedapoptosiswere found inMSandR2at embryonic day
(ED) 12.5 and 13.5 in Spry2�/� embryos. Apoptosis was also decreased in both rudiments in Spry4�/�

embryos, but the proliferation was lower (similar toWTmice), and supernumerary tooth development
was accelerated, exhibiting a cap stage by ED13.5. Compared to Spry2�/� mice, a high number of
Spry4�/� supernumerary tooth primordia degenerated after ED13.5, resulting in a low percentage of
supernumerary teeth in adults. We propose that Sprouty genes were implicated during evolution in
reductionof the cheek teeth inMuridae, and their deletioncan reveal ancestral stagesofmurinedental
evolution. J. Exp. Zool. (Mol. Dev. Evol.) 320B: 307–320, 2013. © 2013 Wiley Periodicals, Inc.
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The adult mouse dentition is comprised of one incisor and three
molars separated by a toothless gap (diastema) in each jaw
quadrant. However, tooth primordia form in the diastema region
during early development, and these will later stop developing,
largely because of epithelial apoptosis. The presence of rudimen-
tary tooth primordia in mouse embryos points to a relationship
between the more complete dental pattern of evolutionary
ancestors and the reduced pattern of extant mice (Peterkova
et al., 2002, 2006; Prochazka et al., 2010). Two large rudiments,
situated in the posterior part of the diastema and in front of the
molar region, have been correlated with premolars lost during
evolution (Peterkova et al., '96, 2000, 2002). Thefirst experimental
evidence of the existence of the two large rudiments calledMS and
R2 in the mouse mandible, as well as of their distinct signaling
centers, sequential development and fate in wild‐type (WT) mice,
have been recently obtained using DiI labeling and markers of the
signaling centers (Prochazka et al., 2010).
Interestingly, a supernumerary tooth is present in front of

molars in several mouse mutants (Gruneberg, '55; Caton and
Tucker, 2009; Cobourne and Sharpe, 2010; Wang and Fan, 2011).
These supernumerary teeth have been interpreted as atavistic
premolars that originate from the rudimentary anlage of the
dentition in the diastema (Peterkova, '83; Peterkova et al., 2002,
2005; Ohazama et al., 2008, 2009; Porntaveetus et al., 2011a,b). A
supernumerary tooth also develops in Sprouty (Spry) null mice. In
both Spry2 and Spry4 mutants, a supernumerary tooth occurs in
front of the first molar (M1), and its frequency is much higher in
the Spry2�/� than in Spry4�/� animals (Klein et al., 2006).
However, the reason for this difference is not known.
Sprouty genes encode antagonists of Fgf signaling (Hacohen

et al., '98), and they have been proposed to prevent rudimentary
diastema buds from receiving sufficiently high levels of the Fgf
signaling that normally sustains tooth development (Klein
et al., 2006). Fgfs play a key role in early tooth development
(Neubuser et al., '97; Peters and Balling, '99). The members of the
Fgf family regulate important cellular activities. For example, Fgf4
stimulates proliferation (Jernvall et al., '94; Vaahtokari et al., '96a)
and prevents apoptosis (Vaahtokari et al., '96b) during tooth
development. Increased Fgf signaling in Spry2�/� mice has been
proposed to explain the significantly increased proliferation and

decreased apoptosis in the R2 rudiment, which leads to its
revitalization and development of the supernumerary tooth
(Peterkova et al., 2009).
Whereas involvement of the R2 rudiment has been described in

supernumerary tooth development in Spry2mutants, similar data
about the Spry4�/� embryos are missing, and in addition a
potential role of the MS rudiment has not been investigated yet.
Moreover, there is not yet a consensus regarding the impact of
forming a supernumerary tooth on the size and morphology of the
adult M1 in mutant mice (Gruneberg, '55; Sofaer, '69; Peter-
kova, '83; Kangas et al., 2004; Kassai et al., 2005; Klein et al., 2006;
Ohazama et al., 2008, 2009). Therefore, we performed a prenatal
and postnatal morphological and morphometric study, as well as
3D reconstructions combined with prenatal detection of expres-
sion domains of a marker of tooth signaling centers (sonic
hedgehog—Shh), in Spry2�/� and Spry4�/� mice. We aimed first
to compare the various developmental aspects of both rudimen-
tary tooth primordia MS and R2 in the Spry2�/� and Spry4�/�

mice and in WT mice, and second to determine and compare the
role of MS and R2 in supernumerary tooth formation in mutants.
We also tried to explain the consequences of such revitalization on
the size and morphology of the M1 tooth in adult mice.

MATERIALS AND METHODS

Mice
Mouse lines carrying mutant alleles of Spry2 (Shim et al., 2005)
and Spry4 (Klein et al., 2006) were maintained and genotyped as
reported. The CD1 mice were purchased from Charles River
(Sulzfeld, Germany) and were used as WT controls.

Mice and Embryos Harvesting and Staging
For prenatal studies, females were mated overnight, and noon
after the morning detection of the vaginal plug was considered as
embryonic day (ED) 0.5. The pregnant females were sacrificed by
cervical dislocation at noon on ED12.5–15.5. For Shh expression,
the pregnant mice were additionally sacrificed at 7–8 AM
(corresponding to ED12.3, 13.3, 14.3) or 3–4 PM (corresponding
to ED12.7, 13.7, 14.7) (Prochazka et al., 2010). These harvesting
conditions enabled collection of a broader spectrum of develop-
mental stages of the mouse embryos during the period under
observation.
Immediately after taking the embryo or fetus out of the

uterus, its wet body weight was determined after removing the
excess of amniotic fluid on embryo surface by gentle dabbing
on a dry Petri dish (till ED14.5) or on a filter paper (after
ED14.5). The body weight allowed us to refine chronological
staging of mouse embryos and to create a longitudinal series
presenting subtle successive stages of tooth development
(Peterka et al., 2002).
For postnatal study, adults of both sexes were sacrificed by

cervical dislocation and their heads were fixed and kept in 70%
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ethanol for morphological and morphometric evaluation of adult
teeth.
All of the animals' treatment satisfied the requirements of the

Institutional Review Board of the Institute of Experimental
Medicine, Academy of Sciences of the Czech Republic, Prague,
Czech Republic.

Histology
The heads of embryos fixed in Bouin fluid or 4% PFA were
routinely embedded in parafin and cut in series of 7 µm thin
frontal sections colored with alcian blue–hematoxylin–eosin or
nuclear fast red.

3D Reconstructions
Drawings of the dental epithelium were traced from serial sections
using a Leica DMLB microscope (Leica Microsystems GmbH,
Wetzlar, Germany) equipped with a drawing chamber at a
magnification of 320�. The drawings were memorized to
computer (Lesot et al., '96) and the 3D reconstructions were
created by VG‐studio Max 2.0 software (VG‐studio Max,
Heidelberg, Germany). In some specimens, the Shh expression
area was also recorded in the drawings and represented in the 3D
reconstruction models.

Prenatal Quantitative Evaluation of Dental Epithelium on
Histological Sections
Agroupofembryosexhibitingsimilarageandbodyweightwasused
for morphometric analysis of dental epithelium in each of three
different mouse genotypes (WT, Spry2�/�, Spry4�/� mice) at
ED12.5 and ED13.5. Each group comprised five left and five right
mandiblehalves. Inamandiblehalf,weevaluatedconsecutive serial
sections in a representative region of tooth primordia MS, R2, and
M1(Fig.1C,D).TherudimentsMSandR2weredeterminedaccording
tothetypical shapeofdental epithelium(Fig.1A,B).TheR2rudiment
could also be identified in the small supernumerary cap present in
Spry4�/� embryos at ED13.5 (compare to Fig. 4). The length of an
evaluated region was identical in all jaws at a specific stage, but
exhibited a difference between ED12.5 and 13.5 in accordance with
the changing size of the tooth primordium (Fig. 1). Each evaluated
section was photographed (magnification 500�) using a Leica
DMLB microscope (Leica Microsystems GmbH) equipped with a
camera Leica DC480 (Leica Microsystems GmbH).
The area of dental epithelium was measured and cells counted

on each photographed section by software Image J (http://rsbweb.
nih.gov/ij). The evaluated dental epithelium was delimited by the
basement membrane, the oral surface of the epithelium, and the
places where the thickness of the dental epithelium decreased to
the thickness of the medially and laterally adjacent oral
epithelium. The size of MS, R2, or M1 primordium was
characterized by the average size of the dental epithelium on
one section in the evaluated region.

Mitotic cells, from early metaphase to early telophase (Elalfy
and Leblond, '87), were determined on photos and mitosis stage
checked (at themagnification of 500�) by Leica DMLBmicroscope
(Leica Microsystems GmbH). Mitotic index was calculated as
percentage of the cells inmitosis from the total amount of cells in a
cumulative sample comprising all evaluated sections in a
representative region of a specific tooth primordium in all
mandible halves in a group. Apoptotic elements, that is, apoptotic
cells and bodies, were detected on histological sections according
to morphological criteria (Tureckova et al., '96) at the magnifica-
tion of 500�, using Leica DMLB microscope (Leica Microsystems
GmbH). The apoptotic rate was calculated as cumulative sample of
apoptotic elements related to cumulative area of dental epithelium
(see mitotic index).

Figure 1. Rudimentary tooth primordia on sections and 3D
reconstructions at ED12.5 and 13.5. (A,B) Histological sections. (A)
Characteristic shape of MS (top) with lingual accessory bud (black
arrowhead), its posterior disappearing (bottom) was considered as
the end of the MS. (B) A wide bud morphology characteristic of the
middle of the R2 region. (C,D) 3D reconstructions of dental and
adjacent oral epithelium. The sections where the dental epithelium
was evaluated are visualized in light strip. (C) Five sections of the
MS region and five sections of the R2 region were separated by a
five section (35 µm) gap at ED12.5. (D) Five sections of MS and ten
sections of R2 were separated by a five section (35 µm) gap, and
ten sections of M1 were separated by a ten section (70 µm) gap
from the R2 at ED13.5. Scale bars: 100 µm. Vertical and horizontal
arrows—posterior/lateral direction respectively.
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Whole Mount In Situ Hybridization
Embryonic mandibles were fixed in 4% PFA solution overnight at
4°C, andwholemount in situ hybridization (WISH) was carried out
according to a standard protocol. DIG RNA probe was transcribed
in vitro (Echelard et al., '93) from Shh plasmid (a kind gift from
Prof. A. McMahon).
The samples were documented by a LeicaMZ6 stereomicroscope

with a Leica DC480 digital camera (Leica Microsystems GmbH).

Postnatal Morphometry
Our total sample comprised 258 specimens: 70 WT (32 males, 38
females), 22 Spry2�/� (15 males, 7 females), and 166 Spry4�/�

(106 males, 42 females, and 18 with unknown sex) adult mice. A
low number of jaws with a supernumerary tooth (five supernu-
merary teeth in Spry2�/� and three supernumerary teeth in
Spry4�/� mice) did not allow for a statistical evaluation, and
therefore only specimens without supernumerary teeth were used
in the postnatal study. This approach was based on our
preliminary data documenting the high frequency of the
supernumerary tooth germs that start to develop and presumably
can influence the M1 development, although the majority of them
regress at later prenatal stages.
A dial caliper (accuracy 0.25 mm) was used to measure

condylobasal length of the skull. Dental measurements focused
on total antero‐posterior length of the whole molar tooth row and
the antero‐posterior lengths of the first lower molar (M1) and its
parts. The inner lobe between L1 and L2 and the tooth base
between trigonid and talonid served as borders for inner
measurements. To obtain dental measurements, magnifier
equipped with an ocular micrometer was used with accuracy
0.05 mm for (a) and (b) and 0.025 mm for (c). From these three
measurements, three other were computed: (d) length of the
anteroconid region of M1 (¼a � b), (e) length of the trigonid
region of M1 (¼b � c), and (f) length of the anteroconid–trigonid
region (¼a � c) (Fig. 2).
The degree of complexity of the anteroconid–trigonid region of

M1 was determined and ranked in three phenotypic categories
(Fig. 7A): standard complexity with four cusps and without any
reduction in anteroconid (C0); increased complexity with a
supernumerary cusp/conulid (Cþ); decreased complexity charac-
terized by a reduction and drawing away of the L1 cusp, or by
reduced L1/B1 cusp(s) up to remaining single, central anterior cusp
(C�) (Fig. 7A).

Statistical Methods Used in Postnatal and Prenatal Morphometry
All statistics were computed using R 2.13 (CRAN, freeware) with
packages “MASS” and “nlme.”Analysis of independent contrasts
was used to obtain basic statistical criteria (“summary” function).
Log‐ or square‐root transformation of the data was used if needed.
If sex dimorphism was found, sex was used as a covariate.
Statistica 10 (StatSoft, Inc., 2010) was used for graphs.

Analysis of variance, ANOVA (completed by subsequent Tukey
test) was used for condylobasal length. Generalized linear mixed
models (GLMM) with nested design (independent variable nested
in jaw quadrant and it nested in specimen), specimen as a random
effect and Gaussian distribution were used for dental characters.
For the length of anteroconid–trigonid complex the main GLMM
test was supplemented with other GLMM tests looking for
differences in C0‐group and among Spry2�/� and Spry4�/�

mutants. The distribution of trigonid–anteroconid complexity in
the three lineages was tested afterwards with the help of
generalized linear model (GLM) with Poisson distribution.
Differences between mutants and WT mice in prenatal

morphometry were tested in a similar way with one exception:
Only simple ANOVAwas used as the embryos' sex was not known
and because our previous study did not show any significant
differences between right and left side of the mandible (Kristenova
et al., 2002).

RESULTS

Tooth Morphogenesis
As a first step, we compared the morphogenesis of both
rudimentary tooth primordia (MS and R2) in the Spry2�/� and

Figure 2. Lower M1 of adult mouse showing the distances
measured for morphometric analysis. Dental measurements of
total antero‐posterior length of the whole molar tooth row and of
the antero‐posterior lengths of the first lower molar (M1) and its
parts: (a) total length of the M1; (b) length of the M1 without
anteroconid region; and (c) length of the talonid of the M1.
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Spry4�/� embryos and in WT embryos on histological sections
and 3D reconstructions.
At ED12.5 in theWT embryo, two buds (MS and R2) were visible

as swellings on the mound of the dental epithelium in the cheek
region of mandible. The MS exhibited a typical accessory bud
protruding lingually (Fig. 3). At ED13.5, the R2 bud became bigger
and better differentiated, whileMS development ceased because of

increased apoptosis in the epithelium. On 3D reconstructions and
histological sections, the lingual accessory bud of theMS ceased to
be visible, but the R2 bud grew into a prominent swelling and was
posteriorly followed by a more narrow and long mound of molar
dental epithelium. At ED14.5, the R2 bud merged with the anterior
part of the developing cap of M1. At ED15.5, a well‐formed M1
exhibited a cap‐to‐bell shaped enamel organ, andM2 started to be
distinct posteriorly (Fig. 3).
At ED12.5, the dental epithelium looked similar in Spry4�/� and

WT embryos, except that the MS rudiment was more prominent in
mutant embryos (Fig. 3). Interestingly, instead of the prominent R2
bud, which was present in WT embryos at ED13.5, there was
already a small round cap with the appearance of histodiffer-
entiation and enamel knot formation in all Spry4�/� specimens.
The MS was not detectable morphologically. At ED14.5, two
separate caps were visible: the anterior, supernumerary cap was
small and round, while the posterior M1 cap was elliptical and
open‐ended posteriorly, similar to the M1 cap of WTmice. Enamel
knots were present in caps of both the supernumerary tooth and
M1. At ED15.5, the M1 cap transformed into the bell‐shaped

Figure 3. Plate of 3D reconstructions of dental epithelium in
Spry2�/�, Spry4�/�, and WT at different stages. Black arrowhead
shows early cap, black arrow show developing supernumerary
tooth. M1—developing cap‐bell of the first molar. Scale bars:
100 µm. Vertical and horizontal arrows—posterior/lateral direction
respectively.

Figure 4. Comparison of progressively developing and abortive
supernumerary tooth primordia. Histological sections show the
supernumerary tooth germs at ED15.5 (A,B) and 17.5 (C,D). (A,C)
Abortive supernumerary cap. (B,D) Progressive developing super-
numerary tooth germ.
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enamel organ. The small supernumerary cap was only observed in
75% of specimens. A narrow ridge of dental epithelium
interconnecting the supernumerary cap and M1 was well visible
on histological sections and 3D reconstructions (Fig. 3).
In Spry2�/� embryos at ED12.5, the MS and R2 were identified

as large swellings on the mound of dental epithelium. At ED13.5,
the R2 enlarged and became a dominant structure within the cheek
region. A distinct enamel knot structure (Lesot et al., '96) was
present at the tip of the R2 bud (Fig. 3). The MS was still apparent
anteriorly to the R2. At ED14.5, the R2 remained prominent as a
large bud with its enamel knot visible on frontal sections. The M1
cap forming posteriorly from the R2 was retarded in development
in comparison with WT and also Spry4�/� specimens. However,
the enamel knot in M1 was already visible. At ED15.5, R2
developed into a shallow cap that was beginning to undergo
histodifferentiation andwas connected by awide epithelial strip to
the M1 developing posteriorly. Histological sections confirmed
that the M1 was still less differentiated (exhibiting an earlier cap
stage) than in WT embryos (cap‐bell transition stage). The enamel
knots were morphologically detected in both caps.
In conclusion, the difference between genotypes was apparent

in the timing of supernumerary tooth detection. The first sign of a
marked morphological abnormality appeared at ED13.5 in
Spry4�/� samples, where a small rounded tooth cap developed,
while bud‐shaped epithelium was only distinct inWT and Spry2�/

� embryos (Fig. 3). The abnormal overgrowth of dental epithelium
adjacent anteriorly to M1 in Spry2�/� mice started to be clearly
distinct only at ED14.5, and the supernumerary cap with a small
papilla was formed at ED15.5 (Fig. 3).

Decrease in Frequency of the Supernumerary Tooth During Prenatal
Development
Next, the frequency of supernumerary tooth formation was
determined in mutants. A supernumerary tooth could be detected
with certainty, provided that both the supernumerary tooth and
the M1 exhibited a cap stage (presence of papilla regardless the
level of histodifferentiation) or bell stage. Based on this criterion,
the number of supernumerary caps decreased progressively during
later prenatal stages. We detected the early cap in all (100%)
mandibles of Spry4�/� embryos at ED13.5. but the supernumerary
cap could only be recognized with certainty in 70% of lower jaw
quadrants at ED14.5. At ED18.5, the supernumerary tooth was
only visible in 13% of Spry4�/� specimens. Similarly, supernu-
merary tooth formation was identified in 100% of the Spry2�/�

specimens at ED15.5, but only in 42% of mandibles at ED18.5.
These data imply that the supernumerary tooth starts to develop

in all mutant mice prenatally. However, in some of the mutant
lower jaw quadrants, the growth and differentiation of the
supernumerary tooth was arrested (Fig. 4). In the remaining
mutant specimens, the supernumerary cap became larger, and its
epithelium was clearly differentiated into stellate reticulum and
inner and outer dental epithelium.

Morphometric Analysis of Dental Epithelium on Sections
To determine which primordia undergo revitalization, we
evaluated and compared the size and apoptotic and proliferative
activities in the MS and R2 epithelium at ED12.5 and ED13.5
(Fig. 1); M1 was also examined at ED13.5 (Fig. 5).
Spry2�/� embryos showed lower apoptosis at ED12.5, which

resulted in larger size of the dental epithelium of MS at ED13.5
compared to WT embryos. In contrast, the R2 had a smaller dental
epithelium exhibiting a developmental delay in Spry2�/� embryos
at ED12.5. In Spry2�/� samples, the growth of the R2 started at
ED12.5, when proliferation was significantly higher, resulting in
catch up at ED13.5. In addition, continuation of higher
proliferation and decreased apoptosis in Spry2�/� mutants at
ED13.5 compared to WT mice resulted in revitalization of the R2
bud. The R2, instead of being incorporated intoM1, as inWTmice,
remained distinct at ED14.5 (Fig. 3). In comparison with WT
samples, significantly lower apoptosis was also visible in the M1
region at ED13.5, which was followed by its slight delay in
development.
In contrast to the Spry2 mutants, the increased growth of MS

rudiment in Spry4�/�mandibles started before ED12.5, because it
had reached a significantly larger size at ED12.5 compared to WT
mice. Despite the absence of significant differences in apoptosis or
proliferation in the MS and R2 in comparison with WT rudiments
at ED12.5, the size of the epithelium of R2 was larger at ED13.5
compared to WT. This seeming paradox could be explained by a
fusion of the oversized MS with the R2 rudiment, since the border
between MS and R2 was not possible to determine at ED13.5. A
small cap was apparent at the place of MS and R2 (Fig. 3). At
ED13.5, there was a significant increase of apoptosis in the R2 and
M1 region in Spry4�/� in comparison with WT. We also noticed a
significantly smaller size of the M1 region in Spry4�/� mutants
compared to WT, which was probably caused by a delay in
development (Table 1).
In conclusion, the lower apoptosis and/or higher proliferation in

mutants compared with WT mice resulted in the increased growth
(revitalization) sequentially in the MS and R2 rudiments in
Spry2�/� mice at ED12.5 and 13.5, respectively. The process of
overgrowth of the MS rudiment, its fusion with the R2 rudiment,
and subsequent development seemed to begin before ED12.5.

Whole Mount In Situ Shh Hybridization
In order to compare the temporal‐spatial dynamics of the
signaling centers of the rudimentary (MS, R2) and M1 tooth
primordia in Sprouty mutant versus WT embryonic mandibles,
Shh expression was detected by whole mount in situ hybridization
(Fig. 6).
Embryos harvested at a specific time naturally exhibit a range of

different body weights; increasing body weight correlates with
progressing tooth development. Embryos of the same chronologi-
cal age were ranked in a series according to their increasing body
weight, and the developmentally least and most advanced
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Figure 5. Graphs showing results of morphometric analysis on
prenatal stages. Graphs are divided in two parts of ED12.5 and
ED13.5. At ED12.5, the first and second triplet of columns
corresponds to the MS and R2 rudiment, respectively. At ED13.5,
the first, second, and third triplet of columns corresponds to the
MS, R2, and M1, respectively. The asterisks indicate significant
differences. Ta
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embryos exhibited the lowest and highest body weights,
respectively (Peterka et al., 2002). In such a series of WT mouse
embryos from ED12, 13, or 14, one specific weight/developmental
interval exists where the embryos exhibit a single spot of Shh
expression posteriorly in the mandible. The lower and higher
weight/developmental intervals, where the Shh spot is not present,
are considered as Shh negative. This means that there are three
positive Shh intervals corresponding to MS, R2, and M1 that
successively appear at ED12, 13, and 14, respectively (Prochazka
et al., 2010).
We used a similar method in this study and found that Shh

expression of the MS, R2, and M1 successively appeared at
corresponding stages also in mutant embryos, that is, during the
Shh positive intervals in WT mice. However, the Shh expression
domain in Spry4�/� embryos was also detected during the

intervals that were Shh negative in WT mice. In the Spry2�/�

embryos, there was prolonged Shh expression in theMS or R2 bud,
that is, the expression was present in the weight interval that was
already negative in WT mice (Fig. 6A or B, respectively). In
addition, Shh remained expressed in the R2 bud even when a
typical expression domain started to be detected in the M1. This
resulted in two simultaneous domains of Shh expression at ED14.5
(Fig. 6H,I).
In conclusion, the prolonged Shh expressionwas detected inMS

and R2 rudiments in both Spry2 and Spry4mutant mice compared
to WT mice.

Adult Dentition
Postnatally, a supernumerary tooth was only present in 27% of
lower jaw quadrants in Spry2�/�mice and in only 2% in Spry4�/�

Figure 6. Shh expression domains in the lower cheek region at ED12.5–14.5. WISH of mouse mandibles (A–F). Black arrowheads point to the
Shh expression domain in mutant mice (B,C,E, and F) during negative periods of expression in WT mice (A,D). 3D reconstructions and
histological sections of dental epithelium with Shh expression domains (G–I). Black arrows show the position of histological section in the
corresponding 3D reconstructions. Dark spots—Shh expression domains. Scale bars: 100 µm. Vertical and horizontal arrows—posterior/lateral
direction respectively.

J. Exp. Zool. (Mol. Dev. Evol.)

314 LAGRONOVA‐CHURAVA ET AL.



mice. However, despite the low postnatal frequency of functional
supernumerary teeth, the above prenatal data documented that the
supernumerary tooth starts to develop in front of M1 in 100% of
jaw quadrants, and thus we conclude that the majority of the

supernumerary tooth germs arrested at later prenatal stages. Since
we were interested in an impact of the developing supernumerary
tooth on the size and morphology of functional M1 in mutant
mice, even the postnatal jaws without a functional supernumerary
tooth could be used in this study.
Importantly, a significant difference was found in the

distribution of cusps of the anteroconid–trigonid part of M1
(P < 0.001) even in the specimenswithout a supernumerary tooth.
The Spry4�/� mutants tended to simplified cusp pattern (C�) in
the anteroconid–trigonid part of M1 (30.2% of all samples), in
contrast to WT and Spry2�/� mice, where no decreased
complexity was found. Instead, the M1 in WT and Spry2�/�

mice exhibited the standard cusp pattern (Gaunt, '55; Grune-
berg, '65; Cermakova et al., '98) of the M1 in WT mice (C0) or a
more complex anterior portion (Cþ): 32.9% in WT and 42.1% in
Spry2�/�. On the other hand, the Cþ cusp pattern was only rarely
observed in Spry4�/� mutants (6.9%) (Fig. 7A,B).
The morphometric analysis among the complexity groups

showed the following results. The anteroconid–trigonid part was
significantly longer in Spry4�/� mice (P ¼ 0.041) and signifi-
cantly shorter in Spry2�/� mice (P ¼ 0.023) than in WT animals
exhibiting the standard cusp pattern (C0). In contrast, the Spry4�/

� molars with simplified (C�) cusp pattern had significantly
shorter anteroconid–trigonid (P < 0.001) than those with the
standard (C0) pattern.
In addition, Sprouty mutant mice had significantly increased

condylobasal length (Spry2�/� P ¼ 0.016, Spry4�/� P < 0.001)
thanWTmice, and their molar tooth row was significantly shorter
(Spry2�/� P > 0.001, Spry4�/� P > 0.001) in the antero‐
posterior direction. Mutant mice had significantly shorter M1
(Spry2�/� P ¼ 0.001, Spry4�/� P < 0.001), which was caused by
a shorter talonid (Spry2�/� P ¼ 0.004, Spry4�/� P < 0.001).
Thus, the developing supernumerary tooth has prenatal impact

mainly on complexity and size of M1 in Spry4�/�mice. There was
reduced cusp number in M1 and significantly shorter anteroconid
length in the abnormal M1 in Spry4 mutant mice.

DISCUSSION
In the present study, we built on our previous examination of the
revitalization of the R2 rudiment in Spry2�/� embryos at ED13.5
(Peterkova et al., 2009) by focusing on the morphogenesis of both
premolar rudimentary tooth primordia (MS, R2) in Spry2�/� and
Spry4�/� at two time points, ED13.5 and 12.5. The dynamics of
Shh expression was further investigated in the cheek region of the
mandible (MS, R2, M1 location) in both Spry2�/� and Spry4�/�

embryos and compared with WT embryos. Finally, the fate of the
supernumerary tooth at the cap stage was described in mutants
and the prenatal development correlated with adult dentition.
Together, the present data suggest that the revitalization of both
rudiments was involved in early development of the supernumer-
ary tooth in Sprouty mutant mice.

Figure 7. Cusp patterns of the anteroconid–trigonid region of the
lower M1, with their frequency and length in different genotypes.
(A) Morphological characteristics of cusp pattern groups: Cþ
group represents the most complex phenotype with quite
separated and large supernumerary cusp joined to either L1 or
B1 or a small conulid present between B1‐L1 or B1‐B2; C0 group
represents typical cusp pattern with some small variation in the
shape of L1, B1 or B2; C� group represents simplified situation
with reduction or separation of L1, or merging of B1 with L1. (B)
Distribution of phenotypes in different genotypes. (C) The length of
the anteroconid–trigonid complex in different cusp pattern groups
(Cþ, C0, C�) in WT, Spry2�/�, Spry4�/�. Dashed line represents the
mean value for whole data set.
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Prenatal Study
During mouse odontogenesis, two large rudimentary buds
progressively appear in the cheek region, and their autonomous
development is subsequently suppressed by the time the first
molar cap develops. These rudiments are morphologically
detectable from ED12.5 (Lesot et al., '96; Peterkova et al., '96,
2000, 2002, 2003, 2006; Viriot et al., 2000). The present data
document that in Sprouty mutant embryos, both rudimentary
buds MS and R2 are revitalized: they were larger than in WT
embryos at early stages. In addition to their size and morphology,
the basic morphogenetic processes of proliferation and apoptosis
were also modified in mutants. The spatial distribution of mitotic
cells has been documented using 3D reconstructions duringmouse
M1 (Jernvall et al., '94; Lesot et al., '96; Shigemura et al., '99) and
incisor (Kieffer et al., '99; Miard et al., '99) development. The
quantitative evaluation of proliferation has been made in
developing teeth of WT mice in vivo at various prenatal stages
(Osman and Ruch, '75; Nso et al., '92; Lesot et al., '99), and during
tooth development in vitro (Ahmad and Ruch, '87).
Apoptosis plays a key role in physiological suppression of the

rudimentary buds and in making the toothless gap called the
diastema in mice (Peterkova et al., 2003). In WT embryos, cell
death is specifically concentrated in the posterior part of the upper
and lower diastema, where the large premolar buds regress
(Peterkova et al., '95, '96, '98; Lesot et al., '96; Viriot et al., 2000).
Specific concentration of apoptosis also occurs in the enamel knot
of molars (Lesot et al., '96; Vaahtokari et al., '96b; Matalova
et al., 2004; Matalova et al., 2012) and in the anterior portion of
M1 epithelium from ED14.5 (Lesot et al., '96; Viriot et al., 2000).
Mitotic cells are distributed throughout the dental epithelium in

the lower cheek region at ED12.5 (Viriot et al., '97). At ED13.5, cell
divisions stop in two discrete (BrdU negative) areas located in the
most anterior part of the developing dental epithelium and in the
prospective primary enamel knot (Shigemura et al., '99). In
accordance with the present data, the two BrdU negative areas
located in the most anterior part of the developing dental
epithelium at ED13.5 observed by Shigemura et al., '99 can be
reinterpreted as corresponding to the MS and R2, respectively.
Indeed, lower mitotic indexes were found in WT mice in the MS
and R2 regions in comparison with M1 region. However, in
Spry2�/� mice, the MS or R2 rudiments exhibited similar mitotic
indexes as the M1. In contrast, apoptosis, which normally
accumulates in the MS at ED12.5 and in both the MS and R2 at
ED13.5, was not observed in Spry2�/� embryos, except for the MS
region at ED13.5 (Fig. 5). This is concordant with the proposed role
of the SPRY2 as a regulator of apoptosis: the silencing of the
human Spry2 has been connected with anti‐apoptotic action in
serum (Edwin and Patel, 2008).
We expected the levels of mitosis and apoptosis in Spry4�/�

embryos to be similar to the Spry2�/� embryos. Interestingly, the
mitotic indexes in MS (ED12.5) and R2 (ED13.5) were not
significantly lower in Spry4�/� than in WT embryos, but they

were significantly lower than in Spry2�/� embryos. These
differences between Spry2�/� and Spry4�/� specimens suggest
that the changes in cellular process leading to the increased size of
Spry4�/� dental epithelium in the MS already at ED12.5 had to
start before ED12.5. However, significantly less apoptosis was
found in the R2 and M1 region of Spry4�/� embryos at ED13.5,
when compared with WT (Fig. 5). The lack of apoptosis in the R2
region helped the MS/R2 cap to give rise to a supernumerary tooth
and in the delayed M1 to catch up in Spry4�/� embryos.

Shh Expression
Besides the expected Shh expression in the signaling center
(primary enamel knot) in the M1 at ED14.5 (Jernvall et al., '94;
Iseki et al., '96; Koyama et al., '96), the existence of other signaling
centers also expressing Shh has been recently experimentally
demonstrated in rudimentary tooth primordia in mice: in the
cheek teeth region at ED12.5 and 13.5 (Prochazka et al., 2010) and
the incisor region at the same stages (Hovorakova et al., 2011). Shh
expression has been also found in the rudimentary dental
epithelium in the upper diastema of the mouse and vole (Keranen
et al., '99).
We found a series of Shh expression domains that appeared

sequentially in MS, R2, and M1 being separated by Shh negative
intervals, as described in WT mice (Prochazka et al., 2010).
Interestingly, Shh was also expressed in the rudiments in both
Spry2�/� and Spry4�/� embryos in the developmental intervals,
which were Shh negative in WT mice (Fig. 6). Shh expression may
be indirectly influenced by Sprouty genes, and it has previously
been suggested that Shh is upregulated by Fgfs (Klein et al., 2006).
Shh plays a key role during morphogenesis of a tooth

primordium (Dassule et al., 2000). Interestingly, either loss of
Shh function (Cobourne et al., 2001; Ohazama et al., 2009) or the
abundance of Shh function result in decreases in cell proliferation,
and tooth development is arrested at the bud stage (Cobourne
et al., 2009). Therefore, the appropriate regulating of Shh signaling
is important for cell homeostasis during tooth development
(Cobourne et al., 2009). In addition Shh seems to inhibit cusp
patterning (Harjunmaa et al., 2012).
It appears that Shh normally participates in arresting the growth

of the central part of the tooth germ (the area of the enamel knot),
and also that Fgf signaling induces the growth of the lateral parts
of the dental epithelium (Jernvall et al., '94, '98; Vaahtokari
et al., '96a).We thus hypothesize that the ectopic Shh expression in
Spry4 mutants and consequent upregulation of Fgf family
members in rudimentary buds might stimulate a bud‐cap
transition in the developing supernumerary tooth at ED13.5.
The Sprouty genes may also regulate an interaction between Fgf
and the Wnt pathway. Interestingly, upregulation of the Wnt
pathway led to the revitalization of the R2 bud, and this effect was
counteracted by Shh (Ahn et al., 2010).
A question may arise about the timing of the effects of different

Sprouty genes. The present data suggest that the absence of Spry4
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supports the revitalization of the rudiments earlier than the absence
ofSpry2, resulting in a larger size of the dental epitheliumat ED12.5
and supernumerary cap origin at ED13.5 in Spry4�/� embryos
(Fig. 5). However, the absence of Spry4 seems to only minimally
support the later development (after ED13.5) of the supernumerary
tooth, since this structure becomes progressively suppressed inmost
Spry4 mutant fetuses (Fig. 4). In contrast, the absence of Spry2
seems to support the supernumerary tooth formation from a later
stage, but its positive effect acts for a longer period. This might
explain why only 2% of Spry4�/� adult mice had supernumerary
teeth in contrast to 27% of Spry2�/� animals in this study. It is
known that Spry2 is expressed in the epitheliumwhile Spry4 in the
mesenchyme (Klein et al., 2006). We propose that this difference in
the compartmental expression of Sprouty genes is related to the
differences in revitalization of the rudimentary tooth primordia and
in the survival of the supernumerary tooth germ, as occurs in
Spry2�/� and Spry4�/� mutants.

Evolutionary‐Developmental Implications
A progressive reduction of premolars can be traced through the
evolutionary changes that occurred from early rodents to modern
Muridae (Fig. 8). Members of the stem lineage of Rodentia from the
early Tertiary, Eurymylidae, still possessed two or three premolars
and a very simple M1 without the anteroconid (Meng et al., 2003,
2005). Later in the evolution of rodents, there was only one
premolar present until the splitting ofMyomorpha, where all lower
premolars are suppressed. Although several teeth were suppressed
and lost from the adult dentition, two large rudimentary tooth
primordia still transiently develop in the posterior diastema in

mouse embryos, which have been related to the lost premolars
(Peterkova et al., '96, 2000, 2002; Viriot et al., 2002). In the mouse
mandible, it has been experimentally demonstrated that the
posterior premolar rudiment R2 finally becomes incorporated into
the anterior portion of the M1 cap (Prochazka et al., 2010), and the
anterior premolar rudiment MS take place in the anterior slope of
the M1 enamel organ (Ahn et al., 2010). These data confirm the
classical hypothesis that the material from lost premolars in
rodents could participate in the formation of the anterior region of
M1 that was first suggested more than 100 years ago (Adloff,
1898), and which has been later supported by morphological
(Peterkova, '83; Peterkova et al., 2002, 2005) and paleontological
(Viriot et al., 2002) data.
The impact of the supernumerary tooth formation on the size/

shape of M1 has previously been explored (Gruneberg, '65;
Sofaer, '69; Kristenova et al., 2002; Tucker et al., 2004). Posteriorly
to the supernumerary tooth, a shortening in the anterior part of the
M1 without major cusp changes was found in Spry2�/� mice
(Klein et al., 2006); Lrp4�/� and Wise mice exhibit fusion of M1
and M2 (Ohazama et al., 2008; Haara et al., 2012). Better‐
differentiated anterior cusps and medial cusp crests were observed
in the M1 in K14‐Eda mice (Kangas et al., 2004), and buccal cusp
crests have been reported in Ectodin�/� mice (Kassai et al., 2005;
Ahn et al., 2010).
Supernumerary teeth also exist in the Spry2�/� and Spry4�/�

mice (Klein et al., 2006). Their lower frequency in the Spry2�/�

and Spry4�/�mice used for this study contrasts with our previous
report (Klein et al., 2006) and is likely attributable to shifts in
genetic background over time. However, a potential for formation
of the supernumerary tooth was clearly apparent during early
stages (Fig. 3) in 100% of embryos/fetuses of Sprouty mutants.
Thus, we could find changes in the adult Sprouty mutant
dentition, even though the functional supernumerary tooth was
not present. The M1 as well as the whole molar block were
significantly shorter in both Spry2�/� and Spry4�/� mice
compared to WT mice. But, surprisingly, only the anteroconid–
trigonid complex ofM1was relatively enlarged, being about equal
in length compared to that of WT mice. In addition, there were
significant changes of cusp pattern complexity in Spry2�/� and
Spry4�/� mice, which tended to increase and decrease, respec-
tively, in comparison with WT mice (Fig. 7). However, the cusp
complexity changes (supernumerary cusp) were found in almost
30% specimens of WT mice. These changes reflected the fact that
anteroconid–trigonid complex is evolutionary unstable, as has
been described recently (Boran et al., 2005).
Variations in the degree of the incorporation of the rudimentary

anlage of the premolar dentition might be responsible for shape
variability in the anterior part of upperM1 in the laboratorymouse
(Peterkova, '83, Peterkova et al., '95, 2006), as well as in the house
mouse fromCorsica (Renaud et al., 2011). In somemutantmice, the
premolar rudiment follows its autonomous development, leading
to the formation of a supernumerary tooth, instead of being

Figure 8. Evo‐devo aspects and hypothesis. A scheme of
disappearance of premolars during evolution of Muroids. By the
presence of a tooth in front of M1, the Sprouty mice (in gray) are
reminiscent to evolutionary ancestors of Muroids with preserved
premolar tooth.
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incorporated into the M1 anlage. Failure in the incorporation of
the rudiment results in a reduction of the anterior part of M1
(Peterkova, '83; Peterkova et al., 2002). The reduction of the
anterior (anteroconid) part of the M1, as observed in heterozygous
Tabby/Edamice, has been explained in a similar way (Peterkova et
al., 2005). Thus, the changes observed in the anterior part of the
adult M1 (Fig. 7) might be explained by differential effects of the
incorporation (participation) of the premolar rudiments on M1
development. In Spry4�/� embryos, the size of the MS bud was
already enlarged at ED12.5, suggesting growth stimulation before
this time point. Later on, mitosis and apoptosis in both rudiments
remained at the level similar to WT mice (except for the decreased
apoptosis in the R2 region at ED13.5). Therefore, we propose that
the MS rudiment participates more heavily in supernumerary
tooth development in Spry4 than in Spry2 mutants. Regardless,
the supernumerary tooth was aborted prenatally; its development
impacted the formation of the anterior part ofM1. The reduction of
the size and/or complexity of M1 might result from involvement
of the rudimentary tissues in the supernumerary tooth develop-
ment instead of in the development of the anterior part of M1. The
elongation or increased complexity in the anterior part of the M1
might result from incomplete separation or secondary fusion
between the M1 and the aborted supernumerary tooth primordi-
um. The differences between Spry2�/� and Spry4�/� samples
suggest different developmental interactions between the super-
numerary tooth and M1. These data support the notion that
rudiments, in general, can persist quite a long time in the history of
species (Darwin, 1859) and can be reused for building or
innovation of structures anytime later (Hall, 2003).
Although the premolars had been suppressed during evolution

of Muridae, the situation is quite different in the sister group of
Rodentia, Lagomorpha, where the two premolars still endure
(Ungar, 2010), as in Eurymylidae. Our data suggest that reduction
of premolars and consequent establishment of differences
between the two mammalian orders may be associated with
regulatory mutations in Sprouty genes or in other genes in the Fgf
pathway, as previously proposed for mouse incisors (Charles
et al., 2009). Accordingly, when the balance of regulatory genes is
disrupted, premolars lost in evolution of Rodentia may reappear as
supernumerary teeth. The present study on Sprouty mutant mice
suggests that these animals are a good tool to approach questions
on the regulatory mechanisms implicated during evolution of
rodent dentition and can help in understanding the etiopatho-
genesis of supernumerary teeth.
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